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METHOD AND APPARATUS FOR MEASURING 
PHASE DIFFERENCES BETWEEN 

INTENSITY-MODULATED OPTICAL SIGNALS 

[0001] This application claims priority from US. Provi 
sional patent application number 60/193,466 ?led Mar. 31, 
2000. 

DESCRIPTION 

[0002] 1. Technical Field 

[0003] This invention relates to a method and apparatus 
for measuring phase differences betWeen intensity-modu 
lated optical signals, especially, but not exclusively, for the 
determination of chromatic dispersion, polariZation mode 
dispersion, changes in length/distance, and so on. 

[0004] 2. Background Art 

[0005] It is often necessary or desirable to measure the 
relative group delay of intensity-modulated optical signals in 
elements of optical systems, especially, but not exclusively, 
optical ?bers. Such measurements are necessary, for 
example, for evaluating such things as chromatic dispersion 
(CD), polarisation mode dispersion (PMD) or strain (?ber 
elongation). Of the various techniques for measuring rela 
tive group delay of optical signals, Whether for distance 
measurements or for dispersion measurements, the most 
common involve the measurement of either time intervals 
betWeen pulsed signals or phase differences betWeen sine 
modulated signals, depending on hoW one modulates the 
intensity of the light. If one pulses the light, the time interval 
of interest is given by the measured time difference betWeen 
a reference pulse (from a pulse generator or from a reference 
light pulse) and the optical signal pulse. There is uncertainty 
in quantifying the arrival times of the pulses because the 
pulses have a ?nite temporal extent and spreading of the 
pulses makes it dif?cult to detect them accurately. This, and 
jitter, render this technique usually less accurate than the 
direct measurement of phase shift. 

[0006] Phase shift measurement techniques involve modu 
lating the intensity of light from a light source (or from many 
light sources) using a sine modulated signal at a given 
sufficiently high frequency, typically at least 10 MHZ for CD 
measurements. The, or each, resulting intensity-modulated 
optical signal usually has one major Fourier component. It 
travels through an optical path, is detected by an optical 
receiver and is transformed into an electrical signal. While 
travelling through the optical path, the optical signal is 
delayed and so, on arrival at the detector, has a phase 
difference With respect to a reference. During processing 
folloWing detection, the resulting electrical signal also Will 
experience additional delay relative to the reference. 

[0007] The reference may be derived from the electrical 
signal used for the modulation of the light source(s)— 
usually from an electronic oscillator, or be derived from an 
electrical signal generated by a second optical signal (the 
modulation coming from the same reference oscillator) 
Which has travelled a different optical path and has been 
detected by a second optical receiver. Time differences are 
obtained by determining phase differences betWeen the tWo 
electrical signals, using electronic phase detectors. 

[0008] In such knoWn measurement methods, the time 
intervals or phase differences are measured in the electrical 
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domain by an optical receiver that detects the modulated 
light and converts the optical signal into an electrical signal 
to be measured. The reference (from the reference oscillator 
or from the second optical receiver) and the signal to be 
measured do not folloW the same electrical path (different 
path lengths, different gains, different ?lters . . . ), and the 
induced delays in the electrical domain are dif?cult to 
control or calibrate and are not related directly to the optical 
delays. Phase in electronic systems is especially dif?cult to 
stabiliZe, control or calibrate at high frequencies. Conse 
quently, electronic phase errors add uncertainty to modu 
lated optical signal phase shift measurements. 

DISCLOSURE OF INVENTION 

[0009] The present invention seeks to avoid these disad 
vantages and, to this end, in embodiments of the present 
invention tWo different optical signals intensity-modulated 
at the same frequency are permutated by a receiver to 
produce several different combination signals, converted to 
corresponding electrical signals at the frequency of modu 
lation, and phase difference betWeen the modulation of the 
tWo optical signals computed on the basis of trigonometrical 
relationships betWeen the respective amplitudes of the com 
binations. 

[0010] Because only the relative amplitudes of the elec 
trical signals need be determined, the errors inherent in 
measuring pulse arrival time or electrical phase measure 
ment can be avoided. 

[0011] According to a ?rst aspect of the present invention, 
a method of measuring phase differences betWeen at least 
tWo optical signals both intensity-modulated at the same 
high frequency comprises the steps of sequentially selecting 
the tWo optical signals individually and in combination to 
produce a plurality of selected optical signals; deriving from 
the selected optical signals a corresponding electrical signal 
at the modulation frequency and having a series of different 
amplitudes corresponding to the different optical signal 
selections; and determining the different amplitudes; and 

[0012] using trigonometrical relationships betWeen ampli 
tude and phase difference, computing from the determined 
amplitudes the phase difference betWeen the modulations of 
the ?rst and second optical signals. 

[0013] For measurement of chromatic dispersion, the 
method may comprise the step of varying the Wavelength of 
one or both of the tWo optical signals, measuring the phase 
difference at each of a plurality of selected Wavelengths, and 
deriving chromatic dispersion from the resulting plurality of 
phase difference and Wavelength measurements. 

[0014] For measurement of group delay in dependence 
upon state of polariZation, the method may comprise the step 
of varying the state of polariZation of one of the tWo optical 
signals and measuring the phase difference for each of a 
plurality of different states of polariZation. 

[0015] For measurement of elongation, the method may 
comprise the steps of varying the effective optical length of 
an element in the propagation path taken by one of the tWo 
optical signals and measuring the phase difference for each 
of a plurality of different lengths. 

[0016] The tWo optical signals may be generated by split 
ting intensity-modulated light from a single source and 
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directed along different propagation paths. Alternatively, the 
optical signals may come from tWo or more different light 
sources. The light source may provide the intensity-modu 
lation in response to an electrical modulation signal origi 
nating from a reference oscillator. Where a plurality of light 
sources are used, they may be controlled by a single refer 
ence oscillator providing several electrical signals phase 
locked together. Yet another option is for the optical signals 
produced by the one or more light sources to be passed 
through an eXternal optical intensity modulator. 

[0017] Part of one optical signal may travel a third path, 
producing a third intensity-modulated optical signal having 
modulation at the same high frequency, and a knoWn relative 
propagation delay With respect to one of the other optical 
signals, preferably about 90 degrees at the modulation 
frequency. The afore-mentioned plurality of selected optical 
signals then may comprise also the third optical signal 
selected individually and/or in combination With each or 
both of the ?rst and second optical signals. 

[0018] According to a second aspect of the invention, 
apparatus for measuring phase difference betWeen intensity 
modulated optical signals comprises: 

[0019] means for providing a ?rst optical signal and a 
second optical signal both having the same high frequency 
modulation; a selection unit for selecting sequentially the 
?rst and second optical signals individually and in combi 
nation; means for deriving from the selected optical signals 
a corresponding electrical signal having a series of different 
amplitudes corresponding to the different selections; means 
for determining the amplitudes; and means for computing 
from the amplitudes, using trigonometrical relationships 
betWeen amplitude and phase, a phase difference betWeen 
the ?rst and second optical signals. 

[0020] Embodiments of the invention Will noW be 
described by Way of eXample only and With reference to the 
accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] FIG. 1 is a schematic diagram of apparatus for 
measuring phase differences betWeen optical signals inten 
sity-modulated at the same high frequency; 

[0022] FIG. 2 illustrates a modi?ed phase difference mea 
surement apparatus; 

[0023] FIG. 3 is a schematic block diagram of apparatus 
for measuring chromatic dispersion using the phase differ 
ence measuring apparatus of FIG. 1; and 

[0024] FIG. 4 is a detail draWing of an alternative light 
source arrangement. 

BEST MODE(S) FOR CARRYING OUT THE 
INVENTION 

[0025] In the draWings, corresponding components in the 
different Figures have the same reference numbers, but With 
a prime to differentiate them. 

[0026] Embodiments of the invention measure only the 
amplitude of the modulation of several optical signals modu 
lated by the same high frequency modulation signal, and 
perform a series of computations based upon trigonometrical 
relationships to eXtract from the different amplitude mea 
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surements a measure of the phase differences betWeen the 
optical signals. Because the frequency of the modulation is 
knoWn (for eXample 100 MHZ), the difference can be 
converted into a time difference or relative group delay. 
Further embodiments of the invention measure variations in 
the phase difference/relative group delay in order to deter 
mine, for eXample, chromatic dispersion, polariZation mode 
dispersion, elongation, and so on. 

[0027] The basic method of measuring phase difference 
Will be described ?rst. Referring to FIG. 1, intensity 
modulated optical signals S1 and S2, betWeen Which the 
phase difference is to be measured, are supplied via paths P1 
and P2 to input ports 20/1 and 20/2, respectively, of a 
selection unit 12. The optical signals S1 and S2 Will be 
supplied by one or more sources (not shoWn in FIG. 1) 
Which may be part of the apparatus or may be separate. In 
either case, the optical signals S1 and S2 may be directed to 
ports 20/1 and 20//2 by any suitable means, such as optical 
Waveguides, for eXample optical ?bers, or free space cou 
pling. When received the modulation of signal S1 has an 
amplitude A01 and a phase (1)1 and the modulation of signal 
S2 has an amplitude A02 and a phase (1)2. The selection unit 
12 receives the optical signals S1 and S2, respectively, 
selects different permutations of the tWo optical signals S1 
and S2 and applies the selections to a photodetector 14, 
Which converts them into a corresponding electrical signal 
and applies it to a signal conditioning unit 16, Where it is 
ampli?ed and ?ltered to detect the high frequency modula 
tion, the peak-to-peak amplitude of Which varies corre 
sponding to the different selections. The signal conditioning 
unit 16 converts the extracted high frequency modulation 
signal to a varying dc signal, measures its different ampli 
tudes and produces corresponding digital values. The digi 
tiZed amplitude values are supplied to a control and com 
puting unit 18, Which could be an integral microcomputer or 
a personal computer. In a manner to be described later, the 
control and computing unit 18 uses the amplitudes to 
compute the phase difference q>=q>1-q>2 betWeen the modu 
lation of signals S1 and S2, respectively. The control and 
computing unit 18 also controls the selection unit 12 and the 
signal conditioning unit 16 to synchroniZe the amplitude 
measurements and optical signal selections. 

[0028] Within the selection unit 12, the optical signals S1 
and S2 traverse separate sections of the optical paths P1 and 
P2, respectively. For convenience, similar components in the 
tWo paths have the same reference number but With the 
suf?X /1 or /2 as appropriate. Thus, in the selection unit 12, 
input ports 20/1 and 20/2 are coupled by ?bers 22/1 and 22/2 
to collimators 24/1 and 24/2, respectively, the latter disposed 
at one side of a rotatable slotted Wheel 26. TWo collimators 
28/1 and 28/2 disposed at the other side of the slotted Wheel 
26 are in register With the collimators 22/1 and 22/2, 
respectively, so that, if one of the slots of the slotted Wheel 
26 is interposed betWeen either collimators 24/1 and 28/1 or 
collimators 24/2 and 28/2, the corresponding one of the 
optical signals S1 and S2 Will pass, via the corresponding 
one of tWo ?bers 30/1 and 30/2, respectively, to a combiner 
32, The combiner 32 supplies the optical signal, or the 
combination of optical signals if both are passed, on path 34 
(Which may be ?ber or air) to photodetector 14. 

[0029] The slots in the Wheel 26 are so disposed that, at 
different rotation angles, different permutations of the light 
beams S1 and S2 are selected to pass through the Wheel 26. 
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The selection sequence comprises the set of selections signal 
S1 alone, signal S2 alone, signals S1 and S2 together, and 
neither signal S1 nor signal S2. 

[0030] The slotted Wheel 26 is rotated continuously by a 
drive unit 36 under the control of the control and computing 
unit 18 so that the selection sequence is repeated many 
times. The control and computing unit 16 computes and 
stores the phase difference 4) for each set of selections and 
may average to obtain an average phase difference 4),, 

[0031] The Way in Which the control and computing unit 
18 computes the phase difference 4) from the amplitudes A01 
and A02 (and of the combined signals) Will noW be 
described. 

[0032] On arrival at the photodetector 14, the signal S1 in 
path P1 has an intensity modulation of maximum amplitude 
A01 and phase (1)1 for the major Fourier component, Which 
can be Written: 

[0033] Where frnOd is the modulation frequency. Similarly, 
for the signal S2 in path P2; 

A2=Ao2 Sin(2nfm0dt+¢2) 
[0034] Combiner 32 combines the light from both ?bers 
30/1 and 30/2 to produce a combined signal Whose ampli 
tude can be Written: 

[0035] FolloWing conversion to an electrical signal, the 
signal conditioning unit 16 measures the amplitude of the 
electrical signal at intervals corresponding to the different 
slot selections by the rotating Wheel 26. Initial measure 
ments of amplitude Will include an instrumental offset. The 
measurement taken With no light on the photodetector 14, 
i.e., With the slotted Wheel 26 blocking the paths betWeen the 
collimators 24/1 and 24/2 and their counterparts 28/1 and 
28/2 so that neither signal passes, is used to cancel out this 
offset so that the measurements sent to the computing unit 18 
comprise the amplitudes of the modulations A12, A01 and 
A02 corresponding to selection of both signals S1 and S2, 
signal S1 alone, and then signal S2 alone, respectively. The 
control and computing unit 18 processes them as folloWs: 

[0039] Very often, the phase difference 4) Will not be the 
variable of interest. In many applications, it Will be more 
useful to knoW the equivalent time difference or relative 
group delay. Because the modulation frequency frnOd is 
knoWn, the time difference/relative group delay can be 
computed from the phase difference. 

[0040] Theoretically, these measurements are suf?cient for 
obtaining phase difference (and thus time difference), and 
this is generally true for phase differences close to 90°. In 
practice, hoWever, When the phase difference is close to Zero 
(or an integer times at radians), the result is very sensitive to 
slight errors in amplitude measurements. Consequently, it is 
preferable to add a third optical signal and thus facilitate a 
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greater number of selections. This can be done by adding to 
the selection unit 12 a splitter and another pair of collima 
tors, increasing the number of slots in the slotted Wheel, and 
making corresponding modi?cations to the softWare in the 
control and computing unit 18 so as to alloW for the 
additional selections. 

[0041] As shoWn in FIG. 2, such a modi?ed selection unit 
12‘ comprises a splitter 38, a ?rst set of three collimators 
24/1‘, 24/2‘ and 24/3 disposed on one side of the rotatable 
slotted Wheel 26‘, and a second set of three collimators 28/1‘, 
28/2‘ and 28/3 disposed on the other side of the slotted Wheel 
26‘. The outputs of the collimators 28/1‘, 28/2‘ and 28/3 are 
supplied, as before, by Way of ?bers 30/1‘, 30/2‘ and 30/3 to 
combiner 32‘ Which passes the signal(s) to photodetector 14‘. 
The corresponding combination electrical signals from the 
photodetector 14‘ are passed to signal conditioning unit 16‘ 
for ampli?cation, ?ltering, amplitude detection and digiti 
Zation, using conventional techniques Which need not be 
described in detail here. 

[0042] Input port 20/2‘ of the modi?ed selection unit 12‘ is 
coupled, as before, directly by a length of optical ?ber 22/2‘ 
to the second collimator 24/2‘. Fiber 22/1‘, hoWever, con 
nects collimator 24/1‘ to output port 40 of splitter 38, Which 
has its input port 42 connected by a ?ber 44 to input port 
20/1‘ of selection unit 12‘. A second output port 46 of the 
splitter 38 is connected by a ?ber 22/3 to third collimator 
24/3. The splitter 38 splits the light from ?ber 44 into tWo 
optical signals S1 and S3. Signal S1 travels along path P1, 
Which noW also includes the splitter 38 and ?ber 44. Signal 
S3 travels along path P3 Which includes ?ber 44, the splitter 
38, ?ber 22/3, the collimators 24/3 and 28/3 and the air gap 
betWeen them, the ?ber 30/3, and the combiner 32‘. 

[0043] Path P3 is longer than path P1 by an amount 
suf?cient to introduce a phase shift of about 90 degrees at the 
frequency of the modulation signal. The collimators 28/1‘, 
28/2‘ and 28/3 receive the collimated light in different 
combinations as determined by the slots in the slotted Wheel 
26‘ Which, of course, Will have a different pattern of slots 
because there are noW three light signals S1, S2 and S3 to 
be selected in various permutations. The collimators 28/1‘, 
28/2‘ and 28/3 supply the different selections via ?bers 30/1‘, 
30/2‘ and 30/3, respectively, to combiner 32‘ Which com 
bines them and supplies the combined light to photodetector 
14‘. Preferably, combiner 32‘ is a set of three collimators, one 
for each ?ber, bundled together, and folloWed by an appro 
priate lens. Alternatively, combiner 32‘ may be a set of fused 
?ber optic couplers With the appropriate coupling ratios. 

[0044] In this case, therefore, there are three optical paths 
P1, P2 and P3 through the optical part of the selection unit 
12‘. The ?rst path P1 constitutes a Zero degree reference path 
of the device, While the third path P3 With the longer optical 
length comprises a 90 degrees reference path. The optical 
length difference betWeen these tWo paths is equal to: 

[0045] Where A/ is the optical length difference, c is the 
speed of light in vacuum, N is an integer number betWeen 0 
and 0O, n is the refractive indeX of the ?ber core of ?bre 22/3 
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and frnod is the high modulation frequency of the light. Even 
if the lengths are such that the modulated optical signals in 
the tWo reference paths P1 and P3 do not have exactly 90 
degrees of phase difference When recombined, this phase 
difference could be measured, as described previously, and 
used for the computations. The second optical path P2 
carries optical signal from ?ber input port 20/2‘. 

[0046] There are noW eight possible combinations for the 

light beams going through slotted Wheel 26‘, namely signal S1 alone; (ii) signal S2 alone; (iii) signal S3 alone; 

(iv) signal S1+signal S2, (v) signal S1+signal S3; (vi) signal 
S2+signal S3; (vii) none of them; and (viii) all three signals 
S1, S2 and S3. For convenience, combination (viii) is not 
used, so the rotation of slotted Wheel 26‘ repeatedly cycles 
through the ?rst seven possible combinations to (vii) at a 
loW frequency (typically tens to hundreds of HertZ). 

[0047] Photodetection means 14‘ detects the combined 
optical signal from combiner 32‘, and generates an electrical 
signal. The signal conditioning unit 16‘ ampli?es and ?lters 
the electrical signal, and measures a signal proportional to 
the peak-to-peak amplitude of the modulation for each 
selection made by the slotted Wheel 26‘. The signal condi 
tioning unit 16‘ digitiZes the amplitude values and sends the 
values to the computing device 18‘ Which computes the 
phase or relative group delay information. The control and 
computing unit 18 controls the slotted Wheel 26‘ so that the 
amplitude measurements correspond to the different posi 
tions of the slotted Wheel 26‘. In this case and assuming that 
path P3 is longer than path P1, creating a 90-degree phase, 
the process for computing the phase difference q>=q>1-q>2 is as 
folloWs: 

[0048] Signal selections S1 alone, S2 alone, signal S1+sig 
nal S2, and nothing, give the same result as previously 
described With reference to FIG. 1. Using signal S2 alone, 
S3 alone, and signal S2+signal S3, We get another equivalent 
relationship; 

[0049] And, because of the 90° relationship betWeen (1)1 
and (1)3; 

[0051] Or more completely, in radians; 

AUZ _AU3 [0052] It should be appreciated that, if path P3 is shorter 
than path P1, again creating a 90-degree phase shift, analo 
gous computations may be made but With the sign of the sine 
function changed, i.e. negative. 

[0053] Although the use of the third path P3 requires this 
slightly more complicated sWitching scheme, it advanta 
geously renders the Whole process less sensitive to measure 
ment errors. To be even more complete and self calibrating, 
it Would be possible to measure the amplitude for signal 
S1+signal S3, in case the phase difference betWeen paths 1 
and 3 is not exactly 90°, and correct the above equations 
correspondingly. 
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[0054] An advantage of using the additional path With a 
physical length increased by an amount equal to 90° of phase 
shift at the high modulating frequency is that it enables the 
phase difference, and hence group delay, to be measured 
over 275 radians (a full cycle) instead of only at radians in the 
case of the tWo path approach. 

[0055] Whichever of the above-described phase difference 
measurement methods is used, it Will usually be preferable 
to repeat the phase difference measurements many times, by 
repeating the selection sequence at a much loWer frequency 
than the high frequency intensity modulation. The average 
phase difference could then be computed over many cycles 
in order to get a more precise value. The faster the loW 
frequency cycling, the better the rejection of so-called 1/f 
noise, i.e., noise related to the time difference betWeen any 
tWo amplitude measurements; the shorter this time, the 
loWer the 1/f noise effect. 

[0056] As mentioned earlier, either of the above-described 
apparatus and methods for measuring phase differences 
betWeen intensity-modulated optical signals may be used for 
many applications. FIG. 3 illustrates application to the 
measurement of chromatic dispersion in a device-under-test 
(DUT) or ?ber-under-test (FUT) 50 Which is connected at 
one end to an output port 52 of a multi-Wavelength light 
source unit 54 and at the other end to an input port 56 of a 
splitter 58. One output port 60 of the splitter 58 is coupled 
directly to input port 20/1 of the phase difference measuring 
unit 10 by a ?ber 62 and supplies the intensity modulated 
optical signal S1 thereto. A second output port 64 of splitter 
58 is coupled by a ?ber 66 to a tunable optical ?lter 68 
controlled by control and computing unit 18. The output port 
70 of the tunable optical ?lter 68 is coupled by a ?ber 72 to 
input port 20/2 of the phase difference measuring unit 10 and 
supplies the intensity-modulated optical signal S2 thereto. 
Preferably, the splitter 58 is a drop ?lter, but an optically 
broadband 3 dB fused ?ber optic coupler, or another coupler 
With a different coupling ratio, could be used instead. 

[0057] Assuming that the ?rst optical path P1 has a ?rst 
value of a transmissive parameter, i.e. Wavelength K1, and 
the signal passing along it arrives at the photodetector 14 
With a ?rst group delay t1, and that the second optical path 
P2 has a second value of the transmissive parameter k2, and 
the corresponding signal a second group delay t2 on arrival 
at the photodetector 14, then the corresponding measured 
phase difference (pl-q), is proportional to group delay dif 
ference t1—t2. It should be appreciated that the optical paths 
each extend from the source to the detector 14. 

[0058] In operation, the control and computing unit 18 
controls the tunable ?lter 68 to select a plurality of different 
Wavelengths for the optical signal S2, computes values of 
(pl-(p2 for each of the different Wavelengths selected by the 
tunable ?lter 68 and uses the data to compute chromatic 
dispersion of the DUT/FUT 50. 

[0059] The light source unit 54 provides light With at least 
tWo Wavelengths, Which are necessary in order to measure 
chromatic dispersion. The intensity (i.e., optical poWer) of 
the light is modulated at a high frequency by means of a high 
frequency electronic signal from an oscillator 74 Which 
modulates, for example, the current fed to an optically 
broadband light emitting diode 76. As shoWn in FIG. 4, 
hoWever, alternatively, the modulation could be applied by 
an external, for example electro-optic or acousto-optic, 
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modulator 78 controlled by the oscillator 74. These alterna 
tive Ways of providing the modulation could also be applied 
to a single light source. 

[0060] The modulated light travels along/through the 
DUT/FUT 50. The high frequency intensity modulation 
travels at a speed usually dependent on optical Wavelength 
and input optical polariZation. To determine chromatic dis 
persion, differences in travel time betWeen modulations at 
different optical Wavelengths are measured. In order to 
measure the correct value, polarisation effects must be 
averaged out, calibrated or compensated by using, for 
example, an unpolariZed source. 

[0061] Optical splitter 58 splits the light from DUT/FUT 
50 in a prede?ned manner to provide the optical signals S1 
and S2. Optical signal S1 has a ?xed centre Wavelength and 
?xed full optical Width at half maximum, and is supplied via 
?ber 62 directly to the ?rst input port 20/1 of the measure 
ment unit 10, i.e., Without its Wavelength being changed, and 
is used as a reference. The remainder of the optical signal 
passes via ?ber 66 to tunable ?lter 68. Tunable optical ?lter 
68 is controlled by control and computing unit 18 to vary the 
Wavelength of the optical signal S2 before supplying it via 
?ber 72 to second input port 20/2 of the measurement unit 
10. Where the light source 76 is an optically broadband 
emitting device (such as a light emitting diode), the tunable 
optical ?lter 68 may be a thin ?lm interference ?lter, a 
grating monochromator, an acousto-optic ?lter or other such 
device Which Will select different Wavelengths. 

[0062] It should be noted that the DUT/FUT 50 could be 
placed betWeen the combiner 32‘ and the photodetector 14‘, 
i.e. the optical ?ltering, splitting, modifying, sWitching and 
recombination can be done at the input end of the DUT/F UT 
50. The ?ltering can be done anyWhere betWeen the source 
and the photodetector. The reference can go through the 
DUT-FUT, or not. 

[0063] The output of measurement unit 10, Which is a 
digitiZed signal representing a sequence of different ampli 
tude measurements, is supplied to control and computing 
unit 18 Which computes a phase difference 4), as described 
previously, at the Wavelength set by the tunable optical ?lter 
68. The control and computing unit 18 stores the phase 
difference value, along With the centre Wavelength value of 
the tunable optical ?lter 68, for example in computer 
memory (not shoWn). The control and computing unit 18 
then changes the centre Wavelength of the tunable optical 
?lter 68 repeats the measurement of phase difference for the 
neW Wavelength and stores the value of phase difference for 
the neW Wavelength. This process is repeated for a number 
of centre Wavelengths of tunable optical ?lter 68, the control 
and computing unit 18 computing and storing time delay 
differences and Wavelength data each time. When suf?cient 
data has been accumulated, the control and computing unit 
18 uses the stored time delay data and Wavelength data to 
compute chromatic dispersion in a user-de?ned Way or in 
any standardiZed Way (FOTP 169, FOTP 175). Procedures 
for computing chromatic dispersion from time delay and 
Wavelength data are Well knoWn in the art and so Will not be 
described here. 

[0064] It Will be appreciated that the phase difference 
measurements could be made using the modi?ed measure 
ment unit 10‘ (FIG. 2) and associated method, as described 
hereinbefore. 
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[0065] It should be noted that the modulation frequency 
typically Will be higher than 10 MHZ so that it has a period 
that is short enough to measure chromatic dispersion pre 
cisely, yet long enough for a period to last at least as long as 
the longest time difference to be measured. Also, it must be 
much shorter than the time taken for each slot in the slotted 
Wheel 26‘ to traverse the light path. 

[0066] It should also be appreciated that the multi-Wave 
length light source 76 and tunable ?lter 68 could be replaced 
by a narroWband tunable light source (and appropriate 
reference source), controlled by the control and computing 
unit 18. 

[0067] It should also be appreciated that the chromatic 
dispersion could be measured by varying the Wavelength of 
both signals before application to input ports 20/1 and 20/2 
of the selection unit 12‘. 

[0068] The invention is not limited to the measurement of 
chromatic dispersion but rather may be used for various 
other applications. For example, it can be used to measure 
polariZation mode dispersion, If the difference betWeen the 
paths is only optical path length, it can be used to measure 
optical path length differences. 

[0069] The phase difference measurement scheme 
described hereinbefore can be used for measuring relative 
time delays betWeen high frequency modulated optical sig 
nals of different states of polariZation having travelled 
through a DUT or FUT. The maximum relative time delay 
for all states of polariZation can be stored along With the 
Wavelength for a number of measurements at different 
Wavelengths. 

[0070] The apparatus Would be similar in many Ways to 
the chromatic dispersion measurement apparatus shoWn in 
FIG. 3. A high frequency intensity modulated multi-Wave 
length unpolarised source is coupled into the DUT/FUT. At 
the output end of the DUT/FUT, the splitter 58 extracts an 
unpolariZed part of the light centered on a particular Wave 
length. This is the reference signal S1 Which is applied to 
port 20/1 of the selection unit 12‘ (in measurement unit 10‘). 
The remainder of the light goes to a loW Polarization 
Dependent Loss (PDL) tunable monochromator (i.e. the 
tunable optical ?lter 68). The difference is that, after the 
tunable ?lter monochromator 68, there is a polariZation 
controller 80 (shoWn in broken lines in FIG. 3) covering 
every SOP, folloWed by a polariZer 82 (also shoWn in broken 
lines). The selected SOP in this path is varied in order to ?nd 
a minimum and maximum phase shift With respect to the 
reference S1. The difference betWeen these maximum and 
minimum phase shifts is computed and then stored along 
With Wavelength. The process is repeated for other Wave 
lengths. These measured differences in phase shift (or dif 
ferences in group delay) at multiple Wavelengths are repre 
sentative of the differential group delay (DGD) as a function 
of Wavelength (the maximum difference in group delay is 
equal to the DGD in loW PDL conditions, but not for large 
PDLs (>1 dB)). This data can be processed to compute mean 
or rms DGD, Within the Wavelength range of the measure 
ment, or to compute other PMD statistics according to 
standardiZed procedures (FOTP122 for example). 

[0071] For measurement of path length differences, a 
varying optical path length is introduced in path 2, that could 
be caused, for example, by stretching a Fiber Under Test. 
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Since only one Wavelength is needed, the tunable ?lter 68 
may be omitted and the source need not be broadband. Also, 
the splitter 58 need not be a drop ?lter. The group delay 
difference measurements are repeated in time. These 
repeated measurements indicate the elongation or compres 
sion of the DUT or FUT. 

[0072] It should be noted that the invention embraces 
apparatus equipped With a suitable control interface and 
custom softWare for use With a separate personal computer. 

INDUSTRIAL APPLICABILITY 

[0073] An advantage of embodiments of the present 
invention is that phase differences betWeen intensity modu 
lated optical signals are determined by measuring amplitude 
only, Which avoids difficulties inherent in techniques for 
measuring pulse arrival time or electrical phase shifts. More 
particularly, the phase of the modulated electrical signal 
generated by the photodetector is no longer relevant, thereby 
greatly simplifying the detection process. 

1. A method of measuring phase differences betWeen at 
least ?rst and second intensity-modulated optical signals 
(S1,S2) modulated at the same modulation frequency com 
prising the steps of: 

(i) sequentially selecting the tWo optical signals individu 
ally and then in combination; 

(ii) deriving from the selected optical signals a corre 
sponding electrical signal at the modulation frequency 
having a series of different amplitudes corresponding to 
the different optical signal selections, and determining 
the different amplitudes; and 

(iii) using trigonometrical relationships betWeen ampli 
tude and phase angle, computing from the determined 
amplitudes the phase difference (pl-4),) betWeen the 
modulations of the ?rst and second optical signals. 

2. A method according to claim 1, Wherein the amplitudes 
correspond to each of the ?rst (S1) and second (S2) optical 
signals alone, and the sum of the ?rst and second optical 
signals. 

3. A method according to claim 2, Wherein the amplitudes 
correspond also to neither of the optical signals (S1,S2) 
being selected and the resulting amplitude value is used for 
offset correction. 

4. Amethod according to claim 1, Wherein, Where the ?rst 
optical signal (S1) has intensity modulation of amplitude 
A1=AO1 sin(2s'cfmodt+q)l) Where A01 is the maXimum ampli 
tude and (1)1 is the phase for the major Fourier component, the 
second optical signal (S2) has intensity modulation of ampli 
tude A2=AO2 sin(2rcfmOdt+q)2) Where A02 is the maXimum 
amplitude and (1)2 the phase for the major Fourier component, 
and Where frnod is the modulation frequency, and the com 
bined signal has an amplitude A=A1+A2=A12 sin(2s'cfmodt+ 
(1)0), the control and computing means (18) computes the 
phase difference ((1)) as: 

5. A method according to claim 1, further comprising the 
additional steps of: 

(iv) providing a third optical signal (S3) intensity-modu 
lated at said high frequency, the third optical signal 
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modulation having a predetermined phase difference 
relative to either one of the ?rst and second optical 
signals; and 

(v) selecting the third optical signal individually and in 
combination With either or both of the ?rst and second 
optical signals to produce an additional selection of 
optical signals, such that said corresponding electrical 
signal has additional amplitudes corresponding to the 
additional selections, and Wherein the amplitude deter 
mining step also determines the additional amplitudes 
and the step of computing the phase difference betWeen 
the ?rst and second optical signals takes into account 
trigonometrical relationships betWeen the amplitude 
and phase of all three of the optical signals. 

6. A method according to claim 5, Wherein the amplitudes 
correspond to each of the ?rst, second and third optical 
signals alone, the sum of the ?rst and second optical signals, 
the sum of the ?rst and third optical signals and the sum of 
the second and third optical signals. 

7. Amethod according to claim 6, Wherein the amplitudes 
correspond also to the sum of all three optical signals. 

8. Amethod according to claim 5, Wherein, Where the ?rst 
optical signal (S1) has intensity modulation of amplitude 
A1=AO1 sin(2s'cfmodt+q)l) Where A01 is the maXimum ampli 
tude and (1)1 is the phase for the major Fourier component, the 
second optical signal (S2) has intensity modulation of ampli 
tude A2=AO2 sin(2rcfmOdt+q)2) Where A02 is the maXimum 
amplitude and (1)2 the phase for the major Fourier component, 
the third optical signal (S3) has intensity modulation of 
amplitude A3=AO3 sin(2nfmodt+q)3) Where A03 is the maxi 
mum amplitude and (1)3 the phase for the major Fourier 
component, and Where frnod is the modulation frequency, the 
control and computing means (18) computes the phase 
difference ((1)) as: 

9. A method according to claim 5, Wherein the predeter 
mined phase difference comprises about 90 degrees at said 
high frequency. 

10. A method according to claim 5, Wherein one of the 
selections selects none of the optical signals, and the cor 
responding amplitude measurement is used as an offset 
correction for the other amplitude measurements. 

11. A method according to claim 1, Wherein the ?rst and 
second optical signals are provided by splitting a single 
intensity-modulated light beam from a single source con 
trolled by a reference oscillator. 

12. A method according to claim 1, Wherein the ?rst and 
second optical signals are provided by ?rst and second light 
sources, respectively, controlled by phase-locked signals 
from a reference oscillator. 

13. A method according to claim 1, Wherein the ?rst and 
second optical signals are provided by a single light source 
and modulated by an optical modulator. 

14. A method according to claim 1, Wherein the ?rst and 
second optical signals are provided by ?rst and second light 
sources, respectively, and modulated by an optical modula 
tor. 

15. A method according to claim 5, Wherein the third 
optical signal is provided by splitting one of the ?rst and 
second intensity-modulated light beams. 

16. A method according to claim 1, further comprising the 
steps of passing one or both of the intensity-modulated 
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optical signals (S1, S2) through a selected optical element 
(50), performing the phase difference measurement steps for 
each of a plurality of different optical Wavelengths of the 
optical signals, and using the resulting Wavelengths and 
plurality of phase difference measurements to compute 
chromatic dispersion of the optical element. 

17. Amethod according to claim 1, further comprising the 
step of varying the state of polariZation of one of the optical 
signals at a speci?c Wavelength, performing the phase 
difference measurement steps for each of a plurality of 
different such states of polariZation, and using the resulting 
plurality of phase difference measurements to compute the 
maXimum difference in group delay for the different states of 
polariZation. 

18. Amethod according to claim 1, further comprising the 
steps of passing one of the optical signals through an optical 
element, varying the effective optical length of the optical 
element, performing the phase difference measurement steps 
for each of a plurality of different lengths, and using the 
resulting plurality of phase difference measurements to 
compute optical length differences. 

19. Apparatus for measuring phase difference betWeen 
intensity-modulated optical signals comprising: 

(i) means (54) for providing a ?rst optical signal (S1) and 
a second optical signal (S2) both having intensity 
modulated at the same high frequency; 

(ii) a selection unit (12) for selecting sequentially the ?rst 
and second optical signals (S1, S2) individually and in 
combination; 

(iii) means (14, 16) for deriving from the selected optical 
signals a corresponding electrical signal at the modu 
lation frequency having a series of different amplitudes 
corresponding to the different optical signal selections, 
and for determining amplitudes of the electrical signal 
corresponding to the different selections; and 

(iv) means (18) for controlling said selection unit (12) and 
computing from the amplitudes, using trigonometrical 
relationships betWeen amplitude and phase, a phase 
difference (q>1-q>2) betWeen the modulation of the ?rst 
and second optical signals as received by said deriving 
means (14, 16). 

20. Apparatus according to claim 19, Wherein the selec 
tion means (12) is arranged to select each of the ?rst (S1) and 
second (S2) optical signals alone, and the ?rst and second 
optical signals combined. 

21. Apparatus according to claim 19, Wherein the selec 
tion means (12) is arranged to select neither of the optical 
signals (S1, S2) and the control and computing means (18) 
is arranged to use the resulting amplitude value for offset 
correction. 

22. Apparatus according to claim 19, Wherein, Where the 
?rst optical signal (S1) has intensity modulation of ampli 
tude A1=AO1 sin(2s'cfmodt+q)l) Where A01 is the maXimum 
amplitude and (1)1 is the phase for the major Fourier com 
ponent, the second optical signal (S2) has intensity modu 
lation of amplitude A2=AO2 sin(2rcfmOdt+q)2) Where A02 is the 
maXimum amplitude and (1)2 the phase for the major Fourier 
component, and Where frnod is the modulation frequency, and 
the combined signal has an amplitude A=A1+A2=A12 
sin(2s'cfmodt+q)o), the control and computing means (18) is 
arranged to compute the phase difference ((1)) as: 
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23. Apparatus according to claim 19, further comprising 
means (38) for providing a third optical signal (S3) inten 
sity-modulated With modulation at said high frequency and 
a predetermined phase difference relative to either of the ?rst 
and second optical signals, and Wherein the selection unit 
(12) sequentially selects the third optical signal (S3) indi 
vidually and in combination With either and/or both of the 
?rst and second optical signals (S1, S2) to produce an 
additional selection of optical signals, the deriving means 
(14,16) derives from the additional selection of optical 
signals said electrical signal having corresponding addi 
tional amplitudes, and determines the amplitudes corre 
sponding to the additional selections, and the control and 
computing means (18) is operable, When computing said 
phase difference, to take into account the amplitudes corre 
sponding to the additional selections involving the third 
optical signal. 

24. Apparatus according to claim 23, Wherein the deriving 
means (14,16) comprises means (16) for determining the 
amplitudes of each of the ?rst, second and third optical 
signals alone, the sum of the ?rst and second optical signals, 
the sum of the ?rst and third optical signals, and the sum of 
the second and third optical signals. 

25. Apparatus according to claim 24, Wherein the ampli 
tude determining means (16) also determines the amplitude 
corresponding to the sum of all three optical signals. 

26. Apparatus according to claim 23, Wherein Where the 
?rst optical signal (S1) has intensity modulation of ampli 
tude A1=AO1 sin(2s'cfmodt+¢l) Where A01 is the maXimum 
amplitude and (1)1 is the phase for the major Fourier com 
ponent, the second optical signal (S2) has intensity modu 
lation of amplitude A2=AO2 sin(2rcfmOdt+q)2) Where (1)2 is the 
maXimum amplitude and (1)2 the phase for the major Fourier 
component, the third optical signal (S3) has intensity modu 
lation of amplitude A3=AO3 sin(2s'cfmodt+q)3) Where A03 is the 
maXimum amplitude and (1)3 the phase for the major Fourier 
component, and Where frnOd is the modulation frequency, the 
control and computing means (18) computes the phase 
difference ((1)) as: 

27. Apparatus according to claim 23, Wherein the prede 
termined phase difference is substantially 90 degrees at said 
high frequency. 

28. Apparatus according to claim 23, Wherein the selec 
tion unit (12) selects none of the optical signals and the 
amplitude determining means (16) determines the corre 
sponding amplitude and uses it as an offset correction for the 
other amplitude measurements. 

29. Apparatus according to claim 19, Wherein the optical 
signal providing means (54) comprises one or more light 
sources (76) for supplying said optical signals and means 
(74; 78) for providing said modulation. 

30. Apparatus according to claim 28, Wherein the modu 
lation providing means (74) comprises reference oscillator 
means (74) for controlling the one or more light sources to 
modulate light outputted thereby. 

31. Apparatus according to claim 28, Wherein the modu 
lation-providing means comprises an optical light modulator 
means (78) for modulating light outputted from said one or 
more light sources. 
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32. Apparatus according to claim 19, further comprising 
means (38) for splitting either one of the ?rst and second 
intensity-modulated optical signals (S1, S2) to produce said 
third optical signal (S3). 

33. Apparatus according to claim 19, adapted for passing 
one or both of the optical signals through an optical element 
(50), further comprising means (68) for varying the Wave 
length of one or each of the ?rst and second optical signals, 
and Wherein the deriving and determining means (14,16) 
determines amplitudes for each of a plurality of Wavelengths 
of said one of the optical signals and the control and 
computing means (18) computes a said phase difference for 
each of said plurality of Wavelengths and uses the plurality 
of Wavelengths and phase differences to determine chro 
matic dispersion by said optical element. 

34. Apparatus according to claim 19, adapted for passing 
one of the optical signals through an optical element, further 
comprising means (80,82) for varying state of polariZation 
of said one of the optical signals at a speci?c Wavelength, 
Wherein the deriving and determining means (14,16) and the 
control and computing means (18) are operable to determine 
said selected amplitudes and compute said phase difference 
for each of a plurality of said states of polariZation, the 
control and computing means (18) using the resulting plu 
rality of phase difference measurements to determine the 
maXimum difference in group delay for the different states of 
polariZation. 

35. Apparatus according to claim 19, adapted for mea 
suring elongation of an optical element through Which one 
of the optical signals is passed, further Wherein the deriving 
and determining means (14,16) and control and computing 
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means (18) are operable to determine said amplitudes and 
compute said phase difference for each of a plurality of 
length states of the optical element and compute elongation 
in dependence thereupon. 

36. Apparatus for use in measuring phase difference 
betWeen intensity-modulated optical signals comprising: 

(i) means (54) for providing a ?rst optical signal (S1) and 
a second optical signal (S2) both having intensity 
modulated at the same high frequency; 

(ii) a selection unit (12) for selecting sequentially the ?rst 
and second optical signals (S1, S2) individually and in 
combination and having an interface for coupling to a 
computer; 

(iii) means (14, 16) for deriving from the selected optical 
signals a corresponding electrical signal at the modu 
lation frequency having a series of different amplitudes 
corresponding to the different optical signal selections, 
determining amplitudes of the electrical signal corre 
sponding to the different selections, and supplying the 
amplitude values to an interface for coupling to said 
computer; and 

(iv) softWare for programming said computer to control 
said selection unit (12) and compute from the ampli 
tudes, using trigonometrical relationships betWeen 
amplitude and phase, a phase difference (q>1-q>2) 
betWeen the modulation of the ?rst and second optical 
signals as received by said deriving means (14, 16). 

* * * * * 


