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An optimal power distribution analysis for an all-optical sampling orthagonal frequency division multiplex-
ing (OFDM) scheme with multiple modulation formats including differential phase shift keyed (DPSK),
differential quadrature phase shift keyed (DQPSK), and non-return-to-zero (NRZ) is proposed. The noise
tolerances of different modulation formats are analyzed, and the optimal input power ratio between phase
and intensity modulation formats for the best overall receiving performance is investigated under unchanged
total input power. Moreover, this scheme can seamlessly coexist with the traditional WDM channel.
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Optical orthogonal frequency division multiplexing (O-
OFDM) method is widely applied in many applications!!]
because of its high spectral efficiency, robustness against
both chromatic dispersion and polarization mode disper-
sion, as well as natural compatibility with digital signal
processing-based implementation!?.

Realizing Fourier transform in the optical domain to
generate an all-optical OFDM signal maximizes the use of
high-speed and large-bandwidth optical transmission. A
real-time all-optical Fourier transform receiver enabling
a line rate of 10.8 and 26 Tb/s with cascaded delay inter-
ferometers (DIs) and high-speed optical gates has been
recently proposed®4. A 1.5-T b/s super-channel is gen-
erated using all-optical OFDM and dual-polarization
16QAM modulation without a guard intervall®l. A
novel method of all-optical OFDM signal generation
with optical cyclic postfixes (OCPs) and real-time di-
rect detection using optical Fourier-transform filters
based on fiber Bragg gratings (FBGs) is proposed!©.
This method realizes all-optical implementations in both
transmitter and receiver ends and avoids constructing
a complex structure for coherent detection and opti-
cal gates for synchronization. An all-optical sampling
OFDM (AOS-OFDM) system performance analysis is
given under different numbers of channels, modulation
formats, and pulse widths[”. An experiment on an all-
optical sampling AOS-OFDM transmission system with
five subcarriers non-return-to-zero (NRZ) modulation is
demonstrated®. All above mentioned methods of gen-
erating an all-optical OFDM signal considers only the
same modulation format, and the situation using multi-
ple modulation formats for an AOS-OFDM system has
not yet been discussed. Considering the requirements of
different data rates, costs, and performances for different
users, multiple modulation format multiplexing can sat-
isfy application diversity especially in an optical OFDM-
PON system. Such an AOS-OFDM system can flexibly
adjust the number of subcarriers and generate the signal
meeting wave division multiplexing (WDM) bandwidth
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requirements. This system can also be embedded into
a WDM channel and transmitted simultaneously with
other WDM channels.

In this letter, the situation with only phase modu-
lation formats including differential phase shift keyed
(DPSK) and differential quadrature phase shift keyed
(DQPSK) is discussed. The modulation format NRZ is
added to examine how intensity and phase modulation
formats influence each other when the total input power
is unchanged. Finally, the optimal power distribution
for different modulation formats for obtaining the best
receiving performance of the entire all-optical sampling
OFDM (AOS-OFDM) system is determined.

At the transmitter, ultra-short optical pulses are used
as samples to conduct an all-optical discrete fourier
transform (DFT)/inverse discrete fourier (IDFT) process
through MUX-FBG and DMUX-FBG; thus, adding op-
tical cyclic prefixs (CPs) to OFDM signals in the optical
domain and having more DFT points in one compact
structure are easy. Such an AOS-OFDM signal with
OCPs is generated. Figure 1 shows the schematic of the
proposed AOS-OFDM scheme with multiple modulation
formats.
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Fig. 1. AOS-OFDM scheme frame with multiple modulation
formats.
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At the receiver, a real-time direct-detection technique
consisting of both optical Fourier-transform filters based
on FBGs, as well as differential and balance detection,
is used to simplify the receiver structure. Thus, the elec-
trical bottlenecks of digital-to-analog/analog-to-digital
conversion and digital signal processing are avoided. To
realize the flexibility of an AOS-OFDM scheme, different
modulation formats are used for different subcarriers to
achieve variable data rates and different receiving per-
formances.

Figure 1 shows a 10-GHz ultra-short pulse source from
a mode-locked laser diode split into six parts. The three
modulation formats DQPSK, DPSK, and NRZ are ap-
plied interleaved to the six parts. The bandwidth of
each part is 10 GHz, so the bit rates are 20, 10, and
10 Gb/s for DQPSK, DPSK, and NRZ, respectively.
They pass through corresponding optical modulators
and inverse discrete Fourier transform based on FBGs,
and an AOS-OFDM signal with multiple modulation
formats is generated. The symbol period is 100 ps.
The number of optical samples is 16, and the number
of cyclic postfix is 4. Delay lines are used to ensure
that all six subcarriers are synchronized in the time do-
main. Then, the AOS-OFDM signal passes through an
optical band-pass filter and sent into 30-km standard
single mode fiber (SSMF) and dispersion compensating
fiber (DCF). The DCF is still needed to compensate
for the chromatic dispersion (CD) that optical CPs can-
not compensate for. At the receiver, the OFDM sig-
nal is split into six parts again, and each part passes
through corresponding discrete Fourier transform mod-
ules, as well as DQPSK, DPSK, and NRZ demodula-
tors. The interleaved arrangement of modulation for-
mats is considered for its universality, as shown in Fig. 1.
Simulation software used includes Optisystem 7 and
Matlab 7. The main parameters are shown in Table 1.

Figure 2 shows the spectra of DQPSK and AOS-
OFDM signal with four subcarriers, including DQPSK
and DPSK modulation formats. The spectrum of DPSK
is similar to that of DQSPK. The spectrum interval of
optical OFDM subcarriers is 10 GHz. The input power
of each subcarrier is —2.6 dBm.

Figure 3 shows that the transmission performance of
the DPSK modulation format is obviously better than
that of DQPSK because the former has a larger phase
interval and higher noise tolerance. Then, the intensity
modulation format NRZ is added, and the input power
of each subcarrier is the same (—2.6 dBm).

Table 1. System Configuration

Parameter Value
Pulse Shape Gaussian
Pulse Width 2 ps
Signal Period 100 ps
BPF Shape Second-order Gaussian
Symbol Rate 10 G/s

Dispersion of SMF 17 ps/(nm-km)
Loss of SMF 0.2 dB/km
Fiber Length 30 km

Detector Responsivity 1A/W
Dark Current 10 nA

Thermal Noise 1x107** W/Hz
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Fig. 2. Spectrx of (a) DPQSK and (b) all-optical OFDM sig-
nal with DPSK and DQPSK modulation formats.
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Fig. 3. Bit error rate (BER) curves of DQPSK and DPSK
modulation formats.
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Fig. 4. Spectrum of AOS-OFDM signal with DQPSK, DPSK,
and NRZ modulation formats.

Figure 4(a) shows the spectrum of NRZ modulation
format, and obvious high-power spectrum components
exist in the major and side lobes. The high-power spec-
trum component in the side lobe is about 4 dBm. Figure
4(b) shows the spectrum of the AOS-OFDM signal with
three modulation formats interleaved.

As shown in Fig. 5, the receiving performance between
DQPSK and DPSK are similar but obviously poorer than
that of NRZ when the input power of the three modu-
lation formats is the same (—2.6 dBm). The optical
NRZ signal consists of a series of optical sampling pulses
obtained using FBGs, and the spectrum of the NRZ mod-
ulation format has high power lines in the major and side
bands, as shown in Fig. 4(a). This phenomenon results in
cross-talk to orthogonal subcarriers and degrades receiv-
ing performance. When the signal-to-noise ratio (SNR)
of phase modulation formats decreases, the bit error rate
(BER) between intensity and phase modulation formats
is obviously different, although the BERs of all phase
modulation formats are similar to one another. Figure 5
mainly shows the BER difference between phase and in-
tensity modulation formats to explain how the intensity
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modulation format strongly influences phase modulation
formats when the input power is a specific value. The
BER curves change when the input power of all modula-
tion formats is some other value.

Under the same input power of each subcarrier, the
performance of modulation format NRZ is better than
those of DQPSK and DPSK. To reduce the influence of
cross-talk, the power of the NRZ subcarriers should be
reduced. The input power of both DPSK and DQPSK is
still —2.6 dBm, and the input power of NRZ is reduced
to —10.8 dBm.

Figure 6 shows that the receiving performance of phase
modulation formats including DQPSK and DPSK is ob-
viously better than that of NRZ, which is opposite of the
result shown in Fig. 5. It shows that if the input power
of intensity modulation format NRZ is properly reduced,
the influence of cross-talk decreases. Thus, an optimal
power distribution for obtaining the best receiving per-
formance for the entire AOS-OFDM system must exist.

We assume that the total input power is —3.1 dBm
and unchanged. We only adjust the input power ratio
between DPSK/DQPSK and NRZ, where we consider
the entire input power of phase modulation formats in-
cluding DPSK and DQPSK together against the input
power of the NRZ modulation format. The BERTta
measuring the receiving performance of the entire AOS-
OFDM system in simulation is obtained by calculating
the error vector magnitude of each symbol.

Figure 7 shows that the receiving performance curve
is approximately a parabola when the input power ratio
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Fig. 5. BER curves when the input powers of the three mod-
ulation formats are the same (—2.6 dBm).
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Fig. 6. BER curve when the input power of DPSK and DQP-
SK is —2.6 dBm and the input power of NRZ is —10.8 dBm.
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Fig. 7. (Color online) BER curve of different input power
distributions.

changes. The best power ratio of the first red curve in
Fig.7 is about 1.107, which means that the input power
of the phase modulation format should be properly larger
than that of the intensity modulation format to reduce
cross-talk from subcarriers with intensity modulation
format. Thus, for the three different modulation for-
mats, the best input power distribution can be found to
maximize the receiving performance of the entire AOS-
OFDM system.

The projections of each curve are shown in plane X7
of Fig.7. As the total receiving power decreases, the
total BER increases and so does the best input power
ratio. This phenomenon is due to the fact that when the
receiving power decreases, the more complex phase mod-
ulation format like DQPSK needs a larger input power to
improve the SNR of its own channel to achieve the best
receiving performance of the entire AOS-OFDM system.

In conclusion, a novel power distribution analysis for
an AOS-OFDM scheme with multiple modulation for-
mats including DPQSK, DPSK, and NRZ is proposed.
Given the high-power spectral components in the side
lobe from the intensity modulation format NRZ, the
phase modulation format needs more input power to
overcome the cross-talk and achieve better overall receiv-
ing performance. Different input power distributions for
subcarriers result in different receiving performances of
the entire AOS-OFDM system. Under the condition that
the total input power is unchanged, the optimal input
power ratio between the phase modulation and intensity
modulation formats for the best receiving performance
is found. As the total receiving power decreases, the
optimal power ratio increases because a more complex
modulation format needs more input power to improve
the SNR.
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