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Abstract: Optical 16-level differential phase shift keying (D16PSK)
carrying four bits for every symbol is proposed for direct detection optical
communication systems. Transmitter and receiver schematics are presented,
and the receiver sensitivity is discussed. We numerically investigate the
impact of chromatic dispersion and nonlinear transmissiondegradations.
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1. Introduction

Differential binary phase shift keying (DBPSK) has attracted a lot of interest lately for long haul
wavelength division multiplexing systems for its high tolerance towards fibre nonlinearities and
the 3 dB receiver sensitivity improvement compared to on-off keying systems [1]. However,
binary modulation formats offer relatively poor spectral efficiency. Recently, several methods
of transmitting more than one bit per symbol have been investigated for optical communication
systems. The main focus has been on differential quadraturephase shift keying (DQPSK), as
demonstrated in several ultra-long-haul transmission experiments [2,3]. 4-level modulation has
also been proposed using a combination of binary amplitude shift keying and binary differential
phase modulation (ASK-DBPSK) [4, 5]. Recently, there has also been some interest in optical
modulation formats with 8 symbol levels, both differential8-level phase shift keying (D8PSK)
[6–8], and the combination of binary amplitude shift keyingand differential quadrature phase
modulation (ASK-DQPSK) [9,10]. Furthermore, the combination of quadrature amplitude shift
keying and differential quadrature phase modulation (QASK-DQPSK) has been used to obtain
16 symbol levels, or 4 bits per symbol [11].

Here, we propose a 16-level differential phase shift keying(D16PSK) modulation format
for upgrading existing 10 Gbit/s optical communication systems to 40 Gbit/s. D16PSK carries
four bits for every symbol and thus the symbol rate for a 40 Gbit/s signal is 10 Gbaud, and
consequently the spectral width is identical to that of 10 Gbit/s DBPSK. Thus, a 40 Gbit/s
D16PSK channel could easily be substituted to an existing channel in a 10 Gbit/s wavelength
division multiplexing (WDM) system.

We numerically study the transmission properties of 42.8 Gbit/s D16PSK over ten 80 km
fibre spans, and the tolerance to chromatic dispersion. The performance of 42.8 Gbit/s D16PSK
is compared to that of 10.7 Gbit/s DBPSK. Our results indicate good transmission performance
and excellent dispersion tolerance of the D16PSK modulation format.

2. D16PSK transmitter and precoder

In D16PSK modulation format four data signals[Da(k),Db(k),Dc(k),Dd(k)] each at a bit rate
B
4 are input to a pre-coder, which output the pre-coded signals[Pa(t),Pb(t),Pc(t),Pd(t)] also at
a bit rateB

4 . These pre-coded signals drive the modulators to generate a16-level differential
phase modulated optical signal at a symbol rate ofB

4 . As each symbol carries four bits, the
signal bit rate is thenB. In this work we focus on a symbol rate of 10.7 Gbaud, and thus abit
rate rate of 42.8 Gbit/s.

As shown in Fig. 1, light from a continuous wave laser is splitinto the two arms of the
Mach-Zehnder parallel structure, where the Mach-Zehnder modulators are biased at the zero
transmission point, and driven by a peak to peak voltage of 2Vπ , whereVπ is the voltage required

Fig. 1. Schematic of a D16PSK transmitter.
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Fig. 2. Symbol allocation diagram of D16PSK as a function of pre-codedsignal[PaPbPcPd]
(a). Eye diagram of demodulated D16PSKRa(t) with (b) and without (c) pulse carving in
the back-to-back configuration.

to induce aπ phase shift. By combining the upper and lower arms with aπ
2 phase shift in the

upper arm, a DQPSK signal is generated. Then, two concatenated phase modulators driven with
the pre-coded electrical signalsPc(t) andPd(t) addπ/4 andπ/8 phase modulation, respectively.
Thus, a 16-level phase shift keyed signal is generated, having phase changes between successive
symbols ofnπ

8 , with n = [0,1,2. . .15]. The output field can be written as

E(t) = E0cos

[

π(Pa(t)−Pb(t))+ π
2

2

]

e
j

(

π(Pa(t)+Pb(t))+ π
2

2 +Pc(t) π
4 +Pd(t) π

8

)

, (1)

whereE0 is the field at the input of the transmitter. In order to study return-to-zero (RZ) pulse
shape, one last Mach-Zehnder modulator driven with a clock signal at the frequency equal to
the symbol rate is used to carve pulses with a full width half maximum (FWHM) pulse width
of 50 ps.

Since the receiver is based on differential demodulation, pre-coding of the input data signals
is required to ensure reception of the correct data. The pre-coder was implemented as a look-up
table, by calculating the pre-coded data as a function of allcombinations of input data and the
previous pre-coded data (28 combinations). This can easily be implemented once the output
phase in the transmitter as a function of pre-coded data, andthe output data in the receiver as a
function of the differential phase change are known.

The D16PSK symbol allocation is illustrated in a constellation diagram as shown in Fig. 2,
which shows the phase level as a function of the pre-coded signal [PaPbPcPd]. Also shown in
Fig. 2 are the eye diagrams of NRZ-D16PSK and RZ-D16PSK afterdelay demodulation in the
receiver.

3. Receiver

In the receiver, the phase modulated signal is demodulated to amplitude modulated sig-
nals using six Mach-Zehnder delay interferometer (MZDI) demodulators with delay equal
to the symbol duration4

B, and detected using balanced photodiodes. The receiver design is
based on the simplified D8PSK receiver as presented in [8]. The received data sequences
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Fig. 3. Simplified D16PSK direct detection receiver.τ is equal to the symbol period.

[(Ra(k)Rb(k)Rc(k)Rd(k))] are found using simple binary decision. The receiver has been de-
signed in such a way that the received data is Gray coded with changes to the differential phase
∆φ .

As shown in the receiver schematic shown in Fig. 3,Ra(t) andRb(t) are detected directly
with one delay demodulator each, and the phase offsets in theMZDIs are 25π/16 andπ/16
respectively.Rc is found by processingRa(t) andRb(t) as

Rc1(k) = Ra(k)+Rb(k)

Rc2(k) = Ra(k)−Rb(k)

Rc(k) = Rc1(k)⊕Rc2(k),

where⊕ represents the logical XOR operation.
Rd is found by post-processing the outputs of the four MZDIs with phase offsets of 15π/16,

11π/16,19π/16,23π/16, respectively

Rd(k) = (Rd1(k)⊕Rd2(k))+(Rd3(k)⊕Rd4(k)) (2)

WhereRd1, Rd2, Rd3 andRd4 are the balanced signals from the four demodulators.

4. Dispersion tolerance

In a noise-free system, we calculate the eye opening penalty(EOP) of of 42.8 Gbit/s D16PSK
and compared it with 10.7 Gbit/s DBPSK for various values of accumulated dispersion. We
quantify the system penalty as the average EOP for all six electrical signalsRa(t), Rb(t), Rd1(t),
Rd2(t), Rd3(t) andRd4(t). The resulting EOP versus accumulated dispersion is presented in
Fig. 4.

The 1 dB EOP for 42.8 Gbit/s RZ-D16PSK is after±380 ps/nm of accumulated dispersion,
and±200 ps/nm for 42.8 Gbit/s NRZ-D16PSK. For 10.7 Gbit/s DBPSK we observe a disper-
sion tolerance of±500 ps/nm for RZ and±1250 ps/nm for NRZ.
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Fig. 4. Dispersion tolerance (left) and optical power spectra (right) of 42.8 Gbit/s D16PSK
and 10.7 Gbit/s DBPSK. (Optical power spectra are shown for RZ pulse carving.)

An interesting point to notice is that 42.8 Gbit/s RZ-D16PSKonly has 36% lower dispersion
tolerance compared to 10.7 Gbit/s RZ-DBPSK. On the other hand, 42.8 Gbit/s NRZ-D16PSK
suffers from very poor dispersion tolerance, six times lower than 10.7 Gbit/s NRZ-DBPSK.

5. Transmission properties

The transmission performance of D16PSK was numerically evaluated at a bit rate of
42.8 Gbit/s, both for RZ and NRZ coding. The schematic of the system under investigation
is presented in Fig. 5. The fibre span consists of 80 km standard single-mode fibre (SSMF) and
13.6 km of dispersion compensating fibre (DCF), and the inputpower to the span was varied
from −9 dBm to +9 dBm. The input power to the DCF was fixed at−6 dBm. A second order
Gaussian optical band pass filter with a 3 dB bandwidth of 100 GHz is followed by a pre-
amplified balanced receiver. The detected electrical signals are low-pass filtered with a fourth
order low-pass Bessel filter with a 3 dB bandwidth of 7.5 GHz, before the receiver sensitivity
calculation. The bit error rate (BER) of the system as a wholewas calculated using Monte-Carlo
simulations and found asBERD16PSK = 1

4(BERa +BERb +BERc +BERd).
We study the transmission performance after 5 spans (400 km)and 10 spans (800 km) for

various span input powers. The system quality is quantified by the power penalty at a BER
threshold of 10−3, the BER level at which the system will be error free after forward error
correction (FEC) decoding.

Fig. 5. Simulation setup of a D16PSK transmission system.
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Fig. 6. Input power tolerance of a 42.8 Gbit/s D16PSK transmission system, compared to
10.7 Gbit/s DBPSK, after 5 spans (a) and 10 spans (b).

The resulting power penalty versus SMF input power is plotted in Fig. 6. For comparison, the
results of 10.7 Gbit/s DBPSK is also shown. We notice that the10.7 Gbit/s DBPSK signals suf-
fer almost no power penalty at these distances and power levels. For 42.8 Gbit/s RZ-D16PSK,
we see a power penalty less than 1 dB for span input powers from−1 dBm to+6 dBm af-
ter 400 km (5 fibre spans), and less than 3 dB power penalty for span input powers between
−2 dBm and+3 dBm after 800 km (10 spans). NRZ-D16PSK severely suffers from low toler-
ance to self-phase modulation, and has a power penalty above3 dB after 400 km. ’

6. Conclusion

16 level differential phase shift keying (D16PSK) modulation format for use in direct detection
optical communication systems has been proposed. We have presented transmitter and receiver
structures, and have implemented pre-coding using a look-up table.

42.8 Gbit/s RZ-D16PSK offers a factor four bit rate increaseat the cost of a 36% dispersion
tolerance reduction compared to 10.7 Gbit/s RZ-DBPSK. Numerical simulations on a full op-
tical communication system shows that 42.8 Gbit/s RZ-D16PSK only has 0.7 dB (400 km) and
2.5 dB (800 km) higher power penalty compared to 10.7 Gbit/s RZ-DBPSK at optimum span
input power. NRZ-D16PSK is shown to suffer dramatically from self-phase modulation, and
induces a power penalty over 3 dB already after 400 km.

RZ-D16PSK can thus be an attractive modulation format for upgrading the per channel bit
rate from 10 Gbit/s to 40 Gbit/s for optical communication systems with a maximum transmis-
sion distance of a few hundred kilometres.
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