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Figure 9 Average threshold current density versus coupling coefficient for Lasers I, TI, and IIT in MQW structures with two and four

wells

density a MQW transverse structure with four wells should
be used. For higher coupling coefficients (K, L > 2), a laser
with two wells is always the most advantageous to decrease
the threshold current density; Laser II ensures the best
values for differential efficiency and gain selectivity.
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ABSTRACT

In this article we present an all-fiber Sagnac interferometer modulated in
a pulsed regime. It is demonstrated that a phase step applied in one
extreme of the fiber loop, combined with the right polarization changes in
the loop, can generate different types of pulses at the output of the
interferometer. The pulse widths are determined by the transit time of the
light through the fiber loop. Our present experimental arrangement can
generate positive and negative 200-ns optical pulses. © 1996 John Wiley
& Sons, Inc.

INTRODUCTION

A number of fiber-compatible devices are based on Sagnac
interferometers formed by a loop of optical fiber at the
output arms of a directional coupler. Sagnac reflectors have
found applications as mirrors for optical-fiber lasers [1], gyro-
scopes [2], soliton filtering [3], Brillouin scattering observation
[4], and sensors [5]. Fiber mirrors can be modulated by
varying either the polarization state in the fiber loop [6] or
the phase difference of the interfering beams [7, 8]. An
electro-optic cristal can be inserted in the fiber loop as phase
modulator [6, 7], or, alternatively, an external modulator
(usually a piezoelectric ceramic) can be used [8].

Unlike other sorts of fiber interferometers, which can be
efficiently modulated from dc to microwave frequencies [9],
Sagnac interferometers are difficult to modulate because the
interfering beams propagate through the same fiber. Modu-
lating by means of a slow phase modulator working in the
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kilohertz range would require a delay line several kilometers
long in the loop of the mirror. This length of fiber, apart from
being excessive for practical purpose, will constrain the appli-
cations to the low-loss telecommunication windows. The
length of the delay line in the loop of the mirror can be
reduced to tens of meters by using a faster phase modulator
[10]; consequently, reflectors operating in the visible and
near-infrared areas of the spectrum can be efficiently modu-
lated at frequencies of megahertz.

In this article we demonstrate an all-fiber Sagnac interfer-
ometer modulated in a pulsed regime. Pulses are generated
by shifting, with a step function, the phase difference be-
tween the signals propagating in opposite directions in the
fiber loop. The output of the interferometer switches from a
stable state to a metastable state when a discontinuous varia-
tion of the path length is introduced in one end of the fiber
loop. The mirror stays in the metastable state during a time
interval determined by the time delay between the counter-
propagating signals. Negative or positive pulses can be gener-
ated by arranging the polarization state of the light traveling
in the mirror. Our present arrangement can generate 200-ns
positive and negative optical pulses and gives the key to
extend this technique to the 10-1000-ns range. The nonideal
behavior of the piezoelectric ceramic used as phase shifter
has been also theoretically analyzed.

THEORY

The basic reason to use an all-fiber mirror as an optical
modulator is to induce a phase difference, A®(¢), between
the waves traveling in opposite directions in the loop, in our
case by generating a phase modulation ®(¢) in one extreme
of the loop and taking advantage of the delay time 7 with
respect the other extreme:

AD(t) = ®(t) — ®(t — 7). 1)

This basic idea multiplies its versatility, giving rise to a new
set of configurations, when it is combined with an overall
birefringence in the loop.

We have carried out the analysis with Jones calculus to
describe the amplitude and the polarization state of the
signal along the single-mode fiber. The input and output
signals in a birefrigent fiber can be related by a Jones matrix
as

cosTe/®
)

cos e /»

jsinT E
jsinT P

where f and @ are the fiber attenuation and the phase
variation, and the parameters I' and p describe the fiber
birefringence. With the nomenclature shown in Figure 1, the
relations between the input and output signals in the fiber
loop are

. —cosTe/*  jsinT
E,, = fe/®® . |E;, 3
0s = f —jsinT  cosTeir) ®
. —cosTe/* —jsinT
E,; =fe/?¢ " |Ey. @
03 = f ( jsinT cos Fe‘“‘) “

These equations take into account the reflection of one of
the components of the Jones vector when the fiber bends to
close the loop.

The relations between the input and output signals in a
polarization-independent coupler are
E E, =jtVl — a?E,, &)

i3 = atEy,

E,, = atE; +jtVl — «?E,

o
E,; =jtVl — «?E_; + atE_,, (6)

where o is the coupling coefficient and ¢ the transmission
coefficient.
Assuming an input light with a Jones vector:

E; = /P
i TP

and substituting Eqs. (3) and (4) in (5) and (6), the transmis-
sion coefficient T of the Sagnac interferometer can be ex-
pressed as a function of the fiber birefringence and the phase
difference between the counterpropagating signals:

), with0 < P <1, 0<é<m, (7

T=r'f?(1~ 201 —~ a?(1 + cos(2T') cos(AD)
+sin y sin(2I‘)sin(A<I>))), (8)

where y is a parameter defined as sin y = 2yP(1 — P)
cos(& + w). :

We can point out some characteristics of the transmission
T given by the expression (8). In the general case, the
transmission depends on the input polarization state, because
the factor sin y depends on P and 8, although this depen-
dence is canceled when A® = 0 or 2T" = 0, allowing for the
all-fiber mirror to resume the standard behavior. The case
A® = 0 corresponds in our case to a static operation of the
system, and the case 2I" = 0 corresponds to a null polariza-
tion change of the light in the loop of fiber.

The combination of the factors determined by A® and 2T
is the key to developing the modulation technique presented
in this article. For optimum amplitude modulation a coupler
with 50% splitting ratio and a lossless system are required.
We focus on two cases: the generation of positive transmis-
sion pulses and the generation of negative transmission pulses.
In the first case, before generating any phase modulation,
that is, when A® = 0, 2I' has to be adjusted to give the
minimum transmission 7' = 0, which corresponds to 2I" = 0.
In the second case, 2I" has to be adjusted to give the
maximum transmission 7" = 1, which corresponds to 21" = 7.
Thus, once the static adjustments of I' have been performed,
the generation of a time-dependent phase difference A®(¢)
can be used to modulate the transmission:

T = (1 + cos AD(1)), (9

where the minus sign corresponds to the generation of posi-
tive transmission pulses and the plus sign to negative trans-
mission pulses. The ideal modulation would be obtained, for
example, by generating a phase step of 7 rad at t = 0 in one
extreme of the loop, which according to Egs. (1) and (9)
would give rise to a square pulse whose width is determined
by the delay time 7:

T=U@w)-UG - 1),
T=1- U\ - Uit - 1)),

for positive pulses, (10a)

for negative pulses, (10b)

where U(¢) is the unitary step function.
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PC2

Figure 1 Experimental arrangement. L, laser; PC1 and PC2, polarization controllers; C, coupler; D, detector; DL, delay line; PT,
piezoelectric tube, E;, and E_: input and output signals at arms number m of the coupler

EXPERIMENTAL RESULTS AND DISCUSSION

The experimental arrangement that we have set up to
demonstrate the feasibility of a pulse generator based on an
all-fiber mirror uses an HeNe laser (633 nm) and a standard
50:50 coupler. The phase modulator consisted of a piezoelec-
tric tube of 50-mm diameter and 1-mm wall thickness. About
1.5 m of fiber was wound around the tube, at one end of the
loop. The wall thickness of the piezoelectric tube determines
a nominal frequency of resonance Q of 2 MHz. Thus, if we
apply a voltage step to generate a phase modulation in the
light guided by the fiber, the maximum rate of phase change
will be determined by the value of (). Therefore, we design
the loop to have a delay time 7 = #/(); that is, 7 equal to a
half period, which corresponds to about 50 m of fiber in our
case. In fact, 7 = /€ is the optimum if we are interested in
a harmonic phase modulation [8, 10}.

When a voltage step is applied to a piezoelectric tube it
produces a step phase shift perturbed by the transitory re-
sponse of the piezoelectric. The perturbation from the ideal
response appears because the piezoelectric tube behaves as a
resonant circuit with a frequency of resonance ) and a
quality factor Q. If we assume that the piezoelectric produces
a phase varjation proportional to the electric charge of the
equivalent capacitor, then the phase change generated by a
voltage step applied at ¢ = ¢, has the expression

QG
D (t, 1)) = d)w{ [cos(Q(t — ) + M]

20
QG —1y)

T )—1}U(t—t0), (11

xexp(—

where @, is the stationary phase change. The phase modula-
tion generated by a voltage pulse with a width A is given by

O(r) = D¢, t,) — (2,2, + A). 12

Finally, Eq. (1) determines A®(¢) and Eq. (8) the trans-
mission. By applying a harmonic voltage we have measured
the value of ) for our phase modulator, obtaining = 2.15
MHz, as well as the quality factor Q = 4.

Figure 2(a) shows the transmission obtained when a step
voltage is applied to the piezoelectric tube, and Figure 2(b) is
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Figure 2 Transmission as a function of time when a voltage step is
applied to the piezoelectric tube and the polarization controller in
the loop is adjusted to give the minimum stationary transmission:
(a) experiment, (b) theory

the corresponding theoretical calculation. We can see a main
pulse followed by a dumped oscillation. The half-power pulse
width is 200 ns, which is in good agreement with the time
delay of the fiber loop. The dumped oscillation is caused by
the oscillating response of the piezoelectric tube before it
reaches its steady state.
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Figure 3 Experimental transmission as a function of time when a
voltage pulse of 400-ns width is applied to the piezoelectric tube. The
polarization controller in the loop is adjusted to give (a) the mini-
mum stationary transmission, and (b) the maximum stationary trans-
mission

Figure 3 gives two examples of positive and negative
pulses, obtained when a 400-ns voltage pulse is applied to the
piezoelectric tube. In Figure 3 we can see the important role
that the polarization plays in this modulation technique,
because the only difference between Figures 3(a) and 3(b) is
a different adjustment of the polarization controllers. In this
case the piezoelectric generates two transitories, each one
caused by one of the ramps of the driving voltage. We can see
the corresponding main pulses in Figure 3(b). In this case the
second pulse is perturbed by the secondary peaks of the first
one, because the width of the excitation signal is shorter than
the relaxation time of the piezoelectric tube.

CONCLUSIONS

The reliability of a new modulation technique has been
demonstrated with an all-fiber mirror made of a loop of 50 m
of optical fiber with 2-MHz piezoelectric tube used as a phase
modulator. The transmission can be modulated either to give
positive optical pulses or negative pulses of 200-ns width. An
advantage of this technique is that it gives rise to a single-
mode optical-fiber component that can be combined to con-
struct in-line all-fiber systems. The technique can be ex-
tended to generate pulses in the 10-1000-ns range.
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ABSTRACT

In this article the polarization properties of a field reflected from a
conductor-backed uniaxial slab are considered. The incident field is
propagating normally into the interface of the uniaxial slab and is
reflected from it. The polarization of the field is changed in reflection. By
choosing the thickness of the slab properly, the linearly polarized incident
field can be transformed to any polarization in reflection. The polariza-
tion state can be adjusted by rotating the slab. Also, by choosing the
material parameters properly, the polarization-transforming effect occurs
in a wide frequency range. © 1996 John Wiley & Sons, Inc.
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