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ABSTRACT
A programmable InP-based Tbit optical-DAC transmitter is discussed. Through electro-optic co-design and
simulation of the transmitter’s components, the performance is evaluated. The comparison with a traditional
DAC plus linear driver approach is presented, with a significant advantage of the optical DAC for complex
modulation schemes. Low power (1.3 pJ/bit) transmission of a 56 Gbaud dual-polarization probabilisticallyshaped 256-QAM signal is shown.
Keywords: optical DAC, segmented Mach-Zehnder modulator, CMOS, quadrature amplitude modulation
(QAM), coherent optical communications, Tbit transmitter.
1. INTRODUCTION
Large throughput and low energy consumption are today's main drivers in the optical communications
community. Efficient DAC-free transmission of quadrature amplitude modulated (QAM) signals has been
recently demonstrated by using segmented Mach-Zehnder modulators (SEMZMs) equipped with a set of high
frequency phase shifters. SEMZMs are the key components that enable the digital to analog conversion to
happen in the optical domain. This so-called optical-DAC (oDAC) exhibits the major advantages of simplifying
the transmitter architecture and significantly lowering the overall power consumption, since it removes the need
for both an electronic DAC and a linear driver, required to amplify the DAC’s output before the optical
modulator. As such, the oDAC finds large application potential in multiple scenarios, ranging from intradatacenter interconnects, to long-haul telecom links.
In last years, low-power complex modulation at high symbol rates has been demonstrated by employing
oDACs [1], [2]. With respect to alternative modulators technologies, InP-based oDACs show high electro-optic
efficiency, larger electrical bandwidth and lower optical insertion loss. Inherently, InP provides freedom in
design space due to the possibility to monolithically integrate lasers or optical amplifiers, thus compensating for
the complete optical losses of the photonic integrated circuit (PIC) itself.
Most recently, transmission of a dual-polarization 32 Gbaud 256-QAM signal over 80 km of standard single
mode fiber (SSMF) with 6.4 pJ/bit power consumption has been presented [3]. The previous implementations
showed, however, limits in the performance due to low electro-optical bandwidth and varying amount of nonlinearity. The trend toward higher-order M-QAM formats in coherent systems comes with increased resolution
requirements for multi-level signal generation. Transmitter-side DSP, now commonplace in modern coherent
optical systems, also increases the minimum number of DAC bits needed in order to enable functionalities such
as pulse shaping, MZM linearization, and pre-compensation for chromatic dispersion as well as component
frequency response. The use of high-resolution electronic DACs and highly linear amplifiers comes at the price
of higher cost and energy consumption.
The InP-based oDAC transmitter proposed in this work implements a programmable transfer function, which
allows near-perfect linearization of the SEMZM in a near analog fashion. Since the transfer function is internally
programmed, the entire digital resolution at the oDAC’s inputs (4 bits for the presented device) is available for
QAM symbol generation and other DSP functions such as pulse shaping. Thus, and with respect to a solution
based on an electronic DAC, the proposed oDAC transmitter requires lower power and fewer high-speed digital
inputs, making assembly and packaging simpler and less expensive. Intentionally-nonlinear DAC transfer
functions have been shown to outperform equivalent-resolution linear DACs in specific applications [4]. The
proposed oDAC, thanks to its programmable transfer function, is shown here to be perfectly suited for such
scenarios.
2. OPTICAL-DAC TRANSMITTER WITH PROGRAMMABLE TRANSFER FUNCTION
The programmable InP-based oDAC transmitter architecture is shown in Fig. 1. It comprises an InP IQ-SEMZM
and two driver CMOS ICs, one for the in-phase (I) and one for the quadrature (Q) signal. Both the PIC and the
ICs are to be flip-chipped on a printed circuit board (PCB).
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Figure 1. oDAC transmitter architecture.

Figure 2. Transfer function of the oDAC.

The assembly approach is selected despite the fact that it requires more effort than a standard wire bonded
solution, as it is expected to deliver smallest interconnect parasitics and enable 56+ Gbaud operation. The InP
PIC includes two segmented modulators within an area of (1 × 11) mm2. These share a common biasing mesa
and a common optical input and output. The active region of each Mach-Zehnder interferometer is divided into
21 segments of different lengths, within the range from 70 to 190 µm. The segments’ geometry is optimized for
smallest parasitics, with narrow gold electrodes and multiple gold bridges. Additionally, the segments are
provided with a pair of input pads each, on which gold pillars for flip-chip are placed.
The overall active lengths of the SEMZMs is 4.2 mm and the developed CMOS drivers are to be mounted in
parallel, in a way to address all active modulator segments. A programmable Look-Up-Table (LUT) maps the
4-bit input to a set of differential output inverters, meant to drive the 21 modulator segments. The signals at the
IC outputs are retimed to match to the speed of the optical wave in the modulator, thus ensuring maximum
bandwidth and electro-optic efficiency. The power consumption for each of the driver chips is targeted at
600 mW, which would results in 2.6 pJ/bit in the case of 56 Gbaud 256-QAM operation.
The combination of the IC programmable LUT with the chosen PIC’s segments configuration enables any of
the 4-bit words at the IC’s input to be mapped to one out of 770 (≈29.5) discrete available optical field
amplitudes at the output of each SEMZM (Fig. 2). These levels can be selected to be linear or intentionallynonlinear, according to the specific application and signal to be transmitted. The proposed oDAC segment
number and lengths configuration has been chosen in a way that maximizes the amount of distinct reachable
field amplitudes. At the same time, the maximum distance between successive amplitude levels, here equal to
0.2% of the full-scale range, is minimized. Assuming equidistant levels with this step size, this would correspond
to approximately 8.9 bits of resolution for a linear DAC.
3. ELECTRO-OPTIC CO-SIMULATION ENVIRONMENT
3.1 Modelling of the InP-based oDAC transmitter
Addressing a large number of symbols in the constellation plane sets stringent requirements on the transmitter
components in terms of bandwidth and low distortion. Particularly at high speed, the parasitics of the chip
interfaces and those coming from their physical assembly play an increasingly relevant role in the determination
of the quality of the modulated signal. For 56 Gbaud 256-QAM operation, optimization of the different
components as a whole, and not as independent parts, becomes mandatory. The expected performance of the
oDAC transmitter is evaluated by means of co-simulation in the electrical and optical domains. The full
simulation environment includes Ansys HFSS, Keysight ADS, Cadence Virtuoso, MATLAB, and
VPItransmissionMaker Optical Systems.
The electrical waveforms applied on the SEMZM’s active sections, i.e. the signal inducing the modulator’s
phase shifts, are simulated. A lumped circuit model corresponding to the implemented segments’ and
interconnects’ designs is used as a load for the IC inverters. To extract this model, 3-dimensional (3D) electrooptic full-wave electromagnetic (EM) simulations are carried out including flip-chip bonding technologies
(Fig. 3). The equivalent passive electrical model is extracted by comparing the lumped S-Parameters with the 3D
EM simulation results from 1 GHz to 60 GHz. The simulated electrical waveforms on the different modulator
segments are then combined into one, from which the optical field at the modulator’s output is calculated with
the use of transfer matrices. With insight on the optical field, the IC, the interconnects, and the PIC segments are
individually optimized. In addition, this full optical-DAC model allows for the investigation of specific aspects
of the different components on the overall performance. As an example, the influence of the timing mismatch
between the IC electrical and the SEMZM optical waves on the error-vector magnitude (EVM) of a pulse-shaped
28 Gbaud 16-QAM signal is investigated (Fig. 4). It is observed that, when the cumulative timing mismatch on
the last modulator segment sums to the length of a full bit, the EVM increases from 1% (no mismatch) to
over 17%.
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Figure 3. Cross-sectional view of the EM simulation
with top-view detail of a low parasitics segment.

Figure 4. EVM vs. mismatch between
electrical and optical waves.

3.2 Advantages of the programmable transfer function InP-based oDAC for M-QAM signal generation
Simulations are performed in VPItransmissionMaker Optical Systems to compare the oDAC transmitter against
a conventional modulator employing linear DACs and power amplifiers. To isolate the effects of finite resolution
on QAM signal generation, the bandwidth limitation of the components is turned off for these simulations.
Transmitter-side DSP is optionally employed for Raised-Cosine (RC) pulse-shaping and MZM transfer function
linearization; the latter being only necessary for the case of the conventional travelling-wave electrodes IQMZM with linear DAC. Signal clipping is applied prior to feeding the modulation signal to the modulator, with
the clipping level determined such that a desired percentage of the signal amplitude is thresholded. The signal is
then normalized to fully drive the MZM with a 2∙Vπ swing.
In the case of the oDAC, the 16 output field levels are selected so as to linearize the overall SEMZM transfer
function and to minimize the error from the ideal constellation points. When pulse-shaping at 2 samples/symbol
is employed, the transition sample levels are optimized using Lloyd’s algorithm [5]. The following formats are
investigated: RC-shaped 28 Gbaud 16-QAM, RC-shaped 28 Gbaud probabilistically-shaped (PS)-64-QAM at
4 bits/symbol and 56 Gbaud PS-256-QAM at 7 bits/symbol without pulse-shaping. The EVM is used to quantify
the offset of the generated symbol points from the ideal constellation.
Figure 5 (left) shows the results obtained with the 28 Gbaud RC-shaped 16-QAM signal (roll off = 0.2). As
expected, the oDAC achieves a near-perfect symbol constellation, regardless of the amount of clipping. In
contrast, the linear DAC requires at least 6 bits of resolution to produce an EVM of <5% at all clipping levels.
The 5-bit and 6-bit linear DACs are able to generate a good constellation only for specific clipping values. This
is explained by the fact that changing the clipping % while maintaining the same 2∙Vπ swing has the effect of
shifting the linear DAC’s output quantized levels; as a result, the generated constellation can be aligned ideally
(provided there is enough resolution), yielding a low EVM result. However, the amount of clipping is
a parameter that should ideally be freely optimized by the system designer, and not restricted to a limited range
of values.
It should be noted that in the case of the linear DAC, it is possible to reduce the swing of the modulating signal
such that one operates in the (quasi) linear portion of the MZM transfer function, and then pre-distortion that
‘wastes’ DAC resolution can be avoided. Alternatively, the swing can also be reduced until the generated symbol
levels align with the ideal constellation. However, both cases will result in reduced OSNR at the output of the
transmitter, compared to the oDAC approach, which can make use of the full swing without any performance loss.
Figure 5 (right) shows the EVMs obtained for the linear DAC as a function of resolution, when generating
Raised Cosine 28 Gbaud PS-64-QAM with 4 bits/symbol, and 56 Gbaud PS-256-QAM with 7 bits/symbol,
without pulse-shaping. No signal clipping is employed in these cases. The EVM of the 4-bit oDAC (<0.25% for
both cases) which is indicated by the dashed line, can only be matched by a linear DAC with at least 8 or 9 bits
of resolution.

Figure 5. (Left) Comparison of the EVM of the 4-bit oDAC vs. linear DAC resolutions for RC-shaped
16-QAM. (Right) EVM as a function of linear DAC resolution for the PS formats investigated.
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4. TRANSMISSION PERFORMANCE
Simulations are again carried out in VPItransmissionMaker Optical Systems to evaluate the transmission
performance of the InP-based DAC transmitter in a realistic application scenario, comparing to a conventional
QAM transmitter with linear electrical DACs of varying resolutions. For these studies, the frequency response of
the entire oDAC transmitter is taken into account (i.e. IC output drivers, interconnects and segment layout); to
enable a fair comparison, the same frequency response is applied to the electrical waveforms feeding the
conventional transmitter. Dual-polarization (DP) versions of the same three formats as in the previous section are
investigated: The 28 Gbaud RC-shaped DP-16-QAM (with 0.5% clipping) is transmitted over 10 spans of 75 km
SSMF (launch power of 0 dBm), the 28 Gbaud RC-shaped DP-PS-64-QAM over 4 spans of 75 km (launch
power of -2 dBm), and the 56 Gbaud DP-PS-256-QAM without pulse-shaping over 1 span of 50 km (launch
power of -2 dBm). The simulations include nonlinear Kerr effects as well as stochastic polarization effects. ASE
noise is added at the receiver, the signal is filtered with a bandpass optical filter and then coherently detected and
digitized. After demodulation with standard DSP (CD compensation, time-domain 2×2 MIMO equalization,
carrier frequency and phase recovery), the BER is estimated with direct error counting.

Figure 6. BER as a function of OSNR for the three simulated transmission scenarios.
Figure 6 shows that in the case of the pulse-shaped DP-16-QAM, the oDAC clearly outperforms the 5 bit linear
DAC, despite having only 4 bits of resolution. At the HD FEC threshold of 3.8∙10-3, the 5 bit linear DAC shows
an OSNR penalty of ~0.4 dB w.r.t the InP-based oDAC, while the 6 and 7 bit linear DACs perform much closer
to the oDAC. For the DP-PS-64QAM, the 5-bit linear DAC exhibits a much larger penalty of 1.5 dB. In fact, at
least 7 bits of resolution are needed for performance close to that of the InP-based oDAC. The performance
penalties of the 5- and 6-bit DACs are even higher in the case of the 56 Gbaud DP-PS-256-QAM; again, at least
7 bits are needed for a linear DAC in order to match the performance of the InP-based DAC.
5. CONCLUSIONS
The concept, modelling and simulated performance of an InP-based optical DAC have been presented. The
results show the significantly improved performance of the 21-segment InP-based oDAC compared to
a traditional approach with a high-resolution electrical DAC. In order to obtain small penalty like the 4-bit
oDAC, a minimum of 7 bits of resolution are required for a linear DAC in the case of a 56 Gbaud DP-PS-256QAM transmission. Furthermore, the InP-based oDAC simplifies the transmitter and significantly lowers its
energy consumption, as it does not necessitate dedicated DACs and power-hungry linear drivers: Only 1.3 pJ/bit
are expected with the oDAC.
The InP-based oDAC as a combination of advanced CMOS drivers with efficient and low optical insertion loss
InP SEMZM is an excellent and most flexible candidate to be used for Data-Center, Metro, and Long-Haul.
Depending on the scenario, 56 Gbaud PM-PS-256-QAM or 4λ-16-PAM, both generated with the InP-based
oDAC, serve as excellent approaches for programmable, high-performance, low-power Tbit transmitters.
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