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ABSTRACT

Analog Pre-distortion Circuit for Simultaneous Suppression of Third and Fifth Order

Intermodulation Distortion in Broadband Radio-over-Fiber Systems

Shuvasish Saha

Rapid advance in wireless technologies coupled with the exponential increase in use of
high bandwidth devices and applications have made it necessary to develop high capacity wireless
transmission networks. Design of robust and cost-effective wireless signal transmission systems
has become of paramount importance to keep up with the breakneck pace of wireless access
demand, especially keeping in mind the future of massive multiple-input and multiple-output
(MIMO) wireless. Radio-over-Fiber (RoF) transmission systems are at the forefront of the research
topics being investigated right now as a possible solution to keep up with this exploding demand

for wireless network access.

Based on optical subcarrier modulation, RoF transmission systems combine the use of both
optical fiber and radio transmission. Optical fibers are low cost. They are lightweight and suffer
from low loss. They provide extremely high capacity and immunity from electromagnetic
interference. Radio transmission over fiber makes it easy to assemble Remote Radio Units (RRUs)
at antenna towers. However, RoF is an analog optical transmission system and it is susceptible to
non-linear distortions caused by all the inline functional optical and electrical components. In case
of front-haul RoF transmission systems of wireless access networks, two key specific functions:
RF power amplification and optical subcarrier modulation, are the main contributors to the
production of non-linear distortions. Non-linear distortions consist of harmonic distortions (HDs)
and intermodulation distortions (IMDs). It is essential to suppress these distortions because they

can introduce crosstalk if they fall in the passband of RF signals.

In this thesis, the use of analog pre-distortion circuit (PDC) is investigated as a linearization
technique for the purpose of suppressing non-linear distortions, especially the third order
intermodulation distortion (IMD3) and the fifth order intermodulation distortion (IMDS5)

simultaneously. An analog pre-distortion circuit (PDC) is designed and fabricated based on the



transmission characteristics of a modulator integrated distributed feed-back (DFB) laser (EML).
The PDC is low cost, compact and has broad operational bandwidth. It is designed to operate in
the bandwidth up to 6 GHz, using two beam-lead silicone Schottky diodes as predistorter. The
linearization by this PDC is verified in EML modulated RoF transmission system. First, by using
the EML modulated RoF, Spurious Free Dynamic Range (SFDR) improvement of over 11 dB is
achieved related to IMD3 and over 3 dB related to IMDS5 for the entire bandwidth. Similarly, the
SFDR improved by more than 6 dB related to IMD3 and by more than 4 dB related to IMDS5 for
another EAM modulated RoF throughout the entire bandwidth. When Wi-Fi signals at 2.4 GHz
and 5 GHz were transmitted through the EML modulated RoF, error vector magnitude (EVM) was
improved by 1.3 dB at 2.4 GHz and by 1.55 dB at 5 GHz for back-to-back (BTB) transmission.
For 10 km single mode fiber (SMF) transmission, EVM improved by 1.07 dB at 2.4 GHz and by
1.03 dB at 5 GHz. For the EAM modulated RoF, EVM was improved by 2.76 dB at 2.4 GHz and
by 1.45 dB at 5 GHz for BTB transmission. For 10 km SMF transmission, EVM was improved by
2.08 dB at 2.4 GHz and by 1.44 dB at 5 GHz. Moreover, Wi-Fi signals were generated at a RF
carrier of 2-5 GHz and EVM improvements were recorded. For the EML modulated RoF, EVM
improvement was more than 1.4 dB for BTB transmission and more than 1 dB for 10 km SMF
transmission. For the EAM modulated RoF, EVM improvement was more than 1.4 dB for both
BTB and 10 km SMF transmission.
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Chapter 1 Introduction

1.1  Radio-over-Fiber Transmission Systems

Radio-over-Fiber transmission systems have come back to prominence as a major research
topic after lying dormant for two decades when it was first introduced and demonstrated by A J
Cooper [1]. This is due to the fact that wireless enabled devices had an explosion in usage over the
last decade. More and more devices and applications are being rolled out continuously which are
putting a huge strain on the existing methods of wireless network service delivery. Optical
components have become cheaper over the last decade and frankly, there was no need about fifteen
years ago to justify huge investment in wireless transmission systems because there was not

enough demand for it. Today, however, the picture is drastically different.

Traditional wireless access networks consist of back-haul and front-haul transmission

systems as shown in Figure 1-1.

Front-haul
+Wireless

v
C@ b

cru - Back-haul

Figure 1-1: Wireless access network infrastructure with front-haul and back-haul transmission systems [2]



The back-haul networks typically use high capacity digital fiber systems to transmit
baseband signals. In the front-haul networks, traditional techniques like narrow band analog radio
frequency (RF) transmission over microwave coaxial cables and digital fiber transmissions are
used to distribute wireless signals to antenna towers. The main drawbacks of using microwave
coaxial cables are that they are too costly and bulky. They suffer from high attenuation when high
frequency RF signals are transmitted through them. Optical fibers offer a remarkable amount of
advantages over the use of coaxial cables. First of all, optical fibers are very lightweight and very
cheap. Its main features are broad bandwidth, low loss and immunity from electromagnetic
interference. In case of digital fiber transmissions, the main drawback comes from the complexity
of constructing Remote Radio Units (RRUs) because digital to/from analog signal processing is
required. Radio-over-Fiber (RoF) transmission systems offer a lots of advantages over these

traditional methods [2].

Central Processing Unit Remote Radio Unit

T y Downlink f’
‘—| OTx } (@) =|' ORx ,' ={>—T

Optical fiber ST J
--------- i B
- (ORy )« © L
Uplink g

.........

Figure 1-2: Basic configuration of RoF transmission systems

Figure 1-2 shows the basic configuration of a RoF transmission system. It consists of
Central Processing Unit (CPU) and Remote Radio Unit (RRU) and combines the advantages
provided by optical fiber and wireless access. The direction of transmission from the CPU to the
RRU is known as the Downlink and the opposite transmission direction is known as the Uplink.
In the Downlink, RF signals are generated and go through up-conversion inside the CPU before
being transmitted through the optical fiber to the RRU. The optical transmitter (OTx) has an optical

modulator which modulates optical carrier with RF signals. The transmitter can be a laser diode



(LD) or a laser plus an external modulator. Modulation using laser is called Direct modulation
whereas modulation using laser plus an external modulator is called External modulation. External
modulators like Electro-absorption modulator (EAM) or Mach-Zehnder modulator (MZM) are
especially used to achieve higher modulation bandwidth. The modulated signals in the OTx are
then transmitted through the optical fiber to the Optical receiver (ORx) in the RRU. For the optical
fiber, Single mode fiber (SMF) or Multi-mode fiber (MMF) can be used. ORx usually consists of
a Photodiode (PD) which demodulates the optical signal back to RF signal. The demodulated
signal is amplified before being fed to an antenna which is then distributed to the users. The ORx,
amplifier and the antenna are part of the RRU. Similarly, in the Uplink, the RF signals received
by the antennas are amplified and fed into the OTx in the RRU which modulate the signals. The
signals are then sent through the optical fiber to the ORx in the CPU where they are demodulated
to RF signals and down-converted and processed [3]-[4]. In both the CPU and the RRU, signals
are put through a predistorter initially before being fed into the OTx. This is done to counter the

non-linearities produced by the modulators in the OTx.

There are several advantages of using RoF transmission systems. Firstly, the use of optical
fibers instead of microwave coaxial cables between CPU and RRU provides low loss for long
distance transmissions and broad bandwidth. Single Mode Fiber (SMF) is preferable to Multi-
mode Fiber (MMF) for this purpose because MMF can induce modal dispersion. All the
complicated and power consuming tasks like up/down conversion and analog-to-digital/digital-to-
analog converters (ADCs/DACs), frequency multiplexing and signal processing can be performed
at the CPU. These makes the assembly, deployment and maintaince of RRUs very easy. The RRUs
are only limited to using OTx, ORx, amplifier and antenna which consumes less power and are
less complicated systems. Moreover, a single CPU is capable of communicating with multiple
RRUs. This is particularly helpful because high number of RRUs need to be deployed to carry the

load of very high wireless access demand.

However, as with all communication systems, RoF transmission systems are not perfect.
RoF systems involve analog modulation and detection of light which introduces the possibility of
encountering signal noise and non-linear distortions, typical issues in analog communication
systems. Optical subcarrier modulation and RF power amplification are the major sources of non-

linearities in RoF systems which can be caused by the non-linear characteristics of the microwave



and optical components in the system. Non-linearities can produce spurious signals which can
coincide with the useful RF signals and degrade them, thus reducing the performance of the
transmission system. Therefore, there is a justifiable need for the suppression of these non-

linearities, i.e. linearization, to make RoF transmission systems more robust.

1.2 Optical Subcarrier Modulation

>
fre Frequency

I
I
I
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)

o — —— —— — — — —

I( A Optical carrier Optical \I
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| 2 I
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| 2 |
| g I
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__ Jefu_ fo_forfur_Frequency)

Figure 1-3: Optical subcarrier modulation principle

Figure 1-3 shows the process of optical subcarrier modulation. The optical carrier is
modulated with RF signal in the OTx. This way, the RF signal in the RF domain is carried by the
optical subcarriers in the optical domain to transfer from the OTx to the ORx. At the ORx, the
signal is converted back to the RF domain before distribution. Optical subcarrier modulation can

be carried out either by (a) direct modulation of a laser, or (b) external modulation of a CW laser



with an EAM or a MZM. Figure 1-4 shows both processes. Direct modulation can be cheap and
simple but compared to external modulation, it is susceptible to higher chirp which can give rise
to Chromatic Dispersion (CD) effect, a phenomenon that happens when lights at different
frequencies travel in the optical spectrum at different velocities so that their arrival times at the

ORx are different. Moreover, external modulation provides for higher bandwidth than direct

modulation.
Optical Fiber
2 N
. pl N
Rin o—>—> @ © > —»[>—o0 RFOut
Direct (a) Photodiode
Modulation
Laser
RFin O—s[>———
Optical Fiber
& N
7 N
@ »| EAM or MZM @ q $ [: RE Out
(b)
CW Laser Photodiode

Figure 1-4 : (a) Direct modulation, (b) External modulation

As can be seen from Figure 1-3, optical subcarriers occupy more bandwidth than RF carrier
because of double sideband modulation (DSB). Therefore, they are more prone to CD and non-
linear distortions because larger bandwidth gives the capacity to transmit more carriers. High data
rates make CD severe, resulting in errors and loss of information. To mitigate the effect of CD,
single sideband modulation (SSB) [5]-[7] and also use of dispersion compensating fiber (DCF)
[8]-[9] has been investigated. Figure 1-5 shows both DSB and SSB.

Optical single sideband modulation can be performed by carefully biasing the two RF
inputs of a MZM and by controlling the phase difference between them. Compared to DSB, SSB

generates one optical sideband which occupies half the modulation bandwidth of DSB and



therefore results in the reduction of CD. DCEF is another solution to reduce CD because DCF has

negative dispersion coefficient which induces dispersion to compensate for those induced by SMF.

) Optical .
Optical power SubI:: arrier Optical power Suppressed
A A Optical
Subcarrier
> T >

f-fre fo  fctfre Frequency f-fre fo  fctfre Frequency

DSB SSB

(a) (b)

Figure 1-5: (a) Double sideband modulation (DSB), (b) Single sideband modulation (SSB)

1.3  Nonlinearities in RoF transmission systems

A A

Ideal
Transmission

Practical
Transmission

>
(a) (b)

>

Figure 1-6: (a) Ideal transmission, (b) Non-linear transmission, in RoF transmission systems

The design principle of RoF transmission system is that transmission should be linear, 1.e.
the ratio of RF power output to RF power input is contant as shown in Figure 1-6 (a). However, in
reality, it is impossible to achieve. At high RF input power, the tramission is always non-linear as
shown in Figure 1-6 (b) and also suppressed. This non-linear behaviour at high RF input power
gives rise to non-linear distortions which gets transmitted with the actual RF signals. Therefore,
the nonlinearities need to be suppressed to achieve better transmission. The nonlinearities

generated in RoF transmission systems are harmonics and intermodulation distortions. Harmonics

6



are components generated at the integer multiples of the fundamental frequencies and
intermodulation distortions are components generated when two or more adjacent frequencies are
transmitted in RoF link as shown in Figure 1-7. In a typical RoF transmission system, source of
nonlinearities in the RF domain can be from the Power amplifier (PA). Nonlinearities in the optical
domain, such as Four-Wave mixing, Cross-absorption modulation, and Cross-polarization
rotation, happens because of the electro-optical modulators, semiconductor optical amplifiers

(SOAs) and photodiodes (PDs).

Fundamental A
T / Frequency
A 4 Harmonics + 1
A ¢ A A
»Frequency » Frequency
0 fl Zfl 3f1 0 f-fy  3f-2f, 2fi-f, fq f, 2f,-f; 3f,-2f; fi+f,
(a) (b)

Figure 1-7: (a) Harmonic distortions, (b) Intermodulation distortions

For mathematical analysis of IMD, Taylor series can be used as shown in equation (1.1)

to model the nonlinearity in RoF transmission systems [10].
Vo = ag + av; + ayv? + azvi + agvt + asvy + - (1.1)
where input and output powers are denoted by v; and vy and the coefficients are represented by a;.
When two input signal sources at frequencies f; and /> in close proximity are applied, then,
v; = Vy(cos wqt + cos w,t) (1.2)

where w; = 2nf; and Vo is the amplitude of the input signals.



By substituting Equation (1.2) into Equation (1.1), the output of the RoF transmission

system can be derived as:
Vo = ag + a,Vy(cos wt + cos wyt) + a,VE(cos wit + cos w,t)? + azVg (cos wqt + cos wyt)3
+ a,Vy(cos wt + cos w,t)* + asV@ (cos wit + cos wyt)® + -+ (1.3)

After some trigonometric expansions and simplification of Equation (1.3), the results

extracted for the third order (IMD3) and fifth order (IMDS5) nonlinearities are:

3rd Order: G a;Vg + 2?SaE;V(?) cos(2w; — w,)t and G a;Vg + 2ESaE;VOS) cos(2w, — w)t
and

5th Order: gaSVOE‘ cos(3w; — 2w,)t and gasVos cos(3w, — 2w;)t

The important IMD3 components are 2w1-w2 and 2w2-w1 and the IMDS components are
3wi-2w2 and 3wr-2w1 because they are the closest to the fundamental frequencies as shown in
Figure 1.7(b) and cannot be filtered out. Therefore, they are the biggest contributors to nonlinearity
in a RoF transmission system. The coefficients represent the amplitudes of the intermodulation
products. Among all the intermodulation products, IMD2 has the largest power according to Figure
1.7(b) but falls way out of the passband of the fundamental frequencies and can be filtered out.
IMD3 has the highest power among the rest of intermodulation products. Therefore, linearization

technology is very important to get rid of the IMD3 and IMDS5.

Among optical nonlinearities, Four-Wave mixing (FWM) is the most important in RoF
transmission systems. It is a phase-sensitive process. It means the efficiency of the FWM is
strongly dependent on the phase matching conditions. It is similar to the generation of IMD3. It is
usually generated by EAM or SOA in the optical domain. When two lights at frequencies fi and />
are injected into an external modulator like an EAM, two more lights are generated at the
frequencies of 2f1-f> and 2>-f1. The effect is shown in Figure 1-8. FWM mainly affects wavelength-
division multiplexing (WDM) systems. The effects of FWM are noticeable with decreased channel
spacing of wavelengths, i.e. dense WDM systems and at high signal power levels. The interference

caused by FWM in WDM systems is known as Interchannel Crosstalk. The magnitude and phase
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of the generated FWM lights are dependent on the intrinsic characteristics and bias voltage of the

external modulator and are therefore tunable.
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Figure 1-8: Four-Wave Mixing

1.4  Spurious Free Dynamic Range

£

[an]

e

=

[}

2 A

2 H Nonlinearity
5 e

>

g o

> (%]

o

L .

g EX XX T EEEXEEE XY XX XN NOIse ﬂOOr

RF input power(dBm)

Figure 1-9: Diagram of SFDR

Spurious Free Dynamic Range (SFDR) is a measure to evaluate the linearity of a RF
system. It is defined as the RF power range where the system is able to distinguish the original RF

power relative to the noise level. IP is the intercept point. Figure 1-9 explains it.



1.5  Error Vector Magnitude
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Figure 1-10: Diagram of EVM

Error Vector Magnitude (EVM) is a measure of the quality of a modulated signal. It is
employed to measure the deviation of received signal from the ideal position in a constellation

diagram as shown in Figure 1-10. It is measured using the following formula:
EVM(dB) = 10log,, (P—E) (1.4)
PR

where P and Pr are the root mean square average power of the error vector and the reference

vector, respectively.

In communication systems, Bit-error-rate (BER) is the most common performance metric
used to evaluate the reliability of the system. BER assesses the full end to end performance of a
system including the transmitter, receiver and the intermediate medium. If the medium between
the transmitter and receiver is good and the signal to noise ratio (SNR) is high, then the bit error
rate is very small and have no noticeable effect on the overall system. Bit errors mainly result in
fiber optic systems from the imperfections in the components present in the link like optical driver,
receiver, connectors and also by the fiber itself. Optical dispersion and attenuation can also

introduce bit errors.

In [33], the relationship between BER and EVM has been investigated through simulation

for different kind of modulation schemes. Figure 1-11 shows the results obtained. The simulation
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results for the 16-QAM modulation scheme is of special importance to us since that is the
modulation scheme used to evaluate the performance of the proposed PDC circuit for wideband

signals.
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Figure 1-11: Relationships between BER and EVM[33]

From Figure 1-11, we notice that for 16-QAM modulation scheme, the BER is very small
for EVM of -20 dB or less. Therefore, an EVM of -20 dB or less would be suitable for the RoF

transmission system.

1.6  Literature Review of Linearization Technologies

Various linearization techniques have been proposed over the years to mitigate the effect
of nonlinearities in RoF transmission systems which degrades transmission quality. Linearization
means creation of opposite nonlinearities to counter the effect of those produced by the
transmission system. Therefore, using linearization, it is possible to suppress the nonlinearities that
gets generated in a transmission system. The main nonlinearlities to affect a transmission system
are HD2, IMD2, IMD3 and IMDS. For RF signals, HD2 and IMD2 fall out of the passband and
only IMD3 and IMDS5 are more prominent. However, for multiband RoF transmission systems like

Wi-Fi signal at 2.4 GHz or multiband orthogonal frequency-division multiplexing (MB-OFDM)
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ultra wideband (UWB) signal at 3.96 GHz, IMD2 and HD2 may overlap with other signals. Optical
linearization and Electrical linearization methods have been proposed as the two principal

approaches as shown in Figure 1-12.

Linearization

Optical Electrical
Linearization Linearization
Mixed- Dual- Digital Analog
Polarization Wavelength Others Linearization Predistortion
Digital Digital
Predistortion Post-compensation

Figure 1-12: Linearization technologies [2]

1.6.1 Optical Linearization Technologies

Optical linearization depends on the principle of combining two or more nonlinear optical
components and adjusting them to suppress the RoF system nonlinearities. The optical components
generate nonlinearities at two separate operation points in the RoF transmission system and cancel
each other when the nonlinearities are combined while keeping the RF signals mostly intact.
Optical components mostly provide higher bandwidth than RF components. Therefore, they are
suitable for broadband linearization of RoF transmission systems. Over the years, several optical
linearization techniques have been proposed using optical components such as Mixed-Polarization
(MP) linearization [11]-[15], cascaded MZMs [16]-[19], Dual wavelength (DWL) linearization
[20]-[23] and others.

In the MP linearization, transverse electric (TE) and transverse magnetic (TM)

transmission characteristics of a RoF transmission system are used. The nonlinear components
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generated by the TE and TM transmissions are cancelled by each other if they are in antiphase.
This means that the TE and TM characteristics must be different. Therefore, the RoF transmission
system must be polarization dependent. Such RoF transmission system would consist of
polarization dependent EAM or MZM. Both 2™ and 3™ order nonlinear distortions can be
considerably suppressed by appropriately adjusting the polarization angles in this method. The RF
signal may also be suppressed to some extent and the suppression would strongly depend on the

TE and TM characteristics of the EAM or MZM.

V(1)=Vep [cos(Qlt)+ oS (Qﬂ)} Vpias
2 TM - TM
o p
EAM

x—TE x—TE

Figure 1-13: Schematic of mixed polarization [12]

In [12], Hraimel et al. proposed and experimentally demonstrated the process of optical
mixed polarization linearization for an EAM modulated RoF transmission system. As shown in
Figure 1-13, the polarizers before and after the EAM are set to angles, a and P respectively, with
respect to the z-axis. The light signal from the first polarizer, which is set to angle a, consists of
the superposition of TE and TM optical fields. The light signal will be modulated by the EAM.
The EAM output will carry certain amount of intermodulation products in its TE and TM optical
fields. The light then passes through the second polarizer which is set to angle 3. Carefully setting
the two angles in the two polarizers make them related to each other and IMD3 is suppressed while
making sure the RF carriers are maximized. Experimental results showed SFDR improvement of
8.1 dB and 9.5 dB in back-to-back and after 20 km fiber transmission using this process. The

stringent requirement of angle manipulation makes the linearization process highly complex.
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In the optical linearization method using cascaded MZMs, the process can be done in two

ways, either by cascading two MZMs is series or in parallel. Fig 1-14 shows both processes.

Vbiasl

Vbiasl VbiasZ

VbiasZ

Figure 1-14: (a) Serially cascaded MZMs, and (b) Parallely cascaded MZMs

In [16], D Sabido et al. proposed a method of cascading two MZMs in series. Figure 1-14
(a) shows the process. The bias voltages of the two MZMs are adjusted along with the relative
amplitude and phase of the two RF input signals at each port to achieve the suppression of the
nonlinearities. The idea is for the second MZM to generate an IMD3 which can compensate for
that introduced by the first MZM. Since the linearization is performed by the optical chips, the
modulation bandwidth is not limited by the bandwidth of the electronic components. Experimental

results showed up to 34 dB reduction in IMD?3 using this process.

In [17], J. Li et al. proposed a method of suppressing IMD3 in RoF links by cascading two
MZMs in parallel. Figure 1-14 (b) shows the technique. The process is designed to eliminate IMD3
completely by taking into consideration all the sidebands in the optical spectrum that cause IMD3.
The method utilizes simple electrical signal phase control instead of digital linearization and other
optical processors. Symmetrical single sideband modulation by the two MZMs is applied on the
microwave signals. Experimental demonstrations showed IMD3 suppression of approximately 30
dB. The SFDR also improved by 12 dB. In both processes, it is difficult to vary the bias voltages
and RF signals separately. Therefore, complexity is increased. Also, using two MZMs increase the

cost of the RoF transmission system dramatically.

In DWL technique, the idea is to generate nonlinear distortion components at two

wavelengths 41 and 4> so that they can cancel each other. Therefore, the transmission system needs
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to be wavelength dependent. It means that the transmission characteristics of the RoF transmission
system needs to be different for A1 and A>. The nonlinear components generated at different
wavelengths will suppress each other if they are antiphase whereas the RF signals need to be in
phase for improvement. Both MZM and EAM are suitable for this purpose because they have

wavelength dependent transmission characteristics.
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Figure 1-15: Schematic of dual wavelength linearization [23]

In [23], Zhu et al. proposed a way of linearizing an RoF link with two lasers working at
different wavelengths 41 and A». Figure 1-15 shows the setup. The wavelengths used for the two
lasers in the setup were 1552.6 nm and 1510 nm, respectively. The idea is to get the nonlinearities
of the two lasers to be antiphase with each other by carefully setting their power ratio. The two
lights experience different modulation characteristics in the EAM and carry their own RF signals
and nonlinearities because they are incoherent. Nonlinear distortions of both lasers were
suppressed this way and experimental results showed that both HD2 and HD3 was suppressed by
23 dB and 2.1 dB, respectively.

Optical linearization, as a pre-distortion method, can suppress both odd and even orders
nonlinearities. It covers the whole RF modulation bandwidth of the external modulator. It suffers
from low loss. However, the linearization process can be complicated and expensive because of

the need for multiple optical devices.

1.6.2 Digital Linearization Technologies

Digital linearization of RoF transmission links can be done in two ways: Digital pre-

distortion (DPD) [24]-[25] and Digital post-compensation (DPC) [26]. The principle of this kind
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of linearization is to digitally generate opposite nonlinear characteristic using a predistorter to
compensate for the nonlinearity of the RoF transmission system. Memory effect in RoF
transmission has to be considered when broadband signals are transmitted over the RoF system.
Therefore, memoryless polynomial is not adequate to model RoF transmission systems using this
process. This process uses analog to digital converter (ADC) to sample the analog signal and
linearize the transmission by digital signal processing (DSP). Currently, linearization bandwidth

is limited to only 20 MHz.

DPD uses the feedback of the nonlinearity information of RoF transmission system to
generate a distorter. A predistorter with inverse nonlinearity characteristics is generated by
sampling the input and output data of a RoF transmission system without the DPD. To approximate
the predistorter, a memory polynomial is used. The input and output data of the RoF transmission
system are used to train the input and output data of the predistorter. The coefficients of the
memory polynomial are obtained. The coefficients of the distorter model can be extracted and the

predistorter is established by using the least-square error minimization method or other algorithms.

DPC uses recursive sweep and monitors the adjacent channel power (ACP) to find the
optimum coefficients of memory polynomial because the nonlinearity information of a RoF

transmission system is unknown at the receiver side. Figure 1-16 shows both techniques.
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Figure 1-16 (a) Digital pre-distortion, and (b) Digital post-compensation [25]

In [25], Z. Xuan proposed a DPD method. A predistorter is trained and then verified in two
experiments of directly modulated RoF transmission systems. In the first experiment, the DPD
achieved more than 8 dB and 5.6 dB EVM improvement in BTB and after 10 km SMF transmission
when Wi-Fi over fiber transmission system was used. In the second experiment, both Wi-Fi and
ultra wideband (UWB) wireless signals were transmitted. The DPD achieved EVM improvements
of 4.5 dB for BTB and 3.1 dB after 10 km SMF transmission for the Wi-Fi signal. EVM
improvements of 4.6 dB for BTB and 4 dB after 10 km SMF transmission were also achieved for

the UWB signal.

n [26], C. Lee et al. proposed DPC for direct laser modulation in cellular radio-over-fiber
application. Through simulations, DPC was found to suppress nonlinear distortion by as much as

5 dB.

Overall, digital linearization provides the best performance as a linearization method. It is
found to be adaptive. The linearization efficiency is higher and several nonlinearities can be
linearized simultaneously using this method. However, it is difficult to linearize even order
nonlinearities. It suffers from low bandwidth and high costs limit its practical use. Most of the
broadband digital linearization is done using offline signal processing with a computer because of

the issue of synchronization.
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1.6.3 Analog Pre-distortion

Analog pre-distortion is the most commonly used linearization technology in RoF

transmission systems. Figure 1-17 shows the principle behind analog pre-distortion.

1 Frequency

»Frequency

2f,- fz 2f,-fy

: DATA E/O F(iober 0/E }4 o :

|
| RF power II RF power |
| I :
| |
| | : 2,6, 2f,-f, I
|
| |
| | -
»Frequency, | Frequency |
__ ik o he l
_____'__________"—____\b—':"_"":--_-._,__—l
I ..... O
(DATA}-*-+( Predistortion }-+»{ E/0 } O o/ ~=>}

Figure 1-17: Analog pre-distortion principle [2]

As can be seen from the top part of Figure 1-17, nonlinearities are produced by optical
subcarrier modulation in a RoF transmission system. The IMD3 generated is anti-phase with the
original RF signal, as is usually the case because EAM or MZM in RoF transmission systems are
commonly biased that way. The lower part of Figure 1-17 shows the linearization principle of a
PDC. The IMD3 generated by the PDC is inphase with the RF signal due to its intrinsic
characteristics. Therefore, the nonlinearities generated by the PDC and the RoF transmission
system cancel each other. RF signals are mostly unaffected although some loss may occur. For
broadband operations, the phase and magnitude must be precisely maintained for the PDC
throughout the entire band. The acceptable phase difference between the RF signal and IMD3
should be no more than 10°. Some components in the circuit, especially capacitors and inductors,

can induce phase shift. The magnitudes of the RF signal and IMD3 should be consistent for the
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whole passband depending on the S»; of all the components, connectors, and the design of the

circuit.

T
Vin — Time Delay N Ver
~ Phase Shifter
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Nonlinear device Amplifier

Figure 1-18: Traditional pre-distortion circuit [27]

Figure 1-18 shows a traditional pre-distortion circuit block. The input signal gets divided
into two paths. One path induces a time delay while the other path contains nonlinearity generating
components. At the output, the signals are combined using a power combiner. The amplifier and
the phase shifter are used to adjust the magnitude and phase of the pre-distortion signal. Using this
process, it is possible to achieve good cancellation of IMD3. However, the use of extra RF
components like amplifiers and phase shifters can cause problems. Amplifiers are prone to
generating nonlinearities of their own and phase shifters are narrowband components so they are
unsuitable for broadband applications. Also, the use of two paths make it necessary to maintain a
very precise time delay or the circuit can end up being a total failure. This sensitivity can be of

concern for real circuit implementation of high frequency broadband systems.

In [27], Shen et al. proposed and designed a pre-distortion circuit without the use of
amplifier or phase shifter as shown in Figure 1-19. It used diodes as predistorter in anti-parallel
combination to generate only odd order non-linearities for pre-distortion. Quarter wave

transformers were used for impedance matching.
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Figure 1-19: Anti-parallel diode based pre-distortion circuit [27]
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The circuit was designed for linearization in MB-OFDM RoF transmission systems. Experiment
results showed more than 7 dB suppression of IMD3 and 11 dB SFDR improvement over 1.7 GHz
transmission bandwidth. The PDC was also evaluated in a RoF transmission of MB-OFDM UWB
signals from 3.168 GHz to 4.752 GHz. Experimental results showed that EVM was improved by
~1 dB for both BTB and after 20 km SMF transmission.

In [28], Zhu et al. proposed a broadband analog pre-distortion circuit to linearize IMD3
generated in RoF transmission systems. The circuit is shown in Figure 1-20. The circuit consisted
of dual schottky diodes and broadband resistors. Broadband capacitors and inductors in each arm

worked as bias tees. A single direct current (DC) source was used to bias the dual schottky diodes.
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Figure 1-20: Broadband analog pre-distortion circuit [28]

Experimental results showed more than 10 dB SFDR improvement from 1 to 5 GHz. EVM
was improved by 1 dB when Wi-Fi signals at both 2.4 GHz and 5 GHz were transmitted through
the RoF transmission system. EAM was used as external modulator in the RoF transmission

system.

Analog pre-distortion circuit offers high modulation bandwidth. It can be built simple and
cheap because of the low cost of analog components. It can be made in very compact size, therefore
providing ease of deployment. However, it suffers from more loss than optical or digital
linearization and cannot linearize even order components. Use of nonlinear components, like

amplifier, in the circuit can cause more problems because they produce nonlinearities of their own.

Over the years, there has been several attempts made to linearize both IMD3 and IMD5
simultaneously [29]-[31] in RoF transmission systems. However, there was remarkably no

investigation into the use of diodes as predistorter to linearize both.
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1.7  Motivation and Contribution

Cancellation of IMD3 in RoF transmission systems has been the main focus of research
over the years. This is due to the fact that among odd order nonlinearities IMD3 is the most
powerful and is very close to the original RF signal in the passband. Therefore, it is impossible to
filter out. IMDS5 is the next powerful odd order nonlinearity which also happens to be in the
passband of transmission. But compared to IMD3, IMDS5 is weak. However, it does have some
effect on the transmission since it is also impossible to filter out because of its presence in the

passband.

The main focus of this research is to develop an analog pre-distortion circuit which is
capable of suppressing both IMD3 and IMDS5 based on the use of diodes in anti-parallel
combination as predistorter. The circuit would be designed to work in the bandwidth up to 6 GHz.
It would be tested for effective suppression of IMD3 and IMDS5, SFDR improvement and

linearization of wideband signals in RoF transmission system.

1.8  Thesis Outline

The rest of the thesis is organized as follows:

Chapter 2 will discuss in detail about the components used in the predistortion circuit and their
effect in the operation of the circuit. Some analysis on the role of diode as pre-distorter is done.
The design and simulation of the proposed circuit in ADS Momentum is discussed. The s-
parameter simulation results of the PDC circuit and also the simulation results for simultaneous

suppression of IMD3 and IMDS5 by the PDC are presented in this chapter.

Chapter 3 will discuss about the process of fabrication and experimental verification of the circuit
using different kinds of signals. Experimental results wil be presented and discussions will be done

on how effective the circuit is for the purpose of linearization in RoF transmission systems.

Chapter 4 will conclude the thesis and talk about future work.
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Chapter 2 Proposed Analog Pre-distortion Circuit: Design
and Simulation

2.1  Measurement of non-linear characteristics of EML for circuit
design

An analog pre-distortion circuit has been proposed in this thesis for the simultaneous
suppression of third order (IMD3) and fifth order (IMDS5) intermodulation distortions in RoF
transmission systems. An EML, which is an EAM integrated with a Direct Feedback (DFB) laser,
is used in an experiment to measure its non-linear transmission characteristics. The EML chosen
for this purpose is FLDSF20NP from Eudyna devices. The main reason for chosing an EML is that
it provides extremely low wavelength chirping. Figure 2-1 shows the EML used.

Figure 2-1: FLDSF20NP (EML)

First, a steady 1.4 V DC voltage is applied to the laser section of the EML for operation of
the laser. The wavelength of the laser is 1550 nm. Modulation voltage is applied through a bias tee
to the modulator section (EAM) for optical subcarrier modulation. The modulated light travels
through an optical fiber which is connected to an optical power meter to measure its power. The
power meter used is EXPO FPM-300. By steadily changing the modulation voltage from -2.5 to
0V with an increment of 0.05V, the power of the modulated light is measured. Figure 2-2 (a) shows
the experimental setup. After the measurements are done, the received power versus reversed bias

voltage is plotted, which is shown in Figure 2.2 (b).
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Figure 2-2: (a) Experimental setup, (b) Measured non-linear characteristics of the EML

2.2 Modelling the non-linear characteristics of EML

The measured transmission data is then entered into Matlab and the Matlab curve fitting
utility is used to model the non-linear transmission characteristics of the EML into a non-linear

polynomial function. Figure 2-3 shows the measured data and the 5th and 8th order polynomial
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curve fitting products. The transmitted power and the curve fits are represented in dB. As can be
seen from the graph, the 8th order curve fitting product fits the transmission characteristics more
accurately than the 5th order product. Therefore, the 8th order non-linear polynomial model for

the EML is then used to design the analog pre-distortion circuit.
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Figure 2-3: Polynomial curve fitting to model the non-linear characteristics of the EML

Equation (2.1) represents the 8th order curve fitting equation for the non-linear

characteristics of the EML and the value of the coefficients are given in Table 2.1.

P=po+pV+p,V2+p3V3+p,V*+psV> +pgVe +p, V7 +pgV® (2.1

where V' is the reversed bias voltage to the EAM.

Po P1 D2 P3 [ Ps Pe p7 Ps

0.0022 | -0.0015 | -0.0100 | 0.0235 | -0.0234 | 0.0128 | -0.0039 | 6.33 x 10* | -4.085 x107

Table 2.1: Coefficients of the 8th order curve fitting polynomial
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From Figure 2-3, it can be observed that modulation voltages between -1.1 V and -0.4 V
are suitable in terms of the accuracy of the curve fit and also in terms of modulation efficiency.
For modulation voltage below -1.1V, the insertion loss is very high and for voltage above -0.4 V
the modulation efficiency is low. A modulation voltage close to -0.4V is preferable since the
transmission is high around that voltage. For the experiments performed using this EML, a
modulation voltage of -0.5V has been applied to the EAM, the results of which will be presented
in Chapter 3.

2.3 Design and simulation of the pre-distortion circuit

The 8th order curve fitting coefficients are then used to emulate the non-linear
characteristics of the EML in Advanced Design System software and a pre-distortion circuit (PDC)
is designed to counter the non-linearities of the EML. ADS Momentum is extensively used as the
simulation tool to design the circuit. Figure 2.4 shows the schematics of the proposed pre-distortion
circuit. The circuit is similar to the one proposed in [28] except for the fact that instead of using a
single chip with two diodes in anti-parallel combination, the proposed circuit has two separate
diodes in two branches in anti-parallel combination. The reason for using two diodes separately is
that there was no single chip anti-parallel combination package available for the diode that was
chosen to build the PDC. RF signals are split into the two branches using a power divider. The
power divider could be a source of phase mismatch between the two branches but extensive
simulations were run to make sure the phase mismatch is kept at a minimum. Therefore,
degradation of the PDC performance was avoided. Also, the proposed circuit has been optimized
to suppress the IMDS5 generated by the EML in addition to the IMD3 which was not investigated
in [28]. The bias current through the diodes are carefully tuned to achieve suppression of both
IMD3 and IMDS simultaneously as much as possible while keeping in mind not to degrade the
fundamental signal. Compared to the diode based PDC circuit in [27], the proposed PDC circuit
doesn’t need to use quarter-wave transmission lines for impedance matching, thereby reducing the
size of the circuit dramatically. Not using quarter-wave transmission lines can cause some power
loss but simulations and later experimental verification showed that the effect is minimum. Also,
the proposed PDC circuit needs only one DC bias current source for both the diodes compared to

two sources needed for the PDC in [27].
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The input and output ports of the PDC are connected by a microstrip trasnsmission line
with a characteristic impedance of 50 Ohms. The two forward biased diodes are arranged in an
anti-parallel combination to form a push-pull structure so that even order non-linear components
produced by the diodes are eliminated. RF broadband resistors are connected to each diode in
series. The inductor and capacitor combination in each branch act as bias tees. One DC current
source is used to bias both the diodes by connecting through the test points. The series resistors
and the DC bias current to the diodes are tuned to maintain the power ratio and the magnitude and
phase of the predistortion signals. Once the circuit is fabricated, the series resistance becomes fixed
and only the DC bias current is tuned to control the predistortion signals generated by the PDC.
Simulations in ADS showed that 100 Ohm resistance for each of the RF resistors is a suitable value

for the operation of the PDC circuit. Therefore, the circuit uses 100 Ohm RF resistors.

Predistortion Circuit
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Capacitors 4
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HSCH-5314
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Figure 2-4: Schematic of the proposed pre-distortion circuit

The diodes used in the circuit are from Avago Technologies. The model is HSCH-5314.
They are beam-lead silicone schotkky diodes. Table 2.2 shows the spice parameters for the diode
[32]. A few different diode models were used in simulation to measure the performance of the
PDC. While some of them showed similar level of performance during simulations, the final
choice for the diode used in the circuit came down to availability and economics. Some of the

diodes were not in production any more while some were available in bulk packaging only, which
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made them very expensive to acquire. Most of the bulk packaging options were available in reels
of hundreds or thousands of diodes. The acquisition cost for these diodes would run into thousands
of dollars. Only a few diodes were needed to test the PDC while keeping the procurement costs
for the equipment as low as possible. Therefore, a limited amount of diodes were acquired to build
a PDC prototype. The diodes are the kernel of the pre-distortion circuit. They allow fundamental
signal to flow through them. They also simultaneously generate the predistortion signals. The
reason for choosing beam-lead schottky diodes is that they have smaller anode compared to regular
schottky diodes. The smaller anode gives low zero bias capacitance and series inductance which

is suitable for broadband applications.
I=1("-1) (2.2)

Equation (2.2) shows the mathematical expression for the I/V characteristics of the junction
of a schottky diode where Is is the saturation current, 3 is the inverse of the threshold voltage Vr
and B =1/Vt= g/mKT. In the expression for B, q is the electron charge, K is the Boltzmann’s
constant, 1.37 x 10 J/K, T is the absolute temperature in Kelvin and 1) is the ideality factor which

accounts for the unavoidable imperfections in the junction.

: i(t)

Ry

4
Cp—— G( Vb+V)

V4

GV +v) = % = 0, + g20(D) + g3v3(O) + 9 (©) + gsv* (1)

Figure 2-5: Traditional equivalent AC circuit of a Schottky Diode
Figure 2-5 shows the equivalent AC circuit of a schottky diode. Here, Vs represents

the total DC voltage applied to the diode, /; represents the DC current that goes through the diode,

and V5 represents the voltage that is applied to the junction of the schottky-barrier. The series
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resistor, Rj is responsible for the contact and current-spreading resistance. Cj(V) and G(V) are the

junction capacitance and conductance. Both C;(V) and G(V) are bias-dependent.
For small-signal approximation:
V=Vp+ v(t) and Vp = w(t)

where Vy, represents the DC bias voltage and v(t) represents the AC voltage applied to the junction
of the schottky-barrier diode. The I/V characteristics of the diode can therefore be expanded using

Taylor series as follows in Equation (2.3):

i(1) = LePVOPO) = g() + gav(t)? + g3t + gan(t) + gsv(D) ... Fea(t)” 2.3)
’ l; IsﬁzeBVb 1 Isﬁgeﬁvb 1 Isﬁ4eBVb I Isﬁseﬁvb
where, g,' = I,fef"r | g =—— , g = — g/ =T —, g = —

Since the diodes in the PDC are connected in anti-parallel, the coefficients for the other
diode are g1"=g1', 92" =—92", 95" =95, 9." = —9g,' and gs" = gs' . For small signal
applications, the Taylor Series is expanded upto the fifth order. The non-linear conductance can

therefore be represented in Equation (2.4) as:

G(Vp +v) = g1 + gv(t) + gzv*(t) + gav> (@) + gsv*(t) (2.4)

The graph for the I/V characteristics of the diode is shown in Figure 2-5.
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Figure 2-6: I/V characteristics of the HSCH-5314 Diode [32]
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The I/V characteristics of the diode shows that as the bias current through the diode
increases, so does the voltage applied to the diode. This means that changes in the bias current also

changes the coefficients g to gs in Equation (2.3).

By (V) | Isv (4) Ls(4) CoF) | Ec(eV) | N | R(Q) | Ps(V) | Pr | M

5 10E-5 | 3x10E-10 | 0.13 0.69 | 1.08 9 065 | 2 |05

Table 2.2: Spice Parameters of the diode HSCH-5314 [32]

From Table 2.2, it is seen that the zero-bias capacitance Cjy of the diode is 0.13 pF. The
magnitude of the impedance of the zero-bias junction capacitance at 3 GHz center frequency is
around 410 Q. Compared to the series resistor R, and the nonlinear resistance, the impedance of
the capacitance at the desired frequency is large enough to be treated as an open circuit. Therefore,
the capacitance can be neglected. Also, the package parasitic inductance of HSCH-5314 is 0.1 nH,
which is very low. The series inductance could cause phase shift between the IMD3 and the
fundamental carrier at the output of the pre-distortion circuit which would degrade the performance

of the circuit. Therefore, this diode would be very suitable for the purpose.

The 100 Ohm resistors connected in series to the diode are thick film broadband chip
resistors from Panasonic. The capacitors used are 10 nF ultra-broadband capacitors from American
Technical Ceramics. The 1.2 uH RF inductors are broadband conical inductors from Coilcratft.
Schottky diodes used in the circuit are good for operations upto 26 GHz which is much more than
our target bandwidth of up to 6 GHz. Therefore, the bandwidth of the PDC circuit will be limited
by the junction capacitance, parasitic capacitance, parasitic inductance and phase distortion by the
diode. The series resistance of the diodes are very low at 9 Ohms. Therefore, the 100 Ohm resistors
connected in series to each diode improve the Sy of the PDC. ADS Momentum simulations
showed that 100 Ohm resistors would provide a good balance between the transmission and pre-
distortion generated by the PDC. Too high resistance can make the generated pre-distortion of the
PDC too weak. It would not compensate for the non-linearity of the EML in that case and
performance would be bad. Without using the series resistance, the pre-distortion signal generated

by the diode would be too big to compensate for the nonlinearity of RoF transmission system. The
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RF capacitors work as DC block and also provide good connection to the ground for RF signals.
For all the components in the circuit, manufacturer provided s-parameter files were used in
simulation so that the simulated results can be as close to real world situation as possible. Figure

2-7 shows the representation of the diode equivalent circuit connected to the series resistance in

the predistortion circuit.

i)

+ Rb + RSer
Zs
+
Zload
C_) V4 Cio— V/’ + ng(Vbﬂ/)

Wy +v) = % = g+ 920(0) + g2 (©) + G (D) + gev ()

Figure 2-7: The diode equivalent circuit along with series resistance in the predistortion circuit

The PDC is simulated in ADS to determine its s-parameter characteristics. Figure 2-8

shows the simulated s-parameter characetristics of the PDC.
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Figure 2-8: Simulated s-parameter characteristics of the proposed PDC
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The proposed circuit is then simulated in ADS Momentum by applying two RF signals
with frequency spacing of 2 MHz to the input port of the PDC and by connecting a nonlinear model
representing the EML to the output. Extensive simulations were run to make sure the PDC work
as intended to suppress both IMD3 and IMDS5 generated by the EML. Figure 2-9 shows the
simulated results for the simultaneous suppression of both IMD3 and IMDS.
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Figure 2-9: (a) Simulated IMD3 suppression, (b) Simulated IMDS5 suppression

Two tones of 7 dBm each are applied to the PDC circuit which is placed right before the
EML. A reversed bias voltage of 0.5 V is applied to the EML and a single suitable bias current of
2.3 mA is applied through the diodes. A lot of components like power combiner, bias tees,
connectors and fibers are not required during simulations but need to be used during experiments.
During experiments, all these components will introduce some effects of their own. Also,
amplifiers are used during experiments which can introduce non-linearities of their own.
Therefore, during experimental verification, the suppression is expected to be lower than in
simualtion because certain losses will occur from the use of these components like insertion loss
and fiber loss. Also, phase mismatch happens during experiments causing further loss. But these
losses do not show up during simulations. Changes in temperature and pressure can also cause the
transmission characteristics of the EML to fluctuate during experiments which does not happen
during simulations. Therefore, change in transmission characteristics will also cause some
variation in suppression during experiments. Overall, simulation results show that the PDC circuit

works as intended for the purpose of simultaneous suppression of IMD3 and IMDS.
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2.4 Input/Output relation of the PDC with the RoF System

Vout
RoF system)—»

_ 2 5
Vin = aiVep ¥ asVip +asVip = bV + V2 + byV3 + bV + bV

5
n m

Figure 2-10: Relationship between PDC and RoF System

The principle of linearizing a RoF system with a PDC circuit is shown in Figure 2-10. The
output of the PDC is the input to the RoF system. Since the PDC is symmetrical and forms a push-
pull bias between its arms, therefore, all the even order components generated by the PDC are
eliminated and only the 1st, 3rd, 5th and other higher odd order components remain. The ouput of

the RoF transmission system after using the PDC is shown upto 5™ order as follows:
Vout = alblvrf + a%szrzf + (a3b1 + aib3)Vr3f + (ail-b4 + 2a1a3b2)vr4}'
+ (ashy + 3afazbs + aibs)V,; (2.5)

In order to be able to completely eliminate IMD3 and IMDS, the coefficients of the fo

and Vrsf components in Equation (2.5) needs to go to zero.
a3b1 + a%bg =0 (26)

According to Equation (2.6), IMD3 is completely eliminated from the RoF transmission

system if the following condition is met:

a_ _b
q-_2 2.7)
ash, + 3a?azb; + a3bs = 0 (2.8)

By applying the condition obtained from Equation (2.7) to completely remove IMD3 into
Equation (2.8) and performing some simplifications, we find that the following condition is needed

to completely remove IMDS5:

32



5 2

In Equations (2.7) and (2.9), the coefficients ai, a3 and as are only from the diode and the
coefficients by, b3 and bs are only from the modulator in the RoF system. The coefficients b1, ba,
bs,......bn from the modulator can be extracted from the curve fitting function of the non-linear
characteristics of the modulator. By refering to Equation (2.1), b; = p;, b3 = p3 and bs = ps.
Therefore, the coefficients bi, bz and bs are fixed in the system. In [34], Y. Shen demonstrated that
the coefficients from the diode can be extracted using Volterra Series analysis and the non-linear

current method, and that the coefficients are dependent on the bias current through the diode. The

analysis was done upto the third order.

Simulations were performed using Matlab to find the likely range of values for ai, a3 and
as which would be suitable for the purpose of simultaneous suppression of IMD3 and IMDS5. The
input power was fixed for the PDC circuit and the power of IMD3 and IMD5 were found at the

system output. For the IMD3 simulation, the x-axis represents the ratio of % and for the IMD5
1

simulation, the x-axis represents the ratio of % . Figure 2-11 shows the simulation results.
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IMDS Simulations
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Figure 2-11: Matlab simulation results for (a) IMD3 and, (b) IMD5

In Figures 2-11 (a) and (b), the values of bi, b3 and bs were fixed by obtaining the
coefficients from the 8™ order curve fitting function in Equation (2.1). The simulations were run
by varying the value of the coefficient a;. A likely range of values for the power of IMD3 and
IMDS5 at the system output were set and the corresponding range of a3 and as respectively were
obtained. The reason for choosing range of IMD3 and IMDS values is to account for the anomalies
like insertion loss or connection loss that can happen during experimental work which cannot all
be predicted during simulation. The anomalies can cause the power level to be different from an
ideal system. For the purpose of simulation, the range of values set for IMD3 at system output was
between -50 to -70 dBm and the range of values for IMDS5 at system output was between -70 to -
90 dBm. From the graphs, we can observe that the effects of IMD3 and IMDS5 at system output are
lower for low values of a1. As a increases, so does the effect of IMD3 and IMDS5. The dip in both
figures happen at the ratio corresponding to the values of b1, b3 and bs obtained from the curve
fitting coefficients in Equation (2.1). However, temperature and pressure changes can also cause

variation in the transmission characteristics of the modulator. That can cause the values of by, b3
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and bs to fluctuate. Therefore, for practical reasons, a range for the ratios is also taken. The range

for the ratio of % in IMD3 simulation is taken between 15 and 16 and the range for the ratio of %
1 1

in IMDS5 simulation is taken between 700 and 760. From the figures, we can deduce that the range
of values for a; which works for both IMD3 and IMDS5 within the specified ranges are between
{0.2 to 0.5}. Based on the specified range for the ratios in both cases, the ranges for a3 and as are

obtained as:
a3={0.2to 2}
as={0.22 to 23.75}

For real world applications, it is not possible to physically adjust these coefficients in
diodes. Therefore, extensive simulations are performed using various diode models to find out if
the characteristics of the diode exhibit the required performance in the PDC circuit. In ADS
simulations, many diode models were used to analyse the performance of the PDC and suitable
ones were chosen which demonstrated the ability to suppress both IMD3 and IMDS to a reasonable
extent. Then, based on availability and acquisition cost, a specific diode model was used for the
fabrication of the PDC. Also, during experimental verification, the performance of the PDC circuit
ensured whether the coefficients were within the specified range or not as will be demonstrated in

Chapter 3.
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Chapter 3 Linearization of RoF Transmission System using
Proposed PDC: Fabrication and Experimental
Verification

3.1 Fabrication and Performance of the PDC circuit

After successfully simulating the PDC circuit, it was sent for fabrication to the Poly-
Grames Research Center at Ecole Polytechnique Montreal. The subtrate used for the prototype is
Rogers RO4350B. It has a dielectric constant of 3.48 and thickness of 16.6 mil and 0.5 oz copper
cladding. Two SMC connectors are soldered to the microstrip transmission line to use as input and
output of the PDC. Also, two test points are added to the two arms to apply DC bias current to the
diodes. The prototype of the PDC circuit is shown in Figure 3-1.

Figure 3-1: Prototype of the proposed PDC

The fabricated circuit was tested in lab to measure its s-parameter characteristics. The s-
parameter results were measured using a network analyzer. Figure 3-2 shows the results obtained
from lab measurements for the s-parameter characteristics and compares them to the simulated
results. As can be seen from Figure 3-2, the Sz for the fabricated circuit is close to 0 dB for upto
3 GHz and dips to about -3 dB until 6 GHz. The experimental results almost exactly match the
simulation results for S»1. The Si1 is less than or equal to -10 dB upto 3.1 GHz after which it goes
upto about -4 dB until 6 GHz. For frequencies higher than 3 GHz, the experimental results actually

show that the fabricated circuit performs better than simulation in terms of S11. Overall the S21 and
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Si1 performances are acceptable and the experimental results resemble the simulation results

closely.
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Figure 3-2: Comparison of s-parameter characteristics of fabricated circuit with simulation results

The PDC has been fabricated in big size for the ease of handling in laboratory testing. Two
identical circuits were fabricated on the same board to get the luxury of having a spare circuit in
case one gets damaged in any accidental mishap during tests. Also, big size test points were added

to the two arms of the circuit to deliver a single DC bias current for the diodes.

For mass deployment purposes, it is possible to dramatically reduce the size of the
fabricated circuit. First of all, the transmission line connecting the input and output ports can be
reduced greatly in size. There would be no need to use test points to deliver DC bias current to the
diodes. Therefore, the big extensions to install the test points can be eliminated. Also, the size of
the SMC connectors can be greatly reduced by using smaller ones. Therefore, major
miniaturization of the circuit is possible. Moreover, the circuit has been constructed with widely

available parts which ensures that the cost can be minimized.

The fabricated PDC circuit is tested through a set of experiments to measure the
linearization of RoF transmission system. Firstly, the PDC is evaluated with RF signals by
performing a two-tone test and by measurig the SFDR improvements related to both IMD3 and
IMDS. Also, to verify the linearization of wideband signals, the EVM of wifi signals transmitted
in RoF system is measured first without using the PDC and then measured again by using the PDC.

The EVM improvement from the two measurements are recorded.
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3.2 PDC linearization for RoF transmission system using EML

The PDC is evaluated in a RoF transmission system by first using the EML, FLDSF20NP.
In the first experiment, a two-tone test is performed. The schematic diagram of the experimental

setup is shown in Figure 3-4.

Figure 3-3: Photo of the experimental setup of two-tone test using EML
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Figure 3-4: Schematic of the experimental setup of two-tone test using EML
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Two signal generators generate RF signals which are combined using a broadband power
combiner to give a two-tone signal with frequency spacing of 2 MHz. The signal goes through a
PA ZVA-213-S+ and a variable broadband attenuator (ATT) which together forms a variable PA.
The PA works in its linear region for this measurement. It has a gain of 26 dB and a noise figure
(NF) of 3 dB. The PDC is connected between the variable PA and a broadband bias tee. The bias
tee combines the RF signal and the reversed bias voltage for the modulator and delivers to the
EML. The reversed bias voltage for the modulator is set at 0.5V which was determined through
measurements to produce the best results. The DFB laser inside the EML produces a CW light at
1550 nm. The modulated light from the EML goes throught the optical fiber which is connected
to an optical receiver. The receiver is a PD integrated with a transimpedance amplifier (TIA)
followed by a low noise amplifier (LNA). The model number for the receiver is SCMR-100M6G-
10-20-10 from Miteq. The receiver converts the received optical signal back to RF signal. The
receiver is connected to a spectrum analyzer (SA) U3772 from ADVANTEST. The received RF
power is measured in the SA. The resolution bandwidth (RBW) of the SA is set at 30 kHz and the
video bandwidth (VBW) is set at 10 kHz. The RBW causes the RF noise floor to appear at -100
dBm during measurements. Both the RBW and VBW affect the sweep time. The noise floor for
the SFDR graph is measured by setting the RBW and VBW to the lowest possible resolution.

RF signals between the power levels of -29 dBm and -6 dBm at different frequencies are
generated using the RF signal generators and sent through the variable PA. The combined RF
signals generated at different power levels are always at frequency spacing of 2 MHz. First the
received RF powers are measured without the PDC and then they are measured with the PDC. The
power levels of the received original RF signals, the IMD3s and IMDS5s are measured in both
cases. When the measurements are done with the PDC connected to the setup, a DC current source
is used to sweep the bias current through the diodes and the power levels are recorded when a bias
current reduces IMD3 and IMD5 components the most while minimizing the reduction in power
levels of the original signals. The experiment is conducted for the entire target bandwidth of up to

6 GHz.

The best suppression for the IMD3 and IMDS5 using the EML was achieved at 1GHz with
the generated RF signals at the power level of -19 dBm and a bias current for the PDC circuit at
3.5 mA. The IMD3 was found to be suppressed by ~ 6 dB and the IMDS5 by ~7 dB. The SFDRs
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were also measured at frequencies from 1- 6 GHz and the SFDR improvement when using the
PDC circuit to linearize the RoF transmission system was calculated. Figure 3-5 shows the SFDRs

with and without PDC at 1 GHz.
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Figure 3-5: SFDR with and without PDC at 1IGHz

As can be seen from the graph, at 1GHz, the SFDR related to IMD3 without using PDC is
94.31 dB/Hz?”? and when the PDC circuit is added, the SFDR is 108.90 dB/Hz*". That is more
than 14 dB improvement in SFDR related to IMD3. The IMD3 is seen as 5th order limited when
PDC is used. Similarly at 1 GHz, without the PDC, the SFDR related to IMDS5 is 112.828 dB/Hz*>
and when the PDC is used, it is 119.284 dB/Hz®%. That is an SFDR improvement of over 6 dB
related to IMDS5. Also, the IMD5 is 7th order limited when PDC is used. Lots of external factors
can cause descrepancies in values obtained during measurements. Therefore, reasonably best
fitting lines has been used to calculate the SFDR values. As can be observed from the graph, at

low RF input power, the non-linearities produced by the system with and without the PDC flats
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out. This is because at low RF input power, the non-linearity from the modulator is not continuous.
But since the power level of the non-linearities are very low at those input power levels, their effect
on the transmission system is not significant. Suppression of non-linearities at high RF input
powers when the non-linearities themselves are strong confirms the effectiveness of the PDC
circuit for the stated purpose. Also, the behaviour of the non-linearities at high input powers

ensures that the IMD3 is 5th order limited and the IMDS5 is 7th order limited.
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Figure 3-6: SFDR improvements related to (a) IMD3, and (b) IMD5

Figure 3-6 (a) and (b) shows the SFDR improvements related to IMD3 and IMD5 for the
entire bandwidth upto 6 GHz when using the EML for modulating RF signals. As can be seen from
the graphs, related to IMD3, SFDR improvement is regularly over 10 dB throughout the entire
target bandwidth reaching a peak of over 14 dB at 1 GHz and the lowest of over 11 dB at 3 GHz.
Related to IMDS, the SFDR improvement is over 4 dB for upto 5 GHz and dips to 3.4 dB at 6
GHz. The peak is reached at 4GHz with a SFDR imrovement of 6.9 dB and the lowest at 6 GHz
with 3.4 dB. The dip in SFDR improvement related to IMDS at 6 GHz can be because of insertion
loss and noise at higher frequency. Overall, the results show that the PDC is capable of linearizing

the RoF transmission system.

The RoF system is tested for linearization using PDC for wideband signals. Wifi signals at
2.4 GHz and 5 GHz are transmitted through the RoF system and the EVM is measured, first
without using PDC and then again by using PDC. The EVM improvement is calculated from the
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two measurements. The measurements are done for back-to-back (BTB) transmission and for
transmission after travelling through 10 km single mode fiber (SMF). The long distance
transmission was done to make sure if the system can work over such distances and produce
noticable improvements, as is usually required in real world situations. Figure 3-7 shows the photo

of the experimental setup and Figure 3-8 shows the schematic of the setup.

Figure 3-7: Photo of the experimental setup for Wifi signals using EML
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Figure 3-8: Schematic of the experimental setup for Wifi signals using EML
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As can be seen from the schematic of the setup, an Arbitrary Waveform Generator (AWG)
7122B from Tektronix is used to generate Wifi signals at 2.4 GHz and 5 GHz. The signals are
compliant with the 802.11a standard. The generated OFDM signals have 64 subcarriers with 16
Quadrature Amplitude Modulation (QAM). The occupied bandwidth is 20 MHz and signal rate is
36 Mb/s. The generated Wifi signals go through a PA ZVA-213-S+ and a variable broadband
attenuator which together forms a variable PA. The PDC is connected between the variable PA
and a broadband bias tee. The bias tee combines the generated OFDM signal and the bias voltage
for the modulator of the EML and delivers to the EML. The gain of the variable amplifier before
the PDC is adjusted by 1 dB step to change the RF input power to the EML. The RF input power
to the EML is varied from -28 dBm to -19 dBm for 2.4 GHz and from —32 dBm to -23 dBm for 5
GHz. The modulated signal travels through the optical fiber of the EML which is connected to a
PD integrated with a TIA and a LNA. A digital storage oscilloscope (DSO) 81204B from Keysight
is used to receive and demodulate the Wi-Fi signals after transmission through the RoF system.
For long distance transmission of the OFDM signal, a 10 km long SMF is added between the EML
and the receiver. The EVMs are measured first without using the PDC and then again by using the
PDC. The reversed bias voltage for the modulator of the EML is set at 0.5 V. A DC current source
is used to sweep the bias current through the diodes in the PDC and is recorded when the best
EVM is achieved. Figure 3-9 shows the measured EVMs at 2.4 GHz for (a) BTB transmission
and, (b) 10 km SMF transmission, with and without using the PDC.
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Figure 3-9: EVM at 2.4 GHz (a) BTB transmission, (b) 10 km SMF transmission
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As can be seen from the graphs, for BTB transmission, EVM is improved by 1.3 dB with
the PDC. This happened at RF input power of -19 dBm and DC bias current of 0.5 mA. For 10 km
SMF transmission, EVM is improved by 1.08 dB with the PDC. This also happened at RF input
power of -19 dBm but at DC bias current of 0.4 mA. Figure 3-10 shows the measured EVMs at 5
GHz for (a) BTB transmission, and (b) 10 km SMF transmission, with and without using the PDC.
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Figure 3-10: EVM at 5 GHz (a) BTB transmission, (b) 10 km SMF transmission

As can be observed from the graphs, for BTB transmission, EVM is improved by 1.55 dB
with the PDC. This happened at RF input power level of -23 dBm and DC bias current of 1 mA.
For 10 km SMF transmission, EVM is improved by 1.03 dB with the PDC. This also happened at
RF input power level of -23 dBm but at DC bias current of 0.6 mA. The EVMs without the PDC
are higher for low and high RF input powers in BTB transmission. The reason is that the noise is
dominant for low RF powers and the nonlinearities are dominant for high RF powers. It can be
seen that the EVM is improved by the PDC for all RF power levels and the biggest improvements
happen for the high RF input power level in both BTB and 10 km SMF transmission. The EVM
improvement for BTB transmission at higher RF input power level is more than the improvement
for 10 km SMF transmission. Overall, EVM improvements for BTB transmission are higher
compared to 10 km SMF transmission for all RF input power levels. This is because the optical
fiber loss for long distance transmission induces the deterioration of signal-to-noise ratio (SNR).
Due to the presence of multiple amplifiers in the experimental setup, the measurements for very

high RF input powers were avoided because small increase in power of the wifi signal generated
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from the AWG could unexpectedly increase the RF output power received at the DSO. Too high
RF output power could burn the DSO. Therefore, use of very high RF input powers was avoided

from a safety standpoint.

The investigation using wideband signals was taken a little bit further by producing Wi-Fi
signals at a RF carrier of 2-5 GHz and testing for EVM improvement by using the PDC. The packet
sizes for the generated signals vary at different frequencies and also the demodulation times vary
at the DSO. Wifi signals at higher frequencies tend to have larger packet sizes. Figure 3-11 shows
the results of EVM improvements at different frequencies for the different transmission modes.
From the figure, it can be deduced that for low frequencies, the EVM improvement is bigger for
both BTB and 10 km SMF transmission but becomes smaller at high frequencies. This is due to
fact that more loss is induced in the system at high frequencies. The highest improvement is
achieved at 2 GHz for both BTB and 10 km SMF transmission. The improvement is about 1.85
dB at 2 GHz for BTB transmission whereas for 10 km SMF transmission it is about 1.45 dB. The
EVM improvement was smaller at high frequencies for 10 km SMF transmission. This is because
the optical fiber loss for long distance transmission is added to the system loss at high frequencies.
As can be observed from all the measurements, the EVM at different frequencies, with and without
the circuit, is always less than -20 dB. It means the BER is very small and the signal transmitted

is relatively error free.
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Figure 3-11: EVM improvements at different frequencies
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3.3 PDC linearization for RoF transmission system using EAM
OM5653C-30B

The proposed PDC was designed to simultaneously suppress the IMD3 and IMDS5 non-
linearities produced by the RoF transmission system using a specific EML, FLD5F20NP.
However, it may not always be possible to procure the same EML at different times and for
different applications because availability depends on the production life cycle by the
manufacturer. Therefore, the PDC has been further tested with a different EAM. A 40 Gbit/s EAM
OM5653C-30B from OKI is used for the optical subcarrier modulation in this case. The EAM has
an insertion loss of 16 dB. Figure 3-12 shows (a) Photo of the EAM and (b) Transmission
Characteristics of the EAM.
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Figure 3-12: (a) Photo of the EAM, and (b) Transmission characteristics of EAM OM5653C-30B

Through extensive measurements, it was determined that the EAM works best at a reversed
bias voltage of 1.5 V. This is the reversed bias voltage applied for all the experiments conducted

with this EAM.

Two-tone test is performed first to evaluate the PDC for linearization in the RoF

transmission system using the EAM. Figure 3-13 shows the schematic of the experimental setup.
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Figure 3-13: Schematic of experimental setup using EAM for two-tone test

Two RF signal generators and a broadband power combiner are used to generate a two-
tone signal with a frequency spacing of 2 MHz. The signal goes through a PA ZVA-213-S+ and a
variable broadband attenuator which together forms a variable PA. The PA works in its linear
region. It has a gain of 26 dB and a NF of 3 dB. The PDC is connected between the variable PA
and a broadband bias tee. The bias tee combines the RF signal and the reversed bias voltage for
the EAM and delivers to the EAM. In the analog RoF link, the EAM is fed by an ILX Lightwave
7900B system laser source that emits CW light with optical power of 10.5 dBm at a wavelength
of 1550 nm. A polarization controller (PC) is used to adjust the polarization state for the maximum
output power from the EAM. The EAM is in turn connected through its optical fiber to a receiver
which is a PD integrated with a TIA followed by a LNA. The receiver package is SCMR-100M6G-
10-20-10 from Miteq. It converts the optical signal back to RF signal. The receiver in turn is
connected to a SA U3772 from ADVANTEST where the received RF power is measured. The
resolution bandwidth (RBW) of the SA is again set at 30 kHz and the video bandwidth (VBW) is
set at 10 kHz. The RBW causes the RF noise floor to appear at -100 dBm during measurements.
Both the RBW and VBW also affect the sweep time.

RF signals between the power levels of -15 dBm and 5 dBm at different frequencies are
generated using the RF signal generators and sent through the variable PA. The combined RF
signals generated at different power levels are always at frequency spacing of 2 MHz. First, the
received RF powers are measured without the PDC and then they are measured with the PDC. The

power levels of the received original RF signals, the IMD3s and IMDS5s are measured in both
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cases. When the measurements are done with the PDC connected to the setup, a DC current source
is used to sweep the bias current through the diodes and the power levels are recorded when a bias
current reduces the IMD3 and IMD5 components the most while minimizing the reduction in
power levels of the original signals. The experiment is conducted for the entire target bandwidth

of up to 6 GHz.

The best suppression for the IMD3 and IMDS5 using the EAM was achieved at 2 GHz with
the generated RF signals at power level of -9 dBm and bias current for the PDC circuit at 9 mA.
The IMD3 was found to be suppressed by more than 2 dB and the IMDS5 by ~9 dB. The SFDRs
were also measured at frequencies from 1- 6 GHz and the SFDR improvement when using the

PDC circuit to linearize the RoF transmission system was calculated. Figure 3-14 shows the

SFDRs with and without PDC at 2 GHz.
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Figure 3-14: SFDR with and without PDC at 2 GHz

As can be seen from the graph, at 2 GHz, the SFDR related to IMD3 without PDC is 84.67
dB/Hz?? and when the PDC circuit is added, the SFDR is 92.20 dB/Hz*°. That is more than 7.5
dB improvement in SFDR related to IMD3. The IMD3 is seen as 5th order limited when PDC is
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used. Similarly, at 2 GHz, the SFDR related to IMDS5 without the PDC is 98.09 dB/Hz*> and when
the PDC is used, it is 107.01 dB/Hz®”. That is an SFDR improvement of over 8.9 dB related to
IMDS5. Also, the IMDS is 7th order limited when PDC is used. Again, reasonably best fitting lines
has been used to calculate the SFDR values. As can be observed from the graph, at low RF input
power, the non-linearities produced by the system with and without the PDC flats out like in
previous experiments involving the EML. Suppression of non-linearities at high RF input powers
when the non-linearities are significantly strong confirms the effectiveness of the PDC circuit for
this case. Similarly like before, the behaviour of the non-linearities at high input power ensures
that the IMD3 is 5th order limited and the IMDS5 is 7th order limited when the PDC is used. Figure
3-15 shows the SFDR improvements related to (a) IMD3 and, (b) IMDS, from 1-6 GHz.
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Figure 3-15: SFDR improvements related to (a) IMD3 , and (b) IMDS5, from 1-6 GHz

As can be seen from the graphs, related to IMD3, the SFDR is consistently improved by
over 6 dB throughout the entire target bandwidth reaching a peak of about 11 dB at 4 GHz and a
low of about 6.5 dB at 5 GHz. Related to IMDS, the SFDR improvement is found to be consistently
over 4 dB throughout the entire target bandwidth reaching a peak of over 9 dB at 1 GHz and a low
of about 4.2 dB at 4 GHz. The fall in SFDR improvement for high frequencies can be attributed to
the loss incurred by the system at high frequencies. Overall, the results show that the PDC is

capable of linearizing the RoF transmission system for the entire bandwidth.
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Another experiment is performed to find out if the PDC is capable of linearizing the RoF
transmission system for wideband signals using this EAM. Figure 3-16 shows the photo of the
setup and Figure 3-17 shows the schematic of the experimental setup. For wideband signal, Wifi
signals are used at 2.4 GHz and 5 GHz and EVM improvement is measured when PDC is used for

BTB transmission and 10 km SMF transmission.

Figure 3-16: Photo of the experimental setup for EVM measurements
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Figure 3-17: Schematic of the exerimental setup for EVM measurements
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An AWG 7122B from Tektronix is used to generate Wifi signals at 2.4 GHz and 5 GHz.
The generated Wifi signal goes through a PA ZVA-213-S+ and a variable broadband attenuator
which together forms a variable PA. The PDC is connected between the variable PA and a
broadband bias tee. The bias tee combines the generated OFDM signal and the bias voltage for the
EAM and delivers to the EAM. The gain of the variable amplifier before the PDC is adjusted by 1
dB step to change the RF input power to the EAM. The RF input power is varied from -17 dBm
to -8 dBm for 2.4 GHz and from —19 dBm to -10 dBm for 5 GHz. In the analog RoF link, the EAM
is fed by an ILX Lightwave 7900B system laser source that emits CW light with optical power of
10.5 dBm at a wavelength of 1550 nm. A PC is used to adjust the polarization state for the
maximum output power from the EAM. The EAM is in turn connected through its optical fiber to
a receiver which is a PD inetgrated with TIA and LNA. A DSO 81204B from Keysight is used to
receive and demodulate the Wi-Fi signals after transmission through the RoF system. For long
distance transmission of the OFDM signal, a 10 km long SMF is added between the EAM and the
receiver. The EVMs are measured first without using the PDC and then again by using the PDC.
A DC current source is used to sweep the bias current for the diodes in the PDC and is recorded
when the best EVM is achieved. Figure 3-19 shows the constellation diagrams at 2.4 GHz for (a)
without PDC and (b) with PDC, for BTB transmission and (c¢) without PDC and (d) with PDC, for
10 km SMF transmission.
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Figure 3-18: EVM at 2.4 GHz (a) BTB without PDC, (b) BTW with PDC, (c) 10 km SMF without
PDC, and (d) 10 km SMF with PDC

As can be observed from the constellation diagrams in Figure 3-18, the EVM improvement

at 2.4 GHz for BTB transmission is 2.76 dB at RF input power level of -11 dBm and bias current

of 6.9 mA. For 10 km SMF transmission, the EVM improvement is 2.08 dB at RF input power

level of -11 dBm but at bias current of 6.3 mA. The low level of EVM improvement for 10 km

SMF transmission can be attributed to the optical fiber loss.

Figure 3-19 (a) shows the EVM improvement at 5 GHz for BTB transmission. The EVM

improves by 1.45 dB at RF input power level of -13 dBm and bias current of 3.1 mA. In Figure 3-

19 (b), for 10 km SMF transmission, the EVM improves by 1.44 dB at RF input power level of
-13 dBm and bias current of 3.4 mA. Compared to 2.4 GHz, the EVM imrpovements at 5 GHz are

low because of system loss at high frequencies.

Also, for low RF input power, lots of noise is

generated at high frequencies. Therefore, the EVM improvements at low RF input power levels

are also very low.

52



-19 L
-20 —

-21

EVM (dB)

EVM (dB)

-22

-23

24

EVM without PDC circuit (dB)
®  EVM with PDC circuit (dB)

EVM without PDC circuit (dB)
EVM with PDC circuit (dB)

-25 ; —
-20 -18 -16 -14 -12 -10 -8 -20 -18 -16 -14 -12 -10 -8

RF Input Power (dBm) RF Input Power (dBm)
(@) (b)

Figure 3-19: EVM at 5 GHz with and without PDC for (a) BTB transmission, and (b) 10 km SMF

transmission

The investigation for the wideband signal in the RoF transmission system using the EAM
is continued by producing Wi-Fi signals at a RF carrier of 2-5 GHz. The EVM improvement is
measured from the use of PDC for both BTB and 10 km SMF transmission modes. Figure 3-20

shows the results obtained.

As can be seen from the graph below, BTB transmission constantly produced better EVM
improvements for the entire bandwidth of 2-5 GHz than 10 km SMF transmission. The highest
EVM improvement of about 3.88 dB for BTB transmission happened at 3 GHz and the lowest of
1.45 dB happened at 5 GHz. For 10 km SMF transmission, highest improvement of 2.8 dB
happened at 2 GHz and the lowest of 1.44 dB happened at 5 GHz. The EVM improvements are
lower for 10 km SMF transmission because of optical fiber loss. The low improvement in both
modes at 5 GHz is due to the high loss suffered by the PDC at high frequencies. Overall, the PDC
seems to be capable of linearizing the RoF transmission system for the entire target bandwidth.
The measured EVMs are again less than -20 dB in all cases. This again ensured that the BER is

very low and the system is reliable and relatively error-free.
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Figure 3-20: EVM improvement at different frequencies by using PDC

3.4  Summary

In this chapter, the proposed PDC circuit for simultaneous suppression of IMD3 and IMDS5
in RoF transmission systems has been experimentally verified. Also, the circuit was tested for
linearization of wideband signals. The experiments were done with two different setups. Firstly,
the EML, FLD5F20NP, whose nonlinear characteristics was used to model the pre-distortion
circuit, has been used for optical subcarrier modulation in the RoF transmission system. Two-tone
test was performed first by combining two RF signal sources with a frequency spacing of 2 MHz.

The circuit was tested for a bandwidth of upto 6 GHz.

The PDC suppressed IMD3 by ~6 dB and IMDS5 by ~7 dB at input RF power level of
-19 dBm and DC bias current of 3.5 mA at 1 GHz. SFDR was improved by more than 14 dB
related to IMD3 and more than 6 dB related to IMDS5. Also, the IMD3 and IMDS5 with PDC were
found to be 5th order and 7th order limited respectively, for high RF input power levels. Over the
entire bandwidth upto 6 GHz, SFDR improvement was consistently above 11 dB related to IMD3
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and above 3 dB related to IMDS5. Therefore, the PDC was successful in linearizing the RoF

transmission system.

The PDC was tested further by using wideband Wi-Fi signal which occupies 20 MHz
bandwidth. Signals were generated at 2.4 GHz and 5 GHz and EVM improvement by using the
PDC was measured for BTB and 10 km SMF transmission. For the 2.4 GHz signal, the EVM
improved by 1.3 dB with PDC for BTB transmission at RF input power level of -19 dBm and DC
bias current of 0.5 mA. For 10 km SMF transmission, the EVM improved by 1.08 dB with PDC
at RF input power level of -19 dBm but at DC bias current of 0.4 mA. For the 5 GHz signal, the
EVM improved by 1.55 dB with PDC at RF input power level of -23 dBm and DC bias current of
1 mA for BTB transmission. For 10 km SMF transmission, the EVM improved by 1.03 dB with
PDC at RF input power level of -23 dBm but at DC bias current of 0.6 mA. The investigation was
further extended by generating Wi-Fi signals at a RF carrier of 2-5 GHz and testing for EVM
improvement using PDC. The highest improvement was achieved at 2 GHz for both BTB and 10
km SMF transmission. The improvement was about 1.85 dB for BTB transmission whereas for 10
km SMF transmission, it was about 1.45 dB. The EVM improvement was consistently above 1 dB
in both modes. Measured EVMSs of less than -20 dB ensured that the transmission is relatively

error-free.

Next, the PDC was tested using an EAM, OMC5653C-30B, connected with a CW laser
source. This investigation was done to find out if the PDC works with other modulators or not.
Two-tone test was again performed first. At 2 GHz, IMD3 was found to be suppressed by more
than 2 dB and IMDS5 by ~9 dB. SFDR improvement was over 7.5 dB related to IMD3 and over 8.9
dB related to IMDS at RF input power level of -9dBm and DC bias current of 9 mA. Also, IMD3
and IMDS5 were again 5th order and 7th order limited when PDC is used at high RF input power
levels. Over the entire bandwidth of upto 6 GHZ, related to IMD3, the SFDR was consistently
improved by over 6 dB. Related to IMDS5, the SFDR improvement was found to be consistently
over 4 dB.

For wideband Wi-Fi signal testing, the EVM improvement at 2.4 GHz for BTB
transmission was 2.76 dB at RF input power level of -11 dBm and bias current of 6.9 mA. For 10

km SMF transmission, the EVM improvement was 2.08 dB at RF input power level of -11 dBm

55



and bias current of 6.3 mA. The EVM improvement at 5 GHz for BTB transmission was 1.45 dB
at RF input power level of -13 dBm and bias current of 3.1 mA. For 10 km SMF transmission, the
EVM improved by 1.44 dB at RF input power level of -13 dBm and bias current of 3.4 mA. For
Wi-Fi signals at a RF carrier of 2-5 GHz, the EVM improvement was consistently above 1.45 dB
for BTB transmission and above 1.44 dB for 10 km SMF transmission. Again, measured EVMs

of less than -20 dB ensured the relatively error-free nature of the transmission.

Overall, the PDC circuit seemed to confirm its ability to suppress IMD3 and IMDS5
simultaneously and to linearize wideband signals in RoF transmission systems. It also showed its
ability to work with different modulators used for optical subcarrier modulation in RoF

transmission systems.
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Chapter 4 Conclusion

4.1  Concluding Remarks

Radio-over-fiber transmission system is a hot research topic right now because of the
urgent need to provide reliable wireless access networks for the ever increasing need of
connectivity in our smartphone and tablet dominated world. RoF transmission system has
transparent infrastructure and can support various wireless access technologies. However, it is
susceptible to nonlinearities. Optical subcarrier modulation is the main nonlinear source in RoF
transmission systems. Research focus has been mainly on the removal of IMD3 because it has the
highest power of all the odd order nonlinearities. It is situated very close to fundamental RF signals
and cannot be filtered out because it falls in the passband of the transmission system. IMDS5 has
the next highest power among odd order nonlinearities and also fall in the passband. Because of
its low power, it doesn’t receive as much attention as IMD3 but nevertheless IMDS5 can also

degrade transmission to some extent. Therefore, both IMD3 and IMDS5 need to be suppressed.

In this thesis, the focus has been placed on designing an analog PDC that can suppress both
IMD3 and IMDS5 simultaneously for bandwidth up to 6 GHz. Also, it was needed to linearize
wideband signals in RoF transmission systems. Therefore, an analog PDC was designed using two
beam-lead schottky diodes in anti-parallel combination as predistorter. The diode combination
formed a push-pull structure which made sure to produce only odd order nonlinearities for pre-
distortion and eliminated all the even order nonlinearities. The objective was to produce a low cost

and low power consuming device.

Experiments were conducted in two different environments using two-tone RF signals and

wideband Wi-Fi signals at 2.4 GHz and 5 GHz:

1. First the EML, FLD5F20NP, that was used to model the circuit for pre-distortion
was used to perform optical subcarrier modulation in RoF system. Two-tone tests
showed suppression of IMD3 by ~6 dB and IMD5 by ~7 dB at 1 GHz. SFDR was
improved by more than 14 dB related to IMD3 and more than 6 dB related to IMDS.
SFDR improvement was consistently above 11 dB related to IMD3 and above 3 dB
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related to IMDS for entire target bandwidth. The IMD3 and IMDS5 with PDC were
found to be 5" order and 7" order limited for high RF input powers. Tests with
wideband Wi-Fi signals at 2.4 GHz and 5 GHz were also performed and EVM
improvement by using the PDC was measured for BTB and 10 km SMF
transmission modes. For the 2.4 GHz signal, the EVM was improved by 1.3 dB
with PDC for BTB transmission. For 10 km SMF transmission, the EVM was
improved by 1.08 dB with PDC. For the 5 GHz signal, the EVM was improved by
1.55 dB with PDC for BTB transmission. For 10 km SMF transmission, the EVM
was improved by 1.03 dB with PDC. Upon further investigation with Wi-Fi signals
at a RF carrier of 2-5 GHz, the highest improvement was achieved at 2 GHz for
both BTB and 10 km SMF transmission. The improvement was about 1.85 dB for
BTB transmission whereas for 10 km SMF transmission it was about 1.45 dB. The
EVM improvement was consistently above 1 dB in both modes. Measured EVM of
less than -20 dB ensured that BER is low for the transmission and therefore,

relatively error-free.

. Next, the PDC was tested using an EAM, OMC5653C-30B, connected with a CW
laser source. Two-tone tests showed that, at 2 GHz, IMD3 was suppressed by more
than 2 dB and IMDS5 by ~9 dB. SFDR improvement was over 7.5 dB related to
IMD3 and over 8.9 dB related to IMDS. Over the entire bandwidth of upto 6 GHZ,
related to IMD3, the SFDR was consistently improved by more than 6 dB. Related
to IMDS5, the SFDR improvement was found to be consistently over 4 dB. Again,
the IMD3 and IMD5 with PDC were found to be 5™ order and 7" order limited at
high RF input power levels. For wideband Wi-Fi signal testing, the EVM
improvement at 2.4 GHz for BTB transmission was 2.76 dB. For 10 km SMF
transmission, the EVM improvement was 2.08 dB. The EVM improvement at 5
GHz for BTB transmission was 1.45 dB. For 10 km SMF transmission, the EVM
improved by 1.44 dB. For Wi-Fi signals at a RF carier of 2-5 GHz, the EVM
improvement was consistently above 1.45 dB for BTB transmission and above 1.44

dB for 10 km SMF transmission. Like in previous case, the measured EVMs were

58



again less than -20 dB. Therefore, transmission was relatively error free due to very

low BER.

The PDC circuit seemed to fulfill the objectives of suppressing IMD3 and IMDS5
simultaneously. For wideband signals, it also linearized the transmission. Even though the power
consumption was high in the second scenario than the first, the overall power consumption was
still relatively low considering the fact that the required DC bias current for the diodes was less

than 10 mA in both cases.

4.2  Future Work

One of the future studies about the linearization technologies will focus on the
simultaneous suppressions of several nonlinearities while at the same time reducing the memory
effect. Digital linearization can reduce memory effect but suffers from low bandwidth. Therefore,
a hybrid approach of using analog PDC coupled with digital filters for broadband linearization and

reduction of memory effect may be of interest.

Also, another enhancement would be to tune the proposed PDC to work for even lower

bias current thus making it even less power consuming.

It would be also useful to find a way to mitigate for the high loss at high frequencies thus

making it useful for simultaneous IMD3 and IMDS suppression for ultra broadband transmission.
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