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Optical interferometry is a well established technique in order to perform
hi gh precision and highly sensitive measurenments. The key element in this
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whether the two beans are in or out of phase, constructive or destructive
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around [err] = 0 and maxi num around [err ( ure pornt).
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Due to the, per.iodic naturg. of the transfer function with phase, no absol ute
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phase meSSiFIONBRE DY escuBPIRg thesepsprandthe migrence brammittherstputadiso
results ife ntPPordbidre! ff 88586ndence of whether the two beams are in or out of

phase, constructive or destructive interference occurs, resulting in a sinusoidal

intensity pattern (fringe). As only two beams are interfering, this type of
interferometer is referred to as a two-beam interferometer. The output of the
interferometer is non-linear with phase and the sensitivity to small changes in
phase is zero around @ = 0 and maximum around @ = n/2 (quadrature point).
Hence, some signal processing is required in order to maintain a fixed high
sensitivity and recover the phase shift in a linear fashion. The simplest way to
do this is to introduce an active feedback using the reference arm to maintain a
constant phase bias at g = n/2 (active homodyne). This requires an active
element which, although possible in some applications, may be undesirable or

not possible in other applications.

Due to the periodic nature of the transfer function with phase, no absolute
phase measurement is possible. Switching off and on the instrument also

results in a loss of reference.
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t he required phase shift for the active feedback is generated by a
wavel ength shift which will induce a phase shift in an interferoneter with
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coul d be ac usi ng distributed feedback I'stributed Bragg
(DBR) | asptical RabnpRarot types sehsoreissremuireeixipebsioperated! abat digtaregufrom an

opti cal t. scil ator to stop back reflectjons. A%gei tional difficulties arise
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which travels back along an optical fibre to a detector. As a consequence, any
fluctuations of the source power or additional losses introduced along the fibre
due to ageing or environmental changes will directly influence the
measurement result. In addition, for remote operation, signal processing
schemes require the ability to tune the emission wavelength-of the laser source
over a considerable range. For instance, the active homodyne technique
described above can be adopted and the required phase shift for the active
feedback is generated by a wavelength shift which will induce a phase shift in
an interferometer with a non-zero optical path difference (OPD). The large
tuning range required could be achieved using distributed feedback (DFB) or
distributed Bragg (DBR) lasers. However, these lasers are expensive and
mostly require an optical isolator to stop back reflections. Additional difficuities
arise due to the fact that although relatively large, the tuning range is

effectively limited to a few nm. To achieve the phase shift necessary for
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coherence | ength of the source (CPCD >> |c). In practice, it is sufficient
to chose the D about. t hree tines er than the coherence |ength
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one interferoneter (the sensing interferoneter). Howevér, by feeding the
out put ofsauree serisioag-barnd tigbt soeteer witht ® spestrabmddimnar tfm.lchnmrger ¢hdre

Pr0e! gk 0% VSLTR! S| FheeRheP4fI Finc 1%, FeTal i B2 19

\% ,"{’3“} 5 %Fé?eh o RH@%%&G%! Width wtr% ABpbrdimatP r&stiBhshibNe 21V aPLAI&FitPT
kpeak being the centre of the emission curve. Typically, AA ranges from ~30nm
to ~50nm for a superluminescent diode (SLD), resulting in a short coherence
length between 55 and 35um, respectively. This means that the two beams
travelling through the interferometer do not interact with each other when re-
combined if the optical path difference (OPD) is deliberately made much longer
than the coherence length of the source (OPD >>|.). In practice, it is sufficient
to chose the OPD about three times larger than the coherence length, leading
to a minimum OPDs of around 100um to 160um. The additional phase shift
generated by the measurand cannot be recovered employing only one
interferometer (the sensing interferometer). However, by feeding the output of
the sensing interferometer into a second interferometer (the processing
interferometer) with an OPD; similar to the OPDg of the sensing interferometer

(1 OPDe — OPDs | << I}, a portion of the two beams can be brought back in

- phase again. In order to appreciate the advantages of white-light
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the use of an optical isolator unnecessary. The smaller sensor cavity size
means a rdﬂﬂﬂeaseiirwwbiéiypﬂ'ltdumr@pertoweéﬂsli®Pﬂpt—yOPDsd()h_vdnt Toeaiebylt in
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maximum value (central fringe) occurring at OPDs = OPD;,. If the processing
interferometer is calibrated, an absolute phase measurement is possible by

identifying the central fringe.

The white-light approach described above offers a number of advantages:
insensitivity to intensity fluctuations as the signal information is encoded in the
wavelength domain; the wavelength stability requirements are about two orders
of magnitude less in comparison to coherent methods as the effective OPD
equals OPDs — OPDs and is of the order of 10um in contrast to being around
1mm; and light sources like SLD’s or multimode lasers can be employed which
are less sensitive to back reflections, making the use of an optical isolator
unnecessary. The smaller sensor cavity size means a much reduced

temperature cross-sensitivity.

Conventionally, in white-light interferometry the processing interferometer is

built of discrete components, using mirrors mounted on translation stages or
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approach offers in comparison to the coherent approach. Furthermore, the

discrete realisation of the processing interferometer including separate tight
sources, detectors and couplers does not lend itself to cost-effective

manufacture, so limiting these systems to niche market applications.

This invention aims to overcome such difficulties by providing an integrated

interferometer which enables these disadvantages to be overcome or avoided.

According to the invention there is provided an interferometer integrated on an
opticai chip, which comprises a layer of silicon separated from a substrate by a
layer of insulating material, the optical chip being provided with: fibre
connection means for connecting the optical chip to one or more optical fibres,
the fibre connection means being provided by a groove formed in the substrate
for receiving an optical fibre; waveguide means for transmitting light to or from
the fibre connection means, the waveguide means being provided by a rib
waveguide formed in the said layer of silicon; and at least one phase modulator _
to alter the phase of light travelling along a rib waveguide on the chip, the
arrangement being such as to form an interferometer in which light transmitted
along different optical paths can be combined and the effective path length of
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WO A- 94/ 11708 di scloses an interferometric optical sensor and describes a
system forned of discrete balk conponents. It refers to t hod ity of
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optical chip being provided with: fibre connection neans for connecting the
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bei ng provided by a groove fornmed in the substrate for receiving an optical

fibre; watddarashersabsidiasy daigssefi theispgcificgionto or fromthe fibre
connection means, the wavegui de neans being provided by a rib wavegui de
formed in the said | ayer of silicon; and at |east one phase nodul ator to
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arrangenent being such as to forman i-nterferometer in which Iight
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path | ength of

Figure 1 is a perspective view illustrating the type of optical waveguide used in

a preferred embodiment of the present invention;

Figure 2 is a cross-sectional view of such a waveguide illustrating a phase

modulator used in a preferred embodiment of the present invention;

Figures 3A and 3B are side and plan views, respectively, of a fibre connector

used in a preferred embodiment of the present invention;

Figure 4 is a schematic diagram of a sensing system employing an integrated

interferometer according to a first embodiment of the invention;

Figure 5 illustrates the output signals of photodetectors used in the

arrangement shown in Figure 4;

Figure 6 is a schematic diagram of an aiternative arrangement of the sensing

system shown in Figure 4;

Figures 7A and 7B are a plan view and cross-sectional view respectively
illustrating the assembly of an optical compoheht to the optical chip as used in

a preferred embodiment of the present invention;
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at | east one of the said optical paths can be altered. O her features of
the invention will be apparent fromthe foll ow ng description and fromthe
subsi di amo sg/rms of the specification The invention w PCT/GB7/BH44 urt her
described, nerely by way of exanple, with reference to the acconpanyi ng
drawi ngs,_in which: Figure 1 is a perspective viewillustrating the type
of opti cEigweRdeiadecheraatic fiagrare Pk Ar NSNS SYFIPEH CMRICY NG 3 dategrated
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il lustrating a phase nmodul dtor used 1n a preferred enbodi nEnt of the
present invention; Figures 3A and 3B are side and pl an views,

respectively, of a fibre connector used in a preferred enbodi nent of the
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used in the arrangenent shown in Figure 4; Figure 6 is a schematic
di agram of an alternative arrangenment of the sensing system shown in Figure

4 R gdhesinteriarametar slescEOBA ieToIin BREES 0Bed SEAN-BRHNSWRALS chip of
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in a paper entitled “Reduced defect density in silicon-on-insulator structures
formed by oxygen implantation in two steps” by J. Morgail et al. Appl. Phys.
Lett., 54, p526, 1989. This describes a process for forming a Very Lal:ge Scale
Integrated (VLSI) silicon-on-insulator wafer. The silicon layer of such a wafer is
increased, e.g. by epitaxial growth, to make it suitable for forming the basis of

the integrated interferometer described herein.

Figure 1 also shows optical waveguides formed on such a chip. The chip
comprises a layer of silicon 1 which is separated from a silicon substrate 2 by a
layer of silicon dioxide 3. Rib waveguides 4 are formed in the silicon layer 1.
Further details of this form of waveguide are given in a paper entitled “Low
Loss Single Mode Optical Waveguides with Large Cross-Section in Silicon-on-
Insulator” by J. _Schmidtchen et al in Electronic Letters, 27, p1486, 1991 and in
PCT patent specification no. W0O95/08787.

Waveguides of the type described in WO95/08787 and shown in Figure 1, are
provided for transmitting light between various elements integrated onto the
chip. This form of waveguide provides a single mode, low loss (typically 0.5
dB/crﬁ for the wavelength range 1.2 to 1.6 microns) waveguide typically with
dimensions in the order of 3 to 4 microns which can be coupled to optical fibres
and which is compatible with other integrated components. This form of
waveguide can also be easily fabricated from conventional silicon-on-insulator

wafers (as described in WO95/08787) and so is relatively inexpensive to
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Figure 1 also shows optical wavegui des forned on such a chip. The chip
conpri seSR | ayer of silicon 1 which is separated froma silicon substrate
2 by a layer of silicon dioxide 3. Rib waveguides 4 are formed in the
silicon layer 1. Further details of this formof wavegui de are gi ven in a
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W05/ 0878resent ¥Youedidhtes. of the type described in W5/ 08787 and shown in

Figure 1, are provided for transmtting |ight between various el enents
i ntegrated onto the chip. This form of wavegui de provi des .a single node,

o1 oS aCIHBLAE ¥ e I 50 S8, A BB SR W kR g
can be coud@sh o/-gpbbvetah berRPmed in silicon with great accuracy using a KOH
type of etch, such as CsOH, as the faces of the groove are etched along
specific crystallographic planes within the silicon. The depth of the groove 5
can thus be accurately determined by precisely controlling the width of the
groove by an appropriate masking technique. A feature of such a groove is
that it does not have a perpendicular end face as the end face 5A is itself
defined by a crystaliographic plane within the silicon and, as shown in Figure
3A, the end face 5A is inclined at an angle of 35° to the perpendicular. This
means that an optical fibre 6 positioned within the groove 5 cannot be butted

up to the end of a waveguide 4 formed on the surface of the substrate 2.

In order to overcome this problem, the rib waveguide 4 is formed such that it
projects over the end face SA of the groove 5 so that the end of the waveguide
4 can be brought into close proximity with the end of the core 6A of an optical
fibre 6 positioned in the groove 5. If the groove 5 has a depth of around 60
microns, the projecting portion of the waveguide 4 will thus have a length of

around 80 microns.
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wavegui denHamced ohemicas wabolhalepokition. This protective layer can also be used
to protect the end face of the rib waveguide so as to protect the end face from
damage and prevent the etchant attacking the silicon waveguide. The

protective layer is removed at a later stage in the fabrication process.

Other types of fibre connector compatible with silicon-on-insulator technology

may also be used.

WQO95/08787 referred to above also describes a suitable form of modulator for
use in the integrated interferometer. Such a modulator is shown in Figure 2 of
the present specification. It comprises a doped junction in form of a diode
formed across a rib waveguide such as that shown in Figure 1 and metalised
contacts 7 are provided for connection to an electronic drive which can provide

a modulated voltage across the diode.

Figure 2 is a cross-section through the junction and it can be seen that two
heavily doped (approximately > 10*® impurity atoms/cm?) regions 8A and 8B are
formed in the sides of the rib 4; one region 8A is n-doped while the other region
8B is p-doped. The region 9 between the two highly doped regions 8A and 8B
is either lightly doped n or p, or nominally undoped. Such a diode is known as
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effective refractive indices and the effective length of the rib waveguide.
Modulation of the effective length of the waveguide modulates the phase
difference between the light entering the device and that leaving the device.

Hence, the device acts as an optical phase modulator.

Other types of modulator compatible with silicon-on-insulator technology may
be used, for instance, a thermal modulator based on a silicon-on-insulator rib

waveguide.

Figure 4 illustrates an interferometer integrated on an optical chip 12A
comprising the components described above. Light from a broad band source
10 such as a superluminescenf diode (SLD) or edge-emitting diodes (E-LED),
typically with a 40nm wavelength spread, is fed into a waveguide 4 and coupled
by a fibre connector 13 (such as thét shown in Figure 3) into a single mode
optical fibre 6 to be transmitted to a sensor head 11, such as, for instance, a

reflective Fabry-Perot (Fizeau) type cavity which acts as a sensing
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opti cal phase nodul at Or. O her types of nodul ator conpatible with
silicon-on-insulator technol ogy may be used, for instance, a thernmal

modul at or, pase %o%]po%esnitls Ay g ake eéibbox%xﬁg(gidv%'aveguides 4, fibre
connector 13 and phase modulators 14) are integrated on the chip. However,
in a preferred arrangement, the light source 10 and detectors 15 are also
mounted on the chip as indicated by the dashed box 12B. If the light source 10
and/or detectors 15 are provided off-chip, additional fibre connectors (not
shown) will be required to connect the waveguides 4 on the chip 12A to optical

fibres leading to the light source 10 and/or detectors 15.

Several ways of retrieving signal which is proportional to the phase shift @, are

possible.

When the optical path difference of the processing interferometer is close to
~ that of the sensing interferometer, the output intensity is of the general form
A+B*COS(3y), where 84 = 3, - 8, is the phase difference corresponding to the
diff_efence— of OPD. The output as a function of @, is shown schematically in
figure 5. Phase @, can either be measured or locked to a fixed (close to zero)

value by changing @, according to @s.
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dashed box 12B. If the |ight source 10 and/or detectors 15 are provided

of f-chip, additional fibre connectors (not shown) will be required to
connect Am@uiRutezjgndiecan atao ba@arearptetifomothepdiffesdndel sigeal (ledwiofghéo t he

I ght Soc':grﬁﬁleghoen%gg/ Oorutggttse% h2 HZI, and then locking the system at the
quadrature point. The difference signal successfully removes any DC signal
and the guadrature points are located at the zero of the output. In this
situation, the output is immune from any intensity variation or possible
amplitude modulation caused by the phase modulators 14. This technique also

simplifies signal processing.

Both locking techniques lock the system at a fixed point (i.e. at a fixed &4) by
tracing @s through changing @, accordingly. Therefore, the measuring range
depends only on the phase modulator range of the processing interferometer. If
a large range is required, thermal phase modulators can be employed or
combined with phase modulators in the form of a doped junction across the
waveguide. The doped phase modulator provides fast modulation and the
thermal phase modulator serves for low speed locking.

The use of a phase meter is another possible processing technique which in
addition allows for multiplexing more than one sensing interferometer. This
technique measures 2q directly by comparing to a fixed phase reference (i.e.
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arms, reducing the optical path of the shorter arm will increase the OPD of the
interferometer. On the other hand, reducing the optical path of the longer arm
will decrease the OPD of the interferometer. This means that the OPD of the
interferometer can be increased or decreased by driving the phase modulator
in the shorter arm or in the longer arm, respectively. Therefore, the pseudo
push-pull is realised by arranging electronically the two phase modulators
working in different directions, i.e. one is driven at increasing drive current and
the other one at decreasing drive current at the same time. In this way, the two
phase modulators can be treated as a single phase modulator. This technique
doubles the overall phase modulating range and reduces the ratio of amplitude
modulation to phase range. The described arrangement is different from the
usually empioyed push-puil regime where a phase modulator can be driven

~ both ways, i.e. a positive and a negative phase shift can be created.

As mentioned above, the optical path differences of fhe processing
interferometer and the sensing interferometer must be matched. Typically,

matching to within approximately 10 microns is required.
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As mentioned above, the broad band light source 10 and detectors 15 are also
preferably integrated on the same chip as the other components. The
assembly of an optical component with an optical waveguide provided on an
optical chip is described in the applicants’ co-pending application no.
GB2307786A and further described herein with reference to Figures 7A and
7B.

Figures 7A and 7B show an assembly comprising a light source 10 such as a
multi-mode laser diode or a SLD which is accurately aligned with an optical
waveguide 4, in the foﬁn of a rib waveguide, to provide a low loss coupling
therebetween (preferably less than 1-3dB loss). The assembly is formed on a
silicon-on-insulator chip. The light source 10 is positioned within a recess
formed in the silicon-on-insulator chip, the recess being defined by side walls
16 and 17, an end wall 18 and a base support 19.
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abutment of a side surface 10C of the light source 10 against projections 18A
provided on the end wall 18 of the recess so as to accurately determine the

spacing between the light source 10 and the rib waveguide 4.

it will be appreciated that the photodetectors 15 can be integrated onto the
optical chip in a similar manner. Another way of mounting a light source or a
photodetector on a chip is described in the applicants’ co-pending application
no. GBY9702559.7 (Publication no........................... ) and further described
herein with reference to Figure 9.

Figure 9 shows the silicon layer 1, the silicon dioxide layer 3 and the silicon
substrate 2. A rib waveguide 4 is formed in the silicon layer 1 and terminates
at a facet 4A in a recess 21 formed in the silicon layer 1. On the opposite side
of the recess 21, a facet 22 is formed on a side surface of the silicon layer 1.
The facet 22 is coated with aluminium (or other optically reflective coating) and
is angled to the axis of the waveguide 4. Light emerging from the waveguide
facet 4A thus falls on the facet 22 and is reflected so as to be re-directed

towards a photodetector 15, such as a photodiode, mounted over the recess
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subet ant a1 AcPed in BHBRBEASHfHfacferB80n8t n Hio@0UatiBE drefarteritics o
al ong t hgf Zg oH Ssmcon Eﬁﬁnéulg{f& 8ptESE chipd &:a?ql e RitAEEE Y Yerdll@n@flef N the

direction of the Z-axis by abutnment of a side surface 10C of the light -
sour ce loomganests, musheas thenwat8guigesy fidel connétters rphassl modglatér, tlight r ecess
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described above. With other technologies such integration is not easy to

achieve, or may not be possible.

The fact that such components can be integrated on a single chip gives rise to

many advantages:

A) the various components are automatically aligned with each other during
manufacture of the chip so avoiding the need to accurately position

separate components;

B) The requirement for matching OPDp to OPDs is easily met as OPDr can
be precisely determined in the fabrication of the integrated circuit and the

integrated interferometer can be produced in a highly repeatable manner,

C) the technology is compatible with the more stable forms of light source,
e.g. superluminescent or edge-emitting diodes, or arrangements which do

not require a highly stable light source;



It wll be appreciated that the photodetectors 15 can be integrated onto
the optical chip in a simlar manner. Another way of nounting a |light
source or ?ﬂ‘ﬁ?’?lﬁjet ector on a chip is@escribed in the appP¢E&EBPLO3144
co- pendi ng application no. GB9702559.7 (Publication no

......... N e f.Urt he SCI.] erein. with reference
Lo E gur oD " peingmeunted pa 2 sTidte EHA B oPERE S BRe ThEid et Akl g
layer 3 and t better tHermal anbsinviroandntl stabilgveguide 4 is fornmed in the

silicon layer 1 and termnates at a facet 4Ain a recess 21 formed in the
silicon layer 1. On the opposite side of the recess 21, a facet 22 is

f ormed on Sj e silj | aver..1l., Jhe facet .22 is coated
with al umE?ﬂ u#]%?%e%%@%ﬂ@ ‘g;p%c% %a‘f%%@&?e%@\98“8%‘&?9%5)50@%@'%@% B0 the
axi s of the woregimplexandldpinsfEtaindttionebdtivechame enislanbarsinfd t hus
falls on the facet 22 and is reflected so as to be re-directed towards a

phot odet ect or 15, such as a phot odi ode, nounted over the recess WO
98/ 22775 . n PCT/ (B97/ 03144
20, TheF! nt 055 APEINPI00Y, 1% SBPEISia. U LDPUBIRE BPF% ST ant

advant ages ovedesdriieat f aboveet e6s eritihguahed dticay Btk apfdreéate CofPaRent s.
I ntegration of the various conponents onto a silicon-on-insulator optical
chi p provi desinterderametept beachvelysrantipiieduci ng such devices in a
cost-effective manner. As discussed in PCT patent specification no.

W5/ 08787, such silicon-on- insulator wafers can be manufactu ed from

conventi oGyl W technorey diRivd the KNSt ildie Prosdssiey Yeékﬂﬁ&?esggﬁhﬁ% ﬁﬂ,e

Integrated electronic circuits and so can be nmanufactured in
cost - ef f ect i vI© ¢RRMWIth higherosignal bard widthact eri stics of such
silicon-on-insulator optical chips can be utilised to enable other
conponents, such as the wavegui des, fibre connectors, phase nodul ator

li ght souryesthentéchheltigydiet 151 AbSntebrdiat8agbh s ifRIMH M@ range drpRare

chip as described above. Wth other technol 0gies such integration’is not
easy to sensors, including sensors based on Bragg-gratings;

1) the use of a silicon-on-insulator chip provides the potential for integrating
both an optical circuit and an electronic signal processing circuit on the

same chip;
J) the potential for cost-effective manufacture.

The technology described herein, based on the use of silicon-on-insulator
optical chips and the integration thereon of various optical components, is
known as ASOC™ technology (ASOC being a trade mark of Bookham
Technology Ltd). Other technologies, such as those based on |-V
semiconductors, glass or lithium niobate, either do not readily lend themselves

to the degree of integration described above or can not achieve that degree of
integration at all.

It will be appreciated that other forms of interferometer, besides the Mach-



achi eve, or may not be possible. The fact that such conponents can be
i ntegrated on a single chip gives rise to nmany advant ages: A) the °
vari ous conponents are automatically aligned with each other durin
manuf act WQ@9%327he chi p so avoi di ng thg need to accuratel 3}’%@3?7/"@?9(‘4
separate conponents; The requirement for matching OPDp to OPDs is

I det d th b f
the i h Zgiegne&reﬁfeefﬁrpnm BREcTbeY by arohS, P ErCLHOR, e 4ROt
pr Oducedcbfh &%b&séﬁ@@@tfgfin%tmmhels&) or FBS%PEMQH@G?érb&e?&Qpat I ble

with the or s I'i ght source .g. superlum nescent or
edge-em’ttl ng di odes, or arrangerrents whi ch do not require a highly

stabl e |ight sgurce;

ST/ Gao7F L8 HiHR i SRR BN A 7' ATEARYPTIRR HEPCe MITBRN  more
robust ajsteR@fometer. NRthE aridhRerdntaMbwii) YighO fERA Brosd Bind! nght soufde the
technol ogy used is conpatible with optical fibres so avoi ding the need

for conp|1@>anmgratsq)ensha@hcmrsrfeduntms vianeguige dhdlight is theo caupléed fom F)

e e o AT 1 Sp b oW, 3 e EBPRR A ALOLS 5 whic
interferebahet@d® ACsdNRIhe&RNYA0LBH as, for example, a Fabry-Perot type
sensor. Light returning along the optical fibre 6 contains information about the
phase shift @, generated by the signal to be measured. Light from the optical
fibre is coupled back onto the chip via fibre connector 13 and enters a
Michelson interferometer having an optical path difference equal to 2ne AL
(where n is the effective propagation index of the waveguide 4 and AL is the
physical path length difference as shown in the Figure). As shown, the
Michelson interferometer is in a reflective configuration with two optical paths
extending from a Y-junction and each path terminated by a mirror 20 (which
may be formed by a metallic coating ‘on the end face of the rib waveguide).
Light returning from the Michelson interferometer is collected by a photodiode
15 which is also integrated on the chip. By making use of phase modulators 14
provided in the two arms of the Michelson interferometer, the phase shift @5 can
be determined. Such an arrangement may be used in applications requiring a

large optical path difference, e.g. of several millimetres.

It will also be appreciated that, if required, more than one light source can be

provided on the optical chip.
An integrated interferometer such as that described, has a wide range of
applications where a signal to be analysed is encoded in an optical path

difference or a change in an optical path difference.

An integrated interferometer as described herein can be used in conjunction



G the-technology allows the use of sinple processing techniques and is
abl e to cope with higher signal band w dths; H the technology is
abl e to WixW228ate signals froma w dg range of optical FPCT/GB¥MBM4S,

i ncl udi ng sensors based on Bragg-gratings; ) the use of a
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optical bbinsiuasd fohthd niezgusement bheme@iwf@‘fenmerbmwptwo:@Iptlcah'pamsnt s, is
known as ASOJ err] technol ogy (ASOC being a trade mark of Bookha
Technol o§y8- L@ MeasurRMent e rRSP%?ﬁ”’@s(orﬁu ﬁtrhée'?gmstée’BSsg@dH}?tPﬁlbWthe

sem condH.g‘% t19Las u r e
t hensel ves t0 ?helogeérae}%ph ééﬁh g&t?]égtbgé\e@es E%guég dcq)\clﬁee orf\é%%%eér? trﬁg%hl eve
t hat deg msniremaheof aémparamea(dne patH leMgItHz beingpodetatetidsy tHeathesinaer

forms of interferoneter, be5|des t he Mac

_V\O_9$/ 22775
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above, bed,. f.0 stance
M chel son o?gﬁ—é gf&ﬁ%ﬁtﬁ&ng‘,g@? eérone éééu@ﬂ@ﬂéﬁ?%%@%%% gpggk 6tth‘
di agram qﬁaamﬁmgemmﬁndmeﬁ@rabéﬂtmmmed into a change of OPD. One

particular application for a pressure sensor is for sensing pressure variations in

the cylinders of an internal combustion engine.

It will also be appreciated that the integrated interferometer configuration

described herein can be used to interrogate other types of sensors,

such as

Bragg gratings written into optical fibre. Bragg gratings are used to measure

strain or temperature and the signal is encoded as a wavelength shift of the

light returned from the grating. Using an unbalanced integrated interferometer

with an OPD > 0, a change in input wavelength AA generates a phase shift A@
between the two beams according to Ae = 2xOPD/A? AL. This phase shift can

be retrieved using one of the signal processing schemes described above. As

the sensitivity (induced phase shift per wavelength change) is proportional to

the OPD of the interferometer, it is advantageous to employ a Michelson

interferometer rather than a MZL.

The integrated interferometer described herein may also be used

in other

devices, such as switches (for switching an optical signal from one waveguide

to another) and WDM (wavelength division moltiplexing) devices,

e.g. for

splitting multi-wavelength light so that light of one wavelength is routed along

one waveguide and light of another wavelength is routed along

waveguide.

another



interferoneter. | nUMW‘d!HHEHr‘“‘ shown, light froma broad band Iight
LNnencC

source 10 integrat sp ts fed into a wavegui de 4. Light is then
coupled fromthe waveguide 4 into an optical fibre 6, by nmeans of a fibre
connect oWOIB/22FHi ch i s connected to a gensor head 11, suchPGEGBIEPRI¥anpl e,
a Fabry-Perot type sensor. Light returning along the optical fibre 6
contains infor 1 - e phase it [err] generated by the signal to
be neasured. Ui oM T ijcal i s coupl ed back onto the chip via
fibre connectdr 13 BEBLARErs alM chel son interferometer havi ng an optical
path differenc€ equal _to 2njerr err]L (where.n er'_mq is the effective

propagat i on'i nd®R 'perfelemgtere fifegiatedaAn a0 PRUGEILCIHRy WhISh CRRMFeSIA h
difference as s e Nk R e LAt ter
s in a el lect e G Sepdifiag At 1P ¥loskfs M RCIRR ShimIEaIE

Y-junction and matdrigiatie opticalnchipddngapnovidear with: fibhe conmegtion rheamsed by
a nmetallic coatjng on the end face of .the rib wavequide). [Light returning
from the M chel BB IForEEHRS Raricl St SDecel BiPTa SRR dHsda. 156 THITh s
al so i nt egr at edsgihddiBnC HelinsBrompkisith &5 @rébve TasfiedORULE Yibskt@rreyi ded
in the two arns of the Mchelson Interterdoneter, the phase shift [err] can
be determ ned. receiving aar optice fibne; wayepgeideseeans fap prarsmittorg lightjto of ng a
| arge optical path giefferenc veral mllinetres. l.t. wi al so

e

e, e.g. of s towll
be appreci at ed FoENEifibreSoRNEEHON fRFans AbR WAVEIUId Mealls compEsingeone
rovi ded on the Lcal ' ; | ' 3 ; hat
8es\élri bed, has %‘O%togg?‘rb aﬁé%%?’dﬁgg?wéﬁﬁﬁg\%ﬁg%Fgfgﬁ'a Cﬁ{'oaﬁ-gzgggﬁz?lsgsed
i s encoded i n aon®phasal mpdulatol td altendee phasecbhilight travelingpalorg apid h

di ff erence. An integrated i nterferoneter as de%cr_i bed herein can be used
in conjuncti on Waveguip og/the7gjip, the arrangement being such as to form an

PCT/ GB97/ 03144 . . : . : ' < A riety
of sensors and 'P%esrtferrgrrpeer%?rs -m %rgc?re'égshl}rté?r%%r{"ﬁgfd gllosr;[ga#?rger’ié‘gtt g’rfﬁ %&ﬂ%ﬂg

exanpl e but t hecaredsucembinedofndahyg effdcetiveppatnridragtis afaat Easd one of the

optical paths can be altered by means of the phase modulator.

2. Aninterferometer as claimed in Claim 1 in which a light source and/or a

light detector is also integrated on the optical chip.

3. Aninterferometer as claimed in claim 2 in which the light source and/or
detector are mounted in a location recess formed in the chip having at
least two, non-parallel location surfaces against which respective
surfaces of the light source and/or light detector abut so as to align the

light source and/or light detector with a waveguide on the chip.

4. An interferometer as claimed in Claim 1, 2 or 3 in which the phase
modulator is in the form of a doped junction formed across a rib

waveguide.

5.  An interferometer as described in any preceding claim in which the

phase modulator is a thermal modulator.
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be reduced to the Ee di fference between two optical paths,
e.g. the neasureneii“ﬂﬁm“ﬁmgnwm ne path | ength bei ng nodul ated by the
novenent WE¥ 9822a85apht agm Subf ect to the,pressure to be neasBESGEITNHG
measur enent of tenperature (one path l'ength being nodul ated by the thernmnal

expansion of an article and/or a change in refractive index subject to the
tenperature to be neasured), the neasurenent of acceleration or any other

quant | %) OGRS, BF AR 95T, BPAcodpblane ghafls A1

vari ations i n MmEhcyehhder intarferdmeatat er nal conbusti on engi ne. It wll
al so be appreciated that the integrated interferonmeter configuration

descri bed herein can be used to interrogate other types of sensors, such as

moasure. ot [ nAl WERSy bl o) ERlimecki any FbeRbAld AT ArihEr 6

shift of the | pgidessetauisigihlf rauBivé® Bomt iremotédlsserising HexisarReffected
integrated interferometer with an OPD > 0, a change in input wavel ength

[err] gener at etherepphby @nsoptical fiere.] bet ween the two beams according to
[err] = 2[err]OPD/[err] [err]. This phase shift can be retrieved using one
of the signal processing schenes descri bed above. As the sensitivity

(i nduced pBaseAghirterfBRimaRy eh € Rihed) 3M My ip‘ie@édlﬁﬁ/{&lbﬂﬁaérréﬁgé@%@[) of
the interferoneter, it is advantageous to enploy a Mchel son interferoneter

rather than a MAcessimhinterfeenatesdor preeessiogsignalaseceiveddraar e semtay
al so be used i t her..devic such as switches (for switching an optical
signal from ongo %@Sm%@t?rgé%&ﬁgr) and WDM (wavel engt h di vi si on _
mul ti pl exi ng) devices, e.g. for splitting nulti-wavelength Iight so that
light of one wavelength is routed al ong one wavegui de and |ight of another
wavel engt hSi s Acuirddrferameteanas redaimexd aguCtiem 7 or 8 irROwhich the sensing
CLAI V5 . X .
means or sensing interferometer is arranged to sense a quantity, a
change of which produces or can be transformed into a change of an

optical path difference.

10. An interferometer as claimed in Claim 8 or 9 in which the sensing

interferometer is a Fabry-Perot type cavity.

11.  An interferometer as claimed.in Claim 10 in which the Fabry-Perot type

cavity is arranged to measure pressure.
12. An interferometer as claimed in Claim 11 in which the Fabry-Perot type
cavity is arranged to measure pressure within a cylinder of an internal

combustion engine.

13. An interferometer as claifn_ed in Claim 7 in which the sensing means

comprises a Bragg grating structure.

14. An interferometer as claimed in any preceding claim connected to
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1. e,rAn i nt erfergpﬁl&LIlmllim(!H Sﬂﬂﬂ&ﬂ ,n an optical chip, which conprises a

| ay lcC «d froma substrate by a | ayer of

i nsul at i Rgo bEsHYE al the optical chip being provided with: fibre
connect i on rreanséfor connecti @@ the optical chip PEVGERBHY4pre
optical fibres, the fibre connecti on neans conprising a groove

formed in the selbsrbAiceprotEssing means fAGSI0EE88Ing brPBLtpERthdrbbf € and
wavegui de nmeans for transmitting light to or fromthe fibre

connection neans and formng an interferoneter arranged to receive
l'ight fromghe £]br onnectian ans jn jch Light . transmtted
al ong di ffe‘fré;ntl"gp'f‘?%rg?mﬂﬁﬁrs %a%?%@eglo%m{?@ {fie'n which the,Blocessg neans
conprising rib medagus deargeanBudd at piease|dikiiy &chni fthal ppdean: and
(R e ot ) Bomicue to R v R

at | east one of the rib wavegui des conprising a to
al ter the phasedifierencghibetwesnesighals keinggensedsaiaiselectedasdiue. one
rib wavegui de, so the effective path length of at | east one of the

said optical paths can be altered. 2. An interferoneter as clained

in daiml4g wmeﬁekér%fer%%lsﬁnéa% Tiaffn 14 or 1 in WhitH tr%egﬁd”a‘egfslrrr{gz f"nso

integrated on the optical chip. An i nt er?erorret er a

claim2 in whi dneang isi @rangedr @ usel/the two complementzrygr oatpat nsignaisd in a
| ocation reces romed . in.the chip having at | east two,
non-paral | el | 3’5&??"8%895%56%@%6&”&??“whi ch respective sur f aces

of the light source and/or |ight detector abut so as to align.the

| i ght source and/or light detector with a wavegui de on the chip. 4,
An interferlohetAn iaterfdrametet as dbhimed In ghyo précddingttiaim tdeangbted to a

nodul ator is in t.gee formof a doped junction formed across '
wavegui de. whike-ligR,,SeUICe 't er omet er as descri bed in any preceding claim
i

18. An interferometer as claimed in Claims 9 and 17 in which the said
optical path difference is greater than the coherence length of the
white-light source.

19. An interferometer as claimed in any preceding claim comprising two
phase modulators arranged to work in a pseudo push-pull state.

20. An interferometer as claimed in any preceding claim in which a plurality

of sensing means are multiplexed therewith.

21. An integrated interferometer substantially as hereinbefore described

with reference to the accompanying drawings.
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21 ' phase rmdﬂmmmlmuﬁuﬂgﬁl | nodul at or. 6. An interferometer as
clainmed in aég g)re ol Ll " ritkanged as a Mach- Zahnder
interfer 3242775 77 ‘An'intf'erferonete?3 as claimed in any PEHEBTHY44E] ai m
arranged to process a signal received fromrenote sensing nmeans
connect ed thereto by an optical fibre. 8. An interferoneter as
claimed in any preceding clai m ar AMENDER GLAIMS processi ng interferoneter
for processi Ngeetiyedl by ribeeintenndtionabBusest on 1 Mat¥o‘%1985(iﬁ ?95998);

i nterferomet eerigingl clapmihegendedommanainkng €l aimeedn¢hangsd; bh p3gR) Js
connected to sensing means or a sensing interferometer arranged to
sense a quant.i t yan dnterferombtergimtejravéd oim pnoopticsd chipc avhidie donaprises aed

into a change of, an ..optical path difference 10., An_interferoneter
ae ol i med T QIEVER o6 SHFRRh FERATEEE iR B uBSEtS RYeR: BBt SHERE
Fabry- Perot typeng@¥iaYihe optieal QRig Bbf sxfd%i@é@wg.s fibteticBRAetibrChdlais10 i n

whi ch the Fabry-Perot type cavity s arranged to nmeasure pressure.
12. An interfer doeconnasting therogtical diipitenane ph Mareceptioa ficses.ythechitre t ype

5 2 a0y R ONLR LGS o R R o PRASIETRE
the sensing neangceiving 8/'GRLiLAISTOra; BrdWhveGaldeedhs W6 Wa®smitting lightto
or from the fibre connection means, the waveguide means comprising
rib waveguides formed in the said layer of silicon; and at least one of
the rib waveguides comprising a phase modulator to alter the phase of |
light travelling along the said at least one rib waveguide. the
arrangement being such as to form an interferometer in which light
transmitted along different optical paths can be combined and the
effective path length of at least one of the optical paths can be altered

by means of the phase modulator.

2. Aninterferometer as claimed in Claim 1 in which a light source and/or a

light detector is also integrated on the optical chip.

3. Aninterferometer as claimed in claim 2 in which the light source and/or
detector are mounted in a location recess formed in the chip having at
least two. non-parzllel lccation surfaces against which respective
surfaces of the light source and/or light detector- abut so as to align the

light source and/or light detector with a waveguide on the chip.

4. An interferometer as claimed in Claim 1. 2 or 3 in which the phase
modulator is in the form of a doped junction formed across a rib

waveguide.

5. An interferometer as described in any preceding claim in which the

AMENDED SHEET (ARTICLE 16)
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22 H“mi mmmmlﬂr”flﬂl oneter as clained in any preceding claim
connected to p I aREL R % el ectroni c processing means for processi ng

an out put t her eof | 15. An interferoneter as clained in
Claim114 in which the processing means is arranged to
use a ph¥€823¢18i ng technique to | ock the phase PCT/GB97/03144

di fference between signals being sensed at a sel ected val ue.
16. An interferonmeter as clained in Claim14 or 15 in which the processing

means is arranged to usSSTAFEMENT c YNDERe ARFICIH: Pt signal s

produced by the interferoneter. 17. An interferoneter as
cl ai ned GRiMNY RE€REN anndicd &0 R eits tseope. The claim relates to the
white-1ight source. _ . 18. An interferponeter . as cl ai rRed in
d ai ns Idmphementatiprnaf @ inegrateq interferometer on a smcogpqm-éréﬁulﬁtg“p ip

differ en%f%éSe&FiSQta%'iaifshé’ﬂibtrQ%f@ﬂggﬁgﬂﬁ?eé f‘g}a*@/egﬁidehr%e 5 a phase

i ght so intertreroneter as clained in any
pr ecedi ngoalLiRitor SOdETE airaggément thereof used in the intenférasetenddicae®fdhar r anged

to work in a pseudo push-pull state,. 20. . An igt erf erofrrfet Fr as clainmed in
any precdtfichgrier artndisalogas of taaghes tawards this combination of featyes Whieh g

means arg tiplexed therew ; ; : | 86 th
i nt erfertgﬁgt&ﬁf @ngfeaﬂmrhﬁ&merﬂgpte'?%t?gf'{)‘}eegrateeg(%:ﬁlt%ré%ow&gﬁﬂl 8 ©
Wi th refgieiggse deberised b glgadbaWHIgS were Inot previously available.
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