
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization

International Bureau
(10) International Publication Number

(43) International Publication Date WO 2015/191084 Al
17 December 2015 (17.12.2015) P O P C T

(51) International Patent Classification: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
E21B 49/00 (2006.01) G01B 11/25 (2006.01) DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
E21B 49/08 (2006.01) GOIN 21/01 (2006.01) HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
G0 27/04 (2006.01) KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,

MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
(21) International Application Number: OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,

PCT/US2014/042368 SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,

(22) International Filing Date: TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,

13 June 2014 (13.06.2014) ZW.

(25) Filing Language: English (84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,

(26) Publication Language: English GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,

(71) Applicant: HALLIBURTON ENERGY SERVICES, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,

INC. [US/US]; 3000 N. Sam Houston Parkway E., Hous TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,

ton, Texas 77032-3219 (US). EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, ΓΓ , LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,

(72) Inventors: GAO, Li; 5618 Grandwood Lane, Katy, Texas TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
77450 (US). PELLETIER, Michael T.; 7826 Heather KM, ML, MR, NE, SN, TD, TG).
Heights Way, Houston, Texas 77095-41 13 (US). PER¬

Declarations under Rule 4.17 :KINS, David L.; 27 Bark Bend Place, The Woodlands,
Texas 77385 (US). — as to applicant's entitlement to apply for and be granted a

patent (Rule 4.1 7(H))
(74) Agents: VACAR, Dan et al; Fish & Richardson P.c, P.O.

Box 1022, Minneapolis, Minnesota 55440-1022 (US). Published:

(81) Designated States (unless otherwise indicated, for every — with international search report (Art. 21(3))
kind of national protection available): AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,

(54) Title: INTEGRATED COMPUTATIONAL ELEMENT WITH MULTIPLE FREQUENCY SELECTIVE SURFACES

00o

(57) Abstract: An optical analysis tool includes an integrated computational element (ICE). The ICE includes a plurality of layers
stacked along a first axis. Constitutive materials of the layers are electrically conductive and patterned with corresponding patterns.
An arrangement of the patterns with respect to each other is related to a characteristic of a sample.



INTEGRATED COMPUTATIONAL ELEMENT WITH MULTIPLE

FREQUENCY SELECTIVE SURFACES

BACKGROUND

[0001] The subject matter of this disclosure is generally related to optical analysis systems for

analyzing a substance of interest, for example, crude petroleum, gas, water, or other wellbore

fluids. For instance, the disclosed optical analysis systems use an integrated computational

element (ICE) that includes multiple frequency selective surfaces.

[0002] Information about a substance can be derived through the interaction of light with that

substance. The interaction changes characteristics of the light, for instance the frequency (and

corresponding wavelength), intensity, polarization, and/or direction (e.g., through scattering,

absorption, reflection or refraction). Chemical, thermal, physical, mechanical, optical or various

other characteristics of the substance can be determined based on the changes in the

characteristics of the light interacting with the substance. As such, in certain applications, one or

more characteristics of crude petroleum, gas, water, or other wellbore fluids can be derived in-

situ, e.g., downhole at well sites, as a result of the interaction between these substances and light.

[0003] Some conventional ICEs include an electrically conductive layer (e.g., made from Au, Al,

etc.) that is lithographically patterned on a substrate. The patterned layer includes identical

features arranged in an array on a surface of the substrate, where the features include one or more

geometric shapes, e.g., polygons such as triangles, quadrilaterals, hexagons, or circles, etc. The

layer patterned in this manner represents a frequency selective surface (FSS) that causes an ICE

to selectively transmit or reflect, during operation of the ICE, light in at least a portion of a

particular wavelength range by differing amounts, such that the differing amounts are related to

one or more chemical or physical characteristics of a sample. The ICE measures values of the

various sample characteristics through the use of regression techniques over the particular

wavelength range.

[0004] Because ICEs passively extract information from the light modified by a sample, they can

be incorporated in low cost and rugged optical analysis tools. Hence, ICE-based downhole

optical analysis tools can provide a relatively low cost, rugged and accurate system for

monitoring quality of wellbore fluids, for instance.



DESCRIPTION OF DRAWINGS

[0005] Figure 1 shows an example of an optical analysis tool for measuring a property of a

sample using an ICE that contains multiple frequency selective surfaces.

[0006] Figures 2A-2C show aspects of an ICE that contains multiple frequency selective

surfaces displaced parallel relative to each other to form a Moire pattern.

[0007] Figure 3 shows an ICE that contains multiple frequency selective surfaces displaced

orthogonal relative to each other to form a three dimensional (3D) lattice of frequency selective

surfaces.

[0008] Figure 4 is a flow chart of a process for fabricating an ICE that contains multiple

frequency selective surfaces, where the frequency selective surfaces are printed using electrically

conductive inks.

[0009] Figures 5A-5C show various configurations of an example of a system for analyzing

wellbore fiuids that uses a well logging tool including an ICE that contains multiple frequency

selective surfaces.

[0010] Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION

[0011] In accordance with the disclosed technologies, optical analysis systems use an integrated

computational element (ICE) including multiple frequency selective surfaces (FSS) stacked

along a first axis, such that an arrangement of the frequency selective surfaces with respect to

each other is related to a physical or chemical characteristic of a sample. The frequency selective

surfaces are respective layers of electrically conductive materials patterned with corresponding

patterns.

[0012] In some implementations, the frequency selective surfaces of the ICE are respective two

or more layers of electrically conductive materials patterned with corresponding patterns. Here,

the arrangement of the frequency selective surfaces with respect to each other includes a lateral

offset of the respective patterned layers in a plane perpendicular to the first axis, such that the

lateral offset causes a Moire pattern that is related to the characteristic of the sample. For

example, the lateral offset that causes the Moire pattern can be a translation in the plane

perpendicular to the first axis. As another example, the lateral offset that causes the Moire pattern



can be a rotation in the plane perpendicular to the first axis. In other implementations, the

frequency selective surfaces of the ICE are at least three respective layers of electrically

conductive materials patterned with corresponding patterns. Here, the arrangement of the

frequency selective surfaces with respect to each other has translational symmetry along the first

axis to form a three dimensional (3D) lattice of the patterned layers, such that the 3D lattice is

related to the characteristic of the sample.

[0013] More specifically, regardless of whether the arrangement of frequency selective surfaces

includes frequency selective surfaces that are offset in-plane or frequency selective surfaces that

are offset out-of-plane, the arrangement of frequency selective surfaces causes the ICE to

selectively transmit or reflect, during operation of the optical analysis systems, light in at least a

portion of a wavelength range [A in ,A ax] by differing amounts, the differing amounts being

related to the characteristic of the sample.

[0014] The above noted Moire pattern or 3D lattice of patterns, either of which corresponds -

over a wavelength range [A in ,A ax] - to the characteristic of the sample with a desired accuracy,

can be obtained by generating an arrangement of frequency selective surfaces having a relatively

simple pattern and being appropriately offset in-plane or out-of-plane relative to each other. In

contrast, in order for a single FSS to correspond - over the wavelength range [A in,A ax] - to the

characteristic of the sample with the desired accuracy, the single FSS typically requires a

relatively complex pattern. Moreover, changing the in-plane or out-of-plane offset of the

frequency selective surfaces in accordance with the disclosed technologies can cause an

adjustment of the correspondence between the arrangement of the frequency selective surfaces

and the characteristic of the sample.

[0015] Further, the electrically conductive patterns of the frequency selective surfaces disclosed

herein can be printed on one or more substrates (e.g., sheet films) of the ICE using electrically

conductive inks. The printing can be inexpensively performed with high resolution inkjet printers

or with a micro-stamp.

[0016] Furthermore, printing of the FSS in accordance with the disclosed technologies can be

used to create ICEs for operation at lower frequencies (or equivalently longer wavelengths) over

which conventional ICE technology is typically non-operational. Conventional FSS-based ICEs

are typically designed to operate over near-infrared to relatively short infrared wavelengths,

while the disclosed FSS-based ICEs are designed to operate over an extended wavelength range



from infrared to microwave. In this manner, FSS-based ICE technologies can be extended into

the functional group region of the IR spectrum and beyond. Applications made possible by the

disclosed technologies include detecting of water vapor in a process environment, and/or

monitoring C0 2 levels.

[0017] Prior to describing example implementations of ICEs that contain a combination of

frequency selective surfaces, optical analysis tools based on the disclosed ICEs are described

below along with examples of their use in oil/gas exploration.

[0018] Figure 1 shows an example of an optical analysis tool 110 for measuring a characteristic

of a sample 130 using an ICE 140 that contains multiple frequency selective surfaces. In this

example, the optical analysis tool 110 includes a light source 120, the ICE 140 that contains the

multiple frequency selective surfaces and an optical transducer 160. The optical analysis tool 110

has a frame 112 such that the foregoing components are arranged in an enclosure 114 thereof. A

cross-section of the optical analysis tool 110 in a plane perpendicular to the page can vary,

depending on the space available. For example, the optical analysis tool's cross-section can be

circular or rectangular, for instance. The optical analysis tool 110 directs light to a sample 130

through an optical interface 116, e.g., a window in the frame 112. The optical analysis tool 110 is

configured to probe the sample 130 (e.g., wellbore fluids stationary or flowing) in a wellbore 38

through the optical interface 116 and to determine an amount (e.g., a value) of a given

characteristic (also referred to as a property to be measured) of the probed sample 130. The

property to be measured can be any one of multiple properties of the sample 130 including

concentration of a given substance in the sample, a gas-oil-ratio (GOR), pH value, density,

viscosity, etc.

[0019] The light source 120 outputs light with a source spectrum Ι0(λ) 125' over a particular

wavelength range [A in,A ax] . In some cases, the source spectrum Ι0(λ) 125' has non-zero

intensity over the entire or most of the particular wavelength range [A in ,A ax] . In some

implementations of the disclosed technologies, the source spectrum Ι0(λ) 125' extends through an

IR (2.5-200 µιη) spectral range. In some implementations of the disclosed technologies, the

source spectrum further extends through a microwave (0.2-10mm) spectral range. In some

implementations of the disclosed technologies, the light source 120 is tunable and is configured

in combination with time resolved signal detection and processing.



[0020] The light source 120 is arranged to direct a probe beam 125 of the source light towards

the optical interface 116 where it illuminates the sample 130 at a location 127. The source light

in the probe beam 125 interacts with the sample 130 and reflects off it as light modified by the

sample 130. The sample modified light 135 has a modified spectrum Ι(λ) 135' over the particular

wavelength range. In general, the modified spectrum Ι(λ) 135' encodes information about

multiple characteristics associated with the sample 130, and more specifically the encoded

information relates to current values of the multiple characteristics. In the example illustrated in

Figure 1, the modified spectrum 135' contains information about one or more characteristics of

the wellbore fluids 130.

[0021] With continued reference to Figure 1, and the Cartesian coordinate system provided

therein for reference, an ICE 140 that contains multiple frequency selective surfaces is arranged

to receive a beam 135 of the sample modified light, and is configured to process it and to output

a beam 155 of processed light. The beam 135 of sample modified light is incident along the z-

axis on an input optical interface of the ICE 140 that contains multiple frequency selective

surfaces, and the beam 155 of processed light is output along the z-axis - after transmission

through the ICE 140 that contains multiple frequency selective surfaces - at an output interface

thereof. In this example, the multiple frequency selective surfaces are stacked along the z-axis.

An arrangement 145 of the multiple frequency selective surfaces causes the ICE 140 to processes

the sample modified light 135 by weighting it in accordance with an optical spectrum (X) 150

associated, over a wavelength range [λ ,λ χ], with a characteristic to be measured. In some

implementations, not explicitly illustrated in Figure 1, the ICE 140 that contains multiple

frequency selective surfaces further contains one or more filters to block light shorter than n

and longer than such that processed light 155 output by the ICE 140 that contains the

multiple frequency selective surfaces is limited to the wavelength range [λ , , ] over which

the optical spectrum w ( ) 150 is associated with the characteristic to be measured.

[0022] The optical spectrum w ( ) 150 is determined offline by applying conventional processes

to a set of calibration spectra Ι(λ) of the sample which correspond to respective known values of

the characteristic to be measured. As illustrated by optical spectrum w ( 150, optical spectra

generally may include multiple local maxima (peaks) and minima (valleys) between m and

The peaks and valleys may have the same or different amplitudes. For instance, an optical

spectrum (X) can be determined through regression analysis of c calibration spectra ¾(λ) of a



sample, where j=l,. ..,Nc, such that each of the calibration spectra ¾(λ) corresponds to an

associated known value of a given characteristic for the sample. A typical number c of

calibration spectra (λ) used to determine the optical spectrum w ( ) 150 through such regression

analysis can be Nc = 10, 40 or 100, for instance. The regression analysis outputs, within the Nc

calibration spectra ¾(λ), a spectral pattern that is unique to the given characteristic. The spectral

pattern output by the regression analysis corresponds to the optical spectrum w ( ) 150. In this

manner, when a value of the given characteristic for the sample is unknown, a modified spectrum

Ιυ(λ) of the sample is acquired by interacting the probe beam 125 with the sample 130, then the

modified spectrum Iu(L) weighted by the ICE 140 that contains the multiple frequency

selective surfaces to determine a magnitude of the spectral pattern corresponding to the optical

spectrum w ( ) 150 within the modified spectrum Ιυ(λ) . The determined magnitude is

proportional to the unknown value of the given characteristic for the sample.

[0023] For example, the sample can be a mixture (e.g., the wellbore fluid 130) containing

substances X, Y and Z, and the characteristic to be measured for the mixture is concentration Cx

of substance X in the mixture. In this case, Nc calibration spectra (λ) were acquired for Nc

samples of the mixture having respectively known concentration values for each of the

substances contained in the Nc samples. By applying regression analysis to the Nc calibration

spectra ¾(λ), a first spectral pattern that is unique to the concentration Cx of the X substance can

be detected (recognized), such that the first spectral pattern corresponds to a first optical

spectrum associated with a first ICE 140 that contains multiple frequency selective

surfaces, for example. Similarly, second and third spectral patterns that are respectively unique to

concentrations Cy and c∑ of the Y and Z substances can also be detected, such that the second and

third spectral patterns respectively correspond to second and third optical spectra and

respectively associated with a second ICE that contains multiple frequency selective

surfaces and a third ICE 140 that contains multiple frequency selective surfaces. In this manner,

when a new sample of the mixture (e.g., the wellbore fluid 130) has an unknown concentration

Cx of the X substance, for instance, a modified spectrum Ιυ(λ) of the new sample can be acquired

by interacting the probe beam with the mixture, then the modified spectrum Ιυ(λ) is weighted

with the first ICE 140 that contains multiple frequency selective surfaces to determine a

magnitude of the first spectral pattern within the modified spectrum Ιυ(λ) . The determined



magnitude is proportional to the unknown value of the concentration Cx of the X substance for

the new sample.

[0024] As noted above, the frequency selective surfaces of the ICE 140 are stacked along the z-

axis in an arrangement 145 that corresponds or is spectrally equivalent to, over the wavelength

range an optical spectrum w ( ) 150 associated with the ICE 140. Here, the

arrangement 145 of the frequency selective surfaces includes (1) patterns Pi of electrically

conductive layers Li that form the frequency selective surfaces, and where each pattern Pi

contains lateral features, e.g., triangular, rectangular, hexagonal or circular, periodically

distributed within an associated electrically conductive layer Li, i = 1, N > 2; (2) separation

z +i between patterns Pi, P
1+1

of adjacent layers L , L
1+1

along the z-axis (also referred to as axial

offset or out-of-plane offset); and (3) separations δ¾ +ι and/or 6yi,i+ 1 between patterns Pi, P
1+1

of

the adjacent layers Li, L
1+1

perpendicular to the z-axis (also referred to as lateral offsets or in-

plane offsets.) Various examples of arrangements 145 of the frequency selective surfaces of the

ICE 140 are described below in connection with Figures 2A-2C and 3 .

[0025] In this manner, the arrangement 145 of the frequency selective surfaces of the ICE 140 is

chosen to be spectrally equivalent, over the wavelength range [λ ώ ,,λ ], to the optical spectrum

(X) 150 associated with the characteristic to be measured. In some implementations of the

disclosed technologies, the wavelength range over which an arrangement 145 of the

frequency selective surfaces of the ICE 140 is spectrally equivalent to the optical spectrum of the

ICE extends through an IR (2.5-200 µιη) spectral range. In some implementations of the disclosed

technologies, the wavelength range over which another arrangement 145 of the

frequency selective surfaces of the ICE 140 is spectrally equivalent to the optical spectrum of the

ICE extends through a microwave (0.2-10mm) spectral range.

[0026] Contributions of the optical spectrum (X) associated with the ICE 140 that are from

wavelengths outside the wavelength range are removed from the processed light 155,

by the one or more band- limiting filters associated with the ICE 140 (not shown in Figure 1), to

reduce analysis noise potentially caused by such "outside-of-band" contributions which may not

be spectrally equivalent to the optical spectrum ( ) 150 associated with the characteristic to be

measured. In this manner, contributions of the optical spectrum Ι(λ) 135' of the sample modified

light that are from wavelengths outside the wavelength range are weighted to zero.



[0027] Continuing the description of functional aspects of the optical analysis tool 110, the beam

155 of processed light output by the ICE 140 that contains the multiple frequency selective

surfaces has a processed spectrum Ρ ( λ ) = 155' over the wavelength range

such that the processed spectrum 155' represents the modified spectrum Ι(λ) 135' weighted by the

optical spectrum w ( ) 150 associated with the characteristic to be measured.

[0028] The beam 155 of processed light is directed from the ICE 140 that contains the multiple

frequency selective surfaces to the optical transducer 160, which detects the processed light 155

and outputs a detector signal 165. A value (e.g., a voltage) of the detector signal 165 is a result of

an integration of the processed spectrum 155' over the wavelength range [ m m, and is related

to the unknown value "c" 165' of the characteristic to be measured for the sample 130.

[0029] In some implementations, the optical analysis tool 110 can include a second ICE that

contains multiple frequency selective surfaces (not shown in Figure 1) associated with a second

optical spectrum w2( ) . Here, a second arrangement 145-2 of the frequency selective surfaces of

the second ICE 140 is chosen to be spectrally equivalent, over the wavelength range

to the optical spectrum associated with a second characteristic to be measured. Hence, a

second processed spectrum represents the modified spectrum Ι(λ) 135' weighted by the second

optical spectrum over the wavelength range such that a second value of a

second detector signal is related to a value of the second characteristic of the sample 130.

[0030] In some implementations, the value 165' of the characteristic to be measured can be

logged along with a measurement time, geo-location, and other metadata, for instance. In some

implementations, the detector signal 165, which is related to a characteristic to be measured by

the optical analysis tool 110, can be used as a feedback signal to adjust the characteristic of the

sample, to modify the sample or environmental conditions associated with the sample, as desired.

[0031] In the example illustrated in Figure 1, the ICE 140 that contains multiple frequency

selective surfaces of the optical analysis tool 110 is described generally as having an

arrangement 145 of the frequency selective surfaces. Examples of the arrangement 145 of the

frequency selective surfaces of the ICE 140 are described below.

[0032] In some implementations, frequency selective surfaces of an ICE are respective two or

more layers of electrically conductive materials patterned with corresponding patterns and

stacked along the z-axis, for instance. Here, an arrangement of the two or more patterned layers

with respect to each other is defined in terms of a lateral offset of adjacent patterned layers in a



plane perpendicular to the z-axis, such that the lateral offset causes a Moire pattern. The lateral

offset is chosen such that the generated Moire pattern is spectrally equivalent, over the

wavelength range [λ ώ ,,λ χ] , to the optical spectrum w ( ) of the ICE associated with the

characteristic to be measured.

[0033] A Moire pattern is a superimposed pattern M(Pi, P2, . ..; l 2, . ..) created, for example,

when two or more identical (or nearly identical) patterns Pi, P2, . . . on a layer are overlaid while

translated a small offset (6x l 2; and/or y l 2) or rotated a small offset ( l 2) from one another.

Features of the Moire pattern tend to be larger than the features of the overlaid and displaced

patterns Pi, P2, . . .

[0034] A superimposition of two almost similar, sinusoidally varying, transmissive patterns Pi

and P2 represents an example of a Moire pattern as explained below. The first pattern Pi is

printed first on a transparent substrate, and the second pattern P2 can be printed second over the

first pattern Pi, keeping their coordinate axes in register. A transmission of the first pattern Pi

varies along the x-axis, for instance, in the following manner:

1 + sin x) ...
= - (1),

[0035] where Ti = 1 represents 100% transmission through the pattern Pi, Ti = 0 represents no

transmission through the pattern Pi, and 0 < Ti < 1 represents finite transmission through the

pattern Pi. The quantity ki represents a periodic variation (also known as spatial frequency) of

the pattern Pi's transmission. A transmission of a similar (or almost similar) second pattern P2

varies along the x-axis in a similar manner:

T2 = (2),

[0036] where k2 ~ ki. For example, the spatial frequencies ki and k2 of the superimposed

patterns Pi and P2 can be different from each other by 0.1%, 1% or 10%. The Moire pattern

resulting from the superimposition of the patterns Pi and P2 is the transmission of the Moire

pattern:

+ T2 1 + sin(Ar) cos(Sx)



B = (5).

[0037] Equation (3) indicates that the Moire pattern's transmission T varies slowly, in

accordance with an envelope cos(Bx). The Moire pattern's spatial frequency B - equal to half of

the difference of the spatial frequencies ki and k2 of the superimposed patterns Pi and P2 - is

indicative the Moire pattern having larger spatial features than the spatial features of the patterns

Pi and P2.

[0038] Moreover, superimposition of two transmissive patterns Pi and P2 with the same step σ

that are rotated relative to each other by an angle Θ represents another example of a Moire

pattern, as explained below. The first pattern Pi is printed first on a transparent substrate, and the

second pattern P2 can be printed second over the first pattern Pi, keeping their coordinate axes in

register. A transmission of the first pattern Pi printed first on the transparent substrate varies such

that a distance (e.g., along the x-axis) between clear lines (with 100% transmission) or dark lines

with (with no transmission) is σ. If the second pattern P2 were printed on a transparent substrate,

transmission of the second pattern P2 would also vary such that a distance between clear lines

(with 100% transmission) or dark lines with (with no transmission) is σ. However, when the

second pattern P2 is printed on the first pattern Pi such that lines of the second pattern P2 form an

angle Θrelative to lines of the first pattern Pi, the resulting Moire pattern has its own clear lines

(passing through the intersection of the clear lines of the patterns Pi and P2) that make an angle

of Θ/2 with a normal of the lines of each of the patterns Pi and P2. Additionally, a distance S

between the clear lines of the resulting Moire pattern is

σ

[0039] If the relative angular displacement Θbetween the patterns Pi and P2 is small (Θ< 30°),

then S ~ σ/θ. As such, the smaller the relative angular displacement Θ, the more separation exists

between the clear lines of the Moire pattern. Once again, features of the Moire pattern, e.g., the

separation S between its clear lines, are larger than features of the superimposed patterns Pi and

P2, e.g., the separation σ between their clear lines.

[0040] Arrangements of the multiple frequency selective surfaces of an ICE that result in various

Moire patterns are described below.



[0041] Figure 2A shows an example of an ICE 240-a that contains multiple frequency selective

surfaces. Here, the ICE 240-a includes two frequency selective surfaces formed respectively

from a first electrically conductive layer Li patterned on a first substrate and a second electrically

conductive layer L2 patterned on a second substrate. In some implementations, a first pattern Pi

of the first layer Li is printed on the first substrate using electrically conductive inks, as

described below in connection with Figure 4 . The second pattern P2 of the second layer L2 is

printed on the second substrate in a similar manner.

[0042] In some cases, the patterns Pi and P2 are identical within manufacturing tolerances. In

other cases the patterns Pi and P2 are different, such that the difference between the patterns is at

most a maximum difference. The maximum difference can be quantified in terms of differences

in spatial frequencies of the patterns. For example, the maximum difference between a first

spatial frequency ki of the first pattern Pi and a second spatial frequency k2 of the second pattern

P2 is 0.1%, 1% or 10%. In the example illustrated in Figure 2A, features of the patterns Pi and P2

are rays of finite length and width placed radially in wheel-spoke fashion. Other shapes of the

features, e.g., disks, polygons, fractals, etc., and other placements of the features with respect to

each other are possible.

[0043] Further in this example, the frequency selective surfaces corresponding to the first and

second layers Li and L2 are spaced apart from each other by an axial offset δζ. In some

implementations, the axial offset δζ is substantially equal to a thickness ts2 of the second

substrate. By printing the electrically conductive layer L2 on film sheet, for instance, the

thickness of the second substrate can be selected to be as close to zero as structurally feasible, ts2

→ 0 . In other implementations, the first and second substrates can be further separated from each

other through spacer elements of thickness tsp. In such case, the axial offset δζ is substantially

equal to the sum of the thicknesses of the second substrate and spacer elements ts2 + tsp.

[0044] Furthermore in this example, the frequency selective surfaces corresponding to the first

and second patterned layers Li and L2 are displaced with respect to each other in a lateral

direction (e.g., translated along the x-axis) by a finite (non-zero) relative offset δχ > 0 . Other in-

plane translational offsets are possible, e.g., along the y-axis, or along an arbitrary in-plane

direction with finite components along both the x-axis and the y-axis. The in-plane offset δχ > 0

of the patterns Pi and P2 can be accomplished by translating the second substrate supporting the



second patterned layer L2 by the offset δχ relative to the first substrate supporting the first

patterned layer Li.

[0045] An arrangement 245-a of the two frequency selective surfaces of the ICE 240-a - which

is defined in Figure 2A as (i) the patterns Pi and P2 respectively corresponding to the two

frequency selective surfaces, (ii) the in-plane offset δχ of the patterns Pi and P2, and (iii) the

axial offset δζ of the patterns Pi and P2 - causes a Moire pattern M(P l P2; δχ; δζ) associated with

the ICE 240-a. Moreover, parameters (i), (ii) and (iii) which define the arrangement 245-a are

specified such that the Moire pattern Μ (Ρι, P2; δχ; δζ) determined by the specified parameters is

spectrally equivalent, over the wavelength range 250-a.

As described above in connection with Figure 1, ciated

with a characteristic to be measured. For example, if here the characteristic - to which the optical

spectrum 250-a is associated - is gas-to-oil ratio (GOR), then the ICE 240-a having the

arrangement 245-a of the two frequency selective surfaces can be used as part of the optical

analysis tool 110 to determine GOR of wellbore fluids 130.

[0046] Note that if the in-plane offset δχ of the patterns Pi and P2 is modified - e.g., by

translating during operation of the ICE 240-a the first and second substrates supporting the

respective first and second patterned layers L l L2 relative to each other by an in-plane offset δχ'

- then a different Moire pattern M'(P l P2; δχ'; δζ) is generated. The in-plane offset δχ' can be

specified such that the different Moire pattern M'(P l P2; δχ'; δζ) is spectrally equivalent, over the

wavelength range [λ ώ,,λ χ] , to another optical spectrum 250-a' (not shown in Figure 2A)

associated with another characteristic to be measured. For example, if here the other

characteristic - to which the optical spectrum 250-a' is associated - is density, then the

ICE 240-a having the other arrangement of the two frequency selective surfaces can be used as

part of the optical analysis tool 110 to determine density of wellbore fluids 130. In this manner,

multiple optical spectra associated with multiple characteristics to be measured are available for

weighting the sample modified light 135 that illuminates the ICE 240-a, during operation

thereof.

[0047] In other implementations, not illustrated in Figure 2A, the axial offset δζ of the frequency

selective surfaces corresponding to the first and second patterned layers Li and L2 is zero. In this

case, the second layer L2 is patterned directly onto the first patterned layer L l such that the

second pattern P2' is laterally offset relative to the first pattern Pi' by δχ', as described below in



connection with Figure 4 . The resulting Moire pattern Μ(Ρι', Ρ2'; δχ'; δζ=0) causes that the ICE

240-a have an optical spectrum wa( ) 250-a" (not shown in Figure 2A). Once again, through

appropriate specification of the parameters which define this arrangement 245 -a", a Moire

pattern Μ(Ρι', Ρ2'; δχ'; δζ=0) can be generated to be spectrally equivalent, over the wavelength

range [λ ώ,,λ χ] , to the optical spectrum wa( ) 250-a" associated with a given characteristic to be

measured. Note that in the latter implementations, when the second layer L2 is patterned directly

onto the previously patterned layer Ll the obtained Moire pattern Μ(Ρ 1', Ρ2'; δχ'; δζ=0) is frozen

into the ICE 240-a. As such, a single optical spectrum 250-a" associated with the given

characteristic to be measured is available for weighting the sample modified light 135 incident

onto the ICE 240-a, during operation thereof.

[0048] Figure 2B shows another example of an ICE 240-b that contains multiple frequency

selective surfaces. Here, the ICE 240-b includes three frequency selective surfaces formed

respectively from a first electrically conductive layer Li patterned on a substrate, a second

electrically conductive layer L2 patterned on the first electrically conductive layer Ll and a third

electrically conductive layer L3 patterned on the second electrically conductive layer L2. In some

implementations, the first pattern Pi is printed on the substrate using electrically conductive inks,

as described below in connection with Figure 4 . The second and third patterns P2, P3 are printed

on respective previously printed pattern P l P in a similar manner.

[0049] In some cases, the patterns Pi, P2 and P3 are identical within manufacturing tolerances. In

other cases the patterns Pi, P2 and P3 are different, such that the differences between the patterns

are at most a maximum difference. The maximum difference can be quantified in terms of

differences in spatial frequencies of the patterns. For example, a first spatial frequency ki of the

first pattern Pi, a second spatial frequency k2 of the second pattern P2 and a third spatial

frequency k3 of the third pattern P3 are different from each other by a maximum difference of

0.1%, 1% or 10%. In the example illustrated in Figure 2B, features of the patterns Pi, P2 and P3

are parallel lines of finite width separated by a given separation. Other shapes of the features,

e.g., disks, triangles, hexagons, fractals, etc., and other placements of the features with respect to

each other are possible.

[0050] Further in this example, the frequency selective surfaces corresponding to the first and

second patterned layers Li and L2 are displaced with respect to each other in a lateral direction

(e.g., rotated around the z-axis) by a finite (non-zero) relative angular offset δθι > 0, and the



frequency selective surfaces corresponding to the second and third patterned layers L2 and L3 are

displaced with respect to each other in the same lateral direction (e.g., rotated around the z-axis)

by another finite (non-zero) relative angular offset δθ2 > 0 . In some implementations, the

frequency selective surfaces corresponding to the first, second and third patterned layers L l L2

and L3 are rotated with respect to each other (e.g., rotated around the z-axis) by the same finite

(non-zero) relative angular offset δθι = δθ2 > 0 . In the example illustrated in Figure 2B, δθι = δθ2

= 12°. The first in-plane offset δθι > 0 of the patterns Pi and P2 can be accomplished by rotating

the substrate supporting the first patterned layer Li by the first offset δθι relative to a reference

coordinate system prior to patterning the second electrically conductive layer L2 onto the first

patterned layer Li. Similarly, the second in-plane offset δθ2 > 0 of the patterns P2 and P3 can be

accomplished by rotating the substrate supporting the first patterned layer Li and the second

patterned layer L2 by the second offset δθ2 relative to the second pattern P2 (or by a cumulative

offset δθι + δθ2 relative to the reference coordinate system) prior to patterning the third

electrically conductive layer L3 onto the second patterned layer L2.

[0051] An arrangement 245 -b of the three frequency selective surfaces of the ICE 240-b - which

is defined in Figure 2B as (i) the patterns Pi, P2 and P3 respectively corresponding to the three

frequency selective surfaces, and (ii) the in-plane offset δθι of the patterns Pi and P2, and the in-

plane offset δθ2 of the patterns P2 and P3 - causes a Moire pattern M(Pi, P2 P3; δθι , δθ2)

associated with the ICE 240-b. Moreover, parameters (i) and (ii) which define the arrangement

245-b are specified such that the Moire pattern M(Pi, P2 P3; δθι , δθ2) determined by the specified

parameters is spectrally equivalent, over the wavelength range [λ ,ΐ , ], to an optical spectrum

w , ) 250-b. As described above in connection with Figure 1, the optical spectrum Wb^) 250-b is

associated with a characteristic to be measured. For example, if here the characteristic - to which

the optical spectrum Wb^) 250-b is associated - is pH, then the ICE 240-b having the

arrangement 245-b of the three frequency selective surfaces can be used as part of the optical

analysis tool 110 to determine pH of wellbore fluids 130.

[0052] Note that because the second and third layers L2, L3 are patterned directly onto the

respective previously patterned layer L l L2, the obtained Moire pattern M(Pi, P2 P3; δθι , δθ2) is

frozen into the ICE 240-b. As such, a single optical spectrum 250-a associated with the

particular characteristic to be measured is available for weighting the sample modified light 135

incident onto the ICE 240-b, during operation thereof.



[0053] Another ICE than contains multiple frequency selective surfaces is described below, such

that the ICE accommodates, during operation thereof, different arrangements of the frequency

selective surfaces, each of the different arrangements causing an associated Moire pattern that is

spectrally equivalent, over an associated wavelength range, to an associated optical spectrum,

such that the combined optical spectra are associated with a characteristic to be measured.

[0054] Figure 2C shows another example of an ICE 240-c that contains multiple frequency

selective surfaces. Here, the ICE 240-c includes three frequency selective surfaces formed

respectively from a first electrically conductive layer Li patterned on a first substrate, a second

electrically conductive layer L2 patterned on a second substrate and a third electrically

conductive layer L3 patterned on a third substrate. In some implementations, a first pattern Pi of

the first layer Li is printed on the first substrate using electrically conductive inks, as described

below in connection with Figure 4 . The second pattern P2 of the second layer L2 and the third

pattern P3 of the third layer L3 are printed on the second substrate and third substrate,

respectively, in a manner similar to the printing of the first layer Li.

[0055] In the example illustrated in Figure 2B, the patterns Pi, P2 and P3 are identical (within

manufacturing tolerances) and are referred to as a pattern P of the frequency selective surfaces.

Here, features of the pattern P are dots of finite area placed at vertices of a periodic lattice with

rectangular unit cell. Other shapes of the features, e.g., disks, triangles, hexagons, fractals, etc.,

and other placements of the features with respect to each other are possible.

[0056] Further in this example, the frequency selective surfaces corresponding to the first,

second and third layers L l L2, L3 are spaced apart from each other by the same axial offset δζ. In

the example illustrated in Figure 2C, the axial offset δζ between each of adjacent layers Li and

L2 or L2 and L3 is substantially equal to a thickness ts2 = t 3 = t of each of the second and third

substrates. By printing the electrically conductive layers L2 and L3 on respective film sheets, for

instance, the thickness of each of the second and third substrates can be selected to be as close to

zero as structurally feasible, t → 0 . In other implementations (not shown in Figure 2C), the first

and second substrates and/or the second and third substrates can be further separated from each

other through spacer elements of thickness tsp. In such case, the axial offset δζ is substantially

equal to the sum of the thicknesses of each of the second and third substrates and spacer

elements t + tsp.



[0057] Furthermore in this example, the frequency selective surfaces corresponding to the first,

second and third patterned layers Ll L2 and L3 are rotated with respect to each other (e.g.,

rotated around the z-axis) by the same finite (non-zero) relative angular offset δθ > 0 . The in-

plane offset δθ > 0 of the patterned layers Li and L2 can be accomplished by rotating the second

substrate supporting the second patterned layer L2 by the offset δθ relative to the first substrate

supporting the first patterned layer Li. Similarly, the in-plane offset δθ > 0 of the patterned layers

L2 and L3 can be accomplished by rotating the substrate supporting the third patterned layer L3

by the offset δθ relative to the second substrate supporting the second patterned layer L2.

[0058] A first arrangement 245' of the three frequency selective surfaces of the ICE 240-c -

which is defined in Figure 2C as (i) the pattern P corresponding to each of the three frequency

selective surfaces, (ii) the axial offset δζ between each of the adjacent patterned layers Ll L2 and

L2, L3, and (iii) a first in-plane offset δθι between each of the adjacent patterned layers Ll L2 and

L2, L3 - causes a first Moire pattern M'(P; δθι ; δζ) associated with the ICE 240-c. In the example

illustrated in Figure 2C, δθι = 4°. Here, parameters (i), (ii) and (iii) which define the first

arrangement 245' are specified such that the first Moire pattern M'(P; δθι ; δζ) determined by the

specified parameters is spectrally equivalent, over a first sub-range [λ, λ ] of the wavelength

range to a first spectral portion w'(X) of an optical spectrum w ( ) 250-c illustrated in

Figure 2C.

[0059] A second arrangement 245" of the three frequency selective surfaces of the ICE 240-c -

which is defined in Figure 2C as (i) the pattern P corresponding to each of the three frequency

selective surfaces, (ii) the axial offset δζ between each of the adjacent patterned layers Ll L2 and

L2, L3, and (iii) a second in-plane offset δθι between each of the adjacent patterned layers L l L2

and L2, L3 - causes a second Moire pattern M"(P; δθ2; δζ) associated with the ICE 240-c. In the

example illustrated in Figure 2C, δθ2 = 16°. Here, parameters (i), (ii) and (iii) which define the

second arrangement 245" are specified such that the second Moire pattern M"(P; δθ2; δζ)

determined by the specified parameters is spectrally equivalent, over a second sub-range [λι,λ2]

of the wavelength range to a second spectral portion w "( ) of the optical spectrum

(X) 250-c.

[0060] A third arrangement 245"' of the three frequency selective surfaces of the ICE 240-c -

which is defined in Figure 2C as (i) the pattern P corresponding to each of the three frequency

selective surfaces, (ii) the axial offset δζ between each of the adjacent patterned layers Ll L2 and



L2, L3, and (iii) a third in-plane offset δθ3 between each of the adjacent patterned layers L l L2

and L2, L3 - causes a third Moire pattern M"'(P; δθ3; δζ) associated with the ICE 240-c. In the

example illustrated in Figure 2C, δθ3 = 60°. Here, parameters (i), (ii) and (iii) which define the

third arrangement 245"' are specified such that the third Moire pattern M"'(P; δθ3; δζ) determined

by the specified parameters is spectrally equivalent, over a third sub-range [λ2,λ χ] of the

wavelength range to a third spectral portion w"'(X) of the optical spectrum ( ) 250-

c .

[0061] In general, K > 2 different arrangements of the three frequency selective surfaces of the

ICE 240-c can cause K different Moire patterns Mj(P; δθ ; δζ), where j = 1, . . ., K, such that each

of the Moire patterns Mj(P; δζ) is spectrally equivalent to a corresponding sub-range

[ , +i] of the wavelength range [λ ,λ χ] . In this manner, by adjusting the relative orientation

j between adjacent layers Lj , Lj+i, the entire optical spectrum w ( ) 250-c can be precisely

matched.

[0062] As described above in connection with Figure 1, the optical spectrum ( ) 250-c over

the entire wavelength range is associated with a characteristic to be measured. For

example, if here the characteristic - to which the optical spectrum (X) 250-c is associated - is

viscosity, then the ICE 240-c having the combined arrangements {245', 245" and 245"'} of the

three frequency selective surfaces can be used as part of the optical analysis tool 110 to

determine viscosity of wellbore fiuids 130. In some implementations, the ICE 240-c described

above can sequentially have different arrangements of its three frequency selective surfaces, and

hence, it is operated in the following manner while measuring the characteristic (e.g., viscosity)

of the sample.

[0063] Adjacent substrates of the ICE 240-c are rotated with respect to each other by the first in-

plane offset δθι to generate the first Moire pattern M'(P; δθι ; δζ) that is spectrally equivalent to

the first spectral portion w'(X). The first in-plane offset δθι can be a default relative rotation

between the frequency selective surfaces of the ICE 240-c. While the frequency selective

surfaces are arranged under the first arrangement 245' that causes the first Moire pattern M'(P;

δθι ; δζ), the ICE 240-c is illuminated by the sample modified light 135 for a first time interval

δΤι . A first filter that limits a spectrum of the sample modified light 135 to the first spectral

portion can be used in conjunction with the first arrangement 245'. A spectrum of a first

instance of the processed light 155 represents a spectrum of the sample modified light 135



weighted, over the first spectral portion [λ, λ ] by the ICE 240-c in accordance with the first

spectral portion w'(X). A first instance of the detector signal 165' - which is generated by

integration of the processed light 155 over the first spectral portion fo the first time

interval δΤι - is recorded at this time.

[0064] Further, the adjacent substrates of the ICE 240-c are rotated with respect to each other by

the second in-plane offset δθ2 to generate the second Moire pattern M"(P; δθ2; δζ) that is

spectrally equivalent to the second spectral portion w"(X). In some implementations, the relative

rotation by the second in-plane offset δθ2 between the frequency selective surfaces of the ICE

240-c can be performed automatically, in a pre-programmed manner, using rotating actuators

associated with the ICE 240-c. While the frequency selective surfaces are arranged under the

second arrangement 245" that causes the second Moire pattern M"(P; δθ2; δζ), the ICE 240-c is

illuminated by the sample modified light 135 for a second time interval δΤ 2. A second filter that

limits the spectrum of the sample modified light 135 to the second spectral portion [λι,λ2] can be

used in conjunction with the second arrangement 245". A spectrum of a second instance of the

processed light 155 represents the spectrum of the sample modified light 135 weighted, over the

second spectral portion [λι,λ2], by the ICE 240-c in accordance with the second spectral portion

w"(X). A second instance of the detector signal 165" - which is generated by integration of the

processed light 155 over the second spectral portion [λι,λ2] for the second time interval δΤ2 - is

recorded at this time.

[0065] Furthermore, the adjacent substrates of the ICE 240-c are rotated with respect to each

other by the third in-plane offset δθ3 to generate the third Moire pattern M"'(P; δθ3; δζ) that is

spectrally equivalent to the third spectral portion w"'(X). In some implementations, the relative

rotation by the third in-plane offset δθ3 between the frequency selective surfaces of the ICE 240-

c can be performed automatically, in a pre-programmed manner, using the rotating actuators

associated with the ICE 240-c. While the frequency selective surfaces are arranged under the

third arrangement 245"' that causes the third Moire pattern M"'(P; δθ3; δζ), the ICE 240-c is

illuminated by the sample modified light 135 for a first time interval δΤ 3. A third filter that limits

the spectrum of the sample modified light 135 to the third spectral portion [ 2, max] can be used

in conjunction with the third arrangement 245"'. A spectrum of a third instance of the processed

light 155 represents the spectrum of the sample modified light 135 weighted, over the third

spectral portion 2 , m ] , by the ICE 240-c in accordance with the third spectral portion w"'(X). A



third instance of the detector signal 165"' - which is generated by integration of the processed

light 155 over the third spectral portion [λ2,λ χ] for the third time interval δΤ 3 - is recorded at

this time.

[0066] A value of the characteristic (e.g., viscosity) of the sample - corresponding to the

spectrum of the sample modified light 135 weighted by the optical spectrum w ( ) 250-c over the

entire wavelength range [ , - is proportional to a combination of the first, second and

third instances of the detector signal 165', 165" and 165"' generated for the respective first 245',

second 245" and third 245"' arrangements of the frequency selective surfaces of the ICE 240-c.

For example, the combination can be a weighted sum of the first, second and third recorded

instances of the detector signals 165', 165" and 165"'. The weights of the first, second and third

recorded instances of the detector signal can be proportional to the respective integration times,

δΤι , δΤ 2 and δΤ 3, for instance.

[0067] In other implementations not illustrated in Figure 2C, the three frequency selective

surfaces of the ICE 240-c are formed using only the first substrate, in the following manner. The

first electrically conductive layer Li is patterned with the pattern P over a first portion of the first

substrate, over a second portion of the first substrate adjacent the first portion of the first

substrate, and over a third portion of the first substrate adjacent the first and second portions of

the first substrate. In some implementations, the first, second and third portions of the first

substrate can have substantially the same area.

[0068] Over the first portion of the first substrate, the second electrically conductive layer L2 is

patterned directly onto the first patterned layer Li with the same pattern P rotated relative to the

first patterned layer L i by the first in-plane offset δθι , and the third electrically conductive layer

L3 is patterned directly onto the second patterned layer L2 with the same pattern P rotated relative

to the second patterned layer L2 by the first in-plane offset δθι . As such, an arrangement 245' of

the first L l second L2 and third L3 patterned layers causes, over the first portion of the first

substrate, a first Moire pattern M'(P; δθι ; δζ=0) that is spectrally equivalent, over a first sub

range [ ,, ,λ ] of the wavelength range [ , , to a first spectral portion w'(X) of the optical

spectrum wc( ) 250-c.

[0069] Further, over the second portion of the substrate, the second electrically conductive layer

L2 is patterned directly onto the first patterned layer Li with the same pattern P rotated relative to

the first patterned layer Li by the second in-plane offset δθ2, and the third electrically conductive



layer L3 is patterned directly onto the second patterned layer L2 with the same pattern P rotated

relative to the second patterned layer L2 by the second in-plane offset δθ2. As such, an

arrangement 245" of the first L l second L2 and third L3 patterned layers causes, over the second

portion of the first substrate, a second Moire pattern M"(P; δθ2; δζ=0) that is spectrally

equivalent, over a second sub-range [λι,λ2] of the wavelength range to a second

spectral portion w "( ) of the optical spectrum ( ) 250-c.

[0070] Furthermore, over the third portion of the substrate, the second electrically conductive

layer L2 is patterned directly onto the first patterned layer Li with the same pattern P rotated

relative to the first patterned layer Li by the third in-plane offset δθ3, and the third electrically

conductive layer L3 is patterned directly onto the second patterned layer L2 with the same pattern

P rotated relative to the second patterned layer L2 by the third in-plane offset δθ3. As such, an

arrangement 245"' of the first L l second L2 and third L3 patterned layers causes, over the third

portion of the first substrate, a third Moire pattern M"'(P; δθ3; δζ=0) that is spectrally equivalent,

over a third sub-range [λ2,λ χ] of the wavelength range to a third spectral portion

w"'(X) of the optical spectrum wc( ) 250-c.

[0071] In some implementations, the different arrangements of portions of the three frequency

selective surfaces of the ICE 240-c can be sequentially illuminated by the sample modified light

135, and hence, the ICE 240-c is operated in the following manner during the measurement of

the third characteristic of the sample.

[0072] For instance, the ICE 240-c is illuminated for a first time interval δΤι by the sample

modified light 135 over the first portion of the first substrate corresponding to the first

arrangement 245' of the frequency selective surfaces that causes the first Moire M'(P; δθι ; δζ=0)

that is spectrally equivalent to the first spectral portion w'(X). A first filter that limits a spectrum

of the sample modified light 135 to the first spectral portion can be used while

illuminating the first arrangement 245'. A spectrum of a first instance of the processed light 155

represents a spectrum of the sample modified light 135 weighted, over the first spectral portion

[λ ,λι], by the ICE 240-c in accordance with the first spectral portion w'(X). A first instance of

the detector signal 165' - which is generated by integration of the processed light 155 over the

first spectral portion [λ, λ ] for the first time interval δΤι - is recorded at this time.

[0073] Further, the ICE 240-c is illuminated for a second time interval δΤ2 by the sample

modified light 135 over the second portion of the first substrate corresponding to the second



arrangement 245" of the frequency selective surfaces that causes the second Moire M"(P; δθ2;

δζ=0) that is spectrally equivalent to the second spectral portion w"(X). In some implementations,

the sample modified light 135 is automatically redirected from previously illuminating the first

portion of the first substrate to currently illuminating the second portion of the first substrate, in a

pre-programmed manner, using scanning optics associated with the ICE 240-c. A second filter

that limits the spectrum of the sample modified light 135 to the second spectral portion [λι,λ2]

can be used while illuminating the second arrangement 245". A spectrum of a second instance of

the processed light 155 represents the spectrum of the sample modified light 135 weighted, over

the second spectral portion [λι,λ2], by the ICE 240-c in accordance with the second spectral

portion w"(X). A second instance of the detector signal 165" - which is generated by integration

of the processed light 155 over the second spectral portion [λι,λ2] for the second time interval

δΤ2 - is recorded at this time.

[0074] Furthermore, the ICE 240-c is illuminated for a third time interval δΤ3 by the sample

modified light 135 over the third portion of the first substrate corresponding to the third

arrangement 245"' of the frequency selective surfaces that causes the third Moire M"'(P; δθ3;

δζ=0) that is spectrally equivalent to the third spectral portion w"'(X). In some implementations,

the sample modified light 135 is automatically redirected from previously illuminating the

second portion of the first substrate to currently illuminating the third portion of the first

substrate, in a pre-programmed manner, using scanning optics associated with the ICE 240-c. A

third filter that limits the spectrum of the sample modified light 135 to the third spectral portion

[ 2, max] can be used while illuminating the third arrangement 245"'. A spectrum of a third

instance of the processed light 155 represents the spectrum of the sample modified light 135

weighted, over the third spectral portion [λ2,λ χ], by the ICE 240-c in accordance with the third

spectral portion w"'(X). A third instance of the detector signal 165"' - which is generated by

integration of the processed light 155 over the third spectral portion for the third time

interval δΤ 3 - is recorded at this time.

[0075] A value of the characteristic (e.g., viscosity) of the sample - corresponding to the

spectrum of the sample modified light 135 weighted by the optical spectrum w ( ) 250-c over the

wavelength range - is proportional to a combination of the first, second and third

instances of the detector signal 165', 165" and 165"' generated when respective portions of the

first substrate corresponding to the first 245', second 245" and third 245"' arrangements of the



frequency selective surfaces of the ICE 240-c are illuminated. For example, the combination can

be a weighted sum of the first, second and third recorded instances of the detector signals 165',

165" and 165"'. The weights of the first, second and third recorded instances of the detector

signal 165', 165" and 165"' can be proportional to the respective integration times, δΤι , δΤ2 and

δΤ3, and/or respective relative areas of the first, second and third portions of the first substrate

corresponding to the first 245', second 245" and third 245"' arrangements, for instance.

[0076] In other implementations, the first, second and third portions of the first substrate

corresponding to the first 245', second 245" and third 245"' arrangements of the three frequency

selective surfaces of the ICE 240-c can be concurrently illuminated by the sample modified light

135, and hence, the ICE 240-c is operated in the following manner while measuring the

characteristic (e.g., viscosity) of the sample.

[0077] Here, a first portion of the processed light 155 is output by the ICE 240-c from the

sample modified light 135 that illuminates the first portion of the first substrate corresponding to

the first arrangement 245' of the frequency selective surfaces that causes the first Moire M'(P;

δθι ; δζ=0) that is spectrally equivalent to the first spectral portion w'(X). A spectrum of the first

portion of the processed light 155 represents a spectrum of the sample modified light 135

weighted, over the first spectral portion [λ λ ] by the ICE 240-c in accordance with the first

spectral portion w'(X). A second portion of the processed light 155 is output, concurrently with

the first portion of the processed light 155, by the ICE 240-c from the sample modified light 135

that illuminates the second portion of the first substrate corresponding to the second arrangement

245" of the frequency selective surfaces that causes the second Moire M"(P; δθ2; δζ=0) that is

spectrally equivalent to the second spectral portion w"(X). A spectrum of the second portion of

the processed light 155 represents a spectrum of the sample modified light 135 weighted, over

the second spectral portion [λι,λ2], by the ICE 240-c in accordance with the second spectral

portion w"(X). A third portion of the processed light 155 is output, concurrently with the first and

second portions of the processed light 155, by the ICE 240-c from the sample modified light 135

that illuminates the third portion of the first substrate corresponding to the third arrangement

245"' of the frequency selective surfaces that causes the third Moire M"'(P; δθ3; δζ=0) that is

spectrally equivalent to the third spectral portion w"'(X). A spectrum of the third portion of the

processed light 155 represents a spectrum of the sample modified light 135 weighted, over the



second spectral portion [λι,λ2], by the ICE 240-c in accordance with the second spectral portion

[0078] A value of the characteristic (e.g., viscosity) of the sample - corresponding to the

spectrum of the sample modified light 135 weighted by the optical spectrum w ( ) 250-c over the

wavelength range [ m m, - proportional to a detector signal 165. In this case, the detector

signal 165 is generated by concurrent integration of the first portion of the processed light 155

over the first spectral portion [λ λ ] the second portion of the processed light 155 over the

second spectral portion [λι,λ2] and the third portion of the processed light 155 over the third

spectral portion [ 2, max] .

[0079] Arrangements of the multiple frequency selective surfaces of an ICE were described

above that result in various Moire patterns, such that the Moire patterns are spectrally equivalent

with respective characteristics to be measured.

[0080] In other implementations, frequency selective surfaces of an ICE are respective three or

more layers of electrically conductive materials patterned with corresponding patterns and

stacked along the z-axis, for instance. Here, an arrangement of the three or more patterned layers

with respect to each other is defined in terms of an offset of adjacent patterned layers along the z-

axis, also referred to as an axial offset. The three or more patterned layers arranged in this

manner form a 3D lattice of patterned layers. The 3D lattice of patterned layers has translational

symmetry at least along the z-axis. Further, a magnitude of the axial offset has substantially the

same order of magnitude as a scale of features of the patterns of the patterned layers. For

instance, if the patterns have feature sizes of order lOOum, then the axial offset between adjacent

patterned layers also is of order lOOum, as opposed to being of order ΙΟµιη or 1mm.

Additionally, depending on placement of the features of the patterned layers, the 3D lattice of

patterned layers can also have translational and/or rotational symmetry orthogonal to the z-axis.

Moreover, parameters of the arrangement of the frequency selective surfaces including (i)

patterns of the three or more patterned layers and (ii) the axial offset of adjacent patterned layers

along the z-axis are specified such that the 3D lattice of patterned layers is spectrally equivalent,

over the wavelength range to the optical spectrum w ( ) of the ICE associated with the

characteristic to be measured.

[0081] Figure 3 shows an example of an ICE 340 that contains N frequency selective surfaces,

where N > 3 . Each frequency selective surface is formed from an associated electrically



conductive layer Lj patterned on a j substrate, where j = 1, . . ., N . In some implementations, a j

pattern Pj of the layer Lj is printed on the j substrate using electrically conductive inks, as

described below in connection with Figure 4 .

[0082] In the example illustrated in Figure 3, the patterns Pi, P2, PN of the respective

patterned layers L l L2, . . ., L are common, the common pattern being referred to as a pattern P.

Here, features of the pattern P are fractal cross dipole patches. Moreover, the pattern P is

laterally periodic along the x-axis and along the y-axis. Primary cross dipoles have arm lengths

of 170 µιη, and secondary cross dipoles have arm lengths of 70µιη. A line width of the primary

and secondary cross dipoles is 15um. The spacing between the fractal elements is 12 µιη which

results in a periodic spacing of 120 µιη along the x- and y-axes. Other shapes of the features, e.g.,

disks, polygons, etc., and other placements of the features with respect to each other are possible.

[0083] Additionally in this example, an arrangement 345 of the patterned layers L l L2, . . ., L is

such that each pair of adjacent patterned layers Lj , Lj+1 is separated by an axial offset ∆ ζ > 0,

where j = 1, . . ., N - 1. A s such, a 3D lattice formed by the arrangement 345 of the patterned layers

Li, L2, . . ., L has a period along the z-axis equal to the axial offset ∆ ζ . In the example illustrated

in Figure 3, the axial offset ∆ ζ of adjacent patterned layers Lj , Lj+1 patterned with the pattern P is

of order ΙΟΟµιη, e.g., between 50µιη and 200 µιη . In some implementations, the axial offset ∆ ζ is

substantially equal to a thickness ts«j+i) of the + )* substrate. In some implementations, the

adjacent patterned layers Lj , Lj+1 is can be separated from each other through spacer elements of

thickness tsp. In such case, the axial offset ∆ ζ is substantially equal to the sum of the thicknesses

of the (j+l) substrate and spacer elements ts<j+i) + tsp.

[0084] The arrangement 345 of the patterned layers L l L2, . . ., L is defined in Figure 3 as (i) the

pattern P of each of the patterned layers L l L2, L and (ii) the axial offset ∆ ζ between each

pair of adjacent patterned layers Lj , Lj+1 . Moreover, parameters (i) and (ii) which define the

arrangement 345 are specified such that the 3D lattice of patterned layers determined by the

specified parameters is spectrally equivalent, over the wavelength range [λ , , ] , to an optical

spectrum w ( ) 350. A s described above in connection with Figure 1, the optical spectrum w ( )

350 is associated with a characteristic to be measured. For example, if here the characteristic - to

which the optical spectrum (X) 350 is associated - is salinity, then the ICE 340 having the

arrangement 345 of the patterned layers L l L2, . . ., L can be used as part of the optical analysis

tool 110 to determine salinity of wellbore fluids 130.



[0085] Note that if the axial offset ∆ ζ of the patterned layers L l L2, . . ., L is modified - e.g., by

axially translating during operation of the ICE 340 each pair of adjacent patterned layers L , L
1+1

relative to each other by an axial offset ∆ ζ' ≠ ∆ ζ - then a different 3D lattice of patterned layers

is generated. The new axial offset ∆ ζ' can be specified such that the different 3D lattice of

patterned layers is spectrally equivalent, over the wavelength range [λ ώ ,,λ χ], to another optical

spectrum w'(X) (not shown in Figure 3) associated with another characteristic to be measured.

For example, if here the other characteristic - to which the optical spectrum w'(X) is associated -

is mixing ratios, then the ICE 340 having the other arrangement of the patterned layers L l L2,

L can be used as part of the optical analysis tool 110 to determine mixing ratios of wellbore

fluids 130. In this manner, multiple optical spectra associated with multiple characteristics to be

measured are available for weighting the sample modified light 135 that illuminates the ICE 340,

during operation thereof.

[0086] In other implementations not shown in Figure 3, constitutive electrically conductive

materials of at least some adjacent patterned layers Lj , Lj+1 are different. For instance, every other

patterned layers Lj and Lj+2 can be printed with a pattern P on respective j* and (j+2) substrates

using Ag-based electrically conductive ink, while the in-between patterned layers Lj_1 and Lj+i

are printed with the pattern P on respective ( - ) and +1) substrates using Al-based

electrically conductive ink. In this case, another 3D lattice formed by this arrangement of the

patterned layers of the ICE 340 has a period 2∆ ζ along the z-axis equal to twice the axial offset

∆ ζ between adjacent patterned layers. Such other 3D lattice of patterned layers is spectrally

equivalent, over the wavelength range to another optical spectrum w ( ) (not shown in

Figure 3) associated with another characteristic to be measured.

[0087] In some other implementations, axial offsets between at least some pairs of adjacent

patterned layers Lj , Lj+i are different. For instance, a pair of adjacent layers Lj and Lj+i patterned

with pattern P can be separated by an axial offset ∆ ζ, while a subsequent pair of adjacent layers

Lj+i and Lj+2 patterned with pattern P are separated by a different axial offset ∆ ζ' ≠ ∆ ζ . In this

case, another 3D lattice formed by this arrangement of the patterned layers of the ICE 340 has a

period ∆ ζ + ∆ ζ' along the z-axis equal to the sum of the axial offset ∆ ζ between the pair of

adjacent patterned layers Lj and Lj+i and the axial offset ∆ ζ' between the subsequent pair of

adjacent patterned layers Lj+i and Lj+2 . Such other 3D lattice of patterned layers is spectrally



equivalent, over the wavelength range to another optical spectrum ( ) (not shown in

Figure 3) associated with another characteristic to be measured.

[0088] Many other 3D lattices of patterned layers can be generated by appropriately combining

the above-noted different patterns (e.g., P, P', . ..) of the layers of the ICE 340, different

constitutive electrically conductive materials (e.g., Ag-based ink, Al-based ink, . ..) of the

patterned layers, different axial offsets (e.g., ∆ ζ , ∆ ζ ', . ..) between adjacent patterned layers, etc.,

as long as some translational symmetry is maintained along the z-axis of each of such

arrangements of the patterned layers of the ICE 340. Each of these other 3D lattices of patterned

layers is spectrally equivalent, over the wavelength range [λ ώ ,,λ χ] , to a corresponding optical

spectrum (X) (not shown in Figure 3) associated with another characteristic to be measured.

[0089] Arrangements of multiple frequency selective surfaces of an ICE were described above

that result in either Moire patterns of superimposed patterned layers or 3D lattices of patterned

layers that are spectrally equivalent with respective characteristics to be measured.

[0090] Figure 4 is a flow chart of a process 400 for fabricating an ICE that contains multiple

frequency selective surfaces, where the frequency selective surfaces are printed using electrically

conductive inks. The process 400 can be used to fabricate the ICE 104, 240-a, 240-b, 240-c or

340 described above in connection with Figures 1, 2A-2C and 3 .

[0091] At 410, a target ICE spectrum associated with a characteristic of a sample is obtained.

The obtained target ICE spectrum corresponds to a set of spectra of the sample, where the spectra

were respectively taken for known values of the characteristic of the sample. The characteristic

can be any one of multiple physical or chemical properties of the sample including concentration

of a given substance in the sample, a gas-oil-ratio (GOR), pH value, density, viscosity, etc.

Moreover, the obtained target ICE spectrum can be any of the optical spectra (X) 150, 250-a,

250-b, 250-c or 350 described above.

[0092] At 420, an arrangement of one or more patterns corresponding to the multiple frequency

selective surfaces of the ICE is determined to be spectrally equivalent to the target ICE spectrum

obtained at 410. Parameters of the determined arrangement are (i) shapes, size, in-plane

separation, etc. of the shapes associated with the one or more patterns, (ii) order of the patterns,

(iii) relative lateral and/or axial offset(s) of adjacent patterns, etc.

[0093] Various algorithms can be used to determine, from among many combinations of the

parameters (i), (ii), (iii), etc., a parameter combination corresponding to an arrangement of the



multiple frequency selective surfaces of the ICE that is spectrally equivalent to the target ICE

spectrum. In some implementations, an initial guess of values of the parameter combination is

made and an electromagnetic simulation is performed to find a resulting spectrum for the current

guessed values of the parameters. The results are compared with the target ICE spectrum and

new parameter values are computed in an attempt to find parameters for which an error between

the target ICE spectrum and a resultant spectrum is minimized. Any conventional multivariate

minimization scheme, such as conjugate gradient, steepest descent, Levenberg - Marquart, and

the like, can be used. Several conventional computational methods can be used to generate a

spectrum for a given parameter combination, such as periodic method of moments, or the finite

difference time domain (FDTD) method.

[0094] As described above in connection with Equations (3) and (6), Moire patterns have one or

more features that are larger than the pattern features of a single frequency selective surface. In

this manner, Moire patterns (e.g., described above in connection with Figures 2A-2C) or 3D

lattices of patterned layers (e.g., described above in connection with Figure 3) corresponding to

some of the arrangements of the multiple frequency selective surfaces of the ICE determined at

420 are spectrally equivalent to a target ICE spectrum over longer wavelengths (or equivalently

lower frequencies) than conventional ICEs that use a single frequency selective surface.

[0095] In some implementations of the disclosed technologies, a wavelength range

over which an arrangement of the frequency selective surfaces of the ICE is determined at 420 to

be spectrally equivalent to the target ICE spectrum extends through an IR (2.5-200µιη) spectral

range. For example, the wave number range 4000- 1000cm 1 (corresponding to ~ 15-60µιη in

wavelength) of the IR spectroscopic spectrum is known as the functional group region. The

functional group region - corresponding to the IR active polar covalent molecular bonds in

organic molecules, such as hydrocarbons - provides the most useful information in IR spectrum.

In some implementations of the disclosed technologies, the wavelength range [λ , , ] over

which another arrangement of the frequency selective surfaces of the ICE is determined at 420 to

be spectrally equivalent to the target ICE spectrum extends through a microwave (0.2-10mm)

spectral range.

[0096] In some cases, it can be determined at 420 that an arrangement of the multiple frequency

selective surfaces of the ICE that causes a Moire pattern from superimposed patterned layers is

spectrally equivalent to the target ICE spectrum. Further in these cases, it is determined that the



Moire pattern is generated when the patterned layers are laterally translated and/or rotated with

respect to each other by particular lateral offset(s) δχ and/or δθ, but have no axial separation

between adjacent patterned layers, δζ = 0 . One such case is the arrangement 245-a of the

frequency selective surfaces of the ICE 240-a described above in connection with Figure 2A,

when the axial offset δζ = 0 . Another such case is the arrangement 245 -b of the frequency

selective surfaces of the ICE 240-b described above in connection with Figure 2B. Other such

cases are the arrangements 245', 245" and 245"' of the frequency selective surfaces of the ICE

240-c described above in connection with Figure 2C, when the axial offset δζ = 0 . Such

arrangements of the multiple frequency selective surfaces of the ICE are fabricated by patterning

a first of the multiple layers on a single transparent substrate, and by patterning the remaining

ones of the multiple layers directly onto respective previously patterned layer. The process 400

can be used to address the foregoing cases in the following manner.

[0097] If a single substrate is to be used for fabricating the multiple frequency selective surfaces

of the ICE, then a loop 425' will be executed after 420. Each iteration "i" of the loop 425' is used

to fabricate a frequency selective surface as a layer Li of conducting material patterned in

accordance with a corresponding pattern Pi obtained at 420.

[0098] At 430, a first layer Li is printed on a substrate in accordance with a first pattern Pi. The

substrate is made from an insulating, transparent material, e.g., acetate. A thickness of the

substrate is selected, among other things, to provide a desired flexibility and/or robustness to the

ICE.

[0099] An electrically conductive ink is used to print an 1th layer Li (including the first layer Li),

where i = 1, . . .N. For example, the electrically conductive ink can include any metallic (e.g., Ag,

Au, etc.) flakes. As another example, the electrically conductive ink includes graphite. As yet

another example, the electrically conductive ink includes conductive polymers. Although optical

properties of the 1th frequency selective surface depend on the pattern Pi, used for printing the 1th

layer Li, and the morphology of the 1th layer Li, where i = 1, . ..N, the optical properties are

independent of a thickness ¾of the i layer L as long the thickness exceeds the skin depth over

a desired wavelength range

[00100] High-resolution inkjet printers are used to print the ith layer Li, where i = 1, . . .N.

Table 1 lists resolutions of commercially available inkjet printers and the corresponding printable

pattern feature sizes.



Resolution (dot-per-inch) 600 720 1200 2400 4800 9600

Pattern feature size (µηι) 42.33 35.28 21.17 10.58 5.29 2.65

Table 1

[00101] Table 1 indicates that commercially available inkjet printers are capable of

printing patterns, such as the ones illustrated in Figures 2A-2C or 3 onto the substrate as in the

case of the first layer L l and directly onto previously printed layers Li, where 2 < i < N .

Patterning the layers L l . . . , L using commercially available inkjet printers and conducting inks

is economically advantageous relative to conventionally patterning the layers using lithography.

[00102] For all subsequent layers Li, where 2 < i < N , an 1TH layer Li is printed using

conducting ink in the following manner.

[00103] In some implementations, at 432, the substrate is laterally offset in accordance

with a corresponding relative offset δχ or δθ determined at 420, to laterally offset the (i-l)

layer Li_i printed during the previous iteration of the loop 425'. In this case, at 434, the 1TH

layer Li is printed, in accordance with an 1TH pattern Pi, onto the previously printed ( -1) layer L _

i that was offset at 432.

[00104] In other implementations, at 432 (not shown in Figure 4), an 1TH offset pattern Pi' is

determined by offsetting an 1TH pattern Pi obtained at 420. In this other case, at 434 (not shown in

Figure 4), the 1TH layer Li is printed, in accordance with the 1TH offset pattern Pi' determined at 432,

onto the ( -1) layer L;_i printed during the previous iteration "i-1" of the loop 425'.

[00105] Remaining layers L 1+1 , L of the ICE will be fabricated using additional

iterations of the loop 425'.

[00106] Returning to 420, in some other cases, it can be determined that an arrangement of

the multiple frequency selective surfaces of the ICE that causes a Moire pattern from

superimposed patterned layers or a 3D lattice of patterned layers is spectrally equivalent to the

target ICE spectrum. For example, it can be determined that the Moire pattern is generated when

the patterned layers are offset with respect to each other not only by a particular lateral offset(s)

δχ > 0 and/or δθ > 0, but also by a finite (non-zero) axial offset δζ > 0 between adjacent

patterned layers. One such case is the arrangement 245-a of the frequency selective surfaces of

the ICE 240-a described above in connection with Figure 2A, when the axial offset is non-zero,

δζ > 0 . Other such cases are the arrangements 245', 245" and 245"' of the frequency selective

surfaces of the ICE 240-c described above in connection with Figure 2C, when the axial offset is



non-zero, δζ > 0 . As another example, it can be determined that adjacent patterned layers of the

3D lattice of patterned layers are axially separated by a particular, finite (non-zero) axial offset

δζ > 0 . One such case is the arrangement 345 of the frequency selective surfaces of the ICE 340

described above in connection with Figure 3 .

[00107] Such arrangements of the multiple frequency selective surfaces of the ICE are

fabricated by patterning multiple layers on respective a transparent substrates. The process 400

can be used to address the foregoing cases in the following manner.

[00108] If multiple substrates are to be used for fabricating the multiple frequency

selective surfaces of the ICE, then a loop 425" will be executed after 420. Each iteration "i" of

the loop 425" is used to fabricate a frequency selective surface as layer L of conducting material

patterned on a respective 1TH substrate in accordance with a corresponding pattern Pi obtained at

420.

[00109] At 436, an 1TH layer Li is printed on an 1TH substrate in accordance with an 1TH pattern

Pi. As noted above, a thickness of the 1TH substrate is selected, among other things, to provide a

desired flexibility and/or robustness to the ICE. Further as noted above, an electrically

conductive ink is used to print the 1TH layer Li with commercially available inkjet printers, for

instance.

[001 10] At 438, the 1TH substrate is arranged relative to an adjacent ( -1) substrate to

offset, by an 1TH lateral offset (e.g., δχ or δθ ) or an i axial offset (e.g., δ¾), the 1TH layer L printed

on the 1TH substrate at 436 relative an ( -1) layer Li_i previously printed on the adjacent ( -1)

substrate during the previous iteration of the loop 425".

[001 11] Remaining layers L
1+1

, L of the ICE will be fabricated using additional

iterations of the loop 425".

[001 12] Figures 5A-5C show multiple configurations 500, 500', 500" of an example of a

system for analyzing wellbore fluids 130, such that analyses are generated from at least some

measurements taken with an optical analysis tool 110, which includes an ICE that contains

multiple frequency selective surfaces, as the one described above in connection with Figure 1.

Here, the optical analysis tool 110 is referred to as a well logging tool 110, and the disclosed

system is referred to as a well logging system.

[001 13] Each of the configurations 500, 500', 500" of the well logging system illustrated

in Figures 5A-5C includes a rig 14 above the ground surface 502 and a wellbore 38 below the



ground surface. The wellbore 38 extends from the ground surface into the earth 501 and

generally passes through multiple geologic formations. In general, the wellbore 38 can contain

wellbore fluids 130. The wellbore fluids 130 can be crude petroleum, mud, water or other

substances and combinations thereof. Moreover, the wellbore fluids 130 may be at rest, or may

flow toward the ground surface 502, for instance. Additionally, surface applications of the well

logging tool 110 may include water monitoring and gas and crude transportation and processing.

[00114] Figure 5A shows a configuration 500 of the well logging system which includes a

tool string 20 attached to a cable 16 that can be lowered or raised in the wellbore 38 by draw

works 18. The tool string 20 includes measurement and/or logging tools to generate and log

information about the wellbore fluids 130 in the wellbore 38. In the configuration 500 of the well

logging system, this information can be generated as a function of a distance (e.g., a depth) with

respect to the ground surface 502. In the example illustrated in Figure 5A, the tool string 20

includes the well logging tool 110, one or more additional well logging tool(s) 22, and a

telemetry transmitter 30. Each of the well logging tools 110 and 22 measures one or more

characteristics of the wellbore fluids 130. In some implementations, the well logging tool 110

determines values of the one or more characteristics in real time and reports those values

instantaneously as they occur in the flowing stream of wellbore fluids 130, sequentially to or

simultaneously with other measurement/logging tools 22 of the tool string 20.

[00115] Figure 5B shows another configuration 500' of the well logging system which

includes a drilling tool 24 attached to a drill string 16'. The drilling tool 24 includes a drill bit 26,

the ICE-based well logging tool 110 configured as a measurement while drilling (MWD) and/or

logging while drilling (LWD) tool, and the telemetry transmitter 30. Drilling mud is provided

through the drill string 16' to be injected into the borehole 38 through ports of the drill bit 26.

The injected drilling mud flows up the borehole 38 to be returned above the ground level 502,

where the returned drilling mud can be resupplied to the drill string 16' (not shown in Figure 5B).

In this case, the MWD/LWD-configured well logging tool 110 generates and logs information

about the wellbore fluids 130 (e.g., drilling mud in this case) adjacent the working drill bit 26.

[00116] Figure 5C shows yet another configuration 500" of the well logging system which

includes a permanent installation adjacent to the borehole 38. In some implementations, the

permanent installation is a set of casing collars that reinforce the borehole 38. In this case, a

casing collar 28 from among the set of casing collars supports the well logging tool 110 and the



telemetry transmitter 30. In this manner, the well logging tool 110 determines and logs

characteristics of the wellbore fluids 130 adjacent the underground location of the casing collar

28.

[00117] In each of the above configurations 500, 500' and 500" of the well logging

system, the values of the one or more characteristics measured by the well logging tool 110 are

provided (e.g., as a detector signal 165) to the telemetry transmitter 30. The latter communicates

the measured values to a telemetry receiver 40 located above the ground surface 502. The

telemetry transmitter 30 and the telemetry receiver 40 can communicate through a wired or

wireless telemetry channel. In some implementations of the system configurations 500, 500'

illustrated in Figures 5A and 5B, e.g., in slickline or coiled tubing applications, measurement

data generated by the well logging tool 110 can be written locally to memory of the well logging

tool 110.

[00118] The measured values of the one or more characteristics of the wellbore fluids 130

received by the telemetry receiver 40 can be logged and analyzed by a computer system 50

associated with the rig 14. In this manner, the measurement values provided by the well logging

tool 110 can be used to generate physical and chemical information about the wellbore fluids 130

in the wellbore 38.

[00119] Characteristics of the wellbore fluids 130 that can be related to one or more

spectral regions (e.g., functional group region, far-IR, microwave, etc.) of the spectrum 535' of

the sample modified light through optical spectra associated with any one of the ICEs 140, 240-

a, 240-b, 240-c or 340 are concentrations of one of asphaltene, saturates, resins, aromatics; solid

particulate content; hydrocarbon composition and content; gas composition C1-C6 and content:

C0 2, H2S and correlated PVT properties including GOR, bubble point, density; a petroleum

formation factor; viscosity; a gas component of a gas phase of the petroleum; total stream

percentage of water, gas, oil, solid articles, solid types; oil finger printing; reservoir continuity;

oil type; and water elements including ion composition and content, anions, cations, salinity,

organics, pH, mixing ratios, tracer components, contamination, or other hydrocarbon, gas, solids

or water property.

[00120] Some embodiments have been described in detail above, and various

modifications are possible. While this specification contains many specifics, these should not be

construed as limitations on the scope of what may be claimed, but rather as descriptions of



features that may be specific to particular embodiments. Certain features that are described in

this specification in the context of separate embodiments can also be implemented in

combination in a single embodiment. Conversely, various features that are described in the

context of a single embodiment can also be implemented in multiple embodiments separately or

in any suitable subcombination. Moreover, although features may be described above as acting in

certain combinations and even initially claimed as such, one or more features from a claimed

combination can in some cases be excised from the combination, and the claimed combination

may be directed to a subcombination or variation of a subcombination.

[00121] Similarly, while operations are depicted in the drawings in a particular order, this

should not be understood as requiring that such operations be performed in the particular order

shown or in sequential order, or that all illustrated operations be performed, to achieve desirable

results. In certain circumstances, multitasking and parallel processing may be advantageous.

Moreover, the separation of various system components in the embodiments described above

should not be understood as requiring such separation in all embodiments.

[00122] Other embodiments fall within the scope of the following claims.



WHAT IS CLAIMED IS:

1. A measurement tool for measuring a characteristic of a sample, the measurement

tool comprising:

an integrated computational element (ICE) comprising a plurality of layers stacked along

a first axis, a constitutive material of each of the layers being electrically conductive and

patterned with a corresponding pattern, wherein an arrangement of the patterns with respect to

each other is related to a characteristic of a sample.

2 . The measurement tool of claim 1, wherein

the plurality of layers of the ICE comprises a first layer of electrically conductive

material patterned with a first pattern and a second layer of electrically conductive material

patterned with a second pattern, and

the arrangement of the first and second patterns with respect to each other comprises a

lateral offset in a plane perpendicular to the first axis, such that the offset causes a Moire pattern

related to the characteristic of the sample.

3 . The measurement tool of claim 2, wherein the lateral offset comprises a

translation in the plane perpendicular to the first axis.

4 . The measurement tool of claim 2 or 3, wherein the lateral offset comprises a

rotation in the plane perpendicular to the first axis.

5 . The measurement tool of claim 2, wherein the first pattern is substantially the

same as the second pattern.

6 . The measurement tool of claim 5, wherein a pattern difference between the first

and second patterns is less than a target pattern difference.

7 . The measurement tool of claim 1, wherein



the plurality of layers of the ICE comprises three or more layers of electrically conductive

material, and

the arrangement of the patterns of the three or more layers of material with respect to

each other has translational symmetry along the first axis to form a three dimensional (3D) lattice

of the patterns, such that the 3D lattice is related to the characteristic of the sample.

8. The measurement tool of claim 7, wherein the constitutive electrically conductive

materials of the three or more layers are patterned with a common pattern.

9 . The measurement tool of claim 7, wherein the three or more layers comprise

a first layer of electrically conductive material patterned with a first pattern,

a third layer of electrically conductive material patterned with a third pattern, and

a second layer of electrically conductive material between the first and third layers, the

second layer being patterned with a second pattern different from the first pattern.

10. The measurement tool of claim 9, wherein a separation between the first and

second patterns is different from a separation between the second and third patterns.

11. The measurement tool of claim 9 or 10, wherein the third pattern is the same as

the first pattern.

12. The measurement tool of claim 7, wherein the constitutive electrically conductive

material of at least some adjacent layers are different materials.

13. The measurement tool of claim 2 or 7, wherein the ICE comprises one or more

substrates, wherein the substrates of the ICE are formed from materials that are transparent to

light in at least a portion of a wavelength range.

14. The measurement tool of claim 13, wherein adjacent layers of the ICE are

separated by a respective one of the substrates.



15. The measurement tool of claim 13, wherein

a first layer of the ICE is patterned on a surface of a single substrate, and

remaining layers of the ICE are patterned on a surface of a respective previous layer.

16. The measurement tool of claim 13, wherein each pattern of the constitutive

electrically conductive materials of the plurality of layers comprises the same features forming a

periodic array associated with the pattern and arranged parallel to the one or more substrates.

17. The measurement tool of claim 16, wherein the features each comprise one or

more geometric shapes selected from the group consisting of polygons and circles.

18. The measurement tool of claim 16, wherein the constitutive electrically

conductive materials of the layers of the ICE comprise one or more electrically conductive inks.

19. The measurement tool of claim 18, wherein the one or more electrically

conductive inks comprise metal flakes.

20. The measurement tool of claim 19, wherein the metal flakes comprise silver or

gold.

21. The measurement tool of claim 18, wherein the one or more electrically

conductive inks comprise graphite or conductive polymers.

22. A method comprising:

printing the patterns associated with the layers of the ICE of the measurement tool of

claim 18 on the one or more substrates of the ICE using the one or more electrically conductive

inks.

23. The method of claim 22, wherein said printing of the electrically conductive ink

patterns on the respective separator substrates is performed using a jet printer.



24. The method of claim 22, wherein said printing of the electrically conductive ink

patterns on the respective separator substrates is performed using micro-contact printing with a

stamp.

25. The measurement tool of claim 2 or 7, wherein the arrangement of the patterns

causes the ICE to selectively transmit or reflect, during operation of the measurement tool, light

in at least a portion of a wavelength range by differing amounts, the differing amounts being

related to the characteristic of the sample.

26. The measurement tool of claim 25, wherein

the wavelength range comprises a first wavelength sub-range and a second wavelength

sub-range adjacent to the first wavelength sub-ranged, and

the arrangement of the patterns comprises

a first arrangement of the patterns that causes the ICE to selectively transmit or

refiect, during operation of the measurement tool, light in the first wavelength sub-range by first

differing amounts, and

a second arrangement of the patterns that causes the ICE to selectively transmit or

reflect, during operation of the measurement tool, light in the second wavelength sub-range by

second differing amounts, such that a combination of the first differing amounts over the first

wavelength sub-range and the second differing amounts over the second wavelength sub-range is

related to the characteristic of the sample.

27. The measurement tool of claim 26, wherein wavelengths in the first wavelength

sub-range are shorter than wavelengths in the second wavelength sub-range.

28. The measurement tool of claim 26, wherein the combination is a weighted sum of

the first differing amounts over the first wavelength sub-range and the second differing amounts

over the second wavelength sub-range.

29. The measurement tool of claim 26, wherein the light is reflected or transmitted

concurrently by the first and second arrangements of patterns.



30. The measurement tool of claim 26, wherein the light is reflected or transmitted

sequentially by the first and second arrangements of patterns.

31. The measurement tool of claim 25, wherein the wavelength range comprises

wavelengths from 15 µι ίο 10mm.

32. The measurement tool of claim 31, wherein the wavelength range comprises

wavelengths from 15 µιη to 200µιη.

33 . The system of claim 31, wherein the wavelength range comprises wavelengths

from 0.2 to 10mm.

34. The measurement tool of claim 25, further comprising:

a light source positioned to illuminate the sample with light having a first spectrum over

the wavelength range, wherein the ICE is positioned to receive light from the sample in response

to the illumination, such that the light received from the sample has a second spectrum over the

wavelength range, the second spectrum corresponding to the first spectrum modified by the

sample; and

an optical transducer positioned to receive light from the ICE and produce a signal having

a value related to an integrated intensity of the light from the ICE across the wavelength range,

wherein the signal value corresponds to a value of the property of the sample.

35. The measurement tool of claim 1, wherein the sample comprises wellbore fluids

and the characteristic of the sample is a property of the wellbore fluids.

36. The measurement tool of claim 35, wherein the property of the sample is selected

from the group consisting of a concentration of a substance in the sample, a pH of the sample, a

ratio of concentrations of two different substances in the sample, a density of the sample, and a

viscosity of the sample.



37. A method comprising:

placing the measurement tool of claim 35 in a wellbore; and

determining the value of a property of a sample in the wellbore using the measurement

tool of claim 35.
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