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Abstract

We demonstrate a tunable optical buffer with variable time delays for label switching applications using an optical single sideband
modulator in a fiber Bragg grating-filter loop. This optical buffer realizes payload storage with optional wavelength conversion function,
providing flexibility in packet router design. Small sensitivity penalty is observed in our experiment after the payload circulating in the
buffer loop three times. The cascadability of the tunable optical buffer is investigated. We provide analysis of the optical signal to noise
ratio degradation due to accumulated amplified spontaneous emission noise, and the penalty caused by loss ripple and group delay ripple

of the fiber Bragg grating.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

As a key component in optical label switching (OLS)
[1,2]implementations, optical buffer has attracted consider-
able attentions. Several techniques have been proposed and
demonstrated to realize optical buffers, such as fiber delay
line (FDL) [3-5], slow lights [6,7], folded-path time delay
[8,9] and frequency conversion loops [10,11]. Among them,
FDL based buffer is a common solution to optical signal
contention for its ability to achieve various time delays,
but the buffer size becomes physically large with increasing
number of storage stages. In addition, the requirements on
precision control make it less flexible. With fine tuning
capability, slow-light based buffers can normally achieve
small amount of delay of several bits, which, however, is
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not sufficient for practical applications. The folded-path
buffers can also achieve variable time delays, however, it
becomes complex to control many on-off reflectors in each
stage as the number of delay-line segments increases.
Besides these schemes, wavelength-conversion-loop based
optical buffer is an interesting method due to its small size
and flexible adjustment of the time delay, which was varied
by changing the frequency shift [10,11]. However, the
wavelength of the output signal through the buffer was
inevitably shifted from that of the input signal, which is
not always desirable in packet routers.

In this paper, we demonstrate a tunable optical buffer
for label switching, which can achieve variable time delays
with or without wavelength change, thus facilitating flexi-
ble router designs. We also study the cascadability of such
a buffer, which was not addressed before. The buffer is con-
figured as a wavelength-selective circulating loop mainly
consisting of an optical single sideband (SSB) modulator,
an optical circulator, and a fiber Bragg grating (FBG).
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The wavelength up and down conversions can be con-
trolled by properly adjusting the bias of the SSB modula-
tor. Label separation and payload storage based on such
a tunable buffer are experimentally demonstrated. Analysis
of the buffer cascadability performance is also presented,
and optical signal to noise ratio (OSNR) penalty due to
amplified spontaneous emission (ASE) noise accumulation
is studied. We also investigate the combined effects due to
loss ripple (LR) and group delay ripple (GDR) of the fiber
Bragg grating(FBG), which had not been considered before
our work.

2. Principle of operation

The structure of the optical buffer for optical label
switching is shown in Fig. 1. The CW lights from two sep-
arate laser diodes (LDs) at different wavelengths are mod-
ulated by two Mach-Zehnder modulators (MZMs) to
generate the label and the payload signals, respectively.
An optical coupler (OC) following the MZMs combines
the label and the payload to form the packets. At an inter-
mediate node, the label is separated through the reflection
port of FBGI1 [12,13], and then sent to an optical-to-electri-
cal (O/E) converter before being fed into a bit error ratio
tester (BERT) for label detection. In the meantime the pay-
load passes through FBGI as its wavelength is outside the
reflection bandwidth of FBGI, and then enters the optical
buffer. In the buffer loop, an erbium doped fiber amplifier
(EDFA) compensates the loss of the loop, and a bandpass
filter (BPF) reject the out-of-band noise accumulated in the
loop. The DC bias control of the optical SSB modulator
determines the relative phase difference between the two
parallel MZMs inside the SSB modulator [14], thus
enabling up or down wavelength shift of the payload.
The wavelength shift interval is determined by the fre-
quency of the RF driving signal applied on the SSB mod-
ulator. The time delay of a circulation in the loop is the
sum of the propagation times through the EDFA, the filter,
the optical SSB modulator, the circulator, and the fibers.

Here we discuss the buffer operation in detail. Suppose
the center wavelength of the input payload is 4y, which is
initially outside the reflection band of FBG2, and there is
no overlap between the payload spectrum and the band-
width edge of the grating, as shown in Fig. 2a. When the
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payload enters the optical buffer loop for the first time,
its wavelength is not shifted until it reaches the SSB mod-
ulator, where the voltage of the programmable bias is fixed
at a high level to shift the wavelength down by A/ as shown
in Fig. 2b. Here the choice of A/ is determined by the band-
width of the payload signal and the edge slope of FBG2,
and A/ should be large enough to avoid overlap between
the spectrum of the payload and the edge of FBG2. After
passing through the SSB modulator, the center wavelength
of payload becomes Ay — A/, which is within the reflection
bandwidth of the grating. Therefore, the payload is almost
totally reflected by the high reflectivity grating and fed back
to the input of the buffer through a polarization controller
(PC). The wavelength of the payload can be shifted to a
higher or lower one by properly switching the applied volt-
age at the DC bias of the modulator in the corresponding
time slot, so that the payload can re-circulate in the loop as
long as needed. Once the wavelength of the payload is
shifted outside the reflection bandwidth of the grating,
the payload will exit the optical buffer. Here the wavelength
of the output payload may maintain its original value, or
down-shifted by a multiple of A4 to appear outside the
lower edge of the reflection bandwidth. The achievable
number of circulations of the payload in the buffer can
be large as long as the shifted wavelength resides within
FGB2’s reflection bandwidth and the signal quality does
not degrade significantly.

Fig. 2 illustrates a 3-loop circulation of the payload
without wavelength change at the exit. The payload with
3-loop circulations experiences wavelength shifts in the
sequence of 1o — (19 — AL) — (Ao — 2A4) — (Lo — AX)
— Jo. The DC bias of the SSB modulator is fixed at high
voltage while the payload circulates twice and its wave-
length is shifted to g — 2A/, which is still within the reflec-
tion bandwidth of FBG2. Then the DC bias of the SSB
modulator is switched to low voltage so that the wave-
length can be shifted back to A, after the payload traverses
the modulator twice, as shown in Fig. 2b. Finally the pay-
load passes through FBG2 and exits the buffer without
wavelength change. The timing control of the buffer loop
operation is achieved through the use of a gate voltage gen-
erator, which provides the voltage signal for the DC bias of
the SSB modulator for frequency up/down conversion. In
addition, if wavelength change is desired, the DC bias
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Fig. 1. Experimental schematic. LD: Laser Diode, MZM: Mach-Zehnder Modulator, PPG: Pulse Pattern Generator, PC: Polarization Controller, OC:
Optical Coupler, FBG: Fiber Bragg Grating, EDFA: Erbium-doped Fiber Amplifier, VOA: Variable Optical Attenuator, OSSBM: Optical Single-

Sideband Modulator, BERT: Bit Error Ratio Tester, PM: Power Meter.
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Fig. 2. 3-loop circulation of the payload. (a) Wavelength shift process (b) Payload transmission vs. DC bias voltage change to optical SSB modulator.

can be kept high throughout the circulations so that the
wavelength of the payload repeatedly shifts towards the
lower wavelength until it is outside the reflection band-
width of FBG2.

3. Experimental results

In this experiment, the central wavelengths of the label
and the payload are 1549.41 nm and 1549.56 nm, respec-
tively. Both the label and the payload are encoded in non-
return-to-zero (NRZ) format. The label is a 2.5 Gb/s
pseudo-random bit sequence (PRBS) with 2%-1 bit length.
For the payload generation, the pulse pattern generator
(PPQ) is set to zero substitute mode so that a 2767 bit pat-
tern can be obtained from a 2'>-1 PRBS at 10 Gb/s. The
time delay of the buffer corresponds to the payload length.
In our experiment, the bit length of the payload is 2'°-1
PRBS at 10 Gb/s, thus the delay equals ~320 ns. The power
of the payload is —3.25 dBm when it is launched into the
optical buffer. The RF driving signal for the optical SSB
modulator is a 10 GHz sine wave, which is the clock gener-
ated by the same PPG. The central wavelength of FBG2
is 1549.42 nm with a 0.178 nm reflection bandwidth, As
shown in Fig. 3a. The characteristic of FBG1 is similar to
that of FBG2 with the same central wavelength and
slightly narrower reflection bandwidth, which is not
shown. The reflectivity of FBG2 is nearly 95%. Fig. 3 shows
the optical spectrum of the payload with various time
delays: 1-loop delay, 2-loop delay, and 3-loop delay. The
payload with 2-loop circulations undergoes 1549.56 nm —
1549.48 nm — 1549.40 nm — 1549.32 nm, with 1549.32 nm
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being outside the reflection bandwidth of FBG2. Here the
wavelength shift interval is A4 =0.08 nm, corresponding
to 10 GHz frequency shift. The difference between the pay-
load spectra in Fig. 3a and b is mainly due to the degrada-
tion of the SSB modulation and the power leakage
through the transmission port of FBG2, which is induced
by the imperfect reflectivity of the grating. In Fig. 4 we show
the output payload after FBG2 with various time delays in
the time domain, and the corresponding electrical wave-
forms at the 10G optical receiver output are also provided.
The time delay of one circulation is about 320 ns. Fig. 4a
provides the waveform of the back-to-back payload signal
without delay. Fig. 4b shows the output payload after one
circulation without wavelength change. Due to insufficient
isolation between the transmission and the reflection ports
of FBG2, residual powers are observed in the optical
domain at the transmission port of FBG2, however this sig-
nal leakage can be reduced if a FBG with higher reflectivity
is employed. These residual powers are suppressed in the
electrical domain by tuning the detection threshold of the
10G optical receiver. By properly adjusting the DC bias of
the SSB modulator, the payload can circulate twice with
wavelength conversion (Fig. 4e) and three times without
wavelength change (Fig. 4f). The corresponding optical
spectrum of the payload is provided in Fig. 3b. Limited
by the programming capability of the bias controller in
this experiment, we demonstrated up to 3-loop payload
circulation.

For the BER measurements, the BERT was set in ‘zero
substitue’ mode. Therefore, gating was not required. BER
measurements versus the received powers for the label
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Fig. 3. Optical spectra (a). The FBG reflection bandwidth and the wavelength of the payload (b). Optical spectra of the output payload with various time

delays.
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Fig. 4. The payload waveforms with various time delays in the optical
domain, and the corresponding electrically detected waveforms after(a)
the Mach-Zehnder modulator, (b) one circulation without wavelength
conversion, (e) two circulations with wavelength conversion, (f) three
circulations without wavelength conversion.

and the payload are provided in Fig. 5, respectively. As the
label is detected by a high-sensitivity APD receiver while
the payload detection employs a conventional PIN recei-
ver, the receiver sensitivities for the label and the payload
are different; on the other hand, different bit rates also lead
to different receiver sensitivities. Fig. 5a shows the BER
curves for the label under the back-to-back condition and
after separation from the packet, and the power penalty
is less than 1 dB. Fig. 5b provides the BER curves for var-
ious numbers of circulations, and ~0.5 dB power penalty is
observed after the payload circulates three times in the buf-
fer. Due to certain drifting of the FBG2 that causes the
non-uniform filtering for signals, the payloads with 2-loop
and 3-loop circulation suffer more filtering effects than the
payload with 1-loop circulation. Therefore, the penalty gap
is non-linear.
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4. Cascadability analysis and simulation results

Cascadability is important in evaluating the optical buf-
fer performance. In our analysis, circulation of signals in
the buffer can be considered as through cascaded segments,
with each segment consisting of the EDFA, the filter, the
optical SSB modulator, the circulator, the FBG2, and the
fibers. The ASE noise accumulation could be a major fac-
tor limiting the buffer performance [15]. In addition, the
loss ripple (LR) and group delay ripple (GDR) [16,17] of
the FBG2 are common imperfections inducing OSNR pen-
alties in the buffer.

We study the impact of the ASE noise accumulation in
cascaded amplifier systems [18]. The output OSNR is writ-
ten as:

OSNRg; = 58 + P;,, — NF — 101g(N) (1)

where Py, is the input signal power into the optical buffer,
NF is the noise figure of the amplifier, and N is the number
of signal circulations in the buffer. The calculated OSNR
versus the number of signal circulations (&) is presented
in Fig. 6.

In Eq. (1) the effects of LR and GDR of the filters are
ignored, however they are common factors inducing signal
power loss and OSNR degradation as discussed in [16,17],
where Liu et al. studied the OSNR penalty of a signal
through the passband of an optical component. The pen-
alty caused by the combined LR and GDR effects, though,
has not been addressed before. Here we investigate the
OSNR penalty induced by the combined LR and GDR
effects through analytical study and numerical simulations.
In practice, the OSNR penalty is related to the eye opening
penalty (EOP) of the received signal [19] in the low BER
regime, while the EOP can be calculated from the eye dia-
gram distortion induced by the LR and GDR effects
through transmission in the optical buffer. The transfer

function of the FBG after the i-th circulation can be
defined as:

Ti(f) = L(f) &) @
where L{f) and G,(f) are the transfer functions of LR and
GDR of the FBG, respectively, and f is the frequency in
the bandwidth of the FBG. L,(f) can be generally expressed
in decibels as:
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Fig. 5. BER curves of (a) the label in the back-to-back case and after separation from the packet, (b) the payload after various time delays.
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OSNR Penalties versus the Number of Circulations
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Fig. 6. Ideal curve of OSNR versus Number of circulations, where Pj, is
—11 dBm, noise figure of the EDFA is 6 dB in our experiment.

101g[Li(/)] = I;sin(2nf /f, + 6)) (3)

where /; and f,, are the amplitude and period of the loss rip-
ple, respectively, and 0; is the phase factor at frequency f
with 0; = /2 at the carrier frequency located at the peak
of the LR. Since the LR amplitude of the FBG in our
experiment is very small, e.g., ~0.1 dB, we can ignore the
high order Fourier series of the transfer function of the
LR. Similarly, Gj(f) can be written as:

Gi(f) = gifpcos2nf /fp + ;) (4)

where g; and f, are the peak-to-peak amplitude and the per-
iod of the GDR, respectively, and ¢; is a phase factor
showing the offset between the signal frequency and the
nearest GDR peak. As discussed in [17], the largest penalty
occurs only when the GDR period is close to the bit rate
(BR). Thus we calculate the penalty for the worst case
where f, = BR. For simplicity we assume that the phase
factor of GDR and LR can be expressed as: ¢; = 0,—n/2
[16,20], which is the case for the FBG used in the experi-
ment. In addition, the high order Fourier expression of
the transfer function of the GDR can be ignored, as the
g: in our experiment is small, e.g, ~5 ps. Then we obtain
the complete transfer function of T(f):

Tif) = Lilf) x €0

— SIS 1o+ 0)) y oi(gify oS [ fpr+0i—m/2))

_ e%/i(emzm‘/wn,e—/(znf‘/f’pw,-))

* ei(Ei.fpCOS(Zﬂf/.fp+0i_”/2)) (5)

In the simulation, for simplicity 6, is assumed to have no
deviation between the signal frequency and the central fre-
quency of the LR and GDR peak for each circulation
because the frequency difference after each circulation is
equivalent to f,, in our experiment. Using the Jacobi-Anger
expansion and Bessel Function generation and keeping the
first-order terms for small LR and GDR while neglecting
second- and higher-order terms, we obtain:

= Li(f) * &/Gi(f)
n(10) , ows/psjonny IO o oy s/
(1 + T l,-e P + — 30 l p

Ti(f)
% (1 + %eﬂnf/f}ﬁ»j(), + %efﬂﬂf/./bfj(l)ﬁn)>

In(10) = 5 /v o In(10)
=1 lielznf/fp+](01 n/2) e/2n//fp j(0i—m/2)
%0 TR0
n ng 1.2 1fo+i0 gifp [ a2 [fo=i(0i=n)
1 2 1
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I % pr ¥ 22 4 (10) _ %ej4nf/fp+j(29;—n/2)
80 2 80 I 2
lnt(;)o) I *gini)e—ﬂnf/fp—jZHﬂrjn (6)

The last three terms in Eq. (6) are negligible compared to
the others. Thus the output signal after i-th circulation
can be expressed as:

wo = [ 4y eTinenay
:a(t)+1n(;g)l a(t+1/ )"/
+ ln(é(()))l"a(l‘ - l/fp)eij(a';n/z gfp a(t + l/fp)elgl
gfp

a(t = 1/f,)e/™" (7)

Then the EOP related to the BER in its low regime [21] can
be calculated when the phase factor is changed with differ-
ent number of circulations. Here the EOP can be written
as:
EOP — Var = Vao , (8)
Vu‘l - Vu,O

where V/; is the voltage level of the minimum ‘“‘one” rail at
the eye center, and V) is the voltage level of the maximum
“zero” rail. Here the subscript “u” represents the undis-
torted state of the signal, and the subscript “d” represents
the distorted state of the signal.

Numerical results based on Egs. (7) and (8) show that:

P(0; = 7) < P(0; = 51/4) = P(0, = Tn/4) < P(0; = 3n/4)
= P(0; = n/4) < P(0; = 1/2)

where P(0) denotes the function relating EOP to the phase
factor. The transmitted signal after k circulations can be
written as:

K

Bl =) [ T0) ©)
=1

where By (f) is the spectral expression of the transmitted sig-

nal after k circulations, and A(f) is the signal before the

optical buffer.

Fig. 7 shows the EOP caused by combined LR and
GDR effects when the phase factor is =, with the insets
being the eye diagrams of the received signal after N circu-
lations in the buffer. When the phase factor is n/2, the EOP
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Fig. 7. EOPversus Number of circulations considering effects of grating’s
LR and GDR together, where /; is 0.1 dB, g; is 5 ps, the ripple period
Jf» = 1BR, the phase factor 6 = /2.

curve versus the number of circulations (Fig. 8) is different
from that in Fig. 7. This is induced by the phase factor
change which affects the transfer function in Eq. (5).
Fig. 9 compares the EOP results when the phase factor is
varied. In Fig. 9, the EOPs with 6 = /2 increases faster
than the EOPs with other phase factors, because the EOP
becomes maximum when 6 = /2. We note that the EOP
induced by 0=n/4 is the same as that induced by

Eye Opening Penalty versus the Number of Circulations
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Fig. 9. Comparison of EOP versus number of circulations when the phase
factor 0 is different.

0 = 3n/4, and the EOPs induced by 0 = 5n/4 and 0 = 7n/
4 are equivalent. The EOP reaches the minimum when
the phase factor is 7.

According to the analysis, the largest penalty induced by
the FBG occurs when 6 = /2 [16]. From the results pre-
sented, we observe that even small LR and GDR values
can degrade the signal quality after ~20 circulations, lead-
ing to more than 2 dB power penalty. Besides the LR and
GDR of the FBG, the edge slope of the FBG reflection
bandwidth may also affect the signal quality. Therefore
careful design of the filters to mitigate the signal degrada-
tion induced by LR and GDR, and the use of low noise
amplifiers are necessary to achieve longer time of storage.
With the typical parameters used in the analysis and con-
sidering the worst cases, we expect a minimum number of
20 circulations in the loop given a typically required OSNR
of 26 dB for a 10 Gb/s receiver.

5. Conclusion

In this paper, we have demonstrated a tunable optical
buffer for optical label switching. This optical buffer can
achieve tunable and scalable time delays with optional
wavelength conversion through proper bias adjustment.
In particular, three cases of payload buffering are shown,
and BER performance of the proposed optical buffer is
evaluated. We also studied three major limiting factors of
the optical buffer, including ASE noise accumulation, and
the combined LR and GDR effects of the optical filter.
Simulation results are provided to show the OSNR degra-
dation, and the EOP induced by the LR and GDR of the
FBG, after various number of circulations. We expect a
minimum of 20 circulations in such a buffer if typical sys-
tem parameters are considered. Better performance can
be realized by employing low noise figure optical amplifier
and minimizing the LR and GDR of the optical filter.
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