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Multiplier-Free Real-Time Phase Tracking for
Coherent QPSK Receivers

Sebastian Hoffmann, Ralf Peveling, Timo Pfau, Olaf Adamczyk, Ralf Eickhoff, and Reinhold Noé

Abstract—This letter presents a hardware-efficient phase esti-
mation algorithm that can replace the common complex estimators
for a coherent quadrature phase-shift keying transmission system.

Index Terms—Optical communication, phase estimation,
quadrature phase-shift keying (QPSK), synchronous detection.

I. INTRODUCTION

Q UADRATURE phase-shift keying (QPSK) is a complex
modulation format that has been the subject of several
recent coherent detection real-time transmission exper-

iments [1]–[4]. The major challenge of coherent QPSK trans-
mission is the combination of general noise reduction combined
with phase noise tracking, especailly when standard distributed
feedback (DFB) lasers are employed. Synchronous detection
with digital feedforward phase estimators allows us to employ
DFB lasers [1], [3], [5].

Fig. 1 shows the coherent receiver with the digital signal
processing unit (DSPU). Sampled pairs of and are repre-
sented as complex numbers and demultiplexed for parallel pro-
cessing. If both frequency compensation and phase estimation
were omitted, the receiver would be called asynchronous or dif-
ferential. Differential encoding of the transmitted symbols en-
ables such a data recovery based only on the received symbol
and its predecessor. Frequency compensation is an alternative or
a complement to the electronic local oscillator laser frequency
control.

To remove the QPSK modulation in the phase estimator, it
is common practice to raise the complex input signal or its nor-
malized phasor to the power of 4. Afterwards, the additive noise
is reduced by a low-pass filter, often a moving average over

, where is a small integer constant [5]–[9].
In a parallelized DSPU, it causes much effort to provide esti-

mated phase values for each received symbol. In order to reduce
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Fig. 1. Coherent QPSK receiver with DSPU. The DSPU processes � data
streams in parallel.

this effort, block phase estimators generate only a single esti-
mation value of symbols processed in parallel [10], [11], but
they are more sensitive to phase noise than averaging window
estimators.

We propose to employ an angle-based approach similar to
the barycenter algorithm used for burst mode transmission in
satelite communication [12]. This angle-based method avoids
the complex calculations of usual phase estimators. Like the
predecision-based method presented in [10], our approach is
multiplier-free, but it does not require feedback and allows real-
time tracking, not only block phase estimation. Moreover, the
structure of the estimator allows us to use several intermediate
results twice in the parallel processing which reduces the total
effort. The low hardware effort was especially advantageous for
the field programmable gate array implementation of this algo-
rithm, used for the first real-time QPSK transmission [1] and
also polarization multiplex and control [3].

II. RECEIVER WITH COMPLEX PHASE ESTIMATOR

The received symbols can be described as a sequence of com-
plex numbers with time index

(1)

consists of the QPSK symbol multiplied by a time-
variant phasor, and additive channel noise . The phasor is
essentially a random factor representing the phase noise of both
lasers. For the data recovery, only the argument of the received
symbol is necessary [5], [7], [10]. For uniqueness, the operation

is frequently added. The resulting positive angle is the
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sum of three different angles

(2)
The QPSK modulation contributes , while

the additive channel noise contribution is . For phase esti-
mation, it is necessary to remove the QPSK modulation. For an
angle-based approach, a fold function can be employed which
can simply be implemented by removing the first two bits of the
argument in twos-complement representation [12]. We prefer
the modulo operation to describe the effect of folding function
in the following definition:

(3)

As desired, the positive angle is independent from the
QPSK modulation, a property that it shares with and to
which it is related as follows:

(4)

Generating a modulation-free signal like is the task
of the first stage of common complex phase estimators. An at-
tractive alternative to is the normalized modulation-free
signal [7], [9]. A further improvement of the
complex phase estimation can be achieved by weighted aver-
aging [8], [9]. The novel idea is to employ a set of modulation-
free position angles to
obtain an estimated phase immediately, i.e., without func-
tion tables and complex calculations. Angle-based averaging
equivalent to the barycenter algorithm [12] is used to obtain a
sequence of estimated phase values in parallel. The proposed
structure is very hardware-efficient and imitates weighted aver-
aging by multiple usage of center values.

III. ANGLE-BASED PHASE ESTIMATION

The sliding window phase estimation process for a single es-
timation value can be described as a real-valued scalar
function of a real-valued input vector with components.
To obtain a sequence of estimated phase angles in parallel,
an -dimensional vector function of an input vector with

components is required

(5)

Fig. 2 shows the proposed angle-based parallelized tree struc-
ture for and . The partial tree for the component

consists of the sevenmarked nodes. The nodes are basic
cells that convert pairs of position angles into average po-
sition angles . Basic cell functions are concatenated to
form the phase estimator. Due to multiple usage of intermediate
results, the vectorized function in Fig. 2 requires only 17 basic
cells instead of .

In order to imitate the behaviour of a Viterbi & Viterbi esti-
mator with normalization [7], [9], the partial result from each
basic cell has to be

(6)

Fig. 2. Angle-based phase estimator structure.

Fig. 3. Internal structure of the basic cell.

The complex sum in (6) can be rewritten as

(7)

with the sum and the difference of the
input values. The argument of (7) depends on the exponent
and the sign of the cosine function because a negative sign of

is equivalent to a rotation by in the complex plane.
Note that the cosine factor introduces a discontinuity of for

. Taking the further operations of (6) into account,
we obtain an alternative calculation formula for based on
and only

(8)

Fig. 3 shows the internal structure of the basic cell. The two
input values are added to and subtracted from each other in par-
allel, and the final result is generated from the auxiliary quan-
tities and according to (8), all within one DSPU clock cycle.
The quantity is a directed phase increment that could be used
for frequency estimation as described in [9]. The basic cell per-
forms an interpolation of the phase track on the shortest pos-
sible path. The estimation quality can be improved by selection,
i.e., elimination of intermediate results from critical pairs
for which two possible paths have almost the same length. The
acronym SMLPA (selective maximum likelihood phase approx-
imation) refers to this feature.

IV. SIMULATION RESULTS

The algorithm SMLPA was compared to a normalized block
phase estimator with and a normalized phase estimator
with weighted averaging and in a Monte-Carlo simu-
lation. is only important for the block phase estimator re-
sult, not for SMLPA or the weighted-normalized approach [9].
SMLPA with as in Fig. 2 and a more complicated
topology with was employed. Asynchronous data re-
covery was also simulated . Bit-error ratio (BER) over optical
signal-to-noise ratio (OSNR) curves were simulated with
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Fig. 4. BER/OSNR curves for different phase estimators for low phase noise.

Fig. 5. BER/OSNR curves for different phase estimators for high phase noise.

random symbols for each BER value. DFB lasers with 1-MHz
linewidth are assumed.

Fig. 4 shows the BER/OSNR results for a 28-GBaud system.
With such a small relative linewidth, the block phase estimator
performs almost as good as the other three phase estimators that
track the phase drift.

Fig. 5 shows simulated BER/OSNR curves for the same
phase estimators and a 10-GBaud system with DFB lasers that
have 1-MHz linewidth and a residual frequency mismatch of
20 MHz. While the block phase estimator is not able to cope
with high phase noise, both SMLPA versions have results
similar to the weighted averaging method. They fulfill the high
phase noise requirements of 10-GBaud transmission systems
with coarsely controlled DFB lasers.

V. SUMMARY

We have presented a novel and very hardware-efficient
angle-based phase estimation algorithm that has proven to be
a good replacement for the optimized moving average phase
estimator. The presented simulation results for two different
linewidth symbol rate ratios include asynchronous reception
and block phase estimation.
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