Progressive ladder network topology
combining interferometric and intensity

fiber-optic-based sensors

A. B. Lobo Ribeiro, R. F. Caleya, and J. L. Santos

Progressive ladder topology is studied by consideration of its properties of power budget and coupler
tailoring. Optimization criteria are addressed for lossless and real systems, and their basic characteris-

tics are compared with other topologies.

Numerical results are presented, and an experiment is

described for the case in which the network supports interferometric and intensity (with referentiation)

fiber-optic-based sensors.

1. Introduction

Fiber-optic sensor technology has now reached a stage
of development and maturity that fully justifies its
application in many sensing problems.l? Several
light-encoding principles have been considered to
detect the action of physical measurands, such as
intensity, phase, polarization, and wavelength of the
radiation. Considerable attention has been given to
intensity- and phase-based (interferometric) sensors;
the first are generally simple in design and inexpen-
sive, and the second have the potential to provide
extremely high sensitivities.?

In any case, for applications in which arrays of
sensors are needed, the multiplexing of fiber-optic
sensors will result in architectural simplicity and also
in significant cost savings because of a reduction in
the number of light sources, detectors, and fiber
transmission lines required.*? In general, multiplex-
ing involves the concepts of network topology, sensor
addressing, and sensor interrogation (i.e., demodula-
tion).® These concepts are frequently not indepen-
dent, which means that the choice of one implies the
selection of the other two. Other features are also
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relevant, conditioning the possible configurations to
solve a given problem. As an example, the integra-
tion in a network of interferometric and intensity-
based sensors implies that it is in general problematic
for the network to be reflective, as this is much more
natural for the transmissive configurations (this is so
because the intensity sensors are normally imple-
mented in a multimode fiber, implying the need for
the return fiber bus also to be multimode, which is
feasible only if the network is transmissive. The
sensor addressing can be in time, in frequency, in
coherence, and in wavelength.® In connection with
the recent development of intracore fiber grating
devices, wavelength addressing is emerging as an
extremely important phenomenon in a large range of
applications.”®

Figure 1 shows what can be considered to be the
basic topologies for sensor networks.5® Normally it
is highly desirable that all sensors in a given network
return the same level of average optical power (I,) to
the detection block. For some topologies, this is
obtained without the necessity of imposing con-
straints on the power splitting ratio % of the couplers
along the network, which is obviously a significant
advantage because it permits all the couplers to be
equal (to be rigorous, this is true only when the
network losses are neglected). In addition, it is
desirable that in a network of N sensors, I is large,
the number of couplers is small, and intrinsic cross
talk is not present (i.e., cross talk related to the
structure of the sensing array). It must be pointed
out that the addressing scheme can introduce extra
cross talk between sensors. In consideration of these
features, Table 1 compares the topologies shown in
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Fig. 1.

Basic topologies of optical-fiber networks.

Fig. 1, where I, is the average optical power injected
into the network (it is assumed that the network is
lossless and that the sensors have unit transmissivity
or reflectivity).

Table 1. Comparison of the Network Topologies Shown in Fig. 1

Several other more exotic sensing topologies have
been considered in the literature, e.g., the recursive
series topology!l® and the tapped serial array.l!
However, in general these configurations are, to some
extent, constrained by the level of intrinsic cross talk
present. Figure 2(a) shows an interesting topology
that, to our knowledge, has not been analyzed so far (it
was briefly mentioned in Ref. 12 in the context of
sensing applications for avionics). This is referred to
as the progressive ladder topology (PLT) and is stud-
ied in detail here. For the purpose of comparison,
Fig. 2(b) depicts the well-known transmissive ladder
topology (TLT), which probably is the one that has
been more utilized in sensing applications.

2. System Design

In Fig. 2 the optical-fiber sensors can be of any type; in
particular, they can be interferometric or intensity-
based sensors. For simplicity it is assumed that
their transmissivity is unitary. Assume that there
are N sensors in the ladder placed in the rungs that
are numbered 1 through N, with a variable i begin-
ning with { = 1 for the rung nearest to the light
source. Letthe magnitude of the amplitude coupling
coefficient for the coupler associated with sensor i be
\@ [with the exception of k; = ki, and ky = koy for
Fig. 2(a)|, so that a fractional power k; is transferred
between the two fibers in coupler i, and a power
(1 — k;) passes straight through. The crucial crite-
rion for system design is to ensure that each sensor
returns the same average optical power (I, from each
rung of the array to the detector, i.e., I(i) = Ii + 1)for
all i between 1 and N — 1.1 Two cases are consid-
ered below.

A. Lossless System
Using the above criterion for the PLT network, we

derive the relations between the coupling ratios:

ki=k,VN, i:2,...,N_1,

k2
in = kow = ko = 5 (1)

k

Therefore, with the exception of the first and last
couplers, which occupy an asymmetric location in the
network, all other couplers have to have equal power-
coupling ratios (k; = k). This property is highly de-

Optical
Number of Equal Power per Instrinsic
Topology Couplers Couplers Sensor Cross Talk EMISSION
Series 0 — I Yes
Transmissive ladder 2N — 1) No I,/N? No
Reflective ladder N No Ip/4N2 e No
Transmissive star 2b Yes I,/N? No
Reflective star 2¢ — Io/4N? No
Tree? N Yes Io/4N? No

aFor the first coupler it is assumed that k; = 0.5 (optimum case).

¥These couplers are of the type 1 — N (k = 1/N).

¢One coupler is a 2 X 2 and the otherisal— N.

dThe optimum situation occurs for N = 2, i = 1,2, 3,..., and
for k = 0.5.
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sirable because it avoids the coupler tailoring along
the network, which has implications in terms of
system cost and, very importantly, facilities of mainte-
nance and repair procedures. In Eq. (1) the freedom
of choice of power-coupler ratios can be used with
advantage to select the optimum coupling value
(k = kopt) that maximizes the return average power
per sensor (I,). This value can be obtained when the
derivative of the return power is set with respect to %,

i.e.,dI,/dk = 0.13 The resultis
RN —3)+ k)3 —N)+kN+1 —-2=0. (2)
The solution of this polynomial is given by
1 0.84(N + 3) 0.26A
k = kopt = - — + )
3 AN-3 (|N-3
A = [39\,’N - 3 - 7N\rN - 3
+ 3%23N3 — 15N? + 149N — 137)V2V3,  (3)

In contrast, for the TLT network the couplers have
to be tailored through the relation

1
b =

i m’ t=1...,N— 1. (4)

Figure 3(a) clearly illustrates this difference for the
case N = 10; for the PLT case it is represented by & =
koptin Egs. (3). From these results, the return powers
per sensor for the PLT and TLT configurations are
given, respectively, by

IsﬂmaxJ‘PLT = IOkO<]- - k0)<1 - kopt>N_2a (5>
I, ,
Is‘TLT = ﬁ ’ 6)

Figure 3(b) shows, as a function of N, plots for
Iymax|prr and I/ rpr.  Interestingly, the two curves are
similar, with the performance of the TLT being slightly
better (e.g., for N = 10, I |rry is larger than Iyay|prr
by a factor of 1.3).

B. Real System

The analysis is simplified if it is assumed that losses
in fibers, splices, couplers, and so on are lumped
together in the couplers, giving a total power attenua-
tion factor of 1 — B and 1 — vy each time the light
crosses a coupler in the input and output buses,
respectively. (We consider two different attenuation
factors to include also the situation in which, to
permit time addressing, we insert delay lines of
length L between sensing branches in the input bus of
the configuration shown in Fig. 2). Therefore, from
Fig. 2 it can be seen that 1 — B is approximately equal
to the total loss in the coupler, in a length L of fiber
and in two fusion splices; 1 — v is the lumped loss
relative to one coupler and to one splice. The follow-
ing set of equations emerges from the investigation of
the PLT network (to get equal return power from all
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Fig. 3. (a) Power ratio of the couplers as a function of their

locations in the array (N = 10) for the lossless system. For the
PLT case the optimum value given by Egs. (3) is shown [N = 10,
kinlopt) = kout = 0.05]. (b) Returned average power per sensor
(normalized by the input power) for the progressive and transmis-
sive ladder topologies.

the sensors):

1- kin B N1 -1
Rout = ke ); +1| , (7&)
A . _Bkout + [szoutz + 4'\/Bk0ut<1 - koutﬂlﬂr2
N 27(1 - kout)
(7b)
b= Bk + ki B + 4yB(L — kg2
' 27(1 - ki+1>
i=2,..., N-2/A\N=4. (7c)

There is again freedom to choose k;,, which can be
used to maximize the average return power from the
sensors. It was not found trivial to obtain analytical
solutions for k;, = kilopt). However, it is relatively
straightforward to get numerical results from Eqgs.
(7aj-{7c). Figure 4 shows kj,lopt) as a function of N
for B = 0.84 and vy = 0.93, which means lumped losses
of 0.75 dB and 0.3 dB, respectively |considering
operation at 1300 nm, we obtained these values from
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fiber loss (L = 500 m) = 0.25 dB, coupler loss = 0.1
dB, splice loss = 0.2 dB|. For the TLT case it is
possible to find a closed form for %;, namely,

(N-i)/2
ki=N(BL’ i=1,...,N—-1 (8
2_'(8,\{)1N7m\,”2

For these two topologies, Fig. 5(a) shows k; versus i
for N = 10, B = 0.84, and y = 0.93; for the PLT case it
was considered k;, = kj,(opt), with the value extracted
from Fig. 4. Comparing Figs. 3(a) and 5(a), we can
observe that for the PLT the introduction of losses in
the network implies that one can fulfill the condition
of equal return power from all the sensors in the
network only by addressing different values for the
different %;’s through the array. However, not consid-
ering the special cases of k;, and k., we find it
remarkable to observe that the spread of values is
relatively small, in strong contrast with the TLT case.
Therefore, the PLT is an intrinsically balanced configu-
ration, which is a highly desirable characteristic
because of the reasons already mentioned in the
context of the analysis of the lossless system. Using
Egs. (7) and (8) we can calculate the return power per
sensor for the PLT and TLT cases, respectively, as

N-1
Limax prr = IoYY Ri(opt)1 — Roy H (1—k), (9
i=2
By
Limr = 1o N—2 ’ (10)
2_‘ (B,Y)‘;mem
In Eq. (9), kou: and &; are given by Eqgs. (7). Figure

5(b) shows, as a function of N, plots for Iy prr and
I|rr. In line with the behavior observed in Figs.
3(b) and 5(b) and from the viewpoint of the sensor-
returned average optical power, the configurations of
PLT and TLT are very similar. An analysis of Table
1 shows that, not considering the singular case of the
series topology, the TLT (together with the transmis-
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Fig. 5. (a) Power ratios of the couplers as a function of their
locations in the array (N = 10, for the real system; g = 0.84,
v =0.93 at 1300 nm). For the PLT the optimum values are
presented. (b) Returned average power per sensor (normalized by
the input power; g = 0.84, v = 0.93 at 1300 nm).

sive star topology) has the highest value for the return
power per sensor. Therefore, the PLT is also favor-
able in terms of power budget, with the corresponding
positive implications in terms of sensor sensitivity.
In general, it is very convenient that the emitter and
detector blocks be physically together, as elements of
a single optoelectronic unit. The TLT network ful-
fills this condition but the PLT does not. However,
this is not an essential limitation of this configuration
because it is always possible, with negligible degrada-
tion in performance (and in cost), to guide the light
that exists in the array to the detection and process-
ing unit physically located in the input block.

If the sensors are addressed in time, it is necessary
to ensure that the return signals from different
sensors have allocated different time slots. There-
fore, if a rectangular optical waveform is injected into
the input fiber with a period T and pulse duration p,
then the following conditions must be satisfied:

nL
— =y,
c
(N — 1)nL

T=—"T—+n, 11)



where n is the refractive index of the fiber-guided
mode and L is the length of the fiber delay lines
inserted between the sensing branches of the net-
works. If the equalities in conditions (11) are consid-
ered and if I,k is the peak power injected into the
input fiber, then the injected average power I is

B I eak /
I, = iwIpeak = pT ’ 112)

In addition, with time-division multiplexing, each
sensor in the array is sampled in time; therefore, the
complete recovery of the information sent by the
sensors requires that the sampling period, 7', satisfy
the condition (Nyquist’s criteria)

1
2fmax ,

where fn.x is the spectral component of highest
frequency present in the signals arriving at the
sensors.

T=

(13)

3. Experiment

The PLT described above was tested for three sensors
(N = 3); the first two were Mach—Zehnder interferom-
eters and the third was an intensity-based curvature
sensor. Figure 6 shows the experimental arrange-
ment. The last section of the ladder, which supports
the intensity sensor and the corresponding referentia-
tion structure, was implemented by the use of multi-
mode fiber and couplers (graded-index fiber, 50/125
pm). Because of the practical impossibility of the
realization of fabricated tailored couplers, i.e., k;, and
Rout, to optimize the returned power (I;) of the sensors,
all couplers in the network had a nominal splitting
ratio of ~50/50. Addressing the sensors was, in
time, through pulse modulation of the light injected
into the network in combination with the fiber delay
lines, L; and Ly. A fraction of the light pulse to the
intensity sensor is directed to a reference arm, which
is separated in time from the sensing pulse through
the insertion of fiber delay line L3. The length of
these delay lines was =500 m.

The optical source used was a laser diode (Melles—
Griot 06DLS407, N = 785 nm, temperature con-
trolled) operating 28 mA above threshold and emit-

Multimode Fiber

#1(5) Synthetic Heterodyne
A4Sy Demodulation
53 ‘—| ETC

Fig. 6. Experimental arrangement (the nominal power ratio of all
couplers is 0.5).

DEMUX

ting =20 mW of optical power in a single longitudinal
mode. A Faraday isolator (insertion loss of 0.77 dB)
was used to avoid the reinjection of backreflected
radiation into the laser cavity. Pulse modulation of
the optical power injected into the network was
achieved by the use of an acousto-optic modulator
(AOM, Newport N23080), driven by a square wave-
form (frequency of 83 kHz, duty cycle of =~20%). The
average optical power injected into the fiber was =300
W, corresponding to an emitted power of =2 mW
from the first diffraction order of the AOM. This low
optical power value is due to the poor efficiency of the
AOM, which was not specified for this operating
wavelength. The optical signal output was detected
by a hybrid photodetector plus amplifier (from UOL,
Ltd., RM800) with an effective responsivity and an
NEP of 0.37 V/uW and 0.33 pW/\Hz, respectively.
After amplification the electrical signal was applied to
the electronic time demultiplexer based on an asyn-
chronous scheme (which will be described elsewhere),
not requiring direct synchronization from the AOM
modulating electronics.

To apply test signals, we incorporated piezoelectric
transducers (PZT’s) in one of the arms of each Mach—
Zehnder interferometer (i.e., sensors 1 and 2), which
had efficiencies of 0.37 rad/V and 0.32 rad/V, respec-
tively. We performed the demodulation of these inter-
ferometric signals by using the synthetic heterodyne
technique,!* which required a sinusoidal modulation
(wp,) of the laser diode current (to get a corresponding
frequency modulation of the light emitted; for this
laser, dv/8i = 5.4 GHz/mA), together with a certain
path-length imbalance of the interferometers (AL =~ 3.8
cm). Modulation of the laser frequency by applica-
tion of a sinusoidal waveform, Ai,, sin(w,t), to the
injection current of the laser diode gives rise to an
interferometric phase modulation, Ad, at the output
of an unbalanced interferometer, which is given by

ov
Y2

2mnAL

sin(w,,t) = Ad,, sin(w,,t), (14)

Ad Ai,,

where n is the effective mode refractive index and c is
the free-space velocity of light.

Standard theoretical analysis indicates that, if the
laser amplitude modulation (Ai,,) is adjusted such that
Ad,, = 2.63 rad, i.e., J1(Ad,,) = JoAd,,), where J,(Ad,,)
with ¢ = 0, 1, 2, ... are the first-order Bessel func-
tions, at the output of the synthetic heterodyne elec-
tronic system we obtain!4

Sy = al¥J,(Ad,,)cos|wt + bt)], (15

where I is the return average optical power from the
sensor, ¥ is the fringe visibility, a is a constant factor
taking into account the losses in the detection system,
w, is an electronic generated frequency carrier, and
&4(t) is the output phase of the interferometric sensor,
which contains the signal phase information of inter-
est. Thus it is straightforward to recover the phase
information from this heterodyne carrier signal [Eq.
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(15)] by the use of frequency discrimination or a
phase-locked loop with subsequent integration. The
amplitude modulation used was 0.42 mA (at 24 kHz),
the value required to obtain the optimum synthetic
heterodyne demodulation condition, i.e., J; = Jp.14
For the intensity sensor (sensor 3), demodulation
simply consisted of the ratio between the signal and
reference pulses, which eliminates all the power
fluctuations that can arise along the system (laser
power fluctuations, injection conditions, losses in the
input and return buses, etc.).

4. Results and Discussion

Figure 7(a) shows the pulse train at the detector
output (for a better view of the input waveforms, the
duty cycle was reduced to a value smaller than 20%).
The first three pulses are relative to the sensors and
the fourth is the reference pulse of the intensity
sensor (a large phase signal was applied to the PZT’s
in the sensing interferometers, permitting the deter-
mination of the interferometric fringe visibility, i.e.,

241nsy

R

Fig. 7. (a) Detected signals at the output of the fiber network (1
V/ div, 2.41 ps/div). (b) Input pulse train to the DEMUX (top) and
the first three demultiplexed output signals, corresponding to
sensors 1, 2 and 3.
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~70%). The amplitudes of the pulses shown in this
figure can be understood in terms of the analysis
presented in Section 2, which yields

Y1

0>

agBys
12 = 24
0‘3[32
25
0‘432

25

0>

13:

0>

ISrEf = Io. (16)

It is now necessary to consider two different y
parameters (y; and yy), where 1 — v; is the lumped loss
relative to a single-mode coupler and one single-mode
splice and 1 — v, is the corresponding parameter
relative to a single-mode-multimode splice and one
multimode coupler. Here a; and ay are the transmis-
sivities of sensors 1 and 2, considering their intrinsic
values (0.5 for Mach—Zehnder interferometers) and
the losses in the associated couplers and splices.
Here a3 is the transmissivity of the intensity sensor at
the minimum power loss state, i.e., considering only
the lumped loss relative to propagation through two
multimode couplers and two splices. In turn, a4 is
the corresponding parameter for the referencing arm
of the intensity sensor, i.e., 1 — a4 is the lumped loss
relative to propagation through two multimode cou-
plers, three splices, and fiber delay line Ls. The
parameter (3 was defined in Section 2.

The following values have been assumed: splice
loss, 0.2 dB; loss in a single-mode coupler, 0.2 dB; loss
in a multimode coupler, 0.5 dB; and loss in the delay
lines (500 m), 1.9 dB (3.8 dB/km at 780 nm).
Therefore, for the several parameters it turns out that
B = 057 vi = 091, v = 085, a; = ay = 0.42,
ag = 0.72, and a4 = 0.45. If the injected optical
power (I) into the network is 300 nW, then from Eq.
(16) the optical returned power of each pulse at the
output will be I; = 12.2 pyW, I, = 3.8 uW, I3 = 2.2 uW,
and I3*f = 1.4 pyW. Comparing these theoretical
results with the values extracted from Fig. 7(a), which
gives I = 15.1 pW, I, = 4.3 uW, I3 = 2.2 uW, and
I;f = 1.4 pW, we obviously find a fairly good
agreement. Figure 7(b) illustrates the operation of
the asynchronous time demultiplexer (DEMUX),
showing the input wave train and the signals at the
first three DEMUX output channels. It is clear that
the proper operation of this device, which does not
require any synchronization with the AOM, is also
insensitive to the problems related to the time delays
along the system, which in synchronous DEMUX’s
implies the need for fine tuning between signals in the
emission and detection electronics (if this is not the
case, large levels of electronic cross talk will appear).

Figures 8(a) and 8(b) show the synthetic heterodyne
demodulated output spectra of channels 1 and 2
(relative to sensors 1 and 2, respectively), when
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Fig. 8. Demodulated-output-spectra signals of sensors 1 and 2
when the PZT’s are driven by sinusoidal-phase test signals of (a) an
amplitude of 118 mrad and a frequency of 1.7 kHz (sensor 1), and
(b) an amplitude of 102 mrad and a frequency of 2.6 kHz (sensor 2).

sinusoidal test signals with an amplitude of 0.32 V at
frequencies of 1.7 kHz (sensor 1) and 2.6 kHz (sensor 2)
were applied to the PZT’s in the interferometers.
From these figures, signal-to-noise ratios of 39 and
33.4 dB, in a 32-Hz bandwidth, are obtained for
channels 1 and 2, respectively. Taking into account
the applied voltage and the PZT efficiencies (sensor 1
is 0.37 rad/V, sensor 2 is 0.32 rad/V), we find that the
corresponding sensitivities are 234 and 386
prad/\Hz. These values are relatively modest be-
cause of the large level of electronic noise generated in
the asynchronous DEMUX, which is still in a develop-
mental state (proper optimization would substan-
tially reduce these values). Considering that elec-
tronic noise is dominant and the return power from
sensor 2 is smaller than the return power from sensor
1 by a factor of 3.5, we see that this explains the worst
value for the sensitivity of sensor 2.

In addition, we can see from these results that the
cross-talk level between channels 1 and 2 is below the
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Fig. 9. Ratio between the sensing and referencing pulses of sensor
3 as a function of the fiber curvature radius of the sensing fiber
(initial radius Ry = 6 mm).

noise floor, which indicates proper operation of the
electronic time DEMUX |also evident from Fig. 7(b)].
Figure 9 shows the ratio between the amplitudes of
the third (I5) and fourth (I5™f) pulses as a function of
the normalized curvature radius of the fiber in the
intensity sensor. It should be mentioned that, by
using a mode scrambler, we obtained an approximate
uniform power modal distribution in the input multi-
mode fiber to the intensity sensor, which is essential
considering that the light exiting the single-mode
fiber will excite only the lower-order mode(s) of the
multimode fiber. Two sets of data are presented, i.e.,
the laser working with injection currents of 46 mA
and 51 mA, which corresponds to an emitted laser
power of 3 mW and 6 mW, respectively. As we can
see, ratio I3/Isf (performed electronically by inte-
grated circuit AD534) is nearly equal for the two
cases, illustrating the effectiveness of the referencing
technique (it should be emphasized that any kind of
intensity sensor could be considered in this experi-
ment).

The network structure shown in Fig. 6 has the
multimode section in the last rung of the ladder
(clearly, it is the only acceptable light propagation
from a single-mode to a multimode fiber). However,
this is not a basic limitation, because if the return bus
is implemented with the multimode fiber, then the
intensity (made from multimode fiber) and the inter-
ferometric sensors can be placed in any order in the
array. In conclusion, in this paper we have studied
the progressive ladder topology, considering its prop-
erties in terms of network power budget and coupler
tailoring. The problem of network optimization was
addressed for both lossless and real systems, and
their basic characteristics were compared with other
topologies, namely the well-known transmissive lad-
der topology. We also emphasized the intrinsically
balanced nature of the progressive array. The net-
work concept was demonstrated with three sensors
multiplexed in time; two of these were interferometric
(Mach—Zehnders) and the other was an intensity-
based sensor with referentiation.
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