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ABSTRACT
Spectral efficient modulation formats can enable the transmission of higher data rates than conventional on-off
keying (OOK). Carrierless amplitude and phase modulation (CAP) is such an attractive modulation scheme that
has been widely considered for use in different types of optical links. The scheme however can suffer from
intersymbol interference (ISI) and channel crosstalk (CCI) when the frequency response of the channel is not
ideal. Conventional equalizers based on feedforward (FFE) and decision feedback (DFE) equalizers are easy to
implement in practice and can mitigate some of the induced ISI. However, they fail to suppress the induced CCI
in the link as each channel is equalized independently. As a result, we have recently proposed the use of a new
equalizer structure for use in CAP-based optical links to mitigate these transmission impairments. This new
equalizer, named CAP equalizer, can be formed with conventional FFEs and DFEs with minimal additional
complexity whilst providing significant performance advantages. In this paper therefore, we review the equalizer
structure and report recent demonstrations of its use in short-reach optical links. We present experimental studies
on a 112 Gb/s CAP-16 VCSEL-based OM4 MMF link and a 4 Gb/s CAP-16 LED-based POF link and compare
the performance of the links when both a conventional FFE and DFE equalizer and the newly proposed CAP
equalizer are used. The results clearly demonstrate that the CAP equalizer offers improved receiver sensitivity
and enables successful data transmission over longer fibre reaches.
Keywords: carrierless amplitude and phase modulation, equalization, short-reach optical links, multimode fibre
links, vertical-cavity surface emitting lasers, light emitting diodes, plastic optical fibre links
1. INTRODUCTION
The ever increasing data traffic and the advent of new applications are pushing the demand for high-speed
short-reach optical links both in data centres and end-user environments such as in in-home networks [1].
Examples of such links include vertical-cavity surface-emitting laser-based (VCSEL-based) multimode fibre
(MMF) links that comprise the vast majority of short-reach links inside data centres and light emitting diodebased (LED-based) free-space and plastic optical fibre (POF) links that are increasingly used inside homes and
cars. However, the high-speed performance of these low cost optical links is typically limited by the low
bandwidth of the optical and electrical components used. As a result, spectrally-efficient modulation schemes
such pulse amplitude modulation (PAM), discrete multitone modulation (DMT) and carrierless amplitude and
phase modulation (CAP), are increasingly considered for use in such optical links as they can enable the
transmission of higher data rates than conventional on-off keying (OOK). In recent years, multiple
demonstrations of their use in these different types of short-reach optical links have been reported: VCSELbased MMF links [2-5], LED-based free space [6-9] and POF links [10-15].
CAP modulation in particular, is an attractive passband modulation scheme that offers increased spectral
efficiency over OOK, removes baseline wander and allows simple implementation that can be achieved with
digital circuits[16]. It relies on the transmission of two orthogonal pulses which form a Hilbert transform pair
and which can be perfectly separated at the received side provided that the magnitude of the frequency response
of the link is flat and its phase response is linear. In real systems however, this is not the case resulting in
intersymbol interference (ISI) and channel crosstalk interference (CCI) which severely impairs the performance
of the link [17]. We have recently proposed a new equalizer structure that mitigates such transmission
impairments in CAP-based links and which can easily be implemented using hardware [17]. In this article
therefore, we review the principle of operation of this new equalizer, named CAP equalizer, and present
experimental studies that demonstrate the performance improvements it can bring in short-reach optical links.
The structure of this novel equalizer is similar to that of conventional feedforward (FFE) and decision feedback
(DFE) equalizers and therefore, can be implemented with minimal additional complexity. The performance of a
VCSEL-based CAP-16 OM4 MMF link operating at 112 Gb/s [17] and a LED-based POF link operating at 4
Gb/s [18] are assessed when both the newly proposed CAP equalizer and the conventional FFE and DFE
equalizer is employed. The total number of taps of both equalizers is kept the same in order to conduct a fair
comparison of the obtained link performance. It is demonstrated that the use of the CAP equalizer provides
significant improvements in receiver sensitivity and enables the transmission of the data signals over longer
reach in comparison to the conventional FFE and DFE equalizer.

The rest of the paper is structured as follows. Section 2 presents the principle of operation and basic structure
of the new equalizer structure. Section 3 reports the experimental data transmission studies on the use of this
equalizer in a short-reach VCSEL-based OM4 MMF link and a LED-based POF link respectively. Finally,
Section 4 provides the conclusions.
2. THE CAP EQUALIZER
Figure 1 shows the typical transmission system based on CAP modulation of order M and employing
conventional FFE and DFE equalizers. At the transmitter, the input data is divided in groups of log2M bits which
are appropriately encoded in multi-level complex symbols Si using standard quadrature amplitude modulation
(QAM) mapping and up-sampled. The real part of the generated symbols modulates the in-phase (I-channel)
pulse shaping filter
while the imaginary part the quadrature (Q-channel) one
. The two orthogonal
signals are superimposed appropriately and are used to modulate the optical transmitter in the link. After
transmission over the optical link and the optical to electrical conversion by the optical receiver, the received
signal is passed through the matched filter of the I- and Q-channel with impulse response
and
respectively. The response of the matched filters consists of the time reversed version of the pulse shaping
function used at the transmitter:
and
). The orthogonality of the pulse shaping
functions ensures that the two channels can be perfectly separated at the receiver provided that the channel has a
frequency response with flat amplitude and linear phase over the bandwidth of the transmitted signals [17]. In
the real world however, this condition is typically not true, destroying therefore the orthogonality of the two
channels and resulting in intersymbol interference (ISI) and channel crosstalk interference (CCI) in the link. As a
result, equalization is applied at the receiver to mitigate these impairments and recover the transmitted symbols.
The recovered symbols are then down-sampled, decoded and combined appropriately to generate the transmitted
input data.
matched filters equalization decision circuits

pulse shaping filters

I-channel
M-QAM
mapping

input bit
stream

log2M bits

Re { • }

optical transmission
channel

p I (t)
+

upsampling
Im { • }

p Q (t)

I-channel

FFE
+
DFE

t = nT

M-QAM demapping

optical
channel

–

Si

p I (-t)

optical Tx

optical Rx

p Q (-t)

Q-channel

FFE
+
DFE

t = nT

output bit
stream

Q-channel

Figure 1. Typical transmission system based on CAP modulation and conventional FFE and DFE equalizers.
Typically, the equalization applied is based on conventional FFEs and DFEs as these are relatively simple to
implement in hardware. More complex equalizers, such as non-linear Volterra equalizers [19-22] and those
based on machine-learning algorithms [23-25], have been also proposed for use in CAP-based transmission
systems and have been demonstrated in optical links. However, these are more complex to implement or require
significant digital signal processing. Conventional FFE and DFE equalizers can suppress the ISI in the link, but
fail to efficiently mitigate the CCI as they rely only on the information transmitted on each channel (Figure 2)
[17]. In order to overcome this issue, we have recently proposed the use a new equalizer structure, named the
CAP equalizer, which is based on conventional FFE and DFEs but utilises the signal received on both channels
to recover the symbols transmitted on each of them. Its principle of operation is illustrated in Figure 3(a) and its
basic structure is shown in Figure 3(b). It is formed with conventional FFE and DFEs and therefore its practical
implementation requires minimal additional complexity over the conventional scheme shown in Figure 2(b). The
mathematical formulation of its operation has been presented in [17].
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Figure 2. (a) Principle of operation and (b) basic structure of the conventional FFE and FFE equalizer.
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Figure 3. (a) Principle of operation and (b) basic structure of the recently proposed CAP equalizer.
3. EXPERIMENTAL STUDIES
The use of the CAP equalizer is demonstrated in two types of short-reach optical links employing CAP-16
modulation: (i) a VCSEL-based OM4 MMF link operating at 112 Gb/s [17] and (ii) a LED-based POF link
operating at 4 Gb/s [18]. The performance of each link is evaluated when both the CAP equalizer and a
conventional FFE and DFE equalizer are employed. To allow fair comparison between the two configurations,
the tap spacing (half the symbol period, T/2-spaced) and the total number of taps is kept the same for both
equalizers while the same received signal is used as input for each equalizer. For both types of links, the CAP-16
modulating signal is generated with an arbitrary waveform generator (AWG) while the signal demodulation and
equalization and BER estimation are carried out offline using Matlab. The equalizer taps are optimised based on
the transmission of a training pattern and are calculated using the least mean squares (LMS) algorithm. The BER
performance of the link is estimated after equalization is applied on a test pattern using the tap coefficients
obtained via the training process. The noise performance used for the BER calculations is based on noise
measurements carried out on the link for the same average received optical power, and the noise enhancement
introduced by each equalizer. For the data transmission experiments described below, both the training and test
pattern used are based on a 211-1 pseudorandom binary sequence (PRBS). For the test pattern, the input bits are
divided in groups of 4 bits and encoded in CAP-16 multi-level symbols. A similar process is carried out for the
training pattern, but the 4-bit groups are randomly re-ordered to generate a different CAP-16 modulating signal.
3.1 112 Gb/s CAP-16 VCSEL-based OM4 MMF link
The experimental setup used is shown in Figure 4. An 850 nm multimode VCSEL with a 3 dB bandwidth of ~25
GHz is employed as the light source and is biased at 12 mA bias current. The modulating electrical signal is
amplified to a 1.5 V peak-to-peak amplitude and is fed to the laser via a high-bandwidth bias tee. The emitted
light is coupled into a short MMF patchcord using a pair of microscope objectives (16×) and is transmitted over
the OM4 MMF. Two different OM4 fibre lengths are employed to test the performance of the link: 100 m and
150 m. The back-to-back (b2b) link (no OM4) is also tested to obtain a reference for the link performance. A
variable optical attenuator (VOA, Agilent NA7766A) is used to adjust the received optical power level. At the
receiver end, a PIN photodiode with 30 GHz bandwidth (D30-850M) and a 40 GHz RF amplifier (SHF 807) are
used to convert the received optical signal to their electrical counterpart and amplify it to appropriate amplitude
for demodulation. The received electrical waveforms including at least 256 periods of the transmitted data
pattern are captured using a digital phosphor oscilloscope (DPO, Tektronix DPO77002SX). The waveforms are
averaged and offline processed. The waveforms are demodulated and equalized using both equalizers. The total
number of taps of the two equalizers is the same and set to 27 taps for the FFE part and 27 taps for the DFE part.
The CAP equalizer has 22 taps on the main channel and 5 taps on the crosstalk channel for each part. Figure 5
shows the obtained noise-free constellation diagrams for the different link lengths and equalizer applied. It can
be clearly noticed that the CAP equalizer yields clear diagrams for all link lengths enabling successful recovery
of the transmitted symbols. On the contrary, the conventional equalizer fails to recover the transmitted symbols
for both the 100 and 150 m links. The BER plots for the links that achieve successful data transmission are
shown in Figure 6. The receiver sensitivity to achieve the BER threshold of 3.8×10 -3 required for hard-decision
forward error correction (HD FEC) is found to be -3.8 dBm, -2 dBm and 0.6 dBm for the b2b, 100 m and 150 m
OM4 MMF links respectively when the CAP equalizer is used.
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Figure 4. Experimental setup used in data transmission studies over the VCSEL-based OM4 MMF link.
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Figure 5. Constellation diagrams for 112 Gb/s CAP-16 transmission and 0 dBm average received optical power
for the different link lengths and the two equalizers used: (a) conventional equalizer and (b) CAP equalizer.

Figure 6. BER plots for the operating links for the different OM4 MMF lengths and the two equalizers.

3.2 4 Gb/s CAP-16 LED-based POF link
The experimental setup used for the data transmission tests is shown in Figure 7. A micro-pixelated LED
(µLED) with a 3 dB bandwidth of ~135 MHz at the bias current of 60 mA is used as the light source [26]. The
POF used in these experiments consists of standard step-index POF with 1 mm core diameter (Eska Mega). Two
different POF lengths are tested: 10 and 25 m. The back-to-back (b2b) link which includes a short (~1 m) POF
patchcord is also tested for reference. The light emitted from the µLED is coupled into the POF with an optical
lens, while at the POF output a pair of optical lenses is used to focus the light onto an 800 µm in diameter Si
avalanche photodiode (APD, First Sensor AD800-11). A free-space VOA is used to adjust the level of the
received optical power. The APD has a 3 dB bandwidth of 650 MHz. A 1 GHz low noise amplifier (MiniCircuits
ZFL-1000LN) is used to amplify the received signals. Multiple (> 256) periods of the transmitted waveforms are
captured with the DPO and averaged. The obtained waveform is offline processed with Matlab which includes
demodulation, equalization and BER estimation as described in the previous sections. Here, the total length of
the two equalizers is 60 taps for the FFE part and 60 taps for the DFE one. The CAP equalizer uses in each part,
FFE and DFE, 45 and 15 taps for the main and crosstalk channel respectively. Figure 8 shows the obtained
constellation diagrams for the different POF lengths when both the conventional and CAP equalizer are
employed. The CAP equalizer yields clear diagrams for all POF lengths under test and is able to recover the
transmitted symbols. The conventional FFE and DFE equalizer of the same total tap length is able to recover the
data transmitted for only the b2b and 10 m link. It fails to do so for the 25 m link. The respective BER curves for
the operating links are shown in Figure 9. The links employing the CAP equalizer exhibit a receiver sensitivity
for the FEC BER threshold of 1×10-3 of -18, -15.8 and -13 dBm for the b2b, 10 m and 25 m POF respectively.
The respective sensitivity values for the conventional equalizer are -17.6 and -14.3 dBm for the b2b and 10 m
link respectively. The use of the CAP equalizer provides a significant improvement in receiver sensitivity over
the conventional equalizer of 0.4 dB for the b2b link and 1.5 dB for the 10 m POF link.
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Figure 7. Experimental setup used in data transmission studies over the LED-based POF link.
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Figure 8. Constellation diagrams for 4 Gb/s CAP-16 transmission and -8.5 dBm average received optical power
for the different POF lengths and the two equalizers used: (a) conventional equalizer and (b) CAP equalizer.

Figure 9. BER plots for the operating links for the different POF lengths and the two equalizers.
4. CONCLUSIONS
CAP modulation is an attractive spectral-efficient modulation scheme which is increasingly considered for use in
free-space and fibre-based optical links to improve link capacity. However, the performance of CAP-based links
can be severely impaired by ISI and CCI when the frequency response of the transmission channel is not ideal.
Conventional equalization methods based on FFE and DFE equalizers fail to mitigate the induced CCI limiting
therefore the achievable data rates and link reach. As a result, we have proposed the use of a new equalizer
structure, named the CAP equalizer, for use in CAP-based transmission systems which can mitigate these
impairments and significantly improve the performance of the links. Its operation relies on the use of the signal
transmitted on both I- and Q- channels to recover the data transmitted on each of them. It can be implemented
with minimal additional complexity over the conventional FFE and DFE equalizer. Its use is demonstrated in a
112 Gb/s CAP-16 VCSEL-based OM4 MMF link and a 4 Gb/s CAP-16 POF link. It is shown that the CAP
equalizer enables longer reach for the two links (150 m and 25 m respectively) and improved receiver sensitivity
over the conventional FFE and DFE equalizer with the same total number of taps. This new equalizer with its
straightforward implementation paves the way to high-speed CAP-based short-reach optical links with improved
performance.
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