2206201 "Met hod of Refractonmetry and Refractoneter Therefor” ThIS | P
relates to a nethod of refractonmetry and a refractoneter for &) Qﬁgfdb

a nore particularly to an inproved nethod of nmeasuring the refractlve

i ndex of a liquid using optical domain reflectonetry and to an i nproved

optical domain refractmeter. Many proposals have been nmade for neasuring -

the refractive index (RI) of a Ilquid using an optical fibre as the sensing 2

el enent. Mst known net hods are Based on the | eakage of optical power from

a suitable fibre sensor inmersed.in a liquid of unknown RI. By measuring

t he reduced power output, which depends on the refractive indices of the

fibre material and liquid, the Rl of the latter is determned. The fibre

sensors, used in t:péé%drggr &.uanot her known
nmet hod, the sensov = imersed in a

liquid of Unh@@’%ti@ﬂtr@.%é&% 4 MRAHEN OF FOFR sﬁ%etry (OFDR) is

used to process the signal reflected at the gIass/quuPd I nterface. The

accur acyrefirattiinatet el 458 thefeldSaid Mofe FReYEoOhedy Itd ERPERR#SVED t he

stability of the electro-optical transmtters and opto-el ectronic receivers

enpl oyedmethbd clhimeaseing e reftagbive indet ofhe Idqubd tusing rdptical anbi ent
tenperature fluctuation. A principal object of the present invention is to
provi de damainprefiledtanetiy #nddborannimprioied optbcaly domatm refeactateter.i npr oved
ref ractoneter for carrying out the sane. _

Many proposals have been made for measuring the refractive index

(RI) of a liquid using an optical fibre as the sensing element. Most
known:mﬁimﬂé are based on the leakage of optical power from a suitable

here

fibre sensor immersed in a liquid of unknown RI. By measuring the
reduced power output, which depends on the refractive indices of the
fibre material and liquid, the RI of the latter is determined. - The
fibre sensors used iniiese:nﬂ&acb:mﬂ%ms are rather complex. In
anctherluxmulnékhod,the sensor is simply an open-ended, square-cut
fibre immersed in a liquid of unknown RI, but optical frequency domain
reflectometry (GEDR) is used to process the signal reflected at the
glass/liquid interface. (
The accuracy of'urarefracbu&ﬂzzs described above clearly depends
on the stability of the electro-optical transmitters and opto-electronic .
' receivers employed. The main cause of instability of these instruments
is ambient temperature  fluctuation.
A principal object of the present invention is to provide an
improved optical domain reflectometry technique and an improved
refractometer for carrying ocut the same.
In accordance with one aspect of the preseht invention there is



In acordance with one aspect of the present invention there is - 2-
prrovi ded a nethod of neasuring the refractive index of a liquid by optical
féequency dormai n reflectonmetry, conprising changing the frequency of
nodul ati on of the output intensity of the |ight source, neasuring the
recei ved optical power before and after the change in nodul ation frequency
ants~obt ai ni ng a nmeasure of the refractive index by dividing one of the
measurenents by the other. By the use of this nethod neasurenent drifts due
to alterations of anbient conditions, such as tenperature fluctuations,
will he mnimsed. Preferably, the intensity of 'the output of _
syperluninescent.{aser di ode i s nodul ated_by a sinusoidal signal, and
m croprocessor neans-is utilised to control the frequency of modul ati on of
the di odgrgutiBdl andelthodak® meadurdngbeher eegndcaiver indelx offamgdiahid
frequency and display a read out resulting froma division of said
readi ngsby opliecadnFrequeany dopadyetefdeptehernalyl,y canppising ahangtingal
fibre immersed in the liquid to be nmeasuréd, said sensor neans bein
connecteghbof&bqubmghto&omnd@lataoano@pmheabu¢pu¢cﬂm¢nabi¢aupﬁeﬂh@n ight
connected to

source, measuring the received optical power before and after

the change in modulation frequency and obtaining a measure of

the refractive index by dividing one of the measurements by the

o/
other.

By the use pf'this method measurement drifts due to
‘alterations of ambienﬁ conditibns,'such as. temperature
fluctuations, will be minimised.

_Prefe:ably{ the inﬁensity of the output of superluminescent
laﬁer,diode is modulated by a_sinusoidal signal, and
microprocessor means is utilised to control the frequency of
modulation of the diode output ahd_to take readings Before and
after such change of freguency and display a read out resulting

~/ ffom a division of said readings. The sensor means employed is

- preferably a square-cut optical fibre immersed in the liquid to
be measured,.said sensor means being connected to the light
.source vié an optical directionai coupler-iﬁ turn éonnected to
an optical receiver, the receiver iﬁ turn being connected to the
microprocessor via programmable bandpass filt?r and averager.
In a preferred embodiment of the invention the sensor is a
squafe—cut, open~-ended fibre i km loné and the modulation

frequency is varied between 72 kHz and 124kHz.



VAt

an optical receiver, the receiver in turn being connected to the
m cr oprocessor via programmabl e bandpass filter and averager. In a
preferred enbodi-nent of the invention the sensor is a square-cut,

‘open-ended fibre 1 kmlong and the nodul ation frequency is varied between
72 kHz and 124kHz. - 2a - In accordance with another aspect of the R

present invention there is provided a refractoneter for carrying out thei“’
met hod defined in the four inmedRately preceding paragraphs, the

refractometer conprising a light source preferably with means for intensity

nodul ation, an optical fibre sensor for innersion inaliquid to be

d di t I I t -th d
opt 1 oal 1 oLB| EFOERRGE: K4 LhoARRERRFs BRPPORAPECBNB) BFSRBENS {or valying.
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refractive In conpari son neans preferabry conp ses a programmabl e

bandpgssagt-apRs, aeaeafefeaetoﬁeeae%s F&Qsih& g $igREOgBASBE Means, the

latter belng adapted to vary the outpu

preferably with means for intensity modulation, an optical

fibre sensor for immersion in a liquid to be measured, a .
directional coupler between the light source and sensor, an o
optical receiver connected to the directional coupler, means

for varying the modulation frequency'ouﬁput_cha:acteristic of

the light source and means for comparing the input to the_

receiver before and after véryiné the light'SOurce output
characteristic thereby to obtain a measure of'refractive'index.

Said comparison means prefetably comprises a programmable
bandpass filter and averager connected to thé microprocesso;
means,.the latﬁer Being adapted to vary'thé éutput

' characteristic of the light source ‘and to provide a read-out .
computed by comparing input§ to the receiver before and after

variation of the 1ight-sdurce'outpﬁt;



characteristic of the Ilght source and to provide a read-out conputed by
canparing inputs to the receiver before and after variation of the Iight
sbur ge :out put . -3- Preferably. the light source is a superluninescent
Iaser -di ode and sinusoi dal signal neans is provided for nodul ating the
g{t output of the diode. Preferably the sinusoidal signal neans is
rolled by the mcroprocessor nmeans.. A preferred enbodi ment of the
-|nvention wi Il now be described with rejgrence to the acconpanyi ng
di agranmatic drawi ngs, in which: Figure is a block diagramof a
refractonmeter in accordance with the invention, Figure 2 is a calibration

curve obt ai nedrusirBlyl hetkel 1364 0BBIRE L B Csblribmifebltit® Hsb &iflbaRla "
-neasureneng nﬁgﬁ t he refractoneter of Fﬂfure m nut

i nt er val s SoVE&F oﬁzS‘}?guP%‘En §d PrOfigeE 5 oduiading dﬁhapHSBF ﬂ%%r%fn#}?s
made at t ldéodeanePriendrablynl shandsiavesidale SIgARL P@ehfl A8 | BodtrGle€ 3pPUlthe
using a kr&qmpggéesg&l Egéasquency domain ref | ectoneter.

A preferred embodiment of the invention will now “be described with

reference to the accompanying diagrammatic drawmgs, in which:

Figure 1 is a black diagram of a:refractometer in accordance with the

invention,

Figure 2 is a calibration curve obtained using the re_fractometer' of
Figure 1,

Figure 3 is a graph of measurements made using the refractometer of
Figure 1 at one ‘minute intervals over a ome hour period, and

Figure 4 is a graph of 'measurements made at the same intervals and over

the same period as in Figure 3 but using a known optical' frequency domain

reflectoneter.




- 4 - The block diagramof the refractoneter is shown in Fig. 1. An
“electrical signal [err] (t) - A cos [err] '
"(1) intensity nodulates the . laser diode optical source. Here, the ¢
~amplitude A is constant and ‘the frequency [err], controlled by the

~m croprocessor, can take on one of two discrete values [err] or [err] The ; .
| i ght power |aunched fromthe source -hds -an a.c. conponent (at [err] or . ™.

[err]) with a phasor representation [err] where [err] is the constant of =
proportionali trxerﬁho%g' ?93 dif GECGld 'rgﬂac'ch&EerYQ%tﬁ%nt Pn tHlg.81C. gPnponent
of the power |aunche r the source an err “1s an “initial phase
angle. eg&qgén sigﬁal t he environmental conditions change, so too wll
[err], the main cauSe of this drift being tenperature fluctuations
affecting the stability of the source output power. The |ight power
reflected back at the glass/liquid interface and subsequently channell ed
into the receig\ég(g) has mkos. (ut Gcm(;ponent [err] -5- _ L)

et e S———

intensity modulates the laser diode 'gpticél source.. Here, the
amplitude A is constant and the frequency w, controlled by the
microprocessor, can take on one of two- discrete values w, or wé.'

The light power launched from the source has an a.c. component

(at w, or w,) with a phasor representation

P -. c Ae : '(2)

where Cox is the constant of proportionality ewelating the electrical
input voltage.to the a.c. component of the power launched from the
source and 00 is an initigl phase angle. Clearly, as the
environmental conditioﬁé change, so tootwill Coex the main cause of
this drift being temperature fluctuations affecting the stability of

the source output power.

The light power reflected back at the glass/liquid interface and

subsequently channelled into the teceiver;“has an a.c. component

. _ | joi' 5
Prf - R(nf, nl) P, © | 3"( )



where the phase shift [err], at frequency [err], is due to the tine delay
i qvol ved and [err] represents the overall power loss. This is

p?op rtional to [err]

(4). the power reflection coefficient at the glass/liquid interface, as
deti-ved in [6], for a perfectly square snmoboth endface. [err] and [err] are
thé/RIs of the fibre core and |iquid respectively. The unavoi dable Iight"
power at the receiver, due to both IeakaSE “t hr ough the directiona
coupl er . and fle OnS opt i cal uifies in.t S e S
an a.c. corrpon‘(['e}ﬁet e[ %H’] er %{é, trget;ir eagen?!a&uegﬁg va\’/t'esr ﬁlgsgoag‘ge[%?n%] Q%I%ﬁ
[err]) the phaﬁmbe&tawwwed O Ebedehe che CoveiaFRORSR: OostNeThel ols
received optical power 1s [e Bnd this gives rise to an el ectri cal
vol t age at freggﬂﬁgyhmhmaﬁjng a phasor representation - 6 - [err] where
[err] is the constant of proportionality relating the a.c.
conponents of the optical input power and output voltage at the.

n, - n, 12 ' |
[ £ 1 ].' - (&)

nf_ + nl

the power reflection coefficien; at the glass/liqqid.interface. as
—/ ' - derived in [6], for a perfectly square smooth endface. nf'and hl are

the RIs of the fibre core and liquid respectivgly.

The unavoidable light power at the'receiver, due to both leakage
through' the directional coupler and ' reflections - at optical

discontinuities in the system, has an a.c. coﬁponent

| iés |
P = LPe | 6
o, where L represents the power loss and ¢i (at ui) the phase shift
involved.

Clearly the a.c. component of the total received'optical power is

and this gives rise to an electrical voltage at frequency vy having a

/A

phasor—iepresencation



recei.ver. Like [err]- will also drift as environnental conditions vary,
.f_-’Frqm'(Z) - (7), the magnitude of the electrical output fromthe receiver is

‘[err] and will change as [err] and [err] drift. However, [err] wl] 2
. depend on the frequency [err] of the nodul ating sinusoidal signal, so that
I nstead of using [err] directly teo emeasure the Rl of the liquid.-~

as in conventional refractometers [1 - 5], the RI of the |iquid nmay now bj’w
estimated from [ByrT whiscBrks i ndependent of [err] and [err]. Th&® by = =7
measuring the magnitude [err] of the output at input frequency [err] _
followed shortly by a similar nmeasurement at frequency [err] to obtain
[err] the em of, drift associated with the electrosontic copponent s
iy be el | mUTaPed Ceat Hoaabte | SORFRRE] SF . Mrbllc SR, Ry 268 Piner O
obt ai ned by J99kidigsU | ik ad 410N ol E VS o@dy | ] Ak NSh1 R -l

Havi ng descroi ged&fh%faptrq‘?ncoigpl e an% dr??tér_r%( uccful-& n{,: L}séc?ﬁg at_ t%e_
experi nent al rec@fWdd.S Rike MOW, PEESRALE0alsd deIRNALT &vA rbiifertdD! HRTEBIYnsi N
accuracy that results fr'¥dm %sing this technique. ~In the :
experi ment alvargt r aorNe2)e -, (1hethe Rghhi tiide tdFe ché W1Gctricll kitepae firbR the

receiver is

"M, = Ac c
i tx rx

36, _ 0, K B
[_Le___ + R(ng, ny) e ]_ (8) \/

and will change as Cox and Sy drift. However, Mi will depend on the

frequency w, of che.modulating.Sinusoidal.signal; so that inste#d of

i

using M. directly to measure the Ri of the liquid as in

i
cohvention&l refractometers. (1 - SJ; the RI of ;hé liquid may now be

estimated from

. 36,
EZ _ [ Le + R(nf, nl) e ] P
| 36, 30 |

which i{s independent of Cox an& ¢ .- Thus, by measuring the magnitude
Ml of the output at input ftquency'bi; fbiloved'shortly by a similar
measurement at frequency v, to ébtain HZ" :he..problem of drift
associated with the electro-optical components may be eliminated, at
least in principle. The unknown RI may then be obtained by looking dp

- a calibration curve of Hzlnl against RI.



fijpore core has an R of 1.456. To reduce nodal noise [7], a

super!um nescent diode at 1.3 [err] is used as the |ight source. The
choicke of the frequencies [err] and [err] are dependent on the fibre
Iéngt‘h. For the 1lkmfibre used, [err] ad [err] are 72 kHz and 124 kHz
respectively. These are chosen so that the ratio [err] changes nost rapidly
wWtH the liquid s refractive index. Essentially, choosing [err] to be 72
kHz causes the two terns.in the denom nator of (9) to be in antiphase,
whereas with [err] equal to 124 kHz, the two ternms in the nunerator of (9)
are in-phase. Fig. 2 shows the calibrat-idn-curve for the new refractoneter.
The vertical and zon%%sl respectlvel y, the RIs of standard
and certified tes ‘T’f'ﬁw céwb(‘“i hg: Eor?"e‘é‘ﬁb?l’tﬁ n@fr afFbEt ( Fpdusfiigpnedsome

experinental | ift and stability of the new

refract onet eré/x(? E\fmeg'ﬁ glf?«?’f‘@% |a5ﬁ 'bé’r PEYFEGFed 100 APmITHF SRAFS HFhfe HRFPEPRANCS
t ak th di | t bt d
e e sty Al & cobl 9 - RO C WS 2RO IS L2 B5) NP

over the same observation 1 nterval (an

using the conugriimiebl r?’ethBQ&o%c{] ”%leéng%hRLf d:h{ e%;{#e fgom Hond the

nmeasur ement of the magnitude of the recerv out pu substan
i mprovenent i fibgei fcbranﬁa&&b' Rt we0f1 156, MeasunRRel nSad1N o3kt at'7ned Wi th

the new refractoneter.
superluminescent diode at 1.3 pm is used as the light source. The
\,; cﬁoice of the fiequencies vy and w, are dependent on the fibre length.
| For the ikm fibre used, vy ad v, are 72 kHz and 124 kﬁz respectively.
These are chosen so that the ratio MZ/MI changes most rapidly with the

liquid’'s refractive index. Essentially, ehoosing w, to be 72 khHz

1
causes the two terms in the denominator of'(9) to be in antiphase,
whereas with v, equal to 124 kHz, the two terms in the numerator of

(9) are in phase.

Fig. 2 shows the.calibratiod curve for the new.refractometer.
The vertical and hotizontal axes give, respectively, the RIs of
standard and certified test liquids and the corresponding ratiosl(9)
.{obtained experimentally, Fig. 3 shows the drift and stability of the
new . refractometer over an observation period of 1 hour in which
_measutements are taken every 1 minute. Fig 4 shows the corresponding
.Yesults obtained over the *same observation interval (and the same
expetimental setup) by using the conventional method of finding the RI
:directly from one mé?urement of the magnitude of the teeeiver output.
‘A substantial improvement in drift and stability of thetmeasutement is

thus attained with the new refractometer.



. CLAI MS 1. A nmethod of neasuring the refractive index of a liquid by
;optical frequency domain reflectonetry, conprising changing the frequency

‘of nodul ation of the output intensity of the |ight source, neasuring the ¥
recei ved optical power before and after the change in modulatien frequency
and obtaining a neasure of the refractive index by dividin e of the.
measurenents by the other. 2. A net hod as c né rl Hﬂ B“‘E wher ei n - the* o
intensity of the output of the superlun1nesc nodul at ed by s

a sinusoidal signal, and wherein nlcroprocessor neans Is utilised to

control nodul ation of t he .di ode out put and to conpar e readi ngs before and

‘after such nodul ation and display a read- resulting froma division of
sa|d0;g§gg§%;. 3. A method as clainmed in CIain12,“Wherein'sensor nmeans i s
enpl rising a square-cut optical fibre imersed in the liquid to be

neasured, said sensor means being connected to the light source via an
optical directional coupler in turn connected to an optical receiver, the

recei var i nat wethbd b @RBBRGHSE tthe! h@ﬂﬁa@ﬂiﬁi@qeﬁﬁ){ off & a ifuagr aﬂwﬁm e
bandpass filter and averager. '
optical frequency domain reflectometry, comprlslng changlng the
frequency of modulatlon of the output_intenSity of the light
source, measurlng the recelved optical power before and after _ i
the change in modulatlon frequency and obtaining a measure of - _\v)
the refractive index by dividing one of the measurements by the

other..

2. A method as claimed in Claim 1, wherein'the intensity of
the output of the superlnminescent laser diode is—modulated by a
sinusoidal signal, and wherein microprocessor means is utilised
to control modulation of the diode output and to compare
readings before and after such'modulation and display-a read;out

resulting from a division of said readings.

3. A method'as CIaimed'in Claim 2' wherein sensor means is
employed comprlslng a square- cut opt1ca1 fibre 1mmersed in the
11qu1d to be measured, said sensor means belng connected to the
light source via an optical directional coupler in turn
connected to an optical'receirer. the receiver in tnrn:being
connected to the mlcroprocessor via a programmable bandpass

fllter and averager



+

-9- 4. Method as claimed in daim3, wherein the sensor is a fibre 1 km

| gng and wherein the output nodul ation frequency of the diode is varied
tween 72 kHz and 124 kHz. 5. A refractoneter for carrylng out the nethod

clained in any one of the preceding clains, conpr|5|

megns for frequency nodul ating the output of said so ﬂlﬂl““ﬁl “"m“um |bre

sengor for inmersion in a liquid to be_neasured, a directi oral* coupl*er

bet ween the |ight source and sensor, -a$ Dptlcal recei ver connected to the
di rectional coupler, neans for varying the nodul ation frequency out put

L etk S AR I TR AR e
o8t 1T o U 5hE B A SLAESRATPL et el Bsote 1

claimb5, rison Conprrses™a pro

filter aggr§¥8rﬁ§ﬁ&egﬁnﬁﬁciﬁﬂ LRaM shoRRcessor neans, the latter being

adapted to vary e output characteristic of the Ilght source and to
provide a read-out conputed by conparing inputs to the receiver before and
after variation of the light source output. 7. A refractoneter as clainmed

~in O ai mey or ACraEpuétombeee forheakikghgseutcEhesmethv@celafina@sinnaniyasne
di ode and wherein sinusoidal signal neans is provided for nodul ating the
|Ight_Oubﬁuthefprbeedindeclaims, comprising a light source, a means for
| frequency modulating the output of said source; an optical
N fibre ‘sensor for immersion in a liquid to be measured, a
directional coupler between the light source and sensor, an
optical receiver connected to the directional coupler, means
for varying the modulation frequency output characteristic of
~ the light source and means for-comparing-the input to the

receiver before and after varying the light source output

‘characteristic to obtain a measure of refractive index.

6. h refractometer as claimed in-claim.s, wherein said comparison
means comprises a programmable bandpass filter and averager
connected to microprocessor means, the latter being adapted to vary
the output characteristic of the light source and to provide a
read-out computed'by comparing inputs to the receiver before and

 after variation of the light source output.

7. A refractometer as claimed in Claim 5 or Claim 6, wherein the
light source is a superluminescent laser diode and wherein sinusoidal

signal means is.provided for modulating the light output of the diode.



;- 10 - 8. A refractoneter as clained in Claim7 as appendant to Caim6,
ywherein the sinusoidal signal neans is controlled by the m croprocessor
‘reans. 9. A nmet hod of neasuring the refractive index of a liquid as
clainmed in Claim1 substantially as herein described. 10. A refractoneter
for carrying out the nethod clained in any qummmulmmum 4and 9 5.
substantially as described in the Descriptio o and as ._ég_
shown in Figure 1 of the acconpanylng:ﬂiagrannatlc aramnngs '

)

a

8. A refractometer as claimed’ in Clalm 7 as appendant to Clalm
6, whereln the 51nu301dal 51gnal means is controlled by the

microprocessor means.

9.. A method of measurlng the refractlve 1ndex of a llquld as
claimed in Clalm 1 substantlally as hereln descrlbed

| - v/
10. A refractometer for carrylng out the method claimed in any
one of Clalms 1 to 4 and 9 substantlally as described in the
Descrlptlon w1th reference to and as shown 1n Flgure 1 of the

accompanylng dlagrammatlc draw1ngs

.K‘



