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(57) Abréegée/Abstract:

Apparatus for measuring a phase shift induced In a light signal has a first light source for emitting a light signal along a
measurement optical path that includes a sample, for example a fluorescent sample, and a second light source for emitting a light
sighal along a dummy measurement optical path. A measurement electronic circuit is provided for recelving the light signals and
providing outputs separated in time which are indicative of the phase of the respective light signals. In use, a phase shift is iInduced
In light In the measurement optical path by the fluorescent sample. A reference electronic circuit is provided for recelving a signal.
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(57) Abrege(suite)/Abstract(continued):

Indicative of the phase of the light signals emitted by the first and second light sources. Circuitry I1s provided to compare the
respective phases of light output from the two circuits to provide an output indicative of a first measured phase difference during
operation of the first light source. A correction Is then applied to this measurement by taking a similar phase difference
measurement during operation of the second light source and comparing the two phase differences.
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(57) Abstract: Apparatus for measuring a phase shift induced in a light signal has a first light source for emitting a light signal
along a measurement optical path that includes a sample, for example a fluorescent sample, and a second light source for emitting a
light signal along a dummy measurement optical path. A measurement electronic circuit is provided for receiving the light signals
v and providing outputs separated in time which are indicative of the phase of the respective light signals. In use, a phase shift is
induced in light in the measurement optical path by the fluorescent sample. A reference electronic circuit is provided for receiving

a signal. indicative of the phase of the light signals emitted by the first and second light sources. Circuitry is provided to compare
& the respective phases of light output from the two circuits to provide an output indicative of a first measured phase difference during
— operation of the first light source. A correction is then applied to this measurement by taking a similar phase difference measurement
during operation of the second light source and comparing the two phase differences.
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A METHOD AND APPARATUS FOR MEASURING THE PHASE SHIFT
INDUCED IN A LIGHT SIGNAL BY A SAMPLE

The present invention relates to a method and
apparatus for measuring a phase shift induced in a light
signal by a sample.

In conventional fluorescence microscopy, the

intensity distribution of the emission of a fluorophore is

recorded. Another parameter that can be measured is

“fluorescence lifetime”. When a fluorophore is excited by

a light pulse, the emission shows a decay (typically in
the order of nano-seconds). This decay time, referred to
as fluorescence lifetime i1s characteristic of the

fluorophore, as well as i1ts state.

Fluorescence lifetime sensing 1s a powerful method to

measure energy transfer efficiency in fluorescence

resonance energy transfer (FRET) assays. FRET 1s a

distance-dependent interaction between the excited states

of two dye species in which excitation energy 1s

transferred from a donor to an acceptor without emission

of a photonn. The efficiency of FRET is inversely dependent

on the sixth power of the intermolecular separation.

Detection of FRET can therefore be used to determine the

distance between a species labelled with the donor and a
species labelled with the acceptor. This may be used for

example to determine whether the two species are bound to

one another.

In a competitive assay based on FRET, FRET can occur

as a result of a FRET active molecule combining with a

competition agent that 1s also FRET active. The

competition agent competes with FRET inactive material (an
analyte), which when combined with the FRET active

molecule, will not cause FRET. Each of the competition

S

agent and the analyte binds reversibly to the FRET active
material for a finite amount of time. This means that

CONFIRMATICN CORY
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both the competition agent and analyte have opportunities

-

-0 bind with the FRET active material to reach

equilibrium. As the amount of competition agent present

in such an assay 1s predetermined, the amount of FRET

5 occurring can be used to calculate the concentration ot

B

analvte present. When no analyte 1s present, a 100% of

the possible FRET will occur.

When an excitation light 1s modulated at sufficiently
10 high fregquency, a FRET signal can be detected not only by
the intensity of the fluorescence, but also in the phase

shift between the excitation light and the emitted

fluorescence.

15 However, 1t 1s difficult to get an accurate reading
of the phase shift caused by fluorescence as the measured
phase of a light signal may drift as a result of factors

affecting the sensor’s electronics, such as the measuring

electronics having been subjected to temperature changes

20 and agelng.

Attempts have been made to measure accurately the

shift in phase caused by fluorescence with the use of

phaée fluorometers. Commercially available phase

25 fluorometers, as shown in figure 1, sometimes have two
identical signal branches, a sample signal branch 201 and
a reference signal branch 203. Excitation light 209 1is
generated by a light source 205 to be radiated upon a
fluorescent sample 207. A small portion 211 of this

30 excitation light is split out before the sample 207 to
illuminate a detector 213 in the reference branch 203.
The phase of the light detected 1n the reference signal
branch 203 1s compared with the phase of the fluorescent
light emitted from the sample 207 to give the phase

35 difference between the reference and sample branches.

This gives an initial measurement of the shift in phase

1}

induced as a result of fluorescence of light in the sample
signal branch. The phase measurement compensates for phase
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drift in the light source or light source driving

i

circuitry, but does not account for the phase drift tha

may be caused by the electronic circuitry.

Shortly before and after 1llumination of the

fluorescent sample 207, the fluorescent sample is replaced
with a reference object 215 that does not fluoresce when

excitation light is radiated upon i1t. As previously, the

excitation light 209 is generated by the light source to

radiate the reference object. A small portion of the

excitation light is split out before the reference object
to illuminate the detector on the reference branch. The

phase of the light detected in the reference signal branch

is compared with the phase of light detected i1n the sample

branch to provide a calibration for the final signal

measured when the sample object fluoresces. Any

difference in phase between the signals detected by the

sample branch and reference branch in this case will be

due to differences in the electronics or to differences in

the respective path lengths.

The phase lag induced by the fluorescent sample
object is finally calculated by comparing the phase
difference between the two branches when.fluorescence
occurs and the phase difference between the two branches

when fluorescence does not occur.

This eliminates phase drifting caused by the electric

components and accounts for any difference in phase that
night be caused by the optical path the light follows.

The system described above requires a motorised or
manually driven mechanism for changing the object from the
sample object to the reference object. At this time, 1it
becomes necessary to change the filters receiving light
reflected from the reference object due to 1ts non-
fluorescent nature. Furthermore, 1t may be necessary to

change the filters in the optical paths to adapt to the
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different light intensities. This would also need to be

done

using a motorised, mechanical system. This sort of

system is undesirable as it is ultimately expensive, space

consuming, complex to produce and is prone to damage as a

result of the moving parts. Furthermore, i1t may be

desirable to miniaturise a system as described above to

enable use of such a system for medical purposes, e.g. for

continuous blood glucose measuring. In applications such

as these where the phase fluorometer would be worn by man,

it would be undesirable to use motors that cause excessive

vibrations and noise.

The object of this invention 1s to provide a system

and method of measuring the difference in phase including

correction for electronic drift performed without the need

for manual or mechanical intervention.

According to a first aspect of the present invention,

apparatus is provided for measuring a phase shift induced

in a

light signal by a sample, the apparatus comprising:

a first light source for emitting a light signal along a

measurement optical path, wherein the measurement optical

path'

includes a sample location;
a second light source for emitting a light signal

along a dummy measurement optical path, the first and

S

N

ccond light sources being arranged for alternate

operation;

a measurement electronic circuit for receiving the

ligh

- signals from the measurement and dummy measurement

optical paths, the measurement electronic circuit being

arranged to provide outputs separated in time which are

respectively indicative of the phase of the light signals

received from each of the measurement and dummy

measurement optical paths, wherein in use a phase shift 1s

induced in light in the measurement optical path by a

sample in said sample location such that the phase of

light of the first light source received from the
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measurement optical path is different to the phase o:

light emitted from the first ]

ight source;

a reference electronic circuit for receiving a signal

indicative of the phase of the light signals emitted by

the first and second light sources:

circulitry to compare the phase of light indicated by

the output of the measurement electronic c¢ircuit

responsive to the first light source with the phase of

light indicated by the reference electronic circuit to

provide an output indicative of a first measured phase

difference and to compare the phase of light indicated by

the output of the measurement electronic circuit

responsive to the second light source with the phase o:

1 1]

light i1indicated by the reference electronic circuit to

provide an output indicative of a second measured phase

difference, and circuitry to apply a correction to the

first measured phase difference on the basis of the second

measured phase difference to correct for errors in said

first measured phase difference due to phase changes

induced by said measurement and reference electronic

clircuits so as to obtain an improved measurement of the

shift in phase induced in the light of the first light
source by the sample.

Preferably, the measurement optical path comprises a
beam splitter receiving light from said first light source

and reflecting said light toward said sample location and

receiving fluorescence emission light in use emitted from

sald sample location and transmitting said fluorescence

emission light to said measurement electronic circuit.

More preferably, the measurement optical path
comprises an excitation filter arranged to select a wave
length of light suitable for exciting a fluorescent sample
at said sample location and an emission filter suitable
for selecting a wave length of fluorescent light emitted
from sald sample location.
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p—

An oscillator is coupled to each of the first and

second light sources to produce light signals of
oscillating intensity. A drive current fed into each of

rthe first and second light sources to produce light

5 gignals of oscillating intensity is generated by direct

digital synthesis.

In one embodiment, the dummy measurement path
conprises the beam splitter, the beam splitter being
10 arranged to receive light from the second light source,

reflect said light toward said sample location, receive

said light reflected from said sample location and
transmit the light to said measurement electronic circult.

15 Preferably, the dummy measurement optical path

further comprises the said emission filter for selecting a

wavelength of light comparable to the wavelength of
fluorescent light emitted from the sample location.

20 In an alternative embodiment, light from the second
che beam splitter and 1s

[ —

light source 1s not recelved by
guided directly to the measurement electronic cilrcuilt.

Accordingly, the dummy measurement path further

25 comprises an electro-optical attenuator for reducing the
intensity of light emitted from the second light source.

In a preferred embodiment, the light in the dummy

measurement path does not include a wave length of light

30 suitable for exciting the fluorescent sample.

In one embodiment, light emitted from said first and
second light sources is of the same wavelength and the
dummy measurement path further comprises a filter to

35 eliminate light of the wavelength suitable for exciting

the fluorescent sample.

In an alternative embodiment, the first light source
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and the second light source emit light of different

wavelengths, and the light emitted from the second light

source does not include a wavelength suitable for exciting

the fluorescent sample.

Preferably, the measurement electronic circuit

comprises an opto-electric converter for receiving light

signals from said measurement path and the dummy

measurement path, wherein the opto-electric converter

outputs an electrical signal corresponding to an intensity

it
—t

O

the light illuminating 1it.

More preferably, the opto-electric converter of the
sample circult 1s an avalanche photo-diode, whereby a bias

voltage 1s provided to the avalanche photo-diode to

enhance the electrical signal corresponding to the

intensity of the light illuminating the avalanche photo-
diode.

Means are provided for guiding light from the first

and second light sources along the reference and dummy

reference optical paths respectively to an opto-electric

converter of the reference circuit.

Preferably, the opto-electric converter of the

reference cilrcult 1s a photo-diode.

In a preferred embodiment, the system further

comprises electronic circuitry for modulating the signal

o
reference circuit to produce an output representing the

c1ing processed in each of the measurement circuit and the

line

phase of the signal being processed.

Preferably, the electronic circuitry modulating the

signal in each of the measurement and reference circuit

comprises a mixery in each of the measurement electronic
circuit and the reference electronic circuit, each mixer
being coupled to a further oscillator.
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In one embodiment, a signal having a modulated

gt
_—

frequency of from 0.1 to 10° megahertz is output from the

further oscillator, and is combined with the signal in

each of the measurement and reference circuits by means of

the respective mixers and a modulated frequency of the

light output from each said light source differs from said

modulated frequency by an amount, which is from 104 to 10°

hertz (heterodyne detection).

The measurement electronic circuit and the reference

electronic circult each further comprise a band pass

filter, wherein the high frequency component of the output

y—

from each of the mixers of the measurement circuit and the

reference electronic circuit is eliminated by the band

pass filter.

In an alternative embodiment, a signal having a

¢l

modulated frequency the same as the modulated frequency o:

light output from each light source is output from the

further oscillator, and is combined with the signal in

each- of sailid measurement and reference circuits by means

of the respective mixers (homodyne detection).

In a further embodiment, a modulated freguency of

the light output from each light source is from 10 to 10°

hertz.

Preferably, the opto-electric converter of each of
the measurement and reference electronic circuits is

arranged to output an electronic signal to an amplifier

which produces a voltage output, the respective mixers

being arranged to receive said voltage outputs and the

signal of modulated frequency from the further oscillator
to produce a beat frequency output representing the
frequency difference between said inputs, said output

being indicative of the phase of the light received at the

opto-electronic converter.
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The further oscillator providing the predet

PCT/EP2005/008147

-

armined

gt
—

frequency to the mixers of each of the measurement and

reference circuit is a voltage controlled crystal

oscillator.

Preferably, the predetermined frequency to the

mixers of each of the measurement and reference circuit is

generated by direct digital synthesis.

In a preferred embodiment, the band pass filter of

each of the measurement and reference electronic cilrcuits

are respectively arranged to receive the beat frequency

output from each mixer to reduce noise in the respective

signal.

Preferably, the measurement and reference electronic

clrcuits each further comprise an amplifier to amplify the

filtered signal from the band pass filter and an analogue

to digital converter for digitising the amplified signal.

In a preferred embodiment, a signal processing and

control unit is provided to receive the digitised outputs

from each of the measurement circuit and the reference

circuit, the signal processing and control unit comprising

further circuitry to compare the digitised signals

received during operation of the first and second Light

sources respectively and to calculate the phase change

induced by the sample. A result of the calculation is

output to a display.

Preferably,

1s arranged to control alternate op

the signal processing and control unit

eration of the first

i

and second light sources, the frequency of the further

oscillator, and the bias voltage provided to the avalanche

photo-diode.

In one embodiment, two different frequencies of light

are alternately generated and output from each o:

'}

the




CA 02573956 2007-01-15
PCT/EP2005/008147

WO 2006/010604
nd second light sources consecutively to enable

-

First &
further ca

lculations.

—
e
-,

The present invention also extends to a method o:
-+ induced in a light signal by a

5 measuring a phase shi:

sample, comprising the steps ot:
emitting a first light signal along a measurement

optical path, wherein the measurement optical path

includes a sample location;

10 emitting a second light
measurement optical path, the firs

signals being emitted ali
receiving in a measurement electronic circul

-he measurement and dummy-measurement op

signal along a dummy-
- and second light

rernately;
light

p—

S

-1cal

signals frxrom -

15 paths;
providing outputs separated in time from the
- electronic circulit, wherein the outputs are
the phase of the light signals

measuremen

respectively indicative o:
received from each measurement and dummy-measuremern

r-
P

.

20 optical path;
snce electronic circuit a signal

. receiving 1in a refer
indicative of the phase of the first and second light

signals;
| - indicated by the output

comparing the phase of ligh:
-he measurement electronic circuit and responsive to
-h the phase of light indicated

hppat®

25 of

the first light signal wi
-ronic circult;

by the reference elec _
providing an output indicative of the first measured

phase difference;
comparing the phase of light indicated by the output

~ measurement electronic circuit in response to the

of the

30
second light signal with the phase of light indicated by

the reference electronic clrcult;
providing an output indicative of a second measured

35 phase difference;
applying a correction to the first measured phase

difference on the basis of the second measured phase
difference to correct errors in said first measured phase

10
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difference due to phase changes induced by said

measurement and reference electronic cilircuilt so as to

obtain an improved measurement of the shifting phase

induced in the light of the first light source by the

sample.

Embodiments of the invention will hereinafter be

described with reference to the accompanying drawings, in
which:

Figure 1 1s a schematic diagram of a commercially

avallable fluorometer.

I}

Figure 2 1s a schematic diagram of one embodiment of

the present i1nvention.

Figure 3 1s a schematic diagram of a second

p—
—

embodiment O

the present invention;

Figures 4A and 4B are graphs showing the excitation

spectra of the first and second light sources, together

with graphs of the spectra of the excitation filters, the

beam splitter and the emission filter;

Figure 5 1s a schematic diagram of & third embodiment

of the present invention;

Figure 6 1s a further schematic of the embodiment

shown in figure 5 with additional circuitry;

Figure 7 i1s a schematic diagram of a fourth
embodiment of the present invention;
Figure 8 shows a graph of the smooth excitation pulse

—

used i1n an embodiment of the present invention:

(D

Figure 9 shows a plan view of the apparatus of th
invention.

Figure 10 shows a calibration curve for use in real
operation.

Figure 11 shows a schematic diagram of two parallel

direct digital synthesisers.

Shown in Figure 2 are the various components of an

embodiment of the present invention. The system includes
a crystal oscillator 1 coupled to a LED driver 3, two LEDS

11
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5, 7, which can be activated one at a time, and an

excitation filter 37. Light from each of the LEDs 5, 7 is

directed simultaneously to a measurement circuit 15 and a

reference circuit 51. Light from both LEDs 5, 7 is

directed by means of a beam splitter 35.

The measurement cilrcuit 15 comprises an emission

filter 43, avalanche photo diode 13, trans-impedance

amplifier 17 for converting the current signals received

to voltage signals, mixer 19, amplifier 23, band pass

filter 25, an analogue to digital converter 27 and an

avalanche photo diode bias supply 28.

Similarly, the reference circuit 51 comprises a photo

diode 53, a trans-impedance amplifier 55, a mixer 57, an

amplifier 59, a band pass filter 61 and an analogue to

digital converter 63. Both the reference and measurement

circults are further provided with a signal processing and

control unit 29 to process thé information from both

circults, a further crystal oscillator 31, a display unit

67 to display results, and an interface 69 having at least

two buttons.

w

OA":hough the invention has been described with

respect to the use of light emitting diodes, it will be
appreciated that other light sources could be used, for

example, laser diodes.

In operation, the LED driver 3 is coupled to the
crystal oscillator 1 and is arranged to produce a light

signal from each of the first and second LEDs 5, 7

respectively. In this embodiment, a sinusoidal light
signal 1s produced by means of the crystal oscillator 1.
It should be clear, however, that provided a phase of the
light signals can be determined, other methods known in

the art may be suitable, for example, by generating a
light signal having a sguare pulse.

12
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For example, in one embodiment, the light signal

generated and emitted from each of the first and second

1

light LEDs has a smooth excitation pulse. As shown in

Figure 8, the positive pulses are narrower than that of a

5 sinusoidal waveform so that the overall shape of the pulse
1s approximately Gaussian.

As set out 1in the paper “Theoretical investigation of

the signal-to-noise ratio for different fluorescence
10 lifetime imaging techniques” by CARLSSON K. PHILLIP J
Proc SPI.

' 4

12

4611, 70-78, 2002, Dirac pulse excitation is the
most favourable excitation method for use with a

fluorophore. Dirac pulses are infinitely narrow and a

Dirac excitation signal yields a nominal figure of merit

15 (F) of 1. Such pulse excitation is, however, hard to

produce in practice.

The signal to noise ratio (SNR) is reversly

proportional to F squared. Therefore, an optimum SNR is
20 achieved when F = 1. Sinusoidal modulation vields a

gy

figure of merit of 4, and as such, sinusoidal modulation

1s 16 times less favourable than Dirac modulation in terms

of SNR. However, sinusoldal modulation is easier to

produce as there is a lower demand for bandwidth and power
25 consumption.

As set out by Carlsson, a smooth excitation pulse
gives a figure of merit of 1.55, which corresponds to a

SNR reduction of 2.4 times compared to the Dirac pulse

30 excitation. This is therefore more favourable than a
standard sinusoidal signal.

Direct digital synthesis may be used to generate the
sinusolidal waveform as well as the smooth pulse

35 excitation. As shown in Figure 11, a direct digital

synthesiser 71 consists of an address counter 73, a

programmable read only memory (PROM) 75 that is used to
store varlous waveforms, a register 77 and a digital to

13
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analogue converter 79.

Digital amplitude information that corresponds to a

complete cycle of a sine wave is stored in the PROM 75,

5 which functions as a sine look-up table. The address

10
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counter steps through and accesses each of the PROM’s

memory locations and the contents, the equivalent sine

amplitude words, are presented to a high speed digital to

analogue converter 79. The digital to analogue converter

generates an analogue sine wave in response to the digital

e —

input words from the PROM. The rate at which the

synthesiser completes one wave governs the frequency. A
clock 81l 1s provided by the signal processing and control
unit 29.

The LED driver 3 is controlled by the signal

processing and control unit 29 such that the first LED 5

(hereinafter referred to as “the measurement LED”) and the

second LED 7 (hereinafter referred to as “the reference

LED”) are switched on and off alternately such that only

one ocut of the measurement 5 or reference LED 7 is active

at any one time. A light signal is therefore alternately

emitted from the measurement LED 5 and the reference LED
7.

In the embodiment shown in figure 2, light from the

measurement LED 5 i1s directed along two different paths, a

first optical path 11, and a first reference path 48.

Similarly, light from the reference LED 7 is directed

along two different paths, a second optical path 9, and a
second reference path 49. The first optical path 11 and
the second optical path 9 follow a similar route to lead
to the avalanche photo-diode (APD) 13 of the sample
circuit 15.

Simllarly, the first reference path 48 and the second

reference path 49 follow a similar route to lead to the

photo-diode 53 of the reference circuit 51.

14
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Light

excitation filter 37 and is directed by means o:

splitter 35

39 1in

(excitation light)

stable spectral characteristics.

pr—
p—

causes excltation of

fluorescent light

and i1ntensity to the light 39 emitted from

LED 5.

The fluorescent light 41 1is

emission
sample circuit 15.
15 such

that

sample circuilt

onto a fluorescent

the first optical path passes

41 having a different

filter 43 before illuminating the APD 13 of
The signal 1s

sample 33.

PCT/EP2005/008147

through the
the beam
The light

I

!

the first optical path is passed

through the excitation filter 37 to ensure that it has

The excitation light 39
the sample such that it emits a
phase, spectrum

the measurement

then passed through the
the

cessed by the

then pr

the phase of fluorescent light

4] detected by the APD 13 can be determined.

Simultaneously,

light 39 from the measurement LED 5

is guided along the reference path 48 to the photo-diode

53 of the reference circuit 51,

reference light can be determined.

received at

such that the phase of the
the light

- The phase of

the reference circuit 51 should be the same as

that emitted from the measurement LED 5.

The phase of

light determined in each of the sample

circult 15 and the reference circuit 51 is compared, toO

determine a phase shift
11. It 1s expected that

first optical path 11 is caused by

33. However,

thlis measurement

the main shift in phase along

induced in the first optical path

the

the fluorescent sample

can not be considered to be

absolute, since the electronics in each circuit may cause

varving degrees of drift in phase as a result

pa— |

of ageing of

che electronics or temperature changes.

To determine an absolute shift in phase caused by the

fluorescent sample 33,

drift caused by the electronics of

15

1t is necessary to correct for such

To enable

the system.
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measurement LED 5,
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immediately before and after activation of the

the reference LED 7 is activatred.

portion of light emitted from the reference LED 7 is

directed along

circuit 51.

the reference path 49 to the reference

The remainder of the light emitted from the

reference LED 7 1s directed along the second optical path

O towards the measurement circult

Co

In this embodiment:,

in

This can

"0 excilte.

sample

the second optical path does not cause

15.

enable correction,

be achieved i1n two ways.

c 45 emitted from

shown in figure 2, the ligh

sample 33.

the fluorescent

the

In one embodiment,

refterence LED 7 1s of a different wavelength to

LED 5 1s directed by means of

light emitted from the
that
c LED 5. Specifically, the

emlitted from the measuremen:

light from the reference LED 7 is situa

the pass band of the emission filter 43 such that the

light 1s scattered or reflected from the sample site.

an alternative embodiment,

=

measurement L

‘waveléngth.

site to exclude those wavelengths required for exci:

the sample.

As previously,

is compared to that

1deal conditions,

detected signals is representative of the phase change

introduced by the sample.

D 5 and the reference LED 7 is of

In this embodiment
filter 1s provided prior to illumination of the sample

the signal in

In real operation,

puy

(not shown),

detected in the reference branch.
the phase difference between the two

degree of drift in phase caused by the electronic

the light
the fluorescent
AS

the reference

a further

C1ng

however,

the beam splitter 35 towards

ced spectrally in

L XY

the light emitted from both the

the same

the measurement branch

in

the

circuitry will vary between the measurement and reference

branches.

As almost no time elapses between measuremen:
D 5

cion of the measurement LE

of the signals during opera
and during operation of the

refrerence LED 7,

16
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J—

that the condition of the circuitry in both the

nMeasurement and reference branches will not have varied

significantly between readings.

Therefore, i1t 1s assumed that any difference in phase

detected between the sample and measurement branches

—
p—

during operation of the reference LED 7 is caused by the

p—
.

electronics and differences in the respective path

lengths.

It 1s appreciated that there is a minor wvariation in

path length from the measurement LED 5 to the APD 13, and
D 7 to the APD 13. However, this is

R

Lt

from the reference I

constant, 1.e. the difference in the respective path

lengths will always remain the same, resulting in a

constant phase offset which easily may be corrected for.

The avalanche photo-diode (APD) 13 of the sample circuit

1s reverse biased with a high voltage. This causes an

amplification of the initial photo current of typically
between 50 and 500. The light signal fed into the APD 13
1s very weak and in a normal photodiode would produce a

signal, which would be comparable to or lower than the

noise produced by an amplifier. Use of the APD increases

ik
i

the signal-to-noise ratio of the signal and thus increases

the precision of the measurement. However, it should be

clear to those skilled 1n the art that any electrical

yp—

device that 1s capable of outputting an electrical signal

corresponding to the intensity of light illuminating it
would be suiltable. For example, 1n an alternative
embodiment the APD could be replaced by a photo-multiplier

tube (PMT).

Alternatively, a second fluorescent sample is

provided at the sample location. In this embodiment shown

in figure 3, it i1s arranged so that the second fluorescent

sample 1s excitable only by light passing along the dummy
measurement path. Thils can be achieved by emitting light

of the appropriate wavelength for excitation from the

17
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reference LED. Furthermore, a filter may be provided in

the dummy measurement path that allows only light of the

11}

“he second

relevant wavelength for excitation o:

fluorescent sample to pass through.

A dichroic beam splitter 34 having two reflection

bands and two transmission bands is used to selectively

allow light to be reflected from the light sources to the

sample location and for allowing only the relevant

fluorescence to pass from the sample location to the

measurement clrcuit. Similarly, the emission filter 43

has two transmission bands to allow the fluorescent light

emitted from both fluorescent samples to pass through.

An example of wavelengths that may be appropriate is

shown in figures 4A and 4B. In this example, light

Lt

emitted from the first LED has a wavelength of 592nm. As

can be seen, the fluorescent sample has an absorption

spectrum around this wavelength, and the corresponding

emission spectrum from the first fluorescent sample is

based around a slightly larger wavelength. Similarly, the

light emitted from the second LED has a wavelength of
approximately 700nm. The second fluorescent sample has an

absorp:ion spectrum around this sample wavelength and the

corresponding emission spectrum 1s based around a slightly

larger wavelength.

Figure 4B shows the transmission characteristics of

corresponding filters. The two bands of wavelength of

light reflected by the dichroic beam splitter can be seen

to correspond with the wavelengths of light emitted from

the respective LEDs, that is, at approximately 592 nm and

740 nm. As shown in figure 4B, these frequencies fall

outside the transmission band of the dichroic beam
splitter and as such, light corresponding to these

wavelengths 1s reflected. Similarly, the two transmission

bands of the dichroic beam splitter correspond with the

wavelengths of the fluorescent light emitted from both

18
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fluorescent samples. Finally, the transmission bands of

the emission filter also correspond to the wavelengths o:

I

the fluorescent light emitted from both samples.

In the embodiments described above, the reverse

biased high voltage i1s provided by an APD bias

supply 28

that is controlled by the signal processing and control

unit 29. The signal processing and control unit 29 1is

also responsible for operating the further crystal

oscillator 31. The waveform output from the further

oscillator 1s also generated by means of direct digital

synthesis. It would be preferred to have the same clock

driving both direct digital synthesiser units.

This clock

is provided by the signal processing and control unit 39

such that the two oscillators are implemented as two

parallel direct digital synthesisers. A sinusoidal signal

from the further crystal oscillator 1s fed into the mixer

19, 57 of each of the sample circuit 15 and the reference

circuit 51. If the optical signals input into

g

each of the

opto~-electric converters 13, 53 of the sample circuit 15

and the reference circult 53 are sinusoidal, th

S

2 output

from the mixer will be represented by the following

eguation:
Y(t) = Al*sin(ol*t)*A2*sin(w2*t+@2)
= Al*A2*cos( (0l+w2)*t+02) - Al*A2*cos((w2-wl) *t+@2)

In the present application, the mixers are used for down-

mixing the signal to a fregquency range which can be

handled. The signal is therefore low pass filtered, which

reduces the equation to:

Y(t) = - Al*AZ2*cos ((0w2-wl) *t+@2)

Tt 1is expected that as the optical signals fed into

the opto-electric converters of both the sample circuit 15

and the reference circuit 51 originate from the same ligh

o

source, the frequency of the optical signals incident upon

19
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the opto-electric converters 13, 53 should be the same.

In one embodiment, the further cryvstal oscillator 31

F -

is arranged to oscillate at the same frequency as the

optical signal incoming to the sample and reference

circuits respectively. This is known as homodyne

detection. This type of detection results in a signal

output that 1s proportional to the phase difference

'

between the signals. In this embodiment, the amplitude o:

the final signal has some mathematical relationship with

the difference in phase. For wl = ®2, the eguation above

the low pass filtered signal is reduced to:
Y(t) = -~ AL*A2*cos (02)

Therefore, following conversion of the analogue

signal to a digital signal, it would be possible to use

these corresponding amplitudes to perform calculations to

derive any shift in phase caused by the fluorescent sample
33.

4

Where there i1s a fixed difference in the frequency of

the signal output from the further oscillator 31 and that

of thé optical signal incident upon the opto-electric

converters 13, 53, this 1s known as heterodyne detection.
The heterodyne principal is based on modulation of the

light sources (measurement light source 5 and reference

light source 7) with a frequency f. The gain of the

signal in the sample circuit 15 and the reference circuit

51 1s modulated with a fregquency:

+ df or
f- d:

Hh

8

|

As stated above, this results in a down-conversion of
the signals, but maintains the phase difference between
the two branches. f is typically in the range of a few

megahertz up to 200 megahertz. df is typically in the

20
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a few MHz would be suitable. The high frequency component

1s eliminated by the band pass filters 25, 61 to reduce

noise in the sample circuit 15 and the reference circuit

51 respectively. As previously, the digital signals

output from the analogue to digital converters 27, 63 can

be processed by the signal processing and control unit to

determine the shift in phase of the respective signals.

This may be done 1in three stages:

1) determine

the phase lag between the signal

received 1n the sample circuit and the signal

received in the reference circuit for the

sample measurement;

2) determine

che phase lag between the signal

received 1n the sample circuit and the signal

received in the reference circuit for the

reference measurement; and

3) subtract the two results from each other.

If the drift in phase caused by the electronic

circultry, including the L.

Ds and the LED drive

L

electronics, 1s negligible when comparing the shift in

phase during operation of the first light source and

operation of the second light source, the operation may be

described by the following equations:

The constant phase lag and phase drift in the electronics

are as follows:

LLED driver and measure LED

oml + A@ml

=
L]

orl + Aoprl

D driver and reference LED

21
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measurement branch detector chain

osd + A@sd

Reference branch detector chain
¢rd + A@rd

The phase lag introduced by the fluorophore 1is

Qofl

ol

Phase measurement on fluorophore gives the following

equation (excitation with measure LED, phase in

measurement branch minus phase 1n reference branch) :

eml + Apml + @£l + @sd + Agpsd - (eml + Apml + ¢ord + A@rd)

This may be reduced to
@£l + ¢@sd + Apsd - ord - AQrd

The respective reference phase measurement gives the

following equations (excitation with reference LED, phase

in meésurement branch minus:phase in reference branch):
orl + Aprl + ¢@sd + Agpsd - (@rl +:A¢rl + ord + Aprd)
This may be reduced to

¢psd + A@psd - @ord - AoQrd

The phase lag induced by the fluorophore is calculated by

subtracting fluorophore and reference measurement:

efl + @sd + Apsd - ¢rd - A¢rd - (¢sd + A¢sd - ¢@rd - AQrd)
= @Pfl

I

(1

Tt is observed that constant phase offset and dri:

22



CA 02573956 2007-01-15

WO 2006/010604 PCT/EP2005/008147

10

15

20

25

30

35

induced by the electronics is cancelled.

The concentration of the analyte is calculated by the

signal processing and control unit 29 based upon a pre-

calculated calibration curve. The result is displaved on
the display 67 as a number.

F

The calibration curve 1s the result of phase offset

induced by the difference in optical path length, if any,

and the dose response curve, which is characteristic for

the assay chemistry. An example on a calibration curve is

shown 1n figure 6. If batch variations are present on the

assay chemistry, calibration parameters may be keyved in by

F—

the use of a simple user interface 69, e.g. consisting of

two buttons. Said buttons may furthermore be used to

initiate a measurement or to set-up a sequence of

measurements as requlred for continuous blood glucose

monlitoring. In the case of blood glucose monitoring,

calibration of the system may be done by performing a

reference glucose measurement with an ordinary discrete

blood glucose meter and keying in the result. The

calibration i1s then done by the device using the reference

measurement and the corresponding measurement performed by

the device.

H

An alternative embodiment of the system described

above 1s illustrated in Figures 5 and 6 where during

operation of the reference LED 5, the light signal 45
emlitted 1s guided directly to the APD 13. The light 45 is
guided to the APD 13 of the measurement circuit 15 by

means of a light guide 65 or by a free optical path. The
embodiment shown in these diagrams does not measure

absolute phase as there is a significant difference in the

path the reference light follows before illuminating the

measurement branch circuitry. The phase measured during

cr from the phase

operation of the reference LED 7 may diff
measured during operation of the measurement LED 5 by a

small constant offset induced by the difference between
the optical path lengths 11, 9.
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Therefore, while it is preferable for the paths to be

the same, or almost the same, it 1s not essential. For

F

example, at a modulation frequency of 60 MHz, a variation

1n measurement path length of 1.5mm produces a phase
change of approximately 0.1°. The phase change is

inversely proportional to the modulation frequency, which

increases the demands on the stability on the path length

at 1GHz (0.lmm gives approximately 0.1°) . It is preferable

to have a variation below 1.5mm in path difference in the

measurement path.

{1

In the embodiment shown in figure 5, where the ligh:

signal from the reference LED 7 travels direct to the

electro-optical converter 13 of the sample circuit 15, it

may be desired to adjust the intensity of the detected

light. This may be necessary in order to allow the sample

circult 15 to operate under similar conditions as when

recelving light emitted by the fluorescent sample 33. One
way 1in which this may be done is by adjusting the drive

b

~he reference LED 7. However, this would

current to

affect the conditions in the reference branch as the
D 7 would be different. It is

Ld

output from the reference LI

therefore preferable to maintain the light intensity in

the reference branch by adjusting the intensity of the

detected light from the reference LED 7 by introducing an

electro optical attenuator 47 in the second optical path

9, as shown in figure 6.

As an example, the electro optical attenuator 47

could be a twisted nematic liquid crystal display (TN
LCD), a super twisted nematic ligquid crystal display (STN
LLCD), a digital Micro-mirror Device/Digital light
processor (DMD/DLP) or a ferro electric ligquid crystal

display.

In another alternative embodiment, the phase of light

may be measured directly by measuring the phase of the

drive current to the first and second LEDs. In this
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embodiment, it would not be necessary to emit light from

hoth the first and second LEDs along a reference path to

an opto-electric convertor of the reference circuit.

cad, and as shown in figure 7, the phase is measured

Inst

D driver and input to the mixer of the

L4

directly from the L.

reference circuit.

A system as described can be used to determine the

concentration of analyte present in a competitlon assay.

In a competition assay, FRET can occur as a result of a

FRET active molecule combining with a competition agent

rhat is also FRET active. The shift in phase detected 18

based upon the average lifetime of the detected

fluorescence. The system described above is calibrated by

directing light from the measurement LED 5 to & solution

having a known concentration of analyte. Information

derived from the signals in the various circults can be

used to create a calibration curve. During real time

—

operation, a predetermined concentration of FRET active

material and competition agent are provided. FRET 1S
detected by calculating the shift of phase caused in the
light received by the measurement electronic circuit. As

the amount of FRET corresponds to the amount of analyte

present, this shift of phase is compared with the

calibration curve to enable determination of the

concentration of analyte presenc.

One application of such a system would be in the

measurement of blood glucose concentrations. In these

circumstances, a fluorophore is linked to a glucose

binding molecule and an energy acceptor is linked to a

e

glucose analogue. As long as the glucose analogue 1s

bound to the glucose binding molecule, the maximum

possible FRET will occur. When glucose is present, 1t
competes with the glucose analogue for the binding site

and displaces the acceptor molecule. AL this time, less

FRET ocCccurs.
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Where two fluorescent samples are required for

obtalning measurements, in addition to linking a

fluorophore to a glucose binding molecule, a further

reference fluorophore, which is not affected by the

glucose concentration, can be provided as the second

fluorescent sample. In this case, if the second

=

fluorescent sample has a known effect on the intensity and

phase of the resultant fluorescence, then it can be used

| T—

as a reference from which to calculate the ghifr 1n phase
caused by the FRET.

When taking measurements, it is possible that other

fluorophores found in the skin, could cause interference

g

1f they emit fluorescent light upon radiation by the

excitation light. This additional interference would make
1t difficult to detect the shift in phase caused by FRET.
In these circumstances, it would be preferable to adapt

the system to enable light of two or more different

modulation frequencies to be alternately emitted from the

reference and measurement LFDs. The additional

frequencies would preferably be in a range similar to that

of the first. The modulation fregquencies typically but not

I

necessarily differ from each other with a factor of fwo or

more depending on the fluorophores that contribute to the

phase changes. In the case of heterodyne detection,. the
frequency difference between the two oscillators is kept

constant so that no further processing electronics would

be required.

As the different fluorophores would each have
different lifetimes, this would cause varying degrees of
shift in phase of the respective signals. In addition,

each fluorophore would cause a different reduction in
amplitude of the fluorescent signal. Using light of two

or more different modulation frequencies would enable
further calculations to be made based upon the changes in
phase and amplitude of the fluorescent signal by the

signal processing and control unit 29. In this respect,
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the circuitry required for detecting the difference 1in

amplitude would be the same as that for detecting a shift

in phase. The beat frequency fed into the respective

analogue to digital converters 27, 63 1n each of the

measurement and reference circuits would have an amplitude

corresponding to the intensity of the fluorescent signal.
These digitised signals would be fed into the signal

processing and control unit to enable determination of the

shift in frequency caused by FRET. For each additional

lifetime that may be measured, a measurement at a

different frequency would be required. At each different

frequency, a measurement should be taken with both the

D active.

R

D and the reference L

L~]

measurement L

This system could also be used in Fluorescence

Lifetime Imaging Microscopy (FLIM). FLIM enables the

dicscrimination of fluorescence emitted from different

fluorescent materials, that exhibit similar absorption and

emission properties, but that show a difference 1in

fluorescence lifetime. Fluorescence lifetime 1is

calculated’by.measuring the phase shift of;fluorescence

and the reduction in its amplitude. In lifetime imaging

I

acquisition, a number of images are acquired, where the

phase will vary depending on the lifetime of the

fluorescence at that particular point. Signals obtained

as a result of FLIM will be subject to similar factors

that may cause drift of the phase of the signal.

Therefore, to relate this relative lifetime image to an

actual lifetime image a reference i1s necessary. The

system described above would be capable of performing
consecutive measurements as described above for each pixel

or line of the image.

It is appreciated that variations in, and
modifications to, the embodiments described and

illustrated may be made within the scope of the appended

claims.
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1. Apparatus for measuring a phase shift induced in a
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light signal by a sample, the apparatus comprising:
a first light source for emitting a light signal

along a measurement optical path, wherein the measurement

| —

optical path includes a sample location;

a second light source for emitting a light signal

along a dummy measurement optical path, the first and

second light sources being arranged for alternate

operation;

a measurement electronic circuit for receiving the

light signals from the measurement and dummy measurement

optical paths, the measurement electronic circuit being

arranged to provide outputs separated in time which are
respectively indicative of the phase of the light signals

received from each of the measurement and dummy

measurement optical paths, wherein in use a phase shift is

induced in light in the measurement optical path by a

sample 1n said sample location such that the phase of

light of the first light source received from the
measurement optical path is different to the phase of
light emitted from the first light source:

a reference electronic circuit for receiving a signal

indicative of the phase of the light signals emitted by

the first and second light sources;
circuitry to compare the phase of light indicated by

gr—

the output of the measurement electronic circuilt

responsive to the first light source with the phase of

light indicated by the reference electronic circuit to

provide an output indicative of a first measured phase

difference and to compare the phase of light indicated by

the output of the measurement electronic circuit

responsive to the second light source with the phase of

light indicated by the reference electronic circuit to
provide an output indicative of a second measured phase
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difference, and circuitry to apply a correction to the

flrst measured phase di:

—
p—

ference on the basis of the second

measured phase difference to correct for errors in said

first measured phase difference due to phase changes

induced by said measurement and reference electronic

circults so as to obtain an improved measurement of the

shift in phase induced in the light of the first light

source by the sample.

{ ]

2. Apparatus as claimed in Claim 1, wherein the firs:

light source further emits a light signal along a

reference optical path, and the second light source

further emits a light signal along a dummy reference

optical path, wherein the reference electronic circuit

further comprises means for receiving the light signals

from the reference and dummy reference optical paths, the

reference electronic circuit being arranged to provide

outputs separated in time which are respectively

indicative of the phase of the light signals received from
each of the reference and dummy reference optical paths.

3. Apparatus as claimed in claim 1 or claim 2, wherein

the measurement optical path comprises a beam splitter

receiving light from said first light source and

reflecting said light toward said sample location and

recelving fluorescence emission light in use emitted from

said sample location and transmitting said fluorescence

emlssion light to said measurement electronic circuit.

4. Apparatus as claimed in claim 1 or claim 2, wherein
sald measurement optical path comprises an excitation
filter arranged to select a wave length of light suitable

for exciting a first fluorescent sample at said sample

location and an emission filter suitable for selecting a
wave length of fluorescent light emitted from said sample

location.
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5. Apparatus as claimed in any one of claims 1 to 4
wherein an oscillator is coupled to each of the first and
second light sources to produce light signals of

oscillating intensity.

6. Apparatus as claimed 1in claim 5, wherein the signal
output from the oscillator 1s in the form of smooth

excitation pulses.

7. Apparatus as claimed 1n any one of claims 1 to 6o,
wherein a drive current fed into each'of the first and
second light sources to produce light signals of
oscilllating intensity 1s generated by direct digital

synthesis.

8. Apparatus aé claimed 1in any one of Claims 3 to 7,
wherein the dummy measurement path comprises said beam
splitter, the beam splitter being arranged to receive
light from the second‘light source, reflect said light
toward said sample location, receive said light reflected
from said sample location and transmit the light to said

measurement electronic circuilt.

9. Apparatus as claimed in claim 8, wherein the dummy
measurement optical path further comprises the said

emission filter for selecting a wavelength of light
comparable to the wavelength of fluorescent light emitted

from the sample location.

10. Apparatus as claimed in any of claims 3 to 7, wherein
light from the second light source is not received by the

beam splitter and is guided directly to the measurement

electronic circuit.

11. Apparatus as claimed in claim 10, wherein the dummy
measurement path further comprises an electro-optical

attenuator for reducing the intensity of light emitted

from the second light source.
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12. Apparatus as claimed in any one of claims 1 to 11,
wherein the light in the dummy measurement path does not

include a wave length of light suitable for exciting the
first fluorescent sample.

13. Apparatus as claimed in any one of claims 1 to 12,
wherein light emitted from said first and second light
sources 1is of the same wavelength and the dummy
measurement path further comprises a filter to eliminate

light of the wavelength suitable for exciting the first
fluorescent sample.

14. Apparatus as claimed 1n any one of claims 1 to 10,
wherein the first light source and the second light source
emit light of different wavelengths, and the light emitted

from the second light source does not include a wavelength

suitable for exciting the fluorescent sample.

15. Apparatus as claimed in any one of Claims 3 to 7,
wherein the dummy measurement path comprises said beam
splitter, and the beam splitter is arranged to receive
light from said second light source, reflect said light
towards said sample location, receive fluorescence |
emission light in use emitted from said sample location

and to transmit said fluorescence light to said

measurement circuilt.

16. Apparatus as claimed in Claim 15, wherein said dummy
measurement optical path comprises an excitation filter
arranged to select a wavelength of light suitable for

exciting a second fluorescent sample at said sample

location and an emission filter for selecting a wavelength

of fluorescent light emitted from said sample location.

17. Apparatus as claimed in claim 15 or claim 16, wherein
the wavelength of light required to excite the first
fluorescent sample is different to the wavelength of light

required to excite the second fluorescent sample.
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18. Apparatus as claimed in any one of claims 1 to 17,
wherein the measurement electronic circuit comprises an
opto-electric converter for receiving light signals from
said measurement path and the dummy measurement path,
wherein the opto-electric converter outputs an electrical
signal corresponding to an intensity of the light

illuminating 1t.

19. Apparatus as claimed in Claim 18, wherein the opto-
electric converter is a photo-multiplier tube, whereby a
bias voltage is provided to the photo-multiplier tube to
enhance the electrical signal corresponding to the

intensity of the light illuminating the avalanche photo-

dilode.

20. Apparatus as claimed in claim 18, wherein the opto-
electric converter of the sample circuit 1s an avalanche
photo-diode, whereby a bias voltage is provided to the
avalanche photo-diode to enhance the electrical signal
corresponding to the intensity of the light illuminating

the avalanche photo-diode.

21. Apparatus as claimed in any one of claims 1 to 20,
wherein means are provided for guiding light from the

first and second light sources along the reference and
dummy reference optical paths respectively to an opto-

electric converter of the reference circuilit.

22. Apparatus as claimed in claim 21, wherein the opto-

electric converter of the reference circuit 1s a photo-
diode.

23. Apparatus as claimed in any one of claims 1 to 22,
further comprising electronic circuitry modulating the
signal being processed in each of the measurement circuit
and the reference circuit to produce an output

representing the phase of the signal being processed.
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claimed in claim 23, wherein the

electronic circuitry modulating the signal in each of the

measurement and reference circuit comprises a mixer 1n

cach of the measurement electronlc clrcuit and the

reference electronic circuit, each mixer being coupled to

a further oscillator.

25. Apparatus as

claimed in claim 24, wherein a signal

having a modulated frequency of from 0.1 to 10° megahertz
is output from the further oscillator, and i1s combined

with the signal in each of the measurement and reference

clrcuits by means

of the respective mixers and a modulated

frequency of the light output from each said light source

Al ffers from said
is from 10% to 10°

26. Apparatus as

modulated frequency by an amount, which

hertz (heterodyne detection).

claimed in claim 25, wherein the

measurement electronic circult and the reference

electronic circul

filter, wherein the high frequency component of the output

- each further comprise a band pass

gi—p
p—

from each of the mixers of the measurement circuit and the

reference electronic circuit 1s eliminated by the band

pass filter.

27 . Apparatus as

claimed in claim 24, wherein a signal

having a modulated frequency the same as the modulated
frequency of light output from each light source 1s output

signal in each of

from the further oscillator, and is combined with the

said measurement and reference circults

by means of the respective mixers (homodyne detection).

28 . Apparatus as

claimed in any of claims 1 to 23 whereln

a modulated fregquency of the light output from each light

source 1s from 10

29. Apparatus as

tro 10° hertz.

claimed in any of claims 24 to 28,

wherein the opto-electric converter of each of the

measurement and reference electronic cilrcults 1s arranged
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a—

CO output an electronic signal to an ampli:

Fier which
produces a voltage output, the respective mixers being

arranged to receive saild voltage outpu

Cs and the signal of

cher oscillator to produce
> a beat fregquency output representing the frequency

difference between said inputs, said ou

modulated frequency from the fur

Cput being

indicative of the phase of the light received at the opto-

electronic converter.

10 30. Apparatus as claimed in any of claims 24 to 29,

Che further oscillator providing the predetermined

frequency to the mixers of each of the measurement and

reference circuit is a voltage con
oscillator.

wherein

crolled crvystal

15

31. Apparatus as claimed in any of claims 24 to 30,

wherein the predetermined frequency to

the mixers of each
of the measurement and reference circuit is generated by

direct digital synthesis.

20

32. Apparatus as claimed in any of claims 24 to 31,

wherein the band pass filter of each of the measurement

and reference electronic circuits are respectively

arranged to receive the beat frequency output from each
25 mixer to reduce nc

1se in the respective signal.

33. Apparatus as claimed in claim 32 wherein the

measurement and reference electronic circuits each further
comprise an amplifier to amplify the fil:

cered signal from
the band pass filter and an analogue to digital converter

for digitising the amplified signal.

30

34. Apparatus as claimed in claim 33 wherein a signal

processing and control unit is provided

Lo receive the
35 digitised outputs from each of the measuremen:

C clrculit and
the reference circuit, the signal processing and control

unit comprising further circuitry to compare the digitised
signals received during operation of

the first and second
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light sources respectively and to calculate the phase

change induced by the sample.

35. Apparatus as claimed in claim 34, wherein a result of

the calculation is output to a display.

36. Apparatus as claimed in any of claims 34 or 35,
wherein the signal processing and control unit 1is arranged
to control alternate operation of the first and second

light sources

37. Apparatus as claimed 1in any of claims 34 to 36,
wherein the signal processing and control unit 1s arranged

to control the frequency of the further oscillator.

38. Apparatus as claimed in any of claims 34 to 37/,
wherein the signal processing and control unit is arranged
to control the bias voltage provided to the avalanche

photo-diode.

39. Apparatus as claimed in any one of claims 1 to 38,
wherein light modulated at two or more different
frequencies are alternately genefated and output from each
of the first and second light sources consecutively to

enable further calculations.

40. MApparatus as claimed in any one of claims 1 to 39,
for use in a glucose measuring system, wherein the sample
has fluorescence characteristics which can be modulated by

the concentration of glucose present in the sample.

41. A method of measuring a phase shift induced 1n a
light signal by a sample, comprising the steps of:
emitting a first light signal along a measurement

optical path, wherein the measurement optical path

includes a sample location;
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emitting a second light signal along a dummy-

(1

measurement optical path, the first and second ligh

signals being emitted alternately;

and

receiving light signals from the measuremen

i

dummy-measurement optical paths in a measurement

electronic circuilt;

providing outputs separated in time from the

measurement electronic circuit, wherein the outputs are

respectively indicative of the phase of the light signals

recelived from each measurement and dummy-measurement

optical path;

receiving a signal indicative of the phase of the

first and second light signals in a reference electronic

circult;

comparling the phase of light indicated by the output

of the measurement electronic circuit and responsive to

r—

the first light signal with the phase of light indicated

by the reference electronic circuit;

providing an output indicative of the first measured

phase difference;

gy

comparing the phase of light indicated by the outpu

{1

of the measurement electronic circuilit 1n response to the

second light signal with the phase of light indicated by

the reference electronic circuilt;
providing an output indicative of a second measured

phase difference;

applying a correction to the first measured phase

difference on the basis of the second measured phase

difference to correct errors in said first measured phase

difference due to phase changes induced by said

measurement and reference electronic circult so as to

obtain an 1mproved measurement of the shifting phase
induced in the light of the first light source by the

sanmple.

42. A method as claimed in claim 41 further comprising:
additionally emitting the first light signal along a
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reference optical path and the second light signal along a
dummy-reference optical path;

receiving the light signals from the reference and
dummy-reference optical paths in the reference electronic

circuilt;

outputting from the reference electronic circuit
signals separated in time which are respectively
indicative of the phase of each of the light signals
received from the reference and dummy-reference optical

paths.

43. A method as claimed in claim 41 or claim 42, further
comprising:

selecting a wavelength of light for the first light
signal suitable for exciting a first fluorescent sample at

salid sample location; and

selecting a wavelength of fluorescent light emitted

from said sample location.

44. A method as claimed in any of claims 41 to 43,
further comprising producing first and second light

signals of oscillating intensity.

45. A method as claimed in claim 44, further comprising:

generating a drive current by direct digital

synthesis; and
producing said first and second light signals of

oscillating intensity by feeding the drive current into a

first and second light source respectively.

46. A method as claimed in any of claims 41 to 45,

further comprising:
receiving the first light signal emitted along the

dummy measurement path in a beam splitter;
reflecting said light toward said sample location;

and
transmitting the light to said measurement circuit.
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47. A method as claimed in claim 46 further comprising

selecting a wavelength of light comparable to the

wavelength of fluorescent light emlitted from the sample

location.

48. A method as claimed in any of claims 41 to 45,

further comprising guiding the second light signal

directly from the second light source to the measurement

circult.

49. A method as claimed in claim 48, further comprising

reducing the intensity of light emitted from the second

light source.

50. A method as claimed in any of claims 41 to 49,

further comprising:

converting the light signal received in the

measurement electronic circult into an electrical signal

corresponding to an intensity of the light signal; and

—

outputting the electrical signa

51. A method as claimed in any of claims 41 to 50,

further comprising guiding the first and second light

signals from the first and second light sources

respectively along the reference and dummy reference paths

L |

to an opto-electric converter of the reference circuit.

52. A method as claimed in any of claims 41 to 51,

further comprising modulating the signal being processed

in each of the measurement electronic circuit and
reference electronic circult to produce an output

representing the phase of the signal being processed.

53. A method as claimed in any of claims 41 to 52,

further comprising outputting a signal having a modulated

frequency of from 0.1 to 10° megahertz from a further

oscillator; and
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processed in each of the measurement and reference

circulits by means of respective mixers.

1.

54. A method as claimed in claim 53, further comprising

eliminating a high frequency component of the output from

b

each of the mixers of the measurement and reference

electronic circuits by a band pass filter.

55. A method as claimed in any of claims 41 to 52,

further comprising:

outputting a signal having a modulated frequency the

same as the modulated frequency of the first and second

light signals; and

combining the modulated signal with the signal being

—

processed 1n each of the measurement and reference

electronic circuits by means of respective mixers.

56. A method as claimed in any of claims 53 to 55,

further comprising:

outputting an electronic signal from each of the

measurement and reference electronic circuits to an

amplifier which produces a

voltage output;

recelving said voltage outputs and the signal of

modulated frequency from the further oscillator in the

respective mixers;

thereafter producing a beat frequency representing

the frequency difference between said inputs.

57. A method as claimed in claim 56, further comprising

recelving the beat frequency output from each mixer in the

e

et

- the measurement and reference

band pass filter of each o:

electronic circuits to reduce noise in the respective

signals.

58. A method as claimed in claim 57, further comprising:

amplifying the filtered signal from the band pass

filter; and
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59. A method as claimed in claim 57, further comprising:

comparing the digitised signals geners

ted during

operation of each of the first and second light sources

respectively; and

calculating the phase change induced by the sample.

60. A method as claimed in claim 59, further comprising

gr—

outputting a result of the calculation to a display.
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