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ABSTRACT

The development of 100 Gb/s transponder
technology is progressing rapidly to meet the
needs of next-generation optical/IP carrier net-
works. Video-driven IP traffic growth continues
together with the need for ever higher-speed
ports on IP routers, Ethernet switches, and OTN
cross-connects, thus driving the requirements for
cost-effective client and line side 100 Gb/s
transponders. For a short time to market, 100
Gb/s transponders should be deployable using 10
Gb/s link-engineering rules over existing fiber
and DWDM infrastructure. In this article we
describe the upgrade of an installed 10 Gb/s
field system to 100 Gb/s using a real-time single-
carrier coherent 100G polarization multiplexed
quadrature phase shift keyed (PM-QPSK) chan-
nel. Performance sufficient for error-free opera -
tion after forward error correction was achieved
over installed 900 km and 1800 km links, proving
the viability of 100 Gb/s upgrades to most
installed systems. Excellent tolerance to fiber
polarization mode dispersion and narrowband
optical filtering demonstrates the applicability of
this technology over the majority of installed
fiber plant and through existing 50 GHz recon -
figurable optical add/drop multiplexers.

INTRODUCTION

Since 2005, to keep up with growing traffic
demands in core networks, carriers have upgrad-
ed their existing 10 Gb/s designed links with 40
Gb/s channels [1]. As network demands continue
to grow rapidly, carriers will have to explore the
possibilities for further network upgrades. An
important question is, with 100 Gb/s on the hori-
zon, is it practical to upgrade these existing net -
works with 100 Gb/s channels? A critical enabler
for the 40 Gb/s network upgrades was the intro -
duction of advanced modulation formats, allow-
ing the retrofit of 40 Gb/s data channels into
existing 10 Gb/s dense wavelength-division multi-
plexed (DWDM) transport systems. Modulation
formats such as optical duobinary (ODB), differ-
ential phase shift keying (DPSK), differential
quadrature phase shift keying (DQPSK), and
polarization multiplexed quadrature phase shift
keying (PM-QPSK) have all been deployed in
carrier networks. One common property of these

modulation formats is the support of 50 GHz
DWDM channel spacing. Earlier 40 Gb/s modu-
lation formats that did not support 50 GHz
channel spacing were not deployed, since a pri-
mary driver for deploying higher line rates is to
improve spectral efficiency and thus maximize
capacity on existing DWDM systems and fiber
pairs. At 100 Gb/s, improved spectral efficiency
to meet Internet and video traffic growth is
again expected to be a key stimulus, with sup-
port of 50 GHz channel spacing still a key
requirement. To facilitate ease of networking,
tolerance to transmission through many recon -
figurable optical add/drop multiplexer
(ROADM) nodes is also essential, as express
channels will often transit through a large num-
ber of these ROADM nodes. Each ROADM
permits each wavelength channel to be added,
dropped, or passed through at that node, com -
pletely in the optical domain (i.e.,, not converted
to an electronic signal). Thus, each ROADM
acts as an optical filter, constraining the band-
width of the DWDM signals.

For 100 Gb/s, significant research has been
done recently on advanced modulation formats
(e.g., 8-PSK/quadrature amplitude modulation
[QAM], 16-QAM, 36-QAM [2-4]). Coding more
than 1 b/symbol is essential to reduce the spec-
tral width of the signal. At 100 Gb/s, it is neces-
sary to code at least 3 b/symbol to narrow the
spectrum sufficiently to operate through 50 GHz
filters. For this trial we use the PM-QPSK mod-
ulation format that codes 4 b/symbol (modulat-
ing each of two orthogonal polarization
tributaries with both in-phase and quadrature-
phase components). The spectral width of 100
Gb/s PM-QPSK is sufficiently narrow to allow
use of powerful forward error correction (FEC)
with a 20 percent overhead [5, 6]. Although the
FEC increases the line rate, symbol rate, and
spectral width of the signal, the signal can still
propagate through multiple cascaded 50 GHz
ROADM s with adequate performance. The FEC
with higher coding gain enables improved optical
signal-to-noise ratio (OSNR) sensitivity and thus
longer reach (propagation distance) between
optical-to-electrical-to-optical (OEO) regenera-
tion points, thereby reducing the network cost.

Another advantage of PM-QPSK is the signif -
icant effort on implementation agreements
undertaken recently by the Optical Interworking

52

0163-6804/10/$25.00 © 2010 IEEE

IEEE Communications Magazine « September 2010



Forum (OIF) [7]. The OIF members are in or
near agreement on many of the necessary hard-
ware blocks and interfaces to support these
modulation techniques. The OIF implementa-
tion agreements have not included FEC and the
digital signal processing (DSP) following the
coherent detection, for now leaving these two
areas open for vendor innovation. Thanks to
Moore’s law, massive DSP functionality can be
integrated today into a single chip [8], even at
100 Gb/s. Furthermore, using coherent detec-
tion, the full E-field of the signal can be mea-
sured in the receiver, leading to excellent
tolerance to linear impairments, such as chro-
matic dispersion (CD) and polarization mode
dispersion (PMD) [9]. These impairments can
now be compensated in the electronic domain,
making 100 Gb/s practical even on older fiber
plant.

This article describes test results obtained in
a laboratory and then in a field environment
indicating the suitability of this 100 Gb/s PM-
QPSK technology for upgrades of backbone
DWDM networks. For clarity, while these trans-
port systems are colloquially referred to as
“100G,” their purpose is to transport a payload
of 100 Gigabit Ethernet across many kilometers.
To do so they add some overhead (such as the
FEC mentioned above and others), so the actual
signaling rate (or line rate) is higher. In our case
the line rate was 126.5 Gb/s.

SYSTEM DESCRIPTION

TECHNOLOGY ATTRIBUTES OF
100G B/s PM-QPSK

OSNR Sensitivity ~— Coherent PM-QPSK offers
approximately 6 dB improvement in OSNR sen -
sitivity compared to binary on-off keying (OOK)
for the same bit rate. As 100 Gb/s is 10 times
higher capacity than 10 Gb/s, any new 100 Gb/s
modulation scheme would ideally offer a 10 dB
performance improvement, providing a compa-
rable OSNR sensitivity to 10 Gb/s OOK.
Although difficult to achieve in practice, part of
the performance shortfall can be recovered by
the use of a high-coding-gain soft decision for-
ward error correction (SD FEC) [10]. Depend -
ing on the particular algorithm, soft bit
resolution, and overhead rate selected, another
2-3 dB gain can be realized compared to the
typical 7 percent overhead enhanced FEC codes
[11]. The rest of the shortfall can be made up by
reduction in penalty allocations. In 10 Gb/s
OOK systems, there is often a penalty of 1 dB or
more allocated for imperfect CD compensation,
and a similar penalty allocated for PMD. A key
advantage of coherent detection is that the elec -
tromagnetic phase information is passed into the
electronic domain, so powerful electronic disper-
sion compensation (EDC) in the DSP can miti-
gate the distortions with very low residual
penalty. Therefore, by using 100 Gb/s PM-QPSK
with SD FEC and EDC, there is a 6 dB improve-
ment for coherent detection, a 2-3 dB improve-
ment for SD FEC, and a 1-2 dB improvement
due to reduced CD and PMD penalties. This
results in a total improvement of 9-11 dB,
approaching the OSNR sensitivity of 10 Gb/s

OOK systems, thus allowing 100 Gb/s PM-QPSK
to be deployed with a comparable reach to cur-
rent 10 Gb/s OOK systems.

Optical Filtering Tolerance — Due to their 10
Gbaud symbol rate, 10 Gb/s OOK channels have
a much narrower spectral width than the 50
GHz channel filters used in DWDM systems.
This provides excellent tolerance to cascades of
ROADMs (i.e., with negligible penalty after
transmission). Similarly, to ensure good
ROADM tolerance at 100 Gb/s, a sufficiently
low symbol rate is required, since the spectral
width of the signal scales with the symbol rate.
Using 100 Gb/s PM-QPSK (~25 Gbaud) pro-
vides a clear advantage over higher symbol rate
formats. Coding even more bits per symbol
results in a denser signal constellation and leads
to reduction in OSNR sensitivity. A 100 Gb/s
PM-QPSK signal can tolerate filter bandwidths
below 30 GHz with minimal penalty, significantly
better than direct detection DQPSK and OOK
formats. This exceptional filtering tolerance
allows deployment through a large number of
ROADMs. Using a higher-level coding scheme,
with a resulting drop in OSNR performance, is
not necessary. Reducing the symbol rate has
other practical advantages, such as easing the
implementation of the modem in a complemen-
tary metal oxide semiconductor (CMOS) chip,
and reducing the bandwidth requirements for
the electro-optic components. However, using
higher complexity constellations to further lower
the symbol rates places more stringent require-
ments on signal and local oscillator laser line
widths and reduces nonlinear phase noise toler -
ance. All of these trade-offs must be considered
when choosing a modulation format.

Chromatic Dispersion Tolerance — With
EDC inside the modem chip, CD can be com-
pensated without optical tunable dispersion com -
pensators. The amount of CD that can be
compensated inside the chip is a function of the
number of taps in the finite impulse response
(FIR) adaptive filter and the time delay of each
tap. Installations of 10 Gb/s DWDM systems pri-
marily utilize dispersion compensating fiber
(DCF) deployed throughout the network to limit
the residual CD at the 10 Gb/s OOK receiver to
within £400 ps/nm (typically) for long-haul sys-
tems. It is quite straightforward to meet this
range in a 100 Gb/s PM-QPSK EDC with a small
number of taps. However, if the system could be
designed without DCF, it could have significant
improvements in performance. Usually a small
spool of DCF, built in a dispersion compensating
module (DCM), is installed with each optical
amplifier. DCF is special fiber with larger CD
than the transmission fiber and of opposite sign.
As a result it has higher loss per unit length and
a smaller core diameter. Given these characteris-
tics, a line system with DCF needs more amplifi-
cation (adding more noise) and will introduce
more penalties due to nonlinear interactions
within the DCMs than a system without DCF.
Since each DCM must be matched to the specif -
ic length and type of transmission fiber in the
preceding span, installation and maintenance of
DCF-free systems would also be simplified. In
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Figure 1. Block diagram of transponder. LO = local oscillator, PBS = polarization beam splitter, POD =

parallel optical (interface) device, I/F = interface.

addition, carriers are interested in reducing

latency in their networks to improve the perfor-

mance of delay-sensitive telecommunications
applications, such as Internet gaming and net-
work storage.

For these reasons, carriers would prefer to
eliminate DCF for next-generation transport
networks. Eliminating DCF greatly increases the
required dispersion tolerance, particularly for
standard single-mode fiber (SSMF, G.652) links,
and greatly impacts the EDC complexity, as a
large number of taps are now required to fulfill
the required dispersion tolerance. Higher EDC
complexity increases the chip gate count, which
in turn increases chip power consumption and
reduces yield.

Polarization Mode Dispersion (PMD) Toler-

ance — The EDC can also mitigate PMD with-
out optical PMD compensators. The number of
taps needed for PMD mitigation is relatively
small, as the pulse energy distortion from PMD
only spills into a few adjacent time slots. One
key parameter for PMD mitigation is that it
must be fast enough to track the rapid polariza-
tion dynamics that can occur in carrier networks
[12]. This is in contrast to CD compensation,
which is more static, changing very slowly and by
small amounts due to variations in the fiber tem -
perature. Fortunately, PMD-mitigating algo-
rithms can handle very fast changes in either the
received state of polarization or the instanta -
neous value of the PMD because the tap coeffi -
cients are updated at a rate on the order of the
clock frequency of the DSP.

FPGA-B ASED PROTOTYPE

A prototype development system using existing
high speed analog-to-digital converters (ADCs)
from digital sampling oscilloscopes and a field
programmable gate array (FPGA) farm for digi -
tal data processing was built to assist in product
development and enable early testing. Key func-
tional blocks were included such as carrier fre-

quency and timing recovery, carrier phase esti-
mation, EDC of CD and PMD, and high-coding-
gain FEC. The primary purpose of this system
was to test and iterate the modem logic prior to
taping out an application-specific integrated cir-
cuit (ASIC) chip, as using FPGAs allows the
designer to optimize and reprogram the logic to
optimize performance prior to finalizing the
ASIC net-list. FPGAs offer the next level of per-
formance evaluation beyond using offline pro -
cessing techniques that capture a short data
sequence on an oscilloscope and post-process on
a personal computer. A key challenge for the
FPGA-based prototype system was to stream the
data at 126.5 Gb/s in real time and fully process
all data at the line rate in the modem, requiring
advanced synchronization of the ADCs and
FPGA farm. The real-time single-carrier coher-
ent PM-QPSK system block diagram is shown in
Fig. 1. The symbols were carved into 67 percent
duty-cycle return-to-zero (RZ) pulses. Using an
RZ-pulse format rather than non-return-to-zero
(NRZ) provides greater tolerance to single-
channel fiber nonlinear effects, improving propa -
gation performance. The coherent receiver
system consisted of four high-speed ADCs to
digitize the data followed by an FPGA farm to
perform the DSP [9]. A single 2 x 2 equalizer,
consisting of 8 taps, was used for polarization
state demultiplexing and CD and PMD compen-
sation. The equalizer size was limited by the
FPGA implementation. The reduced number of
taps in the equalizer means that the FPGA-
based prototype had lower CD tolerance
(approximately 400 ps/nm) than an ASIC-based
solution, so system testing did require the use of
dispersion compensation fiber (DCF). The data
rate used in the trial was 126.5 Gb/s (31.625
Gbaud), corresponding to the 100GE payload,
mapped into the OTU4 frame plus 20 percent
overhead for high-coding-gain FEC [5, 6]. Both
215 -1 and 23" - 1 pseudo-random bit sequences
(PRBS) were used, and negligible pattern depen-
dency was observed after transmission. Bit error
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rate (BER) data was collected via an integrated
BER analyzer measuring the aggregate 126.5
Gb/s signal after the DSP block. Differential
encoding and decoding was utilized for the
results presented here to improve the perfor-
mance in the presence of on-off-keyed signals.
Figure 2 shows the measured BER vs. OSNR
taken back to back where the amplified sponta -
neous emission noise loading has been added
between two optical filters (mux and demux)
each with a 3 dB bandwidth of 40 GHz. The
OSNR is reported with a 0.1 nm noise band-
width. The OSNR sensitivity of the FPGA-based
prototype has some additional implementation
penalties compared with the estimated perfor-
mance of an ASIC-based solution. The proto -
type system implementation penalties are a
result of poorer ADC performance and lower
gate count available in the FPGA farm to imple-
ment the DSP compared to an ASIC. The proto-
type performance does allow for testing of fiber
propagation and the modem algorithms at full
line rate, which is its primary purpose. The
FPGA-based prototype is managed by a dedicat-
ed PC using a MatLab graphical user interface
(GUI). The system has several integrated
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Figure 2. Measured back to back BER performance versus OSNR of the 126.5

Gb/s coherent PM-QPSK system.

automation processes implemented to facilitate
simple turn-up and automatic calibration. These OSNR=19dB
include data path skew alignment, relative ADC [ T T T T T T
delay synchronization, core frequency adjust-
ment, gain control, and recombining line-side
data stream in real time. The application soft - 0.8 4
ware is capable of software/firmware manage -
ment of all modules in the system.
@ 06 -
LABORATORY RESULTS <3
PMD T EST RESULTS g

In order to test the PMD tolerance of the 100 o 04t T
Gb/s prototype system, two lengths (32 ps and 64
ps) of polarization maintaining fiber (PMF) were
used to vary the differential group delay (DGD) 02 k 4
in the laboratory testbed. The launch state of
polarization was set at the worst case of 45° to
equally split the power between the fast and slow 0 ; ; ; ; ; ;
axes. The resulting penalty was derived by moni - 0 10 20 30 40 50 60 70
toring the pre-FEC BER and comparing the Differential group delay (PS)
result with DGD = Ops. The 100 Gb/s PM-QPSK
signal was noise-loaded to an OSNR of 19 dB/0.1 Figure 3. PMD tolerance of a 100 Gb/s PM-QPSK system.
nm for each test case. The results are shown in
Fig. 3. Although the FPGA based 100Gb/s proto-
type does have a somewhat larger residual PMD For each test case, noise-loading was used to
penalty than that expected with the ASIC-based keep the OSNR constant at 19 dB/0.1 nm and
product, these results still demonstrate very high the penalty derived from the resultant pre-FEC
PMD tolerance, larger than 10 Gb/s OOK sig - BER. The results are shown in Fig. 4. These
nals, and therefore show the applicability of this results indicate that the optical filtering band-
100 Gb/s technology for older generations of width can be as low as 30 GHz with negligible
fiber plant with up to 20 ps of mean PMD, penalty, and at 26 GHz FWHM the penalty mea -
assuming a PMD outage probability of 10 5. sured was approximately 0.5 dB. This indicates

that 100 Gb/s PM-QPSK signals are thus suitable

OPTICAL FILTERING TEST RESULTS for 50 GHz DWDM systems and have sufficient

To test the suitability of 100 Gb/s PM-QPSK for filter tolerance to enable cascading multiple 50
networking applications with multiple cascaded GHz ROADM s in carrier networks [13].
ROADM:s, it is important to understand the opti-
cal filtering tolerance. The testbed was reconfig- FIELD TRIAL LINK DESCRIPTION
ured to replace the PMD elements by a
tunable-bandwidth optical filter. The optical filter While many tests can be adequately performed
shape approximates a second order super-Gaus - in the laboratory, field trials impose more rigor -
sian profile and the full width at half maximum ous requirements on the equipment. For exam-
(FWHM) was varied over a range of 25-44 GHz. ple, the only communication between network
IEEE Communications Magazine - September 2010 55
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Figure 4. Optical filtering tolerance of a 100 Gb/s PM-QPSK system.

Figure 5. Photograph of the 100 Gb/s PM-QPSK
prototype system in the field.

elements must be over the transmission link; no
management signaling over side channels can
occur, and no clock or other synchronization sig-
nal can be shared by the two ends. The turn-up
procedure, which with a DSP-based coherent
receiver includes blind equalization of CD and
PMD, must deal with the unknown characteris -
tics of the transmission line. During operation,
the system must automatically adjust for changes
in the CD (and therefore the propagation delay)
and PMD, both slow and fast. And finally, many
aspects of the high-speed optoelectronic compo-
nents and circuits vary with temperature. By
housing each end of the system in different
cities, the temperatures are not only different,
but vary independently, further stressing the
hardware design.

This field trial was conducted over a portion
of the existing AT&T network between Florida
and Louisiana. This 900 km link consisted of 12
spans of SSMF, where the average span length
was 78 km and the average span loss was 16.5
dB, typical of fiber spans in a long-haul terrestri-
al network. The line system deployed on the link
is optimized for 10 Gb/s and 40 Gb/s, and began
carrying real service in the AT&T network soon
after the trial was completed. In other words,
the link was not installed or optimized in any
way for the purpose of the 100 Gb/s trial. In
addition, the optical link control ran in automat-
ed mode, dynamically adjusting the amplifiers to
be at the optimum operating point. Standard
two-stage C-band Erbium-doped fiber amplifiers
(EDFAs) were used to compensate for the fiber
loss. The CD of the transmission line was com-
pensated with a DCM at the mid-stage of each
EDFA to provide approximately 96 percent
compensation for each fiber span. There was no
precompensation for the CD at system input or
further optimization for the CD before the
receiver using optical dispersion compensation.
The average PMD of the transmission line was
measured to be 0.04 ps/(km 1/2). With 0 dBm
launch power for the 100 Gb/s channel, after
900 km, the received OSNR was approximately
21 dB, and approximately 18 dB for the 1800 km
optical loopback link. Figure 5 shows a photo-
graph of the 100 Gb/s PM-QPSK prototype sys-
tem in the field.

FIELD TRIAL RESULTS

900 KM LINK

We measured the transmission performance of
the single 100 Gb/s channel for both directions
of the 900 km link, and as expected based on the
very similar properties of the fiber spans and
EDFAs, the performance was almost identical.
For the single 100 Gb/s channel, as shown in
Fig. 6, we measured the BER after 900 km trans -
mission as the launch power into each SSMF
span was varied. The launch power into each
DCM was held constant at 0 dBm, which is
known to be suboptimal, but was a limitation of
the trial. Figure 6 shows that the optimal fiber
launch power was around 1 dBm, with the range
of 0-3 dBm resulting in similar performance.
Performance at a pre-FEC BER level below 1e-

2 yields error-free post-FEC operation using the
latest 20 percent overhead hard- or soft-decision
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FEC algorithms [5,6]. For the 900 km link, the
100 Gb/s channel passed through three ROADM
nodes (one at each terminal site plus one in the
middle). Previous testing using offline processing
had shown that the 100 Gb/s PM-QPSK signal
can pass through a large number of ROADMs
(> 10) with minimal penalty [13].

In addition to testing the tolerance of the
single 100 Gb/s channel to launch power varia -
tion, it is important to understand the impact of
nonlinear impairments caused by adjacent chan-
nels, as could occur in a DWDM system with
channels carrying 10, 40, or 100 Gb/s. Figures 7
and 8 show the effect of adjacent 50 GHz sym-
metrically spaced 40 Gb/s DPSK and 10 Gb/s
OOK channels on the 100 Gb/s channel in the
center of the group, respectively. The launch
power for all channels was 0 dBm/channel for
these measurements. Pre- and post-compensa-
tion of -80 ps/nm and -200 ps/nm, respectively,
were added to the link to optimize the 10 Gb/s
and 40 Gb/s channel performances, resulting in
a nominal 0 ps/nm residual dispersion after 900
km. With up to four neighboring 40 Gb/s DPSK
channels at 50 GHz spacing, the Q penalty of
the 100 Gb/s channel was within 0.6 dB of its
single-channel performance. However, the
impact of the 50 GHz spaced 10 Gb/s OOK
channels on the 100 Gb/s PM-QPSK channel
was severe and can be attributed to the strong
nonlinear cross-phase modulation. Increasing
the channel spacing to 100 GHz alleviated the
degradation somewhat, as shown in Fig. 8. A
carrier phase estimation (CPE) filter length of
20 symbols was used for all measurements dis-
cussed above. It is expected that reducing the
CPE length would improve the 100 Gb/s perfor-
mance with adjacent 10 Gb/s and 40 Gb/s chan -
nels [14]. We also measured the impact of a 100
Gb/s channel placed between two 100 GHz
spaced 40 Gb/s DPSK or 10 Gb/s OOK chan-
nels for the 900 km link. As summarized in
Table 1, the results indicate that the 100 Gb/s
channel has little impact on either 10 Gb/s or 40
Gb/s neighboring channels.

1800 KM OPTICAL LOOPBACK LINK

We also measured the performance of the 100
Gb/s channel over an 1800 km link with five
ROADM nodes by optically looping back the
signal in Louisiana. Pre- and post-compensation
of 480 and -450 ps/nm, respectively, were used
for the link, resulting in a nominal residual dis-
persion of 0 ps/nm. The results are summarized
in Figs. 9-11. Figure 9 compares the measured
BER of the single 100 Gb/s channel at one
launch power to simulation results for many
launch powers. The launch power for the 1800
km link, restricted by the fixed 0 dBm launch
power into the DCM, was set to be around 0.5
dBm, resulting in the best measured BER of 4E-
3. We also simulated the single 100 Gb/s channel
performance over the 1800 km link and varied
the channel launch power into each fiber span
while holding the DCM launch power to 5 dB
lower than the fiber launch power. As can be
seen from Fig. 9, simulation predictsa > 1.5
dBQ improvement in performance of the 100
Gb/s channel over this 1800 km link with the
optimization of both fiber and DCM launch
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Figure 6. Single channel BER performance of the 126.5 Gb/s coherent PM-
QPSK signal as a function of channel launch power into the transmission

fiber for the 900 km link.
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Figure 7. Performance of the 126.5 Gb/s PM-QPSK channel after 900km trans-
mission as a function of the number of adjacent 40Gb/s DPSK channels

spaced at 50GHz. The fiber launch power was 0dBm/channel.

power. Figure 10 shows the measured BER of
the 100 Gb/s channel with 0.5 dBm fiber launch
power over a two-hour observation window.
During that time, the BER was stable around
4.5E-3; such a pre-FEC BER will yield error-
free performance after FEC decoding. Finally,
Fig. 11 shows the constellation at the modem
output after 1800 km transmission (at 0.5 dBm
fiber launch power).

SUMMARY

We have discussed the primary drivers for trans -
mission systems operating at 100 Gb/s per wave -
length channel and summarized the advantages
of the polarization-multiplexed QPSK modula-
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10 Gb/s OOK 10 Gb/s OOK 40 Gb/s DPSK 40 Gb/s DPSK

BER @ 194.45 THz @ 194.55 THz @ 194.45 THz @ 194.55 THz
Without 100 Gb/s 8.20E-9 2.80E-8 4.00E-11 6.00E-9
100 Gb/s @ 194.5 THz 4.30E-8 2.50E-8 1.20E-10 4.30E-7

Table 1. BER performance of 10 Gb/s or 40 Gb/s channels over the 900 km link with and without an adja-
cent 100 Gb/s channel.

tion format as a cost-effective and practical 100 Key functional blocks included carrier and tim-
Gb/s transponder technology. We prototyped a ing recovery, carrier phase estimation, EDC of
pair of real-time single-carrier coherent 100 Gb/s CD and PMD, and high-coding-gain FEC. We
PM-QPSK transponders using existing high- have presented laboratory measurements of the
speed ADCs from digital sampling oscilloscopes tolerance of the real-time 100 Gb/s PM-QPSK
and an FPGA farm for digital signal processing. channel to polarization mode dispersion and

optical filtering. Finally, we have discussed the
results of the first demonstration of a network
upgrade of an existing 10/40 Gb/s terrestrial link
with a real-time single-carrier coherent 100 Gb/s
PM-QPSK channel. The measured pre-FEC bit
error rates were sufficient over 900 and 1800 km
links in AT&T's installed network for error-free
performance after FEC, proving that 100 Gb/s
channel upgrades to existing 10 and 40 Gb/s
DWDM systems are possible and practical in
most cases.
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