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Abstract-This paper describes a coherent optical receiver, ELO. 1 ELO
where drifts of the carrier phase and state of polarization are LE (2)
estimated with digital signal processing. The complex amplitude LO,y 2 JjLO
of the signal is entirely restored with such receiver. where ELO is the constant amplitude of LO. The 90' optical

hybrids in Fig.1 generate electric fields E1. .8 at double balanced

I. INTRODUCTION photodiodes PD1-PD4:I.~~~~~~~~~~~~~~~~~~INTODUTIO
Multi-level optical modulation formats have attracted much E14 = - E+ ELO E23= E + ELO

attention because they can increase the spectral efficiency in high 2 sx- 2 s-2L
capacity wavelength-division multiplexed (WDM) transmission 1 1EF+JE (3)
systems. We have recently proposed and demonstrated a digital F58 [2 SY 2-X LO F67 2 SY -
coherent receiver that can demodulate the multi-level Photocurrents from PDI-PD4 are then given as
phase-shift-keying (M-ary PSK) signal [1,2]: A homodyne
phase-diversity receiver retrieves the in-phase and quadrature IPD1 Es cos(9+ i5), IPD2 Es sin(9 + 5),
components of an optical signal without locking the phase of the ID3 1-I FE cos 0 IPD4 1- E sin 0, (4)
local oscillator (LO). The carrier-phase drift is estimated after P , 4

homodyne detection by means of digital signal processing (DSP), where 0 is the signal phase measured from that of LO. From
and the M-ary PSK signal is restored in a very stable manner. We Eq.(4), we find that our receiver can separately measure two
have also introduced the polarization diversity scheme into our polarization components of the complex amplitude ES of the
receiver. DSP-based maximum-ratio polarization combining makes signal.
the receiver sensitivity entirely independent of the state of
polarization (SOP) of the incoming signal without any power
penalty [3]. Together with digital phase estimation, the bit-error-rate Incoming Signal
performance of our receiver is tolerant to the phase noise and PBS PBH PBS
polarization fluctuation of the signal.

W HWPN/a
In this presentation, after discussing the principle of operation of IPPD3 P PHMIV<I 'HM P PD

the receiver, we show our experiments on demodulation of 1PD4 m
D
H

multi-level coded optical signals [2] and post-compensation for fiber PBS PBS
dispersion [4]. L

QWPP\_
Fig. 1: Schematic of homodyne receiver employing phase and

II. PPRNCIPLE OF OPERATION OF THE polarization diversities.
COHERENT RECEIVER

The homodyne phase/polarization diversity receiver that was III. DSP CIRCUIT FOR POLARIZATION
used in our experiments is shown in Fig. 1. The receiver consists of a COMBINING AND CARRIER PHASE ESTIMATION
2x8 free-space optical circuit packaged in a small metal case, Analogue-to-digital converters (ADCs) sample and digitize the
where two homodyne phase diversity receivers [1] are combined four outputs IPD1... IPD4 . The x- and y-polarization components of
with the polarization diversity configuration [3].wththe inomingzasignaihavingyanoarbitrary SOP. isseparatedinto the complex amplitude of the signal are given from Eq.(4) asThe incoming signal having an arbitrary SOP iS separated into

Ex(T PI(T P2(T,E i)=ID i)+jD i) 5
two polarization components with a polarization beam splitter (PBS). Fsx(iT) = IPDl(iT) + IIPD2GT), Fy(iT) = 1pD3(iT) + ipD4(iT), (5)
The x- and y-polarization components after PBS are written as where T denotes the sampling time interval, and i the number of

rE~x l Wa-Eseia jsamples.
SY

aEs
,(1) The left-hand side of Fig.2 shows the post-processing circuit

[iY A/iTES realizing the maximal-ratio polarization combining process. We
where FS denotes the complex amplitude of the incoming signal, define the ratio r(i) as

a the power ratio of the two polarization components, and a the r(i) = Esx(iT)lEsy(iT). (6)
phase difference between them. On the other hand, the local Polarization parameters a and a of the incoming signal vary
oscillator (LO) is split into two paths with a half mirror (HM), after much more slowly than the phase modulation. Therefore, by
its SOP is made circular by a quarter-wave plate (QWP). The x- and avrgn r()oemnysblitras,tispsbetoban
y-polarization components of LO after HM are written as
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accurate values of a and 8: The ratio r(i) averaged over 200-km standard single-mode fiber (SMF), where after homodyne
2t +1 samples is written as phase-diversity detection, digital signal processing is employed for

1 carrier phase estimation as well as dispersion compensation [4]. A
r(i)= E r(i + j), (7) total dispersion of up to 4,000 ps/nm is compensated effectively

2t + I j=-e through a simple transversal digital filter implemented in our

and a and 8 are calculated from coherent receiver.

r i = /rgri=8. (8) Fig. 5 shows measured BER of the 20-Gbit/s QPSK signals,() a/ Va-i1, arg(r(i)) when the fiber dispersion is compensated with various filters. For
The signal complex amplitude, independent of SOP of the incoming comparison, the back-to-back BER is also shown in Fig. 5. We find
signal, is then reconstructed by maximal-ratio combining as that even a small number of taps of the transversal filter provides

Es (iT) = aEsx(iT)e-js + 7l7 ESy (iT). (9) significant improvement of the BER performance. 39 taps are

The signal phase 0(iT) obtained from Eq.(9) contains both the sufficient to compensate for dispersion value of 4,000 ps/nm.

phase modulation 0m (iT) and the phase noise O, (iT) The next Bo'_PP
step is to estimate the phase noise and obtain the phase 1o-2
modulation m,,,(iT) The procedure to estimate 0t is shown in the l3
right-hand side of Fig.2 [1]. In the case of M-ary PSK signals, we
take the M-th power of E (iT) , because the phase modulation is 0-4 A

removed from E, (iT)M. Averaging E, (iT)M over 2k +1 samples
constitutes a phase estimate as

-50 -45 -40 -35 -30 -25 ______________
k Received Power (dBm) QB M _ 2

Se (iT~) = arg E,E ((i + j)T)m / M. ( 10)
j=-k Fig.3 Back-to-back BER curves for Fig.4 Constellation map for

The phase modulation 09m (iT) is determined by subtracting BPSK, QPSK, and 8-PSK signals. the 8-PSKsignal.

Oe(iT) from the measured phase ofO(iT). 22O0km!9"

E,, Er()t,+
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Fig.2: DSP circuit for polarization combiner and phase estimator. Received Power (dBm)
Fig.4 BERs measured as a function of the received power

after transmission through a 200-km SMF.
IV. BIT-ERROR RATE MEASUREMENTS OF M-ARY

PSK SIGNALS VI. CONCLUSION
The back-to-back BER of the BPSK, QPSK, and 8-PSK signals We have investigated the homodyne phase-diversity receiver,

was measured to access the receiver performance [2]. The DFB laser where the carrier phase and SOP are estimated with digital signal
output was modulated through LiNbO3 phase modulators to generate

PSKsigal atasmbl rte f 0 Gymbll. Te rcevedsigal processing. We have demonstrated demodulation of M-ary PSKPSK signals at a symbol rate of 10 GsymboVs. The received signal sinl M24,8atheymortef10G mb sad
was amplified with an erbium-doped fiber amplifier (EDFA) to -10 sinl(m=2,a4, 8) at Thesybo rte o 10vsmo s and
dBm before it was detected with the coherent receiver. The pot-compensation for GVDl-the next sp to devel d
linewidth of the transmitter and the LO was about 150 kHz and
frequency drifts of the lasers were kept below 10 MHz. The
photodiode currents were simultaneously sampled at a rate of 20 REFERENCES
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