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Abstract We demonstrate a 224-GBaud CSRZ-OTDM optical transmitter achieving net bit rates of 2.59 
Tb/s/λ back-to-back and 2.52 Tb/s/λ after 80-km SSMF transmission. An 8×4 digital calibrator effectively 
compensates for spurious distortions. ©2023 The Author(s) 

Introduction 
Toward more efficient accommodation of rapidly 
growing data traffic, higher per-wavelength data 
rates are being pursued by researchers in the 
field of digital coherent transmission technologies. 
Fig. 1 summarizes recent results showing net bit 
rates exceeding 1.5 Tbps, each demonstrated 
with a single continuous-wave (CW) transmission 
light source. The bit rates up to 2.11 Tb/s were 
achieved by using two SiGe digital-to-analog 
converters (DACs) interleaved in the baseband 
(BB) in each signaling dimension [1-4], while 
those up to 1.96 Tbps were reached with a single 
SiGe DAC in each [5–10]. Transmitters with 
CMOS DACs and intermediate-frequency-
involving (IFI) interleaving technologies have also 
been explored, such as an optical phase-
interleaving transmitter operating at 1.68 Tbps 
[11] and electronic frequency-interleaving one at 
1.58 Tbps [12]. In principle, IFI interleaving is 
promising for achieving even higher bit rates as it 
extends the available signal bandwidth beyond 
the DACs’ analog bandwidth. On the other hand, 
recent SiGe DACs have shown excellent 
performance at 1 sample/symbol (Sa/sym) as 
their analog bandwidths exceeds their Nyquist 
frequencies [5–10]. 

In this study, we demonstrate a way to 
combine the benefits of the IFI interleaving and 1-
Sa/sym DACs. We use optical time-division 
multiplexing (OTDM) with carrier-suppressed-
return-to-zero (CSRZ) pulses, which multiplexes 
two single-carrier signals, each generated by 1-
Sa/sym DACs, to double the symbol rate with 
relatively simple optics and a high spectral 
efficiency [13]. To enhance the signal quality, we 
utilize an 8×4 digital calibrator to compensate for 
the distortions caused by spurious components 
and other imbalances in the transmitter. In an 
experiment using 112-GSample/sec (GSa/s) 
SiGe DACs and InP modulators, we demonstrate 
record CW-sourced single-carrier net bit rates of 

2.59 Tb/s and 2.52 Tb/s in back-to-back and 
over-80-km standard single-mode fiber (SSMF) 
transmission, respectively. 

Principle 
The configuration of the CSRZ-OTDM transmitter 
(single polarization) for generating 2B-Baud 
signals is shown in Fig. 2(a). We use a CW laser 
oscillating at a frequency of fc and a single null-
biased Mach-Zehnder modulator (MZM) driven at 
a frequency of B/2 as a CSRZ carver [14]. The 
carver’s output is sent to a delayed dual in-phase-
and-quadrature modulator (D2IQM), which has 
two IQMs connected in parallel with a relative 
time delay of 1/(2B). The D2IQM is driven by B-
Baud sub-signals generated by four DACs 
corresponding to the I and Q components of the 
two sub-channels, each operating at 1 Sa/sym. 
The digital signal processor (DSP) before the 
DACs is explained later. Fig. 2(b) is a time-
domain diagram of the CSRZ-OTDM signaling 
[13]. The symbol timings of the two sub-channels 
alternate, and each coincides with the extinction 
of the CSRZ waveform of the other sub-channel, 
avoiding inter-symbol interference. As shown at 
the top of Fig. 2(c), the CSRZ wave input to the 
D2IQM has two main frequency components at 

Fig. 1: Overview of recently reported single-carrier optical 

transmitters operating at net >1.5 Tb/s. 



  

fc±B/2. Thus, the signal power of the output from 
the D2IQM is mostly concentrated within the 
Nyquist frequency of fc±B, as shown in the middle 
and at the bottom of Fig. 2(c). As such, CSRZ-
OTDM is a frequency-efficient way of doubling 
the symbol rate with relatively simple optics. In a 
practical implementation, however, the CSRZ 
wave also has some spurious frequency 
components at fc and fc±B due to imbalances in 
the carver, as shown at the top of Fig. 2(c). If we 
simply drive the D2IQM with B-Baud sub-signals 
independent of each other, namely, without any 
calibration, the D2IQM’s output would be 
contaminated by signals convoluted to the 
spurious components, as shown in the middle of 
Fig. 2(c). Furthermore, imbalances between the 
two IQMs in the D2IQM would also degrade the 
signal quality. To compensate for those 
impairments, we use a frequency-domain 8×4 
digital calibrator in the DSP, as shown in Fig. 2(a). 
The calibrator shares the basic structure of the 
digital spectral weaver (DSW) we used in [11]; it 
generates signals to be sent to the DACs from 
four inputs and their spectrally flipped copies. The 
differences are that now the inputs are 1-Sa/sym 
sub-symbol sequences instead of spectral slices 
of the target signal. Since the calibrator 
compensates only for hardware imperfections, it 
makes only minor changes to those sub-symbol 
sequences, keeping the merit of 1-Sa/sym 
operation. 

Experiment 
We performed 224-GBaud digital coherent 
transmissions with the setup shown in Fig. 3(a). 
An offline PC and a 112-GSa/s SiGe arbitrary 
waveform generator (AWG, Keysight M8199A) 
were used to emulate a DSP interfaced with the 
DACs. The D2IQM chip (2.5×5.0 mm2) was 
fabricated by using the n-p-i-n InP modulator 
platform [15] and was mounted on an evaluation 
board with a four-channel driver amplifier, as 
shown in Fig. 3(b). A pair of spherical lensed 
fibers fixed to moving stages were used to 
optically access the D2IQM, whose optical 
insertion loss at 1550 nm with minimum-loss 
biases was 6.0 dB including fiber coupling losses. 
As shown in Fig. 3(c), the output optical spectrum 
of the D2IQM with CW input had a gullwing shape 
due to the strong peaking of the driver [16]. As 
the transmission light source and the local 
oscillator, we used two separate 1550-nm CW 
external-cavity lasers (ECLs) with a linewidth of 
~10 kHz. The CSRZ carver, which was also 
fabricated on the basis of the InP platform, was 
driven by a 56-GHz clock signal, which was split 
from the clock to drive the AWG. The output from 
the carver was amplified by an erbium-doped 
fiber amplifier (EDFA) to +18 dBm, and that from 
the D2IQM was also amplified by another EDFA 
before being input to an optical equalizer (OEQ) 
followed by a polarization-division-multiplexing 
emulator (PDME) with a 65.7-ns (~14.7k 

Fig. 2: (a) Transmitter configuration. (b) Time-domain diagram of CSRZ-OTDM. (c) Schematic spectrum of input waveform to 

D2IQM (top) and those of output signal without (middle) and with (bottom) calibrator. 

Fig. 3: (a) Experimental setup. (b) D2IQM chip on the evaluation board. (c) Output optical spectrum of D2IQM with CW input. 

(d) Optical spectra measured at different points of the setup. 



  

symbols) delay line. The optical signal spectra 
measured at the input and output of the D2IQM 
and the output of the OEQ are shown in Fig. 3(d), 
where the horizontal axis is the frequency relative 
to the optical carrier frequency. The input to the 
D2IQM (Fig. 3(d), top) had some spurious 
components at 0 and ±112 GHz along with the 
main components at ±56 GHz. The power ratio of 
the main to the largest (center) spurious 
component, P1/P0, was varied by controlling the 
bias of the carver to test the calibrator’s 
performance, and finally set to 25 dB for the 
transmission demonstration. The output 
spectrum of the D2IQM (Fig. 3(d), middle) 
corresponds to a convolution of those shown in 
Fig. 3(c) and at the top of Fig. 3(d). This twin-
gullwing spectrum was flattened by the OEQ (Fig. 
3(d), bottom). After transmission over 80-km 
SSMF, EDFAs, and an optical band-pass filter 
(OBPF), the PDM signal was received by a 
coherent receiver frontend followed by a 256-
GSa/s 110-GHz digital storage oscilloscope 
(DSO). In the offline DSP, we first optimized the 
calibrator’s coefficients by using test signals. 
Then, we transmitted 224-GBaud probabilistically 
constellation-shaped 144-level quadrature 
amplitude modulation (PCS-144QAM) signals 
each with a length of ~3×105 and a pilot overhead 
(OH) of 0.79%. To avoid overfitting, the test and 
QAM signals were generated on the basis of a 
random number generator (Mersenne Twister) 
with different seeds. The receiver-side analyses 
were performed in a similar manner as we did in 
[1]; the captured signals were resampled to 2 
Sa/sym before being demodulated by using a 
frequency-domain 8×2 adaptive equalizer with an 
FFT block size of 8,192 (corresponding to 4,096 
taps at a time domain T/2-spaced equalizer) with 
a pilot-based digital phase-locked loop. The net 
bit rate was calculated through a code-rate 
adaptation method based on a family of DVB-S2 
low density parity check (LDPC) codes [17] with 
a puncturing method [18] to enable rate-adaptive 

coding [19] assuming an outer hard-decision 
forward error correction code with a code rate of 
0.9922 and bit-error-rate threshold of 5×10−5 
[20]. 

Fig. 4(a) shows the symbol signal-to-noise 
ratio (SNR) of the PCS-144QAM signal with an 
entropy of 13.0 bits/4D-symbol at various P1/P0 
with and without the 8×4 calibrator. An SNR gain 
of ~2 dB, which corresponds to a bit-rate gain of 
~300 Gb/s in this case, was obtained by the 
calibrator at P1/P0 of 25 dB, and the gain 
significantly increased as P1/P0 decreased. Figs. 
4(b) and (c) show the normalized generalized 
mutual information (NGMI), required code rate, 
achievable information rate (AIR), and net bit rate 
as a function of the entropy for the back-to-back 
and over-80-km transmission cases, respectively. 
The AIR and net bit rate were calculated by 
C={H−(1−R)×16}/1.0079×0.224, where C is the 
AIR or net bit rate, H is the entropy per each 4D 
symbol, and R is the NGMI or code rate. 
Maximum net bit rates of 2.59 Tb/s for back-to-
back and 2.52 Tb/s for over-80-km-SSMF 
transmissions were achieved both at an entropy 
of 13.5 bits/4D-symbol. 

Conclusion 
We demonstrated the first >2.5-Tb/s CW-sourced 
single-carrier transmission by using a 224-
GBaud CSRZ-OTDM transmitter with 112-GSa/s 
1-Sa/sym SiGe DACs and InP modulators. An 
8×4 digital calibrator significantly enhanced the 
performance and tolerance to the spurious in the 
CSRZ wave. This technology is promising for 
achieving multi-terabit/λ optical transmission with 
a moderate hardware complexity. 
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