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Abstract— In this letter, we demonstrate experimentally 400-G
transmission over 500 km using an InP-based dual-polarization
IQ modulator on a single wavelength. The results show that a
56-Gbaud polarization division multiplexed (PDM)-16-quadraticamplitude modulation (QAM) modulated signal can be transmitted over 500 km at a bit error rate (BER) below the hard decision
forward error correcting threshold of 3.8 × 10−3 . A 43-Gbaud
PDM-64-QAM modulated signal can be transmitted over 320 km
with a BER below the soft decision forward error correcting
threshold of 2 × 10−2 .
Index Terms— Coherent system, digital signal processing,
indium phosphide based modulator, modulation formats.

I. I NTRODUCTION

C

ONTINUOUS increase in data rate requirements especially for short reach and metro applications is creating
significant demand for 400G capable systems. There are
several approaches to achieve this high data rate. One approach
is to use high symbol rates and low order modulation formats.
For example, a super-Nyquist filtered 110 Gbaud polarization
division multiplexed (PDM)-QPSK signal is used to reduce
the signal bandwidth to 100 GHz [1]. Another approach is to
use higher order modulation formats including 16-QAM [2],
[3], or 64-QAM [4], and operate at lower symbol rates. All
of these approaches require digital signal processing (DSP)
at the transmitter and the receiver (some is done in the
optical domain as in [3]). Another approach is to use either
wavelength division multiplexing, for example dual-carrier 32
Gbaud PM-16-QAM [5], or time division multiplexing [6].
Current challenges include realizing high data rate systems
implemented using reduced complexity transmitters. InP-based
Mach-Zhender modulators (MZMs) operating at low voltages
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with reported values of Vπ ranging from 1 to 2.5 V are a
viable technology option [7]–[9]. Also, InP-based devices can
be integrated with lasers [7], RF amplifiers [9] and SOAs [10].
Several single carrier transmission demonstrations have
been reported that utilize InP-based IQ modulators operating
over varying distances, data rates, and modulation formats.
In [7], the authors demonstrated long haul transmission at
32 Gbaud PDM-QPSK and PDM-16-QAM over 8000 km, and
960 km, respectively. In [11], a 28 Gbaud 64-QAM modulated
signal is transmitted over 40 km at a BER of 1.0 × 10−2 .
In this letter, we demonstrate 400G transmission using
a 2.5V Vπ InP-based dual-polarization IQ modulator (DP-IQM) on a single carrier using 16-QAM at
56 Gbaud, and 64-QAM at 38 Gbaud, and 43 Gbaud.
These modulation schemes enable 400G transmission after
overhead removal. To achieve this result, we implement
DSP at the transmitter and the receiver, as will be discussed
later, including transmitter frequency response equalization,
non-linear compensation for MZM response, and other DSP
algorithms. Also, an experimental comparison is performed
between an InP-based and a LiNbO3 based DP-IQM. The
remainder of the letter is organized as follows: Section II is
dedicated to the DP-IQM description. Section III discusses the
experimental setup and the DSP functions. Section IV presents
the experimental results, and we conclude in Section V.
II. InP-BASED DP-IQM
InP-based modulators offer a significant size reduction
compared to LiNbO3 modulators due to larger phase-voltage
efficiency per unit length attributed to the Quantum Confined
Stark Effect. The DP-IQM used in this experiment is packaged
in a 41 mm by 19 mm module and uses two InP chipon-carriers as described in [8]. Fig. 1 shows a schematic
illustrating the DP-IQM design. The input optical power is
collimated and split between the two InP chips using a freespace micro-optic 3 dB splitter. A standard aspheric lens is
used to focus the light into the InP waveguide and a spot
size converter integrated into the modulator was designed to
reduce the coupling losses at the waveguide interface. Each InP
chip has two nested MZ structures having co-planar slot-line,
series push-pull travelling-wave electrodes designed for highspeed RF modulation. Phase bias and substrate bias controls
are also required to set operating points and maintain constant
modulation voltage over wavelength, respectively. The optical
modulated signal coming out of the Y-polarization chip is
rotated by 90° before being combined with the X-polarization
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Fig. 2.
Fig. 1.

InP-based DP-IQM schematic.

signal using a micro-optic polarization combiner. The
X-polarization path shows an optical delay component necessary to equalize the optical path between both polarizations
to limit the skew to less than 5 ps. The combination of the
X and Y signals is collimated and focused inside a standard
SMF fiber at the output.
The modulator exhibits an insertion loss below 10 dB
and a X/Y imbalance of better than 1 dB over the C-band.
The Vπ for this design is 2.5V and the 3 dB bandwidth is
greater than 35 GHz for all the MZ structures.
III. E XPERIMENTAL S ETUP AND DSP S TACK
A. Experimental Setup
Fig. 2 shows the experimental setup deployed to
demonstrate the performance of the DP-IQM. An AC-coupled
8-bit digital-to-analog converter (DAC), operated at 65.7 GSps,
generates four 1.2 Vpp differential outputs at the maximum
output voltage swing. The four differential outputs are connected to four differential inputs of a quad linear amplifier
which produces four 5 Vpp single-ended signals used to drive
the DP-IQM. The optical source is a 100 kHz linewidth
external cavity laser (ECL) operating at 1550.12 nm with
15.5 dBm optical power.
After modulation, the optical signal is amplified with a
booster to a fixed average power of approximately 23 dBm.
The booster is followed by a variable optical attenuator (VOA)
used to adjust the launched power of the signal to its optimum value according to the modulation format and symbol rate used. The signal is then launched into an optical
re-circulating loop containing four spans. Each span contains
80 km of SMF-28e+ followed by an inline erbium-doped fiber
amplifier (EDFA) with 5 dB noise figure. The second span
is followed by a tunable filter with the center wavelength at
1550.12 nm and bandwidth of 2 nm.
The output signal from the re-circulating loop is coupled
with a noise signal using a 3-dB coupler for characterization
purposes. The noise loading is done using an amplified spontaneous emission (ASE) noise source followed by a VOA to
control the optical signal-to-noise ratio (OSNR). The output
of the 3-dB coupler is followed by a 99% coupler with the
1% port connected to an optical spectrum analyzer (OSA) for
OSNR measurements. The 99% port is connected to a 0.8 nm
filter followed by pre-amplifier and a second VOA. The optimum received power determined experimentally is 7.4 dBm.
This high input power is required in order to compensate for

Experimental setup.

the 10 dB loss of the optical hybrid, thus insuring adequate
received optical power. A 15.5 dBm, 100 kHz linewidth ECL
operating at 1550.12 nm is used as a local oscillator laser. The
optical hybrid is followed by four balanced detectors feeding
a 33 GHz, 8-bit, real time oscilloscope (RTO) operating at
80 GSps for offline signal processing.
B. DSP Stack
Fig. 3 illustrates the DSP stack used at the transmitter and receiver. The transmitter DSP (Tx-DSP) starts with
N-QAM symbol generation, generating four random streams
for dual polarization transmission. Each stream is uniformly
distributed over M levels where M = log2 (N). Next, the
generated symbols are pulse shaped using a root-raisedcosine (RRC) filter at 2 samples per symbol. The roll-off
factors used in the RRC filter for 56, 43, 38 Gbaud signals
are 0.1, 0.4, and 0.5, respectively. Next, the four streams are
re-sampled to the 65.7 GSps sampling rate of the DAC. This
is followed by clipping and non-linear compensation for the
MZM transfer function which is needed in order to have
equally-spaced constellation points after optical modulation.
Then, an equalizing filter is used to compensate for the
frequency response of transmitter components including (i) the
DAC (3-dB bandwidth of 13 GHz), (ii) the quad linear driver
(3-dB bandwidth of 30 GHz), and (iii) the DP-IQM (3-dB
bandwidth of 35 GHz). Compensation of the overall frequency
roll-off of the transmitter minimizes the RF swing out of the
DAC. This results in a lower RF signal swing applied to the
DP-IQM via the quad linear driver. Therefore there is a tradeoff between the amount of transmitter frequency response
compensation applied at the transmitter versus the RF input
swing applied to the DP-IQM. The transmitter equalizing
filter is experimentally optimized at each symbol rate. The
transmitter frequency response compensation is followed by
signal quantization to 256 levels for the 8-bit DAC.
The receiver DSP (Rx-DSP) starts with IQ power imbalance
compensation and quadrature error correction using
Gram-Schmidt orthogonalization [12]. Next, the data is
re-sampled from 80 GSps to double the symbol rate. After
re-sampling, frequency domain chromatic dispersion (CD)
compensation is performed [13] followed by frequency offset
removal using the periodogram method [14]. Then, matched
filtering is done followed by a timing recovery to select the
appropriate sampling instance [15]. Clock recovery is not
required because a common reference clock is supplied to
the DAC and RTO. Next, synchronization is performed using
a cross-correlation between the received symbols captured
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DSP stack used for the transmission: (a) Tx-DSP; (b) Rx-DSP.

by the RTO and the training symbols. Initial polarization
tracking is done using the training symbol least mean
squares (TS-LMS) algorithm [16]. After initial convergence,
decision directed LMS (DD-LMS) for steady-state operation
is used. Finally, phase noise and residual frequency offset are
mitigated by a second order phase locked loop (PLL) [17]
that is included within the TS- and DD-LMS algorithms.
IV. R ESULTS
Fig. 4(a) shows the BER versus transmission distance for a
56 Gbaud 16-QAM signal at different launched powers. After
sweeping the launched power, we found that the optimum
launched power is 3 dBm for all transmission distances. At the
optimum launched power, 448 Gbps can be transmitted over
500 km while operating below the HD-FEC threshold. Also,
at 0 km, which is a back-to-back (B2B) configuration with no
noise loading, we measure a non-zero BER floor of 2.4×10−4 .
Next, Fig. 4(b) shows the BER versus OSNR in 0.1 nm
bandwidth for the 56 Gbaud 16-QAM signal measured using
noise loading in B2B configuration. In addition, we plot
the theoretical BER vs. OSNR curve which assumes white
Gaussian noise is added on an otherwise noise free undistorted
signal. We also include the measured B2B BER floor of
2.4 × 10−4 at an optimum launch power of 3 dBm taken
from Fig. 4(a). Because of the presence of this noise floor we
conclude that the experimental OSNR curve at large OSNR
values (∼> 40 dB) will converge to this 2.4 × 10−4 BER
value. Furthermore at these high OSNR values the system
is operating with very low optical noise because there is no
optical noise loading in this configuration. Hence, we conclude
that this BER floor is caused by the electrical noise in our
system, and that the dominant contribution to this noise is
the in-band transmitter electrical noise power. The result is
the observed 5 dB implementation penalty between measured
and theory curves at HD-FEC. This measured implementation
penalty is consistent with recent reports of 16QAM systems
operating at similar symbol rates [19], [20].
Regarding the origins of the transmitter electrical noise, the
dominant contributions to this electrical noise lying within
the signal bandwidth are the DAC, and the RF amplifiers.
Contributions to the noise generated by the DAC include:
digital waveform clipping, quantization noise, and decreasing
effective number of bits (ENoB) with increasing frequency.
Further, the RF amplifiers generate thermal noise. In addition

generating the IQM drive signals requires pre-emphasis DSP
at the transmitter in order to pre-compensate the linear system
responses of the components which have limited bandwidths.
The resulting signal swing from the DAC post DSP is reduced
significantly. Hence, the separation between the four levels
used to generate 16 QAM signals is very small. This separation
will be further reduced when generating eight level signals
used in 64 QAM formats. This low amplitude signal, which
includes excess electrical noise as per above, is amplified
by the high gain RF amplifier which adds additional noise.
Finally, the large bandwidth of a 56 Gbaud signal integrates
large amounts of in-band electrical noise.
Next, Fig. 4(c) shows the BER versus transmission distance
at optimum launched power of 2 dBm for both 38 Gbaud
64-QAM and 43 Gbaud 64-QAM signals both delivering
400G with HD-FEC and SD-FEC overheads, respectively.
We observe that using 64-QAM modulation format limits the
transmission distance compared to 16-QAM. Using 38 Gbaud
64-QAM, the maximum reach is limited to 150 km at
HD-FEC. The shorter reach for 64-QAM compared to
16-QAM can be explained by comparing the required OSNR
in B2B at HD-FEC in Figs. 5 and 4(b) for both 38 Gbaud
64-QAM and 56 Gbaud 16-QAM, respectively. We observe
that an OSNR of around 32 dB is required at HD-FEC for
38 Gbaud 64-QAM (Fig. 5) as opposed to only 27 dB for
56 Gbaud 16-QAM (Fig. 4(b)).
Finally in Fig. 5, the B2B BER versus OSNR system
performance while operating at 38 Gbaud 64-QAM is reported
for a 35 GHz InP and a 27 GHz LiNbO3 DP-IQM. This headto-head comparison between the two DP-IQM is performed
by removing the InP-based DP-IQM in Fig. 2 and installing
LiNbO3 DP-IQM and then optimizing the pre-emphasis filter.
We choose this symbol rate, which ensures 400G raw data
rate, in order to make a proper comparison between the two
platforms such that the impact of the difference in the bandwidth between the two modulators on the system performance
is minimized (we use an RRC pulse at 38 Gbaud with a roll-off
factor 0.5 which ensures that approximately 91% of the signal
energy is confined below 19 GHz). We observe in Fig. 5 a
difference of approximately 0.3 dB between the performance
of the InP modulator and the LiNbO3 modulator in favor of the
InP modulator. In addition we observe ∼6 dB implementation
penalty relative to theory for both modulators, the explanation
for which is given above when detailing the 56 Gbaud results.
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Fig. 4. (a) 56 Gbaud 16-QAM BER versus distance per launched power with B2B constellation shown. (b) BER versus OSNR for 56 Gbaud 16-QAM.
(c) BER versus distance for 38 Gbaud and 43 Gbaud with B2B constellations shown.

Fig. 5. 38 Gbaud, 64 QAM, BER versus OSNR system performance as a
function of modulator platform.

V. C ONCLUSION
We demonstrated 400G transmission using an InP-based
DP-IQM on a single carrier including the required overhead
at different modulation formats and symbol rates, namely
16-QAM at 56 Gbaud and 64-QAM at both 38 and 43 Gbaud.
Transmission of the 56 Gbaud 16-QAM signal needs lower
OSNR and can propagate over longer distances (more than
500 km) compared to 64-QAM signals at lower symbol rates.
These results show the viability of using InP-based DP-IQM
to meet 400G transmission system requirements.
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