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A novel OFDM-CPM modulation scheme and its
application in WDM-PON
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A novel scheme to generate, transmit, and receive an optical orthogonal frequency division multiplexing
(OFDM) continuous phase modulation (CPM) signal, which is combining minimum shift keying (MSK)
coding with OFDM optical modulation, for downlink application in a 4×2.5-Gb/s wavelength division
multiplexing (WDM) passive optical access network, is proposed and experimentally validated. We also
realize wavelength remodulation for carrying upstream on-off keying (OOK) data to reduce the cost budget
at the optical network unit. The experimental results show that the power penalties for the downlink and
the uplink data after transmission over 25-km SMF-28 fiber are 0.1 dB and smaller than 0.4 dB, respectively.

OCIS codes: 060.2330, 060.2360, 060.4080.
doi: 10.3788/COL20100809.0894.

Optical orthogonal frequency division multiplexing
(OOFDM) has been shown to be effective in mitigat-
ing the influence of chromatic dispersion and polarization
mode dispersion (PMD) for high capacity single wave-
length fiber links[1−3]. Recently, a few reported OOFDM
access passive optical network (PON) solutions with the
use of wavelength division multiplexing (WDM) technol-
ogy, can be used to support various applications, achieve
high spectral efficiency, and realize the flexibility to dy-
namically allocate the bandwidth among the optical net-
work units (ONUs). It is a promising approach to meet
the requirements of future access networks[4−6]. Gener-
ally, an optical OFDM signal is generated by multi-level
quadrature amplitude modulation (MQAM) or multi-
level phase shift keying (MPSK) coding and is selected
as a downstream signal or a upstream signal[7−12], which
could cause discontinuous phase transition between the
adjacent symbols. As a result, the digital signal pro-
cessing (DSP) equipment at the receiver is more complex
and unstable. It is well known that minimum shift keying
(MSK) is a special form of continuous phase modulation
(CPM)[13], with the property of fast decaying side-lobe.
When MSK is employed as the coder for OFDM, this
property can mitigate the effect of phase noise and car-
rier frequency offset (CFO), and thus reduces the inter-
carrier interference (ICI) caused by many reasons.

In this letter, the detailed operational principles of
optical OFDM-CPM generation and detection are pre-
sented. Based on our experiment, we compare the op-
tical spectrum property of OFDM-CPM, OFDM-2PSK,
and OFDM-QPSK. The performance analysis of OFDM-
CPM downlink signal in a 4×2.5-Gb/s WDM access PON
system is experimentally introduced, and the bit-error
ratio (BER) performance of OFDM-CPM is measured
to outperform that of OFDM-QPSK on the downstream
channel. The experimental results prove that the OFDM-
CPM signal generated and used as downlink signal is
suitable for simultaneously offering higher receiver per-
formance and simplifying DSP for the future optical ac-
cess network.

As we know, MSK is the simplest form of a CPM signal
and can be expressed as[14]
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where Eb is the pulse energy per transmitted bit, Tb is
one bit period, fc is the center carrier frequency, uk = 0
or 1 is the binary data being transmitted at a rate of
R = 1/Tb, and θk is a phase constant which is valid over
the kth binary data interval kTb ≤ t ≤ (k + 1)Tb. As
shown in Eq. (1), the signal frequency change takes place
at higher frequency for data “1” and lower frequency for
data “0”. Depending on the input binary data, the phase
of signal changes: data “1” increase the phase by π/2,
while data “0” decrease the phase by π/2. The change in
carrier frequency from data “0” to data “1”, or vice versa,
is equal to half the bit rate of the incoming data. This is
the minimum-frequency spacing which allows the two fre-
quency shift keying (FSK) signals representing symbols
“1” and “0” to be coherently orthogonal in that they do
not interfere with one another in the process of the de-
tection.

A MSK signal consists of both an in-phase (I) compo-
nent and a quadrature (Q) component:

yMSK(t) = yI(t) + yQ(t). (2)

The I component consists of half-cycle cosine pulse
defined by
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and the quadrature component takes the form
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1671-7694/2010/090894-05 c© 2010 Chinese Optics Letters



September 10, 2010 / Vol. 8, No. 9 / CHINESE OPTICS LETTERS 895

Fig. 1. State diagrams of phase shift for (a) 2PSK, (b) QPSK,
and (c) CPM (MSK).

From the above equations, during even bit interval,
the I component consists of positive cosine waveform for
phase of “0”, and negative cosine waveform for phase of
“π”. During odd bit interval, the Q component consists
of positive sine waveform for phase of “π/2”, and nega-
tive sine waveform for phase of “–π/2”. The transmitted
signal is the sum of I and Q components. Figure 1(c)
shows the state diagram for CPM (MSK), which is sim-
ilar to quadrature phase shift keying (QPSK, as shown
in Fig. 1(b)). Any of the four states can arise: 0, π/2,
–π/2, π. By comparing the phase states of 2PSK (as
shown in Fig. 1(a)) and QPSK[15−20], we can find that
the phase shift of CPM (MSK) is only π/2 or –π/2, and
that its phase shift is continuous. As we know, the phase
difference of this CPM (MSK) signal between two time
instants kTb and (k + 1)Tb, k ∈ {0,±1,±2, · · ·} is either
−π/2 for bit “0” or +π/2 for bit “1” in the time span
kTb ≤ t ≤ (k + 1)Tb. Hence, the CPM (MSK) signal
should be demodulated differentially in the receiver, and
this DSP in the electrical domain is achieved easily.

The introduction of CPM (MSK) is due to its potential
as a novel coding and modulation method for the genera-
tion of OOFDM signals. The source bit stream is mapped
by independent MSK coding and is then split into sub-
channels. The complex signal of baseband OFDM-CPM
in the nth symbol interval can be given by
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We let
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be the MSK mapped time-varying symbol in the kth sub-
carrier. In Eq. (6), ϕk is the phase state of MSK in
the kth sub-carrier, and N is the total number of sub-
carriers. In the receiver, for convenience, two sub-carriers
and the corresponding transmitted complex signals (d1(t)
and d2(t)) are expressed as
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The frequency spacing (FS) between these two channels
is

FS = f1 − f2 = (k − l)/NTb. (9)

By using the basic optical quadrature receiver, the re-
ceived complex signal can be shown as

r̃(t) = d1(t) + d2(t) + n(t), (10)

where n(t) is the complex noise. We define Zk,m as the
correlation between the received signals on one symbol in-
terval with all possible transmitted alternatives over that
symbol interval. Hence, for a sub-channel, we obtain
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where ϕm = mπ/4 is the phase state of one of the
branches in MSK trellis, with αm ∈ {±1} being the
corresponding input bit. As we know, only two phase
states will be used in each symbol interval. It can be
verified that d2(t) will be transformed to d1 sub-channel
by eliminating the ICI through replacing Eqs. (7), (8),
and (10) into Eq. (11). The above derivation can be
general to multi-carriercase case in the same way.

Figure 2 presents the experimental setup for WDM-
PON employing OFDM-CPM downstream and on-off
keying (OOK) modulated upstream signals. In the op-
tical line terminal (OLT), four continuous-wave (CW)
beams are generated by four distribute feedback (DFB)
lasers at frequencies of 193.075, 193.1, 193.125, and
193.15 THz. The linewidth of each DFB laser is 1 MHz.
Each input data is first serial-parallel transformed and
I/Q mapped in the MSK coding part. CPM (MSK) is
used to map bit stream data to the OFDM sub-carriers,
and there are 256 sub-carriers. Then the OFDM-CPM
baseband waveforms produced by the arbitrary wave-
form generator (Tektronix AWG710) are continuously
output at a sample rate of 20 GHz (8-bit digital-to-
analog converter, 4-GHz bandwidth). The guard inter-
val is equal to one quarter of the observation period,
and a 5% cyclic prefix (CP) is applied. The 2.5-Gb/s
OFDM-CPM baseband signals are generated offline by
an OFDM transmitter and then up-converted to 10 GHz
to realize radio frequency (RF) OFDM-CPM signals by
an electrical mixer. The up-converted electrical spec-
trum is shown in Fig. 3(a). In each OLT transmitter,
the generated RF OFDM-CPM signal is used to mod-
ulate a LiNbO3 Mach-Zehnder modulator (MZM). The
generated four optical OFDM-CPM signals are multi-
plexed by an array waveguide grating (AWG), and the
optical bandwidth of the AWG is set to the channel
spacing (25 GHz). The waveforms of optical OFDM-
CPM signal before and after 25-km SMF-28 fiber trans-
mission for a channel downlink in the WDM-PON are
measured using Tektronix TDS6604 digital storage os-
cillscope, as shown in Figs. 3(b) and (c), respectively.
It is clearly seen that the amplitude of the measured
waveform is lower after transmission due to the existence
of fiber loss. We apply commonly used fiber parame-
ters for our experiment: fiber chromatic dispersion of 16
ps/(nm·km), 0.2-dB/km loss, and a nonlinear coefficient
of 2.6×10−20 m2/W. After 25-km SMF-28 transmission,
the downstream traffic is de-multiplexed by an AWG,
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and then the de-multiplexed optical signal is split by a
3-dB optical coupler in each ONU. The ONU has two
parts, the receiver part and the signal remodulation part.
In the receiver part, the optical OFDM-CPM signal is
pre-amplified by a regular erbium-doped fiber amplifier
(EDFA), then directly detected through a PIN photo-
diode with a 3-dB bandwidth of 20 GHz, and sampled
by a Tektronix real-time oscilloscope (TDS6154C) at 40
Gsample/s, with all subsequent DSP done off-line. The
down-converted 2.5-Gb/s OFDM-CPM signal is detected
by a BER tester. The CPM (MSK) signal is a special
binary signal, and its detection and demodulation could
be achieved easily in electronic domain. The detection
of the CPM (MSK) signal requires memory, but its DSP
in an off-line way in the transmitter and the receiver is
simpler than that of the QPSK signal since the phase
shift of CPM (MSK) is only −π/2 or +π/2 and its phase
shift is continuous. Hence, the memory requirements of
the detection of CPM (MSK) signal will not increase the
burden of the OFDM detection and demodulation. In
the signal remodulation part, each optical OFDM-CPM
signal is first filtered by a tunable optical filter with
the bandwidth of 0.2 nm, and then it is re-modulated
to OOK by an intensity modulator at 2.5 Gb/s with
pseudo-random bit sequence (PRBS) of length 231–1 and
multiplexed by an AWG. After the upstream transmis-
sion and de-multiplexing by an AWG, each re-modulated
signal is detected by a commercial avalanche photodiode

(APD) receiver with 2-GHz bandwidth.
Figure 4 shows the received optical spectra diagrams

of OFDM-CPM for four CW channels before and after
25-km downstream transmission, and the received op-
tical spectra diagrams of OOK remodulation for four
CW channels before and after 25-km upstream trans-
mission. The optical spectra have 0.01-nm resolution of
OFDM-CPM (bandwidth at 3 dB is 2.5 GHz), and the
FS between each two neighboring carriers is 25 GHz. It
is clearly seen that the used scheme precisely achieves
frequency domain coexistence of the uplink signal and
downlink signal traffic.

We measured the BER performance of OFDM-CPM
downstream signal and the measured BER curves for
channel 2 (the frequency is 193.1 THz) before and after
the 25-km SMF-28 are shown in Fig. 5(a). Moreover,
the transmission characteristics and the corresponding
constellations of the downstream OFDM-CPM signal
are also exhibited in Fig. 5(a). It is found that the
receiver sensitivity is improved if OFDM-CPM is se-
lected as the downlink transmitted signal. At a BER
of 10−3, the power penalty of 0.1 dB is mainly caused
by the degradation of the optical signal-to-noise ratio of
the OFDM-CPM signal. Furthermore, with the smaller
value of the received power, the less influence is shown
for an OFDM-CPM transmission. From the correspond-
ing constellation, the optical OFDM system with MSK

Fig. 2. Schematic diagram for the used bidirectional WDM-PON system. PS: parallel-serial transformation; D/A, A/D: digital-
analog conversion; FFT, IFFT: (inverse) fast Fourier transformation; RX: receiver; TX: transmitter; MUX: multiplexing;
DEMUX: demultiplexing.
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Fig. 3. (a) Up-converted electrical spectrum, measured wave-
forms of (b) optical OFDM-CPM signal before and (c) after
25-km SMF-28 transmission for a channel downlink in the
WDM-PON.

Fig. 4. Received optical spectra diagrams of OFDM-CPM
for 4 CW channels (a) before and (b) after downstream 25-
km transmission; received optical spectra diagrams of OOK
remodulation for 4 CW channels (c) before and (d) after up-
stream 25-km transmission.

coding and decoding has the property of phase continu-
ity. This feature will reduce the complexity of receiver
design, because each phase shift is constant π/2 when
the transfer of signal constellation points occurs. Figure
5(b) illustrates the measured BER curves of channel 2
and the corresponding eye diagram for upstream signals
after transmission. It can be clearly seen that the eye
diagram is widely opened after transmission. The power
penalty is less than 0.4 dB after transmission over 50-
km SMF-28 (25-km downstream+25-km upstream) at a
BER of 10−9. The power penalty is caused mainly by
the accumulated dispersion at the 50-km SMF-28 fiber
and the signal re-modulation process at the ONU part.

In conclusion, we have proposed and experimentally

Fig. 5. (a) BER curves at back-to-back and after 25-km SMF-
28, and the corresponding constellations for OFDM-CPM and
OFDM-QPSK signals; (b) BER curves and the correspond-
ing eye diagrams before and after 25-km SMF-28 for upstream
signals.

demonstrated a novel method to generate an OFDM-
CPM signal in a WDM-PON as the downlink signal. For
OFDM-CPM signals, slighter downstream transmission
impairments are introduced in comparison with OFDM-
QPSK signals when the signals pass through 25-km SMF-
28 fiber. This scheme could be used for optical signal
simultaneous uplink by sharing the same optical com-
ponents such as the optical circulators. The separated
optical carrier can be reused for uplink data modulation,
hence the ONU can be further simplified and the cost is
reduced. We evaluate the BER performance. The power
penalty for the downlink data after transmission over 25-
km SMF-28 fiber is 0.1 dB, while for the uplink data,
the power penalty after transmission over 50-km SMF-
28 fiber is less than 0.4 dB. Because MSK is a special
type of binary continuous phase-frequency shift keying,
it can simplify DSP. And the proposed scheme employs
optical OFDM-CPM signal as the downlink signal, which
has much better BER performance than OFDM-QPSK.
It is a competitive scheme in the future access network.
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