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Abstract

The answers to the demand for bandwidth and reach are channel rates up to 43-Gb/s combined with advanced
modulation formats and forward error correcting (FEC) schemes. Due to the very low bit error ratios required in
high-speed transmission, computer based FEC code performance simulations can only give estimates. A flexible
pattern generator and analyzer utilizing Field Programmable Gate Array (FPGA) technology is presented, which
is capable of generating and analyzing optical 43-Gb/s G.709 framed data streams in real time. The programma-
ble platform allows implementing arbitrary functions to analyze data also at very low bit error ratios and is util-

ized for optimization of active receiver controls as well as for FEC code verification.

1 Introduction

Over recent years the transparent length in high-speed
optical transmission systems has been extended
through the use of stronger forward error correcting
codes and advanced modulation formats, which make
use of bipolar signal constellations like differential
phase shift keying (DPSK). Both developments allow
the signal to pick up more noise as well as signal dis-
tortions while maintaining the same level of signal in-
tegrity.

Statistical properties of accumulated noise and distor-
tions influence the error distribution. While this fact
can be exploited for automatic controls necessary in
complex 43-Gb/s DPSK receivers, the performance of
FEC codes may suffer: During code design it is often
assumed that the optical channel including a hard de-
cision at the optical receiver can be described as a bi-
nary symmetric channel (BSC). This model becomes
inaccurate when imperfections of the real transmission
channel including optical modulation and demodula-
tion are taken into account. These inaccuracies and the
resulting influence on error statistics has to be consid-
ered during verification of the implemented code.

In this paper an experimental setup is presented that
allows for simplified FEC code verification and ad-
vanced error statistics measurements even for low bit
error ratios. First, a brief overview of impairments
relevant to DPSK receiver design and FEC code veri-
fication is given in section 2. In section 3, the flexible
frame generator and analyzer platform is described in
detail. The results obtained in the experiments are
highlighted in sections 4 and 5. Section 6 summarizes
the obtained findings.

2 DPSK Impairments

Whereas FEC performance has improved recently de-
spite a constant 7 % overhead, the OSNR advantage
of DPSK over traditional on-off keying (OOK) comes
at an increased complexity in transmitter and receiver
components [1]. Notably the delay line interferometer
(DLI) in the receiver, which is used to convert the dif-
ferential phase modulated signal to intensity modula-
tion, requires an accurate setting of the delay. While
delay-to-bitrate mismatch does not affect the interfer-
ence properties of the DLI and also shows only mod-
erate signal degradation, the signal is rather sensitive
to delay line frequency offset (an interferometer fun-
damentally relies on the — exactly — constructive / de-
structive interference between two optical fields)
[2,3]. Since the frequency offset or (in other words)
delay line phase tuning is dependent on temperature,
laser frequency variation, polarization state etc., it is
necessary in a commercial system to employ an active
feedback control [4].

This control has to work in parallel with other receiver
control loops such as automatic decision threshold
control (ATC), tunable dispersion compensation con-
trol (TDC), polarization mode dispersion compensa-
tion control (PMDC), and even adaptive electronic
equalizers, such as feed-forward (FFE) and decision
feedback equalizers (DFE). Often, these critical re-
ceiver controls use the bit error ratio (BER) derived
from a FEC decoder as a feedback signal, mainly be-
cause of its cost effectiveness and good correlation to
any transmission impairment. While the total number
of bit errors provide a measure for the signal distor-
tion, conditional bit errors contain additional informa-
tion about the intersymbol interference (ISI) from ad-
jacent bits [5,6].

Fast operation of various receiver controls based on
BER feedback can be achieved only by taking full ad-



vantage of all statistical properties contained in condi-
tional bit errors which offer distinctive information
about specific impairments. However, these properties
can be analyzed by computer simulations only at high
bit error ratios. The flexible frame generator and ana-
lyzer platform presented in this paper utilizes FPGA
technology in order to evaluate high-speed 43-Gb/s
data streams also at very low bit error ratios. These
investigations are particularly needed for DPSK
transmission because its performance as well as error
statistics change significantly with optical signal-to-
noise ratio (OSNR): The perceivable deviation of the
probability density function (PDF) of phase noise
from Gaussian PDF at low OSNR results in an in-
creased occurrence of multiple errors (especially dou-
ble errors). Additionally, the relative performance of
DPSK compared to OOK decreases from 2.7 dB at
high BER to 2.4 dB at BER=10" [1]. Note that long-
haul transmission systems employing FEC are usually
operated at high BER / low OSNR. Therefore, FEC
codes and receiver control algorithms that use the as-
sumption that accumulated optical noise at the re-
ceiver can be approximated by additive white Gaus-
sian noise (AWGN) have to be experimentally verified
for DPSK.

3 Experimental Setup

Figure 1 depicts the functional blocks of the setup
used for the experiments. Either a Xilinx XC2VP100
FPGA or an ASIC can be used to generate pseudo
random bit sequences (PRBS) mapped in G.709
frames with FEC codes. For our tests, we solely used
PRBS of the length 2°1-1 to properly include inter-
symbol interference (ISI).
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Figure 1 Functional block diagram of the flexible
frame generator and analyzer platform.

The data source is followed by an optional error gen-
erator (EG) to emulate a BSC channel corrupted with

errors, which can be electrically looped back. This al-
lows the simulation of arbitrary FEC codes much
faster for scenarios with low bit error ratios than with
conventional methods using software tools on per-
sonal computers (PC).

For DPSK transmission, an optional XOR encoder can
be switched into the data stream, which is finally mul-
tiplexed to 43-Gbit/s and transmitted using the optics
setup as described below.

The receive section consists of a demultiplexer fol-
lowed by another FPGA of the same type or the cus-
tom ASIC to detect, decode and analyze the incoming
data. The ASIC and the FPGAs are controlled by a
PC, which also reads out the data from the analysis
generated by the ASIC or the FPGA.
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BP  :Band Pass
VOA : Variable Optical Attenuator
EDFA : Erbium Doped Fiber Amplifier
MZM : Mach-Zehnder Modulator

DLI : Delay Line Interferometer
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Figure 2 43-Gb/s optics of the flexible frame genera-
tor and analyzer platform.

The FPGA architecture allows the implementation and
configuration of arbitrary functions. For the experi-
ments, a G.709 frame generator and framer, a PRBS
generator and analyzer for variable PRBS lengths as
well as an RSXRS FEC encoder and decoder were im-
plemented. Error patterns can be analyzed by the error
statistics block in the Rx - FPGA for sequences up to
16-bit including information on multiple errors, as de-
scribed below.

An additional data connection between the Rx - FPGA
and the Tx - FPGA was implemented which allows
realizing very complex functions that exceed the ca-
pacity of one FPGA by sharing resources between the
Rx - and the Tx-FPGA. For even more complex
functions, other devices such as ASICs can be con-
nected to the flexible experimental platform. The
evaluation of an LDPC FEC code in an ASIC devel-
oped by Lucent is part of the results presented here.
Figure 2 highlights the details of the optical transmis-
sion path. Laser light at 1550 nm is modulated with
the multiplexed (R = 43-Gb/s) data utilizing a Mach-
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Figure 3 Performance evaluation of FEC codes at low BER for DPSK transmission.

Zehnder modulator (MZM) in push pull configuration
biased at either the transmission minimum to generate
a DPSK or the quadrature point to generate an OOK
encoded optical signal. For DPSK, the driver ampli-
tude is ~2xV, of the MZM while for OOK, the driver
amplitude is 1XV, to obtain optimum performance. A
variable optical attenuator (VOA) in combination with
an Erbium-doped fiber amplifier (EDFA), followed by
a 2-nm wide optical band-pass filter is used to set the
optical signal to noise ratio (OSNR), defined as the
ratio of average optical signal power to unpolarized
amplified spontaneous emission power in 12.5 GHz
optical reference bandwidth.

In case a DPSK encoded signal is transmitted, a DLI
with a delay of T4 = 1/R is used to convert the differ-
ential phase modulated signal into intensity modula-
tion. The two outputs of the DLI are separately de-
tected by two photodiodes and amplified with a differ-
ential limiting amplifier, generating the difference
signal. For OOK coded signals, the optical field is de-
tected by a single photodiode followed by a limiting
amplifier. In both cases, threshold decision regener-
ates the data that is demultiplexed and can finally be
analyzed by a second receive FPGA or the ASIC.

4 FEC Performance Analysis

Algebraic block codes, especially Reed-Solomon (RS)
and Bose-Chaudhuri-Hocquenghem (BCH) codes, fit
well to the needs of optical transmission systems, be-
cause of their performance at high code rates and the
fact that such decoders can be realized with available
technology at very high data rates [7,8]. At the given
G.709 code rate r799~=0.937, the coding gain can be
improved by increasing the amount of information
covered by one code word. Setting up a product code
from two smaller codes is thereby a good method to
relax the increasing decoder design complexity and
circumvent the degrading performance of those codes
for long code words [9].

The G709 standard uses a 16 times interleaved
RS(255,239) code for forward error correction [11]. A
G.709 data frame is composed of 4 rows, each consist-
ing of 16 RS code words, i.e. every row has therefore
239x16=3824 information bytes and 16x16=256 FEC
overhead bytes. In a structure of 15 rows, a RSXRS
product code scheme with an inner RS(255,239+2t)
code and a shortened outer RS(240+2t,240) code,
with 0<t<S§, can be applied in such a way that every
information byte is covered by exactly two code
words. With a code rate of 3824x15 / (3824x15 +



240x(16-2t) + 239x2t) = 57360 / (61200-2t) >= 1749,
this structure fits well into the given frame format. In
each decoding iteration, the data is first decoded and
corrected by the outer decoder and then, in a block-
interleaved format, by the inner decoder. No addi-
tional information is passed between the decoders. Ex-
trapolations of simulations based on the BSC model
have indicated an improvement of up to 2.7 dB for t=5
at a BER of 10'® in terms of coding gain after three
iterations for this code compared to the standard
RS(255,239) [12]. Due to the low minimum distance
t(8-t) bit errors in a 15 X (3824+256)=61200 byte
code word can already lead to an uncorrectable result.
This is cause for concern that the code might have an
error floor above BER 10'16, which cannot be covered
by simulations with PCs available today in a reason-
able timeframe. Using the programmable frame gen-
erator and analyzer platform with an electrical loop
setup as described in section 3, the performance of
this product code type has been proven down to a
BER of 3x10™" (see figure 3) without any indication
of an error floor.

The constrained resources of FPGAs available today
do not allow for implementation of a full 43-Gb/s FEC
RS(255,239+2t) x RS(240+2t,240) code. By choosing
t=4, both component codes are almost equivalent and
the processing in the FPGA is achieved with the im-
plementation of only one decoder-interleaver combi-
nation and by serialization of the required six half-
iterations. The processed blocks of the 43-Gb/s data
stream are handled in real-time, therefore this imple-
mentation could be adapted to a full decoder on sili-
con with ease by merely implementing the same de-
sign six times.

The setup shown in figure 1 was used to evaluate the
FPGA implementation of the RS(255,247) Xx
RS(248,240) code under the conditions of 43-Gb/s
optical DPSK transmission. The measurement results
depicted in figure 3 show no major difference between
the BSC model and optical DPSK transmission.

The second FEC code evaluated within the scope of
this project was a low density parity check (LDPC)
code, a type of code well known for its superior per-
formance [10]. Utilizing a bit-flipping algorithm, the
LDPC structure allows for a very low power con-
sumption design at 43-Gb/s with low decoding la-
tency. Covering one G.709 row with 30592 informa-
tion bits at a code rate of r ppc ~= 0.937 >= 539 makes
this non-interleaved systematic code a good replace-
ment candidate for the standard RS code. Figure 3
shows the results from measurements obtained with
optical DPSK transmission in a setup as described in
section 3. The OOK LDPC measurements in this fig-
ure are added for comparison and were obtained with
a setup using a former version of the same LDPC co-
dec at 10.7-Gb/s.

5 Active DPSK Receiver
Control by Advanced Error
Statistics Analysis

The benefit of using powerful FEC codes is that high-
speed transmission systems can be operated at higher
BER, i.e. tolerate a lower OSNR. Active receiver con-
trols can then be implemented using the cost efficient
method of BER estimation from corrected errors out
of FEC decoders as feedback signal.

If the DLI as additional component in a DPSK re-
ceiver is also controlled by BER feedback, care has to
be taken of the fact that controls using this same type
of feedback do not interfere. This is important during
the startup phase where several receiver controls have
to converge quickly to their optimum. Utilizing statis-
tical properties of the bit errors giving more feedback
information can significantly contribute to minimize
the startup time: For the DLI control, advantage can
be taken of the fact that in DPSK transmission errors
tend to occur in pairs, especially at low OSNR [13].
An intuitive explanation of these DPSK characteristics
is given below.
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Figure 4 Complex baseband representation of z.

The plane in figure 4 depicts the complex baseband
representation of the binary PSK signal z corrupted by
complex noise n at the sampling instants:

2(k) = y(k) +n(k),
nk)=n G+ j-n (k). y(k)e {- 141}

Since the information is carried in the phase of the
signal,

oy (k) e {07},



the noise statistics is determined by the probability
distribution function of the phase noise:

”[(k)

@, (k) = arctan| ————
1+ np (k)

For the particular case of complex Gaussian noise the
PDF of the phase noise is shown in figure 5 for three
levels of optical signal-to-noise ratio. For comparison
a Gaussian distribution is shown in addition.

Figure 5 Phase noise distribution function for differ-
ent OSNR values. Gaussian distribution (dotted) is
plotted for OSNR = 9dB.

Demodulation is achieved by taking the phase differ-
ence of consecutive bits. For the sake of simplicity we
assume the signal phase for both bits to be 0, so that
the decision variable is composed by

d(k) = g, (k) — 9, (k1)

When d(k) is between -n/2 and w/2, the decision is
correct otherwise an error occurs. It can be seen in
figure 6 that the probability density between phase
values /2 and 7 remains high for low OSNR, result-
ing in higher bit error ratios and also higher occur-
rence of consecutive errors as explained in [13].
Monte-Carlo simulations done prior to the experimen-
tal verification support the fact that DPSK transmis-
sion will generate a higher rate of double and multiple
errors, defined as two or more consecutive error oc-
currences for a given BER compared to standard
OOK.

Furthermore, simulations showed that the ratio of
double error probability to single error probability
(Perra / Per1) changes with DLI tuning exhibiting dis-
tinctive characteristics (two minima, one local maxi-
mum). Compared with the curve of the single BER
(one minimum) double errors yield additional infor-
mation that e.g. could be used to do a faster sweep
while searching for the initial optimum in the startup
phase.
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Figure 6 Convolution of noise distribution function
for different OSNR values (modulo 27 reduced).

As in existing systems only single bit errors are
summed up, measurement of double errors was done
using the flexible FPGA setup. The FPGA was pro-
grammed to count single, double, triple, etc. errors.
Results were transmitted to the host computer after
each measurement interval. Measurements were done
for various OSNR values, both for single error prob-
ability (P.,) and double error probability (Pey»).
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Figure 7 Double BER as a function of single BER
43-Gb/s NRZ DPSK and OOK. The marked data
point corresponds to the values in figure 8.

Figure 7 shows the double error probability as a func-
tion of the single probability for different OSNR val-
ues derived by measurement and Monte-Carlo simula-
tion for OOK and DPSK transmission. Both simula-
tion and measurement confirm the higher occurrence
probability of double errors for DPSK compared to
standard OOK transmission.
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Figure 8 Single BER and double BER over DLI tun-
ing for 43-Gb/s NRZ DPSK.

Figure 8 shows the DLI phase offset from -n/6 to +1/6
relative to the performance optimum at zero offset as a
function of single error probability (P.,), double error
probability (P.;,), and double error to single error
probability (Pern / Per) derived from the experiment.
The marked data points at zero DLI offset correspond
to the marked point in figure 7.

The distinctive characteristics of Py / Py as de-
scribed above can be seen clearly in figure 8. With
this experimental verification of theory and simulation
it is possible to employ double errors in DPSK re-
ceiver control algorithms as a distinct feedback signal.

6 Summary

In this paper an experimental setup based on FPGAs
was presented which is used to generate and analyze
43-Gb/s data frames in real time. The programmable
structure of FPGA allows for the flexibility to imple-
ment arbitrary functions very efficiently compared to
an ASIC, which is particularly important for proof of
concept demonstrations prior to a costly and time con-
suming ASIC development. In particular, this FPGA
setup was used to verify two FEC codes under DPSK
transmission at low bit error ratios and to measure
DPSK specific error statistics. As such tasks cannot be
accomplished by computer-based simulations in a rea-
sonable timeframe, this flexible platform has emerged
as a valuable tool also for future projects.
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