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ABSTRACT

Amplifier-Based Tuneable RF Predistortion for Radio-over-Fibre Systems
Jingfang Liu

Semiconductor laser diodes (LDs) have been extensively employed for directly
transporting wideband multicarrier signals in radio-over-fibre (RoF) systems. However,
an inherent characteristic of LDs, the nonlinearity, always has been a fundamental
problem in fibre-optic systems. When optical subcarrier modulation (SCM) is used,
nonlinear characteristics will induce harmonic and intermodulation distortion (IMD)
products that degrade the system’s performance significantly. Therefore, it is essential to
improve the linearity of RoF systems.

An amplifier-based tuneable radio frequency (RF) predistortion circuit for RoF
systems is proposed to linearize the distributed feedback laser diode (DFB-LD) in the
range of 0.7 ~ 2.5 GHz. Instead of conventional insertion loss linearization techniques, in
this work, a high gain amplifier-based tuneable predistortion circuit was designed. The
designed amplifier-based predistortion circuit consists of an impedance matching

network and a distortion generation block. To match the distortion generator to the 50 Q

characteristic impedance of an RF source, a capacitively cross-coupled common gate
(CCC-CQ) broadband matching network is designed. The tuneability of the predistortion
circuit is achieved by adjusting the bias current of the triplet-core circuit in the
predistortion generation block. The predistortion integrated circuit (IC) is designed with
TSMC90nm technology. Performance of the investigated predistortion is simulated with

Cadence Virtuoso Hspice/Spectre circuit simulator. Compared with free running LDs,

il



this predistortion circuit achieves more than 10 dB third-order IMD (IMD3) suppression

over the operating frequency range. The proposed scheme is suitable for broadband RF
optical transmission applications.

Theoretical analysis of the nonlinear transfer function of the predistortion circuit
and DFB-LD has been performed. The nonlinearity of transistors under different

configurations is analyzed.
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CHAPTER 1 INTRODUCTION

1.1 Introduction

Mobile and wireless communications have experienced tremendous growth in the last
three decades. So far, three mobile standards have been successfully launched. Mobile
communications have evolved from the first-generation (1G) of analog systems in the
1980s to the second-generation (2G) of digital mobile systems in the 1990s. The Global
System for Mobile communication (GSM) standard which was developed in the 2G
systems provides national and international coverage. Current 2G and third-generation
(3G) systems are commonly used in mobile communication systems. The fourth-
generation (4G) of systems is under development and is expected to be available in the
near future. Apart from the mobile telephone communication, wireless networking is also
rapidly growing. The first Wireless Local-area Network (WLAN) developed in 1990 is
limited to low speed and narrow band operation. After that, various studies have been
devoted to broaden its operation bandwidth and boost the transmission data rate. During
the last 20 years, due to the fast evolution of wireless network services, broadband
communication and high-speed transmission are widely available for military and
commercial uses.

The rapid growth of mobile and wireless communications accelerates the
evolution of radio-over-fibre (RoF) technologies. To increase the bandwidth or, to
enhance the signal handling capability of a wireless access network, high carrier
frequencies or smaller cells (i.e. micro-cells and pico-cells) can be used. However, if

smaller cells are used, a larger number of Base Stations (BSs) or Radio Access Points
1



(RAPs) are needed to satisfy wide coverage and hence, increase the system cost.
Although a wired network offers broad bandwidth, it limits the overall convenience and
reduces the cost efficiency of systems. The RoF technology with low cost, high carrier
frequency and high bandwidth can have compatible properties of wired and wireless
network by arranging suitable locations of RAPs through the network along with mesh
routers.

In RoF systems, radio frequency (RF) signals are transmitted by using lasers and
optical fibre links [1]: the optical light generated from a laser source is modulated by an
RF signal and then transported over optical fibre links. This technology is widely used in
multi-service domains, like GSM, WLAN, and Universal Mobile Telecommunication
Systems (UMTS). Compared with other transmission media, optical fibre as the
backbone in RoF technology has unique properties, such as light weight, low attenuation
loss, small size, broad bandwidth and insensitivity to electromagnetic radiation. These
advantages make it as the optimal solution for transmitting RF signals efficiently in

wireless networks.

| |
Rfin | |
Modulated .
Laser I I Photo Power
| | Detector Amplifier
! I Circulator k Antenna
| |
| |
Rfout } } *’/ - -
Modulated | |
Photo I I Laser Low 1\foise
Detector . Amplifier
- mm o wm o mm o o wm ol {] b ¢ cm o o o o wm o mm o o wmoowme - -
Central Site Base Station

Figure 1.1 Radio-over-fibre system [1].
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A typical RoF system is depicted in Figure 1.1. When a modulated signal (i.e.
GSM) is transmitted between the central site and base station, semiconductor lasers and
photo detectors (PDs) are employed as electrical-to-optical (E/O) converters and optical-
to-electrical (O/E) converters before and after the signal are distributed over optical fibre,
respectively. Generally, direct modulation of semiconductor lasers is the most cost
effective solution in comparison to other modulators, such as an Electro-absorption

Modulator (EAM) and a Mach-Zehnder modulator (MZM).

1.2 Motivation and Review of Technologies

Although these superior characteristics of optical fibre enable RoF technology as
an attractive approach in wireless communication, it is necessary to enhance the linearity
in optical links to improve the signal transmission quality. When multiple subcarrier
modulation (SCM) RF signals are introduced simultaneously in RoF links, undesired
harmonics and intermodulation distortion (IMD) products are generated due to the
nonlinearity of optical components, such as laser diodes (LDs), MZMs EAMs, and PDs.
These undesired products distort the received signals and degrade the overall system’s
performance. In RoF systems, it is required to keep the distortion below certain levels in
order to satisfy the quality of service provided to the users. Each user’s provided service
has required characteristics specified by the corresponding communication standard. For
example, the UMTS standard requires keeping the distortion 45dB lower than signal
carrier [2-3] for the down link.

In RoF systems, both modulation and photo-detection devices contribute to the

link distortion. Modulation devices usually are the main contributors to distortion



generation. Hence, it is critical to suppress the nonlinear distortion produced by
modulators. In general, even order distortion terms and harmonics fall far away from the
carrier frequency and can easily be filtered out, but third-order IMD (IMD3) terms are
close to carrier frequencies and are difficult to filter out. In order to minimize spectral
regrowth in the adjacent channels, the odd-order IMD products must be effectively
suppressed. Since distortion terms beyond 3™ order are negligible, most linearization
work is focused on IMD3 cancellation.

Until now, many linearization technologies have been studied to improve the
linearity of optical components using optical or electrical techniques, such as mixed
polarization techniques [4], light injection techniques [5], feedforward linearization [6],

and analog predistortion techniques [2, 7-11].

V)= [VU (sin(©,1) +sin( 2.9 )

VRN — —2\

— 5 |Va (cos( Q) +cos( Q9 )-

!/( )

If (r) —

Figure 1.2 Mixed polarization linearization of MZM for OSSB modulation [4].

A linearized Optical Single-sideband (OSSB) Mach-Zehnder modulator (MZM) is
given in [4]. The linearizer includes a linear polarizer with an angle of a with respect to
the z-axis, a dual-electrode z-cut LiINbO3; MZM, and a second linear polarizer with an
angle of B with respect to the z-axis, as shown in Figure 1.2. The anisotropic
characteristic of the z-cut LiNbO3; MZM enables the RF signal to be simultaneously

4



modulated in both orthogonal polarized states, Transverse Electric (TE) and Transverse
Magnetic (TM), by different modulation depth. When the optical signal exits the first
polarizer, z-(TM) axis will carry more IMD3 while the x-(TE) axis will carry less IMD3.
Followed by the MZM, the optical signal enters the second polarizer. Since the two
angles a and f are related to each other, therefore, the combined IMD3 from the two arms
of MZM can be suppressed by carefully selecting a and P of the two linear polarizes. This
mixed-polarization based linearization technique is mainly dependent on choosing o and
B, thus this linearization technique is limited to polarization dependent modulators.
However, this linearization method cannot be used to linearize LDs, which are known as
polarization independent components. On the other hand, high insertion loss is another
disadvantage of this technique. In the mixed polarization method, the signal carrier is

attenuated by more than 10 dB which decreases the transmitted signal significantly.

1]
 Transmission

Electrical

Electrical

E Fiber Delay E Fiber

E Optical Optical E

' Coupler (K1) Coupler (K2) :

' r—— Y coccccccccee Ppoeccccccns poe cowq

- oo, ooe- | 0

Input : > 50/50 ‘. II { 10/90 s iFeedforward (]

E Power Laser (Ll) Y ‘ E output .

! Splitter e ’ :

) -ﬁ 2 ! Photodiode

: . : (D2)

: p Pho(tg;:l;ode Laser (L2) *’ :

N s

) :

E VGA (A1) 2 / vea a2 '

E Electrical I I 180 Hybrid E

: delay Coupler (C2) A : .

: - ( )) ﬁ | eeee Optical

Figure 1.3 Diagram of a feedforward system [6].



A feedforward linearization technique is given in Figure 1.3. This system consists
of two loops: signal cancellation loop (the first loop) and distortion cancellation loop (the
second loop). In the first loop, the RF signal is split into two paths, where one modulates
the primary laser L; and the other is the error-free reference path. Due to the nonlinearity
of laser L, the signal at the output of the variable gain amplifier A; contains carrier and
IMD products. Signal cancellation is achieved at the output of the 180° hybrid coupler C»,
in which the output products of A; are subtracted from the error-free reference path.
Ideally, only IMD3 distortion is left at the output of C,. The error signal at the output of
coupler C, is shifted by 180° and then injected into the second loop. The optical coupler
K, combines the output signal of laser L, and the signal transmitted from the optical fibre.
Distortion cancellation is realized at the output of the PD, since the PD functions as a
broadband in-phase microwave combiner. Furthermore, intensity laser noise can also be
reduced by this architecture. However, the feedforward technology requires accurate
amplitude and phase matching between the signal cancellation loop and the distortion
cancellation loop, which makes this technique difficult to achieve in practice, thus
limiting the amount of distortion reduction. In addition, the feedforward linearization
method requires extra LDs and PDs and hence, increases the cost and complexity of the
whole system.

Compared to the feedforward linearization method mentioned above,
predistortion techniques have become an attractive solution due to their lower cost, less
complexity and easy implementation. Predistortion circuits are designed which operate at
1350 MHz and 5800 MHz are reported in [8] and [9], respectively. In [7, 10], the
predistortion circuits are designed with CMOS 0.18 um technology and operate in 1850 ~

6



2150 MHz and 50 ~ 500 MHz, respectively. In [2], they designed a predistortion
prototype using discrete diodes that can operate at 370 ~ 480 MHz, 820 ~ 960 MHz and

1710 ~ 1980 MHz. Two predistortion prototypes reported in [7] and [11] are reviewed in

detail.
-
RF .| Time /%TPP
Inplut Delay "/ Out
L Primary Signal Path A4
(4 4
| | | Phase Gain Xz
> Azjéust % qu{.lst >

\ ’Second-Oréer NLG Path

(4 4
| 1o Phase Gain X3
> just Adjust

o VAR Y .

\___ Third-Order NLG Path
Predistortion CMOS IC

Figure 1.4 Predistortion block diagram [7].

An adaptive CMOS predistortion linearizer is proposed in [7]. In this predistortion
prototype, shown in Figure 1.4, the input RF signal is firstly split into three paths: one
goes through the time delay path, the other two paths go through the nonlinearity
generation (second- and third-order distortion) circuits, and then these three paths are
combined after the power combiner. In this predistortion configuration, the power budget
and the complexity of the overall system are increased by additional phase-adjust and
gain-adjust blocks. To achieve a constant suppression over the bandwidth, it is required
to ensure that the correction tones produced by the predistortion circuit experience the

same delay and equal gain. Otherwise, linearity improvement will be hard to achieve.
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Figure 1.5 Schematic diagram of anti-parallel diodes predistortion [11].

Recently, our group proposed a broadband predistortion of an EAM [11]. As
shown in Figure 1.5, the predistortion circuit consists of two power splitters/combiners,
anti-parallel diodes in two paths with push-pull bias and A/4 impedance transformer
matching networks. In this circuit configuration, the input RF signal is equally converted
to two paths by a power splitter and transmitted through a pair of anti-parallel diodes.
Subsequently, the separated signals are recombined at the output of another power
combiner. The anti-parallel diode structure cancels the even order nonlinear products and
only the odd order distortions are left after the combiner. By tuning the bias current of the
diodes, the magnitude and phase of the carrier and IMD3 of this predistortion circuit can
be adjusted. Compared to current predistortion techniques, this design provides the
simplest approach and is suitable to linearize LDs. However, the A/4 impedance

transformer networks occupy a large board area and introduce some signal losses.

1.3 Objective

The focus of this research work is on designing a simple and economical amplifier-based

tuneable RF integrated predistortion circuit to linearize distributed feedback laser diodes



(DFB-LDs) in the application of GSM, WLAN, and UMTS systems, which covers
0.7 ~ 2.5 GHz. The designed predistortion circuit will extend the output power of the
DFB-LD for which IMD3 is 45 dB lower than the carrier signal. This will enhance the
signal transmission capability of RoF systems significantly. In contrast to traditional
lossy predistortion, the proposed predistortion circuit predistorts and amplifies the signal
using a single path instead of the conventional two-path approach. The low noise and
high gain characteristics of the predistortion circuit make it able to process the signal
received from antenna without using additional amplifiers. The entire predistortion
system is single-input and single-output (SISO). This will significantly reduce the

complexity and cost of RoF systems.

1.4 Thesis Scope and Contributions

This thesis developed a gain boosting integrated circuit (IC) solution to suppress IMD3

distortion in optical fibre access communication systems. The predistortion circuit is

designed with TSMC90nm technology, which is supported by Canadian Microelectronics

Corporation (CMC). The proposed amplifier-based predistortion circuit has an equivalent

transconductance of 0.64 Sover a bandwidth of 1.8 GHz. The simulated noise figure (NF)
of the entire predistortion circuit is 6.65 dB maximum.

The main challenges in this design are the broad operational bandwidth, which
covers 0.7 ~2.5 GHz and high modulation current generation, typically up to25 mA4. In
order to achieve the specified bandwidth, modulation current requirements and NF
minimization, 1.3V supply is selected (instead of the recommended1.2 J7) with slight

increase in power dissipation.



The main contributions of this thesis are:

1. An amplifier-based tuneable RF predistortion for RoF systems was designed,
which covers the most significant frequency band of wireless access application
from 0.7 to 2.5 GHz.

2. The principle of the predistortion topology was analyzed. The transfer functions
of the predistortion linearizer were derived. The nonlinearity of a common-source
(CS) transistor, differential pairs and Gilbert cells were studied. A novel distortion
generation method based on existing linearization techniques was developed.

3. A capacitively cross-coupled (CCC-CG) low noise amplifier (LNA) was used for

broadband matching of the proposed triplet-core circuit to the 50 QQ characteristic

impedance of the RF chain. The noise performance of the matching network and
predistortion circuit were analyzed and simulated. The nonlinearity of the normal
common gate (CG) and the CCC-CG LNA were investigated.

4. Different types of current mirror were designed to bias and process the signal. The
current injection technique was used to improve the conversion gain and reduce
system power dissipation. The entire predistortion circuit supplies both DC

current and modulation signal to the DFB-LD.

1.5 Thesis Outline

The rest of the thesis is organized as follows:

The principle of predistortion linearization is discussed in Chapter 2. The
nonlinear transfer function of a DFB-LD is measured experimentally and modeled with
the 4™ order polynomial equation. To linearize the DFB-LD, the transfer function of

10



predistortion circuit is derived. The nonlinear characteristics of a single transistor,
differential pairs and Gilbert cells are discussed. After a review of the Multi-tanh
principle of Gilbert cells, the triplet-core circuit is proposed and its nonlinear
characteristic is analyzed and computed using Cadence Virtuoso Hspice/Spectre circuit
simulators.

Chapter 3 describes the matching network design of the proposed triplet-core
circuit. A g,-boosting CCC-CG topology is analyzed. A differential test bench is studied
and applied to simulate the matching behavior and noise performance of the designed
LNA. The nonlinearity of the matching network is simulated.

Chapter 4 begins with the architecture of the whole system design. From the
system point of view, a 180" coupler is used to convert the single input to differential
inputs in the printed circuit board (PCB) design process. The matching network has a
fully differential configuration while the distortion generator converts the differential
input to a single ended output. Therefore, the matching stage and distortion generator can
be connected to one another. This chapter explains the detailed design work. Various
current mirrors are described, such as basic current mirrors, cascode current mirrors and
active current mirrors. The current injection technique is also described. The designed IC
supplies both bias current and modulation current to directly drive the DFB-LD. Finally,
simulation results are presented and discussed.

Chapter 5 gives concluding remarks, the progress that has been accomplished and

suggests some future work.
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CHAPTER 2 THE PRINCIPLE OF PREDISTORTION

2.1 Introduction to Distributed Feedback Laser Diode

Nowadays, semiconductor LDs are one of the most common electro-optic devices used in
RoF systems due to their advantages, such as small size, cost-effectiveness, simplicity
and ease of monolithic integration with other E/O components. Like other modulators,
LDs are the main nonlinear contributors in RoF systems. The nonlinear characteristics of
an LD introduce many harmonics and IMD products if SCM is used, and these nonlinear
products degrade the performance and sensitivity of RoF systems. Therefore, it is highly
desirable to develop linearization techniques to compensate the nonlinear distortion.

A DFB-LD is a semiconductor LD, in which a diffraction grating is etched close
to the p-n junction of the diode in order to achieve the selectivity of lasing wavelength.
The optical grating acts like an optical filter, where all these small reflections are added
in phase. Ideally, only one wavelength is selected by the optical grating and fed back to
the gain region and lases. Figure 2.1 shows one possible way to incorporate a grating
within a diode laser cavity. In a DFB-LD, the intensity of the laser output will be changed
directly by the modulation signal. Also, the optical output power of the LD and its lasing
frequencies are fluctuating with the modulation signal. Therefore, DFB-LD is a

frequency dependant direct modulator.

12
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Figure 2.1 Diagram of a DFB-LD with Bragg grating on the top [12].

2.2 Mathematical Analysis of Predistortion

To linearize the DFB-LD, it is necessary to study its nonlinear characteristics. There are
two approaches in evaluating the nonlinear distortion of a DFB-LD in multichannel
transmission: one is based on dynamic modeling of the rate equations [13], while the
other is based on static modeling of the light-current characteristics (typically, L-/ curve)
[14]. Compared with rate-equations-based modeling, L-/ curve modeling is an easier
approach to evaluate the nonlinear characteristics of a DFB-LD. In this work, the
nonlinearity of the DFB-LD is studied with its static L-/ curve. The modulation current

provided to the laser is described in [14] as

N
I(t)y=1,+(, —I,h)zl,:1 m.cos(2rft+¢,) (2.2.1)
Iy is the DC bias current, /[, is the threshold current of the laser, m; is the modulation

index of the i carrier, and ¢; is the phase of i carrier. In response to the modulation, the
® p P

light output L (2) is given by
13



LY=L+ %[z(z) ~I,7 (2.2.2)

where L is the power at the DC bias current.

2.2.1 Modeling of Nonlinear Transmission Characteristics of a DFB-LD
in RoF Systems

To accurately analyze the nonlinearity of the DFB-LD, we first perform the experiment to
measure its nonlinear transmission characteristics. The experimental setup consists of a
current source, a DFB-LD and an optical power meter. During the experiment, the bias
current supplied to the DFB-LD is adjusted from 1 to 125 mA, with a step of 1 m4 and
the optical power is measured at each step. The DFB-LD starts lasing when operating

beyond its threshold current. The threshold current of the tested DFB-LD is 8 mA. The

measured L-/ curve on a linear scale is shown in Figure 2.2.
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Figure 2.2 Measured nonlinear characteristics of a DFB-LD.
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Popiicar 1s the power received by the power meter. Converting Pypica to the current
photodetected by PD, Zyuu, We have

_ (2.2.1.1)

output — Loptical
Where R is the responsivity of the PD. Typically, R is 0.6, which refers to the optical to
electrical conversion efficiency of the PD.

To investigate the nonlinearity of the DFB-LD, we fit the /-/ curve (bias current
of DFB-LD versus current detected by PD) by a polynomial using curve fitting functions
in Kaleidagraph. The model is built by writing the nonlinear equation to a Polynomial
Current Control Current Source (PCCCS), which is available in the Analog Library of
Cadence. The proposed predistortion circuit is designed and simulated based on the
PCCCS model.

The considered modulation and bias current of the DFB-LD are 25mA and
35 mA, respectively. Therefore, the photodetected current /,,,,, in terms of bias current is
obtained by polynomial curve fitting within the operation range, i.e. 10 ~ 70 mA4. Some
bias currents that are below or close to threshold are ignored. The fitted curve with bias
current of the DFB-LD is plotted in Figure 2.3. A 4™ order polynomial curve fitting is
well matched with the measured nonlinear transmission characteristics. The nonlinear
characteristic of the DFB-LD is described in equation (2.2.1.2). Table 2.1 gives the value

of transfer function coefficients.
Logpu (D) = f(1) = My + M\ [+ M,I* + M, + M, I* (2.2.1.2)

Where M,(i =0,1,2,...,4) are the transfer function coefficients of the /-/ curve.
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Figure 2.3 Measured nonlinear characteristics of the DFB-LD.

Table 2.1 Transfer function coefficients of the 4™ order polynomial curve fitting of the DFB-LD

transmission characteristics.

Transfer Function Y Iy v Y p
Coefficients (DC) 0 1 2 3 4
Value -0.00008 0.00754 0.06321 -0.61371 0.34454

After defining the polynomial model of the DFB-LD, we expand equation (2.2.1.2)
into a Taylor series to investigate its nonlinear transfer function at a given bias, 35 m4 in
this condition. When the modulation signal 7,/ is supplied to a DFB-LD, the current / in

equation (2.2.1.2) is expressed as I =1, +i,,, where I is the bias current and /s is the RF

modulation current. Considering the small signal approximation, i.e. i,y << I, we expand
the nonlinear transfer function in (2.2.1.2) into a Taylor series, yielding

16




Lougpue (1) = [ Gp) =y + iy + i * +hed,” kg, " (2.2.13)

Where k,(i=1,2,3,...,n,...) are the Taylor series coefficients k, =

ok =)

W= e The transfer function coefficients in terms of i,y are shown in Table 2.2.
n!

Table 2.2 Transfer function coefficients of the DFB-LD transmission characteristics.

Transfer Function
Coefficients (AC) ko ki k2 ks ks
Value 0.0002 0.0098 0.0013 -0.5655 0.3445

2.2.2 Mathematical Analysis of Predistortion

The block diagram of the predistortion circuit followed with a DFB-LD is depicted in

Figure 2.4.

V., Predistortion ipd Distributed Feedback l »
. Laser Diode Model

3
y = + . _ . .3
lpd' alvin a3vi" lnut_kllpd4+k31pdA

Figure 2.4 Block diagram of predistortion circuit and DFB-LD.

The proposed predistortion circuit is transconductance based and the DFB-LD is
modeled by a PCCCS and hence, the output of predistortion circuit and input of DFB-LD

are expressed in current mode. In this work, we are only concerned about the IMD3

17



compensation. Since even distortions terms of the DFB-LD do not contribute to IMD3

generation, the transfer function of the DFB-LD is simplified as
. .3
Lo =hidg +Hsi, (2.22.1)
Where iy, is the RF signal current output of the predistortion circuit, &, (i =1 and 3) are

the transfer function coefficients of the DFB-LD.

The even order products of the predistortion circuit are eliminated due to its
differential configuration (more details are given in Section 2.3.1). The transfer
coefficients of distortion products above 3™ order decrease rapidly. Hence higher order
terms are neglected with little loss in accuracy. Therefore, the RF signal current output

of the predistortion circuit is expressed as:
3
1, =av, +ay, (2.2.2.2)
where v;, is the input RF signal provided to the predistortion circuit and @ (i =1and 3) are

the transfer function coefficients of the predistortion circuit.
Considering the carrier and third-order nonlinear terms only, the current
photodetected by the PD is derived by substituting (2.2.2.2) into (2.2.2.1).
I, =kav, +(ka,+ka ) (2.2.2.3)
To suppress the third-order nonlinear distortions of the DFB-LD, the transfer
function coefficient of IMD3 should be minimized. Ideally, it can be reduced to zero.

Therefore, the correlated transfer function of the predistortion circuit and the DFB-LD

satisfies the following condition:

ko4 (2.2.2.4)



Normally, in nonlinear devices, such as optical modulators and amplifiers, carrier
and IMD3 terms are out of phase, which is known as a gain compression characteristic.
Consequently, to achieve IMD3 compensation, the carrier and IMD3 of the predistortion
circuit should be in phase, which is known as a gain expansive characteristic. The
proposed predistortion is voltage input and current output. With the transfer function
coefficients k; and k; given in Table 2.2 and equation (2.2.2.4), the normalized
transconductance g, curve of the predistortion circuit in terms of input voltage is plotted

in Figure 2.5.
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Figure 2.5 Desired g, curve of the predistortion circuit.

Assuming the photodetected output current of the DFB-LD is fed to a50 Q2 load,

the nonlinear characteristics of the DFB-LD without predistortion and theoretical analysis
of the compensated DFB-LD with predistortion circuit are plotted in Figure 2.6. As
shown in Figure 2.6, the free-running DFB-LD cannot fulfill the requirement of keeping
the IMD3 45 dB lower than the signal carrier when the processed signal is greater than

11mA (corresponding to —35.4 dBm output RF power in Figure 2.6). The third-order
19



nonlinearity is suppressed as can be seen from the slope of 5 in IMD3 when using the
predistortion circuit. From a system point of view, the amplifier-based predistortion
circuit enhanced the power transmission capability and increase the signal-to-noise (S/N)
ratio of RoF systems. Therefore, the power boosting predistortion circuit minimized the
system cost and power consumption of the entire system. Ideally, with the predistortion

circuit, the DFB-LD can handle 21mA signal current (corresponding to —30.3 dBm

output RF power in Figure 2.6) within the system linearity requirement.
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Figure 2.6 Nonlinear characteristic of DFB-LD with theoretical predistortion cancellation.

2.3 Triplet-Core Circuit

To build a CMOS predistortion circuit, nonlinear characteristics of three different circuit
configurations are studied: a single CS transistor, a differential pair and Gilbert cells.
Based on the Multi-tanh linearization technique, a novel distortion generation method is

developed.
20



2.3.1 Nonlinear Transconductance of a Single Transistor and
Differential Circuits

Consider a single CS MOSFET biased in saturation. The small-signal output current
depends on the gate-source (Vgs) and drain-source voltages (¥ps), but the dependence on
Vps for a transistor in saturation can be ignored here with little loss in accuracy [15].
Expanding its output drain current into a one-dimensional Taylor series in terms of the

small-signal gate-source voltage (v4,) around the bias point, we get

id(Vgc):g1Vgg +g2v;+g3v; +... (2.3.1.1)
where g; is the small-signal transconductance, g,, g3, ... are the higher-order coefficients
which define the intensity of the corresponding nonlinearity. Of all these coefficients, g3
is particularly important because it controls the third-order nonlinear distortion, hence
determining the input referred Third-order Intercept Point (//P3) [16-17]. The first three
coefficients g; (i = 1, 2, and 3) can be found by taking the i" derivative of equation
(2.3.1.1) in terms of vgy

ol, 1 0%, 101,

o, £75 &7%

23.12
20V, 6 oV, ( )

& =

In the simulation, by sweeping Vgs of a CS NMOSFET with a dimension of W/L
(10 um/100 nm) and a fixed Vps, the first three derivatives of drain current in terms of
Vs are plotted in Figure 2.7. As depicted in Figure 2.7, when Vg transitions from the
weak to moderate inversion region or the strong inversion region, the dependence of g;
on Vs 1s such that g; changes from positive to negative (contrasting to g;). Figure 2.8

depicts the corresponding absolute value of g,/ g, and g,/g, on a log scale. As shown
21



in Figure 2.8, the nonlinearity of a transistor varies with the overdrive voltage. In the
strong inversion region, transistor always has higher linear transconductance and lower

second- /third-order distortion coefficients.
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Figure 2.8 Simulated g»/g; and gs/g; ratio of a W/L (10 pm/100 nm) NMOSFET.
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Some efficient linearization methods based on the DC characteristics of a CS
transistor are described in [15-17]. The nonlinearity of a single CS transistor can be
improved by using multiple gate transistors: the main transistor operates in the saturation
region while an auxiliary transistor with different size operates in the weak inversion
region which nulls the negative 3" order derivative g; of the main transistor. This is
known as derivative superposition method [16]. However, with this linearization
topology, it is hard to build a widely tuneable and high gain predistortion circuit due to its
low signal handling capability and high tuning sensitivity in the weak inversion region.

Numerous linearization techniques have been developed with differential pairs.
Compared to a single CS transistor, it demonstrates an “odd-symmetric” input/output
characteristic and correspondingly exhibits much less distortion [18-19]. A schematic

diagram of a basic differential pair is shown in Figure 2.9.

— jMz MZL —

Vin

» l

Cf L

Figure 2.9 Basic differential pair.

Assuming transistors M; and M, are identical long channel MOSFET, biased in

the saturation or strong inversion region. The output current is developed as:

K !]
Iy =1, -1, =20 KV, I_TV; |Vm|S % (2.3.1.3)

SS
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where K = % u.ec,. (%) and Igs is the bias current of the differential pair.

Expanding (2.3.1.3) into a Maclaurin series, yields

I, = 214KV, - «F? v |< %
ko Lss (2.3.1.4)
=KV V. |<N27,
We have
V, =V =V, (2.3.1.5)

Where V,, is the overdrive voltage and V7 is the threshold voltage of M; and M..
Equation (2.3.1.4) indicates that the nonlinearity decreases with increasing V,,. With a
fixed transistor size of M; and M), increasing V,,, the first-order transfer function
coefficient increases while the third-order’s decreases. Consequently, the amplitude of
signal carrier is increased and third-order distortion terms are reduced and hence, the
nonlinearity of the differential pair is reduced. However, increasing V,, leads to large
power dissipation. Thus, it is necessary to tradeoff transistor size and power dissipation.

The DC characteristic of the differential pair is simulated in Hspice. By sweeping
Vin, the desired output current /; and I, can be obtained from the differential pair circuit.

As illustrated in Figure 2.10, the output currents /; and /, are odd functions of Vj,. I, -1,

falls to zero when V;, = 0. Beyond V, = \/EVov,one transistor carries the entire /gg while

the other is turned off. The equivalent transconductance of M; in the differential pair is

plotted in Figure 2.11.
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Figure 2.10 Voltage-current (V-I) characteristic of the differential pair.
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Figure 2.11 g, of transistor M.

The g,, of M; in terms of V;, is developed as:

2K g 2 g 2
JIEn-2R20y kv, n- e
— ISS _ I/:)v
En KV, )
ISS 2V0v2

(2.3.1.6)

As shown in Figure 2.11, the transconductance g,, is a symmetric function of V,.
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The shape of the transconductance g, curve in Figure 2.11, along with its relationship

with the overdrive voltage V can be used to evaluate the nonlinearity of differential pairs.

Generally, with fixed transistor sizes, higher Iss contributes to a higher V,, and hence
expands the g, curve. High linearity in differential pairs is obtained at V;, = 0, but
degrades with large input signal.

With MOSFETs scaling down below 100 nm, the square-law model is no longer
accurate [20]. However, the basic observations made in this section about the large-signal
operation of the MOS differential pair are still valid. In particular, the differential pair

still gives rise to a compressive nonlinearity.

2.3.2 Introduction of Gilbert Cell and the Multi-tanh Principle

The Gilbert cell was first described by Barrie Gilbert in 1968. Gilbert cell is built by
connecting the input and output of differential pairs in parallel [21]. The Multi-tanh
principle of Gilbert cell is named based on its topological and mathematical aspects. If

n(n>2) differential pairs are connected in parallel, their individual nonlinear

transconductance can be expanded along the input-voltage axis by applying input offset
voltages. Offset voltage can also be supplied by selecting the emitter area ratio of
differential pairs. The Multi-tanh configuration enhances the large signal handling
capability of individual differential pairs. If the overall transconductance is extended to a
wider region, it can provide a low-distortion scheme. Such a cell gives a highly linear
transconductance, hence it is widely used to build linear amplifiers, mixer, voltage

controlled oscillators (VCOs), tuneable filters, or other active elements.
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The doublet, in which two differential pairs are connected in parallel, is the
simplest form of a Gilbert cell. To illustrate the Multi-tanh principle, the doublet is

discussed as an example. A bipolar transistor based doublet is shown in Figure 2.12.

Tout

I/in l\l |/ Q2 l\h |/
Ae N e I~ 2

e Ae

Figure 2.12 Basic Multi-tanh doublet [21].

In Figure 2.12, differential pairs Q;-Q, and Q3-Q,, are biased with equal tail
current /7. The offset voltages are provided by making the emitters’ area ratio of Q; and
0, “A” times of O, and Q3. The emitter area ratio “A” shifts the peak of each g, by an
equivalent offset voltage V,,. The relationship between A and V, satisfies

Ve=V:In4 (2.3.2.1)

where V7 is the thermal voltage.
The overall g, 1s much more linear compared with each individual

transconductance, as illustrated in Figure 2.13. In the doublet circuit, the original g,, is

reduced by a factor of44/(1+ A)* [21]. In order to reach the same conversion gain, g

and the diffusion area should be multiplied by (1+ 4)’ /44 . From this point of view, the
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linearity of the Gilbert cell is achieved at the expense of increasing the system power

dissipation and using large transistors.
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Figure 2.13 Dual g,, components for the doublet.

2.3.3 Proposed Triplet-Core Circuit

The Multi-tanh principle can also be applied to MOSFETs, since MOS transistors
operating in the sub-threshold and saturation region behave almost exactly like bipolar

transistors. The concept that works in strong inversion: the width ratio of transistors gives
an input offset voltage which shifts the peak of the g, curve away from V, =0. In the
doublet circuit, if the peak of each individual g, is shifted further with higher offset
voltage, a valley appears at the center of the g, curve. Therefore, the g, curve of the
doublet circuit has the similar shape with the desired transconductance of predistortion
circuit, as depicted in Figure 2.14. The g, curve of MOSFET based doublet and the

desired g,, curve are shown in Figure 2.14. The doublet circuit has a simple architecture
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which is suitable to linearize specific gain compression component. As shown in the
region outlined in rectangular in Figure 2.14, the g, curve of the doublet circuit and the

desired g,, curve are matched to each other when —42.7mV <V, <42.7 mV. However,

the expansive region of the g, curve has a limited range. Simulation results shown that
the g,, curve compresses if operating beyond 104 m ) peak-to-peak. Another disadvantage
of the doublet circuit is that it is hard to tune it to generate the required amount of
distortion if any nonlinear variation of components occurs due to temperature variation or
measurement errors of LDs. Also, it is necessary to increase the bias currents of doublet
circuit to produce high signal current in order to drive the DFB-LD with high modulation
current. These disadvantages make the doublet circuit is unsuitable in tuneable

prsdistortion generation design.
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Figure 2.14 Transconductance of the proposed doublet circuit.

Instead of the Gilbert doublet circuit, a triplet cell is utilized to extend the
expansive region. Although it is possible to have a high order (n>3) Gilbert cell, it

increases the system complexity and power dissipation since more differential pairs are
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involved. The triplet cell is designed to generate the desired g, to compensate the
nonlinearity of the DFB-LD rather than to make a linear g,, curve. There are two ways to
implement the triplet cell. One is to shift the two peaks of g, further and add another
differential pair, which has a smaller transconductance. The other approach is to make a
doublet cell with a wider linear region, which can be obtained with higher overdrive
voltage. By subtracting the extra g, curve of the third additional differential pair, we
obtained the desired curve. Comparing these two approaches, the second option provides
wider expansive region and hence, is used to build the proposed triplet-core circuit. The
triplet-core circuit and the corresponding g, curves are shown in Figure 2.15 and Figure

2.16.
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Figure 2.15 Schematic diagram of the proposed triplet-core circuit.
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Figure 2.16 g,, curves of proposed triplet-core circuit.

As explained in Section 2.3.1, the nonlinearity of the differential pair depends on
the tail current, given by /;, I> and I; of the triplet-core circuit. Consequently, tuning /;, I,
and /; shifts g, the curves and hence varies the nonlinearity of the triplet-core circuit. In
this work, the offset voltage of the outer differential pairs are provided with a transistor
width ratio “4”, “4” is equal to 8 and K is equal to 0.33 in this design. No offset voltage
is applied to the inner pair. The current subtraction is achieved if the output of the inner
differential pair (M4/M;p) is cross-coupled with the outer pairs (M;4/M;p and M3a/M3p).
Obviously, this triplet-core circuit has a fully differential configuration. Since the outer
differential pairs have a symmetrical structure, /; and /3 can be controlled by one current
mirror. Therefore, two current sources I, and I3 are used to adjust tail currents: /5,
controls /; and /5 while /,; controls I>. The detailed schematic diagram of the triplet-core

circuit is given in Figure 4.2.
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The nonlinearity of the triplet-core is tuneable. As depicted in Figure 2.17 and
Figure 2.18, when the tail currents of the outer pairs /; and /; are increased from 2.4 mA
to 3.0 mA, the nonlinearity of triplet-core is decreased; while tuning the tail current of
inner pair I, from 0.8 mA to 2.0 mA, the nonlinearity at higher level, beyond 100 m}’

peak-to-peak, is reduced. DC sweeps also indicate how to tune the nonlinearity of the
triplet-core circuit to get the desired g, curve: tuning /; and /; to fit the overall g,, with

low signal input and tuning /, to fit the overall g,, with high signal input.

-
a

deéired-gm

-
H

Normalized gm
w

Figure 2.17 Overall g,, curves by tuning /; and /;.
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Figure 2.18 Overall g,, curves by tuning /.

2.4 Conclusion

In this chapter, we studied and measured the nonlinear transfer characteristic of the DFB-
LD. The nonlinear polynomial model of the DFB-LD is defined with PCCCS in Cadence
and is suitable for predistortion circuit design and simulation. Based on the desired
transcondutance of the predistorter derived from mathematical analysis, various distortion
characteristics of a single CS transistor, differential pairs and Gilbert cells are reviewed.
The nonlinearity of the proposed triplet-core circuit can be tuned by adjusting bias
currents /;, I, and I;3. The highly tuneability enhanced the linearization and nonlinearity

variation handling capabilities of the proposed predistortion circuit.
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CHAPTER 3 INPUT IMPEDANCE MATCHING NETWORK

DESIGN OF THE PROPOSED TRIPLET-CORE CIRCUIT

3.1 Introduction

Impedance matching is an essential part of RF circuit design for maximum power
transmission and is therefore discussed in detail in numerous sources [22-25]. As we
know, the Gilbert cell configuration is usually noisy because of the current subtraction of
differential pairs [24]. Input matching condition and NF are figures of merit to measure
the matching network. Since impedance matching and NF are correlated [25], it is
necessary to come up with a solution to match the triplet-core circuit and reduce its affect
on the NF of systems.
When 7 blocks are cascaded, the NF of the entire system is given by [26]

F-1 F-1

F=F+ =
G GG,

3.1.1)

Where F (n=1,2,3,...) is the NF for the n™ block and G,(n=1,2,3,...) is the linear

power gain of the n” block.

This is known as the Friis formula and typical results show that the most critical
stage is usually the first stage. Hence, the NF of the first stage usually dominates the
sensitivity of the entire system. Consequently, it is promising to design an impedance
matching network and diminish the NF of the triplet-core circuit by cascading an LNA

which provides enough gain and low NF in front.
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Many LNAs presented in other works (i.e. [27-28]) have achieved a good
matching and high gain. In this work, a g,-boosting CCC-CG topology [28-29] is

selected to match to triplet-core circuit to 50 Q2. Noise performance and the gain of the

proposed CCC-CG matching network are analyzed. S11 and NF are performed with S-
parameter simulation using the Spectre simulator in Cadence. The capacitively cross-
coupled g,-boosting technology is a power reduction approach, which also indicates that
the same signal current will be modulated on the reduced DC current. The increased
signal density would degrade the nonlinearity of system. Based on this consideration, the

nonlinearity of CG with and without capacitively cross-coupled structures are simulated.

3.2 Capacitively Cross-coupled Common Gate LNA

The basic CS LNA topology is widely used because it provides good noise performance
and high gain. In a CS configuration, source degeneration inductors are usually applied to
the source of the active transistors in order to make a 50 Q input matching network.
However, using this approach it is hard to meet the broadband matching and gain flatness
requirements. A three-section band-pass Chebyshev filter [22] or a two-section LC ladder
[23] can achieve broadband matching and good noise performance. However, extra
elements involved in the matching network increase the area and the complexity of the
chip. Additionally, a CS LNA consumes high power. These disadvantages make the CS
LNA a non-optimal choice in low power LNA design.

In contrast to CS LNA, CG LNA is a simpler approach due to its superior

broadband input matching, linearity and low power consumption advantages. However,
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the shortcoming of a CG LNA is that it presents a relatively high NF. A basic CG LNA is

shown in Figure 3.1.

VbD

Rs

Vin

Ls

Figure 3.1 Basic CG LNA.

The dominant noise sources of the basic CG LNA are the noise current #,; of the

source resistance R_, and the drain current noise source i,; as shown in Figure 3.2, while

the NF contributed by the gate noise of transistor M is usually negligible. The NF of the

CG LNA is

Fole 1+8. 8 (3.2.1)
l'2 ( ngS )2
"1+ g, R

With i2, =4kTyg,,Af and i, = 4kTR;'Af, where g, is the zero bias drain conductance
of transistor M. R, is the source resistance. With an input matching condition of

g, R =1, equation (3.2.1) reduces to
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F=1+4kT;/gjoAf( L
4KTR;'Af g, R,

(3.2.2)
14280 1,7

2, R; a
Where v is the channel thermal noise coefficient (y is typically 2/3 for long channel

transistors and 2 for short channel transistors) and ¢ =g, / g,,. It is reported in [27] that

the minimum NF of a CG-LNA is limited to 3 dB.

Ilno

‘l_M”: ind

Rs Ins

Figure 3.2 Dominant noise sources in the basic CG LNA [29].

To improve the noise performance of a CG LNA, a capacitively cross-coupled g,-
boosting scheme is introduced in [27-29]. The presented CCC-CG LNA in [28] is
inductively degenerated which occupies a large chip area and increases the cost of the
chip. In this design work, current source transistors are used to achieve broadband
matching with slightly increased NF. The designed CCC-CG LNA which is fully

differential is shown in Figure 3.3.
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Figure 3.3 Proposed fully differential CCC-CG LNA.

The inverting amplification value “4” in half circuit analysis in Figure 3.4 is
approximately equal to the capacitor voltage division ratio

1/C 1
A= & =
1/C0+1/Cgs 1+CgS/CC

(3.2.3)

Where C. is the cross-coupled capacitor and C, is the parasitic capacitance of transistor

M, and M. Thus, the effective transconductance is expressed as

C, +2C,

Smieff = m g (3.2.4)
Usually, Cc>>C,,, yielding 4 ~1and

gy *(+A)g, =2¢g, (3.2.5)
The overall input admittance is

Y = - +1/r, +SCgS1 (3.2.6)
The voltage gain with g,-boosting is calculated as

4,= 8o Ry (3.2.7)
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Figure 3.4 CG stage with g,-boosting feedback [28].

In the designed CCC-CG LNA, the effective g, , is boosted to 2g,,. To satisfy
the matching condition g,, - R, =1, the designed g, is equal to 10 mS. Contrast to the

normal CG matching network shown in Figure 3.5, in which g, ,, =20mS and i =2i,
the CCC-CG matching structure reduces half of the current flows in transistor M;s and
hence decrease the power consumption. Therefore, the CCC-CG LNA can load a higher
resistance R; and increase the gain of the matching network with 1.3V supply.

Vbp

RL

Vout

Vbias1 '—l Mis
Vin

Vbias2 ‘—l M:zs

Figure 3.5 A normal CG LNA.
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3.2.1 Noise Analysis of the CCC-CG LNA

Generally, thermal noise and flicker noise are two typical significant noise sources of a
MOSFET, but the dominant sources of noise at RF come from the transistors’ thermal

noise. The dominant noise sources in the normal CG LNA in Figure 3.5 are the noise

current 7, of the source resistance, drain current noise 7, and i ,, of M; and M>, and i,

of the load resistor. Ignoring the gate current noise, the small-signal analysis reveals the

NF of the normal CG LNA is
.2 1 2
e ¢ ) B =
Fole— T 8msRs hups 0 (3.2.1.1)
l-2 ( gmlSRS 2 l'js l'2 ( gmlSRS )2
" 1+ g,.5Rs " 1+ g,.15Rs

Withil, o =4kTY g 1050 » igns = 3TV E 100N l? =4kTR,'Af and z? = 4kTR;'Af, equation

(3.2.1.1) reduces to

_ 1. Y&aois R 1+g, R
F=1+—>22">+ R +—=(—=== 32.1.2
gilSRs 7/ng25 s RL ( gmlSRs ) ( )

For a matched condition, we have g, R =1.Then equation (3.2.1.2) reduces to

F:1+Z(1+M)+ﬂ (3.2.1.3)
a

8aois L
In the designed CCC-CG matching network, the matching condition of the CCC-
CG satisfies
1+A4g,,R =1 (3.2.1.4)
The half circuit noise analysis of the CCC-CQG is similar to the normal CG LNA.

Combining (3.2.1.2) and (3.2.1.4), the NF of the CCC-CG matching network becomes

40



F=l+ 7g2dOlz 4 /80 g R +£(1+(1+A)gmle )
(A+A4)° g, R, agy, R, (+A4)g,.R,

L1y Bany AR

2a a0 R,

(3.2.1.5)

Comparing (3.2.1.3) to (3.2.1.5), the capacitively cross-coupled structure reduces

the noise generated by M ¢ and M, by a factor of 2.

3.2.2 S-parameter Test Setup of Fully Differential Circuit

The test setup illustrated in Figure 3.6 is the most commonly used simulation setup for a
differential device-under-test (DUT) [30-31]. The DUT can be driven with a single
source or differentially from both sources. The other differential terminal can be
connected with a source resistance if using a single source. However, this traditional
configuration cannot reject undesired common-mode signals and hence, has some

potential errors and significantly reduce the reliability of circuits’ performance.

Vem Rino

Vdm2 Rin2
Figure 3.6 Traditional test setup for simulating a differential amplifier [30].
To improve the test bench setup, an ideal balun in the Analog Library of Cadence
is used to perform differential- and common-mode simulations. In this case, v; and v, are

the differential- and common-mode of the unbalanced pair of signals, and v, and v, are

the balanced pair of signals. Thus, we have
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differential-mode voltage V=V, =Y,

common-mode voltage Vv, =112, +V,)
positive voltage v, =V, +1/2v,
negative voltage v, =V, —1/2y,

The current flowing in/out of the ideal balun are:

differential-mode current iy =1i,-1,
common-mode current I, =120, +1,)
positive current i, =1, +1/2i,
negative current I, =1 —1/2i,

S-parameter and noise analysis of the designed CCC-CG LNA is simulated with
the test bench set-up shown in Figure 3.7. Since the system characteristic impedance

1550 Q2, the impedances with each port are 50 Q2. Therefore, the differential impedance
seen by the DUT is 100Q and the common-mode impedance is 25Q . Hence, the
reference resistance of ports Pi;, P,s, and ports P, P,. are set to 100 Q and 25Q2,

respectively.

—HOWAT—d P+ 3 P d—WWA O
Pid DUT Pod
Q—-O—’VV\, c n - - n ¢ ‘VV\,—@-—Q
Pic Poc

Figure 3.7 Improved test setup of designed circuit [31].

3.2.3 Design and Simulation Results

In this design, transistor M; and Mj; are biased and sized withl/(2g,,,)=50Q. Two

1 pF capacitors (Cc) are used to cross-couple M; and M;. Transistors M, and M, are
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biased and sized for minimum NF contribution. As illustrated in Figure 3.8, the designed

CCC-CG LNA achieves a simulated input match of —16 dB over the band and 16.4 dB

gain with a 0.2 dB ripple.

. —=S11 == Gain ]
& 10f - S ]
E [
c 5F .
g i
s °F ]
g [
< 5F E
- [
(/2] [
10 | ]
15 ; : - . : — o
-20 | 1 1 L i L1
800 1200 1600 2000 2400

Frequence (MHz)

Figure 3.8 Simulated gain and S11from 0.7 to 2.5 GHz.

The simulated NF of the normal CG LNA and the designed CCC-CG LNA are
shown in Figure 3.9. For fair comparison, the CG LNA and the CCC-CG LNA are
designed with an equivalent transconductance and load resistance and hence, they have
the same matching condition and gain. The designed CCC-CG matching network

achieves a minimum NF of 3.0 dB and reduces the NF of the normal CG around 0.8 dB.
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Figure 3.9 Simulated NF from 0.7 to 2.5 GHz.

The designed predistortion circuit has a differential input and single ended output
configuration (the details of the design work are described in Chapter 4). The noise
performance of the predistortion circuit is simulated by using the test bench depicted in
Figure 3.7 but with a single port at its output. The maximum NF of the entire

predistortion circuit is 6.65 dB as illustrated in Figure 3.10.

6.8

[ —e—overall NF

NF (dB)

800 1200 1600 2000 2400
Frequency (MHz)

Figure 3.10 Simulated NF of the predistortion circuit from 0.7 to 2.5 GHz.
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3.3 Nonlinearity Analysis of the CG LNA and CCC-CG LNA

The 1 dB compression point and /P; are figures of merit to evaluate the nonlinearity of an
LNA. Pure frequency-domain simulators (e.g. harmonic balance tools) can be used to
compute input referred //P;. In Figure 3.11 and Figure 3.12, the simulated values of input
and output powers are plotted with bold lines and the asymptotes with expected slope are
plotted with dash lines. The nonlinearity comparison of the CG LNA and the CCC-CG
LNA keeps the equivalent transconductance and load resistance. As shown in Figure 3.11

and Figure 3.12, the /IP; of the CCC-CG LNA is 4.7 dBlower than CG LNA.

Perindic Steady State Response
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Figure 3.11 Third-order input intercept point of the CG LNA when f,=0.7 GHz.
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Periodic Steady State Response
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Figure 3.12 Third-order input intercept point of the CCC-CG LNA when f;,=0.7 GHz.

The triplet-core circuit requires pure RF tones as its input. Otherwise, distortion
terms in the distorted output of the matching network are recognized as signal inputs to
the triplet-core and hence, generate distortion products. The nonlinear effects of the
matching network will be evaluated in the entire circuit simulation in Chapter 4.

The simulated //P3 and NF of the designed CG LNA and the CCC-CG LNA
which have an equivalent transconductance and load resistance are shown in Table 3.1.
Although the /IP3 of the CCC-CG LNA is degraded, it has a low NF which is considered
necessary in the matching network design. Therefore, compared to the CG LNA, the
CCC-CG LNA matching network is a better approach.

Table 3.1 Simulated characteristics of CG LNA and CCC-CG LNA

Parameters IIP3 (dBm) NF (dB)
CG LNA -1.26 3.8
CCC-CG LNA -6.01 3.0
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3.5 Conclusion

A gy-boosting CG topology of matching network is introduced in this chapter. The
designed fully differential CCC-CG LNA exhibits a lower NF, consumes less power and
degrades the linearities in contrast to the conventional CG LNA. The designed CCC-CG
matching network obtains a simulated 16.4 dB gain, minimum 3.0 dB NF and consumes
1.9mW with 1.3V supply. The maximum NF of the entire predistortion circuit is

6.65 dB.
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CHAPTER 4 DESIGN OF THE AMPLIFIER-BASED

TUNEABLE RF PREDISTORTION

4.1 Introduction

In Chapter 2, we analyzed the principle of predistortion linearization and presented a
triplet-core circuit to generate the desired distortion. Matching considerations of the
triplet-core with the characteristic impedance of the RF system are presented. A matching
network design and simulation results were presented in Chapter 3. This chapter
discusses the design methods of the proposed amplifier-based RF predistortion circuit.
The architecture of the predistortion circuit is described. A state-of-the-art design using
both static and dynamic current mirrors is studied. The predistortion IC solution provides
both modulation current and controllable bias current to drive the DFB-LD. Simulation

results are presented showing the expected predistortion functions.

4.2 Design Guidelines of the Amplfier-Based Tuneable RF
Predistortion Circuit

This section describes the outline of the analog predistortion IC based on system level
specification. On-chip and off-chip components are selected in order to minimize chip
area and reduce the cost. The system and chip architecture are presented. The circuit
blocks include current mirror bias circuits, a current injection structure and a power

supply output stage.
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4.2.1 System Architecture Consideration

REi —>— -
mn < Cci -

180 Degree C¢?
Hybrid
Coupler

Distortion
Generator

Predistortion IC

Figure 4.1 Block diagram of the system architecture.

Figure 4.1 shows the system architecture. It contains an off-chip 180" hybrid

coupler, two 20 pF' off-chip capacitors C,; and C,,, and the predistortion IC consisting of

the CCC-CG matching network and the proposed distortion generator. The off-chip 180°
hybrid coupler converts the single-ended signal to differential. C,.; and C., couple the
differential signal into the predistortion IC. The CCC-CG matching network amplifies the
signal supplied to the distortion generation block. The distortion generator can be tuned
to produce the desired IMD3 to compensate the nonlinear distortion of the DFB-LD. The
CCC-CG matching network is fully differential. The distortion generator converts the
differential signal to single-ended. The entire system is SISO. Consequently, this simple
architecture makes it easier to integrate the system with other components. The detailed

chip architecture is depicted in Figure 4.2.
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Figure 4.2 Chip architecture.
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In contrast with traditional matching approaches, CCC-CG allows broadband input
matching without inductors which are usually used when designing LNAs. The only
components which take a large area are the cross-coupling capacitors. They are selected
to be 1.07 pF and have a dimension of 26 gm*26 pm (available in mimcap um,
tsmcN9Orf library). The CCC-CG supplies both carriers and the DC bias to the proposed
triplet-core circuit. Compared with other existing RFICs, the signal path does not require
any DC feed or AC coupling. The distortion generator includes the triplet-core circuit,
which was described in Section 2.3.2, the current injection structure, the active current
mirrors and the output power supply stage. The distortion signal generated by the triplet-
core circuit can be amplified up to16 mA by the active current mirrors. A current-
injection technique is used to improve the efficiency of current mirrors. An additional
transistor M;; provides a signal current of 9 m4 maximum and a bias current of 30 mA4
maximum to the DFB-LD. The bias current of the DFB-LD can be controlled by /...

More details about the output stage power supply are described in Section 4.2.4.

4.2.2 Current Mirror Design

Current mirrors are one of the most important building blocks of analog Very Large Scale
Integration (VLSI) circuits. Various analog blocks use current mirrors designs. Analog-
to-digital converters (ADC), amplifiers, comparators are using them. Current mirrors are
circuits designed to source and sink a constant current. They are extensively used to
replicate accurately an input current. A well designed current mirror has high output

impedance, a wide operating range and provides a constant current source. This section

51



explains different types of current mirrors used in the proposed predistortion block. This

included a basic current mirror, a cascode current mirror and an active current mirror.

4.2.2.1 Basic Current Mirror

Iref lout

w1

Figure 4.3 A basic current mirror.

A basic current mirror [18] consisting of M; and M, is shown in Figure 4.3. The principle
of the current mirror designs are explained with the square-law model of long channel
MOSFET while ignoring short channel effect with little loss in accuracy. The diode
connected transistor M; defines the gate-to-source voltage of M,, hence Vgsi=Vaso.
Normally, M; and M; are operating in saturation. If the two transistors are matched and

operated in the saturation region, the current of /,,, matches that of /... Thus, we have

1 w

Iref = Eluncox(f)] (VGSI _VTH)2(1+1DSI) (42211 )
1 w )

L, = Eluncox(f)Z(VGSZ Vi) (1 Apgy) (42.2.1.2)

Where u, is the carrier mobility in the conducting channel and C,, is the oxide
capacitance per unit area. W;/L; and W/L;are the ratio of device dimensions of M; and
M, respectively. Vryy is the threshold voltage and 4;, 4, are the channel-length modulation
factors of M; and M,, respectively.
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Neglecting channel-length modulation, we have

_Ww/L),
out (W/L)l ref

(4.2.2.1.3)
In this case, M; and M, need not to be identical. M; and M, are chosen the same
length in order to minimize errors due to the side diffusion of the source and drain area.
The desired output current can be obtained by simply scaling the ratio of transistor width
of M; and M,.
In this design work, the typical basic current mirrors are used to bias the current

source transistors of the CCC-CG stage, the tail currents of the triplet-core circuit and the

DC current of the DFB-LD (refer to Figure 4.2 for more details).

4.2.2.2 Cascode Current Mirror

Excellent current matching is desirable in current mirror designs. Accordingly, a well
designed current mirror has high output resistance and excellent device matching. As we
know, the basic current mirror is the simplest method to reproduce identical current in a
different path. In spite of this, it has some disadvantages. The output current cannot
accurately replicate the input due to a difference in effective length due to channel-length
modulation. The basic current mirror has difficulty overcoming these drawbacks and
thereby limits its application in IC design.

In contrast to a basic current mirror, cascode current mirrors are usually employed
to minimize channel-length modulation effects. Cascode current mirrors are an attractive
solution to achieving high output resistance, using low voltage and having high accuracy.
They are used in many applications. In the CCC-CG matching design (half of the CCC-

CG circuit is shown), transistors M; and M, are biased by current mirrors. The bias
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network of the CCC-CG matching network is shown in Figure 4.4.
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Figure 4.4 Current bias network the CCC-CG matching network.

The desired bias voltages Viyius; and Viiao are 0.72 7V and 0.55 V), respectively.
Vbias1 biases transistor M; of the CCC-CG and also processes the cross-coupled signal. To
prevent the signal from entering M, a transistor based resistor Mg, s inserted between
the bias network and transistor M;, adding about 1 £Q resistance. The bias voltages Vyus2
is defined by

Viias2 =V = Vs (4.2.2.2.1)

Transistor M4 can be sized with a shorter width or longer channel length to give a
higher overdrive voltage to bias M.

Viiast = VDS,b() =Vea 7V,

ov2

(4.2.2.2.2)

In Figure 4.4, we have

VDs,bz = VDD - VGS,h4 (42223)

Where
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Visy =Vyis =Ves, (42.2.2.4)

ias]

This can lead to a difference between [/

out

, and 7 .. The difference is dependent
on V,,and ‘Vm, p‘. Uncertaint in/ ,, can lead to uncertaint in the proximate of the triode

or saturation boundary for M, and M,.The bias network in Figure 4.4 can be improved
by putting a cascode transistor above M,, as shown in Figure 4.5. In this circuit

Visss =Vpsy » Which gives a better match between 7, and [

out?

leading to a better

prediction of the bias condition for M, and M,.

Improved
Bias Lous1 Louez
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g
g
<
* 3
- 2
<

Figure 4.5 An improved bias network of the CCC-CG stage.

4.2.2.3 Active Current Mirror

As we know, current mirrors can be used to process signals. In this design, the active
current mirror also converts the differential signal to a single ended output. Compared
with a fully differential configuration, a single ended structure has a lower bandwidth

because an internal high frequency pole is introduced by the diode-connected
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configuration and hence reduces the bandwidth. However, a single ended output is a
superior option to enhancing the cascade capability of the predistortion system.

The triplet-core circuit uses a fully-differential configuration. It drives an active load
formed by transistors Ms and M;y. The circuit is shown in Figure 4.6. The currents
flowing into transistors Ms and M;, define the gate-to-source voltages of M; and M,
respectively. The signal passes through M;, Ms, and M;,. The differential currents are
subtracted at node P. An extra signal path through M;; is introduced to produce more

signal current and a portion of the common-mode current to the DFB-LD.

|

Triplet-core Circuit

|

L Je 1k &,
M8<_||

Figure 4.6 Proposed active current amplification stage.

For an active current mirror, if i; increases by Al then i,, increases by AI
(W/L);/(W/L); which indicates that the current mirror amplifies the small-signal current if
(W/L);/ (W/L)>1. If the current mirror is designed with a ratio k, both bias current and
signal current are amplified by a factor of k. The signal amplification is achieved by
increasing system power dissipation. In this work, the current ratio of Msand M7, M;pand

M;;, Mgand M;,, Mgand M;; are shown in Table 4.1. In this design, the current ratio 4,
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and k, are selected based on the modulation requirement of the DFB-LD. If the signal
current at each differential output of the triplet-core is 4i, the total signal current available

to drive the DFB-LD is(2k, +k,)Ai. Based on bandwidth optimization consideration, the

mirror ratio of Msand M7 is chosen to be 1/ \/k, +k,.

Table 4.1 Active current mirrors involved in Figure 4.6.

Current Mirror M;s/M; Mo/M;; Ms/M;, Ms/M 3
Mirror ratio | 1/ [k +k, Uk | Jl+k 1k | Jk +k, /&,

4.2.3 Current Injection Technique

The current injection technique, also known as current bleeding, is a very attractive
approach for biasing circuit designs. A charge injection method used by Gilbert cells is
presented in [32-33]. This type of biasing topology provides several advantages over the
traditional biasing techniques. Firstly, this topology enables an easy way to adjust the
bias current present in the Gilbert cell input transistors while keeping the bias current in
other transistors steady. Secondly, the Gilbert cell benefits by improved gain and linearity
by using current injection method (the linearity enhanced by increasing /P3 which was
discussed in Section 3.3). As explained in [32], increasing [ can improve the gain and
IP3 of Gilbert cells. Thirdly, this biasing method reduces the voltage headroom. Low
voltage and low power are a trend in future integrated circuit designs.

The current injection circuit shown in Figure 4.6 is outlined in the blue dotted
lines. The two PMOS transistors Msand My supply some of the DC current to the triplet-

core circuit. Transistors Ms, Mg, Myand M;yhave the same W/L dimensions. Hence, the
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current injection circuit establishes an identical drain current in Ms, Mg, My and M.
Transistor Mg and My are biased by a current mirror which can provide half of the tail
current of the triplet-core circuit. Therefore, half of the tail current flows into the drains
of active current mirror transistors Ms and M;y. The input impedance at the drain of Mj is
high. Therefore, the RF signals only flow into the active current mirror. The current

copier M7 and M,;, with a factor of \/k, +k, and k;, multiplies half the DC current while

keeping the same signal current. With the current injection method, the transistor size of
M7, Mg, M;;, M, and M;; can be reduced to half compared to the transistor sizes without
using current injection. Therefore, the current injection approach reduces power

dissipation of the proposed predistortion circuit by more than 100 mW.

4.2.4 Laser Bias Circuit and Qutput Stage Power Supply

The output stage power supply for the DFB-LD is shown in Figure 4.7. Transistor M;,
processes the modulation current while M}, supplies additional bias current to drive the

DFB-LD. Transistor M;; provides both modulation and bias current. The basic current
mirror of M, and M;s5, with a W,, /W, ratio of 8, supplies a tuneable bias current. By
adjusting the current source /54 from 0.625 mA to10 mA, M4 could supply a current in
the range of 50 ~ 80 mA to the DFB-LD. If the voltage at node P is V), and the forward
voltage of LD is Vy, then the value of +V'is V, +V, . Typically, the offset voltage of
node P is set to be 0.7 V. To improve the matching and avoid input signal degradation,

the input termination of the DFB-LD has to be physically placed as close as possible to

the predistortion IC using bonding wires.
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Figure 4.7 Laser diode power supply.

4.3 Circuit Performance Evaluation

Harmonic balance (HB) [34] is a frequency-domain analysis technique to calculate the
steady-state response of electrical circuits. It is a useful method to perform analysis of
strongly or weakly nonlinear circuit. It is normally the preferred analysis method chosen
by simulators when investigating analog RF systems.

The complete chip is designed using the Cadence design environment. To
evaluate system performance, Spectre circuit simulator is used. Spectre is a state-of-the-
art tool used to simulate RFICs, such as power amplifiers, LNAs and mixers. HB
simulation in Periodic Steady-State (PSS) analysis is used to compute the nonlinearity of

the predistortion circuit.

4.3.1 Two-Tone Signal Simulation

Multiple frequencies or tones (typically two-tones) are usually used to evaluate IMD in

analog RF or microwave circuits. In the simulator, the two-tone signal is generated using
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a power source port component, which is available in the Analog Library of Cadence.
This source provides two sinusoidal signals with zero degree phase offset at a specified
power level. In the simulation set up, the two fundamental frequencies are 1600 MHz and
1604 MHz with an input power of —25 dBm. The internal source resistance is set to 50 Q.
To convert the single input to differential, an S2P file based 180° hybrid coupler is used.
Current sources /,,,/,,,1,,and I, , are used to bias the predistortion circuit. /,; supplies the
bias current to the biasing network. I, and I3 are tuneable sources that adjust the
nonlinearity of the predistortion circuit. /4 controls the DC supply of the DFB-LD. The
DFB-LD is biased at 35 mA4 and modulated with a current of 16 m4 . In order to reach the
modulation strength needed by the DFB-LD, the total input power of the predistortion
circuit is set to—25 dBm , corresponding to 25 m} peak-to-peak for each differential input
branch. Therefore, the equivalent transconductance of the differential input predistortion
circuit is 0.64 S .The simulation setup of the predistortion IC which includes the CCC-CG

matching network and distortion generation block is illustrated in Figure 4.8.

IbI Ibz Ib3 Ib4

28051

180 Degree Hybrid Predistortion IC ol DFB.LD

Coupler Model
é Pi1 _['_ P2

Figure 4.8 Harmonic balance simulation setup of the DFB-LD with predistortion circuit.
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To compare the linearity improvement, we set the output power level constant and
compare the IMD3 to carrier ratios between the linearized and nonlinearzed DFB-LD.
Figure 4.9 (a)-(b) shows the simulated RF spectra at the output of the DFB-LD without
and with predistortion, respectively. It is shown that the predistortion circuit reduces

IMD3 to less than 50 dBc. This gives an IMD3 suppression of 12 dB.
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Figure 4.9 Simulated spectra at the output of the DFB-LD, (a) without and (b) with predistortion

(matched) circuit.
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Next, we vary the input power and measure the DFB-LD output RF power of the
carrier and IMD3 with and without predistortion. The predistorted DFB-LD satisfies
system requirement over a wide dynamic range of current input up to
20 mA (corresponding to —30.6 dBm output RF power). The predistortion circuit is
optimized at high power level to increase the dynamic range of the DFB-LD. Figure 4.10
shows that the third-order nonlinearity is fully suppressed for output power greater than

—32.6 dBm. Even though the IMD3 is not fully suppressed at lower power, the
predistortion circuit improves IMD3 suppression by more than 10 dB and the system still

satisfies the required 45 dBc suppression of IMD3 below the carrier.
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Figure 4.10 Simulated carrier and IMD3 of DFB-LD, with and without predistortion (matched)

circuit at 1600 MHz.
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Furthermore, the performance of the predistortion circuit is simulated for
broadband operation with a two-tone signal input. The frequency spacing between the
two tones is kept at 4 MHz and the operation frequency of the first tone is swept from 0.7
to 2.5 GHz in steps of 100 MHz. The results of theoretical analysis using nonlinear
transmission coefficients are plotted in Figure 4.11. Theoretically, the IMD3/C can be

improved by 13.4 dB at 16 mA current input power level. With the predistortion circuit,
the IMD3/C is improved by 15dB at 700 MHz and 10 dB at 2500 MHz. This is because

the theoretical analysis of the predistortion circuit transfer function is limited to the third-
order nonlinearity with frequency independent coefficients. The simulated predistortion
circuit cancels some IMD3 terms generated by higher order nonlinearity. The poor
performance of the predistortion circuit at high frequency may be due to the high
insertion loss at high frequency, the matching circuit and the presence of nonlinear
parasitic capacitance that increases the phase shift between the carrier and IMD3 [34-35].
The parasitic capacitance of MOSFET is usually nonlinear. Nonlinear capacitors increase
the phase shift between signal carrier and distortion terms with the increase of operation

frequency.
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Figure 4.11 Simulated IMD3/C of DFB-LD, theoretical analysis, with and without predistortion

(matched) from 0.7 to 2.5 GHz.

We compared the distortion suppression with matched and unmatched
predistortion circuit. The unmatched predistortion circuit only contains the distortion
generation block. The CCC-CG matching network degrades IMD3 cancellation, as
depicted in Figure 4.12. The effect of the nonlinear parasitic capacitance that increases
the phase shift between carrier and IMD3 is evident in Figure 4.13 for the unmatched
predistortion circuit. The matching network generates some distortion products and
increases the phase mismatch between the carrier and IMD3 as shown in Figure 4.13.
These distortion products are amplified by the distortion generation block along with the
carriers and are sent to the DFB-LD. When these amplified distortion products are
comparable with the ones generated by the distortion generation block only, they interact
destructively and reduce the amount of IMD3 input to the DFB-LD to suppress its third-
order nonlinearity. To reduce the nonlinearity effect caused by the CCC-CG matching

network, the triplet-core circuit is tuned to generate more distortion signal.
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Figure 4.12 Simulated IMD3/C with matched and unmatched predistortion circuit.
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Figure 4.13 Simulated phase difference between signal carrier and IMD3 with matched and

unmatched predistortion circuit.

4.3.2 Tuneability Evaluation

Another advantage of this predistortion circuit is that the generated IMD3 can be varied

by up to 10 dB by tuning the bias current /, and /;. For effective third-order nonlinearity
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suppression of a DFB-LD, there is a required amount of IMD3 to be generated by the
predistortion circuit at the input of DFB-LD. The nonlinearity of the triplet-core circuit
was discussed in Section 2.3.3. As we shown, tuning the bias current of differential pairs
would change the nonlinearity of the entire transconductance. Adjusting the bias current
should keep the active current mirrors in saturation.

Figure 4.14 is plotted by feeding the output current of the predistortion circuit to a
50 Q2 load. The bias current /; and I3, I, of the proposed triplet-core circuit can be tuned
by adjusting the bias current of M;s and M;; (refer to Figure 4.2 for more information).
Since /; and I, can be tuned from 2.6 ~ 3 mA4 and 0.8 ~ 2 mA4 while the current mirror ratio
of M;¢/M;c and M;s/M>care 1/2 and 1, respectively. Correspondingly, the bias currents
Ip; and Ip; of the predistortion circuit can be adjusted from 1.3 ~ 1.5 mA4 and 0.8 ~ 2 mA
respectively. IMD3 can be increased by reducing [, or increasing ;. The highest
dynamic range of IMD3 is obtained when 7, is 1.3mA and I3 is 2 mA. The strong
tuneability enables the predistortion circuit to correctly linearize some unknown LD

sources.
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Figure 4.14 Simulated output power of the predistortion circuit for different bias currents /,, and

Ips.

4.4 Comparison of This Work with Previous Predistortion

Comparing the designed amplifier-based predistortion with the most recently published
predistortion in circuit level [2, 7-10], this work has three advantages. First, the designed
predistortion circuit achieves 6 ~ 15 dB IMD3 suppression over a broadband operation,
from 700 MHz to 2500 MHz. The IMD3 suppression of this predistortion circuit is
comparable with [8], which is designed for a single operation frequency. Second, the
designed amplifier-based predistortion circuit uses a single path to predistort and amplify
the signal. Contrasting to the multi-path configuration in [2, 7-10], this design has a

simple structure. Third, as opposed to the voltage-mode currently reported CMOS
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predistortion circuit [7, 10], the designed predistortion is a current-mode approach which
supplies directly current source to the LD. Although the predistortion circuit in [8] is a
current approach, our design can supply higher modulation current and operate in much
broader bandwidth. Table 4.2 shows a comparison of this work and recently published

predistortion circuit.

Table 4.2 Comparison of previously published predistortion design

Operating IMD3 :
Tech. Frequency (MHz) | Suppression (dB) Complexity
This work | 90 nm CMOS 700 ~ 2500 6~15 Low
[10] 0.18 pm CMOS 1850 ~ 2150 5~10 High
[9] Not reported 5800 16 High
[8] 0.35 pm CMOS 1350 12 High
[7] 0.18 pm CMOS 50 ~ 500 5~10 High
370 ~ 480
[2] Not reported 820 ~ 960 6~10 High
1710 ~ 1980

4.5 Conclusion

In this chapter, detailed information of the circuit design is introduced. The predistortion
circuit consists of basic, cascode and active current mirror networks. The current
injection technique significantly improves the efficiency of current amplification and
reduces power dissipation. The predistortion IC supplies a modulation signal of up to

25 mA and bias current of 110 m4 with 200 mW of power consumption. The equivalent

transconductance of the predistortion IC is 0.64 S. The predistortion circuit is simulated
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using Cadence Virtuoso Spectre circuit simulator. The designed predistortion achieves

more than 10 dB improvement from 0.7 to 2.5 GHz. By adjusting the bias currents, the

IMD3 can be shifted 10 dB, which is suitable to linearize other LDs.
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CHAPTER 5 CONCLUSION

5.1 Conclusion

In wireless access networks, RoF systems have the highest potential to satisfy large
capacity, high speed and cost effective requirements. However, the nonlinearity
introduced by optical modulators’ response significantly distorts RoF transmission.
Among currently available linearization techniques, predistortion is selected to linearize
the DFB-LD.

In this thesis, an amplifier-based tuneable RF predistortion IC solution is
investigated and designed using TSMC 90 nm technology. The complete circuit includes
a triplet-core circuit, matching networks and current mirror designs. The IC supplies up
to 25 mA modulation current and 110 mA bias while consuming 200 mW. It is capable
of suppressing IMD3 up to 15.4dB compared to the free-running DFB-LD at
16 mA signal amplitude input. The frequency of operation ranges from 0.7 to 2.5 GHz.

The presented predistortion circuit is the first gain boosting IC solution which
provides a cost effective approach. The designed predistortion circuit does not require
external amplifiers or phase shifters because they would introduce undesired IMD3 and
limit the operation bandwidth. Also, the gain boosting predistortion circuit makes it
possible to remove the LNA which is the block just before the modulator. Thirdly, the IC
is broadband matched without using inductors. Inductors take up a large amount of chip

area. Therefore, the predistortion IC solution reduces system cost significantly.
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5.2 Future Work

The future results of extensive research done on the predistortion IC are described:

The IC layout and fabrication are the first considerations. Since the input has a
fully differential configuration, careful design is necessary to ensure symmetry of the
CCC-CG stage and to the input path of the triplet-core circuit. Also, the symmetrical
parts of LNA and active current mirrors have to be matched. Otherwise, the different
signal delay will diminish the capability of IMD3 suppression.

The second consideration involves testing the chip. It is necessary to design a

PCB which includes a broadband 180° hybrid coupler and two off-chip 20 pF capacitors.

The 180° hybrid coupler converts the single ended input RF signal to differential inputs.

The differential signals are coupled to the predistortion IC using two 20 pF' capacitors.

To reduce the interconnection loss between the predistortion IC and DFB-LD, the two
blocks are placed physically close and a bonding wire is used to connect them together.

The third consideration involves the proposed approach to improving the system’s
stability. As we know, the laser’s band gap changes with temperature and thermal
expansion and hence, varies the nonlinearity of LDs. Therefore, an adaptive temperature
control circuit would enhance its temperature tolerance. In the future, instead of using
discrete devices, the predistortion IC and DFB-LD can be fabricated in one package.
Therefore, the cascaded commercialized modulator can provide a much more linear
transmission in RoF systems.

Last but not the least, more advanced TSMC technologies, like 65 nm, 40 nm or

28 nm can be used to design a high frequency, Ultra-Wideband and low power analog
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predistortion IC. Additionally, an automatic gain control LNA can be designed to
regulate the signal input to the distortion generation block. Also, the predistortion circuit

can be modified to linearize power amplifiers (PAs) and other modulators as well.
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