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Abstract—Fast polarization changes of 40 krad/s and 6-dB
polarization-dependent loss (PDL) are tracked in a 2.8-Gb/s
real-time coherent quadrature phase-shift keying receiver. The
tolerance against fast polarization changes and PDL is measured
for different polarization control time constants. The sensitivity
penalty of the receiver at a polarization change speed of 40 krad/s
is 0.7 dB at bit-error rate (BER) of � ��

�, with a BER floor
of � � ��

�. With an additional PDL of 6 dB, these figures
become 1.7 dB and � � ��

�, respectively.

Index Terms—Heterodyning, optical polarization, quadrature
phase-shift keying (QPSK), synchronous detection.

I. INTRODUCTION

I N ORDER to improve the spectral efficiency and hence
increase the transmission capacity and the transmission

distance, a combination of complex modulation formats such
as quadrature phase-shift keying (QPSK) and polarization-
division multiplexing (PolDM) is used to quadruple the ca-
pacity of optical transmission systems. However, the fast
polarization changes and polarization-dependent loss (PDL)
that occur in the fiber link, e.g., by mechanical vibrations,
can cause a severe degradation of the sensitivity in coherent
receivers, where the coherent detection process is polarization-
sensitive [1]. Implementations of coherent detection employing
high-speed digital signal processing (DSP) have been recently
proposed [2], [3] and demonstrated [4]–[6], where the carrier
phase and polarization drifts of the optical signal are estimated
and tracked by real-time DSP without phase-locked loop. The
coherent receiver must be able to recover the carrier phase and
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Fig. 1. Setup for 2.8-Gb/s polarization-multiplexed synchronous QPSK trans-
mission.

to line up with the state of polarization (SOP) at the receiver
input. The polarization tracking process has to be capable of
following the fastest polarization changes in order to guarantee
error-free transmission.
In this letter, we examine the capabilities of the adaptive

algorithm for tracking fast polarization changes in a real-time
field-programmable gate array (FPGA)-based PolDM-QPSK
receiver running at a data rate of 2.8 Gb/s. The tolerance against
polarization changes is examined up to 40-krad/s gradients on
the Poincaré sphere and the effect of PDL is analyzed.

II. EXPERIMENTAL SETUP

A. Polarization-Multiplexed QPSK Transmitter and
Synchronous Receiver

The transmitter uses a distributed feedback (DFB) signal
laser MHz and two QPSK modulators driven by
four precoded 700-Mb/s bit streams [7]. The precoder performs
Gray as well as differential encoding of the pseudo-
random binary sequence input data (Fig. 1). After transmission
through 80 km of standard single-mode fiber, the received
signal power is controlled by a variable optical attenuator and
then fed into a polarization scrambler and amplified before
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Fig. 2. Polarization scrambler and the corresponding fast polarization changes
displayed on the Poincaré sphere.

detection. The amplified and filtered optical signal is super-
imposed with a second DFB laser MHz acting
as the local oscillator in two LiNbO optical 90 hybrids and
detected with four photodiode pairs [8]. After analog-to-digital
conversion with 1 sample/symbol, the data is demultiplexed
into eight parallel modules to allow processing inside an FPGA
at a lower clock speed. The digital samples are multiplied with
an estimate of the inverse Jones matrix to separate the two
polarizations. Then a feedforward scheme recovers the optical
carrier despite the 2-MHz sum laser linewidth [9]. A filter with
a phase estimation interval of five symbols is used to demod-
ulate the four data streams synchronously. The correlation of
data before and behind the decision circuit is used to track the
SOP [10]. A switch allows us to change the polarization control
time constant between s and s, for either a
better accuracy or a faster control speed.

B. Fast Polarization Scrambler

The polarization scrambler consists of four motorized fiber-
optic quarter-wave plates (QWPs) followed by a variable fiber-
optic PDL element, another four QWPs followed by a bulk-optic
half-wave plate (HWP), and finally again four QWPs (Fig. 2).
The 12 QWPs rotate at different speeds ensuring that the polar-
ization state covers all points on the Poincaré sphere and that
the PDL dB of the HWP is uncorrelated with the variable
PDL element. The rotation frequency of the motor that drives
the HWP can be adjusted between 0 and 612 Hz.With a gearbox
tooth ratio of 39 : 15 from the motor to the HWP (0–1592 Hz)
and up to rad rotation on the Poincaré sphere per HWP rota-
tion, the maximum speed of polarization changes is 40 krad/s.
The polarization scrambler was tested by applying an unmod-

ulated laser signal at its input and measuring the SOP at its
output with a polarimeter. Fig. 2 (left) shows the SOP covering
the full Poincaré sphere with only the motors driving the 12
QWPs. After additionally turning on themotor driving theHWP,
the Poincaré sphere fills with points [Fig. 2 (right)] because the
polarimeter sampling rate of 1 kHz is too slow to follow the fast
polarization changes.

Fig 3. BER (I&Q averaged) versus optical power at the preamplifier input for
different speeds of polarization change. (a) For � � ��� �s (slow control) and
(b) for � � ���� �s (fast control).

III. MEASUREMENT RESULTS

The polarization controller occasionally could not lock
during start-up, when the polarization scrambler (HWP and
QWPs) was halted. This occurs when the SOP differs strongly
from the initial controller matrix and can be solved by resetting
the controller with a different starting matrix. With an operating
scrambler, the controller always locked at start-up and no
further loss of lock was observed throughout the measurement
time.
First the PDL element was set to 0 dB and the bit-error rate

(BER) for different optical preamplifier input powers at polar-
ization fluctuation speeds of 0, 10, 20, 30, and 40 krad/s for
slow [Fig. 3(a)] and fast [Fig. 3(b)] polarization control was
measured. The 13.4-dB penalty with respect to theory is be-
lieved to be mainly due to thermal noise, excess electrical re-
ceiver bandwidth (1.2 GHz), and individual photoreceiver over-
load by broadband (15 GHz) amplified spontaneous emission
and LO power. So far, the sensitivity has remained essentially
unchanged betwen 200- and 700-Mbaud symbol rate [11].
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Fig. 4. Receiver sensitivity penalty at BER of ���� versus speed of polar-
ization changes on the Poincaré sphere.

Fig. 5. BER versus optical preamplifier input power for 0 and 6 dB of PDL.

The slower polarization control with s achieves at
BER of a 0.3-dB better sensitivity at 0 krad/s than
the faster with s due to its higher accuracy. This
is because the average deviation caused by fluctuations in the
controller is higher for the fast control speed than for the slower
one. It is clear from Fig. 3 that for fast polarization changes
the fast polarization controller outperforms the slower one. The
observed BER floor is a consequence of the large laser linewidth
(2 MHz total) relative to the symbol rate of 700 MHz. At lower
polarization change speeds it is nearly identical for both control
speeds ( for slow and for fast control at
0 krad/s) in contrast to those at 40 krad/s ( for slow
and for fast control). Also from that point of view fast
polarization control is preferable for large polarization change
speeds.
In terms of receiver sensitivity, the slow controller outper-

forms the fast one as long as the polarization change speed is
below 7 krad/s (Fig. 4). For a sensitivity penalty of 1 dB,
the receiver with fast polarization control can tolerate polariza-
tion changes with a speed higher than 40 krad/s on the Poincaré

sphere, while the slow one tolerates polarization changes with a
speed up to 14 krad/s.
In a second step, the receiver tolerance against PDL was in-

vestigated with the PDL set to 6 dB and the BER versus optical
preamplifier input power measured at 0 and 40 krad/s. The re-
sults were similar for both control time constants. Therefore,
only the results for fast polarization control with time constant

s are shown in Fig. 5. For 6 dB of PDL rather than 0
dB, the extra sensitivity penalty (at a BER of ) is 1.5 dB at
0 krad/s and 1.7 dB at 40 krad/s.

IV. SUMMARY

We have investigated real-time polarization and PDL tracking
in a coherent PolDM QPSK receiver with polarization change
speeds up to 40 krad/s. The receiver sensitivity penalty intro-
duced by polarization scrambling at 40 krad/s is only 0.7 dB
at BER of for a polarization control time constant

s, compared to the best achievable with 0 krad/s
and s. When 6 dB of PDL is added, the sensitivity
is reduced additionally by up to 1.7 dB. PDL is, therefore, the
dominant factor for sensitivity degradation.
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