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Abstract. A theoretical and experimental study of self-referencing fiber
optic intensity sensors based on Michelson and on Mach-Zehnder con-
figurations is conducted. Via the definition of the measurement param-
eter R, sensor linearity and sensitivity are analyzed. Theoretical and ex-
perimental results are compared, considering the problem of sensor
design and optimization. The choice between the two configurations is
addressed; the Michelson one is recommended for practical reasons.
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1 Introduction

Optical fiber intensity-modulated sensors are very attrac
in that they are simple in concept, reliable, and small a
offer a wide range of applications at lower cost.1 However,
to ensure accurate measurements with such sensors
implementation of a reference channel is vital. Such a ch
nel will provide insensitivity to source intensity fluctuation
and to variable transmission losses of the fiber link a
connectors, which are often indistinguishable fro
transducer-caused effects.2

The implementation of a certain referencing techniq
depends in general on the specific transduction mechan
in order to eliminate the effects of unwanted modulatio
There are several ways to implement a reference chan
Most reported techniques use one of the following enc
ing mechanisms: time-of-flight difference,3 wavelength
encoding,4 or frequency response.5

The use of the interfering concept as the basis of a s
referencing intensity-type sensor has already been m
tioned in the literature, in an approach that is known
amplitude-phase conversion.6,7 In it, the optical power in-
jected into the system is sine-wave-modulated. In the se
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ing head, a fraction of that power is not affected by t
measurand, constituting a reference signal that, when c
bined with the other fraction that was intensity-modulat
by the measurand, gives a resulting optical-power inten
sine wave, with a phase~relative to the phase of the elec
trical signal that modulates the optical power emitted by
optical source! dependent only on the optical loss induc
in the sensor head by the measurand~apart from a constan
factor determined by the length of the lead/return fibe!.
The evaluation of this relative phase allows information
be obtained about the measurand status independent
the optical power fluctuations that can occur outside
sensor head.

We have developed another frequency-based appro
to have a self-referencing intensity-type optical fib
sensor.8,9 It relies on the degree of constructive interferen
between the intensity sine waves generated in the sen
cavity when it is illuminated by light from an optical sourc
with its intensity modulated at different frequencies. Fo
fixed cavity length this degree of constructive interferen
is only dependent on the sine-wave frequency. Therefor
on reception one takes the ratio of the amplitudes of
.00 © 2000 Society of Photo-Optical Instrumentation Engineers



Baptista, Santos, and Lage: Mach-Zehnder and Michelson topologies . . .
Fig. 1 Block diagram of the sensing structures: (a) Mach-Zehnder; (b) Michelson. V0I and VI are
voltages proportional to the amplitudes of the output optical power sinewave waveforms at an off-
constructive-interference frequency (f0I) and at a constructive interference frequency (fI), respec-
tively.
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signals corresponding to the interference of two or m
waveforms arriving from the sensing cavity and obtain
when the intensity of the optical source is modulated at t
different frequencies, then the result only depends on
losses induced by the measurand in the sensor head in
in some of those waveforms, independent of any other
tical losses that can occur in the rest of the optical syst
In the present work this concept is developed further, a
the performance of interferometric intensity sensors ba
on Mach-Zehnder and Michelson sensing-head config
tions is evaluated in detail.

We begin by characterizing the transfer function f
each of the two topologies. Then we define the meas
ment parameter in order to analyze the linearity and se
tivity of the sensors. A comparison of their characterist
for different realizations of those configurations is also p
sented. Finally, the results are compared, addressing
features of the better of the two configurations here p
posed.

2 Sensor Concept

The proposed sensor concepts are illustrated in Fig. 1.
frequency response of a Mach-Zehnder or Michelson c
figuration when the optical power input comes from an o
tical source intensity modulated at a particular frequen
shows that for some frequencies the amplitude of the ou
optical power waveform is maximum~constructively inter-
fering frequencies!, while for other frequencies it results i
a decreased output optical power~off-constructively inter-
fering frequencies!. Therefore, the intensity modulation a
different frequencies of the light injected into these fib
structures provides different amplitudes for the output
tical power waveforms via the above-mentioned trans
functions. The ratio between two of these amplitudes,
obtained at a frequency where off-constructive interfere
occurs and another obtained in constructive interferen
depends on the light modulation induced inside the fi
r

.

-

-
-

e

e

t

,

sensing interferometers and is free from light-source fl
tuations and variable transmission losses that can occur
side those structures.

Of the proposed schemes, the Michelson topology@Fig.
1~b!# allows the sensing part of this structure to be loca
remotely and apart from the signal processing. For this c
figuration, it is not necessary to install another segmen
fiber from the sensing part to the signal processing, a
would be for the Mach-Zehnder topology@Fig. 1~a!#.

Figure 2 illustrates the frequency response of the Ma
Zehnder@Fig. 2~a!# and Michelson@Fig. 2~b!# configura-
tions subject to losses. These functions emerge from
theoretical analysis given in the next section. The para
eter g is the attenuation factor externally induced in t
fiber structures. Forg51, there is no induced loss and th
amplitude of the modulated output light is maximum, wh
for g50 the light in one arm of the interferometer is com
pletely lost. For both topologies, we can see that when
value of the induced losses rises, in other words wheg
gets closer to zero, the distance between the peaks an
valleys shortens until the graph becomes a horizontal l
On the other hand, when there are no external losses
duced in the fiber interferometers (g51), the distances be
tween the peaks and the valleys are at their maximum,
ing dependent only on the internal losses of those fi
structures~losses in fiber, splices, couplers, etc.!.

Comparing the two graphs shown in Fig. 2, for equ
values of the induced loss~equalg in both cases! the shape
of the transfer function is more squeezed in the Michels
configuration than in the Mach-Zehnder. This happens
cause, the Michelson topology being a reflective one,
light passes twice through the structure and therefore ex
riences the applied induced loss twice before reaching
detector, in contrast with the Mach-Zehnder topolog
where light passes only once through the fiber struct
before reaching the detector.

As indicated above, the ratio of the value of the trans
function at an off-constructive-interference frequency to
1637Optical Engineering, Vol. 39 No. 6, June 2000
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Baptista, Santos, and Lage: Mach-Zehnder and Michelson topologies . . .
value at a constructive-interference frequency depends
on the optical losses inside the fiber sensing structure~in-
trinsic and induced losses!, and not on optical power fluc
tuations induced outside the sensor head. Therefore,
modulation of that ratio ensures a self-referencing sche
that makes the measurand readout independent of pos
unwanted light intensity modulation along the optical sy
tem.

The operation principle of the intensity sensor studied
this work is based on the concept described above w
applied to the Mach-Zehnder and Michelson sensing-h
configurations.

3 Theoretical Analysis

The analysis presented in this section addresses the M
Zehnder and the Michelson configuration. In what follow
it will be assumed that the intrinsic losses of these sens
structures can be neglected.

3.1 Transfer Function

For both cases shown in Figs. 1~a! and 1~b!, if the injection
current of the optical source is modulated at angular
quencyv via a voltage signal of the form

Vin5A cosvt, ~1!

Fig. 2 Transfer function of (a) Mach-Zehnder and (b) Michelson
topology with the induced loss factor g as a parameter. The ordinate
is the amplitude of the output optical power waveform as a function
of frequency.
1638 Optical Engineering, Vol. 39 No. 6, June 2000
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then in the Mach-Zehnder configuration the output opti
power reaching the detector generates a proportional v
age signal given by

Vout5T1AbCMZ cosvt1T2AbCMZ cos~vt1f!, ~2!

while for the case of the Michelson structure it is given

Vout5T3AbCMI cosvt1T4AbCMI cos~vt12f!. ~3!

In both cases dc levels have been ignored,b is a factor that
represents the conversion of the electrical input volta
waveform into a corresponding optical power wavefo
emitted by the optical source and the conversion of
detected optical power into a proportional output volta
signal, andCMZ and CMI are factors that take account o
the optical losses induced into the lead and return fibers
the Mach-Zehnder and Michelson configurations, resp
tively. Also,

T15~12g!2~12k!2,

T25~12g!2k2g,

T35~12g!2~12g1!2~12k1!k1~12k!2r 1 ,

T45~12g!2~12g1!2~12k1!k1k2g2r 2 ,

f52p
n f L

c
,

whereA is the amplitude of the modulating input voltag
wave,g andk are, respectively, the excess loss factor a
the coupling coefficient of the couplers in the sensing str
tures~Fig. 1!, g1 andk1 are the excess loss factor and t
coupling coefficient of the input coupler in the Michelso
topology (k150.5), g is the induced loss factor in the sen
ing heads,n is the refractive index of the fiber,f is the
modulating frequency (v52p f ), L is the path difference
between the two arms in the Mach-Zehnder and in
Michelson configuration,f is the static phase differenc
between the two interfering intensity waves,c is the veloc-
ity of the light in vacuum, andr 1 and r 2 are the reflectivi-
ties at the ends of ports 2 and 3 of the Michelson coup
respectively. In this analysis it was decided to consider
same coupler parameters (k,g) for those couplers that in
tegrate the sensing structures, and different parameter
any other couplers that eventually need to be used in
fiber system~for example, parametersk1 and g1 for the
branching coupler in the Michelson topology!.

Defining the system transfer function as the ratio b
tween the output voltage and input voltage signals, we h
for the Mach-Zehnder structure

Vout

Vin
5bCMZ~T1

21T2
212T1T2 cosf!1/2, ~4!

and for the Michelson structure
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Vout

Vin
5bCM~T3

21T4
212T3T4 cos 2f!1/2. ~5!

These equations give the transfer functions of the Ma
Zehnder and Michelson configurations, respectively,
their dependence on the modulating frequency and the
pling coefficient of the sensing-head couplers~k!. For both
cases the results are illustrated in Figs. 3~a! and 3~b!, re-
spectively (g5g150.02,g51, r 15r 251, L51097 m; for
convenience we takebCMZ5bCMI51!. For both cases
the maximum difference between peaks and valleys oc
for a k value of 0.5. This difference between the peaks a
valleys is important because it is directly related to t
sensitivity and measurement range of the sensor.

Figures 4~a! and 4~b! show, in more detail, the transfe
function versus the modulating frequency for the Mac
Zehnder and Michelson configurations respectively, wh
the optimum value fork is chosen. As can be observe
these pictures are two slices of the previous graphs~Fig. 3!
at the pointk50.5. In Fig. 4~a! the frequencies correspond
ing to the first valley and to the first constructive interfe
ence peak are 94.5 and 189 kHz, respectively, while in F
4~b! they are 47.25 and 94.5 kHz. Although the length
the interferometric fiber structures is the same in b

Fig. 3 Transfer functions for the Mach-Zehnder (a) and Michelson
(b) configurations (it is assumed that no losses are induced in the
fiber resonators, i.e., g51).
-

s

cases, the light in the Michelson topology travels twi
along the same path and therefore accumulates a delay
that doubles the one connected with the Mach-Zehnder
pology.

These values of the valley and peak frequencies are
versely proportional to the fiber length of the interferom
eter. In general, it is desirable to have a limited fiber len
for these structures, which in turn requires a large modu
tion frequency, which however is not demanding in syst
bandwidth, considering that the sinusoidal modulation e
ployed does not introduce higher harmonics than the f
damental. For example, for a fiber length of 50 m in t
Michelson topology, the first constructive interference pe
occurs at a modulation frequency of 2.073 MHz. The re
son for selecting the fiber length of 1097 m for the simu
tion results presented in this section was merely that w
the length of fiber in a coil available in the laboratory.

3.2 Measurement Parameter

In this section the behavior of the sensing structures is a
lyzed further. It is clearly important to know, for each o
the proposed configurations, what are the best values
the off-constructive-interference frequency and for the c
pling coefficient of the couplers in order to optimize th
sensitivity and linearity of the sensors.

Fig. 4 Transfer function for the Mach-Zehnder (a) and Michelson
(b) configurations (k50.5, g51).
1639Optical Engineering, Vol. 39 No. 6, June 2000
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The sensing concept is based on the definition of
following parameter, hereafter referred as themeasuremen
parameter:

R[
V0I

VI
~6!

where V0I and VI are the values of the system transf
function, respectively, at an off-constructive-interferen
and at a constructive-interference frequency~Fig. 1!. Fig-
ures 5~a! and 5~b! show this parameter for the Mach
Zehnder and Michelson structures, respectively, with t
variables, namely the induced loss factor~g! and the off-
constructive-interference frequency. The loss factor w
varied from 0 to 1, while the off-constructive-interferen
frequency was varied from the value corresponding to
first valley up to the one associated with the fi
constructive-interference peak; the other parameters had
values stated before. As can be observed, for both case
parameterR approaches unity in two regions. One of the
is whereg50 ~no light in one of the interferometer arms!,
the transfer function being constant for all frequencies, i

Fig. 5 Measurement parameter for the Mach-Zehnder (a) and Mich-
elson (b) configurations versus the induced loss factor g and the
off-constructive-interference frequency (k50.5).
1640 Optical Engineering, Vol. 39 No. 6, June 2000
e
e

R51. The other region is where the off-constructiv
interference frequency approaches the construct
interference value~189 and 94.5 kHz for the Mach-Zehnde
and Michelson configurations, respectively!.

The freedom to choose the off-constructive-interferen
frequency allows sensor optimization in order to reach
optimum compromise between sensor sensitivity and
earity. In fact, for both topologies, the optimum value f
the off-constructive-interference frequency was found to
the valley frequency~94.5 kHz for the Mach-Zehnder an
47.25 kHz for the Michelson!. For this situation, Figs. 6~a!
and 6~b! show the measurement functions for the Mac
Zehnder and Michelson structures, respectively. With
spect to sensor measurement linearity the Michelson c
figuration is more favorable than the Mach-Zehnder o
This can be quantified by the relative error between
curves and the straight lines that fit them best. It can also
observed that both configurations are able to address
full range ofR values.

Figures 7~a! and 7~b! present the parameterR for the
off-constructive-interference frequency equal to the val
frequency, considering different values of the coupling c
efficient ~k being varied from 0.1 to 0.9!. It is assumed that
the intrinsic losses of the Mach-Zehnder and Michels
topologies can be neglected. From the data presente
these figures, different values fork can be chosen, accord
ing to the required compromise between sensor sensiti
and linearity. However, in general it can be stated that

Fig. 6 Parameter R for the Mach-Zehnder (a) and Michelson (b)
configurations versus the induced optical power loss factor g. The
off-constructive-interference frequencies are the valley frequencies,
and k50.5.
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Fig. 7 Parameter R for the Mach-Zehnder (a) and Michelson (b)
configurations versus the induced optical power loss factor for sev-
eral values of k, taking the off-constructive-interference frequencies
to be the valley frequencies.
choice ofk50.5 is an appropriate one, particularly for th
Michelson configuration.

4 Experiment

To demonstrate the sensing concept described above
experimental arrangements shown in Figs. 8~a! ~Mach-
Zehnder topology! and 8~b! ~Michelson topology! were
implemented. Two sinusoidal electrical signals with diffe
ent frequencies were superimposed on the bias curren
the light source~edge-emitting LED, Fiber Tech T7503!
emitting at 850 nm. Multimode fiber and couplers~100 and
140mm! were used. The coupling ratio and the excess l
of the couplers were respectivelyk15k250.5 andg15g2

50.056, respectively. The path imbalance of the two ar
in the Mach-Zehnder and Michelson topologies was
same and approximately 1097 m. In combination with t
fiber refractive index, this corresponds to first constructiv
interference peak frequencies of 189 and 94.5 kHz for
Mach-Zehnder and Michelson structures, respectively. T
reflectivities of the fiber ends were rendered'100% by
means of an appropriate silvering technique. A variable
tical power loss was induced in the arm of the interfero
eter with lower intrinsic loss in order to balance the optic
power in the two arms, thereby optimizing the modulati
depth~thevisibility!. In order to observe the sensor transf
function, one of the electrical signals was turned off and
frequency of the other was swept. To obtain the value oR,
two bandpass filters centered at the frequencies of the
waves that modulated the injection current of the opti
source were used, and the rms values of the correspon
output voltage signals, which are proportional to their a
plitudes, were measured. In order to compare the exp
mentally obtained values forR with the ones predicted by
Fig. 8 Experimental setup for the Mach-Zehnder (a) and Michelson (b) configurations.
1641Optical Engineering, Vol. 39 No. 6, June 2000
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Baptista, Santos, and Lage: Mach-Zehnder and Michelson topologies . . .
the theory it was necessary to know the induced opt
power loss factorg. This was done by applying the follow
ing methodology. Considering the Mach-Zehnder sens
structure@Fig. 8~a!#, if I out is the optical power at port 3 o
coupler 2~measured directly by the optical power mete!,
I in is the optical power at port 1 of coupler 1,h2 represents
the intrinsic losses in the longer arm due to splices and l
propagation attenuation in the 1097-m fiber length,h1 is
the loss imposed in the shorter arm in order to have
same amount of optical power in both arms when the
duced loss factor equals one~i.e., no induced loss!, then the
output optical power can be written as

I out5~12g1!~12g2!~12k1!k2h1gI in

1~12g1!~12g2!k1~12k2!h2I in . ~7!

Considering now the Michelson sensing structure, ifh4
represents the intrinsic losses in the longer arm due
splices, due to light propagation attenuation in the
31097-m fiber length, and due to the fiber end reflectiv
coefficients being smaller than one, and ifh3 is the loss
imposed in the smaller arm in order to have the sa
amount of optical power in both arms wheng51, then

I out5~12g1!~12g2!2~12k1!~12k2!k2h3g2I in

1~12g1!~12g2!2~12k1!k2~12k2!h4I in . ~8!

For g50, i.e., in the situation when there is no light in th
shorter arm of the interferometers, if we substitute in E
~7! and ~8! the values for the parametersg1 , g2 , k1 , and
k2 , then h2 and h4 can be determined, assumingI in is
known and constant throughout the experiment andI out is
obtained by the measurement performed by the opt
power meter. Naturally, in a real systemI in will not be
constant, but any effect of its fluctuations will be eliminat
by the self-referencing properties of the sensing conc
described in this work. In the present contextI in needs to be
constant only for the purpose of comparison of the exp
mental and theoretical results. From the definition ofh1 and
h3 it turns out from Eqs.~7! and ~8! that

h15
~12g1!~12g2!k1~12k2!h2

~12g1!~12g2!~12k1!k2
, ~9!

h35
~12g1!~12g2!2~12k1!k2~12k2!h4

~12g1!~12g2!2~12k1!~12k2!k2
. ~10!

The knowledge of the quantitiesh1 , h2 , h3 , h4 , and I in
permits the determination of the induced optical power l
g from the measurement ofI out.

5 Results

Figures 9~a! and 9~b! show the experimentally determine
sensor transfer functions for the Mach-Zehnder and Mi
elson configurations, respectively. It was found that th
were modulated by the frequency response of the detec
and amplification block, which exhibited an evide
second-order behavior responsible for the spike in its tra
fer function just before its23 dB point, which occurred
1642 Optical Engineering, Vol. 39 No. 6, June 2000
l
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around 800 kHz. This explains why the amplitudes of t
output voltage sinusoidal waveforms at adjace
constructive-interference frequencies are different.

Figures 10~a! and 10~b! plot the results obtained for th
parameterR for the two configurations, when the off
constructive-interference frequency was set to the
quency of the first valley~94.5 and 47.25 kHz for the
Mach-Zehnder and Michelson structures, respectively!. The
values experimentally determined forh2 and h4 were h2

50.47 andh450.30. The theoretical curves were obtain
using Eqs.~4!, ~5!, and ~6!, starting from the point where
the optical power in the two interferometer arms was b
anced and deducing from it the loss parameterg.

6 Discussion

Comparing the results presented in Secs. 3 and 5, it ca
stated that they are globally in fairly good agreement, p
ticularly if the lateral shift between the theoretical and e
perimental results is not valorized. To do so seems reas
able considering that it is the agreement between the slo

Fig. 9 Experimental obtained transfer functions for the Mach-
Zehnder (a) and Michelson (b) sensing structures.
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of the two sets of data that is crucial to system design. T
origin of the lateral shift is under investigation.

The two sensors reveal good sensitivity, a characteri
particularly relevant for monitoring dynamic paramete
~e.g., vibration!, which do not normally have large ampl
tudes and consequently produce small induced losse
must be emphasized that the sensitivity to a given mea
and depends not only on the primary sensitivity of the se
ing structure, but also on the interface between the mea
and action and the optical loss induced in the sensor h
This is clearly a problem to be addressed in each partic
case. It is important to keep in mind that the attaina
system resolution is not only determined by the global s
tem sensitivity to the action of a given measurand, but a
by the noise level at the system output, these being the
factors that determine the sensor signal-to-noise ratio.
sensing concept described in this work is particularly fav
able with regard to the minimization of system noise, b
cause what is monitored is the amplitudes of two s
waves, so that the detection bandwidth can be made
narrow as practically feasible, with consequent decreas
the system noise level.

The sensors’ measurement range can be increase
reducing the intrinsic optical losses in the sensing structu
~losses in couplers, splices, fiber, etc.!. The two most effec-
tive ways of doing so are to tailor the sensor operation
longer wavelengths and to reduce the length of the de
fiber. For example, operating with the same multimode
ber at 1300 nm has the potential of reducing the fiber l
by a factor of approximately 8 relative to operation at 8

Fig. 10 Experimental and theoretical results for the measurement
parameter for the Mach-Zehnder (a) and the Michelson (b) sensing
structures.
It
-

-
.

r

s
f

y

nm. On the other hand, reducing the length of the de
fiber by a factor of 10 or 20 results in a substantial decre
of the intrinsic optical losses—at the cost, however,
working with higher frequencies~on the order of mega-
hertz!.

In respect to linearity, the Michelson configuration pr
sents a better result than the Mach-Zehnder one. Moreo
in the Michelson scheme the emission and detection bl
plus processing electronics can be located in the same
gion while the sensing structure can be located remot
This feature makes the Michelson configuration more
tractive in practice.

The sensing configurations described in this work
versatile structures for monitoring static and dynam
physical parameters, requiring a small number of opti
components and simple signal processing. Of signific
importance is the underlying concept of self-referencin
which essentially solves the problem of compensating
tical power fluctuations along the optical system.

In conclusion, in this paper we have described a conc
of self-referencing intensity-based optical fiber sensors
applied it to the Mach-Zehnder and Michelson sensing c
figurations, which we have investigated both theoretica
and experimentally. The model developed has proved to
effective in describing the sensor properties, which in
cates its usefulness for sensor design and optimization
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