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Abstract Using a high-slope-efficiency broadband modulator with theoretically-predicted merit, we
demonstrated 900mVp,-driving, 384Gb/s PAM8 over 300m SMF in C-band with no Tx DSP, Rx-side
symbol-spaced 41-feedforward & 1-feedback-tap DFE, and hard-decision FEC. No optical or RF

amplification was used for reception.

Introduction

Short-reach intensity-modulation direct-detection
(IM-DD) systems with high data rate, e.g., beyond
300Gh/s, have potential applications of low-lane-
count datacenter interconnects (DCI) [1], future
business local area networks [2] and so forth.
Despite the data rate, the system should be
designed to be simpler than high-speed
core/metro ones. At analog side, operating with
CMOS-class driving voltages (e.g., sub-1Vpp [3])
is an attractive goal for a power-efficient
transmitter (Tx); omitting optical and radio-
frequency (RF) amplifiers at the receiver would
be laudable as well. At digital side, N-ary pulse
amplitude modulation (PAM-N) format may be
preferred over more complex modulation like
DMT to save one high-resolution digital-to-analog
converter (DAC), while the capacity can still be
appealing. Also, the receiver- (Rx-) side digital
signal processing (DSP) should be complexity-
bounded and implementation-friendly.

An electro-optical modulation device is one of
the key components for short-reach links. For
systems using external modulation, e.g., via a
Mach-Zehnder modulator (MZM), recently
remarkable progress has been made on
increasing the 3dB bandwidth (BW) for high-data-
rate transmission. Several materials/platforms
were explored, such as Lithium Niobate (LN) [4],
silicon photonics (SiPh) [5], plasmonics [6] and
hybrid ones [7]. However, in most >300Gb/s
demonstrations, optical and/or RF amplifiers
were needed to compensate for the RF-to-RF
signal loss during E/O (& O/E) conversion;
moreover, Tx & Rx DSP were still relatively
complicated regarding industry’s range of interest
(e.g., no Tx DSP; Rx equalizer has ~30
feedforward (FF) and 0~2 feedback (FB) taps

[8, 9).

In this work, we report fully-optical&RF-
amplifier-free reception of 384Gb/s PAM8 signal
transmission with low DSP complexity
simultaneously. A prototype LN MZM was
incorporated, designed with high figure of merit
(FoM) “slope efficiency (SLE)” that directly
reveals the RF-to-RF signal loss and takes into
account not only 3dB BW but also half-wave
voltage V» and optical losses of modulators.
Theoretical analysis and results reveal that
system performance can be competitive with the
high-SLE MZM even if the 3dB bandwidth seems
not advantageous. Experiments demonstrate
that (1) only 900mVpy driving voltage was
needed; (2) no optical or RF amplification was
used for reception; (3) No Tx DSP (pre-emphasis,
spectral shaping, etc.) was used while Rx-side
equalizer was a symbol-spaced decision-
feedback equalizer (DFE) with only 41 FF and 1
FB taps considering 20% hard-decision forward-
error correction (HD-FEC).

SLE model and theoretical system symbol/bit
error rate (SER/BER)
The frequency-dependent SLE of a traveling-
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Fig. 1. Theoretical link gain (in dB) of our high-SLE MZM, a
TFLN MZM and a silicon photonic (SiPh) MZM.



wave MZM swzm is defined as [10]
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Where Pp, R, Vn and Tx denote laser power,
source impedance, half-wave voltage and fiber-
to-chip-to-fiber transmittance (inverse of coupling
loss Ic times propagation loss Ip) respectively.
The RF-to-RF signal gain/loss G(f) of an IM-DD
link, or the power ratio of an RF input and the
corresponding output, is [10]

G(f) = Srznod O (f) (2)
Where rpo is the responsivity of the photodetector
(PD). In essence, higher G means a less-lossy
electro-optical link, indicating less demand for
optical/RF amplifiers and being helpful to operate
with CMOS-class voltage like sub-1V. Here, we
focus on the impact of modulator and assume the
PD is ideal (e.g., reo is unity (A/W)). In this case,
SLE determines G(f).
Theoretical SLE: Vx(f) is modelled as [11]
a(f)L
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Where Vo, a, and L denote Vx at DC, microwave
loss factor and MZM electrode length,
respectively. a(f) mainly depends on conductor
loss ac and dielectric loss aq; for example, in LN
MZM case [12]:

a(f) = acf** + ayf 4

Here, we study theoretical SLE of different
MZMs assuming identical P.o and R. In Fig. 1 we
plot SLE in dB or 20*log10(SLE) (normalized to
case (i) at f=1kHz) of 4 MZMs that achieved
>300Gb/s bit-rate:

(i) our high-SLE MZM (Vn0o=1.9V, 1c=3.3dB,
Ip=0.5dB);

(i) a thin-film LN (TFLN) MZM [4];

(iiif) TFLN [4] but assuming a low 1c=3.3dB;

(iv) a SiPh MZM [5].

Although the 3dB BW is smaller, our MZM has
a higher SLE at low frequencies, which yields
competitive BER performance of optical&RF
amplifier-free system, as shown next.

Theoretical SER/BER: Here we assume that
fiber dispersion doesn’t induce severe power
fading and there’s no optical or RF amplifier. In
such case, we may use Gaussian approximation
to derive theoretical SER. It needs the calculation
of discrete-time channel impulse response (CIR)
{gn}. If the signal baud-rate is B, Tx & Rx use
ideal low-pass filters (LPF, cut-off at B/2), Rx
ideally samples at B, we have
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Where F~1 and "Re” denote inverse discrete-
time Fourier transform and taking real-valued
part, respectively. For PAM-N format [13, 14],

gn=T_1
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Fig. 2: Theoretical BERs and simulated BERs vs (relative)
laser power of 150GBd PAM4 system with MZMs (i)~(iv).
Optical back-to-back was assumed to emulate a fiber-
dispersion-negligible regime. (The combined impact of
dispersion is left for future work.)
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With Taylor expansion of Eg. (3)-(4) and
approximations, one of approximated closed-
form expression of {g,,} could be:
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Where A = (I?a? —3Lay)/x (e.g., x=40) and
S(*) is the Fresnel Sine integral.

If finite-length digital FFE is considered, we
first derive the FFE weight vector ¢ using the
orthogonality principle [14, 16], and total impulse
response vector h is obtained by convolution:

h=c®g 9
And [14, 15]
SERpay-y = (N —1)/N -
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Finally, assuming 1 bit error per symbol error
(e.g., by Gray coding), BER of PAM-N can be
derived from SER as BER = SER/log, N.

Fig. 2 shows the theoretical and simulated
BER results of an 150GBd PAM4 (300Gb/s) IM-
DD system with different MZMs (i)~(iv). When
digital FFE is used, the theory can predict
performance quite accurately without time-
consuming Monte-Carlo simulations. Importantly,
we can see that when digital FFE is used, our
high-SLE MZM requires a relatively small laser
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Fig. 3: (a) Experimental setup. RH: remote head. (b) Optical
spectrum of 128GBd PAM8 signal at MZM output.

power, or equivalently, less demand for
optical/RF amplification at the same BER level.

Experimental demonstration

The experimental setup is shown in Fig. 3(a). At
the transmitter side, 128GBd electrical PAM8
signals were generated from a 256GS/s arbitrary
waveform generator (AWG, Keysight M8199A)
outputting at 2 samples per symbol (SpS) without
any DSP, such that a high-resolution wideband
DAC can be omitted. The peak-to-peak voltage
(Vpp) Of the signal was adjusted by a Keysight
M8158A remote head. The signal was modulated
onto a =100kHz-linewidth optical carrier at
193.8THz (=1547nm) via our single-drive high-
SLE MZM biased at the quadrature point. The
prototype MZM has an insertion loss of 3.8dB,
Vmo of 1.9V and ~5cm electrode length (with the
same device structure as in ref. [17]). >6dBm Tx
output was obtained with only 13dBm laser
power; higher Tx output power is possible by
using a power-tolerant polarizer at the input of the
MZM waveguide. The optical double-sideband
(DSB) PAM signal (optical spectrum shown in
Fig. 3(b)) was then transmitted over 300m single-
mode fiber (SMF, chromatic dispersion
equivalent to >2km in O-band) to the receiver.

The optical signal was detected by a 50GHz PD
and captured by a 256GSa/s oscilloscope. The
received optical power was 6dBm. The receiver
did not involve optical or RF amplifier. The offline
DSP includes resampling to 3-SpS and 10-tap
LPF, down-sampling with synchronization,
symbol-spaced DFE, and PAM8 demodulation.

Fig. 4(a) depicts the E/O response of the
packaged MZM, showing a 6dB bandwidth of
about 70GHz. The response at 50~100GHz
would still be competitive to modulators with
higher 3dB bandwidth but smaller SLE. Fig. 4(b)
shows the BER vs. Vpp of 384Gb/s PAM8 after
300m SMF. Receiver-side DFE with 31 or 61 FF
taps and 1 FB tap (denoted as DFE{31,1} and
DFE{61,1}) was tested, and in the following
measurements 900mVpp was adopted. Fig. 4(c)
shows the BER with number of FF taps in the
DFE, both optical back-to-back (OBTB) and after
300m. BER better than 20% HD-FEC limit (BER
of 1.44e-2 [18]) was achieved after 300m with
DFE{41,1}; performance was improved with
increased number of taps. Also, 20% soft-
decision (SD)-FEC limit (BER of 2.4e-2 [19]) was
reached with only DFE{13,1}. Finally, to show a
higher data rate supported by the MZM, 140GBd
(420Gb/s)  root-raised-cosine  (RRC)-shaped
PAMS8 after 300m was tested (Vpp=1.2V; using
another 90GHz PD). BER<2.4e-2 was achieved
with symbol-spaced 91-tap FFE.

Conclusions

We have demonstrated 384Gb/s PAMS
transmission over 300m in C-band with 900mVpp
driving voltages, optical & RF-amplifier-less
reception, and low DSP complexity. A high-SLE
MZM was fabricated and incorporated, while the
theoretical background has been presented.
Preliminary results of 140GBd (420Gb/s) PAM8
over 300m was also reported.
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