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All-ETDM 80-Gbaud (160-Gb/s) QPSK Generation
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Abstract—A single-polarization 160-Gb/s (80-Gbaud) elec-
tronically time-division-multiplexed (ETDM) quadrature
phase-shift-keyed (QPSK) signal is generated and coherently
detected using two 45-GHz-bandwidth oscilloscope prototypes
and offline processing.

Index Terms—Coherent communications, fiber-optic links.

I. INTRODUCTION

A DVANCES in the single-channel capacity of com-
mercial optical systems have typically been achieved

by increasing symbol rates to the highest rates supported
by state-of-the-art optoelectronic modulation and detection
hardware. Electronic time division multiplexing (ETDM) has
been used to achieve binary modulation up to 100 GBaud, as
demonstrated in several research experiments [1]–[3]; com-
mercial deployments are using 40-GBaud modulation and
direct detection [4]. Today, coherent detection combined with
digital signal processing (DSP) provides an additional increase
in single-channel bit rates through higher-order modulation
and polarization-division multiplexing (PDM). Commer-
cial coherent systems operate around 28 Gbaud, carrying
100-Gb/s payloads using PDM quadrature phase-shift-keying
(PDM-QPSK).
The previous highest-symbol-rate coherent QPSK experi-

ment using all-ETDM techniques was at 56 Gbaud; 224-Gb/s
PDM-QPSK was enabled by two cotriggered 80-GSamples/s,
30-GHz-bandwidth oscilloscopes acting as analog-to-digital
converters (ADCs) in the coherent receiver [5]. Here, we
report all-ETDM 80-Gbaud single-carrier QPSK generation
and coherent detection. Our single-polarization 160-Gb/s
QPSK signal is generated using novel high-power 100-Gb/s
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Fig. 1. 80-Gbaud (160-Gb/s) single-polarization QPSK transmitter. Inset: Op-
tical QPSK eye diagram measured at PRBS length.

Fig. 2. (a) Microphotograph of the 2:1 InP HBT multiplexer; (b) electrical
output eye diagram at 80 Gb/s for a PRBS .

indium phosphide heterostructure bipolar transistor (InP HBT)
electronic multiplexers. Two cotriggered 120-GSamples/s
oscilloscope prototypes, each supporting a single channel with
45-GHz bandwidth, make up the coherent receiver front-end.

II. EXPERIMENTAL SETUP

A. 80-Gbaud QPSK Transmitter

The transmitter setup is shown in Fig. 1. The in-phase (I)
and quadrature (Q) 80-Gb/s bit sequences are realized by
electrically multiplexing delay decorrelated 40-Gb/s
pseudorandom bit sequences (PRBS) from two independent
PRBS generators. The 2:1 multiplexers, fabricated using
high-speed InP-HBT technology [6], provide signals
from each of the differential outputs, thus providing a 2-Vpp
differential drive. Fig. 2 shows a photograph of the chip and
the measured electrical binary nonreturn-to-zero (NRZ) eye
diagram from one of the outputs. The signal is applied to the
respective I and Q arms of an integrated LiNbO double-nested
dual-drive Mach–Zehnder modulator without using driver am-
plifiers that could degrade the signal quality at these high data
rates. The modulator modulates light from an external cavity
laser (ECL) at 1550 nm with a linewidth of 5 kHz. We operate
above the specified 3-dB bandwidth of the modulator (37 GHz)
and below the optimal operating voltage swing V
and obtain an optical QPSK eye shown in Fig. 1, as measured
on a high-speed sampling oscilloscope with 70-GHz bandwidth
and a 100-GHz photodiode. We optionally pass the QPSK
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Fig. 3. Single-polarization coherent receiver based on two 120-GSamples/s os-
cilloscope prototypes with 45-GHz input bandwidth to individually detect the
signal’s two quadratures.

signal through a single-chip planar lightwave optical equalizer
(OEQ) with a 10-ps tap delay [7].

B. 80-Gbaud Coherent Intradyne Receiver

The coherent receiver (Fig. 3) consists of a two-stage Erbium-
doped fiber amplifier (EDFA), with a variable optical attenuator
(ATT) at the input to vary the received optical signal-to-noise
ratio (OSNR). An optical filter (OF) with a bandwidth of 1.1 nm
is used to reduce amplified spontaneous emission (ASE) noise.
The signal is combined with a free-running ECL local oscillator
(LO) of the same type as the signal laser in a polarization di-
versity 90 optical hybrid followed by balanced photodetection
with 39-GHz bandwidth to detect both quadrature components
of the single-polarization signal. Two LeCroy WaveMaster 8
Zi-A oscilloscope prototypes asynchronously sample and dig-
itize the signal at 120 GSamples/s for subsequent offline DSP.
One 45-GHz bandwidth channel is available per oscilloscope,
thus requiring two cotriggered units to measure both quadra-
tures of the desired signal polarization. The optical
signal power in the other polarization is monitored and
manually minimized to assure full detection of the single-po-
larization signal. A full polarization-diversity receiver could be
realized by adding two more 120-Gs/s oscilloscope inputs.
The high bandwidth and sampling rate of the scopes are ob-

tained by digital bandwidth interleaving (DBI) [8]. In previous
instruments, two 15-GHz channels were interleaved to provide a
30-GHz channel using DBI [5]. Here, three 20-GHz, 40-GSam-
ples/s channels are combined with a microwave front-end and a
DSP back-end. The input signal is split into three channels using
a triplexer (a microwave filter that separates the incoming signal
into three contiguous frequency bands). The mid and upper fre-
quency bands are down-converted to frequencies that are appro-
priate for the ADCs, and all three channels are digitized, pro-
cessed, and recombined by an embedded DSP algorithm. The
most important element in the DSP is the magnitude and phase
compensation. Fig. 4(a) shows the frequency response measure-
ment for the full acquisition system before (dotted) and after
(solid) DBI processing. The magnitude correction is achieved
using infinite impulse response (IIR) filters and phase compen-
sation through filters designed using inverse Fourier transform
techniques. At 45 GHz, the compensated oscilloscope transfer
function has rolled off by 2 dB. Fig. 4(b) plots the measured ef-
fective number of bits (ENoB) as a function of frequency. The
variation of ENoB shows little deviation from 400 MHz out to
45 GHz. In particular, no noticeable glitches are observed at 15
and 30 GHz, where the three subspectra are stitched together by
the DBI processing.
In order to capture the exact same time window on both

scopes, as required to interpret the two captured signals as real

Fig. 4. (a) Amplitude response of the 45-GHz acquisition system before and
after DBI processing. (b) ENoB measurement to 45 GHz.

and imaginary parts of the same optical waveform for further
intradyne DSP, a high-speed trigger signal from a 50-Gb/s
logic gate is applied to both instruments [5]. The small residual
random skew between the two channels due to trigger timing
jitter is compensated within the intradyne receiver algorithm by
digitally inducing a correcting time shift on prior to forming
the complex sample stream . At 120 GSamples/s, the
80-Gbaud signal is oversampled by a factor of 1.5. Since the
oscilloscope front-end acts as an anti-aliasing filter that limits
the signal spectrum to -GHz, sampling at GSamples/s
satisfies Nyquist’s criterion. Nevertheless, the 45-GHz elec-
trical filtering is equivalent to a sharp 90-GHz optical bandpass
filter, and some penalty from tight filtering is expected. (For
comparison, sharp filtering at 80/90–90% of the symbol rate
was shown to result in an OSNR penalty between 1 and 3 dB
[9], [10]).
After correcting for front-end skews, the offline intradyne re-

ceiver algorithm corrects for hybrid phase errors. It then over-
samples a portion of the signal by a factor of 3 using zero-
padding in the frequency domain and extracts the clock tone
at the symbol rate ( ) from the spectrum of the magnitude-
squared signal. Using the recovered clock, it synchronously up-
samples the signal from 1.5 to 2. Using the constant-modulus al-
gorithm (CMA) in combination with a 16-tap -spaced single
FIR filter (no butterfly structure is needed in our single-polariza-
tion experiment), the signal is adaptively equalized. Frequency
and phase estimation use the Viterbi-Viterbi algorithm, followed
by decision and differential decoding [5].

III. RESULTS AND DISCUSSION

Fig. 5(a) shows back-to-back bit-error-ratio (BER) measure-
ments for the 80-Gbaud (160-Gb/s) system as a function of the
OSNR (0.1-nm reference bandwidth, taking into account both
polarizations of the optical noise); data is plotted both for PRBS
sequences of (open triangles) and (open dia-
monds). At BERs below , we see a noticeable pattern-
dependent penalty that we attribute to the interplay between the
strong linear filtering and the pattern-dependent output wave-
forms of the high-speed multiplexers, resulting in difficult to
equalize intersymbol interference conditions. From the constel-
lation diagrams shown in Fig. 5(b), we also observe slightly
unequal spacings of the symbols in I and Q direction due to
slightly unequal multiplexer output swings. The system is fur-
ther limited by known 3-dB bandwidths of the optical modulator
(37 GHz), the balanced photodiodes (39 GHz) and the front-end
of the sampling oscilloscope (45 GHz), resulting in the need for
substantial equalization at the band edge.
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Fig. 5. (a) BER measurements for 80-Gbaud (160-Gb/s) QPSK with and
without OEQ; 56-Gbaud data [5], [11] are shown as a reference. (b) Constel-
lation diagrams for PRBS lengths of and , the latter with and
without OEQ, all measured at an OSNR of 34 dB.

Fig. 6. (a) Optimization of OEQ at 24-dB OSNR. (b) Optical spectra for 8- and
0-dB OEQ, corresponding to BER and constellations of Fig. 5.

In order to avoid noise enhancement caused by receive-side
equalization, we proceed to use pre-emphasis at the trans-
mitter by means of an OEQ to improve the BER performance.
Fig. 6(a) shows a plot of BER versus OEQ settings at a fixed
OSNR of 24 dB ( PRBS). The horizontal scale quantifies
the strength of optical equalization, as measured by the OEQ’s
maximum-to-minimum spectral transmission. The optical
spectra for 8-dB and no (0-dB) optical equalization are shown
in Fig. 6(b). Compared to the unequalized case, we clearly see
a reduction in BER ( dB in OSNR at BER )
when using an optimum equalization near 8 dB. This brings
the system performance to within 3 dB (at BER )
of the previously reported 56-Gbaud data (solid circles) [5],
[11], leaving a -dB implementation penalty at 80 GBaud.
The theoretical curves for 56 and 80 GBaud are also shown as
reference in Fig. 5(a). Recovered constellation diagrams for
the cases with and without OEQ are also shown in Fig. 5(b),
measured at an OSNR of 34 dB.
In order to compare the equalizing action of the transmit-side

OEQ and the receive-side CMA-adapted digital FIR equalizer,
Fig. 7 shows the transfer function of the fully adapted FIR equal-
izer for 4 different input signals, optically equalized by 0, 4, 8,
and 12 dB. In the absence of OEQ, the digital equalizer boosts
the band edges by about 10 dB. Other OEQ settings let the dig-
ital equalizer adapt to different filter shapes, maintaining a total
of dB of combined OEQ and DSP-based high-pass charac-
teristics.

Fig. 7. DSP equalization strength for four different received optically equal-
ized signals with varying OEQ settings.

IV. CONCLUSION

We have demonstrated the first 80-Gbaud all-ETDM co-
herent detection experiment, enabled through the use of high
speed InP HBT multiplexers with high output voltage swing
and 45-GHz real-time oscilloscope prototypes. This single-po-
larization experiment represents a first step toward realizing

-GBaud ETDM-based PDM-QPSK transmission. The
Back-to-back BER measurements show a required OSNR of
20 dB at a BER of , revealing a -dB implemen-
tation penalty.
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