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Abstract: For the first time synchronous QPSK data is transmitted in real-time with standard DFB
lasers. FEC-compatible performance is reached at 400 Mbaud after 63-km of fiber. Self-homodyne
operation with an ECL is error-free.
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1. Introduction

The need to better utilize the available bandwidth and to cope with chromatic and polarization mode dispersion
of existing optical fiber has revived the interest in coherent optical transmission, in particular QPSK transmission
with polarization division multiplex for quadrupled spectral efficiency compared to standard line cards. Ultimate
OSNR performance is promised by synchronous demodulation, which for QPSK outperforms the asynchronous or
interferometric one by >2 dB. Ultra-narrow linewidth lasers are required to implement a phase-locked loop for
carrier recovery [1], and these are widely believed to be too expensive in today’s cost-sensitive economic
environment. In contrast, a feedforward carrier recovery scheme [2] relaxes the sum linewidth requirement to about
0.001 times the symbol rate, which is in the reach of normal, low-cost DFB lasers. Comparable schemes have been
verified offline, using oscilloscope-sampled 10 Gbaud QPSK data from coherent systems [3, 4], and online (in real-
time) for PSK signals at low data rate with conventional DFB lasers [5].

For today’s 10 Gbaud symbol rates, an inphase and quadrature (1&Q) or intradyne receiver with digital signal
processing [6] is attractive, because it minimizes the needed analog bandwidth. It allows conducting carrier
recovery, electronic polarization control (inside a polarization diversity receiver) and electronic dispersion
compensation at a lower multiplex hierarchy in standard-cell CMOS circuitry. In this context we have implemented,
to our knowledge, the first real-time synchronous QPSK transmission system with standard DFB lasers.

2. Experimental setup of synchronous QPSK transmission system

Up to 2x400 Mb/s PRBS data is impressed onto a DFB laser signal utilizing a QPSK modulator (see Fig. 1).
Normally the 1&Q data is Gray-encoded to form a quadrant number, which is modulo 4 differentially encoded to
determine the quadrant of the optical phase. In our experiment, for experimental convenience, identical 2’-1 bit
PRBS are used as 1&Q modulator driving data, mutually delayed by 9 or 12 symbols for decorrelation purposes, and
differential quadrant encoding is not implemented.
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Fig. 1. 2x400 Mb/s QPSK transmission setup with a real-time synchronous coherent digital 1&Q receiver, using either
DFB or external cavity lasers.
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After transmission through 2 km of standard single mode fiber, an optical preamplifier is followed by a bandpass
filter with a width of ~20 GHz. The coherent receiver features a second DFB laser as its local oscillator and manual
polarization control. The two optical signals are superimposed in a LiNbOs 90° optical hybrid and detected with two
photodiode pairs. An optical switch before the second input of the 90° hybrid allows changing the setup between
self-homodyning with the signal laser and heterodyning with an additional LO laser. The resulting electrical 1&Q
signals are amplified before being sampled with 5-bit analog-digital converters. The ADCs interface with a Xilinx
Virtex 2 FPGA where electronic carrier and data recovery is implemented, similar to the description in [6]. The data
recovery includes a differential modulo 4 decoding of the received quadrant number, to prevent occurring quadrant
phase jumps of the recovered carrier from falsifying all subsequent data. Most processing occurs in parallel at a rate
which is 16 times lower than the symbol rate, but the results are re-assembled to full-rate bit streams which are
measured in realtime. To perform BER measurements, an appropriate bit pattern is programmed into a bit error rate
tester, where the effect of the omitted differential encoding at the transmitter side is taken into consideration.

3. Measured results for self-homodyning and heterodyning

At the beginning the various bias voltages of the LiNbO3z 90° hybrid, signal and LO polarizations are manually
adjusted and remain stable over several hours. Fig. 2 shows measured BERs versus preamplifier input power for
various configurations. All measurements turned out to be very stable and repeatable. The first test was conducted as
a 400 Mbaud (2x400 Mb/s) self-homodyne experiment using an external cavity laser (ECL) with a specified
linewidth of 150 kHz. 1&Q channel behavior is very similar. Transmission was error-free during a 30-min test with
—37 dBm of received power. Note that the applicable sum linewidth to symbol rate ratio of 0.00075 can be met by

commercial DFB lasers in a 10 Gbaud system.
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Fig. 2. Measured BER vs. optical power at preamplifier input for self- Fig. 3. Unmodulated IF spectrum and laser beating in 90°
homodyne experiments using ECL and DFB lasers. optical hybrid (inset)

Next, the ECL was replaced by a DFB laser (JDS Uniphase) with a specified linewidth of 1 MHz. For simplicity
only averaged 1&Q channel BERs are plotted (Fig. 2). Because of the larger linewidth there are BER floors at 1072
and 3.5-10°° for tested symbol rates of 300 and 400 Mbaud, respectively. High BERs could not be measured with
long PRBS due to synchronization issues in the test set. However, transmitting 2°!-1 PRBS over 2 km resulted in a
BER floor of 1.1.107 (300 Mbaud) and 3.7-10% (400 Mbaud) before synchronization loss at low optical power
levels.

Finally, an identical second DFB laser was added and used as the LO source. Without modulation, the 1&Q beat
signals detected at the 90° hybrid outputs were displayed as a circle on an x-y-mode oscilloscope (inset of Fig. 3).
The intermediate frequency should be less than 1% of the symbol rate. Therefore an automatic frequency control for
the LO laser is implemented inside the FPGA. Using a 400 MHz clock frequency, the IF was once stabilized to 400
MHz rather than 0 MHz in order to measure the IF linewidth (Fig. 3). The —3 dB linewidth was 4 MHz. The
broadening beyond the expected 2 MHz value is most likely caused by insufficient filtering of the laser bias
currents. There are also side lobes at +30 MHz.

BER vs. received power is plotted in Fig. 4 for transmission of 300 and 400 Mbaud symbol rates over distances
of 2 and 63 km. The BER floor for 63 km distance is higher than over 2 km. This is probably due to the lack of a
clock recovery circuit at the receiver and the resulting usage of the transmitter clock, which contained much phase
noise. The best measured BER result is 6:10~ for 400 Mbaud transmitted over 2 km. For 2%'-1 PRBS the measured
BER floors were 6.3-10° at 400 Mbaud and 1.1-10% at 300 Mbaud for transmission over 2 km.
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Fig. 4. Measured BER vs. optical power at preamplifier input for
heterodyne configuration with DFB lasers.

Fig. 5: BER floor for different products of linewidth times symbol
daration T for heterodyne configuration with DFB lasers

3. Discussion

A FEC with 24.6% overhead is able to recover (quasi) error-free data for a raw BER below 2% [7]. Our 400
Mbaud QPSK transmission therefore corresponds to an error-free data rate of 642 Mb/s, assuming the presence of
such a state-of-the-art FEC.

The carrier recovery bandwidth was chosen by previous simulations to be optimum for a single-polarization
QPSK system with good receiver sensitivity and phase noise tolerance. This is important because a high received
power would always allow tolerating much phase noise, simply by increasing the carrier recovery bandwidth. In line
with this, future implementation of polarization division multiplex would result in an improved linewidth tolerance
because the carrier recovery bandwidth could be doubled. Using the measured —3 dB linewidth, the BER floor
values are plotted as a function of the sum linewidth times symbol duration T (Fig. 5). The floor drastically drops
with the symbol duration. Sufficiently good performance with standard DFB lasers can be achieved at 10 Gbaud.

The sensitivity is presently limited by the following: Thermal rather than shot noise dominates in the receiver,
and the signal power at the photodiodes is therefore chosen so high that imperfect receiver balance can result in
significant direct detection of signal and amplified spontaneous emission, the latter being much stronger than the
signal. The fact that there is no principal sensitivity degradation is also suggested by Figs. 2 and 4, where the symbol
rate increase from 300 to 400 Mbaud actually improves the BER performance equivalent to 1 dB even at an optical
power at the preamplifier input of -50 dBm, while the opposite would be true near the quantum limit.

5. Summary

We have demonstrated for the first time the implementation of a synchronous QPSK transmission system using
commercially available DFB lasers and a real-time digital receiver for data recovery. 400 Mbaud QPSK data was
transmitted quasi error-free in a self-homodyne configuration utilizing a low linewidth ECL, and with FEC-
compatible performance in heterodyne configuration utilizing standard DFB lasers. Their sum linewidth times
symbol duration T product equals 0.01, more than ever reported. The results show the outstanding potential of this
scheme in a future 10 Gbaud QPSK transmission system with normal, low-cost DFB lasers.
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