JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 10, NO. 6, JUNE 1992

853

Frequency Multiplexing of Remote All-Fiber
Michelson Interferometers With Lead Insensitivity

J.L. Santos, F. Farahi, T. Newson, A.P. Leite, and D. A. Jackson

Abstract— A scheme to frequency multiplex a group of sen-
sors based on all-fiber Michelson interferometers is presented.
Lead insensitivity is obtained by using the two fibre leads of
the configuration as an extra Michelson interferometer whose
differential phase is kept constant by active compensation. Topics
concerning the system design, sensor sensitivity, and crosstalk
between sensors are investigated. Experimental and numerical
computational results are presented.

I. INTRODUCTION

IBER-OPTIC interferometric sensors have been actively
Fstudied and developed using different optical configura-
tions and signal processing techniques [1]. For applications
where arrays of sensors are needed, multiplexing of fiber
sensors will result in significant cost savings due to reduction
in the number of light sources, detectors and fibre transmission
lines required. A number of different approaches to sensor
multiplexing have been reported, which may be described as
forms of coherence, frequency and time division multiplexing
(2], [3]. For all of these techniques it is desirable that the
sensor heads should be as simple as possible, without electrical
connections, and that phase/intensity fluctuations induced in
the lead fiber(s) due to environmental disturbances should
not substantially degrade the system performance. Several
schemes have been proposed to remove the environmental dis-
turbance generated in the transceiver fiber link [4]-[6]. Here,
we present a scheme to multiplex a group of sensors, based on
all fiber Michelson interferometers, in which the problem of
lead sensitivity is solved by using active compensation. The
concept is illustrated in Fig. 1. The two arms of the Michelson
interferometers can either be located remotely from the source,
detector and processing electronics, or, alternatively, only the
signal arms are located remotely, while the reference arms are
located in a controlled environment in the processing region
(dotted box in Fig. 1). In order to overcome the problem
of lead sensitivity, the fibers that guide light to the arms
of the sensing Michelson interferometers form an additional
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Fig. 1. Scheme to frequency multiplex a group of all fiber Michelson
interferometers with lead insensitivity.

Michelson interferometer, whose differential phase is kept
constant by a servo system fed by the amplifier output after
low-pass filtering. Light from each interferometer is made
incoherent with respect to light from other interferometers by
introducing portions of fiber with length L greater than the
source coherence length. To recover the signals, a carrier of
frequency “w;” (j = 1,2,- - -, N, where N is the number
of sensors) is generated for the jth interferometer by one of
two methods: 1) ramping the injection current of the laser
diode (and hence the frequency of the emitted radiation) in
combination with a unique path imbalance for each interfer-
ometer; 2) applying a ramp voltage to a PZT located in the
reference arm of each sensing interferometer. At the output, the
interferometers carriers are separated using a set of bandpass
filters.

II. THEORY

A. System Design

The criterion to determine the coupling ratios of the direc-
tional couplers is to ensure that each interferometer (including
the compensating interferometer) contributes the same average
power to the detector, and that each arm of an individual
interferometer receives the same power level. This last condi-
tion implies the symmetry of the design, so that the coupling
ratios of corresponding couplers in the sensing and reference
branches are the same. Two cases can be considered:

I) Lossless System: The average power on the detector from
the ith interferometer is

i
-Pi = 2Pin’{a(1 - K@)(l - Kli+1)2 H K‘JQ

j=1

(2':1,2,-~',N) @
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where “P,,” is the injected power and “x;” is the coupling
ratio of the jth interferometer. The average power returned
from the O-th interferometer—the compensating interferom-
eter—is 2Pyk0(1 — K,)(1 — k1)°. The condition Piy, = P,
gives the relation

1
it1 =2~ —. 2
Kit1 o @)
As Ky=1 = 0, we have
N+1-4
= — ,=1,2,---,N).
M= Nya=i 0L ) ®)

With the couplers splitting ratios constrained in this way, the
average power returned from each interferometer is

2Pinl<,o(l - Iio)

Pin =
nt (N+1)2

4)
where “N + 17 is the number of interferometers; the total
returned average power is P, = (N + 1) Py,

2) Real System: The analysis is simplified if it is assumed
that losses in fibers, splices, couplers, etc., are lumped together
in the couplers, giving a power attenuation factor of 1-3 each
time the light crosses a coupler. From Fig. 1 it can be seen that
1-3 is approximately equal to the total loss in a fiber length
L. in one coupler and three fusion splices. With this model,
we have (ky = 1/2,6n41 = 0),

11—k

i=1- =1,2,---,N -1
K s (i=1,2,---, ) (5a)
N-1
Z ﬁ(f\'—l)—j +1
Ky = 1 i=1,23.-- N-1) (5b
N
S BW=0) 41
Jj=1
[N+
Pint = 2Pin“o(1 - "50)‘2;
N
S A=) 41
Jj=1
Pt = (N + 1)Pint- (SC)

To maximize the power that reaches the detector, “x,” must
be 0.5 in (4) and (5c). Fig. 2 shows the variation of “Pj,,”
(normalized by the input power) with the number of sensors,
for a lossless and a lossy system (3 = 0.9, which means a
lumped loss of 0.5 dB).

B. Sensor Sensitivity

In this section, the minimum detectable phase signal from
the sensors in the system is evaluated, considering the primary
noise sources (namely, phase noise, shot noise, and electronic
noise). It is assumed that the coupling ratios of the couplers
follow the relations given in Section II-A, which ensure that
all sensors return the same average power.

In the frequency range of interest for sensor applications
the (one-sided) phase noise power spectral density at the
output of a two beam interferometer with differential delay “7”
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Fig. 2. Returned average power from each sensing interferometer
(normalized by the input power) for lossless and lossy (3 = 0.9) systems.

illuminated by a source with coherence time “7.” (assuming
negligible intensity noise and phase fluctuations of the light
that follow a Gaussian probability distribution) is given by [7]

_2r |, 27
GPphaseNoise = 8P4 Pg1.e = {sm2 (wor) [cosh(T—) — 1}

€

2T
TC

where “P4”, “Pg” are the optical powers that reach the detec-
tor from each arm of the interferometer (P4 = Pg = Py /2)
and w, = 27v,, where “v,” is the frequency of the optical
radiation. In the coherent regime 27/7. << 1, and (6) can
be written

+ cos? (w,7)[sinh ( 2—T)
-

c

(©)

T2 . 2 2T
GPhaseNoise ~ leAPBT_ s (WOT)§ — << 1.

Te
Q)
In the incoherent regime 27/7. >> 1 and (6) becomes
27
GPhaseN(yise ~ 4PAPBTC:, T— >>1]. (8)
[+

For the topology shown in Fig. 1 the number of paths from
the source to the detector is 2(IN + 1). The number of pairs
of paths is

ANy = (2N + 1)(N + 1). ©)

For “N + 1”7 of these pairs the condition 27/7, << 1 is
satisfied and (7) is valid. For the pair that constitutes the jth
interferometer (j = 1,2, -+, N)

sin(woT) = sinfw;t + ¢o; + ¢ sin(ws;t)] (10)

where “¢,;sin(w,;t)” is the applied signal, ¢,; =
2mnu,ALj/c is the static phase difference and “w;” is
the carrier frequency generated by the pseudo-heterodyne
technique (“AL;” is the geometric path imbalance of the jth
interferometer, “c” is the speed of light and “n” is the effective
index of the fiber mode). If ¢,; << 1, this pair contributes to
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the level of phase noise at frequencies w; + w, by the amount
4P4 Pp(T2¢2/7.), which is negligible. On the other hand, the
other “N” pairs that constitute the remaining “N” sensing
interferometers do not introduce phase noise at frequencies
wjTw, (because it is assumed that each sensing interferometer
has a different carrier frequency). Therefore, the level of phase
noise arises from the 2N Y, — (N 4 1) pairs which are
described by (8), i.e.,

GPhaseNoise & 4[(2N + 1)(N + 1) — (N + 1)|P4 PgM?r,
= 8N(N 4 1)P4PgM?r, (11)

where “M”, the detector current multiplication gain obtained
when an APD is used, is modeled in terms of an equivalent
predetection optical amplification.

Expression (11) was obtained by adding the spectral noise
powers of the interferometers which fulfill the condition
27 /7. >> 1. Therefore, possible correlations of phase noise
powers associated with two or more interferometers were
not taken into account. If the path imbalance of each pair
of paths was unique in the scale of the source coherence
length, or if the average delay for each of those pairs was
unique in the scale of the source coherence time, then the
correlation would be negligible and phase noise powers will
simple add. However, for the configuration shown in Fig. 1,
if the length “L” of fiber between adjacent interferometer
arms is constant, then there are pairs of paths with average
delays and path imbalances which are similar on the scale
of the source coherence time or source coherence length,
respectively. Therefore, correlations between noise powers of
different interferometers may exist which are proportional
to “COS<¢T2 - ¢7'1 + ¢32 - d’sl)”’ where “qﬁrl”’ “(/57'27” and
“$s1,” “¢so” are the net phase delays (static and variable)
for the light that propagates in the reference and sensing arms
of two interferometers which fulfill the conditions for mutual
phase noise correlation [8]. Accepting that the fluctuations,
as well as the signal and reference phases applied to one
of the interferometers, are independent from those applied to
the other one, within the frequency range of each sensor the
correlation factor will be small and the total phase noise power
spectral density will be given approximately by (11).

The shot noise current generated in the detection process is
(rms value)

(12)

ishot = V2eM?FRP,B

where “e” is the electron charge, “F” is the excess noise factor
of the detector, “R” is the detector responsivity and “B” is the
system bandwidth. It is convenient to express the shot noise
current in terms of an equivalent one-sided squared optical
noise spectral density, “GshotNoise”s defined by
2o 2P.M2Fhu,

3
GShotNoise(f) = -shot

= 13
2 . (13)

where “h” is the Planck constant and “7” is the detector
quantum efficiency.

Other noise sources need to be considered, namely the shot
noise associated with the dark current “i44,,” of the detector,
the thermal noise generated in the feedback resistance “R;”
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of the transimpedance amplifier and the noise generated in
the amplifier itself. Lumping these noise sources together as
electronic noise, we have (again, in terms of an equivalent
one-sided squared optical noise spectral density)

hv,

2
9
) [2eida,kM2F+—4K +i2
Ry

GElectronic = ( (14)

where “K” is the Boltzmann constant, “6” is the absolute
temperature, and “2,,” is the noise current of the amplifier.
The output from the jth interferometer is

P; = P {1 + V cos[wjt + ¢oj + ¢ sin(ws;t)]}  (15)
where “V” is the fringe visibility (for simplicity it will be
assumed that the visibility will be the same for all sensing
interferometers). If ¢,; << 1, the optical rms signal present
in any of the two sidebands of “w;” is “(V/\/g) ¢sjPint”; the
corresponding squared optical power signal is (with the APD

gain modelled in terms of an equivalent predetection optical
amplification)

V2 o ag2,2
S = ?PintM sj* (16)
For SNR= 1, S = BG,, where “z” indicates each one of
the noise sources considered above. Therefore, the minimum

detectable phase when the noise source “z” is present is

8BG,
Va2p2 M2

int

¢‘sz = (17)

Fig. 3 (a) shows the variation of the minimum detectable
phase signal with the number of sensors when only phase
noise is considered (M = F = 1,V = 05, 7. = 1.2 X
10785 (L. = 3.6 m); the coherence time corresponding to a
single-mode laser emitting 3 mW of optical power [9]). Fig. 3
(b) gives the minimum detectable phase as determined by shot
noise and electronic noise v, = 3.75x 1014 Hz (A = 800 nm),
Po=1mW,n=06,V =05,4, =7 x 107134/vHz (for
the 5534 low noise amplifier), Ry = 100 kHz, iga,ic = 1 nA).

Assuming that all noise sources are uncorrelated, the min-
imum detectable phase signal is

2 2 2 1/2
¢smin = [(¢sPhase) + (¢sShot) + (¢9Electronic) :| .
18
As Fig. 3 shows, phase noise is dominant. Therefore
[1I6N(N + 1),
¢smin ~ ¢sPhase = _—( V2 ) < . (19)

This expression does not depend on “M?”; therefore, from the
viewpoint of sensor sensitivity, there is no advantage in using
an APD instead of a p-i-n diode.
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Fig. 3. Variation of the minimum detectable phase signal with the number

of sensors, considering: a) only phase noise; b) only shot noise and electronic
noise.

C. Reduction of the System Noise Floor

When the pseudo-heterodyne carriers are generated using
piezoelectric elements in the reference arms of the interferome-
ters (this does not violate the requirement of electrical passivity
in the remote sensing region, because the reference arms can
be located together with the laser and its associated drive
electronics, the detectores and signal processing electronics),
the path imbalance of the interferometers can then be made as
small as physically possible. In this case, the level of phase
noise can be reduced by modulating the injection current of
the laser diode at high frequency [10]. This current modulation
also results in modulation of the frequency of the emitted
radiation and the output of the jth sensing interferometer
becomes (sinusoidal modulation with frequency “w,,,”)

P = Pl + Veos(dms sinwmt + ¢rj + bs5)]  (20)

where ¢r; = wjs, wm >> wj, and “¢,;” is the phase signal
applied to the interferometer (constant phases are neglected).
If “Av,,” is the amplitude of the frequency modulation of the
source then the induced phase in the interferometer is

e = ZWRALjAUm. 1)
c
The expansion of (20) in terms of Bessel functions gives
lebaseband = PintVJ0(¢mS) COS(w]'t + ¢8j)' (22)
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From this expression it can be seen that the laser modulation
has the effect of reducing the signal amplitude by the factor
“Jo(Ppms).” If “¢ps” is small the loss in signal strength is
negligible. The effect of source modulation on the level of the
source induced noise floor can be estimated using a simple
model. Let “AL;,.” be the geometric path imbalance of any
two arms in the system not belonging to the same sensing
interferometer, i.e., AL;,. >> AL,. The interference of light
arriving from these arms gives

Pnoise = I'int Yinc Cos(¢mn sin wmt + ¢n) (23)
where
2TnA L Avp, 27nA Ly bv
g = T o TS (g

and “¢,” is the phase noise due to fluctuations “§v” of the
source frequency and “Vin.” is the fringe visibility of the
interference of the two “incoherent” beams. Its average value
is zero, but not its rms value, because of fluctuations in the
source coherence length. Expanding (23)

Pnoise|baseband = Rnt‘lincjo(qsmn) cos ¢y, (25)
Pnoisellthfharmonic = PimVinch(QSmn) cos[wmt + ¢n] (26)

Equation (26) indicates that the intensity fluctuations due to
fluctuations in “¢,,” are distributed around “w,,” (or pwy,,p =
2,3, - -, for higher harmonics). If “f,,” (wm = 27 fy,) is
large (MHz region), due to the 1/f dependence of the phase
fluctuations [11], the noise spectral power in the frequency
range of interest for sensing applications is negligible. There-
fore, the only noise term that needs to be considered is that
given by (25). Compared with the case of zero modulation
{(dmn = 0, J,(¢pmn) = 1) the noise floor will be decreased by
a factor
1

E= 5y

In practice, the noise floor is limited by the presence of other
noise sources. Therefore, it is predicted that “F” will reach a
saturation value when “¢,,,,” increases.

@7

D. Crosstalk Analysis

In this section several crosstalk sources will be investigated,
namely:

1) some degree of residual interference between light that
propagates in distinct sensing interferometers;

2) amplitude modulation of the light emitted by the laser
diode when the sensors carriers are generated by ramp-
ing the laser diode injection current;

3) the finite fly-back time of the sawtooth waveform (ap-
plied to the laser diode or to PZTs used to generate the
carriers);

4) driving the phase of the interferometers over noninteger
number of fringes in the process of generating the
carriers.



SANTOS et al.: FREQUENCY MULTIPLEXING OF REMOTE ALL-FIBER

The first source of crosstalk is intrinsic to the topology studied;
the other three are associated with the practical implementation
of the pseudo-heterodyne processing scheme. In this analysis
coupled effects between crosstalk mechanisms will not be
considered.

1) Crosstalk Due to the Coherence of the Source: This re-
sults from the fact that light from a given path is never
completely incoherent relatively to light that propagates in
the nearest path (worst-case situation). If “L” is the length
of fiber that separates two adjacent arms, the level of crosstalk
(assuming Lorentzian spectral mode profile) is

2Ln

L. ’

For L =15mand L, = 3.6 m, A;,, = —33 dB.
2) Crosstalk Due to Amplitude Modulation of the Emitted

Light: Fig. 4(a) shows the injection current waveform applied
to the laser diode. Its Fourier expansion is

. oo +1
i(t) =i, + —AW—Z Z (:2—17 sin{pwnt)

p=1

Aine = 10 log [exp( - (28)

(29

where w, = 2n/T, and “T” is the period of the sawtooth
waveform. It is assumed that the path imbalance “ALj;” of the
7th interferometer is “m;ALpin,” where “m;” is an integer
greater than zero and “AL,p;,” is the minimum path imbalance
of the set of sensing interferometers. The current excursion that
will cause the phase of the interferometer with path imbalance
“ALmin” to be driven over one fringe is
_ c
n7ALmin

where “y” is the slope of the optical frequency versus injection
current curve. The variation “A¢” in the injection current
generates a change “aA¢” in the injected power into the
fiber, where “a” is the product of the injection efficiency of
optical power into the fiber and the slope of the optical power
versus injection current curve in the region above threshold.
Assuming zero fly-back time of the sawtooth waveform, the

output of the jth interferometer is

Ai (30)

Pj = u[Py + i(t)][1 + V cos(mjw,t)] (31

where v = P, / P,y (the signal applied to the sensor arm is not
made explicit in (31)). In this expression the relevant term is

uaVAi i (=1)P*+!

uVai(t) cos(mjw,t) = 5 »
T

p=1
sin[(p — m;)w,t] + sin[(p + m,-)w,t]} .
(32)

We can consider now the crosstalk from the 7th sensor to the
Jth sensor, whose carrier frequency is w;, = (m; + p)w, (or
(mj — p)wy). From (31) and (32)

Pylwy = (mj + p)w,] = uPyV

uaV Aq
Pj[w =wj = (m]- +p)wr] ~ o

(33)
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Fig. 4. a) Injection current waveform applied to the laser diode. b) Crosstalk
from the jth sensor (with w; = 5w, ) to other harmonics due to the amplitude
modulation of the emitted light (p = |m; — m]/l).

Therefore, the amount of crosstalk from sensor j to sensor gt

due to the amplitude modulation of the laser diode emitted

light is

b Pyw = wy)
P

’

7

Amod|,-_>,~r = 1010g{

ac
27Tpnfyf)inALmin

. (34)

1010g[

For a given system configuration the crosstalk is maximum
when p = 1(lw; — wj| = w,). Fig. 4(b) shows “A0q” when
mj = 5 and: v = 3 GHz/mA, o = 0.13 mW/mA (typical
values for the HL7801 laser diode, and considering a power
injection efficiency into the fiber of 30%), P, = 1 mW and
ALpin = 10 cm.

3) Crosstalk Due to the Finite Fly-back Time of the Sawtooth
Waveform: This effect is illustrated in Fig. 5 for the case

mj = 2. From this figure
T.=uT Ty=(1-pT;

O<p<l. 35)

The output from the jth interferometer is (AC component)

2mm;
Pj|AC = Pintvcos,: MT]

tJ; 0<t<ul

2rm;

= PintVeos [(T——;L)—T

(T—t)}; uT <t<T. (36)



858

This function is periodic with period “T™; therefore, it can be
expanded in a Fourier series

Pilac = PV Y [ Ap cos(puw,t) + Bysin(pw )]

p=1
= PV Z Sy cos(pw,t + ap) 37
pr=1
where w, = 274 and
1/2
Sp = [A,? + Bf,] . (38)

The expansion coefficients are given by
PR {sin[(a — pw)pT)  sinf(a + pw, )uT]
PT T

T a — pw, a + pw,

pwy — b [Sin[d + (pwr — b)T] — sin[d + (pw, — b),uT]}

[sin[(pw, +b)T — d] - sin[(pw, + b)uT — d]J };
p=0,1,2,- - (39)

+
pwr +b

B, = %{pwrl— . [1 — cos [(pw, — a)uT]]

+ — {1 — cos[(pw, + G)HT]]

[cos[d + (pw, — b)uT)

1
pwr +b

L1
pw, — b
— cos[d + (pw, — b)T]] +

[eosttpor + 00 = )= ol + )7 ]

p:172’3a"' (40)
where
2mm; 2wm; 2rm;
ul (1-p)T 1- (41)

When p = 1 (zero fly-back time) B, = 0 and 4, = 0 for
all “p”, except where p = m;, when Amj = 1. This means
that the optical energy is all concentrated in the frequency
w;j = mjwy. When g < 1, A, < 1 and the energy is spread
over the other harmonics, generating crosstalk from the jth
sensor to sensors with carriers wj,, mj # m;. This crosstalk
can be measured by the parameter “Ag,”, defined as
Apyljosy = 101og[li(“’”—“’]’)} =10log[S,]  (42)
i
where Pj(w = wj/) is the optical power of the jth interferom-
eter in the carrier frequency of interferometer “5, “P;,” is the
optical power of interferometer “j’” in its carrier frequency,
and p = m;. Fig. 6 gives “Ag,” for the case 1/T = 1 kHz,
mj =5 and ;i = 0.98 (this value corresponds to a fly-back
time of 20 u1s). As could be expected, crosstalk energy appears
essentially at frequencies greater than “w;”.
4) Crosstalk Due to Phase Modulation over a Noninteger

Number of Fringes: The effect is illustrated in Fig. 7. The
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Fig. 5. a) Phase waveform applied to the interferometer for modulation
over two fringes. b) Corresponding interferometer output (AC component;
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Fig. 6. Crosstalk from the jth sensor (with m; = 5) to other harmonics due
to the finite fly-back time of the sawtooth waveform (¢ = 0.98; p = my ).

output from the jth interferometer (AC component) is

2 .
Piiac = PmVeos| Z254]; 0<t<T @)

where the parameter “e” models the deviation from the phase
modulation over an integer (m;) number of fringes. Again,
because this function repeats itself with period “T’,” it can be
expanded in the Fourier series given by (37), with coefficients

Al - 1 |[sin[2n(m;e — p)] 4 sin [27(mje +p)] |
L mje —p mje+p '
p=0,1,2,--~ (44)
B — 1 {cos[?w(mje ~p)] _ cos2m(mje + p)]
P op mje—p mje+p
1 1
m;e—p MGe+Dp
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a) Phase waveform applied to the interferometer for modulation over
2z fringes (¢ = 0.9); b) interferometer output (AC component).
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Fig. 8. Crosstalk from the jth sensor (m; = 5) to other harmonics due to
modulation over a noninteger number of fringes (s = 0.95; p = m ).

When € = 1 (phase modulation over an integer number of
fringes), B; = 0 and A;, = 0 for all “p,” except when
p = my, where A’,,, —1. Therefore, the optical energy is totally
concentrated in the frequency w; = mjw,. When ¢ # 1, the
energy is spread over other harmonics causing crosstalk from
the jth sensor to sensors with carriers wjr, my # m;. This
crosstalk can be measured by the parameter “A,;,,”, defined
as

‘4nint|],>]/ =

— Pi(w = wjr) ot
- 1010g{—ﬁf— :IOIOg[SPJ (46)
where p = m;, and
! 1/2
. 5, = [42+ B2 @)
Fig. 8 gives “Apin:” for the case m; = 5 and & = 0.95 (one
quarter of a fringe is missing).

E. Lead Insensitivity
The multiplexing topology shown in Fig. 1 can be made
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Fig. 9. Experimental arrangement (the nominal value for the coupling
constant “x” is 0.5).

insensitive to phase fluctuations induced in the fiber leads by
external agents using active compensation. Referring back to
Fig. 1, the output from the jth interferometer can be written
as

Pj = Pio[1 + Vcos(¢rj — dsj + b — ¢a) (48)

where ¢,; = w;t, “¢,;” is the applied phase signal, “¢4” is
the environmentally induced phase fluctuation and “¢.” is the
phase introduced by the compensating servo system. When this
system is operating “¢. — ¢4 is kept constant within the servo
bandwidth, thereby eliminating the phase fluctuations. Because
the input to the servo is obtained from the amplifier output
after low-pass filtering, the minimum carrier frequency must
be larger than the servo bandwidth. However, no constraint is
imposed on the frequency of the applied signals.

III. EXPERIMENT

The multiplexed network concept discussed above was
tested for N = 2. Fig. 9 shows the experimental arrangement.
The optical source used was a laser diode Hitachi 780IE. For an
emitted light power of 2.5 mW the power injected into the fiber
was 250 uW. All couplers had nominal 50/50 coupling ratios.
The ends of the fibres of each of the three interferometers
were silvered. The interferometers arms were separated by
fibers with a length “L” of 19 m. Signals were induced
in the interferometers using PZT’s (interferometer “0”: PZT
A, B; interferometer “1”: PZT C, D; interferometer “27:
PZT F, H). The detectors were p-i-n diodes. Dual detection
was implemented using outputs A and B'. The signal from
the output of the differential amplifier was bandpass filtered
to provide the carriers for interferometers “1” and “2.” In
addition, the amplifier output (after low-pass filtering) was
applied to a servo which generates an error signal to maintain
interferometer “0” in quadrature, thereby compensating any
fluctuations induced in the fiber leads.

The losses in the fiber, splices and couplers, when lumped
together as an equivalent total loss located in the couplers,
gave 3 = 0.8. The power “p,” (output A) returned from each
arm of interferometer “0” was 2.3 uW; the power returned
from each of the arms of interferometers “1” and “2” was

! When phase noise is the dominant noise source dual detection will improve
the system sensitivity by a factor of v/2, i€, Geminda = OsminB =
V205 min Dual-
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p1 = p2 = 0.4 pW. The modulation efficiencies of the PZT’s
were evaluated as being: A: 0.63 rad/V; B: 1.74 rad/V; C:
0.31 rad/V; D: 0.75 rad/V; F: 0.28 rad/V; H: 0.9 rad/V. The
dynamic range of the servo system was 163 rad and the 3-dB
cutoff frequency was 400 Hz.

The visibility for any of the three inteferometers is not
directly accessible from outputs “A” or “B,” because these
give the sum of the optical powers arriving from the inter-
ferometers. However, if for interferometer “#” (i = 0, 1,2) the
measured visibility “V;,” is obtained in the usual way, the
true visibility is

Potp1+p2.,
—_ T‘/a'[.
Using this expression, the calculated visibilities were: V, =~
43%, V1 = V, =~ 38%. The geometric path imbalances of
interferometers “0,” “1” and “2” were 2 x (0.8 4 0.1) cm,
2x(7.5£0.3) cm, and 2x (15 + 0.3) cm, respectively, equiv-
alent to OPD’s of 2.3+ 0.3 cm, 22+0.9 cm, and 44 +0.9 cm,
respectively.

Vi (49)

IV. RESULTS

Fig. 10 shows the output of the amplifier when a sinusoidal
test signal of amplitude “V,” (frequency: 1 kHz) was applied
to interferometer “0” (via PZT A). Fig. 10(a) was obtained
when only interferometer “0” was present and V;, = 8 mV;
Fig. 10(b) is for the case when interferometers “0” and “1”
were present and V; = 20 mV; finally, Fig. 10(c) respects to
all the system being connected and V, = 20 mV. The sensi-
tivity obtained for each of the three cases is 14 prad/vHz,
141 prad/v/Hz, and 221 prad/v/Hz, respectively.

The lead insensitivity is illustrated in Fig. 11. A sawtooth
waveform (frequency: 2 kHz) with appropriate amplitude was
applied to one of the arms of interferometer “1” (via PZT D)
in order to drive the interferometer phase over 27 radians
(one fringe) and generate a pseudo-heterodyne carrier. A small
sinusoidal signal (frequency: 100 Hz) was applied to PZT A,
to simulate the environmental noise on the transceiver lead.
Fig. 11(a) is the output of the system when the servo was off,
As expected, the noise signal also appears as sidebands of the
carrier, and would be interpreted as a signal detected by inter-
ferometer “1”. When the servo loop was closed (Fig. 11(b))
the induced signal was attenuated by 32 dB and no sidebands
appeared in the carrier, demonstrating the lead insensitivity of
this configuration.

Fig. 12 shows the carriers generated in interferometer
“17 (frequency: 2.5 kHz) and interferometer “2” (frequency:
5 kHz) when sawtooth waveforms were applied to PZT’s D
and H, respectively, with an amplitude selected to modulate
the phase of the interferometers over one fringe (the electronic
sawtooth waveforms had fly-back times of 5 us; the PZT’s
used had cutoff frequencies around 80 kHz, which implies
PZT fly-back times of the order of 15 us). In Fig. 12(a) a test
signal (frequency: 250 Hz; amplitude: 123 mrad) was applied
to interferometer “1” (via PZT C) and no signal was applied to
interferometer “2”; in Fig. 12(b) the same signal was applied
to interferometer “2” (via PZT F) and no signal was applied
to interferometer “1”. As can be seen, no sideband crosstalk is
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Fig. 10. Output of the system when a test signal was applied to interferometer
“0” (B = 16 Hz): a) only interferometer “0”; b) interferometers “0” + “17;
c) interferometers “0” + “17” + “2”.

apparent between the two sensors. For the situation described,
the main source of crosstalk is the finite fly-back time of the
sawtooth waveforms. From the theory presented in Section II-
D.3 we find Agy;_>2 = —24 dB and Agyj2->1 = —28 dB
(defined as 20 log(P;/ P,/ )). These values clearly indicate that
the crosstalk signals are below the noise floor. From the data
presented, the sensitivity of the sensors was estimated to be

5 mrad/v/Hz.
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on.

Similar results to those shown in Fig. 12 were obtained
when the carriers of the interferometers were generated by
modulating the injection current of the laser diode with a saw-
tooth waveform (frequency: 2.5 kHz) with amplitude adjusted
to modulate the phase of interferometer “1” over one fringe,
which gives a modulation for the phase of interferometer
“2” over approximately 2 fringes (the path imbalance of this
interferometer was twice that of interferometer “17),

Further experiments were performed with this system to
test the concept of noise reduction via high frequency laser
diode modulation. The carriers were now generated by modu-
lation of PZT’s D and H. A sinusoidal waveform (frequency:
2 MHz) was applied to the laser diode, with a peak-to-
peak current excursion of 7.9 mA. The slope “y” of the
optical frequency versus injection current curve was measured
as being 0.48 GHz/mA at 2 MHz. Therefore, the current
excursion gave a frequency sweep of 3.8 GHz. A test signal
was applied to interferometer “0” via PZT A (frequency:
3 kHz, amplitude: 20 mV). The results are shown in Fig. 13
(a). When the modulation is off, S/N ~ 17 dB, which gives a
sensitivity of 220 yrad/+/Hz. When the modulation is on, the
noise floor is decreased by 18 dB while the signal amplitude
was reduced by 2.5 dB (from (21) and (22), the theoreti-
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Fig. 12. Interferometers carriers and test signals (B = 64 Hz); a) test signal
applied to interferometer “17; b) test signal applied to interferometer “2”.

cal value for the amplitude reduction is 2.2 dB). Therefore,
S/N = 32 dB, which results in a sensitivity of 37 prad/v/Hz
(similar reduction in the noise level was obtained when square
or triangular waveforms were used, instead of a sinusoidal
modulation).

The dependence of the factor of reduction “F” of the level
of the system noise floor with the amplitude of the applied
modulation current is given in Fig. 13(b). “F™ increases with
the increase of the amplitude of the modulation current,
approaching a saturation value of approximately 10. This
value is set by the presence of other noise sources (shot and
electronic noise), which become comparable to the residual
level of phase noise present in the baseband.

V. DISCUSSION

The experimental values for the sensitivity of interferometer
“0”, obtained from Fig. 10, can be compared with those
derived from the expressions presented in Section II-B, taking
into account that, for this particular case, homodyne processing
is used (the signal strength is doubled as compared with
the pseudo-heterodyne processing). The theoretical values
are: 8 urad/ VHz when only interferometer “0” is present;
171 prad/v/Hz (interferometers “0” + “1”); 256 prad/v/Hz
(interferometers “0” + “1” + “2”). For the first case, electronic



862

AVERAGE COMPLETE

A Marker X: 3,008 kH=x Yy -38. 808 d8Vrme
dﬂv:::
LogMeg
10
<8
T 'I\‘vk - “ﬁ‘ --
S \/\_N‘ " S U
ls s O e SV YN
; i
- S3 Ve SN SIS S = S
-93
Start: O Hx Scops 6.4 kHz
Ss Speatrum Chan 3 RMS,: 100
(a)
10 -
F a st
a
8 a 4
A
[
'
A
44 a
a
2 4 4
R
w
0 1 ] T 1 T 1
0 1 2 3 4 5 6
ifamplitude)-mA
(b)

Fig. 13. a) Effect of the laser diode modulation (dotted line: modulation on;
B = 64 Hz); b) Variation of the system noise floor reduction factor with the
amplitude of the modulation current.

noise is the dominant noise source (particularly, amplifier
noise from the 741 amplifier: 3, = 4 x 10~12 pA/v/Hz). For
the other two cases, phase noise was clearly the dominant
noise source and the sensitivity values were obtained from an
estimated source coherence length of 2.4 m. The calculated
values are close to those obtained experimentally. However,
when phase noise is dominant, the theoretical values are
worse than the experimental ones. This can be understood
by the fact that the model used in [7] to obtain the phase
noise power spectral density assumes a constant polarization
state across the optical system. In practice, some degree of
polarization mismatch in the output beams is inevitable, with
the consequence that the actual “GppaseNoise” is smaller than
the value given by (6) (the effect of this polarization mismatch
on the signal level has already been taken into account by the
measured value of the fringe visibility).

The phase sensitivity of interferometers “1” and “2,” multi-
plexed in frequency and using pseudo-heterodyne processing,
was found to be 5 mrad/%ﬁz. From (17), with P, = 2p; =
2ps ~ 0.8 uW, the theoretical sensitivity is 3.5 mrad/v/Hz.
The agreement between the two values is reasonable if we
consider that the finite fly-back time of the PZT’s has the
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effect of spreading energy into other harmonics of the sawtooth
frequency (Fig. 6), decreasing the sensor sensitivity. One way
to improve the sensitivity is to increase powers “p;” and
“p2” by optimizing the system. If the coupling ratios of
the couplers were given by (5b), with 3 = 0.8 we would
have kK, = 0.5, k1 = 0.71, ko = 05 and p; =~ py =
0.8 W, giving a theoretical sensitivity of 1.5 mrad/v/Hz.
Another method would be to reduce the system noise floor
by applying high frequency modulation to the laser diode.
Fig. 13(a) indicates a noise level reduction of 18 dB. If the
carriers are generated via PZT’s applied to the reference arms
of the interferometers (which is feasible with the present
topology) then the path imbalance of the interferometers could
be made as small as possible, resulting in a negligible loss in
signal strength due to the modulation. Therefore, the measured
reduction of the noise floor would give a sensor sensitivity of
0.6 mrad//Hz.

The results obtained show that the sensitivity achieved
with frequency multiplexing is relatively poor. This is due
to the presence of multiple paths in the network, with large
path imbalances, in combination with the use of sources
with large coherence length (single-mode laser diodes). This
combination introduces large levels of source induced noise
in the output of the system. When a particular topology is
amenable to carrier generation using PZT’s, alternative light
sources with much smaller coherence length (for example,
superluminescent diodes or multimode laser diodes) could be
used, which would provide substantially lower levels of source
induced noise, with the corresponding improvement in sensor
sensitivity.

The analysis of crosstalk given in Sections I1I-D.2—-H-D.4
is general and can be applied to any frequency multiplexing
scheme based on carrier generation using sawtooth wave-
forms applied to PZT’s or to the injection current of laser
diodes. When PZT’s are used, the main crosstalk source is
the sawtooth fly-back time. PZT’s act as low-pass filters
with relatively low cutoff frequency (typically some tens
of kilohertz). Consequently, the PZT’s fly-back time can
be long, resulting in an increase on the crosstalk levels
(this effect can be avoided using sinusoidal modulation with
appropriate gating of the output signals [12]). When the
carriers are generated using laser diode frequency modulation,
the main crosstalk source will be the phase modulation over
a noninteger number of fringes. Frequency multiplexing with
laser diode modulation implies that the path imbalances of
the sensing interferometers must be integer multiples of a
minimum path imbalance “A L,y;,.” In practice, this condition
is difficult to fulfill exactly, with the consequent increase
of sensor crosstalk (nonlinearities in the ramped phase of
the interferometer will also introduce extra crosstalk between
sensors [13]).

In conclusion, a scheme to frequency muitiplex a group
of sensors based on all fiber Michelson interferometers was
presented. Lead insensitivity was obtained using active com-
pensation. Topics concerning system design, sensor sensitiv-
ity and crosstalk levels were investigated. The concept was
demonstrated with two sensors and the results compared with
those derived from the model developed.
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