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100G and Beyond: Trends in
Ultrahigh-Speed
Communications (Part I)

iber optics underpins the communication
infrastructure of today’s information society. Rapid
progress in advanced modulation formats,
high-gain coding, optical amplification, coherent
detection with digital signal processing, and new

types of transmission fibers have significantly affected optical
communications. Increasing transmission capacity and bit
rate per channel is the trend for optical transmission systems
and networks. Commercial transmission capacity has
increased more than one hundred thousand times since the
first optical transmission system was deployed in the 1980s.
Spectral efficiency of a single channel has increased from
0.025 b/s/Hz to 2 b/s/Hz. Bit rate per channel for commercial
products has increased from 155 Mb/s to more than 100 Gb/s.
Larger capacity is driven by the proliferation of broadband
FTTH access networks, broadband wireless communications,
and high-speed data communication systems in data centers
and high performance computing. High bit rate per channel
simplifies the management of complex optical networks.
Although 100G is just the beginning of the commercial
manufacturing and deployment stage, major optical
networking research groups have been focusing on
standards and technologies beyond 100G. The challenge of
generating 400 Gb/s and 1 Tb/s per channel and transmitting
at these speeds is one of the hottest topics in recent
conferences on optical communications. Many
forward-looking solutions have been proposed, and
experiments have been carried out to achieve these high bit
rates.

Globally, many research groups have been developing
novel enabling technologies for meeting the requirements of
high capacity and high bit rate operation using spectrally
efficient multiplexing and modulation formats. These
advanced techniques include single-carrier polarization
multiplexing QPSK (which is currently used in 100G

commercial products), multicarrier optical orthogonal
frequency division multiplexing, multicore or multimode
spatial multiplexing, and coherent detection based on digital
signal processing. For high-speed optical signal
transmission, a traditional transponder with direct modulation
and detection has a simple, low-cost architecture. However,
the transmission distance at high bit rate is limited by the rigid
requirements of high optical signal-to-noise ratio,
polarization mode dispersion, and optical/electrical filtering
effects. Coherent detection based on digital signal
processing is becoming the trend for optical signal receivers
because it can lift these limitations. The change from direct
detection to coherent detection is revolutionary. Receiver
architecture, transmission fiber and distance, and network
management will be completely reshaped from previous
direct-detection systems.

This special issue includes comprehensive reviews and
original technical contributions that cover the rapid advances
and broad scope of technologies in optical fiber
communications. The invited papers of Part I of this issue
come from service providers, telecommunication equipment
manufacturers, and top universities and research institutes.
After peer review, eleven papers were selected for this special
issue. We hope it serves as a timely and high-quality
networking forum for scientists and engineers.

The first two papers come from service providers. In the first
paper,“High Spectral Efficiency 400G Transmission,”Dr.
Xiang Zhou from AT&T labs gives an overview of the
generation and transmission of 450 Gb/s wavelength-division
multiplexed channels over the standard 50 GHz ITU-T grid at
a net spectral efficiency of 8.4 b/s/Hz. In the second paper,
“Direct-Detection Optical OFDM Superchannel for
Transmitting at Greater Than 200 Gb/s,”Dr. Peng Wei Ren et
al. from KDD&I propose and experimentally demonstrate a
direct-detection optical

Gee-Kung ChangGee-Kung Chang Jianjun YuJianjun Yu Xiang WangXiang Wang
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orthogonal-frequency-division-multiplexing (OFDM)
superchannel and optical multiband receiving method to
support a data rate higher than 200 Gb/s and to support
longer distance for direct-detection systems.

Papers 3-9 come from universities that are renowned for
research on optical transmission. In the third paper,“Spatial
Mode Division Multiplexing for High-Speed Optical Coherent
Detection Systems,”Professor William Shieh from the
University of Melbourne proposes using spatial mode division
multiplexing to increase transmission capacity. In the fourth
paper,“Exploiting the Faster-Than-Nyquist Concept in
Wavelength-Division Multiplexing Systems by Duobinary
Shaping,”Dr. Jianqiang Li from Chalmers University of
Technology presents a novel algorithm at the coherent
receiver that is based on digital signal processing and is
designed to tolerate strong filtering effects. In the fifth paper,
“Super Receiver Design for Superchannel-Coherent Optical
Systems,”Dr. Cheng Liu from Georgia Institute of Technology
presents a novel super-receiver architecture for
Nyquist-WDM superchannel coherent systems. This receiver
detects and demodulates multiple WDM channels
simultaneously and performs better than conventional
coherent receivers in Nyquist-WDM systems. In the sixth
paper,“Design of Silicon-Based High-Speed Plasmonic
Modulator,”Professor Yikai Su from Shanghai Jiao Tong
University proposes a silicon-based high-speed plasmonic
modulator. This modulator is based on a double-layer
structure with a 16 um long metal-dielectric-metal plasmonic
waveguide at the upper layer and two silicon single-mode
waveguides at the bottom layer. In the seventh paper,“Key
Technology in Optical OFDM-PON,”Professor Xiangjun Xin
from Beijing University of Posts and Telecommunications
proposes a novel optical access network based on OFDM. In
the eighth paper,“Compensation of Nonlinear Effects in
Coherent Detection Optical Transmission Systems,”Professor
Fan Zhang from Beijing University reviews two kinds of
nonlinear compensation methods: digital backward

propagation, and nonlinear electrical equalizer based on the
time-domain Volterra series. The last paper comes from a
telecommunication equipment manufacturer. In“Performance
Assessment of 1 Tb/s Nyquist-WDMPM-RZ-QPSK
Superchannel Transmission over 1000 km SMF-28 with MAP
Equalization,”Dr. Ze Dong from ZTE (USA) evaluates the
transmission performance of a 1 Tb/s (10 × 112 Gb/s)
Nyquist-WDM PM-RZ-QPSK superchannel over a widely
deployed SMF-28 fiber with and without MAP equalization.

We thank all authors for their valuable contributions and all
reviewers for their timely and constructive feedback on
submitted papers. We hope the contents of this issue are
informative and useful for all readers.
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This paper gives an overview of the generation and transmission of 450 Gb/s wavelength-division multiplexed (WDM) channels over the
standard 50 GHz ITU-T grid at a net spectral efficiency (SE) of 8.4 b/s/Hz. The use of nearly ideal Nyquist pulse shaping, spectrally-efficient
high-order modulation format, distributed Raman amplification, distributed compensation of ROADM filtering effects, coherent equalization,
and high-coding gain forward error correction (FEC) code may enable future 400G systems to operate over the standard 50 GHz grid
optical network.

spectral efficiency; optical; modulation format; coherent

Xiang ZhouXiang Zhou
(AT&T Labs-Research, Middletown, NJ 07748, USA)

High Spectral Efficiency 400G
Transmission

Abstract

Keywords

1 Introduction
ptical transport costs have traditionally been
lowered by increasing per-channel data rates
and spectral efficiency (SE). With 100 Gb/s
wavelength-division multiplexed (WDM)
technology being made commercially available

in 2010, research is now being conducted on per-channel bit
rates beyond 100 Gb/s that have spectral efficiencies greater
than 2 b/s/Hz. It is likely that 400 Gb/s will be the
next-generation transport standard [1]. From an historical
point of view, increasing the transport interface rate in
proportion to SE has minimized the cost per bit transmitted. In
line with this trend, SE of 8 b/s/Hz might be needed for future
400 Gb/s systems (Fig. 1). Such SE enables future 400 Gb/s
systems to operate over existing optical networks with 50 GHz
WDM channel spacing; therefore, it is very attractive from a
carrier’s perspective.

Because of several limitations, transmitting 400 Gb/s
per-channel signals on the 50 GHz WDM grid is very
challenging. First, according to Shannon theory, 11.76 dB
signal-to-noise ratio (SNR) is required for an 8 b/s/Hz
400 Gb/s system, and this is higher than in current 2 b/s/Hz
100 Gb/s systems (without taking fiber nonlinearity into
consideration). Second, fiber nonlinearity limits the allowable
launch power and, consequently, the achievable signal SNR.
Furthermore, a higher-SE modulation format is less tolerant of
fiber nonlinearity because of the reduced Euclidean distance.
Third, non-ideal passband shapes from optical network
components, such as the widely used reconfigurable

add/drop multiplexer (ROADM), cause significant channel
narrowing. Finally, a high-SE modulation format is less
tolerant of laser phase noise, which may introduce extra
penalty.

Spectrally efficient, high-order coherent modulation
formats, coherent detection, transmitter- and receiver-side
digital signal processing (DSP), distributed Raman
amplification, high-coding-gain forward error correction
(FEC) code, and new low-loss, low-nonlinearity fibers have
all been considered as enabling technologies for next
generation high-speed transport systems. These
technologies are currently being explored by the research
community. Single-channel bit rates beyond 100 Gb/s have
been demonstrated using single-carrier high-order coherent
modulation formats (up to 448 Gb/s) [2] and
multicarrier-based high-order coherent modulation formats
(up to 448 Gb/s [3],[4] and 1.2 Tb/s [5]). For WDM
transmission, the following have been demonstrated using
polarization-division-multiplexed (PDM)-16 QAM, digital
coherent detection, distributed Raman amplification, and new
ultralarge-area fiber (ULAF): 50 GHz-spaced,
10 × 224 Gb/s over 12 × 100 km with SE of 4 b/s/Hz [6];
70 GHz-spaced, 10 × 456 Gb/s over 8 × 100 km with SE of
6.1 b/s/Hz [7]; and 100 GHz-spaced, 3 × 485 Gb/s over
48 × 100 km with SE of 4 b/s/Hz [8].

Recently, 400G transmission over the standard 50 GHz
WDM grid has been demonstrated using PDM-32 QAM
[9]-[11]. In [10], 8 × 450 Gb/s WDM signals transmitted over
400 km of ULAF fiber and passing through one 50 GHz grid
wavelength-selective switch (WSS)-based ROADM was
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demonstrated with net SE of 8 b/s/Hz. This was the first
demonstration of a 400G WDM system over the standard
50 GHz grid optical network. In [11], the transmission reach
was extended to 800 km by introducing a broadband optical
spectral-shaping technique to compensate for ROADM
filtering effects. This is the longest transmission distance
beyond 4 b/s/Hz that has been demonstrated for WDM SE.
Key enabling technologies and experimental results are
reviewed in the following sections.

In section 2, the 450 Gb/s PDM-Nyquist-32 QAM
transmitter is described. In section 3, the coherent receiver
and DSP algorithms are presented. In section 4, two WDM
transmission experiments and back-to-back are presented.
In section 5, a summary is given.

2 450 Gb/s PDM-Nyquist 32-QAM
Transmitter
To overcome limited digital-to-analog converter (DAC)

bandwidth, a frequency-locked five-subcarrier generation
method is used to create the 450 Gb/s
per-channel signal [10], [11]. Fig. 2
shows the demonstrated 450 Gb/s
PDM-Nyquist-32 QAM transmitter. The
output from a continuous-wave (CW)
laser with line width of approximately
100 kHz is split by a 3 dB optical coupler
(OC). One output is sent to a
Mach-Zehnder modulator (MZM-1)
driven by a 9.2 GHz clock in order to
generate two 18.4 GHz-spaced
subcarriers per channel (the two
first-order signal components) that are
offset from the original wavelengths by
± 9.2 GHz. After an erbium-doped fiber
amplifier (EDFA) and a 12.5/25 GHz
interleaver filter (ILF), the original
wavelengths and second-order
harmonics are suppressed by more than
40 dB relative to the first-order
components (Fig. 2a). The signal is then
equally split between two outputs of a

polarization beam splitter (PBS) prepared by a polarization
controller (PC). The two subcarriers on one PBS output are
sent to an IQ modulator (IQ MOD1), driven by a
pre-equalized 9 Gbaud Nyquist 32-QAM signal with 215 - 1
pseudorandom pattern length. The Nyquist pulse shaping has
roll-off factor of 0.01, and the digital Nyquist filter has a tap
length of 64. Fig. 3 shows the Nyquist filter impulse response
used in this experiment and the resulting eye diagram of the
generated 32-QAM baseband signal in one quadrature.
Frequency-domain based pre-equalization [12] is used to
compensate for the band-limiting effects of the DACs, which
have 3 dB bandwidths less than 5 GHz at 10 bit resolution and
a 24 GSa/s sample rate. Fig. 4 shows the relative amplitude
spectra of the generated 9 Gbaud Nyquist 32-QAM
baseband electrical drive signals (after DACs) with and
without pre-equalization. The filtering effects caused by the
DACs are compensated for using frequency-domain-based
digital pre-equalization.

A second Mach-Zehnder modulator (MZM-2) driven by a
9.2 GHz clock is placed at the second PBS output to generate
first-order signal components at 0 GHz and 18.4 GHz offsets
from the original wavelength. After MZM-2, the signals pass
through two 25/50 GHz interleavers to suppress the 0 GHz
signal components and the unwanted harmonics (Fig. 2b).
The second ILF re-inserts the original CW signal (from the
second 3 dB OC output), resulting in three 18.4 GHz-spaced
subcarriers from the original wavelength. These three
subcarriers pass through an IQ modulator (IQ MOD2) that is
driven by a second pre-equalized 9 Gbaud Nyquist 32-QAM
signal with 215-1 pseudorandom pattern length and
originating from a second DAC. Then, the sets of two and
three 45 Gb/s subcarriers are passively combined and
polarization multiplexed with 20 ns relative delay. This results
in a 450 Gb/s signal that occupies a spectral width of
45.8 GHz, sufficiently confined to be placed on the 50 GHz

SE: spectral efficiency

◀Figure 1.
Projected demand
for SE for the
next-generation
transport standard.

EDFA: erbium-doped fiber amplifier
ILF: 12.5/25 GHz interleaver filter

MZM: Mach-Zehnder modulator

OC: optical coupler
PBS: polarization beam splitter
PC: polarization controller

VOA: variable attenuator

▲Figure 2. 450 Gb/s PDM-Nyquist 32-QAM transmitter.
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ITU grid (Fig. 5).

3 Coherent Receiver Hardware and
Algorithm
A DSP-enabled coherent receiver is used to detect and

demodulate the received PDM-Nyquist-32 QAM signal. The
polarization- and phase-diverse coherent receiver front-end
consists of a polarization-diverse 90-degree hybrid, a
tunable external cavity laser (ECL) with approximately
100 kHz line width that serves as the local oscillator (LO), and
four balanced photodetectors. An optical tunable filter (OTF)
with approximately 50 GHz -3 dB bandwidth is used to select
the desired channel for detection. The subcarriers are
selected by tuning the LO to within 200 MHz of their center
frequencies. A four-channel real-time sampling scope with
50 GSa/s sample rate and 16 GHz analog bandwidth
performs sampling and digitization (ADC), followed by
post-transmission DSP of the captured data on a desktop
computer.

Fig. 6 shows the flow chart for the offline receiver DSP. After
digitally compensating for sampling skews and hybrid phase
errors in the front-end, and after anti-aliasing filtering, the
50 GSa/s signal is down-sampled to a rate double the symbol
rate. Then, the bulk chromatic dispersion (CD) is
compensated for using a fixed T/2-spaced finite impulse
response (FIR) filter with 72 complex-value taps. In a

practical system,
frequency-domain-based equalization is
more efficient than time-domain-based
equalization. Next, polarization recovery and
residual CD compensation are
simultaneously performed with four
complex-valued, 51-tap, T/2-spaced
adaptive FIR filters, optimized using a
two-stage equalization strategy. The classic
constant-modulus algorithm is used in the
first stage for pre-convergence, and then a
decision-directed least-mean-square
algorithm is used for steady-state
optimization.

The carrier frequency and phase are
recovered after the initial equalization. The
frequency offset between the LO and signal
is estimated by using a
constellation-assisted two-stage blind
frequency search method [12]. The
frequency offset is scanned at a step size of
10 MHz and 1 MHz, and the optimal
frequency offset is the one that gives the
minimum mean-square error. For each trial
frequency, the carrier phase is recovered on
a best-effort basis using a newly proposed
hybrid blind-phase search (BPS) and
maximum likelihood (ML) phase-estimation
method [13]. Decisions made after phase
estimation are then used as reference

signals for mean-square error calculation. This frequency
recovery method is applicable for any modulation format and
only uses tens of symbols (96 are used in the experiments in
section 3) to reliably recover the carrier frequency. The carrier
phase is estimated using a two-stage method; that is, the
carrier phase recovered from the previous symbol is used as
an initial test-phase angle. The signal decided on after the
initial test-phase angle is then used as a reference for a more
accurate ML-based phase recovery using a feed-forward
configuration [13]. For the first block of data, the initial phase
angle is obtained using BPS [14]. To reduce the probability of
cycle-slipping (no differential coding/encoding is used in the
experiments in section 3), sliding-window-based
symbol-by-symbol phase estimation is used. To calculate
the bit-error ratio (BER), errors are counted for more than

▲Figure 3. (a) Interpolated impulse response of the Nyquist filter and (b) the resulting eye
diagram of the generated baseband 32-QAM signal.

▲Figure 4. Measured relative amplitude spectra of 9 Gbaud Nyquist 32 QAM baseband
electrical drive signals (after DAC) (a) without pre-equalization and (b) with pre-equalization.

Figure 5. ▶
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1.2 × 106 bits of information.

4 WDM Experiments
Two 450 Gb/s per-channel WDM transmission experiments

using PDM-Nyquist-32 QAM were performed [10], [11]. In
the first experiment, no optical pulse shaping was used to
compensate for the filtering effects caused by the 50 GHz grid
ROADM. In the second experiment, a
liquid- crystal-on-silicon (LCoS)-based flexible-bandwidth
WSS was used as a broadband optical pulse shaper to
mitigate the ROADM filtering effects.

4.1 8×450 Gb/s over 400 km Without Optical Shaping
Fig. 7 shows the experiment setup for WDM transmission of

8×450 Gb/s PDM-Nyquist 32 QAM signals over 400 km. The
eight 450 Gb/s C-band channels are based on odd
(192.30-192.60 THz) and even (192.35-192.65 THz) sets of
multiplexed, 100 GHz-spaced ECLs. These ECLs are
combined using a 3 dB OC and are modulated in the
450 Gb/s PDM-Nyquist-32 QAM transmitter (Fig. 1). The
measured optical spectrum of a single 450 Gb/s 32-QAM
channel is shown in Fig. 5, and the eight-channel WDM
spectrum prior to transmission is shown in Fig. 8.

Fig. 9 shows the back-to-back BER for a
single subcarrier operating at 9 Gbauds, a
single 450 Gb/s channel comprising five
subcarriers, and one of the center channels
of the 8×450 Gb/s WDM 50 GHz-spaced
channels. The optical signal noise ratio
(OSNR) for the single subcarrier in Fig. 9 is a
scaled result obtained by multiplying the
actual OSNR of the single subcarrier signal
by five. No ROADM filtering was used in
these back-to-back measurements. Fig. 9
also shows the recovered Nyquist-32 QAM
constellation diagram at an OSNR of 38.9 dB
for a single 450 Gb/s channel. For
comparison, a theoretical curve is included
in Fig. 9. There is an approximately 6 dB
implementation penalty at 2 × 10-3 BER.
Because digital Nyquist pulse shaping is
used, the OSNR penalty at 2 × 10-3 BER from
interchannel WDM crosstalk is very small,
even without narrow optical filtering. This is
because the 450 Gb/s signal is well confined
within a 45.8 GHz bandwidth. The OSNR
penalty from intersubcarrier crosstalk is less
than 1 dB. A portion of the intersubcarrier
crosstalk originates from the out-of-band
aliased spectral components from the
electrical drive signals.

For WDM transmission, the eight 450 Gb/s
signals pass through a 1×850 GHz-spaced
WSS based on liquid-crystal technology in
order to emulate the filtering by a ROADM.
Odd and even channels are sent to separate

WSS output ports for maximum filtering, and a relative delay of
175 symbols decorrelates the odd and even channels before
they are recombined using a 3 dB OC. Filtering from the WSS
passband is significant because the -3 dB bandwidth is 42.2
GHz, and the -6 dB bandwidth is 46.6 GHz (Fig. 10). The
transmission line after the ROADM consists of four 100 km
spans of ULAF with, at 1550 nm, average Aeff of 135 μm2,
average attenuation of 0.179 dB/km, and average dispersion
of 20.2 ps/nm/km. The span inputs are spliced to standard
single-mode fiber jumpers, and a 1450/1550 nm WDM
coupler is included for the counter-propagating Raman
pumps at the span outputs. The span losses are 19.2, 19.6,

BER: bit-error ratio CD: chromatic dispersion

▲Figure 6. Post-transmission offline DSP flow chart.

▲Figure 7. Experiment setup for 8 ×450 Gb/s over 400 km transmission.

ECL: external cavity laser
EDFA: erbium-doped fiber amplifier
OC: optical coupler

PDM: polarization-division-multiplexed
ROADM: erbium doped fiber amplifier

ULAF: ultra-large area fiber

WDM: wavelength-division
multiplexed

WSS: wavelength-selective switch

Figure 8. ▶
Measured optical
spectrum of the

generated 8×450 Gb/s
WDM signals. BW: bandwidth
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19.2, and 18.9 dB. Hybrid Raman-EDFAs are used, with an
on/off Raman gain of 11 dB per span from approximately 1450
nm pumps. Because of the gain-flattened EDFAs and the
narrow total bandwidth (approximately 3 nm) of the eight 450
Gb/s channels, after 400 km the spectrum is flat to within 1 dB
for a large range of span input powers.

Fig. 11 and Fig. 12 show the results of the 8 × 450 Gb/s
transmission experiment. The BERs of the five subcarriers of
the center channel at 192.50 THz are measured because the
total launch power to the spans is varied. From the average
BER of the five subcarriers, the optimum launch power per
span is 11 dBm, an average of 2 dBm per 450 Gb/s channel
and -5 dBm per subcarrier (Fig. 11). At this launch power, the
OSNR is 34 dB per 0.1 nm after the 400 km transmission. It is
assumed that digital signals from all five subcarriers coexist
on one silicon chip, and the FEC is encoded on a
per-channel basis, not on a per-subcarrier basis. Thus, the
net BER of the 450 Gb/s channel is the average BER of the
subcarriers [15]. Fig. 12 shows the performance of each of the
eight 450 Gb/s DWDM channels at the optimum 11 dBm total
launch power. The average BER of the five subcarriers of all
eight channels is better than 3.8 × 10-3, which is lower than
the 4.5 ×10-3 BER threshold for a 7% continuously interleaved
BCH code. The inset in Fig. 12 shows the optical spectrum
after 400 km, and spectral filtering by the WSS is evident.

4.2 5×450 Gb/s over 800 km with Optical Shaping
Fig. 13 shows the experiment setup for WDM transmission

of 5×450 Gb/s PDM-Nyquist-32 QAM over 800 km. An
LCoS-based dynamic, broadband optical spectral shaper
with 1 GHz resolution is followed by a booster EDFA and is
inserted before the 50 GHz grid ROADM. The optical spectral

shaper pre-compensates for the ROADM filtering.
Pre-compensation results in enhanced interchannel WDM
crosstalk because of the limited channel isolation of the
50 GHz WSS. Therefore, a 50/100G interleaver is used inside
the ROADM emulator to combine the odd and even channels
and further suppress interchannel WDM crosstalk. The
recirculating loop contains the same four 100 km spans of
ULA fiber with 11 dB on/off Raman gain, as previously
described for the 400 km experiment. After two circulations
(800 km), the spectrum of the five 450 Gb/s channels was flat
to within 1 dB for span input powers ranging from 6 to
12 dBm. The optimal total launch power at the span inputs
was 9 dBm.

The optical spectra of a single 450 Gb/s 32-QAM channel
before and after the 50 GHz ROADM are shown in Fig. 14(a)
and (b), respectively. The thin lines show the spectra without
optical spectral shaping. When the signal without optical
spectral shaping passes through the 50 GHz ROADM, a
significant amount of filtering occurs. The power loss due to
filtering can be largely precompensated for by using
broadband optical spectral shaping, shown by the thick lines
in Fig. 14(a) and (b). The optical spectra of the five 450 Gb/s

BB: baseband
OSNR: optical signal noise ratio

WDM: wavelength-division multiplexed

▲Figure 9. Measured back-to-back performance under three different
conditions.

◀Figure 10.
Power transmission of
the 50 GHz-grid WSS
used to emulate the
ROADM.

▲Figure 11. BER for the five subcarriers of the center DWDM channel
at 192.50 THz after 4×100 km transmission for a range of total
launch powers into the fiber spans.

BW: bandwidth FEC: forward error correction

▲Figure 12. Average BER of the five subcarriers of all eight channels
after 400 km transmission with optimum launch power. The inset
shows the optical spectrum after 400 km.
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DWDM signals that have been spectrally shaped prior to and
after the ROADM are shown in Fig. 14(c). The filtering effects
of all five channels have been largely precompensated for.

Fig. 15 shows the measured OSNR sensitivity for the 450
Gb/s PDM-Nyquist-32 QAM signal for a single channel
without ROADM optical filtering (the back-to-back case with
no optical shaping), with ROADM filtering and
optical spectral shaping, and with ROADM filtering
but without optical shaping. For comparison, a
theoretical OSNR sensitivity curve is also shown in
Fig. 15. Compared with the previous experiment,
back-to-back sensitivity is improved by about
2 dB at 2 ×10-3 BER. This improvement is achieved
mainly by improving bias optimization for the two IQ
modulators. With ROADM filtering, optical spectral
shaping improves OSNR sensitivity by more than
2 dB at 2 ×10-3 BER.

Fig. 16 shows the optical spectrum after 800 km
transmission. The measured OSNR is 31 dB per
0.1 nm. Fig. 17 shows the measured BER of all five
WDM channels at the optimal total launch power of
9 dBm (2 dBm per channel). The inset in Fig. 17
shows the measured BER for the center channel
located at 192.5 THz as the total launch power into
the spans is varied. The BER of all five channels is
better than 3.8×10-3, and the worst subcarrier BER
is 4.3×10-3, both of which are lower than the
4.5× 10-3 BER threshold for a 7% continuously
interleaved BCH code [16].

5 Conclusion
This paper describes two high-SE 8.4 b/s/Hz

400G transmission experiments. These experiments

show for the first time that 400 Gb/s per channel WDM signals
can be transmitted up to 800 Km (eight 100 km spans) over
the conventional 50 GHz ITU-T grid and passing through one
50 GHz grid ROADM. These results are achieved by using a
spectrally efficient high-order modulation format, that is,
Nyquist-shaped PDM-32 QAM, as well as pre- and
post-transmission digital equalization. Low-nonlinearity fiber
and low-noise Raman amplification can also be used to
address the reduced nonlinear and noise tolerance of the
high-order modulation format.

To overcome the bandwidth limitation of the available
DACs, a frequency-locked five-subcarrier generation
method with high sideband suppression is used to create the
450 Gb/s PDM-Nyquist-32 QAM signals. By using five
frequency-locked subcarriers and near ideal Nyquist pulse
shaping, the 450 Gb/s spectrum has a signal spectral width of
about 45.8 GHz, well within the 50 GHz channel spacing.
Using multiple subcarriers (with Nyquist pulse shaping) within
each channel allows all-optical subwavelength grooming,
which may be useful for future 400 Gb/s and ultrahigh-speed
systems.

Another key enabling technology is LcoS-based
broadband optical spectral shaping. This spectral-shaping
technique can be used to mitigate the narrow ROADM filtering
effects. An optical spectral shaper could be designed within
each ROADM to compensate for ROADM filtering effects in a
distributed manner. Distributed ROADM filtering
compensation has some advantages over transmitter-side
pre-equalization or receiver-side post-equalization

BW: bandwidth ROADM: erbium doped fiber amplifier

▲Figure 13. Setup for 8×450 Gb/s transmission over 800 km.

ECL: external cavity laser
EDFA: erbium-doped fiber amplifier

ILF: interlever filter
OC: optical coupler

PDM: polarization-division-multiplexed

ROADM: erbium-doped fiber amplifier
ULAF: ultralarge area fiber
WDM: wavelength-division multiplexed
WSS: wavelength-selective switch

▲Figure 14. (a) Optical spectra for a single channel with and without optical spectral
shaping; (b) before and after the ROADM, and (c) the spectra of the five DWDM
signals with optical spectral shaping before and after the ROADM (launch to the fiber).
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because, unlike transmitter-side pre-equalization,
distributed compensation does not require more launch
power into the fiber. Therefore, it does not increase fiber
nonlinearity. Distributed compensation also does not increase
noise components, unlike receiver-side post-equalization. A
drawback of distributed compensation is the need for extra
optical amplification to compensate for the loss caused by the

optical spectral shaper.
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▲Figure 15. OSNR sensitivity for the generated 450 Gb/s signal.

BW: bandwidth

OSNR: optical signal noise ratio ROADM: erbium doped fiber amplifier

▲Figure 16. Measured optical spectrum after 800 km transmission.

▲Figure 17. Measured BER of the five 450 Gb/s DWDM channels after
800 km transmission. The inset shows measured BER for the center
DWDM channel versus total launch power for all five 450 Gb/s channels.

FEC: forward error correction
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In this paper, we propose direct-detection optical orthogonal frequency division multiplexing superchannel (DDO-OFDM-S) and optical
multiband receiving method (OMBR) to support a greater than 200 Gb/s data rate and longer distance for direct-detection systems. For the
new OMBR, we discuss the optimum carrier-to-sideband power ratio (CSPR) in the cases of back-to-back and post transmission. We
derive the analytical form for CSPR and theoretically verify it. A low overhead training method for estimating I/Q imbalance is also introduced
in order to improve performance and maintain high system throughput. The experiment results show that these proposals enable an
unprecedented data rate of 214 Gb/s (190 Gb/s without overhead) per wavelength over an unprecedented distance of 720 km SSMF in
greater than 100 Gb/s DDO-OFDM systems.

orthogonal frequency division multiplexing (OFDM); direct detection; multiband transmission
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1 Introduction

or years, papers have been written on
direct-detection transmission because it uses a
very simple receiver that usually only requires
photodiodes for detection [1], [2]. Most research on
direct-detection has been focused only on the

dispersion-managed links, and not until recently has
electronic equalization has been introduced into optical
communications to compensate for chromatic dispersion (CD)
[3]. Electronic equalization has ushered in a new era of
dispersion-unmanaged links that do not require dispersion
map design and offer a lower-nonlinear transmission medium
[4]. Joint direct-detection receiving and
dispersion-unmanaged links is an interesting topic related to
implementation cost.

To incorporate direct-detection in a
dispersion-unmanaged link, single-carrier transmission with
pre-equalization [3] and multicarrier transmission with
post-equalization [5] have been proposed. The
pre-equalization in [3] could work very well to counter CD;
however, when used in dynamic routing networks, it requires
the link information (the exact information of the accumulated
CD) beforehand via complex signaling methods [6], [7]. The
proposal in [5], commonly referred to as direct-detection

optical orthogonal frequency division multiplexing
(DDO-OFDM), automatically estimates and compensates for
CD at the receiver, without any link information. Therefore,
DDO-OFDM could easily support both point-to-point and
dynamic routing networks. DDO-OFDM should be
repositioned because of its transparency to different kinds of
network architectures.

Even with these advantages, conventional DDO-OFDM has
limited transmission performance that might restrict its
application only to short-reach networks [8], [9]. Among the
many reported DDO-OFDM systems, a self-coherent OFDM
[10] system extends both the capacity and reach of
conventional DDO-OFDM and significantly increases the
receiver’s complexity, which diminishes the inherent benefits
of using direct detection. Therefore, a laudable goal for a
DDO-OFDM system is to improve transmission with simple
solutions while keeping the cost of direct detection low.

In this paper, we propose DDO-OFDM superchannel
(DDO-OFDM-S) with a simple optical multiband receiving
(OMBR) [11], [12] method. DDO-OFDM-S has dual carriers
at both sides to reduce receiver bandwidth, and OMBR
detects the signal band-by-band to relax the sampling rate
of the receiver and to reduce the frequency gap between
carriers and superchannel for high spectral usage. In this
paper, an optimum carrier-to-sideband power ratio (CSPR)
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is discussed for back-to-back and post transmission, and its
analytical form is theoretically derived and verified. We also
describe a low-overhead I/Q imbalance estimation approach
that can be used to adaptively compensate for I/Q
imbalances while maintaining the system’s high capacity. In
greater than 100 Gb/s DDO-OFDM systems, the proposed
DDO-OFDM-S enables an unprecedented 214 Gb/s data
rate per wavelength over 720 km standard single-mode fiber
(SSMF) with EDAF-only amplification.

In section 2, the working principles of DDO-OFDM-S and
OMBR are given, and a solution for generating
DDO-OFDM-S with only one wavelength is proposed. In
section 3, a CSPR for the new OMBR is suggested that is
optimized for minimum required optical signal-to-noise ratio
(OSNR) in back-to-back transmission (conventional
definition) and better signal performance after transmission.
An analytical form of optimum CSPR in back-to-back
transmission is also derived. In section 4, we describe the
setup for our 16-QAM, 214 Gb/s DDO-OFDM-S
transmission experiment. In section 5, we propose a
low-overhead I/Q imbalance training method and introduce a
zero-overhead phase noise compensator. In section 6,
numerical results for CSPR and experiment results for
transmissions are presented. Section 7 concludes the paper.

2 Principle of Operation
The proposed DDO-OFDM-S can be better understood

from its spectrum (Fig. 1a). The
spectrum consists of one OFDM
superchannel at the center and two
optical carriers, inserted at both
sides, with a frequency gap, Ng,
from the superchannel. In this
paper, the superchannel and
carriers are assumed to be aligned
in the same polarization, and only
this polarization is used for
transmission. The use of
dual-polarization transmission, that
is, polarization division multiplexing
(PDM), would be a powerful means
of doubling the channel capacity;
however, in this paper, we conduct
a preliminary investigation into
single-polarization transmission.
The superchannel itself comprises
closely spaced OFDM bands [13],
denoted 1, 2, 3, ..., N in Fig. 1(a).
The surrounding two carriers, 1 and
2 in Fig. 1(b), demodulate the half
that is lower-frequency bands and
the other half that is
upper-frequency bands. Carrier 1
is responsible for bands 1 to N/2,
and carrier 2 is responsible for
bands N/2+1 to N. When N is an

odd number, that is, when odd-numbered OFDM bands are
transmitted, the central band should have similar spectral
distances from both carriers so that it can be demodulated by
either of them.

To demodulate a DDO-OFDM-S, we use the proposed
OMBR at the receiver to process the signal in a
band-by-band manner, as shown in Fig. 1(b). An optical
coupler splits the received signal into N parallel paths, each of
which consists of one dual-passband filter (DPF) that has its
two passbands targeting the desired OFDM band and one of
the carriers. Therefore, in the mth path in Fig. 1b (top), only
the mth OFDM band, and carrier p (where p = 1 if m ≤ N/2 or
p = 2 if m > N/2) reach the photodiode for detection. After the
photodiode, the converted electrical current in each path
contains the desired passband signal and unwanted
(signal-signal) beat interference near the direct current (DC)
frequency. After down-conversion, the desired baseband
signal in each path is lowpass filtered, digitally-sampled, and
processed with a regular OFDM equalizer. In this way, all the
bands in the superchannel can be demodulated with a bank
of cheaper low-bandwidth receivers.

Compared with a conventional DDO-OFDM signal [14], our
DDO-OFDM-S has unique characteristics: It uses dual
carriers, and the width of the frequency gap is smaller. Dual
carriers are used to reduce the bandwidth of the receivers. If
only carrier 1 were used with the superchannel, the carrier
would have to cover all the transmitted bands from 1 to N at
the receivers. This means the photodiode in Nth branch

DC: direct current
DPF: dual-passband filter

LD: Laser Diode
MZM: Mach- Zehnder modulator

OBPF: optical bandpass filter
OFDM: orthogonal frequency division multiplexing

Carrier 1
(for Band: 1 to N/2)

▲Figure 1. (a) Direct-detection optical OFDM superchannel (DDO-OFDM-S), (b) optical multiband
receiving (OMBR), and (c) a possible transmitter solution to implement the proposed DD¬O-OFDM-S
with single laser source.
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would need to have an ultrahigh bandwidth to cover the
frequency between carrier 1 and band N. Therefore, the
dual-carrier arrangement, in which each carrier takes care of
50% of the bands in the superchannel, can relax the
high-bandwidth requirement of the receiver by a factor of
two. The smaller gap width is created by optical pre-filtering
before detection. In conventional systems, the required gap
width has to be at least equal to the sideband bandwidth, and
this leads to poor spectral efficiency. With OMBR, the DPF
only allows one desired band and the carrier to be detected,
so the required gap width can be reduced to a size similar to
that of a single band. The gap width does not need to be the
same as that of the whole superchannel, and this improves
spectral efficiency.

The proposed DDO-OFDM-S and OMBR has the following
advantages:

•better spectral efficiency because of the reduced gap
width

•relaxed bandwidth requirement for receivers because of
the dual-carrier arrangement and band-by-band
demodulation

•simple receiver architecture because only one filter is
used for each band

However, an issue to be considered is how to generate the
DDO-OFDM-S. There might be a number of options,
including multiple lasers, to generate the DDO-OFDM-S.
Fig. 1(c) shows the transmitter architecture of a possible
solution that uses only one laser. The output from the laser is
first split into two tones by an intensity modulator. These tones
are later coupled into the upper and lower branches using
one wavelength interleaver. The two tones are individually
modulated with electrical multiband OFDM signals [15] using
two intensity modulators that are biased slightly away from the
null. This processing results in a double-sideband OFDM
signal with a carrier on each branch. An optical coupler
combines the signals from the two branches (that form the
DDO-OFDM-S) with two residual sidebands from the carriers
(Fig. 1c, insets). A following optical bandpass filter (OBPF)
with appropriate bandwidth removes the residual sidebands.
Finally, the output signal of the filter has a central
superchannel surrounded by two optical carriers, which is the
proposed DDO-OFDM-S.

3 Carrier to Sideband Power Ratio
In this section, we focus on CSPR for DDO-OFDM-S.

CSPR is the power of both carriers over the power of the
superchannel, that is, CSPR = 2Pc /(NP s), where Pc is the
power of each carrier and P s is the power of each signal
band. Typically, there is an optimum CSPR, denoted CSPRMRO.
The CSPRMRO demands the minimum required OSNR at a
target bit error rate (BER), usually BER = 1e-3. This optimum
CSPR has been theoretically and experimentally proven to be
approximately 0 dB for conventional DDO-OFDM systems
[14], [16]. However, CSPRMRO itself is a function of the optical
filters [17], [18], and thus its value is subject to change when
a different receiving technique, such as the proposed OMBR,

is used. In the following, we derive the analytical form of
CSPRMRO specifically for our DDO-OFDM-S signal and
OMBR.

A higher electrical signal-to-noise ratio (ESNR) usually
leads to a lower BER; there is a one-to-one relationship
between BER and ESNR. Therefore, the minimum required
OSNR for a target BER becomes the minimum required OSNR
for a target ESNR. Before CSPRMRO can be derived, the
relationship between ESNR and OSNR has to be determined.
We assume the DDO-OFDM-S contains an N-band
superchannel at the center with two carriers at both sides and
that both the passbands of the DPF have a brick-wall shape
and have the same bandwidths, B 0. These bandwidths should
be equal to or slightly greater than the bandwidth of one
OFDM band, Bs. The received ESNR for each desired band
can be expressed as a function of OSNR:

where OSNR = (2Pc + NPs) / (No Bo), No is the noise spectral
density, and BN is the noise bandwidth. With
Cauchy-Schwarz’s inequality, the upper-bound of the ENSR
and the lower bound of the OSNR can be obtained from (1):

Therefore, the minimum OSNR given an ESNR (or a target
BER) can be achieved with CSPRMRO = 2/N, which implies
that CSPRMRO is proportional to the inverse of the square root of
the band number. For instance, considering a nine-band
DDO-OFDM-S, CSPRMRO should be 2/9 ≈ 0.47 ≈ -3 dB. In
section 6, we verify this theory.

We have derived the CSPR optimized according to
minimum required OSNR in back-to-back transmission
where only linear noise is considered. Because a lower
required OSNR typically offers a larger noise margin and
longer transmission distance, CSPRMRO is defined in terms of
longer distance. However, for DDO-OFDM systems, we
propose a new transmission strategy that uses a higher CSPR,
other than CSPRMRO, to achieve a longer distance even though
it may not meet the minimum required OSNR constraint. This
idea comes from a CO-OFDM system where the carrier is
offered by the local oscillator (LO) that has a high
carrier-to-noise ratio (CNR). This concept is shown in Fig. 2
for two cases — lower CSPR (CSPRL) and even higher CSPR
(CSPRH) — where sideband powers are assumed to be equal.
If both signals are transmitted over the same link with the
same amount of accumulated ASE noise, the signal with
CSPRH has a higher CNR than the signal with CSPRL (Fig. 2).
However, the benefit of high CNR comes at the price of larger
fiber nonlinearities caused by the use of higher carrier power
(under the same sideband power constraint). Therefore, the

ESNR =

≈ × ×OSNR (1)

Pc Ps

(Pc +Ps)No Bo + (No Bo )2

CSPR
(N ×CSPR + 2)(CSPR + 1)

BN

Bo

ESNR ≤ × × OSNR (2)( 2 + N )2

CSPR
BN

Bo

OSNR ≥ × × ESNR (3)CSPR
( 2 + N )2

Bo

BN
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optimum CSPR should trade off the better CNR for lower fiber
nonlinearities, which may not be equal to CSPRMRO. In section
6, we show that the optimum CSPR, defined in terms of longer
distance, is greater than CSPRMRO when both the linear noise
and fiber nonlinearities are taken into account.

4 Experiment Setup
Fig. 3 shows the experiment setup for the 214 Gb/s

DDO-OFDM-S system. A 100 kHz line width external cavity
laser (ECL) operated at approximately 192.76 THz is the
transmitter light source, and this is followed by a 1 × 2 optical
splitter that equally couples the laser output into the upper
and lower branches. In the upper branch, the light is first
modulated along with the electrical OFDM signal via an
optical in-phase/quadrature (I/Q) modulator. The OFDM
waveform is generated offline with MATLAB and comprises
continuous frames, each of which contains two training
symbols and 150 data symbols. In each OFDM symbol, binary
data is randomly generated, mapped to 16-QAM format, and
modulated onto 152 data subcarriers, which are later
zero-padded to a fast Fourier transform (FFT) size of 256. A
pilot is not used in order to minimize overhead. After inverse
FFT (IFFT), a length of ten-point cyclic prefix (CP) is attached

to each OFDM symbol, creating a total of 266 points per
symbol. This OFDM waveform is then loaded into an arbitrary
waveform generator (AWG) that has its real and imaginary
outputs driving the optical I/Q modulator with a 10 GSa/s
sampling rate. Hence, the raw data rate of the output signal is
23.75 Gb/s and occupies a bandwidth of approximately
6 GHz. The output of the I/Q modulator is sent to a nine-comb
generator, which cascades two intensity modulators driven by
6.5 GHz and 19.5 GHz sine wave signals in order to emulate a
nine-band superchannel [6]. The output superchannel
occupies a bandwidth of approximately 58 GHz (with band
spacing of 6.5 GHz) and has an aggregate data rate of
214 Gb/s. After removing the training, CP, and 7% FEC
overhead, the net data rate is 190 Gb/s. An optical coupler
follows to combine this superchannel with the signal from the
lower branch. In the lower branch, the light is first modulated
with a 40 GHz electrical sine wave signal with one intensity
modulator biased at the null. This results in two strong carriers
spaced at 80 GHz as well as one residual carrier at the laser
frequency. A 50:100 GHz wavelength interleaver (IL) is used
to suppress this residual carrier, leaving only the two
80 GHz-spaced carriers. The two 80 GHz-spaced carriers
are then combined with the 58 GHz superchannel, forming the
DDO-OFDM-S spectrum, as shown in Fig. 3 insets (a), (b)
and (c). The frequency gap between the carrier and the
superchannel is approximately 11 GHz at both sides. The
spectral distance between carriers (80 GHz here) can be
further reduced at the expense of sacrificing the edge bands
because of beat interference. In the experiments, this 80 GHz
spacing is appropriate for balancing spectrum usage and
receiving performance. At the transmitter output, the
DDO-OFDM-S is sent to a re-circulating fiber loop that
comprises three EDFAs and three spools of 80 km SSMF.
After 720 km transmission, the signal is fed to the optical
multiband receiver. At the receiver, the signal is pre-amplified
with an EDFA and then passed through a DPF that has two
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AWG: arbitrary waveform generator
DPF: double passband filter

ECL: external cavity laser
IL: 50:100 interleaver

LPF: electrical lowpass filter
MZM: Mach- Zehnder modulator

OBPF: optical bandpass filter
SMF: single mode fiber

▲Figure 2. Spectra of low-CSPR and high-CSPR DDO-OFDM-S.

CSPR: carrier-to-sideband power ratio

16 QAM，24 Gb/s (6 GHz)

Figure 3. ▶
Experiment setup
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10 GHz passbands targeting one of the carriers and the
desired signal band. Because of the power loss of DPF, an
EDFA and an 80 GHz optical bandpass filter (OBPF) raise the
signal power before the signal enters the photodiode. In this
experiment, the first to fifth bands are demodulated with the
left carrier (carrier 1), and the sixth to ninth bands are
demodulated with the right carrier (carrier 2). After the
photodiode, the desired band is down-converted to its
baseband via an electrical I/Q demodulator. This I/Q
demodulator comprises one splitter, one synthesizer, one
power amplifier, two mixers, and two electrical low-pass
filters (3 dB bandwidth = 3.7 GHz). The I/Q output signals are
recorded by a real-time scope operated at 20 GSa/s.
Synchronization, cyclic prefix removal, channel estimation,
and equalization are performed offline using MATLAB. The
BER is evaluated with an error-counting method, and for each
BER analysis, 2 million sampling points are considered.

Fig. 3(a) shows the optical spectra of the transmitter output
(resolution = 20 MHz); Fig. 3(b) shows the DPF output
(targeting the 5th band); and Fig. 3(c) shows the digital
spectrum of the 5th band after the real-time scope (where the
band index is defined in Fig. 3a). In Fig. 3(c), the power
ripples on top of the signal come from the power reflection, at
the RF ports, of the mixers in the I/Q demodulator. These
ripples are a function of frequency and introduce some OSNR
penalty to the system, that is, implementation penalty.

Here, we highlight several points about the experiment
setup. First, at the transmitter, the length of the optical paths
between the sideband and carrier branches should be
controlled so that they are as similar as possible. A significant
difference in length would lead to strong phase incoherency
between the carrier and sideband, and this would cause
dramatic phase noise after the photodiode. In this experiment,
we not only equalized the optical lengths of the carrier and
sideband paths, but we also used a zero-overhead phase
noise compensator at the receiver (section 5). Second,
6.5 GHz and 19.5 GHz frequencies for the 9-comb generator
are phase-locked in order to maintain the orthogonality and
reduce linear crosstalk between the adjacent bands [13].
However, because of the sufficiently large band spacing, the
performance is hardly degraded, even if we remove the phase
locking between the synthesizers. Third, to obtain a
broadband bandwidth, we assemble the I/Q demodulator with
discrete components rather than use an integrated I/Q mixer,
which would introduce I/Q imbalances into the signal. This
would mean I/Q imbalance estimation and compensation
would be critically necessary in our system. In section 5, we
introduce a low-overhead I/Q imbalance estimation approach
that uses only two training symbols, that is, the same symbols
for channel estimation.

5 Low-Overhead Signal Processing
Methods
To compensate for I/Q imbalance and phase noise, we

propose a low-overhead training method to estimate I/Q
imbalance and introduce a zero-overhead decision-directed

phase noise compensator (DD-PNC) [19].

5.1 I/Q Imbalance Training Method
For each frame, the proposed method uses only two

consecutive training symbols (the same as those for channel
estimation). The first symbol is randomly generated, and the
second symbol simply copies the first one and inverts the
signs of the data symbols on negative subcarriers. The two
consecutive training symbols are denoted [ak , b-k] and
[ak, -b-k], where ak and b-k are the data symbols on k th
and -k th subcarriers, respectively, and k is a positive integer
ranging from 1 to Nd /2, with Nd being the data subcarrier
number. At the receiver, the received training symbols
disrupted by I/Q imbalances are denoted [pk, q-k] and [rk, l-k]
for the first and second training symbols, respectively. Then,
the input and output symbols can be expressed in 2 × 2
mutually coupled matrixes [20]:

and

The four elements in the 2 × 2 channel matrix H (Hij , which
should contain both the channel response and I/Q
imbalances) can be easily derived with H11 = (pk + rk)/(2a k),
H12 = (pk-rk)/(2bk); H 21 = (q-k + l-k)/(2a k ); and
H 22 = (q-k-l-k)/(2bk), for which the estimation accuracy can be
further improved using the intrachannel frequency-domain
average method [15].

After obtaining the four elements, the inverse matrix of H
can be derived for subsequent equalization. Because this
technique uses the same training symbols (two per frame) for
both channel and I/Q imbalance estimation, the training
overhead is relatively lower than that in [20].

This data-aided adaptive approach is simple, has low
overhead, and is a better way to estimate and compensate for
I/Q imbalance. In the offline I/Q estimation proposal in [21],
the I/Q imbalance in each individual receiver needs to be
customized; however, using this new approach, the I/Q
imbalances of each individual receiver can be handled
adaptively using only two training symbols (which can the
same ones for channel estimation). In particular, the adaptive
method is suitable for lab experiments where I/Q imbalances
vary over time because of the replacement of any component
or the slow bias drift of the optical modulators.

Here we briefly discuss the computational complexity of this
I/Q imbalance estimation method. At the training stage, to
obtain the channel matrix for all subcarriers, 2Nd complex
multiplications are needed for each OFDM symbol, and the
matrix inversions for equalization need an additional 3Nd

multiplications. Therefore, at the training stage, 5Nd

multiplications are needed, which is 4Nd more multiplications
than in regular channel estimation. At the equalization stage,
two subcarriers are jointly equalized via a 2 × 2 matrix so that
the number of multiplications for each OFD symbol is 2Nd,
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which is Nd more multiplications than in regular channel
equalization (using a one-tap equalizer).

5.2 Phase Noise Compensation Method
DD-PNC uses all tentative decisions of the OFDM symbol

being processed to estimate its common phase error (CPE).
The CPE is later used for de-rotating the phase of the OFDM
symbol [19]. If noise and I/Q imbalance are ignored, the
received data symbol on the k th subcarrier can be simply
written as Yk = UX k, where X k and Yk are the transmitted and
equalized symbols (with no channel effect) on k th subcarrier,
respectively, and U is the CPE, which is assumed to be
independent of the subcarrier index k. Assuming CPE is not
significant and the tentative decisions are statistically reliable,
U can be estimated with U ≈ (1/Nd )Im {Σ∀k Yk /x k }, where x k is
the tentative decision of the equalized symbol, Yk , Nd is the
number of data subcarriers, and Im {x } takes the real part of x.
The output for final decision will be Yk exp(-ju ), and in this
output, CPE should have been greatly mitigated. Fig. 4 [19]
shows the corresponding processing. A more detailed
discussion on, for example, computational complexity, can be
found in [19].

The signal processing sequence is: 1) synchronization, 2)
CP removal and FFT, 3) joint channel and I/Q imbalance
estimation using proposed training symbols, 4) estimation
enhancement using intra-symbol frequency domain
averaging method [22], 5) joint channel and I/Q imbalance
equalization with the inverse channel matrix, and 6) CPE
mitigation using DD-PNC.

6 Results and Discussions

6.1 Numerical Results for Optimum CSPR Transmission
The detailed system parameters in the simulations are

almost the same as those in the experiment setup in section 4,
except for CSPR, which is herein treated as a variable in order
to determine its effect on system performance. The
transmission link comprises nine spans of 80 km SSMF
(720 km in total). The fiber loss, dispersion, and dispersion
slope are 0.2 dB/km, 16 ps/(nm.km), and 0.02 ps/(nm2.km),
respectively. The effective area is 80 μm2, and the nonlinearity
coefficient is 1.3 (W-1km-1). The EDFA’s noise figure is set to
6 dB, and the EDFA’s gain is set to 16 dB, which fully
compensates for the fiber loss of each span. Each passband
profile of DPF has a second-order Gaussian shape and a 3
dB bandwidth of 10 GHz. The signal quality is expressed as
Q2 , obtained from the BER in (6):

where erfcinv {x } gives the inverse
complimentary error function value of x , and
BER is derived with the direct-error counting
method. OSNR is defined with 0.1 nm noise
bandwidth.

Fig. 5 shows the Q2 factor versus CSPR in
back-to-back transmission in which OSNR =

25 dB. The optimum CSPR in back-to-back transmission is
approximately -3 dB, which conforms to our theoretical
prediction that CSPRMRO = 2/9 ≈ -3 dB and verifies our
analytical analysis in section 3. This result differs from the
previously derived optimum CSPR of 0 dB [12], [14] because
of the OMBR receiving method used in our system. However,
this new CSPRMRO is obtained in back-to-back transmission
without nonlinear distortions being taken into account.
Therefore, it is necessary to study the CSPRMRO again after
transmission.

In Fig. 6(a) and (b), we show Q2 as a function of launch
power with different CSPRs. In Fig. 6(a), the data sets for each
band are mutually independent, that is, uncorrelated at the
transmitter; however, in Fig. 6(b), the data sets for all the
bands are the same, that is, strongly correlated at the
transmitter. The correlated data sets might lead to strong
nonlinear phase noise at the beginning of the link [13], which
is exactly the case in our experiment. Therefore, the case with
correlated data sets has to be compared with the case with
uncorrelated data sets. Because the curves in Fig. 6(a) and
(b) are similar with respect to CSPRs, we simply focus on the
results shown in Fig. 6(a). With a lower CSPR, for example,
-9 dB, the optimum launch power is similar to that of
CSPRMRO = -3 dB, and the optimum Q2 has approximately
2 dB degradation relative to that of CSPRMRO. With a higher
CSPR, for example, 3 dB, the optimum launch power
increases by approximately 3 dB. The raised power comes
mostly from the carriers. More importantly, there is an
approximately 0.7 dB improvement over CSPRMRO by using 3
dB CSPR. This implies that with 3 dB CSPR, the improved
CNR can bring more benefits than the negative four-wave
mixing (FWM) terms caused by the high power of the carriers.
A further increase in CSPR to 9 dB would result in a slight
sacrifice of signal quality but drastically enhance optimum
launch power. Fig. 6(c) shows the optimum Q2 factors and
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Figure 5. ▶
Q2 factor vs. CSPR
with OSNR = 25 dB.

Except for CSPR, the
simulation parameters
are all similar to those

of the 16-QAM,
214 Gb/s experiment

in section 3.

▲Figure 4. Zero-overhead decision-directed phase noise compensator (DD-PNC).
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launch power as a function of CSPR (with 3 dB resolution).
These functions can be used to determine the optimum CSPR
(after transmission). Again, in Fig. 6(c), the curves for
uncorrelated and correlated data sets are shown for
comparison. From Fig. 6(c), we can draw the following
conclusions:

•The optimum CPSRs after transmission are similar for
both cases and are approximately 3 dB to 6 dB, which is
higher than the CSPRMRO of -3 dB in back-to-back
transmission. This means that higher carrier power, that is,
higher CSPR, is encouraged in order to overcome linear noise

and nonlinear distortions.
•At the optimum

CSPRs, the uncorrelated
bands give approximately
the uncorrelated bands
outperform the correlated
bands by approximately
1.7 dB, which suggests
that the distance achieved
in our experiment could be
further extended if
uncorrelated data bands
were used.

•Even though higher
CSPR might lead to better
performance, the
corresponding optimum
launch power is relatively
high. In a WDM system, a
suitable CSPR should be
determined, taking into
consideration both the
channel number and the
maximum output power of
fiber amplifiers.

6.1.1 Discussion
The CSPR that demands

the minimum required
OSNR, which can be
derived easily in
back-to-back, has long
been considered the
optimum value for
DDO-OFDM systems.
However, we have shown
that even greater CSPR,
with higher optimum
launch power, can further
improve the signal quality
after transmission. The
optimum CSPR should be
the value that promises
better signal quality after
transmission rather than in

back-to-back only.

6.2 Experiment Results for DDO-OFDM-S Transmission
The band index is defined in the inset of Fig. 3(b). OSNR is

measured with 1.6 nm (200 GHz) resolution that covers the
whole signal’s bandwidth and is later scaled to the presented
value with 0.1 nm resolution. Q2 factors (in decibels) are
derived from the BER in (6).

Fig. 7 shows the experiment results for 16-QAM, 214 Gb/s
DDO-OFDM-S. To achieve longer distance, we use the new
high-CSPR strategy in section 3. In this experiment, we use
approximately 10 dB CSPR (optimum after 720 km
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▲Figure 6. (a) Q2 factor vs. launch power after
9 × 80 km SSMF with CSPR = -9, -3, 3, and 9 dB
when nine data bands are mutually independent
(uncorrelated). (b) Same as (a); however, data bands
are equal at the transmitter (highly-correlated), and (c)
Optimum Q2 factor and optimum launch power vs.
CSPR with uncorrelated and correlated data bands.

▲Figure 7. Experimental demonstration for 16-QAM,
214 Gb/s DDO-OFDM-S: (a) OSNR tolerance, with
0 km SSMF, (b) Q2 vs. launch power with 720 km
SSMF, and (c) Q2 vs. band index with 720 km SSMF.
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transmission) to achieve a higher CNR after transmission.
Fig. 7(a) shows the OSNR tolerance in back-to-back. The
dashed line is the theoretical limit and is shown for
comparison. The required OSNR for a BER of 1e-3 is
approximately 33.8 dB due to the use of 10 dB CSPR.
Compared with the theoretical limit, the implementation
penalty is approximately 3.4 dB. This implementation penalty
can be attributed to imperfections in the components, power
ripples (see section 4), residual phase noise, and linear
crosstalk between bands. With 10 dB CSPR, the required
OSNR for the superchannel alone could be approximately
23.4 dB. This OSNR is similar to that for a coherent system
[23], where the required OSNR at BER = 1e-3 is
approximately 23.4 dB with 224 Gb/s and would become
approximately 23.2 dB after scaled to 214 Gb/s. The signal
quality in our DDO-OFDM-S system is almost dominated by
the sideband because of the high applied CSPR.

Fig. 7(b) shows the measured Q2 as a function of the fiber
launch power after 720 km transmission. The presented
curves correspond to the first, fifth, and ninth bands,
respectively. The optimum power is approximately 8 dBm,
which provides the best performance under the limitations of
ASE and nonlinear distortion. If we consider the high CSPR of
approximately 10 dB, the launch power for the superchannel
alone is only about -2.4 dBm.

Fig. 7(c) shows measured Q2 as a function of the band
index in back-to-back and after 720 km SSMF. The optimum
launch power of 8 dBm is applied. In back-to-back, the fifth
band shows the worst performance (Q2 ≈ 12 dB) caused by
insufficient bandwidth of the receiver’s components; the other
bands have Q2 factors greater than 12 dB. After transmission,
the worst performance occurs on the first band, which still
yields a Q2 higher than the 7% FEC threshold of 8.53 dB [24],
and the Q2 factor variation between the different bands is
reduced because it is the noise and nonlinear distortion, not
the receiver’s bandwidth, that dominate performance.

6.2.1 Discussion
Using our proposals, in the 16-QAM experiment, we

generated and demodulated the record capacity per
wavelength (214 Gb/s) for DDO-OFDM systems. We also
achieved a record distance of 720 km SSMF for greater than
100 Gb/s DDO-OFDM systems. Because of the strong
nonlinear phase noise at the beginning of the link, a longer
distance might be possible by using uncorrelated data bands,
for example, approximately 2 dB Q2 difference, as shown in
Fig. 6(c). To reach 720 km transmission, we used a high
CSPR of approximately 10 dB, that is, high carrier power, to
provide better CNR after transmission. Such a high carrier
power would induce strong FWM terms at both sides out of
the carriers, which in our experiment, could be removed
through moderate optical filtering. In a WDM system, these
FWM terms would possibly overlap with the adjacent channels
and become in-band nonlinear noise that results in some
penalty. Therefore, in WDM systems, CSPR should be
carefully controlled and optimized so that strong FWM terms
are not involved. Another simple way to avoid FWM is to use

polarization interleaving for WDM neighboring channels.
However, this would eliminate the possibility of using PDM.

7 Conclusion
We have proposed DDO-OFDM-S and OMBR, a

high-capacity long-reach solution for DDO-OFDM systems.
We have discussed optimum CSPR in back-to-back and
after transmission and found that a higher carrier power is
needed to improve performance after transmission. We have
also derived the analytical form of back-to-back CSPR and
verified its correctness using numerical simulations. To
maintain the system’s high throughput, we have proposed a
low-overhead I/Q imbalance estimation method. Our
experiment shows that in greater than 1 Gb/s DDO-OFDM
systems, the proposed DDO-OFDM-S enables
unprecedented capacity of 214 Gb/s per wavelength over an
unprecedented distance of 720 km SSMF.
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Spatial mode-division multiplexing is emerging as a potential solution to further increasing optical fiber capacity and spectral efficiency. We
report a dual-mode, dual-polarization transmission method based on mode-selective excitation and detection over a two-mode fiber. In
particular, we present 107 Gbit/s coherent optical OFDM (CO-OFDM) transmission over a 4.5 km two-mode fiber using LP01 and LP11

modes in which mode separation is performed optically.
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1 Introduction

he fast advance of high-speed optical transport
systems has spurred the use of dense
wavelength division multiplexing (DWDM),
polarization multiplexing, coherent detection,
and multilevel modulation schemes in optical

fiber transmission. However, higher required optical
signal-to-noise ratio (OSNR) causes higher transmission
power per channel, and this may give rise to impairments
caused by fiber nonlinearity [1], [2]. Recently, there has been
increasing interest in few-mode fiber (FMF) as the
next-generation fiber for achieving capacity beyond that of
standard single-mode fiber (SSMF) [3]-[7]. One of the
advantages of FMF, for example, two-mode fiber (TMF), is
that spacial modes are multiplexed, and this doubles or triples
fiber capacity without exponentially increasing SNR (as is the
case with SSMF fiber) [4]-[7]. By adding another degree of
freedom (here, the spatial modes with respect to the
wavelength, polarization, and higher-order modulation), the
information data coding can also be made more efficient [8].
Compared with previous approaches based on conventional
multimode fiber (MMF) [9]-[12], FMF has better mode
selectivity and can more easily manage mode impairments.
Recently, a number of groups have mode-division
multiplexed (MDM) LP01 and LP11 modes [4], [5], two
degenerate LP11 modes (LP11a + LP11b) [6], and even all three
modes (LP01 + LP11a + LP11b) [7] over FMFs or TMFs. The

advance to FMF transmission requires new research on topics
ranging from device to system level, including TMF design,
TMF-compatible component design, and TMF transmission.
In mode-multiplexed transmission systems, mode-selective
components are critical. All the mode-selective devices
proposed in [4] and [5] fall into two main categories:
free-space based and fiber based. The former uses phase
masks that are based on liquid crystal on silicon (LCoS)
spatial light modulator (SLM) [6] or specially fabricated glass
plate [7]. Free-space components are often bulky whereas a
fiber-based one is compact and can be easily integrated.
The coupler proposed in [13] could be a promising solution
for future MDM systems even though fabrication of the
coupler involves sophisticated fiber etching, fusion, and
tapering. A simple, tunable mechanical pressure-induced
long-period fiber grating (LPFG) is an efficient mode
converter [14]. An LPFG mode converter has been applied in
a 2 × 10 Gb/s non-return-to-zero (NRZ) MDM system [5]
and a 107 Gb/s mode-multiplexed OFDM transmission
system [4]. We propose 107 Gbit/s coherent optical OFDM
(CO-OFDM) transmission over a 4.5 km TMF using LP01 and
LP11 modes in which mode separation is performed optically.

2 Mode-Selective Component Design

2.1 LPFG-Based Mode Converter
The main purpose of the mode converter is to convert
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optical signals from LP01 to LP11 and vice versa. There are
various methods for performing this conversion on an FMF or
TMF. These include microbending [14], periodic mechanical
pressure [15], and refractive index modulation induced by
lasers [16]. Resonant coupling occurs when the grating pitch,
Λ, equals the beating length, given by LB = 2π/(β01 - β11),
where β01 and β11 are the propagation constants of LP01 and
LP11 [17]. Fig. 1 shows the physical design of the mode
converter. The TMF we use is a 4.5 km germanium-doped
step-index fiber with a core diameter of 11.9 μm and nominal
refractive index step, Δn, of 5.4 × 10-3. The LP11 mode cutoff
wavelength is 2323 nm, and the loss is 0.26 dB/km. The
modal group delay is 3.0 ns/km, and the mode beat length, LB,
is approximately 524 μm. The large differential group delay
(DGD) results in very small modal mixing in our TMF because
of the large mismatch of modal effective indices [18]. To
simplify our analysis, we only consider the deformation effect
in a mode converter. The simulation is based on the beam
propagation method [19], and the core deformation is
assumed to have an s-bend shape (Fig. 1). The coupling
efficiency depends on the coupling length, and core
deformations are defined for s-bend arc radiuses of 0.08, 0.1,
and 0.2 μm (Fig. 2). The optimum coupling length is inversely
proportional to the core deformation radius r, and for a 0.2 μm
deformation, the optimum coupling length is 8.1 mm, which

means our mode converter is very compact. Fig. 3 shows the
wavelength dependence of coupling efficiency at a coupling
length of 8.1 mm (approximately 15.5 ridges) and core
deformation of 0.2 μm. Fig. 4 shows the extinction ratio (ER)
versus wavelength using the same coupling length and core
deformation. The ER is the power ratio between LP11 and LP01

after mode conversion. Theoretically, the ER can be very
high, around 1550 nm, and remain above 20 dB for a
wavelength range of more than 10 nm. In light of the
simulation result, we fabricated four metal gratings with
20 evenly spaced grooves on one polished surface. The
groove pitch is given by Λ 0 = 510 ± 5 μm. To fabricate the four
mode converters, first we place a 0.9 mm jacketed TMF onto
an aluminum slab with tape. The TMF and grating are then
mounted between a three-axis stage and L-shaped steel.
The angle between grating and fiber, and the applied
pressure can be controlled by the stage and position of the
fiber. The angle between the grating and fiber determines the
effective pitch, given by Λ = Λ 0/sinθ, where Λ 0 is the original
pitch of the grating, and θ is the angle. After appropriate
adjustment of the stage and position of the fiber, the maximum
coupling ratio and ER for all mode converters occurs at
around 1550 nm. From the measured and simulated ERs
shown in Fig. 4, the ER can be maintained beyond 20 dB for a
13 nm wavelength range. The best ERs are 26.8, 22.8, 24.6,
and 24.3 dB and occur at 1551 nm for mode cnoverters

▲Figure 1. Schematic of an LPFG-based LP01/LP11 mode converter.
The groove pitch, Λ, and pressure can be optimized for a certain
wavelength or conversion ratio. The deformation of the fiber core is
assumed to be an s-bend shape with radius r.

TMF: two-mode fiber

▲Figure 2. Normalized power of LP11 versus effective coupling length
for an LPFG-based mode converter with grating pitch Λ = 524 μm at
wavelength λ = 1550 nm. The three curves correspond to core
deformation radiuses of 0.08, 0.1 and 0.2 μm.

▲Figure 4. Extinction ratio versus wavelength for an LPFG-based MC
with core deformation radius of 0.2 μm.

Sim: simulation Exp: experiment

▲Figure 3. Normalized power of LP11 versus wavelength for an
LPFGG-based mode converter with core deformation radius of 0.2 μm.

Sim: simulation Exp: experiment
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one to four.

2.2 Free-Space Mode Combiner/Splitter
The mode combiner/splitter comprises two double-axis

precision stages, one beamsplitter (BS), and three collimating
lenses (Fig. 5). The signal is polarization multiplexed and
mode converted before entering the mode combiner. The two
input TMFs that carry either LP11a or LP11b generated by the
mode converters are connected with the two input ports of the
mode combiner, whose position can be manually aligned by
the precision stages. The output port of the mode combiner is
fixed using a fiber collimator and connected with the 4.5 km
transmission fiber. The input signal is first collimated to a spot
size with 2 mm diameter by one of the movable
collimating lenses with numerical aperture (NA) of
0.25 and effective focal length f of 11.0 mm. The
collimated beam is subsequently passed through
the BS in either transmission or reflection direction
and is finally focused onto the core of the output fiber
by another lens inside the packaged collimator. The
BS is polarization insensitive with less than 5%
difference in transmission for s-polarization and
p-polarization at 1550 nm. The input and output of
the TMFs are connectorized before being mounted
onto the stage with an FC-type adapter. The
connectors are specially designed with an
adjustable key so that the fiber can be axially
rotated. By adjusting the key of the connectors, the
orientation of the two LP11 modes can be changed so
that the modes are orthogonal (90 degrees to each
other). An infrared camera is placed in the unused
path of the BS to monitor the orientation and
orthogonality of the two LP11 modes (Fig. 5). The loss
in the reflection path of the BS is approximately
3.5 dB, and the loss in the transmission path of the
BS is approximately 4.5 dB. The loss in the focusing
system caused by misalignment and Fresnel

reflection is approximately 1 dB. The 1 dB power difference
between the two paths is balanced using an SMF attenuator
before mode conversion. It is also possible to upgrade to a 3
× 1 mode combiner by introducing another precision stage
and collimating lens as well as another BS, which we
introduce in the triple-mode (LP01 + LP11a + LP11b) transmission
experiment. The mode splitter has the same structure as the
combiner except that it is operated in opposite direction.

3 LP01/LP11 Transmission Setup
and Results
Fig. 6 shows the 107 Gbit/s LP01/LP11 dual-mode coherent

OFDM transmission setup 0. Four transmitters corresponding
to LP01 and LP11 (both modes have two polarizations, x and y)
are implemented as follows: First, the OFDM signal is
generated offline with MATLAB. The fast Fourier transform
(FFT) size is 64, with the middle 40 subcarriers filled. The
Cyclic prefix (CP) is set to 1/8 of the observation window. The
OFDM waveform consists of 500 symbols, and an initial 20
symbols with alternative polarization launch are used as
training symbol (TS) for channel estimation. After FFT, the real
and imaginary components of the time-domain signal are
uploaded onto a Tektronix arbitrary waveform generator
(AWG). Then, three tones spaced at 6.563 GHz are generated
by an external cavity laser operating at 1549.3 nm wavelength
and an intensity modulator (IM) driven by a synthesizer. The
optical OFDM signal is then modulated on each tone by using
the AWG to drive a nested Mach-Zehnder modulator. The
orthogonally multiplexed triple-band OFDM signal is divided
and recombined on orthogonal polarizations with one symbol
delay to emulate polarization multiplexing. The sampling rate
of the AWG is 10 GSa/s and as a consequence, the OFDM
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▲Figure 5. Schematic of a free-space mode combiner. The precision
stages have freedom of two axes, x and y. The light propagation axis is
denoted Z. The beams are collimated before entering the BS to
minimize divergence and distortion.

BS: beam splitter TMF: two-mode fiber

▲Figure. 6 Experiment setup for 107 Gb/s dual-mode dual polarization
transmission over 4.5 km TMF fiber. The center-spliced controlled couplings
between LP01 modes of SMF and TMF are marked ×.

EDFA: erbium-doped fiber amplifer
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symbol length is 7.2 ns. The raw data rate is 150 Gb/s, and the
net data rate after overheads (7% FEC, 4% TS, 12.5% CP, and
five discarded subcarriers around the DC) is 107 Gb/s.
Constant optical power of around 5.5 dBm is launched into
the SMF before the MC1 for TMF transmission. A mode
stripper (MS) is used after center splicing to strip off the
unwanted LP11, ensuring pure LP01 is launched into the TMF.
The MS is realized by tightly bending the bare TMF over 7 mm
posts of about 20 rounds that provide a rejection ratio of
greater than 30 dB against LP11 [4]. The first mode combiner
has a nominal 50:50 conversion ratio on LP01/LP11, with both
modes carrying the previously described polarization
multiplexed signal. We estimate that after the 4.5 km TMF, the
delay between LP01 and LP11 is 13.5 ns. This delay is nearly
double the OFDM symbol length. Therefore, the two modes
are completely decorrelated after 4.5 km TMF transmission,
and the signal can be independently received on LP01 or LP11.
At the receiver, the two modes are detected individually. For
LP01, a mode stripper (MS2) is used to strip off LP11, and the
remaining LP01 is coupled into the SMF. The signal is
subsequently detected by a coherent optical receiver. For
LP11, a second mode converter (MC2) with nominal 100%
conversion ratio is used to convert LP11 into LP01. Any residual
LP11 not converted to LP01 and any LP01 converted to LP11 is
stripped off by a subsequent MS. The converted LP11 (now
LP01) is coupled into the SMF and is subsequently fed into the
coherent optical receiver.

The received signal is converted from the optical to
electrical domain and sampled by a 50 GSa/s digital
oscilloscope. The received signal is processed using a 2 × 2
MIMO CO-OFDM program. The digital signal processing
consists of five steps: 1) timing synchronization, 2) frequency
offset compensation, 3) channel estimation and phase
estimation, 4) subcarrier mapping and constellation recovery,
5) BER and Q computation. With this setup, the received
power of LP01 is -0.5 dBm and that of LP11 is -5.3 dBm.
Therefore, the end-to-end loss is 6 dB for LP01 and 10.8 dB
for LP11. The higher loss for LP11 can be attributed to the
excessive loss in MSs (0.2-0.4 dB) and loss in the MCs
(approximately 0.4 dB in MC1 and approximately 1.5 dB in

MC2). Also, there is random coupling between the
degenerate LP11 modes inside the 4.5 km TMF, whereas only
one of the two orientations can be launched or detected
because of the asymmetry of our mode converter. Fig. 7(a)
shows the high-resolution (0.01 nm) optical spectrum of a
signal received from LP01, and Fig. 7(b) shows the
high-resolution optical spectrum of a signal received from
LP11. Good constellations in all three bands and for both
modes are shown in Fig. 7(c) and (d). We could not detect
any errors in the 100,590 bits of any of the 12 possible
combinations of signal states (three bands, two polarizations,
and two modes). Overall Q factors for all bands, polarizations,
and modes are shown in Table 1. The 2 dB relative difference
in average Q between LP01 and LP11 can be attributed to the
increased crosstalk in LP11. The ER of the mode converter
becomes non-ideal under random perturbation between two
LP11 spatial modes. The results demonstrate the feasibility of
using TMF for dual-mode and dual-polarization transmission
in order to increase fiber capacity and/or SE. In this
experiment, we assume negligible mode coupling between
LP01 and LP11 because of the high modal mismatch and
relatively short distance. This negligible coupling has been
tested in [18]. The modes are detected individually without the
need for MIMO processing, and this reduces complexity. The
main limiting factors for a TMF-based transmission system
are 1) mode converter ER and MS rejection ratio; 2)
dependence of mode converters and free-space
components on polarization and mode, which causes
mode-dependant loss, polarization-dependant loss, and
crosstalk discrepancy in ER; and 3) the intrinsic loss of the
fiber because a TMF amplifier is not readily available. For
long-haul transmission, MIMO processing is necessary
because there is significant accumulation of mode coupling.

4 Conclusion
We have presented a dual-mode, dual-polarization

transmission method on a TMF using a grating-based
LP01/LP11 mode converter for mode-selective detection.
Spectrally efficient transmission over a 4.5 km TMF at
107 Gb/s using CO-OFDM is achieved using a QPSK
subcarrier. Spatial mode division multiplexing may be a
solution to increasing optical fiber capacity beyond that of
SSMF.
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▲Figure 7. (a) Optical spectrum and (c) constellations of LP01 after 4.5
km transmission in three bands. (b) Optical spectrum and (d)
constellations for LP11 after 4.5 km transmission in three bands.

▼Table 1. Measured Q factor (dB) for a 107 Gb/s, triple-band
CO-OFDM dual-mode, dual-polarization transmission on 4.5 km TMF
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This paper begins with Nyquist wavelength-division multiplexing (WDM) and then introduces faster-than-Nyquist. In faster-than-Nyquist,
a certain amount of inter-symbol interference (ISI) is accepted, which violates the fundamental principle of Nyquist WDM. This results in
much-relaxed transceiver bandwidth and simpler spectral design. However, in faster-than-Nyquist, implementation complexity is shifted
from the transmitter side to the receiver side. Therefore, successful application of faster-than-Nyquist depends on innovation in the
receiver structure. In this paper, we discuss the guidelines for implementing suboptimum, low-complexity receivers based on
faster-than-Nyquist. We suggest that duobinary shaping is a good technique for trading off achievable spectral efficiency, detection
performance, and implementation complexity and might be preferable to Nyquist WDM. Experiments are conducted to verify robustness of
the proposed technique.

coherent detection; digital signal processing; optical fiber communications; spectral-efficiency; wavelength division multiplexing
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1 Introduction

ver-increasing demand for bandwidth has
driven optical communication systems to higher
and higher capacities. There is a strong
motivation to enhance spectral efficiency in order
to upscale total capacity and reduce cost per bit.

These goals have inspired intensive research and many
laboratory experiments [1]-[19]. Spectral efficiency can be
enhanced with high-level modulation formats, but this comes
at the cost of high complexity and lower power efficiency
[2]-[4]. If the modulation format is already specified, two
research directions, based on spectral multiplexing, can be
taken to achieve high spectral efficiency. One area of
research is orthogonal frequency-division multiplexing
(OFDM), which uses orthogonality to allow for spectral
overlapping [5]-[10]. The other area of research is
innovations on conventional wavelength-division multiplexing
(WDM). Compared to approcaches based on OFDM,
approaches based on WDM relax the analog bandwidth and
sampling-speed requirements of the digital-to-analog

converters (DACs) and analog-to-digital converters (ADCs)
in transceivers [11]. Moreover, the absence of temporal and
spectral overheads, that is, guard intervals, training
sequences, or pilot tones, means the approaches based on
WDM are more efficient and less complex. In this paper, we
discuss several new concepts for improving spectral
efficiency in WDM systems, and we propose solution in which
spectral efficiency, performance, and complexity are traded
off to achieve a reasonable compromise.

2 Nyquist WDM and Faster-Than-Nyquist
In WDM systems, an individual channel can be viewed as

band-limited with a cut-off bandwidth equal to the channel
spacing. In this way, improving spectral efficiency means
increasing the symbol rate for a given channel spacing or
reducing the channel spacing for a given symbol rate. One
recently-studied concept is Nyquist WDM, in which the
Nyquist limit is approached by using Nyquist filtering or
shaping [11]-[15]. In Nyquist WDM, the spectrum of one
WDM channel is optically or electrically tailored to fit into the
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near-symbol-rate channel spacing. Ideally, inter-symbol
interference (ISI) is absent. However, filtering or spectral
shaping often requires special treatment so that this Nyquist
ISI-free criterion is met. It is also difficult to approach the
Nyquist limit in practice; the channel spacing has to be
slightly larger than the symbol rate because of inter-channel
linear crosstalk [12]-[15]. Nyquist WDM assumes that the
overall channel has no ISI or a small amount of linear ISI
(excluding chromatic dispersion and polarization-mode
dispersion, which are all-pass effects). Thus, optimum
performance can be approached by combining a linear
equalizer and a hard-decision-based detector, which is
widely used in conventional WDM systems with coherent
detection. In Nyquist WDM, the lower bound of the channel
spacing is the symbol rate because the Nyquist ISI-free
criterion dictates that the symbol rate cannot exceed the
Nyquist rate of 2W over an ISI-free band-limited channel with
single-sided cut-off bandwidth W [16].

To exceed the Nyquist limit, faster-than-Nyquist has been
proposed [16]-[19]. The fundamental idea behind this new
concept is to increase the symbol rate above Nyquist rate by
accepting a certain amount of ISI left to the detectors. The
optimum detectors are those based on maximum a-posteriori
probability (MAP) and maximum-likelihood (ML) criteria, not
hard-decision criteria. Relaxing the ISI-free criterion greatly
reduces bandwidth requirements on the transceiver and
eases the difficulty of Nyquist filtering or shaping in practice.
These benefits encourage the application of
faster-than-Nyquist in realistic WDM systems. Our intention
is to use faster-than-Nyquist without forcing the symbol rate
beyond the Nyquist rate (even though it can be done).
Although faster-than-Nyquist is relatively new in optical
communications, it has already been leveraged in the
systems described in [20]-[25]. In these systems, ISI was
introduced by commercial electrical or optical analog filters
(without any specific designs), and some ISI was left to the
final MAP or ML detectors. A problem with an optimal MAP or
ML receiver is that computations and storage grow
exponentially with channel memory [26]. The channel memory
induced by ISI in constrained-bandwidth systems (such as
those in [20]-[22]) often spans a large number of symbols,
and this results in unacceptably complex detectors.
Moreover, the ISI pattern in these systems is unknown and
unconditioned, and additional channel estimators are needed.
Therefore, the success of faster-than-Nyquist depends on
innovations that address all these problems.

3 A Practical Suboptimal Receiver
In [27], a finite impulse response (FIR) equalizer is used to

shape the channel response into an intermediate truncated
channel response with a short memory. The FIR equalizer then
feeds the equalized output to a simplified
maximum-likelihood sequence detector (MLSD) (Fig. 1). This
equalizer is a partial-response equalizer because its shaping
goal is one channel with a specified truncated ISI pattern. By
using a partial-response equalizer, the overall memory or

accounted-for ISI can be arbitrarily shared between the
partial-response equalizer and the MLSD. This allows a
trade-off between complexity and performance, and the
solution has been the basis of numerous receiver structures
[28]-[30]. In these receivers, the least-mean-square (LMS)
algorithm is commonly used so that the equalizer is adaptive.
The adaptive equalizer can operate in a decision-directed
[28], [29] or decision-feedback manner [30]. Regardless of
which structure is used, the performance advantage of the
MLSD is retained by carefully selecting the intermediate
truncated channel so that the amplitude response is similar to
that of the original channel. The reason for this guideline is
that the shaping process by the partial-response equalizer
would alter the spectral characteristic and power of the noise,
which would ultimately influence the effective signal-to-noise
ratio (SNR) and MLSD performance.

Linear equalizers in fiber-optic systems are essential and
have been widely applied [31]. Adaptive equalizers can
conveniently perform polarization demultiplexing and
compensate for almost all static and time-varying linear
impairments. In optical coherent receivers, adaptive
equalizers using constant modulus algorithm (CMA) and
decision-directed LMS (DD-LMS) algorithm are used to
mitigate ISI in the channel. However, noise may be strong if ISI
is strong [26]. The shaping goal of an adaptive equalizer is an
ISI-free channel, and an adaptive equalizer cannot be used
for partial-response shaping. Moreover, it might also be
inadvisable to modify the equalizer in an optical coherent
receiver referring to [28]-[30] because this would not only
complicate the equalizer itself but also significantly change
the carrier recovery algorithms. For example, the equalizer
structure proposed in [22] is similar to that in [29] for optical
coherent receivers whereas the frequency offset was
assumed to be known and had to be compensated for before
the equalizer. Therefore, it is desirable to innovate on receiver
structures without altering the existing mature coherent
receiver algorithms.

Another concern is how to determine the intermediate
channel response in spectrally-efficient optical WDM systems
by using the previously mentioned guideline. For general
time-varying channels, an algorithm has been developed to
adaptively optimize the intermediate channel response by
minimizing the mean-square error [28]. In real optical
networks, the memory or ISI in one channel (excluding the ISI
induced by dispersion) is commonly introduced by
bandwidth-limiting components such as the optical
modulators, WDM components, reconfigurable optical

MLSD: maximum-likelihood sequence detector

▲Figure1. The typical system structure suggested in [27].
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add-drop multiplexers (ROADMs), analog electrical/
microwave driving circuits, and photodetectors. The
amplitude responses of these components are relatively
constant. Although a cascade of multiple ROADMs causes
accumulated narrowband filtering, the rough shape of the
overall channel response is maintained. Therefore, daptations
such as those in [28] are not imperative in optical
communication systems where the channel is quasi-static.
This means that the desired intermediate channel response
can be determined in back-to-back (B2B) and can be kept
fixed in the real optical network where the setup and hardware
are specified. This reduces implementation complexity, but
performance is compromised when the channel response
changes slightly.

4 Duobinary Shaping
Partial-response maximum-likelihood (PRML) technology

is widely applied in magnetic recording systems. A magnetic
recording channel can be shaped into a partial-response
channel because the memory in the read-out signals from
magnetic media is inherently similar to a certain
partial-response class [32], [33]. This leads us to consider
whether the channel in a spectrally efficient WDM system can
be shaped into a partial-response channel with a short
memory. Recently, we showed that the channel amplitude
response in the presence of regular electrical or optical filters
has a similar shape to the well-known duobinary response
[23]-[25]. More importantly, a novel receiver structure has
been proposed for duobinary shaping or equalization prior to
the MLSD. A simple duobinary digital post-filter is introduced
after the conventional adaptive linear equalizers and carrier
recovery modules. In this way, the existing digital signal
processing (DSP) algorithms in the conventional digital
coherent receivers were all preserved. The short one-symbol
memory of the duobinary response considerably simplifies the
MLSD. The proposed duobinary shaping scheme is robust to
narrowband optical filtering, and the requirements on the
transceiver hardware are greatly relaxed. An ideal duobinary
response has a double-sided cut-off bandwidth that is the
same as the symbol rate. According to the shaping guideline

previously mentioned, the proposed duobinary shaping
scheme applies to WDM systems with a channel spacing
approximately equal to the symbol rate (maybe slightly higher
or lower). The symbol rate can be pushed beyond the Nyquist
limit through more aggressive filtering and searching other
intermediate channel responses with longer memory.
However, this might disable the convergence of the
conventional adaptive equalizers because noise would
(possibly) be infinitely augmented. Although this problem
could be solved by modifying the whole DSP structure and
associated algorithms, we suggest that duobinary shaping
provides a good trade-off between spectral-efficiency,
detection performance, and DSP complexity.

5 Experiment with the Proposed Duobinary
Shaping Technique in a PM-QPSK WDM
System
To determine the benefits and robustness of the proposed

duobinary shaping technique, we carried out experiments
using 25 GHz spaced, 100 Gb/s polarization-multiplexed
QPSK (PM-QPSK) WDM with up to five channels.

Fig. 2 shows the experiment setup and DSP flow. One
external-cavity laser (ECL) and four distributed-feedback
(DFB) lasers provide up to five 25 GHz-spaced
continuous-wave (CW) optical carriers. An ECL with
approximately 100 kHz linewidth serves for the central
channel that we are investigating. Four decorrelated 25 Gb/s
or 28 Gb/s pseudo-random bit sequence (PRBS) signals all
have a codeword length of 215-1. These PRBS signals are
generated from a quad-channel pulse pattern generator
(PPG). The decorrelation between channel D1 and D2 is 214
bits, and the decorrelation between D1 and D1 is 54 bits.
These paired PRBS data streams drive two I/Q modulators
with full swings to produce optical QPSK signals. The odd and
even channels are further decorrelated by a differential delay
of approximately 180 symbols. Prior to being combined by a
3 dB optical coupler, the odd and even channels are
spectrally shaped and filtered by two commercial
WaveShapers, both programmed with fourth-order
super-Gaussian profiles for each WDM channel. Spectral

BPF: bandpass filter
DFB: distributed feedback laser
ECL: external cavity laser

EDC: electronic dispersion compensation
EDFA: erbium-doped fiber amplifier

FIR: finite impulse response

LO: local oscillator
MLSD: maximum-likelihood sequence detector

PC: polarization controller

PRBS: pseudo-random bit sequence
SSMF: standard single-mode fiber

▲Figure 2. Experiment setup and offline DSP flow for a five-channel PM-QPSK WDM system.
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shaping and filtering allows the PM-QPSK signals to be
accommodated on a 25 GHz grid with acceptable linear
crosstalk. The two WaveShapers and 3 dB coupler act as an
optical interleaver with the ability to tune the optical-filtering
bandwidth. This tunability allows us to determine the tolerance
of the proposed duobinary shaping scheme to the
optical-filtering bandwidth. Spectral shaping can also be
done by electrical filters such as those in [23] and [24]. Here,
we take an optical approach to spectral shaping because
WDM components are used in practice to combine WDM
channels. Then, the entire WDM signal is
polarization-multiplexed with a differential delay of
approximately 180 symbols between the two polarizations.
The fiber link was built up in a straight line using eight 80 km
standard single-mode fiber (SSMF) spans with
erbium-doped fiber amplifiers (EDFAs) only. The optical
power, PL, launched into the SSMF spool in each span was
the same. At the receiver, the WDM signal was pre-amplified
and then filtered by a 0.8 nm optical bandpass filter (BPF) to
suppress wideband noise. Intradyne detection of the central
channel was implemented using a commercial
integrated-coherent receiver in a conventional
polarization- and phase-diverse configuration. Finally, the
four detected tributaries were captured, each with 3×106

samples, by a 50 GSa/s digital sampling oscilloscope with
16 GHz analog bandwidth for offline processing.

The conventional DSP blocks for a PM-QPSK coherent
receiver are preserved without modification, which is a tenet
of the proposed DSP structure. The proposed structure allows
DSP reconfiguration because all the DSP blocks work in a
feed-forward fashion, and the additional post-filter and
MLSD can be easily switched to hard decision. After I/Q
imbalance is compensated for using the Gram-Schmidt
algorithm [31], electronic dispersion compensation (EDC)
based on static time-domain equalization is performed to
compensate for all the accumulated dispersion. The sample
streams are then resampled to two samples per symbol. A
blind adaptive equalizer with four 15-tap T/2-spaced
butterfly FIR filters adapted using the classic CMA follows.
Carrier recovery is then performed, which includes frequency
offset estimation based on fast Fourier transform (FFT) [34]
and carrier phase estimation based on the fourth-power
Viterbi-Viterbi algorithm [31]. After these conventional DSP
blocks, the digital post-filter performs duobinary shaping and
the MLSD performs suboptimum detection on each signal
quadrature of each polarization, that is, each electrical lane in
a practical PM-QPSK transponder. (Fig. 2, highlighted
boxes). On each signal quadrature in each polarization, the
signal can be considered to have a 2-ary pulse-amplitude
modulation (PAM) format. Therefore, the MLSD based on
Viterbi algorithm only has two states for each quadrature of
each polarization. Differential coding is used for all cases to
overcome cycle slipping and phase ambiguity.

We first investigated performance at different symbol rates.
Fig. 3 shows B2B performance at a 25 Gbaud symbol rate,
which is equal to the channel spacing. First, the performance
of a single-channel PM-QPSK signal was measured by

configuring the WaveShaper in all-pass mode. The post-filter
and MLSD were turned off in the DSP because there was no
strong ISI. Compared with the theoretical limit and taking into
account the differential coding, there is approximately 1 dB
typical optical SNR (OSNR) penalty at a bit error rate (BER) of
10-3. Second, aggressive spectral shaping was performed on
the single-channel PM-QPSK signal by configuring the
WaveShaper with a 22 GHz 3 dB bandwidth. The post-filter
and MLSD were activated to perform duobinary shaping and
suboptimum detection. By virtue of the post-filter and MLSD,
a single-channel PM-QPSK signal only suffers approximately
0.5 dB required OSNR penalty. Third, we turned on the two
channels that were closest to each other in order to determine
the effect of inter-channel linear crosstalk. Another 0.4 dB
required OSNR penalty appears (Fig. 3). There is less than 1
dB OSNR penalty in WDM systems with a channel spacing
equal to symbol rate. Next, we pushed the symbol rate to 28
Gbaud while maintaining the 25 GHz channel spacing. The
symbol rate was faster than Nyquist, and the raw spectral
efficiency was above 4 b/s/Hz. Fig. 4 shows B2B BER as a
function of OSNR at 28 Gbaud. There is only 0.6 dB
implementation penalty for single channel, similar to the
penalty at 25 Gbaud. However, the penalty is larger when
there is linear crosstalk due to the boosted symbol rate. This
implies that the proposed duobinary shaping technique works
well, and performance loss is mainly due to interchannel linear
crosstalk not the technique itself. The BER of 10-3 cannot be
reached in the three-channel setup if the proposed technique
is disabled at 25 Gbaud or 28 Gbaud. In sum, we have shown
that there is an implementation penalty of approximately
0.9 dB at 25 Gbaud and an implementation penalty of
approximately 1.7 dB at 28 Gbaud on a 25 GHz WDM grid. By
comparison, the systems in [13], [15], and [20] had greater
than 2 dB OSNR penalty at B2B. To the best of our
knowledge, the implementation penalties described in this
paper are the smallest for PM-QPSK WDM systems with such
high spectral efficiency. This small implementation penalty is
achieved by only using one-symbol memory in the MLSD.

BER: bit error rate OSNR: optical signal-to-noise ratio

▲Figure 3. BER as a function of OSNR in B2B at 25 Gbaud.

18171615141312

OSNR (dB) in 0.1 nm Reference Bandwidth

-2

-3

-4

-5

Lo
g1

0
(B
ER

)

: 1 ch without WaveShaper
: 1 ch with 22 GHz WaveShaper
: 3 ch with 22 GHz WaveShaper◇◇

○○
□□

◇◇

◇◇

◇◇

◇◇

◇◇

□□

□□

□□

□□

○○

○○

○○

○○

○○

Theoretical Limit

Experiments
1 dB 0.4 dB0.5 dB

March 2012 Vol.10 No.1ZTE COMMUNICATIONS26

Exploiting the Faster-Than-Nyquist Concept in Wavelength-Division Multiplexing Systems Using Duobinary Shaping
Jianqiang Li, Ekawit Tipsuwannakul, Magnus Karlsson, and Peter A. Andrekson

S pecial Topic



To determine the robustness of the proposed scheme, the
optical filtering bandwidth was swept from 19 GHz to 26 GHz
by reconfiguring the WaveShapers. The symbol rate was set
to 28 Gbaud. This bandwidth sweep altered the original
channel response and changed the deviation of the channel
response to the ideal duobinary response. Fig. 5 shows the
optical spectra of a single-channel 28 Gbaud PM-QPSK
signal after spectral shaping with different 3 dB bandwidths.
Fig. 6 shows the experiment results for single-channel and
triple-channel setups, given a fixed per-channel OSNR of
15.2 dB. There are several important observations from Fig. 6.
The function marked with solid dots shows that stronger
spectral shaping is possible despite a slightly larger penalty.
Furthermore, a system in which the proposed technique is
used is tolerant to the spectral-shaping bandwidth. The
function marked with solid squares shows there is an optimal
bandwidth (22 GHz) for the triple-channel setup. This means
a tradeoff has been made between inter-channel crosstalk
and intra-channel shaping or filtering. If the post-filter and
MLSD were turned off, the triple-channel setup would have a
much larger penalty compared with the single-channel setup.
Therefore, increasing linear crosstalk plays a dominant role in

increasing in-band noise enhancement.
Finally, 25 GHz-spaced 5×112 Gb/s PM-QPSK signals

were transmitted over 640 km SSMF using the setup shown in
Fig. 2. The WaveShapers were programmed with a 22 GHz
fourth-order super-Gaussian profile for each WDM channel.
Fig. 7 shows the transmitted WDM optical spectra. Channel
isolation greater than 30 dB is achieved on a 25 GHz grid, and
the interchannel linear crosstalk occurs on the spectral edge
of each channel. Limited equipment availability meant that
640 km SSMF transmissions with EDFAs could only be
implemented in a straight line, leaving an OSNR margin.
Therefore, we adjusted the attenuator before the Rx
pre-amplifier (Fig. 2) to obtain a reasonable OSNR range in
which we would have a sufficient error count. Fig. 8 shows the
Q-factor of the central channel as a function of the launched
power after 640 km SSMF transmission. The insets in Fig. 8
show that the enhanced in-band noise and linear crosstalk
are suppressed, and the constellation evolves to a nine-point
constellation after duobinary shaping. With the post-filter and
MLSD, the optimal launch power is -1 dBm. The case without
post-filter and MLSD has a higher optimal optical launch
power and less sensitivity to the launch power because

▲Figure 4. BER as a function of OSNR in B2B at 28 Gbaud.

BER: bit error rate

▲Figure 5. Optical spectra of a single-channel 28 Gbaud PM-QPSK
signal after spectral shaping with different 3 dB bandwidths of the
WaveShaper.

▲Figure 6. Tolerance to spectral shaping bandwidth of the WaveShapers.

MLSD: maximum-likelihood sequence detector

▲Figure 7. Transmitted optical spectra in experiments on
25 GHz-spaced five-channel 112 Gb/s PM-QPSK WDM.
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performance is mainly penalized by increased in-band noise
and interchannel linear crosstalk. In this case, more
nonlinearity is required to further penalize the signal.

6 Conclusion
Applying the faster-than-Nyquist concept in

spectrally-efficient WDM systems has been discussed. The
fundamental idea behind faster-than-Nyquist is to increase
spectral efficiency by accepting ISI. In light of this idea, we
have proposed a novel receiver structure based on duobinary
shaping in order to achieve a balanced trade-off between
spectral efficiency, detection performance, and
implementation complexity in optical WDM systems.
Experiments were carried out in 25 GHz-spaced 100 Gb/s
PM-QPSK WDM system with small implementation penalty
and promising robustness. The proposed scheme can be
expanded to higher-level modulation formats, for example,
16-ary quadrature amplitude modulation (QAM) for higher
spectral efficiency [25].

▲Figure 8. 640 km SSMF transmission performance versus launch
power per channel.

MLSD: maximum-likelihood sequence detector
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In this paper, we propose a novel super-receiver architecture for Nyquist-wavelength-division-multiplexing (WDM) superchannel optical
coherent systems. As opposed to a conventional coherent receiver, where each subchannel is demodulated independently, the proposed
super-receiver jointly detects and demodulates multiple subchannels simultaneously. By taking advantage of information from side
channels that use joint DSP to cancel interchannel interference (ICI), the proposed super-receiver performs much better than a
conventional receiver. This architecture also has the potential to compensate for cross-channel impairments caused by linear and nonlinear
effects. We examine the proposed architecture through experiment and simulation. OSNR is improved by more than 5 dB after 1280 km fiber
transmission with narrow channel spacing.

superchannel; joint DSP; ICI; coherent receiver
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1 Introduction

uperchannel transmission of 1 Tb/s and beyond has
recently been proposed as an alternative to
electrical OFDM for satisfying the bandwidth
requirments of future optical networks. Nyquist
wavelength-division multiplexing (WDM) [1]-[4]

and coherent optical OFDM (CO-OFDM) [5] are the main
technologies used to achieve ultrahigh spectral efficiency in
superchannel optical coherent systems. In Nyquist WDM
optical coherent systems, conventional WDM carriers are
packed tightly for near-baud-rate or baud-rate spacing. In
such systems, interchannel interference (ICI) significantly
degrades system performance. The conventional way to
mitigate ICI in a Nyquist WDM system is to apply strong
electrical or optical filtering to each channel and use a digital
signal processor (DSP) to cancel the induced ISI [6].
However, there is still strong ISI when the channel spacing is
tight near the baud rate. Therefore, we propose a novel
coherent receiver architecture called super-receiver for
Nyquist WDM systems. The super-receiver detects and
demodulates multiple channels simultaneously. Taking
advantage of information from side channels that use joint
DSP to cancel ICI, the super-receiver performs much better

than a conventional receiver, which processes each channel
individually. Because all the side-channel information is
available, other cross-channel impairments, such as
nonlinear cross-phase modulation (XPM), cross-polarization
modulation (XPolM), and four wave mixing (FWM), can be
compensated for. We propose using the super-receiver to
jointly estimate carrier phase from the side channel
information in carrier-locked Nyquist systems. In this paper,
we introduce the super-receiver architecture and describe
the joint DSP algorithms that compensate for linear ICI. We
assess the algorithms using experimental and simulated data.
There is more than 5 dB optical signal-to-noise ratio (OSNR)
gain at BER = 10-3 when the channel spacing is at baud rate.

2 Principle and Design
Fig. 1 shows the proposed super-receiver architecture. In

Nyquist WDM systems, tightly spaced optical carriers are
modulated by independent data and packed together by an
optical multiplexer (where ICI is incurred). After optical fiber
transmission and optical demultiplexing, each channel is
separated and sent to its corresponding coherent receiver for
O/E conversion and digital sampling. The local oscillators
(LOs) for coherent receivers are generated in the same way
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as at the transmitter side. The synchronized information
across the channels is captured for future joint signal
processing. For this reason, the optical path and electrical
path of each demultiplexed channel need to be equal in
length, and digital sampling must be synchronized across the
channels. However, these requirements can be relaxed in a
joint DSP block if time-domain memory size is increased (Fig.
2). In a joint DSP block, information is available from multiple
channels, and this enables joint signal processing to
compensate for both linear and nonlinear impairments
between channels. This also enables joint carrier phase
recovery in carrier-locked Nyquist WDM systems.

3 Joint DSP Based on Adaptive LMS
Algorithm for Cancelling Linear ICI
Fig. 2 shows the proposed joint DSP for cancelling linear

ICI. Three channels are considered, and ICI equalization for
the center channel (channel two) is shown. After the
three-channel signal is sampled with synchronized ADCs,
each channel undergoes conventional DSP, that is, chromatic
dispersion compensation, polarization demultiplexing, timing
recovery, and carrier phase estimation. After timing recovery
and carrier phase recovery, an adaptive ICI equalizer based
on adaptive least mean square (LMS) algorithm is used
across all three channels for both X and Y polarizations. For
each polarization, side channels (channels one and three) are
shifted in the frequency domain by the amount of channel
spacing. By shifting the side channels into the original
spectral location, the overlapped spectra are aligned for
subsequent ICI equalizer. After then the signals from the three
channels are fed into the ICI filter, where the filter coefficients
W12, W22, and W32 are jointly and adaptively updated according
to the slicing error. Each filter coefficient Wij represents the

◀Figure 1.
Proposed super-receiver
architecture.
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weighted crosstalk from channel i to channel j. For each Wij,
there are a few taps in time domain so that timing offset
between channels, caused by imperfect synchronized
sampling or path mismatch, can be compensated for. After
the ICI equalizer, ISI equalizers are used for each polarization
to compensate for the residual ISI induced by optical or
electrical filtering in the link. Conventional DSP in Nyquist
WDM systems uses an ISI equalizer to compensate for the
penalty introduced by strong filtering. However, a joint ICI
equalizer relaxes the narrow filter bandwidth and adaptively
cancels a significant part of the linear crosstalk. Channel one
and three are processed in the same way using information
from neighboring channels.

4 Experiment and Simulation Results
We conducted a proof-of-concept experiment on the

super-receiver architecture and joint ICI algorithm and
compared the results with those using simulated data. Two
independent lasers each carrying 28 Gbaud
dual-polarization quadrature phase-shift keying (DP-QPSK)

data were MUXed together without optical filters. At the
receiver side, the signals were split into two paths and were
received by two coherent receivers with synchronized
40 GSa/s Agilent sampling oscilloscopes. The electrical filters
at the sampling head were 16 GHz. Fig. 3(a) and (b) shows
the OSNR required to reach a BER of 10-3 at different channel
spacings. The results are shown for experimental and
simulated data. When channel spacing decreases, absolute
performance degrades in all cases. However, with a joint ICI
equalizer, performance degradation is reduced. For this
simple two-channel case, there is a 2 dB required OSNR
penalty at 30 GHz channel spacing when conventional ISI
equalization is used. Joint ICI equalization reduces this
penalty by 1 dB.

To give a more complete picture of the proposed system
with three-channel conditions, we simulated a 3 × 32 Gbaud
(128 Gb/s) DP-QPSK Nyquist WDM optical coherent system
by using RSOFT OptSim. The bandwidths of optical filters at
optical multiplexing were set to 43.75 GHz in order to shape
the signal spectrum. After optical multiplexing, the three
channel signals were transmitted through 16 spans of 80 km

Super-Receiver Design for Superchannel Coherent Optical Systems
Cheng Liu, Jie Pan, Thomas Detwiler, Andrew Stark, Yu-Ting Hsueh, Gee-Kung Chang, and Stephen E. Ralph

S pecial Topic

BER: bit error rate
DP-QPSK: dual polarization quadrature phase shift keying

ICI: interchannel interference
LMS: least mean square

OSNR: optical signal-to-noise ratio
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SSMF with launch power of 0 dBm per channel. The digital
sampling rate was 80 GSa/s per channel, and the bandwidth
of the electrical filters at the sampling head were 22 GHz.
Fig. 3(c) shows the performance of joint ICI equalization
versus that of conventional ICI equalization. We compared the
required OSNR for BER = 10-3 and BER = 10-2 at different
channel spacings after 1280 km standard single-mode fiber
(SSMF) transmission. At BER = 10-3 and channel spacing of
32 GHz (baud rate), the required OSNR using the
conventional algorithm was more than 5 dB higher than that
using the LMS algorithm in joint ICI equalization. After fiber
transmission, the relative OSNR gain was maintained, and
absolute performance degraded with longer transmission
distance because of increased nonlinearity. Fig. 3(d) shows
the timing offset between channels when different filter
lengths are used. The ICI equalizer operates with two samples
per symbol, so a filter length of five taps spans 2.5 symbols.
As long as the number of offset symbols is within the filter
memory range, the ICI equalizer is effective. By increasing the
filter tap length, the equalizer is more tolerant of timing offset.

5 Conclusion
A novel coherent receiver architecture has been proposed

for Nyquist-WDM super-channel systems. A joint DSP
algorithm for linear ICI cancellation has been developed and
verfied using the proposed super-receiver architecture.
When the channel spacing is at baud rate, the required OSNR
using conventional ICI equalization is more than 5 dB higher
than that using joint ICI equalization. As a result, the proposed
super-receiver architecture can greatly enhance coherent
receiver performance in Nyquist-WDM super-channel
systems with high spectral efficiency.
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In this paper, we propose a silicon-based high-speed plasmonic modulator. The modulator has a double-layer structure with a 16 μm long
metal-dielectric-metal plasmonic waveguide at the upper layer and two silicon single-mode waveguides at the bottom layer. The
upper-layer plasmonic waveguide acts as a phase shifter and has a dielectric slot that is 30 nm wide. Two taper structures that have
gradually varied widths are introduced at the bottom layer to convert the photonic mode into plasmonic-slot mode with improved coupling
efficiency. For a modulator with two 1 μm-long mode couplers, simulation shows that there is an insertion loss of less than 11 dB and a
half-wave voltage of 3.65 V. The modulation bandwidth of the proposed modulator can be more than 100 GHz without the carrier effect
being a limiting factor in silicon. The fabrication process is also discussed, and the proposed design is shown to be feasible with a hybrid of
CMOS and polymer technology.
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1 Introduction

modulator is a critically important device in
optical communication systems and
short-reach electro-optical interconnects.
Modulation speed continues to improve and is
now well above 100 GHz, which rivals the

processing speed of state-of-the-art CMOS electronic
devices. The silicon optical modulators described in this
paper are capable of having a modulation bandwidth of more
than 40 GHz [1], depending on whether carrier accumulation
[2], carrier injection [3], or carrier depletion [4] is used.

To enable carrier accumulation in silicon, a metal-oxide
semiconductor (MOS) structure is preferred. In such a
structure, the metal acts as the electrode, and the oxide acts
as the barrier. When voltage is applied, free carriers
accumulate at the interface between the oxide and the
semiconductor. In 2004, A. Liu et al. fabricated the first
silicon-based carrier accumulation modulator [2]. Although
the device only had 1 GHz bandwidth, it paved the way for
future silicon modulators.

Carrier injection can be achieved by using a
forward-biased silicon P-I-N diode, and depletion can be
achieved by using a reverse-biased silicon P-N diode. In
2007, Q. Xu et al. fabricated a silicon-ring-based
carrier-injection modulator with a bandwidth of more than
12.5 GHz [3]. In 2008, S. J. Spector et al. increased the

bandwidth of a silicon-based carrier-injection modulator to
more than 26 GHz, even reaching up to 40 GHz [1]. In 2010,
Po Dong et al. used silicon carrier-depletion modulators
integrated on 0.25 μm long silicon-on-insulator (SOI)
waveguides with VπL of 1.4 V-cm to show that low energy
consumption in a silicon modulator is feasible [4].

One of the limitations of silicon is two-photon absorption
(TPA), which makes it hard to further increase modulation
bandwidth [5]. To overcome this limitation, a silicon-organic
hybrid (SOH) approach has been suggested. By combining
silicon waveguides with highly nonlinear electro-optical (EO)
organic materials or high-absorption multilayer III-V
Quantum well materials, the modulation speed can be
increased to more than 30 GHz [6],[7]. In 2011, L. Alloatti et
al. developed an SOH-platform-based electro-optic
modulator that operated at 42.7 Gb/s and had a VπL of about
9 V-mm [6].

Although the response speed of x (2) nonlinearity in organic
material can be at least 165 GHz [8], the speed of the
practical modulator is still limited because of the weak
confinement, which causes a considerable proportion of light
to leak into the transparent silicon electrodes. Recent
progress in plasmonic silicon photonics has greatly improved
confinement in the waveguides, and this is promising for the
design of future ultracompact photonic devices. However,
although confinement is improved, optical loss increases
because of Ohmic loss in the metal and scattering at the grain



Design of a Silicon-Based High-Speed Plasmonic Modulator
Mu Xu, Jiayang Wu, Tao Wang, and Yikai Su

S pecial Topic

March 2012 Vol.10 No.1 ZTE COMMUNICATIONS 35

boundaries [9]. These prevent plasmonic devices from many
long-range and large-scale applications. Several
silicon-based modulators with plasmonic waveguides have
been theoretically described [10], [11]. In 2011, S. Zhu et al.
fabricated a metal insulator silicon-based plasmonic
modulator [12]. The modulator was 4 μm long and included
two couplers. Although they are compact, the schemes in
[10]-[12] have large loss and low modulation efficiency.

2 Device Structure and Mode Confinement
The structure of the phase modulator comprises two layers.

The bottom layer comprises two unconnected silicon
waveguides coated with silicon oxide for converting between
photonic mode and plasmonic mode (Fig. 1). The waveguides
have cross-sections of 400 × 220 nm2. The upper layer
mainly comprises two parallel symmetric metal plates made
from, for example, silver, and coated with an EO polymer to
form an MDM structure. The polymer fills a 30 nm wide gap.
The metal plates are 16 μm long and 100 nm wide and extend
to both sides in order to enable electrodes to contact. The
overlap between the bottom silicon waveguides and the
upper metal plates ranges in length from 1 to 1.5 μm and is
mainly determined by the coupling length between the
different modes supported by silicon and MDM waveguides.
Two gradually varied tapers are introduced at the overlapping
area of the silicon waveguides in order to enhance coupling
efficiency. The proposed width of the taper’s end face is
400 nm, and the proposed width of the taper’s head face is
300 nm.

The phase modulator uses the Pockels effect of a nonlinear
polymer to produce refractive index variation and phase shift.
With an appropriate synthesis and poling process, there is
great potential for the nonlinear EO to have a high EO
coefficient [13], large dynamic refracitve index range [14],
and greater resistance relative to other material fabrication
processes [15]. However, in most EO-polymer-based SOH
modulators, the confinement capability of the dielectric
waveguides is limited, and modulation efficiency is greatly
reduced by the mode energy leaking from the polymer area
into the silicon waveguides. Nevertheless, plasmonic
waveguides such as conductor-gap dielectric (CGD) and
MDM may be a promising solution to improving mode
confinement of the polymer area and increasing the refractive
index tuning efficiency. Fig. 2 shows the contrast between the
electric field intensity profiles of the MDM-slot waveguide and
the silicon-slot waveguide that is coated with a polymer with
refractive index of 1.63. The height of the plasmonic-slot
waveguide is 100 nm, and the width of the slot is 30 nm. The
height of the silicon-slot waveguide is 220 nm, and the width
of the slot is 30 nm. Using the finite-difference time-domain
(FDTD) method, we calculate the electric field energy within
the slot regions defined by the white dotted lines in Fig. 2. In
the plasmonic-slot waveguide in Fig. 2(a), 69.335% of the
electric-field energy is confined within the slot. In the
silicon-slot waveguide, shown in Fig. 2(b), 27.956% of the
electric field energy is confined within the slot because of

considerable leakage of the mode into the silicon slab. With a
larger proportion of the light accumulated in the slot region,
modulation can be improved by a factor of two.

3 Key Technologies for a High-Speed
Plasmonic Phase Modulator

3.1 Phase Modulation and High-Speed Characteristic
After efficient poling [16], the EO polymer has a high EO

coefficient of 100-200 pm/V. The proposed device uses
AJLS103 EO polymer cross-linked with polymethyl
methacrylate (PMMA) [15] with a refractive index, n e, of
approximately 1.63 and an EO coefficient, γ 33 , of
approximately 150 pm/V at 1550 nm wavelength. Nonlinear
EO polymers typically have a very high resistivity of more than
1011Ω·cm [17], so the two parallel metal plates comprising the
slot are electrically isolated and can be used as the modulator
electrodes. Then, the refractive index variance of the polymer
under applied voltage can be expressed as

where V is the applied voltage and d is the slot width. The
phase shift induced by the refractive index variance can be
expressed as

HSi-metal: height of the SiO2 area between silicon and metal plates
L: length of the metal plates

L t and W t: length and width of the head face of the taper
Wsi and H si: width and height of the silicon waveguide

Wslot: width of the slot

▲Figure 1. Structure of the silicon-based plasmonic phase modulator:
(a) overall perspective of the phase modulator without coating
materials, (b) top view of the bottom layer, side and front view of the
phase modulator.
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where l is the effective modulation length and Г is the
proportion of the electric field energy inside the polymer slot.
Phase modulation can be plotted against voltage for l = 14 μm,
d = 30 nm, and Г= 70%, and the half-wave voltage
Vπ= 3.652 V can be read from the curve at phase shift π
(Fig. 3). In (1), the maximum refractive index variance is
0.0392, and this is achievable using the proposed
high-nonlinear EO polymer [14], [18]. The loss in the
plasmonic MDM-slot waveguide is 0.38 dB/μm and is
calculated using FDTD simulation. The loss in the phase
shifter is 0.38 × l, where l = 5.32 dB. The half-wave
voltage-length product can be as small as 0.0051 cm·V with
Vπ= 3.652 V. A phase-shifter loss of 5.32 dB is tolerable. The
intersection of the red dotted lines in Fig. 3 is the value of the
half-wave voltage that leads to a π phase shift.

One of the attractive features of the plasmonic phase
modulator is its potential for high modulation speed because it
is compact and has strong optical confinement in the slot. In
the proposed design, the polymer can be treated as an
insulator. Fig. 4 shows the schematic of the plasmonic-slot
waveguide. The two parallel metal plates with sandwiched EO
polymer form a capacitor. The anode and cathode are
fabricated over the extended silver plates to enable electrical
signal input. From C = ε 0εγA/d, the capacity is nearly on the
order of several fF. The permittivity of the vacuum is ε 0; the
dielectric constant of 2.657 is εγ the lateral area of the metal
plates is A; and the thickness of the metal plates is d. The
modulation bandwidth, f max , is proportional to 1/RC, where R is
the external loading resistance (R = 50 Ω in plasmonic
modulator designs) [19]. The modulation bandwidth can be
on the order of terahertz, which exceeds the processing
bandwidth of state-of-the-art electronic CMOS devices. In
plasmonic modulators, the metal parts can be used as
electrodes to conduct signal voltage directly to the active
material. This is unlike silicon photonic modulators, which rely
on free carriers in the semiconductor to transport electrical
signals. Thus, the time τ needed for the free-carrier transport
process can be significantly reduced, and this greatly
increases the response speed of the model shown in Fig. 4.

3.2 Photonic to Plasmonic Mode Conversion
Because of the internal loss mechanism of metal towards

light at the wavelength of 1550 nm, plasmonic slot
waveguides have larger optical loss compared with silicon
waveguides, and this prevents plasma waves from being

used in far-reach and large-scale
applications [20]. Couplers used for
converting photonic and plasmonic modes
rely on silicon waveguides as the optical
transmission medium and are very important.
We propose a gradually varied taper for
conversion in the plasmonic phase
modulator. The taper overlaps underneath the
plasmonic-slot waveguide with longitude of
about 1 μm. The width of the taper’s end face
is 400 nm, and the width of the taper’s head

face is 300 nm.
To achieve high coupling efficiency between the photonic

and plasmonic modes, correctly configuring the overlap
between the upper plasmonic waveguide and bottom silicon
waveguides is critical. Here, we analyze the cross-section in
the overlapping area with the upper and bottom waveguides
in Fig. 5. There is an efficient coupling process in the
two-layer parallel waveguides structure [21]; thus, from
coupling mode theory, we can assume that even modes and
odd modes appear coincidently within the proposed
double-layer distribution [22]. The coupling between the
photonic and plasmonic modes can be modeled as a process
of the modes’propagation and interference. The coupling
length, lc , is given by

where βе and βо are the corresponding optical propagation
constants of the even modes and odd modes, respectively.
The maximum optical power coupled from one waveguide to
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▲Figure 2. Electric field-intensity mode profiles of (a) plasmonic-slot waveguide and (b)
silicon-slot waveguide. The intersecting lines (bottom left) indicate a scale of 100 nm.

Figure 3.▶
Phase modulation

versus applied
voltage.

Figure 4.▶
The electrical

characteristic model
of the proposed

phase modulator.
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the other is modeled in [21] and given by

where x =2lc /πlp , and lp is the average attenuation length of
the lossy waveguides. From (4), given the loss coefficient of
the waveguides, higher maximum transferring optical power
can be achieved with shorter coupling. Fig. 5(a) shows the
contrast between the effective refraction index of the even and
odd modes in the profile of the proposed double-layer
waveguides. Fig. 5(b) shows the electric field-intensities, Ex,
of the two modes at silicon waveguide widths of 300 nm,
400 nm, and 800 nm. The horizontals in the 90° angles
(bottome left) are a scale of 100 nm, and the verticals are a
scale of 100 nm. These electric field intensities are obtained
using FDTD. Both even and odd modes are transverse
electric (TE) modes and are dominant inside the
plasmonic-slot waveguide. As the width of the silicon
waveguide becomes narrower, the difference between the
effective refraction index of the two modes becomes larger,

leading to a shorter coupling length (Fig. 6). Thus, from (4), a
larger fraction of power coupling from one waveguide to
another is also achieved. Reducing the width of the silicon
waveguide can improve coupling efficiency. However, if the
dimensions of the silicon waveguide are too small, the
magnetic field is less confined within the core and a larger
proportion of Poynting vector leaks into the cladding. Thus,
the mode of the optical field is cut off. In waveguide optics,
such a process can be quantified as a normalized
propagation constant [23]:

where n eff is the effective refraction index of the optical mode,
and n clad and n core are the refraction indexes of the cladding
and core area within the waveguides. If B ≤ 0, the effective
refraction index of the particular mode is less than that of the
cladding, and the mode is cut off [23]. The B curve for the
proposed waveguides at the overlapping area is plotted in
Fig. 7. When the width of the silicon waveguide is less than
295 nm, the normalized propagation constant of the TE odd
mode is less than zero, and the mode is cut off. Therefore, the
proposed couplers use two tapers with widths that gradually
vary from 400 nm at the end face to 300 nm at the head face.
These tapers reduce the coupling length to the greatest
possible extent, and the TE odd mode is not cut off.
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▲Figure 5. (a) Effective refraction index of even and odd modes
versus Wsi in the proposed double-layer waveguide profile, (b) Ex

component intensity of the even (left) and odd (right) TE modes at Wsi

of 300 nm, 400 nm, and 800 nm.
Figure 6.▶
Coupling

length versus Wsi.

▲Figure 7. Effective refraction index and normalized propagation
constant of photonic mode versus Wsi.
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Three-dimensional simulations of coupling efficiency are
performed using FDTD (Fig. 8). Three coupling structures are
introduced: 1) the proposed taper with a width that gradually
changes from 400 nm to 300 nm (Fig. 8a), 2) a straight
waveguide without taper (Fig. 8b), and 3) a taper structure
with a width that changes sharply from 400 nm to 80 nm
(Fig. 8c). The overlapping longitudes of the first and second
coupling structures are tuned nearly to their matched
coupling lengths of 1 μm and 1.3 μm, respectively. The third
structure has the same overlapping longitude as the first
structure. The light fields are coupled into the plasmonic-slot
waveguides and propagate for the same distance (1.5 μm)
inside the slot. Their transmission curves are measured at the
output port and plotted in Fig. 8(d). The resonated peaks on
the curves in Fig. 8(d) are caused by the Fabry-Perot effect,
which occurs because of the reflection of the end faces. Fig. 8
(a) to (d) shows that the gradually varied taper has better
coupling efficiency because it has the largest transmission
coefficient at 1450 nm to 1650 nm wavelength. The coupler
comprising a straight waveguide has a weaker transmission
coefficient because of the longer coupling length, and this
leads to a lower maximum fraction of power coupling into the
plasmonic-slot waveguide. The coupler with sharply varied
taper has the lowest coupling efficiency, which is possibly due
to the mode being cut off when the width is below 295 nm.
These results show that a gradually varied taper improves
mode conversion efficiency by using a short coupling length.
The steady-state input and output electric field-intensity
distributions of the couplers with gradually varied tapers are
shown in Fig. 9(a) to (d). These distributions are calculated
using the FDTD method for a wavelength of 1550 nm. The
electric-field energy first transfers from the silicon waveguide
to the plasmonic-slot waveguide (Fig. 9a and b). Then it is
coupled into the silicon waveguide again
(Fig. 9c and d), which confirms the feasibility and reliability of

the couplers for the proposed phase modulator.

4 Fabrication Feasibility
A feasible fabrication process is described in

[24]-[26]. First, 100 nm of silicon oxide is
deposited on the SOI wafer. The silicon is 240 nm
thick, and the buried oxide is 3 mm thick in order to
act as hard mask. The pattern is transferred using
photoresist and electron-beam lithography. Then,
the oxide is etched using reactive ion etching (RIE).
After stripping the resist, an inductively coupled
plasma (ICP) etcher is used to etch the silicon. The
silicon waveguides are 400 nm wide and 220 nm
high, and the tapers vary from 400 nm to 300 nm in
width. The device is cladded with 50 nm oxide
using spin-on-glass. Second, the device window
for metal evaporation is opened by a focused ion
beam (FIB) on a bilayer photoresist structure over
the oxide coating. Then, a 100 nm thick silver film is
deposited by electron-beam evaporation. Silver is
preferred because it does not oxidize easily and

has a relatively small plasmonic loss at a wavelength of 1550
nm. After that, lift-off is performed in acetone to obtain the fi
nal metal-slot waveguide. Third, the EO polymer cladding is
prepared using AJLS103 cross-linked with a PMMA host, and
the refractive index of the polymer is approximately 1.63 at
1550 nm. A spin-coating technique needs to be used, and to
achieve a high EO coefficient inside the slot, the polymer
should be properly poled before the device is operated. This
poling requires a large field intensity (greater than 100 V/ μm)
to be applied to the two parallel metal plates as an anode and
cathode.

5 Conclusion
In this paper, we have proposed a silicon-based

Design of a Silicon-Based High-Speed Plasmonic Modulator
Mu Xu, Jiayang Wu, Tao Wang, and Yikai Su

S pecial Topic

▲Figure 8. Coupling efficiency for (a) the proposed taper with a width that gradually
changes from 400 nm to 300 nm, (b) straight waveguide without taper, and (c) taper
with a width that changes sharply from 400 nm to 80 nm. d) Output transmission for the
three coupling structures.

▲Figure 9. Steady state electric field intensity distributions of (a) the
input silicon waveguide, (b) the plasmonic-slot waveguide that
overlaps above the input silicon waveguide, (c) the plasmonic-slot
waveguide that overlaps above the output silicon waveguides, and (d)
the output silicon waveguide. The horizontals in the 90° angle in
(a)-(d) are a scale of 200 nm, and the verticals are a scale of 1μm.
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high-speed plasmonic phase modulator. The modulator is
based on a double-layer vertical distributed structure. The
bottom layer comprises two silicon waveguides, which are
400 nm wide and 220 nm high, together with tapers that vary
from 400 nm to 300 nm in width and are 1 μm long. A 16 μm
long MDM plasmonic-slot waveguide is laid on the top layer,
which overlaps the lower silicon waveguides by about 1 μm at
each side. The slot is filled with a high second-order
nonlinear polymer with γ 33 of 150 pm/V at 1550 nm
wavelength. The Pockels effect of the polymer is applied for
EO modulation. Because of the strong confinement of the
metal slot and ultrafast response speed of the Pockels effect,
the modulation speed can reach hundreds of gigahertz. By
introducing a compact, gradually varied taper structure,
conversion from photonic modes to plasmonic modes is
highly efficient. The feasibility of manufacturing the proposed
device has also been discussed. A silicon-based
high-speed plasmonic phase modulator is promising for
future ultrahigh-speed optical communication networks or
silicon interconnects between CMOS chips.
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In this paper, a novel optical access network based on orthogonal frequency division multiplexing (OFDM) is proposed. An OFDM-based
passive optical network (PON) uses multicarriers to carry different information that is transmitted to different optical network units (ONUs). In
this paper, system performance is analyzed for OFDM-PON with different linewidths of the lightwave source, different optical signal-to-noise
ratio (OSNR), different access distances, and different modulated formats. Colorlessness in the OFDM-PON is also analyzed. Finally, a 40
Gb/s baseband OFDM-PON with two carriers and achieve error-free performance over 25 km fiber transmission is proposed.
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1 Introduction

assive optical networks (PONs) have high
capacity; they are low cost; and they are easy to
maintain in the access part of the optical
communication network. Currently, drafting of
standards for 40 Gb/s symmetric PON is

underway. A number of PON architectures have been
proposed to provide high bandwidth. Time-division
multiplexing PON (TDM-PON) uses different time slots to
carry different information transmitted to different users;
wavelength-division multiplexing PON (WDM-PON) uses
different wavelengths to transmit to different users; and
orthogonal frequency-division PON (OFDM-PON) uses
different subcarriers to transmit to different users [1]-[6].

Various research teams have proposed schemes for these
PON architectures [6]-[18]. There are many issues with
TDM-PON, including the high cost of the high-speed burst
receiver and difficulty in timing location. WDM-PON has large
access capacity and a huge number of users, but allocating
resources is difficult. OFDM-PON has many advantages,
including dispersion tolerance, good compatibility, dynamic
bandwidth allocation, and a variety of services to the whole
transparent processing. The speed of the downlink
transmission single-wavelength access network has been
improved by many companies. With polarization reuse and
direct detection, OFDMA-PON is capable of 108 Gb/s
downstream transmission over a single wavelength [19]. This
constitutes a class-B light distribution network. This paper
describes the system design of OFDMA-PON and gives its

experiment results under different conditions.

2 Structure of OFDM-PON
OFDM-PON structures include baseband OFDM-PON,

RF-multiplexing OFDM-PON, wavelength-division
multiplexing OFDM-PON (WDM-OFDM-PON), and
all-optical OFDM-PON. Baseband OFDM-PON has a simple
structure and is cheap to implement, which allows for a
low-cost optical access network. However, there is too much
pressure on ADC and DAC [20], [21]. In the following
sections, we discuss the key technologies in OFDM-PON.

2.1 System Setup
Fig. 1 shows the experimental OFDM-PON structure. It can

be divided into three parts: optical line terminal (OLT), optical
division network (ODN), and optical network unit (ONU).

2.2 OLT Setup in OFDM-PON
The physical-layer structure in Fig. 2 includes OFDM digital

processing, Hamilton transform, digital quantification,
mathematical model transform (D/A), modulator driver, offset
add, and optical modulator. The OFDM access signal is
generated by DSP through MATLAB and is fed into the
arbitrary waveform signal generator (AWG), which produces
the OFDM electrical waveform. The Hamilton transform
generates corresponding conjugated OFDM information in the
frequency domain. This ensures the output OFDM signal is a
real signal, which means the optical OFDM signal can be
directly modulated by the MZM. The OFDM signal from the
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AWG is driven by a modulator driver to ensure enough drive
voltage for the MZM. The amplifier requires flat frequency gain
and high linearity. Because of the high peak-to-average
power ratio (PAPR) of the optical OFDM, the amplifier requires
the MZM to be placed in a highly linear work region.

2.3 ONU Setup in OFDM-PON
The ONU scheme in optical OFDM-PON (Fig. 3) includes

the photoelectric detector (PD), separate DC device, module
converter, Hamilton inverse transform module, OFDM
demodulation module, and BER calculation module. A
direct-detection scheme is used to simplify ONU structure
and reduce cost. PD converts the optical OFDM signal into an
electrical signal and has low noise, high linearity, and high
sensitivity for optical OFDM signal detection. Both the PIN-PD
and APD can be used for detection. The Hamilton transform
converts the real OFDM signal into an I/Q OFDM signal. After
Hamiltion transform, the OFDM signal is demodulated through
DSP processing, and it is fed into the BER testing (BERT) unit
to determine the system’s performance.

3 OFDM-PON System Performance
In this experiment, 4-QAM and 16-QAM modulations are

used. By adding an attenuator at the receiver, the
BER of system against received optical power for
different modulation formats can be measured. In
this experiment, the launched optical power at the
OLT is about 1 dBm. Fig. 4 shows BER functions for
the 16-QAM OFDM signal with and without
transmission. After transmission, the power penalty
for the 16-QAM OFDM signal is about 0.5 dB.
Fig. 4 (inset) shows the constellations before and
after transmission. Fig. 5 shows BER functions for
the 4-QAM OFDM signal with and without
transmission. The power penalty for the 4-QAM
OFDM signal is about 0.2 dB, which is negligible.
Fig. 5 (inset) shows the constellations before and
after transmission. The receive sensitivity of
4-QAM OFDM is about 3 dB better than that of
16-QAM OFDM. This experiment result conforms to
the theory.

3.1 Different Modulation Formats and Noise
To determine the OSNR tolerance, we first analyze the

performance of three types of m-QAM-mapped OFDM
signal: 4-QAM, 8-QAM, and 16-QAM. The OSNR
requirements of the three kinds of signal are shown in Fig. 6.
The OFDM signal with higher-order constellation mapping

AWG: arbitrary waveform signal generator
DAC: digital-analog convertor
MZM: Mach-Zehnder modulator

LD: laser diode

DFB: distributed feedback laser

PD: photoelectric detector BER: bit error ratio

▲Figure 1. OFDM-PON structure.

▲Figure 2. OLT structure in OFDM-PON.

▲Figure 3. ONU structure in OFDM PON.

▲Figure 4. BER functions for a 16-QAM OFDM signal with and without
transmission. Inset: constellations before (l) and after (r) transmission.
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has lower OSNR tolerance.

3.2 OFDM-PON Performance with Different Launch Power
We use 16-QAM OFDM to show optical OFDM-PON

performance with different launch powers (Fig. 7). When the
launched optical power is more than 12.5 dBm, the
performance of the optical OFDM signal begins to deteriorate,
mainly because of fiber nonlinearity.

3.3 Different Laser Linewidths and System Performance
Here, system performance for laser linewidths of 1 MHz,

10 MHz, and 100 kHz is analyzed. Fig. 8 shows system
performance for different linewidths. With a baseband OFDM
modulation/direct-detection scheme, the laser linewidth has
little effect on system performance.

3.4 Different Access Distances and System Performance
Fig. 9 shows system performance for different access

distances. In this experiment, the launched optical power is
set to 0 dBm. For access distances within 75 km, the
transmission distance has little effect on the performance of
the optical OFDM signal. When the transmission distance
becomes longer, the performance deteriorates slightly.

4 OFDM-PON Performance and Beating
Noise

4.1 Different Wavelength Intervals and System Performance
Realization of a colorless upstream link is a hot topic in

optical OFDM-PON. In this experiment, the performance of
upstream signals in optical OFDM-PON is analyzed. We
demonstrate three ONUs and use three tunable lasers as the
light sources. Uplink signals perform differently by adjusting
the wavelength interval. Fig. 10 shows the performance for
different wavelength intervals before and after transmission.
When the wavelength interval is greater than 10 GHz, system
performance is almost the same, but the error floors are
different. The receive sensitivities when BER = 10-3 are both
about -25.5 dBm. When the laser wavelength interval is
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▲Figure 5. BER functions for a 4-QAM OFDM signal with and without
transmission. Inset: constellations before (l) and after (r) transmission.
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▲Figure 6. The OSNR affect on an OFDM signal with different
constellation mapping.
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▲Figure 7. OFDM-PON performance for different launch powers.

▲Figure 8. System performance for different laser linewidths.
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0 GHz; that is, when the wavelengths are the same, the
upstream signal has BER greater than 10-3 and cannot be
recovered using FEC.

4.2 Colorless OFDM-PON with the Same Lightwave Source
To realize a colorless upstream link, a blank downstream

carrier for the whole ONU is used. This downstream carrier
can be used as optical carrier for the upstream signal. In this
experiment, the ONU uses a reflective optical modulator to
add the upstream signal to the blank carrier. The blank carrier
is highly coherent, which eliminates the optical beating
interference (OBI) noise at the OLT. The distance between the
ODN and ONU is different, and Fig. 11 shows the system
performance for these different distances. When the distance
is almost the same for each ONU, the system performs well,
and the receive sensitivity at BER = 10-3 is about 11.8 dBm.
When the distance is different, performance deteriorates
significantly mainly because the blank optical carriers for the

ONUs experience a different link environment, and the phase
noise reduces coherency.

5 Experiment Setup and Performance of
40 Gb/s OFDM-PON
OFDM-PON has been widely proposed as one of

candidates for next-generation 40 Gb/s optical access
networks. In this paper, we adopt a two-carrier scheme to
realize the 40 Gb/s OFDM-PON, and the experiment setup is
shown in Fig. 12(b). Two distributed feedback lasers with
60 GHz frequency space are the light sources, and a 20 Gb/s
16-QAM OFDM downstream signal is carried on each
wavelength, so the total transmission speed is 40 Gb/s. This
scheme makes full use of the large wavelength resources in
PON to achieve 100 GHz within the 40 Gb/s OFDM access
network. Compared with NEC Corporation’s proposed
scheme [14],[22], which uses polarization and RF multiplexing
(Fig. 12a), the proposed scheme simplifies the network
structure, and reduces costs associated with OLTs and
ONUs. Especially at the ONU, the proposed scheme avoids
the need for a complicated MIMO algorithm. It also avoids the
need for many polarization components and local radio
frequency, and this is the essence of colorless access. In the
scheme proposed by NEC Corporation, the signal needs to
be loaded to a different local radio frequency. Strictly
speaking, this is also a kind of colorless scheme. The
upstream scheme still uses double-wavelengths lasers and
existing 10G PON for 20 Gb/s upstream transmission. This is
because achieving a colorless OFDM signal is difficult. If
OFDM and TDM is used in this way, timing is still a problem.

Fig. 13 shows the performance of a downstream 40 Gb/s
optical OFDM access signal. The received optical power is
about -14 dBm when BER = 10-2.6, but the received signal
can be recovered with the help of enhanced forward error
coding (EFEC). Because the launch power of the system is
about 3 dBm, the OFDM-PON can support 25 km access and
16 users, which means it is a class-B optical access network.
Fig. 13 shows the constellations of the signal before and after
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FEC: forward error coding

▲Figure 9. System performance for different access distances.

ONU: optical network unit

▲Figure 10. System performance for different wavelength intervals.

▲Figure 11. System performance for same laser source.
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25 km transmission.

6 Conclusion
In this paper, OFDM-PON is introduced and optical OFDM

signal performance analyzed. Through experimentation,
system performance is determined for different parameters.
OFDM-PON is tolerant to linewidths of the lightwave source,
and the system is influenced by the OSNR and mapping style.
A two-carrier 40 Gb/s OFDM-PON was also proposed, and
25 km SMF was successfully transmitted.

ADC: analog-digital convertor ECL: external cavity laser MIMO: multiple-input multiple-output ONU: optical network unit SSMF: standard single-mode fiber

▲Figure 13. Downstream performance of 40 Gb/s OFDM access signal.

▲Figure 12. a) Scheme proposed by NEC Corporation, and b) two-carrier scheme proposed in this paper.
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Fiber nonlinearity is one of the most important limiters of capacity in coherent optical communications. In this paper, we review two nonlinear
compensation methods: digital backward propagation (BP) and nonlinear electrical equalizer (NLEE) based on the time-domain Volterra
series. These compensation algorithms are implemented in a single-channel 50 Gb/s coherent optical single-carrier frequency-division
multiplexed (CO-SCFDM) system transmitting over 10 × 80 km of standard single-mode fiber (SSMF).
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1 Introduction

he demands of high-capacity optical
transmission systems have led to the rapid
development of coherent optical systems. A
coherent receiver with optical hybrid allows the
electrical field in the two fiber polarizations to be

recovered. High spectral efficiency can thus be implemented
using advanced modulation-format encoding information in
all the available degrees of freedom. Digital signal processing
(DSP) simplifies coherent detection and gives it greater
flexibility and hardware transparency as well as the potential
to adaptively compensate for channel impairments in the
electrical domain [1], [2]. In coherent optical communications,
linear impairments, such as fiber chromatic dispersion (CD)
and polarization mode dispersion (PMD) (all orders), can be
compensated for in principle. Fiber capacity is limited by
nonlinearity and amplified spontaneous emission (ASE) in
optical amplifiers. ASE is white noise and cannot be
eliminated. The maximum transfer rate for a given noise level
is called the Shannon limit. Fiber nonlinearity is caused by the
optical Kerr effect during signal propagation, and evolution of
the optical pulse is governed by the nonlinear Schrödinger
equation (NLSE). Therefore, nonlinear distortions are
determinate and can be partially compensated for by DSP in
the coherent receiver.

Backward propagation (BP) is proposed as a universal
method of inverting nonlinear systems. In direct-detection

systems, electrical predistortion (EPD) can be used to
equalize intrachannel nonlinearities by modeling channel
inversion for nonlinear effects and predistorting transmitted
waveform accordingly [3], [4]. Digital BP is incorporated into
coherent optical receivers by using a split-step Fourier (SSF)
method [5]-[7] based on a hybrid time and
frequency-domain approach. BP can also be implemented
using a split-step finite-impulse response filter (SS-FIR) [8]
that operates entirely in the time domain. Coherent detection
is usually combined with polarization-division multiplexing
(PDM) to increase spectral efficiency. Fiber nonlinearity in
PDM coherent systems can be compensated for by BP in the
Manakov frame [9], [10], which takes the average effect of
fast polarization rotations into account.

BP is an iterative numerical method. Because it is
non-recursive, a nonlinear electrical equalizer based on the
time-domain Volterra series has been proposed for coherent
optical systems [11]. If a sufficient number of delay taps are
used, the accuracy of BP is comparable to that of an SSF
method with one step per span.

Coherent optical orthogonal frequency-division
multiplexing (CO-OFDM) has intrinsic advantages, such as
flexibility in dividing spectrum, high spectral efficiency (SE),
and outstanding tolerance of CD and PMD [12]. Nonlinearity
compensation has previously been performed in CO-OFDM
systems using back propagation [10]-[13] and the Volterra
series [14], [15].

Although CO-OFDM has some impressive advantages, its
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main drawback is the high peak-to-average power ratio
(PAPR), which can cause severe nonlinear impairments and
inefficient power consumption [16]-[18]. Recently, coherent
optical single-carrier frequency-division multiplexing
(CO-SCFDM), also called discrete Fourier transform-spread
OFDM (DFT-spread OFDM), has been proposed [19], [20].
This modified form of OFDM that has been used in the uplink
single-carrier frequency-division multiple access (SCFDMA)
scheme for LTE [21]. SCFDM has similar throughput and
overall complexity as OFDM, but it is more tolerant of
nonlinear impairments and has lower PAPR [20], [21].

2 Backward Propagation with Split-Step
Fourier Method

2.1 Backward Propagation in the Scalar Nonlinear Schrödinger
Equation

Signal propagation in fiber can be described by the scalar
nonlinear Schrödinger equation (or NLSE)[22]:

where A is the electrical field. The parameters α, β 2 and γ are
the attenuation, CD coefficients, and nonlinear parameter of
the fiber, respectively. Separate linear and nonlinear
components results in

Where D is the linear operator, given by

and N is the nonlinear operator, given by

Because the analytical solution of the nonlinear Schrödinger
equation is difficult to obtain, a symmetric SSF solution is
used. In the absence of noise, exact information about the
transmitted signal can be obtained at the receiver by solving
the BP equation. BP is modeled by numerically solving the
nonlinear Schrödinger equation with negative link parameters
and using the symmetric split-step Fourier method [7]-[23].
In each step, the optical field, A (z,t ), evolves according to

where D -1 is the inverse linear operator, N -1 is the inverse
nonlinear operator, and Δh is the step size.

2.2 Manakov Equation
Coherent optical systems usually use PDM signals to

increase spectral efficiency. The electrical field of the optical
signal is A = [A X AY ]T, where A X and AY are the orthogonal

polarization components of the electrical field. In a
birefringence-free fiber, fiber can be described by the
vectorial form of the NLSE [22]:

In (6), the nonlinear interaction between the two
polarizations is described. The fiber randomly scatters the
polarization of the electrical field during transmission. The
polarization scattering length is much shorter than the
nonlinear length, which is typically tens of kilometers. In
channels where the nonlinear length is much greater than the
length of the random polarization rotations, the Manakov
equation can be derived by averaging (6) of the nonlinear
operator over fast polarization changes on the Poincaré
sphere [24]:

The nonlinear operator is

If the electrical fields of the two polarizations are obtained at
the receiver side, the original signal can be approximately
recovered by solving the Manakov equation with the inverse
fiber link parameters and using the SSF method.

3 Nonlinear Electrical Equalizer Based on
Volterra Series

3.1 Nonlinear Electrical Equalizer for Scalar Nonlinear
Schrödinger Equation

The nonlinear electrical equalizer (NLEE) derives from the
theory of Volterra-series expansion [25], which is a powerful
tool for analyzing nonlinear systems. The theory states that a
time-invariant nonlinear system can be modeled as an infinite
sum of multidimensional convolution integrals of increasing
order. According the theory, the received optical field, yγ (t ), is
related to the modulated signal, yγ (t ), by

where Hi (τ1,..., τi ) is the Volterra kernel determined by the
fiber link parameters [26]. The first term is the linear
intersymbol interference (ISI), and the others are nonlinear
distortions. Because there are no even-order nonlinearities in
optical fiber, only odd-order Volterra kernels are considered.
At the receiver, an NLEE can be realized by constructing an
inverse transform of (9). The equalized signal, ye(n ), can thus
be written in the discrete form as

= - A + +iγ A 2A (1)􀆟A
􀆟z
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2

iβ 2

2
􀆟2A
􀆟t 2
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By solving the nonlinear Schrödinger equation with
first-order perturbation theory [27], the output can be viewed
as having two parts: the linear solution μn and the nonlinear
optical-field distortion, Δμn. In single-channel systems, only
pulses with indices that satisfy the temporal matching
condition l + m - k = n induce a noticeable distortion on the
pulse μn [28]. This is equivalent to the phase-matching of
four-wave mixing (FWM) in wavelength-division multiplexing
(WDM). Intrachannel self-phase modulation (ISPM) and
intrachannel cross-phase modulation (IXPM) are also
included by containing the items l = m = k = n, l = n , or m = n
(where l ≠ m). Assuming a nonlinear fiber system and Δμn,
the following can be expressed according to the Volterra
theory:

Fig. 1 shows the structure of the third-order NLEE, and the
algorithm is detailed in [11]. The in-phase component of the
received QPSK signals is I (t ), and the quadrature component
of the received QPSK signals is Q (t ). The equalized signal for
output-carrier phase estimation is ye (t ). The complex
conjugation of the corresponding signals is ( )*. The symbol
duration is T, and the sampling space is qT. The discrete
coefficient is h. Intrachannel nonlinear distortion is hl,m,k , where
the subscripts denote the optical pulse positions. The delay
tap number, L = 2N + 1 , is equivalent to the nonlinear ISI
length. The third-order items are defined as nonlinear terms,
and the equalizer coefficients are adaptively determined
using the recursive least square (RLS) algorithm.

3.2 Nonlinear Electrical Equalizer
for Manakov Equation

The NLEE in Fig. 1 can be
extended to
polarization-multiplexed
systems by rewriting (11)
according to the Manakov
equation. We assume a
transmission system has two
polarizations, x and y. When
compensating for polarization x
nonlinearities, the distortions
from polarization y should not be

neglected. For polarization x, the adjusted third-order
nonlinearities with nonlinear distortions from
polarization y is expressed as [29]

which can be expanded further as [30]

where C l,m,k is the coefficient determined adaptively using the
RLS algorithm, and ux and uy are the signals from the two
orthogonal polarizations. For simplicity, we do not consider
the intrachannel four-wave mixing from the orthogonal
polarization.

4 Coherent Optical SCFDM System
Fig. 2 shows the DSP block diagrams for the CO-SCFDM

system. At the coder, the transmitted binary data is mapped
into QAM or phase-shift keying (PSK) signals and then is
grouped into blocks containing M symbols. The first step in
the CO-SCFDM system is to perform an M -point DFT to
produce a frequency-domain representation of the input
symbols. Then, M-point DFT outputs are mapped to N (N ≥
M) orthogonal subcarriers. After the N-point inverse fast
Fourier transform (IFFT), which transforms the subcarriers into
a time domain signal, a cyclic prefix (CP) is inserted for each
block before the data sequence is transmitted. At the
decoder, the N -point FFT transforms the signals into the
frequency domain, and channel equalization is performed.
The equalized signal is transformed into the time domain by
the M -point inverse discrete Fourier transform (IDFT) for
decision. CO-SCFDM is very flexible, and its parameter
design can have a high degree of commonality with OFDM.
Nonlinear compensation algorithms of the BP and NLEE can
be implemented at different positions (Fig. 2b).

At the transmitter, the mapped quadrature phase-shift
keying (QPSK) signals are first grouped into blocks of 1680

FFE: feed-forward equalizer

▲Figure 1. Structure of the NLEE.

LPF: low-pass filter
NLEE: nonlinear electrical equalizer

CP: cyclic prefix
IDFT: inverse discrete Fourier transform

LPF: low-pass filter
S/P: serial/parallel

▲Figure 2. DSP block diagram for (a) the CO-SCFDM coder and (b) the CO-SCFDM decoder.
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symbols, and 32 pilots are uniformly time-multiplexed into
each block. Then, the signal is transformed into the frequency
domain by 1712-point DFT. In the frequency domain, 336
guard subcarriers are added and allocated at both sides of
the band. These subcarriers provide about 20% oversampling
so that the aliasing products can be spectrally separated with
a low-pass filter. After subcarrier mapping, the signal is
converted back to the time domain by 2048-point IFFT. The
cyclic prefix and cyclic suffix, each 60 symbols long, are
inserted into every data block before transmission. The
duration of a CO-SCFDM symbol is 117.1 ns. The preamble is
2.44% and includes synchronization and training symbols
(Table 1). Taking into account 12% redundancy for Ethernet
overhead and forward-error correction, PDM QPSK is
capable of 50 Gb/s net.

The fiber link comprises ten spans of 80 km standard
single-mode fiber, each with an average loss of 20 dB. The
fiber dispersion is 17 ps/km/nm, and the fiber nonlinear
coefficient is 1.32 km/W. An Erbium-doped fiber amplifier with
5 dB noise fully compensates for fiber attenuation. No in-line
chromatic dispersion compensation is used. With an average
launch power of 5 dBm, the signal suffers nonlinearity
distortion during propagation. Nonlinearity is compensated for
by either the NLEE or the BP. For NLEE, we choose NL [15];
for BP, we choose two different split-step sizes, one of which
is equal to the span length. The other step is a full multistep
approach determined by the maximum nonlinear phase shift
in each step, which is the same 0.05 as the simulation of the
transmission link.

Fig. 3 shows the results of nonlinear compensation. The
error vector magnitude (EVM) is the performance indicator.
For Fig. 3(a) to (d), the EVM is 15.62 dB, 18.34 dB, 18.63 dB,
and 18.75 dB, respectively. Although PDM signals are
transmitted and equalized, we only present the results of x
polarization for the sake of simplicity. The BP with one step
per span improves EVM by about 3.0 dB, similar to the full
multistep approach. The NLEE provides similar performance
but with asymmetric constellations.

5 Conclusion
In this paper, we review nonlinear compensation methods

of digital BP propose an NLEE based on the Volterra series. In
terms of computational complexity, the time-domain
approach of NLEE requires one order of magnitude more than
BP-SSF [11]. However, NLEE is much more convenient for
real-time implementation because the pulses are processed

in sequence rather than in a block. BP in [8] uses split-step
FIR filtering and thus supports sequential processing. By
comparison, the computational complexity of NLEE is one
order of magnitude lower. NLEE has an important advantage
over BP in that it does not require prior knowledge of the
fiber-link parameters. The equalizer coefficients are
adaptively determined, and this provides flexibility when
signals are routed differently in optical networks.

An NLEE based on the Volterra series can also be
implemented in a frequency domain with low complexity [15],
[31]. For both OFDM and SCFDM systems, Volterra
series-based nonlinear equalization should be further studied
for both time and frequency implementation.

This paper is mainly focused on nonlinear compensation in
single-channel operation. BP in WDM systems has been well
covered in [10], [13], and [32]. Besides intrachannel
nonlinearities, interchannel nonlinear interactions, such as
XPM and FWM, should be considered. If A xm and A ym are,
respectively, the envelopes of x and y polarization tributaries
of the received mth WDM channel field, the reconstructed
total optical field is

The channel spacing is Δf = Δω /2π. A set of local
oscillators (LOs) is used for coherent detection and
reconstruction of each WDM channel. To mitigate nonlinear
distortions in WDM systems, the reconstructed optical field of

EVM: error vector magnitude

▼Table 1. Key CO-SCFDM design parameters

FFT: fast Fourier transform
IFFT: inverse fast Fourier transform

DFT: discrete Fourier transform
IDFT: inverse discrete Fourier transform

FFT/IFFT (N -point)

2048

DFT/IDFT
(M-point)

1712

Symbol Size

2168

Subcarrier
Spacing

9.04 MHz

Number of Pilot

32

Net Bit Rate

50 Gb/s

Modulation

PDM QPSK

FEC Ethernet
Redundancy

12%

Symbol Duration

117.1 ns

Preamble

2.44%

▲Figure 3. Constellations of the recovery signals after ten-span
transmission (a) without nonlinear compensation, (b) with nonlinear
compensator as NL, (c) with one-step-per-span BP, (d) with multistep BP.
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the entire WDM band should be backward propagated using
(7). In [13], nonlinear compensation for different intrachannel
and interchannel effects is discussed with various channel
granularities. XPM compensation significantly improves
system performance, especially the fine granularity. The
coherent nature of FWM requires the phase-locked LOs to
preserve the relative phase between channels [13], [32].

The disadvantage of BP is that it needs the information of
both the fiber link and signals of the neighboring channels.
Therefore, multichannel signals must be obtained in the
coherent receiver, which makes the system design more
complex. As a consequence, BP is only effective in
point-to-point fiber links in which all WDM channels share the
same TX-RX locations [13]. For optical networks with
add/drop multiplexers and signals that are routed differently,
interchannel nonlinear compensation is ineffective for BP.
Further study is required into blind equalization of
interchannel nonlinear distortions using some kind of
electrical equalization structure.
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In this paper, we evaluate transmission in a 1 Tb/s (10 × 112 Gb/s) Nyquist-WDM PM-RZ-QPSK superchannel over a widely-deployed
SMF-28 fiber with and without maximum a-posteriori (MAP) equalization. Over 1000 km can be reached with BER below the HD FEC limit
and with a spectral efficiency of 4 b/s/Hz.
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1 Introduction

erabit superchannel technology is attracting
much interest because of its unparalleled
capacity, and because it can fulfil the
fast-growing demand for bandwidth [1]-[8].
Coherent optical OFDM (CO-OFDM) is a

candidate superchannel technology that has high spectral
efficiency and superior tolerance of inter-symbol interference
(ISI). However, its performance is affected by misalignment of
symbol transitions, power mismatch between subcarriers, and
insufficient receiver bandwidth [2]. As an alternative,
Nyquist-WDM is a practical means of delivering a bundle of
standardized 100G channels with partial spectral
overlapping. Subcarrier crosstalk is suppressed by
aggressive optical filtering, which means ISI is the dominant
impairment to be tackled at the receiver [4]-[7]. Transmission
of a 100 Gb/s Nyquist-WDM signal over large core fiber and
short erbium-doped fiber amplifier (EDFA) span with
nonlinear equalization has been realized. However, this
transmission is mainly for subsea applications [4]-[7]. In this
paper, we describe transmission of a 1 Tb/s Nyquist-WDM
superchannel over widely deployed SMF-28 fiber within an
80 km-span EDFA system. The Nyquist-WDM superchannel
comprises ten subcarriers with 25 GHz frequency spacing,
and each carries a 112 Gb/s PM-RZ-QPSK signal so that the

combined bit rate is 1.12 Tb/s.

2 Testbed Setup for Terabit Nyquist-WDM
Superchannel Transmission
Fig. 1 shows the experiment setup for generation and

transmission of 1 Tb/s optical Nyquist-WDM PM-RZ-QPSK
superchannel. The superchannel comprises 12 subchannels
spaced at 25 GHz. Each subchannel is powered by an
external cavity laser (ECL) with a linewidth smaller than
100 kHz. The subchannels are divided into even (ECL2-12) and
odd (ECL1-11) groups. ECL2-12 and ECL1-11 are combined by a
polarization-maintaining optical coupler (PM-OC) and are
then modulated by an I/Q modulator (I/Q MOD) driven by two
sets of 28 Gb/s pseudorandom binary sequences (PRBSs)
with word lengths of 213-1. The RZ carver is realized using a
single-arm Mach-Zehnder intensity modulator (IM) driven by
a 28 GHz RF signal multiplexed from a 14 GHz RF source. The
duty cycle of the signal after the IM is about 45%. After
polarization multiplexing (PM), each subchannel carries a
112 Gb/s PM-RZ-QPSK signal. The odd and even
subcarriers are lunched separately into two independent
25/50 GHz optical interleavers (ILs) and are then combined
using a rear 25/50 GHz IL. Such cascading and aggressive
optical filtering mitigates interchannel interference (ICI)
between Nyquist-WDM subchannels at the cost of increasing
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the ISI. The aggregated terabit Nyquist-WDM superchannel
is then launched into a recirculating loop comprising five 80
km SMF-28 spans with an average loss of 16.7 dB and
chromatic dispersion of 17 ps/km/nm at
1550 nm. The loop has no optical dispersion compensation
modules. For each span, an EDFA with midstage
adjustable-tilt filter is used to provide flat gain. A tunable
optical bandpass filter is also used to remove
amplified spontaneous emission (ASE) noise.
The total launch power into the transmission fiber
is 10.7 ± 4 dBm (-4 to approximately 4 dBm per
subchannel) at 112 Gb/s. After that, a subcarrier
is selected using a tunable optical filter (TOF) for
coherent detection. At the receiver, an ECL with
a linewidth less than 100 kHz is used as the fiber
laser local oscillator (LO). A polarization-diverse
90 degree hybrid is used for polarization and
phase-diverse coherent detection of the LO and
received optical signal before balance detection
is performed. Analog to digital sampling and
digitization occurs in the digital scope, which
has a 40 GSa/s sample rate and 16 GHz
electrical bandwidth. The captured data is
processed through an offline DSP. First, the
clock is extracted using a square and filter
method, and the digital signal is resampled at
twice the baud rate of the recovery clock.
Second, a T/2-spaced time-domain finite
impulse response (FIR) filter is used to
compensate for chromatic dispersion. Third, two
complex-valued, 13-tap, T/2-spaced adaptive

FIR filters, based on classic constant modulus
algorithm (CMA), are used to retrieve the
modulus of the QPSK signal.

Carrier recovery is then performed. The
feed-forward fourth power is used to
estimate the frequency offset between the LO
and received optical signal. Then, the
Viterbi-Viterbi algorithm is used to estimate
the carrier phase. To improve the
transmission performance of a Nyquist-WDM
PM-RZ-QPSK signal subject to tight optical
filtering and crosstalk, we propose MAP
equalization with high data-pattern
dependence. First, a sequence of data
symbols with BER less than 3 × 10-4 is
decided before averaging so that the
symbols can be arranged into a data
dependence pattern (64 kinds in the case of
QPSK) to be a decision reference. Then, the
data received after DSP is calculated by
correlating with the decision reference to the
maximum extent and mapping the QPSK data
dependence decisions.

3 Experiment Results
The CW light waves (ECL1-12) range from 1541.5 nm to

1543.7 nm with wavelength spacing of 25 GHz. An IM with
appropriate DC bias and electrical amplifier power control are
used to create an RZ pulse with 44% duty cycle. The Vpp of
the 28 GHz RF signal is 17 V. Fig. 2(a) shows a single-carrier
28 Gbaud QPSK signal before the RZ carver, and Fig. 2(b)
shows a single-carrier 28 Gbaud QPSK signal after the RZ

▲Figure 1. Testbed setup for 1Tb/s Nyquist-WDM superchannel transmission.

DSB: frequency doubler
EA: electrical amplifier
ECL: external cavity laser

EDFA: erbium-doped optical fiber amplifier

I/Q MOD: I/Q modulator
IL: optical interleaver

IM: intensity modulator
OSC: real-time scope

PM: polarization multiplexer
PM-OC: polarization maintenance

optical coupler
TOF: tunable optical filter

▲Figure 2. Optical spectra (0.1 nm) (a) before RZ, (b) after RZ, (c) after two ILs for ECL7,
and (d) after two ILs for ECL1-11.
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carver. Fig. 2(c) shows the optical spectrum of the
subchannel (ECL7) after two stages of 25/50 ILs. The ratio of
in-band signal power to out-of-band signal leakage is about
18 dB. Such out-of-band leakage can cause ICI to spread to
adjacent even channels that are 50 GHz apart. However, this
is not an issue in a practical system where each subchannel is
independently modulated and then combined through an
arrayed waveguide grating (AWG) with the subchannel
bandwidth highly confined. Fig. 2(d) shows the optical
spectrum of subchannels ECL1-11 after two stages of ILs. To
simulate a practical system, we turn the fifth and ninth
subchannels off to mitigate crosstalk and assess the
performance of the seventh subchannel after transmission.
Fig. 3 shows the optical spectra of ten subcarriers with and
without transmission.

We then characterize the back-to-back
performance of the seventh subchannel by
aligning its subwavelength to that of the LO
and turn all the other subchannels off
(Fig. 4a). The required OSNR for a BER of
3.8 × 10-3 is 14.5 dB with aggressive filtering
and 19.5 dB without aggressive filtering for
0.1 nm resolution. The filtering is performed by
two stages of interleavers (two ILs), and 650,
000 symbols are counted as BER. When all the
odd subchannels are turned on, the OSNR
penalty caused by ICI between 50 GHz
spaced subcarriers is 0.9 dB. For a 1 Tb/s
Nyquist-WDM signal, the OSNR penalty
caused by 25 GHz adjacent subcarriers and
tight filtering is about 13 dB. For 1000 km
SMF-28 Nyquist-WDM transmission (Fig. 4b),
the BER of the seventh subcarrier can barely
reach the hard-decision (HD) pre-FEC limit of
3.8 × 10-3 at any launch power level unless
MAP equalization is used. With MAP
equalization, the BER can be brought well
below the FEC limit at subchannel launch
powers of -1 and -2 dBm. Similarly, for 2000

km SMF-28 Nyquist-WDM transmission (Fig. 4c), BER below
soft-decision (SD) pre-FEC limit of approximately 1 × 10-2

can be obtained with MAP equalization at input power of
-1 dBm. (Fig. 4c). The bit rate should be 120 Gb/s or higher if
SD FEC overhead is considered.

4 Conclusion
We have described the generation, transmission, and

coherent detection of a 1 Tb/s Nyquist-WDM superchannel
where each subchannel carries a 112 Gb/s PM-RZ-QPSK
signal on a 25 GHz grid. The robustness of MAP nonlinear
equalization against tight Nyquist-WDM filtering and crosstalk
has also been shown in a widely deployed SMF-28 fiber with
an 80 km-span EDFA system. With subchannel launch power

▲Figure 3. Optical spectra (0.1 nm) of 1Tb/s signal in (a) back-to-back transmission and
after (b) 1000 km, (c) 2000 km, and (d) 2400 km SMF-28 transmission.

▲Figure 4. (a) BER curve of seventh subchannel (back-to-back), (b) BER curve for 1000 km SMF-28 transmission, and (c) BER curve for 2000 km
SMF-28 transmission.
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of approximately -1 dBm, the obtained BERs are below the
HD FEC limits for Nyquist-WDM transmission over 1000 km
SMF-28 with EDFA-only amplification.
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Abstract

In this paper, we describe resource-efficient hardware architectures for software-defined radio (SDR) front-ends. These architectures are
made efficient by using a polyphase channelizer that performs arbitrary sample rate changes, frequency selection, and bandwidth control.
We discuss area, time, and power optimization for field programmable gate array (FPGA) based architectures in an M -path polyphase
filter bank with modified N -path polyphase filter. Such systems allow resampling by arbitrary ratios while simultaneously performing
baseband aliasing from center frequencies at Nyquist zones that are not multiples of the output sample rate. A non-maximally decimated
polyphase filter bank, where the number of data loads is not equal to the number of M subfilters, processes M subfilters in a time period
that is either less than or greater than the M data-load’s time period. We present a load-process architecture (LPA) and a runtime
architecture (RA) (based on serial polyphase structure) which have different scheduling. In LPA, N subfilters are loaded, and then M
subfilters are processed at a clock rate that is a multiple of the input data rate. This is necessary to meet the output time constraint of the
down-sampled data. In RA, M subfilters processes are efficiently scheduled within N data-load time while simultaneously loading N
subfilters. This requires reduced clock rates compared with LPA, and potentially less power is consumed. A polyphase filter bank that uses
different resampling factors for maximally decimated, under-decimated, over-decimated, and combined up- and down-sampled
scenarios is used as a case study, and an analysis of area, time, and power for their FPGA architectures is given. For resource-optimized
SDR front-ends, RA is superior for reducing operating clock rates and dynamic power consumption. RA is also superior for reducing area
resources, except when indices are pre-stored in LUTs.

Keywords

SDR; FPGA; Digital Front-ends; Polyphase Filter Bank; Embedded Resampling

PP
1 Introduction

olyphase filter banks are versatile engines that
perform embedded resampling uncoupled from
frequency selection and bandwidth control [1], [2].
In a previous paper“Polyphase Filter Banks for
Embedded Sample Rate Changes in Digital Radio

Front-Ends”[3], we described the benefits of such a
polyphase engine. Five embedded resampling approaches
were discussed: 1) maximally decimated, 2)
under-decimated, 3) over-decimated, and combined
up-and down-sampling with 4) single and 5) multiple stride
lengths of the commutator (which feeds input data into the

filter bank). These are efficient approaches to rational
resampling in polyphase filter banks because there is no
computational cost, and only a state machine is required to
schedule the interactions. Polyphase engines are promising
candidates for realizing software-defined radio (SDR)
front-ends where embedded sample rate changes are
needed. This paper describes the associated hardware
architecture designed to reduce area, time, and power
consumption of such a polyphase engines implemented
on FPGA.

The hardware platform is the most prominent and
challenging component of an SDR because it must provide
massive computational power and flexibility at the same time
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[4], [5]. An important
semiconductor
technology is the field
programmable gate
array (FPGA). It
consists of a vast
array of configurable
logic blocks,
multipliers, and
memories, and it
allows a custom data
path to be tailored to
the application at
hand. Parallel
processing
capabilities in an
FPGA has made
them the core
processing engine in
SDR applications.
The rich architecture
of FPGA with
specialized
functionalities allows
a large design space.
In such a large
design space,
resource-optimized
architectures are
highly desirable for
implementing SDR
functions. In this
paper, we describe an FPGA-based architecture for
polyphase filter banks that is optimized in terms of area, time,
and power. A filter bank performs rational sample rate
changes together with frequency control and bandwidth
reduction.

In section 2, we analyze five structures for the polyphase
filter banks in terms of required resources (referred to as
resource complexity) and operating clock rates. From these
structures, we select the serial polyphase structure with
parallel multiply and accumulate (MAC) and explore its
implementation options. In section 3, the selected structure is
mapped onto the FPGA in two different implementation
architectures that are built on different scheduling. These
architectures are called load-process architecture (LPA) and
runtime architecture (RA). In section 4, we compare resource
usages in the LPA and RA variants of the five embedded
resampling cases in terms of slice registers, slice lookup
tables (LUTs), and dedicated resources as well as the
operating clock rates. In section 5, we analyze the dynamic
power consumed in the LPA and the RA variants of the five
resampling cases. Section 6 concludes the paper.

2 Architecture Design
In this section, we analyze the architectures of the FPGA

implementation of a polyphase filter performing embedded
sample rate changes. We do not deal with the FFT part and
simply replace it with an M-input adder, which represents the
output of a channel centered at origin (channel 0). The main
building blocks of a polyphase filter are an M-path polyphase
lowpass filter and an M-input adder. The structural analysis of
the polyphase filter includes general, symmetric, and serial
polyphase structures with serial and parallel MACs.

The general M-path polyphase filter structure has M
subfilters of length N /M, where N is the length of a
non-partitioned lowpass filter. Each of these subfilters
operates at 1/M times the input rate (Fig. 1a). In the symmetric
structure, the symmetry property of the coefficients in the
subfilters is exploited, and this reduces the number of
subfilters and commutator length to M /2. The commutator
moves in both the forward and reverse feed directions
(Fig. 1b), and the multipliers are shared by the two subfilters
[6]. The adders can also be shared by using multiplexers and
de-multiplexers to form an adder-shared symmetric
structure (Fig. 1c). In an M-path polyphase filter, only one
subfilter is processed at a time, and the remaining M -1
subfilters are idle. The serial polyphase structure merges the
subfilters’data registers to form a data-register bank and
merges the subfilters’coefficients to form a coefficient bank.
These data register and coefficient banks are addressed by a

▲Figure 1. Polyphase filter structures: (a) general, (b) symmetric, (c) adder-shared symmetric, (d) serial polyphase with
parallel MAC, and (e) serial polyphase with serial MAC.
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control sequence so that the data registers and coefficients of
the desired subfilter can be selected to perform MAC
operations. The MAC operations can be performed in parallel
or in serial so that a serial polyphase structure with parallel
MAC (Fig. 1d) or serial MAC (Fig. 1e) is formed [7].

Table 1 shows the resource complexity in an M-path
polyphase filter (each path with N/M taps) for a general
polyphase structure (P1), symmetric structure (P2),
adder-shared symmetric structure (P3), and serial polyphase
structure with serial MAC (P4) and parallel MAC (P5). It also
shows the required operating clock rates for these structures
(with fs as the input rate). There is a trade-off between
complexities and processing clock rates. A serial polyphase
filter with serial MAC has the least complexity but demands a
high clock rate. A serial polyphase filter with parallel MAC has
a slightly higher complexity and operates at a clock rate that
corresponds to the input clock rate. Among all the solutions
which do not operate at a clock rate higher than the input
clock rate, the P5 uses the least resources.

A non-maximally decimated polyphase filter bank
processes M subfilters in a time period which is either less or
greater than the M data-load’s time period. The embedded
resampling in the polyphase filter banks requires architectural
changes for the structures (Fig. 1) to meet the output time
constraint. These changes mainly apply to the structures
which are sharing resources (P2, P3, P4 and P5). P1 is a fully
parallel solution and is not operationally affected in
non-maximally decimated modes because each subfilter is
operating independently and M subfilters can be processed
even for a single data input time period. However, it does
require some changes in its state machine. Symmetric
structures are limited to cases with an even number of
polyphase partitions to make use of filter symmetry which is
not the case for serial polyphase structures. Here, we
describe the mapping of P5 onto the target platform—a Xilinx
Virtex-5 FPGA (xc5vsx50t-3ff1136) [8]. A fixed-point
analysis has been used to determine the word lengths that
keep quantization errors below 60 dB (commonly required).

There are a number of design options that correspond to
the level of FPGA resource exploitation. The targeted
polyphase filter used for the embedded resampling cases [3]
has five paths each with six taps. A straightforward mapping
of the corresponding P5 structure onto an FPGA, where all the

filter coefficients and the subfilters’tapped delay lines are
implemented as combination logic blocks (CLBs), results in
relatively high usage of slice registers and LUTs. The
implementation scales linearly with the filter size. Today’s
FPGAs have rich architectures with special memory resources
such as distributed RAM and block RAM, high-performance
computational resources such as DSP48E slices in addition to
the basic CLBs. The DSP48E slice improves flexibility,
utilization, and efficiency of applications. It also reduces
overall power consumption, increases maximum frequency,
and reduces setup and clock-to-out time [9]. The efficient
use of these dedicated resources creates a
high-performance system with high operating clock rates and
reduced CLB requirements.

The filter coefficient bank can be easily replaced by FPGA
block RAMs to eliminate the number of CLB resources;
however, the polyphase-partitioned data bank (register bank)
is a bit critical because it has to shift the new data element to
the respective subfilter’s tap-delay line and having access to
all the taps of that subfilter at the same time. In a maximally
decimated system, where the down-sampling factor is equal
to the polyphase partition, a first-in first-out (FIFO) can be
used as delay lines to derive the optimal architecture, as
described in [9]. For non-maximally decimated systems, a
two-dimensional memory solution is required in which only
the targeted subfilter can be loaded with the input data. Fig. 2
shows the resource usage when mapping a 5 × 6 register
bank (with 32-bit complex data) according to different design
options available on the Virtex-5 FPGA. The 5 × 6 register
bank based on slice registers and LUTs uses 960 slice
registers and 389 LUTs. Each data register in the subfilters is
replaced with a RAM-based shift register (SRL16 / SRL32
mode of the slice LUTs), and the number of slice registers and
LUTs usage becomes 0 and 389, respectively. This eliminates
the need for slice registers, but the LUT usage remains
unchanged. In Virtex-5, each CLB has 64-bit distributed
RAM [8] that is bit-addressable. For a 32-bit data register,
32 CLBs are collectively used as a single 32-bit register. The
remaining 63 bits in each CLB are unused. Distributed
memory is used so that each 64-bit memory contributes one
bit to a 32-bit data register for 64 subfilters (only five are
used). In this way, the memory that was previously used for
only one data register of a subfilter is now used for one data
register for all five subfilters. The resource usage for a 5 × 6
register bank based on distributed RAM becomes 192 slice
registers and 192 LUTs. This eliminates the need for the
decoder and multiplexers to select the desired subfilter’s
data elements in the case of a shift-register-based register
bank. The same concept can be applied to block RAM, which
eliminates CLB usage. Three block RAMs are used for a 5 × 6
register bank, which corresponds to 2% utilization of block
RAM resources for a Virtex-5.

To use block RAM-based register banks, an extra clock
cycle is needed for each data load and shift [10] because six
block RAMs (32-bit × 5) are cascaded to form a 5 × 6 register
bank, and the data shift in the subfilters requires data to be
available from the preceding memory. Therefore, one clock
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▼Table 1. Resource complexities and required process clock rates for
an M -path polyphase filter with P1-P5 polyphase structures (with fs as
the input rate)
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cycle is needed to read the (previous) data elements in the
cascaded memories. The next clock cycle loads the new data
element to the subfilter’s data memory along with data
shifting because block RAMs have synchronous read and
write operations. A distributed RAM-based register bank has
no extra clock cycle penalty for each data load and shift
because it has asynchronous read and synchronous write
operations.

3 LPA and RA Scheduling
According to the polyphase channelizer

configurations for the presented embedded
resampling factors [3], five polyphase subfilters need
to be processed within the time period of five, three,
and six samples and within the time period of
zero-packed five and 15 samples. For the
resampling cases, where the number of data-loads
is less than M (the number of subfilters), it is not
possible to process at the input sample rate of fs in a
serial polyphase structure with parallel MAC. Fig. 3
shows the time domain view of the under-decimated
case where 3-to-1 down-sampling is performed in
a 5-path polyphase filter. The five subfilters are to be
processed within the
time period of three data
samples.

In [10], an LPA with
block RAM-based
register bank for a
polyphase filter bank
operating in
under-decimated mode
is described. This LPA
runs at a higher clock
rate and uses a FIFO to
interface with the input
data at lower rate. Fig. 4
shows this architecture
with an output
accumulator instead of
an FFT to represent the

channel at baseband. In the load phase, the data elements
are taken from the input FIFO and loaded into the subfilters as
directed by the data pointer. In the processing phase,
coefficient and data pointers with embedded shifts select the
coefficient and data memory elements in order to perform
MAC operations. The multipliers are based on DSP48E slices
whereas the additions are performed using a CLB-based
adder tree network.

The LPAs for the five embedded resampling cases [3] are
based on the architecture shown in Fig. 4 according to the
number of subfilters (five), number of subfilter taps (six), and
corresponding data loading and filter coefficient sequences.
The register and coefficient banks are based on block RAMs.
Table 2 shows the operating clock rates for the designed
LPAs. These clock rates meet the output time constraints of
the five different cases, without overflowing the input FIFO.
Cases 4 and 5 have two different load times because two
different numbers of data inputs are loaded, as shown in
Table 4 and Table 5 in [3].

The loading of LPA data from the input FIFO into the register
bank is controlled by the FIFO empty flag, so the loading
process may need to wait for the valid data sample in the
FIFO. The loading time shown in Table 2 incorporates this
waiting time. From Table 2, on average, approximately 60% of
the loading time is used for loading the register bank. This
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▲Figure 2. Resource usage for a 5 × 6 register bank by exploiting
FPGA resources.

FIFO: first-in first-out MAC: multiply-and-accumulate

▲Figure 3. Under-decimated case where 3-to-1 down sampling is performed in a
5-path polyphase filter. The five subfilters are to be processed within the time
period of three data samples.

▲Figure 4. LPA with block RAM-based register bank for a polyphase filter operating in under-decimated mode and
with a clock rate higher than the input data rate.
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eventually requires high operating clock rates in order to
process the loaded data within the output time constraints.
Although block RAMs do not require CLBs, the synchronous
write and read operations require two clock cycles for loading
and shifting the input data. Thus, the clock rates must be
increased. On the other hand, the distributed RAM-based
register bank has asynchronous read operation and only
requires one clock cycle for loading and shifting. Therefore,
the overall clock rate is reduced, but CLB resources are now
required.

In the LPA with distributed RAM-based register bank, the
coefficient bank is based on block RAM which requires the
coefficient pointer to be one clock cycle ahead of the data
pointer that drives the distributed RAM-based register bank.
The operating clock rates for the LPA using distributed
RAM-based register bank are listed in Table 3. These clock
rates meet the output time constraints of the five different
cases, without overflowing the input FIFO.

From Table 2 and Table 3, it can be seen that using
distributed RAM-based register banks instead of block
RAM-based register banks reduces the required operating
clock rates for the LPA by approximately 20%. High clock
rates for LPA may limit the polyphase filter design to a lower
input sample rate because the technology platform has
limited ability to achieve high operating clock rates. To
overcome the high clock rate demands of the LPA, we
introduce the runtime architecture (RA), which runs at a
maximum of double the input data rate for the five cases. At
double the input data rate, it efficiently schedules the
processes of M subfilters within N data load times while
simultaneously loading N subfilters. It uses a distributed
RAM-based register bank and also eliminates the input FIFO
for bridging the input data rate with the high processing clock
rate. The RA resembles the LPA (Fig. 4) but has a different
configuration of distributed RAM-based register bank, lacks

FIFO, and has a run-time scheduling instead of a
load-process scheduling. Here we present the
scheduling schemes for the RA for the five embedded
resampling cases [3].

Case 1:
Fig. 4a [3] shows the first two loading cycles for the

maximally decimated system. The timing diagram for
these cycles (Fig. 5) shows the scheduling of the filter
operations and input data loading at the input rate. The
parallel multipliers and adder tree take four clock
cycles to generate the subfilters’MAC output, which
are further accumulated over five MAC outputs to get
the output of the polyphase filter (channel 0).

Case 2:
Fig. 4b [3] shows the first two loading cycles for the

under-decimated system. The timing diagram for
these cycles (Fig. 6) shows the scheduling of the filter
operations and input data loading at double the input
rate.

The first cycle of the doubled-rate (2×) clock
processes the targeted (data-loaded) subfilter while
the second cycle of the 2× clock processes the

subfilter that is not targeted. The three input data periods have
six periods of 2× clock that (for the first load cycle) schedule
the processing of the non-targeted subfilters [R4, R3] by
interlacing with the processing of the targeted subfilters [R2,
R1, R0]. The sixth 2× clock cycle is not used because a new
data sample has not yet arrived. The parallel multipliers and
adder tree take four cycles of 2× clock to generate the
subfilters’MAC output, which is further accumulated over five
MAC outputs to obtain the output of the polyphase filter.

Case 3:
Fig. 4c [3] shows the first two loading cycles for the

over-decimated system. The timing diagram for these cycles
(Fig. 7) shows the scheduling of the filter operations and input
data loading at the input rate. The loading and filter
processing is the same as that described in case 1, but six
input data samples are loaded instead of five, and the
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▼Table 2. Required operating clock rates for the five embedded resampling
cases in a polyphase filter with block RAM-based register bank

Case

1

2

3

4

5

Output Time
Constraint (ns)

166.6

100

200

83.5

250

Required Clock Rate

Frequency(MHz)

5×

6×

4×

7×

4×

Time Period (ns)

6.66

5.55

8.33

4.76

8.33

Load Time (ns)

113.3

55.6

133.3

57.2, 33.4

199.9, 166.7

Process Time (ns)

53.3

44.4

67.7

38

66.7

▼Table 3. Required operating clock rates for the five embedded resampling
cases in a polyphase filter with distributed RAM-based register bank

Case

1

2

3

4

5

Output Time
Constraint (ns)

166.6

100

200

83.5

250

Required Clock Rate

Frequency (MHz)

4×

5×

3×

6×

3×

Time Period (ns)

8.33

6.66

11.11

5.55

11.11

Load Time (ns)

100

53.4, 40.1

100, 122.2

50, 27.9

177.8, 144.5

Process Time (ns)

66.6

53.3

88.8

44.4

88.8

▲Figure 5. Scheduling of the filter operations (at input clock) and input
data loading in a maximally decimated system (case 1).
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accumulation process is modified. The R0 subfilter in the first
load cycle accepts two data loads and is processed
separately. Only the second processed output for the subfilter
(which is loaded twice) contributes to the final accumulation.
This second processed output for R0 subfilter also has the
contribution from the first loaded data sample, so the MAC
outputs from n + 1 to n + 5 are accumulated for the final
output.

Case 4:
Fig. 4d [3] shows the two loading cycles for the system

up-sampled by two and down-sampled by five. The timing
diagram for these cycles (Fig. 8) shows the scheduling of the
filter operations and the input data loading at double the input
rate. The data loading cycle is periodic for the two states
having three and two data inputs, respectively. These two
states correspond to six and four cycles of 2× clock to
process five subfilters. In the first state, which has three data
inputs, six cycles of the 2× clock can process five subfilters.
However, the second state, which has two data inputs with
four 2× clock cycles, lacks a clock cycle to process the fifth
subfilter. This required processing can be achieved either by
using a 3× clock to provide more clock cycles or by efficiently
using the non-utilized cycle of the 2× clock in the first state. In
the first state, the processing of the targeted subfilters [R4,
R2, R0] is interlaced with the processing of non-targeted
subfilters [R3, R1]. In the second state, processing of the
non-targeted subfilters [R4, R2, R0] is interlaced with the
processing of the targeted subfilters [R3, R1].

Case 5:
Fig. 4e [3] shows the two loading cycles for the system

up-sampled by two and down-sampled by 15. The timing
diagram for these cycles (Fig. 9) shows the scheduling of filter
operations (for one loading cycle) and the input data loading
at the input rate. The loading process continues for three
stride lengths of the commutator, and the eight input data
samples undergo filter processing. The outputs of the subfilter
MACs are accumulated from outputs n + 3 to n + 7 because
these outputs contribute to the final accumulation (which
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▲Figure 6. Scheduling of filter operations (at 2× clock) and input data
loading for an under-decimated system (case 2).
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▲Figure 7. Scheduling of the filter operations (at input clock) and input data
loading for an over-decimated system (case3).
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▲Figure 8. Scheduling of filter operations (at 2× clock) and input data
loading for a system up-sampled by two and down-sampled by five
(case 4).
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includes outputs from the twice-loaded subfilters).
We have so far described the scheduling schemes for the

subfilters’processes along with their data loading at the input
data rate or double the input data rate. Their architectures
have DSP48E slice-based multipliers and CLB-based adder
trees that limit the overall operating clock rate to
approximately 200 MHz. However, the clock rate can be
improved by performing MAC operations in systolic array of
DSP48E slices. To perform MAC operations in systolic arrays,
the parallel data from the data register bank needs to be
time-aligned. The parallel data is fed through a set of
registers that delay the data, element by element, in
order to align the subfilter’s MAC and final
accumulation process within the
systolic-array-based MAC (Fig. 10). The RA with
DSP48E systolic-array-based MAC has high
latency because of the pipeline and delay registers,
but it increases the maximum operating clock rate to
350 MHz. The multiplexer block before the delay
elements switches between the processing of the
targeted subfilter and non-targeted subfilter (which
is used only in cases 2 and 4).

4 Resource Usage
We have presented LPA with block RAM and

distributed RAM-based register banks as well as
RA (distributed RAM-based register bank) having
DSP48E slices based multipliers and CLB-based
adder tree, and RA with DSP48E slice
systolic-array-based MAC. These architectures are
mapped onto a Virtex-5 FPGA in the form of
I/Q components. Fig. 11 shows the resource usage
in the FPGA for the five embedded resampling
cases. The slice registers, slice LUTs, dedicated
resources, and required operating clock rates are

shown for both LPAs and RAs.
In all five cases, the LPA block RAM and LPA distributed

RAM (based register banks) have almost the same slice
register usage, that is, 397 to 407 slice registers. However, in
all five cases, there is a difference in slice LUT usage between
LPA block RAM and LPA distributed RAM. The usage in LPA
block RAM ranges from 406 to 431 slice LUTs, and the usage
in LPA distributed RAM ranges from 447 to 502 slice LUTs.
This is due to the fact that distributed RAMs (used for the data
register bank) require LUTs. The variation in slice LUT usage
within LPAs block RAM and LPAs distributed RAM is due to
the different sets of states and control sequences for the
polyphase engines with different embedded resampling
factors. The RA in all the embedded resampling cases uses
almost the same number of slice registers (335-342) and
almost the same number of slice LUTs (315-334). The
exceptions are case 2, which has 524 slice LUTs and case 4,
which has 529 slice LUTs. These two systems do not have
straightforward indices for accessing their data register and
filter coefficient banks. Therefore, the indices for data register
and filter coefficient banks are pre-stored in LUTs instead of
being generated by sets of counters. The architecture also
contains the multiplexer block for switching between targeted
and non-targeted subfilter processing that uses slice LUTs
and slice registers. Similarly, the RA with DSP48E
systolic-array-based MAC — for case 1, case 3, and case
5 — have almost the same number of slice registers
(318-324) and LUTs (366-381). The RA with DSP48E
systolic-array-based MAC — for case 2 and case 4 — use
slightly more slice registers (510) and LUTs (528-563)
because of the pre-stored indices for data register and filter
coefficient banks, and multiplexer block.
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▲Figure 9. Scheduling of filter operations (at input clock) and input
data loading for a system up-sampled by two and down-sampled by
15 (case 5).

ACC: accumulate MAC: multiply-and-accumulate

▲Figure 10. Runtime architecture with DSP48E systolic-array based
MAC. The data from the register bank is fed through a set of registers
that delay the parallel data, element by element, to align the timing of
the subfilter MAC and final accumulation process.
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The MAC architecture for LPA and RA has DSP48E
slice-based multipliers and CLB-based adder trees. All the
cases based on this MAC architecture uses 12 DSP48E
slices. However, the RA with DSP48E systolic-array-based
MAC uses two extra DSP48E slices for the final accumulation
process. Similarly, the filter coefficient banks (which are
based on block RAMs) in both LPA distributed RAM and RAs
uses three dedicated RAMB18x2s [11] resources. However,
the LPA block RAM uses three extra resources of RAMB18x2s
for its block RAM based register bank. Furthermore, the LPAs
use one RAM18x2SDPs [11] for the input FIFO (which is zero
for the RAs because they do not use input FIFO).

Fig. 12 shows the number of LUTs versus (operating clock)
frequency for the four design solutions for the five embedded
resampling cases for the polyphase filter. The RAs for case 1,
case 3, and case 5 require less area and lower processing
clocks than their LPA counterparts. Similarly, the RAs for case
2 and case 4 require more area but use lower processing
clocks than their LPA counterparts. This larger area is due to
the pre-stored indices for addressing data register and filter
coefficient banks, and also due to the use of multiplexers.
Thus, RA is the preferred choice for reduced operating clock
rates, and also for reduced area resources with the exception
of cases 2 and 4.

5 Power Analysis
Here we analyze power consumption, focusing on dynamic

power (CMOS technology is assumed) for the LPA and RA of

the polyphase filter with five different
resampling factors. The demand for high
clock rates in the LPA is often difficult to
satisfy, and the architectures are power
hungry because the dynamic power is
proportional to the toggle frequency [12]:

where n is the number of nodes being
toggled, C is the load capacitance per node,
V is the supply voltage, and f is the toggle
frequency. C and V are device parameters,
whereas n and f are design parameters. By
keeping almost the same n and lowering f,
power consumption decreases. As reduced
clock operation has the same time constraint
as high clock operation, energy consumption
is reduced as well.

Fig. 13 shows dynamic power
consumption for LPA and RA in the five
embedded resampling cases. Xilinx XPA [13]
tool is used. The input vector is the same for
all the cases and designs, and the activity
rates are calculated using ModelSim [14]
post-route simulations with a run length of
500 μs. The thermal settings for the power
simulations are 25 degrees Celsius—an
ambient temperature, and zero airflow.

Fig. 13 shows that the LPA with block RAM-based register
bank consumes more dynamic power than LPA with
distributed-RAM based register bank and also more dynamic
power than RAs. The maximally decimated system (case 1)
based on RAs consumes 64% less dynamic power than its
LPA counterpart when block RAM-based register banks are
used, and it consumes 49% less dynamic power than its LPA
counterpart when distributed RAM-based register banks are
used. The under-decimated system (case 2) based on RAs
consumes 48% less dynamic power than its LPA counterpart
when block RAM-based register banks are used, and it
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▲Figure 11. Resource usage for the five embedded resampling cases under LPA and RA: (a)
slice registers, (b) slice LUTs, (c) dedicated resources, and (d) required operating clock rates.

DSP48E: dedicated computational resource on Virtex-5 FPGA
LPA: load-process architecture

RA: runtime architecture

▲Figure 12. Area versus (operating clock) frequency for the four
design solutions for the five embedded resampling cases.

LUT: lookup table

600

500

400

300

200

100

Case 1 Case 2 Case 3 Case 4 Case 5
(a)

: LPA Block RAM
: LPA Dist. RAM
: RA
: RA (DSP48E-Systolic)

Sl
ic
e
Re

gi
st
er
s

0

600

500

400

300

200

100

Case 1 Case 2 Case 3 Case 4 Case 5

Sl
ic
e
LU

TS

0

: LPA Block RAM
: LPA Dist. RAM
: RA
: RA (DSP48E-Systolic)

14

RAMB18×2SDPs

(b)

12

10

8

6

4

2

0
DSP48Es RAMB18×2s

N
o.

of
Re

so
ur
ce

s

: LPA Block RAM
: LPA Dist. RAM
: RA
: RA (DSP48E-Systolic)

: LPA Block RAM
: LPA Dist. RAM
: RA
: RA (DSP48E-Systolic)

Case 5

210

Case 4

Case 3

Case 2

Case 1

1801501209060300

(c) (d)
Frequency (MHz)

700

2101801501209060300

600

500

400

300

200

100

0

Frequency (MHz)

A
re
a
(L
U
Ts
)

Runtime
Architectures

Load-Process
Architectures

: Case 1
: Case 2
: Case 3
: Case 4
: Case 5

◆
■

×
❋
▲

■

■

■
■

× ×

×

◆

◆

◆

◆

▲

▲
▲

▲❋❋

❋ ❋

March 2012 Vol.10 No.1 ZTE COMMUNICATIONS 61

P dynamic = nCV 2f, (1)

R esearch Papers



Hardware Architecture of Polyphase Filter Banks Performing Embedded Resampling for Software-Defined Radio Front-Ends
Mehmood Awan, Yannick Le Moullec, Peter Koch, and Fred Harris

R

consumes 27% less dynamic power than its LPA counterpart
when distributed RAM-based register banks are used. The
over-decimated system (case 3) based on RAs consumes
60% less dynamic power than its LPA counterpart when block
RAM-based register banks are used, and it consumes 42%
less dynamic power than its LPA counterpart when distributed
RAM-based register banks are used. The up-sampled by
two and down-sampled by five system (case 4) based on
RAs consumes 46% less dynamic power than its LPA
counterpart when block RAM-based register banks are used,
and it consumes 31% less dynamic power than its LPA
counterpart when distributed RAM-based register banks are
used. The up-sampled by two and down-sampled by 15
system (case 5) based on RAs consumes 59% less dynamic
power than its LPA counterpart when block RAM-based
register banks are used, and it consumes 40% less dynamic
power than its LPA counterpart when distributed RAM-based
register banks are used. Thus, RA is superior to LPA for
reducing dynamic power and clock rates. The five cases are
representative for polyphase filter banks that perform
embedded sample rate changes. The analysis also shows
that the dynamic power for RA with DSP48E
systolic-array-based MAC in cases 1, 2 and 5 is between 3%
to 11% higher than their RA with DSP48E slice-based
multipliers and CLB-based adder tree.

FPGAs provide high parallelism and reprogrammability but
at the expense of additional signal routing resources and
higher static power consumption due to transistor leakage
from parasitic diodes in gate junctions [15], [16]. The static
current dissipates power when the device is powered-up and
no logic is being clocked. The drive toward smaller transistors
in FPGA is necessary for achieving higher chip density and
faster dynamic speed. This, in turn, is necessary for
embedding specialized DSP functionality blocks, but it
substantially increases the current leakage. As the size of
transistors in FPGA drops to 70 nm, the current leakage
becomes more dominant and accounts for more than 50% of
power consumption [17]. The clocked (dynamic) power is
added to basic static power when logic is active. Both these
power contributions substantially increase as the device
junction temperature increases. For the targeted Virtex-5

FPGA at 65 nm, static power consumption in all the cases of
embedded resampling is around 0.660 W, significantly higher
than the highest dynamic power consumption of 0.162 W.
However, static power consumption is technology dependent,
and only the area and clock rates can be reduced to minimize
the overall power consumption in the system.

6 Conclusion
We have described the architecture and FPGA

implementation of a polyphase engine that performs
embedded resampling. We have analyzed the architectures
for five different embedded resampling scenarios in
polyphase filter banks: 1) maximally decimated, 2)
under-decimated, 3) over-decimated, and combined
up- and down-sampling with 4) single and 5) multiple stride
lengths of the commutator that feeds the input data into the
filter bank. These scenarios are applicable to any required
rational sampling rate change in a polyphase
channelizer-based SDR front-end. We have described the
FPGA-based architectures for a serial polyphase structure
with parallel MAC that has load-process and runtime
scheduling. The LPA first loads the selected variable data
length and then processes the subfilters that require a high
clock rate. The RA, on the other hand, operates at a maximum
of double the input data rate, which enables scheduling of
subfilter processes along with the data loading. We have also
described different design techniques for polyphase register
bank mapping. A detailed analysis of area, time, and power in
the two types of architectures with different resampling factors
has been given. This analysis showed that RA is superior to
LPA in reducing operating clock rates and dynamic power.
RA is also superior in reducing area resources, except where
indices are pre-stored in the LUT. Thus, RA is capable of
satisfying the need for minimal area, clock frequency, and
power consumption in SDR front-ends. From our FPGA
implementation analysis, we have derived a set of valuable
guidelines that can be used by system designers to create an
SDR front-end that is optimized in terms of area, time, and
power consumption given certain design specifications.
Future work could include a similar analysis for FPGAs from
other manufacturers. This would be valuable in generalizing
the suggested hardware architectures.

▲Figure 13. Dynamic power analysis for all four design solutions for
the five embedded resampling cases for the polyphase filter.

DSP48E: dedicated computational
resource on Virtex-5 FPGA

LPA: load-process architecture
RA: runtime architecture
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A Histogram-Based Static Error
Correction Technique for Flash
ADCs: Implementation

Abstract

In this paper, we focus on practical issues in implementing a
calibration technique for medium-resolution, high-speed
flash analog-to-digital converters (ADCs). In [1], we
theoretically describ the calibration technique and perform a
behavioral-level simulation to test its functionality [1]. In this
work, we discuss some issues in transistor-level
implementation. The predominant factors that contribute to
static errors such as reference generator mismatch and
track-and-hold (T/H) gain error can be treated as
input-referred offsets of each comparator. Using the
proposed calibration technique, these errors can be
calibrated with minimal detriment to the dynamic performance
of the converter. We simulate a transistor-level
implementation of a 5-bit, 1 GHz ADC in a 1.2 V, 65 nm CMOS
process. The results show that DNL can be improved from
2.5 LSB to below 0.7 LSB after calibration, and INL can be
improved from 1.6 LSB to below 0.6 LSB after calibration.

Keywords

Calibration; chopping; flash ADC; PDF generator; reference
generator circuit; track and hold circuit

AA
1 Introduction

nalog-to-digital converters (ADCs) are used in
communications, instrumentation, video, and
imaging. They are essential components in RF
tranceivers but also performance-limiting in
many systems. The accuracy of a flash ADC is

mainly limited by the offsets of the comparators and
references. To increase accuracy, components are used that
are well-designed and relatively large in terms of area and
power. To avoid extra cost, calibration can reduce analog
complexity, and analog hardware can be replaced with digital
hardware. In [1], we described a calibration technique for

flash ADCs and gave the results of a behavioral-level
simulation. The simulation showed that the accuracy and
resolution of the ADC could be significantly improved without
detriment to the original analog comparator structure. In this
paper, we go further by describing issues in the
implementation of the ADC design and how these issues can
be addressed by calibration. As we proceed in this paper, the
accuracy of the calibration technique described in [1] is
increased as more and more transistor-level simulations are
performed. We end our work by presenting transistor-level
simulation results for a 5-bit, 1 GHz flash ADC in a 1.2 V,
65 nm CMOS process.

2 Calibration Technique
The histogram-based calibration technique for flash ADCs

is introduced in [1]. The ADC operates in normal mode or
calibration mode. In normal mode, the input signal is
connected to the input of the ADC, which then converts as
usual. In calibration mode, the output of the
probability-density function (PDF) generator is connected to
the ADC input. The PDF generator produces an analog signal
with a known PDF, fin (x ), which is further described in section
3. The output PDF, fout (x ), sampled by the ADC, is a quantized
version of fin (x ). The output PDF is a discrete function of the
number of bins per interval, Ii. Because of static errors, the
two PDFs are not equal, and in our proposed
histogram-based technique, this difference is used to extract
the ADC errors.

We let the n-bit flash ADC have 2n- 1 reference voltage
levels generated by a resistor ladder. A comparator is
assigned to each reference level, and each level is compared
with the input signal. At the output of all 2n- 1 comparators, a
thermometer code is generated. Static errors are mainly
caused by resistor mismatch and comparator offsets. These
error components can be modeled as a voltage source, Vos, at
the input of each comparator, which is now assumed to be
ideal [1].

In the n-bit flash ADC using the histogram-based
calibration technique, a multiplexer (MUX) array is used to
select a set of comparators for calibration. The outputs of the
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MUX are connected to the interval detector block, which
determines which intervals, Ii (i = 1, 2, ...,16), the sampled
value belongs to. The counter records the number of samples
for each Ii . The ideal number of samples for each interval can
be calculated in advance because the input PDF must be
known.

The estimation block in the ADC estimates the voltage
errors by comparing the wanted (ideal) number of samples,
Ni, and the recorded number of samples, Ni (the tilde
indicates the non-ideal case), for each Ii. The results of the
comparison are then used by the trimming block to
compensate for static errors. As we outlined in the
behavioral-level description in [1], the trimming block can
compensate for ADC errors by adjusting the voltage taps of
the resistor ladder. This changes the ADC reference levels
generated by the reference-selection block.

3 PDF Generator Circuit
The PDF generator is a vital component because it creates

a reference signal with a known PDF, which the calibration
relies on. Various analog signals might be used for test
purposes, but a good candidate in terms of implementation
complexity is the ramp function, which can be generated with,
for example, a charge pump. Ideally, the ramp signal has a
uniform distribution; that is, the PDF has a constant value
because the ramp takes all analog levels with equal
probability. For our ADC, we use a triangular signal generator
(TSG) (Fig. 1) for uniform distribution. (We will return to the
choppers and MUXs in Fig. 1.) The capacitor, CCP , is charged
and discharged sequentially by a pull-up or pull-down
current, ICP. Two comparators toggle the direction of the
charge pump (up or down) with the help of a decoder and a
latch. The overall circuit is a fixed-frequency oscillator.

The resulting triangular wave has amplitude of V REF and a
constant PDF. Ideally, the TSG range should be the same as
the ADC range, that is, V REF = VR. The signal must be kept in
the range [-VR, VR ] and should vary linearly with time. Other
signal specifications do not need to be taken into account;
slope variation, for example, does not affect the PDF
distribution. However, in the TSG circuit (Fig. 1), some
potentially dominating non-ideal effects are mismatch

between up and down currents, variation in capacitance,
comparator offset, and transition delay.

Of these parameters, the current mismatch, ΔICP, and
capacitor mismatch, ΔCCP, only change the slopes of the
generated ramps and therefore do not affect the PDF. The
offset delay, V os,tsg, and transition delay, τt , change the upper
and lower limits of the voltage across the capacitor. This
means there is a deviation from the peak values VREF and -VREF.
This variation can be determined from the resolution of the
PDF circuit, and its maximum value is given by

where VLSB,tsg is the voltage of the least-significant bit (LSB) in
the TSG circuit. The TSG resolution, n tsg, is

Substituting VLSB,tsg from (1) into (2) gives

The voltage across the capacitor forms the output of the
TSG circuit and is fed to the ADC during calibration. The ratio
between the TSG frequency and ADC sampling frequency
should be carefully chosen to guarantee a uniform distribution
[2], [3].

Assuming the TSG is nonlinear, we can start by looking at
first-order, non-linear transfer characteristics. The linearity
can be specified by the maximum deviation from a straight
line between the two end points, VREF and -VREF. The deviation,
η, is normalized with respect to the signal swing and is
expressed as a percentage:

where ΔVmax is the maximum deviation from the straight line.
Typically, this deviation is due to limited output impedance of
the current sources, and a voltage-dependent capacitance,
C CP. To determine the effects of TSG errors on calibration, a
behavioral-level model of the TSG is used for simulation.
Starting with a 4-bit flash ADC and large comparator offsets
(σ is approximately 60 mV for VR = 1 V ), we run Monte Carlo
analyses and calibrate the ADC using equations (4)-(7) in [1].
The ADC differential nonlinearity (DNL) is extracted and
characterized with respect to the maximum, non-ideal
deviation from (4).

The simulation results are shown in Fig. 2. The DNL is
expressed in LSBs, and refers to a 4-bit converter. DNL
should therefore be below 0.5 LSB for full, nominal accuracy.
In Fig. 2, an 8-bit resolution is indicated. In practical design,
the nonlinear behavior of the TSG circuit is not significant, and
the nonlinearity as high as four or five percent can be
tolerated.

However, for high-resolution converters, a large n tsg is
required. In this case, (3) imposes stricter limitations on Vos,tsg

and τ t , and for each extra bit, we halve the accepted values.
The design of a comparator with small offset and low delay
could become quite complex, and to avoid this, we introduce
a chopping technique that cancels out the effect of the offset

▲Figure 1. Triangular signal generator (TSG) circuit with error sources
indicated.
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values of the TSG
comparators [4], [5].

3.1 Chopping
Fig. 3 shows the effect of an

offset in the lower comparator
in the TSG circuit. In this case,
the number of samples
belonging to the first interval,
I1 , can be estimated using

where ΔVI1 and V FS, including
the offset voltages, are the

spans of the first voltage interval and the full-scale voltage
range, respectively. Replacing these terms with their
corresponding values gives

where Vr,1 is the ideal reference voltage of the first ADC
comparator, VR is the reference voltage, V os,tsg1 is the offset
voltage of the bottom comparator, N is the total number of
samples, and ΔV os,tsg = V os,tsg1-V os,tsg2. Assuming ΔV os,tsg is small,
Taylor expansion can be used to approximate (6):

where ΔVI1 is the first voltage interval (Fig. 3). The last term in
(7) is negligible as long as

where VLSB is the LSB voltage of the ADC. Replacing the value
of VLSB in (8) for an n-bit converter, and considering the worst
condition, Vos,tsg1 = -Vos,tsg2, then

Even for high-resolution converters, (9) dictates that a
relatively high offset is tolerable in the TSG comparators.

When the maximum offset is lower than the value estimated

in (9), the last term in the Taylor expansion (7) can be ignored.
The average value, which is obtained from chopping, is
simplified as

where N 1,ave is the average value of N1 in the two chopping
states. The offsets of the TSG comparators are tolerable as
long as they are less than the maximum offset defined in (9).

To determine the effects of any TSG comparator offset, a
behavioral-level 8-bit flash ADC with full-scale range
V R = 1 V is calibrated. All the ADC error sources are set to
zero so that only the offset errors of the TSG comparators are
introduced. Fig. 4(a) shows simulated integral nonlinearities
(INLs) and differential nonlinearities (DNLs) of the converter
before chopping. Fig. 4(b) shows simulated INLs and DNLs of
the converter after chopping. ADC performance degrades
significantly as a function of the TSG comparator offsets
(Fig. 4a). We took the DNL and INL from 100 Monte Carlo
iterations and saw that by using chopping, the maximum
tolerable offset was as high as 80 mV for V R = 1 and n = 8.
This is a significant improvement using very simple methods.

4 Track-and-Hold
The track-and-hold (T/H) circuit, also called

sample-and-hold (S/H) circuit, is an integral part of most
ADCs because it makes the converters less sensitive to jitter.
In this section, we show how the proposed calibration
technique also compensates for the static part of errors
introduced by a typical T/H circuit. Such errors include
kickback noise, gain, and nonlinearity. The proposed T/H

▲Figure 2. DNL of the 4-bit flash ADC versus maximum deviationη
for 100 Monte Carlo analyses.

ADC: analog-to-digital converter DNL: differential nonlinearity

▲Figure 3. Effect of the TSG
comparator offset on the
reference voltage intervals.

▲Figure 4. INL and DNL of the 8-bit converter versus TSG comparator
offset (a) before and (b) after chopping.

DNL: differential nonlinearities
INL: integral nonlinearities

LSB: least significant bit
TSG: triangular signal generator
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structure (Fig. 10) is an active, source-follower-based T/H. It
contains input buffers implemented by NMOS
source-followers as well as output buffers implemented by
PMOS source-followers. The NMOS drives the
sample-and-hold capacitor, CH, and the PMOS drives the
comparator inputs that form a potentially large capacitive load.

4.1 Kickback Noise
Kickback noise due to the capacitive coupling from

comparator output to input affects both the references and
signal inputs. In [1], we observed that by adding trimming
switches, some of the kickback noise was suppressed onto
the reference ladder. However, a T/H circuit with high driving
capability (low enough output impedance) is required to
diminish kickback on its own output (the comparator inputs).

Calibration relaxes design requirements by compensating
for the static part of kickback noise. This can be done by
assuming each comparator has zero offset error. The
kickback noise on each comparator input is not detrimental
unless the input signal is close to the corresponding reference
voltage, that is, when the comparator makes a decision. From
the point of view of static, kickback noise is deterministic and
can be modeled by an equivalent offset voltage at each
comparator. However, the amplitude does not depend solely
on the input signal; it also depends on its derivative(s). In
practice, the amount of kickback noise changes with
frequency. To determine the effects of kickback noise in
practice, a T/H circuit is designed in a 1.2 V, 65 nm CMOS
process and used in a 4-bit flash ADC.

Fig. 5 shows deviation of kickback noise from the average
for 15 reference levels. The signal frequency (full-scale
sinusoid) is swept, and to isolate kickback noise from other
errors—including clock feedthrough (CFT) and charge
injection—the sampling switch is bypassed (its drain and
source are tied together). Up to about 10 MHz, kickback noise
is nearly constant and depends only on the input signal levels.
For frequencies higher than 100 MHz, kickback noise
amplitude increases significantly. For low frequencies,
deviation from the average is nearly constant, which means
that the calibration algorithm can calibrate the static part of
the kickback noise.

For simplicity, we assume the kickback noise for all levels
i = 1, 2,...,2n -1 changes in proportion to the input signal level,
given by

where v k,i is the kickback amplitude, v in is the input signal level
and αi and βi are constants. In the first calibration step, the
estimated comparator offset i is

where v est1,i is the estimated offset value and Vr,i is the
reference level, which can be used as an approximation of the
input signal level. v est1,i is added to the reference level by the
trimming circuitry [1] and compensates for the offset. The
second calibration step gives

and the mth calibration step gives

For a nonzero comparator offset, the trip point is shifted
from Vr,i to Vr,i-VOS,i, and (14) is modified as

For a typical T/H circuit, we assume that α i is less than 1
because it is very unlikely the kickback noise is in parity with
high input signal levels. This means that the kickback
amplitude of the ith comparator is less than the corresponding
reference level. In this case, as m increases with calibration
iterations, the estimated voltage v estm,i in (15) decreases. The
calibration converges and compensates for the static part of
the kickback noise.

To verify (15), we examine a 4-bit flash ADC implemented
in a 65 nm CMOS process with the previously mentioned
parameters. To focus solely on the kickback noise, the
nominal condition is simulated with zero mismatch. The T/H is
omitted, and source impedance is introduced into the input
signal generator in order to determine kickback behavior. The
ADC response to a full-scale ramp signal is shown in Fig. 6.
Each ramp corresponds to one calibration step. Before
calibration (the first ramp), the ADC suffers DNL errors and
missing codes because of the kickback noise. After seven
calibration steps, the algorithm converges and compensates
for the kickback noise.

4.2 Gain Errors
Another issue with T/H circuits is gain error. Some effort is

required to design a buffer with acceptable gain variations,
especially in fine-line CMOS technologies where process
variations can substantially affect the open-loop buffer gain.
Using the proposed technique, gain error can be calibrated
because the effect of the gain error can be described by a set
of comparator offset voltages. The corresponding reference
and trimming voltages are then rearranged to compensate for
the gain error. The T/H gain error in the calibration algorithm
generates equivalent offset errors given by

where γ is the gain error of the T/H circuit.
The T/H circuit is used in a 4-bit flash ADC, and

behavioral-level models are used so that the comparators

▲Figure 5. Deviation of kickback amplitude from its average versus
input signal frequency.
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can isolate the gain error. Fig. 7 shows the arrangement of the
reference voltages of the ADC during calibration. At first, the
reference levels are in their ideal positions. As the calibration
proceeds, these reference levels are pushed towards the
range of the T/H output. The original ADC range is shown by
the dotted line, and the reference levels are pushed and
distributed inside the signal range. Each 0.2 μs corresponds
to one calibration step.

4.3 Distortion and Nonlinearity
Dominant T/H errors include distortion that are due to

nonlinearity of the sample-and-hold capacitor. Switch-on
resistance is another dominant T/H error. The calibration here
is not intended to compensate for any dynamic nonlinear
errors. For static errors, the input and output relationship can
be described by a relatively well-defined polynomial:

The T/H static nonlinearity can be calibrated as long as the
ai coefficients are small enough. To determine the effect of
moderate distortion, the T/H is used in an 8-bit flash ADC.
Behavioral-level comparators are used, and the sampling
switch is bypassed to avoid kickback. The effect of distortion
can then be analyzed in isolation. INL before calibration in
Fig. 8(a) has a maximum absolute value of about 2 LSB. INL
after calibration in Fig. 8(b) and is improved to about 0.15 LSB.

5 Implementation
Fig. 9 shows the proposed calibration system, and an

implementation of the calibration algorithm has already been
presented in [1]. The ADC input is connected to the TSG
circuit (PDF generator) in calibration mode [1]. The 2n -1
comparators produce a thermometer code so that an ADC
level is represented by a set of r consecutive 1s at the bottom
and s consecutive 0s at the top. The MUX selects a set of 16
comparators and feeds their outputs to the interval-detector
block. This block then locates the input signal in the different
voltage intervals and produces a 1-of-16 (walking-one)
code at the block’s output, which indicates the
corresponding code value.

For small errors, the voltage intervals do not overlap [1],
and in the thermometer code, there are normal transitions
between 1 and 0, that is, no sparkle errors. However, for large
offset errors, the intervals overlap, and this is detected and
compensated for by the interval-detector block.

The outputs of the interval detector are applied to the
estimation block, which contains an array of counters that
record the number of samples belonging to each interval. All
offset values are then estimated according to the procedure
given in the behavioral-level description of the algorithm [1].
The estimated offset values are stored in a 16-word RAM.
Each word represents the offset of a comparator in the chosen
set. The trimming block in Fig. 9 reads the RAM and performs
encoding to reduce the word length. It then stores the result in
registers that contain 2n -1 words that represent the offset for
each comparator. The register word lengths typically depend
on the maximum comparator offset because larger offsets
result in longer word lengths.

Each register defines the select lines, which in turn control
the analog multiplexers (AMUXs) in the reference generator.
There is one AMUX assigned to each comparator. Each MUX

ADC: analog-to-digital converter DNL: differential nonlinearities

▲Figure 6. Transistor-level simulations showing calibration steps
and compensation for T/H kickback errors.

▲Figure 7. Calibration steps showing the compensation for T/H gain error.

ADC: analog-to-digital converter

ADC: analog-to-digital converter INL: integral nonlinearities T/H: track-and-hold

▲Figure 8. INL of an 8-bit flash converter using a T/H circuit (a) before
and (b) after calibration.
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can select from a batch of reference voltage taps on the
resistor ladder. Each input provides a fractional LSB so that a
fine voltage step can be added to or subtracted from the MUX
output. This output is then used as the new reference voltage
for the corresponding comparator.

5.1 Complexity
The analog switch area of the AMUX array is proportional to

where n is the resolution of the converter, V os,max is the
maximum static error amplitude covered by the calibration
algorithm, V LSB is the LSB voltage, M is the number of fine
sub-LSB steps, and A ATG is the area of each TG. Inserting
V LSB = 2V R / 2n into (18) results in

The same equation can be used for the decoder part: the
digital MUX (DMUX) array at the output of the comparators is
implemented using unity TGs. In this case, the area can be
approximated using

where A DTG is the area of the unity TG. The register file
contains 2n -1 words, and each represents the selected lines
of the corresponding AMUX. So, similar to (19), we get

where A L is the area of a typical latch used in the register file.
According to (19)-(21), the areas of the AMUX, DMUX, and
register file grow exponentially in relation to resolution n. The
size of the remaining calibration blocks is proportional to the
resolution because of the segmented approach [1]. With the
segmented approach, a considerable amount of calibration
hardware grows linearly, rather than exponentially, in relation
to converter resolution.

The size of the calibration blocks can be ordered according
to the size of the total ADC area: all-digital estimation block,
RAM, and trimming block (33%); decoder part of the AMUX
array (10%); analog switches of the AMUX array (6%); TSG
circuit (2%); register file (2%); and DMUX array (1%). This
accounts for approximately half the total area of the ADC,
which is 0.25 mm2. Unlike the analog area, the calibration area
does not scale exponentially as higher resolutions are
attained. Using calibration, the analog comparator area can
be kept fairly low and, most importantly, analog complexity
can be reduced by using standard digital cells.

6 Simulation Results
As a proof-of-concept, a single-ended, 5-bit flash ADC is

designed in the same 1.2 V, 65 nm CMOS process used
previously. The ADC range is from 475 to 725 mV, which
allows a full range of 250 mV (related to the single-ended
signal). Fig. 10 shows the T/H circuit where a boot-strapped
sample switch is used to enhance performance [6]. A replica
of the input buffer injects the test signal, Vtest, during
calibration. A transmission gate (M3 and M4) is used as a
switch to inject the test signal. The gate can be small; in this
design it is 25 times smaller than the sample switch, Msw,
because the test signal is typically low-frequency. Therefore,
the additional parasitic capacitance is small, and the dynamic
performance of the T/H remains relatively unaffected. The T/H
circuit has a gain loss of approximately -1.7 dB.

Fig. 11 shows the ADC reference generator circuit adopted
from [7]. A replica of the T/H circuit is used to match the
common-mode level of the reference generator with the input
signal. A version of the T/H, scaled down 40 times, is used.
Corner and Monte Carlo analyses show that the replica
matches the original T/H well within one LSB. Any residual
errors due to the mismatch are, however, compensated for
during calibration.

The test signal is generated using the TSG circuit in Fig. 1.

▲Figure 9. Proposed calibration system.

MUX: multiplexer
PDF: probability density function

T/H: track-and-hold
TSG: triangular signal generator

▲Figure 10. T/H circuit and injection of the test signal.
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The reference current, I CP, is about 250 nA, and the TSG
capacitor is 1 pF. A comparator with relatively small offset and
very low kickback is chosen [8]. This comparator is
power-hungry and slow; it is only used in calibration mode
and powered down during normal operation. The TSG
comparators have an offset of about 7 mV. The resulting test
signal has tolerable nonlinearity of about 1% (Fig. 2).

The trimming circuit is implemented using a 32-to-1 AMUX
array. A set of transmission gates are controlled by 5-bit
words. Each TG is about ten times larger than the
minimum-sized TG, and there are three fine LSB steps. The
core flash ADC comparators have an input-referred offset of
approximately 15 mV and are clocked at 1 GHz; that is, the
ADC operating frequency is 1 GHz. Then, ADC is calibrated
using a test signal with a ramp frequency of about 500 kHz.

To save simulation time, each step of the calibration is
completed with a relatively low number of samples
(approximately 2000). The simulated DNL and INL before
calibration are shown in Fig. 12(a) and (b), and the results
after 16 calibration steps, are shown in Fig. 12(c) and (d). The
DNL is reduced from 2.5 LSB to about 0.7 LSB, and the INL is
reduced from 1.6 LSB to about 0.6 LSB.

The proposed technique is effective in calibrating important
errors in the structure of the flash ADC (Fig. 12). We chose a
low number of samples for each calibration cycle in order to
decrease the simulation time and prove the effectiveness of
the calibration method. Further improvement in DNL and INL
in the ADC can be achieved by using a higher number of
samples in each calibration cycle. This would, however, affect
the setup time of the system, and there would be a trade-off
between obtainable resolution and calibration time.

In this work, only a single-shot simulation result has been
given. In the behavioral-level simulation results in [1, Fig. 8],

98% of cases were successful using an 8-bit ADC with 25 mV
comparator offset. In this simulation, using a 5-bit ADC with a
15 mV comparator offset gives a higher rate of success.

7 Conclusion
The ADC architecture and calibration technique were

described in [1], and this follow-up paper focuses on
additional errors that arise as a result of moving towards
transistor-level implementation. We show how the calibration
technique handles errors that arise when different blocks of
the flash ADC are implemented. The chosen implementations
have a minimally detrimental effect on the ADC because they
do not change the comparators. A triangular waveform is
generated by a PDF circuit in which the comparator offsets
could cause significant errors that affect calibration. However,
using chopping, a large offset value is tolerable, and analog
complexity can further be reduced.

Simulation results for different sub-blocks have also been

T/H: track-and-hold

▲Figure 11. Reference generator circuit with downscaled replica of the
T/H circuit.

DNL: differential nonlinearities INL: integral nonlinearities LSB: least significant bit
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▲Figure 12. (a) DNL and (b) INL of the flash ADC before calibration,
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given. As a proof of concept, a full transistor-level simulation
of a 5-bit, 0.25 mm2, 1 GHz flash ADC in a 65 nm CMOS
process was performed. Simulation results show that DNL
improved from 2.5 LSB to about 0.7 LSB after calibration, and
INL improved from 1.6 LSB to about 0.6 LSB after calibration.
We have described how Analog complexity can be traded off
against digital complexity and how obtainable resolution can
be traded off against system setup and calibration time.
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