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F iber-optic sensors are opening 
up a variety of applications for 
the sensing of parameters such 

as temperature, pressure, strain, 
acoustic signals, chemical concentra
tion, electric and magnetic fields, ro
tation, and many others. Some sen
sors use optical fibers only as a light 
pipe to deliver optical signals to sepa
rate optical sensors; others use optical 
fibers as a sensing medium as well. In 
the most sensitive type of fiber-optic 
sensors, the environmental parame
ters of interest modify the phase of 
the optical wave propagating in an 
optical fiber monitored by interfero
metric measurements. Interferometric 
fiber-optic sensors are constructed 
with single-mode fibers, high birefrin
gence fibers, and two-mode fibers. 

The advantages of fiber-optic sen
sors include high sensitivity and im
munity to electro-magnetic interfer
ence. Also, since no electricity is re
quired at the location of the sensor, 
they can be used safely in explosive 
environments. Another important as
pect of fiber-optic sensors is their mul
tiplexing capability, where a number 
of fiber sensors of the same or differ-
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ent types are connected by single dis
tr ibution and return fiber buses. 
These networks of sensors have a lot 
in common with communication net
works currently of great interest. 

Temperature change and pressure 
induce a change in the refractive in
dex of the silica glass the optical fiber 
is made of, and result in a phase shift 
in the optical wave passing through a 
given length of fiber. Strain in a fiber 
produces an opt ical path length 
change through both physical elonga
tion of the fiber and refractive index 
change. Axial magnetic field induces 
differential phase shift between right 
and left hand circularly polarized 
light. A number of other parameters 
can be measured using the strain sen
sitivity when the opt ical fiber is 
mounted in a proper transducer that 
transforms the measurand of interest 
into strain. 

Passive remote sensors 

The common forms of interfero
metric sensors use Mach-Zehnder, 
Michelson, Fabry-Perot, ring resona
tor, polarimetric, and two-mode fiber 
interferometers as shown in Fig. 1. 
Most of these interferometers have 
two arms: one serves as a reference 
and the other as a sensing arm for the 
interferometer. 

To achieve high sensitivity in the 
measurement of optical phase change 
between the two interfering signals, 
several major requirements have to be 
satisfied in addition to an optical 
source with sufficient power and low 
intensity noise. One requirement re
lates to the inherent phase jitter in op
tical sources that is converted to in
tensity noise in an interferometer. To 
suppress this noise, the two interfer
ometer arms should have substantial
ly the same optical pathlength com
pared to the coherence length of the 
laser source. When a conventional 
single longitudinal mode laser diode 
with a few meters of coherence length 
is used as an optical source, the im
balance of the two interferometer 
arms should be less than a few milli
meters to achieve a sensitivity of a few 
microradians of optical phase change. 
The use of highly coherent sources 
such as He-Ne or some solid state la-
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FIGURE 1. Examples of fiber-optic interferometers. 

sers will reduce the source phase in
duced intensity noise for a given path-
length mismatch. 

Another important requirement 
stems from the cyclic response of the 
interferometer output to opt ical 

phase shift. This response results in a 
random change in the sensitivity of 
the phase measurement due to envi
ronmental strain or temperature 
changes, including the complete fad
ing of the interference signal. This 

well known signal fading problem 
can be avoided by providing an addi
tional signal with quadrature phase 
response, or by heterodyning the in
terferometer signal. For this purpose, 
in cases where electrical power is 
available at the sensor site, phase or 
frequency modulators are commonly 
used to modulate the optical signal in 
one of the arms of the interferometer 
with respect to the other. In the pas
sive remote sensors discussed here, no 
electrical power is required at the sen
sor. In this case, procedures for mod
ulating the remote interferometer for 
elimination of signal fading come into 
conflict with the requirement for low 
source phase induced intensity noise. 
This constitutes an important design 
problem. 

One elegant solution is to separate 
the interferometer into two highly un
balanced interferometers with identi
cal optical pathlength mismatch, as 
shown in Fig. 2(a). One of the inter
ferometers is at the remote location 
serving as a sensor; the other is a 
compensating interferometer that 
contains a phase or frequency modu
lator and is located at the source or 
detector end of the system. The opti
cal source emits a train of pulses with 
a pulse width of less than the delay 
time T between the two arms of the 
unbalanced interferometers. This re
sults in two separate optical pulses 
from the first interferometer. 

The output of the compensating in
terferometer consists of four pulses, 
two of which have a complete over
lap, producing an interference signal 
without source phase induced noise. 
The train of pulses containing inter
ference information is then selected 
using an electronic or optical gate. No 
optical interference occurs until the 
optical pulses pass through the com
pensating interferometer, providing 
means to demodulate the sensor sig
nals without signal fading using con
ventional methods such as heterodyn
ing, synthetic heterodyning, or pas
sive quadrature detection. 
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Another approach to a passive re
mote sensor is to use a highly coher
ent optical source and a slightly un
balanced interferometer [see Fig. 2(b)] 
where the time delay between the two 
interferometer arms is much less than 
the coherence time of the source. The 
maximum time delay is limited by the 
level of source phase induced noise 
that is acceptable in the system. The 
necessary optical modulation is then 
provided by a direct modulation of 
the optical source frequency, which 
produces a differential phase modula
tion due to the time delay between the 
optical signals in the two interferome
ter arms. 

Although this approach does not 
completely eliminate the source phase 
induced noise, it can be a practical so
lution with a proper choice of highly 
coherent source that has frequency 
modulation capability with a large 
optical frequency excursion. A n opti
cal source with such characteristics 
can be a single longitudinal mode dis
tributed feedback (DFB) diode laser 
with an injection current modulation, 
or possibly a diode-pumped single-
mode solid state laser (e.g., N d : Y A G 
ring laser) with piezo-electric cavity 
modulation. 

A potentially important alternative 
to phase or frequency modulation for 
the elimination of signal fading is the 
use of a passive device that automati
cally generates quadrature phase in
formation, which has been demon
strated using a 3 x 3 coupler or a 
two-mode fiber interferometer. 

Multiplexed sensors 
Some of the important require

ments for passive multiple sensors 
networks, in addition to high sensitiv
ity and scale factor stability, are local
ized sensing capability, separation of 
signals from individual sensors with 
low levels of crosstalk, minimum 
component count, and low optical 
power requirement. A number of fi
ber optic circuits for multiplexed sen

sor arrays satisfy some or all of these 
requirements. 

The most straightforward way to 
build a passive remote sensor array 
with N sensors is to use separate 
sources, detectors, and fiber connec
tions for each sensor. This approach 
requires a large number of optical and 
electronic components including 
sources, detectors, directional cou

plers, and modulators, as well as large 
amounts of optical fiber. A more eco
nomical approach is to connect a 
number of sensors together with sin
gle distribution and return fiber buses 
sharing optical and electronic compo
nents (Fig. 3). In this case, signals 
from individual sensors need to be 
separated and monitored without in
terference from other sensors. This re-

FIGURE 2. Passive remote fiber sensors with differential phase (or frequency) 
modulation for interfering signals. 

FIGURE 3. Multiplexed fiber-optic sensors. 
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quires assigning each sensor a distinct 
address that can be used to identify 
signals from individual sensors at the 
detector location. 

Most of the existing approaches to 
multiplexing fiber-optic sensors are 
based on the difference in propaga
tion time for the optical signal from 
the source to the detector for different 
sensors. This is determined by the op
tical fiber length between adjacent 
sensors. A number of concepts used 
in microwave radar systems have 
been directly applied to fiber optic 
sensor arrays with proper modifica
tions. The optical distance between 
the sensors is accurately known from 
the construction of the fiber circuit. 
The original carrier (signal from the 
optical source) is modulated in its am
plitude, frequency, or phase as a func
tion of time. The modulated signal 
launched at a given time into the dis
tr ibution fiber bus then passes 
through the various sensors at differ
ent times, and their outputs arrive at 
the detector at different times. Since 
the original carrier is modulated in 
time, the amplitude, frequency, or 
phase of the signals from each sensor 
can be distinguished by monitoring 
these optical parameters. Other 

means of multiplexing fiber sensors 
use different carrier (or subcarrier) 
frequencies for individual sensors. 

Time division multiplexing 
(TDM) 

An example of amplitude modula
tion of the optical carrier is time divi
sion multiplexing (TDM), where a 
train of optical pulses is generated at 
the source (Fig. 4). Each input pulse 
then goes through the sensors, which 
are separated from each other by 
more than the length of the pulse. N 
separate pulses from N sensors return 
to the photodetector, which can be 
separated by an electronic switching 
circuit. The T D M approach generates 
time-sampled sensor signals at a sam
pling rate equal to the repetition rate 
of the input pulse train. 

The example shown in Fig. 4 uses 
strongly unbalanced sensor interfer
ometers and a compensating interfer
ometer as described in Fig. 2(a). The 
optical fiber sensing elements (shown 
as fiber coils) also serve as delay lines 
between adjacent sensors. The optical 
pulse width should be shorter than 
the delay provided by the sensor fiber 
coil, e.g., for 50 m fiber length the 

maximum pulse width is approxi
mately 250 ns. 

For a sensor array with N sensors 
and a delay time T for each sensor, a 
single input pulse generates N + 1 
uninterfered return pulses before they 
reach the compensating interferome
ter. The compensating interferometer 
provides an overlap of the original 
pulse train and its delayed counter
part with a delay of T, resulting in N 
+ 2 pulses. The first and the last 
pulses do not contain any interference 
information and are discarded. The 
rest carry interference signals from 
the sensors and are routed to corre
sponding electronic signal processors. 

In one arm of the compensating in
terferometer, a frequency shifter for 
heterodyning or a phase modulator 
for synthetic heterodyning is used for 
a sensitive measurement of phase shift 
without signal fading. Relatively new 
passive quadrature detection tech
niques may eliminate the need for 
these modulators and complicated 
signal processing electronics. The op
tical circuit shown in Fig. 4 requires 
2(N + 1) directional couplers. The 
detection duty cycle is N/ (N + 1), 
which rapidly approaches unity for 
increasing numbers of sensors. The 
number of couplers decreases to N + 
4 if Michelson interferometers are 
used instead of Mach-Zehnder inter
ferometers. 

Another important consideration 
for multiplexed sensors is reduced op
tical power per sensor. This is due to 
the need to distribute the source pow
er among many sensors, intrinsic loss 
of directional couplers on the return 
bus, and dissipative loss within the fi
ber and directional couplers. Neglect
ing the excess loss of optical compo
nents, signals from each sensor can 
receive a maximum power of P i n / (N 
+ 1) 2 , where Pin is input optical pow
er. The optical pulse can be generated 
by directly switching the injection 
current for a laser diode, or by an ex
ternal modulator, such as a Bragg cell 
or integrated optical modulator, for a 

FIGURE 4. An example of a sensor array with time division multiplexing 
(TDM). 
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cw source. The maximum repetition 
rate of the input pulses is 1/(N + 1)T, 
which can be low for a large number 
of sensors. However, higher peak 
pulse power is generally available for 
lower duty cycle for a given laser di
ode, leading to average optical power 
comparable to that obtained in cw 
operation of the laser diode. A few 
microradian/(Hz) 1 / 2 sensitivity had 
been demonstrated for eight sensors 
with crosstalk level of - 5 0 to -60 
dB. The maximum number of sensors 
that can be multiplexed with a single 
source delivering 10 mW input power 
and shot noise limited noise level of 
few microradian/(Hz) 1 / 2 is expected 
to be a few tens of sensors. 

Another implementation of the 
T D M approach is to use a frequency 
modulated source and slightly unbal
anced interferometers for the demod
ulation of the sensor signals [Fig. 
2(b)], instead of highly unbalanced 
interferometers. In this case, the inter
ference occurs at the sensor locations. 
A ten-sensor array with 12 microra
dian/(Hz) 1 / 2 sensitivity and crosstalk 
level of - 5 0 to -60 dB has been ex
perimentally demonstrated. 

Frequency division multiplexing 
(FDM) 

In the case of frequency modula
tion of the optical carrier, one of the 
original ideas was to generate beat 
notes when an optical signal from a 
frequency chirped cw source goes 
through an interferometer with un
balanced arms [see Fig. 5(a)]. This 
technique is called frequency modu
lated continuous wave (FMCW) tech
nique. 

The beat frequency is proportional 
to the rate of optical frequency sweep 
and to the time delay between the 
sensing and reference arms of the in
terferometer. Using a difference in the 
mismatch between the two arms of 
each interferometer in an array, the 
signal from each sensor will have a 
unique beat frequency, which can be 

FIGURE 5. (a) A multiplexed sensor using frequency modulated continuous 
wave (FMCW) technique. (b) Matrix networking of fiber sensors with fre
quency division multiplexing. 
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separated by electronic filtering after 
the photodetector. The phase of the 
beat signal represents the optical 
phase difference in the interferometer, 
which can be measured with conven
tional rf phase measurement tech
niques. This approach inherently gen
erates source phase induced noise, un
less the optical source has a long 
coherence length and high rate of fre
quency chirp so that relatively high 
frequency beat notes can be generated 
with a time delay much shorter than 
the coherence time of the source. 

One possible source for such an op
eration is a semiconductor laser with 
a narrow linewidth, for which a direct 
modulation of injection current with 
a sawtooth waveform produces 
chirping of the carrier frequency. Typ
ical frequency chirping rates for diode 
lasers in response to modulation of 
injection current range from 3 to 80 
GHz/mA, depending on the type of 
laser. Another relatively new source is 
a diode pumped N d : Y A G ring laser 
with single longitudinal mode of less 
than 10 K H z line width. The frequen
cy modulation is achieved by piezo
electric modulation of the laser cavity. 
The reported frequency modulation 
index is greater than 50 M H z per volt 
of applied voltage to the piezoelectric 
tuning element. The F M C W system 
has an advantage of using a cw source 
instead of a pulsed one, leading to 
nearly unity duty cycle for the source. 
Moreover, the sensor signals are al
ready heterodyned, eliminating the 
need for an extra frequency or phase 
modulation for the elimination of sig
nal fading. 

For a large number of sensors, the 
major limiting factor for the sensitiv
ity is the source phase induced noise 
due to the large imbalance in optical 
pathlength needed for the array. To 
date, the demonstrated sensitivity has 
been limited to about a milliradian/ 
(Hz) 1 / 2 , using a single-mode diode la
ser. Other difficulties include intensity 
modulation of the source and nonlin
ear frequency chirping that create a 

crowded rf spectrum in the detected 
signal. However, a highly coherent 
source might drastically improve the 
performance. This has yet to be stud
ied. 

Another more practical and impor
tant frequency division multiplexing 
technique uses a matrix network for a 
sensor array, as shown in Fig. 5(b). 
This approach, which avoids some of 
the major difficulties of F M C W while 

For a large number of 
sensors, the major limiting 
factor for the sensitivity is 
the source phase induced 

noise... 

retaining F D M capability, can be use
ful when a multiple number of sensor 
arrays involve a large number of sen
sors and require many sources and 
detectors. In this architecture, each of 
the M sources, with a sinusoidal opti
cal frequency modulation at different 
modulation frequencies, powers N 
sensors with slightly unbalanced in
terferometer arms that are connected 
to a distribution fiber bus. This results 
in differential phase modulation be
tween two interfering arms, as de
scribed in Fig. 2(b). 

The unique feature of this ap
proach is that the output from the N 
sensors driven by the same optical 
source are routed to N separate detec
tors instead of collecting them on a 
single return fiber bus, thereby elimi
nating the need for multiplexing for 
this set of sensors. Instead of using 
one detector per sensor, signals from 
one of the N sensors driven by each of 
the M optical sources are combined 
on a single return bus and directed to 

a detector. Therefore, each detector 
receives signals from M sensors that 
are phase modulated at different 
frequencies. This makes it possible to 
separate the individual sensor signal 
using electronic filters. The separated 
signals are further processed with 
synthetic heterodyne technique. 

To avoid the source phase induced 
noise due to the overlap of signals 
from different sources, the optical 
source frequencies should be separat
ed by more than the sum of the spec
tral line width of the source and the 
phase modulation and signal band
width. This approach allows cw oper
ation of the optical sources, as with 
F M C W . Since the amplitude of differ
ential phase modulation is propor
tional to the pathlength mismatch be
tween the two arms of the interferom
eters, care has to be taken to ensure 
that no significant difference is intro
duced in the mismatch between the 
sensors due to a changing environ
ment. 

The number of required directional 
couplers in this architecture is greater 
than that for the T D M and F M C W 
approaches, and it is (4M-1)N-M for 
Mach-Zehnder interferometer sen
sors and (3M-1)N-M for Michelson 
interferometer sensors. However, it 
should be noted that the total number 
of sensors in the array is M x N in 
this case. The optical power reaching 
the detector from each sensor is P i n / 
2(NM)—similar to the T D M case— 
except that the source duty cycle is 
unity for the present case. A good sen
sitivity of 18 microradian/(Hz) 1 / 2 had 
been demonstrated for a four sensor 
array. 

Coherence multiplexing 
A multiplexing technique that uses 

random jitter of frequency, ampli
tude, and phase inherent to the opti
cal source, which determines the co
herence length of the source, is called 
coherence multiplexing. A n example 
of such a sensor array is shown in Fig. 
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6. Each sensor interferometer has un
balanced arms with the length mis
matches much longer than the coher
ence length of the source. The mis
match of the interferometer arms in 
the various sensors are chosen to be 
all different, in such a way that no 
two possible optical paths in the sen
sor part of the array have the same 
length. The result is that no interfer
ence occurs before the signal goes 
through compensating interferome
ters for each sensor near the detector. 
A compensating interferometer with 
arms having the same pathlength mis
match as one of the sensing interfer
ometer then brings uninterfered sig
nals from that particular sensor with
in the coherence length of the source, 
making them interfere. For N sensor 
interferometers, there are N separate 
compensating interferometers and de
tectors wi th corresponding path-
length mismatches, or one tunable 
compensating interferometer. 

One complication with this ap
proach is the rapidly increasing path-
length mismatch required for increas
ing numbers of sensors. This can re
sult in an unequal sensitivity for the 
various sensors. The major issue with 
this approach is the large amount of 
source phase induced noise due to the 
overlapping of optical signals with 
delays much longer than the coher
ence time of the source. For a sensor 
array with the series topology shown 
in Fig. 6 and with a diode laser source 
with a few meters of coherence 
length, a level of phase induced noise 
of a few milliradian/(Hz) 1 / 2 was mea
sured. One way of overcoming this 
problem is to use a quasi-thermal 
source with intrinsically low source 
phase induced noise for a given detec
tion bandwidth. With a conventional 
superluminscent diode (SLD) source 
with 0.1 mW optical power input to 
the fiber, a few microradian/(Hz) 1 / 2 is 
potentially achievable for up to about 
10 sensors. In this case, an accurate 
control of pathlength mismatch in the 
sensors and compensating interfer

ometers within the coherence length 
of the SLD (only a few tens of mi
crons) is required, which may be too 
strict a requirement for practical sen
sor arrays. 

The use of polarimetric sensors or 
two-mode fiber sensors makes it prac
tical to use such an extremely short 
coherence length source, since the 
pathlength mismatch between the 
two interferometers is much shorter 
than the physical length mismatch of 
the fibers, providing a possible con
trol of pathlength mismatch with a 
high accuracy. 

Another demonstrated way to im
prove the performance of the coher
ence multiplexed sensor array is to 
use a single longitudinal mode laser 
diode with frequency modulation at 
relatively high modulation frequency 
and magnitude. Then the phase noise 
components that come from interfer
ence between the time delayed signals 
from different sensors are distributed 
around the higher harmonics of the 
modulation frequency when the mag
nitude of the frequency modulation is 
large. A laboratory demonstration of 

70 microradian/(Hz) 1 / 2 sensitivity has 
been reported using this technique. 
The crosstalk level of the sensor array 
depends on the ratio of the pathlength 
mismatches present in the array to the 
coherence length of the source. The 
number of directional couplers for a 
N-sensor array shown in Fig. 6 is 
5Nx1—ra the r large compared to 
other approaches. 

Wavelength division 
multiplexing (WDM) 

Another approach to sensor multi
plexing is optical wavelength multi
plexing. In this case, individual sen
sors are addressed by different optical 
wavelengths using wavelength selec
tive grating reflectors or directional 
couplers for each sensor in the array 
(see Fig. 7). Here, signals from a num
ber of optical sources with different 
wavelengths are combined using a 
wavelength mult ip lexing coupler 
without intrinsic coupling loss. Sensor 
interferometers are connected to the 
distribution and return fiber buses 
with multiplexing couplers. There-

FlGURE 6. An example of coherence division multiplexing of fiber sensors. 
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FIGURE 7. Wavelength division multiplexing (WDM) of fiber-optic sensors us
ing wavelength multiplexing couplers (MUX). 

fore, each sensor is monitored by an 
optical signal with specific wave
length, different for each sensor. 
From the return bus, signals of differ
ent wavelengths—corresponding to 
different sensors—can be separated 
by a multiplexing coupler or an opti
cal grating. The demodulation of sen
sor signals can be accomplished using 
slightly unbalanced interferometers 
and frequency modulated sources as 
shown in Fig. 2(b). 

Ideally, the W D M approach can 
provide a very low loss sensor array 
since each wavelength assigned to an 
individual sensor does not experience 
any optical loss due to other sensors. 
An alternative optical source for the 
W D M operation is a single source 
with a broad optical spectrum that 
can accommodate an adequate num
ber of wavelength channels whose 
wavelength separation is determined 
by available wavelength multiplexers/ 
demultiplexers in the system. The 
crosstalk between the sensors critical
ly depends on the performance of the 

multiplexing couplers. No t many 
W D M systems have been demon
strated due to the lack of availability 
of adequate wavelength multiplexers. 

Polarization problem 
One aspect of sensor arrays that 

needs more attention is the problem 
of signal fading due to the random 
change of polarization of the optical 
signals in the fiber sensors. If the two 
interfering signals from the two arms 
of an interferometer are orthogonally 
polarized, the interference signal van
ishes. For typical sensor arrays with a 
large number of passive remote sen
sors, it is impractical to control the 
polarization state of interfering sig
nals from each sensor. 

In principle, the problem could be 
handled through the use of a polariza
tion maintaining circuit or single po
larization circuit for the array. In 
practice, possibilities of avoiding the 
polarization induced signal fading us
ing multiple polarizers and detectors 

at the output of the sensor array have 
been proposed. The performance of 
the rather complicated signal process
ing of the output signal has yet to be 
demonstrated. There are many other 
possibilities to solve this problem us
ing optical and/or electronic signal 
processing, which is an important re
search and development area for sen
sor arrays. 

Into the future 
It is apparent that sensor arrays 

with a few tens of sensors with a few 
microradian/(Hz) 1 / 2 sensitivity for 
each optical source and detector and 
with - 5 0 to - 6 0 dB of crosstalk be
tween sensors are available based on 
present technology. Some of the sen
sor arrays are under field test and 
considerable engineering efforts are 
devoted to the development of practi
cal sensor arrays. 

Among the mult ip lexing tech
niques described in this article, the 
T D M and F D M approaches seem to 
have the best possibilities with current 
sensor technology. One important 
step that needs to be taken is to iden
tify the specific needs for the impor
tant sensor array applications and 
then to design and test the sensor sys
tems. Development of new compo
nents can make some of the other ex
isting or new multiplexing techniques 
more attractive for particular applica
tions. In the not too distant future, 
various kinds of sensor arrays to 
monitor a number of parameters like
ly wil l be found in manufacturing 
plants, ships, airplanes, power plants, 
and even in automobiles. 
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