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Dynamic Birefringence of the Linear
Optical Amplifier and Application
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Abstract—Dynamic birefringence of the linear optical amplifier
(LOA) is theoretically and experimentally investigated. Significant
nonlinear variations of the state of polarization with the input
power and bias current of the LOA have been found. Based on
this nonlinear change of the state of polarization, an all-optical 2R
regenerator is demonstrated. Under static operation, an extinction
ratio (ER) improvement of 15 dB has been obtained for an input

ER of 5 dB. With a degraded input signal, a receiver sensitivity Fig. 1. The state of polarization of the input and output lights of the SOA.
improvement of over 3 dB at a bit-error rate (BER) of 10~°

has been found for 2.5 Gb/s. For 10 Gb/s, zero power penalty L . .
is observed. Signiﬁcant improvements of ER for both 2.5 and state of polarlzatlon have been found. The nonlinear behavior

10 Gb/s are obtained. of the polarization due to the effective birefringence is insignif-

Index Terms—All-optical regeneration, birefringence, optical ~icant for optical amplification and optical signal processing ap-
communication, polarization, semiconductor optical amplifiers. plications that are based on the gain and phase nonlinearities.

On the other hand, optically controlled effective birefringence

in the LOA can also be used as a new form of nonlinear opera-

tion for optical signal processing. As an example, an all-optical
ECENTLY, the linear optical amplifier (LOA) with an in- 2R regenerator based on the nonlinear effective birefringence in
tegrated vertical laser has been demonstrated as a nhe/ LOA is demonstrated in this paper.

type of semiconductor optical amplifier (SOA) [1]. Due to its

unique properties for linear amplification, the LOA has been [I. THEORETICAL ANALYSIS

getting much attention in the past two years. In addition to its

. . e The LOA is an amplifier with an integrated vertical-cavity
excellent operating performance for linear amplification [2], thg rface-emitting laser (VCSEL). The VCSEL and the amplifier
LOA has been shown to have potential applications in optic 1y g fas ; ' P

h ]
signal processing [3], [4]. The polarization properties of s are the same active region. The VCSEL operates along the en
LgA arz of rimeginter,est i.n mos?of its a Iicaptioﬁs es eciallt|re length of the amplifier and the lasing action is perpendicular

prim . bp ons, espec t)(/?the propagation of the amplified light. The circulating optical
for LOA-based interferometric structures used in optical S|gnaOWer of the VCSEL overlaps with the amplifier waveauide and
processing. Besides the polarization-insensitive gain whichRg . P tne amp 9 .
. L . aqts as an optical feedback to maintain a constant local gain in
valuable in most applications, the nonlinear effect on the state lif he aim of thi L derive th lati
polarization of the output optical signal, which has been four% € ampliier. The aim of t IS septlon IS to erlve.t ere ative
in conventional SOAs as well [5], is aI:so of importance. In \E/larlatlons of the state of polarization of the output light with the
practical LOA, a small difference between the TE and TM eﬁe(l:r)putoptlcal power level and bias current for a given input linear

tive indices exists owing to the guiding properties of the amplP_oIarlzatlon. The effect of the LOA on the incident light can be

fier waveguides. Even though this effective birefringence is V(:f}/escrlbed by the 2 2 Jones matrix, which relates the state of

small, and does not affect the polarization independent gai olarization of the light at the output to the state of polarization

a, . . "
significant polarization direction variation at the output of thgt the input. Given the definition of two orthogonal reference
LOA can be induced. It is therefore interesting to investigate {n

axes (e.g.z andy), perpendicular to the direction of propaga-
detail the polarization variation induced by the effective bire-o": 8s shown in Fig. 1, the Complgx amphtudég(andEy)_

) . : . ofothe Jones vector of the output light are related to the input
fringence. In this paper, we present the theoretical analysis and  ex am litudes? and E1) by [6]
experimental demonstration of the evolutions of the state of po- P P * v) BY
larization at the output of the LOA with input power level and { o:| it [Bnej‘sll 31261612} [E;]

bias current to the LOA. Significant nonlinear variations of the E° Boyy it 1 E;

. INTRODUCTION

@)
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Fig. 2. Experimental setup for measuring the polarization rotation of the LOA. ATT: variable attenuator; PC: polarization controller; OBR baopliess
filter. The polarizer is rotatable around the light beam axis. Two collimators are used for the in- and out-fiber coupling of the polarizer.

discussi1, which represents the influence of the effective bire- For a given input power in the linear regime, both the carrier
fringence. If thex andy axes are chosen to correspond to théensity and the total photon density in the active region increase
TM and TE polarization directions, respectively; will repre- with increasing the bias current to keep a constant gain of the
sent the differential phase shift between the TM and TE modeOA. Therefore, the effective birefringence changes with the
For uniform refractive indices along the waveguide, one has bias current, and thus the state of polarization at the output of
the LOA changes when changing the bias current.
b11 = kL (nTar — n7R) @) The state of polarization of the output light from the LOA

wherek = 27/ andng andng,, are the TE and TM ef- is generally an elliptical polarization (A linear polarization can

fective indices averaged along the LOB.is the length of the be seen asa special case of the _eII_ipticaI polarization). It can
LOA. be described with a number of elliptic parameters: azinith

However, because of carrier depletion due to stimulat&d/Pcity ¢, amplitudeA, and absolute phase The relation
emission, the LOA waveguide will not be uniform. The |0calpetween these parameters and the Jones components is given

effective refractive indices for TE and TM modes vary Iinearl;k?y [6]

with N(z) as E.| Aot (cosfcose — jsinfsine) (5)
on E,| ¢ (sinfcose + jcosfsine)
NTE (Z) =norEg + FTEN (Z) <8_N> (33.)
5 wheree is the ellipticity angleg = tane.
" L
nrr (2) =nory + LruN (2) (8_N> (3b The change of the state of polarization at the output of the
LOA will be concisely specified by the changes of the azinfth

whereng is the effective refractive index of the waveguidé!liPticity e, and the amplitudet in the following experimental
for zero free carrier density; is the confinement factor, and@nalysis.
(On/ON) is the rate of change of the active region refractive
index with the carrier density(z). lll. EXPERIMENTS AND RESULTS
The local effective index is different for the TE and TM com-  The evolution of the state of polarization at the output of

ponents of the optical signal owing to the TE/TM asymmetry ithe |LOA with input power level and bias current has been ex-

both the confinement factors and the unperturbed effective fgsrimentally investigated. The experimental setup is shown in
fractive indices of the LOA. ThUS, the LOA exhibits an eﬁec“v@ig_ 2. ACW ||ght beam from a tunable laser (Mode| Tunics-

birefringence that changes with the carrier density. plus, Photonetics) at 1550 nm is amplified by an erbium-doped
The total TM/TE differential phase shift, is then obtained fiper amplifier (EDFA) and then coupled into the LOA with its
by the following integration over the length of the LOA: input polarization set to be at some angle with respect to the TE
L axis. The variable attenuator is used to change the input power
611 = k/ (e (2) — nre(2)]dz. (4) tothe LOA. The polarization controller after the LOA linearizes
0

the polarization of the elliptically polarized output light when

Clearly, the TM/TE differential phase shift; changes with the the LOA operates with a low input power in the linear regime.
carrier density due to the effective birefringence in the LOAlhe polarizer before the power meter is used as an analyzer to
Thus, the state of polarization of the output light changes wittheck the evolution of the state of polarization of the output
the carrier density of the LOA. light from the LOA. By rotating the analyzer around the light

In the LOA, the gain is clamped and both the free carridream axis, a minimum and a maximum detected poiRgr,
density and the total photon density (photon density of bo#nd P.,.. can be found. At the minimum, the state of polar-
laser and optical signal) are constant when the input power leiztion at the input of the analyzer must be oriented orthogonal
varies in the linear regime. Since there is no carrier denstty the transmission axis of the analyzer. The elliptical polariza-
change, there will not be an effective birefringence change, atah parameters, azimuth ellipticity e, and amplituded can
neither a polarization state change at the output. Once the linbarthus determined from the azimuth angle of the analyzer and
power range is exceeded, the gain and thus the carrier densliy measured optical powé},,;, and P,.«. In our experiment,
will drop rapidly. A significant change in the effective birefrin-only the relative change of the azimuthwith respect to the
gence and thus in the polarization state of the output will bhelue in the linear regime is measured for varying input power
caused. and bias current to the LOA. The extinction ratio of the polar-
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Fig. 3. Evolutions of the state of polarization at the output of the LOA versus

the input power. (a) The relative evolution of the aziméithith respect to that _. . N
for the linear regime. (b) The evolution of the ellipticitywith the variation of Fig. 4. Evolutions of the state of polarization at the output of the LOA versus

: : - : e bias current in the linear regime. (a) The relative evolution of the aziéthuth
}_hg’&ngggp;?'\&ve ;g(?als Vs;%;a}gﬂgtﬁh?g%%erﬁnc of the LOA. Bias current to try\%th respect to that for 250 mA. (b) The evolution of the ellipticitwvith the

variation of the bias current. (c) Gain of the LOA. Input powek0 dBm; signal
wavelength: 1550 nm.
izer isp =~ 0.0006 (32 dB). The LOAs used in our experiments
are from Genoa Corporation. The length of the devices is apeasure of the strength of the elliptical vibration and its square
proximately 1 mm, and the gain is 13 dB. Two different LOA$s proportional to the power of the light, its evolution depends
were measured and both have a similar polarization dependenrgethe saturation characteristic of the LOA.
Here we show the typical results of one of the two LOAs. The Fig. 4 gives the evolution of the state of polarization at the
polarization dependence of gain of the LOA is 0.1 dB. output of the LOA with changing bias current. For the sake of
Fig. 3(a) shows the relative evolution of the azimdtith comparison, the gain as a function of the bias current is given
respect to the value in the linear regime, while Fig. 3(b) gives tieFig. 4(c). The input power to the LOA is10 dBm. One can
evolution ofe for varying input power. For the sake of comparsee that both the azimuftand ellipticitye change linearly with
ison, the saturation characteristic is given in Fig. 3(c). The biagreasing bias current, while the gain remains constant.
current to the LOA is 250 mA. It can be clearly seen that in the Although the exact input polarization is difficult to measure
linear regime botld ande are independent of the input powersince the LOA has a pigtail of standard single-mode fiber
which means that there is no change in the polarization st§8MF), the input polarization can be changed by using the
when the input power increases in the linear regime. Once tbelarization controller before the LOA. Significant polarization
linear regime is exceeded, bdttande change rapidly, showing rotations but with different amounts are observed for different
a significant polarization rotation and a remarkable changeiimput polarizations, indicating input polarization sensitivity of
the degree of ellipticity with increasing input power. Ass a  the polarization rotation.
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It should be noted that the evolution of the polarization state
as shown above is not exactly that of the LOA itself. It also
contains contributions from the polarization controller after thFeIgJ 6
LOA. As will be seen further, however, it is the overall evolution = ™
of the polarization state that is important and useful in the ca~~ Back to back With 2R
of a standard SMF pigtailed LOA.

Input power (dBm)

Static regeneration characteristic.

(a) 2.5 Gbit/s
Input ER=4 dB

IV. APPLICATION IN OPTICAL REGENERATION

The nonlinear behavior of the polarization due to the effectiy ' #&
birefringence in LOAs does not affect the performance of th =
device in optical amplification applications, but it degrade N7 . ine - AT
performance in some optical signal processing applicatior %' Tabeerate 23 20ms Toome s 2
especially for LOA-based interferometric structures used () 10 Gbivs
optical signal processing. In order to reduce this undesir | InputER=5dB:
influence, the TE and TM mode profiles should be made
similar as possible thus reducing the birefringence. On t/'3
other hand, an optically controlled effective birefringence i ;
the LOA could also be used as a new type of nonlinearity fi»

. . . . ) K Zero line :
optical signal processing. Here, an all-optical 2R regenera i35 v FrrArTem i —
based on the nonlinear effective birefringence in the LOA is
demonstrated. Fig. 7. Eye diagrams with and without 2R regenerator for 2.5 and 10 Gb/s.

The regenerator basically consists of an LOA followed by
a polarization controller and a polarizer, as shown in Fig. frization rotation effect. The optical bandpass filter (OBPF) is
The operation of this regenerator is based on the polarizatiesed to reduce the amplified spontaneous emission (ASE) from
rotation induced by nonlinear birefringence in the LOA, whickthe LOA.
has been discussed above. For a linearly polarized injected lighFig. 6 gives the measured static transfer characteristics of the
beam, the state of polarizaton at the output of the LOA willR regenerator. It can be seen that a quasi-perfect regeneration
not change with varying input power level in the linear regimés achieved. An extinction ratio (ER) improvement of 15 dB
Hence, by setting the polarizer so as to block the output bearan be obtained for an input ER of 5 dB. The regenerative
a very low output power (or a logical “0”) is obtained below theapabilities of the regenerator under dynamic operation are
saturation power of the LOA. Beyond the saturation power demonstrated in Figs. 7-9, respectively. Fig. 7 shows the eye
the LOA, the state of polarization of the output from the LOAliagrams with and without the 2R regenerator for 10 Gb/s
is changed due to the nonlinear birefringence effects. Both fmnreturn to zero (NRZ),% — 1 pseudorandom bit sequence
orientation (i.e., azimuth) and the ellipticity of the polarizatiofPRBS)] and 2.5 Gb/s (NRZ,?2- 1 PRBS), respectively.
vary rapidly with the input power. The polarizer can no longeClearly, the input signal is regenerated. The eyes become
block the output from the LOA. Hence, a high power level (omuch more open after the 2R regenerator. The improvement
a logical “1") is obtained at the output of the polarizer. At thef ER is shown in Fig. 8. For an input signal with 6 dB
same time, the LOA is saturated and its gain quickly drops wittR, more than 5 dB of improvement in ER is obtained at
increasing input power, and thus the high power level of tH® Gb/s. For 2.5 Gb/s, the ER improvement can be up to 8
output becomes saturated. As a result, an optical regenerat@for an input ER of 4 dB. Fig. 9 contains the results from
is realized. the bit-error rate (BER) measurement for 2.5 Gb/s. A receiver

In the 2R regenerator, the polarization controller after theensitivity improvement of more than 3 dB has been obtained
LOA is used to linearize the polarization of the LOA output foat a BER of 10 for a degraded signal. For 10 Gb/s, a power
low input power so that the power level at the output of the rgenalty of 0 dB was found at a BER of 10 and no receiver
generator can be minimized for the logical “0.” The polarizatiosensitivity improvement has been obtained. This is due to a
controller before the LOA is added to adjust the initial polarizgzolarization relaxation and the induced pattern effect at the
tion of the input signal beam and thus to get an optimum ptalling edge of the signal, as seen in Fig. 7, as the LOA used
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10 @ 2.5 Gbi's this nonlinear change of the state of polarization with input op-
@ g . ‘ 210 Gbitis tical power, an all-optical 2R regenerator can be realized using
g ° a single LOA. Under static operation, an ER improvement of
g g 19 dB has been obtained for an input ER of 10 dB and a 15-dB
5 ° A A A ER improvement for an input ER of 5 dB. With a degraded input
g 4 1 A signal, a receiver sensitivity improvement of over 3 dB at a BER
£ of 1072 has been found for 2.5 Gb/s. For 10 Gb/s, zero power
& 27 o S o i penalty is observed. Significant improvements of ER are ob-

0 ‘ ] . , . tained for both 2.5 and 10 Gb/s.
2 3 4 5 6 7 8

Input ER (dB)

Fig. 8. ER improvement for 2.5 Gb/s (input power, 3 dBm) and 10 Gb/s (input
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here is not specifically designed for the application proposed
above. LOAs with high speed and weak polarization relaxation
effect could be fabricated that are better adapted to the optical
regeneration based on the nonlinear polarization rotation.

The advantages of this new scheme of all-optical 2R r
generation are its immunity against small-signal distortion |
the “0” level and a potentially large ER improvement. Thi:
results from the flat gain response for small-signal powers a
the sudden drop in gain as soon as the linear power range
exceeded. It should be noted, however, that control of inp
polarization is required in this new scheme due to the inp
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