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Switching Contrast and Extinction Ratio Degradations due to
Asymmetric Directional Gain/Loss and Pulse Pedestal in Optical
Switching using Nonlinear Optical Loop Mirrors

Chun-Kit Chan, Lian-Kuan Chen, Kwok-Wai Cheung

Summary

For ultrahigh speed optical TDM systems using nonli-
near optical/amplifying loop mirrors (NOLM/NALM) to
perform multi-/demultiplexing, the switching contrast
and the extinction ratio are the two key parameters
affecting the system’s bit-error-rate performance. We
point out that due to the asymmetric gain/loss of the two
counter-propagating directions in the loop and the pulse
pedestal effects, both of the above parameters are always
degraded. In this paper, theoretical and numerical ana-
lyses of the such degradations based on both self-phase
modulation (SPM) and cross-phase modulation (XPM)
with different input pulse shapes are presented. The
results provide better understanding of the performance
limitation of loop mirrors as ultrafast multi-/demulti-
plexers.

1 Introduction

Recently, ultrahigh speed all-optical time-division mul-
tiplexed (TDM) systems are of great interest. A
single-wavelength TDM system with bit rate as high as
400 Gbit/s has been demonstrated [1]. In order to per-
form multi-/demultiplexing in such high-speed optical
networks, optical switching devices with ultrafast res-
ponse are required. Much work has been concentrated
on nonlinear optical loop mirrors (NOLM) [2] and non-
linear amplifying loop mirrors (NALM) [3] since they
are fiber-based devices and thus they are simple and easy
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Fig. 1: Switching contrast and extinction ratio in NOLM/NALM

to realize. NALM has an optical amplifier placed asym-
metrically within the loop, and so NOLM is a special
case of NALM with unity gain.

Switching contrast and extinction ratio are two key
parameters determining the performance of a switching
device. There is a subtle difference between them: the
former is defined as the relative power ratio of the swit-
ched and unswitched signals whereas the latter is that
of the switched ‘1’ and ‘0’ (see Fig. 1). Thus we have:
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Note that, in Figure 1, the middle pulse experiences both
self-phase modulation (SPM) and cross-phase modula-
tion (XPM) (by the control pulse) while the first and the
third pulses experience no XPM. Therefore, all four para-
meters in (1) bave different values and have different
significances. For instance, in our high-speed all-opti-
cal tunable-channel multiaccess network demonstration
[4] which used NALM as ultrafast channel multi/demul-
tiplexer, the switching contrast and the extinction ratio
in the reflect state determine the channel multiplexing
effectiveness while those in the transmit state affect the
channel demultiplexing effectiveness. A poor switching
contrast degrades the extinction ratio of the switched sig-
nal, which in turn degrades the bit-error-rate (BER) per-
formance. Although complete switching can be achie-
ved in NALM theoretically, only incomplete switching
was shown in most of the experimental results reported
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previously [3, 6]. Practically, the overall gains of the two
counter-propagating signals after passing through the
loop are not necessary the same and thus leads to the
degradation in the switching contrast of the
NOLM/NALM as will be shown later. Moreover, we also
show that the pulse’s pedestal effect also leads to swit-
ching contrast and extinction ratio degradations. In this
paper, we present these causes and effects of such deg-
radation both theoretically and numerically. The results
can explain the observed functionality degradation of
NOLM/NALM and can facilitate the design of
NOLM/NALM for ultrafast optical switching.

2 Asymmetric directional gain/loss in
NALM

In the conventional analysis of the switching characte-
ristics of NALM, it is assumed that the overall gains of
the two counter-propagating signals are the same and
the splitting ratio of the coupler is exactly 50/50. When
the two signals recombine at the coupler, they should
have equal power levels but with different phase shifts
[3]. The resultant transmitted and reflected power are:

|Er|2 = %GlEm I2 {1 + COS[IEinlz(G - ])—np-fk:l} (2)

|E,|2 = %G|Ein |2{ 1 —cos[|E,,,|2(G = 1)1‘1‘115]} 3)

where G is the gain of the optical amplifier, [E,, ]2 is the
input intensity, [E, |2 is the transmitted intensity and [E, ]
is the reflected intensity. The maximum switching con-
trast is defined as the ratio of the maximum transmit-
ted power to the minimum reflected power for the same
input power. The switching characteristic is shown in
Fig. 2. Note the maximum switching contrast can go to
infinity and thus 100% switching can be achieved.
Practically, this is not always valid due to the asymme-
tric gain inside the loop. The possible reasons for the
asymmetric gain are summarized as follows [7]:

(a) Types of Optical Amplifiers used

The gain in the forward and backward directions may
not be the same in most types of optical amplifiers, inciu-
ding fiber amplifiers and semiconductor amplifiers. The
effect of asymmetric directional gain is even more sig-
nificant in semiconductor amplifiers and Raman ampli-
fiers.

(b) Pumping Directions in Fiber Amplifiers

When the fiber amplifier is either forward pumped or
backward pumped or even pumped bidirectionally, opti-
cal gains for the two directions will be different.

(c) Asymmetric Splitting Ratio of the Coupler

Practically, unbalanced normal mode loss [8] often
exists in fiber couplers and thus it is quite difficult to
achieve an exact 50/50 splitting ratio. Such power asym-
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Fig. 2: Switching characteristics of an NALM with symmetric gain
and 50/50 coupler splitting ratio

metry of two counter-propagating pulse streams impo-
ses a fundamental finite bound in the switching contrast.

(d) Intensity-dependent Loss

The amplified signal experiences the stimulated
Rayleigh back-scattering [5] and this leads to asymme-
tric overall gain/loss between the two counter-propaga-
ting signals in the loop.

3 Switching contrast degradation in
NALM due to asymmetric gain/loss
and pedestal effects

Consider when the total gains in two counter-propaga-
ting directions are G, and G,, and the coupler has split-
ting ratio, & and (1 — ), as shown in Fig. 1. (2) and (3)
can be re-written as:

.| = a(i- o), ['{G, + G, +2,/G,G,

COS[IEmIZ(G,(La)—a)z”;izL]} @)

B’ = Gi(1-0)’[E,[ + Gy0[Euf

-2./G,G, (1 - B,
2nn,L

cos[|Ein|2(G[(1—0c)—0L) T] (5)

Maximum switching contrast =

G, (1-)? + G, +20(1-0),/G,G,
o(1-0)(G,G, -2,/G,G, ) (6)
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Fig. 3: Switching characteristics of an NALM with asymmetric gain
(8dB difference) and 50/50 coupler splitting ratio

For a=0.5,
Maximum switching contrast =

FR - .

where AG is the directional gain difference with AG =
(G/G,). Figure 3 shows the intensity dependent swit-
ching characteristic of a NALM with a 50/50 coupler
and Fig. 4 shows the dependence of the switching con-
trast for different gain directional differences. It is shown
that for high asymmetric directional gain, the degrada-
tion in switching contrast is quite severe. For example,
the switching contrast is 25 dB for 1 dB gain differen-
ce and it deteriorates to 13 dB for 3 dB gain difference.

The analysis above is mainly based on pulse stream
self-switching which involves the intensity-dependent
phase shift due to SPM only. Now we consider the
effects of asymmetric directional gain and input pulse
shape on individual pulse switching in which the inten-
sity dependent phase shift is due to both SPM and XPM.
The induced switching contrast and extinction ratio deg-
radation can be analysed by means of numerical inte-
gration of a set of coupled nonlinear Schrédinger equa-
tions [9] with initial values:

Asz (1_“’)01133? )Ar:i aPS’ AD:‘\«JG|PD'

0A, i A, T
w2l gt

= ipr]Dp(|Ap|2 +2*|AS|2)AP ®)
oA, i *A, T
ag + %sgn(ﬁs) 8’:25 +EL’Ds
= inLDS[lASF +2*|AP'2)AS )

-

]

$

]

I
|
I
|
|
1
1
i
|
t
i
|
[
[

Switching Contrast (dB)
& -]

I

|
0 i i i 1 L A A AL
-10 -8 -6 4 -2 0 2 4 6 ] 10
Gain Difference AG (8}

== Journal of Optical Communications

Fig. 4: Maximum switching contrast vs gain difference AG
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where Py is the input power, A, is the normalized ampli-
tude, ; is the nonlinear coefficient, P, is the group-velo-
city dispersion (GVD) coefficient, Ly, is the dispersion
length, T" is the fiber loss per km and sgn(-) is the sign-
um function and the subscript k € (p, s, r) indicate the
control, copropagating signal and counterpropagating
signal respectively. The transmitted and reflected power
are:

2

Transmitted power P, =[I-aA, +i0oG,A,[ (1)
2
Reflected power P, =|ix/EA5+q,‘(1—-(x)GzA, . (12)

Assume that a 1Gbit/s signal pulse stream at 1555 nm
with pulse width 6 ps (FWHM) and peak power 5 mW
is input into an NALM with o« = 0.5 as in Fig. 1. A
100 Mbit/s control pulse stream at 1551 nm with puise
width 10 ps (FWHM) and peak power 40 mW is injec-
ted into a dispersion-shifted fiber loop with zero-disper-
sion wavelength at 1553 nm so as to minimize walkoff.
The fiber loss is 0.25 dB/km. The control pulse stream
is aligned with the signal pulse stream. It is assumed
that there is negligible interaction between the two coun-
ter-propagating pulse streams. The loop length is opti-
mized to achieve maximum extinction ratio.

Figure 5 shows the simulated pulse shapes at the out-
puts of a NALM with symmetric gain. It is shown that
even under ideal conditions, the pedestal of the pulse
after switching leads to a severe extinction ratio degra-
dation. We have considered three common input pulse
shapes: Gaussian, hyperbolic-secant and Lorentzian.
Figs. 5 and 6 show the transmitted pulse waveforms for
the three different pulse shapes in the cases of symme-
tric and asymmetric directional gains. The extinction
ratio degradation is obvious and the pedestal remained



~J
o

Journal of Optical Communications

19 (1998) 2
6 (a) Sech T T T T {a)Soo‘\ T T T T T
§ 4+ H ] § 6t 4
= /] = -
5 i B4
@2k i} 4 &
= ] -1 4
, | . . . | ; 1 A i
0 05 1 1.5 2 25 0 05 1 15 2 25
6 Time (seconds) %10~ Time (seconds) <10
(b) Gaussian ' H (b) Gaussidn ' ! ' !
] (13 -
# ;
& | f BAM 1
12» | 1 o
: | |I 22 1
ol i P | J i ; A i
0 05 1 15 2 25 0 05 1 15 2 25
PR _Time (soconds) x10% Time (seconds) =0
(c) Lorentzian - ) Lorentzlan T T r - e
]
S4 F 2
£ I =
g I 5
a2 |
: A i[ i A
2 05 1 ? " e e - 7 - L
1 1
L : 0 05 1 15 2 25
Time (seconds) x 10~ Time (seconds) x10”

OOy

— Journal of Optical Communications

Fig. 5: Waveforms of transmitted pulse under symmetric directional
gain for three different input pulse shapes: (a) Sech, (b) Gaussian,
and (c) Lorentzian; the control and the signal have the same pulse
shape
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Fig. 6: Waveforms of transmitted pulse under asymmetric directional
gain (2 dB difference) for three different input pulse shapes: (a) Sech,
(b) Gaussian, and (c) Lorentzian; the control and the signal have the
same pulse shape
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Fig. 7: (a) Switching contrast, (b) extinction ratio, vs gain difference for Gaussian (x), Sech (0), and Lorentzian (+) pulse shapes

after switching for different pulse shapes is noticeable.
It is shown that the Lorentzian pulse shape gives the
highest pedestal whereas the Gaussian gives the lowest.
Figure 7(a) shows the switching contrast of the trans-
mitted pulse stream for different directional gain diffe-
rences and Fig. 7(b) shows the corresponding extinction
ratios. It is shown that Gaussian pulse has the highest
switching contrast for zero gain difference due to its
lowest pedestal but it gives the greatest degradation
when the gain difference deviates from zero. Moreover,

the degradation discrepancy among the three different
pulse shapes reduces as the gain difference increases.
The pedestal effect is only significant at small gain dif-
ference and imposes the fundamental finite bound on the
switching contrast. On the other hand, the extinction ratio
performance for the three pulse shapes seems to be the
same. Since the pedestal power is usually small no mat-
ter which kind of pulse shape it is, its SPM-induced phase
shift by the NALM is small and the NALM acts as a
reflector to reflect back such low-power pedestal.
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Therefore, the extinction ratio of the transmitted pulse
stream is improved and is independent of the input pulse
shape.

4 Conclusion

It was clearly shown in previous reports that 100%
switching could not be achieved in NOLM/NALM expe-
rimentally. This work provides an explanation to such
phenomenon. In summary, we have shown that in ultra-
fast all-optical switching using NOLM/NALM, the
extinction/contrast ratio is degraded due to the pedestal
effect and directional gain difference. Possible soluti-
ons to solve this problem are to use the walk-off effect
[9] or to use an additional NOLM [10] to improve the
extinction ratio.
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