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A high Speed, highly Sensitive optical Sensing platform and 
a method for detecting and/or measuring characteristics of a 
Substance in a measurement Sample are disclosed. The 
platform includes at least one pair of optical paths formed in 
a waveguide, a light Source for injecting optical beams along 
the optical paths, a light modulator for enabling the excite 
ment of a transverse electric and a transverse magnetic guide 
modes, and a phase detector for detecting phase differences 
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DOUBLY-DIFFERENTIAL INTERFEROMETER 
AND METHOD FOR EVANESCENT WAVE 

SURFACE DETECTION 

CROSS REFERENCE OR RELATED 
APPLICATIONS 

0001) This application claims the benefit of U.S. Provi 
sional Application No. 60/188,808 filed Mar. 13, 2000. 

BACKGROUND OF THE INVENTION 

0002) 1. Field of the Invention 
0003. This invention relates generally to optical sensors, 
and more particularly to high Speed, highly Sensitive, optical 
Sensing platforms for evanescent wave Surface detection 
applications, i.e., an evanescent interferometer biosensor. 
0004 2. Discussion of Related Art 
0005 Evanescent wave surface detection is an optical 
technique that has been used in various applications Such as 
the detection of Substances in liquid and gaseous Samples 
and the measurement of certain properties of liquid and 
gaseous Samples, including, e.g., changes in refractive indi 
ceS and ionic concentrations of the Samples. 
0006 The evanescent wave surface detection technique 
typically includes Sensing a change in the local environment 
at the Surface of a waveguide. The waveguide Surface is 
often coated with a chemically or biologically Sensitive 
layer, to which targets within a liquid or gaseous Sample are 
then bound. Light is coupled into the waveguide, which, as 
it propagates through the waveguide, produces evanescent 
wave fields that reach out and penetrate the chemically or 
biologically Sensitive layer and the Sample bound thereto. 
Because evanescent wave fields that correspond to different 
Spatial modes of the propagated light typically penetrate at 
different depths, information relating to the depths of pen 
etration for the different Spatial modes can be used to 
characterize the liquid or gaseous Sample provided at the 
Surface of the waveguide. 

0007 For example, the detection and/or measurement of 
very Small numbers of microorganisms in a Sample, using 
evanescent wave Surface detection techniques, typically 
requires amplification, or enrichment, of the target micro 
organisms population before detecting and/or measuring the 
Sample is possible. This is often accomplished using culture 
enrichment techniques that may take up to Several days to 
complete. However, Some evanescent wave Surface detec 
tion techniques permit direct and rapid detection and/or 
measurement of very Small numbers of target microorgan 
isms by transferring the amplification process from the 
biological domain to the photonic domain. 

0008 One such evanescent wave surface detection tech 
nique uses fluorescent markers for detecting and/or measur 
ing Substances in a liquid or gaseous Sample. Specifically, 
targets, i.e., analytes, within a Sample, which are bound to 
the Surface of a waveguide, are tagged, or labeled, with 
fluorescent markers. 

0009 Light is coupled into the waveguide. As the light 
propagates through the waveguide, evanescent wave fields 
reach out into the tagged Sample and excite the fluorescent 
markers. The target microorganisms in the tagged Sample 
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are then detected and/or measured by monitoring the inten 
sity of the Sample's fluorescence. 
0010. An evanescent wave surface detection technique 
that uses fluorescent markers, however, has Some shortcom 
ings. For example, the expense and complexity of reagents 
used for tagging the targets affect its utility. Still further, the 
process of tagging the Sample with fluorescent markers has 
Some drawbackS. Specifically, it is often difficult to ensure 
that only the target analytes are tagged. Frequently, however, 
random Substances bound to the waveguide Surface are 
tagged also, thereby affecting the detection and/or measure 
ment of the desired targets. Such non-specific binding of 
random Substances can adversely affect, e.g., the Signal-to 
noise ratio (SNR) of that evanescent wave surface detection 
technique. 

0011) Another optical evanescent wave surface detection 
technique that can be used to detect and/or measure Small 
numbers of target analytes within a Sample involves moni 
toring changes in the intensity of light related to the eva 
neScent wave fields due to the bound Sample. This evanes 
cent wave Surface detection technique is used in Some 
commercially available instruments, such as the BIAcore TM 
Surface plasmon resonance (SPR) instrument manufactured 
by Amersham Pharmacia Biotech AB, Uppsala, Sweden. 
0012 Specifically, the evanescent wave surface detection 
method used with an SPR instrument typically comprises 
coating the waveguide Surface with a thin layer of metal; 
immobilizing "Selective' receptors to the metal layer; and 
then capturing the sample onto the receptors. Light is 
coupled into the waveguide, which, as it propagates through 
the waveguide, causes evanescent wave fields to reach out 
into the Sample layers on the waveguide Surface. The bound 
targets alter the effective index of refraction (n) of the metal 
layer. The evanescent wave fields resonantly transfer energy 
to a Surface plasmon, and the intensity of the evanescent 
wave fields is monitored at an energy matching condition. 
0013 However, an evanescent wave surface detection 
technique used with the SPR instrument has some short 
comings. For example, biochemical and environmental fac 
torS Such as non-specific binding and temperature variation 
typically limit the Sensitivity and Stability of that evanescent 
wave Surface detection technique. Furthermore, the BIA 
core TM brand SPR instrument is commercially expensive; 
hence, it is often inappropriate for use in low-cost applica 
tions. 

0014 Still another evanescent wave surface detection 
technique for detecting and/or measuring untagged Sub 
stances in a bound sample is disclosed in U.S. Pat. No. 
5,120,131 (the “131 patent”) to Lukosz. According to that 
disclosed invention, a measurement Sample is bound to the 
waveguide Surface, and light is coupled into the waveguide, 
thereby causing evanescent wave fields to reach out into the 
bound Sample. Specifically, light is coupled into the 
waveguide So that two mutually coherent, orthogonally 
polarized modes propagate through the waveguide Simulta 
neously and coaxially. As a result of the interaction between 
the propagated light and the bound Sample, the respective 
refractive indices of the two guided modes, i.e., the trans 
verse electric (TE) and transverse magnetic (TM) change. 
Relative changes in the refractive index (n) of a measure 
ment Sample with respect to the refraction index of a 
reference Sample can be measured with an interferometer, 
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and those measurements can be used for characterizing the 
bound Sample. These changes are manifest as an optical 
phase change of light traveling through a medium. 

0.015 However, the evanescent wave surface detection 
technique disclosed in the 131 patent has Some shortcom 
ings. For example, this evanescent wave Surface detection 
technique typically lacks the Stability required for accurately 
detecting and/or measuring very Small numbers of targets. 
This is because the stability of that evanescent wave surface 
detection technique typically is limited by biochemical and 
environmental factors, i.e., noise, Such as non-specific bind 
ing and temperature variation of the bulk liquid, which often 
result in less than optimal SNR (“signal-to-noise ratio”). 
Moreover, thermal and mechanical perturbations, which are 
major sources of noise and which adversely affect the SNR. 
0016. It would be desirable, therefore, to provide an 
improved evanescent wave Surface detection technique and 
device for detecting and/or measuring Substances in liquid 
and gaseous Samples. Such an evanescent wave Surface 
detection technique and device would have the Stability and 
Sensitivity required for accurately and directly detecting 
and/or measuring low levels, e.g., as low as a Single micro 
organism, of Small molecules, bio-molecules, and/or micro 
organisms in a Sample. Moreover, Such a detection technique 
would have the Stability and Sensitivity required for accu 
rately and directly detecting and/or measuring low levels of 
Small microorganisms without requiring prior amplification, 
i.e., enrichment, of the target analyte population. It would 
also be desirable to have an evanescent wave Surface detec 
tion technique and device for detecting and/or measuring 
Small numbers of Small molecules, biomolecules, and/or 
microorganisms in a Sample that provides results quickly 
and can be implemented at relatively low cost. Furthermore, 
it would be desirable to have an evanescent wave Surface 
detection technique and device that removes noise associ 
ated with thermal and mechanical perturbations to maximize 
the SNR. 

SUMMARY OF THE INVENTION 

0.017. The present invention provides a high precision, 
optical Sensing platform that uses a waveguide, which 
includes at least one first optical path in relatively close 
Spatial proximity to at least one Second optical path. The first 
optical path are exposed to measurement Samples containing 
targets, which are bound to a Surface contiguous to the first 
optical path of the waveguide. The Second optical path can 
be exposed to reference Samples, which have known targets 
bound to a Surface contiguous to the Second optical path of 
the waveguide. The measurement and reference Samples 
containing the targets can be either liquid or gaseous 
Samples. 

0.018. In a preferred embodiment, light enters a polariza 
tion modulator, which facilitates removing low frequency 
noise Signals. The polarization modulator enables exciting 
two orthogonally polarized Spatial, i.e., guided, modes, 
causing each guided mode to propagate independently and 
Sequentially through the Spatially Separated measurement 
and reference optical paths. Subsequently, the light from 
each path can be coupled out of the waveguide and coher 
ently combined for each polarization mode. An optical phase 
detector can be used to record any changes in phase for each 
guided mode and to compare any changes with Subsequent 
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measurements. These optical phase changes, typically, are 
caused by characteristics of the measurement and reference 
Samples and the targets bound thereto, which Samples are 
contiguous to the Surface of the waveguide. 

0019. According to a preferred embodiment of the 
present invention, optical phase changes caused by the 
characteristics of the target analytes bound to measurement 
and reference Samples can be detected and/or measured 
using a doubly differential Surface detection technique, 
which comprises a set of first differential measurements and 
a Second differential measurement. Specifically, a Set of first 
differential measurements is obtained from any optical phase 
change between the reference and measurement Samples for 
each of the individual orthogonal guided modes, each of 
which propagates Sequentially through the first and the 
Second optical paths of the waveguide. A Second differential 
measurement is obtained from a combination of the first 
differential measurements of optical phase changes for each 
of the individual guided modes. 

0020 More specifically, the set of first differential mea 
Surements is obtained by first determining changes in the 
respective effective refractive indices (Ön) between the first 
and Second optical paths, which are exposed to a measure 
ment Sample and a reference Sample, respectively. This “set' 
of measurements comprises an effective refraction index 
change for each of the two polarized guided modes, i.e., 
on and Öntm, which, because of modulation, propagates 
through each of the optical paths Sequentially rather than 
Simultaneously. Further, the Second differential measure 
ment is obtained by determining an overall change in the 
effective refractive indices (AN) between the respective 
polarized guided modes, i.e., AN=ön-Ön-M. Changes in 
the effective refractive indices of the first and second optical 
paths are caused by (a) the characteristics of the target 
analytes bound to the measurement and reference Surfaces of 
the waveguide and also (b) by the polarized guided mode 
propagating through the Waveguide. 

0021 Advantageously, this doubly differential surface 
detection technique, as implemented on the optical Sensing 
platform of the present invention, provides immunity to 
environmental effects, Such as temperature changes, 
mechanical vibrations, and biochemical effects, Such as 
non-specific binding, thereby providing the Sensitivity and 
Speed required for directly detecting and/or measuring, in 
real time, very Small numbers of bound targets, e.g., Small 
molecules, bio-molecules, and/or microorganisms, includ 
ing a single target, bound to or contained within the Sample. 

0022 Because change in refractive index (Ön) is depen 
dent on the polarization of the light, the optical response of 
the polarized light is different for each of the orthogonally 
guided modes that propagate within the waveguide. Modu 
lating the polarization of the incident light enables exciting 
two guided modes at modulation frequencies above that of 
a predetermined unwanted noise distribution. Moreover, 
Subtracting temporally adjacent measurements in the refer 
ence and measurement Samples results in the common-mode 
rejection of in-band noise. Thus, noise due to thermal and 
mechanical perturbations, which is generally restricted to 
temporal frequencies similar to those of the target Signal 
(less than about a few thousand Hertz) is substantially 
eliminated, Significantly improving the SNR. 
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0023 Still further aspects and advantages of the present 
invention will become apparent from a consideration of the 
ensuing description and drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0024. The invention will be better understood by refer 
ence to the following more detailed description and accom 
panying drawings, wherein like elements correspond to like 
elements, in which: 
0.025 FIG. 1 illustrates a block diagram of an embodi 
ment of an optical Sensing platform according to the present 
invention; 

0.026 FIG. 2A illustrates a cross sectional view of an 
embodiment of an integrated optical Sensor used with the 
optical Sensing platform of FIG. 1, taken along a line 
2A-2A, 
0027 FIG. 2B illustrates a cross sectional view of an 
embodiment of the integrated optical Sensor used with the 
optical Sensing platform of FIG. 1, taken along a line 
2B-2B: 
0028 FIG. 2C illustrates a detailed cross sectional view 
of an embodiment of the integrated optical Sensor used with 
the optical Sensing platform of FIG. 1, taken along a line 
2C-2C; 
0029 FIG. 3 illustrates a block diagram of an embodi 
ment of the phase detector used with the optical Sensing 
platform of FIG. 1; 
0030 FIG. 4 shows the dramatic effect of polarization 
modulation on power spectral density; and 
0031 FIG. 5 shows an embodiment of modulated time 
phase data. 

DETAILED DESCRIPTION OF THE 
INVENTION INCLUDING THE PREFERRED 

EMBODIMENTS THEREOF 

0032. As shown in FIG. 1, an optical sensing platform 
100 in accordance with one embodiment in the present 
invention includes a light Source, e.g., laser 102, a polariza 
tion modulator 103, an integrated optical sensor 105, a beam 
combiner 113, a phase detector 139, and a computer 141. 
0033. The light source, e.g., laser 102, injects beams 132, 
133 into a polarization modulator 103. The polarization 
modulator 103 rotates, or modulates, the polarization of the 
incident light to enable the excitement of two orthogonally 
polarized guided modes, e.g., the TE (transverse electric) 
and TM (transverse magnetic) modes, in each of the 
measurement and reference paths 130, 131. Moreover, the 
polarization modulator 103 causes the two polarized guided 
modes to propagate Sequentially through both the measure 
ment and reference paths 130, 131. The polarization modu 
lator 103 can be of any type that is well known to those of 
ordinary skill in the art, e.g., a ferro-electric liquid crystal, 
pockel cell or photoelastic modulator, that Switches between 
S and P polarization to excite the transverse electric and the 
transverse magnetic guided modes in time, removing low 
frequency noise and eliminating long-term drift. 
0034) Modulating the polarization of the incident beams 
132, 133, alternately exciting the TE, and TM guided 
modes at modulation frequencies above that of a predeter 
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mined unwanted noise distribution and Subtracting adjacent 
measurements, e.g., from the reference Sample 142, results 
in the common-mode rejection of the low frequency noise 
Sources. Major Sources of noise limiting the performance of 
interferometric Systems typically are due to thermal and 
mechanical perturbations. These noise Sources are generally 
confined to temporal frequencies well under a thousand 
Hertz. Thus, obtaining the desired information from a dif 
ferential measurement and employing active commonmode 
rejection techniques Significantly Suppresses these external 
disturbances to increase the System Signal-to-noise ratio 
(SNR). The advantage of this method is the ability to 
SuppreSS unwanted Signals within the bandwidth of the 
desired information. Conventional low-pass filtering is used 
to Suppress unwanted Signals outside of the bandwidth of the 
desired signal. However, with low-pass filtering, any noise 
occurring within the Signal bandwidth cannot be Suppressed 
without also Suppressing the desired signal. 

0035. The dramatic effect of polarization modulation is 
shown in FIG. 4, which shows the noise power spectrum for 
a typical interferometric system. Without modulation, the 
curve 42 (shown in FIG. 4 as a dashed line) exhibits 
Significantly higher noise power at low frequencies, typi 
cally below about 1000 Hertz. With polarization modulation, 
however, the curve 41 (shown in FIG. 4 as a straight line) 
is virtually constant at all frequencies, including in-band 
frequencies, i.e., frequencies within a desirable bandwidth. 
Indeed, polarization modulation filters out low-frequency 
noise (shown in FIG. 4 as the hatched region), typically due 
to thermal and mechanical perturbations, as would a lowpass 
filter if applied to the entire Spectrum. 

0036) This common-mode rejection technique is readily 
applied to an interferometric evanescent wave biosensor. In 
Such a device the response to the Surface binding of Select, 
e.g., bio-chemical molecules, is manifest as a change in the 
effective refractive indeX within the guiding region of a 
Single-mode waveguide 111. This indeX change is dependent 
on the polarization of the light. Moreover, the optical 
response for S- and P-polarized light (respectively propa 
gated as TE and TM spatial modes within a waveguide 111) 
is different, however, many externally applied perturbations 
are independent of polarization. By modulating the polar 
ization of the incident light at a rate at least two times the 
signal bandwidth to excite alternatively the TE and TM 
guided modes and Subtracting corresponding values of TE 
and M in time, where p is the optical phase, in-band 
perturbations common to both TE and TM is removed 
leaving only the desired signal and thus a robust System. 

0037. The modulated light then passes into input couplers 
107, 108 of a waveguide 111, which causes respective, 
in-coupled, guided beams (not shown) to propagate, respec 
tively, through the optical paths 131, 130 toward the output 
couplers 109, 110. The output couplers 109, 120 provide 
corresponding out-coupled beams 135, 134 to a beam com 
biner 113. The beam combiner 113 provides a combined 
beam 137 for each guided mode to a phase detector 139. The 
phase detector 139 generates measurement data by inter 
preting optical differences in phase between the first and 
Second optical paths, which, respectively, are exposed to the 
measurement and reference samples 130, 131 for each 
guided mode, and Sends the measurement data to a computer 
141 for Subsequent analysis. 
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0.038. The integrated optical sensor 105 includes a 
waveguide 111 that accommodates at least two (2) optical 
channels or paths 130, 131 on a, e.g., silicon, Substrate 202 
(see FIG. 2A). Preferably, the substrate 202 is planar; 
however, the disclosed invention can be practiced with a 
non-planar Substrate without deviating from the Scope and 
spirit of the disclosure. A measurement path 130 extends 
between an input coupler 108 and an output coupler 110 and 
a reference path 131 extends between another input coupler 
107 and another output coupler 109. A measurement sample 
140 is contiguous to the upper Surface of the measurement 
path 130, e.g., approximately midway between the input 
coupler 108 and output coupler 110. Further, a reference 
Sample 142 is contiguous to the upper Surface of the refer 
ence path 131, e.g., approximately midway between the 
input coupler 107 and output coupler 109. 
0.039 For example, the measurement and reference 
Samples 140, 142 can be liquid or gaseous Samples contain 
ing amounts of biological or chemical Substances of 
unknown and known concentration, respectively. Target 
analytes within these liquid or gaseous Samples are located 
on, i.e., bound to, respectively, the upper Surfaces of the 
measurement and reference paths 130, 131 in manners that 
are well know to those of ordinary skill in the art. Various 
Surface attachment techniques are presented in "Patterning 
Multiple Antibodies on Polystyrene' by R. A. Brizzolara 
that was published in BioSensors and Bioelectronics, 15, pp. 
63-68 (2000), which is incorporated herein by reference. For 
example, respective upper Surfaces of the measurement 
and/or reference paths 130, 131 can be coated appropriately 
with known chemically or biologically Sensitive layers, and 
the target analytes within the measurement and/or reference 
samples 140, 142 then bind to these layers. 
0040 Preferably, the measurement and reference paths 
130, 131, in association with the input couplers 107,108 and 
output couplers 109, 110, provide optical paths for light 
propagating as gaussian-shaped beams through a thin-film 
guiding layer, i.e., waveguide 111, of the integrated optical 
sensor 105. In one embodiment, the measurement path 130 
and the reference path 131 are rectilinear Sections, each 
having a length on the order of the length of the integrated 
optical sensor 105. However, it should be understood that 
non-rectilinear Sections also can be used without deviating 
from the Scope and Spirit of this disclosure. Because the 
guided beams propagating through the measurement and 
reference paths 130, 131 in the guiding layer are unconfined 
in the lateral planar dimension, unwanted Scattering of the 
beams within the guiding layer can be minimized, thereby 
Significantly enhancing the Sensitivity of the optical Sensing 
platform 100 in comparison to conventional channel-type 
paths. 

0041. It should be noted that the input couplers 107, 108, 
the output couplers 109, 110, and the optical elements (not 
shown), e.g., optical fibers, which are used for injecting the 
beams 132, 133 into the input couplers 107, 108 via the 
polarization modulator 103, are conventional. Accordingly, 
Specific structures used for implementing these optical ele 
ments in the integrated optical Sensor 105 are not critical to 
the present invention, and can take different forms. The laser 
102 used as a light Source also is conventional and can be 
implemented as, e.g., a helium-neon (HeNe) laser, a near 
infrared Semiconductor laser, a diode laser or other laser 
known to those skilled in the art. 
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0042. In preferred embodiments, the detection and/or 
measurement of Very Small numbers of bound targets, 
including even a single target, from liquid or gaseous 
Samples is accomplished using an interferometric, doubly 
differential Surface detection technique. Preferably, using the 
above-described optical sensing platform 100, the light 
Source 102, e.g., laser, injects beams 132, 133 into input 
couplers 107, 108, respectively, via the polarization modu 
lator 103, which enables exciting a plurality of orthogonally 
polarized spatial modes. Two Spatially Separated, polarized 
guided beams propagate unconfined in the lateral planar 
direction through a first and a second optical path 130, 131 
within the guiding layer of the waveguide 111. Each beam 
132, 133 preferably propagates through each optical path 
130, 131 in each of two orthogonally polarized waveguide 
modes, and more preferably in the TE and TM modes, 
which modes are modulated to propagate independently and 
Sequentially. 

0043. As described in greater detail later in this specifi 
cation, the doubly differential Surface detection technique of 
the present invention then is used to derive a Set of first 
differential measurements, e.g., &n and 8nM, for each of 
the two polarized guided modes propagating Sequentially 
through each of the measurement and reference paths 130, 
131, i.e., 

6nte=nte measurement-TE reference and 6ntM=n-M inea 
surement-in-TM eferences 

0044) and a second differential measurement (AN) from a 
combination of the first differential measurements for each 
guided mode, i.e., 

004.5 The differential measurements preferably are deter 
mined using a programmed microprocessor receiving the 
data from the fringe detector 304. 
0046 Such a microprocessor is programmed readily by a 
normally skilled programmer. 

0047. This doubly differential surface detection tech 
nique, as implemented on the optical Sensing platform 100, 
provides Substantial immunity, i.e., lack of Sensitivity, to 
both inherent thermal and/or mechanical perturbations and 
external thermal variations in the local index of refraction 
and also compensates for non-specific binding, thereby 
advantageously providing the Sensitivity and Stability 
required for detecting and/or measuring very Small concen 
trations of Substances, e.g., Small molecules, bio-molecules, 
and/or microorganisms, in a measurement Sample 140. 
Indeed, the Sensitivity of the disclosed invention can mea 
Sure even a single bound molecule or pathogen in a mea 
surement sample 140. 

0048 AS mentioned above, in one embodiment, the mea 
surement path 130 and the reference path 131 can be 
rectilinear Sections. In this embodiment, the rectangular 
cross sectional dimensions of the optical paths 131, 130, and 
the wavelength, 2, of the injected beams 132, 133, are 
Specified So that two orthogonally polarized waveguide 
modes, i.e., TE and TM, are allowed to propagate Sequen 
tially through each path 131, 130. Further, each of the 
in-coupled, guided beams preferably propagates through the 
waveguide 111 of the integrated optical sensor 105 as TE 
and TM modes. 
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0049 FIG. 2A shows an embodiment of a cross sectional 
view of the integrated optical sensor 105 of the present 
invention, taken along the line 2A-2A. That view shows the 
measurement and reference paths 130, 131 through the thin 
film guided wave layer formed on the substrate 202. Further, 
the measurement Sample 140, containing target analytes of 
unknown concentration, and the reference Sample 142, 
which can contain target analytes of known concentration, 
are shown contiguous to the upper Surfaces of the measure 
ment and reference paths 130, 131, respectively. 
0050 FIG. 2B shows an embodiment of a cross sectional 
view of the integrated optical sensor 105 of the present 
invention, taken along the line 2B-2B, i.e., for the measure 
ment path 130. It should be noted that the structure described 
here for the measurement path 130 is identical to the 
structure for the reference path. That view shows the input 
coupler 108, the measurement path 130 and sample 140, and 
the output coupler 110 of the waveguide 111 formed on the 
substrate 202. The injected beam 133, which comes directly 
from the polarization modulator 103, can propagate through 
the input coupler 108 and the measurement path 130. The 
out-coupled beam 134 propagates through the output cou 
pler 110. 
0051 FIG.2C shows a second embodiment of a detailed 
cross sectional view of the integrated optical sensor 105 
taken along the line 2C-2C, i.e., for the measurement path 
130. It should be noted that the structure described here for 
the measurement path 130 is identical to the structure for the 
reference path. FIG. 2C also shows sidewalls 206 and a well 
base 208, which are optionally provided on the substrate 202 
to produce a well for holding, e.g., a liquid measurement 
sample 140. 
0.052 The substrate 202 and the wave guiding layer, 
including the optical paths 130, 131 of the waveguide 111 
can be made of, e.g., glass with a high refractive index, 
which can be a doped Silicon glass, and, more particularly, 
silicon nitride (SiN). The input couplers 107, 108, the 
output couplers 109,110, the sidewalls 206 and the well base 
208, can be made of, e.g., silicon dioxide (SiO). 
0.053 A waveguide 111 used in optical sensing applica 
tions generally has a refractive index (n) that is greater than 
the refractive index of the Substrate 202 on which it is 
formed, thereby providing a refractive index difference that 
is large enough to Substantially ensure total internal reflec 
tion of light propagating through the waveguide 111. 
0.054 Furthermore, in order to provide the sensitivity and 
Stability required for detecting and/or measuring very Small 
concentrations of Substances, e.g., Small molecules, bio 
molecules, and/or microorganisms, in the measurement 
sample 140, the waveguide 111 of the integrated optical 
sensor 105 preferably satisfies some additional require 
ments. For example, the measurement and reference paths 
130 and 131 preferably support only the TE and TM 
modes, which modes can best detect and/or measure very 
Small concentrations of Substances in the measurement 
Sample 140 using the evanescent wave Surface detection 
technique. 
0.055 The substances in the measurement sample 140 are 
detected and/or measured by measuring differences in the 
effective refractive indices (Ön) between the first and second 
optical paths 130, 131 for both polarized guided modes, TE 
and TM, i.e., 
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6TE=ntmeasurement-TE reference and 
6ntM=n-M measurementTM references 

0056 which the polarization modulator 103 causes to 
propagate Sequentially through the measurement and refer 
ence paths 130, 131. These differences are proportional to 
the penetration depths of the evanescent wave fields, corre 
sponding with the TEo and TM modes, into the measure 
ment and reference samples 140, 142, which are contiguous 
to the measurement and reference paths 130, 131, respec 
tively. Accordingly, the differences in the effective refractive 
indices of the modes, on and Ön, are measured with the 
highest resolution when both of the injected beams 132,133 
propagate through the measurement and reference paths 
130, 131 in the TE and TM modes only. 
0057 The wave guiding layer used for propagating light 
through the integrated optical sensor 105 is preferably as 
optically uniform as possible. This reduces optical Scattering 
and enhances the sensitivity of the platform 100. 

0058. The doubly differential Surface detection technique 
of the present invention, implemented using the optical 
sensing platform 100, will now be described in detail as 
follows. Initially, at least one measurement Sample 140, is 
located contiguous to the upper Surface of the measurement 
path 130, e.g., approximately midway between the optical 
couplers 108, 110 and, a reference sample 142 is located 
contiguous to the upper Surface of the reference path 131, 
e.g., approximately midway between the optical couplers 
107,109. 

0059 AS mentioned above, the measurement and refer 
ence Samples 140, 142 can be liquid or gaseous Samples that 
contain, respectively, known and unknown concentrations of 
biological or chemical Substances. Furthermore, the respec 
tive upper Surfaces of the measurement and reference paths 
130, 131 can be coated with a known chemically or bio 
logically Sensitive layer So that the target analytes contained 
in the measurement and reference samples 140, 142 bind 
appropriately thereto. 

0060 A light source, e.g., laser 102, injects light beams 
132, 133 into the polarization modulator 103, which alter 
nately and Sequentially sends one of the two orthogonal, 
polarized modes, i.e., guided or excited modes, to each input 
coupler 107, 108 of the waveguide 111. The respective 
modulated, in-coupled, guided beams are excited and propa 
gate through the measurement and reference paths 130, 131. 
Specifically, the light beams 132, 133 are guided by total 
internal reflection alternately in the excited TE and TM 
modes through the paths 130, 131. As a result, the evanes 
cent wave fields corresponding with the TEo and TM 
modes, reach out into the Substrate 202 and the target 
analytes within the measurement and reference Samples 140, 
142 that are bound to the upper Surface of the measurement 
path 130 and reference path 131, respectively. 

0061 The guided beams then propagate to the output 
couplers 109, 110, which provide the corresponding out 
coupled beams 135, 134 to the beam combiner 113. The 
beam combiner 113 combines the beams from each optical 
path 130, 131, which is to say, that the reference pattern for 
a TE mode is combined with a corresponding measurement 
pattern for the TE mode and a reference pattern for the TM 
mode is combined with a corresponding measurement pat 
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tern for the TM mode. The combined reference patterns are 
Sent to the phase detector 139 for generating measurement 
data. 

0.062 Preferably, the measurement data generated by the 
phase detector 139 includes optical information relating to 
relative phase shifts of the TE and TM excited modes in 
the out-coupled beams 134, 135. Finally, the phase detector 
139 provides the measurement data to a computer 141 for 
deriving the above-mentioned set of first differential mea 
Surements and the Second differential measurement. 

0.063. The set of first differential measurements, i.e., on 
and on, are obtained, respectively, for each of the two 
polarized modes, TEo and TM, which propagate Sequen 
tially through both the measurement and reference paths 
130, 131. For example, as the TE polarized mode propa 
gates through each optical path 130, 131 of the waveguide 
111, evanescent wave fields reach out into the Substrate 202 
and penetrate the bound samples 140,142. The difference in 
the refractive indices of the excited TE mode, 

6TE=n MEASUREMENT-REFERENCE, 
0.064 changes as a result of the respective penetration of 
the evanescent wave fields into the bound target analytes 
within the measurement and reference samples 140, 142. 
Likewise, as the TM polarized mode propagates through 
each optical path 130, 131 of the waveguide 111, evanescent 
wave fields reach out into the substrate 202 and penetrate the 
bound samples 140, 142. The difference in the refractive 
indices of the excited TMO mode, 

6hTM-nmeasurEMENT-REFERENCE: 
0065 also changes as a result of the respective penetra 
tion of the evanescent wave fields into the bound target 
analytes within the measurement and reference Samples 140, 
142. The Set of first differential measurements, i.e., on and 
on, derived from the two polarized guided modes, TEo 
and TM, propagating through the measurement and refer 
ence paths 130, 131, has the effect of subtracting out 
biochemical instabilities, i.e., noise, resulting from non 
Specific binding, and also any external thermal dependence 
of on TE and on TM 
0.066 These changes in the refractive indices, i.e., on M 
and on, correspond with the above-mentioned set of first 
differential measurements and are provided by a Suitably 
programmed computer 141, e.g., a microprocessor, using the 
measurement data provided by the phase detector 139. There 
are many ways to detect the optical phase change, e.g., by 
using an array detector Spatially matched to an optical 
interference pattern or by using an unmatched, charge 
couple device (“CCD') detector, both of which are well 
known to those of ordinary skill in the art. The advantages 
and disadvantages of these two detectors are reciprocal. 
Indeed, a CCD detector benefits from having fewer inter 
ference pattern alignment problems but requires more dif 
ficult data processing. A matched array detector, on the other 
hand, is more difficult to align, but data processing is 
Simplified. 

0067 Very small concentrations of substances, e.g., small 
molecules, bio-molecules, and/or microorganisms, in the 
measurement Sample 140 can be detected and/or measured 
by measuring an overall change in the effective refractive 
indices corresponding to each polarized guided mode, i.e., 
AN=ön-Ön. This overall change in the effective refrac 
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tive indices, ÖN, corresponds to the above-mentioned Second 
differential measurement and is proportional to relative 
difference in the individual phase shifts of the TE and TM 
polarized guided modes in the out-coupled beams 134, 135. 
0068 Specifically, each polarized light beam propagating 
Sequentially through the measurement and the reference 
paths 130, 131 outputs one of two orthogonal polarization 
components, S and P, wherein the S component is generated 
independently by the TE mode and the P component is 
generated independently by the TM mode. The S compo 
nent is linearly polarized parallel to the plane of the 
waveguide 111 and the P component is linearly polarized in 
the direction normal to the plane of the waveguide 111. 
0069. The independent measurements of the S and P 
components have a phase difference, Öd(t), between them 
that is dependent upon the relative concentrations of Sub 
stances, e.g., microorganisms, in the measurement and ref 
erence Samples 140,142 located on, i.e., bound to, the upper 
surfaces of the measurement and the reference paths 130, 
131, respectively. Specifically, Öd(t) is dependent upon the 
relative penetration depths of the evanescent wave fields 
corresponding with the TE and TM modes within the 
measurement and the reference paths 130, 131 into the 
measurement and the reference samples 140, 142. 
0070. It is known to those of ordinary skill in the art that, 
for the propagation of light through non-birefringent media, 
e.g., many of the optical elements described above that make 
up the optical Sensing platform 100, the optical path lengths 
for the two polarization components, S and P, are Substan 
tially equal and, further, that 6db(t) is not changed during the 
propagation. This means that, in the absence of target 
analytes within samples 140, 142 bound to the upper Sur 
faces of the measurement and reference paths 130, 131, the 
8D(t) between the S and P components is the same every 
where in the waveguide 111, even in the presence of inherent 
thermal and mechanical perturbations. The Second differen 
tial measurement, i.e., AN=n 8nM, also relates to the 
phase difference, 8dB(t), between the S and P components. 
0071. As an illustrative example, a measurement sample 
140 is provided with a variable concentration of target 
analytes, which analytes are bound to the Surface of the 
measurement path 130 while a reference sample 142 is 
provided with a specific concentration of target analytes, 
which analytes are bound to the Surface of the reference path 
131. Each of the measurement and reference samples 140, 
142 also includes a quantity of non-specific binding ele 
mentS. 

0072 Accordingly, the light beams propagating through 
the measurement and the reference paths 130, 131 are 
outputted as beams 134, 135 by the output couplers 110, 
109, combined by the beam combiner 113, and the relative 
phase shifts of the TE and TM modes in out-coupled 
beams 134, 135 (due to the penetration of the evanescent 
wave fields into the target analytes within the measurement 
and reference samples 140,142 that are bound to the upper 
surface of the measurement and reference paths 130, 131) 
are detected and measured by the phase detector 139, which 
provides the measurement data to a computer 141 for 
deriving the above-mentioned set of first differential mea 
Surements and the Second differential measurement. 

0073 Specifically, the set of first differential measure 
ments, i.e., on and on TM, optically Subtracts out the 
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biochemical instabilities and any external thermal depen 
dence, and, the Second differential measurement, i.e., 
AN=ön-Ön, optically Subtracts out the inherent insta 
bilities due to temperature changes and mechanical vibra 
tions, which are common to both guided modes. More 
Specifically, the first differential measurement optically Sub 
tracts out the biochemical instabilities resulting from the 
non-specific binding, thereby measuring only the concen 
tration of target analytes in the measurement Sample 140 
relative to the concentration of target analytes, if any, in 
reference Sample 142. Thus, immunity, i.e., lack of Sensi 
tivity, to environmental effects, Such as temperature changes 
and mechanical vibrations, and biochemical effects, Such as 
non-specific binding, advantageously makes the optical 
sensing platform 100 of the present invention highly stable 
with a significantly higher system SNR than conventional 
Systems. Indeed, preferred embodiments of the present 
invention can produce a degree of accuracy that is at least 
about an order of magnitude greater than devices of the prior 
art. 

0.074 Moreover, the propagation modulator 103 effec 
tively filters out low frequency, e.g., less than about 1000 
Hertz, perturbations from noise Sources, thereby signifi 
cantly increasing the System signal-to-noise ratio (SNR). 
0075 FIG.3 shows a detailed view of an embodiment of 
the phase detector 139, which preferably includes a fringe 
imaging lens 302, a fringe detector 304, and a processor 306 
that produces a phase value in digital format and provides 
the value to the computer 141 for data logging and/or 
Subsequent processing. 
0076 Preferably, the beam combiner 113 combines the 
out-coupled beams 134, 135, producing a combined beam 
137, from which produces an optical interference pattern, 
commonly known as a fringe or a Spatial heterodyne pattern, 
which generally includes a Series of uniform, sinusoidally 
distributed, light and dark areas. The fringe-imaging lens 
302 focuses the optical interference pattern onto the fringe 
detector 304, which is, e.g., a matched photodiode array 
detector or an unmatched CCD detector. Because the inte 
grated optical sensor 105 preferrably supports the TE and 
TM, modes at . equal to about 0.4 to 1.0 um, the matched 
photodiode array can be Suitably implemented as a Silicon 
array. 

0077 Next, the fringe detector 304 selectively samples 
the optical interference pattern to detect any translational 
shifts in fringe positions relative to the overall interference 
pattern. These translational shifts are proportional to 
changes in the relative phase, 6dB(t). AS described above, 
these phase shifts, are caused by and are proportional to the 
penetration of the evanescent wave fields into the concen 
tration of bound analytes within the measurement and ref 
erence samples 140, 142. 
0078 For example, the optical phase detector 304 can be 
constructed using a linear array of photodetectors. In one 
method, e.g., a Spatial heterodyne fringe pattern is focused 
onto the detector array without regard to the number of 
pixels Sampling a complete fringe. Each detector pixel is 
Sampled and the respective Signals are processed. The pro 
cessing typically consists of calculating the amplitude and 
conjugate phase for each spatial frequency of the Sampled 
imaged interference pattern. In a preferred embodiment, this 
can be accomplished by calculating the Fourier transform of 

Jan. 10, 2002 

the array of Sampled light intensities, identifying the fre 
quency of the fringe pattern, and recording its corresponding 
phase value, db. This recorded phase value is equal to the 
optical phase, dd, of the interferometer. 
007.9 FIG. 5a shows an exemplary graph, which is 
shown as phase (in cycles) versus time, of typical results 
from the first set of differential measurements. 

0080 Indeed, FIG. 5a shows the amplitude and conju 
gate phase for each Spatial frequency, i.e., TE and TM, of the 
sampled imaged interference pattern. FIG. 5b shows, fur 
ther, an exemplary graph of a typical phase-time relationship 
using doubly differentiated results. 
0081. In a second method, the frequency of the interfer 
ence pattern is carefully matched with the Spacing of the 
detector pixels. The intensity (I) Sampled by a pixel is given 
by 

0082 where p is the optical phase and AN is the position 
of the Sampled pixel with respect to Spatial frequency of the 
interference pattern. 
0083. In one embodiment, one complete fringe can be 
sampled by four detector pixels as describe by Helmers et 
al., Applied Optics, 35(4), p 676, 1996, which is incorpo 
rated herein by reference. Here AN is equal to 0, TL/2, JU, and 
37L/2. In another embodiment, one complete fringe can be 
sampled by three detector pixels as described by U.S. Pat. 
No. 5,530,543 to Hercher, here AN is equal to 21/3, 0, and 
-2JL/3. A distinct advantage of the first method is nominal 
constraints on alignment compared to the Second method. In 
contrast, the corresponding processing requirements are 
Significantly greater compared with the Second method. 
0084. The preferred phase detector 139 has the capability 
of recovering relative phase information, Öd(t), at a level of 
precision equal to about 107 cycles/VHz. This is an impor 
tant advantage for the detection and/or measurement of 
Small molecules, bio-molecules, and/or microorganisms 
because it provides the high Sensitivity necessary for rapidly 
and directly detecting, e.g., a single bound target analyte, 
which is typically a very time consuming task using con 
ventional detection techniques, and for the discrimination or 
binding of Small molecules to Significantly larger com 
plexes. The preferred optical sensing platform 100 of the 
present invention therefore has both the sensitivity and 
Speed required for directly detecting and/or measuring Sub 
stances Such as Small molecules, biomolecules and/or micro 
organisms in real time applications. 
0085. It can be appreciated that numerous alternative 
embodiments or variations can be made. For example, it was 
described that the optical sensing platform 100 of the present 
invention includes an integrated optical sensor 105 with a 
measurement path 130 and a reference path 131. However, 
this was merely an illustrative example, and other configu 
rations are available. For example, the optical Sensing plat 
form 100 alternatively can be configured as a Mach-Zehnder 
interferometer, an embodiment of which is disclosed in, e.g., 
U.S. Pat. No. 4,515,430 to Johnson. 

0086 A Mach-Zehnder interferometer includes structure 
for bifurcating a light beam into two separate and distinct 
optical paths, and then combining the two light beams. 
Hence, a Mach-Zehnder-type interferometer configuration 
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can be used for performing the double differential measure 
ments required by the present invention. 
0.087 Channel-type waveguides, which are well known 
to those of ordinary skill in the art, also can be used. 
However, it should be understood that because the guided 
beams propagating through the optical paths of Some prior 
art channel-type waveguides are not unconfined in the lateral 
dimension as in a preferred embodiment of the integrated 
optical sensor 105 shown in FIG. 1, the scattering of the 
light beams within the guiding layer is not optimally mini 
mized. Therefore, channel-type waveguides may not provide 
the optimal level of Sensitivity for measuring very Small 
numbers of targets in the measurement Sample 140. 

0088. It was described that suitable optical fibers can be 
used for injecting the light beams 132, 133 into the propa 
gation modulator 103 and/or as a waveguide. However, this 
was also merely an illustrative example. The respective light 
beams alternatively can be injected into the propagation 
modulator 103 via propagation in free-space. Similarly, the 
out-coupled light beams 134, 135 can be provided to the 
beam combiner 113 via propagation in free-space. 

0089. It was described that the analytes in the measure 
ment and reference samples 140, 142 can be bound to the 
upper Surfaces of the measurement and reference paths 130, 
131 using a chemically or biologically Sensitive layer. It was 
also described that wells can be formed in the Surface of the 
integrated optical Sensor 105 for holding the measurement 
and reference samples 140, 142. However, these were 
merely illustrative examples. Specifically, because the opti 
cal Sensing platform 100 of the present invention is particu 
larly useful for detecting and/or measuring target analytes in 
a measurement Sample 140, a plurality of highly specific 
probes alternatively can be immobilized on the surface of 
the measurement path 130. 
0090 For example, certain compatible probes, e.g., anti 
body or nucleic acid probes, can be used for binding variable 
concentrations of Small molecules, bio-molecules or micro 
organisms in the measurement Sample 140 to the upper 
surface of the measurement path 130. Further, the probes can 
be attached to the upper Surface of the measurement path 
130, e.g., either covalently or by using an intermediate 
linker. 

0.091 Similarly, Suitable probes can be used for binding 
Specific concentrations of, e.g., Small molecules, bio-mol 
ecules, and/or microorganisms to the upper Surface of the 
reference path 131. In this way, the reference path 131 
advantageously Serves as both a biochemical and an envi 
ronmental reference, thereby Subtracting out interfering bio 
logical and/or chemical binding and removing extraneous 
temperature effects. 

0092. It was described that the optical sensing platform 
100 of the present invention includes an integrated optical 
sensor 105. However, this was also merely an illustrative 
example. The optical sensing platform 100 alternatively can 
be implemented using a plurality of Separate waveguides 
111. Further, it was described that the waveguide 111 used 
with the optical sensing platform 100 includes one measure 
ment path 130 and one reference path 131. However, this 
was merely an illustrative example. The optical Sensing 
platform 100 of the present invention alternatively can be 
implemented with more than one measurement path 130 
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and/or more than one reference path 131, depending upon 
the requirements of the optical Sensing application. 

0093. The present invention has been described in detail 
including the preferred embodiments thereof. However, it 
should be appreciated that those skilled in the art, upon 
consideration of the present disclosure, may make modifi 
cations and/or improvements of this invention that are 
within the scope and spirit of this invention as set forth in the 
following claims. 

What is claimed is: 
1. An optical Sensing platform for detecting and/or mea 

Suring the amount of a Substance in a Sample using an 
interferometric Surface detection technique, the platform 
comprising: 

at least one pair of optical channels, comprising: 
a first optical channel having an upper measurement 

Surface for contact with the Sample, and 
a Second optical channel having an upper Surface for 

contact with a reference Sample, 
a light Source for introducing optical beams into the at 

least one pair of optical channels, 
a light modulator; and 
a phase detector for detecting optical phase differences 

between the respective optical beams from the at least 
one pair of first and Second optical channels. 

2. The optical Sensing platform as recited in claim 1, 
wherein the Substance is bound to a coating provided on the 
upper measurement Surface. 

3. The optical Sensing platform as recited in claim 1, 
wherein at least one pair of optical channels is formed on a 
common waveguide. 

4. The optical Sensing platform as recited in claim 3, 
wherein the common waveguide is Substantially planar. 

5. The optical Sensing platform as recited in claim 1, 
wherein the light modulator comprises a polarization modu 
lator. 

6. The optical Sensing platform as recited in claim 1, 
wherein the light modulator comprises a device that enables 
exciting at least two unique guided modes in the at least one 
pair of optical channels. 

7. The optical Sensing platform as recited in claim 5, 
wherein the polarization modulator is Selected from the 
group consisting of a ferro-electric liquid crystal, a pockel 
cell, and a photoelastic modulator. 

8. The optical Sensing platform as recited in claim 5, 
wherein the polarization modulator enables the excitation of 
at least two unique guided modes of the respective optical 
beams to propagate independently and Sequentially through 
the at least one pair of optical channels. 

9. The optical Sensing platform as recited in claim 8, 
wherein the at least two unique guided modes of the respec 
tive optical beams propagating independently and Sequen 
tially through the at least one pair of optical channels 
comprise a transverse electric and a transverse magnetic 
excited mode. 

10. The optical Sensing platform as recited in claim 3, 
wherein the optical beams propagate through the at least one 
pair of optical channels of the waveguide as gaussian light 
beams Substantially unconfined in the lateral direction. 
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11. The optical Sensing platform as recited in claim 1, 
wherein the Substance is Selected from a group consisting of 
microorganisms, Small molecules, and bio-molecules. 

12. The optical Sensing platform as recited in claim 2, 
wherein the Substance is bound to the upper measurement 
Surface using antibody probes. 

13. The optical Sensing platform as recited in claim 1, 
wherein the phase detector comprises a fringe imaging lens 
and a fringe detector, wherein the fringe imaging lens 
focuses a plurality of optical fringe patterns for a plurality of 
guided modes on the fringe detector from which a plurality 
of phase differences in refractive indices can be measured. 

14. The optical Sensing platform as recited in claim 1, 
wherein the phase detector is Selected from the group 
consisting of a matched, multi-element phase array detector 
and an unmatched, charge-couple device detector. measured. 

15. The optical Sensing platform as recited in claim 1, 
wherein the detected optical phase differences comprise a 
plurality of first differential measurements and at least one 
Second differential measurement for each pair of optical 
channels. 

16. The optical Sensing platform as recited in claim 15, 
wherein the detected optical phase differences in the plural 
ity of first differential measurements are proportional to 
changes in the effective refractive indices (on) between the 
at least one measurement Sample and the at least one 
reference Sample for the transverse electric mode, &n=n 
measurement-n-TE reference, and a transverse magnetic mode, 
Ön=ntM measurementTM reference 

17. The optical Sensing platform as recited in claim 16, 
wherein the detected optical phase difference in the effective 
refractive indices further comprises a Second differential 
measurement between TE and TM excited modes, i.e., 

18. The optical Sensing platform as recited in claim 1, 
further comprising: 

a beam combiner to combine a plurality of respective 
optical beams coupled out of the at least one pair of first 
and Second optical channels and provide the combined 
beams to the phase detector, and 

a computer to perform necessary mathematical operations 
and to Store the results thereof, having Software and 
database memory therefor. 

19. A method for detecting and/or measuring the quantity 
of a Substance in at least one measurement Sample, the 
method comprising the Steps of 

providing a device as Set forth in claim 1, 

locating the at least one measurement Sample, having a 
refractive index (nmeasureMENT), and the at least one 
reference Sample, having a refractive index (nREEER 
ENCE), respectively, contiguous to an upper Surface of 
at least one first optical channel and at least one Second 
optical channel; 

introducing an optical beam from a light Source into a 
light modulator, wherein the light modulator enables 
exciting a plurality of orthogonally polarized guided 
modes, which guided modes propagate Sequentially in 
the at least one first optical channel and the at least one 
Second optical channel; 
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detecting a plurality of optical phase differences as a 
function of time using a phase detector, wherein the 
plurality of optical phase differences are produced by 
the plurality of orthogonally polarized guided modes, 
and 

performing at least one set of doubly differentiating 
measurements using the plurality of optical phase dif 
ferences between the at least one measurement Sample 
and the at least one reference Sample. 

20. The method as recited in claim 19, wherein the 
introducing Step further comprises exciting the optical beam 
So that the plurality of orthogonally polarized guided modes 
comprises at least one transverse electric (TE) guided mode 
and at least one transverse magnetic (TM) guided mode. 

21. The method as recited in claim 19, wherein the 
Substance is Selected from a group consisting of microor 
ganisms, Small molecules, and bio-molecules. 

22. The method as recited in claim 19, wherein the step of 
performing at least one set of doubly differentiating mea 
Surements further comprises: 

performing a Set of first differential measurements, 
wherein the set of first differential measurements com 
prises detecting and/or measuring a plurality of phase 
differences for a transverse electric and a transverse 
magnetic excited modes, and 

performing a Second differential measurement, wherein 
the Second differential measurement comprises an over 
all difference between the phase differences detected 
for the transverse electric and the transverse magnetic 
guided modes in the respective first differential mea 
SurementS. 

23. The method as recited in claim 22, wherein the set of 
first differential measurement phase differences are propor 
tional to changes in the respective effective refractive indi 
ces between Said first and Second optical channels, i.e., 
Ön=nte measurementTE reference and Ön-TM=n-TM measurement 
IlTM reference 

24. The method as recited in claim 22, wherein the second 
differential measurement overall difference between the 
optical phase differences is proportional to the difference 
between the respective effective refractive indices of the 
transverse electric and transverse magnetic guided modes, 
i.e., AN=önTE-ön-TM. 

25. The method as recited in claim 22, wherein detecting 
the plurality of optical phase differences between the phase 
differences of the reference with respect to the measurement 
Sample for the transverse electric and transverse magnetic 
guided modes comprises the Substeps of 

Selectively Sampling a pair of optical fringe patterns 
comprising an optical fringe pattern of the refractive 
index of a measurement Sample and an optical fringe 
pattern of the refractive index of a reference Sample 
measured at the Same time, and detecting shifts in the 
optical fringe pattern of the measurement Sample rela 
tive to the Sampled fringe pattern of the reference 
Sample using a fringe detector. 

26. The method as recited in claim 24, wherein determin 
ing the overall difference between the phase differences of 
the transverse electric guided mode with respect to the 
transverse magnetic guided modes comprises the Substeps 
of: 
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Selectively Sampling an optical fringe pattern derived 
from the refractive index of a measurement Sample and 
an optical fringe pattern derived from the refractive 
index of a reference Sample for the transverse electric 
guided mode and the transverse magnetic guided mode, 

detecting shifts in fringe positions of the phase of the 
measurement Sample relative to that of the reference 
Sample for the transverse electric guided mode and the 
transverse magnetic guided mode using a phase detec 
tor, and 

Subtracting the phase difference of the transverse electric 
guided mode from the phase difference of to the trans 
verse magnetic guided mode. 
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27. The method as recited in claim 20, wherein detecting 
a plurality of optical phase differences comprises: 

detecting an optical phase difference in refractive indices 
between the at least one measurement Sample and the 
at least one reference Sample for a transverse electric 
guided mode, and 

detecting an optical phase difference in refractive indices 
between the at least one measurement and the at least 
one reference samples for a transverse magnetic, 
guided mode. 


