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Abstract: The feasibility of a single sideband (SSB) PAM4 intensity-modulation and direct-
detection (IM/DD) transmission based on a CMOS ADC and DAC is experimentally
demonstrated in this work. To cost effectively build a >50 Gb/s system as well as to extend
the transmission distance, a low cost EML and a passive optical filter are utilized to generate
the SSB signal. However, the EML-induced chirp and dispersion-induced power fading limit
the requirements of the SSB filter. To separate the effect of signal-signal beating interference,
filters with different roll-off factors are employed to demonstrate the performance tolerance at
different transmission distance. Moreover, a high resolution spectrum analysis is proposed to
depict the system limitation. Experimental results show that a minimum roll-off factor of 7
dB/10GHz is required to achieve a 51.84Gb/s 40-km transmission with only linear feed-
forward equalization.
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1. Introduction

Recently, a significant amount of research has been dedicated to investigate optical
interconnect solutions to achieve >50-Gbps data rate as well as 220-km distance [1-4] in
order to support rapid increases in networking traffic. To cost effectively reach a data rate 250
Gbps and a transmission distance =20 km, the intensity-modulated and direct-detection
(IM/DD) scheme is still preferred [2—4]. Four-level pulse amplitude modulation (PAM4) is a
promising modulation format to achieve better spectrum efficiency than on-off keying (OOK)
without increasing the complexity of the transceiver [5,6]. Even though a PAM4 signal needs
only half the optical bandwidth to send the same bit rate as an OOK signal, its transmission
distance is still limited by dispersion-induced power fading. To compensate for power fading
without using dispersion compensating fiber (DCF), the single sideband (SSB) technique is
proposed [7-9]. Generally, two main methods, complex modulation with a Hilbert transform
and intensity modulation with a vestigial-sideband (VSB) filter, can generate a SSB signal.
To generate a SSB signal with a Hilbert transform, a typical approach is to use a Mach-
Zehnder modulator (MZM) based optical IQ modulator and high resolution Digital to analog
converters (DACs) to modulate the complex signal on optical carrier. Both I1Q modulator and
the high resolution DACs can increase the complexity and cost of the transmitter [7,8]. On the
other hand, an intensity modulated SSB signal can be generated by a low cost electro-
absorption modulated laser (EML) in conjunction with a passive optical filter, where the EML
and optical filter can be integrated into a single device [9,10]. Nevertheless, a high roll-off
factor of the optical filter is required to achieve a high sideband suppress ratio (SSR).

In this study, we systematically investigate the relationship between EML-induced chirp,
dispersion-induced power fading and the requirements of the SSB filter. To practically
discuss the feasibility of an EML-based SSB PAM4 IM/DD transmission system, we use a
CMOS-based digital to analog convertor (DAC) and analog to digital convertor (ADC) in
place of an instrument-based arbitrary waveform generator (AWG) and high speed real-time
scope. To further discuss the required SSR and roll-off factor of the SSB filter at different
transmission distance, a high resolution spectrum analyzer is utilized to measure the shape
and distributions of sideband power of the SSB signal. Moreover, to show the tolerance of
SSR at different transmission distance without being affected by the variation of carrier to
signal power ratio (CSPR), SSB filters with different roll-off factors are employed. This study
realizes 51.84-Gb/s 40-km standard single mode fiber (SSMF) transmission under the FEC
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limit (BER = 3.8x107*) with only a LMS-based linear equalizer as well as a minimum filter
roll-off of 7 dB/10GHz.

2. Experimental setup

The experimental setup used in this study is shown in Fig. 1. A 51.84-Gb/s (25.92-GBaud/s)
baseband electrical PAM4 signal was generated by a CMOS-based DAC, featuring a 51.84-
GSa/s sampling rate and 8-bit resolution. A gain-adjustable electrical amplifier was inserted
to adjust the driving power of an EML at the wavelength of 1540 nm. The EML is biased at a
voltage of —1.9 V with an output power of 0.6 dBm. Then, the PAM4 signal was intensity
modulated by the EML, followed by an Erbium-doped fiber amplifier (EDFA) and a variable
optical attenuator (VOA) to enable the fiber launch power of 7.5 dBm. After SSMF
transmission, the OSNR is controlled by a second EDFA and VOA on the receiver side. An
optical wave shaper (Finisar, WaveShaper 4000S) is employed as a SSB filter as well as an
amplified spontaneous emission (ASE) noise filter. Then, the signal was direct-detected by a
28-GHz PIN-TIA receiver and captured by a CMOS-based ADC featuring a sampling rate of
80 GSa/s. A 90:10 optical splitter was inserted after the second EDFA to tap out 10% of the
optical power to a spectrum analyzer (Finisar, WaveAnalyzer) to monitor the optical
spectrum. The captured digital signal was demodulated using an offline DSP program and a
least mean squares (LMS) based linear feed-forward equalization (FFE) filter with 20-taps is
used for equalization. Finally, the errors were determined to calculate the bit error rate (BER).

cmos | |
CMOS ADC
DAC Offline
Process
Wave
Legend: Analyzer [P

Amp: Amplifier; VOA: Variable Optical Attenuator; OTF: Optical Tunable Filter
EML: Electro- Absorption Modulated Laser; SSMF: Standard Single-mode Fiber; OS: Optical Splitter

Fig. 1. Experimental setup of an EAM-based SSB PAM4 IMDD transmission.
3. Chirp effect in the SSB system

Unlike an MZM, the EML-based intensity modulation induces additional phase modulation
because of the bias-dependent chirp [3]. The chirp not only causes an unsymmetrical optical
spectrum but also worsens power fading, thereby affecting the requirements of the SSB filter.
Firstly, considering the chirp induced phase modulation, the normalized power of a double
sideband signal (DSB) after fiber transmission and direct detection can be represented [11] as
follow:

P. =(1+ ) cos’2n’ B,Lf* —tan™' &) @)

where ¢« is the chirp factor, and L, 3, and f are the fiber length, dispersion parameter and

frequency of the signal, respectively [11]. The cosine term in the Eq. (1) determines the
periodic fading in signal power over frequency. The main signal lobe bandwidth will become
narrower when the transmission distance L increases or the positive chirp factor increases.
Figures 2(a) and 2(b) show the received electrical spectrum of a DSB PAM4 signal at 40 km
and 80 km, respectively. According to Eq. (1), a chirp factor of ~0.76 at the EML’s bias of
—1.9V can be calculated by using either the first dip frequency of the spectrum at 40 km or 80
km. Figure 2 also shows the corresponding simulated frequency responses with and without
chirp. To compensate the power fading, a SSB filter should achieve a certain SSR at the faded
frequencies. However, the positive chirp worsens the power fading, thus increasing the roll-
off requirement of the SSB filter. In Fig. 2, the frequencies of the first dips with chirp are 2.3
GHz and 1.6 GHz smaller than those without chirp at 40 km and 80 km, respectively.
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Figure 3 shows the transfer curve of the EML and the corresponding first faded dips’
frequency at 80 km as well as the calculated chirp factors. Similar to a typical EML, a
negative chirp can be obtained by lowering bias voltage at the price of nonlinear distortion.
Note that the transfer curve as well as the relationship between the chirp factor and the bias
voltage varies among different models. For example, a negative chirp can be obtained by
adjusting the bias voltage to less than —0.55 V in [3] while less than —2.5 V bias voltage is
used in this work. Since we use linear equalizer only in this work, —1.9 V bias voltage is the
optimized condition under the tradeoff between dispersion and nonlinear distortion.
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Fig. 3. Transfer curve of the EML and the corresponding first faded dips’ frequency at 80 km
as well as the calculated chirp factors as 80 km.

Secondly, the chirp induces an asymmetric optical spectrum [12,13]. The optical spectrum
measured by the spectrum analyzer with a RBW of 150 MHz as shown in Fig. 4(a). In Fig.
4(a), the frequency of the optical carrier is fixed at 194.868 THz, and the filter center is set to
194.845, 194.875 and 194.895 THz to generate lower sideband (LSB), DSB and upper
sideband (USB) signal, respectively. Because of the chirp, the optical power close to the
carrier has ~5dB difference between LSB and USB of the DSB signal. Moreover, after
employing the SSB filter, the USB signal suffers from severe power loss at the frequency
close to the carrier, thus inducing severe distortion after direct detection. Figure 4(b) shows
the received spectrums of LSB and USB signal at 80 km, respectively. The USB signal
obviously suffers from more distortion than LSB signal. Thus, the LSB signal is chosen in the
following discussions.
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Fig. 4. (a) the optical spectrum of signal with DSB, LSB and USB filter, and (b) the
corresponding received spectrum at 80 km.

4. OSNR, CSPR and SSR in the SSB system

Since the SSB signal sacrifices half of the side band power to compensate the power fading,
optical amplifiers are most likely required to increase the transmission distance to 80 km and
beyond and to support wavelength-division multiplexing (WDM) transport systems. Thus, the
OSNR becomes an important parameter in the SSB system. Figure 5(a) shows the BER of
LSB signal as a function of OSNR at back-to-back (B-t-B), 40 km and 80 km, respectively.
The OSNR is measured by an optical spectrum analyzer with resolution bandwidth (RBW) of
0.1 nm, and the OSNR can be controlled by adjusting the input power of the second EDFA as
shown in Fig. 1. Three of the corresponding normalized optical spectrum at the BER of about
3.8x107 are shown in Fig. 5(b) as references. According to the BER results at 40 km,
transmission induced nonlinear distortion limits the BER when the OSNR is over 42 dB.
Moreover, the fiber launch power of 7.5 dBm is determined by the tradeoff between the linear
ASE-noise of EDFA and fiber nonlinearity, so the highest launch power of the second EDFA
is of 9.2 dBm at 80 km, namely the highest OSNR of 40.2 dB. To compare the performance
under different settings among different transmission distance, the launch power of the
second EDFA is fixed to 9.2 dBm in the following discussion.
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Fig. 5. (a) the BER of LSB under different OSNR at B-t-B, 40 km and 80km, and (b) the
corresponding normalized optical spectrum at the BER of about 3.8x107°.

In a SSB system, in addition to the OSNR, two main parameters, sideband suppression
ratio (SSR) and carrier to signal power ratio (CSPR), affect the performance. A spectrum
analyzer is utilized to measure optical spectrum with RBW of 150 MHz, and the RBW can be
rescaled by the convolution of the measured spectrum with a rectangular pulse. Relative to
the frequency of the optical carrier, the LSB power and USB power are measured at 12.5 GHz
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with a rescaled RBW of 21 GHz, and the SSR is defined as the power ratio between LSB and
USB. Since the LSB is the selected sideband, the CSPR is defined as the power ratio between
optical carrier and LSB. To select the LSB signal, the center frequency of the 40-GHz optical
filter is fixed at 194.845 THz, and the optical signal is operated at the frequency around
194.875 THz. The relative frequency between the optical carrier and the filter is optimized by
adjusting the temperature of laser. Similar to the characteristic of a typical DFB laser [14], the
wavelength variation of the EML used in this work is about 1 GHz/0.1°C.

Figure 6(a) shows the BER results as a function of carrier frequency at the received power
of 0 dBm and Fig. 6(b) shows the corresponding SSR and CSPR. The high CSPR can be
observed in Fig. 4(a), and the optimized CSPR is mainly limited by the nonlinearity of EML
as well as the signal-signal beating interference (SSBI) induced by the SSB signal. Since
there are no dispersion and power fading at B-t-B, both LSB and USB contribute power after
direct detection. Thus, adjusting the carrier to lower frequency to increase signal power of the
USB improves the performance as shown in Fig. 6(a). After fiber transmission, severe power
fading limits the signal bandwidth as shown in Fig. 2, so increasing SSR can compensate the
power fading and improve the BER. As shown in Fig. 6(a), the BER continuously reduces as
the SSR increases to 14.7 dB and 15.6 dB at 40 km and 80 km, respectively. However, since
the spectrum response of the filter does not have an ideal square edge, adjusting carrier
frequency to higher frequency does not only increase SSR but also reduce CSPR as shown in
Fig. 6(b). Low CSPR induced SSBI dominates the performance after compensating the power
fading [15], so the BER increases quickly as the CSPR decreases. There exists a system
performance tradeoff between SSR and CSPR. Note that there are several SSBI cancellation
as well as nonlinear distortion compensation techniques that have been proposed [9,15-19]
and it is evident that such techniques can improve some of the results presented here.
Nevertheless, the primary purpose of this work is to contribute to the basic understanding of
the requirements and limitations of a VSB filter approach without resorting to often
impractical nonlinear compensation schemes.
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Fig. 6. (a) the BER results under different carrier position at B-t-B, 40 km and 80 km,
respectively, and (b) the corresponding SSR and CSPR.

5. Filter roll-off requirement analysis

To further discuss the required SSR of the filter at different transmission distances, the carrier
frequency is fixed at 194.868 THz and then five different filter roll-off factors of 23.2, 17.3,
10.4, 7.0 and 5.3 dB/10GHz, as shown in Fig. 7(a), are applied to achieve different SSR as
shown in Fig. 7(b). Thus, the carrier power as well as the CSPR can be maintained within a
small range. The optical spectrums in Fig. 7(a) and 7(b) are measured by the spectrum
analyzer with a RBW of 150 MHz. As discussed in Fig. 2, the locations of the faded dips
depend on the transmission distance as well as the amount of chirp, and the SSR is relatively
important at these frequencies. Figure 8(a) shows the SSR as a function of the relative
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frequency and roll-off factor, where the SSR is measured by the high resolution spectrum
analyzer. Figures 8(b) and 8(c) show the corresponding power loss of the received electrical
signal at 40 km and 80 km, respectively. Due to the high resolution of the optical spectrum,
the relationship between filter roll-off, SSR and compensated ratio at each faded frequency
can be clearly observed. Cross comparing the SSR in Fig. 8(a) and the power loss in Figs.
8(b) and 8(c), at least 9-dB SSR is required to achieve a power loss less than 3 dB, that is to
say, the minimum roll-off of 16 and 19 dB/10GHz are required at 40 and 80 km, respectively.
Although there are several faded dips within the signal bandwidth, the first faded dip is the
most critical and requires the highest roll-off factor of filter to compensate it. Note that we
used the wave shaper to generate the VSB filter without adding phase response. So, if a filter
edge correlated with phase change, the relationship between SSR and transmitted loss as
shown in Figs. 8(a) and 8(c) would be different due to the additional phase rotation.
Moreover, as references to commercialized filters such as WDM multiplexer (MUX) /
demultiplexer (DeMUX) / arrayed waveguide grating (AWG), the roll-off factors of these
products can be roughly estimated from their specification. For example, a commercialized
ITU 100-GHz grid WDM MUX/DEMUX/AWG typically features a 3-dB bandwidth of ~0.3
nm and an adjacent channel isolation of > 25dB [20-22]. Therefore, the roll-off factor can be
estimated as >3.7 dB/10GHz. Likewise, the roll-off factors of 50-GHz (3-dB bandwidth of
~0.3nm) and 25-GHz (3-dB bandwidth of ~0.2nm) grid WDM MUX/DEMUX/AWG can be
estimated as >8 dB/10GHz and >19 dB/10GHz.
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Fig. 7. (a) the optical spectrum of filters with different roll-off, and, and (b) the corresponding
optical spectrum of the optical signal after applying the filters.
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corresponding transmitted loss of the received signal at (b) 40 km and (c) 80 km.

Figure 9(a) shows BER results at the received power of 0 dBm under different filter roll-
off factors at B-t-B, 40 km and 80 km, respectively. Figure 9(b) shows the corresponding
aggregate SSR and CSPR. Similar to the results in Fig. 6, the BER at B-t-B continuously
worsens as the filter roll-off increases, while the BERs for 40 km and 80 km results
continuously improvement until the power fading is fully compensated. However, contrary to
the results in Fig. 6, we do not have trade-off between SSR and CSPR such that CSPR stays
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almost the same at about 20 dB while SSR increases. Therefore the change in BER is mostly
from the change in SSR. It is important to note that SSR should be measured with proper
integral bandwidth. The aggregate SSR should include the frequency band affected by the
first faded dip, to properly account for the penalty caused by power fading. For example, if
the integral bandwidth is reduced from 21 GHz to 3 GHz while the center frequency remains
at 12.5 GHz from the carrier, SSR can be saturated as shown in the dotted line in Fig. 9(b),

before the lowest BER at 80 km is reached.
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Fig. 9. (a) the BER results under different roll-off of filter at B-t-B, 40 km and 80 km,
respectively, and (b) the corresponding SSR and CSPR.

Finally, BER curves as a function of received power under different roll-off factors and
transmission distances are shown in Fig. 10(a). The corresponding eye diagrams at the
received power of 0 dBm are shown in Fig. 10(b) as a reference. Decreasing the SSR
improves the performance at B-t-B. Since the CMOS ADC used in this work does not contain
an embedded automatically gain controlled amplifier, we adjust the gain of TIA to fit the
ADC’s input range. However, the TTA gain is not sufficient for the received power less than
—4dBm, such that the receiver sensitivity is limited at about —5 dBm under the FEC limit
(BER = 3.8x107) at B-t-B. At 40 km, the sensitivity with roll-off factors of 23.2, 17.3, 10.4
and 7.0 dB/10GHz are -2.1, 2.0, 0.2 and 1.0 dBm, respectively. Namely, a 40-km
transmission can be achieved with the minimum roll-off factor of 7 dB/10GHz, and the best
sensitivity with 3-dB improvement can be achieved with the minimum roll-off factor of 17.3
dB/10GHz. The interference at 80-km is severe, causing the BER to not be able to reach the
FEC limit with only linear equalization, even if the power fading is fully compensated by a
filter with 23.2 dB/10GHz roll-off.
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Fig. 10. (a) The BER curves under different filter roll-off at B-t-B, 40 km and 80 km,
respectively, and (b) the corresponding eye diagrams at the received power of 0 dBm.
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6. Conclusion

In this work, we systematically investigate the feasibility of an EML-based SSB PAM4
IM/DD transmission system based on CMOS ADC and DAC. The EML-induced chirp not
only worsens the dispersion-induced power fading but also breaks the symmetry of the optical
spectrum. These issues limit the freedom of sideband choice as well as increase the SSB filter
requirements. Moreover, the system exhibits a tradeoff between SSR and CSPR while
optimizing the relative frequency of signal and filter. To separate the effect of SSR and
CSPR, we employ filters with different roll-off factors to demonstrate the performance
tolerance at different transmission distances. An SSR analysis based on a high resolution
spectrum is also proposed to depict SSB system’s fundamental limitation. Experimental
results show that at B-t-B both signal power and SNR decrease when the roll-off factor
increases. On the contrary, a minimum roll-off factor of 7 dB/10GHz is required to
compensate power fading and to achieve a 51.84-Gb/s 40-km transmission with only linear
feed-forward equalizer. In our experiment, however, the signal cannot reach 80 km because of
the limited OSNR and nonlinear distortion.





