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Abstract

N-bit AY optical transmitter for Digitized Radio Over Fiber Fronthaul

Transmission

Olivier Cotte

According to an estimate by the Global Technology, Media and Telecom (GTMT)
team, global mobile data traffic grew 70% in 2012, which was nearly 12 times the size
of the entire global Internet in 2000. In the future, the amount of data traffic will
grow at a pace never seen before. Many recent forecasts project mobile data traffic to
grow more than 24 between 2010 and 2015, and much higher beyond 2015. To catch
up with the need and to remain competitive, network operators need to increase the
broadband capability of their networks fast. This poses a big challenge for wireless
communication system designers. Researchers have been working on innovative sys-

tems that will provide several Gbit/s over the air interface.

Digitized radio over fiber (DROF) offers the capability to support various current
and future wireless standards, independent of wireless system specifics if the carrier
frequency falls within the passband of the ROF link. For example, the same ROF
links should be able to transmit either time-division multiple access (TDMA), code-
division multiple access (CDMA), or orthogonal frequency-division multiple access
(OFDMA) radio signals without modification if their carrier frequencies are the same.
Properly designed, the ROF link can also carry multiple RF carriers simultaneously in
a subcarrier-multiplexing manner and support multi-standard radio. If the ROF link
is properly designed, the portable device should be unaware of the existence of fiber
in its radio path. Essentially, radio over fiber (ROF) is an analog communications

system, and with DROF, the signal it carries is digital.

il



Since nonlinear distortions, limited dynamic range, and cumulating noise are ma-
jor concerns with the analog ROF backbone; alternative approaches are also inves-
tigated by researchers. One approach is to transmit a digitized RF signal over fiber
from the base station to the radio access point. The falling cost of high-speed digital-
to-analog converter (DAC) and analog-to-digital converter (ADC) converters has led
to heightened recent interest in digitized radio over fiber links (DROF). In DROF,
the I and Q baseband digital signals immediately after the digital signal processor
are converted to optical and transported via the fiber. This means that the remote
radio heads can be relatively simple too, consisting of DAC converters, up-converters,
and amplifiers in the downlink direction and ADC converters, down-converters, and
amplifiers in the uplink direction. Signal processing and modulation functions will
take place in the central base station (CBS). Therefore, this architecture also satisfies
the requirement that the RAP remains small and relatively simple. Such digital links
are uses for current wireless systems (UMTS, WiMAX, and LTE) to connect digital

base stations to remote radio heads.

In order to use optical fiber to deliver radio signal to remote antennas, methods
include the use of an intensity modulator to introduce an RF subcarrier onto the
intensity of a CW laser source. This method cannot be extended to millimetre waves
due to the limited bandwidth of available modulators. A novel transmitter architec-
ture for the generation and distribution of GHz RF signals is described in this work.
One of the principal objectives of this Master Thesis is to present the development of
a digitized radio over fiber optical transmission systems under advanced modulation
formats. We analyze the impact of chromatic dispersion and nonlinear microwave
devices distortions considering one optical subcarrier carrying multiple RF signals.

Others venues of investigations include:

(1) Digital processing chain preceding the N-bit DAC onto an FPGA device.

(2) Implement a fourth-order low-pass MASH 2-2 based on two Silva-Steensgaard

cascade structure AY modulator.

(3) Investigating on the usage of a AX modulator for fronthaul

transmission.

(4) Use FPGA to modulate N-bands LTE signal.

v
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Chapter 1
Introduction

The objective of this chapter is to provide a background in radio over fiber transmis-
sion system. Chapter 1 Provides a brief summary on some basic digital communi-
cations elements to be used in this thesis. A literature review on delta-sigma based

optical transmitter is presented in Chapter 3.1.

As new radio standards are deployed without replacing existing ones, the need
for multi-mode, multiband handsets and infrastructure increases. software-defined
radio (SDR) gave an enlarged role for field-programmable gate array (FPGAs) to-
ward the producing digital component for specific important RF analog counterparts.
The purpose of SDR technology is to implement by, means of software, components
that are typically implemented in hardware (e.g., mixers, filters, amplifiers, modula-

tors/demodulators, detectors, etc.) as as depicted in figure 1.

Modern graphics processing unit (GPU) address this issue, but still, they are
hard to program and to probe at the moment, software like Linux Trace Toolkit Next
Generation (LTTng) can help [13|, which limit their utility since the development
cycle to produce a prototype is error prone. On the other hand, FPGA is a mature
technology, so their electronic Design Automation (EDA) tools and overall ecosystem
is making it possible to implement these functionalities in the digital domain and
keep the ability to perform real-time processing due to the highly parallel nature of

their architecture.



The rapid advances in digital electronics render many processes practical in
complementary metal-oxide-semiconductor (CMOS). Almost all the transmitters func-
tionalities can be incorporated into an FPGA (except RF power amplification and
analog lowpass filtering). FPGA devices are well suited for evolving technology of
SDR due to their reconfigurability and programmability in hardware-description-
language. The equipment (Wi-Fi, 3G, and others protocols) could be centralized
in one place, with a remote antenna attached via optic fiber serving all protocols.
Eventually, a single antenna could receive any, and all radio signal carried over a

single-fiber cable.

Digitized radio over fiber (D-RoF) offers the ability to develop radio architec-
tures with programmable intermediate frequency, bandwidth, modulation and coding
schemes. In the ideal case, the receiver would be to attach an analog-to-digital con-
verter by an optic fiber cable to an antenna. As shown in Figure 1, the transmitter
would generate a stream of numbers. The digital waveform would be sent to a digital-
to-analog converter connected to a radio antenna by fiber optic link. In both cases,

the data stream would be a complex-valued function baseband digital signal [14].

Others advantages of FPGAs over the traditional approach include the fact that
they can be reprogrammed, often by upgrading the software, of even reloading key
register during operating. The fact that very large-scale integration (VLSI) tech-
nology is so cheap and integrated is a further positive point toward the transition
toward all-digital signal processing (DSP) scheme. The main disanvantages is the
power consmption and heat dissipation associate with DSP systems operating at very

high frequency.

Lower attenuation over an optic fiber means reducing the need for repeaters.
Finally, radio-over-fiber (ROF) is protocol and bit-rate independent. It could be
employed to use any current and future technologies. The drawback of the software-
defined component is that they rarely can process real-time 4G/LTE signals since
general purpose central process unit (CPU) executing these software routines are not

meant to compute complex arithmetics at high throughput.
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Figure 1: Typical Software-Defined-Radio Transmitter Architecture from Annapolis
Micro Systems

More importantly, the ROFs transmission systems are transparent to wireless bit
rates, wireless carrier frequencies, and also wireless protocols. The transparent infras-
tructure and centralization make not only the replacement and maintenance easier,
but also the dynamic cloud access achievable, as describe in figure 2. This is the main

reason why the ROFs has been revisited by academia and industries recently.

| Cloud with cognition cycle |

_____ | I |
iﬁé&i?:'éé&é's's“"/@ Lo ! :

inetwork (RAN)

Figure 2: Radio access network (RAN)

In Figure 2, a 5G architecture in which a radio access network (RAN) consists of
macrocells, picocells and femtocells that overlap among themselves. The architecture
can be separated into control and data planes. Indicated in the figure is a femtocell
with the smallest coverage that can be completely overlapped by a picocell, and a
picocell with a larger coverage that can be completely overlapped by a macrocell.
Each RAN has a connection to the cloud. This architecture has been proposed in the
literature. Solid line with arrow represents communication with base station, while

dotted line with arrow represents communication between two nodes [15].



The goal of this Master was to produce an LTE 3rd Generation Partnership Project
(3GPP) compliant all-digital transmitter using a AY modulator on FPGA to digitize
and modulate a N-bands of 20 MHz bandwidth LTE signal, similar to that shown in
Fig. 3. Of course, one couldn’t discuss digital transmitter and DSM without giving an
overview of the digital-to-analog converter (DAC) and spectral power estimation of
delta-sigma modulators (Chapter 5). The following section will introduce the basics

concepts needed to build a complete DAC system based on AY modulation.

Digital Signal Digital-to-Optical Optical-to-RF
Processing conversion conversion

Rmm% fiter Y

Linsanzation —p
Modulation
AL coding [ Y" ]
T Laser
R

Digital Optical

Figure 3: Digitized radio over fiber from Chalmers University

1.1 Fronthaul transmission

For the fronthaul networks traditional techniques for wireless signals distributed to
antenna towers are based on narrow band analog radio frequency (RF) transmission
over coaxial cable, digital fiber transmission, narrow band analog point to point mi-
crowave transmission, and narrow band analog ROF transmission, etc. Microwave
coaxial cable is too costly, and high frequency signals suffer from high loss in the
cable. Compared to the microwave coaxial cable, the optical fiber has the features of
extremely broad bandwidth, low cost, low loss, light weight, safety, and immunity to
electromagnetic interference. As shown by Fig. 4, the ROF system directly transmit
analog RF signals over fiber from BBU to RRH. Due to the upcoming broadband ap-
plications, such as LTE and LTE advanced with the application of cloud radio access
networks (CRAN), ROF transmission system has become a hot technology for the
future cloud radio access networks (CRANSs) [16].



)

Figure 4: DWDM for efficient use of fiber in fronthaul network from Technically
Speaking

To reduce the deployment and maintenance cost of wireless networks while pro-
viding low power consumption and large bandwidth, ROF technology is considered as
a promising candidate. In ROF systems, the fiber is used to distribute the RF signal
from a central station (CSs) to remote radio unit (RRUs) . Different types of fibers,
such as single mode fiber (SMF), multi mode fiber (MMF), and polymer optical fibre
(POF), can be used. Possible application include in cellular systems to establish the
connection between the mobile telephone switching office (MTSO) and base station
(BS), to extend the coverage and reliability by connecting BSs and remote access unit
(RAU), and to extend the wireless coverage range. ROF can also be used to eliminate
dead zones (in tunnels, mountain areas. The ROF technologies offer many advantages
with respect to wireless, such as low attenuation loss, large bandwidth, improved se-
curity, immunity to electromagnetic interference, reduced power consumption, and

easy installation and maintenance.
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Figure 5: Radio over fiber link [1]

In an ROF Fi-Wi system, the fiber-optic link is inserted between the remote
antenna and the central base station. In a well-designed Fi-Wi system, the end
user had better be unaware of the presence of the fiber link. This means that no
modifications need to be carried out on the handset, which will also ensure the same
handset can be used in the legacy wireless network as well as in a Fi-Wi network,
enabling seamless roaming between these two networks. Since the number of RAPs
will be large, they typically are cost-effective, small, robust and low complexity. To
meet these requirements, the number of functions performed by an RAP is be minimal
(i.e. no up/down-conversion or digital signal processing at the RAP). This has the
advantage of transmitting RF versus intermediate frequency (IF) or baseband signal
(BBS) over fiber. ROF transmission systems combine the advantages of the optical
fiber and wireless access. From Fig. 5, we learn that RF signals are generated and

up-converted to specific subcarrier frequencies in the CPU.



Figure 6: Base station fronthaul network |2]

The optical transmitter (OTx) is used to modulate optical carrier with the RF
signals. Thus, the RF signals are carried by the optical carrier and then transported
by the optical carrier through optical fiber from CPU. Usually single mode fiber
(SMF) is used because it is cheap and provides better performance in bandwidth
and transmission distance. Moreover, compared to the single mode fiber, multi mode
fiber (MMF) induces severer mode dispersion. An optical receiver (ORx) at the
remote radio unit (RRU) is used to demodulate optical signals to RF signals. The
demodulated RF signals are distributed by RF amplifiers and antennas. In the uplink,
the received RF signals from the antennas are amplified and then used to modulate an
optical carrier by an CPU OTx at the RRU. After the transmission in the optical fiber,
an ORx demodulates the light. The demodulated RF signals are down-converted and
processed at the CPU. The up/down-conversions, analogto-digital /digital-to-analog
converters (ADCs/DACs), and signal processing are moved to the CPU.



Figure 7: CRAN Network Architecture from CALIENT Technologies

Since the signal processing is in the digital domain, ADC/DAC, and up/down-
conversions are located at the CPUs in ROF systems, and thus the RRUs are sim-
plified like those of Fig. 6. Using optical subcarrier modulation, we will be able to
modulate many RF signals onto a beam of light using the direct-modulation laser
scheme describe earlier. The use of frequency division multiplexing (FDM) permit
us to modulate several LTE band on the laser output. These n-RF carriers are fed
as an input to the direct-modulated laser which modulate the light onto the carrier
lightwave frequency. The optical field is then receied by a p-i-n photodetector. The
now converted optical power to electrical signal is fed to a corresponding number of
bandpass filter (BPF). Each BPF has its center frequency tuner to the original RF

carrier frequency so that the original data transmission may be recovered [17].
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Figure 8: Standard digitized radio over fiber architecture [3]



It can be seen from Fig. 7 that the radio access points (RAP) must consist of at
least one optical-to-electrical, electrical-to-optical, and a radio antenna. In the down-
link direction, RF amplifiers need to be incorporated to amplify the signal to a level
suitable for radio transmission. In the uplink direction, automatic gain controllers
may be incorporated to compensate for the fluctuations in the RF signal level. While
the RAP should be designed to function at the passband for the carrier frequency of
the wireless system(s) to be supported, it is good to make the RAP independent of
the radio signal formats (such as CDMA or OFDM), so that it can support different
wireless services without modification. The power consumption and maintenance re-

quirements of the RAPs should of course be low.

As schematize in figure 8, the baseband-RF modulation is done at the BS as usual.
This radio signal then modulates the optical carrier at the optical transmitter (RF-
optical modulation). This is often done using intensity modulation, which is the most
common technique. Direct detection of the light energy is done at the photodetector
in this case. Together it is called the intensity modulation direct detection (IMDD)
technique. Coherent RF-optical modulation is also possible, which will provide a bet-
ter solution at the expense of high complexity. In coherent RF-optical modulation,
both the phase and the amplitude of the light wave are modulated by an RF signal.
Hence, the phase of the optical carrier needs to be tracked at the fiber-optic receiver,
which will require very stable, narrow line width optical sources and phase-locked
photonic receivers are possible. The RF-modulated light wave then travels to the re-
mote RAP. At the RAP, the RF signal is extracted from the optical carrier using an
appropriate photodetector and bandpass circuitry. This RF signal is then amplified

and relayed to the portable units via the wireless channel.

As shown by Fig. 9, the modulation using a laser is called direct modulation
(DM) and the modulation using a laser plus an external modulator is called external
electro-optical modulator (EM). DM is simpler than EM, but EM has lower chirp
and higher bandwidth compared to the direct modulation. Chirp could induce phase
distortion and signal spectrum broadening, and also makes chromatic dispersion (CD)

more severe.
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Figure 9: Radio over fiber system [4]

1.2 Motivations of research

ROF transmission systems are based on optical subcarrier modulation and analog
optical transmission and therefore are susceptible to nonlinear distortions. So the
suppression of nonlinear distortions, i.e., linearization, is the key technique for suc-
cessful application of ROF transmission systems for broadband fronthaul networks.
Nonlinear distortions are caused by nonlinear characteristics of the microwave and
optical components in ROF transmission systems. Two main sources of the non-
linearities in ROF transmission systems are optical subcarrier modulation and RF
power amplification. Nonlinearities can generate spurious signals that may overlap
with the desired ROF signals, so that the transmission performance is degraded and

the transmission system cannot conform to the standards of the applications [16].

Moreover, ROF is a technology that relays RF analog or digital signals through
optical fiber. In the simplest configuration, each base station is connected to ev-
ery central station, and vice-versa, throught fiber optic. Any wireless service may
be received by the transceiver and the RF signal will be modulated onto a specific
optical carrier, one optical carrier allocation per base station. Many optical carriers
can be modulated onto a light beam using wavelength division multiplexing (WDM)
which further increase the already exceedingly high bandwidth capability of an optical
link [17]. In fiber optic system, the standard spacing is 200 GHz, 100 GHz, 50 GHz,

10



25 GHz and 12.5 GHz. In order to use the optical fiber bandwidth efficiently, we son-
sider the optical channel space of 12.5 GHz |18]. We also use ODSB to eliminate one
side subcarriers, which save the bandwidth and thus more subcarrier signals can be
transmitted in one optical channel. Furthermore, in order to improve optic spectral
efficiency in transmission and reduce chromatic dispersion impact on transmission,
new modulation with one optical wavelength carrying two or more subcarrier signals
has been proposed [19-21]. As shown by Figure 10, in OSSB one optical carrier can
carry multiple RF or FDM signal tones in either lower sideband (LSB) or upper side-
band (USB).
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Figure 10: Received p-i-n photodiode spectrum of proposed N-bands RF optical single
sideband modulation for digitized radio over fiber.

The usage of DROF can furthermore increase the efficiency of the link since now
the digital signal processor (DSProc) is in fact a computer. The only analog parts re-
quire in the system are digital-to-analog and analog-to-digital converter. The current
trend in computer performance seems to indicate that they will continue to increase in
power. In a conventional ROF link the signal can also be digital. Hence the strenght
of DROF. The process of conversion of the digital waveform to analog or the received
analog signal to its discrete-sampled time representation is now the only limiting

factor of the system. The shift to RF spectrum was done using a sample-by-sample

11



multiplication with a complex exponential, hence cancelling the creation of a negative
spectral components as would have been the case with a real oscillator. Furthuremore,
using a spectral shifter (SS) based on a discrete-time hilbert transformer (DTHT),
we were able to reduce the bandwidth usage by half, again! The proposed all-digital
radio-transmitter will be evaluated using the error vector magnitude (EVM) and bit
error rate (BER).

1.3 Contributions of research

At the Advanced Photonics Laboratory, the nonlinear distorsion supression of these
imparaiments are widely invertigated. The reasearch focus on linearization, analog
and digital predistortion of the signal for radio over fiber communication system.
On the other hand, this Master Thesis work will be investigating on the usage of
a AY modulator for fronthaul transmission and the limits of digital integration of
common analog system, such as delta-sigma modulation, interpolation filter chain,
RF linear power amplifier, channel filtering (standard 20 MHz LTE 3GPP), founded
in fiber optic transmission system onto an FPGA device. This FPGA-based all-digital
transmitter integrating the proposed DSM also can satisfy the spectral mask of IEEE
802.11a wireless local area network (WLAN) standard [22]|. To realize an FPGA-based
all-digital transmitter, high-speed AY modulator (DSM) is a key component because
an FPGA output is 1-bit signal and then high oversample ratio (OSR) of DSM is
required for high signal-to-noise ratio (SNR). To improve its speed, time-interleaved
AY, modulator (TI-DSM) is often used in FPGA. However, DSProc FPGA-based
all-digital transmitters have limitation in speed of DSM. It restricts use cases of
FPGA-based all-digital transmitter under 1-GHz band [23|. In the presented work,
the target is the implementation of a complete system on an FPGA. The complete
transmitter should still have a N-bit DAC and a transmitting antenna. The interest
in this master thesis is the design of the digital processing chain preceding the N-bit
DAC.

12



1.4 Organization of the Master Thesis work

This chapter briefly introduce the motivation of this Master Thesis work. Radio
over fiber terminology is introduced. Furthermore, we then take a quick look at its
counterpart, digitized radio over fiber , that will be consider thoughout this work. The
main limitings a factor of a radio over fiber link are also discuss. The nonlinearities of
the microwave device and the fiber link pose serious problem for the length of the link
and the input power on the laser. In Chapter 2, a comprehensive litterature review
on digital signal processing is presented. In 3, a comprehensive litterature review
about AY modulator-based transmitter is presented. Chapter 4 will introduces the
intensity modulation direct detection (IMDD) radio over fiber transmission systems.
With 5, the reader is given a summary of basic AY principles. Finally, Chapter 6
and 7 presents the experimental results of our digitized radio over fiber transmission

System.
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Chapter 2

Fundamentals

2.1 Quantization process

A critical choice in the quantization process is if the data should be implemented
in fixed-point or floating-point arithmetic. With IEEE 754-2008 floating-point arith-
metic, we can usually obtain a wide dynamic range for a signal. The advantage of
generating analog baseband signal using a computer should become very clear by
now. Fixed-point quantization is done using either truncating, disregarding the LSBs
exceeding the wordlength, or rounding. In the case of truncation, the error for a
B-bit number in two’s complement form relative to the full scale is given by 272, The

precision is in other words better for double-precision small values.

2.2  Oversampling

A signal is said to be oversampled by a factor of OSR if it is sampled at N times its
sampling frequency, F,. By increasing the sampling rate of the digital PCM signal,
the width transition band compared to the passband is much larger in ratio. Hence,
design constraints for anti-aliasing filter can be relaxed. Without oversampling, sharp
cutoff are usually unfeasible, either the filter order is excessively large, or the transition
band exceed the Nyquist limit. Oversampling reduces the quantization noise power in
the signal band by spreading a fixed quantization noise power over a bandwidth much
wider than the signal band. Combine with delta-sigma modulation; the quantization

noise can be reduced by 15 dB for a doubling of the sampling rate [24].
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Figure 11: 8192-point DFT of the delta-sigma modulation x(n) = cos(2ft)

Here in Figure 11, in the reconstruction phase of digital-to-analog conversion, an
intermediate high sampling rate is used between the digital input and the analogue
output. The digital interpolation add additional samples in between, thereby con-
verting the data to a higher sample rate, which is a form of upsampling. When
the resulting higher-rate samples are converted to analog, a less complex/expensive
analog low pass filter is required to remove the high-frequency content, which will
consist of reflected images of the real signal created by the zero-order hold of the

digital-to-analog converter [25].

2.3 Quantization noise

Quantization noise (or quantization error) is the round-off error that occurs when a
digital signal is converted to an analog waveform. Assuming the quantization error is
random, which is correct if the signal exhibit a true random nature, the quantization

error can approximate as white Gaussian noise [26].

Q(n)

X X +n

Figure 12: Addition of independant quantization noise
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The delta-sigma modulator reduces the word-length from the 80-bit double preci-
sion representation of the complex baseband signal to a N-bit bitstream, introducing
large truncation error in the signal band. To suppress this quantization error, an
internal feedback loop is used to lowpass filter the signal of interest and to act like a

highpass filter on the noise power.

|||||||||||||

SNR =44.9dB @ OSR = 16

Figure 13: Noise shaping of the quantization noise property of the delta-sigma mod-

ulator

As a token of this behaviour, Fig. 13 show that in the signal band the noise power
is at least -90 dB lower than the modulated signal. This property is independent of
the actual message, which renders the delta-sigma modulator versatile with the types
of signal it can handle. On the other hand, once you move toward high frequency,

the noise power will become very large [27].
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2.4 Noise shaping

The output signal contains the original input signal plus the difference of the quanti-
zation error. OQur transmitter is a noise-shaping modulators since it shifts the quan-
tization noise outside the signal band to separate almost all of the quantization noise

from the signal of interest [28].

2.5 Digital-to-analog conversion

Equivalently, the quantisation operation can be considered in terms of an input-
output relation of the form. The signal is mapped through this function prior to
being sampled. We can define the quantisation noise, or quantisation error, as the
time function that is the difference are the signals before and after quantisation. They
can also be processed using digital hardware containing adders, multipliers, and logic

elements.

Input Output
o Q )

X x’

Figure 14: The quantizer
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2.5.1 Modulation index or depth (u)

In amplitude modulation (AM), the amplitude of the message signal (A,,) and the
amplitude of the carrier wave (A.), they have a ratio and this ratio is known as the

modulation index or depth (pu).
A
= 1
Y (1)

If 0 < pu < 1, the received signal envelope is sinusoidal and can be recovered. If
i > 1, there is overmodulation, that is the peaks of the message signal exceed the
modulation envelope, or overshots. The received waveform is then distorted and

cannot be recover. Assuming the carrier wave continous-time equation c(t),
c(t) = Acsinw,t
and the message signal m(t),
m(t) = Ay, sinwp,t
the modulated message signal S4); becames,
San = [Ac+ Apcos (27 fiut)] cos(27 fet)
= AJl+ im o8 (27 frt)] cos(27 fet)

(

where the modulation index is defined as

Am

Ae

It means how much of the energy of the carrier wave has been used in modulation.

Modulation index = p =

Defining the minimum amplitude of an AM wave (A,,in),
Amin - Ac - Am
and the maximum amplitude of an AM wave (A,,42),

Amax - Ac + Am

Note that, y 1
Ac _ max + min
2
and n n
Am _ max ~— ‘Imin
2
Finally,

Am o Ama:r - Amin
Ac B Amax + Amzn

Modulation index or depth =y =

18



Chapter 3

Litterature review

3.1 AY modulator (DSM) based optical fronthaul

transmitter

By oversampling the signal and using a 1-bit quantizer, the baseband time-varying
envelope signal is encoded to a bilevel constant envelope signal. The generated quan-
tization noise at the output of the AX modulator (DSM) is shaped so that it falls
outside of the signal band to maintain a good signal quality. The method is catego-
rized as pulse density modulation, where the information is encoded in the density
of pulses [23,29-32|. While a delta-sigma-based transmitter offers, in principle, some
advantages such as linearity and PA efficiency [32], it suffers from two main draw-
backs. One of these drawbacks is the need for a high clock speed to oversample the
data to achieve good signal quality |23|. Another problem is the quantization noise,
which forms the most part of the signal at the output of the DSM. the 1-bit delta-
sigma modulator (DSM) shifts quantization noise to adjacent channels, resulting in
a poor adjacent channel leakage ratio (ACLR) [33]. Since the quantization noise is
also amplified by the PA, the low power efficiency issue pops up. Higher order DSM
and/or higher oversample ratio (OSR) are often used to overcome this problem, but
both methods increase the power consumption of digital baseband. This quantization
noise will be amplified alongside the desired signal by the PA and should be filtered
before transmitting, resulting in a very poor efficiency for the transmitter |34|. Our
research focuses on replacing the 1-bit AY DAC with an N-bit AY¥ DAC. This method

is suitable for narrowband signals due to its noise shaping property.
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3.1.1 Kahn envelope-elimination and restoration (EER) tech-
nique

Leonard Kahn [35] developed EER in the 1950s as a means of improving the effi-
ciency of short-wave broadcast transmitters. In contrast to linear amplifiers, a Kahn-
technique transmitter operates with high efficiency over a wide dynamic range and,
therefore, produces a high average efficiency for a wide range of signals and power
(back-off) levels |36, 37|. Previous applications include short-wave broadcast [38],
HF /VHF transmitters [39, 39|, VHF amateur-satellite repeaters [40], and cellular

transmitters [41].

The Kahn envelope-elimination and restoration (EER) technique (Fig. 15) is
based upon characterization of narrowband signals as simultaneous amplitude and
phase modulation. The phase-modulated RF carrier is amplified efficiently by non-
linear RF power amplifier (PAs). The envelope is restored by an efficient high-level
amplitude modulator such as class S. The resultant transmitter ideally maintains
a high average efficiency regardless of the peak-to-average ratio of the signal, and
remains efficient over a large range of back-off. Since a Kahn transmitter does not

depend upon the linearity of its RF-power transistors, it can also be highly linear [42].

AN /\/ \
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Figure 15: Kahn-technique transmitter [5].
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Nonlinear RF power amplifiers (e.g., classes C,D,E and F) offer better efficiency
than do linear PAs (classes A and B) [36]. High-efficiency high-level amplitude mod-
ulation is accomplished by class-S or -G AF PAs. While conventional linear transmit-
ters suffer from poor efficiency for low-amplitude signals, Kahn-technique transmit-
ters have good efficiency over a wide dynamic range. As a result, a Kahn-technique
transmitter can be several times as efficient as conventional transmitter [39]. The
bandwidth of the envelope modulation must be at least twice that of the RF sig-
nal [43]. The switching freequency of the class-S modulator must be 6 to 7 times
the RF bandwidth to ensure adequate attenuation of the switching hquencies and

sufficiently small spurious modulation products within the output hand [36].

3.1.2 An Improved Kahn Transmitter Architecture Based on
Delta-Sigma Modulation

The Kahn transmitter based on Envelope Elimination and Restoration (ERR) tech-
nique is one of the promising approaches [5,35,42-44]. Kahn’s technique utilizes the
separation of signal carrier and envelope. The signal envelope is amplified using a
low frequency high efficiency amplifier. The final-stage RF power amplifier is acting
as a modulator while the input is driven at the switching mode, often implemented
in class-S with pulse width modulation. The average power added efficiency of 57%
has been reported [5| However, digitizing RF frequency is not a easy task with the

current semiconductor technology.

DG suppty
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Envelope Madulater Ciase-5 Amplifiar

delector

! Vimad
RF Quiput
S X =
RF Inpat t
Limiter TimeDelay RF emplifier Band pass fiter

Figure 16: Block diagram of the proposed transmitter architecture No. 1 (in modu-
lator form) |6].
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To overcome the drawbacks of the above two approaches, a new transmitter archi-
tecture is proposed by combining the EER concept in Kahn technique and the digital
modulation concept in the second approach. As, shown in Figure 17, the proposed
approach splits the envelope and carrier of the signal. The envelope rather than the
RF signal is digitized a N-bit using a delta-sigma modulator. Then the digitized enve-
lope is directly modulated on a camer without going through a low-pass filter. Thus
the modulation nonlinearity at the final stage won’t affect the output signal linearity.
The final RF output is obtained by passing the modulated signal through a band-
pass filter. Because of the noise shaping property of delta-sigma modulators, most of
the discretization error can be filtered out, which will assure reliable restoration of

original signal envelope |[6].

AT
Moduisior
OC supply
RF Output
Y A nma 1" —~®—~1 >
L] - —
RF Input
Limiter TimeDelay poaylator ~ Class-S Band pass fiter

. RF Amplifier

Figure 17: Block diagram of the proposed transmitter architecture No. 2 (in amplifier
form) [6].
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3.1.3 Direct-Conversion Architecture

A problem arises from the fact that upconversion to f. also implies upconversion to
-f.. When moving the signal and the shaped noise to - f., the noise that was at 2f,
moves to f. and ends up in the signal band, as illustrated in Fig. 18, b. Similarly the
noise from -2 f, ends up at - f, [7].

(a) (b)

Upconvert
—

to f.

Hold

Figure 18: Problem arising from upconversion in baseband A [7].

3.1.4 LPDSM-Based Direct-Conversion Transmitter

Two different architectures can be used for the DSM transmitter: direct-conversion
architecture for LPDSM and low-IF architecture for BPDSM and HPDSM. The
LPDSM-based transmitter architecture’s main advantage is its simplicity and suit-

ability for integration.
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Baseband

o——F

Digital Domain

Figure 19: Block diagram of an LPDSM-based transmitter [8|.

3.1.5 BPDSM-Based Low-IF Transmitter

It consists of two digital quadrature up-converters, two BPDSMs, one analog quadra-
ture up-converter (IQ modulator), a PA and a band-pass filter at the output of the PA.
The digital quadrature up-converters are used to transfer the input I and Q signals
from the baseband to the quarter of the sampling frequency to be used by BPDSMs.
To maintain constant envelope in the signal that feeds the PA, any filter such as
image rejection filter between DSMs and the PA (usually used in conventional low-IF
architectures) that affects the amplitude of the signal should be avoided [45], [46].
By using digital and analog quadrature upconverters, shown in the proposed trans-
mitter architecture of Figure 20, there is no image problem, and so the PA can be
fed directly by a constant envelope signal, generated at the BPDSMs after frequency

upconversion [45].
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Here, a proposed dual-band transmitter based on LPDSM or BPDSM is shown in
Figure 21 |47|.In the proposed transmitter, delta-sigma modulators and upconversion
are similar to the transmitters for single band [48] and dual-band transmitters [49,50].
The difference is that in one transmitter system we can flexibly employ the same struc-
ture, or combination of the two structures by designing the noise transfer function
(NTF). The NTF can prevent noise especially from interfering with the other desired

signal.

In the topology, the base-band signals though digital signal processing are modu-
lated by two different DSM producing 1-bit output signals. According to oversampling
and noise shaping, the most of noise is pushed to outband. Then 1-bit digital signals
with high speed are effectively upconverted to RF by using a multiplexer, which are
the desired frequency bands. The output signals of upconverters are combined and

amplified to improve energy efficiency.

3.2 Digitized radio over fiber (DROF)

ROF is fundamentally an analog transmission system because it distributes the radio
waveform, directly at the radio carrier frequency. The radio system itself may be
digital such as LTE [51]. Digitized radio over fiber (DROFs) offers the ability to
develop radio architectures with programmable intermediate frequency, bandwidth,
modulation and coding schemes. In the ideal case, the receiver would be to attach
an analog-to-digital converter by an optic fiber cable to an antenna. The transmitter
would generate a stream of numbers. The digital waveform would be sent to a digital-
to-analog converter connected to a radio antenna by fiber optic link. In both cases, the
data stream would be a complex-valued sampled-based baseband digital signal |14].
In each direction, the input RF signal is applied to a laser diode where it modulates

the intensity of the output light.
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3.2.1 Improved architecture - Low-distortion sigma-delta ADC/DAC

The modulator employs an improved MASH 2-2 multi-bit sigma-delta architecture
which can achieve a low distortion performance and provide both greater signal-to-
noise and distortion ratio (SNDR) and spurious-free dynamic range (SFDR) over a
10 MHz bandwidth. Multi-bit DACs which are able to reduce the quantization noise
are used for both stages. The theoretical SNDR of a sigma-delta modulator is given
by

SNDR = %E (23 - 1)2 . OSR*+! 2)

Y RE

where L is the order of the modulator, B is the number of bits of the quantizer, and
OSR is the oversampling ratio. Obviously, the SNDR is determined by L, B and
OSR and for a wide bandwidth application, such as the WLAN receiver, OSR and
L. cannot be made higher for the consideration of high sampling frequency, circuit
complexity and power dissipation. Then, the quantizer resolution B determines the
performance of the modulator since OSR and L have been determined. The whole
architecture of the modulator is shown in Fig. 22. The first stage of the modulator

is a second-orders and the second stage has nearly the same structure in the absence
of the added feedback factor [22].
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Fig. 1. Improved MASH 2-2 modulator architecture.

Figure 22: Improved MASH 2-2 modulator architecture [10]
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Reviewed DSM-based Transmitter Architecture

Transmitter Ar- | Improvements Drawbacks

chitecture

Direct- Signal is digi- | Require Upcon-

Conversion tized and mod- | version (either
ulated at base- | digital or ana-
band, which ease | log).
computation re-
quirement.

LPDSM- Same structure | Requires signal

Based  Direct- | of BPDSM, or | Upconversion to

Conversion hybrid struc- | RF frequencies.
tures.

BPDSM- No  Upconver- | Limited by the

Based  Direct- | sion. speed of DSM.

Conversion

Digital ~ Power | Included a digi- | Computationally

Amplifier. tal linear power | expensive.
amplifier

Linear  Trans- | 1-bit  envelope | Limited dy-

mitter (EER) modulation namic range of
is inherently | the transmitter.
stable.
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3.2.2 Proposed all-digital radio-transmitter

In an all-digital radio-transmitter, the signal is digitized and modulated in the base-
band, that is using an analytic signal (no negative frequency) to represent a digital
waveform. It means that to transmit the message an upconversion is required. We
could use direct digital frequency synthesizer (DDFS) to shift the baseband signal to
its RF spectrum. However, a multi-bit digital-to-analog converter (DAC) converter
is susceptible to glitches and spurious noises, as the frequency approach the Nyquist
limit, that is the maximum frequency the modulator can handle without introduc-
ing aliasing in the baseband. Moreover, since the circuits deal with RF frequencies,
which required very high sampling, it may cause high power dissipation. Our re-
search focuses on replacing the DAC with an N-bit sigma-delta DAC converter. This
method is suitable for narrowband signals due to its noise shaping property. With
the baseband signal shaped into N-bit signal, high efficiency linear digital PAs can be
used. In order to apply frequency upconversion to obtain a passband signal around
the specified carrier frequency, we simply multiply the complex baseband signal with

a complex exponential and taking the real part.

Baseband signal CF DucC PA Re DSM | Bitstream

Figure 23: Proposed all-digital radio-transmitter architecture - CF: Channel filter,
DUC: Digital-up-converter, PA: Power amplifier, Re: Real-part, DSM: Delta-sigma

modulator
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3.2.3 Adjacent channel leakage ratio (ACLR)

Adjacent Channel Leakage power Ratio (ACLR) is the ratio of the filtered mean
power centred on the assigned channel frequency to the filtered mean power centred

on an adjacent channel frequency. ACLR requirements are specified for two scenarios
for an adjacent E-UTRA and /or UTRA channel as shown in Figure 24
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Figure 24: Adjacent Channel Leakage requirements

According to the Evolved Universal Terrestrial Radio Access (E-UTRA), the Base
station (BS) radio transmission and reception produced by the 3rd Generation Part-
nership Project (3GPP) aim to establishes the Base Station minimum RF character-
istics of E-UTRA in paired and unpaired bands [52].Unwanted emissions consist of
out-of-band emissions and spurious emissions [53]. Adjacent Channel Leakage power
Ratio (ACLR) is the ratio of the filtered mean power centered on the assigned channel
frequency to the filtered mean power centered on an adjacent channel frequency. The
requirements shall apply whatever the type of transmitter considered (single carrier
or multi-carrier). It applies for all transmission modes foreseen by the manufacturer’s
specification. The ACLR is defined with a square filter of bandwidth equal to the
transmission bandwidth configuration of the transmitted signal ( BWconfig) centered

on the assigned channel frequency and a filter centered on the adjacent channel.
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3.2.4 Minimum requirement E-UTRA

E-UTRA Adjacent Channel Leakage power Ratio (E-UTRA ACLR ) is the ratio of
the filtered mean power centred on the assigned channel frequency to the filtered
mean power centred on an adjacent channel frequency. The E-UTRA on channel and
adjacent channel power is measured with a rectangular measurement bandwidth filter

as shown in Figure 25

Channel bandwidth / E-UTRAAcLr1  / measurement bandwidth
1.4 1.6 3.0 3.2 5 10 15 20
MHz MHz MHz MHz MHz MHz MHz MHz
E-UTRAacLR1 30dB 30dB 30dB 30dB 30dB 30dB 30dB 30dB
E-UTRA channel [4.5] [9.0] [13.5] [18]
Measurement MHz MHz MHz MHz
bandwidth

Figure 25: General requirements for E-UTRA scpr

3.2.5 Minimum requirements UTRA

UTRA Adjacent Channel Leakage power Ratio (UTRA ACLR) is the ratio of the fil-
tered mean power centred on the assigned E-UTRA channel frequency to the filtered
mean power centred on an adjacent(s) UTRA channel frequency. UTRA Adjacent
Channel Leakage power Ratio is specified for both the first UTRA 5 MHz adja-
cent channel (UTRA ACLR1) and the 2nd UTRA 5MHz adjacent channel (UTRA
ACLR2). The UTRA channel is measured with a 3.84 MHz RRC bandwidth filter
with roll-off factor « = 0.22. The E-UTRA channel is measured with a rectangular

measurement bandwidth filter.

Channel bandwidth [ UTRAacir12 [ measurement bandwidth
1.4 1.6 3.0 3.2 5 10 15 20
MHz MHz MHz MHz MHz MHz MHz MHz
UTRAACLR1 33dB 33dB 33dB 33dB 33dB 33dB 33dB 33dB
UTRAAcLR2 - - - - 36 dB 36 dB 36 dB 36 dB
E-UTRA channel - - - [4.5] MHz | [9.0] MHz | [13.5] MHz | [18] MHz
Measurement
bandwidth
UTRA channel - - - - 3.84 MHz | 3.84 MHz | 3.84 MHz 3.84 MHz
Measurement
bandwidth

Figure 26: General requirements for UTRA scrr
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Chapter 4

Intensity modulation direct detection
(IMDD) digitized radio over fiber
(DROF) link

4.1 Optical transmitter (OTx)

The role of the optical transmitter (OTx) is to generate the optical signal, impose the
information-bearing signal, and launch the modulated signal into the optical fiber.
The semiconductor light sources are state-of-the-art optical systems. Depending on
the nature of the recombination process, we can classify different semiconductor light
sources as either light-emitting diodes (LEDs), in which spontaneous recombination,
dominates or semiconductor lasers, in which the stimulated emission is a dominating

mechanism.

4.1.1 Mach-Zehnder modulator (MZM)

OSSB and ODSB can be accomplished by using a Mach-Zehnder modulator, which
theoretically have a squared cosine transfer function in power. In other words, MZMs
have nonlinear transfer function [18], resulting in nonlinear distortion which consists
of harmonic distortion (HDs) and intermodulation distortion (IMDs). The IMDs can
be increased significantly when multiple RF signals are carried by one optical carrier.

Such nonlinear distortions considerably reduce receiver sensitivity and dynamic range

[54-57).
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Figure 27: A dual-drive MZM.

4.1.2 Direct modulation

Pulsed modulation of the light can also be achieved by switching the bias current
on and off with a transistor circuit like the one in Figure 28. As the pulse rate is
increased, the turn-on delay becomes a problem and limits the maximum bit rate.
The laser with a lower threshold current has a shorter turn-on delay time, and this

is one of the reasons for the desirability of a laser with a low threshold current.
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Figure 28: Simplified laser driver circuit.

This method, called direct modulation (DM), is very convenient and can be utilized
up to modulation rates of several gigahertz. Figure 28 shows a simple circuit for
converting an electric signal to an optical signal using a semiconductor laser. The
circuit converts the voltage of the source to a proportional current signal that flows
through the laser. Because the laser behaves more or less linearly above its threshold
current, the voltage signal is converted to a similar optical signal. Another advantage

of semiconductor lasers is that these devices are generally very efficient light sources.
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Semiconductor devices also have an important advantage in terms of the optical wave-
lengths they produce. The wavelength generated or absorbed by a semiconductor is
a function of its bandgap energy. The bandgap of semiconductors used in optoelec-
tronics is in the range of 0.5-2 eV. This range corresponds to a wavelength range of
approximately of 1300 - 1500 nm, which happens to include the wavelength windows,
where the attenuation of glass fiber is minimum. Therefore, the light output of these
devices can propagate in fibers for long distances with little attenuation. Semicon-
ductor devices are also very small in size, generally cheap, and very reliable. They
can be produced in large quantities through wafer processing techniques similar to
other semiconductor devices. All these advantages make these devices ideal sources
for numerous optical communication applications. Thus, in many applications the
modulation of light is achieved by directly modulating the current flow through the

device.

4.2 Pulse propagation through optic fiber

4.2.1 Attenuation

Under a general conditions of power attenuation inside an optical fiber the attenuation
coefficient of the optical power P can be expressed as
dP
o

where « is the attenuation factor in linear scale. This attenuation coeflicient can

—aP (3)

include all effects of power loss when signals are transmitted though the optical fibers.
Considering optical signals with an average optical power entering at the input of the
fiber length L is P;, and P, is the output optical power, then we have P;, and P,

are related to the attenuation coefficient « as
Pout - Pine(_aL) (4)

It is customary to express « in dB/km by using the relation

10 P,,
a(dB/km) = —floglo( 2 é

) = 4.343a (5)

Standard optical fibers with a small A would exhibit a loss of about 0.2 dB/km, i.e.,
the purity of the silica is very high as shown in Figure 29.
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Figure 29: Attenuation of optical signals as a function of wavelength.

4.2.2 Distortion

Consider a monochromatic field given by

E, = Acost(wt — 5z)

A | wave amplitude
radial frequency
propagation constant along the z-direction

@ &

Table 2: Fiber parameters

If setting (wt”z) constant, the wave phase velocity is given by

_dz_w

UP—%—ﬂ

(7)

Now consider the propagating wave consists of two monochromatic fields of frequen-

cies of frequencies w + dw; w — dw

E,1 = Acos[(w + dw)t — (B + 63)7]

E.o = Acos|(w — dw)t — (B — §p)z]
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The total field is then given by:
E, = E.1 + Ew = 2Acos|(wt — [2)]cos|[(dwt — 65z)] (10)

If w > dw then cos(wt — Bz) varies much faster than cos(dwt — d3z), hence by setting

(0wt — §z) invariant, we can define the group velocity as

_dw 4y dp

vg—@—)vg = (11)
The group delay ¢, per unit length (setting L at 1.0 km) is thus given as
L(of1k d
, — Lo/1km) _ df (12)

Vg dw
The pulse spread d7 per unit length due to group delay of light sources of spectral
width o), i.e., full-width-half-mark (FWHM) of the optical spectrum of the light
source, is
dt,

AT = FINL (13)

Optical signal traveling along a fiber becomes increasingly distorted. This distortion
is a consequence of intermodal delay effects and intramodal dispersion. Intermodal
delay effects are significant in multimode optical fibers due to each mode having dif-
ferent value of group velocity at a specific frequency. While intermodal dispersion is
pulse spreading that occurs within a single mode. It is the result of the group velocity

being a function of the wavelength A and is therefore referred as chromatic dispersion.

Two main causes of intermodal dispersion are: (1) material dispersion which arises
from the variation of the refractive index n(\) as a function of wavelengths. This
causes a wavelength dependence of the group velocity of any given mode and (2)
waveguide dispersion, which occurs because the mode propagation constant 3(\) is a

function of wavelength and core radius a and the refractive index difference.

The group velocity associated with the fundamental mode is frequency depen-
dent because of chromatic dispersion. As a result different spectral components of
the light pulse travel at different group velocities, a phenomenon referred to as the
group-velocity-dispersion (GVD), intermodulation distortion (IMD) or as material

dispersion (MD) and waveguide dispersion (WD). The attenuation and dispersion

curve for silica glass is shown in Figure 30.
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Figure 30: Dispersion of optical signals as a function of wavelength.

4.3 Nonlinearities in IMDD fiber link

In ROF transmission systems, the output power is expected to be linear to its input
power which is shown in Figure 31. However, the output of the system is always
nonlinear to its input in practical transmissions. As shown in Figure 31, as RoF input
power increases, the RoF output power is not increasing as expected, which means
the transmission of the RoF system is being suppressed. This section introduces

nonlinear distortions of ROF transmission systems.

Measured and linearized power vs. input power

0.45H Measurement B
—DPD Linearized

Figure 31: Characteristics of a typical predistorter [11]
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Fiber dispersion such as chromatic dispersion (CD) is not the main degrading
effects. The major nonlinear distortion in ROF link is due to RF components like
RF power amplifier (PA) and optical components such as laser diode (LD), external
electro-optical modulator (EM), semiconductor optical amplifier (SOA) and photodi-
odes. The nonlinear transfer functions of these devices result in harmonic distortion
(HD) and intermodulation distortion (IMD). When considering single tone signal
transmission in a ROF link, the output signal contains products at frequencies of
integer multiples of the fundamental frequency which is shown in Figure 32, and this
phenomenon is caused by HD. IMD happens when two or more signals at adjacent fre-
quencies are being transmitted in an ROF link, intermodulation between these signals
generates more distortion products at frequencies other than harmonic frequencies.
The third order intermodulation (IMD3) products are at 2 fi-fa, 2fo-f1, 2f1+fo and
2fo+ f1 frequencies. 2fi-f; and 2fo+ f; are located right next to the fundamental

frequencies f; and fs.

RF power

A
zflf;_‘ ‘ 2f5-f
L,

f, f;  Frequency

Figure 32: Harmonic distorsion [12]

From Figure 33, it can be derived that second order intermodulation (IMD2)
products have the largest powers among all IMD products, however IMD2s are located
far from the fundamental frequencies. TMD3 has the second largest power among
IMDs which is located in the transmission passband. 3f; - 2f, and 3f; - 2f; are
the two of fifth order intermodulation (IMD5) products that are closely located to

fundamental frequencies. IMD5 is also in the passband but with a lower power.
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Figure 33: IMD products

Hence IMD3 should be considered the most important intermodulation product.
Four-wave mixing (FWM) is the most stand out optical nonlinear effect in ROF
transmission systems. FWM occurs when two or more frequencies of light propagate
through an optical fibre together. Two lights at the frequencies of w; and w, are gen-
erated by two lasers, respectively. Then, at the output of external optical modulator,
two more lights at the frequencies of 2wy - wy and 2w, - ws are generated.Summurize
were the FWM and IMD phenomenon [58].

4.4 Optical receiver (ORx)

Like optical sources, the optical detectors used in fiber optics are almost exclusively
semiconductor devices in the form of PIN photodiode and avalanche photodiode
(APD) detectors. From a circuit perspective, these are again diodes that like any
other diode (including laser diodes or LEDs) can be forward or reverse biased. How-
ever, for them to act as detector, they must be reverse biased. A PIN photodiode can
operate with a very low reverse bias. This makes the PIN photodiode attractive be-
cause it can be operated as an element within a standard electronic circuit that runs
at a low supply voltage of say 3.3 V. Figure 35 and 36 shows a simple detector circuit.
The output of the detector is a current that is proportional to the light power received
by the detector. Thus, the detector can be considered as a light-controlled current
source. In figure 34, a transimpedance amplifier (TTA) converts the photocurrent
generated by the detector to a voltage. APD detectors are not very different from a
circuit point of view. However, they require a much higher reverse bias voltage to op-
erate. Currently low-voltage APDs require at least 30-40 V of reverse bias. Moreover,

the required optimal reverse bias voltage for an APD varies with temperature. As the
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Figure 34: A low-noise InP transimpedance preamplifier (current-to-voltage con-
verter).
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Figure 35: Block diagram of a transimpedance preamplifier.

temperature rises, the reverse bias applied to the APD must also increase to maintain
the gain of the APD constant. Because of these complications, APDs are harder to
use and more care must be taken in designing them. They are also more costly in
terms of both the APD itself and the additional required support circuitry. However,
APDs have a big advantage that makes them attractive for high-end receivers: unlike
PIN detectors, an APD detector provides inherent current gain. Typically an APD
can work with a fraction of the optical power needed for a similar PIN photodiode,

and this means longer links can be supported with an APD receiver.

PIM or APD Blas Vollage

Light Inpat PIN or APD

=TT detector .

—
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Figure 36: Simplified detector using PIN diode or APD.
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Figure 37: Link budget in a simple optical link.

4.5 Intensity modulation direct detection (IMDD)

As depicated by Figure 37, the choice of optoelectronics components is mainly im-
pose by the optical link budget which impose tolerance on the laser, attenuation &
dispersion of the fiber, the optical receiver sensitivity, either APD or PIN) and detec-
tion type, like direct or coherent detection like in Figure 36. A cost-effective method
of data transmission is direct modulation of the laser diode drive current combined
with a photodetector at the other end. This scheme is known as Intensity Modu-
lation/Direct Detection, or IM/DD. One of the factors limiting the data rate is the
switching speed of the laser diode. Improving the characterisitics of the diode is thus
an area of extreme interest [59]. Figure 37 schematically explain the IMDD fiber link;
in each direction, the input RF signal is applied to a laser diode where it modulates
the intensity of the output light. The optical receiver usually consists of a p-i-n pho-
todiode as shown in Figure 37, which provides an RF power output proportional to
the square of the input optical power. This type of optical link is known as intensity

modulated-direct detection.
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4.5.1 Oversample noise-shaping DAC

The basic system diagram of an oversamples noise-shaping DAC is as follow 38. The
input x to the converter is a multibit digital signal (a stream of digital word with
a word length Ny and data rate F). The interpolation filter processes this signal
(IF), which changes the data rate to the oversampled value NF, (where N is the
oversampling ratio) and also suppress the spectral replica at Fj,...,(N — 1)F,. The
signal then enters into the noise-shaping loop which shortens the word length to a
multi bit, Ny, (where Ny < Ni). Since most of this noise lies outside the baseband
at frequencies above fg, it can be suppressed by the analog low-pass filter following
the DAC. The resulting very high-speed, low resolution RF signal is used in optical
single sideband modulation (OSSB). As of now, the RF modulating signal is digital,

hence computer systems becomes a DSProc station.

uop —8 ¥ ol NL ok DAC LPF 4
) AC o
fn OST - fn OST - fn

IF: Interpolation Filter

NL: Noise-shaping Loop
DAC: Digital-Analog Converter
LPF: Lowpass Filter

Figure 38: AY DAC converter architecture
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Chapter 5

AY, Modulation

5.1 Linear z-domain model

The output of the quantizer is feedback into the delay element, so at each cycle we add
the content of the truncation error register with the next input data. The truncation
introduces in one cycle is input as the opposite error in the next cycle. Errors cause
by truncation should average over time [26|. Using the z-domain model in which the

quantizer has been replaced by its linear model.

5.2 AY. modulator (DSM)

In 1962, Inose, Yasuda and Murakami proposed the delta-sigma modulator which add
an integrator into the loop of the delta modulator. The resulting system contained
an integrator in the forward path, followed by a 1-bit quantizer and the feedback loop
contained only a 1-bit DAC.

5.3 First-order delta-sigma modulator (MOD1)

The first order delta-sigma modulator is the simplest modulator. It consists of a delay

element, an adder and a quantizer.

Y(z) =2'Y(2) +U(z) — z7'V(z) (14)
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Figure 39: A first-order delta-sigma modulator and its linear z-domain model

Thus,
V(z) = Y(2)+ E(z) =2z'Y(2) +U(z) — 7'V (2) + E(2)
= U(s) + E(z) — 2 ' (V(2) = Y(2))
= U(z) + E(2) — z 'E(2)
= U(z) + (1 -z YHYE(2)

Eq. 14 can be written in the general form
V(z) = STF(2)U(z) + NTF(z)E(z) (15)

where in this case the signal transfer function (STF) is unity, and the noise transfer
function (NTF) is NTF(z) = 1 - z~'. In order to estimate the in-band power of the
quantization noise, it is useful to find the squared magnitude of NTF in the frequency

domain, by setting z = />, This give
INTF(e7*)|2= 2[sin(r F)]? (16)

For frequencies which satisfy f < 1, [NTF (/™) >~ (27 f)2. Tt is clearly a high-pass
response, which suppresses the quantization noise at and near de (where the signal
energy is) and amplifies it out of band, at and near 0.5 (i.e., fs/ 2). This noise-shaping

action is the key to the effectiveness of AY modulation.

The ideal quantizer is a deterministic device; v, and hence also the error e, are
fully determined by the input y. It is permissible to assume that e is a white noise
process with samples uniformly distributed between —A/2 and A/2. From the as-

sumed uniform distribution, o2 = A?/12.
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Figure 40: First-order delta-sigma modulator Simulink ®) model

The 1-sided power spectral density of e is therefore S.(f) = 202 = 2/3. Then, the

in-band noise power in the output v is given approximately by [60|

71_2

) 1/(2-0SR) )
2= [ RS = g a7

Assume that the input signal is a full-scale sine wave with a peak amplitude M.
Since the STF is unity, the output signal power is 02 = M?/2. Hence, the inband

signal-to-quantization-noise ratio (SQNR) is approximately

2 2 3
o,  9M?*(OSR)
SQNR ="t = 22 200 (18)
o 2T
q
Output Spectrum . -
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Figure 41: One-sided power spectral density, eight-order delta-sigma modulator, fz =
9 MHgz, F, = 491.52 MHz, OSR = 16
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The SQNR increases by 9 dB for each doubling of the OSR (i.e., for each octave
increase of fg with fp fixed). This results in a relatively low SQNR, even for a
relatively high value of OSR. In the simplest case, the low-pass filter may be simply
an accumulator, resulting in first-order noise shaping. If we use a multi-bit quantizer,
the output of the first order delta-sigma can be used to drive a lower resolution circuit.
In the situation where we would want to drive a M-bit DAC from a N-bit digital PCM
signal, where N > M, and the frequency of the DAC R x N is , where R is an integer
> 0 and N the frequency of the signal, we could use the first order delta-sigma to

modulate the signal, without losing resolution in the signal.

5.4 Second-order delta-sigma modulator (MOD2)

Despite the advantages of simplicity, robustness and stability, the overall performance
of MOD1 in terms of resolution and idle-tone generation is inadequate for most ap-
plications. This chapter focuses on MOD?2, the second-order modulator. We will

see that MOD2 overcomes the above disadvantages of MOD1. The simplest way to

E(z)

-

+ _ + + +/§\+
U(z) o @ : @ @ o V(z)

Figure 42: A second-order delta-sigma modulator and its linear z-domain model

construct a second-order modulator from MODT1 is to replace the quantizer within
MOD1 with another copy of MOD1. Modeling the quantizer in the new system with

an additive noise source results in the linear z-domain model

V(o) = B@)+ (V@) + 1o (- V(@) + U(2)))
(=2 PE(e) — [(1—2Y)z )2V (e) + Uls)
T—o1p
from which it follows that
V(z) =U(2) + (1= 271)°E(z) (19)

Hence, the signal transfer function is STF(z) — 1, as for MODI1, but now the noise
transfer function is NTF(z) = (1 — z7')% Since this is the square of MOD1 NTF,
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we expect increased attenuation of quantization noise at low frequencies. In the

frequency domain, the squared magnitude of the NTF is given by
INTF (7™ |*= 2[sin(x F)]* = (2 f)*, forf <1 (20)

Following the same steps as in the derivations for MOD1, we can calculate the power

of the in-band quantization noise contained in v:

4.2
Tho;

, 1/(2-OSR) L
~ 2 200df = ——5— 21
i [T et 2ot = e 1)

Comparing this with the power M?/2 of a sine wave of amplitude M, and assuming
that o2 = 1/3, we find the SQNR of MOD2

M?2/2  15M2(OSR)®

2 4
o 2

SONR = (22)

Figure 42 compares the theoretical SQNR vs. OSR performance of MOD?2 with that
of MOD1 for M = 1. The SQNR of MOD?2 is proportional to the fifth power of OSR,
rather than third power, as in the case of MOD1. Hence, doubling OSR increases
SQNR by a factor of 32 (15 dB), and thus increases the resolution by 2.5 bits. If binary
quantization is used, MOD?2 has the same inherent linearity property as MOD1.
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Figure 43: First and Second-Order Delta-Sigma Modulator Output Power Spectrum

By adding more integrator into the feedback path, you increase the order of the
modulator. But its stability is not guaranted anymore. Lee criterion guarantee the
stability of a modulator if its gain at infinity is less than 1.5 for highier order than

2 [61]. For the second order modulator, the equation state that in the band of interest,

47



the signal transfer function is unity (very good), and the noise is shaped as a second-
order, high pass, Butterworth filter [62].

V(z)=U(z) + (1 —2"H2E(z) (23)
where

V(z) = STF(2)U(2) + NTF(2)E(z)

STF(z)=1
NTF(z)=(1—2"*=H(z)
)

max,, |H(e’)| < 1.5 (Lee criterion

Hence the only modulator that gain our attention is the second order since we can
guarantee its statility. Here we used the ability of MATLAB to cosimulate and HDL
code target to the FPGA and our simulink model representing the Silva Steensgaard

structure of the second-order delta-sigma modulator.

O

Figure 44: A second-order Silva-Steensgaard structure delta-sigma modulator

5.5 Multi-stage delta-sigma modulator (M ASH)

Modulators of any order can be cascaded. The major advantage of the cacaded tech-
nique is the ability to implement higher order modulators that are unconditionally
stable. It would seem reasonable to cascade second-order modulators that are uncon-

ditionnally stable when using a N-bit quantizer [26].
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5.5.1 Proposed architecture - MASH (2-2)

This section describes our proposed approrach of a fourth-order modulator that con-
sists of two second-order modulators. An increasingly popular structure, which eases
the stability problems associated with high-order modulators, is the cascade modu-
lator, also called the multi-stage or Multi-stAge noise-SHaping (MASH) modulator.
The output signal of the first stage is given by

Vi(z) = STF(2)U(2) + NTF(2)E\(2) (24)

where STF; and NTF; are the signal and noise transfer functions, respectively, of
the first stage. The second stage is added to improve the SNR beyond what NTF}
can provide. FE; is then fed to another A loop forming the second stage of the

modulator. Hence, the output signal of the second stage in the z-domain is given by
Vo(z) = STFy(2)Er(2) + NTFy(2) Eq(2) (25)

where ST Fy and NTF; are the signal and noise transfer functions, respectively, of the
second stage. The digital filter stages H; and H, at the outputs of the two modulator
loops are designed such that in the overall output V(z) of the system the first-stage
error F(z) is cancelled. By 24 and 25, this is achieved if the condition

H\NTF, — HySTF, = 0 (26)

The simplest (and usually most practical) choice for HI and H2 which satisfies 26 is
H, =Fk-STF, and Hy = k- NTF}, where k is constant chosen to give unity signal
gain. Since STF; is often just a delay, H; is easily realized. The overall output is

then given by
V=HV,—-HV, =k -STFHSTFU — k- NTFINTF,E, (27)

In a typical case, both stages of the MASH modulator may contain a second-order

loop, and their transfer functions may be given by

STF, =21 (28)

STF, =0.52"" (29)
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and
NTF, = NTF, = (1—2z1)? (30)

Choosing k = 2
V=2U+2(1-2Y'E, (31)

Thus, the noise-shaping performance is essentially that of a fourth-order single-loop
converter, but the stability behavior is that of a second-order one. Since the condition
26 is exactly satisfied, there is no mismastch due to imperfections in the realization
of the digital transfer functions, then the quantization error E will not appear at
the output. For a multi-bit quantizer, the loop is inherently more stable since the
quantizer gain is well-defined, and the no-overload range of the quantizer is increased.
In fact, linear analysis can be used to design the modulator so thatits stability is
guaranteed. Furthermore, since the quantization noise decreases by 6 dB for each bit
added to the quantizer and since aggressive high-order noise-shaping functions may
be used, multi-bit modulators may have very high effective number of bits (ENOB)

even at low OSR values.

U@) o—I1 To—
\(7 =1 B z—1
2
)
A
kO
D ko
®—0
+ + +
O—{ L o—] L —&
z—1 pU4 -1 &/
T :
(M)—
N\

Figure 45: Proposed fourth-order multi-stage MASH (2-2) Silva-Steensgaard cascade
structure delta-sigma-modulator
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5.6 Future Work and Direction

We have proposed and investigated four DSM-based transmitter architecture for
DROF systems, i.e. LPDSM-Based direct current, BPDSM-Based Low-IF Trans-
mitter, Digital Power Amplifer FIR-Based, and Linear Transmitter Architecture. In-
teresting ideas from all proposed DSM-based transmitter were combined into the
all-digital radio-transmitter described earlier. We used simulation and theoretical
analysis to comprehensively study the four transmission technique and their stabil-
ity. We will now use the bit error rate (BER), error vector magnitude (EVM) and

modulation error ratio (MER) for the performance evaluation of the RF-Transmistter.

This particular architecture improve over the other one by using a new delta-
sigma modulator architecture with low distorsion and inherent stability. The pro-
posed MASH (2-2) based on the Silva-Steensgaard cascade structure seemed rarely
used, so we are happy with the result. Also, by using this structure, no coefficients
multiplications are required, only arithmetical shifting and additions. The signal at
the output of the modulator is a delay version of its input, and the noise due to
quantization and shape two times by second-order delta-sigma modulator, hence the
improved performance. The main drawback of this solution is the increase usage of

ressource, which is still insignificant.

The usage of a casade of FIR filter is computationally efficient and does not distort
the signal. Equiripple FIR filter are symmetric (half the coefficients are necessary),
halfband filter for interpolation by-2 have no group delay (half the coefficients are zero)
and Nyquist FIR interpolator and decimators are numerically stable. They usually
requires more calculation than their recursive counterpart but introduce no limit cycle.
In addition, linear digital power amplification remove, an analog component prone
to nonlinear behavior. The signal could be received over a ROF link, reconstruct,
amplified and re-transmit. This technique could eventually replace optical power
amplifier. The utility of digitized radio over fiber link system. The motivational
idead lead ADRT. It integrated notions from 3.1.3, 3.1.4 and 3.2.1. The objective in
this chapter is to design an ADRT whose performance does not depend on analog

component. For that reason, digital linear power amplification is utilize.
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The MER is usually expressed in decibels (dB). MER over number of symbols, N

is defined as: N wr 2
MER — - Zj:lﬁlj +Qj ) _
>l — 1) + (@ — Q))?]

(32)

where

I; is the I component of the j-th symbol received

Q; is the QQ component of the j-th symbol received

1:} is the ideal T component of the j-th symbol received and

@vj is the ideal Q component of the j-th symbol received.

Error vector magnitude (EVM) is a measurement of demodulator performance
in the presence of impairments. The measured symbol location obtained after deci-
mating the recovered waveform at the demodulator output are compared against the
ideal symbol locations. The root-mean-square (RMS) EVM and phase error are then

used in determining the EVM measurement over a window of N demodulated symbols.

As shown in Figure 46 below, the measured symbol location by the demodulator
is given by w. However, the ideal symbol location (using the symbol map) is given by
v. Therefore, the resulting error vector is the difference between the actual measured
and ideal symbol vectors, ie, e = w — v. The error vector e for a received symbol is

graphically represented as follows:

v Maasured Symbol Location

keal Symbol Location

Figure 46: Graphical Representa