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Using Superimposed ASK Label in a 10-Gb/s
Multihop All-Optical Label Swapping System
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Abstract—A novel optical-label-swapping technique is
proposed, experimentally verified, and theoretically ana-
lyzed in this paper. The technique superimposes a low-speed
amplitude-shift-keying (ASK) label on top of a high-speed
dc-balanced-line-coded ASK payload. A multihop long-distance
transmission experiment using a recirculating loop has been
successfully demonstrated, and an experimental record is set
when compared with other optical-label-swapping techniques.

Index Terms—Amplitude-shift-keying (ASK) labels, multihop
transmission, optical label swapping, optical packet switching.

I. INTRODUCTION

ENSE-WAVELENGTH-DIVISION-MULTIPLEXING
(DWDM) transmission and generalized multiprotocol
label switching (GMPLS) [1] are considered the key enabling
technologies for the next-generation optical Internet backbone.
In a GMPLS-based optical switch/router, the low-speed label
associated with a high-speed payload is extracted, processed,
and replaced at every intermediate network-switching node.
Meanwhile, the high-speed payload is optically switched
(controlled by the electrically processed label) to an appro-
priate output fiber as an entirely untouched entity. Therefore,
a GMPLS-based optical switch/router is transparent to var-
ious payload data rates (10 Gb/s, 40 Gb/s, etc.) and formats
(SONET, Gigabit, etc.), and could use economically realizable
processors for the low-speed labels (e.g., a Fast Ethernet).
Many optical-label-swapping techniques have been pro-
posed; among those, the time-domain-multiplexing technique
[2] requires extremely precise control timing and alignment.
The subcarrier-multiplexed labeling technique [3]-[5] requires
an extra bandwidth beyond traditional baseband payload and
requires stringent wavelength accuracy and stability if a fixed
optical notch filter (e.g., a fiber Bragg grating) is used to
erase the old label [3]. The orthogonal modulation technique,
including amplitude shift keying (ASK)/frequency shift keying
(FSK) [6] and ASK/differential phase shift keying (DPSK)
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Fig. 1. Building blocks of an optical transmitter to generate a composite signal
containing an ASK payload and an ASK label.

[71, [8], exhibits severe transmission system penalty due to its
inherently low extinction ratio of high-speed payload signal [9].

In this paper, we proposed a new modulation scheme that
superimposes a low-speed ASK label on top of a high-speed
dc-balanced line-coded ASK payload. An old ASK label
is erased by modulating the combined payload and label
signal with the inverse of the received ASK label. This
ASK labeling technique requires only low-speed external
modulators and low-speed optical receivers to perform the
label swapping mechanism and does not require sophisticated
optical components, such as Mach—Zehnder interferometer
(MZI)-semiconductor optical amplifier (SOA) [7] to perform
payload/label separation. Both analytical and experimental
results are presented to prove the feasibility and scalability of
this new scheme.

This paper is organized as follows. The operation principle
of the proposed label-swapping technique is described in Sec-
tion II. In Section III, an analysis on the system performance of
the new scheme is presented. In Section IV, a transmission ex-
periment using a recirculating loop is described. The correlation
between the analytical and experimental results is described in
Section V. In particular, the scalability and transmission perfor-
mance of the new scheme are discussed. The conclusion of this
paper is given in Section VI.

II. OPERATION PRINCIPLE

As shown in Fig. 1, an optical transmitter is composed of
two-stage intensity modulators: a continuous-wave (CW) light
source is first modulated by a high-speed nonreturn-to-zero
(NRZ) payload with a large modulation depth my and is
then subsequently modulated by a low-speed NRZ label with
a small modulation depth m;. A dc-balanced line encoder
was adopted to suppress the low frequency energy of the
payload signal. We chose 8B/10B line code [10] because of
its popularity in an Ethernet environment and because of its
bandwidth efficiency (only 25% extra bandwidth is required).
For a 10-Gb/s coded payload, the actual payload information
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Fig.2. (a) Optical power spectra of a high-speed payload (without linecoding)

and a superimposed low-speed ASK label. (b) Optical power spectra of a
high-speed payload (with line coding to remove low-frequency component)
and a superimposed low-speed ASK label.
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Fig. 3. Time-domain waveform of the composite signal which contains a
high-speed payload data and a superimposed low-speed ASK label.

runs at 8 Gb/s. Figs. 2(a) and 3 show typical power spectra
and a three-level optical intensity waveform with a small label
peak modulation depth my,. It can be seen in Fig. 2(a) that the
label has a poor signal-to-interference ratio (SIR) when it is
transmitted together with a payload with random sequence, and
that is why a dc-balanced line encoder is needed.

The selection of a proper modulation depth for a label signal
is important. This is because a label with alow modulation index
could not sustain multihop long-distance transmission due to
the payload interference and other transmission noise, while a
label with a large modulation index could decrease the payload
signal power (see Fig. 3), and causes higher residual noise due
to nonideal label erasers.

The optical-label-swapping scheme implemented in each in-
termediate switching node is shown in Fig. 4, where we can see a
label eraser module and a new label AM modulator. In the label
eraser module, a portion of the input signal is detected through
a passive optical tap and a photodiode. A low-pass filter (LPF,)
at the receiver front end is used to remove most of the payload
signal and out-of-band noise, whereas a limiting amplifier and
a low-pass filter (LPF) are used to provide a constant ampli-
tude and reshape the received label waveform, respectively. The
LPF; in the switching node should have a frequency response
as close to that of the transmitting end LPF (see Fig. 1) in
order to inversely compensate the superimposed old label. Note
that when the received label has a low-error-rate performance,
it can be considered as an analog copy of original label signal.
We use this reshaped label, called the complementary signal, to
reverse-modulate the optical signal (via the AM modulator in
Fig. 4 with a negative logic) with the same modulation depth
my,. In this way, most of the incoming (old) label can be re-
moved. However, the intensity noise on the received label intro-
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Fig. 4. Label-swapping apparatus, composed of a label eraser and a new label
modulator.

duces timing jitter on the complementary signal when it passes
through a limiting amplifier, and the jitter noise makes the label
eraser imperfect. Note that a fiber delay line is placed before
the AM modulator to minimize the deterministic phase error be-
tween the incoming and complementary signals.

If the number of hops along the optical path is large, and/or if
the distance between switch/routers requires a cascade of many
amplifiers, an additional all-optical reshaper [12] could be used
to further suppress the residual intensity noise.

III. PERFORMANCE ANALYSIS

In this section, the transmission performance of a label and
its associated payload is analyzed considering several dominant
noise terms in the proposed scheme. We consider a linear op-
tical system where optical fiber nonlinearity can be ignored and
optical fiber dispersion is fully compensated. In Section III-A,
we calculate the effect of payload interference on a label signal.
In Section III-B, we calculate the effect of cascaded optical am-
plifier noise on a label signal in a multihop optical link. In Sec-
tion III-C, the residual noise due to a nonideal label eraser, and
its cumulative effect in a multihop transmission system, is cal-
culated. The effects of receiver noise are briefly discussed in
Section III-D. The overall Q-factor performances of a label and
a payload are summarized in Sections III-E and F, respectively.

A. Effect of Payload-Induced Interference Noise on a
Label Signal

Payload and label are baseband binary signal which can be
expressed as

U(t) = ZUiPU(t—’iTU) (D)

for a payload, and

H(t) = Z Hipn(t — i3, )

for a label. In (1) and (2), H; and U; € {1,0}, and py (¢)
and pyp,(t) are unit-amplitude pulses. At the transmitter end,
the signal after two intensity modulators can be written as
(3), shown at the bottom of the next page, where Pk
is the peak power level of the combined signal, and w.
and 6 are the frequency and phase of the optical car-
rier, respectively. The relationship between the peak and
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the average power of the transmitted signal is given by
Ppeak = (Pavg)/((1 = 0.5my)(1 — 0.5my)). The received
photocurrent is given by I(t) = Rpnk(E(t))?, where R,y
is the responsivity of the label receiver and & is the coupling
ratio of the optical tap. We define the average and peak label
receiver input power as P, = kPag and Ph peak = KPpeak,
respectively. The detected label photocurrent is given by I, 1 =
RonPh peax[(1 — my) + my(1/2)] when H(t) = 1, and is
given by Ih,O = Rplxph,peak(]- — mh)[(l — mU) + mU(l/Z)]
when H(t) = 0. This is equivalent to saying that a
slow label only sees the DC of a fast payload U(¢),
ie., U(t) in (3) can be simply replaced by its DC value
1/2 from the viewpoint of a label signal. Consequently,
the peak-to-peak amplitude of a label signal is given by
Ron P pea[((1/2)my + (1 — my))my]. This received label
signal amplitude will be used in the calculation of the () factor.

The payload-induced interference noise power in a label is
given by

02 = (RonPapeascitr)? / Fan( F)2S0(f) df.

T H(t) =1
Ui2t,0 = (RpnPp pear (1 — mh)mU>2/ |Frh(f)|25U(f) df,
Hit)y=0 &

where F,p,(f) is the Fourier transform of LPF,. at the label re-
ceiver front end (see Fig. 4). Sy (f) is the power spectral density
(PSD) of U (t) which depends on both the line code, the pulse
shape of the payload, and the length of the pseudorandom bit
sequence (PRBS). However, note that when a line code is used,
the length of the PRBS may not be a very important factor any
more. In our case, the length of the payload’s PRBS is not im-
portant because the maximum run length of the 8B/10B code is

only 5 b.
In Fig. 5, the label SIRs, which are defined as
SIR = ((Ina1 —Ino))/(oi,1 + oi,0) under different

label bit rates are shown when the payload is 8B/10B coded
(i.e., Sy(f) in (4) is substituted with the power spectral density
of an 8B/10B code [10], [11]). Based on Fig. 5, we choose a
label data rate of 100 Mb/s and a modulation depth of 0.22
in our experiment in order to obtain an SIR > 20 dB (20
dB is chosen to allow a > 4-dB margin from the theoretical
15.7-dB requirement to achieve a bit-error rate (BER) of 1079).
Under this condition (a 100-Mb/s label versus an 8-Gb/s raw
payload), a label of 8 B can be transmitted simultaneously with
a composite packet payload of 640 B. This should generate
acceptable latency in the packet assembly process at an edge
router [13], [14].
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Fig. 5. Label SIR versus label bit rates at different m,, when an
8B/10B-line-coded payload is used.

B. Cascaded Optical Amplifier Noise

The accumulated amplifier noise along a multihop optical
path is calculated in this section. The system configuration with
multiple optical amplifiers and switching nodes is shown in
Fig. 6. Each switching node has two optical amplifiers, with the
first one compensating transmission fiber loss and the second
one compensating internal node loss due to multiple passive
components [15]. P, is the input power to the first-stage ampli-
fier, and G'1 and G are the gains of the first and second ampli-
fier, respectively. L; and L, are the loss of passive components
in a switching node. L3 accounts for the loss due to dispersion
compensation devices and fiber propagation loss in the next hop.
In each switching node, all packets are received after the second
amplifier, as shown in Fig. 6.

The received power at different nodes are kept constant as

Pout,(l) = Pout,(k) = PnG1L:1G> 5)

and the corresponding amplified spontaneous emission (ASE)
noise power at the first hop is calculated as

Pase,(l) = [(PaselLl)GQ + PaseZ] (6)

where Poe1 = 2ng,hvAvi(Gr — 1) and Pyeor =
2ngphvAvy(Gy — 1) are the ASE noise power generated
by the first and second amplifiers, respectively, where ng, is
the population inversion factor, hv is the photon energy, and
Awy is the bandwidth of an optical bandpass filter. At the kth
hop, we can calculate the ASE power as

Pase,(k) = k[(PaselLl)GZ + Pase2]~ (7)

Finally, the dropped packet needs to go through a demultiplexer
with aloss L. In our analytical model and experiment setup, L is

E(t) = \/ Poear((1 = mor) + moU()v/((1— ma) + mi H (D)) expljecct + )

= \/Ppeak[(l —my)(1 —=mp) + (1 —mp)mpU(t) + (mp(1 — my) + mpmyU(t))H(t)] exp(jw.t + 6) 3)
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Fig. 6. Transmission system model for calculating the cascaded erbium-doped fiber amplifier (EDFA) noise in a multihop optical network.

adjusted to test receiver sensitivity. At the front end of the optical
receiver at the kth hop, the average signal power and ASE power
can be written as P = LPyy; (x) and Paygase, (k) = LPase, (k)
respectively. The spontaneous—spontaneous and signal-sponta-
neous beat noise power are given by [16], [17]

Uzp—sp,(k) = (RPavg,ase,(k))2(2 - B/A/Uf)(B/AUf) ®)

Uszig—sp7(k) = 2RPRPan,ase,(k) ©))

where B = By, and B = By are used as the noise bandwidth
for label and payload receivers, respectively, while B = Ry,
and R = R,y are used as the responsivities for label and pay-
load receivers, respectively. P = P, and P = Py represent
the received average power at label and payload receivers, re-
spectively. The following values are used in both our calcula-
tion and experiment: P, = —17 dBm, G; = G5 = 23 dB,
L1 = —13dB, ngp, = 1.6, Avy = 40 GHz, By = 7 GHz.

C. Residual Intensity Noise After a Label Eraser

A perfect label eraser should completely erase the superim-
posed old label. In the proposed scheme, however, the com-
plementary signal contains undesired random timing error due
to the intensity noise to timing jitter conversion at the limiting
amplifier shown in Fig. 4. Therefore, we need to characterize
the residual noise due to this imperfection. We begin with the
E-field after an optical label eraser, which can be written as (10),
shown at the bottom of the page, where H.(t) is the comple-
mentary signal of H(t). If H.(t) is a perfect complementary
signal of H(t), then H(t) + H.(t) = 1 and H(t)H.(t) = 0,
as shown in Fig. 7, and the net effect of an optical eraser on
a payload is simply to multiply the payload E-field by a con-
stant /(1 — my,). The optical average power and peak power
after the label eraser were denoted by Py and Py peak, respec-
tively, and can be written as Py peax = (1 — K£)Ppeak(1l — m)
and Py = Py peak(1l — 0.5my ). In reality, however, H..(t) can
be seen as an inverse of H(¢) with a relative random jitter A;
on its transition edges. In this case, H(t) + H.(t) # 1 and

H;J:O }[1:] 1+1 =0 Hz‘+2: 0
1 Pyt
H(Y) e
[{
1
0
t
o HrHL =1
HO+H, (0 \(647) H A, =0
=1+ Y( t) 1
v [7,1+]'H =1
0
A, Aty t

Fig. 7. Illustration of the timing relationship among H(¢t), H.(t) and Y '(¢).
H(t)H.(t) # 0, and, consequently, residual noise results. The
residual noise due to nonzero m?2 H(t)H.(t) can be neglected
when my, is small, and we will focus our attention on the effect
of nonunity H(t) + H.(t). We note that H(¢) + H.(t) can be
decoupled into a dc component and a random pulse chain as

H(t) + H.(t)
=1+ ZY “(pn(t —iTh) — palt

= 1+2Yipy(t—

where p, (¢, Ar;) is the pulse waveform, Tj, is the label pulse
duration, and the random sequence Y; = (H; — H;_1) is the
difference of adjacent bits of H;. Fig. 7 illustrates the relation-
ship among H (t), H.(t) and Y (¢). The bit stream of a label
is assumed to be random, so the probability function of y; is
P(Y; =1) = P(Y; = —1) = 0.25 and P(Y; = 0) = 0.5, and
its variance is o3 = 0.5. Next, we need to analyze the pulse
shape of p, (¢, A7) so that the power spectral density of Y (¢)

— i1y + ATi))

iTh, Ar;) = 14+ Y(t) (1)

E(t) = /(1= 5) Ppeaid (1 = mur) + muU (1) (1= ma) +macH (D) (L~ ma) + mn Ho(t)] exp(wet + )

= \/(1 = ) Poear[((1 = my) + mu U ) (1 = ma)? + (1 = mp)ma (H (t) + He(t)) + mj H(t) He(t))]

x exp(jw.t + 6)

(10)
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can be calculated. We assume that the label NRZ pulses pass
through a Bessel low-pass filter (LPF¢). A Bessel LPF can be
approximated as a Gaussian filter; hence, the label pulse can be
expressed as [18], [19]

= o (3) o (252

where erfc(z) = 2/(y/7) [ exp(—2z%)dz and T is determined
by the transmitter filter bandwidth according to (3/4)T By =
0.35, where By, is the 3-dB bandwidth of the Bessel LPF. If
we set By, = 80 MHz, then T' = 5.8 ns. From Fig. 7, it can
be seen that p, (¢, A7) results from the difference between two
slightly offset leading-edge or trailing-edge pulse waveforms.
We can use the difference between two leading-edge waveforms
to obtain p, (¢, A7) as follows:

i L (3)] e (2522

_
G

(12)

exp —(2)2dz

/t/(T/2)—AT/(T/2)

- / exp—(z)2d2> .
t/(T/2)

t/(T/2) into (13), we have

(13)

By substituting ¢/ =

1
AT) = — ex %dz
(t \/_< —AT/(T/2) P ( ) )
z—t 9
- 7 L Mz o) )
_ /_ ot — 2)g()dz = o) @ g(t') (14
where
H(t) (1) (z)tiei\:lsi
=11 (-5 4>
g(t) = %(exp—(t') ) (16)

and ® denotes a convolution. Hence, p, (¢, A7) is a convolution
of a square pulse v(¢') and a Gaussian pulse g(¢'). The Fourier
transform of v(¢') and g(¢') are written as

A7 sin(n fAT/(T/2))
B = 7~ par JT2)
Fy(f) = exp(—(r 1))

a7

(18)

respectively. Hence, the Fourier transform of p,, (¢, A7) is

’

Foy(f) = Fu§)ES(S)
AT sin(rfAT/(T/2))

= T2 i) P

19)

‘1’ bit level

Ideal transition
|
/ /@ Noise
/ % distribution

%%erm:
distribution
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‘0" bit level

Fig. 8.

and the Fourier transform of p, (¢, A7) can be calculated as

Fl) = 57 Fn(577)
sin(m fAT)

= 4T (mfAT)

exp(—(7fT/2)%).  (20)

Now, A7 resulted from different pulse edges at different times
are different, and we designate them as A7;, A7;41,. .., etc., as
shown in Fig. 7. With a precise length control of the fiber delay
line in Fig. 4, the mean of Ar; is zero. The variance of A7;
can be calculated by assuming that the timing jitter is pattern
independent, i.e., A7; are independent random variables.

In generating a complementary signal, the limiting amplifier
in Fig. 4 acts as an analog decision circuit and converts intensity
noise to phase noise. The standard deviation of the resulting
timing jitter A7 is related to the original signal’s intensity noise
through the signal waveform’s slew rate as follows [20]:

amplitude noise A/2Q). T.

oar = slew rate - 0.8A/T. - 1.6Q.

1)

as illustrated in Fig. 8. The slew rate in (21) can be approximated
by a pulse amplitude divided by a pulse rise time 7. (10-90%)
and is given by 0.8A4/T,., where A is the peak amplitude of the
waveform. The root-mean-square (rms) noise amplitude in (21)
is related to the signal’s @) factor by o, = (4/2Q.). We use Q..
to denote the @ factor of the received label. We can clearly see
from (21) that a LPF, with too narrow a bandwidth introduces
a large T'., and, consequently, the AM-to-PM conversion effect
generates unwanted timing jitter. On the other hand, a LPF,
with too wide a bandwidth includes too much noise and inter-
ference. Therefore, there is an optimum bandwidth of LPF,.

From (21), we can see that A7 is in sub-nanosecond
range when the ) factor is greater than 6 and T, is in the
range of 5-6 ns. Therefore, A7 is smaller than 7', which
is fixed at 5.8 ns, as mentioned previously, and we can let
((sin(m fAT))/(w fAT)) = 1. As a result, (20) can be simpli-
fied to become

Fyy(f) = AT exp(—(nfT/2)?) (22)
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by having ((sin(w fA7))/(rfAT)) = 1. The inverse Fourier
At 1

transform of (22) is
+\2
VENG (eXP‘ <T—/2) ) @3

From (23), it can be seen that the timing error A7 has been
converted to residual intensity noise, which has a Gaussian pulse
shape.

The amount of residual intensity noise after an nth label
eraser could affect both the label and payload signals in the
(n + 1)th and following hops. We can derive this residual
intensity noise by beginning with the first hop as follows. From
(10) and (11), we can derive the photocurrent of the residual
intensity noise by considering only the noise induced from
Y(t) as

(1)

where P and R are the received peak power and responsivity
of the receiver, respectively. The term m3 H (t)H,.(t) was ne-
glected. When we consider the amount of the residual noise en-
tering the label receiver, we note that the label receiver only sees
the average value of payload signal U(¢)(= 0.5), as was shown
in Section ITI-A. Therefore the photocurrent of the residual noise
is RphPh,peak(l — (1/2)mU)th(t).

In order to calculate the residual intensity noise entering the
payload receiver, the noise photocurrent in (24) is dissolved into
two components: the first is the multiplication of dc bias (1 —
(1/2)my) and Ry Py peakmnY (t), and the second is the mul-
tiplication of high-speed ac digital signal my (U (t) —1/2)) and
R, Py peaxmp Y (t). The first component is a low-frequency
residual intensity noise, which is within the receiver bandwidth
of the payload receiver. The second term can be neglected when
the residual intensity noise is much smaller than the payload
signal power (as will be evidenced in Figs. 15 and 17).

At each hop, this residual noise is added to the optical signal
so the residual noise is accumulated along the optical path. From
(21), (23), and the definition of Y (¢) in (11), the accumulated
residual noise from hop 1 to k — 1 seen at the label receiver in
the kth hop is

py(t, AT) =

=RP-((1=my)+myU(t))m,Y (t) (24)

k—
Ores, Z RPhP}L peak (1/2)er)mh)202AT7(j)

sam) [

— 00

|Fen () Plexp(—(x fT/2)?)[" df (25

where JQAT is the timing jitter variance of the complementary
signal at the Jth hop. Note that ares’(k =0fork < 2.

The payload receiver filter bandwidth is much wider than the
residual noise, so the total residual noise seen by the payload
receiver at the kth hop is given by

k—1
O-I?E‘,S,(k) = Z(RPUPU,peak(l

i=1

<ot /) |

—00

— (1/2)my)mn)?0 %, ;)

oo

lexp(—(x fT/2)%)|” df.  (26)
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We will see later that the total distance and the number of hops
in a multihop link are mainly limited by the label signal degra-
dation rather than by the payload signal degradation.

D. Receiver Noise

The receiver noise includes thermal and shot noise.
The total power of receiver thermal noise is given by
o = ((4KTa)/(Re))FeB and that of shot noise is given
by ash = 2qRPB. Note that B = By, and B = By are
used as the noise bandwidth for the label and payload receiver,
respectively, while R = R, and R = R,y are the respon-
sivities for label and payload receivers, respectively. P = P,
and P = Py are used as the receiver average power to the
label and payload receivers, respectively. The following values
are used in both our calculation and experiment: responsivity
Ryu = Rpn = 0.9, load resistance R, = 50 (2, receiver noise
figure F, = 2 dB, and T, = 300 °K.

E. Overall Q-Factor Performance of a Label

The system performance is related less to the received raw
label signal than to the complementary signal, which is a
reshaped version of the old label signal. Therefore, we are more
concerned about how to obtain a low-jitter complementary
signal. As will become clear in Section V-B, the required
received optical power to obtain a low jitter complementary
signal, defined as P, is several decibels higher than the label
receiver sensitivity P}, (see Section V-B). When the average
received power is Py, the unfiltered label signals at mark and
space are given by (see Section III-A)

P,
Iny = Rpn 1—my 1/2
h,1 ph (1_05mU)(1_05mh)[( ’ITLL)-}—TTLU( / )]
Py
Ih,O = Rph ! [(1 — TTLU)(l — mh)

(1 —0.5my)(1 — 0.5my)
+ (1 = mp)my(1/2)]

and the total noise variance is the combination of all noise terms

obtained in Section III, as follows:

27)

szzl,(k) = 52psp (k) + Us?ig sp, (k) + Ut2h + 05211 + Ui%c,l + Urzes,(k)

0—1210,(19) = zpqp,(k) + Jq1g p,(k) + O-t?h + 03}1 + Ui2t,0 + Jrzes,(k)'

(28)

Therefore, we obtain the () factor of the label at the kth hop as
In1—1

Q= Lt Iy 29)

Oho,(k) T Ohl,(k)

where ~ is the eye-closure percentage caused by the receiver
filter bandwidth. As a reminder, PacVg was used in (27)-(29) to

obtain the ). in (21) and the corresponding residual noise at the
kth hop for & > 1.

E. Overall Q-Factor Performance of a Payload

The amplitudes of the received payload at mark and space are
respectively given by

Py
Toa = B =5 5y
Py(1—my)
Iyo = Ry -——L 30
CO T Y = 05my) 50)
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where Py is the average received power, and the noise power of
mark and space are

2 _ 2 2 2 2 2
OU1,(k) = Pspsp,(k) + Osig—sp, (k) +O0th T o+ Ores, (k)

T50,(k) = Tapsp.(k) F Tin + Tres (k) €1y
Finally, at the kth hop, the payload @ factor is given by
Iy -1
_ v —lvo 32)

ovo,k) T Ovo,(k)

IV. EXPERIMENTAL SETUP

The experimental setup of a recirculating loop, shown in
Fig. 9, was built to test the feasibility and scalability of the
proposed optical-label-swapping scheme. It can be seen that
there was an optical transmitter, a payload receiver, a label
receiver, and a 60-km recirculating loop. The loop by itself con-
sists of 60-km single-mode fiber, a dispersion-compensating
fiber (DCF) module which provides a total compensation of
—988 ps/nm, two EDFAs, and the label-swapping apparatus.
The input power to the 60-km fiber is kept below 0 dBm to
minimize fiber nonlinear effects. A 50-GHz optical bandpass
filter was used to remove out-of-band ASE noise. The input
power to EDFA1 and EDFA2 were —17 dBm and —7 dBm, re-
spectively. An optical attenuator was used to carefully balance
the gain and loss of the loop. The total loop propagation delay
was 355 us. A loop controller was programmed to provide
gating signals to a 2 x 2 optical switch, a BER tester, and a
sampling scope. The payload and label signal performance can
thus be measured at any hop after any number of recirculations.

The optical transmitter was composed of a CW laser and two
LiNbO3 external modulators. The first modulator was driven

5th hop

gating pulse

9

Fig. 10. Measured eye diagram of a transmitted 8B/10B-coded 10-Gb/s
payload that has a superimposed 100-Mb/s ASK label.

by an 8B/10B-coded 10 Gb/s with a PRBS length of 23! — 1
(again, the payload’s raw data pattern length is not very im-
portant because the 8B/10B encoder will limit the maximum
of run length to 5). The extinction ratio of the modulator is set
to be 10 dB. The second modulator was driven by a 100-Mb/s
NRZ label signal with a PRBS length of 27 — 1 and modula-
tion depth mj; = 0.2. Note that before the label signal was
sent to the modulator, there was a Bessel pulse -shaping filter
(LPF;) with a bandwidth By, of 80 MHz. Fig. 10 shows the
eye diagram of a transmitted 8B/10B-coded 10-Gb/s payload
which has a superimposed 100-Mb/s ASK label. Fig. 11 shows
the measured power spectra of the transmitted 100- Mb/s NRZ
label, 8B/10B-coded 10-Gb/s payload, and their combination.
Note in particular that the 8B/10B line code provides a low in-
terference power to the label at low-frequency range.

At the input port of the recirculating loop, an optical splitter
was used to tap a portion of the optical power for receiving the
old label. The label receiver had a fifth-order front-end Bessel
filter (LPF,) with a 60-MHz bandwidth to remove most of
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Fig. 12. Eye diagrams of the received label: (a) after a 60-MHz frond-end
Bessel LPF,; (b) after a limiting amplifier; and (c) after a second pulse shaping
LPF; whose bandwidth is exactly the same as that in the transmitter end.

the payload interference, a limiting amplifier, and an additional
fifth-order low-pass Bessel filter (LPF) to further amplify and
reshape the received waveform, respectively, so that the comple-
mentary signal can be obtained. Fig. 12 shows the eye diagrams
after each of the three stages. Optimum filter bandwidth will be
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discussed in the next section. The complementary signal was
subsequently used to modulate the incoming composite signal
of the payload and old label through an external modulator with
an inverse logic. The old label was then erased, but with some
remaining residual noise, as was analyzed previously. Note that
in order to erase the old label as much as possible, three condi-
tions need to be satisfied.

1) The optical fiber delay line in Fig. 9 should be adjusted
so that the propagation delays between the paths A and B
(marked by the thick dotted lines in Fig. 9) are equal.

2) The modulation depth of the complementary signal
should be adjusted to be the same as that in the trans-
mitter.

3) LPF; in the complementary signal generation path
should be the same as that in the transmitter.

A new label was generated from a switch controller and com-
bined with the “cleaned” payload through path C in Fig. 9,
where a second AM modulator was used. All modulators had
a 3-dB bandwidth of 20 GHz and an insertion loss of 5 dB in
normal operation. All modulators had input polarization con-
trollers to maintain modulation efficiency and loop power bal-
ance.

For each circulation of the composite signal, BER perfor-
mances of both the payload and label can be measured, as shown
in Fig. 9. Note that the payload should be coupled out of the loop
after the output of the first AM modulator where the old label has
been erased. A payload receiver consists of a p-i-n photoreceiver
and a clock and data recovery (CDR) circuit. Due to the exis-
tence of transient discontinuity between successive circulated
signals, the CDR needed ~5 pus to extract the clock and recover
the payload data. In the experimental setup, the BER tester and
oscilloscope were both triggered by the loop controller in Fig. 9.
The label signal was sent to a field-programmable gate-array
(FPGA)-based switch controller for CDR, and its BER perfor-
mance was analyzed by a BER tester.

V. RESULTS AND DISCUSSION

In this section, the analytical and experimental results are
compared. Design guidelines on how to optimize the front-end
filter bandwidth in a label receiver and on how to minimize the
accumulated residual noise from multiple optical label erasers
in a multihop system are presented.

A. Optimum Bandwidth of the Low-Pass Filter LPF,

As we saw in Section III, the frond-end bandwidth of a label
receiver (LPF,) is an important parameter to the performance
of a label signal. A wide filter bandwidth means more interfer-
ence noise (from payload) and thermal noise could be included,
whereas a narrow filter bandwidth implies not only worsened
signal waveform distortion but also more timing jitter in the
complementary signal, as can be seen in (21). The residual in-
tensity noise converted by a complementary signal’s undesired
jitter via a limiting amplifier could be accumulated through mul-
tiple hops, while the interference and thermal noise are not ac-
cumulated through multiple hops. Consequently, the optimum
LPF, bandwidth depends on which noise term is dominant. For
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example, if the received label has a high @ factor, the accumu-
lated residual noise may be smaller than the interference and
thermal noise. In this case, the filter bandwidth should be de-
creased to cut off the interference and thermal noise. On the
other hand, if the received label has a low @ factor, meaning
that the accumulated residual intensity noise is already high, the
filter bandwidth should be wider to avoid causing more jitter
noise. Fig. 13 illustrates these two examples by letting (). equal
to 8 and 6 after 4 hops. We can see that the optimum filter band-
width is 58 and 68 MHz, respectively.

Since we are more interested in knowing the maximum trans-
mission distance through multiple hops, we need to prevent
rapid accumulation of residual intensity noise, so the received
optical power into a label receiver needs be increased to obtain
a higher @ factor for the received label. Consequently, we used
a fifth-order Bessel filter with a 60-MHz bandwidth in our ex-
periment. It is noted that this narrow filter bandwidth only in-
duces little eye-closure penalty—the eye-closure penalty v used
in (29) is equivalent to 0.98, according to our measurement.

B. Dynamic Range of a Label Eraser

We learned from the previous section and (21) that we wish
to receive a higher optical power into the label receiver to re-
duce the undesired timing jitter of the complementary signal, so
that the residual intensity noise from a nonideal label eraser can
be minimized over multiple hops. To achieve this target, one can
place the label receiver after EDFAL1 to increase the received op-
tical power. We carried out an experiment to confirm this conjec-
ture, as shown in Fig. 14 (obtained at the first hop). In the figure,
we show the @ factor of a received label and the resulting rms
jitter on the complementary signal as a function of the received
optical power into a label receiver. We can see a significant im-
provement in both parameters when the received optical power
is increased beyond approximately —14 dBm, e.g., the timing
jitter of 600 ps at a received power of —19.5 dBm can be reduced

12
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Fig. 14. Received label waveform quality and timing jitter performance of a

complementary signal versus P, my = 0.9, m;, = 0.2 (dots were measured
after the first hop).
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Fig. 15. Measured 8B/10B-coded 10-Gb/s payload BER performance in a
multihop experiment. my = 0.9, m,, = 0.22, P, = —14 dBm.

to 360 ps at —14 dBm. Measured results agree well with what is
predicted from (21). The deviation at a received optical power
higher than — 14 dBm is due to the limited dynamic range of the
receiver transimpedance amplifier. In our experiment, the op-
tical label eraser provides a consistent good performance from
—14 to —8 dBm. Note that in this scheme, the 100-Mb/s label
receiver sensitivity is much worse than a conventional 100-Mb/s
digital receiver. This is because the modulation index m;, was
controlled to be small enough to minimize the impact on the
payload signal and because the presence of the payload signal
generates significant interference noise on the label signal.

C. Multihop Payload and Label Performance

Figs. 15 and 16 show the multihop BER performances of the
8B/10B-coded 10-Gb/s payload and the 100-Mb/s ASK optical
label, respectively. We can see that after 10 hops and a total
transmission distance of 600 km, the payload receiver power
penalty at a BER of 1 x 107 is less than 0.8 dB. The eye dia-
grams of the 10-Gb/s payload after 1, 5, and 10 hops are shown
in the insets of Fig. 15. No obvious signal degradation can be
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observed. The label BER performances after different numbers
of hops and at modulation depths of 0.2 and 0.22 are shown in
Fig. 16. We can see that after 10 hops and 600 km, the system
power penalties are 4.5 and 2.5 dB at m; = 0.2 and 0.22,
respectively. Note that an error floor occurs around a BER of
1 x 1079 when m;, = 0.2. The reason why a 10% increase of
my, can make a big difference in the ASK label performance
is because the accumulated residual noise grows very rapidly
(instead of linearly proportional to the number of hops) once a
complementary signal begins to have a timing jitter above a cer-
tain threshold level. This is because the label quality at the nth
hop is always worse than that at the (n — 1)th hop under a fixed
received optical power for every hop. Note that the label’s signal
quality drops quickly after 10 hops, even when m; = 0.22. In
this experiment, the label receiver input power is chosen at —14
dBm.

Fig. 17 shows the power penalties versus the number of hops
for payload and label at a BER of 1 x 1079, The () factor of label
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and payload at different hops are obtained from (29) and (32).
By assuming that the combined noise is a Gaussian noise, we
can calculate the BERs from() factors and the power penalties
at 1 x 1079, and the results are given in Fig. 17. The analytical
results match well with the experimental results for the label and
payload signals, respectively.

The requirement on the number of hops depends on the net-
work environment. Typically, most of the hop counts between
two end nodes in a 100-node mesh network range from four to
ten [21]. Our experimental demonstration shows that the new
optical-label-swapping scheme can be comfortably applied to
this typical multihop network environment. As a matter of fact,
the total number of hops and the transmission distance demon-
strated set an experimental record among all reported optical-
label-swapping schemes.

If the number of hops required in a high-speed core network
is more than ten, we can possibly use an all-optical reshaper
to further clean the residual noise. However, we must point out
that most all-optical reshapers have small dynamic range [22]
and may complicate practical network designs.

VI. CONCLUSION

We have successfully demonstrated a novel all-op-
tical-label-swapping scheme by superimposing a 100-Mb/s
ASK label signal on top of an 8B/10B-coded 10-Gb/s payload.
The superimposed optical label requires only 25% extra trans-
mission bandwidth and can be optically erased by modulating
the composite signal of payload and label with the inverse
of the received optical label signal. By carefully designing
the label receiver front end and reshaping filters, and by
maintaining the optical power to a label receiver beyond —14
dBm, we have been able to minimize the unavoidable timing
jitter during the label erasure process. As a result, we have
been able to obtain satisfactory experimental results after 10
hops of optical label swapping and 600-km transmission by
using a recirculating loop. This transmission performance can
be further improved, provided 1) building integrated timing
supply (BITS) clock and digital CDR circuits with a high
oversampling rate (to reduce the delay variations from packet
to packet) can be implemented inside the label eraser and 2) a
line code with a better dc-balanced characteristics and a higher
coding efficiency than 8B/10B can be found.

We have also developed a complete analysis to explain the
system limitation due to the accumulated residual timing jitter
in multiple label erasure processes. We have also provided
clear guidelines on how to optimize the modulation depths of
both payload and label and how to optimize the bandwidth
of a label receiver front-end low-pass filter. We note that the
superimposed ASK label also suffers low extinction ratio due
to the presence of some residual payload in the low-frequency
range. This can be compared with the low extinction ratio
suffered by high-speed payload signals in orthogonal modu-
lation techniques [6]-[8]. Since the label signal is swapped
in every switching node while the high-speed payload cannot
be, the superimposed ASK labeling technique can supposedly
go through a longer transmission distance. In conclusion,
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we believe that the novel and simple optical-label-swapping
scheme can be applied to the next-generation core networks.
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