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ABSTRACT

Envelope-Assisted RF Digital Predistortion for Broadband Radio-over-Fiber Systems with RF

Power Amplifiers

Weijie Tang

Wireless communications play an extremely important role in our daily life. The
ubiquitous cellphones and smartphones can provide not only voice service but also data service
when they are connected to cellular network. With the enormous amount of mobile applications
available to smartphones, people can listen to music, watch movies, check emails, update and
share information on social media anytime and anywhere on their smartphones. All of these
activities are possible because of the fast development of the wireless communication technology.
Nowadays many people are enjoying the entertainments brought by 4G technology. In the
meantime, companies and engineers in telecommunication industry have already been

developing the 5G technology.

To support the high data transmission rate of 4G or 5G technology, a complex and robust
infrastructure is essential. Radio-over-Fiber (RoF) technology is a good solution to build such an
infrastructure. RoF transmission can provide extremely high capacity with very low attenuation.
Besides, RoF transmission system is much cheaper compared to the traditional way of
transmission such as microwave coaxial cable or digital optical fiber transmission. However, like

other analog systems, RoF system suffers from signal distortion induced by nonlinearities.

RF power amplifier is needed to transmit the signal from a base station to the handsets
because the attenuation of RF signal in the air is very high. Although many new types of RF
power amplifiers have been designed to improve the power efficiency and the linearity,

nonlinearity is still a big problem.

To reduce the distortion of an RoF system, as well as that induced by an RF power
amplifier, a new digital predistortion (DPD) technique, envelope-assisted RF digital predistortion,

is presented in this thesis. This DPD model is evolved from the memory polynomial, and
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composed of an RF memory polynomial and a baseband memory polynomial. Therefore, this
model takes both the RF signal and the baseband envelope as inputs to realize the digital
predistortion. The RF polynomial is aimed to suppress the in-band nonlinearity, out-of-band
nonlinearity and short-term memory effect, while the baseband polynomial is aimed to weaken
the in-band nonlinearity and long-term memory effect. The indirect learning architecture is

adopted and the least squares method is used to calculate the coefficients of the model.

The validity of the proposed DPD has been proved by simulation and experiment. In the
simulation system, an RoF model is built which can induce both short-term and long-term
memory effects, as well as the in-band and out-of-band nonlinearities. The optimal RF and
baseband memory depths of the proposed DPD adopted in the simulation system have been
found in terms of error vector magnitude (EVM) improvement and complexity. After the
establishment of the memory depths, three simulation cases have been run to evaluate the
performance of the proposed DPD. The first case is a normal two-band test, where two 20 MHz
LTE signals are located at 800 MHz and 900 MHz. Simulation results show that EVM is
improved by 14.6 dB, adjacent channel power ratio (ACPR) is suppressed by 13.5 dB, and third
order intermodulation distortion (IMD3) is weakened by 19.5 dB. In the second case, two LTE
signals are closely located at 800 MHz and 840 MHz. Simulation results show that EVM is
improved by 16.3 dB, ACPR is suppressed by 15.5 dB, and IMD3 is weakened by 27.5 dB. In
the third case, three LTE signals are located at 800 MHz, 850 MHz and 900 MHz. EVM is
improved by 15.7 dB, ACPR is suppressed by 15.2 dB and IMD3 is weakened by 14.1 dB. The
performance of the proposed DPD has also been compared to that of a baseband 2D DPD.
Comparison results show that 2D DPD is only better at improving the EVM and ACPR in the
first case, and the proposed DPD is superior to the 2D DPD on all the other aspects. Especially,
the proposed DPD is not limited by the number of signal bands, while the 2D DPD is limited to

two-band scenarios.

Experimentation has been conducted to further prove the effectiveness of the proposed
DPD in a real RoF system. A similar test flow is adopted as in the simulation work. Firstly the
optimal RF and baseband memory depths have been found. Then three test cases have been done.
In the first case, EVM is improved by 6.9 dB, ACPR is suppressed by 14.8 dB, and IMD3 is
weakened by 12.2 dB. In the second case, EVM is improved by 4.8 dB, ACPR is suppressed by
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8.6 dB, and IMD3 is weakened by 9.5 dB. In the third case, EVM is improved by 8.9 dB, ACPR
is suppressed by 16 dB, and IMD3 is weakened by 13.6 dB. Comparison with the 2D DPD
shows the same result as in the simulation that the 2D DPD is only better at improving the EVM
and ACPR in the first case. Influence of input power on EVM improvement has been studied.
Experiment results show that the EVM improvement can be optimized at specific input power
level. Sampling bandwidth has been reduced by down-converting the RF signal and sampling it
at an intermediate frequency. Therefore, the implementation cost of the proposed DPD could be
greatly reduced. In the two-band test, experiment results show that the performance of the
proposed DPD with down conversion is even better than that of without down conversion.
Influence of sampling bandwidth on EVM improvement has also been studied and the
experiment results show that after down conversion, higher sampling bandwidth does not lead to

significant EVM improvement.
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Chapter 1. Introduction

1.1 Wireless Communications

1.1.1 A Brief History of Mobile Wireless Communications

Wireless communication technology has gone through four generations and the fifth
generation is under development as well [1]. The first generation cellular systems were launched
in early 1980s, among which the most famous was Advanced Mobile Phone System (AMPS)
developed by Bell Labs. Since AMPS featured analog modulation techniques, therefore the

spectral efficiency was quite low.

The second generation cellular systems emerged in the 1990s. Global System for Mobile
Communications (GSM), CDMAOne and Digital AMPS (D-AMPS) were the three competitors.
All of these 2G standards were developed based on the digital communication technology, which
includes digital modulation technique, digital multiple access method, etc. Three most basic
digital modulation techniques are amplitude shift keying (ASK), phase shift keying (PSK), and
frequency shift keying (FSK). In order to further increase the spectral efficiency, some advanced
digital modulation techniques were developed, such as quadrature phase shift keying (QPSK),
n/4 differential QPSK (n/4-DQPSK), Gaussian minimum shift keying (GMSK) and the most
popular n-QAM. For the multiple access method, time division multiple access (TDMA) or code

division multiple access (CDMA) were adopted in the second generation standards.

The third generation mobile communication technology heavily relied on the CDMA
technique. All the third generation mobile standards, W-CDMA, TD-CDMA, TD-SCDMA and
CDMAZ2000, were developed based on the CDMA technique. The transfer rate was significantly
increased in these third generation standards, from 64 Kbps of the 2G standards to 2 Mbps,

which made it possible to use mobile phones to surf on internet or to make video calls.

Companies did not stop with 3G, and they moved on to the fourth generation standards or

Long-Term Evolution (LTE). To increase the frequency efficiency, Orthogonal Frequency-



Division Multiple Access (OFDMA) for the downlink and Single-Carrier Frequency-Division
Multiple Access (SC-FDMA) for the uplink were adopted for the air interface. In fact, LTE does
not meet the technical criteria of the 4G standard, but the LTE-Advanced (LTE-A) does.
Combined with the advanced modulation techniques and the multiple-input and multiple-output
(MIMO) technique, the peak download rate could reach as high as 299.6 Mbps (20 MHz,
64QAM, 4x4 MIMO) in the LTE standard. With the additional carrier aggregation technique, the
LTE-A can provide almost 3.3 Gbps peak download rate (100 MHz, 128QAM, 8x8 MIMO).

To improve user experience of mobile internet, engineers are developing the fifth

generation mobile standard which aims to provide a 100 Gbps peak download rate.

Below in Table 1-1 is a basic comparison among mobile communication generations. It
reveals that both the speed and the working frequency go higher and higher as generations
advance. This is a challenge for the upcoming 5G technology to transport the signals inside the

radio access network (RAN).

Table 1-1 Basic comparison among mobile communication generations

Feature 1G 2G 3G 4G 5G
Deployment 1980 1990 2001 2010 ~2020
Frequency 800 MHz 900 MHz 2100 MHz 2600 3-90 GHz
band MHz
Speed 2 Kbps 64 Kbps 2 Mbps 1 Gbps 100 Gbps
Technology analog GSM, W-CDMA, LTE-A to be defined
cellular CDMAOne TD-CDMA,

TD-SCDMA

and

CDMA2000

1.1.2 Architecture Evolution

In the 1G and 2G mobile cellular network, a traditional RAN consisted of many all-in-
one base stations and a backhaul, which connects these base stations to Mobile Switching
Telephone Offices (MSTOs), as shown in Figure 1-1. Baseband signals are transmitted through
the backhaul network between the base stations and the MSTOs. Each base station integrates



radio frequency (RF), analog, digital, and power functions in a huge cabinet. The base station
cabinet is usually placed in a dedicated room, where all necessary supporting facilities are
available, such as power, backup battery, air conditioning, backhaul transmission equipment, etc.
The antennas can usually be seen on the top of the base station tower. RF signals, generated by
the base stations or received by the antennas, propagate through RF cables between the base
station and the antenna. In this kind of architecture, it tends to be costly to install and maintain

the base stations.
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Figure 1-1 Traditional macro base station

In the current 3G and 4G network, distributed base station architecture is introduced,
where the traditional all-in-one base station is divided into two parts: remote radio head (RRH)
and baseband unit (BBU), as shown in Figure 1-2. The RRH and BBU are connected by optical
fiber, through which the digital baseband signals are transmitted. The RRH is usually installed on
the top of the tower allowing it to be very close to the antenna and keeping the transmission loss
between the antenna and the RRH very low. The BBU can be placed in a more flexible site

because the optical fiber induces very low loss.
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Figure 1-3 C-RAN architecture

The Cloud Radio Access Network (C-RAN), or Centralized Radio Access Network
architecture, as shown in Figure 1-3, has been deployed in some countries for the 2G, 3G and 4G

systems and is proposed to be adopted into the upcoming 5G system [2]. C-RAN further evolved
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from the distributed architecture. All the BBUs are relocated to one of the BBU pools. Each
BBU can serve multiple RRHs and all the BBUs in each BBU pool are connected with each
other so that they can communicate with each other at very low latency. This makes it possible to
allocate the frequency resource dynamically among the RRHs that are connected to the same
BBU pool. Besides, a centralized BBU pool also means low installation and maintenance cost.
The backhaul connects the BBU pool to the MSTO while the fronthaul connects the RRHs to the
BBU pool. The Coarse Wavelength Division Multiplexing (CWDM) or Dense Wavelength
Division Multiplexing (DWDM) based optical transport network (OTN) are employed in the

fronthaul.

The fronthaul in C-RAN is built based on digital optical fiber transmission. Digital
baseband signals are transmitted between the RRH and the BBU. Therefore, the RRH still needs
to integrate the complex functions such as analog to digital conversion, digital to analog
conversion, modulation, demodulation, up-conversion, down-conversion, etc. Taking into
account the coexistence of 2G, 3G, 4G, and the upcoming 5G, the RRH is still a complex and
costly system. Especially for the 5G network, small cells, including femtocells, picocells and
microcells, will probably be extensively deployed, which could cause the number of RRHs to
increase sharply. Therefore, any effort that can simplify the architecture of the RRH and lower
the cost of the RRH is worthwhile.

1.2 Radio-over-Fiber Transmission Systems

Radio-over-Fiber (RoF) is such a technology that can simplify the architecture of the
RRH [3]. The RoF system shares the same architecture as the C-RAN system, except that the
fronthaul links are built based on the RoF technology. RoF technology employs the optical fiber
to transmit the RF signals between the Central Processing Unit (CPU) and the Remote Radio
Unit (RRU). Therefore, functions such as up-conversion, down-conversion, modulation and

demodulation can be done in the BBU instead of RRH. The architecture is shown in Figure 1-4.
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Figure 1-5 Schematic of an RoF link

Figure 1-5 is a more detailed illustration of the optical link between CPU and RRU. In
the downlink, referring to the transmission from the CPU to the RRU, RF signals are generated
inside the CPU after digital modulation and up-conversion. The RF signals are further modulated
onto the optical carrier by the optical modulator inside the optical transmitter (OTx). The optical
modulation could be done by direct modulation or external modulation. In the case of direction
modulation, the modulation is done directly in the laser by changing the driving current. External

modulation could be done by an electro-absorption modulator (EAM) or Mach-Zehnder
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modulator (MZM). After the optical modulation, the modulated optical signals are transmitted
through optical fiber. An optical receiver (ORx) like a photodiode, detects the optical signals and
extracts the RF signals in the form of electrical signal. The RF signals are amplified in the power
amplifier (PA) before they are fed into the antenna. A similar process exists in the uplink, only in

a reverse sequence.

RoF technology has many obvious advantages and benefits compared with the other
transmission ways. Firstly, the attenuation loss is very low because of the transmission through
optical fiber. A standard single mode fiber (SMF) only induces attenuation loss below 0.2dB/km
and 0.4 dB/km in the 1550 nm and the 1310 nm window respectively [4]. In traditional
transmission lines such as microwave coaxial cables, the impedance increases with frequency,
which means it is very hard to transport broadband signals with cables or a lot of repeaters or

amplifiers will be needed.

Secondly, the bandwidth of optical fiber is extremely large. Even in the case of a single
mode fiber, the bandwidth could be several THz, whereas the maximal bandwidth of the cable is
only several GHz [4]. The large bandwidth of optical fiber could easily meet the increasing needs

nowadays as well as that of the upcoming 5G technology.

Thirdly, the cost of the whole transmission system can be greatly reduced. As shown in
Figure 1-5, the structure of the RRU is quite simple. It consists of an optical receiver, an optical
transmitter, a power amplifier in the downlink, a low-noise amplifier (LNA), and a circulator. All
the baseband components are relocated into the CPU, where these baseband components can be
reused or shared among many CPU-RRU links. Besides, the cost of optical fibers is also much

lower than that of cables.

In addition to the advantages mentioned previously, the optical fiber is immune to
electromagnetic interference [4], so the noise floor could be much lower. As we know, lower

noise level means higher signal bandwidth.

Furthermore, the RRU of the RoF system is transparent to the communication protocols.
The RRU can serve any new protocol, as long as the signal band is located within the working

frequency band of the RRU. Whereas in current architectures, different protocols need to employ



different modules, and this is one of the reasons that the base station is becoming more and more

complex and costly.

However, the RoF transmission system is basically an analog system, so it inevitably
suffers from impairments such as nonlinearity and memory effect. Modules or circuitries such as
optical modulators, photodiodes, optical fibers, RF power amplifiers, matching networks, etc.,
can all contribute to the signal distortion. In order to deploy the RoF transmission system,

linearization technique must be used to reduce the signal distortion.

1.3 Motivation and Contribution

Just like a usual RF transmission system, the RoF transmission system also suffers from
signal distortions, such as nonlinearity and memory effect. These signal distortions lead to higher
error vector magnitude (EVM) and higher adjacent channel power ratio (ACPR). When there are
two or more signals transmitted simultaneously, the third order intermodulation distortion (IMD3)
and the fifth order intermodulation distortion (IMD5) may be too powerful that some measures

must be taken to suppress them.

So far, many predistortion techniques have been proposed to tackle the issue of signal
distortion in the RoF transmission system [5]. Basically they can be divided into two classes:
analog predistortion (APD) and digital predistortion (DPD) techniques. Both APD and DPD
have their own advantages and disadvantages. APD is usually cost-effective but is mainly
targeted on the out-of-band distortion such as IMD3 and IMDS5. DPD is usually applied to the
baseband signal because of the limited bandwidth of the analog-to-digital converters (ADCs), so
it is good at improving the in-band distortion and out-of-band distortion which is close to the
signal in frequency domain, such as power leakage in adjacent channels. However, baseband

DPD cannot be used for improving the out-of-band IMD3 or IMDS distortion.

With the commercial availability of the RF sampling ADC, it is possible to implement
the DPD on the RF signal. In this thesis, the envelope-assisted RF digital predistortion technique
is proposed to linearize the RoF systems with RF power amplifiers. It can simultaneously
eliminate the in-band and out-of-band nonlinearity, and short- and long-term memory effect.

Two-band and three-band tests have been conducted which show improvement in EVM, ACPR



and IMD3 simultaneously.

1.4 Thesis Outline

The rest of the thesis is organized as follows:

Chapter 2 introduces more details of the RoF technology and the sources of signal
distortions in the RoF transmission systems. A literature review of the linearization techniques

for RoF transmission systems is presented.

Chapter 3 gives the theoretical analysis of the DPD technique and demonstrates how the
proposed envelope-assisted RF DPD evolves from the traditional baseband DPD. The indirect
learning structure is introduced since it is commonly adopted by the majority of the DPDs to

simplify the extraction of the coefficients.

In chapter 4, the simulation system is introduced, which is built with Matlab. Details of
the flow of the simulation are given. Optimal parameters of the proposed DPD model are
achieved by running simulation. Two-band and three-band tests have been run to evaluate the
performance of the proposed DPD. In the first two-band test, two 20 MHz LTE signals are
located at 800 MHz and 900 MHz. In the second two-band test, two 20 MHz LTE signals are
located at 800 MHz and 840 MHz, very close to each other. In the three-band test case, three 20
MHz LTE signals are located at 800 MHz, 850 MHz and 900 MHz. Comparisons has been made
between the proposed DPD model and a conventional baseband DPD model. Complexity has
also been compared between these two models. Simulation results show that the proposed DPD
is capable of dealing with in-band and out-of-band nonlinearities, short-term and long-term
memory effects of RoF transmission system simultaneously. Besides, the performance of the

proposed DPD is not limited by the number of bands.

In chapter 5, the experiment setup is introduced. Optimal parameters of the proposed
DPD model applied in the real RoF link are have been decided by experiments. Two-band and
three-band tests have been conducted to evaluate the performance of the proposed DPD in the
real RoF link. In the first two-band test, two 20 MHz LTE signals are located at 800 MHz and
900 MHz. In the second two-band test, two 20 MHz LTE signals are located at 800 MHz and



840 MHz. In the three-band test case, three 20 MHz LTE signals are located at 800 MHz, 850
MHz and 900 MHz. Comparison to a conventional baseband DPD has also been made.
Experiment results almost agree with the simulation results. Influence of input power on EVM
has been studied. Sampling bandwidth has been decreased to reduce the cost to implement the

DPD and the experiment result shows that the performance of the DPD is not degraded.

Chapter 6 concludes the current research and suggests the future work toward a more

cost-effective predistortion technique.
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Chapter 2. Background and Literature Review

This chapter introduces the key technologies that make up the whole RoF transmission
system. In the RoF transmission system, the most important parts are optical modulator and
optical receiver, while the optical fiber is the medium that the optical signals propagate through.
Optical modulator modulates the optical carrier signal with the electrical RF signal, whereas
optical receiver converts the optical signal to the electrical signal so that the signal can be further
processed by the digital signal processor (DSP), field-programmable gate array (FPGA) or
application-specific integrated circuit (ASIC). When the signals are transformed between
electrical domain and optical domain, signal distortion is created or enhanced. There are several
types of signal distortions in the RoF transmission system, which can be induced in the electrical
domain or the optical domain. The distortions in both domains will be discussed, as well as the

linearization techniques to suppress these distortions.

2.1 RoF Technologies

2.1.1 Optical Fibers

The idea that an optical fiber might be used as a means of communication was proposed
by Charles Kao and George Hockham in 1966 [6]. Corning Glass Works successfully produced
the first single-mode fiber with attenuation below 20 dB/km in 1970, which made the idea of
optical fiber transmission technically feasible. In 1977, that idea turned into reality after the first
optical telecommunication system was installed in Chicago. In 1979, attenuation loss at 1550 nm
of single-mode fibers was reduced to 0.2 dB/km. Since then the optical communication systems

have been extensively deployed around the world.

Single-mode fiber (SMF) supports only one guided mode, while multi-mode fiber (MMF)
can support more than one guided mode. One guided mode corresponds to an incident ray on the
fiber with a specific angle. MMF has much larger core radius (25-35 pm) compared with single-
mode fiber (4-9 pum). This makes it easier to align the fiber-to-fiber or fiber-to-transceiver
connections. Besides, MMF can work with inexpensive optical source, such as light-emitting

diode (LED). However, because of intermodal dispersion, MMF cannot be used for long-haul
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and/or high-bit-rate applications. Typically, MMF can only be used in the link of a few
kilometers at a bit rate of 1 Gb/s. Since SMF does not suffer from intermodal dispersion, it can
be used for long-haul (1000 km — 30,000 km) and high-bit-rate (10 Gbps — 100 Gbps)

applications.

Mode-division multiplexing (MDM) has attracted intensive research efforts recently
since each mode of the MMF could carry independent data. Therefore, the bandwidth of the
MMF can be increased by a factor M, where M is the number of modes of the MMF. However,
the performance of this technique is affected by the intermodal dispersion and cross-talk between

the different modes [7].

Multi-core fiber (MCF) is another way to spatially increase the capacity limit of the
optical communication system [8]. MCF combines the benefits of low cross-talk and capacity

enhancement. In 2011, the length of the MCF transmission reached as long as 76.8 km [9].

2.1.2 Lasers

Laser is the optical source which generates the optical signal. A classical Fabry-Perot
laser has the simplest structure, as shown in Figure 2-1. The incident optical wave is amplified in
the gain medium between the cleaved facets. Figure 2-2 shows the output spectrum of a Fabry-
Perot laser [4]. As can be seen, besides the main mode, there are also many side modes which
carry a significant fraction of power. Lasers, which have this kind of output spectrum, are called
multi-longitudinal-mode laser. These side modes will cause intersymbol interference at the
receiver because of dispersion. Therefore, it is desirable to use a single-longitudinal-mode (SLM)

laser.
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actlve\

n-type \

Cleaved facet Cleaved facet

Figure 2-1 Structure of Fabry-Perot laser

To suppress the side modes, the cleaved facets are replaced by Bragg gratings, which are
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periodically corrugated reflectors. This new design is called distributed Bragg reflector (DBR)

laser, as shown in Figure 2-3. The output spectrum of DBR laser is shown in Figure 2-4.
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Figure 2-2 Output spectrum of a Fabry-Perot laser
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Figure 2-3 Structure of DBR laser
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Figure 2-4 Output spectrum of a DBR laser

However, the corrugated region induces too much loss, which decreases the efficiency of

the laser. To tackle this issue, the distributed-feedback (DFB) laser was designed, where the
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Bragg grating is fabricated above the active region, as shown in Figure 2-5. Nowadays DFB
lasers are widely used in the transmitters in optical fiber communications, as well as CD players,

computer memory readers, etc.
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Figure 2-5 Structure of DFB laser
2.1.3 Optical Modulators
Optical modulator modulates the optical signal with message signals, either digital

signals or analog signals. There are two types of optical modulation techniques: direct

modulation and external modulation.

Electrical data

Fiber link

}? Optical output
sl 1 (O

Laser

Figure 2-6 Direct modulation of a laser

In direct modulation, the laser’s driving current is modulated by the message signal, as
shown in Figure 2-6. The measured transmission characteristic of a directly modulated laser is
shown in Figure 2-7. As can be seen, the nonlinearity between the input and output is obvious.
Besides, the bandwidth of the directly modulated laser is limited by the frequency chirp of the

laser [10]. The advantage of the direct modulation is the simple structure and low cost.

14



—_
%]

._.
=
|

(=01

g

Optical Power (mW)
[=

]

=

I LI I LI I LI I LI I LU | T 11 I T 1T |
0 20 40 &0 a0 100 120 140
Current {ma)

Figure 2-7 Transmission characteristic of a directly modulated laser

For applications, such as backhaul of the RoF transmission system or the current
telecommunication system, external modulators are preferred because of the higher bandwidth.
There are three widely used external modulators: the phase modulator, the Mach-Zehnder
modulator (MZM), and the electro-absorption modulator (EAM). The typical structure of the

transmitter using an external modulator is shown in Figure 2-8.
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Figure 2-8 Transmitter using an external modulator
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Phase modulator is designed based on the principle that the refractive index of an
electro-optic crystal changes proportionally to the electric field intensity applied on it. When the
refractive index changes the phase of the optical signal also changes [4]. The structure of a phase

modulator is shown in Figure 2-9.

The structure of an MZM is shown in Figure 2-10. As can be seen, there are two arms in

an MZM, and each works as a phase modulator. These two arms are connected to the input and
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output ports with two power dividers. In such a combination, an MZM can be used to realize

ASK or PSK in optical domain.
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Figure 2-9 Phase modulation in a LiNbOs3 crystal
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Figure 2-10 Structure of an MZM

EAM is designed based on another characteristic of the semiconductor. When the applied
electrical field is increased, the band gap of the semiconductor will decrease. If the band gap
changes from a level below the photon energy to a level above the photon energy, the optical
output will change accordingly, or vice versa. The EAMs are very effective, usually come in
very small sizes, and can easily be integrated with the laser diode in one chip. However they also

have the problem of frequency chirps as the directly modulated lasers do.
2.1.4 Optical Receivers

In the simplest form, an optical receiver consists of a photodetector (PD), a preamplifier
and the electrical signal processing circuit, as shown in Figure 2-11 [4]. The photodetector
converts the received light into electrical current, which is then amplified by the preamplifier.

The signal processing circuit could be an analog filter and/or some other electrical components.
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There are various types of photodetectors. Some photodetectors have no internal gain,

such as PN photodiodes and PIN photodetectors, while some have, such as avalanche

photodetectors.
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Figure 2-11 A simple optical receiver
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Figure 2-12 Optical IQ coherent receiver

The optical receiver could be designed as a direct (incoherent) receiver, or a coherent
receiver. In the direct optical receiver, the power of the incident light is converted into current
directly. The phase and frequency information is not taken into consideration. On the contrary,
the output of the coherent receiver is related not only to the power of the light, but also to the

phase or frequency of the light. The block diagram of 1Q coherent receiver is shown in Figure
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2-12, which can perform QAM demodulation.
2.1.5 RF Power Amplifier

RF power amplifier is not new in RoF technology, but it is still a very important
component in the RoF transmission system because wireless signals attenuate very fast in the air,
and the higher the frequency, the faster the attenuation. Therefore, if the signals are sent out

without amplification, nothing will be received by the users’ mobile phones.

When designing or choosing the RF power amplifier, efficiency and linearity are two
most important properties that we should pay attention to. The reason why power efficiency is so
important is that the RF power amplifier has probably the highest power consumption in the base
station. RF power amplifier works in a way that it converts the DC power to RF power in the
form of the amplified signal. Therefore, higher power efficiency means lower operating cost for

base station.

While the power amplifier boosts the signals’ power level, it also induces nonlinearity to
the signals. This is determined by the physical characteristics of the power amplifier, no matter it
is fabricated by the laterally diffused metal oxide semiconductor (LDMOS) technology, gallium
arsenide (GaAs) technology or gallium nitride (GaN) technology, because they share the similar
IV characteristic curve. A typical IV characteristic curve for NPN silicon transistor is shown in

Figure 2-13 [11].

There are a lot of operation modes and the classical ones are Class A, Class B, Class AB,
and Class C [12]. The classification of these modes is based on the location of the bias point of

the power amplifiers.

The bias point of Class A is located in the middle of the working range. The output could
be very linear when the signal is small. However, the power efficiency is very low. Even the

theoretical maximum is only 50%.

The bias point of Class B is located at the threshold voltage, so the power amplifier

outputs signal only when the input signal is greater than the threshold. The theoretical power
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efficiency could reach 78.6%, which is much higher than that of Class A. However the

nonlinearity is also much stronger than that of Class A.
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Figure 2-13 A typical IV characteristic curve for NPN transistor

Actually it is very difficult to precisely design a Class B power amplifier because of the
variation of the threshold voltage. Therefore, Class AB is a more practical choice. The bias point
of Class AB is slightly above the threshold voltage and the power efficiency still can

theoretically reach over 70%.

The power transistor of Class C is biased below the threshold voltage. The power
efficiency could be as high as 100%, but the linearity is very poor. This type of power amplifier
could be used in applications where signal distortion is not a problem, such as the FM

transmission.

However, most of the applications have very strict requirement for the linearity of the
signals. Therefore, some new techniques have been used to design the more efficient power
amplifier while keeping the linearity at acceptable level. The Doherty amplifier and envelope

tracking have gained a lot of research interests for a long time.

The Doherty amplifier was proposed by W. Doherty in 1935 [13], this architecture and its
several variations dominate the market of RF power amplifier used in the base stations. The

schematic of the Doherty amplifier is shown in Figure 2-14 [12]. As can be seen, the
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Doherty amplifier is composed of a main amplifier, which works in Class AB mode for all signal
levels, and a peaking amplifier, which works in Class C mode and only turns on at high power
input. With such an architecture, the linearity of the output signal at the high power-level can be

improved when the main amplifier is saturated but the peaking amplifier turns on.
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Figure 2-14 Schematic of Doherty PA
Envelope Detector Power conditioner
Pt {>
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Coupler RF PA

Figure 2-15 Schematic of envelope tracking power amplifier

The envelope tracking (ET) power amplifier adopts the polar modulation technique
where the DC bias of the power transistor is modulated according to the magnitude of the
modulation signal, thus to make the power amplifier work at maximum efficiency at all time.
The structure of the ET power amplifier is shown in Figure 2-15 [12]. ET PA attracted extensive
attention because of its high power efficiency and high linearity [14]. Lots of patents have been

applied to build the technical barrier by some corporations [15-20].
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2.2 Distortions in RoF Transmission Systems

Distortion includes nonlinearity and memory effect. Nonlinearity refers to the nonlinear
relationship between the input and output signals, in terms of power, voltage or any other
characteristic. This is static relationship, while memory effect is a dynamic relationship between
the input and output signals. If a device or electrical component has memory effect, the present

value of the output signal is influenced by the history of the input signal and/or output signal.

Signal distortions in RoF transmission system includes those in electrical domain and
those in optical domain. In the electrical domain, the RF power amplifier contributes the most
part of the nonlinearities and memory effects. The signal distortions in optical domain are mainly

caused by optical modulators, optical receivers and optical fibers.
2.2.1 Nonlinearity

Nonlinearity refers to the nonlinear relationship between the input and output signals and
almost all analog devices or circuits have nonlinearity to some extent. A typical nonlinear
relationship between the input power and output power of an RF power amplifier is shown in
Figure 2-16. In the linear region, the output power increases proportionally to the input power.
However, in the saturation region, the output power deviates from linear relationship farther and

farther as the input power increases.

Output
power Non-linear -
\\ region /
/ .
N 7 Saturation
N /
N\ /_
Linear
region

[
-

Input power

Figure 2-16 Nonlinearity of a power amplifier
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2.2.2 Memory Effect

As shown in Figure 2-17, memory effect refers to the influence of the history of the input
signal and/or the output signal on the current output signal. The number of samples which have

significant influence on the current output signal is called the memory depth of a device.

According to the memory depth, memory effects can be divided into short-term and long-
term memory effects. For an RF power amplifier, the short-term memory effect lasts in the order
of several cycles of the RF signal, while the long-term memory effect occurs on the timescale of
the modulation signal or even longer. Matching networks and device capacitances are the main
contributors of short-term memory effect, while thermal effects, charge trapping, bias circuit

effects, and control circuitry are the main mechanisms for long-term memory effect [ 12].

Input Output

x(t) & y(t) 4

T o t to t

Figure 2-17 Memory effect of the input signal on the output signal

2.2.3 Distortions in Electrical Domain

RF power amplifier produces most of the distortion in the electrical domain. In the
traditional wireless communication architectures, the nonlinear characteristic of the RF PA has
been extensively studied [21]. The distortion is usually examined in frequency domain, as shown
in Figure 2-18 and Figure 2-19. Figure 2-18 shows the output spectrum from PA model in a two-
tone test. The frequencies of the two input signals are f; and f>. The distortions include the
second-order intermodulation distortion (IMD2) at f>-f1, harmonic distortion at 2f;, 2f>, 3f; and
312, as well as the third-order intermodulation distortion (IMD3) and fifth-order intermodulation

distortion (IMDS5) residing close to the signals, as shown in Figure 2-19.
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Figure 2-18 Output spectrum from a power amplifier
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Figure 2-19 Output spectrum around the two signals from a power amplifier

Besides the intermodulation and harmonic distortions, there are also some other types of
distortions, such as self-biasing, AM-to-AM and AM-to-PM effects, cross-modulation distortion

[12], which are not shown here.
2.2.4 Distortions in Optical Domain

In the fronthaul of an RoF transmission system, optical modulators, optical receivers and

optical fibers contribute most of the signal distortion.

Optical direct modulator produces the nonlinearity because of the nonlinear relationship
between the input driving current and output optical power, as shown in Figure 2-20. The MZM

and EAM will have the same issue if the level of the driving current is too high.
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Figure 2-20 Transmission characteristic of a directly modulated laser

Frequency chirping is another source of signal distortion in optical modulators. As the
driving current changes, the electrical field changes, then the refractive index of the active layer
in the modulator changes. The change of refractive index causes frequency chirping, which leads

to pulse broadening [4].
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Figure 2-21 Response characteristics of a typical photodetector

An optical receiver produces nonlinearity as well, as shown in Figure 2-21. In the
saturation region, even if the input optical power (P1) increases, the photocurrent (Ipc) no longer
increases. However, the optical transmission system usually works at low optical power levels,

so the saturation is not a problem in most cases.
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When an optical receiver converts optical power into electrical current, it also induces
shot noise and thermal noise [4]. The shot noise refers to the fluctuations in photocurrent owing
to the quantum nature of photons. The thermal noise is produced by the random movement of

electrons related to temperature.

As the optical signal propagates through optical fiber, the optical fiber also induces
nonlinearity to the signal. Firstly, different frequency components travel at different speed in the
fiber, and this makes a pulse broadened after the optical transmission. This is called fiber
dispersion. Secondly, refractive index of the fiber changes proportionally to the optical intensity,
which is known as the Kerr effect. Because of the Kerr effect, the optical fiber causes self-phase
modulation (SPM), cross-phase modulation (XPM), four-wave mixing (FWM), intra-pulse self-
phase modulation, intra-channel four-wave mixing (IFWM) and intra-channel cross-phase
modulation (IXPM) [4]. Thirdly, the thermal fluctuation of fiber density due to thermo-elastic
motions of the molecules results in modulation of the reflective index of the fiber, which acts as
reflective index grating. The scattering of light caused by this kind of grating is called
stimulated Brillouin scattering. The scattered light propagates in the backward direction, affects
the output of the laser and finally degrades the signal-to-noise ratio (SNR) at the optical receiver.
Finally, stimulated Raman scattering is another important kind of nonlinearity that is caused by
the interaction between optical field and molecules. Incident light with high power can excites
molecular vibrations at the frequency of the incident light and then stimulate the molecules to

emit photons.
2.3 Linearization Techniques for RoF Transmission Systems

To eliminate the effect of the signal distortion in RoF transmission systems, many
linearization techniques have been proposed [5]. The classification of these techniques is shown

in Figure 2-22.

As can be seen, the linearization can be performed in optical domain using optical
linearization techniques, or in electrical domain using electrical ones. The electrical linearization

techniques can be further divided into analog approaches and digital approaches.
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Figure 2-22 Classification of linearization techniques

2.3.1 Optical Linearization Techniques

Optical linearization techniques usually feature higher bandwidth compared with
electrical counterparts, so they are very suitable for the broadband linearization for RoF
transmission systems. However, they are more complex to implement than those in electrical
domain. Besides, these techniques usually only deal with out-of-band distortions, such as IMD3,
IMDS5, harmonics, etc., but they can do little with the in-band distortion or memory effects. It

would be better if these techniques could be combined with digital predistortion techniques.

One optical approach is to use mixed polarization to suppress the IMD3 in the RoF link
[22-25]. The schematic is shown in Figure 2-23. The optical carrier passes through the first linear
polarizer which is set to an angle of a with respect to the z-axis and placed before the optical
modulator. Another linear polarizer is placed after the optical modulator, with an angle of . By
carefully choosing the value of o and P, the third-order intermodulation distortion can be
significantly suppressed, and the spur-free dynamic range (SFDR) can be improved by 12.5 dB
in experiment [22]. The mixed polarization technique can be further improved by substituting the

second linear polarizer with a semiconductor optical amplifier (SOA) [26].

26



Electrical Data

. l ,
p

Optical input Optical
modulator

o X X
Linear Polarizer

» Optical output

Linear Polarizer
Figure 2-23 Schematic of mixed polarization linearization

Dual-wavelength linearization (DWL) is another optical approach to suppress the
nonlinearity [27]-[29]. Figure 2-24 shows the schematic of the DWL. Two lasers with different
wavelengths are used to generate two lights, which are coupled together and then modulated in
the optical modulator. By changing the power ratio of the two lasers, the distortion can be
suppressed. The third-order nonlinearity induced by EAM and MZM was suppressed by 30 dB
and 26 dB respectively [27], [28]. The second-order nonlinearity induced by EAM was
decreased by 23 dB [29].

o 1%
1 i coupler

\ o Optical

/ "l Modulator

f, i”'

Figure 2-24 Schematic of dual-wavelength linearization

2.3.2 Analog Predistortion

Many analog linearization techniques have been proposed. Analog predistortion circuit is
also a quite promising way for RoF applications. Analog circuits are very simple, cost-effective,
and of low power consumption, and at the meantime, they are broadband [5]. However, just like
the optical linearization techniques, most of the analog predistortion techniques are focused on

suppressing the IMD3 and IMDS5, but not the in-band nonlinearity or memory effects.
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The schematic of an analog broadband RF pre-distortion circuit using reflective
antiparallel diodes is shown in Figure 2-25 [30]. A power splitter splits the input signal into two
paths, where a pair of antiparallel diodes are connected. The A/4 impedance transformers are
used as broadband matching networks. When this circuit is added before the EAM, IMD3 is
suppressed by more than 7 dB and SFDR is improved by 11 dB over the frequency range of 3.1
GHz - 4.8 GHz.

= DC Feed
[

RF. {—”_| A /4 transformer i \ /4 transformer |—} RF
n out
>

—— A /4 transformer ? \ /4 transformer H{——
1

Power Splitter Power Combiner

DC Feed
Figure 2-25 Schematic of analog predistortion circuit reported in [30]

In order to increase the bandwidth of the analog predistortion circuit and reduce the size
and parasitic, a new analog circuit was proposed where two zero bias GaAs beam lead detector
diodes were used [31], [32], as shown in Figure 2-26. Because of the high series resistance of the
zero bias diodes, the broadband matching network is no longer needed. Therefore, the size of the
circuit can be reduced. Power consumption is also reduced because the diodes can be biased at
below 3 mA. It was experimentally verified that SFDRs were improved by 10 dB from 7 GHz to
14 GHz and 6 dB from 15 GHz to 18 GHz.

RFin RF out

WPD
DC+
Figure 2-26 Schematic of analog predistortion circuit reported in [31]
The size of the circuit in [31] was further reduced by removing the Wilkinson power
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dividers [33], as shown in Figure 2-27. Since the power dividers are removed, a dual Schottky
diode is used to suppress the IMD3. The circuit can work from 10 MHz up to 40 GHz. In the
two-tone test, SFDR was improved by more than 5 dB from 1 GHz to 30 GHz.

DC+ DC-

[ ]

4 i\

Dual Schottky Diode

RFin o oRFout

Figure 2-27 Schematic of analog predistortion circuit reported in [33]

2.3.3 Digital Predistortion

Digital predistortion (DPD) has been studied for decades and has been widely applied in
satellite communications and ground wireless communications. DPD is good at improving the
in-band linearity and capable of dealing with the memory effects. However, the performance of
DPD is limited by the sampling rate of ADC. Therefore, they usually ignore the out-of-band
distortion and leave it to analog filters. Most of the DPD techniques can be directly applied into
the RoF transmission system, since the DPD techniques do not care about the intermediate

transmission process.

A typical block diagram of a baseband DPD is shown in Figure 2-28. The DPD module
pre-distorts the digital baseband signal, which is then converted into an RF signal by DAC and
up-conversion modules. In the current communication systems, the RF signal is amplified by the
PA and then sent out through the antenna. While in the RoF systems, the RF signal passes
through the RoF link before it is amplified. The output RF signal is captured and down-converted
into a baseband signal, which is used for DPD training. Finally the coefficients are updated in the

DPD module.
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Figure 2-28 Block diagram of DPD

The DPD can also work with the digital RF signal, as an RF DPD. In this case, the block
diagram of the RF DPD is shown in Figure 2-29.
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Figure 2-29 Block diagram of RF DPD

For a nonlinear system without memory effect, or where the memory effect is negligible,
the nonlinearity of the system can be expressed with a nonlinear instantaneous model [12], as

shown in (2.1).

N
YO =ap+ ) anu(t) (2.1)
n=1

where y(t) is the output, u(t) is the input, N is the polynomial degree, and a, ..., ay are the

polynomial coefficients.

As the bandwidth of the signal increases, the memory effect becomes stronger and
stronger. Therefore, a nonlinear dynamical model has to be used, such as the Volterra series or
one of its evolved forms, for the behavior modeling of an RF power amplifier or an RoF system.

The classical discrete-time expression for Volterra series is shown in (2.2) [12].
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where y(t) is the output, u(t) is the input, N is the polynomial degree, M is the memory depth,

h,(my, ..., m;,) are the polynomial coefficients.

However, this Volterra series model has an obvious drawback. As can be seen, the
number of the polynomial coefficients increases exponentially as the polynomial degree and the
memory depth increase. Therefore, a lot of effort has been made to simplify the Volterra series.
Some of the most important simplified polynomials are memory polynomial [34], generalized

memory polynomial [35], dynamic deviation reduction [36] and 2D-DPD [37].

Memory polynomial (MP) has been widely used because it is simple while robust, which

can be described by (2.3) [34].

y(© Z Z a2 (t =) (t = )" 23)

where a,,,, are the coefficients of the DPD model.

As can be seen, the memory polynomial is much simpler than the full Volterra series by

only keeping the diagonal terms and it is still very effective in many cases.

Generalized memory polynomial (GMP) is more effective than MP by adding more cross

terms adjacent to the diagonal terms. The expression is given in (2.4) [35].
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where K,L, is the number of coefficients of diagonal terms, K,L,M, is the number of
coefficients of cross terms between the signal and the lagging envelope, and K.L M, is the

number of coefficients of cross terms between the signal and the leading envelope.

Experiment in [35] shows the GMP is better than MP at eliminating the power leakage in

adjacent channels and a 60 dB of dynamic range is achieved.

Dynamic deviation reduction (DDR) rewrites the Volterra series by mathematical reforms.

After a series of reforms, the Volterra series is rewritten in the form of (2.5) [36].

,
y(n) = Z o (0, ...,0)xP (n)

p=1
1+ i i[xp T(n)z z hyp (0, ...,0, 0y, ..., Hx(n — i) (2.5)
p=1 (r=1 =ty j=1

where r represents the order of the dynamics involved in the model.

By choosing the value of r, the number of cross terms is changed by including only the
most important cross terms. Experiment in [36] shows that when r=3 the best performance can be

achieved if the memory depth is set to 5 for that specific experiment setup.

The 2-D DPD technique is proposed especially for the two-band application. This model
takes into account not only the individual distortion in each band, but also the effect of cross-

modulation between the two bands. Even if the two bands are separated in frequency by 100MHz,
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the sampling rate is very low because there are only two baseband samplings. The model is

expressed in (2.6) [37].

N k
yi(n) = ZZ e ta (=) % s (= 1)ty (= )

N k
)= ) Y Y admxatn—m)+ = m)lrn —m)l (2:6)

where y;(n),y,(n) are the complex envelope of the output signals, x;(n),x,(n) are the

CO N )

k,jm’ Ck.j.m are the coefficients of this model.

complex envelope of the input signals, ¢

The 2-D DPD is very good at improving the in-band linearity in the two-band scenario.
Experiment results show an adjacent channel power ratio of less than -50 dBc and a normalized

mean square error of less than -40 dB [37].
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Chapter 3. Theoretical Analysis of Envelope-Assisted RF
DPD

In this chapter, we will explain how the nonlinearities and memory effects of an RoF
system are suppressed or minimized by DPD. The limitation of the traditional baseband DPD is
discussed, and a new DPD model is proposed to address that limitation. Finally the DPD

structure and the extraction of the DPD coefficients are discussed.
3.1 Modeling Nonlinearities and Memory Effects of RoF Systems

As it is stated in Chapter 2, if the memory effect is negligible in a nonlinear system, the
nonlinearity of the system can be modeled and diminished by a nonlinear instantaneous model,
as given in (2.1). If the memory effect is strong, the Volterra series or one of its evolved forms

has to be employed, as given in (2.2) — (2.6), or many other forms proposed in literature.

DPD works in a way that it creates the reverse nonlinearities and memory effects to what
are induced by the RoF systems.Figure 3-1 Figure 3-1 shows how the nonlinearity is corrected
by the DPD. The output of RoF system with RF power amplifier tends to be very nonlinear near
the saturation region. After inserting the DPD module, the final output becomes linear in the

whole region below the saturation level.
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Figure 3-1 Correction of nonlinearity

Figure 3-2 shows how the memory effect is eliminated by the DPD. Because of the

existence of the matching network, temperature-dependent influence, etc., the output wave of the
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RoF system usually shows a phase distortion. With the help of a dynamic DPD, the phase

distortion of the final output could be eliminated.
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Figure 3-2 Correction of memory effect

3.2 Envelope-Assisted RF DPD

Among the numerous DPD models, memory polynomial is one of the simplest forms
which can correct both the nonlinearities and the memory effects. It works very well with the 2G
or 3G applications. However, as the bandwidth becomes higher and higher in 4G and 5G, the
DPD is forced to work at a much higher frequency. For example, in LTE-A, if the carrier
aggregation is enabled, the signal bandwidth can reach 100 MHz, which means that the baseband
sampling rate of the ADC need to be 500 MHz. For the upcoming 5G technology, this baseband
sampling rate could be even higher. Such a high sampling rate could be a challenge for the ADC.

The good news is that lots of effect has been focused on the research and development of
RF sampling ADC, such as the 13b 4GS/s pipelined-SAR ADC [38] and 12b 10GS/s interleaved
pipeline ADC [39]. With the availability of RF sampling ADC, now the DPD could work with
the RF signals. With the increased sampling rate, the DPD can even correct the IMD3 and IMDS5.

However, if the memory polynomial works at such a high sampling rate, the memory
depth of the DPD might be too long, and there might be too many coefficients in the polynomial
if there is a strong long-term memory effect in the system. In order to simultaneously correct the
short-term and long-term memory effect, and eliminate the in-band and out-of-band

nonlinearities in the RoF systems with a reasonable number of coefficients, the envelope-assisted
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RF DPD is proposed in this thesis. The mathematical expression of this new model is given in

(3.1).

] P K @
20 = ) Y apx-plxe—pI + ) Y hgxmwa -t (D)
j=1p=0

k=1q=1

where z(n) is the output of the proposed DPD model, x(n) is the real value of the RF signal in
time domain, w(n) is the sum of the absolute values of the baseband envelopes of each
modulating signal, J is the highest nonlinear order of the RF signal, P is the memory depth in RF
domain, K is the highest nonlinear order of the baseband signals, Q is the memory depth in

baseband domain, aj;, and by, are the coefficients of the DPD model.

As can be seen, the proposed model is composed of two memory polynomials. The first
part of (3.1) is aimed to eliminate the out-of-band nonlinearity, in-band nonlinearity and short-
term memory effect, because the samples of x(n) are sampled at a very high radio frequency.
The second part of (3.1) is aimed to eliminate the in-band nonlinearity and long-term memory

effect because the samples of w(n) are sampled at a much lower frequency.
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Figure 3-3 Baseband samples and RF samples

Figure 3-3 shows an example of the combination of baseband samples and RF samples.

The baseband samples cover a long time span, as in a traditional baseband DPD, so they can be
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used to suppress the long-term memory effect. The RF samples cover a short time span,
distributed closely on the RF signal. Therefore, they can be used to eliminate the short-term
memory effect, as well as the out-of-band nonlinearities such as IMD3 and IMDS5, that a

baseband DPD cannot deal with because of the limited sampling bandwidth.
3.3 Indirect Learning DPD Structure

The indirect learning architecture was first proposed to train a multilayered neural
network by Demetri Psaltis, Athanasios Sideris, and Alan A. Yamamura in 1988 [40]. It was
applied to DPD by Changsoo Eun and Edward J. Powers in 1997 [41], where the Volterra series
was used in the DPD. It was combined with memory polynomial by L. Ding et al. [42].

The indirect learning structure for DPD is shown in Figure 3-4. The RF signal x(n) and
baseband envelope w(n) pass through the predistortion module and the predistorted output signal
z(n) is fed into the nonlinear device such as the RoF link or power amplifier. The output signal
y(n) of the nonlinear device is monitored and attenuated by G, which represents the gain of the
nonlinear device. After attenuation, the RF signal x»(n) and baseband envelope wp(n) pass
through the training predistortion module (A) in the feedback loop, which is identical to the
predistortion module in the forward loop. The output signal zy(n) is used to compare with the

predistorted signal z(n) and the error e(n) between z(n) and zy(n) is used to train the predistortion

module.
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W(nz (Copy of A) device *
A
1/G
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Figure 3-4 Indirect learning structure for DPD
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In the ideal situation, the attenuated output signal xp(n) should be equal to the input signal
x(n), which means the output signals z(n) and zp(n) of these two DPDs are also equal to each
other. In reality, there is always a difference between x(n) and xp(n), so as between z(n) and zp(n).
The training process is a process to find the solution for the DPD coefficients when the error e(n)
is minimized. If the training process of DPD is converged, it means the error e(n) is minimized,
the solution for the DPD coefficients is found, the DPD acts inversely to the nonlinear device,
and the nonlinearities and memory effects have been minimized. If the training process is not

converged, it means the solution for such a DPD could not be found.
3.4 Extraction of Model Coefficients

Several techniques are available for the extraction of DPD coefficients in the indirect
learning architecture, such as least squares algorithm (LS), least mean squares (LMS), recursive
least squares (RLS). The lease squares algorithm is most straightforward one, compared with the

other two. Therefore, the lease square algorithm is used to calculate the coefficients in this thesis.

As shown in Section 3.3, there are two DPDs in the indirect learning architecture, which
are identical to each other. Therefore, we can calculate the coefficients of the DPD in backward

loop, instead of calculating those of the DPD in the forward loop.

For the forward DPD, the relation between output signal and input signal can be

expressed with (3.1). If we define
wp(n) = x(n—p)lx(n—p)P~* (3.2)
and

Vi) = x(m)lw(n — )|~ (3-3)

then we can rewrite (3.1) as

J Q
2(n) = Z i @it (n) + i Z BreqVieq (1) (3.4)
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or in the form of vectors as
Z(n) = [u10(n); ---JulP(n)r ---ru]O(n)ﬁ ---ru]P(n)'vll(n)' ey le(n)' ey vKl(n)' ey vKQ(n)]a
(3.5)
T
Where a = [alo, v, Aqpy ey a](), ey ajp, bll’ e le, ey bKQ] .

Usually thousands of samples are used in the least squares algorithm to find the best

solution, so we can build a matrix as

z(1) [u1o(1) oowp() v (1) UKQ(l)]
7| _|tme@ - wp@ @ - ve@], (3.6)
Z (N ) u1o.(N ) - Usp kN ) v .(N ) - UKQ.(N )

or in the simplified form:
Z=Ua (3.7)

For the backward DPD, the input is the attenuated output signal xu(n) and the output

signal is zp(n). We can derive a similar expression between xp(n) and zy(n):
Zb = Uba (38)
where matrix U, has the similar form as matrix U except it is built with xp(n).

A typical measure of the difference between zp(n) and z(n) can be expressed in the form

of mean squared error (MSE):

N
1
MSE = NZ(Z(n) — 2,(n)? (3.9)
1
This MSE can be minimized by taking the derivative of (3.9) and equating to zero. In this
way, we can get:
Z =Uya (3.10)
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Since matrix U, is not square, we cannot simply inverse it. Instead, the normal equation

has to be used to estimate the coefficients:
a = (U,"U,) " 'U,"Z (3.11)
where U," represents the Hermitian (complex) transpose of U,,.

Before the first time of calculation, the coefficients in the forward DPD need to be
initialized in the way that the input RF signal x(n) passes through the DPD unchanged, which
means z(n) equals to x(n) before the coefficients are updated for the first time. After that, z(n)

can be calculated using the updated coefficients and the coefficients can be updated recursively.
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Chapter 4. Simulation with Envelope-Assisted RF DPD

Simulation has been run with Matlab to verify the validity of the proposed envelope-
assisted RF DPD, which can be used to suppress the nonlinearities and memory effects of an
RoF system. Optimal memory depths in RF and baseband domain have been found. Two-band
and three-band tests have been taken, where each band carries a 20 MHz LTE signal.
Performance of the proposed model is compared with traditional baseband DPD. In this chapter,

the simulation system is introduced and then the simulation results are reported.

4.1 Overview of the Simulation System

Baseband IFFT

A 4
Bit . v

_— 64QAM . Envelope-
Up::;:/;;'on > Assisted > RoF model >
RF DPD
A
Down
Envelope- conversion
Assisted IFFT < @f1 and < FFT
RF DPD :
Filter

Figure 4-1 Indirect learning DPD structure of the proposed DPD in LTE communication

The indirect learning DPD structure of the proposed DPD in LTE communication is
shown in Figure 4-1. This is an architecture for one band test. The bit stream is mapped into the
digital symbols with digital modulation techniques such as QPSK, 16QAM, or 64QAM. In LTE
or LTE-A, each symbol represents the complex value of a subcarrier which has a bandwidth of
15 kHz. Therefore, these digital symbols are allocated onto the subcarriers in frequency domain.
One inverse fast Fourier transform (iFFT) converts the signal in frequency domain into a
baseband signal in time domain. For a 20 MHz LTE signal, there are 100 resource blocks
allocated for transmitting control signals and data. Each resource block contains 12 subcarrier
occupying a bandwidth of 180 KHz. Therefore, 1200 subcarriers are used to transfer a 20 MHz
LTE signal. The iFFT size is 2048, corresponding to a baseband sampling frequency of 30.72
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MHz. A copy of the signal in frequency domain is up-converted to RF and transformed to a
discrete RF signal in time domain by the other iFFT. The size of this RF iFFT is 262144,
corresponding to a RF sampling frequency of 3.93216 GHz. Cyclic prefix has been added to the
baseband and RF signals in time domain. The length of the cyclic prefix is 4.7 ps for each
OFDM symbol, as defined in the LTE standard, corresponding to 143 samples of the baseband
signal and 18304 samples of the RF signal. A series of zeros has been added before the cyclic
prefix to separate the repeated OFDM symbols. The length of the zeros is equal to the length of
the cyclic prefix. The RF signal and the baseband envelope are then fed into the DPD module,
which generates the predistorted RF signal and sends it to the RoF model or RoF link. The output
signal of the RoF model or RoF link is attenuated and sent to the DPD in backward loop. A copy
of the attenuated RF signal is down-converted into a baseband envelope by a fast Fourier
transform (FFT), bandpass filter and iFFT. The DPD in the backward loop uses the RF signal
and baseband envelope to calculate the coefficients which are then updated into the DPD in the

forward loop. Coefficients in the forward DPD is initialized to pass the RF signal unchanged.

The architecture is adjusted to run the two-band test, as shown in Figure 4-2. In the two-

band test, the summation of two baseband envelopes is used instead of a single-band envelope.

Baseband w1\
T/
IFFT ) ¢
Bit 4
stream _> 64QAM
4
Up-
conversion Envelope-
@f1and P Assisted » RoF model >
@f2, and RF DPD =
IFFT é
Bt |l 640AM
stream A
A 4
Baseband Down
IFFT IFFT 1 conversion
@f1 and
Filter
Envelope-
L Assisted FFT &
RF DPD
Down
conversion
IFFT
7 @2 and
Filter
L 1

Figure 4-2 Indirect learning DPD structure of the proposed DPD for two-band test
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A similar adjustment can be made to run the three-band test, which is not shown here.
The difference is just that the summation of three baseband envelopes is used for the

predistortion.

4.2 RoF Model

In simulation, an RoF model mimics a real RoF link. However, the RoF model is not
extracted from the RoF link in our lab. Instead, it is specially designed to incorporate the in-band
and out-of-band nonlinearities, the short-term and long-term memory effects. With such a model,
the proposed DPD technique can be proved being capable of eliminating the in-band and out-of-

band nonlinearities, the short-term and long-term memory effects simultaneously.

Mapping
Baseband filter function
Baseband X )
’ f
envelope % Xo ™
I
a
v
. X X Output RF
RF 1 > —x—> I— .
sens ~ IS sgna
RF filter Nonlinear RF filter
model

Figure 4-3 RoF model for simulation

The structure of the RoF model is shown in Figure 4-3. The RF signal passes through the
RF filter before it is fed into the nonlinear model. The RF filter works as an input matching
network and introduces short-term memory effect. The baseband envelope of the signal passes
through the baseband filter, which produces long-term memory effect. The output of the
baseband filter is mapped into a control signal ‘a’, which is used to adjust the characteristic of
the nonlinear model. In such a way, the long-term memory effect is merged into the RF signal.
The output signal of the nonlinear model passes through another RF filter which mimics the
output matching network and adds short-term memory effect onto the output RF signal. The

transfer functions of the baseband filter and the RF filter are given in (4.1) and (4.2) respectively.
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1—-0.5z"140.25272
0.5 —0.32z72

H(z) = (4.1)

H(z) = 0.1+ 0.4z"! + 0.25272 + 0.15z73 + 0.1z~ (4.2)

The nonlinear model is built with an exponential function, which is expressed in (4.3)

y=bx(1—exp(—x/a)) (4.3)

where ‘a’ is the control signal, ‘b’ is a constant which can be used to adjust the maximum of the

output signal.

The relation between x’ and ‘y’ is shown in Figure 4-4. When the x’ is small, %’
increases linearly as x’. When %’ is large enough, ‘y’ will be saturated toward the maximum of
10. This saturation creates both in-band nonlinearity and out-of-band nonlinearity. When ‘a’
changes between 8 and 10, the curve changes between the solid line and the dotted line. Since ‘a’
changes at the modulation rate, the corresponding change of the curve will induce long-term

memory effect.
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47
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Figure 4-4 Input-output curve of the nonlinear model

A mapping function is used to map the baseband envelope into a value between 8 and 10,

as given in (4.4).

a=10—-2 xexp(—x,/c) (4.4)
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where ‘c’is a constant which changes the shape of the curve.

104

95

(=] ¥
_||||| L1l
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Figure 4-5 Mapping function between x; and a

The curve of the mapping function is shown in Figure 4-5. As can be seen, when the

baseband signal changes, the output signal changes between 8 and 10.

Two RF filters are built with infinite impulse response filter (IIR) and the baseband filter
is built with finite impulse response filter (FIR).

4.3 Optimal Memory Depth of the RF Polynomial

Memory depth is a characteristic of a specific transmission link. Different link has
different memory depth. Therefore, before checking the performance of the proposed DPD, the
RF and baseband memory depth should be tested first. Error vector magnitude (EVM) is one of
the most important measure for in-band distortion. Therefore, the memory depth will be checked

in terms of EVM improvement.

Two-band simulation has been run to find the optimal RF and baseband memory depth,
with which the EVM is minimized and number of coefficients of the DPD model is as small as
possible. The LTE signal contains two 20 MHz LTE bands located at 800 MHz and 900 MHz.
Figure 4-6 shows the relationship between EVM and RF memory depth on two LTE bands
respectively. As can be seen, the improvement of EVM is saturated after RF memory depth of 7

on the first band and 6 on the other band. Based on this simulation result, we choose an RF
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memory depth of 8 for simulation with the RoF model which is introduced in section 4.2. With
this value of RF memory depth, the EVM of each band is expected to be below 37 dB and the

EVM improvement on each band is expected to be over 11 dB.
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Figure 4-6 EVM vs RF memory depth (Left: lower band. Right: upper band.)

4.4 Optimal Memory Depth of the Baseband Polynomial
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Figure 4-7 EVM vs baseband memory depth (Left: lower band. Right: upper band.)

Figure 4-7 shows how the EVM changes as the baseband memory depth increases.
Simulation is run with an RF memory depth of 8 and the baseband memory depth changes from

0 to 10. The same signals are used as in section 4.3. As mentioned in section 4.3, the EVM
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improvement is saturated when the RF memory depth is over 7. However, Figure 4-7 shows that
the EVM can be further improved by 3 dB and 2 dB on lower band and upper band respectively
when the baseband memory depth is 5. The EVM improvement is saturated again when the

memory depth is more than 5. Therefore we set the baseband memory depth to 5 for the

following simulation.

From the simulation results aforementioned, it can be seen that short-term memory effect
has been minimized by the RF memory polynomial and long-term memory effect has been

minimized by the baseband memory polynomial.
4.5 Comparison with Baseband DPD Techniques

In this section, the performance of the proposed DPD is evaluated and the comparison
with a baseband DPD is made. The baseband DPD used for comparison is the 2D DPD, which is

introduced in section 2.3.3. The mathematical expression of the 2D DPD is given in (2.6).
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Figure 4-8 EVM vs memory depth of the 2D DPD

To build the 2D DPD model, the memory depth needs to be tested. The same signals are
used as in section 4.3 to find the memory depth. As shown in Figure 4-8, when the memory

depth is larger than 3, the EVM improvement is saturated. Therefore, the 2D DPD model for the

simulation is built with a memory depth of 4.
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4.5.1 Case 1: Band 1 @800MHz and Band 2 @900MHz

In this simulation case, two LTE bands are located at 800 MHz and 900 MHz and each
band has a bandwidth of 20 MHz. Performance of the proposed DPD and a baseband DPD has

been evaluated. Simulation results are shown below.

Figure 4-9 shows the output spectrum of the RoF model, as well as the spectrum of the
input signal. The red line represents the input signal, which is generated in Matlab. The blue line

represents the output spectrum without DPD. The yellow line and pink line represent the output

spectrum with the proposed DPD and the baseband DPD respectively.

As can be seen, the out-of-band nonlinearities, such as IMD3, IMD5 and power leakage
in adjacent channels, have been greatly suppressed by the proposed DPD. IMD3 is improved by
19.2 dB at 700 MHz and 11.8 dB at 1000 MHz. The baseband DPD can suppress the power

leakage in adjacent channels, but cannot suppress the IMD3 and IMDS.

Figure 4-9 Output spectrum from 500 MHz to 1200 MHz in simulation (case 1)

Figure 4-10 and Figure 4-11 are the enlarged spectra around the two bands. Adjacent
channel power ratio (ACPR) is the measure of out-of-band distortion in adjacent channels.

ACPR is improved by 13.5 dB with the proposed DPD, and it is improved by 19.5 dB with the

baseband DPD.
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Figure 4-10 Spectrum around the lower band in simulation (case 1)
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Figure 4-11 Spectrum around the upper band in simulation (case 1)

So far, it can been seen that the proposed DPD is good at improving all out-of-band
nonlinearities, while the baseband DPD is especially good at improving power leakage in

adjacent channels.

Figure 4-12, Figure 4-13 and Figure 4-14 are the constellations of the lower band signal
without DPD, with the proposed DPD and with baseband DPD respectively. The EVMs of the
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simulation result are -26.4 dB, -41 dB and -46 dB correspondingly.
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Figure 4-12 Constellation of signal in lower band without DPD (a) before phase adjustment and (b) after
phase adjustment
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Figure 4-13 Constellation of signal in lower band with the proposed DPD (a) before phase adjustment and
(b) after phase adjustment

Figure 4-14 Constellation of signal in lower band with 2D DPD (a) before phase adjustment and (b) after
phase adjustment
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Figure 4-15, Figure 4-16 and Figure 4-17 are the constellations of the upper band signal
without DPD, with the proposed DPD and with the baseband DPD respectively. The EVMs of
the simulation result are -26.6 dB, -39.3 dB and -45.4 dB correspondingly.

Based on these constellations, it can be seen that the baseband DPD is better than the

proposed DPD at improving the EVM. However, the proposed DPD is also very good at this job.
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Figure 4-15 Constellation of signal in upper band without DPD (a) before phase adjustment and (b) after
phase adjustment
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Figure 4-16 Constellation of signal in upper band with the proposed DPD (a) before phase adjustment and
(b) after phase adjustment
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(b)

Figure 4-17 Constellation of signal in upper band with 2D DPD (a) before phase adjustment and (b) after
phase adjustment

Figure 4-18 and Figure 4-19 show the AM-AM and AM-PM distortions and how these

distortions are improved by the proposed DPD on the two bands. Figure 4-20 and Figure 4-21

are the simulation results with the baseband DPD.
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Figure 4-18 AM-AM and AM-PM distortion on lower-band signal with and without proposed DPD
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Figure 4-19 AM-AM and AM-PM distortion on upper-band signal with and without proposed DPD
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Figure 4-20 AM-AM and AM-PM distortion on lower-band signal with and without baseband DPD
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Figure 4-21 AM-AM and AM-PM distortion on upper-band signal with and without baseband DPD

4.5.2 Case 2: Band 1 @800MHz and Band 2 @840MHz

This case is aimed to evaluate the performance of the proposed DPD when the two bands
are located closely with each other, at 800 MHz and 840 MHz. The spectrum from 500 MHz to
1100 MHz is shown in Figure 4-22. It can be seen that the proposed DPD performs very well in
eliminating the out-of-band distortions. IMD3 is improved by 27.5 dB at 760 MHz and 24 dB at
880 MHz. The baseband DPD cannot suppress the IMD3 or IMDS5. Even the power leakage in

adjacent channels becomes worse.

The enlarged spectra around two bands are shown in Figure 4-23 and Figure 4-24. ACPR
is suppressed by 15.5 dB with the proposed DPD while the baseband DPD cannot decrease the
ACPR in this case.

The constellations of the signals are shown in Figure 4-25 to Figure 4-30. EVM of the
lower band is decreased from -26.6 dB to -43 dB and -37.6 dB by the proposed DPD and the
baseband DPD respectively.
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Figure 4-22 Output spectrum from 500 MHz to 1100 MHz in simulation case 1
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Figure 4-23 Spectrum around the lower band in simulation case 2
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Figure 4-24 Spectrum around the upper band in simulation case 2
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Figure 4-25 Constellation of signal in lower band without DPD (a) before phase adjustment and (b) after
phase adjustment
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Figure 4-26 Constellation of signal in lower band with proposed DPD (a) before phase adjustment and (b)
after phase adjustment
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Figure 4-27 Constellation of signal in lower band with 2D DPD (a) before phase adjustment and (b) after
phase adjustment
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Figure 4-28 Constellation of signal in upper band without DPD (a) before phase adjustment and (b) after
phase adjustment
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Figure 4-29 Constellation of signal in upper band with proposed DPD (a) before phase adjustment and (b)
after phase adjustment
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Figure 4-30 Constellation of signal in upper band with 2D DPD (a) before phase adjustment and (b) after
phase adjustment

4.5.3 Case 3: Band 1 @800MHz, Band 2 @850MHz and Band 3 @900MHz

The three-band test has been run to check the performance of the proposed DPD in the

scenarios of multi-band transmission. The output spectrum is shown in Figure 4-31, where the
out-of-band distortions are obviously depressed. IMD3 is decreased by 17.9 dB at 700 MHz, 19
dB at 750 MHz, 12 dB at 950 MHz, and 7.5 dB at 1000 MHz.
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Figure 4-31 Output spectrum from 500 MHz to 1200 MHz in simulation case 3



—=— Input signal
0. —e— Output w/o DPD
o T R 0 Output w/ DPD
-20
N
3 40 \\ e
z |
%)
o
-60 -
'80 T T T T T 1
-30 -20 -10 0 10 20 30
Frequency (MHz)

Figure 4-32 Spectrum around the lower band in simulation case 3
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Figure 4-33 Spectrum around the middle band in simulation case 3
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Figure 4-34 Spectrum around the upper band in simulation case 3

The enlarged spectra around each band are shown in Figure 4-32, Figure 4-33, and Figure

4-34. ACPR of each band is suppressed by 16.8 dB 15.7 dB and 13.2 dB correspondingly.

Figure 4-35 to Figure 4-40 are the constellations of each band. EVM of each band is
improved by 17.4 dB, 15.9 dB, and 13.8 dB correspondingly.

Figure 4-35 Constellation of signal in lower band without DPD (a) before phase adjustment and (b) after
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Figure 4-36 Constellation of signal in lower band with the proposed DPD (a) before phase adjustment and
(b) after phase adjustment
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Figure 4-37 Constellation of signal in middle band without DPD (a) before phase adjustment and (b) after
phase adjustment
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Figure 4-38 Constellation of signal in middle band with the proposed DPD (a) before phase adjustment
and (b) after phase adjustment
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Figure 4-39 Constellation of signal in upper band without DPD (a) before phase adjustment and (b) after
phase adjustment
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Figure 4-40 Constellation of signal in upper band with the proposed DPD (a) before phase adjustment and
(b) after phase adjustment

4.5.4 Complexity Consideration

One important thing that must to be taken into account is the complexity of the DPD
model. For most of the DPD models, the structures and extraction of coefficients are usually
quite similar. The main difference is the number of coefficients. Suppose the same nonlinearity
degree of 5 is used in all DPD models, the numbers of coefficients with different memory depth

is listed in Table 4-1.

We can also compare the number of coefficients by fixing the memory depth to 5, for
instance. The number of coefficients increases as the nonlinearity degree increases, as listed in

Table 4-2.
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Table 4-1 Number of coefficients vs memory depth

memory depth* 1 2 3 4 § 6 7 8

proposed DPD** 14 23 32 41 50 59 68 77

2D DPD 30 45 60 75 90 105 120 135
* Suppose nonlinearity degree is 5.

** Suppose lengths of RF memory effect and baseband memory effect are equal.

Table 4-2 Number of coefficients vs nonlinearity degree
nonlinearity degree* 1 2 3 4 5 6 7 8
proposed DPD** 6 17 28 39 50 61 72 83
2D DPD 6 18 36 60 90 126 168 216

*  Suppose memory depth is 5.
** Suppose lengths of RF memory depth and baseband memory depth are equal.

As can be seen, the proposed DPD model employs much less coefficients than the 2D

DPD model does as the memory depth or nonlinearity degree increases.

In the aforementioned simulation, the proposed DPD has an RF memory depth of 8 and a
baseband memory depth of 5. The total number of coefficients is 65. The baseband DPD has a

memory depth of 4 and the number of coefficients is 75.
4.6 Simulation Summary

The performance of the proposed DPD is summarized in Table 4-3, Table 4-4, and Table

4-5, as well as the performance of the 2D DPD for comparison.

As can be seen, the performance of the proposed DPD is quite good in all three cases,
while the 2D DPD can only work better than the proposed DPD in case 1 in terms of EVM and
ACPR improvement. Because of the limited sampling bandwidth, baseband DPD usually cannot
suppress the IMD3 or IMDS5. Besides, the 2D DPD cannot work in transmission systems where

there are 3 or more bands.
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Table 4-3 Comparison of EVM improvement in simulation

EVM improvement (dB) Proposed DPD 2D DPD

Case 1 (two-band) 14.6 20.7
Case 2 (two-band) 16.3 10
Case 3 (three-band) 15.7 NA

Table 4-4 Comparison of ACPR improvement in simulation

ACPR improvement (dB) Proposed DPD 2D DPD

Case 1 (two-band) 13.5 29.5
Case 2 (two-band) 15.5 0
Case 3 (three-band) 15.2 NA

Table 4-5 Comparison of IMD3 improvement in simulation

IMD3 improvement (dB) Proposed DPD 2D DPD

Case 1 (two-band) 19.5 NA
Case 2 (two-band) 27.5 NA
Case 3 (three-band) 14.1 NA

According to the simulation result, it can be expected that the proposed DPD can be used
in various application scenarios, especially in the broadband and multi-band transmission. It is

also worth mentioning that the number of coefficients is at a moderate level compared to some

complex baseband DPD.
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Chapter 5. Experiments with Envelope-Assisted RF DPD

After verifying the validity of the proposed DPD with simulation, experiment has been
conducted to evaluate the performance of the proposed DPD in a real application. An RoF
transmission link has been set up and the similar tests have been done on the RoF transmission

link.
5.1 Experiment Setup Overview

The experiment setup is shown in Figure 5-1. The 64QAM OFDM LTE signal is
generated in Matlab and then loaded into a Tektronix AWG7122B arbitrary waveform generator
(AWG). The AWG sends the signals to the optical transmitter at a sampling rate of 10.32192
Giga samples per second (GS/s) with an output power level of -19.2 dBm. A MITEQ SCM fiber
optic link is used to transmit and receive the optical signal. The optical transmitter is a direct
modulator, which uses the RF signal to modulate the optical signal. After passing through an 8-
kilometer standard single mode optical fiber, the optical signal is detected by the optical receiver
of the MITEQ SCM fiber optical link and demodulated back into an RF signal. An SHF810
broadband amplifier is connected after the optical receiver to enhance the power level of the RF
signal from -15.4 dBm to 13.4 dBm, corresponding to a gain of 28 dB. An Agilent DSO81204B
oscilloscope samples the amplified RF signal at a sampling rate of 10.32192 GS/s and saves the
data into a file, which can be processed by Matlab.

Matlab <
v
Arbitrary - @ -
waveform > % S#Zﬂ - 2 4& —>>—>>> oscilloscope
generator Optical fiber
amplifier
Optlcal transmitter Optlcal receiver

Figure 5-1 Experiment setup of the RoF transmission link
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5.2 RoF Model

In the training process, an RoF model is built to mimic the RoF link so as to speed up the
training process. The RoF model is built with the envelope-assisted RF DPD model. After
obtaining a set of input and output data of the RoF link, the coefficients of the RoF model can be
extracted easily with the least square method. The first loop of the training process is conducted

on the RoF link and the following loops can be conducted with the RoF model.
5.3 Optimal Memory Depth of the RF Polynomial

In the same way as in the simulation, experiment starts with finding the optical memory
depth. Two-band test has been conducted with two 20 MHz LTE bands located at 800 MHz and
900 MHz. The result is shown in Figure 5-2. As can be seen, RF memory depth of 8 is a good

choice to minimize the EVM while keeping the number of coefficients as small as possible.
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Figure 5-2 EVM vs RF memory depth (Left: lower band. Right: upper band.)
5.4 Optimal memory Depth of the Baseband Polynomial
Baseband memory depth test has been done to find the optimal value. The same signals
are used as in section 5.3. However, the experiment result shows that EVM changes very slightly

as the baseband memory depth increases, which means that the RoF link only has detectable

short-term memory effect but the long-term memory effect is very weak. However, the baseband
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memory polynomial still can be used to eliminate the potential, although very weak, long-term

memory effect. In the following experiment, the baseband memory depth has been set to 1.
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Figure 5-3 EVM vs baseband memory depth (Left: lower band. Right: upper band.)

5.5 Comparison with Baseband DPD Techniques

To compare with the baseband DPD, the memory depth of the baseband DPD is
optimized by experiment with the same signals as in section 5.3., as shown in Figure 5-4. Since

the EVM degrades as the memory depth increases, the memory depth of the baseband DPD is set

to 1.
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Figure 5-4 EVM vs memory depth of the 2D DPD
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5.5.1 Case 1: Band 1 @800MHz and Band 2 @900MHz

Figure 5-5 shows the output spectrum from 500 MHz to 1200 MHz. IMD3 is decreased
by 14.3 dB at 700 MHz and 10.1 dB at 1000 MHz.
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Figure 5-5 Output spectrum from 500 MHz to 1200 MHz in experiment case 1
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Figure 5-6 Spectrum around the lower band in experiment case 1
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Figure 5-7 Spectrum around the upper band in experiment case 1

Figure 5-6 and Figure 5-7 give a detailed view around the two bands. ACPR is improved
by both DPD models. The proposed DPD provides an improvement of 14.8 dB while the
baseband DPD achieved an improvement of 16.4 dB.

The constellations of the signals are given in Figure 5-8 to Figure 5-13. The EVM of the
lower-band and higher-band signals is improved by 6.5 dB and 7.2 dB respectively with the
proposed DPD. It is decreased by 8.1 dB and 8.7 dB with the baseband DPD.
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Figure 5-8 Constellation of signal in lower band without DPD (a) before phase adjustment and (b) after
phase adjustment
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Figure 5-10 Constellation of signal in lower band with 2D DPD (a) before phase adjustment and (b) after
phase adjustment

Figure 5-11 Constellation of signal in upper band without DPD (a) before phase adjustment and (b) after
phase adjustment
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Figure 5-12 Constellation of signal in upper band with the proposed DPD (a) before phase adjustment and
(b) after phase adjustment
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Figure 5-13 Constellation of signal in upper band with 2D DPD (a) before phase adjustment and (b) after
phase adjustment

5.5.2 Case 2: Band 1 @800MHz and Band 2 @840MHz

In this test case, two bands are closely located at 800 MHz and 840 MHz. Output
spectrum from 500 MHz to 1100 MHz is shown in Figure 5-14. IMD3 is suppressed by 11 dB at
760 MHz and 8 dB at 880 MHz by the proposed DPD.

The enlarged views around the two bands indicate that the ACPR is improved by 9.2 dB
and 7.9 dB on the lower band and higher band respectively with the proposed DPD, as shown in
Figure 5-15 and Figure 5-16. There is nearly no change on the ACPR with the baseband DPD,
because the sampling bandwidth of the baseband DPD is limited in this case.
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Figure 5-14 Output spectrum from 500 MHz to 1100 MHz in experiment case 2
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Figure 5-15 Spectrum around the lower band in experiment case 2
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Figure 5-16 Spectrum around the upper band in experiment case 2

Figure 5-17 to Figure 5-22 are the constellations of the output signals. Calculated EVM
shows improvement of 4.7 dB and 4.9 dB on the lower band and higher band respectively with
the proposed DPD. The improvement is 6.6 dB and 7.1 dB with the baseband DPD.
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Figure 5-17 Constellation of signal in lower band without DPD (a) before phase adjustment and (b) after

phase adjustment

73




s e A E ! -~ % oNLh 5 X & s J& % = oA
2 e u Yl s A O I
PRI e N . LA S S LR
N I A fOR R g a w owo®
3 A e
v e e | e PP
b W e ¥ CN » M % e B A w v &
v, & @ ¥ ¥ & ¥ v PRI ELT I S TR
wOF x EbE ow & W DAY S PO ST S

(b) after phase adjustment

(b)

Figure 5-18 Constellation of signal in lower band with the proposed DPD (a) before phase adjustment and
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Figure 5-19 Constellation of signal in lower band with 2D DPD (a) before phase adjustment and (b) after
phase adjustment
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Figure 5-20 Constellation of signal in upper band without DPD (a) before phase adjustment and (b) after
phase adjustment
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Figure 5-21 Constellation of signal in upper band with the proposed DPD (a) before phase adjustment and
(b) after phase adjustment
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Figure 5-22 Constellation of signal in upper band with 2D DPD (a) before phase adjustment and (b) after
phase adjustment

5.5.3 Case 3: Band 1 @800MHz, Band 2 @850MHz and Band 3 @900MHz

Experiment of three-band test has been done to evaluate the performance of the proposed
DPD. The output spectrum is shown in Figure 5-23. IMD3 is suppressed by 13.2 dB at 700 MHz,
17 dB at 750 MHz, 13.5 dB at 950 MHz, and 10.6 dB at 1000 MHz with the proposed DPD.

Figure 5-24, Figure 5-25, and Figure 5-26 show that ACPR is decreased by 16.6 dB, 17
dB and 14.4 dB on three bands respectively.

EVM is calculated based on the constellation data in Figure 5-27 to Figure 5-32 and the
result shows that it is improved by 9 dB, 9.7 dB and 8.1 dB on three bands.
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Figure 5-23 Output spectrum from 500 MHz to 1200 MHz in experiment case 3
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Figure 5-24 Spectrum around the lower band in experiment case 3
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Figure 5-25 Spectrum around the middle band in experiment case 3
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Figure 5-26 Spectrum around the upper band in experiment case 3
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Figure 5-27 Constellation of signal in lower band without DPD (a) before phase adjustment and (b) after
phase adjustment
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Figure 5-28 Constellation of signal in lower band with the proposed DPD (a) before phase adjustment and
(b) after phase adjustment
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phase adjustment
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Figure 5-30 Constellation of signal in middle band with the proposed DPD (a) before phase adjustment
and (b) after phase adjustment

Figure 5-31 Constellation of signal in upper band without DPD (a) before phase adjustment and (b) after
phase adjustment

~ LRI I S I ¥
Y - > - “
» 2 v N
. . 4 x EE T o 9
N ) [ .
4 * v [ S T ¥y &R
w " 3 r >
k3 . : N % L3 . . . . v 5 ¥
~ Y] - B
T 3 & ‘\ v, = 3 ’ '1;" ’\ d T T —
td - s o + %, LS 3 4 » ) ) vy
* L » >
L4 L3 "
K ” " F] * w:"' A W e 3. Y
Lol 1 I
w —+a r
* ~ % : s P A
1y I3 _
| o .
. v. I RS ) L e
(@) (b)

Figure 5-32 Constellation of signal in upper band with the proposed DPD (a) before phase adjustment and
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5.6 Influence of Input RF Power on EVM

Experimentation has been conducted to study the influence of the input power of the RF
signal on EVM of the output signal of the RoF link. The experiment result is shown in Figure
5-33. As can be seen, the EVM increases as the input RF power increases when there is no DPD
adopted in the RoF link. If DPD is applied in the RoF link, the EVM decreases from -29 dB to -
30 dB as the input power increases from -19.2 dBm to -17.2 dBm. When the input power further
increases from -17.2 dBm to -14.7 dBm, the EVM increases back to around -29 dB.

This phenomenon can be explained as follows. When the input RF power level is very
low, the power levels of the signal and the noise (or distortion) are very low. When the input RF
power is increased at this stage, the power level of the signal is increased faster than that of the

noise. Therefore, the EVM is decreased as the input power is increased.

However, beyond some specific point, the power level of noise and distortion is enhanced
faster than that of the signal. Most of the increased input power is transformed into distortion.
Even the distortion can be partly eliminated by the DPD technique, the EVM cannot be
optimized further. On the contrary, if the distortion is too strong, the EVM will degrade. That is
reason why the EVM climbs back when the input power level is increased beyond -17.2 dB in
Figure 5-33.
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Figure 5-33 Influence of input RF power on EVM
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5.7 Improvement on Sampling Bandwidth

Until now, the proposed DPD looks perfect. However, the sampling bandwidth is an
important issue. In the aforementioned experiments, the signal is sampled in the RF domain
without down conversion. To decrease the phase difference between the input RF signal and the
output RF signal sampled by the oscilloscope, the sampling bandwidth has been set at a very
high value, 10.32192 GHz. Although the 10GS/s ADC has been developed in industry [39], it
can be expected that ADCs with such a high sampling bandwidth would be very expensive.
Therefore, decreasing the sampling bandwidth of the proposed DPD is urgently preferred taking

into consideration the cost.

To decrease the sampling bandwidth, the RF signal is down-converted first to an
intermediate frequency signal, which contains all the bands in frequency domain. Then the
down-converted signal can be sampled with a much lower sampling rate. The experiment result
shows that even with a sampling rate of 150 MHz, the EVM can reach a very close level as in the
previous experiment. To suppress the IMD3, a sampling bandwidth of 400 MHz, from 650 MHz
to 1050 MHz, is sufficient. To suppress the IMD3 and IMDS5 simultaneously, a sampling
bandwidth of 600 MHz, from 550 MHz to 1150, is sufficient.
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Figure 5-34 Output spectrum from 550 MHz to 1150 MHz

Figure 5-34 shows the output spectrum when the proposed DPD is implemented with
down conversion and a sampling bandwidth of 600 MHz, from 550 MHz to 1150 MHz. The

81



result is compared to without down conversion. Improvement on IMD3 at 700 MHz is slightly
better than the case of without down conversion, and improvement on IMD3 at 1000 MHz is

significantly better than that of without down conversion.

Figure 5-34 also shows an important phenomenon of unbalanced IMD3. This
phenomenon was explained in [43] with a two-layer structure of a transistor. If each layer
amplifiers the signal (f1, f2) and induces IMD2 (f2-f1, f1+f2) and IMD3 (2f2-f1, 2f1-f2), there
will be three sources of the IMD3 of the final output signal. The first source is the IMD3 induced
by the first layer and amplified by the second layer. The second source is the IMD3 induced by
the second layer between the fundamentals amplified by the first layer. The third source is the
IMD?2 (F1+F2) induce by the second layer between the fundamentals (f1, £2) and IMD2 (f2-f1)
induced by the first layer. The second-layer IMD2 between f1 and (f2-f1) is {2, and this explains
why the EVM of the upper band is higher than that of the lower band. The second-layer IMD2
between f2 and (f2-fl1) is 2f2-f1, and this source contributes to the upper IMD3 and finally
causes the unbalanced IMD3.

Improvement on ACPR is quite close to the previous experiment results, as shown in

Figure 5-35 and Figure 5-36.
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Figure 5-35 Spectrum around lower band
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Constellations have been shown in Figure 5-37 and Figure 5-38, with the EVM
improvement of 8.4 dB and 7.4 dB on lower and upper bands respectively. This improvement is

better than the previous experiment results.
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83



w/ RF DPD w/ down-converted RF DPD

4 o A
- » z, x 1 7 o
iy * 33 o
o ~h i > = Lo
5 5 - ¢ . ” . W Py - . "
ul Ve 3 I . r et # & ]
i i . i
» LY a - x a e - r - - : - &
v = kA % 3 o - & o -, o~ 4 .. o, a2 by
EH 1 B L ] A& H
h “ - - o '.:J i
- I4 ¥ & 4 ¢
¥ H
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5.8 Influence of Sampling Bandwidth on EVM

Experiment has been done to study the influence of the sampling bandwidth on the EVM.
As can be seen in Figure 5-39 and Figure 5-40, even with a sampling bandwidth of 150 MHz, the
EVM can reach as low as -28 dB. As the sampling bandwidth goes higher, the EVM is decreased.

However, the change of EVM improvement is not very significant.
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5.9 Experiment Summary

Experiment result has been summarized in Table 5-1, Table 5-2 and Table 5-3. The
experiment result agrees with the simulation result, which indicates that the proposed DPD can
not only improve the EVM and ACPR, but also suppressing the IMD3 and IMDS5. Furthermore,
the proposed DPD can work well in all test cases. This makes it well positioned for broadband

and multi-band applications.

Table 5-1 Comparison of EVM improvement in experiment

EVM improvement (dB) Proposed DPD Proposed DPD 2D DPD
w/ down conversion

Case 1 (two-band) 6.9 7.9 8.4

Case 2 (two-band) 4.8 not tested 6.9

Case 3 (three-band) 8.9 not tested NA

Table 5-2 Comparison of ACPR improvement in experiment

ACPR improvement (dB) Proposed DPD Proposed DPD 2D DPD
w/ down conversion

Case 1 (two-band) 14.8 18.3 16.4

Case 2 (two-band) 8.6 not tested 0

Case 3 (three-band) 16 not tested NA
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Table 5-3 Comparison of IMD3 improvement in experiment

IMD3 improvement (dB) Proposed DPD Proposed DPD 2D DPD
w/ down conversion

Case 1 (two-band) 12.2 17.5 NA

Case 2 (two-band) 9.5 not tested NA

Case 3 (three-band) 13.6 not tested NA

The influence of the input power on the EVM has been studied and the result shows that

the EVM could be minimized with specific input power level.

The issue of sampling bandwidth is resolved by adopting down conversion before
sampling. This can greatly reduce the cost of the back loop of RoF transmission system, and the
experiment result is even better than that of without down conversion. The influence of sampling
bandwidth on the EVM has also been studied in experiments, although the influence is not so

significant.
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Chapter 6. Conclusion

6.1 Thesis Conclusion

RoF transmission systems can provide ultra-high bandwidth and greatly reduce the cost
of the infrastructure, especially the fronthaul section. However, they suffer from signal distortion
potentially caused by various components in the RoF link, especially the optical modulator and
RF power amplifier. To eliminate the in-band and out-of-band nonlinearities, short-term and
long-term memory effects simultaneously, the envelope-assisted RF digital predistortion
technique has been proposed in this thesis. This DPD model is evolved from the memory
polynomial, and composed of an RF memory polynomial and a baseband memory polynomial.
Therefore, this model takes both the RF signal and the baseband envelope as inputs to realize the
digital predistortion. Short-term memory effect is expected to be suppressed by the RF
polynomial and long-term memory effect is expected to be weakened by the baseband
polynomial. The indirect learning architecture is adopted and the least squares method is used to

calculate the coefficients of the model.

Simulation work has been done with Matlab to evaluate the performance of the proposed
DPD. An RoF model is built which can produce in-band and out-of-band nonlinearities, and
short-term and long-term memory effects simultaneously. Optimal RF and baseband memory
depths have been found by running simulation with different memory depths. This indicates that
the short-term memory effect is diminished by the RF memory polynomial and the long-term
memory effect is lessened by the baseband memory polynomial. Three test cases have been run.
The first test is a normal two-band test, while the second test is a two-band test with the two
bands closely located. The third test is a three-band test. EVM, ACPR and IMD3 have been
improved by 14.6 dB, 13.5 dB and 19.5 dB respectively in the first test. The improvements are
16.3 dB, 15.5 dB and 27.5 dB in the second test, and 15.7 dB, 15.2 dB and 14.1 dB in the third
test. These simulation results prove that the proposed DPD works very well in the two-band
transmission, three-band transmission, and even when two bands are closely located.
Comparison with a baseband DPD has been made showing that the baseband DPD is only better

at eliminating the in-band nonlinearity in the first test and the proposed DPD is better at
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suppressing the out-of-band nonlinearity. Besides, the proposed DPD works very well in the
second and third tests as in the first test. Therefore, the proposed DPD can be used in broadband
and multi-band applications, which makes it well-positioned for the ultra-wideband transmission

in the 4G and 5G architecture.

Experiments have been done on an RoF link in the lab. Optimal RF and baseband
memory depths have been found. The optimal baseband memory depth is 1, which means the
memory effect of the RoF link used in the experiment is dominated by short-term memory effect.
Similar tests have been done on the RoF link as in the simulation work and the experiment
results agree with the simulation results proving the validity of the proposed DPD in the real RoF
transmission. EVM is improved by 6.9 dB, 4.8 dB and 8.9 dB in three tests. ACPR is suppressed
by 14.8 dB, 8.6 dB and 16 dB in these three scenarios. IMD3 is lessened by 12.2 dB, 9.5 dB and
13.6 dB in all three cases. Performance of the 2D DPD has been evaluated to make comparison
with the proposed DPD as well. As it has been proved by the simulation results, the 2D DPD is
only good at improving the EVM and ACPR in the first test, while the proposed DPD can adapt
itself very well in all three scenarios. Influence of the input power on the EVM improvement has
been studied and the experiment results show that the EVM can be optimized at specific input
power level, when the signal power level is not too low and the noise level is not too high.
Sampling bandwidth has been reduced by down-converting the RF signal and sampling it at an
intermediate frequency. Lower sampling bandwidth avoids the extremely expensive RF ADCs.
Influence of the sampling bandwidth on the EVM has been tested. However, the experiment

result shows that higher sampling bandwidth does not lead to significant EVM improvement.

Based on the simulation and experiment results, it can be concluded that the proposed
DPD is capable of dealing with in-band and out-of-band nonlinearities, short-term and long-term
memory effects of the RoF transmission system simultaneously. Because it is not limited by the
number of bands, it can be used in broadband and multi-band scenarios as defined in the 4G

standard and is well-positioned for the upcoming 5G technology.
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6.2 Future Work

Although the proposed DPD works very well in various scenarios, it is not perfect. One
of the imperfections is that it is not as good at improving the EVM as the baseband DPD. How to
further optimize the EVM may be of interest.

Another potential problem is that as the bandwidth increases, the digital circuit to
implement the DPD will meet some challenges. Either it will be too complicated to realize the
DPD, or it will be too expensive to do so. Therefore, effort may be done to combine the analog

predistortion techniques with the digital ones.

Experiment with high power amplifier or power amplifier with bandpass filters can be
done to further prove the validity of the proposed DPD. If the long-term memory effect of power

amplifier is stronger, the advantage of the proposed DPD will be more obvious.
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