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Abstract: Orthogonal chirp-division multiplexing (OCDM) has been recently proposed as an
attractive modulation technique for realizing high-speed coherent lightwave systems in virtue
of its resilience against system impairments. However, the complex-valued OCDM signal is
not directly viable for optical intensity modulation and direct detection (IM/DD) systems. In
this paper, a double-sideband (DSB)-modulated OCDM scheme is proposed for short-reach,
high-speed IM/DD systems. In the proposed scheme, the real-valued OCDM signal is
generated by a simple digital up-conversion technique, which converts the complex-baseband
signal to a passband to avoid the aliasing for DSB modulation. At the receiver, inverse
operations revert the signal back to the baseband for demodulation. Experiments were carried
out to validate the feasibility and advantages of the proposed scheme, and OCDM signals
with data rates up to 174.5 Gbit/s were successfully demonstrated. The results confirm that
the proposed IM/DD-OCDM system is more robust to impairments and thus achieves better
performance than a discrete multi-tone system.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Enabled by the advances in the ultra-high-speed electronics during the last two decades,
digital signal processing (DSP) technology plays a central role in modern fiber-optic
communications, as it substantially enhances the capacity of optical networks to meet the
ever-increasing demand for high-speed Internet and data services [1]. These versatile DSP
techniques realize spectrally efficient modulation and reliable signal recovery for various
application scenarios, from rack-scale datacenter communications to intercontinental
transmission links [2-5]. For example, enabled by DSP, orthogonal frequency-division
multiplexing (OFDM) is an attractive digital modulation technique for coherent optical (CO)
systems for long-haul transmission [6—8], and it exhibits better resilience against dispersion
than its single-carrier counterpart [9]. Its baseband scheme, discrete multi-tone (DMT)
modulation, also shows benefit as a potential candidate for short-reach systems based on
intensity modulation and direct detection (IM/DD) [10-12].

Recently, orthogonal chirp-division multiplexing (OCDM) has been demonstrated as a
promising modulation technique for realizing high-speed coherent lightwave systems [13,14].
In the OCDM system, a large group of linearly frequency-modulated waveforms, referred to
as chirps, as shown in Fig. 1(b), are employed for high-speed modulation. Compared with the
traditional chirp spread spectrum (CSS) technique, the linear chirps in OCDM are mutually
orthogonal and can be transmitted in the same time period and bandwidth, as illustrated in
Fig. 1(d), without any interference. The orthogonal chirps attain the maximum spectral
efficiency in terms of the Nyquist signaling rate [15]. In contrast, as shown in Figs. 1(a) and
1(c), the subcarriers in OFDM overlap in time, and are orthogonal in the frequency domain.
Compared with the narrowband subcarriers in OFDM, the OCDM signal inherits the spread-
spectrum feature from CSS. As a result of spreading the information over the entire
bandwidth, the OCDM signals are more robust to impairments, and exhibit superior
performance compared to other modulation techniques, such as, OFDM [13-16].
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Considering the advantages of OCDM, it is highly desirable to find ways to apply OCDM
to optical IM/DD systems, which are indispensable for cost-sensitive applications, such as,
optical access networks and datacenter communications [17-20]. In such scenarios, OCDM
can offer superior performance by combating specific impairments inherent in IM/DD
systems. For example, the OCDM signal is insensitive to impairments, such as, bandwidth
limitation from the low-cost electronic components, and the chromatic-dispersion (CD)-
induced power fading effect in the IM/DD systems [21]. However, OCDM cannot be directly
applied to IM/DD systems. In OCDM, the chirps are required to be complex-valued to satisfy
the orthogonality condition, while IM/DD system offers only one dimension for modulation,
namely, the intensity of the optical carrier.
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Fig. 1. Above: Waveforms for modulation: (a) a set of 16 subcarriers (harmonic series) in the
OFDM and (b) a set of 16 chirps in the OCDM, where T denotes the period of an
OFDM/OCDM symbol. Below: Illustration of Spectrograms of (c) OFDM signal and (d)
OCDM signals.

In this paper, we propose a double-sideband (DSB) modulated OCDM scheme to realize
high-speed IM/DD systems for short-reach applications [22]. In the proposed IM/DD-OCDM
system, a digital up-conversion (DUC) technique converts the complex-baseband signal up to
a passband. By doing so, the real part of the passband signal is equivalent to a DSB-
modulated OCDM signal without aliasing, and is preserved for intensity modulation. The
imaginary part is simply discarded. At the receiver, digital down-conversion (DDC)
transforms the signal back to the baseband for demodulation. As the DUC and the DDC
involve only phase rotations, only a trivial increase in complexity is required in the proposed
IM/DD-OCDM  system. Experiments were carried out to validate the feasibility and
advantages of the proposed system, and IM/DD-OCDM signals with data rates up to 174.5
Gbit/s have been demonstrated. The results confirm that the proposed IM/DD-OCDM system
is resilient to the impairments mentioned previously, and as a result outperforms a DMT-
OFDM system.

The paper is organized as follows. In Section 2, the system model of the proposed
IM/DD-OCDM s formulated in detail. Practical implementation and its advantages are also
discussed. The experiment setup is provided in Section 3, and the results in Section 4. In the
experiment, the DMT-OFDM was implemented for comparison. Section 5 discusses the
advantages of the IM/DD-OCDM over DMT-OFDM. Finally, Section 6 concludes this paper.
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2. System model of the IM/DD-OCDM system

In this section, the proposed IM/DD-OCDM system is formulated according to the linear
time-invariant (LTI) model, and the block diagram of the proposed IM/DD-OCDM is shown
in Fig. 2. To show its advantages, specific impairments, such as the CD-induced fading in the
IM/DD systems are discussed analytically.
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Fig. 2. System setup of the proposed IM/DD-OCDM system based on digital up-conversion.
Insets: Illustration of the spectra of (i) the complex-baseband OCDM signal, (ii) the up-
converted signal, and (iii) the real part of the up-converted signal. The measured electrical
spectra of (a) transmitted signals and (b) received signals. Abbreviations: S/P: Serial-to-
Parallel; P/S: Parallel-to-Serial; QAM: Quadrature Amplitude Modulation; DUC/DDC: Digital
Up-/Down-Conversion; CP: Cyclic Prefix; AWG: Arbitrary Waveform Generator; RTO: Real-
Time Oscilloscope; PD: Photodiode; DAC/ADC: Digital-to-Analog/Analog-to-Digital
Convertor. VOA: Variable Optical Attenuator.

2.1. Complex-baseband OCDM

The baseband OCDM transceiver is plotted in the dotted boxes in Fig. 2. The complex-
baseband OCDM signal is a synthesis of a set of N mutually orthogonal chirps, yy(n), k=0,
..., N — 1, each of which is modulated by a symbol. In [13], we proved that the Fresnel
transformation can synthesize the orthogonal chirps to generate OCDM signals, as

s(n)= 7 {x (0} n) = S 60w ()
=] eij%(nik)2 N =0(mod2) )

=—¢e*> x(k)x 5
WEEE ey

e N =1(mod2)

where Fy is the discrete Fresnel transform (DFnT) and Fy ' the inverse DFnT (DFnT), x(k) is

the symbol modulating the A-th chirp. It can be seen that in Eq. (1) the phase term of the
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Fresnel transform is squared, which indicates that the chirps are essentially linear frequency
modulated signals. The spectrogram of the OCDM is shown in Fig. 1(d), and discussion
concerning OFDM and OCDM can be found in [13-15]. The complex-baseband OCDM
signal can be efficiently generated by the fast algorithms for computing the DFnT [23].
Referring to Fig. 1, if an OCDM system has a bandwidth B, the length of an OCDM symbol
isthus T=N/B[14].

To avoid inter-symbol interference (ISI), guard interval (GI) should be inserted between
the OCDM blocks. Based on the circular convolution property of DFnT, a cyclic prefix (CP)
based GI maintains the circular convolution of OCDM signal through dispersive channels.
Given that the impulse response of the system is 4(n), which characterizes the linear effects,
such as the dispersion and filtering effects in the system, the received signal is

r(n)=h(n)®s(n)+v(n), )

where ® denotes the circular convolution operator, and v(n) is the additive noise. In Eq. (2),
the channel impulse response (CIR), A(n), can model the linear dispersive effects in the
system, such as filtering effects of the optical and electronic devices, and chromatic
dispersion in the fiber. The noise term v(n) represents the additive interference from the
system, such as thermal noise from the electronics and amplified spontaneous emission noise
in an optical amplifier.

In the initial proposal of OCDM [14], there are two types of baseband receiver schemes,
as shown in the dotted box in Fig. 2. The first one is an intuitive method that directly
transforms the received signal by a DFnT. By utilizing the convolution-preservation property
of the DFnT, a time-domain equalizer or a frequency-domain equalizer (FDE) along with two
discrete Fourier transforms (DFT) can then be used to compensate the channel. The second
scheme exploits the eigen-decomposition of the DFnT to realize a more computationally
efficient solution. In the second scheme, the received signal is transformed by a DFT instead
of DFnT for the single-tap FDE. The signal can be then recovered by rotating the phases, I,
which are actually the eigen-values of the DFnT with respect to DFT, and another IDFT. In
Fig. 2, the differences of the two receiver schemes are indicated in the dashed boxes at the
receiver end. In this paper, the second receiver algorithm is adopted due to its computational
efficiency [14].

2.2. Proposed IM/DD-OCDM

It can be seen that the signal model is complex-valued in Eq. (1), and thus the baseband
OCDM signal cannot be applied directly by modulating the optical intensity. To solve this
problem, we proposed a DSB-modulated OCDM to realize IM/DD systems [22]. The basic
principle of the proposed scheme is to convert the complex-baseband OCDM signal up to a
passband so that all the spectral contents are located in positive frequencies. The real part of
the passband signal is equivalent to a DSB-modulated signal. It preserves the entire
information of the baseband signal, and thus can be used directly by modulating the intensity
of an optical carrier.

Given that the continuous-time signal is s(f), whose spectrum is shown in Fig. 2(i), the up-
converted signal is thus

s, (t)= e‘fzn/?ts(t) , 3)

where f, is the frequency of the up-conversion carrier. The real-part of the up-converted signal
can be accordingly given as

59 (1) =R{s, (1)}

: : “)
=5, (t)-cos2nf,t—s, ()-sin2nf 1 ,
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where s1(f) and sq(¢) are the inphase and quadrature components of the complex-baseband
signal s(f). Applying the Fourier transform on Eq. (4), one can obtain

A (f):]:p{sﬂi(t)}

1 . ®)

= [S(r=£)+5(r+1,)]-

In Eq. (5), the real part of the signal sx(f) is in fact the DSB modulated signal, whose
spectrum is shown in Fig. 2(iii). In Figs. 2(1)-2(iii), if the complex baseband bandwidth of the
OCDM signal is B, and the up-conversion frequency f,, the signal bandwidth after DUC is
thus B' = f, + B. In addition, it can be inferred that as long as the frequency f, is larger than the
bandwidth of the baseband signal, the real part of s,(f) preserves all the information of the
baseband signal s(f). Otherwise, aliasing occurs if f, < B.

At the receiver, an inverse operation, i.e., digital down-conversion transforms the received
signal back to the baseband for demodulation. As discussed in Section 2.1, the second
receiver is adopted due to its superior efficiency. Referring to the receiver end in Fig. 2, the
complex-baseband signal is transformed by a DFT, as

y(m)=Fo{r(n)}(m)

=H(m)><,7-'Q{s(n)}(m)+vQ (m), (©)

where Fq, is the DFT operator, H(m) is the channel frequency response (CFR), and vq(m) is
the noise in the frequency domain. With the eigen-decomposition property of the DFT,

FalFe {x(0)}} (m) =T (m)x 7, {x ()} (m). ™
Equation (6) can be further given as
y(m):H(m)l"*(m)x]-'Q{x(k)}(m)—i—vQ (m), ®)

where I'(m) is the eigenvalue of DFnT w.r.t DFT. It can be seen that, except for a phase
rotation I'*(m), y(m) is the DFT of x(k) distorted by the CFR H(m). The transmitted symbols
can be recovered by single-tap equalizers, which compensate the dispersion H(m) and phase
rotation I'(m). Another IDFT is used to recover the transmitted symbols. For instance, if a
zero-forcing equalizer is used, the estimated symbols are

i (k)= 7 {H (m)T (m)x y (m)} (k)

R ©)
= x(k) + v(k) ,
where v(k) is the noise after equalization.

In the proposed IM/DD-OCDM, there are one DUC and one DDC added to the traditional
OCDM transceiver. Since these are implemented in the digital domain and only phase
rotations are required with trivial arithmetic operations, the proposed scheme is simple to
implement with only a minor increase in complexity. It should be noted that according to the
Nyquist sampling theorem, the passband signal should be oversampled by a frequency of at
least two times the bandwidth of the signal to avoid aliasing in Eq. (5). That is, the sampling
rate should be larger than 2B, as indicated in Fig. 2(iii).

2.3. Chromatic-dispersion-induced fading effect

Inspecting Egs. (2) and (6), the CIR or CFR function, namely /4(n) or H(k) can characterize
not only the CD effects in the fiber, but also other linear effects in the system, such as,
electric and optical filters and amplifiers. In the IM/DD systems, CD in the fiber is the major
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limiting factor by imposing severe fading effect in the high frequency region. The transfer
function of the CD induced fading in the IM/DD systems [21] is given by

Hep (f) o< cos(2n° B, /7z2), (10)

where £, is the group velocity dispersion (GVD) parameter, and z is the distance along the
fiber. It can be seen that the first null point, in Eq. (10) is inversely proportion to the fiber
distance z and the square of the bandwidth. In other words, if we double the system
bandwidth to double the data rate, the reach of a system will be reduced to one quarter.

1

0.8

0.6

Fading (a.u.)

104

0.2

Fig. 3. Chromatic-dispersion-induced power fading effect in an IM/DD system with standard
single-mode fiber at a wavelength of 1550 nm. The dotted line is the first frequency nulls of
the fading over distance.

Figure 3 illustrates the CD-induced fading effect, which is the transfer function of a
standard SMF (S-SMF) with a dispersion parameter of D = 17 ps/(nm-km) at 1550 nm. For
example, at 2 km, the first null occurs at 42 GHz, and it reduces to 29.5 GHz at 4 km and 21
GHz at 8 km, respectively. For a practical system, the system should be operated to avoid the
nulls from the signal. However, even if the system is well designed with sufficient
redundancy such that no frequency notches occur within the bandwidth of the signal, the
high-frequency components will still be degraded. For example, if we have an OFDM signal
with a bandwidth of 30 GHz transmitted over 4 km, the subcarriers at a frequency greater
than 20 GHz will experience severe fading with a power loss larger than 0.5 due to CD. On
the other hand, the chirps in OCDM can spread the information over the entire bandwidth,
and the information is still recoverable. To confirm this advantage, experiments were carried
out, the results of which are shown in the following sections.

3. Experimental setup

Figure 2 details the experimental setup used to study the proposed IM/DD-OCDM system. At
the transmitter, the signal was generated offline based on the model in Section II, and
downloaded to an arbitrary waveform generator (AWG) with a 96-GSa/s digital-to-analog
converter (DAC). The laser wavelength was at 1553.75 nm and the output power was 15
dBm. The Mach-Zehnder modulator (MZM) had a V, of ~5 V and 32-GHz bandwidth, with
an insertion loss of about 6 dB. The MZM was biased at its quadrature point, and the output
power of the MZM was about 6 dBm. The electrical signal was amplified to a Vj,, of 3.5 V to
ensure the MZM was operated within its quasi-linear region. In this experiment, S-SMF with
a length up to 4 km is adopted.

At the receiver, no optical amplifier was used to emulate short-reach scenarios. A variable
optical attenuator (Agilent 8163B) followed by a 10:90 splitter was used to control and
measure the input power to the photodiode (PD). The 10% port was connected to an optical
spectrum analyzer (OSA), and the other 90% port to the PD, which was followed by an
electrical amplifier (EA). A real-time oscilloscope (RTO) with a 200-GSa/s ADC sampled the
signal for offline processing. Before demodulation, the signal was resampled to 96 GSa/s to
match the sampling rate at the transmitter.
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In the experiment, both the proposed IM/DD-OCDM and the conventional DMT-OFDM
were implemented for comparison. In both systems, quadrature amplitude modulation (QAM)
was adopted. Two setups were considered with signal bandwidths of (a) 24 and (b) 36 GHz,
respectively, with corresponding Baud rates as 24 GBaud and 36 GBuad. In the case of 24
GHz, a highest data rate of 140 Gbit/s was attained with 64-QAM including the GI, and in the
case of 36 GHz, 174.5 Gbit/s was achieved with 32-QAM. In the IM/DD-OCDM, there were
512 (768) chirps for modulation, and the time-domain signal was up-sampled to 2048 points
per block. Equivalently, the oversampling ratio was 4 (8/3), and the complex-baseband signal
had a bandwidth of 24 (36) GHz. The carrier frequency for DUC was 12.56 (18.56) GHz. For
a fair comparison, in the DMT-OFDM system, there were 2048 subcarriers, of which the first
12 positive sub-carriers were nulls to avoid AC coupling and the following positive 512 (768)
subcarriers were for payload. The remaining subcarriers were set to be nulls for the purpose
of oversampling. Thus, the OFDM signal also had an effective oversampling ratio of 4 (8/3).
To generate the real-valued DMT signal, the negative subcarriers were the complex-conjugate
of their positive symmetries. In both systems, the length of CP was 64 points, with 3%
overhead. Therefore, the length of an OFDM/OCDM symbol is 21.3 ns (22 ns including GI).
The effective data rates were up to 140 Gbit/s for the 24 GHz signal with 64-QAM and 174.5
Gbit/s for the 36 GHz signal with 32-QAM, respectively. It should be noted that both systems
were open loop without feedback from the receiver to the transmitter. Thus, no pre-emphasis
was adopted. In addition, in this work, we adopted the super FEC scheme with a FEC limit at
BER = 3.8 x 107 with 7% overhead as the benchmark for our experiments. This super FEC
can achieve good performance and its cost and power consumption is acceptable in short-
reach applications due to its relatively low decoding complexity.

4. Experimental results

In this section, to investigate the advantages of the proposed IM/DD-OCDM, the channel
state information (CSI) of the system was first characterized, including the CIR and CFR, as
well as the CD-induced fading effect in the fiber. Depending on the system status,
experiments were carried out to realize the 140-Gbit/s OCDM signal over 4-km S-SMF and
the 174.5-Gbit/s signal over a piece of short fiber of several meters in length.

4.1. Characterization of CSI
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Fig. 4. Measured channel state information. (a) The channel impulse responses (CIRs) at (i) 0,
(ii) 2, (iii) 4, and (iv) 6 km, respectively, and (b) the corresponding channel frequency response
(CFR) of the system; (c) the measured (dotted lines) and theoretical (solid lines) chromatic
dispersion (CD) induced power fading.
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To study the effects of system impairments, Fig. 4 shows the measured CSI of the system at
different fiber lengths, from 0 to 6 km. In Fig. 4(a), the CIR function is measured. As the fiber
length increases, the CIR function begins to spread due to the increase of chromatic
dispersion in the fiber. It can be seen that the pulse broadening is around 0.1 ns, which is
equivalent to around 10 samples with a sampling rate of 96 GSa/s, and a GI length of 64 is
sufficient to avoid the ISI between the symbol blocks in both OCDM and OFDM systems.

The corresponding CFR functions are provided in Fig. 4(b). It can be seen that the fading
effect due to CD is more intuitive in the frequency domain. As the fiber length increases from
0 to 6 km, frequency notches, down to —60 dB, occur in the high frequency region. Signals
will be severely degraded if operated in the vicinity of these notches. In Fig. 4(c), the CD-
induced fading effects of the fiber link are measured and plotted by dotted lines. The
analytical CD-induced fading effect based on Eq. (10) is plotted by the solid lines with a
dispersion of D = 17 ps/(nm-km). It can be seen that the first frequency nulls due to CD occur
at around 42 GHz and 29.5 GHz at 2 km and 4 km, respectively, with further reduction to 24
GHz at 6 km. In the experiment, based on the CSI characterization, we chose a fiber up to 4
km with a 24-GHz bandwidth signal.

4.2. BER performance of open-loop system

In Fig. 5, the bit-error rate (BER) performance of the 24-GHz signal of both OCDM and
OFDM systems was measured against the received optical power. The data rates were 46.5,
93 and 140 Gbit/s for 4, 16 and 64-QAM, respectively. It can be seen that in all the cases in
Figs. 5(a)-5(c), the proposed IM/DD-OCDM system always outperforms the DMT-OFDM
system. In Fig. 5(a) with 4-QAM, the OCDM has ony minor improvement over the OFDM
without fiber transmission, since in the B2B case, there are only minor impairments without
chromatic dispersion. As the fiber length increases, the improvement becomes more obvious.
At a distance of 2 km, the required optical power for the OCDM signal is 1.5 dB less than the
OFDM signal to attain a BER = 107, and it increases to about 3.5 dB at 4 km. This
improvement is because CD starts to degrade the system after fiber transmission, and OCDM
exhibits better resilience to the CD than OFDM.

DMT-OFDM: -0O:B2B -O-2km -4-4km
IM/DD-OCDM: -@-B2B —#2km —4-4km
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Fig. 5. Measured BER performance versus received optical power of the proposed IM/DD-
OCDM and DMT systems with 24-GHz bandwidth: (a) QAM-4, (b) QAM-16, and (c) QAM-
64.

The advantage of the OCDM signal is more obvious for high modulation levels, such as
the 16 and 64-QAM in Figs. 5(b) and 5(c). For 16-QAM, the OCDM signal needs about 5.5
dB less received optical power than the OFDM signal at a BER = 10™. For 64-QAM, due to
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the signal-to-noise (SNR) limitation of the optical transceiver, error floors occur in both
systems even in the B2B case. Nonetheless, the OCDM signal has lower error floors than the
OFDM signal. For example, the proposed IM/DD-OCDM system at 4 km attains a BER
lower than 3.8 x 107, the forward error correction (FEC) limit with 7% overhead, while the
DMT-OFDM system cannot attain a BER below that limit.

In Fig. 6, the constellation diagrams of the received signals are provided. The received
OFDM signal spreads as the fiber length increases from 0 to 4 km, with the 16-QAM signal at
4 km degrading to a BER = 1 x 107, as indicated in Fig. 5(b). In contrast, the OCDM signal
is less sensitive to the impairments, and the constellations remain more tightly clustered even

after 4-km fiber.

BER

In Fig. 7, the bandwidth is increased to 36 GHz, and the data rate hits 174.5 Gbit/s with
32-QAM. Both systems exhibit similar performance trend as that in Fig. 5, while the
performance difference is more obvious. For example, with a received optical power at 3
dBm, the proposed IM/DD-OCDM system can attain BER =1 x 10 1 x 107 and 3 x 107

Fig. 6. The received constellation diagrams of QAM-16 signals of both systems with a
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for 8, 16, and 32-QAM, respectively. In contrast, the DMT-OFDM has BER =1 x 1073, 3 x
107, and 1 x 1072, respectively. In the case of 32-QAM, the OFDM signal cannot attain a
BER lower than the FEC limit. On the right of Fig. 7, the received constellation diagrams of
different modulation levels are shown for a received optical power of 3 dBm. It can be seen
that even in B2B transmission, due to the impairments in the transceiver, the OFDM signals
are much noisier than the OCDM signals, as discussed in the following.

4.3. Analysis

To investigate the performance differences between the OFDM and OCDM systems, the
signal quality of the subcarriers in OFDM and chirps in OCDM are measured in terms of
SNR. In Figs. 8(a) and (b), the quality of 24-GHz signal is measured at various distances. As
the length of fiber increases, the performance of the high frequency OFDM subcarriers start
to degrade, and SNR degradations as high as 7 dB can be observed. This is because in OFDM
systems, information is conveyed in parallel in the frequency domain, and the high-frequency
subcarriers are more susceptible to the CD-induced fading. In contrast, in OCDM systems, the
information on each chirp is spread over the entire bandwidth as shown in Figs. 1(b) and (d).
Hence, the information can be still recoverable with the presence of impairments, such as
clock leakage and fading due to chromatic dispersion. Thus, the chirps in OCDM are
insensitive to those impairments, and have flat SNRs with only minor degradation observed.
The degradation in OCDM at 4 km is less than 3 dB in comparison the B2B case.
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Fig. 8. The measured SNR of (a) the subcarriers in OFDM and (b) the chirps in OCDM with
24-GHz bandwidth at different distances, and (c) the measured SNR of both OFDM and
OCDM with 36-GHz bandwidth at B2B.

The effect of these impairments become more severe if the signal bandwidth is increased
to 36 GHz, as shown in Fig. 8(c). The bandwidth limitation of the opto-electronic components
is more obvious. For reference, in the experiment, the MZM had a bandwidth of ~32 GHz. As
the signal approaches the limit of the optoelectronic components, in the OFDM system, the
edge subcarriers have an SNR as low as 10 dB. These effects account for the degradation of
OFDM signal in Fig. 7. In contrast, the SNR of the chirps in OCDM is almost flat at about 18
dB and thus the system performance is superior to that of OFDM. In addition, it can be seen
that, three low-SNR spikes occur at 6.25 and 12.5 GHz and 25 GHz, which are caused by the
clock leakage from the high-speed DAC. In many short-reach applications, such as, PONs
and datacenter communications, the systems operate in the O-band, where reduced CD allows
longer distances for the optical links. In such systems, although CD imposes less fading effect
than in the L-band, OCDM relaxes the stringent requirement on the high-speed optoelectronic
devices, and consequently lower the system cost to achieve higher data rates.
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4.4. BER performance of closed-loop system

We have shown in previous subsection that in an open-loop system, the proposed OCDM
system outperforms the OFDM system due to its greater resilience to the system impairments.
However if the additional complexity of a closed-loop system is acceptable, then the
transmitter can be provided with knowledge of the channel state information. Adaptive
modulation can be adopted to pre-compensate the impairments at the transmitter in order to
improve the quality of the received signal. In this subsection, by feeding the CSI measured at
the receiver back to the transmitter, pre-emphasis is applied. In the experiment, only the 36-
GHz setup with 32-QAM was adopted and other parts of the system remained unchanged.
Considering that the CD severely degrade the system in the L-band, as shown in Fig. 4, and
that short-reach applications, such as, PONs and datacenter communications, usually operate
in the O-band, in this section, a 1.5-km dispersion-shifted SMF is adopted to emulate the level
of CD in O-Band transmission, whist minimizing the change of the experimental setup. In the
experiment, the water-pouring algorithm was employed to adapt the spectra of the transmitted
signal and to ensure that the received spectral components had a flat SNR. In addition, as
clock leakage was known to occur at certain frequencies, in the OFDM system, the
subcarriers at these frequencies carried no data.
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Fig. 9. Measured BER performance of both the proposed OCDM and OFDM systems with 36-
GHz bandwidth and 32-QAM with the application of ore-emphasis algorithm. (a) B2B and (b)
1.5-km transmission.

In Fig. 9, the measured BER performance is provided. It can be seen that in Figs. 9(a) and
9(b), without the application of pre-emphasis, the performance of both systems is limited. For
example, the OFDM system cannot attain a BER below the FEC limit, and the OCDM system
has a BER just slightly below the FEC limit. If pre-emphasis is applied, obvious improvement
is achieved for both systems. For example, in Fig. 9(a) without fiber transmission, both
OFDM and OCDM have similar BERs =6 x 107, In Fig. 9(b), slight degradation occurs with
1.5-km fiber transmission due to a small amount of chromatic dispersion from the dispersion
shifted fiber. Nevertheless, with 5 dBm received optical power, both systems have a BER =1
x 107, which is well below the FEC limit. In both Figs. 9(a) and 9(b), if pre-emphasis is
applied, the proposed OCDM system only has minor improvement over OFDM because most
impairments can be compensated with the CSI available at the transmitter end.
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5. Discussion

In the experiments, both open-loop and closed-loop systems are considered to investigate the
performance of both OFDM and OCDM. In the open-loop scheme, the transmitter has no
knowledge about the CSI as there is no feedback from the receiver to the transmitter. Based
on the experimental results, the proposed IM/DD-OCDM system outperforms the DMT-
OFDM as the OCDM is insensitive to the impairments as discussed above. In a
communication system with closed-loop feedback, the transmitter can have the entire or
partial knowledge of the CSI, and pre-emphasis or adaptive modulation can be applied
accordingly to counteract the fading effects and other impairments in the system. For
instance, in Subsection 4.4, pre-emphasis is adopted. The power fading in the high frequency
region can be compensated at the transmitter [24]. By doing this, the received signal can have
a “flat” frequency response after transmission, avoiding the severe SNR degradation around
the high frequency region.

However, to realize pre-emphasis or adaptive modulation, additional DSP hardware and a
feedback link are required for implementing a closed-loop system. Specific algorithms are
also required for coordinating the transceiver. In a practical optical system, the cost of
deploying a feedback link may overwhelm the benefit gained, especially in the cost-sensitive
short-reach systems. For example, in PONs which is a point-to-multipoint link, the reach of
different optical network units is different. Pre-emphasis or adaptive modulation is usually
infeasible in these systems. Therefore, for practical consideration, the proposed IM/DD-
OCDM system is robust yet simple solution for high-speed short-reach systems. In addition, it
has been shown in [25,26] that nonlinear equalizer based on the iterative block decision
feedback equalization (IB-DFE) can effectively mitigate the power fading effect without the
knowledge at the transmitter. In the IB-DFE algorithm, only the receiver acquires the CSI by
channel estimation, and recover the corrupted information by compensate the distorted
spectra due to fading effect [27].

6. Conclusions

In this paper, we propose and experimentally verify an OCDM scheme for high-speed IM/DD
systems. In this scheme, the complex-baseband OCDM signal is up converted to a passband,
and the real part, which is equivalent to DSB modulated signal, is preserved for modulating
the optical intensity. At the receiver, an inverse operation transformed the signal back to
baseband for demodulation. Experiments were implemented to realize the proposed system,
and OCDM signal up to 174.5 Gbit/s has been demonstrated. The results show the proposed
IM/DD-OCDM system exhibits better tolerance to impairment than the DMT-OFDM for its
spread-spectrum nature of the OCDM signals. Considering the advantages of OCDM, the
proposed system can serve an attractive candidate for short-reach applications, such as future
high-speed PON and data-center communications.
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