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i
Abstract

Elastic optical networking (EON) is intended to offer flexible channel wavelength granularity to
meet the requirement of high spectral efficiency (SE) in today’s optical networks. However,
optical cross-connects (OXC) and switches based on optical wavelength division multiplexing
(WDM) are not flexible enough due to the coarse bandwidth granularity imposed by optical
filtering. Thus, OXC may not meet the requirements of many applications which require finer
bandwidth granularities than that carried by an entire wavelength channel.
In order to achieve highly flexible and fine enough bandwidth granularities, electrical digital
subcarrier cross-connect (DSXC) can be utilized in EON. As presented in this dissertation, my
research work focuses on the investigation and implementation of real-time digital signal
processing (DSP) enabled DSXC which can dynamically assign both bandwidth and power to
each individual sub-wavelength channel, known as subcarrier. This DSXC is based on digital
subcarrier multiplexing (DSCM), which is a frequency division multiplexing (FDM) technique
that multiplexes a large number of digitally created subcarriers on each optical wavelength.
Compared with OXC based on optical WDM, DSXC based on DSCM has much finer bandwidth
granularities and flexibilities for dynamic bandwidth allocation.
Based on a field programmable gate array (FPGA) hardware platform, we have designed and
implemented a real-time DSP-enabled DSXC which uses Nyquist FDM as the multiplexing
scheme. For the first time, we demonstrated real-time DSP enabled real-time DSXC which uses
resampling filters for channel selection and frequency translation. This circuit-based DSXC
supports flexible and fine data-rate subcarrier channel granularities, offering a low latency data
plane, transparency to modulation formats, and the capability of compensating transmission

impairments in the digital domain. The experimentally demonstrated 8 x 8 DSXC makes use of



a Virtex-7 FPGA platform, which supports any-to-any switching of eight subcarrier channels
with mixed modulation formats and data rates. Digital resampling filters, which enable frequency
selections and translations of multiple subcarrier channels, have much lower DSP complexity
and reduced FPGA resources requirements (DSP slices used in FPGA) in comparison to the
traditional technique based on 1/Q mixing and filtering.

We have also investigated the feasibility of using distributed arithmetic (DA) for real-time
DSXC to completely eliminate the usage of DSP slices in FPGA implementation. For the first
time, we experimentally demonstrated the implementation of real-time frequency translation and
channel selection based on the DA architecture in the same FPGA platform. Compared with
resampling filters that leverage multipliers, the DA-based approach eliminates the need of DSP
slices in the FPGA implementation and significantly reduces the hardware cost. In addition, with
a processing latency that equals to a few clock cycles, a DA-based resampling filter is
significantly faster when compared to a conventional direct-structured FIR filter whose overall
latency is proportional to the filter order. The DA-based DSXC is, therefore, able to achieve not
only the improved spectral efficiency, programmability of multiple orthogonal subcarrier
channels, and low hardware resources requirements, but also much reduced cross-connect
switching latency when implemented in a real-time DSP hardware platform. This reduced
latency can be critically important for time-sensitive applications such as 5G mobile fronthaul,
cloud radio access network (C-RAN), cloud-based robot control, tele-surgery and network

gaming.
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Chapter 1: Introduction

1.1 Motivation and background of research

Due to the ever-increasing data traffic in today’s optical networks and the demand for high data
rates, improving spectral efficiency (SE) in optical communication systems and networks is of
the essence. Compared with a traditional wavelength division multiplexing (WDM) system of
fixed 50GHz wavelength grid, elastic optical networking (EON) offers more flexibility, with
channel wavelength granularity down to 12.5GHz or lower, which may vyield tangible SE
improvement in optical networks [1, 2]. Both bandwidth and channel allocation are flexible in
EON and can be chosen to best accommodate the modulation formats of choice, transmission
distance, system capacity, and number of required channels [3-5]. However, due to the limited
spectral selectivity of extant optical filters, further reduction of channel wavelength granularity
can prove to be challenging in the optical domain. Yet, many applications could benefit from
finer channel bandwidth granularities below 10GHz. Optical domain EON alone may not suffice
to achieve the fine bandwidth allocation which may be required in some access and metro area
network deployments. For this and other reasons conventional solutions combine the use of
optical circuits with electronic packet switching technologies (Ethernet, IP, PON), i.e., multiple
connections are multiplexed together by interleaving their data packets in time, thus filling up the
relatively large bandwidth of the optical circuit.

Subcarrier multiplexing (SCM) can provide much finer granularity by multiplexing a large
number of subcarrier channels in the electrical domain [6, 7]. Subcarrier circuits can be flexibly
multiplexed and individually switched electronically, offering dedicated circuits to the
application down to MHz of bandwidth. Earlier SCM solutions are analog. While the radio

frequency (RF) analog filter solutions offer much better spectral selectivity compared to optical



filters, the transition between passband and stopband in the transfer function of an RF filter still
may not be sharp enough to separate closely spaced subcarrier channels. As a result, analog
based SCM usually requires sufficiently large spectral guard-bands between adjacent subcarriers,
resulting in a suboptimal solution. In addition, the bandwidth and the central frequency of high
order RF filters are usually not dynamically adjustable after they are built, and thus analog SCM
systems tend to be static and not suitable for dynamic switching.

Thanks to the rapid development of CMOS-based digital electronics, high speed analog to digital
converters (ADC), digital to analog converters (DAC) and digital signal processing (DSP)
hardware is widely available nowadays [8]. Processing high data rate signals in the digital
domain has become practical and offers many advantages compared to traditional analog
techniques [9-12]. For example, high order digital filters can be designed to achieve nearly ideal
transfer functions, along with dynamically reconfigurable of roll-off rate, bandwidth, and central
frequency. Digitally generated and processed subcarrier channels are referred to as digital
subcarrier multiplexing (DSCM). DSCM offers a high degree of flexibility because the applied
DSP algorithms can be reconfigurable, and yields high spectral efficiency because minimum
spectral guard-band is required between adjacent subcarriers. Real-time generation of DSCM
signals based on either high order Nyquist filters, or orthogonal frequency division multiplexing
(OFDM) has been demonstrated using FPGA platform [13, 14]. DSP-enabled real-time
reconfigurable optical add/drop multiplexing (ROADM) technologies have also been
demonstrated using FPGA platforms [15, 16]. In addition to being used as a modulation format
for optical signal transmission [17], DSCM can also be used to carry orthogonal channel which
can be switched individually by digital subcarrier cross-connect (DSXC) devices as introduced in

[18, 20]. A DSXC-based network is a circuit switching solution in which subcarrier channels are



individually routed end-to-end to provide dedicated circuits with custom data rates. Compared
with optical domain cross-connect (OXC) based on wavelength channels, DSXC in the
electronic domain can provide a more flexible and finer data rate granularity, which can help
maximize the network spectral efficiency. In comparison with packet based routers, DSXC
provides dedicated bandwidth to users without the requirement of packet buffering and forward
engine, resulting in a deterministic switching latency [21, 22].

An application example of DSCM is the 5G wireless network fronthaul, which is the network
segment between remote radio head (RRH) and central office (CO) [23]. In some solutions
common public radio interface (CPRI) is the protocol used in the mobile fronthaul with digital
radio over fiber (DRoF) transmitted using on-off keying (OOK). This approach is known to
require a relatively high data rate in the fronthaul compared to the radio data rate, due to the
sampling of the radio wave and the required high-resolution sampling of ADC and DAC. In
DRoF, the received analog wireless waveforms are digitized and encoded into digital bits for
transmission. In this analog to digital conversion process, the data rate and thus the bandwidth
required for transmission over the fronthaul is scaled roughly by b times higher than the original
analog signal bandwidth where b is the bit resolution of the ADC. For example, for 8 channels of
20MHz LTE signals using 40MS/s ADC sampling rate at 15-bit resolution for each I- and Q-
component of the complex RF waveform, the digital data rate will be approximately 8 x 40 x
15 X 2 = 12,000 Mb/s (Reference [24] has more detailed data rate estimation taking into
account control words and line coding). Further considering multiple antenna elements for
MIMO beam forming, the required data rate can easily reach up to 100Gb/s.

In order to improve the spectral efficiency of the fronthaul, analog radio over fiber (AROF) has

been proposed and actively investigated [25, 26]. Compared with DRoF, AROF can transmit the



same radio wave using a narrower bandwidth in the fronthaul. Considering that 5G fronthaul is
expected to support numerous RRHs, DSCM would be an efficient technology for aggregating
and de-aggregating multiple radio waves while offering spectrum flexibility and efficiency at the
same time. The DSCM solution would also offer the ability to compensate for transmission
impairments in the digital domain [27, 28]. Recently, an ARoOF transmission of a multicarrier
signal with a carrier frequency of 60GHz, and an aggregation of hundreds of subcarriers to
occupy 152MHz of total bandwidth, has been demonstrated experimentally over 25km of single
mode fiber (SMF) [29]. In addition, the deployment of DSXC nodes in the fronthaul makes
DSCM channel aggregation, de-aggregation and routing dynamically programmable, which
would be desirable in a fronthaul connecting multiple RRHs and COs.

For real-time implementation of the DSXC key functions efficient utilization of DSP resources is
a major concern. While application-specific integrated circuit (ASIC) is commonly used in
commercial communication equipment, FPGA represents a more flexible platform for
prototyping and testing the DSP algorithms that are required in DSXC.

We have demonstrated a real-time DSP-enabled DSXC based on resampling digital filters to
achieve frequency translation and channel selection of subcarriers [30], as described in Chapter
3. We demonstrated the first implementation of a real-time DSXC node, realizing one of its basic
functionalities (switching individual subcarriers in frequency) using digital resampling filters,
and experimentally assessing the DSXC node (deterministic) latency to be less than 1ps. This
latency is mainly determined by the order of Finite Impulse Response (FIR) filters and the clock
period of the digital circuit. Compared to commodity packet switches, DSXC may therefore
provide a simple and cost-effective switching solution that achieves zero-jitter even in the

presence of high link utilization.



Although these resampling filters reduce DSP resource utilization compared to the traditional
frequency translation scheme based on 1/Q mixing and filtering, they still heavily rely on
multipliers which are usually implemented as expensive DSP slices in FPGA. To overcome this
drawback, we demonstrate a more efficient technique to realize real-time frequency translation
and channel selection of DSCM channels based on distributed arithmetic (DA) [31], as described
in Chapter 4. No digital multipliers are required when using DA, thus completely eliminating the
need for DSP slices in the FPGA. In addition, the DA-based DSXC reduces DSP-induced latency
down to only a few clock periods, which is independent of the applied digital filter order. DA has
been used to implement digital filters for Nyquist pulse generation in fiber-optic transmitter [9,
14], but has not been used for digital subcarrier frequency translation and channel selection. By
applying DA algorithms to implement resampling filters, we show that DSXC key functionalities
can be implemented in an FPGA platform without requiring any DSP slice. To our best
knowledge, this is the first realization of a DA-based DSXC, which is capable of performing
bandwidth flexible switching and routing with improved hardware efficiency, low latency, and

transparency to signal modulation formats.



1.2 Digital subcarrier cross-connect (DSXC)
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Figure 1.1 Digital subcarrier cross-connect

Figure 1.1 shows the block diagram of a generic DSXC node [30]. Input to the DSXC node are n
optical signals, each consisting of m subcarrier channels. Each optical signal is received by a
receiver, which performs optical-to-electrical conversion (O/E) through an optical receiver, and
analog-to-digital conversion through an ADC. The digitized signal from each receiver is sent to
the DSP module for processing. In the DSP module, each multicarrier signal is de-multiplexed
into multiple subcarriers and sent into a cross-bar switch to be routed to any output port for
multiplexing. The multiplexer aggregates multiple subcarriers and sent them into the targeted
transmitter. The transmitter performs digital to analog conversion through a DAC, and electrical
to optical (O/E) conversion obtained by an electro-optic modulator. In the shown DSXC node
architecture, each digital subcarrier channel cjj, (i = 1, 2...n, and j = 1, 2 ..m) in any input
wavelength can be routed to any output wavelength A; and subcarrier frequency slot through a

cross-bar circuit-switch.



The optical system can be either coherent or direct-detection. The multiplexing method can be
through either high order Nyquist filters or OFDM. Digital compensation techniques, such as
chromatic dispersion compensation and electronic circuit frequency roll-off compensation, can
be performed in the digital domain. In the design of this DSXC, we use high order Nyquist filters
for DSCM, which provide the flexibility of using unequal spectral bandwidth and distinct
modulation formats to be assigned to each subcarrier channel.

In order to be able to route any subcarrier channel of any input wavelength to any subcarrier
channel of any output wavelength, frequency translation and channel selection of individual
subcarrier are two critical functions in a DSXC. Frequency translation includes frequency down
conversion and up conversion of each subcarrier channel. The frequency down conversion can be
achieved through decimation filter, in which the decimation factor is the ratio of the input rate to
the output rate. The frequency up conversion can be achieved through an interpolation filter, in
which the interpolation factor is the ratio of the output rate to the input rate. Since resampling
filter includes decimation filter and interpolation filter, both decimation factor and interpolation
factor are named as resampling factor. According to Nyquist criterion, the available analog
bandwidth of each wavelength channel is limited to half of the ADC’s sampling rate. This total
bandwidth can be subdivided among many frequency slots (FS). The bandwidth of each FS is
given by the total available bandwidth divided by the resampling factor when digital resampling
filters are used. In this process, any subcarrier in a FS is first down-converted to the lowest
frequency FS through a decimation filter, and then up-converted to any targeted FS through an
interpolation filter [23]. During the down-conversion process, a decimation filter, whose
frequency response has a passband targeted at a particular FS, selects the subcarrier in this FS

and down converts it to the first FS. During the up-conversion process, an interpolation filter,



whose frequency response has a passband targeted at a particular FS, selects the up-sampled
copy of subcarrier in this FS and rejects all copies in other FSs. Theoretically, decimation is
equivalent to a cascaded process of filtering and down sampling, whereas interpolation is
equivalent to a cascaded process of up sampling and filtering. Further information about these
two procedures can be found in [30]. Both decimation filter and interpolation filter can be
categorized as resampling filters, which are essentially finite impulse response (FIR) filters with
the capability of changing sampling rate of its input signal. FIR filter characteristics such as
passband ripple, width of transition band, and stopband attenuation are determined by the filter
order and coefficients. For a given sampling rate, a low passband ripple, sharp transition band,
and large stopband attenuation are desirable features, which usually require a high filter order
and take significant DSP resources in hardware. In addition, when supporting high capacity
DSXC with fine spectral granularity of subcarrier channels the number of digital filters can be
quite high. In summary, an efficient digital filter design is critically important in order to

minimize the DSP resource requirement.

1.3 Digital subcarrier multiplexing techniques
DSXC is circuit cross-connect switch that is based on DSCM. Nyquist-FDM and OFDM are the

are two major techniques for implementing DSCM.
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Figure 1.2 (a) Nyquist pulse in time domain (b) spectrum of a single Nyquist pulse (c) spectrum of Nyquist FDM

The basic principle of Nyquist pulse modulation is shown in Figure 1.2. For simplicity, we use
OOK modulation format. Modulation formats with high spectral efficiency can also be employed
[32]. As it shown in Figure 1.2 (a), a Nyquist pulse in time domain is a sinc-shaped waveform
which spreads into adjacent time slots. By taking the Fourier transform of the Nyquist pulse in
Figure 1.2 (a), we can get the spectrum of this pulse. As shown in Figure 1.2 (b), the spectrum of
Nyquist pulse has a rectangular shape. By shifting the spectrum of Nyquist pulse in Figure 1.2
(b) by kAf (k = 0,1,..,N —1), we can get N sub-spectra of Nyquist pulse signal. The
superposition of the N sub-spectra results in the total Nyquist-FDM spectrum as it illustrated in
Figure 1.2 (c). Ideally, there is no guard-band between every two adjacent channels if perfect
filtering is performed. However, ideal filtering cannot be realized in practical implementation
since the order of digital filter is limited, so a guard-band between every two adjacent channels is
required to prevent inter-channel crosstalk. In Nyquist-FDM based DSCM, phase
synchronization between different channels is not needed, since every channel is independent

from other channels.
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The basic principle of OFDM is shown in Figure 1.3, suppose OOK is utilized as the modulation
format. A single carrier OFDM signal in time domain is shown in Figure 1.3 (a), it has a
rectangular pulse shape and a symbol period of Ts. By taking the Fourier transform of the signal
in Figure 1.3 (a), we can get the spectrum of a single carrier OFDM signal whose bandwidth is
Af. The spectrum of this single carrier OFDM signal spreads to adjacent frequency slots.
Shifting the spectrum of OFDM symbol in Figure 1.3 (b) by kAf (k =0, 1,..., N-1), we can get
N sub-spectra of OFDM signal. The superposition of the N sub-spectra results in the total OFDM

spectrum as illustrated in Figure 1.3 (c).

 Ts Af=1/T,
| t P f
@ (b)
A
Af
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Figure 1.3 Principle of OFDM (a) single pulse shape (b) spectrum of a single OFDM symbol (c) spectrum of OFDM

As it shown in Figure 1.3, in OFDM based DSCM, the spectral of each channel spreads to
adjacent channels and there is no guard-band between adjacent channels.

The research of real-time DSCM has been actively conducted. The real-time generation and
reception of N-FDM have been reported and experimentally demonstrated [9, 14, 33]. Recent
years, OFDM has also received a lot of attention in the field of optical communication [34]. The

real-time generation of OFDM [9, 14, 35], real-time reception of OFDM [36-38] and the
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implementation of real-time OFDM transceivers [39, 40] have been demonstrated. Optical
networks based on real-time OFDM with flexible power loading and bandwidth allocation have
also been demonstrated [41-43].

1.4 Overview of proposed work

In this dissertation, we aim to investigate and implement real-time DSP-enabled DSXC for
optical communication networks. In Chapter 2, we introduced the principle of DSXC and a
hardware platform to implement real-time DSP for this DSXC. In Chapter 2 and Chapter 3, we
investigate the cost and performance of different techniques, such as resampling filters and DA
architecture, to efficiently implement this DSXC on the hardware platform. The implemented
real-time DSP-enabled DSXC is demonstrated experimentally.

1.4.1 Real-time DSP hardware platform

We built a hardware platform to implement real-time DSP-enabled DSXC. This platform is
based on Virtex7 FPGA, which allows the test of various real-time DSP algorithms for cross-
connect switching in optical communication systems and networks. It consists of two ADCs
boards, a DAC board, a Virtex 7 FPGA board and a data processing computer. In order to
achieve very high data transfers between different parts of this platform, we developed the high-

speed interface, such as JESD204B interface between FPGA and converters.

1.4.2 Channel selection and frequency translation in DSXC

In this work, we focus on the study of DSXC based on Nyquist FDM. The essential operation of
a DSXC is the switching and routing of subcarrier channels, which is achieved through channel
selection and frequency translation. There are multiple techniques to achieve channel selection
and frequency translation. We discussed and compared the performance and resource cost of two

techniques: (1) mixing and filtering, (2) resampling filters. In the design of real-time DSP
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algorithms, considerations must be given to the performance and resource cost because the DSP

resource of FPGA is limited.

1.4.3 Implementation of DSXC based on hardware platform

After the development of real-time DSP algorithms and the hardware platform, we implemented
the real-time DSP algorithm on this hardware platform. The implemented DSXC can be either
based on resampling filters that consumes multipliers or resampling filters that based on DA
architecture. In Chapter 3, we discuss and demonstrate the DSXC based on resampling filters
that consume multipliers and compared it with traditional technique that is based on 1/Q mixing
and filtering. In Chapter 4, we describe the principle of DA architecture and introduce a DA-
based DSXC, and we compare it with the DSXC based on resampling filters that utilize
multipliers. We built the project for FPGA and generated the bitstream to be downloaded onto
FPGA board, which results in a real-time DSP-enabled DSXC. We incorporated this cross-

connect into optical fiber transmission system and analyzed its performance in experiment.
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Chapter 2: Real-time DSP hardware platform
In this chapter, we introduce the architecture of a real-time DSP hardware platform for
implementing DSXC. This platform consists of high-speed ADCs, high-speed DACs, FPGA, and
optical transceivers. The development of data interfaces and considerations for FPGA
implementation are also discussed in this chapter.
2.1 Hardware Platform
In order to meet the requirements of processing time in a practical application, a real-time DSP is
needed. A general-purpose computer lacks the needed resources and is not suitable for real-time
DSP. In contrast, an FPGA has the advantage of fast, parallel processing and is programmable,
which makes it a good choice for building a platform for the prototype research of a real-time
DSP for optical communication.
Our purpose is to establish an optical system testbed capable of generating, detecting, and
processing advanced multiplexing techniques such as N-FDM and OFDM, which allows us to
investigate various modulation formats and DSP algorithms in real-time optical systems and
networks. In order to demonstrate algorithms and capabilities of DSCM, we have developed a
flexible FPGA platform that consists of three major parts: an FPGA board (HTG700), two ADC
boards (ADC12J4000EVM), and a DAC board (DAC38RF82EVM). The interface between the
converters and the FPGA is a JESD204B, and the interface between the FPGA and the computer

is a peripheral component interconnect express (PCle).
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Figure 2.1 (a) block diagram and (b) photo of DSCM testbed

As shown in Figure 2.1 (a), the testbed consists of two ADC evaluation boards, a DAC

evaluation board, an FPGA board, and a connection with the data collection computer through

the PCle. Two ADCs are used to convert the received electrical signal from the optical receivers

into the digital domain and send it to the FPGA board through the FPGA mezzanine card (FMC)

connectors. The FPGA has three major tasks: digital down-conversion (DDC)/digital up-

conversion (DUC), digital filtering, and cross-connect switching of digital subcarrier channels.

Digital compensation of transmission impairments and waveform distortion can also be



15

implemented with DSP algorithms in the FPGA platform. The DAC is used to convert the
processed digital signals in the FPGA back to analog waveforms. Figure 2.1 (b) sh