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

TT

Guest Editorial of 100G and Beyond: Trends in Ultrahigh-Speed Communications (Part II)
Gee-Kung Chang and Jianjun Yu

S pecial Topic

his is the second part of a special issue on
“100G and Beyond: Trends in Ultrahigh-speed
Communications.”The first part of this special
issue contained nine papers written by service
providers, telecommunications equipment

manufacturers, and top universities and research institutes.
This special issue includes comprehensive reviews as well as
original technical contributions covering the rapid advances
and broad scope of ultrahigh-speed technologies in optical
fiber communications. All papers in this issue have been
invited. After peer review, five papers were selected to be
published. We hope this issue serves as a timely and
high-quality networking forum for scientists and engineers.

The first paper,“FSK Modulation Scheme for High-Speed
Optical Transmission,”by Nan Chi et al. from Fudan
University, describes the generation, detection, and
performance of frequency-shift keying (FSK) for high-speed
optical transmission and label switching.

The second paper,“Computationally Efficient Nonlinearity
Compensation for Coherent Fiber-Optic System,”by Li et al.
from the University of Central Florida, describes how
split-step digital backward propagation (DBP) can be
combined with coherent detection to compensation for fiber
nonlinear impairments.

The third paper,“Flipped-Exponential Nyquist Pulse
Technique to Optimize the PAPR in Optical Direct Detection
OFDM System,”by Xiao et al. from Hunan University,
describes the use of advanced coding to reduce
peak-to-average power ratio of the OFDM signal and extend
the transmission distance.

The fourth paper,“100Gb/s Nyquist-WDM PDM-16QAM
Transmission over 1200-km SMF-28 with Ultrahigh Spectrum
Efficiency,”by Dong et al. from ZTE USA, describes the use of
pre- and post-equalization to improve transmission system
performance and realize ultrahigh spectrum efficiency.

The fifth paper,“Field Transmission of 100G and Beyond:
Multiple Baud Rates and Mixed Line Rates Using
Nyquist-WDM Technology,”by Jia et al. from ZTE USA,
describes a field trial experiment of mixed 100G, 400G, and
1 Tbit/s signal transmission. Joint experiments between ZTE
and Deutsche Telecom (DT) have been conducted on
long-haul transmission of 100G and beyond over standard

single-mode fiber (SSMF) and inline EDFA-only
amplification.

We would like to thank all authors for their valuable
contributions and all the reviewers for their timely and
constructive feedback on all submitted papers. We hope that
the contents of this issue are informative and useful for all
readers.

Gee-Kung Chang received his PhD degree in physics from the University of
California, Riverside. He worked for 23 years at Telcordia Technologies
(formerly Bell Systems-Bell Labs, and then Bellcore), where he held research
and management positions, including director and chief scientist of optical
internet research, director of optical networking systems and testbed, and
director of optical system integration and network interoperability. Prior to
joining Georgia Institute of Technology, he was vice president and chief
technology strategist at OpNext Inc., an offshoot of Hitachi Telecom. Dr.
Chang is currently the Byers endowed chair professor of optical networking at
the School of Electrical and Computer Engineering, Georgia Institute of
Technology. He is an eminent scholar of the Georgia Research Alliance. He is
also co-director of the 100G Optical Networking Center at Georgia Tech. He
holds 56 U.S. patents and has co-authored more than 360 peer-reviewed
journal and conference papers. He was made a Telcordia Fellow in 1999 for
pioneering work in the optical networking project, MONET, and NGI. He was
made a fellow of the Photonic Society of Chinese-Americans in 2000. He is a
fellow of the IEEE Photonics Society and a fellow of the Optical Society of
America, recognized for his contributions to DWDM optical networking and
label switching technologies. He has served at many IEEE LEOS and OSA
conferences. He has been the lead guest editor for three special issues of the
Journal of Lightwave Technology, which is sponsored by IEEE LEOS and OSA.

Jianjun Yu received his PhD degree in electrical engineering from Beijing
University of Posts and Telecommunications in 1999. From June 1999 to
January 2001, he was an assistant research professor at the Research Center
COM, Technical University of Denmark. From February 2001 to December
2002, he was a member of the technical staff at Lucent Technologies and
Agere Systems, Murray Hill, NJ. He joined the Georgia Institute of Technology
in January 2003 as a research faculty member and director of the Optical
Network Laboratory. From November 2005 to February 2010, he was a senior
member of technical staff at NEC Laboratories America, Princeton, NJ.
Currently, he works for ZTE Corporation as the chief scientist on high-speed
optical transmission and director of optics labs in North America. He is also a
chair professor at Fudan University and adjunct professor and PhD supervisor
at the Georgia Institute of Technology, Beijing University of Posts and
Telecommunications, and Hunan University. He has authored more than 100
papers for prestigious journals and conferences. Dr. Yu holds 8 U.S. patents
with 30 others pending. He is a fellow of the Optical Society of America. He is
editor-in-chief of Recent Patents on Engineering and an associate editor for
the Journal of Lightwave Technology and Journal of Optical Communications
and Networking. Dr. Yu was a technical committee member at IEEE LEOS from
2005 to 2007 and a technical committee member of OFC from 2009 to 2011.
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In this paper, we describe the generation, detection, and performance of frequency-shift keying (FSK) for high-speed optical transmission
and label switching. A non-return-to-zero (NRZ) FSK signal is generated by using two continuous-wave (CW) lasers, one Mach-Zehnder
modulator (MZM), and one Mach-Zehnder delay interferometer (MZDI). An RZ-FSK signal is generated by cascading a dual-arm MZM,
which is driven by a sinusoidal voltage at half the bit rate. Demodulation can be achieved on 1 bit rate through one MZDI or an array waveguide
grating (AWG) demultiplexer with balanced detection. We perform numerical simulation on two types of frequency modulation schemes using
MZM or PM, and we determine the effect of frequency tone spacing (FTS) on the generated FSK signal. In the proposed scheme, a novel
frequency modulation format has transmission advantages compared with traditional modulation formats such as RZ and differential
phase-shift keying (DPSK), under varying dispersion management. The performance of an RZ-FSK signal in a 4 × 40 Gb/s WDM transmission
system is discussed. We experiment on transparent wavelength conversion based on four-wave mixing (FWM) in a semiconductor optical
amplifier (SOA) and in a highly nonlinear dispersion shifted fiber (HNDSF) for a 40 Gb/s RZ-FSK signal. The feasibility of all-optical signal
processing of a high-speed RZ-FSK signal is confirmed. We also determine the receiver power penalty for the RZ-FSK signal after a 100 km
standard single-mode fiber (SMF) transmission link with matching dispersion compensating fiber (DCF), under the post-compensation
management scheme. Because the frequency modulation format is orthogonal to intensity modulation and vector modulation (polarization shift
keying), it can be used in the context of the combined modulation format to decrease the data rate or enhance the symbol rate. It can also be
used in orthogonal label-switching as the modulation format for the payload or the label. As an example, we propose a simple orthogonal
optical label switching technique based on 40 Gb/s FSK payload and 2.5 Gb/s intensity modulated (IM) label.

optical communication; return-to-zero frequency shift keying; Mach-Zehnder modulator; Mach-Zehnder delay interferometer; chromatic
dispersion; wavelength conversion; label switching

Nan Chi, Wuliang Fang, Yufeng Shao, Junwen Zhang, and Li TaoNan Chi, Wuliang Fang, Yufeng Shao, Junwen Zhang, and Li Tao
(State Key Lab of ASIC & System, and Department of Communication Science and Engineering, Fudan University, Shanghai 200433, China)

FSK Modulation Scheme for
High-Speed Optical Transmission

Abstract

Keywords

AA
1 Introduction

dvanced modulation formats increase the
tolerance of optical signals to chromatic
dispersion and fiber nonlinearity, and they
lessen the need for greater bandwidth in
electrical circuits [1]-[7]. In many modulation

formats, frequency-shift keying (FSK) enables differential
detection. Simulations have shown that FSK has a
comparable optical-to-signal noise ratio (OSNR) sensitivity
to differential phase-shift keying (DPSK) in a 10 Gb/s
transmission system [6]. Orthogonal modulation of
amplitude-shift keying (ASK) and FSK has recently attracted
much attention for its high-spectral efficiency [7]-[11]. One
example is the combination of ASK and FSK, FSK can be
used for payload or label modulation in the orthogonal optical
label-switching schemes [12]-[15]. FSK is a potential

solution for future high-speed transmission systems and
optical packet switching networks. An FSK signal can be
generated by directly modulating electric current in a laser
light source. This idea, however, is limited by the relatively low
frequency modulation response of the laser and has a
detrimental effect of parasitic intensity modulation. In [15], a
scheme is proposed to generate high-speed FSK signals at
40 Gb/s. This scheme uses an LiNbO3 external FSK
modulator with a complicated design. We previously
proposed using FSK signals in 40 Gb/s applications and
showed the power penalty after 50 km SMF transmission is
0.8 dB. We speculated on a novel scheme for generating and
detecting return-to-zero FSK (RZ-FSK) signals for 40 Gb/s
transmission.

In this paper, we detail the scheme for generating RZ-FSK
signals that have a bit rate of 40 Gb/s or higher. In section 2,
the RZ-FSK transmitter and receiver configuration is

FSK Modulation Scheme for High-Speed Optical Transmission
Nan Chi, Wuliang Fang, Yufeng Shao, Junwen Zhang, and Li Tao
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described, and the principles of RZ-FSK generation and
detection are given.

In section 3, we use simulations to compare FSK, DPSK,
and RZ-FSK at 40 Gb/s for 12 spans of 80 km SMF. RZ-FSK
is more tolerant to nonlinearity and chromatic dispersion than
the other modulation formats. We also analyze an RZ-FSK
signal in a 4 × 40 Gb/s WDM transmission system. In
section 4, we experiment with a 40 Gb/s RZ-FSK signal over
100 km SMF with full dispersion compensation. We compare
transparent wavelength conversion based on four-wave
mixing (FWM) in a semiconductor optical amplifier (SOA) with
transparent wavelength conversion based on FWM in a highly
nonlinear dispersion-shifted fiber (HNDSF). The feasibility of
all-optical signal processing of a 40 Gb/s RZ-FSK signal is
validated. In section 5, we discuss the use of the RZ-FSK

generation method in a high-speed label switching system.
Section 6 concludes the paper.

2 RZ-FSK Transmitter and Receiver
Fig. 1(a) shows the schematic of the RZ-FSK transmitter,

and Fig. 1(b) shows the schematic of the RZ-FSK receiver. A
low-speed RZ-FSK signal can be produced by directly
modulating distributed feedback (DFB) lasers. The lasers are
driven by a bias current far above threshold, and a relatively
small modulation current is added. To generate an FSK signal
at 40 Gb/s and above, two continuous-wave (CW) lasers with
carefully selected center frequency are combined by a 3 dB
coupler and fed into the Mach-Zehnder modulator (MZM1) or
phase modulator (PM). The combined input is modulated by
NRZ data and then demodulated to intensity modulation by a
Mach-Zehnder delay interferometer (MZDI). The MZDI is
imbalanced by the introduction of a one-bit time-delay line.
The wavelengths of the two beams are carefully selected so
that one beam is at the maximum transmission of the MZDI
(constructive interference) and the other is at the minimum
transmission of the MZDI (destructive interference). Thus, the

frequency tone spacing (FTS) is Hz, where

N = 1, 2, 3,...,n and Tb is a bit period. The center frequencies
of the two beams are f1 and f2. The optical field exiting a
phase modulator for f1 is given by

and the optical field exiting the phase modulator for f2 is given
by

where Φ 1 and Φ 2 are the phases of the neighboring bits, and
the data information is reflected in the phase difference φ. The
f1 center frequency is given by

and the f2 center frequency is given by

However, in a real transmitter, the rise and fall time of the
input signal needs to be taken into consideration. If 1/f1 = Tb /m
(m = 0, 1, 2, 3,..., M), then Tb /M must be greater than the rise
time of the input-signal pulse width. If Tb /m is too small, the
phase information generated by the MZM1 or PM could not be
transferred to the intensity signal in the MZDI. Even if the
phase information is accurately transferred to the amplitude
information, the difference between the generated amplitude
information for binary data 1 and 0 is small. The rise and fall
time of the input signal should not exceed Tb /m. With this
prerequisite, the maximum value of m can be calculated. The
bandwidth of the transmitted signal is a function of the
carrier’s rise and fall times, and it should be determined

AWG: array waveguide grating
BERT: bit-error ratio tester
CW: continues-wave laser.
FSK: frequency-shift keying
LPF: low pass filter

MZDI: Mach-Zehnder delay interferometer
MZM: Mach-Zehnder modulator

OBPF: optical band-pass filter
OSC: oscilloscope
PC: polarization controller
PD: photodiode.
PM: phase modulator

VOA: variable optical attenuator

▲Figure 1. Principle of RZ-FSK generation and detection and the
generated FSK signal by experiment. (a) Configuration of our proposed
transmitter, (b) configuration of the used receiver, (c) measured FSK
waveforms of the two tones.
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whether the generated FSK signal is normal. In our model,
an electrical rectangular NRZ pre-shaped input data (data)
pulse with symbol period Tb is filtered by a linear
time-invariant filter with a normalized Gaussian shaped
impulse response:

where Te denotes a 1/e pulse duration. The output pulse y (t ) is
given as convolution of h (t ) with the rectangular input time
function:

The 10% to 90% amplitude values of y (t ) are the rise time,
and the 90% to 10% amplitude values of y (t ) are the fall times.
In the module, the rise time in the module is denoted Δt and is
equal to the fall time. If the pulse duration Tb is compared with
the filter time over a long period of time, Te , then Δt ≈ 3Te /4.
For Tb = 3Te /2, the approximation error is less than 10%. In the
frequency domain, the filter is also Gaussian shaped. The 1/e
bandwidth, Δfe , is given by

so that when Δt ≤ T /2, the 1/e bandwidth is

Therefore, - Δt should not exceed Tb /M, and this can be
expressed as

At the transmitter, the maximum 1/e bandwidth is

When f 2 is greater than f 1, the maximum 1/e bandwidth only
depends on f 1. Also, assuming the edge of the generated FSK
signal is not sharp, f 1 can meet the bandwidth limit of the
transmitter; however, f 2 is too large, and 1/f 2 is less than the
rise and fall time of the input-signal pulse width. In this case,
(4) can be written as

where L is integer wave number of f 2. Assuming the edge of
the generated FSK signal is not sharp, in the Mach-Zehnder
delay interferemeter (MZDI), L should be below a certain
number, and the Tb (L+1/2) can be introduced to ensure the
phase-to-intensity transform is perfect. Similar to the
previous derivation, (11) can be modified to give the
maximum 1/e bandwidth of the proposed transmitter:

From (3) and (4), the FTS of the generated FSK signal is

The two couplers in the MZDI both have a coupling ratio of
50:50, and the output at a constructive port of the MZDI is
given by

where Pi is the input optical power, Po is the output optical
power, and Δφ is the phase difference between the two arms
of the MZDI. According to (15), if the central frequency of the
laser locates such a position that f 1 is exactly at the maximum
transmission point of the MZDI and f 2 is at the minimum
transmission point, two logically inverted data streams are
created at each MZDI output (Fig. 1c). In this way, an optical
FSK signal is generated at the output of an MZDI. An FSK
signal with an optical pulse at every bit slot is generated. The
constructive wavelength carries duobinary (DB) modulation,
whereas the destructive wavelength carries alternate-mark
inversion (AMI) [2]. Hence, the FSK signal can be regarded as
the combination of two intensity modulated (IM) signals with
non-information-bearing phase modulation.

In practice, the frequency modulation format with RZ shape
is widely used in long-haul optical communications because
of its superior performance. The RZ pulse carver can be
implemented cascading an MZM2 after the MZDI. In our
scheme, the MZM2 is driven by a sinusoidal voltage at half the
bit rate. As a result, the generated FSK signal passes through
the MZM2 to generate an RZ-FSK signal. Fig. 1(b) shows the
configuration of the RZ-FSK receiver. The optical bandpass
filter (OBPF) creates more than 25 dB suppression ratio
between the two FSK tones. An array waveguide grating
(AWG) demultiplexer is used to separate the two FSK tones
and demodulate the FSK into IM. The data obtained in one
output is identical to the original data; but in the other output,
the detected data is logically inverted. Hence, these two
outputs can be detected by a differential receiver. A lowpass
filter is positioned after the differential electrical amplifier to
remove the high-frequency pulses induced by the beating of
the two modes. Fig. 2(a) to (f) shows the measured waveforms
for an FSK and RZ-FSK signal. The clear waveforms show
that the proposed FSK and RZ-FSK generation schemes are
feasible. In Fig. 2(g), an asymmetrical FSK component and an
RZ-FSK component can be observed for conventional
spectra. These are generated using the proposed scheme;
the FSK signal is obtained by demodulating two DPSK
signals. According to the position of the two RZ-FSK tones
shown in Fig. 2(g), the low-frequency RZ-FSK component
carriers the spectrum of the RZ-DB modulation format, and
the high-frequency spectrum represents the spectrum of the
RZ-AMI modulation format. The degree of overlapping of
these two spectral components increases as tone spacing
decreases.

3 Numerical Simulation and Results
Here, the tolerance of RZ-FSK to some transmission

impairments is evaluated using numerical simulations and
commercial software. We compare currently used modulation

h(t )= e (5)2
πTe

-(2t /T e)2

y (t )= erfc - erfc (6)1
2

2(t-T )
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2t
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( )
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Δfe≤3/πΔt (8)
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Δf e ,max≈3M /πTb (10)

f 2 = (m+n+1/2) (11)1
Tb

Next, we let L =m+n (l = 0,1,2,3, ... , L) (12)

p 0 =Pi - cos (2πf 1+2πf 2) FTS+Δφ + + (15)1
2

π
2

1
2{ }[ ]
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formats such as RZ and DPSK. Fig. 1(a), shows two CW lasers
with carefully selected center frequencies are used as the
transmitter’s source. Center frequencies of 193 THz and
193.1 THz are selected for the two light beams. One beam is
at the maximum transmission (constructive interference) of the
MZDI, and the other is at the minimum transmission
(destructive interference) of the MZDI. At the transmitter, the
data stream from the 40 Gb/s pattern generator with 223-1
NRZ binary sequence, is pre-coded and drives a PM. The
phase shift in the PM is π. The flowing one-bit-delay MZDI is
used demodulate the two DPSK signals into two IM signals.
Assuming that the coupling ratios of the two couplers of the
MZDI are both 50:50, a high-speed FSK signal can be
regarded as a combination of two logically inverted IM signals
with phase modulation in none information bearing way. One
MZM driven by a sinusoidal voltage at half the bit rate is used
for RZ carving. Fig. 1(a) shows the schematic modulation of a
40 Gb/s RZ-FSK signal clock. At the receiver, an OBPF and
AWG demultiplexer are used as the frequency discriminator to
demodulate the received FSK signal (or RZ-FSK signal) into
an IM signal for direct detection.

3.1 Comparison of Two Frequency Modulation Schemes Using
MZM and PM

The phase can be changed by PM or MZM1. A PM keeps
the optical intensity constant and modulates the phase

subject to its bandwidth limit. However, a PM causes
significant chirp on the signal. A PM introduces imperfect
phase modulation in the data transition region, which causes
additional power penalty.

For this reason, an MZM1 is usually used for phase
modulation. An MZM1 produces instantaneous phase jumps at
the expense of some residual IM. Although the difference
between the PM and MZM1 is not critical when the center
frequencies of the two beams are properly aligned,
impairments from timing misalignment can be caused by this
difference. When timing is misaligned, the data transition
region of another beam center frequency is located in the
mid-point of the data time slot of the FSK signal. Therefore,
by using MZM1, data-related dips inevitably lead to
inter-symbol interference (ISI) to the FSK signal. For the PM, if
the bandwidth of the OBPF is sufficiently large so that the
signal keeps its constant intensity after filtering, ISI can be
avoided. However, in strong optical filtering systems, or for
sharp-edged input data pulses, dips may also be introduced
after filtering. Therefore, MZM1 and PM schemes should be
compared.

We run Monte-Carlo numerical simulations to investigate
frequency modulation between PM + MZDI and MZM + MZDI.
By substituting the PM with an MZM, receiver sensitivity can
be improved by approximately 0.51 dB. This improvement is
due to the fact that the upward overshoots can be partly
pre-compensated for by the downward intensity dips of MZM
modulation. Hence, MZM + MZDI is more suitable than PM +
MZDI for frequency modulation in terms of receiver sensitivity.
MZM + MZDI has higher receiver sensitivity than PM + MZDI.

3.2 Effect of a Different FTS
In the optical FSK generating technique, the FTS should be

well-preserved to ensure one beam is at the maximum
transmission of the MZDI and the other is at the minimum. This
is especially important to the center frequencies of the two
beams. Using a different FTS to generate an FSK signal
changes the transmission performance. The FTS is given by
(14). Fig. 3(a) shows the bit-error ratio (BER) the two FSK
signals. The power penalty after transmission for a 40 Gb/s
FSK with 60 GHz FTS is 0.58 dB, and the power penalty after
transmission for a 40 Gb/s FSK with 100 GHz FTS is 0.46 dB.
The bandwidth of the discrimination filter is set to 60 GHz and
100 GHz for the two FSK signals. Fig. 3(b) to (e) shows the
eye diagrams at BER = 10-9 for the two FSK signals in
back-to-back and after 80 km transmission link. Clear and
open eyes show convincingly the feasibility of the generated
FSK scheme. Pulse timing jitter increases as spectral
overlapping increases between the two FSK components.
Hence, the FSK signal with 100 GHz FTS is superior in terms
of power penalty, and sampling and deciding are easier in the
receiver.

3.3 Comparison of Transmission Properties of FSK, DPSK,
and RZ

In Fig. 4, one erbium-doped fiber amplifier (EDFA) is
placed at the beginning of each span to compensate for

▲Figure 2. The measured waveforms for (a) non-return-to zero (NRZ)
FSK tone 1, (b) NRZ-FSK tone 2, (c) NRZ-FSK, (d) RZ-FSK tone 1,
(e) RZ-FSK tone 2, (f) RZ-FSK, and (g) optical spectra curves for
NRZ-FSK signal and RZ-FSK signal.
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signal attenuation in the SMF and DCF and is followed by a
variable optical attenuator (VOA) to adjust the span launch
power. For long-distance transmission, dispersion
compensation is always compensated for in each amplifier
span. Each fiber span consists of 80 km SMF with
dispersion-matching DCF. The optical fiber parameters for
long-distance transmission are shown in Table 1.

System performance under different dispersion
compensation schemes can be determined through
simulation. A 1 dB tolerance range of the compensation ratio
is between 98% to 102%, corresponding to a residual
dispersion of 26 ps/nm, which is almost half the dispersion
tolerance of RZ and DPSK. In this simulation, the DPSK signal
is produced by a PM, and the RZ signal is generated by
push-pull RZ modulation followed by NRZ modulation.
Because of the relatively large signal bandwidth, dispersion
should be carefully managed in the transmission of the FSK
signal.

Fig. 5 shows how the dispersion compensation scheme and
span input power affect system performance over 11 spans of
80 km transmission link. Multispan transmission over 880 km
SMF is achieved for FSK. If the receiver sensitivity is defined

as the received optical power at BER of
10-9, and given the same sensitivity
penalty, DPSK has the maximum reach,
and RZ has the minimum reach. For
FSK and DPSK, post-compensation
results in better performance than
pre-compensation. However, for RZ,
pre-compensation is preferred. Fig. 5
shows the tolerance to nonlinearity
where the sensitivity penalty is
calculated from the input power of each
span. At low power, performance is
degraded by amplified spontaneous
emission (ASE) noise from the
amplifiers. If the power is increased,
self-phase modulation and dispersion
degrades the signal. Between the two
extremes, the optimal input power
range is approximately
5 dBm to 8 dBm for FSK. The generated
FSK signal has high tolerance to fiber
input power for long distance
transmission with post-compensation.

3.4 Performance of FSK with Different
Dispersion Compensation Schemes

In this section, we show how
dispersion compensation schemes
affect performance of the FSK
transmission system. At present, there
are several techniques, including
dispersion compensating fiber (DCF)
and fiber bragg grating (FBG), that can
be used to compensate for
accumulated dispersion in the fiber. In

the following, we describe pre-compensation,
post-compenstion, and hybrid compensation for compensate
for fiber dispersion. We use an ideal DCF for the dispersion
compensation schemes. The DCF is placed at different
points in each transmission span.

Fig. 4 shows the pre-compensation, post-compensation,
and hybrid-compensation configurations. In each scheme,
we use two EDFAs before and after the fiber link to
compensate for and adjust the input power. In
pre-compensation, the DCF is placed before the SMF. In
post-compensation, the DCF is placed after the SMF. In
hybrid compensation, the DCF is placed first, followed by the
SMF and DCF. In these three schemed, the transmission span

▲Figure 3. (a) BER curves for back-to-back FSK (with 60 GHz FTS, 100 GHz FTS) and after
100 km SMF link , (b) eye diagram of demodulated FSK with 60 GHz FTS for back-to-back and (c)
after 80 km SMF, (d) eye diagram of demodulated RZ-FSK with 100 GHz FTS for (d) back-to-back
and (e) after 80 km SMF.

DCF: dispersion-compensating fiber.
EDFA: erbium-doped fiber amplifier.

SMF: single-mode fiber.
VOA: variable optical attenuator.

FTS: frequency tone spacing

▲Figure 4. Transmission link with three different schemes to compensate the fiber dispersion.

▼Table 1. Optical fiber parameters

Fiber Parameters
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length is 80 km. Fig. 6(a) to (c) shows the sensitivity of the
receiver to the FSK signal for the three compensation
schemes. Receiver sensitivity depends on SMF length and
input power. The optimum span input power in each of the
schemes is approximately 10 dBm. Post-compensation has
the best tolerance to residual dispersion, and receiver
sensitivity is below 1 dB. When the sensitivity power
exceeds -20 dBm, post-compensation can tolerate about
60 ps/nm residual dispersion more than the other schemes.
The optimized compensation ratio in the three schemes is less
than 100%, and the dispersion compensation ratio degrades
if the input power in each span is increased. Moreover,
post-compensation has considerable tolerance to the power
level. Post-compensation has very low receiver penalty and
up to 25 dB tolerance of input power. Thus, transmission
performance of post-compensation in transmitting an FSK
signal is better than that of pre-compensation or hybrid
compensation.

In the simulation, we found that dispersion tolerance in the
post-compensation scheme is 95 ps/nm, and is the highest of
all the compensation schemes. The optimized dispersion
compensation ratio in each scheme is less than 100%. Full
compensation or overcompensation causes pulse
broadening, and transmission performance is degraded. In
the different schemes, dispersion tolerance is at the maximum
when the input power is 10 dBm. When the input power is
relatively small, the power penalty is higher. On the contrary,
when the input power is high, fiber nonlinearity causes power

loss. Post-compensation has the lowest power penalty; that
is, when the input power is constant, post-compensation has
the largest eye-opening. In practice, FSK signals should be
transmitting in a long distance optical transmission link using
post-compensation.

3.5 Performance of RZ-FSK with Different Dispersion
Compensation Schemes

Fig. 1 shows the transmitter that generates the RZ-FSK
signal can be divided into transmitter unit, fiber link unit, and
receiver unit. In the simulation, the signal bit rate is fixed at
40 Gb/s, and the FTS of RZ-FSK is 100 GHz. For each
compensation scheme, the transmission span consists of
80 km of SMF.

Fig.7 shows how fiber input power affects receiver
sensitivity in the three schemes. The optimized fiber input
power in the three schemes ranges from 5 dBm to 15 dBm.
Each of the schemes has a low receiver penalty and
considerable resilience to fiber input power. Furthermore,
post-compensation performs the best for transmitting
RZ-FSK signals.

In Fig. 6 and Fig. 7, transmission performance of FSK and
RZ-FSK formats is compared. In the three schemes,
transmission using the RZ-FSK format is preferable for an
FSK format with NRZ shape. First, the receiver power penalty
using the RZ-FSK format is lower than that using the FSK
format. Second, the RZ-FSK has high tolerance of input
power level.

Finally, the RZ-FSK modulation format also has the good
dispersion tolerance. We compare FSK and RZ-FSK formats
to find the optimum frequency modulation format for
high-bit-rate optical transmission systems. Receiver
sensitivity is higher for RZ-DPSK than for RZ-FSK. However,
for RZ-DPSK and RZ-FSK, pre-compensation provides

DPSK: differential phase-shift keying
FSK: frequency-shift keying

▲Figure 5. Receiver sensitivity penalty as a function of the span input
power and the number of spans for (a) FSK with post-compensation
scheme, (b) DPSK with post-compensation scheme and (c) 33% RZ with
pre-compensation scheme.

▲Figure 6. Contour plot of receiver sensitivity for the FSK signal as a
function of Input power and fiber length for (a)post-compensation, (b)
pre-compensation and (c) hybrid compensation.
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lower receiver sensitivity than post-compensation. Hybrid
compensation provides the highest receiver sensitivity for
RZ-DPSK or RZ-FSK signal transmission.
Post-compensation provides higher receiver sensitivity than
pre-compensation, which is similar to hybrid compensation
and is easily to implement practice. Therefore, dispersion
post-compensation is chosen for our experiment on RZ-FSK
signal transmission.

3.6 Performance of RZ-FSK Signal in a 4×40 Gb/s WDM
Transmission System

Wavelength division multiplexing (WDM) transmission at
40 Gb/s/channel is a hot topic in high-speed optical
transmission. The main aim of such transmission is to achieve
high spectral efficiency and overcome limitations to
transmission distance cause by
fiber nonlinearity and chromatic
dispersion. In this section, we
analyze RZ-FSK signals with
different FTSs. We determine
advantages and disadvantages in
terms of spectral efficiency,
tolerance against fiber
nonlinearity, and chromatic
dispersion in a 4 × 40 Gb/s WDM
transmission system. We show
linear cross penalty as a function
of channel spacing for both signal
formats in a four-channel WDM
configuration. We use flat-top
AWGs for wavelength multiplexing

and de-multiplexing (Fig. 8). The optical
bandwidth of the AWGs is set to three quarters of
the channel spacing. The PRBS pattern length is
223-1. The PRBS patterns in the neighboring
optical channels are offset by 25% of the total
pattern length for de-correlation. Fig. 8(a) (insert)
shows the WDM optical spectrum for an RZ-FSK
signal with 100 GHz FTS, and Fig. 8(b) (insert)
shows the WDM optical spectrum of an RZ-FSK
signal with 60 GHz FTS. Both signals have double
FTS channel spacing. Fig. 8(a) and (b) shows the
crosstalk penalties at the center channel (the
second channel) as a function of channel spacing.
As the channel spacing is reduced, the linear
crosstalk penalty gradually increases. For the
same channel spacing, the eye-opening penalty
(EOP) for the RZ-FSK signal with 100 GHz FTS is
lower than that of the RZ-FSKZ signal with 60 GHz
FTS. Kerr nonlinearity and chromatic dispersion of
the fiber are significant issues of deterioration in
WDM systems and cause EOP. The ITU G.692
proposal has three channel spacings for WDM
application: 50 GHz, 100 GHz, and 200 GHz.
Spectral efficiency in the RZ-FSK format (if it is
intended for WDM transmission) has a limitation.
The channel spacing must be greater than or

equal to the FTS; otherwise, crosstalk occurs between
channels. To avoid linear crosstalk as much as possible, the
WDM source in our configuration includes four DFB lasers
with a frequency spacing of 200 GHz. The centre frequencies
of the generated RZ-FSK signals are 193, 193.2, 193.4, and
193.6 THz, which conforms to the ITU-standard. In a
4 × 40 Gb/s WDM transmission system, two RZ-FSK signals
(both with 100 GHz or 60 GHz FTS) are transmitted and
received over 4 × 80 km spans of SMF followed by DCF. Fig. 9
(a) and (b) shows receiver sensitivity as a function of input
power. RZ-FSK modulation with 100 GHz FTS is more tolerant
of Kerr nonlinear distortion than RZ-FSK modulation with
60 GHZ FTS. RZ-FSK with 60 GHz FTS has more compact
optical spectra than RZ-FSK with 100 GHz, but RZ-FSK with
100 GHz is more suitable for WDM transmission systems

▲Figure 7. Contour plot of receiver sensitivity for the RZ-FSK signal as a function of
input power and fiber length for (a) post-compensation, (b) pre-compensation and (c)
hybrid-compensation.

▲Figure 8. Measured eye opening penalty versus channel spacing for RZ-FSK with (a) 100 GHz FTS,
(b) 60 GHz FTS in 4×40 Gb/s WDM transmission system.
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because its transmission performance is better.

4 Experiment Setup and Results
Fig. 10 shows the experiment setup. The signal sources

include one external cavity laser (ECL) at 1557.64 nm and a
tunable laser at 1558.46 nm with 100 GHz FTS. In this
experiment, we launch an RZ-FSK signal with 100 GHz FTS,
because it has better transmission performance than an
RZ-FSK signal with 60 GHz FTS. Two beams can be
generated by an MZM driven by 50 GHz clock. The data at
40 Gb/s (PRBS 223-1, ITU-T G.709 FEC) is generated by an
SHF BPG44E BT pattern generator and added to the MZM1.
The phase-modulated signal is then demodulated by the
MZDI with 25 ps delay, and this creates a 40 Gb/s FSK signal.
MZM2 is driven by 20 GHz clock and is used to generate the
RZ-FSK signal. The output power of the two lasers has to be
fine tuned so that the optical pulse of the RZ-FSK transmitter
is relatively constant. The
transmission span consists of 100 km
of SMF with a matching length of DCF
for post-compensation. We choose
post-compensation in the experiment
because the simulations show that
receiver performance in
post-compensation is good, and
post-compensation is easily
implemented in practice. The SMF
dispersion at 1550 nm is
16.9 ps/nm/km, and the DCF
dispersion at 1550 nm is
-100 ps/nm/km. In each span, the
SMF input power is 6 dBm, and the
DCF input power is 0 dBm.

Optical wavelength conversion
(OWC) technology is important in
large-capacity optical networks
because it can reduce the probability
of blocking, and it allows
interconnected links and distributed
network management. To the convert

wavelength of a high-speed RZ-FSK
signal, an interferometer based on
cross-phase modulation (XPM) in the
SOA cannot be used; instead, a
transparent wavelength conversion
scheme must be used to preserve the
frequency information. By using FWM in
fibers, it is possible to implement a
modulation-transparent wavelength
converter. Recent FWM wavelength
conversion experiments also show that
using HNDSF can result in large
spectral and dynamic ranges.
Therefore, wavelength conversion using
SOA or HNDSF is an ideal way of
transparently converting wavelength

conversion of an RZ-FSK signal.
The pump source is an ECL at 1554.8 nm. The RZ-FSK

signal is amplified and combined with the pump after
polarization alignment. FWM occurs in the 300 m long HNDSF
with a nonlinear coefficient γ = 10 W-1km-1. The zero
dispersion wavelength of the HNDSF is 1556 nm, and the
dispersion slope is 0.022 ps/nm2/km. The SOA is 500 μm long
with a 200 mA driving current. An OBPF1 with 1 nm bandwidth
is used to filter out the converted signal.

Fig. 11 shows the optical spectra at the output of the
HNDSF and the SOA. FWM conversion efficiency of to -19 dB
can be achieved in SOA, and conversion efficiency of up
to -21 dB can be achieved in HNDSF. Fig. 12 shows the BER
of the RZ-FSK signal for back-to-back and wavelength
conversion. Because the FWM in fibers can be exploited to
achieve all-optical reshaping, the ER of the converted FSK
signal is enhanced. This is confirmed in our experiment.
2R regeneration is observed in HNDSF. The sensitivity to the

FTS: frequency tone spacing FSK: frequency-shift keying SMF: single-mode fiber

▲Figure 9. Measured receiver sensitivities versus different input powers into SMF-28 for RZ-FSK
with (a) 100 GHz FTS, (b) 60 GHz FTS in 4 × 40 Gb/s WDM transmission system.

BERT: bit-error ratio tester
DCF: dispersion-compensating fiber
ECL: external cavity laser

EDFA: erbium-doped fiber amplifier
HNDSF: highly nonlinear dispersion shifted fiber

LPF: low pass filter
MZDI: Mach-Zehnder delay interferometer
MZM: Mach-Zehnder modulator.

OBPF: optical band-pass filter. SMF: single-mode fiber
OSC: oscilloscope
PC: polarization controller
PM: phase modulator

SOA: semiconductor optical amplifier
TLM: tunable laser modulator
VOA: variable optical attenuator

▲Figure10. Experiment setup.
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converted RZ-FSK signal is improved by 1.8 dB and results in
less than 2 dB penalty after 100 km transmission. Fig. 13
shows the eye diagrams. The converted RZ-FSK signal in
HNDSF has a narrower pulse width and higher ER, which
indicates 2R regeneration.

At the receiver, frequency discrimination for RZ-FSK
demodulation is achieved by an OBPF2 with 0.8 nm
bandwidth filter, which provides more than 25 dB suppression
ratio between the two FSK tones. This demodulated signal is
detected by a SHF 47100A V/E converter and BER is
measured by SHF EA44 error analyzer.

We also measured BER in RZ-FSK transmission. Fig. 14(a)
shows the measured BER curves before and after the

transmission link, where error-free
transmission in RZ-FSK and FSK
occurs. The power penalty for FSK at
BER = 10-9 is about 5.0 dB. The
transmission penalties for tone one
and tone two of RZ-FSK are both
less than 5 dB. Fig. 14(b) to (e)
shows eye-diagrams of FSK and
RZ-FSK for back-to-back, and after
transmission through a 100 km SMF
transmission link with matching DCF.
Because FSK is orthogonal to
intensity modulation and vector
modulation (polarization shift keying),
it can be used in the context of the
combined modulation format to
decrease the data rate or enhance
the symbol rate. It can also be
utilized in the orthogonal labeling as
the modulation format for the payload
or the label.

5 Conclusion
In this paper, we have proposed a

new optical modulation transmitter
that transmits RZ-FSK signals by
using two CW lasers, an MZM, an
MZDI, and another MZM driven by a
sinusoidal voltage at half the bit rate.
The demodulation can be simply

achieved on one bit rate through one MZDI or an AWG
demultiplexer with balanced detection. Using numerical
simulation, MZM and PM was analyzed and the effect of
different FTSs on the generated FSK signal were determined.
The advantage of the proposed frequency modulation
scheme is that the FTS of the generated signal is tunable by
changing the center frequencies of two used lasers. For high
speed transmission, it is useful to adjust the FTS and achieve
higher receiver sensitivity. Moreover, this proposed scheme is
simple and potentially inexpensive. We also experiment with
transparent wavelength conversion based on FWM in a SOA
and in a HNDSF for a 40 Gb/s RZ-FSK signal. We have
analyzed 40 Gb/s RZ-FSK signal transmission over 100 km
SMF link with matching DCF. The results of our experiment
suggest that RZ-FSK modulation could be a promising
candidate for future high-speed transmission system and
optical label-switching networks.
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▲Figure 11. Measured FWM output from (a) the SOA and (b) the HNDSF.

▲Figure12. Measured BER curves for (a) SOA and (b) HNDSF.

▲Figure 13. Measured eye diagrams (10 ps/div) for (a) original
RZ-FSK, (b) converted by SOA, (c) converted by HNDSF,
(d) converted and transmitted.
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▲Figure 14. Measured BER curves for back-to-back RZ-FSK and
after 100km SMF + DCF link(a), the eye diagram of demodulated
FSK (10 ps/div) for (b) back-to-back (c) after 100 km SMF + DCF
link, the eye diagram of demodulated RZ-FSK for (d) back-to-back
and (e) after 100 km SMF + DCF link.
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Split-step digital backward propagation (DBP) can be combined with coherent detection to compensate for fiber nonlinear impairments. A
large number of DBP steps is usually needed for a long-haul fiber system, and this creates a heavy computational load. In a trade-off
between complexity and performance, interchannel nonlinearity can be disregarded in order to simplify the DBP algorithm. The number of
steps can also be reduced at the expense of performance. In periodic dispersion-managed long-haul transmission systems, optical
waveform distortion is dominated by chromatic dispersion. As a result, the nonlinearity of the optical signal repeats in every dispersion period.
Because of this periodic behavior, DBP of many fiber spans can be folded into one span. Using this distance-folded DBP method, the
required computation for a transoceanic transmission system with full inline dispersion compensation can be reduced by up to two orders of
magnitude with negligible penalty. The folded DBP method can be modified to compensate for nonlinearity in fiber links with non-zero residual
dispersion per span.

coherent fiber communication; nonlinearity compensation; folded digital backward propagation
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1 Introduction
oherent detection is emerging as the most
attractive candidate for next-generation fiber
communication systems. A coherent detector is
highly sensitive and can detect all the
information about the optical field, including

amplitude, phase, and polarization. This enables linear and
nonlinear impairments to be compensated for using digital
signal processing (DSP).

Chromatic dispersion is usually a dominant factor that
distorts the optical waveform as it propagates along the fiber.
In most fiber links, chromatic dispersion is optically
compensated for by cascading two or more kinds of fiber with
inverse dispersion parameters. New inverse dispersion fibers
compensate for both dispersion and dispersion slope while
minimizing the total polarization mode dispersion (PMD). This
results in wideband dispersion flatness [1]. With coherent
detection, chromatic dispersion and PMD can also be
compensated for using DSP [2].

Nonlinear impairments, including self-phase modulation
(SPM), cross-phase modulation (XPM) and four-wave mixing

(FWM), increase with launching power. A trade-off between
high optical signal-to-noise ratio (OSNR) and low nonlinear
impairments results in a power level that allows optimal
performance in a fiber link. As linear impairment
compensation technology matures, nonlinear effects become
the factor that limits the capacity and transmission distance of
long-haul fiber communication systems [3].

Optical propagation in fiber is governed by the nonlinear
Schröd inger equation (NLSE), which has no analytical
solution. Thus, split-step digital backward propagation (DBP)
is necessary to compensate for the joint effects of dispersion
and nonlinearity. For the split-step method to be accurate, the
step size has to be small enough for the linear and nonlinear
effects to be decoupled in each step; however, this results in
heavy computational load [4], [5].

2 Simplified DBP Methods
In [6], DSP for wavelength-division multiplexing (WDM)

transmission was performed by solving the NLSE for the total
optical field in the fiber. With phase-locked local oscillators,
the relative phases between the WDM channels are preserved
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so that the total optical field can be reconstructed before DBP.
The SPM, XPM, and FWM can be compensated for using the
total-field NLSE; however, the large total optical bandwidth
results in a small dispersion-limiting step size and high
sampling rate [7].

DBP can also be performed by disregarding the FWM and
solving the coupled NLSE. Compared to solving the total-field
NLSE, solving the coupled NLSE requires a smaller step
number and lower sampling rate [8], [9]. In addition,
phase-locking between the local oscillators is not necessary.
In the coupled NLSE algorithm, the step number can be
further reduced by factorizing the dispersive interchannel
walk-off effects [10].

Moreover, compared to interchannel nonlinearity
compensation, intrachannel nonlinearity compensation
usually requires a smaller number of steps because the step
size is not limited by the interchannel walk-off effect. In [11]
and [12], Fujitsu gave the results of one-step-per-span DBP
for intrachannel nonlinearity compensation of dual polarization
quadrature phase-shift keying (DP-QPSK) transmission.

As a one-step-per-link approach, lumped-phase
de-rotation is proportional to the received single-channel
optical intensity and can be used for SPM compensation [13],
or it is proportional to the multichannel optical intensity and
can be used for XPM compensation [14]. The lumped-phase
de-rotation method is based on the assumption that the
intensity waveform remains unchanged throughout the fiber
propagation.

In the split-step DBP, the step size has to be small enough
so that the linear dispersion and nonlinear effects being
compensated for are accurately described. Because the
optical intensity along the fiber varies, step sizes can be
variable to minimize the number of steps [5]. The DBP
algorithm can be simplified by neglecting FWM or XPM;
however, for a fiber link in which chromatic dispersion causes
significant pulse reshaping and interchannel walk-off,
multiple steps per span are usually needed, especially for
interchannel nonlinearity compensation. Reducing complexity
by simply increasing the step size reduces performance.

In addition to these DBP methods, other DSP methods
combined with coherent detection have been proposed for
nonlinearity compensation. In [15], adaptive filtering in carrier
phase recovery (AFCPR) was proposed to suppress nonlinear
phase noise. However, information about the neighboring
channels, which is necessary for complete XPM
compensation, is not used in the AFCPR algorithm. In [16], a
pilot-based XPM compensation method for a coherent optical
(CO-OFDM) system is proposed. This method may not be
applicable to systems with other modulation formats.

3 Distance-Folded DBP
In [17], we took advantage of the periodic behavior of an

optical signal in a periodic dispersion-managed fiber-optic
system to propose a computationally efficient
distance-folded DBP method for nonlinearity compensation.
With periodic dispersion management, the linear and

nonlinear behavior of the signal repeats itself in every
dispersion period, and the DBP of many fiber spans can be
folded into one span.

For long-haul fiber-optic transmission, an optimum power
is derived from the trade-off between high OSNR and low
nonlinear effects. The nonlinear phase shift at the optimum
power level is on the order of one radian [18]. Therefore, for
transoceanic fiber transmission systems, which consist of
more than 100 amplified spans, the nonlinear effects in each
span are weak. As a result, chromatic dispersion is the
dominant factor that determines the optical waveform
evolution within each span.

Assuming weak nonlinearity and periodic dispersion
management, the optical field after K spans of propagation is
equivalent to the optical field after propagation in one fiber
span where the nonlinearity is K times that of the original fiber.
This equivalence suggests that the DBP for K spans can be
folded into a single span with K times the nonlinearity.
Assuming the step size for the split-step implementation of
DBP is unchanged, the computational load for the folded DBP
can be saved by a folding factor of K.

The assumption that the nonlinear behavior is repeated in
every span is not exactly valid because fiber nonlinearity also
changes the waveform, and dispersion is not perfectly
periodic if the residual dispersion per span (RDPS) is
non-zero or if the dispersion slope is not compensated for.
These effects accumulate and, as a result, waveform
evolutions are not identical between two spans that are far
away from each other. In order for nonlinearity compensation
to be accurate, the entire long-haul transmission system can
be divided into segments of multiple dispersion-managed
spans, and distance-folded DBP can be performed within
each segment. For a fiber link with M × K spans, the
distance-folded DBP is as in Fig. 1.

To demonstrate the effectiveness of the distance-folded
DBP, we simulate a WDM system with QPSK modulation at
56 Gbit/s using VPI Transmission Maker. The simulation setup
is shown in Fig. 2. Twelve channels of non-return-to-zero
(NRZ) QPSK signal are transmitted with 50 GHz channel
spacing. The linewidth of the lasers is 100 KHz. The
dispersion-managed fiber link consists of 140 spans of 50 km
of the OFS UltraWave SLA/IDF Ocean Fiber combination. The
erbium-doped fiber amplifier (EDFA) noise is 4.5 dB. The
loss, dispersion, relative dispersion slope, and effective area
of the SLA fiber are 0.188 dB/km, 19.5 ps/nm/km, 0.003/nm,
and 106 μm2. The corresponding parameters for the IDF fiber
are 0.23 dB/km, -44 ps/nm/km, 0.003/nm, and 31 μm2. A

DBP: digital backward propagation

▲Figure 1. Folded DBP for a periodic dispersion-managed fiber link
with M ×K spans.
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piece of fiber at the receiver was used to compensate for the
accumulated residual dispersion.

The DBP in Fig. 1 was performed in Matlab. Without loss of
generality, we solved the coupled NLSE with the non-iterative
asymmetric split-step Fourier method (SSFM). In long-haul
WDM fiber links, the step size is usually limited by dispersion
[4]. Therefore, for both SLA fiber and IDF fiber, we used the
same number of steps in each span so that the dispersion in
each step was approximately the same. After matched

filtering, phase estimation, and clock recovery,
the Q-value averages of the WDM channels
were estimated.

We first simulated the transmission with
RDPS = 0. The Q-value as a function of the
launching power is shown in Fig. 3(a). Without
nonlinearity compensation, the maximum
Q-value was 10.8 dB. With conventional DBP in
all spans, the Q-value increased to 13.3 dB as a
result of nonlinearity compensation. With folded
DBP that has a folding factor of 140 (M = 1,
K = 140), the maximum Q-value was 13.1 dB.

The 0.2 dB Q-value penalty was due to the accumulated
nonlinear waveform distortion, which reduced the accuracy of
nonlinearity compensation. There was almost no penalty when
the folding factor was 70 (M = 2, K = 70). Fig. 3(b) shows the
Q-value as a function of step number per span. The folded
DBP method does not require an increased step number per
span.

The nonlinear impairments in a dispersion-managed fiber
link can be suppressed with inline residual dispersion

[19]-[21]. However, the non-zero
RDPS can induce a penalty in the
folded DBP. Fig. 4(a) shows Q-value
obtained at the optimum power level
as a function of the folding factor K.
With an RDPS of 5 ps/nm (20 ps/nm),
the maximum Q-value can be
approached using a folding factor of
20 (5). Fig. 4(b) shows Q-value as
functions of RDPS. With conventional
DBP in all spans, the Q-value
increases with RDPS and approaches
the maximum value when RDPS is
greater than 10 ps/nm. When folded
DBP is used, the Q-value penalty
increases with RDPS.

4 Discussion
In this paper, we have presented a

distance-folded DBP method for
periodic-dispersion-managed fiber
systems. Distance-folded DBP
minimizes performance penalty for a
fiber link with full inline dispersion
compensation. However, most of the
deployed fiber links have non-zero
RDPS in order to avoid resonant
nonlinearity. For such fiber links, the
computational load required to
approach the maximum Q-value
increases with the RDPS.

To solve this problem, we have
recently used a dispersion-folded
DBP method instead of a
distance-folded DBP method. In

DSP: digital signal processing
EDFA: erbium-doped fiber amplifier

IDF: inverse dispersion fiber
SLA: super large area fiber

▲Figure 2. Dispersion managed WDM system.

DBP: digital backward propagation

DBP: digital backward propagation RDPS: residual dispersion per span

▲Figure 3. (a) Q-value vs. launching power per channel and (b) Q-value at optimum power vs. step
number per span with RDPS = 0 ps/nm.

▲Figure 4. (a) Q-value vs. folding factor K and (b) Q-value vs. RDPS.

TX1

TX12

… M
U
X

EDFA EDFA

SLA IDF IDF

D
EM

U
X

…

RX1

RX12

D
SP

140 Spans

-2-4-6-8-10-12

14

13

12

11

10

9

8

7

6

5

Q
-
Va

lu
e
(d
B)

Power per Channel (dBm)
(a)

: K = 140
: K = 70
: Conventional DBP
: Without DBP

300

13.5

Q
-
Va

lu
e
at

O
pt
im

um
Po

w
er

(d
B)

Number of Steps per Span
25020015010050

13.0

12.5

12.0

11.5

11.0

10.5

10.0

9.5

(b)

: K = 140
: K = 70
: Conventional DBP

102101100

17

16

15

14

13

12

11

10

9

Folding Factor

Q
-
Va

lu
e
at

O
pt
im

um
Po

w
er

(d
B)

: RDPS = 0 ps/nm
: RDPS = 5 ps/nm
: RDPS = 10 ps/nm
: RDPS = 20 ps/nm

25

16

Residual Dispersion per Span (ps/nm)

Q
-
Va

lu
e
at

O
pt
im

um
Po

w
er

(d
B)

3020151050

14

12

10

8

6

: K = 140
: K = 70
: K = 20

: K = 10
: Conventional DBP
: Without DBP

(a) (b)

Computationally Efficient Nonlinearity Compensation for Coherent Fiber-Optic Systems
Likai Zhu and Guifang Li

S pecial Topic

September 2012 Vol.10 No.3ZTE COMMUNICATIONS14



long-haul fiber transmission, the optical waveform and,
consequently, the nonlinear behavior of the optical signal
repeat at locations of identical accumulative dispersion.
Hence, the DBP steps can be folded according to the
accumulated dispersion. The effectiveness of
dispersion-folded DBP for fiber links with large RDPS has
been demonstrated numerically and experimentally.
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In this paper, we describe a novel technique based on the flipped-exponential (FE) Nyquist pulse method for reducing peak-to-average
power ratio (PAPR) in an optical direct-detection orthogonal frequency-division multiplexing (DD-OFDM) system. The technique involves
proper selection of the FE Nyquist pulses for shaping the different subcarriers of the OFDM. We apply this technique to a DD-OFDM
transmission system to significantly reduce PAPR. We also investigate the sensitivity of a received OFDM signal with strong nonlinearity in a
standard single-mode fiber (SMF).

optical fiber communication; orthogonal frequency-division multiplexing (OFDM); flipped-exponential Nyquist pulse; PAPR

Jiangnan Xiao, Zizheng Cao, Fan Li, Jin Tang, and Lin ChenJiangnan Xiao, Zizheng Cao, Fan Li, Jin Tang, and Lin Chen
(Hunan University, Changsha 410082, China)

Flipped-Exponential Nyquist Pulse
Technique to Optimize PAPR in Optical
Direct-Detection OFDM Systems

Abstract

Keywords

OO
1 Introduction

rthogonal frequency-division multiplexing
(OFDM) is widely used in wireless
communications and has also been
considered for use in fiber-optic systems
[1]-[10]. The reason OFDM has been applied

to optical communications is that it is extremely tolerant to
chromatic dispersion (CD) [1]-[10]. However, one inherent
defect of optical OFDM is its high peak-to-average power
ratio (PAPR) [11], [12]. Because of this, an optical OFDM
signal has high nonlinearity in the transmission fiber. In
addition, if the PAPR is too high, a Mach-Zehnder modulator
(MZM) and digital-to-analog/analog-to-digital (DAC/ADC)
converter will also introduce high nonlinearity. Therefore,
reducing the PAPR of the OFDM signal is an urgent issue.
Many techniques have been developed to reduce PAPR,
including selective clipping, coding, scrambling, and
companding. However, most of these cause signal distortion
or redundancy, which results in increased need for
transmission bandwidth. In this paper, we propose and
experimentally demonstrate optical direct-detection OFDM
(DD-OFDM) that uses the flipped-exponential (FE) Nyquist
pulse technique. This can reduce the PAPR of the OFDM
signal without affecting bandwidth efficiency, and it does not
close off the possibility of using other techniques for channel

protection. Increasing spectral efficiency (SE) is essential for
future large-capacity optical transmission systems and
networks. Several industry research proposals on spectrally
efficient channel multiplexing and filtering techniques, such as
optical OFDM and Nyquist-WDM, have been put forward
[13]-[15].

In the proposed system, we study the transmission of
2.5 Gbit/s QPSK-OFDM signals over 100 km single-mode
fiber (SMF). The FE Nyquist technique is used for transmission.

2 Principle of Operation

2.1 OFDM System with FE Nyquist Pulse Technique
Fig. 1 shows an intensity-modulation and direct-detection

(IM-DD) OFDM transmission system with FE Nyquist pulse
technique. PAPR of the OFDM signals can be reduced if the
subcarrier waveforms have different shapes [6]. We choose
the FE Nyquist pulse. The FE Nyquist pulse technique is used
to reduce PAPR of the OFDM signal, and its pulse shapes are
very flexible and can control the correlation between the
OFDM block samples without destroying orthogonality
between the subcarriers of the modulated OFDM signal.

2.2. OFDM System Model with FE Nyquist Pulse Technique
Fig. 2 shows the transmitter schematic. The incoming signal
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is modulated on baseband by using a bandwidth-efficient
modulator.

The total number of orthogonal subcarriers is N. The
baseband modulated stream has a data rate 1/T, where T is
the symbol duration, and is split into N parallel streams. Each
stream is shaped by a time waveform and is transmitted over
a subcarrier. The equivalent transmitted OFDM signal can be
written as

where an is the modulated data symbol of the n th subcarrier.
The waveform pn(t ) is the pulse shape, which has duration T
at subcarrier f i and has a bandwidth less than or equal to the
bandwidth of the OFDM signals s (t ) To maintain orthogonality
of the subcarriers, the shaping pulses pi (t ) should have the
following properties [16]:

The PAPR of the OFDM signal is given by

The summing of the in-phase orthogonal frequencies
causes high PAPR. A possible way of reducing this PAPR is to
correlate the different OFDM samples of the same block. By
making cross-correlation close to one, a multicarrier signal
with very low PAPR is obtained. The cross-correlation
function of the OFDM signal is

The autocorrelation function is a function of the modulated

signal symbol and the subcarrier waveforms. Therefore,
increasing the correlation between the OFDM signal samples
at the same block can be achieved with these two parameters.

If the pulse shape is different, the cross-correlation function
is

Thus, shaping the different subcarriers using the same
pulse shape increases the peak amplitude of the transmitted
signal without affecting the correlation properties between the
different samples. If the pulse shape is different, the
cross-correlation function is

Thus, a proper selection of the subcarrier time waveforms
increases the cross-correlation function and reduces PAPR.
A set of broadband pulse waveforms was proposed in [6] to
reduce PAPR. We define the following set of Nyquist pulses:

where t -τm-n =[(m-n)modN ]Ts . Then,

where (Ts is the sampling instant).

This shows that the different subcarriers using the set of FE
Nyquist pulses shapes do not increase the peak amplitude of
the transmitted signal. The peak amplitudes of the different
waveforms shaped by the FE Nyquist pulse set, which is
formed according to (1), do not occur at the same time. This is
also the ISI-free property of a Nyquist pulse.

An FE Nyquist pulse is specified by the frequency spectrum
[17],[18]:

( )PAPR= max ∑ pm (t ) ≤ max ∑ pm (t ) (9)1
N 0≤t ≤T

N -1

m =0

2 1
N ( )0≤t ≤T

N -1

m =0

2

ADC: analog/digital converter
ATT: attenuator
DFB: distributed feedback laser

EDFA: erbium doped fiber amplifier
MZM: Mach-Zehnder modulator

OSC: oscilloscope
PC: polarization controller
PD: photodiode

QPSK: quadrature phase-shift keying

▲Figure 1. Intense modulation and direct-detection (IM-DD) OFDM
transmission system with FE Nyquist pulse technique.

▲Figure 2. OFDM scheme based on pulse shaping.
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The corresponding impulse responses are

where B is the bandwidth that corresponds to the symbol
repletion rate T=1/(2B). The roll-off factor is α.

Fig. 3 and Fig. 4 show the impulse and frequency response
of FE Nyquist pulses with different α respectively. These
pulses are real, even, and ISI free with optimal time sampling.
Furthermore, the FE Nyquist pulses asymptotically decay as
t n and the amplitude of the main side lobes decrease and as
the roll-off factor α increases.

Fig. 5 shows the shape of these subcarrier waveforms for
N =16 and α =0.7. This set of waveforms reduces PAPR of the
OFDM signal because the peak amplitudes of the waveforms
do not occur at the same time. This is also the ISI-free
property of the Nyquist pulse and shows that each FE Nyquist
pulse is orthogonal to each other. Fig. 6 shows the
corresponding spectrum.

Fig. 7 shows the complementary cumulative distribution
functions (CCDFs) of the original OFDM and OFDM with FE
Nyquist. Our proposed method reduces peak power more
than conventional OFDM. The reason why more PAPR is
reduced with a larger roll-off factor is because the magnitude
of the side lobe of a Nyquist pulse is smaller with a larger
roll-off factor. The improvement on original OFDM is 1.9 dB for
α = 0.1, 2.4 dB for α = 0.4, and 2.9 dB for α = 0.7 when CCDF
is 1 × 10-4.

3 Experimental Setup and Results
In this experiment, the number of OFDM subcarriers is 256.

Of these subcarriers, 192 are used for data; 8 are used for
pilots; and 56 are used for guard intervals. The cyclic prefix is
1/8 of the OFDM symbol duration, which is 32 samples in
each OFDM frame. QPSK is used for the subcarrier
modulation scheme. The OFDM signal is generated offline

( )
P 2(t )= sinc (11)1

Ts

t
Ts

4 πt sin +2 cos -

(2πt )2+ In2
αB

In2
αB

In2
αB

In2
αB

παt
TS

παt
TS( ) ( )2 ( ) ( )2

( )

S (f )= (10)

1, 0≤f≤B(1-α)
In2
αB

exp f-B(1-α) , B (1-α)≤f ≤B

In2
αB

1-exp f -B(1+α) , B≤f ≤B(1+α)

0, B(1+α)≤f

[ ]
[ ]

▲Figure 3. Impulse response of FE Nyquist pulses.

▲Figure 4. Frequency response of FE Nyquist pulses.

▲Figure 5. The new set of waveforms with FE Nyquist as the main
pulse for N =16 subcarriers.

▲Figure 6. The spectrum with FE Nyquist pulse for N = 16 subcarriers.
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and uploaded into an arbitrary waveform generator (AWG).
The waveforms produced by the AWG are continuously output
at sample rate of 2.5 GSa/s. In the receiver, we use Matlab to
process a waveform recorded by a real-time oscilloscope.
There are two types of OFDM signals in this
experiment: original QPSK-OFDM signal and
OFDM signal with FE Nyquist. We measure the BER
of the OFDM signals at different power levels into
the transmission fiber.

Fig. 8(a) shows the waveforms of the original
OFDM signal. Fig. 8(c), (e), and (g) shows the
OFDM signal with FE Nyquist when α = 0.1, 0.4,
and 0.7, respectively. The waveforms of the FE
Nyquist OFDM signal are have a smaller range than
those of the original OFDM signal. Moreover, the
range becomes smaller as increases.

Fig. 4(b) shows the spectra of the original OFDM
signal. Fig. 4(d), (f), and (h) shows the FE Nyquist
OFDM signal when α =0.1, 0.4, and 0.7,
respectively. Spectral broadening is clearly
observed, and this broadening is introduced when
a larger roll-off factor is used.

Fig. 9 shows that α significantly affects BER,
because a large can greatly decrease ICI power
and dramatically improve BER. The signal is
transmitted over 100 km standard SMF, and the
launch power is -2 dBm. For the 2.5 Gbit/s FE
Nyquist OFDM signal transmitted over 100 km
standard SMF, the receiver sensitivity at BER = 10-4

is 2 dB, 1.5 dB, and 1 dB better than that of OFDM
without FE Nyquist when α = 0.7, 0.4, and 0.1,
respectively. Because it uses a unity roll-off factor,
the new method outperforms original schemes.

Fig. 10 shows the BER of the FE Nyquist OFDM
signal transmitted 100 km standard SMF with a
launch power of 3 dBm. It also shows that the BER
of the FE Nyquist OFDM signal improves as α
increases. However, the BER of the FE Nyquist
OFDM signal with launch power of 3 dBm is better

than that of the FE Nyquist OFDM signal with launch power
of -2 dBm. The receiver sensitivity at BER = 10-4 over 100 km
SMF transmission is 3 dB, 2 dB, and 1 dB better than that of
the OFDM signal without FE Nyquist when α = 0.7, 0.4, and
0.1, respectively.

Fig. 11 shows the BER of the FE Nyquist OFDM signal
transmitted over 100 km standard SMF with a launch power of
8 dBm. It also shows that the BER of the FE Nyquist OFDM
signal improves as α increases. However, the BER of the FE
Nyquist OFDM signal with launch power of 8 dBm is better
than that of the FE Nyquist OFDM signal with a launch power
of -2 dBm or 3 dBm. The receiver sensitivity at BER = 10-4

100 km SMF transmission is 3 dB, 2 dB, and 1dB better than
that of the OFDM signal without FE Nyquist when α = 0.7, 0.4,
and 0.1, respectively.

Fig. 12 shows the BER of the FE Nyquist OFDM signal when
α = 0.7. The signal is transmitted over 100 km standard SMF
transmission, and the launch power is -2, 3, and 8 dBm. The
received optical power of FE Nyquist OFDM with α = 0.7 at
BER = 10-4.5 is -24 dBm, -23 dBm, and -20 dBm for launch
powers of 8 dBm, 3 dBm, and 2 dBm, respectively. However,
the required optical power of the original OFDM signal at BER

▲Figure 7. CCDF of conventional OFDM and OFDM with transmission
FE Nyquist pulse technique.

▲Figure. 8 Spectra and waveforms of the original OFDM signal and OFDM signal with
FE Nyquist pulses technique whenα =0.1, 0.4 and 0.7, respectively, over 100 km SMF.
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of 10-4 is -20.5 dBm, -20 dBm, and -18dBm for 8 dBm,
3 dBm, and -2 dBm launch powers, respectively. Fig. 12
shows that the receiver sensitivity significantly increases for
the FE Nyquist OFDM signal when α remains the same and
the launch power increases.

4 Conclusion
We have proposed a novel PAPR reduction method for

optical DD-OFDM systems. The flipped-exponential Nyquist
pulse technique is experimentally shown to be effective in
reducing the PAPR in an OFDM system. Our proposed
technique is very effective and flexible for any number of
carriers. We have analyzed the BER of an FE Nyquist OFDM
signal with different roll-off factors α. The signal was
transmitted over 100 km SMF with fiber launch powers of
-2 dBm, 3 dBm, and 8 dBm.

These experimental results show that the BER of an OFDM
signal with FE Nyquist pulse technique improves when α
increases and the launch power stays the same. The receiver
sensitivity at BER = 10-4 after 100 km SMF transmission is

2 dB, 1.5 dB, and 1 dB better than that of the original OFDM
signal when α = 0.7, 0.4, and 0.1, respectively, and when the
fiber launch power is -2 dBm. The receiver sensitivity is 3 dB,
2 dB, and 1 dB better than that of the original OFDM signal
when α = 0.7, 0.4, and 0.1, respectively, and when the launch
power is 3dBm. The receiver sensitivity is 3 dB, 2dB, and 1 dB
better than that of the original OFDM signal when α = 0.7, 0.4,
and 0.1, respectively, and when the launch power is 8 dBm.
Moreover, the receiver sensitivity significantly increases for
the FE Nyquist OFDM signal when the roll-off factor remains
the same and the launch power increases. These
experimental results show that the FE Nyquist pulse technique
efficiently improves the performance of an IM-DD optical
OFDM system. Using the technique, the BER and receiver
sensitivity of optical OFDM are better than the BER and
receiver sensitivity of the original optical OFDM, which does
not use the technique.
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ZTE Partners with KPN Group Belgium to Deploy
Packet-Switched Core Network

27 August 2012—ZTE Corporation has signed a deal on a packet-switched core network (CN) for KPN
Group Belgium (KPNGB). KPNGB will deploy ZTE’s packet-switched CN equipment, which supports unified
radio access. The contract is the second of its kind between ZTE and KPNfollows from a construction project
with KPN Germany (E-Plus) that was completed in September 2010.

ZTE’s Uni-Core solution allows seamless evolution from 2G/3G packet core to evolved packet core (EPC)
and assists operators support unified 2G, 3G and 4G access. ZTE helps operators build a smart pipe that
supports service differentiation and traffic distribution and enables a flexible policy mechanism. This will help
KPNGB deliver differentiated services and enhance its service innovation capability and competitive edge.

As of Q1 2012, ZTE has secured more than 20 EPC commercial contracts, deployed more than 80 trial
networks globally, and has cooperation with mainstream operators. (ZTE Corporation)



Nyquist wavelength-division multiplexing (N-WDM) allows high spectral efficiency (SE) in long-haul transmission systems. Compared to
polarization-division multiplexing quadrature phase-shift keying (PDM-QPSK), multilevel modulation, such as PDM 16 quadrature-amplitude
modulation (16-QAM), is much more sensitive to intrachannel noise and interchannel linear crosstalk caused by N-WDM. We experimentally
generate and transmit a 6 × 128 Gbit/s N-WDM PDM 16-QAM signal over 1200 km single-mode fiber (SMF)-28 with amplification provided
by an erbium-doped fiber amplifier (EDFA) only. The net SE is 7.47 bit/s/Hz, which to the best of our knowledge is the highest SE for a signal
with a bit rate beyond 100 Gbit/s using the PDM 16-QAM. Such SE was achieved by DSP pre-equalization of transmitter-side impairments
and DSP post-equalization of channel and receiver-side impairments. Nyquist-band can be used in pre-equalization to enhance the
tolerance of PDM 16-QAM to aggressive spectral shaping. The bit-error ratio (BER) for each of the 6 channels is smaller than the forward error
correction (FEC) limit of 3.8 × 10-3 after 1200 km SMF-28 transmission.

16-QAM; coherent detection; Nyquist wavelength-division multiplexing; Nyquist-band; pre-equalization; spectral efficiency; signal
transmission
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1 Introduction

ith the commercialization of 100G
Ethernet, spectral efficiency (SE) needs to
be increased to meet the bandwidth
requirements of next-generation optical
transmission networks [1]-[4]. Recent

experiments have shown that a polarization-division
multiplexing quadrature phase-shift keying (PDM-QPSK)
transmission system can achieve a maximum SE of 4 bit/s/Hz
[5], [6]. To further increase SE, we can combine multilevel
modulation formats such as 16
quadrature-amplitude-modulation (16-QAM), 32-QAM, or
64-QAM with PDM. These modulation formats carry more
than 4 bits per symbol. However, multilevel modulation not
only requires larger optical signal-to-noise ratio (OSNR), it is
more sensitive to nonlinear propagation impairments and
laser phase noise. Thus, as a tradeoff, PDM 16-QAM that

carries 8 bits per symbol is a promising candidate for
improving SE. The potential of PDM 16-QAM has already
been shown in both simulations [7]-[9] and experiments [10].

Two different schemes have been proposed for achieving
very high SE with PDM 16-QAM. The first scheme uses
coherent optical orthogonal frequency-division multiplexing
(CO-OFDM) [11]. In experiments carried out in [12], a
485 Gbit/s CO-OFDM superchannel with PDM 16-QAM
transmitted over 1600 km ultralarge-area fiber (ULAF) and
standard single-mode fiber (SSMF) links. The second
scheme is Nyquist wavelength-division multiplexing
(N-WDM), which is based on optical pulses that have an
almost-rectangular spectrum, and the bandwidth is ideally
equal to the baud rate [13]. Although these two schemes have
the potential to perform the same, CO-OFDM requires
channels to be synchronized, and the analog-to-digital
converters (ADCs) need large receiver bandwidth. In practical
implementation, N-WDM is much more robust to receiver
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constraints [14]. Therefore, a combination of N-WDM and
PDM 16-QAM is a promising solution for future
large-capacity, high-SE optical transmission systems and
networks.

In conventional direct-detection receivers, linear distortion
caused by fiber chromatic dispersion (CD) in the optical
domain is converted into a nonlinear distortion in the electrical
domain. Using a linear baseband equalizer based on one
received baseband signal only improves performance a little.
In coherent-detection receivers, distortion caused by CD is
converted linearly into the electrical domain. This explains
why, in the case of CD only, fractionally spaced equalizers
with complex coefficients can potentially extend the system
reach to distances that are only limited by the number of
equalizer taps [15]. However, when CD is ideally
compensated, nonlinear propagation impairments and laser
phase noise (which PDM 16-QAM is very sensitive to)
eventually limits the maximum achievable transmission
distance. Most of the complexity of building an equalizer in a
coherent receiver can be avoided by adopting
pre-equalization at the transmitter, where the data is still in its
uncorrupted form.

The large constellation size of PDM 16-QAM also makes
the system sensitive to transmitter impairments such as
nonlinear drive in the optical modulator and imbalance
between the frequency responses of the in-phase (I) and
quadrature (Q) channels. These cause signal distortion and
deteriorate system performance. Transmitter impairments in
PDM 16-QAM can be precompensated with
pre-equalization, which is not difficult to implement in the
digital-to-analog converter (DAC) at the transmitter. Some
studies have focused on electronic pre-equalization, which is
now a well-known technique in optical communication
[16]-[18]. A further benefit of pre-equalization is that the
transmitted spectrum can be optimized using Nyquist-band
preshaping pulses, which allow narrower channel spacing
and higher SE [18].

In this paper, we use PDM 16-QAM to generate a
16 Gbaud signal in an N-WDM channel on a 16 GHz grid. In
section 2, we describe the principle of pre-equalization and
compare bit-error ratio (BER) of a single channel with that of
an N-WDM channel when both channels have Nyquist-band
pre-equalization or no Nyquist-band equalization.
Pre-equalization can compensate for transmitter impairments
and reduce the effects of nonlinear propagation and laser
phase noise. N-WDM with Nyquist-band pre-equalization is
tolerance of narrowband filtering and crosstalk caused by
adjacent channels. In section 3, we describe the setup of an
experiment for generating and transmitting 6 × 128 Gbit/s
N-WDM PDM 16-QAM signals over 1200 km SMF-28.
Amplification is provided by an erbium-doped fiber amplifier
(EDFA) only. In this experiment, spectral efficiency (SE) of
7.47 bit/s/Hz was achieved. To the best of our knowledge, this
the highest SE ever achieved for a signal with a bit rate
beyond 100 Gbit/s and using PDM 16-QAM. The BER for all
channels (with the average OSNR of 23.6 dB) is smaller than
the forward-error-correction (FEC) limit of 3.8 × 10-3 over

1200 km SMF-28 transmission. Section 4 concludes the
paper.

2 Pre-Equalization

2.1 Principle
Instead of only building the equalizer at the receiver, the

equalizer can also be built at the transmitter. Compared with a
binary phase-shift keying (BPSK) signal, a high-level signal
has much more uncontrolled nonlinearity because of
imperfections in the DAC, electrical amplifier (EA),
in-phase/quadrature modulator (I/Q MOD), optical filter, and
ADC. Therefore, we first transmit a BPSK signal in the
back-to-back (B2B) link in order to calculate the transfer
function. This function is then used to pre-equalize the
high-level signal and reverse the channel distortion.

Fig. 1 shows the principle for pre-equalization. One of the
parallel Mach-Zehnder modulators (MZMs) in an I/Q MOD is
driven by a 16 Gbaud binary signal so that BPSK is
generated. This signal has 1.5× samples and a word length of
215-1, and it is generated by an arbitrary waveform generator
(AWG). An electrical lowpass filter (LPF) with 3 dB bandwidth
of 7.5 GHz is used to suppress out-of-band noise from the
AWG, which operates in the interleaver mode with a sample
rate of 24 GSa/s. The continuous wavelength lightwave (CW1)
generated by an external cavity laser (ECL) with a linewidth of
less than 100 kHz and output power of 14.5 dBm is used as
both the signal source and the local oscillator (LO) source in
self-homodyne coherent detection. Then, the optical BPSK
signal passes through a wavelength selective switch (WSS)
with a 12 GHz passband before coherent detection. A
real-time scope with 3 dB bandwidth of 16 GHz captures the
detected electrical signal, which is used to calculate the

ADC: analog-to-digital converter
AWG: arbitrary waveform generator
CW: continuous lightwave
EA: electrical amplifier
ECL: external cavity laser

I/Q MOD: in-phase/quadrature modulator
LO: local oscillator
LPF: low-pass filter

WSS: wavelength selective switch

▲Figure 1. The principle of pre-equalization.
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transfer function of the transmitter in the frequency domain.
The transfer function is then used to pre-equalize the 4-level
signal with a word length of 215-1. This signal is used to
generate the optical 16-QAM via the I/Q MOD. A
raised-cosine (R-C) filter with a roll-off factor of 0.99 is used
to pulse shape the 4-level signal. Pre-equalization of the I
and Q output of the AWG makes the performance of both
outputs similar to each other; therefore, we simply choose the
I output of the AWG to implement pre-equalization in our
experiment.

The WSS has a 12 GHz passband and is used for
pre-equalization. This WSS is different from the WSS with
10 GHz passband used for the WDM channel in the next
section. The reason for setting WSS at a different bandwidth
for pre-equalization and for WDM channel shaping is to
balance the pre-equalization effect and crosstalk from the
neighboring channels. After pre-equalization, we show by
experiment the generation and transmission of the
6 × 128 Gbit/s N-WDM PDM 16-QAM signal over 1200 km
SMF-28 with EDFA-only amplification. The spectral efficiency
is 7.47 bit/s/Hz if we assume 7% FEC overhead.

2.2 Experimental Results and Discussion
Fig. 2 shows the optical spectra for 16 Gbaud PDM

16-QAM in the case of pre-equalization with and without
Nyquist band. Nyquist band is the definition of the WSS with a
12 GHz passband. Compared to pre-equalization without
Nyquist band (Fig. 3, dotted line), pre-equalization with
Nyquist band results in a PDM 16-QAM optical spectrum that
has the function of a Nyquist-like filtering profile. This can
sufficiently compensate for narrowband filtering effects. After
passing through the 10 GHz WSS, the PDM 16-QAM optical
spectrum with Nyquist-band pre-equalization is much
narrower.

Fig. 3 shows the measured electrical spectrum for the
generated 16 Gbaud 4-level signal from the AWG in the case
of pre-equalization with and without Nyquist band. Certain
high-frequency components that are lost because of

aggressive spectral filtering are pre-recovered. The 5 dB dip
at 3 GHz in both traces is the reflection of the pre-distortion
caused by the 7.5 GHz LPF shown in Fig. 1.

3 Generation and Transmission of a
6 × 128 Gbit/s N-WDM PDM
16-QAM Signal

3.1 Experimental Setup
Fig. 4 shows the experimental setup for generating and

transmitting a 6 × 128 Gbit/s N-WDM PDM 16-QAM signal.
The two 16 Gbaud electrical 16-QAM signals are generated
from AWG1 and AWG2. CW1 has a frequency spacing of
1550.10 nm at 48 GHz, and CW2 has a frequency spacing of
0.384 nm at 48 GHz. Both are generated by two ECLs, each
with a linewidth of less than 100 kHz and output power of
14.5 dBm. Two I/Q MODs are used to modulate CW1 and CW2

with the I and Q components of the 64 Gbit/s, 16 Gbaud
electrical 16-QAM signals. This occurs after power
amplification using four broadband electrical amplifiers (EA).
To generate an optical 16-QAM signal, the two parallel MZMs
in an I/Q MOD are biased at the null point and driven at full
swing to achieve zero-chirp, 0-phase and π-phase
modulation. The phase difference between the upper and
lower branches of the I/Q MOD is controlled at π/2. After
boosting the power with polarization-maintaining EDFAs
(PM-EDFAs), PDM for each path is realized by the
polarization multiplexer. This comprises a polarization beam
splitter (PBS), which halves the signal, an optical delay line
(DL), which provides a delay of 150 symbols, and a
polarization beam combiner (PBC), which recombines the
signal. In the upper path, the optical PDM 16-QAM signal is
then halved again by a polarization-maintaining optical
coupler (PM-OC1). Here, the signal passing through the
upper branch is handled by an intensity modulator (IM1) that
is driven by a 16 GHz sinusoidal radio frequency (RF) signal
and that is DC-biased at the null point. The signal passing

▲Figure 2. Optical spectra (0.02 nm resolution) of the pre-equalized
16 Gbaud PDM 16-QAM signal.

Nyquist-Band: WSS with a 12 GHz passband

▲Figure 3. Electrical spectrum of the pre-equalized 16 Gbaud 4-level
(in-phase of 16-QAM) signal considering and not considering the
Nyquist-band.
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through the lower branch is handled by DL3. So do the
operation for the lower path. IM1 and IM2 are used for optical
carrier suppression (OCS) modulation [19]; in other words, the
function of IM1 and IM2 is to produce two copies of the
original signal that are +16 GHz and -16 GHz relative to the
original signal center. The four branches, with the uppermost
and lowermost branches each including two subcarriers, are
spectrally filtered and combined using a programmable
4-channel WSS with a 10 GHz passband on a 16 GHz grid.
The insertion loss of the WSS is 7 dB.

The WDM signals are launched into the recirculating loop of
5 × 80 km SMF-28 with three circles. Each span has an
average loss of 18 dB and chromatic dispersion of
17 ps/km/nm at 1550 nm when there is no optical dispersion
compensation. EDFA is used to compensate for the loss of
each span. The total launched power (after EDFA) into each
span is 10 dBm, which corresponds to approximately 1 dBm
per channel at 128 Gbit/s. A tunable optical bandpass filter
(BOF) with a bandwidth of 1.27 nm is used in the loop to
remove the ASE noise from each circle of the recirculating
loop. At the receiver, a tunable optical filter (TOF) with 3 dB
bandwidth of 0.35 nm is used to choose the desired channel.
An ECL with a linewidth of less than 100 kHz is used as the
LO. A polarization-diverse 90 degree hybrid is used for

polarization- and phase-diverse
coherent detection of the LO and
received optical signal prior to
balanced detection. The digital scope
performs ADC at 50 GSa/s with an
electrical bandwidth of 9 GHz.

In the DSP, electrical polarization
recovery is performed using a
three-stage blind equalization
scheme. First, the clock is extracted
using the square-and-filter method,
and the digital signal is resampled at
twice the baud rate of the recovered
clock. Second, a T/2-spaced
time-domain finite impulse response
(FIR) filter is used to compensate for
CD. The filter coefficients are
calculated using the known fiber CD
transfer function and the
frequency-domain truncation method.
Third, two complex 13 tap, T/2-spaced
adaptive FIR filters are used to retrieve
the modulus of the 16-QAM signal.
The two adaptive FIR filters are based
on the classic constant modulus
algorithm (CMA) and are followed by a
three-stage CMA for multimodulus
recovery and polarization
demultiplexing. Carrier recovery is
performed in the subsequent step. The
4th power is used to estimate the
frequency offset between the LO and
the received optical signal. Phase
recovery is achieved by using

feed-forward and least-mean-square (LMS) algorithms for
offset compensation. Finally, differential decoding is used to
calculate the BER after the decision.

3.2 B2B Experimental Results and Discussion
Fig. 5 shows B2B BER versus OSNR for 16 Gbaud PDM

16-QAM at the N-WDM channel of 1550.10 nm. The scope
has a bandwidth of 9 GHz and a sample rate of 50 GSa/s.
There are four different cases: B2B single channel with and
without Nyquist-band pre-equalization, and N-WDM PDM
16-QAM with and without Nyquist-band pre-equalization.

In the cases involving WDM, the six-channel 16 Gbaud
PDM 16-QAM is on a 16 GHz grid, and all the channels of the
previously mentioned four cases pass through the WSS with a
10 GHz passband. In the case of Nyquist-band
pre-equalization, the required OSNR at the BER of 3.8 × 10-3

is 20.6 dB for a single channel. For the corresponding WDM
case, the required OSNR penalty can be neglected because
pre-equalization can precompensate for transmitter
impairments as and reduce the effects of nonlinear
impairments and laser phase noise. Our experiments indicate
that 10 GHz filtering bandwidth with 12 GHz Nyquist-band
pre-equalization is narrow enough to avoid crosstalk from

ADC: analog-to-digital converter.
AWG: arbitrary waveform generator
BOF: bandpass optical filter
DL: delay line
EA: electrical amplifier

IM: intensity modulator
ECL: external cavity laser
LO: local oscillator

PBC: polarization beam combiner
PBS: polarization beam splitter

PM-EDFA: polarization-maintaining
erbium-doped fiber amplifier

PM-OC: polarization-maintaining optical coupler
TOF: tunable optical filter
WSS: wavelength selective switch

▲Figure 4. Experimental setup for the generation and transmission of a 6 ×128 Gbit/s N-WDM
PDM 16-QAM signal.
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adjacent channels. The required OSNR penalty at BER of
1 × 10-3 increases to 1 dB when the ADC bandwidth is
16 GHz. The required bandwidth of the ADC plays an
important role in detecting the N-WDM PDM 16-QAM signal.
An ADC with bandwidth of half the baud rate frequency is
beneficial for suppressing the noise and neighboring channel
signal. For a single channel that passes through the 10 GHz
WSS and has no Nyquist-band pre-equalization, the
required OSNR at BER of 3.8 × 10-3 is 24 dB, and the required
OSNR penalty is approximately 4 to 5 dB. PDM 16-QAM is
quite sensitive to narrow filtering effects and noise. For
N-WDM without Nyquist-band pre-equalization, there is an
extra 1.5 dB OSNR penalty caused by crosstalk from adjacent
channels.

3.3 Experimental Results for Transmission over 1200 km
SMF-28

Fig. 6 shows the optical spectra before and after 1200 km

SMF-28 transmission with EDFA-only amplification. The
corresponding constellations are shown in Fig. 6(a) and (b).
The OSNR of the signal is 23.6 dB after transmission over
1200 km SF-28. Fig. 7 shows BER versus power launched
into each fiber span for an N-WDM channel at 1550.10 nm
after 1200 km SMF-28 transmission. Launch power of
-1 dBm gives the best BER performance. Fig. 8 shows BER
versus transmission distance for an N-WDM channel at
1550.10 nm after transmission. The launched power of
-1 dBm per channel is optimal. After transmission over
1200-km SMF-28, the BER for each of the six channels ( with
average OSNR of 23.6 dB) is smaller than the FEC limit of
3.8 × 10-3 (Fig. 9) [20].

4 Conclusion
We have experimentally demonstrated the generation and

transmission of a 6 × 128 Gbit/s N-WDM PDM 16-QAM
signal on a 16 GHz grid over 1200 km SMF-28 with
EDFA-only amplification. The net SE is 7.47 bit/s/Hz, which to

▲Figure 5. B2B BER versus OSNR for a 16 Gbaud PDM 16-QAM
signal at the N-WDM channel of 1550.10 nm.

BW: bandwidth OSNR: optical signal-to-noise ratio

▲Figure 6. Optical spectrum (0.1 nm resolution) before and after
1200 km SMF-28 transmission with EDFA-only amplification,
and (a) the obtained signal constellations before transmission
and (b) the obtained signal constellations after transmission.

Figure 7. ▶
BER versus launch

power for an N-WDM
channel at

1550.10 nm after
transmission over
1200 km SMF-28.

Figure 8. ▶
BER versus

transmission distance
for an N-WDM

channel at 1550.1 nm.

Figure 9. ▶
BER for each of the

6 channels after
transmission over

1200 km SMF-28 at
the optimal launch

power.
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the best of our knowledge is the highest SE for a signal with a
bit rate beyond 100 Gbit/s using PDM 16-QAM. Such SE was
achieved by DSP pre-equalization of transmitter-side
impairments and DSP post-equalization of channel and
receiver-side impairments. The benefit of Nyquist-band
pre-equalization scheme has been shown experimentally.
BER for all channels is smaller than the FEC limit of 3.8 × 10-3

over a 1200 km SMF-28 transmission link.
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ZTE Wins Contract to Provide LTE Wireless Uifi Set to UNE
2 August 2012-ZTE Corporation today announced it has won a project to provide UNE with an MF821 LTE

Dongle and MF821+MF20 LTE Wireless Uifi set. UNE is Colombia’s biggest telecommunications operator.
The MF821 LTE wireless network card supports LTE FDD (100 Mbps download and 50 Mbps upload). It

has a Micro SD slot up for storage of up to 32 GB and supports all major operating systems. MF20 is a new
datacard adapter. Its main function is to change datacard access for WiFi coverage. It is portable, battery
powered, and can also be used as a wired router.

ZTE is a world-leader in LTE technology. ZTE Cikey, a multiple access terminal, won the“Best LTE Device/
Handset”award at the 2012 Mobile World Summit in Barcelona. ZTE holds approximately 2000 LTE patents,
seven per cent of the worldwide total. To date, the company has built seven TD-LTE commercial networks
across the globe. The company also has signed LTE-FDD/TDD construction agreements with Hutchison
Whampoa Hi3G and provides services across a number of northern European countries. (ZTE Corporation)



In this paper, we describe successful joint experiments with Deutsche Telecom on long-haul transmission of 100G and beyond over standard
single mode fiber (SSMF) and with in-line EDFA-only amplification. The transmission link consists of 8 nodes and 950 km installed SSMF in
DT’s optical infrastructure. Laboratory SSMF was added for extended optical reach. The first field experiment involved transmission of
8 × 216.8 Gbit/s Nyquist-WDM signals over 1750 km with 21.6 dB average loss per span. Each channel, modulated by a 54.2 Gbaud
PDM-CSRZ-QPSK signal, is on a 50 GHz grid, which produces a net spectral efficiency (SE) of 4 bit/s/Hz. We also describe mixed-data-rate
transmission coexisting with 1T, 400G, and 100G channels. The 400G channel uses four independent subcarriers modulated by 28 Gbaud
PDM-QPSK signals. This yields a net SE of 4 bit/s/Hz, and 13 optically generated subcarriers from a single optical source are used in the 1T
channel with 25 Gbaud PDM-QPSK modulation. The 100G signal uses real-time coherent PDM-QPSK transponder with 15% overhead of
soft-decision forward-error correction (SD-FEC). The digital post filter and 1-bit maximum-likelihood sequence estimation (MLSE) are
introduced at the receiver DSP to suppress noise, linear crosstalk, and filtering effects. Our results show that future 400G and 1T channels that
use Nyquist WDM can transmit over long-haul distances with higher SE and using the same QPSK format.

coherent detection; field trial; coherent optical OFDM; Nyquist WDM; MLSE
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1 Introduction

he demand for bandwidth is being driven by
more and more video streaming and proliferation
of cloud computing, social media, and mobile
data delivery [1]-[4]. Along with the need for
reduced cost per bit per hertz, this trend has led

to high-speed underlying optical transmission interfaces. At
present, 100 Gbit/s long-haul systems, whether being
developed or deployed, are all based on a single-carrier
polarization-division multiplexed quadrature phase-shift
keying (PDM-QPSK) modulation format that is associated
with coherent detection and digital signal processing (DSP)
[5]-[6]. Spectral efficiency (SE) over a conventional 50 GHz
optical grid is 2 bit/s/Hz; thus, the system capacity is around
10 Tbit/s in a fiber C-band transmission window.
Corresponding standardization for client-side 100GE,
transport layer optical transport unit 4 (OTU4), and key
electro-mechanical aspects has been completed to
make end-to-end system connection and interoperability

possible [7].
Optical transmission at 100G+ per channel is the logical

next step to sustaining future traffic growth. Much research
has been done on trading off capacity, data rate, and optical
reach (Fig. 1) [8]-[9]. Optical time-division multiplexing
(OTDM) is one of the classic approaches to increasing the
channel data rate. A recent experiment with OTDM resulted in
a symbol rate of 1.28 Tbaud and a single-channel bit rate of
10.2 Tbit/s with return-to-zero (RZ) modulation [10]. Another
recent experiment with OTDM resulted in 640 Gbaud and a
line rate of 1.28 Tbit/s with non-return-to-zero (NRZ)
modulation [11]. However, the commercial reality is that
OTDM provides limited system stability and compactness and
is generally considered a useful interim technique to explore
the limits of high-bit-rate transmission. It was replaced by
electrical time-division multiplexing (ETDM) when the
bandwidth of optoelectronic components allowed the desired
bit-rate. Spatial-division multiplexing (SDM) that uses
multicore fiber (MCF) or few-mode fiber (FMF) coupled with
multiple-input multiple-output (MIMO) signal processing is
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being investigated. With recent advances in the fabrication of
special fiber and in transmission performance, SDM shows
promise [12]-[14]. However, as well as design and
manufacturing challenges, there are other significant
challenges—such as fan in/out devices, connector/splice,
and amplifier and transceiver integration—that show there is
still long way to go before SDM becomes a commercial reality.

There are three main ways to increase channel bit rate
when PDM and coherent detection are being used. The first
way is ETDM, which increases symbol rate so that full
advantage can be taken of mature electronic technologies
(Fig. 1). Using differential phase-shift keying (DPSK), symbol
rates of up to 40 Gbaud have been achieved in field
deployments [15], and using NRZ, a symbol rate of 100
Gbaud has been achieved in experimental conditions [16].
Both these scenarios involve direct detection. With 30 Gbaud
symbol rate, today’s 100 Gbit/s commercial systems or
400 Gbit/s dual-carrier prototypes are limited in their ability to
transport QPSK or 16 quadrature amplitude modulation
(16-QAM) signals in coherent detection [17]. In the
laboratory, 16-QAM signals with symbol rates of up to 56
Gbaud have been reported, but this comes at the expense of
reduced transmission distance [18].

The second way is to use higher-level QAM formats
because they provide higher SE than PDM-QPSK, but this
comes at the expense of higher implementation penalty, a
higher requirement for receiver sensitivity, and reduced
optical reach. The required optical signal-to-noise ratio
(OSNR) of a 16-QAM signal is 6 dB larger than that of a QPSK
signal and grows exponentially as the constellation points
increase (Fig. 2) [22]. In a recent laboratory experiment, the
implementation penalty for a 16-QAM signal with BER = 10-3

was as great as 8 dB compared to around 1 dB for a QPSK
signal [18]. In a field experiment, 512 Gbit/s dual-carrier
16-QAM signals were transmitted over a limited distance of

734 km. Dispersion-compensated standard single-mode
fiber (SSMF) were used with 10 Gbit/s neighbors on a
200 GHz grid [17]. These experiments prove how challenging
it is to increase SE with a 16-QAM format.

The third way is to use multiple optical carriers
(superchannels) to overcome the speed and bandwidth
limitations of optoelectronic components. These
superchannels are ultra-densely packed 100-200 Gbit/s
channels. So far, the transmission reach achievable using a
single, high-SE PDM-QPSK superchannel is 7200 km [23],
which implies that QPSK constellations reflect a good
trade-off between SE and distance. As opposed to using
single-carrier transmission in each channel, using multicarrier
transmission requires a shift from fixed spacing grids to
flexible spacing grids in optical nodes. Among different
multicarrier technologies, no-guard-interval coherent optical
orthogonal frequency-division multiplexing (NGI-CO-OFDM)
and Nyquist wavelength-division multiplexing (Nyquist WDM)
have the greatest potential for higher SE without sacrificing
too much transmission distance [24], [25]. Comparisons of the
time and frequency domains of the two technologies are
shown in Fig. 3(a) and (b). The basic idea of NGI-CO-OFDM
is that the subcarrier spacing is equal to the baud rate in the
frequency domain, and in Nyquist WDM, the subcarriers are
spectrally shaped so that their occupancy is close or equal to
the Nyquist limit for transmission that is free of intersymbol
interference (ISI). The spectra of the optical subcarriers
overlap, but the signals remain separable after optical
detection because of their orthogonality in NGI-CO-OFDM.
The need for higher sampling speed and bandwidth of the
analog-to-digital converter (ADC) is also a challenge in
demultiplexing [23]. In Nyquist WDM, spectral shaping at the
transmitter (Tx) is needed using either a specific optical filter
in optical domain or Tx DSP with digital-to-analog converter
(DAC) in electrical domain. Nyquist WDM and
NGI-CO-OFDM have been theoretically and experimentally

OTDM: optical time division multiplexing QPSK: quadrature phase shift keying

OSNR: optical signal-to-noise ratio
QAM: quadrature amplitude modulation

QPSK: quadrature phase shift keying

▲Figure 1. Research directions of scaling channel capacity beyond 100G.
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▲Figure 2. Challenges in increasing constellation points and baud rate.
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compared in [26] and [27]. The results show that Nyquist
WDM is much more robust and practical in terms of ICI
tolerance and implementation constraints.

Many laboratory experiments have been done on different
system configurations with varying technologies. These
technologies include electrical OFDM [28], [29] and optical
OFDM [30] based on fast Fourier transform (FFT) and inverse
fast Fourier transform (IFFT). The electrical OFDM has a single
optical carrier with electrical OFDM signal modulation, and the
optical OFDM has optical IFFT at Tx and FFT at Rx. Other
technologies include electrical-optical OFDM with multiple
optical carriers and electrical OFDM signal modulation [31],
coherent WDM [32], and maximum a posteriori (MAP) or
maximum likelihood sequence estimation (MLSE) algorithm
for strong filtering and equalization of ISI [33]. The factors that
determine which technology is adopted include SE, nonlinear
tolerance, cost, and integration compactness.

Although many experiments are adequate for
proof-of-concept, field trials impose more rigorous and
realistic requirements on the system and are much closer to
real implementation. For example, the system must
automatically adjust to changes in chromatic dispersion (CD)
and polarization-mode dispersion (PMD) caused by
temperature and mechanical disturbance in different
locations. Other unknown factors also affect the performance
of blind equalization at the receiver. Operators need to
characterize different technologies in order to better
understand system-level implications of latest approaches for
a real fiber network. In the past three years, there several field
trials have been done to test and evaluate commercial 100G
and beyond optical systems. In 2010, AT&T assessed the
feasibility of upgrading their network with a 100G channel over
1800 km with dispersion compensation module (DCM) and
neighboring 10G and 40G DWDM systems [34]. In 2012, they
then successfully demonstrated 3760 km transmission of a
1100G channel with soft-decision forward-error correction
(SD-FEC) over uncompensated 40G-optimized DWDM
reconfigurable optical add-drop multiplexing (ROADM)

systems for 80 km SSMF spans [35]. Verizon completed the
first trial of end-to-end native IP 100G single-carrier
coherent detection transmission over 1520 km. 100GE router
cards and 100GBASE-LR4 C form-factor pluggable (CFP)
interfaces were used [7]. They performed the first
mixed-channel (112 Gbit/s, 450 Gbit/s, and 1.15 Tbit/s)
transmission based on coherent OFDM with spectral
efficiency of up to 3.3 bits/s/Hz [36], and they also achieved
the highest capacity in a field trial: 21.7 Tbit/s with 8-QAM
and QPSK [37]. Deutsche Telekom conducted a field
experiment on 253 Gbit/s electrical OFDM channels over 764
km SSMF [38] and another field experiment on 512 Gbit/s
16-QAM channels t over 734 km [17]. British Telecom
conducted the first gridless optical networking field trial with
geographically scattered flexible-spectrum-switching nodes
linked over 620 km. The nodes were capable of spectrum
defragmentation [39].

In this paper, we describe a field trial conducted over
Deutsche Telecom’s G.652 SSMF link between Darmstadt
and Nuremberg. To investigate long-haul transmission, we
used additional lab SSMF to extend the optical transmission
distance [34], [35]. We report several results for 100G and
beyond transmission over the same optical link. These include
results for multiple baud rates (25 Gbaud, 28 Gbaud, and
54.2 Gbaud) and line rates (120 Gbit/s, 216.8 Gbit/s,
448 Gbit/s, and 1.3 Tbit/s) over different transmission
distances. The 120 Gbit/s signals have PDM-QPSK format
and real-time coherent detection with SD-FEC capability,
and the 448 Gbit/s and 1.3 Tbit/s superchannels use
PDM-QPSK modulation for each optical subcarrier but with
Nyquist-WDM technology. The 8 × 216.8 Gbit/s signals use
54.2 Gbaud PDM-carrier suppression return-to-zero
(CSRZ)-QPSK format on a 50 GHz optical grid. The
electrical-digital post filter is introduced at the Rx to shape
the binary signal into a duo-binary signal for suppressing
noise, crosstalk, and combined filtering effects given spectral
shaping after a wavelength selective switch (WSS),
bandwidth-limited ADC chips, and other optical/electrical
components. This makes possible the use of MLSE with 1 bit
memory length for further signal decoding and error
correction.

2 Digital Post-Finite Impulse Filter
The requirements on the optical filter in a real

implementation are far different from those of an optical filter
under the ideal condition of Nyquist spectral shaping. To
avoid the need for a high-bandwidth, high-sampling-speed
DAC at the Tx, an optical multiplexer with narrowband optical
filtering is typically used to perform aggressive spectrum
shaping and multiplexing. This is necessary to obtain Nyquist
signals, where the symbol bandwidth equals the channel
spacing, or faster-than-Nyquist-WDM signals, where the
symbol bandwidth is less than the channel spacing. However,
spectral shaping induces crosstalk for the intrachannels and
interchannels and greatly limits transmission performance.
This means that innovative signal processing techniques are

▲Figure 3. Multicarrier superchannel realization using
(a) NGI-CO-OFDM and (b) Nyquist-WDM.

NGI-CO-OFDM: no-guard-interval coherent optical orthogonal frequency division multiplexing
WDM: wavelength division multiplexing
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needed at the receiver to realize high SE and counter ISI.
Partial response signaling, also called duobinary signaling

or correlative coding [22], involves introducing a controlled
amount of ISI into the signal rather than trying to eliminate it
completely. This can be compensated for at the receiver, and
an ideal symbol-rate packing of 2 symbols per Hertz can be
achieved without the need for unrealizable filters based on
Nyquist. Optimal multisymbol detection schemes such as
MAP and MLSE are necessary to take advantage of the
symbol correlation in the received partial response signals. In
[36], successful transmission of 198 × 100G
bandwidth-constrained PDM RZ-QPSK channels with an SE
of 4 bit/s/Hz over long-haul ultralarge-effective-area (ULEA)
fiber is reported. The challenge is that the number of states
and transitions grow exponentially in relation to memory
length. An MLSE length of 10 means 410 states and 411

transitions in lane-dependent PDM-QPSK signals [33], which
imposes significant computational complexity in practical
implementation. On the other hand, the noise in
high-frequency components of the signal spectrum is
enhanced when a conventional linear impairment equalization
algorithm, such as conventional constant modulus algorithm,
is used in a bandwidth-constrained optical coherent system
[40]. The simulated spectrum of data after linear equalization
is shown in Fig. 4(b). The high-frequency part is strongly
recovered and mixed with enhanced noise.

A linear electrical delay-and-add digital
filter is a simple way of achieving partial
response while mitigating the enhanced
noise [40]. The MLSE algorithm is still used
for symbol decoding and optimal detection,
but the memory length is significantly
reduced. Filtering is performed after carrier
phase estimation in the conventional DSP
flow of the coherent receiver. The effect of
filtering on the high-frequency components
is shown in Fig. 4(b). The transfer function of
the digital filter is shown in Fig. 4(a). The
second-tap coefficient of the filter is
adjusted so that its performance with the
following MLSE detection algorithm is

optimized. After filtering, the enhanced
noise and ISI are suppressed.

The digital filter turns 4-point QPSK
signals into 9-point quadrature duobinary
signals. This transformation is shown in
Fig. 5. As a result of the delay-and-add
effect, the 2-amplitude-shift keying (ASK)
in-phase and quadrature components
disappear and change into two 3-ASK
symbol series. The generation mechanism
of 9-QAM signals can be considered a
superposition of two 3-ASK vectors on a
complex plane. The size of constellation
points reflects the relative number of points
generated after the digital filter.

We conducted a lab experiment to
determine the effectiveness of this technology. Fig. 6 shows
the back-to-back (BTB) BER performance for Nyquist WDM
using different demodulation schemes with and without
adjacent subchannels. The signal is 28 Gbaud, and the
channel spacing in the case of WDM is 25 GHz. The ADC is
operated at 50 GSa/s with a 13 GHz bandwidth for all
measurements. The digital signal is resampled at twice the
symbol rate based on the recovery clock. A T /2-spaced
time-domain FIR filter (where T is the sampling time period) is
used for electronic dispersion compensation (EDC). Then,
polarization recovery is performed using classic CMA with
21-tap, T /2-spaced adaptive FIR filters. Carrier recovery,
including frequency offset estimation by FFT method and
carrier recovery by 4th power Viterbi-Viterbi algorithm, is then
performed. It is then additionally equipped with the filter and is
followed MLSE with a memory length of 1 bit [22].

By turning adjacent subchannels off, at BER = 3.8e-3 the
single PM-QPSK subchannel at 112 Gbit/s achieves a
minimal OSNR requirement of 14.4 dB. Typical Nyquist WDM
suffers a large 12.6 dB OSNR penalty because of the
deteriorated filtering effect. Although that penalty may be
reduced by 3 dB by introducing 3-tap MAP estimation at the
receiver, the received OSNR of 24 dB is still too high for
long-haul transmission. By using the new processing
technique with digital filter and 1 bit MLSE, the OSNR penalty

ASK: amplitude-shift keying QAM: quadrature amplitude modulation

▲Figure 4. Transfer profile of digital filter and data spectrum after equalization and filtering.

▲Figure 5. 9-QAM signal generated by a digital filter.
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is dramatically cut down to 1.8 dB (16.2 dB OSNR). We also
investigate 25 Gbaud WDM under the same 25 GHz optical
filtering effect. A 0.5 dB OSNR improvement is obtained
compared with 28 Gbaud case.

3 The 54.2 GBaud Signals on 50 GHz
Optical Grid
This field experiment was conducted to investigate the

feasibility of higher baud rate on the 50 GHz optical grid and
with the same PDM-QPSK format. QPSK constellations
provide lower implementation penalty and the best trade-off
between SE and distance compared with 16-QAM or
higher-level QAM formats. Recent experiments have been
done on hybrid transmission of asymmetrically interleaved

224 Gbit/s and 112 Gbit/s
PDM-QPSK channels at 3 bit/s/Hz.
The filtering penalty is balanced
between interleaved channels, and
transmission distance of 2000 km
can be realized by using Raman
amplifiers and LEAF fiber [41]-[44].
In this work, 50 GHz grid
Nyquist-WDM signals consisting of
8 × 216.8 Gbit/s PDM-CSRZ-QPSK
channels are generated and
transmitted with an unprecedented
net SE of 4 bits/s/Hz.

The transmission link in Deutsche
Telekom’s optical network consists
of 8 nodes from Darmstadt to
Nurnberg with standard G.652 fiber
[45]. The highest and lowest span

losses are 20 dB and 24.1 dB, respectively. In order to extend
the transmission distance, additional 8 × 100k G. 652 fiber
spans are inserted in Stuttgart to increase the total distance to
1750 km. Commercial gain-flatten inline EDFAs are used so
that fiber span loss can be compensated for without the need
for additional gain equalizers in the link. The average loss of
the 22 fiber spans is 21.6 dB. The test center, where both the
transmitters and receivers were installed, was located at the
Deutsche Telekom research center in Darmstadt.

Fig. 8 shows the experimental setup of 8 × 216.8 Gbit/s
PDM-CSRZ-QPSK signal generation and transmission over
1750 km G.652 fiber deployed in the field and in the
laboratory. The 54.2 Gbaud binary electrical signals are
generated from a 4:1 electrical mux after multiplexing
four-channel 13.55 Gbit/s binary signals. Eight ECLs with a

linewidth of less than 100 kHz, with
neighboring wavelength spacing of
50 GHz, and with output power of
14.5 dBm are divided into odd and
even carriers. Each I/Q modulator
is driven by two 54.2 Gbit/s
pseudorandom binary sequence
(PRBS) electrical signals with a
word length of (213-1) × 4. These
modulators modulate the odd or
even carriers. The 67% CSRZ
pulse carver is realized by using a
single-arm Mach-Zehnder
intensity modulator (IM) that is
driven by a 27.1 GHz sinusoidal RF
signal and that is DC-biased at the
null points. Each path is
polarization multiplexed by the
polarization multiplexer. This
comprises a polarization beam
splitter (PBS) to split signal, an
optical delay line (DL1 and DL2) to
provide a delay of more than 100
symbols, and a polarization beam

(b) Constellation diagrams at different
OSNR situations

▲Figure 6. Lab experimental measurement.

BER: bit error rate
MAP: maximum a posteriori

MLSE: maximum likelihood sequence estimation
OSNR: optical signal-to-noise ratio

WDM: wavelength division multiplexing

▲Figure 7. Field-trial link configuration in DT’s optical infrastructure.
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combiner (PBC) to recombine the signal. The odd and even
channels are spectrally filtered and combined using a
programmable WSS with 50 GHz fixed grid. The optical
spectrum of the single-channel 54.2 Gbaud
PDM-CSRZ-QPSK signal before and after 50 GHz grid WSS
is shown in Fig. 9. The spectrum shape at the high-frequency
edge is significantly affected by the strong optical filtering.

The generated 8 × 216.8 Gbit/s PDM-CSRZ-QPSK signal
is launched into a 22-span G.652 fiber transmission link
(Fig. 7). At the receiver, a tunable optical filter (TOF) with 3 dB
bandwidth of 1 nm is used to select the desired channel to be
further evaluated. An ECL with a linewidth of less than 100
kHz is used as the local oscillator (LO).

A polarization-diverse 90° hybrid is used for
polarization-diverse and phase-diverse front end of the
balanced coherent detection. Sampling and digitization (A/D)
is performed in the digital scope with 80 GSa/s sampling rate
and 30 GHz electrical analog bandwidth. DSP is performed
offline. Electrical impairment equalization and polarization
demultiplexing is performed using the following blind
equalization steps:

Step 1: The clock is extracted using the square-and-filter
method, and the digital signal is resampled at twice the baud
rate of the recovery clock.

Step 2: A T/2-spaced time-domain finite
impulse-response (FIR) filter is used to compensate for

chromatic dispersion. The filter
coefficients are calculated from a
known fiber CD transfer function
using the frequency-domain
truncation method.

Step 3: Two complex-valued,
13-tap, T/2-spaced adaptive FIR
filter banks, found on a classic CMA,
is used to demultiplex the QPSK
signal and compensate for the
residual CD and polarization-mode
dispersion (PMD). LO frequency
offset compensation and
carrier-phase estimation (CPE)
follow using Viterbi-Viterbi algorithm.
As a result of linear equalization of
the spectral shaping signals, the
noise and linear crosstalk at the
high-frequency edge of signals is
enhanced, which leads to the OSNR
reduction.

Step 4: A digital postfilter, as
discussed in section 2, is added and
followed by the MLSE for the partial
response estimation.

Because of the known pattern of
duobinary signaling, only two states
with 1 bit memory length) are needed
for the signal decoding of the
independent electrical lane. In this
field experiment, errors are counted

over 12 ×106 bits (12 data sets, each data set contains 106

bits), and differential decoding is used to solve π/2 phase
ambiguity.

Fig. 10 shows the back-to-back BER as a function of
OSNR with noise measured at 0.1 nm bandwidth. We
measure the performance of the middle channel at
1551.51 nm while temporarily turning off the adjacent

▲Figure 8. Experimental setup for generating and transmitting 8 × 216.8 Gbit/s PDM-CSRZ-QPSK
over 1750 km fiber. Eye diagrams of PDM-CSRZ-QPSK before (a) and after (b) CSRZ pulse curving.

CD: chromatic dispersion
CMA: constant-modulus algorithm

DL: optical time delay line
I/Q Mod: QPSK modulator

IM: intensity modulator
LO: local oscillator
OC: optical coupler
PBC: polarization beam combiner

PBS: polarization beam splitter
Pol. Mux: polarization multiplexing

TOF: tunable optical filter
WSS: wavelength selective switch

▲Figure 9. Spectrum before and after WSS (0.1 nm resolution).
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Nyquist-WDM channels and bypassing the WSS. The
required OSNR for this single carrier at BER = 1×10-3 is
21.6 dB/0.1 nm. This corresponds to the theoretical
implementation penalty. After 50 GHz WSS filtering, a
negative penalty of 0.8 dB is obtained. This penalty arises
because the CS-RZ pulse has a very wide spectrum, and
part of the optical power cannot be detected by the coherent
receiver because of the limited bandwidth of the real-time
oscilloscope [43]. By turning on the adjacent carriers, the
measured OSNR requirement of BER = 1×10-3 for Nyquist
WDM channels is about 21.4 dB. This means that a 0.6 dB
penalty is caused by channel crosstalk. We also confirmed
that all other channels perform similarly except that the side
channel has 0.5 dB better OSNR tolerance.

The optical spectrum before and after transmission over
1750 km with 2 dBm input power and 0.2 nm resolution is
shown in Fig. 11. The measured BER after transmission, that

is, the average of both X and Y polarizations, is also shown in
Fig. 11. The BER for all Nyquist-WDM channels is better than
the hard-decision (HD) pre-FEC threshold of 3.8×10-3. The
average BER of all channels is 3.1×10-3, with individual BER
values ranging from 2.1×10-3 at the edge to 3.6×10-3 in the
middle channel.

Fig. 12 shows the BER after transmission when the signal
power into each span fiber is varied. The input power at
2 dBm per channel is the optimal launch power. The
constellation diagrams of the transmitted signal before and
after digital filtering are shown in Fig. 12 (insert). The binary
QPSK signal is converted into duo-binary QPSK signal with
less noise. The results from our field experimental show the
potential for ultralong-haul transmission using the doubled
baud rate and the relatively simple QPSK modulation format.

4 Mixed Transmission of 100G, 400G,
and 1 T
In a similar optical link, we conducted another field trial on

the mixed transmission of 120G signals and two multicarrier
superchannels at 448 Gbit/s and 1.3 Tbit/s (Fig. 13). The
400G superchannel is generated using four independent
ECLs with a linewidth of less than 100 kHz (Fig. 14). The PRBS
rate is 28 Gbit/s for four electrical lanes. After the polarization
multiplexing structure for odd and even channels, the
PDM-QPSK signals pass through a WSS, which is
programmed to operate at 25 GHz interleaving mode for
spectral shaping of all input subchannels. This yields an SE of
4 bit/s/Hz. The generation of 13-subcarrier 1T signal is
different. The CW light from an ECL with a linewidth of less
than 100 kHz and output power of 14.5 dBm is modulated by
a cascaded phase modulator (PM) and IM. The PM is driven
by an RF clock at 25 GHz with a peak-to-peak voltage of
17 V. Its half-wave voltage and insertion loss is 4 V and
3.8 dB, respectively. After phase modulation, multiple
coherent carriers spaced at 25 GHz are generated. TheBER: bit error rate

▲Figure 10. Back-to-back BER performance of the middle channel
at 1551.51 nm in different situations.

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

▲Figure 11. Optical spectra (left) and BER performance after
transmission over 1750 km fiber.

▲Figure 12. BER performances after 1750 km transmission at
different input optical power per channel.

BER: bit error rate
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following IM is driven by a synchronized 25 GHz clock and
is used to flatten the optical subcarriers generated by the PM.
Then, the odd and even channels are separated using a
25/50 GHz optical interleaver (IL). The odd and even channels
are independently I/Q modulated by a 25 Gbit/s PRBS signal
and then polarization multiplexed. They are then combined by
a 25 GHz WSS, which performs a similar function as in the
400G case. The signal occupies 325 GHz optical bandwidth.
Significant linear crosstalk is expected to occur in the 400G
and 1T cases. The digital filter and MLSE that follows are used
to mitigate this impairment. The 100G line card used in this
field experiment is a real-time coherent transceiver that is
multisource agreement (MSA) package compliant. It consists
of a 100GE CFP at the client side, OTU4 framing, PDM-QPSK
modulation at line side, and coherent detection and DSP at
receiver side (Fig. 14). A 40 nm CMOS ASIC is used with a
four 8 bit, 63 GSa/s ADC on the receiver side. One of the key
features of the MSA transceiver is that it has SD-FEC
capability for correcting a pre-FEC BER of 1.9e-2 to less
than 1e-15, which corresponds to an 11.1 dB net coding
gain. The total line rate is 120 Gbit/s with 15% SD-FEC
overhead, which is based on Turbo-Product Code (TPC).
Fig. 15(a) and (b) shows the back-to-back
BER measurements as a function of OSNR for
the 400G and 1T QPSK subchannel,
respectively. The black square represents the
performance of a single subcarrier without
spectral shaping by the WSS. The subcarrier
in 400G has 1.5 dB penalty at BER = 1 ×10-3 ,
and the subcarrier in 1T has 1.4 dB penalty at
the same BER. The difference in receiver
sensitivity can be attributed to the 25 GHz
spectral shaping of 25 Gbaud and
28 Gbaud signals. No substantial error floor is
observed for both cases. Fig. 16(a) shows
back-to-back pre-FEC BER as a function of
OSNR for a 100G channel. A theoretical

curve is also shown for comparison.
OSNR of 15.5 dB is required for
BER = 1×10-3, and only 1 dB
implementation penalty is
generated from the theoretical limit
at SD-FEC threshold.

The 400G and 1T channels
co-propagate with two 100G
signals. The spectrum of the mixed
signals after 1750 km transmission
is shown in Fig. 16(b). The field
experiment results are obtained for
a launch power of 400G and 1T of
-2 dBm per channel. The optimized
launched power is -2 dBm and
-1 dBm for 400G and 1T per
channel, respectively. The average
received OSNR is 17.5 dB. The two
100G channels are located at
1558.85 nm and 1557.25 nm. Fig.

17 shows constellation diagrams and the corresponding
measured BER after
1750 km transmission for both 400G and 1T signals. Fig. 18
shows BER as a function of the transmission distance in
mixed-channel operation. Transmission distances of 950 km
(all field fiber), 1750 km (950 km field + 800 km lab fiber in
Stuttgart), and 2150 km (950 km field + 800 km lab fiber in
Stuttgart + 400 km lab fiber in Darmstadt) are measured with
the BER performance better than pre-SD-FEC threshold.
After 2150 km transmission, the pre-FEC BER is 7.7×10-3 and
5.7×10-3, respectively. This means that the encoding
correction should be in the SD-FEC region. In the case of
100G transmission, a BER of 5.6×10-4 is achieved after
2150 km transmission. We also measured the transmission
performance over 2450 km, the longest distance obtainable in
our field trial with two 100G channels alone. A large BER
margin still exists, even when pre-HD-FEC threshold and
error-free transmission is verified on the client side.

5 Conclusion
In our field trial, we successfully demonstrated the

ADC: analog-to-digital converter
DSP: digital signal processing
I/Q Mod: QPSK modulator
IL: interleaver

IM: intensity modulator
LO: local oscillator
OC: optical coupler
PD: photodetector

PM: phase modulator
P-Mux: polarization multiplexing
PRBS: pseudorandom binary sequence
WSS: wavelength selective switch

▲Figure 13. Different generation schemes of 400G and 1T with similar coherent detection.

▲Figure 14. 100G MSA transceiver with SD-FEC capability.
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transmission of 100G and beyond over Deutsche Telecom’s
optical infrastructure. The first field experiment with
8 × 216.8 Gbit/s DWDM PDM-CSRZ-QPSK signals reached
a record net SE of 4 bit/s/Hz over 22 SSMF spans with a total
distance of 1750 km and with the BER of all channels smaller
than the HD pre-FEC limit. This field experiment indicates that
doubling the baud rate on the same 50 GHz grid with the
same QPSK modulation is feasible to increase the capacity
over long-haul transmission distances. In the case of mixed
transmission, the 448 Gbit/s channel using Nyquist-WDM
technology with PDM-QPSK modulation at each subcarrier
achieved a net SE of 4 bit/s/Hz. Technology for generating
multiple optical tones is used for the 1.3 Tbit/s superchannel
creation with the same 25 GHz Nyquist spectral shaping and
325 GHz optical occupancy. These two superchannels—
together with two neighboring real-time, SD-FEC based,
100G coherent transceivers—are successfully transmitted
over 1750 km optical link for pre-HD-FEC and 2150 km for

▲Figure 15. Back-to-back receiver sensitivity of Nyquist
(a) 400G and (b) 1T signals.

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

WSS: wavelength selective switch

▲Figure 16. (a) Measured back-to-back pre-FEC BER performance
versus OSNR of the 100G channel, and (b) optical spectrum of a
mixture of two 100G channels, one 400G, and a 1T channel after
1750 km transmission.

BER: bit error rate
CO-OFDM: coherent optical orthogonal frequency-division multiplexing
N-WDM: narrow-wavelength-division multiplexing
SD-FEC: soft decision forward-error correction

▲Figure 17. Constellation diagrams after 1750 km transmission.

BER: bit error rate FEC: forward error correction
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pre-SD-FEC threshold with EDFA-only amplification in the
link. The digital post filter and simplified MLSE algorithm are
introduced in beyond-100G channels to mitigate the
enhanced noise and crosstalk caused by strong spectral
shaping. For the 100G transponder deployed in the real
network, a large BER margin exists with respect to the
pre-SD-FEC BER threshold after transmission over 2450 km
field fiber. These field experiments show that 100G
technology with SD-FEC is capable of ultralong-haul
transmission. Nyquist WDM with special signal processing is
practically implementable and very promising for scaling
channel capacity beyond 100G over longhaul distances.
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Abstract

Augmented reality (AR) has emerged from research
laboratories and is now being accepted in other domains as an
attractive way of visualizing information. Before AR can be used
in the mass market, there are a number of obstacles that need
to be overcome. Several of these can be overcome by adopting
open standards. A global grassroots community seeking open,
interoperable AR content and experiences began to take shape
in early 2010. This community is working collaboratively to
reduce the barriers to the flow of data from content provider to
AR end user. Standards development organizations and
industry groups that provide open interfaces for AR meet
regularly to provide updates, identify complementary work, and
seek harmonization. The community also identifies deployer
and implementer needs, communicates requirements, and
discusses emerging challenges that could be resolved with
standards. In this article, we describe current activities in
international standards-development organizations. We
summarize the AR standards gap analysis and shed light on
special considerations for using standards in mobile AR.

Keywords
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SS
1 Introduction

ince late 2008, augmented reality (AR) has rapidly
gone from being a topic of research and pilot
projects to being a promising new way of providing
value to almost any user scenario that involves the
physical world and digital data. By providing digital

information in real time and in tight association with the user’s
physical surroundings, AR enhances the experience of“the
present”for pleasure, learning, and professional goals.

As technologies mature and solutions for producing and
experiencing the world with AR proliferate, companies must

work harder to define and protect their unique contributions to
the AR ecosystem. In most markets, standards emerge once
a sufficient number of organizations see market and business
value in interoperating with the solutions or services of others.
Standards frequently provide a shared platform for
technology and market development. They ensure the smooth
running of an ecosystem, in which different segments
contribute to and benefit from the success of the whole, and
they are commonly the basis for robust, economically viable
value chains. Widespread adoption of standards throughout
the AR ecosystem will ensure interoperability between
traditional and emerging content-creation and management
systems. It will also increase the variety and amount of data
available for use in AR-enhanced end-user experiences.

At the time of writing of this article, interoperable,
open-standards-based AR content creation and
management platforms do not exist. Applications for
experiencing AR using standards-compliant interfaces and
protocols also do not exist. This is not to say that there has
been no change in the AR ecosystem over the past year or
that there has been a lack of progress towards
open-standards-based AR experiences.

Over the past year, the number of single-vendor
technology“silos”(technology that is closed and managed
by a single vendor) has increased, and the challenge of
publishing once for use across fragmented markets has
grown more complex. At the same time, an increasing number
of important industry groups and standards-development
organizations (SDOs) have begun working on new, open
frameworks and extensions of existing standards in which AR
is the primary use case or one of the most important use
cases. Finally, the number of users with AR-compatible
devices has also increased, making the need for standards
more clearly to participants in the ecosystem who seek to
reach the mass market.

In 2012, there has been widespread interest in and
increasing requests for standards-compliant AR solutions.
Content publishers that can provide high-value AR
experiences are motivated to make their data available to
users of various devices that are connected to all types of
networks or that are not connected at all. By adapting the
assets used by many terminals, and by adapting content
delivery options, publishers can monetize content for different
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use cases across substantially larger markets. This maximizes
the audience size and potential revenue. Adoption of
standards also reduces implementation costs and mitigates
investment risks by making devices and use cases
independent. By the beginning of 2013, leading technology
providers will respond to these needs by introducing
interfaces that comply with open standards and by
introducing applications that provide AR experiences based
on content authored in or delivered by platforms of
competitors or partners.

2 Guiding Principles of an Open AR
Industry
Open AR—interoperable systems for viewing content

overlaid on the physical world in real time—is necessary for
the continued evolution of the AR market. There are numerous
standards that can be used to develop and deploy open AR;
however, there are still interoperability gaps in the AR value
chain. Work needs to be done on determining best practices
for using existing international standards to build and deliver
AR. Where there are interoperability gaps, new standards are
being or need to be defined, documented, and tested.
Pushing new standards through the development process of a
standards organization may not suit the needs of the AR
community, and profiles of existing standards may be more
appropriate. Further, the development of a framework of
standards for designing, building, and delivering AR is
beyond the resources of any single body. Because AR
requires the convergence of so many technologies, there are
numerous interoperability challenges, and there will be no
universal AR standard. Instead, AR will leverage hardware
and software based on a suite of standards.

Many developers of AR technology seek to leverage
existing standards that solve different interoperability issues.
In order to address new issues raised by AR, we must extend
standards that have been proven and optimized to permit
applications to learn user locations, display objects on the
screen, timestamp every frame of a video, and use inputs to
manage behaviors.

One of the strongest motivations for cross-standard,
multiconsortium, open discussions about standards and AR is
time-to-market. Repurposing existing content and
applications is critical. Existing standards (or profiles of
standards) are used to avoid making mistakes, and currently
deployed and proven technologies, including emerging

technologies, should be used to address urgent issues for AR
publishers, developers, and users.

However, the time-to-market argument is only valid if most
or all members of the ecosystem agree that having open AR,
the opposite of technology silos, is a good thing. It is evident
from the participation of academic and institutional
researchers, companies of all sizes, and industry consortia
representing technology groups, that there is agreement
across many parts of the AR ecosystem about the need for
standards [1].

2.1 Suggested Model of a General AR Ecosystem
The AR ecosystem comprises at least six interlocking,

interdependent groups of technologies. Fig. 1 shows how
these groups bridge the space between the digital and
physical worlds.

On the far right of Fig. 1, there is the client device in the
end-to-end system. The user holds or wears the client, which
provides an interface for interacting with one or more services
or applications in the digital world. The device also
incorporates an array of real-time sensors, such as cameras,
pressure sensors, or microphones. The sensors in the device
detect the surrounding environment and, in some cases, also
the user’s input. There may also be sensors in the
environment that could be accessed via the application. The
client device is also the output for the user, permitting
visualization or other forms of augmentation, such as sounds
or haptic feedback.

Manufacturers of components and AR-capable devices
such as smartphones may be present in both the client
segment of the ecosystem as well as the enabler segment at
the far left of Fig. 1. At the right side, client devices are
frequently tightly connected to the networks.

Network providers, application store providers, government
and commercial portals, social networks, spatial data
infrastructures, and geo-location service providers provide
the discovery and delivery channel by which the user
experiences AR. This segment, like the device segment,
overlaps with other segments so that companies may be
content providers as well as device manufacturers.

Packaging companies provide tools and services that
permit viewing of any published and accessible content. In
this segment, there are subsegments such as AR SDK and
toolkit providers, Web-hosted content platforms, and content
developers who provide professional services to agencies,
brands, and merchants.

Packaging companies provide technologies and services to
organizations that have content suitable for context-driven
visualization. Unlike other segments in the AR ecosystem,
which existed prior to AR becoming possible on consumer
devices, this segment is new. It developed rapidly between
2008 and the end of 2011. In this segment, there is the
greatest number of proprietary AR solutions. The packaging
segment must adapt rapidly in the near future because
open-standard interfaces will be incorporated into client
software, including the device operating systems, and will be
used by content providers.
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Packaging companies sometimes rely on providers of
enabling technologies (Fig. 1). As with the packaging
segment, there are subsegments of the enabler segment.
These subsegments include semiconductor, sensor, and
algorithm providers. The enabler segment is rich in existing
standards that are being assimilated by the packaging
segment companies.

Content providers have public, proprietary, and
user-provided data. Traditionally, proprietary content was the
primary content used in AR. More recently, content such as
traffic data and base maps has been provided by government
agencies, and content such as Open Street Map has been
provided by volunteer sources. An excellent example of the
evolution from proprietary to mixed-content platform is map
data used in AR.

Traditional content providers, brands, and merchants
seeking to provide digital information to users of AR-enabled
devices were previously reluctant to enter the AR ecosystem
because investment in a proprietary solution for a small
audience was seen as a dead end. Two trends are stimulating
content providers to examine AR more closely. First,
companies have begun to realize that a dedicated
application, such as an application for trying on glasses,
gives real value to users and increases their engagement with
a brand. This, in turn, increases sales. AR is now seen as a
good investment for understanding end-user behavior and as
a good investment for being perceived as forward-looking
company. Second, in 2013, content providers will be looking
carefully at how widely standards have been adopted for
content encoding and for providing platforms and packaging
companies with access to content. Content providers are
waiting for this clear indication of market maturity. Standard
interfaces and encoding will also allow content providers to
access content from many more sources, including
proprietary, user-provided, and government sources.

Content providers and those who experience AR will benefit
when AR content standards are available to present the
source content in a consistent and high-quality manner.

3 AR Requirements and Use Cases
For the proper development of AR standards, there needs

to be a very clear understanding of AR requirements and use
cases. Different domains have different AR requirements; for
example, mass-market mobile AR used in tourism has
different requirements from AR used by first responders in
emergencies. However, analyses have been done to identify
the most common requirements. By specifying use cases and
requirements, standards organizations are beginning to
obtain information about which standards are best for given
situations or workflows. Given that different AR segments have
different needs for standards, there are a number of different
standards bodies and industry consortia that have been
working on different aspects of the AR standards stack.
Stronger collaboration between these bodies is required. By
holding open, face-to-face meetings between parties such
as AR DevCamps and the International AR Standards

Community, people from vastly different backgrounds are
convening to exchange and share information about their
successes and how these may be used to overcome
challenges in interoperable and open AR. Having a common
set of use cases and related requirements provides a
lingua-franca for collaboration and discussion.

Collaboration between SDOs and their related expert
communities is crucial at this juncture in the growth of AR. If
we can benefit from the experience of those who have written,
implemented, and optimized today's most popular standards
for AR-like applications such as OpenGL ES, JSON, HTML5,
KML, GML, City GML, and X3D, the goal of interoperable AR
will be more quickly achieved and many costly errors may be
avoided.

In discussions on standards, it is generally agreed that
developing standards specifically for AR applications is only
necessary in a small number of cases. Instead, repurposing
(creating profiles) and better understanding standards that
have already been developed by organizations such as the
Khronos Group, Web3D Consortium, World Wide Web
Consortium (W3C), Open Geospatial Consortium (OGC), ETSI
3GPP, Open Mobile Alliance (OMA), National Information
Standards Organization (NISO), British Information Standards
Organization (BISO), and Society for Information Display (SID)
will ensure the greatest impact, largest markets, and most
stable systems in the future.

3.1 Requirements of AR Content Publishers
Publishers who produce and deploy AR content are

extremely varied. They include multinational media
conglomerates, device manufacturers, governments at all
levels, users themselves, and individual content developers
who wish to share their personal trivia or experiences.
Publisher subsegments have needs that align with their
specialized markets or use cases. Broadly speaking, a
content publisher seeks to

•reach the maximum audience with the same content
•provide content in formats that are suited to special-use

cases (also called repurposing)
•provide accurate, up-to-date content
•control access, for example, to billing, and limit pirating.
Content publishers desire a simple, lightweight mark-up

language that is easily integrated into existing
content-management systems and that attracts a large
community of developers who will customize the content.
Extending or creating profiles of the NISO information
standards could be very useful; however, this has yet to be.
Standards that specify the relationship between AR-ready
content and KML could also be very useful. In 2011, members
of the OGC, which is responsible for keyhole mark-up
language (KML), initiated extensions to KML and ARML 2.0.
This could be highly relevant to the content-provider segment.

3.2 Requirements of the Packaging Segment
This is the segment of the AR ecosystem in which

proprietary technology silos are most evident and where
control of content-development platforms is highly
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competitive. The needs of providers of tools and platforms are
significantly different from (and should be differentiated from)
those of professional service providers, who use tools to gain
their livelihoods.

Tools and platform providers seek to
•access and process content from distributed repositories

and sensor networks. This may include repackaging for
efficiency. However, for content such as maps or location
content, the ability to access the content closest to the source
gives the end user the latest, best quality.

•offer their tools and platforms to a large (preferably
existing) community of developers who develop commercial
solutions for customers

•integrate and fuse real-time sensor observations into the
AR application

•quickly develop and bring to market new, innovative
features that make their system more desirable than a
competitor’s or a free solution.

Professional developers of content are service providers
who use the SDKs and platforms for publishing. They seek to

•make AR versions of (repurpose) existing tools and
content. This helps manage costs and promote learning
curves.

•provide end users with rich experiences that leverage an
AR platform but, at the same time, have features that tie users
to existing platforms for social networking, communications,
navigation, content administration, and billing.

The packaging segment has a central role in designing and
preparing AR experiences for end users. They also have a
central role in the eventual propagation of
open-standards-based tools and will be sensitive to and
impacted by the development of standards in SDOs. Activities
relevant to AR in OGC, W3C, Web3D Consortium, SID,
Khronos Group, and OMA should proceed with strong input
from this segment.

3.3 Discovery and Delivery Segment Requirements
Companies that provide connectivity (access and transport)

between AR platforms and end-user devices have previously
been defined as the“discovery and delivery”segment of the
AR ecosystem. This segment provides value to ubiquitous AR
experiences by ensuring that users can promptly and
securely access the content necessary for AR. It also ensures
that statistics about AR experiences are systematically and
accurately captured.

Those in the delivery segment seek to
•receive and transmit requests from user devices to

subscribe to/unsubscribe from AR experiences. These
requests are processed according to the user’s context, for
example, location and detection of marker, in a manner that is
scalable, reliable, and flexible to local network conditions.

•suspend and resume (hold/unhold) AR sessions in a way
that makes optimal use of communications infrastructure

•access, cache, retrieve, and distribute content (assets)
for use in AR experiences in a way that makes optimal use of
distributed, low-cost resources

•adapt the AR content delivery to the capabilities of the

user device.
The OMA is working on a definition of the MobAR Enabler.

In conjunction with W3C, OGC and other SDOs, they are
taking into account the requirements of the delivery segment
in the AR ecosystem [2].

3.4 AR System and Content Users
This is the most diverse segment in the AR ecosystem.

Users include all people, related services, and organizations
involved in future scenarios. It is natural that users of AR
systems and content want to have experiences that leverage
the latest technologies and the best, most up-to-date
content without losing any of the benefits they have grown
accustomed to.

Regardless of the use case or final objectives, end users
seek to

•request and receive content in the context of their
surroundings and in tight association with local points of
interest. This may involve the use of filters, formats, and
resolutions suited to the user’s device and connectivity.

•receive content in AR view from multiple sources as part
of a single, integrated AR experience

•rate and give feedback to the publisher about content
•create personal media and associate it with the real world

(“social”AR).
In addition, the OMA has stated that end users should be

able to
•personalize AR settings according to their preferences
•permit or prevent the collection of end-user metrics by

AR content and system providers
•use AR in conjunction with reliable, secure billing

mechanisms that are directly linked to the subscriber’s
account.

4 Approaches to the Challenge of AR
Standards
To meet the needs of developers, content publishers,

platform and tool providers, network operators, device
providers, and users of the AR ecosystem, experts in
hardware-accelerated graphics, imaging and computing,
cloud computing and Web services, digital data formats,
navigation, sensors, geospatial content and services
management, and hardware and software devices must
collaborate.

4.1 Basic Tools of the Standards Trade
Standards that are useful to AR segments leverage the

know-how that is gained from creation of and
experimentation with open-source, commercial and
precommercial implementations. The process of
recommending standardization usually begins with the
development of a core set of requirements and use cases.
This work is then followed by the establishment of a
vocabulary (terms and definitions), information models, and
abstract architectures. Principle objectives must also be
agreed upon.
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The results of one or more gap analyses, combined with
known or emerging ecosystem requirements, reveal where the
community should concentrate their standardization efforts.
Guided by these directions, new standards work done by
existing standards organizations can begin to fill the gaps and
support AR experiences.

4.2 Standards Gap Analysis
A gap analysis begins with detailed examination of

available standards in order to determine which standards are
close to meeting AR ecosystem requirements and which are
not. Gap analysis began as a community-driven activity
involving developers and providers of tools and content. It
began in October 2010 at the International AR Standards
Meeting in Seoul and continued throughout 2011 and into the
first half of 2012.

In gap analysis, problems are divided into those related to
content and software and those related to infrastructure, such
as device hardware and networks. The following describes
the gap analysis to date.

5 Content-Related Standards

5.1 Declarative and Imperative Approaches to Content
Encoding

First, for a gap analysis to succeed, it is important to clarify
differences between the declarative and imperative
approaches used in standards to describe and deliver
content.

The imperative approach usually defines how something is
computed; for example, it may define the code. Such
definitions may cover storage, variables, states, instructions,
and flow control. The imperative approach usually benefits
from many options and user-centered variations. Imperative
code can be designed in any manner as long as it conforms
to the common rules of the interpreting background system. A
typical example is JavaScript, which is a highly popular
implementation of the ECMA Script (ECMA-262) language
standard and a part of every Web browser on a mobile or
desktop today.

Declarative approaches are more restrictive, and their
design usually follows a strict behavior scheme and structure.
They consist of implicit operational semantics that are
transparent in their references and describe what is
computed. Declarative approaches usually do not deliver
states; thus, it is more difficult to create a dynamic system
using a declarative approach. On the other hand, declarative
approaches tend to be more transparent and easy to
generate and use. A common declarative language in use
today is the W3C XML standard, which defines a hierarchical
presentation of elements and attributes. Another coding form
for declarative data is JavaScript Object Notation (JSON),
which is a lightweight, easy-to-port data interchange format.
It builds on the ECMA Script specification.

Both approaches, either individually or in combination, are
likely to be used to create AR content encoding and payload

standards.

5.2 Existing Standards
There are many standards related to content or payload

encoding that could be used for AR applications. Fig. 2 shows
an initial inventory of these standards and their possible
relationships.

At the time of this analysis, there are at least ten mature
standards based on geo-information system (GIS). These
standards could be used in AR services and applications that
rely on the user’s location. There are also another five to six
ratified and widely adopted international standards that define
the position and interactivity of digital objects in a user’s
visual space.

5.3 New Standards Activities
In addition to the numerous existing standards, at least two

new AR-specific standards are being developed.
The W3C Points of Interest Working Group is drafting the

first version of the POI specification. The POI draft
specification has been completed, will be voted on in late
2012, and is estimated to be available in early 2013. It will
provide a simple data model for describing a POI that
includes but is not limited to

•an anchor
•an extent
•a URI
•a category
•an address.
In September 2011, the OGC ARML 2.0 Working Group

began examining and harmonizing different approaches to
using extensions or profiles of KML to create AR experiences.
The charter of the ARML WG is to provide an open-standards
approach to using KLM to encode the placement and
interactivity of a digital object. The group’s work is advancing
and results may be available for testing in late 2012.

5.4 Gap Analysis and Work in Progress
The gap analysis suggested in section 4.2 has been

performed by the International AR Standards Community. The
analysis revealed four very important issues in
content-related standards:

•Terminology and architectural frameworks related to
content (AR in particular) are not consistent across SDOs.
This makes comparing standards, conducting ongoing
activities, and using standards for open AR very difficult.

•There are multiple description systems for 3D that could
be appropriate for AR, and these must be examined for
suitability. Some of the existing 3D standards may be
extended to describe AR experiences involving 3D objects.

•A suitable encoding standard for 3D object transmission
is needed for many applications. This could be developed
with minimal new investment, and it could be based on
existing standards.

•An appropriate set of standards for indoor positioning
and navigation are lacking. This is significantly hampering the
development of certain AR use cases that require positioning
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of the user both indoors and outdoors.
To address the first of these issues, the International AR

Standards Community has begun to develop the Augmented
Reality Reference Model to describe AR from perspectives
defined by the ISO/IEC 10746 standard for reference models.

To address the second of these issues, the Declarative 3D
Community Group of the W3C has begun holding meetings. It
will discuss approaches with members of other WGs in the
W3C as well as members of the Khronos Group, ISO/JTC1 SC
29 WG 11, and Web3D Consortium.

To address the third of these issues, the Khronos Group,
Web 3D Consortium, and ISO/IEC JTC 1 SC 29 WG 11
(MPEG) began a dialog in December 2011.In March 2012, at
the AR Standards Community meeting in Austin, TX, they
drafted a joint proposal for development. Work on a new 3D
compression and transmission standard is underway in a
cross-SDO working group established through a series of
liaison memorandums for this purpose. The subject of indoor
positioning and navigation has begun to be discussed in
standards groups. In January 2012, the OGC board approved
the formation of the Indoor GML Standards Working Group,
which conducted its first meeting in Austin, TX, in March 2012.

Further development of a middleware API for abstracting
between the positioning technology and depiction of indoor
spaces will be very valuable to the AR development
community.

6 Considerations for Mobile AR Standards
Many promising technologies have been developed and

integrated into mobile device hardware. New sensor
technologies allow data for mobile AR applications to be
delivered in a format that can be processed. The processing
power of mobile devices has increased exponentially in
recent years, as has network and memory bandwidth to
support the latest mobile devices and applications. Software
frameworks and platforms for mobile application development
have also advanced greatly, permitting developers to create
new user experiences very quickly. This creates huge
potential for context- and location-aware AR experiences or
applications to be extended to take advantage of new
capabilities.

Although these developments have accelerated growth in
the number and diversity of mobile AR-ready devices, this

September 2012 Vol.10 No.3ZTE COMMUNICATIONS44

IETF: Internet Engineering Task Force ISO: Information Standards Organization: OGC: Open Geospatial Consortium W3G: World Wide Web Consortium

▲Figure 2.Standards landscape and effect on mobile AR.
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growth has come at a cost. There are numerous standards
available, but they are not well adapted for mobile platforms
or use in AR. New work needs to be done to implement lighter
profiles of these existing standards for use in mobile AR
experiences so that content is delivered consistently across
multiple, different platforms and in different use scenarios.

6.1 Mobile AR and Sensors
A sensor outputs information about an observed property. It

uses a combination of physical, chemical, or biological means
to estimate the underlying observed property. A sensor
observes external phenomena and represents it with an
identifier or description, usually in the form of an estimated
value. Satellites, cameras, seismographs, water temperature
and flow monitors, and accelerometers are examples of
sensors. Sensors may be in-situ, such as those in an air
pollution monitoring station, or they may be dynamic, such as
a camera in an unmanned aerial vehicle. The sensor detects a
property at a specific point in time and at a specific location,
that is, within a temporal and spatial context. Further, the
location of the sensor might be different from the location of
the observed property. This is the case for all
remote-observing sensors, such as cameras or radar.

From a mobile AR perspective, sensors may be in the
device (onboard) or outside the device (external) and may be
accessed by the AR application as required. Regardless, all
sensors have descriptions of the processes by which
observations and measurements are generated. They also
have other related metadata, such as quality, time of last
calibration, and time of measurement. Metadata, or
characteristics, are critical for developers and applications
that require sensor observations. A standard language for
describing a sensor, its metadata, and processes will allow for
greater flexibility and ease of implementation when accessing
and using sensor observations in AR applications.

Sensors behave differently in different devices and
platforms. Even when the same phenomenon is observed,
dynamic (mobile) sensor observations may be inconsistent
because of differences in manufacturing tolerances or
measurement processes. Calculating a user’s indoor location
is one example where wide variation may occur. Different
location-measurement technologies provide different levels
of accuracy and quality. Inconsistency is exacerbated by
factors such as interference from other devices and materials
in the building.

Approaches that use computer-vision algorithms to
improve the accuracy of geo-positioning data in mobile AR
are promising. However, these approaches require new
models for recognition, sensor-fusion, and pose
reconstruction to be defined. Ideally, an abstraction layer that
defines these different“sensor services”with a well-defined
format and sensor characteristics would address existing
performance limitations.

For some AR applications, real-time processing of vision
data is crucial. In these cases, raw camera data cannot be
processed in a high-level programming environment and
should be processed on a lower level. When processing is

done at a lower level, algorithms that create an abstracted
sensor-data layer for pose are beneficial.

Sensors with different processing needs can contribute to
the final AR experience. At the same time, higher-level
application logic may benefit by taking data from multiple
sensors into account. Standards may provide direct access to
sensor data or higher-level semantic abstractions of it.

A critical source of content for many AR experiences,
regardless of domain, will be near-real-time observations
from in-situ and dynamic sensors. In-situ sensors are used
as traffic, weather, fixed video, and stream gauges. Dynamic
sensors are used in unmanned aerial vehicles, mobile human
contexts, and satellites. Already, some content used in AR is
obtained via sensor technology, such as LIDAR. This content
is processed and stored in a content management system.
There are many other sources of sensor data that are, or will
be, available on demand or by subscription. These sensor
observations need to be fused into the AR environment in real
time as well. There is a need for standards that enable the
description, discovery, access, and tasking of sensors within
the user’s environment so that these sensors can be included
in AR experiences.

6.2 Mobile AR Processing Standards
Considerable work has previously been done on standards

for situational awareness, sensor fusion, and service
workflows. This is a large field in which many existing
standards are suitable for use by AR developers and content
publishers. Some of these standards can be applied to
processes in an AR workflow. For example, the OGC Web
Processing Service provides rules for standardizing inputs
and outputs (requests and responses) for geospatial
processing services, such as polygon overlay. The standard
also defines how a client can request the execution of a
process and how the output of the process is handled.

Other approaches to describing vision-based tracking
environments with visual (camera) constraints were first taken
by Pustka et al., who introduced spatial relationship patterns
for AR environment descriptions [3].

There are several standards that could be used for the
presentation and visualization workflow stack for AR
experiences. An AR-enabled application can use a service
interface to access content such as a map. There are also
lower-level standards for rendering content on the device.

Not all AR requires use of 3D. In some cases, especially in
devices with low-power processors that cannot render 3D
objects, 2D annotations are preferable. A very convenient
declarative standard for describing 2D annotation is W3C’s
scalable vector graphic (SVG) standard or even HTML.

6.3 Mobile AR Acceleration and Presentation Standards
Augmented reality is highly demanding in terms of

computation and graphics performance. Truly compelling AR
on mobile devices requires advanced computation and
graphics capabilities in today’s smartphones.

Many mobile AR applications make direct and/or indirect
use of hardware to accelerate computationally complex tasks.
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Because device hardware varies, standard application
programming interfaces (APIs) reduce the need to customize
software for specific hardware platforms.

The Khronos Group is an industry standards body that
defines open APIs that enable software to access
high-performance silicon for graphics, imaging, and
computation. A typical AR system with 3D graphics uses
several Khronos standards and some that are under
development.

6.4 Using HTML5 for a Universal Mobile AR Viewer
All smartphones and most other mobile devices have a Web

browser. Many already support elements of the HTML5
standard, and the trend towards full HTML 5 support will
continue. HTML5 is a very clear and simple option for AR
developers. Within a Web browser, JavaScript allows access
to the document object model (DOM) so that declarative
elements can be observed, created, manipulated, and
removed. An option for standardizing AR could be integrating
declarative standards and data directly into the DOM.

X3Dom is a complete 3D renderer that uses JavaScript. It is
built on WebGL, a JavaScript interface for encapsulating
OpenGL ES 2. X3Dom is completely independent of the
mobile platform on which the application runs. This does not
imply that an output solution, such as X3Dom, is all that is
needed to make a universal viewer for AR. A convenient
interface extension for distributed access to real-time
processed, concrete, or distributed sensor data is required.

7 Conclusions and Future Directions
In the creation of AR experiences, disciplines such as

computer vision recognition and tracking, geospatial, and 3D
converge. Algorithms for computer vision and sensor fusion
are provided by researchers and software engineers, or they
are provided as third-party services. Content for presentation
and application logic is likely to be created by experienced
designers. In this paper, we have discussed standards that
can be used for interoperable and open AR. We have
discussed issues in AR standards development and the use
of international standards in AR applications and related
services. We have identified the different standards bodies
and players in different fields that already supply standards
that are highly relevant to AR.

Although extending and using existing standards is highly
beneficial to the objectives of the AR community, there must
also be room for new ideas and evolving technologies.
Therefore, standardization meetings such as International
Standards Community meetings have been held to find the
best interconnection and synergies between SDOs.

These standards coordination meetings enable all players
in the AR ecosystem to discuss requirements, use cases, and
issues and also establish focused working groups to address
specific issues in AR standardization. This approach
enhances AR standardization in specialized fields.

In the future, technologies will be able to filter reality to allow
a user to see things differently. This implies that a person can

view a scene from different positions without having to move.
Perspective and context are maintained in order to expose or
diminish other elements in the scene. Work in this area will
help maintain privacy, especially in collaborative applications,
or help users focus their attention on the main task in the
context.

Applying existing standards (or their extensions) for AR on
the sensor side in mobile devices requires more research,
specifically, on the delivery of improved context for fixed
objects. Processing moving objects in the scene and
processing variable light conditions also needs to be
improved. Such improvements involve both hardware and
software and are being researched in many laboratories.

These potential AR improvements and use cases require
deep interoperability and integration of sensors so that data
can be properly acquired and presented.AR improvements
also require enhanced use of advanced silicon for imaging,
video, graphics, and computational acceleration and must
operate at battery-friendly power levels. AR will benefit
greatly from the emergence of interoperable standards in
divergent domains.
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Abstract

In this paper, we define mobile cloud computing and describe
how it can be used for delivering advanced any-media
services to both nomadic and mobile users. We focus on
service delivery that is localized and personalized and suggest
that virtualization and tighter cross-layer communication
allows for convergence and seamless transition of services.
These are also creating new and never-before seen ways of
developing and delivering personalized any-media services.
We discuss current paradigms for implementing cloud-based
any-media services that generate revenue. Future research
topics and requirements for evolving network and service
elements are also discussed.
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1 Cloud Computing and Networking
chieving better quality, cheaper, and faster
any-media communication is not a dream
anymore. Virtualization and tight cross-layer
communication means any computing or
communication solution can be established and

used on demand. The beauty of this approach is that no
significant capex1 or opex2 is incurred.

In cloud computing, there is no need to develop and own
physical infrastructure because virtualized computing and
communications elements such as virtual machines
(computer systems) and network elements can be rented from
a cloud service provider. This can be done through

open-network application programming interfaces (APIs) or
service APIs as long as the data centers3 of the cloud service
provider can be accessed over the Internet. Further details
about cloud-based systems and services can be found in
[1]-[3].

With cloud computing, virtualization can be used to develop
next-generation any-media services [4]. Cloud networks can
deliver these services to nomadic or mobile users through
virtualization and tight cross-layer communications [4].

A nomadic user moves from one location to another, but
their device is in a fixed location. Therefore, they may be
serviced by a different data center at a different time. When a
service or session is initiated, it is hosted in the same data
center for the duration of the session until the location
changes.

A mobile user moves with their device from one location to
another without service interruption. Consequently, a mobile
user may initiate a session or service in one data center and
then move to a neighboring data center during the same
session. This is commonly done with a service handover or
stitched session through specialized border gateways.

Increasingly, data-center network elements are capable of
converting traditional four-layer TCP/IP Internet into a
three-layer data-center network (Fig. 1). These data-center
network elements support virtualized routing and switching,
which allows traditional network and transport-layer functions
to be mixed and matched. In this way, virtual machines can
be seamlessly moved from one rack to another (distant) rack.AA

▲Figure 1. Evolution of computer networking model, from seven-layer
to three-layer system.

1 Capex is the capital expenditure associated with acquiring fixed assets such
as computing equipment, equipment rooms and real estate, networks, and
plants. These are necessary infrustructure for running a business.
2 Opex is the operational expenditure of a business. This is the amount of money
spent on running costs such as salaries and benefits; maintenance of systems,
network, and equipment; and upgrades.
3 A data center is a collection of computing, communications, storage,
application, and service resources that can be offered to internal and external
customers through open APIs. Data centers are commonly installed on racks in
a building with raised floors. They may also be stored in a secure trailer that has
adequate communication bandwidth, ventilation, and power supply.
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Load balancing and service continuity can be achieved at
minimal cost. Table 1 shows emerging networking and
services paradigms. Cloud computing and networking
supports the emerging paradigm. Fig. 2 shows the new
network model. This is expected to be where seamless
innovation in applications and services will occur. Fig. 3
shows how the cloud-based ecosystem will be used for
continuous development of services. Creating cloud-based
services is similar to piecing together a puzzle together; one
best solution always exists.

Cloud computing, networking, and service management
(including grid computing) have recently emerged as viable
computing and networking tools. These tools can be used to
reduce infrastructure deployment and service management
costs without sacrificing QoS and QoE [5].

At the heart of cloud computing is virtualized computing
and networking resources. The self-organizing nature of the
interconnections between these resources is similar to neural
networks in the human brain.

However, the methods, mechanisms, and tools used to
expose resources and their APIs for the purpose of
developing XaaS are still ad-hoc and proprietary. Security,
privacy, and multitenancy requirements add another
dimension to the already-complex set of cloud management
problems.

2 Why Mobile Cloud is Different
Mobile cloud refers to seamless delivery of cloud-based

applications and services to clients with mobile or nomadic
devices. With innovative mash-up of data, interface, service,
and content as well as normalization of APIs, mobile cloud
can seamlessly deliver real-time session and
transaction-oriented services.

Mobile cloud delivers services from Internet and social
networking platforms to clients. Such platforms include
Google, Yahoo, Microsoft/Skype, and Facebook. Traditional
and virtual network service providers such as AT&T, British
Telecom, China Telecom, Deutsche Telekom, and France
Telecom-Orange can offer these services.

Media-based sessions and calling-in to share virtual
space will become commonplace. Dynamic sharing of
computing, communications, and display resources between
hand-held devices and networked servers will give rise to
user experience beyond expectations. This trend will be
equally applicable to the ICT and entertainment industries
[4]-[6]. Mobile cloud is a new service-delivery paradigm
currently being fleshed out at industry events and summits [7].

3 The Potential of Mobile Cloud
Mobile cloud is the best way of providing personalized

services. Gathering information from mobile clients, devices,
and ecosystems and effectively using this information to
provide necessary, low-cost, customized services is a
winning proposal. Policies can be steered in real-time, and
gathered data can be micromined for charging purposes.
This provides localized intelligence and allows services to be
rapidly customized. Providing accurate, personalized
real-time recommendations and assistance through
any-media devices will strengthen customer loyalty and
improve UE.

4 A Sample of Modern Mobile Cloud
Services
This section gives a summary of emerging mobile cloud

▲Figure 2. The new network is a playground for seamless innovation.

▼Table 1. Emerging networking and service paradigms. Cloud
computing and networking supports the emerging paradigm.

Existing

Large- and mass-scale, broadcast,
triple- and quad-play services

Long-term, well-thought-out,
stable services

Months of planning; weeks of development,
testing, integration, and refinement

Strategic planning and execution
for long-term success

Pre-standard or standard implementations

Emerging

Personalized, mobile,
any-media services

Short-term,‘try before you buy’,
continuously evolving services

Weeks of planning, development,
testing, integration, and refinement

Strategic steering for survival

Continuous innovation and
customization of standards

▲Figure 3. An ecosystem for continuous development and innovation.
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services. Both transaction- and session-oriented services
are discussed.

4.1 Personalized Spam Filter for SMS
In addition to keywords and flow rate, individual

preferences can be the basis for dynamically setting and
modifying spam filters. These filters can be based on personal
profile, location, quality, or connection bandwidth. These
services use micro data-mining as well as mini databases
with virtual agents embedded in mobile clients.

4.2 On-demand Security for Transaction and Session
Mobile devices and clients are inherently vulnerable to

impersonation and security threats. Mobile cloud immediately
detects any impersonation or attack and mitigates these by
allowing suitable agents to be embedded in mobile devices.
An acceptable level of security during a transaction or session
can be maintained by an independent, localized, trusted
third-party platform.

4.3 Automated and Personalized Emergency Service
This service can be delivered through an embedded, local

authorized proxy server. With appropriate agents and
customer profiles, a mobile device can provide various
personalized emergency services. Authenticating the mobile
device and determining exact location are very important for
such services, and mobile cloud is best suited for this
purpose.

4.4 Automated Mobile Device Portability
This implies that hand-held clients and devices are

seamlessly portable between carriers. No hardware—for
example, SIM cards—need to be changed. The goal is to
support dynamic provisioning and activation of devices and
services. Also, billing and settlement for interservice providers
can occur almost in real-time through intelligent service
delivery.

5 Emerging Personalized Mobile Cloud
Services

5.1 Mobile Transaction and Streaming Media Ecosystem
Mobile cloud can be used in health, banking, games, and

entertainment where culture and location are important
factors. For example, the McDonald’s menu in Bangalore is
different to that in Boston. A ubiquitous mobile service within a
device may be able to sense location and act on behalf of the
user if it is programmed to do so. Wearable devices can
communicate with mobile devices so that important health
and environment information can be relayed to a central
location and assistance can be organized.

5.2 Services that Require Dynamic Creation and Restructuring
of User Groups

A mobile cloud network can be used for vehicular
communications and entertainment. It can also be used for

health monitoring.

5.3 Mobile Cloud that Offers Context-Aware Media Adaptation
and Communications

This service can be used for energy saving, signaling, and
processing in display and bandwidth management. QoE is
not sacrificed; however, a broker or proxy agent may be
needed to ensure QoE.

5.4 Instant Access to Up-to-Date Information Using Mobile
Cloud

Database information, such as profile and personal
information, automatically migrate from the home cloud to the
user’s current location. Secure and efficient mechanisms are
needed to move personal databases and caches from one
location to another in order to provide the same UE.
Maintaining privacy and data integrity is of the utmost
importance.

5.5 Cloud-Broker-Based Ubiquitous Access to Any-Media
Services

Any-media services are delivered to devices anywhere in
the world. Both private and public mobile cloud domains may
be used for delivering services. To successfully deliver
services, mobile devices must be capable of dynamically
adjusting the required service and security profiles according
to the service and the openness of the domain from where the
resources are being borrowed.

5.6 Any-Media Content Downloading From Anywhere
Movies, video clips, and e-books are downloaded to a

device from anywhere in the world, irrespective of the service
or network access provider.

5.7 Location-Based Real-Time Maps and Traffic Update
This service is very similar to a navigation service provided

over a mobile device. However, the device uses information
about current location and personal habits and preferences to
recommend direction-related services.

5.8 Seamless Tracking of Goods and Services
Goods can be seamlessly tracked throughout the

transportation cycle.

5.9 Network-based Assisted Living
The mobile device intelligently and adaptively monitors the

health requirments and location of the person carrying the
device. It is sensitive to the requirements of the carrier and
should support their computing and communications needs.

5.10 Location-Aware Mobile Wallet
This is equivalent to a near-field electronic-wallet service

except that electronic cash is automatically converted to local
currency through a banking service proxy.

5.11 Media Adaptation for Any-Media Cloud Services
Mobile cloud services often deliver audio, video, and
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graphics to a variety of devices. The media may be encoded
in a format that cannot be rendered or displayed on the
device. Therefore, virtualized resource-based transcoding
may be required for any-media-based services.

5.12 Virtualization of Clients and Services
Mobile cloud services sometimes require features and

functions that are not easy to implement on the handset.
Using virtualization and other embeddable features, it is
possible to instantiate (emulate) advanced features and
functions required by the service [8], [9]. These features may
include 3D image viewing or multiparty video gaming.

5.13 Platforms for Mobile Cloud Services
Some platforms for mobile cloud services support

virtualization and seamless mobility of virtual resources. These
resources can be mobilized (according to specified
arrangements) from one domain to another irrespective of
physical location or ownership. Mobility can be triggered by
proximity of the client, device, or user. It can also be triggered

by malfunctioning or overload of
the service delivery platform
(SDP) [6].

5.14 Incorporating Intelligence in
Mobile Cloud Clients and
Platforms

Using virtualization, intelligence
can be incorporated into both
mobile devices and platforms. A
cloud-based mobile device can
dynamically invoke
cloud-host-based features to
provide enriched audio, video, and
gaming. Similarly, mobile SDPs
can support normalization of APIs
and invoke resources needed for
enhancing UE on demand.

5.15 Innovative Business Models
Using Mobile Clouds

Virtualization-enabled clients,
SDPs, and associated
components provide the agility
and flexibility needed for
innovation in the mobile cloud
ecosystem.

6 A Cloud Reference
Framework
The cloud reference framework

(CRF) consists of four horizontal
layers and one stacked vertical
layer (Fig. 4). The four horizontal
layers are 1) application/service
layer, 2) resource control layer, 3)

resource abstraction and virtualization layer, and 4) physical
resources layer.The stacked vertical layer is used for
configuration management, registry, logging and auditing,
security management, and service-level agreement (SLA)
management. The CRF can be used to install cloud-based
services (Fig. 5). It can also be used to describe the virtual
resource management (VRM) (Fig. 6). Details about this CRF
and its application can be found in [10].

7 Converging IT and Networking Services
Although there are specialized devices for voice, data, and

video, device capabilities are converging rapidly.
Traditionally, cell phones were only used for voice, but these
devices are increasingly being used for email, SMS, IM, and
streaming Internet radio and TV.

Such mentioned demands are the driving force behind
convergence. Converged applications include map, picture,
RBT, and video search. They also include e-ticket purchasing
and mobile payment, bookings, banking, SMS-based

Mobile Cloud for Personalized Any-Media Services
Bhumip Khasnabish

▲Figure 4. Main elements of a CRF.
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weather forecast,
hospital registering,
calendar reminders,
mobile stock trading,
and marketplace
recommendations.
Converged applications
will cause an explosion
in the number of devices
that can support
rich-media services and
content over the mobile
Internet.

Although such devices
will have different sizes,
shapes, and forms, they
may run on the same
operating system and
virtual clients but have
different features and
functions. These features
and functions may
change many times
throughout a day based
on the applications and
services they are
supporting.

Fig. 8(a) shows how
three-dimensional
images and
augment⁃
ed-reality-based
services can be
delivered to the same
hand-held device using
network-based
capability to a virtual
client. Fig. 8(b) shows
how adding, moving,
changing, and updating
can be easily facilitated
when a virtual client is available in a hand-held device.
Further details on virtualized clients and their use in a cloud
environment can be found in [8], [9], [11], and [12].

Telecom and IT operators (including ISPs and content
delivery companies) are able to benefit from the new
paradigm of convergence when delivering rich-media
services with cloud-based infrastructures (as shown in
Fig. 9). Hand-held device manufacturers need to support
virtualized clients and cognitive access to networks and
services (as shown in Fig. 2). Wireline and wireless telecom
operators must support cognitive access to content and
services regardless of the home network where the device
originally registered for the service. This may require
service-specific, policy-based interconnection with foreign
networks and cloud data centers for the duration of a session.
Privacy and security of everyone involved must not be

compromised.

8 Role of the Service Development Platform
Although devices come in the form of televisions, laptops,

tablets, or mobile phones, they may use similar virtual clients
with application-specific features and functions. The service
may be hosted through an SDP to a service-specific
application store

Application developers, however, want to develop
applications for use in all devices and platforms. Therefore, a
toolkit is needed that can provide an appropriate level of
normalization and customization. Fig. 11 shows one such
model. Unified network APIs, such as Parlay X and OMA
RESTful, are desirable. Application and service developers
also want seamless access to important information about
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▲Figure 5. CRF for describing service instantiation.
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subscribers and users, for example, a verifiable address,
location, and age. They also want identification, billing, and
charging information about the subscribed service.
Subscriber and service information can be used for unified
messaging and session control, service discovery and
delivery, and seamless migration of service from device to
device as the user moves. Fig. 11 shows how developers can
use open web-based APIs for customizing standard services
offered by various service providers [4], [5], [13], and [14].

9 SDP and Cloud Storage Creates an
Intelligent Application Store
SDP alone cannot seamlessly deliver all of desired

applications and services across different access networks
and devices. A variety of gateways, interconnecting devices,
storage, and business process development and
maintenance elements are required (Fig. 12).

Fig. 12 shows a business strategy and processes.
Policy-based network operation and management needs to
be implemented in order to generate direct and indirect
revenue from mobile app stores.

These can be coupled with an interconnected multidomain
service overlay network so that services can be dynamically
created using service components from different domains.
This coupling also allows for dynamic allocation of computing,

networking, and service resources
across wired, wireless, private, and
public domains to create unified and
seamless UE. These resources can
be offered by intelligent applications
and service stores (Fig. 13), and this
is what self-organizing and
cloud-based systems (SOCS) and
networks are expected to deliver [6],
[14]. SOCS networks can also
dynamically reconfigure networked
platforms and devices in order to
deliver customer-desired content
and services with required security
and QoS, irrespective of the location
and ownership of the content and
features.

An innovative business model
needs high-quality and agile
partners as well as excellent system
and service integration. It also needs
to be based on standard platforms
that can be rapidly customized so
that content and services from any
provider can be abundantly and
consistently supplied [6], [14].

10 Conclusion and Future
Research Topics

Mobile cloud is about to transform the ICT and
entertainment industries and create the ultimate UE. The
effect of this transformation will be that device and equipment
manufacturers, application and service developers, system
integrators, and network and service operators will have to
adapt rapidly to new business models. An infrastructure
business model based on CAPEX and OPEX will disappear as
will the line between wired and wireless services. Sharing of
content, infrastructure, applications, and other resources will
be widespread. Commoditization will trigger innovation in
business models, services, and devices and will enable
anyone with a broadband-capable device to provide any

Mobile Cloud for Personalized Any-Media Services
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▲Figure 6. CRF for VRM.
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service to anyone, irrespective of
location. However, the following
issues need to be addressed before
this can become a reality:
•virtualization of clients, desktops,
applications, services, and
databases for delivering customized
UE for any service (convergence is
the objective)
•mobility management in cloud, that
is, in distributed shared network and
resource environments
•APIs for developing and delivering
services seamlessly over public,
private, and hybrid mobile clouds
(including support for single sign-on,
unification of profiles, and service
mash-ups)
•development of agile mobile cloud
ecosystems
•visualization and dynamic
provision of computing and
communications resources, including
automatic debugging and diagnosis
•cloud service logging and
monitoring, including auditing and
verification
•soft and hard privacy and security
for cloud-based services
•privacy protection and on-demand
security in open networked
environments
•service continuity, automated
software and hardware updates, and
disaster recovery
•affordable and useful services,
environmentally friendly evolution of
networks and services
•regulatory compliance in a
borderless world
•instant detection of violation of
intellectual property rights
•protection of intellectual property
rights
•policy management in a mobile
cloud environment
•adaptive protocols for resources
and service management in
multidomain mobile cloud
environments
•service- and content-specific
addressability, networking
extensions, service quality and
experience agreement (SQEA)
•risk-tolerance, risk-sharing, and
mean-time to failure and repair
management for mobile clouds

▲Figure 8. Examples of XaaS. (a) 3D game, augumented reality, or CAD software as a service based
on virtual desktop infrastructure. (b) Terminal hosting for seamless access to services using any
device from anywhere (seamless add, move, change, and update).

▲Figure 9. Industry convergence and competition between telecommunications, IT, and media,
companies.

▲Figure 10. SDP and application store is a“factory behind store”model.
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▲Figure 11. Developers want to develop an application once only for
ubiquitous deployment. This requires unified network APIs such as
Parlay X, and OMA RESTful interfaces.

▲Figure 12. Business plus service constitutes a profit model.

▲Figure 13. SDP with an intelligent application store is an innovative
business model.
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•mobile cloud service and infrastructure management
Additional details about these and related topics can be

found in [10].
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Multiple-Constraint-Aware RWA
Algorithms Based on a Comprehensive
Evaluation Model: Use in
Wavelength-Switched Optical Networks

Abstract

Because of explosive growth in Internet traffic and high
complexity of heterogeneous networks, improving the routing
and wavelength assignment (RWA) algorithm in underlying
optical networks has become very important. Where there are
multiple links between different the node pairs, a traditional
wavelength-assignment algorithm may be invalid for a
wavelength-switched optical networks (WSON) that has
directional blocking constraints. Also, impairments in network
nodes and subsequent degradation of optical signals may
cause modulation failure in the optical network. In this paper,
we propose an RWA algorithm based on a novel evaluation
model for a WSON that has multiple constraints. The algorithm
includes comprehensive evaluation model (CEM) and
directional blocking constraint RWA based on CEM (DB-RWA).
Diverse constraints are abstracted into various constraint
conditions in order to better assign routing and wavelength. We
propose using the novel CEM to optimize routing according to
an assessed value of constraints on transmission performance.
This eliminates the effects of physical transmission impairments
in a WSON. DB-RWA based on CEM abstracts directional
blocking conditions in multiple links between network nodes
into directional blocking constraints. It also satisfies rigorous
network specifications and provides flexibility, scalability, and
first-fit rate for the backbone, especially in multiple links
between WSON nodes.

Keywords

RWA; WSON; multiple links between nodes pair; directional
blocking constraint; comprehensive evaluation model
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1 Introduction
he Internet has become a critical piece of
infrastructure in modern societies, and explosive
growth in the number of Internet users has given
rise to a corresponding explosion in Internet
traffic. Over time, data packets have become

the main type of traffic being transmitted over networks. An
optical network carries not only fixed-bandwidth voice
services but also variable-bandwidth services, mobile
services, and multimedia services. Optical networks must
support grid computing, file downloading,
video-on-demand, storage-area networks, and other new
applications. Meanwhile, demand is growing for capacity,
responsiveness, resilience, quality, and different types of
services. Underlying optical networks are ultrahigh-capacity,
large-scale platforms that support synchronous optical
network and synchronous digital hierarchy (SONET/SDH),
multiprotocol label-switching transport profile (MPLS-TP),
and optical transport network (OTN) for transporting data at
different granularities. In large-scale commercial
applications, wavelength-switched optical networks
(WSONs) must satisfy the needs of network service providers,
who face strong pressure to increase availability, improve
reliability, and reduce bandwidth cost.

Nodes in a WSON—unlike nodes in other types of
generalized multiprotocol label-switching (GMPLS)
networks—are highly asymmetric in their switching
capabilities, and compatibility of signal types and network
components needs to be considered. Label assignment can
also be nonlocal [1]. In a WSON, wavelength continuity and
resource availability constraints must be satisfied in order to
determine optimal and cost-effective optical connections
(paths) [1]. Such determining of paths is referred to as routing
and wavelength assignment (RWA).

To design a new WSON for complex contexts, multiple
constraint conditions need to be applied to the evaluation
model and RWA algorithms. For redundancy and reliability in
optical networks, most network operators place multiple
optical fibers between the network nodes, especially in the

TT
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backbone network or main part of an access or metro
network. Therefore, application scenarios based on multiple
links between network nodes have become the focus of
attention of network operators. Traditionally, RWA algorithms
have been used for only one link between network nodes;
however, such algorithms are invalid for routing between
different links and nodes [2].

Because there are impairments of varying degrees in a
large-scale optical network, degradation can cause
unacceptable bit error rates or even a complete failure to
detect and demodulate the received signal. Therefore, optical
impairments need to be taken into account in an RWA
algorithm so that signals with acceptable quality can be
propagated in the WSON.

Many studies have been done on quality of transmission
(QoT) compensation as well as impairment-aware routing
and wavelength assignment (IA-RWA) [3]-[5] based on path
computation element (PCE) strategies and extended resource
reservation protocol (RSVP) [6]. Many traditional RWA
algorithms have been studied only in one link field [7], [8].
When there are multiple links between the network nodes, few
traditional RWA algorithms can successfully compute the
optimal path, and few have been evaluated in terms of
impairment assessment model [9].

In this paper, we describe a novel RWA algorithm based on
a model for assessing multiple constraints in a WSON. The
algorithm comprises a comprehensive evaluation model
(CEM) and directional blocking RWA based on the CEM
(DB-RWA). Diverse scenarios are abstracted into various
constraint conditions so that routing and wavelength can be
better assigned. We propose a novel CEM that optimizes
routing based on a value derived from an assessment of
constraints on transmission performance. The algorithm
eliminates the effects of impairments in WSON transmission.

Directional blocking conditions are abstracted by DB-RWA
based on CEM in multiple links between the network nodes
into directional blocking constraints that satisfy the rigorous
network specifications. DB-RWA based on CEM provides
scalability and flexibility for the backbone, especially in
multiple links between WSON nodes.

2 Comprehensive Evaluation Model
When an optical signal is being transmitted in a fiber link

and is passing through an optical device or cell, physical
impairments—such as reduced signal strength; triggering
noise; or changing time domain, frequency domain, or
polarization properties—are ineluctable. Especially in a
transparent or translucent light network, which lacks
photoelectric regenerators, the effects of impairments
accumulate as the optical signal is transmitted. When an
impairment threshold is exceeded, quality of transmission is
seriously affected. Transmission impairments can be linear or
nonlinear. The effects of linear impairments of every
wavelength are independent, and the effects of nonlinear
impairments are not independent. An IV module is used to
estimate the transmission quality of the chosen wavelength

path so that the path meets QoT requirements [10]-[12].
Currently, the evaluation model most widely used is a

multitarget constraint evaluation model. In this model,
constraints are considered individually, and a light path is
only eligible when it satisfies the thresholds for each target
constraint. However, because this model ignores the
interaction of factors, the estimation may be highly inaccurate.

In a comprehensive evaluation model, physical impairment
is reflected in the error rate, which reflects a variety of
impairments. This model uses a simulation and analytical
fitting method to comprehensively evaluate physical
impairments. It also uses bit error rate (BER) as a constraint
when evaluating the QoT of a light path. Tolerance security
reserve can be obtained from the BER.

A comprehensive evaluation model takes into account the
interaction of physical impairments. It requires much
calculation; the model is complex; and much information is
acquired. However, the accuracy of the evaluation is greatly
improved. A general way of implementing the model is
through analytical and experimental simulation (fitting). By
transforming the physical impairment into a BER, we can
measure the quality of light transmission.

2.1 Sketch of Evaluation Model
BER is a key parameter for assessing systems that transmit

digital data. BER is used to assess the full end-to-end
performance of a system that includes transmitter, receiver,
and the medium in-between. BER allows the performance of
a whole system in operation to be tested, which differs from
testing individual component parts and hoping that they will
operate satisfactorily when in place. The BER is the rate at
which errors occur in a transmission system. This can be
directly translated into the number of errors that occur in a
string of bits. According to the principle of Gaussian noise
distribution, Q-factor corresponds to BER. By evaluating
Q-factor, the quality of a transmission system can be
estimated. Q-factor is given by

Where g () is the accumulated cost of each kind of impairment
in the transmission, and ζ () is the model effect caused by
individual impairments such as dispersion, cross-phase
modulation (XPM), and four-wave mixing (FWM). In normal
circumstances, ζ ()= 1 when amplified spontaneous emission
(ASE) noise plays a main role. As nonlinear effects increase,
ζ() decreases below 1. This formula for evaluating
transmission quality takes into account each kind of physical
impairment, including residual dispersion, nonlinear phase
shift, ASE noise, and polarization mode dispersion (PMD)
[13]-[15]. The Q-factor cost of each physical impairment can
be obtained by a semianalytical method in order to obtain the
total performance index.

OSNRref is the reference of the optical signal-to-noise ratio
(obtained by experiment) when the BER requirement is met,
that is, when Q =Qref. The reference OSNRref is a function of
physical impairments, including residual dispersion, nonlinear
phase shift, PMD, and crosstalk. The Q function can be •N

Q =g (ϕ nl, D res, PMD)+ζ (ϕ nl, D res)OSNR (1)
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written as

We may assume that OSNRBtB is the OSNR when achieving
Qref in the back-to-back configuration. The Q-factor cost,
taking into account various transmission impairments, is

Then, the Q function is

Because the combined effect of dispersion and nonlinear
phase shift is not related to PMD and crosstalk, the Q function
can be written as

Thus, by obtaining the combined effects of dispersion and
nonlinear phase shift, Q-factor costs of PMD, and other
impairments, we can work out the total Q function and BER of
a transmission system. Q-factor costs can be obtained using
a semianalytical method, that is, by collecting vast quantities
of data from experiment (or simulation) about the relationship
between a physical impairment and its Q-factor cost. The
expression of the corresponding Q-factor cost can be
obtained by polynomial regression. Finally, the regression
formulas can be used to determine a performance index, such
as Q-factor function or BER.

Pen Qref is the OSNR cost when achieving Q ref at the current
impairment. OSNR cost assumes a BER. The smallest
OSNRB2B can be obtained with the B2B configuration that has
no noise, dispersion, or nonlinear effects. If we want the same
BER when there is dispersion or nonlinear effects, a higher
OSNR is needed. The OSNR cost is the difference between
these two values.

If we only consider dispersion, the cost is called dispersion
cost. Likewise, if we only consider nonlinearity, the cost is
called nonlinear effect cost. There is a complicated interaction
between nonlinear effects, such as SPM, XPM and FWM, and
dispersion. Also, there is no need to consider nonlinear phase
noise for a phase-modulation system or QAM system.

2.2 Computation of Correction Factor
Usually, the correction factor ζ (D res, φ nl ) is a constant close

to 1. Its value depends on span, optical power into the fiber,
and residual dispersion. Span and optical power are the main
factors affecting the correction factor, and residual dispersion
has a minor effect on the correction factor. The correction
factor can be expressed using Cure fitting when the influence
of fiber span and optical power into fiber are taken into
consideration:

2.3 OSNR Cost of Residual Dispersion and Nonlinear
Phase Shift

We can acquire the OSNR cost of residual dispersion and

nonlinear phase shift by analyzing Pen Qref (D res, ϕ nl ) under a
fixed reference BER (or Q value) in a simulation or experiment.
Much experimental data is needed for function fitting.
Generally, the function can be obtained in two steps:

Step 1: When OSNR cost is less than 5 dB, fit each curve of
residual dispersion and the cost to a binomial function:

Step 2: The coefficients a ϕ , bϕ, and cφ should be fitted to a
two, three, or four order polynomial based on ϕ nl. The OSNR
cost is

2.4 Polarization Membrane Dispersion OSNR Cost
Polarization membrane dispersion in an optical fiber can be

evaluated by the biggest group delay difference (DGD)
probability statistical model. The independent cost of PMD
can be determined by simulations in different DGD
configurations.

3 DB-RWA based on CEM in Multiple
Links Between Node Pairs
In the network topology, there are always more than one

fiber link between the connected nodes. In a network where
there are multiple links between adjacent nodes, finding a
DB-RWA solution based on CEM is difficult. The network
design must include route calculation, link assignment, and
wavelength assignment. The design must also be capable of
improving the algorithm complexity and time redundancy
because of the larger network scale. The solution we propose
can solve these problems. The procedures of the proposal are
given in Fig. 1.

In a network environment where there are many fiber links
between adjacent nodes, first we abstract a new network
topology design according to the characteristics of the
original network. The link information between the same hops
is saved in the same structure so that it can be uniformly
managed. Then, a KSP or other algorithm is used to calculate
the path from source node to destination node. When the
route is calculated, fiber and wavelength are assigned.

We abstract the multiple-link topology into a single-link
topology. As a result, only the hops need to be calculated
when calculating the route. There is no need to assign the
specific link between adjacent nodes. This is done during
backward wavelength assignment.

The most important part of the design is reflected in the
wavelength allocation scheme (Table 1). The improved
information structure ensures topology abstraction is
achieved. A normal routing algorithm, such as D or KSP, can
be used.

In Table 1,

Q = [OSNR-OSNRref (ϕ nl, D res, PMD)]ζ (ϕ nl, D res) +Qref (2)

PenQref (ϕnl, D res, PMD) = [OSNRQref (ϕ nl, D res, PMD)-OSNRBtB]
(3)

Q = [OSNR-OSNRBtB-PenQref (ϕnl, Dres, PMD)]ζ (ϕnl, Dres)+Qref (4)

Q = [OSNR-OSNRBtB-PenQref (ϕ nl, Dres)
-PenQref (PMD)]ζ (ϕ nl, Dres) +Q ref (5)

ξ = ∑ (∑cik Nspan 4-k )Power 4-i (6)
i =1

4

k =1

4( )

Pen Qref (D res, ϕ nl) =a φD res + bφD res + cφ (7)2

PenQref (D res, ϕ nl) = ∑(∑α j,Iϕ nl )Dres (8)
i =0

2

j =0

i
j i

•bi = ∑a j,i 1< i ≤M
N

j =1
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•ci = 1< i ≤M0 bi > 0
1 bi = 0{
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is the number of the fiber links between adjacent nodes
•M is the number of wavelengths in every fiber
•i is the i th wavelength, i = 1, 2,..., M
•j is the j th fiber, j = 1, 2,..., N
•aj,i is the occupancy of the i th wavelength in the j th fiber,

0 = occupied, 1 = available
•bi is the number of available fibers with the i th wavelength
•ci is the occupancy of the i th wavelength. If the i th

wavelength of any fiber is available, ci = 1. If the i th
wavelength of every fiber is occupied, ci = 0.

We implemented and evaluated the proposed
approach in the eighteen-node topology (Fig. 2).
The testbed has the same topology as the network
topology, in which there are10 fiber links per hop,
and each fiber link contains five wavelengths. In
terms of traffic characteristics, uniformly distributed
light path requests arrive at the network following a
Poisson process. The holding time of the light path
is exponentially distributed using unit mean.

For the directionless condition, if the traffic moves
from node A to K, the path derived using D
algorithm is A-F-G-K. If the paths are calculated
using KSP algorithm, the first best path is
A-F-G-K; the second best path is A-B-F-G-K;
and the third best path is A-F-G-L-K. For the
directional condition, we assume that link A-F and

link B-F can only exchange with link F-E. The three best
paths cannot meet the directional limitation, but the path
A-F-E-H-G-K can be used. As a result, we can try to find
the RWA solution in the directional condition.

4 Simulation and Results

4.1 CEM Experimental Simulation System
Because an analytical solution to OSNR cost of impairment

▲Figure 1. The procedures for DB-RWA in multiple links between the node pairs.

(a) Directionless Condition (b) Directional Condition

▼Table 1. Link and wavelength information
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cannot be obtained directly, a simulation or experimental
fitting can be used to work out a second cost curve of
impairment OSNR and obtain an approximate analytical
solution.

In this simulation method, the structure of the simulation
system in Fig. 3 can be used.

At the transmitting terminal, the required number of
wavelengths can be dispersed to emulate the physical
impairment in the context of a single channel and multiple
channels. After the optical multiplexer, the optical signal
enters a dispersion compensating fiber (DCF) with
predispersion compensation. Predispersion compensation
depends on the value of dispersion parameters, span residual
dispersion, and number of spans. Postdispersion
compensation depends on the residual dispersion
configuration of a span. The receiver performs decoding and
judging based on the demux and demodulator and arrives at
the BER.

In the simulation of OSNR cost curves, only one kind of
impairment should generally be considered, and other
impairments should be ignored. Other system parameters
should be fixed. In simulation, parameters for the transmission
fiber span, transmitting signal, in-span DCF, pre-DCF, and
post-DCF are fixed. The fixed parameters of the transmission
fiber span include fiber type, optical attenuation coefficient,
optical fiber dispersion coefficient, span length, and nonlinear
coupling coefficient. The fixed parameters of the transmitting
signal are modulation format, signal rate, signal transmission
power, symbol line code, duty cycle of optical pulse, rolling
pressure coefficient, channel interval, and center wavelength.

In-span DCF contains dispersion coefficient,
attenuation, and nonlinear coupling coefficient.
The length of the compensation fiber depends
on each segment’s residual dispersion value.
Pre-DCF and post-DCF maintain the
dispersion coefficient, nonlinear coupling
coefficient, and fiber length (which is
determined by compensation value).

When calculating the impairment OSNR cost
curve, we can change the number of spans
and the scheme for the span dispersion
compensation in order to obtain more
comprehensive data.

4.2DB-RWA-Based CEM Simulation
and Results

We have implemented and evaluated the
proposed approach in the eighteen-node
topology (Fig. 2). The testbed describes the
same topology as the network topology in
Fig. 2, in which 10 fiber links per hop are
assumed. Each fiber link contains five
wavelengths. In terms of traffic characteristics,
uniformly distributed light path requests arrive
at the network following a Poisson process. The
holding time of light path is exponentially
distributed using unit mean.

In the directionless condition, the simulation environment is
independent of the direction limitation. The statistics are
obtained for 100 to 1500 Erlangs. Table 2 shows the blocking
rates and setup delays.

Fig. 4(a) is based on the data in Table 2.
We assume the leaving rate μ = 0.1 and the arriving rate

ranges from 10 to 80services per second. The statistics are

▲Figure 2. Network topology.

▲Figure 3. Structure of the simulation system.

DQPSK: differential quadrature phase-shift keying OA: optical amplifier

▼Table 2. Blocking rate and setup delay when leaving rate is 1.
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obtained for 100 to 800 Erlangs. The blocking rate and the
setup delay are shown in Table 3.

Fig. 4(b) is based on the data in Table 3. As the traffic load
increases, blocking probability increases. Fig. 4(b) also
confirms that the simulation is correct and reasonable. The
setup delay is around 0.457 ms with small fluctuation. The
setup delay is calculated from the beginning of route
calculation to the end of wavelength assignment. Because the
K of the KSP algorithm remains unchanged, the setup delay
barely changes in different arriving-rate scenarios.

In the directional condition, where the network is limited by
direction, we assume the arriving rate remains at 40 services
per second and the leaving rate remains 0.1. KSP algorithm
followed by the K-value is equal to 2, 3, ..., 8. Table 4 and Fig.
5 show the blocking probabilities and the setup delays.

Fig. 5 shows the setup delays with K values. When K
increases, the setup delay, which is determined by the
complexity of the KSP algorithm, gradually becomes longer.
According to the data in Table 4, K increases, the probability
of blocking reduction decreases. When the number of
alternative paths increases, there is more chance a route will
be chosen that has a lower chance of blocking.

5 Conclusion
In this paper, we have presented a novel CEM and

DB-RWA algorithm based on CEM for use in a WSON with
multiple constraints. Taking into account the interaction
between physical impairments, a comprehensive evaluation
model eliminates the effects of physical transmission
impairments in a WSON. CEM improves the evaluation
accuracy in the mathematical method and reasonably obtains
and calculates large amount of information. The
implementation method and quality of light transmission are
analytical and transform the physical impairment factor into a
BER price, especially in the transparent light network that
lacks photoelectric regenerators. DB-RWA algorithm based

▲Figure 4. Blocking probabilityand setup delay when leaving rate is
(a) 1 and (b) 0.1.

▼Table 3. The blocking rate and the setup delay when leaving rate is 0.1.
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▼Table 4. Blocking rate and setup delay in directional condition
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▲Figure 5. The setup delays with K values.
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on CEM in multiple constraint conditions in WSON not only
solves the problem of RWA in multiple links between network
adjacent nodes but also substantially decreases the setup
delay and cost of computation. With increasing scope in the
multiple links between adjacent nodes in the network, time
performance can be optimized. The simulations in both
directional and directionless condition demonstrate that the
network is optimized to for shorter routing time as the number
of network nodes and links in adjacent nodes increases. An
optimal path can be chosen for ultrahigh capacity with lower
blocking probability.
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