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Abstract 

In radio over fiber systems, a linear optical transmitter is desirable in order to achieve 

an extended signal dynamic range. This thesis introduces and discusses a predistortion-

compensation linearization technique to improve the optical transmitter's linearity. In 

order to compensate for the second and the third order laser distortions, the predistorter's 

quadratic and cubic law circuits are required to work at up to 2 or 3 times the carrier 

frequency. In this thesis, an alternative design approach is proposed to relieve the band-

width requirement of the predistortion circuits. This approach uses multiple tank circuits 

to approximate the frequency profile shaping filters in the frequency band of interest. At 

the same time, tunability is provided to account for the changes of the laser's distortion 

behavior due to component variations, thermal effects and aging. In order to tune the 

predistortion circuit adaptively, a calibration algorithm was proposed and implemented 

for minimizing the laser distortion. This algorithm is based on multiple variable feedback, 

which directly processes the RF signal and does not require a DSP unit or an optimization 

routine. This suggests a potential complete analog implementation with less circuit com-

plexity. A prototype predistorter IC has been designed using 0.18 fim CMOS technology. 

It operates near 2GHz for demonstration purpose and has more than 300MHz linearized 

bandwidth. 5 to 15 dB reduction of the second harmonic distortion and the third order 

intermodulation distortion can be obtained. 
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Chapter 1 

Introduction 

With the explosive growth of wireless communications, broadband air interfaces are needed 

to accommodate high user density, high speed data transport and fast internet applications 

(multimedia services etc.) and tremendous increase in channel bandwidth will be required 

for the future wireless networks. In order to increase the network capacity with the allo-

cated frequency bandwidth, frequencies are reused for different transmissions among the 

radio cells in a cellular network. Deployment of a large number of radio cells (micro-cells 

and pico-cells) in the same area, will result in a great increase of available channel band-

width and user numbers. The huge numbers of cell interconnections can be carried out 

effectively by optical fiber. Radio over Fiber (RoF) refers to the technology whereby light 

is modulated by a radio signal and transmitted over an optical fiber link to facilitate the 

wireless access. The use of optical fibers to transmit RF signals has many advantages over 

RF cables, such as low attenuation, high bandwidth, light weight and low cost. As a conve-

nient way to distribute RF signals to the radio cells for wireless communications, RoF offers 

several advantages over conventional optical communication systems: dynamic allocation 

of carrier frequencies, enhanced micro-cellular coverage and capacity, low complexity of 

base station design, and hence low-cost base station deployment [2]. 
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1.1 Background 

Various methods exist for the transmission of radio frequency (RF) signals over optical 

fiber, such as direct intensity modulation, external intensity modulation and remote het-

erodyne. In principle, direct modulation is the simplest solution, where the optical intensity 

is modulated by directly modulating the laser driving current. The performance of direct 

modulation is comparable to that of external modulation for the signal frequency up to 

10 GHz. Due to the modulation bandwidth of the laser, at higher frequencies, an external 

modulator is applied. For the signal frequency over a few tens of GHz, optical remote 

heterodyne is applied due to the fiber dispersion [2]. 

In the direct modulation method, the input current of a semiconductor laser is directly 

modulated by the information-bearing RF signal. Due to the nonlinear relationship be-

tween the input current and the output optical power of the semiconductor laser, distortion 

is introduced to the transmission system. Linearity is an important consideration in the 

design of an analog light-wave transmission system. For delivering a service with satis-

factory quality, it is mandatory to keep the distortion below a certain level, for example, 

the CATV application requires a carrier to distortion ratio better than 50dB; GSM pico-

cellular and micro-cellular requires a satisfactory dynamic range of 40-55dB and 80-90dB 

respectively [3,4]. Improved fabrication techniques and device structures for linear lasers 

have led to many successful applications, but fabricating these lasers is a more expensive 

task. The alternative approach is using linearization techniques to reduce the laser distor-

tion. A variety of those techniques have been proposed in earlier research [5-19] and those 

techniques can be classified as: optoelectronic feedback, optical feed-forward [5-10], post-

distortion [11-13] and pre-distortion [14-19]. Published results show that optoelectronic 

feedback reduces the 2nd and the 3 rd harmonic distortion by 10-20dB [20,21], that optical 

feed-forward reduces the 2nd and the 3 rd order harmonic distortion by 14-25dB [8,22], post-

distortion reduces the 2nd and the 3 rd order harmonic distortion by lOdB and pre-distortion 

reduces the 2nd and the 3 rd order harmonic distortion by 15dB [23]. Our previous research 

shows the potential of more than 50dB reduction of the 2nd and the 3 rd order harmonic 
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distortion using adaptive pre-distortion [24]. 

1.2 Thesis Motivation 

The synergy of wireless and optical fiber communication employing radio-over-fiber tech-

nology demands a highly linear analog optical link. There are two additional major meth-

ods to reduce the nonlinear distortions generated by lasers: feedforward compensation and 

predistortion [5,25]. Feedforward compensation also reduces the laser intensity noise, but 

requires a great number of components such as additional laser diodes, a photodiode, and 

an optical coupler, resulting in higher costs and complexity of the total system. Electronic 

predistortion offers a simpler solution. By inserting an electronic predistorter in front of 

the laser to generate correcting signals, the overall linearity of the optical transmitter can 

be improved. A fully-integrated CMOS implementation of the laser predistortion circuit to 

improve the performance of the analog optical link offers a few advantages: 1) lower cost 

due to economies of scale since all the circuits will be on a single chip; 2) reduced power 

consumption; 3) smaller space requirement. In order to accommodate broadband wireless 

access into the optical network, large predistortion bandwidth is required. Due to the 

nonlinear nature of the predistortion circuit, the signal bandwidth, which is already broad-

band, expands to several bands at the predistorter's output. This necessitates an effective 

technique to extend the predistorter's output bandwidth. The semiconductor laser exhibits 

fluctuations in characteristics from component to component and changes in performance 

due to temperature change and aging effect. This necessitates adaptive calibration of the 

predistortion circuit in order to counteract the distortion variations among different laser 

diodes and correct the drift errors that would occur over time and temperature deviation 

for an individual laser diode. 

1.3 Thesis Objective 

The main objective of this research is to develop a fully integrated predistortion circuit, 

using standard CMOS technology for radio-over-fiber applications, and more generally, to 
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develop a design methodology for predistortion circuit design in CMOS. For this purpose, 

a 2 GHz center frequency is chosen for demonstration and a few specific design goals of 

this research are listed below: 

• An effective technique is required to extend the predistorter's output bandwidth. 

• Adjustable group delay is required for synchronizing the correction paths. 

• On-chip tunability is required to account for laser variation. 

• Broadband balun is required to connect the differential output of the predistortion 

circuit to the single-ended laser and hence to remove the even-mode distortion. 

• Adaptive calibration technique is required for optimizing the predistorter's lineariza-

tion performance. 

To achieve these goals, the work to do includes studying and implementing the laser model 

for fast simulation, proposing new techniques to overcome design difficulties, prototype 

circuit design for fabrication, printed circuit board design and measurement setup. 

1.4 Thesis Contribution and Publications 

The main contribution in this thesis is the introduction of a new topology for a pre-

distortion circuit. In this topology, multiple tank circuits are used to approximate the 

predistortion function only at the frequency range of interest, hence relieving the band-

width requirement. A third order laser predistorter has been designed using CMOS 0.18 

fim technology. A multiple variable feedback technique was also proposed to adaptively 

calibrate the predistortion circuit. Some other major contributions are listed below: 

• Implemented behavioral model of the multi-tank predistorter and the semiconductor 

laser. 

• Introduced a complete design procedure which defines each design step for the pro-

posed multi-tank predistorter. 

• Proposed and designed broadband baluns to reduce the even-mode distortion. 

• Devised the calibration procedure. 
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At the time of writing this thesis, the work described in the thesis resulted in four accepted 

publications [26-29]: 

• Zhan Xu and Leonard MacEachern, "A Predistortion Circuit Design Technique for 

High Performance Analogue Optical Transmission," IEEE Micro-system and Nano-

electronics Research Conference, Oct. 2008 

• Zhan Xu and Leonard MacEachern, "Multiple Stage Uncompensated Marchand 

Balun with 7:1 Bandwidth Ratio on Double Side PCB," Electronics Letters, May 

2009 

• Zhan Xu and Leonard MacEachern, "Optimum Design of Wideband Compensated 

and Uncompensated Marchand Baluns with Step Transformers," IEEE Transactions 

on Microwave Theory and Techniques, Aug. 2009 

• Zhan Xu and Leonard MacEachern, "Adaptive Predistortion of Lasers Using Multiple-

variable-feedback Algorithm," Electronics Letters, Sept. 2009 

1.5 Thesis Organization 

Chapter 1 introduces the background information and the objective of this research. Chap-

ter 2 focuses on the analysis of the behavior of the laser. The rate-equation based model is 

discussed and analyzed in its circuit form. The laser model includes various nonlinearity 

effects and is implemented in the simulation environment. Based on this laser model, the 

pre-distorter model is derived by inverting the laser's current-power transfer function and 

introducing some time delay. Available laser linearization techniques are reviewed and 

design challenges for predistortion linearization are discussed in this chapter. Chapter 3 

describes the proposed multi-tank technique, which is used to approximate the predistorter 

model. The analysis of mismatch effects and the optimization of circuit design parame-

ters are described in this chapter. With all the design parameters having been derived, 

the circuit level implementation of the predistorter is described in Chapter 4. A design 

example is given in this chapter, then the design methodology is summarized. Chapter 5 

describes the design and implementation of a broadband balun for canceling the even-mode 

distortions from the predistorter's output. Chapter 6 introduces an adaptive calibration 
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technique, describes the measurement setup and demonstrates the measurement results. 

A summary of the entire thesis, comprising a list of contributions and recommendations 

for future work, is included in Chapter 7. 



Chapter 2 

Laser Modeling and Linearization 
Techniques 

The ideal laser predistorter has a nonlinear transfer function which is the inverse of the 

laser's transfer characteristic. Therefore, by cascading a predistorter with the laser, an 

ideal linear transfer function, is produced. Hence, the optical output of the laser will 

faithfully follow the input signal without any distortion. In this chapter, the behavior of the 

semiconductor laser will be studied. The model for semiconductor lasers will be analyzed 

and inverted to derive the predistorter's transfer function. Available laser predistortion 

techniques will be reviewed and discussed in this chapter. 

2.1 Laser Principles and Laser Oscillation 

2.1.1 Laser Principles 

LASER is an acronym for Light Amplification by the Stimulated Emission of Radiation. 

Ideal laser light is of a single wavelength, formed in parallel beams and it is coherent, that is, 

in a single phase. Laser operation involves three key light-matter interaction processes [30]: 

• Photon absorbtion: when a photon of energy h^i2 impinges on the system, an electron 

in state Ei can absorb the photon energy and be excited to state E2 as shown in 

Figure 2.1 a. 

• Spontaneous emission: the electron at state E2 will shortly return to the ground state 

without external stimulation as shown in Figure 2.1.b. 

7 



• Stimulated emission: if a photon of energy hi/12 impinges on the system while the 

electron is still in its excited state, the electron is immediately stimulated to drop 

to the ground state and give off a photon of energy hvi2 in phase with the incident 

photon as shown in Figure 2.I.e. 

As shown in Figure 2.1 there are two energy states, ground state and the excited-state 

energy E2• The transition between these two states involves the absorption or emission of 

photon of energy hv 12 = E2 — E\. In thermal equilibrium the density of excited electrons 

is very small. Most photons incident on the system will therefore be absorbed, so that 

stimulated emission is essentially negligible. Stimulated emission will exceed absorption 

only if the population of the excited states is greater than that of the ground state. This 

condition is known as population inversion. It is achieved by various pumping techniques. 

In semiconductor lasers, this is accomplished by the injection of electrons into the material 

at the device contacts to fill the lower energy states of the conduction band [31]. 

t 
n/x /V* 

hv12 

E, 

Absorption 

(a) 

Ei I 
hv12 

Spontaneous 
emission 

(b) 

hv12 

Ei 

hv]2 
n / X / ^ 

hv12 

Stimulated 
emission 

(C) 

Figure 2.1: The three key processes in laser operation: absorption, spontaneous emission, 
and stimulated emission process [31]. 

2.1.2 Explanation of Laser Oscillation 

Figure 2.2 gives an illustration of a Fabry-Perot type laser. As the light bounces back and 

forth in the active region, the light is amplified. The conditions for the wave to grow and 

finally oscillate are 
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Cathode 

Figure 2.2: Schematic longitudinal view of a Fabry-Perot laser [31]. 

• The amplitude after each round trip has to be larger than or equal to the amplitude 

before the trip. 

• The phase after each round trip has to be the same as the phase of the original trip. 

The light travels back and forth in the active region due to the reflection mirrors R1 and 

R2. Some power is lost because of the loss in the medium and photon escape from the 

mirror and the cavity. Taking these into account and writing in terms of complex amplitude 

(because of the wave nature of light), the amplification for one round trip is given by [30,32] 

E = E0n r2 e&-°)2L+j2fiL (2A 

where E0 is the amplitude of the light before the trip, L is the length of the active region, 

g is the net power gain due to stimulated emission and absorption, a is the power loss 

constant, and /? is the propagation constant. r\ and r2 are the reflection coefficients of the 

mirrors Ri and R2. The first condition is that the gain has to be larger than or equal to 

unity 

r i r2 e^9~a)2L > 1. ( 2 . 1 . 2 ) 
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Then 

o ^ v l n — ! — + a. (2.1.3) 
L ri r2 

The second condition is that the phase after each round trip has to be a integral multiple 

of 2tt 

2 P L — 2 n n (2.1.4) 

where 

(2.1.5) 
V9 

vg is the group velocity of the propagation mode supported by the longitudinal wave 

guide of the cavity and v is the oscillation frequency of the propagation mode. Then the 

oscillation frequencies supported by the cavity are 

z, = (2.1.6) 

The net power gain g includes the total result of stimulated emission and absorption. 

This net power gain depends on frequency v and carrier density. An illustration of the 

gain spectrum shape is shown in Figure 2.3. The net power gain can be both negative and 

positive. The positive portion corresponds to population inversion, when the stimulated 

emission outnumbers the stimulated absorption. The power gain also depends on carrier 

density. The power gain increases with the increase of the carrier density as can be seen 

in the figures. 

The bandpass shape of the gain spectrum curve is due to the carrier distribution in 

the energy bands of the semiconductor laser medium. If a p-type and an n-type semicon-

ductor are joined, a nonequilibrium situation can be established. An illustration of the 

carrier distribution of a p-n junction is shown in Figure 2.4. A photon of energy hv can 

stimulate emissions of photons of the same energy by inducing electrons to transit from 

the conduction band to empty states in the valence band. If a bias current is supplied to 

the p-n junction, the nonequilibrium distribution can be maintained. The shaded area in 

the conduction band are the energy states occupied by electrons, and the white area in the 

valence band are the states vacated by electrons, in other words, occupied by holes. 



Figure 2.4: Illustration of the carrier distribution of a p-n junction [31]. 
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As can be seen from the figure, the minimum photon energy due to stimulated emission 

is the band gap between the conduction band of n-type material and the valence band of 

the p-type material. So the lower limit for positive gain is 

hu > Ec — Ev (2.1.7) 

The upper limit for positive gain is 

hu < Fc — Fv (2.1.8) 

where Fc and Fv are the quasi-Fermi levels in the nonequilibrium situation. At these energy 

levels, the quantum states are half occupied. The probability of stimulated emission and 

absorption between the two energy states are equal. If we move a ruler up to measure two 

energy states with a difference of Fc — Fv, the probability of the stimulated emission is 

higher than the stimulated absorption between the two states. If we move a ruler down to 

measure two energy states with a difference of Fc — Fv, the probability of the stimulated 

absorption is higher than the stimulated emission. The probabilities of absorption and 

emission cancel each other out, the net gain is about zero for hu = Fc — Fv. For higher 

photon energy hu, higher energy difference between the two states is required. Because the 

number of electrons and holes decreases for higher energy difference, stimulated absorption 

becomes dominant, the net gain becomes negative for hu > Fc — Fv. 

The gain peaks between the upper limit and lower limit, forming a flipped-bowl shape. 

This bowl-shaped spectrum selects the cavity's resonate frequencies to be amplified as 

illustrated in Figure 2.5. In a DFB type laser, a corrugated optical waveguide is used in 

the cavity. Compared to a Fabry-Perot type laser (where mirror reflection structures are 

used), the longitudinal modes supported by this corrugated periodic structure in a DFB 

type laser have a much wider frequency spacing between the adjacent modes. A DFB 

laser can be made such that only one longitudinal mode falls into the bowl-shaped gain 

spectrum to get amplified. Hence the laser can operate in a single longitudinal mode. 
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medium 

Figure 2.5: Laser output spectrum. 
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2.2 Laser Model 

2.2.1 Rate Equations 

Semiconductor lasers are commonly modeled by rate equations for simulating the dynamics 

of the electron and photon population [30,33,34]. The conventional laser rate equations 

can be expressed as 
« W = M _ 2 W „ G P ( i ) (2.2.1, 

dt qVc re
 K J 

at re Tph 

More specifically, the rate equations describe the change rate of electron density and photon 

density in the active region with respect to time. With the initial condition 

P(0) = 0 (2.2.3) 

C(0) = 0 (2.2.4) 

7(0) = 0 (2.2.5) 

a large signal input-output relationship between the injection current and the photon 

density 

P(t) = f[I(t)] (2.2.6) 

can be obtained. In the above equations, P is the active region photon density, C is the 

active region carrier (electron) density. T is the mode confinement factor, which measures 

the mode power confined within the active region relative to the total mode power. j3sp is 

the spontaneous emission factor, which is the factor to measure the spontaneous emission 

whose spectrum overlaps with that of the stimulated emission. re is the electron life time. 

Tph is the photon life time. P/rph describes the number of photons diminished due to either 

absorption or escape from unit volume and the mirrors per unit time. I is the injection 

current, q is the electronic charge, G is the optical gain for a specific longitudinal mode 

(frequency). Vc is the volume of the active region. The photon density P is related to the 

output optical power by: 
1 huPVc 

PZl = (2.2.7) 
^ >es 
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where h is the Plank constant, v the frequency and res the photon escape time from the 

active region. 

The optical gain G is the value on the gain spectrum curve for the stimulated emission 

mode (frequency). This gain is related to both carrier density and optical density. There 

are several phenomena which cause the optical gain to saturate. Two main phenomena are 

spatial and spectral hole burning. Spatial hole burning occurs as a result of the standing 

wave nature of the optical modes. Increased lasing power results in decreased carrier 

diffusion efficiency which means that the stimulated recombination time becomes shorter 

relative to the carrier diffusion time. Carriers are therefore depleted faster at the crest of 

the wave causing a decrease in the modal gain. Spectral hole burning is related to the 

gain profile broadening mechanisms such as short intra-band scattering which is related to 

power density. 

To account for gain saturation due to the high power densities in semiconductor lasers, 

the gain equation is modified such that it becomes related to the inverse of the optical 

power. The expression for gain can be formulated as [35] 

G = v9-9-{C-Ctr) 
Vl + 6-P 

where \ f l + 8 • P 1 is the gain saturation term and 5 is the compression factor. vg is the 

group velocity, g is the gain coefficient. C — Ctr is the first order approximation of the 

effect of carrier density. Ctr is the transparency carrier density, which is the carrier density 

corresponding to the onset of population inversion. More specifically, Ctr corresponds to 

the state that the stimulated emission is equal to the stimulated absorption, hence the 

maximum of the gain curve is at zero. 

2.2.2 Rate Equations Based Model in A D S 

Different methods for the laser model implementation have been discussed in [36]. In this 

thesis, Agilent-ADS (Agilent Advanced Design System) was chosen for the implementation 

of the laser model by following a similar procedure described in [35]. ADS has both a circuit 

simulator and EM simulation tools and it allows devices defined by equations, which makes 
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it possible to do a co-simulation including transistors, inductors and equation-based lasers. 

ADS offers both time domain and large signal frequency domain techniques. It is convenient 

to characterize a circuit's large signal behavior in both time domain and frequency domain 

in ADS. 

The input current I{t) is in the order of 10~3 A and the carrier density C(t) and photon 

density P(t) are in the order of 1024. A very high accuracy on the simulation convergence 

is required with these widely-spread numerical values. This accuracy is usually beyond 

a circuit simulator's capability whose convergence relative tolerance is usually 10 - 6 and 

absolute tolerance is usually 10~12. Considering that circuit simulators are optimized for 

circuit components (such as capacitors in the range of pF-nF) and the laser input current 

is in mA and laser output is in mW, the electron density C(t) and photon density P(t) 

need to be scaled down to these ranges. 

Considering equation (2.2.7) which converts photon density to laser output power, it 

would be practical to scale down P(t) by defining 

Pn = P(mt = P ( 2 . 2 . 9 ) 

and normalized compression factor 

= (2 .2 .10) 
hvvr 

Considering equation (2.3.12) which converts threshold electron density to threshold cur-

rent and neglecting f3sp, it would be practical to scale down C(t) by defining 

Cn = C•— (2 .2 .11) 
Te 

and 

CI = Ctr • q—. (2 .2 .12) 

Substituting them into rate equations (2.2.1) and (2.2.2), after rearranging, it can be 

obtained that 

dCn 

C i - j f - = m - Cft) - Ag(C?t) - C£)( 1 + ^ r 1 7 2 ^ ) (2.2.13) 
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dPn 

C,2-®- = (3SPCI) - G2P?t) + Ag(C?t) - C£)( 1 + d-P^Y^PJly (2.2.14) 

where 

C1! = re, (2.2.15) 

2resq 

r/w/ 

r/u/Tpfc' 

C2 = (2.2.16) 

G2 = (2.2.17) 

and 
_ 2TevggTes 

9 ~ hvVr • 
(2 .2 .18) 

It has been demonstrated in [37] that the laser rate equations have two sets of solutions. In 

order for the simulator to find the correct solution which gives the positive optical power, 

a quadratic transformation has been suggested in [37] and redefined here as 

Pn = (P:qrt + dy)2 (2.2.19) 

dy is a negligible small number (for example, 10"10 was used in this thesis), which is used 

to avoid the divided-by-zero error [37]. 

Table 2.1: Parameters values for a 1.3/jm InGaAsP/InP Fujitsu FLD3F7CZ semiconductor 
laser [35]. 

Parameter Symbol, Unit Value 
Operating wave length A, jim 1.3 
Active region volume Vc,m3 24 x 10"18 

Transparency carrier density Ctroi 3 1.0 x 1024 

Mode confinement factor r 0.16 
Gain coefficient vg • g, m 3 s _ 1 3.04 x 10-12 

Spontaneous emission factor Psp 5 x 10~5 

Photon life time Tph 1.0 x 10"12 

Electrons life time Te 1.5 x 10"9 

Gain compression 5, m~3 2.3 x 10~23 

Photon Escaping time 1.33 x 10"12 

Saturation Current Is, A 3 x 10~10 

Junction Ideality factor V 2 
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vg=cO/ng 
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gaincoe=4e-20 
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tauph=1e-12 
Gamma=0.16 
taue=1.5e-9 
delta=2.3e-23 
taues-1/(vg*alpham) 
Ctr=1e24 

VAR 

C1=taue 
C2=2*taues'qe/(Gamma*planck*frequency) 
G2=2"taues"qe/(Gamma*planck*frequency*tauph) 
Ag=2*taue*vg*gaincoe*taues/(ptanck*frequency"Vc) 
deltan=delta*2*taues/(planck*frequency*Vc) 
Ctrn=Ctr*qe*Vc/taue 
dy=1e-10 

ls=3e-10 
Vt=2*boltzmann*300/qe 

VAR 

elefun{_v2,_v3)=_i1-_v3-Ag*(_v3-Ctrn)*(1+deltan*(_v2+dy)A2)A(-1/2)*(_v2+dy)A2 

phofun(_v2,_v3)=betasp*_v3-G2*(_v2+dy)A2+Ag*(_v3-Ctrn)*(1+deltan*(_v2+dy)A2)A(-1/2)"{_v2+dy)A2 Fujitsu FLD3F7CZ 

Figure 2.6: Symbolic laser model defined in ADS. 

Table 2.1 lists the extracted parameters of a 1.3 um InGaAsP/InP Fujistu FLD3F7CZ 

semiconductor laser [35]. The laser diode model implemented in ADS, using the equations-

based symbolic device, is shown in Figure 2.6. The port voltage v2 represents the normal-

ized electron density Cn and v3 is the square root of the normalized photon density Pn. 

The X 2 component converts V3 to the laser output in a voltage form using Volt for Watt. 

The matching network stores the s-parameter file for the package parasitics. To be dis-

cussed in section 2.3.1, the carrier density is almost constant, and the laser is biased close 

to the threshold voltage. Hence, the diode junction voltage can be modeled by a simple 

Shockley diode, where the diode spontaneous recombination current is given by 

qVcC 
Isp 

qVj 

L e"kT (2 .2 .20) 

where I s is the junction saturation current and rj is the junction ideality factor. Therefore, 

'Cn 
V . ^ — l n , T 1 / , (2 .2 .21) 

which is defined as vi in the symbolic laser model. 
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For the ease of analyzing the laser behavior, the laser rate equations (2.2.13) and (2.2.14) 

are expressed in the circuit form shown in Figure 2.7: 

MA Ag-(C"(t)-Cntr)-(l+Sn-Pn(t))',/2-Pn(t) 

P"(t) PoJO 
o 

Figure 2.7: Equivalent circuit of the laser rate equations. 

2.3.1 D C Analysis 

When the laser is driven by dc signal (bias current), the laser rate equations can be sim-

plified to the steady-state rate equations 

0 = V(3sp— - — + TGPdc (2.3.1) 
1~e Tph 

and 

0 = GPdc. (2.3.2) 
qVc re 

Considering the nonlinear gain compression term, obtaining the I-P relation in a analytical 

form is difficult and a numerical technique has to be used. However, through circuit 

analysis, a simple solution with sufficient accuracy can be obtained. In the circuit form of 

the laser model (Figure 2.7), Istim represents positive feedback at node B, which can be 

expressed as a negative conductance in the form of 

Gn = -Ag (Cdc - Ctr) (1 + SPY1'2 (2.3.3) 

Istim also provides negative feedback at node A by drawing current from node A, therefore 

maintaining a steady output. Hence, 

0 >Gn> -G2 (2.3.4) 
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must be satisfied for the steady output. With (2.3.3), (2.2.17) and (2.2.18), neglecting the 

gain compression term, it can be obtained that 

Considering that 

Ctr < Cdc < Cth — Ctr + • (2.3.5) 
i Tphgug 

Pout = - p ^ r (2-3.6) 

and the fisphp term corresponds to the spontaneous emission fallen into the spectrum of 

the stimulated emission, which is usually very small, hence 

Gn « -G2 (2.3.7) 

Therefore, 

At last, 

where 

Cdc ~ Cth (2.3.8) 

C I ~ C t h - — (2.3.9) 

lap -Cth-—. (2.3.10) 
Te 

Pdc = (2.3.11) 

Ith = ( l - P s P ) - C t h - ^ . (2.3.12) 

For the condition that Idc is less than Ith, 

Pdc « 0. (2.3.13) 

With the parameters defined in the Table 2.1, the threshold current can be obtained as 

I t h = 7.9 mA (2.3.14) 

and the slope can be obtained as 
J D 1 

- j f ^ = = 0.05752. (2.3.15) 
dldc G2 

The simulated dc response is shown in Figure 2.8. The calculated slope and Ith agree well 

with the simulation results. 
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Figure 2.8: Laser model dc response. 
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2.3.2 Small Signal Analysis 

For the small signal intensity modulation, the equivalent circuit of Figure 2.7 can be simpli-

fied by linearizing the nonlinear component Istim at the dc operating point. The linearized 

equivalent circuit is depicted in Figure 2.9. The small signal parameters of this circuit are 

obtained by taking partial derivatives of I3tim with respect to cn(t) and pn(t) and neglecting 

the gain compress term: 

Gr = 
dl, stim 

gmc 

G„ 

dcn(t) 

d^stim 
dpn(t) 

dlstim 
dpn(t) 

gmp = 
dL stim 
dcn(t) 

— A • Pn 
— rdc 

= Ag.{Cn
dc-Cl) 

' A • (Cdc - Ctr) 

A • Pn 
9 rdc 

(2.3.16) 

(2.3.17) 

(2.3.18) 

(2.3.19) 

where P%c can be obtained from (2.3.11) and gmc can be obtained from (2.3.10) as 

Istim ^dc CthqVc/re gmc = Ag • (Cjc — C"r) = pn rdc 
(2.3.20) 

dc 

gmc =As-(Cdc-C,r) 
gmp =Ag-P"dc 

Figure 2.9: Small signal equivalent circuit of the laser rate equations. 

The impedance looking toward the photon emission side can be found as 

gmcpn(s) 
9L = cn(s) 

gmpCn(s)+PSpCn(s) 
y"lc G2-gmc+sC2 

cn(s) 

(2.3.21) 

(2.3.22) 



gmc(gmp + f3spJ 

G2 - gmc + sC2 

and 
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(2.3.23) 

h = i(s) ^ 7T- (2.3.24) 
9L + gmp + Gx + sCi 

The laser output can be obtained as 

pn(s) = — . (2.3.25) 
gmc 

At last, the transfer function can be found as: 

Pn(s) (&P + gmp)/(C1C2) 
i(s) 0sPgmc+G2gmp-Gigmc+GiG2 /Gi+gmp G2-gme\ s 

C1C2 \ C\ C'i J 

It is a second order low pass response with the relaxation oscillation frequency at 

(2.3.26) 

= Pspgmc + G2gmp - Gigmc + GiG2 _ /G2gmp 

~ X > ~ V Cxc2 1 • ' ) 

= ^ ( I ^ - I t k ) ( 2 3 2 8 ) 

With the parameters defined in the Table 2.1, the relaxation oscillation frequency for 30 

mA bias current can be obtained as 

/ 0 = ^ = 8.35 GHz. (2.3.29) 2ir 
The simulated ac response is shown in Figure 2.10. The peak of each curve corresponds 

to the relaxation oscillation frequency. It is demonstrated that increasing the laser bias 

current moves the relaxation oscillation to a higher frequency. 

2.3.3 Large Signal Nonlinearity 

Laser nonlinearity mostly comes from two mechanisms, optical gain saturation and non-

linear coupling between the stimulated photons and the injected electrons. There are 

many mechanisms cause the gain saturation, such as spatial hole-burning [38], carrier 
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Frequency 

Figure 2.10: Laser model ac response. 
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heating [39-41] and current leakage [41,42]. The gain saturation are usually included by 

adopting a power-dependant gain-suppression term in the following forms: 

a: (1 -5-P) 

b : (1 + 8-P)-1 (2.3.30) 

c : (1 + 8-P)~1'2. 

Form c is obtained by using density matrix approach to include intraband transitions 

effects. It has been demonstrated in [35] that gain suppression of form c provides better 

agreement between the simulated and measured results. The expression for modal gain is 

written as : 

g = V a ' g ; { c r C t r ) (2.3.31) 
Vl + 8-P 

where 8 is the compression factor. 

The mechanism of nonlinear coupling between photons and electrons is represented 

by the negative feedback current Isum shown in Figure 2.7 and the reprinted Figure 2.11 

below. It can be readily seen that this negative feedback works nonlinearly, as the feedback 

current is a multiple of functions of photon and electron density. 

I(t)A Ae-(C(t)-Ctr)-(l+dn-Pn(t))'m-P"(t) 

Figure 2.11: Equivalent circuit of the laser rate equations. 

The nonlinear component Istim represents the interaction between electrons and photons. 

Neglecting gain compression, it can be represented at the dc operating point by: 

hum = Ag(Cl + c - Cl)(Pl +p) (2.3.32) 

= Ag(Cl - Cl)v + AgPlc + Agcp + Ag{Cn
dc - (2.3.33) 
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The first and second term are linear components, the third term is the cross multiplication 

components and the last term is the dc operating point. The nonlinear responses around 

the dc operating point of this circuit can be described by Volterra transfer functions. The 

first order Volterra transfer functions can be computed using the linearized circuit shown 

in Figure 2.9 and the reprinted Figure 2.12. Applying KCL at node 1 and 2, the circuit 

Gp —Ag-(C dc-C"rr) 
Gc Ag'P^rfc 

Figure 2.12: Linearized circuit for calculating first order Volterra kernel. 

INL2.3 
Gp —Ag'fC" ic-Cfr) 
(jc 

Figure 2.13: Equivalent circuit for calculating second or third order Volterra kernel, 

matrix equation can be obtained as: 

(2.3.34) 
SCX + GI + GC —GP Hn(s) 1 

—GIPSP — GC sC2 + G 2 + G P H12(S) 0 

By solving the equations, the first order Volterra kernels can be obtained as: 

sC2 + G 2 + Gp H n = 
s2CiC2 + s (C 2 G i + CiGa + C2Gc + C jGp) + ( G i G p + G i G 2 + G 2GC - G i G p f t p ) 

(2.3.35) 
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Hi 2 = 
G c + G iP s p 

S2CiC2 + s (C2GI + CiG2 + C2Gc + C1GP) + (GiGp + GIG2 + G2GC - GiGppsp) 
(2.3.36) 

Using the standard procedure described in [43], the second and third order Volterra 

transfer functions can be computed using the equivalent circuit shown in Figure 2.13, 

where the external signal sources are removed and second-order or third-order nonlinear 

current sources are applied for correcting the second- and third-order nonlinearity in the 

circuit. Applying KCL, the circuit equations for the second order Volterra kernels can be 

obtained as: 

(s! + s2)Ci + Gi + GC -GP 

—Gi(3sp - GC (si + s2)C2 + G2 + GP 

where %NUI is the second order nonlinear current source for the two-dimensional conduc-

tance Istim-i 

INL2 = Y (HU (SL) HU (s2) + HN (s2) H12 ( S l ) ) . (2.3.38) 

By solving the equations, the second order Volterra kernels can be obtained as: 

~iNL2 (G2 + sC2) 

H2I(SI,S2) ~INL2 

H22(SUS2) I-NL2 
(2.3.37) 

Ho 

Hon = 

s 2 G i G 2 + + S (C 2 G! + GIG 2 + G 2 G c + C i G p ) + ( G i G p + G I G 2 + G 2GC - GxGv$sp) 

ijV£2 ( G i - GiPsp + sCi) 
s 2 G i G 2 + + s (C 2 G i + C i G 2 + G 2 G c + GiGp) + ( G i G p + G i G 2 + G 2 G C - GiGp/3sp) 

(2.3.39) 

(2.3.40) 

where 

— iNL3 

lNL3 

s = s i + s2. (2.3.41) 

Similarly, the circuit equations for the third order Volterra kernels can be obtained as: 

(si + s2 + s3)Ci + GI + GC -GP H31(sus2,s3) 

- G I P S P - G C (si + s2 + s3)C2 + G 2 + G P H32(SI,S2,S3) 

(2.3.42) 

where i NL3 is the third order nonlinear current source for the two-dimensional conductance 

I stim 1 

INL3 = ^ ( H N (si) H22 (S2,S3) + Hu (S2)H22 (SI,S3) + H U ( s 3 )#22( s i , s 2 )+ 3 

HN (si) H21 (s2, S3) + #12 (s2) H 2 1 (si, S3) + #12 (s3) H2L (si, s2)) 
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By solving the equations, the third order Volterra kernels can be obtained as: 

rr = (G2 + sC2) 
31 S2C\C2++S {C2G\ + C\G2 + C2Gc + C\GP) + (GiGp + G\G2 + G2GC — G\Gp(3sp) y ' ' ' 

H, 2 = i N L 3 2 ( G l ~ G l P s p + s C l ) (2.3.45) 32 s2C1C2++S{C2G1+C1G2 + C2Gc + C1Gp) + (G1Gp + G1G2 + G2Gc-G1GpPsp) v ; 

where 

s = si + s2 + s3. (2.3.46) 

With the Volterra kernels Hi2, H22 and H32 derived, harmonic distortions and inter-

modulation distortions can be obtained as: 

HD2 = \A2H22{ju,juj) 
C H12(JU) 

IM2 A^H-niju^jui) 

(2.3.47) 

(2.3.48) 
C H12{juj) 

1 'if,)) 
(2.3.49) 

HD3 _ {AsH32{jLoJm,jLu) 
C H12(ju) 

Ji 
(2.3.50) 

IM3 _ lA2A2H32(juj, jux, ±jcu2) 
C H12{ju) 

Having been discussed in Section 2.3.2, the transfer function H n and H\2 have complex 

poles which peaks the linear gain at the relaxation oscillation frequency UQ. Noticing that 

the denominators in equations (2.3.39) and (2.3.40) are similarly to the denominators in 

equations (2.3.35) and (2.3.36) and for the second order harmonic distortion, 

s = 2 ju (2.3.51) 

the transfer function Hn and Hu for the second order harmonic distortion have complex 

poles at uo/2. The inl2 component has complex poles at u0. It can be concluded that 

the second order harmonic distortion peaks at both the relaxation oscillation frequency ui0 

and the half relaxation oscillation frequency u0 /2 . 

Similarly, the denominators of the transfer function have the same form as before. It can 

be concluded that the third order harmonic distortion peaks at the relaxation oscillation 
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frequency oj0 the half relaxation oscillation frequency ujq/2 and one-third of the relaxation 

oscillation frequency LJQ/ 3. 

In order to include the gain saturation effect, the gain compression in the modal gain 

expression of (2.3.31) is expanded as a Taylor series: 

Sp = (1 + 5 • = M 0 + M i p + . . . (2.3.52) 

where 

M0 = (l + 5nP2c)-> 

and 
- 8 n 

Mi = 1 2(1 + 5nP^.)~1-5 

The nonlinear component I s t i m is represented by: 

hum = Ag(Cl + c - C?T){Pl + p)Sp. (2.3.55) 

After expanding (2.3.55) and keeping the first three low order terms, the circuit parameters 

Gc, Gp and Ag are updated as 

G'C = GC- M0 (2.3.56) 

G'p = Gp • (M0 + M A ) (2.3.57) 

A'g = Ag- (Mq + MiPdc). (2.3.58) 

Applying these updated circuit parameters to Volterra kernel expressions in (2.3.35), 

(2.3.36), (2.3.39), (2.3.40), (2.3.44) and (2.3.45), the circuit transfer functions including 

gain saturation can be obtained. Figure 2.14, 2.15, 2.16 and 2.17 show the comparison of 

the linear, second and third harmonic components, and the third order intermodulation 

components between the ADS simulation results and the computed Volterra kernels with 

30 mA bias current and 5 mA RF input signal. From these figures, it can be concluded 

that the gain saturation reduces the gain and the distortion peaking due to the relaxation 

oscillation. 

(2.3.53) 

(2.3.54) 



Frequency (Hz) 

Figure 2.14: Linear component of laser output. 

Frequency (Hz) 

Figure 2.15: Second order harmonic distortion of laser output. 



Figure 2.16: Third order harmonic distortion of laser output. 

Figure 2.17: Third order intermodulation distortion of laser output. 
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The desired predistortion function is the inverse of the laser transfer function. It can 

be derived from the laser Volterra kernels derived in the previous section. However, the 

resultant predistortion function would be too complex to be useful. Due to certain features 

of the rate equations (2.2.1) and (2.2.2), the laser inverse model can be derived analytically 

as described in [35]. The procedure will be briefly described in this section. 

From equation (2.2.2), the carrier density can be obtained as 
dP TvqgCtrP 
dt rph VT+5P ( 2 4 1 ) 

r0Sp , rvggP v > 
TE VI+6P 

From equation (2.2.1), the input current can be obtained as 

Substituting (2.4.1) into (2.4.2), the laser inverse function 

I(t) = f(P(t)) (2.4.3) 

can be obtained. Applying Tyler series expansion to the expression, a polynomial form of 

f ( P ) can be obtained. Neglecting higher order terms, the laser inverse function can be 

written as 
/ = Idc +m0(Pac) +mi (P a c ) ' + m2(Pac)" 

+m3(Pl) + m4(P2
c)' + m5(Pl)" (2.4.4) 

+m 6 (P 3 J + m 7 ( P 3 J + m8(Pa
3

c)" 

where the coefficients m0 ... rrig are functions of the laser parameters and the dc output 

Pdc• Detailed expression of mo ... m8 can be found in [35] and reproduced in Appendix A 

of this thesis. This laser inverse function can be represented by the block diagram shown 

in Figure 2.18. It contains three signal paths formed by linear, square and cubic functions 

followed by linear filters, where 

hi(s) = m0 + miS + rri2S2 

h2{s) = m3 + m4s + m5s2 (2.4.5) 

h3(s) = m6 + m7s + mgs2. 
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Figure 2.18: Block diagram of laser inverse model (predistorter model). 

2.5 Inverse Model Based Laser Model 

From the laser inverse function of (2.4.4) and (2.4.5), the Volterra kernels of the inverse 

model can be obtained as 

H\(s) — hi(s) = mo + 7Yi\s + m2s2 

H2(SI,S2) = h2(si + s2) = M3 + m4(si + s2) + m5(si + s2)2 (2.5.1) 

H3(si,s2, S3) = h3(si + s2 + s3) = m6 + m7(si + s2 + s3) + m8(si + s2 + s3)2. 

Arranging laser inverse model and laser model as a cascade of two third order stages as 

Figure 2.19: A cascade of two stages. 
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shown in Figure 2.19, the output in Volterra kernels can be obtained as 

Qi(si) = H^s^F^) 
Q2(SI,S2) = H2(S1,S2)FI(SI + s2) + H1(S1)H1(S2)FI{S1,S2) 

Q3{SI,S2, S3) = # 3 ( s i , s2, S3)F1(SI + S2 + S3) + H1(S1)H1(S2)H1(S3)F3(S1,S2, S3) 

+ I # i ( s 1 ) # 2 ( s 2 , S3)F2(S 1, s2 + S3) 

+ | # 1 ( s 2 ) # 2 ( s i , s 3 )F 2 (s 2 , Si + s3) 

+ §#l ( s 3 )# 2 ( s i , S 2 ) F 2 ( s 3 , Si + S2). 
(2.5.2) 

Being the outputs of a cascade of the original model and the inverse model, 

Qi(si) = 1 
Q2(si,S2) = 0 (2.5.3) 

Q 3 ( s i , S 2 , S 3 ) = 0 

should be satisfied. Therefore the Volterra kernel for the laser model can be obtained as 

^ 1 ( 3 0 ^ ( 5 2 ) ^ 1 ( 5 1 + s2) 
(2.5.5) 

F3(Sl,S2, S3) = rr / \TT ( STJ ( ^ rr / T 7 \ (2.5.6) 

# i ( s0# i ( s 2 )# i ( s 3 ) i ? i ( s i + s2 + s3) 

2H2(su s2 + s3)H2{s2, s3) 2H2(s2,si + s3)H2(sus3) (2 

3Bi (s2 + s3) 3#i (s i + s3) 

+ 2//2(s3 SI + s 2 )# 2 ( s i , s 2 ) _ ^ s 2 ) \ 

3#i (s i + S2) ) 

These Volterra kernels are similar to the ones derived in section 2.3.3 using circuit analysis 

techniques, but contain third order gain saturation effects. The comparison between the 

inverse model based laser model and the ADS simulation results are shown in Figure 2.20, 

2.21, 2.22 and 2.23. Compared with the results in Figure 2.14, 2.15, 2.16 and 2.17 obtained 

in the previous section, this laser model gives more accurate results as it considers higher 

order gain compression. 



Figure 2.20: Linear component of laser output. 

Figure 2.21: Second order harmonic distortion of laser output. 



Figure 2.22: Third order harmonic distortion of laser output. 

Figure 2.23: Third order intermodulation distortion of laser output. 
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2.6 Review of Laser Linearization Techniques 

Linearity is an important consideration in the design of analog light-wave transmission 

systems. For delivering a service with satisfactory quality it is mandatory to keep the 

distortion below certain level. For example, the CATV application requires a carrier to 

distortion ratio better than 50dB; GSM pico-cellular and micro-cellular requires a satisfac-

tory dynamic range of 40-55dB and 80-90dB respectively [3,4]. A variety of linearization 

techniques for semiconductor lasers have been introduced and can be classified as: optoelec-

tronic feedback and optical feed-forward [5-10,44,45], phase shift linearization [46], external 

light injection [47-49], post-distortion [11-13,50,51] and pre-distortion [14-19,25,35,52,53]. 

2.6.1 Optoelectronic Feedback 

The optoelectronic feedback is based on the conventional negative feedback mechanism. 

The output with distortion is fed back negatively to the input by a linear path. If the 

open-loop gain is large enough, the overall linearity will be determined by the feedback 

path, hence improving the linearity. Figure 2.24 shows a simplified block diagram of a op-

toelectronic feedback system. It consists of a monitoring photodiode and a transimpedance 

amplifier. The optical output is detected by the photodiode and amplified by the tran-

simpedance amplifier. The photodiode nonlinearities can usually be neglected for low laser 

diode power, such as in cellular fiber optic applications. Several experiments have been 

carried out during the 1970s and 1980s [44,45]. It has been demonstrated a reduction of 10 

Figure 2.24: Optoelectronic feedback linearization. 
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dB in the 2nd and 3rd order harmonic distortions. However, this technique is not suited 

for high frequency and wideband applications. For such applications, tight requirements 

on gain bandwidth and time delay of the loop must be met. The linearity enhancement 

also limited by the feedback path. 

Figure 2.25 shows the block diagram of a optical feed-forward system. The input signal 

is first split into two paths. The first path directly drives the laser diode. The second 

path is used as a reference of ideal output. The optical output from the first path is 

detected by a photodiode and then compared with delayed signal in the second path. 

The error signal drives another laser diode to produce the optical compensation injected 

directly into the fiber. Ideally, this technique cancels the nonlinearity of the laser diode 

and the combined output is the linear representation of the input. This technique has the 

advantage of reducing laser noise as well as distortion. Typically 10-20 dB reduction of the 

2nd and third order distortion can be obtained using optical feed-forward technique [5-10]. 

However, accurate time-delay arrangement between the two signal paths is critical for the 

distortion cancelation and the second laser diode should be as linear as possible. Cost and 

matching problems are the main drawbacks of this technique. 

2.6.2 Optical Feed-forward 

Optical Delay 

RFi„ o Splitter 

Figure 2.25: Optical feed-forward linearization. 
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2.6.3 Phase Shift Linearization 

Splitter 

R F „ o -

1 
[ On j ^ ^ ^ 

Q _ 
s ^ Fiber 

<P 0 

Fiber 

/ Fiber 

Figure 2.26: Phase shift modulation linearization. 

The phase shift linearization technique was introduced by J. Strauss in 1977 [46]. Figure 

2.26 shows the block diagram of a phase shift linearization system. A phase shift pass-

ing through a nonlinear system will be multiplied by the distortion order. By properly 

arranging the phase shift between the different paths of the input signal, specific order of 

distortion can be canceled at the combined optical output. For example, 90° phase differ-

ence between two paths can remove the 2nd order distortion and a n-th order distortion can 

be canceled by a phase difference of 180°/n. Strauss reported a 25 dB improvement in the 

second order distortion. This technique is generally not cost-effective as an additional laser 

diode is required for each cancelation order and the linear component also reduced due to 

the phase shift. Also, good matching of the laser diodes is required for high performance. 

2.6.4 External Light Injection 

The theoretical analysis of laser rate equations have suggested that, by moving the re-

laxation oscillation to a much higher frequency, the nonlinear distortion can be greatly 

reduced. Optical injection locking has been demonstrated as a very effective way of in-

creasing the relaxation oscillation frequency. Therefore, applying external coherent light 

injection to the laser cavity will potentially increase the laser linearity. G. Yabre introduced 
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Figure 2.27: External light injection. 

the theoretical investigation of the 2nd and third distortions in an injection-locked laser 

in 1977 [49]. Figure 2.27 shows the simplified block diagram of the linearization technique 

using external light injection, where an external cavity tunable laser diode (ECT-LD) is 

used in conjunction with a direct-modulated lase diode. The first experimental demonstra-

tion of linearity improvement using optical injection locking was reported in [47,48]. Their 

results shows that more than 10 dB reduction of 2nd harmonic distortion nonlinearity can 

be obtained for a modulation frequency from 1 to 3 GHz. 

2.6.5 Postdistortion 

RF, in O 

1 J Fiber 

Postdistortion 
Compensation 

Fiber " V 

Figure 2.28: Optical postdistortion. 

RFin 

1 - T Fiber " V 

Postdistortion 
Compensation 
Postdistortion 
Compensation 

Figure 2.29: Electrical postdistortion. 
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Postdistortion is a direct compensation technique which is similar to the feedforward tech-

nique which has no feedback control path. Postdistortion compensation functions as the 

inverse of the laser current/light characteristic placed after the laser diode - either using 

optical compensation or electronic compensation depending on the location of the post-

distortion compensation. Figure 2.28 and 2.29 show the simplified block diagram of the 

two postdistortion compensation scheme. Some success has been demonstrated with optical 

postdistortion in [50] and with electrical postdistortion in [51]. However, post-distortion for 

wideband applications is rare, except for some theoretical studies in the literature [11-13]. 

2.6.6 Predistortion 

Predistortion is another direct compensation technique. Instead of being placed after the 

laser diode as in the postdistortion linearization scheme, the predistortion compensation 

block is inserted somewhere in front of the laser diode. Predistortion blocks can be designed 

based on Volterra models to invert the light-current characteristic curve of a laser diode, 

thus compensating its nonlinearities. The basic structure of a 4th order predistortion 

implementation is shown in Figure 2.30. The input signal splits into several paths. The 

linear path provides the dominate signal to drive the laser diode. The other paths provides 

correction signals which are equal in amplitude, but opposite in phase, to the undesired 

distortion introduced by the laser nonlinearity. X2, X3 and X4 provide the required 

distortion. <J>2, $3 are used to adjust the phase to the desired opposite value and G\, 

(?2 and G3 are used to adjust the amplitude. 

Compared with other linearization techniques, predistortion technique offers a few ad-

vantages: 1) the predistortion compensation is implemented on the electrical domain, hence 

eliminating the use of expensive optical components; 2) it offers wideband compensation 

with simpler configuration; 3) it is an attractive option if designed using standard CMOS 

technology to reduce the cost and the size; 4) it has the potential to achieve the best distor-

tion compensation according to the theoretical studies in [35]. A number of predistortion 

circuits have been demonstrated. K. Asatani developed a predistorter for a LED [52]. 
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/ 

Predistortion 
Compensation 

Figure 2.30: Predistortion. 
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Their results showed an improvement of 19 dB and 21 dB for second and third order har-

monic distortion respectively. L. Roselli developed a predistortion circuit using discrete 

components for multi-service telecommunication application [25]. Their results showed a 

15 dB reduction in second order harmonic distortion and a 9 dB reduction in the third 

order harmonic distortion over the range of 500 MHz - 2 GHz. The theoretical work in [35] 

shows the potential of more than 50dB reduction of the 2nd and 3rd harmonic distortion 

using adaptive pre-distortion. 

2.7 Predistortion Challenges 

Electronic predistortion offers a cost-efficient solution of improving the linearity of the 

direct modulated laser. The objective of this research work is to develop a fully integrated 

predistortion circuit, using standard CMOS technology for radio-over-fiber application in 

GHz range. The small size and compact form factor will greatly reduce the fabrication 

cost and the full integration will greatly enhance its reliability for industrial applications. 

With the digital capability of CMOS technology, it will be possible to make a complete 

one-chip solution of a radio-over-fiber system. 

However, there are design challenges in designing a CMOS laser predistortion circuit. 

First, the predistortion circuit by nature is nonlinear, it extends the signal bandwidth 

and generates several frequency bands. For example, in order to cancel the second order 

harmonic distortion and intermodulation distortion, the predistortion second order path 

should generate an output signal with double bandwidth at the second order harmonic 

band. In order to cancel the third order harmonic distortion and intermodulation dis-

tortion, the predistortion third order path should generate an output signal at both the 

fundamental frequency band and the third order harmonic band. 

If considering a simple case that a single sinusoidal tone / 0 is used as the input, dc, /0,2/0 

and 3/o frequency components will be obtained at the pre-distorter output and presented 

at the input of the laser diode. Through the linear term of the laser diode transfer function, 

2/0, and 3/o frequency components are mapped to the output at the same frequency to 

balance out the harmonic distortions, which are important since they would cause the 
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inter-band interferences, /o frequency components from the odd order paths are used to 

balance out the intermodulation distortion. Through the second order nonlinearity of the 

laser diode, 2/0 frequency component by /o frequency component will be down-mixed to the 

frequency /o and through the third order nonlinearity. Those /o tones are used to balance 

out the in-band distortion of the laser diode, which are critical for communication systems 

since they produce significant inter-channel interferences. For a third order compensation, 

the pre-distorter needs to work at up to 3 times the carrier frequency. The correction 

distortions generated by the distortion generators (for example, X2 X3 and X4 block in 

Figure 2.30) are usually small, which requires a large gain in order to generate the canceling 

signal with the right amplitude. The widely-known gain-bandwidth trade-off will greatly 

challenge the design of a predistortion circuit. 

Secondly, the predistortion compensation relies on the perfect match between the pre-

distorter and the laser to obtain good performance. It requires the matching of amplitudes 

and phases over a certain frequency range, and the alignment of the correction paths for an 

equal time delay. Those requirements impose a great difficulty on the circuit design. The 

semiconductor laser exhibits fluctuations in characteristics from component to component 

and changes in performance due to temperature fluctuation and aging. This necessitates 

adaptive calibration of the predistortion circuit in order to counteract the variation of 

the laser diode and correct the drift errors that would occur over time and temperature 

deviation. 

2.8 Summary 

In this chapter, the background knowledge of semiconductor laser was presented. The 

laser model and its implementation in the simulation environment has been described. 

The behavior of laser diode has been analyzed using Volterra series. The predistorter 

architecture is derived from laser inverse model, laser linearization techniques has been 

reviewed and design challenges for predistortion technique has been discussed. 



Chapter 3 

Predistortion Function Using 
Multiple Tank Approach 

The goal of this research is to develop a fully integrated laser pre-distortion circuit using 

standard CMOS technology and working at the GHz range. The first challenge in designing 

such a pre-distorter is to extend the circuit working bandwidth. Previous research on 

CMOS cubing circuit [54] has demonstrated the possibility as well as the difficulty of 

getting the circuit to work at the GHz ranges with a decent gain. This difficulty is due 

to the relatively low current driven capability and high parasitic capacitance of CMOS 

technology. It makes the situation even worse that the pre-distortion circuit needs to work 

at 2 or 3 times the fundamental frequency because of the nonlinear nature of this circuit. 

Secondly, the output frequency profile should be tunable in order to match the required 

shape which varies from component to component and depends on temperature. 

3.1 Predistorter Model 

Considering the laser inverse function of (2.4.4) and choosing zero dB gain, the predistorter 

function can be written as 

iout — lout — Ibias = (RFin) + RFin)' + RFin)" 
+%(RF?n) + ^ (RFlY + ^o(RFD" (3.1.1) 

45 
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This predistortion function can be represented by the the block diagram shown in Figure 

3.1. 

Input O 

G,(s) <=.-s A t G,(s) c 

G2(S) g-s -At G2(S) <p •Output 

G3(S) g-s At G3(S) 

Figure 3.1: Block diagram of the laser predistorter. 

It contains three signal paths: X, X2 and X 3 . Gi(s), G2(s) and G3(s) are the linear filters 

which shape the signal frequency profile of each path. 

Gi(s) = l + ^ s + ^s2 
1 v / too mo 

G2(S) = ^ + + z v > rriQ m.Q mg 

G3(s) = + + 
' mi mi mi 

(3.1.2) 

e sAt is the time delay introduced for the reason of causality. To have a concise expression, 

three signal paths are combined in a vector format: 

L(s) = (G1(s)/ + G 2 (s )J + G3(s)K)e-5 A t 

= Gi (s)e~sAtI + G2(s)e~sAtJ + G3{s)e~sAtK, 
(3.1.3) 

where At is the time delay and vectors I , J and K represent the X, X2 and X3 path 

respectively. 

The X2 and X3 blocks are nonlinear components which extend the input signal's spec-

trum. Considering input signal X(u) with a bandwidth of Aui = u2 — Ui (u>2 > Wi), 

X(uS) = 0 for ^ lo2 or |w| ^ u\ (3.1.4) 
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the output spectrum of X2 can be obtained by convolution integration 

f oo 

/ X(T)X(LU-T)dT. (3.1.5) 
J — oo 

In order for the integration to be nonzero, 

u>2 > |r| > LJi 

and UI2 > — T\ > UI 
(3.1.6) 

should be satisfied. Therefore, 

2u>2 > > 2wi 

or < u)2 — Wj. 
(3.1.7) 

Similarly, in order for the output spectrum of X 3 to be nonzero, 

3^2 > > 3wi 

or 2u2 — oj\ > |w| > 2u>i — l>2-
(3.1.8) 

From (3.1.7) and (3.1.8), the output frequency range can be obtained and illustrated in 

Figure 3.2. It can be seen that X2 extends the input spectrum to two bands with one around 

DC and the other around the second harmonic frequency and each has a bandwidth of 2Au. 

X 3 extends the spectrum to two bands with one around the fundamental frequency and 

the other around the third harmonic frequency and each has a bandwidth of 3 A to. 

Figure 3.3 shows the basic principle of predistortion: when an expansive block is cas-

caded with a compressive block, the overall linearity is improved. For semiconductor laser, 

the nonlinearity varies with frequency, therefore the predistortion transfer function should 

be adjusted for different frequencies as illustrated in Figure 3.4. While, in Figure 2.18, X, 

X2 and X 3 block provide linear and distortion terms, the frequency profile shaping filter 

Gi(s), G2(.s') and G3(s) adjust each term to achieve the required compression or expansion 

for different frequencies. More details of the predistortion function can be explained by 

Volterra transfer functions. Viewing the predistorter with the laser as a cascade of two 
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Figure 3.2: Output spectrum of X X2 and X 3 components. 

Predistortion Laser Diode Overall 

Figure 3.3: Predistortion principle. 

Predistortion Laser Diode Overall 

Figure 3.4: Laser predistortion principle. 
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Figure 3.5: Distortion cancelation in a cascade of two stages. 

stages shown in Figure 3.5, the Volterra kernels up to third order for the whole system are 

Qi( s i ) = Hi(si)Fi(si) 

Q2{SI,S2) = H 2 ( S I , S2)F1(S1 + s2) + #i(s1)#1(s2) i ; i i (s i , s2) 

Q3{SI,S2, S3) = H3(SI,S2, SS)Fi(si + s 2 + s3) + H1(S1)H1(S2)H1(S3)F3(S1, S 2 , S 3 ) 

+ I H I ( S I ) H 2 ( S 2 , S3)F2(S\, S2 + s3) 

+§ff1(s2)ff2(s1, S3)F2(S2, SI + s3) 

+LH1(s3)H2(si, S2)F2(S3, SI + s2). 

(3.1.9) 

It is graphically illustrated in Figure 3.5 that 1) the second order distortion of the laser 

are canceled by the second order distortion of the predistorter through the linear term of 

the laser; 2) the last three terms in (3.1.9) is the third order laser distortion induced by 

the second order predistorter distortion; the third order predistorter distortion is used to 

cancel both the laser distortion and the induced distortion. 

3.2 Proposed Multiple Tank Technique 

Designing distortion generators (X2 and X3) with a large operating bandwidth and an 

acceptable gain is usually difficult. The distortion levels of the distortion generators are 

usually low as they are produced by devices, mostly, in a process technology which are 

optimized for linear operations. This necessitates the subsequent frequency profile shaping 
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filters with sufficient gain in order to achieve the desired distortion amplitude. As discussed 

in previous section, the spectrum of the predistorter output has a few harmonic bands: 

fundamental, second harmonic and third harmonic bands. Designing the shaping filters 

which cover the whole bandwidth from DC to the third harmonic band is very difficult 

due to the well-known gain-bandwidth trade-off. This difficulty limits current available 

designs to either focusing on low operating frequency or only the fundamental band, or 

using discrete components [4,16,23,25,50,55-58]. Realize that the output appears only 

at a few frequency bands, we choose to design the shaping filters for only those frequency 

bands in stead of the whole bandwidth to relieve the difficulty. 

Figure 3.6 is a LC tank circuit driven by a current source. The voltage applied to the 

tank circuit can be obtained as 

V 

C 

Figure 3.6: LC tank circuit. 

V ( S ) = 
as 

(3.2.1) 
s 2 + j3s + tjj\ 'o2 

where 

(3.2.2) 

(3.2.3) 

and 

(3.2.4) 
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coo is the center frequency and (3 is the 3 dB bandwidth. The phase of voltage v is 

* = Tan-1 -"»>). 
V fa J P 

Group delay around the center frequency is approximately 

(3.2.5) 

dto ~ "/?' (3.2.6) 

Therefore, regardless of the center frequency, tank circuits with equal 3dB bandwidths 

have approximately the same amount of group delay in the passband. 

T,(@f0) 

Figure 3.7: Amplitude and phase interpolation using two tank circuits. 

Figure 3.7 demonstrates the concept of amplitude and phase interpolation using two 

tank circuits. The impedances at the opposite side of the center frequency of a tank circuit 

have approximately 90 degree phase difference near the -3 dB band edges. An arbitrary 

vector can be represented as a linear combination of two given linear-independent vectors: 

V0 = »i xT1+i2 x f 2 . (3.2.7) 

at a given frequency, the complex value of the shaping filter can be obtained by a linear 

combination of the output voltages from two tank circuits. By varying the driving current 

ii and i2, arbitrary complex value can be achieved. Figure 3.8 illustrates the proposed 
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Figure 3.8: Multi-tank approach for frequency profile shaping. 

multiple tank approach. Under this approach, the amplitude and the phase of the frequency 

profile shaping functions Gi(s), G2(s) and G-i(s) are approximated using multiple tank 

circuits at the frequency band of interest. While two tank circuit are able to match the 

shaping filter at one frequency point, multiple frequency points can be matched with more 

tank circuit and the resulted frequency profile will be naturally interpolated to the desired 

continuous shape. The capability of tuning the shape of the frequency profile is provided 

by adjusting the driving current. Because of this tunability and the bandpass feature of 

the tank circuit, coarse squaring and cubing circuits can be used as distortion generators. 

3.3 Tank Gain Calculation 

Figure 3.9 depicts the predistorter model using multiple tank approach, where the fre-

quency profile shaping files are replaced by the weighted sum of tank circuit impedances 

and X, X2, and X3 components are replaced by coarse linear, square and cubic components 

Di, D2, and D3. 
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Figure 3.9: Predistorter model using multi-tank approach. 

The multi-tank expansion of the predistorter model can be formulated as: 

n n+l n+l+m 

P(S) = A 5>T(S), + L>2 £ aiT{s)l + D, Y , a<T(s)' (3-3J) 
2=1 i=n+1 i—n+l+1 

where a, represents the gain (or weight) applied to each tank circuit, n,m, and I are the 

number of the tank circuits used in X, X2, and X3 paths respectively, and 

DX = cj+ c j + C3K 

D2 = C4I + CJ+C6K (3.3.2) 

D3 = c7I + c 8 J + C9K. 

They represent coarse X, X2, and X 3 generators respectively, in Taylor series form 

Di(x) = c\x + c2x2 + c3x3 

D2(x) = c4x + c5x2 + c6x3 (3.3.3) 

D3{x) = crx + C8x2 + CQX3. 

3.3.1 Based on Optimization 

In order to use the expansion function (3.3.1) to approximate the predistorter model L(s) 

(3.1.3), the mismatch (or the difference) between L(s) and P(s) needs to be minimized for 

the frequency band of interest (Q). The mismatch is defined as, 
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F(au a2,..., an+i+m) = fQ |P(s) - L(s)|2dfi 
n+l 

= / n | ( c i / + c 2 J + CzK)YJaiT(s)i + {ciI + c5J + c6K) £ 
t=1 i=n+l 

- > - , - , n+l+m _ _ 
+(c 7 / + c 8 J + c 9 / r ) £ a i r ( s ) i - ( G 1 ( s ) / + G 2 ( s ) J + G 3 ( s ) J f r ) e - s A f ^ . 

i=n+i+l 

The frequency bands of interest are different for X, X2 and X3 functions, we have 

F(ai,a2, ...,an+i+m) = 
n n+l n+l+m 

J m |c i E a z T ( s ) % + c 4 E <kT(s)i + c7 £ aiT(s)i - G1(s)e~sAt\2dn1+ 
i=1 i=n+l i=n+/+l 
n n+i n+/+m 

/n2 lc2 E + c5 E aiTis^ + Cs £ aiT(s)i-G2(s)e-sAt\2di}2+ 
i=1 i=n+1 i=n+;+l 
n n+i n+i+m 

In3 lc3 E aiT{s)i + c6 £ a ^ i + cg £ a ^ s ) , - G3(5)e-5Afc?fi3-
J=1 i=n+l i=n+l+l 

After rearrangement, 

F(a j , a2 , . . . , a n + ; + m ) 

(3.3.4) 

( 
n+l+m n+l+m 

= E E a i a i i=i j=i 

c : c c 0 / m ( 7 ( 5 ) ^ ( 5 ) ; + T ( S ) | T ( S ) , ) ^ 1 + \ 

n-W-f-ro 
- E a i 

i=1 

CyCp / n 2 ( r ( s ) i r ( s ) ; + r ( s ) | T ( s ) i ) ^ 2 + 

V czc, / n 3 (T(s)iT(s); + T ( s ) : r ( s ) i ) d Q 3 

f fQ1 (cxGi (s)e~sAtT(s)* +T(s)lcxG1(sye°At)dtt1 + \ 

f^CyG^e-^Tis)* + T(s)lCvG2(syesAt)dn2+ 

\ fQ3(czG3(s)e-sAtT(s)* + T(s)iCzG3(syesAt)dn3 

+ fm | G ^ d f } , + \G2(s)\2dQ2 + fQ3 lG3(s)j2dQ3 

where the subscripts of c are 

x — l,y = 2,z = 3 (i€l,..,n) 

x = 4, y = 5, z = 6 (i 6 n + 1,.., n + Z) 

x = 7,y = 8, z = 9 (i G n + I + 1,.., n + I + m) 

(3.3.5) 

(3.3.6) 

(3.3.7) 

o = l , p = 2,g = 3 ( j e l , . . , n ) 

o = 4,p = 5,g = 6 ( j ' e n + l , . . , n + !) 

o = 7,p = 8,^ = 9 ( j ' G n + l + l , . . , n + ! + m). 

(3.3.8) 
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Minimizing the difference by setting its derivatives with respect to a; equal to zero, 

dF 
— = 0; (i = l,2,..,n + l + m) 
OCLi 

and expressing it in a system form, we have 

( /cic1 /n i(r(s)1T( s) i + r( s)ir( s)1)dn1+ \ 
c2c2Jn2(T(s)1T(syi+T(syiT(s)1)dSl2+ 

\ C3C3 1^(8)^(8)1 + T(SyiT(8)1)dQ3 J 

( crc1Jm{T{a)zT(8)l+T(s)*xT(8)1)da1+ \ 
C8C2 fn2(T(s)zT(s)l + T(s)*T(s)i)dn2+ 

V 0903/03(^)^(8)1+ r(s);r(a)1)dn3 / 

( 3 . 3 . 9 ) 

ClC7 ^(nshns):+T(Sr1T(S)z)dn1+ \ \ 
c2c8 /n2(T(a)iT(s): + T(S)IT(5)z)dn2+ 
c3c9 /n3(T(S)1T(S); + T(8)tT(S)z)dn3 J 

c7c7 Jm(T(s)zT(8)*z +T(SyzT(8)z)dn1+ \ 
cac8 fn2(T(s)2T(s)* + T(s)*T(s)z)dQ2+ 
c9c9 Jm(T(s)zT(s)l + T(s)*zT(s)z)dn3 J 

or 

( \ / / / m ^ G i W ^ ^ + r W i C i G i W O f f l ! + \ \ 
Jn2(c2G2(s)e-°AtT(s)l + T(s)1c2G2(s)*esAt)dn2 + 

\ /n3(c3C?3(s)c-*Atr(s)I+T(s)iC3G3(s)^»A«)dn3 / 

/ /m(c7G1(S)e-sAtr(S):+T(S)zc7G1(S)*esAt)dn1 + \ 
Jn2(csG2(s)e-°AtT(syz + T(s)zc8G2(syesAt)dn2 + 

\ a* J V V Jm(c9G3(S)e-*AtT(syz + T(s)zc9G3(s)*e°At)dn3 J 

Sa = b. 

z = n + I + m 
(3.3.10) 

( 3 . 3 . 1 1 ) 

The weighting coefficients a, can be obtained by solving the (n + I + m) x (n + I + m) 

matrix S: 

a = S~lb. ( 3 . 3 . 1 2 ) 

3.3.2 Based on Point Matching 

The optimization method of calculating the weighting coefficients provides a smooth inter-

polation within the frequency range of interest. However, in reality, output will be sampled 

only at a few frequency points to detect distortions. It would not be possible or efficient to 

do the integration required by the optimization approach. In circuit calibration, the weigh-

ing coefficient of each tank circuit can be obtained by matching to the required frequency 

profile only at several chosen frequency points (wj, UJ2, ..., W(n/2+z/2+m/2))> 
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Re[P(u>) - L(u)] = 0 

Im[P(u) - L(u)} = 0 

After expansion, we have 

CO = (tU 1, ...W(„/2+;/2+m/2) )• 

n n+Z n+l+m 
Cl £ aiRe[T(u)i] + c4 £ a i / t e [ r ( w ) i ] + c7 £ a . f l e f T H J - f i e ^ H e - ^ ^ O 

i = l i = n + l i=n+l+1 
n n+Z n+Z+ra 

c 1 E i i M r H I + C 4 £ O i / m f r f w j i l + C7 £ o i / m [ T ( w ) i J - / m [ G i ( w ) e - < w A t J = 0 
z=l i = n + l i=n+Z+l 

n+Z n+Z+m 
c2 £ a ^ e ^ a ; ) ; ] + cs £ OiRe[T(u)i] + c8 £ a ^ T ^ ) ; ] - Re{G2{tj) ,—iu>At] = 0 

i=l i=n+1 
n n+l n+l+m 

c 2 J 2 a i I m [ T ( w ) i ] + c 5 £ <Ji J m p T H i ] + c8 £ a j / m [ T ( a ; ) j ] — Im[G2(w)e~iu'At} = 0 

i = l i=n4-l i=n+l+1 

n n+Z n+Z+m c3 £ a,iRe[T(ui)i] + c6 £ a ^ l V ) ; ] + c9 £ a i - R e p V ) ; ] - i ? e [ G 3 ( a ; ) e - i " A t ] = 0 
i = l i = n + l i=n+l+1 
n n+Z n+Z+m c3 £ aiIm[T(u)i] + c6 £ aJm[T{uj)i} +c9 £ aJm{T(oj)z}-Im[G9(oj)e~^At] = 0 

i = l i=n+1 i=n+Z+l 

( 3 . 3 . 1 3 ) 

Vl--UJ(n/2) 

(̂n/2+1)--
W ( («+0/2) 

^((n+i+m)/2) 

(3.3.14) 

The number of tank circuits for X, X2, and X 3 paths should be even numbers in order 

to let both real part or imaginary part equal to zero at the frequency points selected. 

Depending on the number of the frequency points, the above equations corresponds to a 

(n + l + m) x (n + l + m) matrix. The coefficients a; can be obtained by solving the linear 

matrix. 

3.4 Mismatch and Distortion 

3.4.1 Tank Circuit Parameters Optimization 

In order to obtain a good interpolation and to reduce the mismatch between the desired 

frequency profile and the one interpolated by the tank circuits, the number and the pa-

rameters of the tank circuits need to be optimized. For equal time delays, the tank circuits 

have the same bandwidth /?. The center frequencies are equally spaced by du. The tank 

circuit impedances can be represented by the second order bandpass transfer function: 

Tn(s) = 
a„,s 

s2 + f3s + (w0 + ndu)2 ( 3 . 4 . 1 ) 
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where an is the weighting coefficient. The mismatch is defined as: 

7 n | P ( a ) - L ( a ) | a d n \ 1 / a 

E„ = f(0,du). (3.4.2) 
fndn J 

Different values of bandwidth /3 and spacing du (illustrated in Figure 3.10) can be exercised 

to minimize the mismatch, hence to produce a smooth interpolation. 

bandwidth 

Figure 3.10: Illustration of bandwidth and spacing. 

3.4.2 2nd Order Distortion 

Consider the second order Volterra kernel in equation (3.1.9), and rewrite here: 

Q2(SI,S2) = H2(SI,S2)FI(SI + s2) + H1(S1)H1(S2)F1(S1, S2) 

where 

Fi(si + s2) = 1/Gi(si + s2). 

The mismatch induced 2nd order distortion can be obtained as: 

D2mis(s1, s2) = [P(si + s2) - L(si + S2)}Xlpath 

G l ( S l + S 2 ) 

(3.4.3) 

(3.4.4) 

(3.4.5) 
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Specifically, the mismatch induced 2nd order harmonic distortion is 

HD2(f0) = — • (3.4.6) 

The mismatch induced 2nd order intermodulation distortion would be: 

IM2( A ± f2) = (3A7> 

3.4.3 3rd Order Distortion 

Considering the third order Volterra kernel in equation (3.1.9) and (3.4.8), 

Qs(si, s2, s3) = H3(sus2, s 3 ) F i ( s i + s2 + s3) + H1(SI)H1(S2)HI(S3)F3(SI, s2, s3) 

+LH1{s1)H2(s2, S3)F2{Si, S2 + s 3 ) 

+ § # i ( s 2 ) t f 2 ( s 1 , S3)F2(S2, s i + s3) 

+ f # 1 ( s 3 ) # 2 ( s i , S2)F2(S3, S i + s2), 
(3.4.8) 

the mismatch induced 3 order distortion can be obtained as 

D S M I S ( S I , S 2 , S3) = [P(si + S 2 + S3) - L ( S i + S 2 + S3)}X3path x + s 2 + s 3 ) 

+§#i ( s i ) [P (s 2 + s3) - L(S2 + s3)]X2path x F2(S 1, s2 + s3) 

+ § # 1 ( s 2 ) [ P ( s i + S3) - L(s i + S3)]X2path X F2(S2, Si + S3) 

+ § # l ( s 3 ) [ P ( s 1 + s 2 ) - L ( s i + S2)]XIpath X F2(S3, S i + S 2 ) . 

Specifically, the mismatch induced 3rd order harmonic distortion is 

HD3(f0) = ^ ( [P(3/0) - L(3f0)}x3path x Fi(3/0) 

(3.4.9) 

(3.4.10) 
+2t f 1 ( / 0 ) [P(2 / 0 ) - L(2f0)]\X2path x F2(f0, 2/o) ) . 

The mismatch induced 3 rd order intermodulation distortion is 

IM3(2/i ± f2) = ^ ( [P(2/i ± / 2 ) - L (2 / j ± / a ) ] ^ ^ x f \ ( 2 / i ± f2) 

+§#i(/i)[P(/i ± f2) - L(fi ± f2)}\X2path x F2(fi, h ± f2) (3.4.11) 

+lH1(±f2)[P(2f1) - L(2fi)]\X2path x F 2 ( ± / 2 ) 2 / i ) ) . 
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3.5 Sensitivity, Resolution, and Tuning Range 

The derivative of the distortion with respect to the weight of each tank circuit is 

DER(f) = (3.5.1) 
oai 

The derivative of HD2 to the weight of each tank circuit for X2 path is 

= (3.5.2) 
ddi Gi(2 / ) 

The derivative of IM2 to the weight of each tank circuit for X2 path is 

DERIM2(fi ± /2) = ^ = G i { f i ± h ) • {3.5.3) 

The derivative of HD 3 to the weight of each tank circuit for X 3 path is 

DEB ( f ) d(P(3f)/G1(3f)) c9T(3f)z DERHD3(f) — - ^ j y . (3.5.4) 

The derivative of IM3 to the weight of each tank circuit for X3 path is 

( 0 f + f \ d(P(2f1±f2)/G1(2f1±f2)) c9T(2/! ± f2)j DERIMZ{2h ± f2) = — = G i ( 2 / i ± / a ) • (3.5-5) 

The conventional sensitivity is defined as 

= (3.5.6) 

ddt/cii ddi D(f) D{f) 

where D(f) is the mismatch introduced distortion plus the residual distortion which can 

not be compensated by a third order predistorter. 

While the specific application defines the minimum distortion (Dmin), the resolution 

of the digitized weighting coefficients (Rai) defines the minimum controllable distortion. 

Therefore: 

DER x Rai < Dmin (3.5.7) 

The least significant bit (LSB) of the control signal corresponds to the gain resolution, 

Rai < Dmin/DER (3.5.8) 
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should be satisfied. The variation of semiconductor laser diode due to manufacturer, tem-

perature and aging changes the laser parameters and hence the weighting coefficient of each 

tank circuit. To account for those effects, tunability should be provided. This requires the 

weights to be adjustable for certain range. For a wide tuning range, the maximum allowed 

inherited laser distortion defines the most significant bit (MSB) of the gain control signal. 

Therefore, a 30dB ( « 31) distortion reduction requires 5 bits of resolution (25 = 32). This 

gives the lower bound estimate, considering strong interactions among tank circuits for the 

same frequency band, more digits are required. 

3.6 Noise Figure Consideration 

Considering 1 MHz as the signal detection bandwidth, in order to detect the distortion 

level of -80dBc, the maximum noise power from the laser driver can be derived as follows: 

h _ is x gl _ p^ _ 8o/2o n 6 n 

p 1(1-0.6-3 

Is = x 10- 4 0 = - X 10"4 0 = 0 . 5 M (3.6.2) 
C j X U . U O 

where IS is the noise current and II the signal current. GL is the laser gain, which is about 

0.05 Watt/A. Assume that the maximum laser output power P^ (used for distortion 

detection) is -6dBm. 

Pis = \{Is?R = ^(0.5M) 225Q = - 8 5 dBm (3.6.3) 

Assuming conjugate matching at the input, the noise power at the input is equal to kT 

(—17AdBm/Hz) [59]. So the maximum noise power (Pis) from laser diver output: 

PIs = -nAdBm/Hz + NF + GP + 10 log B (3.6.4) 

Assuming that the predistorter gain Gp is 0 dB and the detection bandwidth B is 1 MHz, 

we have 

NF = PJs - (-nUBm/Hz + 10 log B + GP) = 2MB. (3.6.5) 
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Therefore, the noise figure of the predistortion circuit should be less than 29dB, which is 

easy to achieve. Note that relative intensity noise of the laser itself is neglected since it is 

much less than -80dBc. 

3.7 Summary 

In this chapter, a multiple tank technique has been introduced and described. The design 

problem is described as both an optimization problem and a point matching problem. The 

former is to be used in the design stage to search the optimal parameters which provide 

smooth interpolation and the latter is a theoretical support for the calibration algorithm 

and measurement setups described in Chapter 6. The effects of the mismatch between the 

multi-tank approximation and the ideal predistorter model are analyzed and formulated. 

At last, the noise figure requirement is estimated. 



Chapter 4 

Predistortion Circuit Design in 
CMOS 

This chapter will detail the design of a laser predistorter using the multiple tank tech-

nique described in previous chapter. Standard 0.18 /im CMOS technology is chosen to 

demonstrate the feasibility of this technique. First, the design of each circuit building 

block is described and discussed. Previous chapter introduced high level topology of the 

predistorter design. This chapter details how to break down the high level predistorter 

parameters into circuit design parameters. A CMOS predistorter is designed and the tank 

circuit parameters are obtained by the optimization technique described in previous chap-

ter. Finally, the overall simulation results will be given and the design methodology will 

be summarized. 

4.1 Circuit Building Blocks 

According to the predistorter model illustrated in Figure 3.9 in Chapter 3, circuit building 

blocks of the predistorter include: 1) the linear path which will be simply a through 

connection using a transmission-line structure or passive filters to reduce the length; 2) 

distortion generators - X2 and X3 components; 3) tank circuits with a tunable gain to 

adjust the weighting coefficients 4) and a summing circuit to combine the outputs from 

the linear, X2, and X 3 paths. 

62 
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4.1.1 X2 Component 

VDD 

D 

\ H; 
VGS. 

vss 

Figure 4.1: NMOS device. 

Figure 4.1 shows a MOS device (NMOS). VGS is the gate to source voltage and ID is the 

drain current. In saturation region, the input-output characteristic of a MOS device can 

be approximated by a square-law relationship [60], as follows: 

nCoxw 
ID = 2 L ('VGS - Vth)2 (4.1.1) 

where Vth is the threshold voltage of the MOS device. Replacing VGs by an combination 

of ac signal vt and dc bias voltage H, the output drain current is given by 

where 

ID = K(Vb - Vthf + Kv\ + 2K(Vb - Vth)Vi 

ilCoxW 
K = 

2 L 

(4.1.2) 

(4.1.3) 

is the coefficient of the square term. As the square-law is only an approximation, the exact 

V-I characteristic was obtained by simulation. The simulated input-output (gain-source 

voltage versus drain current) characteristic of an NMOS transistor is shown in Figure 4.2. 

At dc bias voltage Vj,, the V-I curve can be represented by a Taylor series expansion and 
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VGS 

Figure 4.2: Simulated input-output (V-I) characteristic of an nmos transistor (W=240 fim. 
L=0.18 fim and 24 fingers). 

written as, 

ID = C0 + ciUi + c2v] + czv\ + ... , (4.1.4) 

where 
CO = LD\VCS=VB 

C1 = (ID)'\vGS=vb (4.1.5) 

C2 = \ (LD)"\VAS=VB 

C3 = | (ID)'"lyGS=y6 • 

Figure 4.3 plots the linear, square and cubic terms obtained by applying (4.1.5) to the 

I-V curve in Figure 4.2. The electron mobility /i drops while increasing the bias voltage 

Vb due to transverse field effects. In short channel device, as the channel length becomes 

smaller, the longitudinal electric field increases and the carrier drift velocity approaches 

the saturation value, which further reduces the effective mobility. Thus, increasing Vb 

reduces the square term due to the decrease of the electron mobility. While decreasing Vb 

gradually turns off the transistor, decreasing V, also reduces the square term. Therefore, 

the coefficient of the square term has a "Bell" shape when plotted versus the bias voltage, 
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as shown in Figure 4.3. From this figure, it can be decided that the dc bias for squaring 

circuit should be where c2 is the maximum and c3 is zero. 

0.6-

0.4-
c 

§ 0.2-D 
o 

U 
n _ — .2 0.0-
i h u t/3 
>1 
£ -0 .2 -o 

-0.4-

Cubic (c3) / \ 
/ \ 

/ \ Square (c2) 
Linear (cj) 

T 
0.0 0.2 0.4 0.6 

Vb 

0.8 1.0 

Figure 4.3: Coefficients of linear, square and cubic terms. 

The linear term in (4.1.4) can be removed using two identical transistors driven by 

differential input, as shown in Figure 4.4 a. The total output current is 

h + h = Co + CiVi + c2vf + c0 + Ci(-Vt) + c2(-vi)'2 

= 2c0 + 2c2vf , 
(4.1.6) 

which appears to be a perfect square-law relationship. However, it should be noted that 

Taylor series expansion is valid for the small signal operation. The input signal swing 

should be carefully arranged such that the circuit operates according to the Taylor series 

approximation. 

The drawback of this two transistor circuit is the requirement of differential input, 

which is inconvenient for measurement. A single transistor was used as the squaring 

circuit in the prototype design and shown in Figure 4.4 b. The linear term is retained 

based on following considerations: 1) single input, which is easy to drive; 2) because of the 
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voltage headroom, it is hard to make the next stage linear and the third order distortion 

is unavoidable; therefore, the linear term is used to amplify the input, drive the next stage 

and utilize the next stage to produce the X 3 term; 3) producing X 3 term at the next stage 

reduces the bandwidth requirement of the first stage; 4) the linear term can serve in a 

linear measurement for a frequency sweeping; thus to produce the frequency responses of 

the tank circuits for observation purpose, which will be described in Chapter 6. 

V o 

T 
C L 

(a) (b) 

Figure 4.4: a. Two transistor squaring circuit, b. Common source amplifier. 

Cx in Figure 4.4 represents the load from next stage and also includes the parasitic 

drain-source capacitance of the transistor. Ri is used to convert current to voltage and L$ 

is used for inductive peaking to extend the output bandwidth. The total output impedance 

is 

Zo 

For a maximally flat amplitude response, 

d2\Z0\ 
du2 = 0. 

u>=0 

Solving (4.1.8), we have 

Ls = ( 7 2 - l ) ClRl
2 « 0.414 ClRl

2 

(4.1.7) 

(4.1.8) 

(4.1.9) 
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where CL is determined by the next stage and RL is determined by the dc gain. Similarly, 

for a maximally fiat group delay response, 
d3ZZ0 

du 3 0. (4.1.10) 
L J = 0 

Solving (4.1.10), we have 

Ls « 0.322 ClRl
2. (4.1.11) 

Therefore, Ls is chosen between 0.414 CLR\ and 0.322 CLR2
l for a reasonable amplitude 

and group delay performance. If the bandwidth is not sufficient, we will have to either 

reduce dc gain (by reducing RL) or scale down the transistor sizes of the next stage to 

reduce C/,. 

4.1.2 X 3 Component and Tunable Gain Cell 

Figure 4.5: A differential pair. 

Figure 4.5 shows a common source biased differential pair. We have 

h = f {Vi+ -Vo- Vth)2 

h = f (v;_ - v 0 - Vth)2. 

The differential output current and the differential input voltage are defined as 

Id = h ~ I 2 
vd = - . 

(4.1.12) 

(4.1.13) 



68 

According to KCL, 

h + h — hias- (4.1.14) 

Using (4.1.12), (4.1.13) and (4.1.14), it can be obtained that 

Id = l-Vd^jAIbiasK - K2V$. (4.1.15) 

Rewrite (4.1.15) in Taylor series expansion and neglect terms higher than third order, we 

have 

From (4.1.16), we see the gain of the cubic term decreases with the increase of bias current. 

On the other hand, reducing bias current gradually turns off the transistor, thus decreasing 

the cubic term. Therefore, absolute value of the cubic term coefficient has a maximum when 

plotted versus bias current, as shown in Figure 4.6. 

From this figure, it can be seen that tuning the bias current changes both the linear 

gain and the cubic gain, but does not change signs. In order to provide both positive and 

negative gain, the MOS version of Gilbert cell [61] is used to drive the LC tank circuit, 

as shown in Figure 4.7. Transistors Ml, M2 and M3, M4 are two differential pairs cross-

coupled. One pair is to provide positive gain and the other is to provide negative gain. The 

bottom differential pair by transistor M5 and M6 controls the bias current of the cross-

coupled two pairs. By steering current from one differential pair to the other, positive or 

negative gain can be achieved. 

Figure 4.8 illustrates how the bias current affects the third order distortion in the 

Gilbert cell. In the illustration, the overall cubic coefficient is the difference between the 

cubic coefficients of the two differential pairs. The tuning voltage (Vtune) increases the bias 

current of one differential pair while reducing that of the other differential pair. The total 

bias current (Ibias) determines how far apart the bias current of each pair with the maximum 

cubic term (c3) are. As demonstrated in figure 4.8 (a), if hnas > 2Ic3@max (Ic3@max is the bias 

current where c3 is at peak), due to the curve shape of the cubic term versus tuning voltage, 

the overall cubic coefficient does not monotonically follow the tuning voltage. Reducing 

(4.1.16) 
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0.04 

k0.03 

0.02 

0.01 

0 .00 

Ibias (mA) 

Figure 4.6: Linear and cubic coefficients of the differential pair (with the transistor size of 
W=40 fim, L=0.18 fim and 4 fingers). 
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Figure 4.7: Tunable linear and cubic gain cell. 
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Figure 4.9: Linear and cubic coefficients of the tunable gain cell, (a) Iuas=1 m A. (b) 
Ibias=2 m A . 
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the bias current so that the C3 peak overlaps creates a flat region where the overall cubic 

term is zero as illustrated in figure 4.8 (b). A monotonic relationship between the cubic 

term and the tuning voltage can be achieved by reducing the bias current, as illustrated in 

figure 4.8 (c). Therefore, the total bias current Iinas is set to 1 mA in the cubic circuit for 

a monotonic relationship and a small linear gain (ci). For linear circuit, the bias current 

is set to 2 mA to achieve a larger linear gain and small cubic gain. Figure 4.9 (a) and (b) 

shows the simulated results for 1 mA and 2 mA bias currents respectively. 

The tunable gain cell described in this section is used as a tunable cubic term for the 

X 3 path, and provides tunable linear gain for the X2 path. Cross-coupled differential pair 

described in [58] can be applied to remove the unwanted term in the output. However, 

it is not quite necessary and complicates the circuit design. For the unwanted X 3 signal 

created by the tunable gain cell in the X2 path, because they are not in the same band 

as the X2 signal, they will be mostly removed by the bandpass LC tank. The unwanted 

linear signal created by the tunable gain cell in the X 3 path, compared with the signal 

in the linear path, is small and can be simply neglected. Furthermore, the predistorter 

topology and the design algorithm described in Section 3.3 of Chapter 3 allow for the use 

of coarse X 2 and X 3 distortion generators. 

The LC tank circuit is driven by the output current of the tunable gain cell to produce 

an output voltage. The inductors in the tank circuits are generally not required for high 

quality factor in the design, their layout area can be minimized using thin metal trace. 

Center tapped spiral configuration can be applied to further reduce the chip area. 

The tunable gain should be digitally controlled due to the fact that analog value can 

not sustain by itself for a long time in the presence of leakage and noise. This digital 

control can be realized using a digital to analog converter (DAC). Since the accuracy is not 

a major concern of this DAC, a simple circuit will do the job. Figure 4.10 shows a tunable 

gain cell with digitally controlled gain. The DAC function is done by switching the current 

one way or the other. This circuit is still a Gilbert cell but in a different configuration 

where the bottom differential pair using n-type transistor is mapped to p-type by using 

current mirrors. This configuration reduces the number of stacked transistors between the 
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Figure 4.10: Circuit of a digitally tunable gain cell. 

power supply and ground, therefore increase large signal operating range. It also separates 

the DAC function and the gain cell, which reduces the routing difficulty when doing layout. 

4.1.3 Laser Driver and Summing 

The laser drivers convert the drive voltages from the tunable gain cells to currents. The 

summing function is realized by connecting the laser driver outputs together, so the output 

current is the sum of the currents from each driver. 

Figure 4.11 shows the circuits of a multi-tanh linearized differential pair and a simple 

differential pair. Figure 4.12 portrays the basic principle of multi-tanh linearization [62]. 

gmi and gm2 are the transconductances of the two differential pairs in the multi-tanh 

configuration (c\ in their Tyler series expansion of V-I relationship). The offset voltage 

shifts the center of the two gms apart, so that the total gm has a wider flat region. The 

derivative of gm is c2, which stays constant at near 0 for a wider range. Remember that 

the cubic term is the derivative of c2, hence the cubic term becomes near zero for a certain 

range, as illustrated in Figure 4.13 (a). 

Figure 4.13 (b) shows the linear and cubic coefficients of the simple differential pair 

configuration. Comparing Figure 4.13 (a) and (b), we can see that even though multi-tanh 
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Figure 4.11: Laser driver (a) multi-tanh linearization (b) simple differential pair. 

Figure 4.12: Multi-tanh linearization principle 
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provides better linearity, but the linear gain reduced almost by half. The gain can increase 

by scaling up the transistor sizes. However, it will also increase the output parasitic capac-

itance, which reduces the operating bandwidth of the circuit. The linearity of the simple 

differential pair can be improved by increasing the bias current, as illustrated in Figure 

4.14 (b). Increasing bias current also increases the gain for the simple differential pair con-

figuration. The predistorter structure, even though derived from the laser inverse model, 

is a general structure which should be able to compensate up to third order distortion 

introduced by the laser driver. Also considering that the multi-tanh configuration needs 

an extra DC bias to provide the offset voltage, the simple differential pair configuration is 

chosen in the prototype design to save chip area and power consumption. 

The outputs of laser drivers can be connected directly or in a distributed fashion as 

illustrated in Figure 4.15. The group delay introduced by the distributed network can be 

compensated by adjusting the frequency profile shaping filters. The price to pay is the 

use of many inductors. Again, to save the chip area, direct connection is chosen in the 

prototype design. 
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Figure 4.13: Linear and cubic coefficients of (a) multi-tanh linearized pair and (b) simple 
differential pair (Wl=200/um, L=0.18/im). 
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Figure 4.15: (a) direct (b) distributed current combining. 



80 

4.2 Design Example and Simulation Results 

Based on the proposed design approach, the design of a pre-distorter using standard 0.18 

Hm CMOS technology will be demonstrated in the section. Working frequency of 2 GHz 

is chosen to demonstrate the capability for GHz range applications. 

4.2.1 Predistorter Model Parameters 

For the laser diode biased with 30 mA DC current, using the calculation procedure de-

scribed in Chapter 3 Section 3.1 and the laser parameters listed in Table 2.1, the predis-

torter model can be obtained and the predistorter parameters are listed in Table 4.1. 

Shaping filters dc Coefficient of s Coefficient of s2 

Gi(s) 1 5.03 x 10~12 3.67 x 10"22 

G2(S) -7.86 x 10~4 -6 .65 x 10"12 -8 .21 x 10"21 

Gs(s) 9.16 x 10~3 1.79 x 10"10 2.48 x 10~19 

Table 4.1: Predistorter model parameters 

Figure 4.16 shows the simulation results of using the ideal predistorter model to drive 

the laser diode. It demonstrates the predistorter model works well with more than 10 dB 

optical intensity reduction for second order and third order distortions. 

The linear signal path can be designed using passive filters to utilize the linearity of 

the passive components. A delay line is used in the linear path to simplify the design 

[16,25,53,58,63,64]. The filter response of the linear path becomes 

Gi(s) - e~s td (4.2.1) 

where is the time delay of the linear path. Using this linear path as the reference, the 

compensation for the square path shaping filter is found to be: 

<*<-> = (4-2.2) 

The output of the cubic path has two frequency bands: one is around third order harmonic 

components (HD3) and the other is around third order intermodulation components (IM3). 
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Figure 4.16: Ideal predistortion results by 1-tone simulation and 2-tone simulation; (a) (b) 
linear components optical intensity; (c) second order harmonic distortion optical intensity 
(d) second order intermodulation distortion at / i + /2 ; (e) third order harmonic distortion 
optical intensity (f) third order intermodulation distortion at 2 fx — / 2 (solid line) and 
2/2 — fi (dotted line); {Ifnas = 30mA, IRF = 5mA). The short dash lines are the results of 
using a delay line in the linear path. 
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The compensation for the HD3 band filter response is found to be 

The compensation for the IM3 band filter response is found to be 

The simulation results are shown in Figure 4.16 by short dash lines. It demonstrates that 

the predistorter works well from DC to 4 GHz using a linear delay line. 

4.2.2 Frequency Band Allocation 

The targeted operating bandwidth is about 300MHz, which will be enough for most of the 

wideband wireless standards, such as UMTS, WCDMA, Wireless LANs and WiMax. The 

predistorter output frequency range is 1.85-2.15 GHz for the linear path, dc-150 MHz and 

3.7-4.3 GHz for the quadratic path and 1.55-2.45 GHz and 5.55-6.45 GHz for the cubic 

path. The dc-150 MHz frequency band is neglected since the laser nonlinearity is quite 

low around DC and increases at high frequency, which represents as the high-pass feature 

of the profile shaping filter as shown in the Table 4.1. For the X 2 path, 3.7-4.3 GHz is 

the frequency band of interest and HD2 component and IM2 product at f i + / 2 fall in 

this band. For the X 3 path, IM3 product at 2/i - f2 or 2/2 - A falls in 1.55-2.45 GHz 

band. HD3 component and IM3 component at 2f\ + f2 or 2/2 + fi fall in 5.55-6.45 GHz 

band. Hence, there are two bands for the X 3 path. Considering the third order output of 

a cascaded two stages in (3.1.9), 

Q3(SL,S2,S3) = H3{S1,S2,S3)F1(S1 + S2 + S3) + H1(s1)H1(s2)H1(s3)F3{s1, S2, S3) 

+ §#l (s i )# 2 ( s 2 , S3)F2{S!, S2 + S3) 

+LH1(s2)H2(s1,s3)F2{s2,s1 + s3) 

+ I H 1 { S 3 ) H 2 ( S 1 , S2)F2(S3, s i + s 2 ) 

(4.2.5) 

where H 3 ( S I , s2, s3)Fi(s! + s2 + s3) is the third order term contributed by the predis-

torter third order output {H3(s\,s2, S3)). The predistorter third order output simply passes 
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through a linear filter (Fi(s)) to get to the laser output. The 5.55-6.45 GHz band of the 

predistorter output goes directly to 5.55-6.45 GHz band at the laser output. Since there 

is no frequency conversion for linear filters, signals in 5.55-6.45 GHz band will not affect 

signals in 1.55-2.45 GHz band. Thus, the 5.55-6.45 GHz band in the X 3 path is neglected 

as the distortion in this band can be easily removed by a lowpass filter after the laser 

output. Therefore, the predistorter's frequency profile shaping filters will be approximated 

in the range of 3.7-4.3 GHz for X2 path and in the range of 1.55-2.45 GHz for X3 path 

using the proposed multiple tank technique. 

4.2.3 Distortion Generator Calculation 

Second Stage Output 

Figure 4.17: Obtaining the coefficients of distortion generators. 

The circuit building blocks - X2 circuit and the Gilbert cell described in previous section 

form the first stage and second stage of the predistorter. They function as X2 and X3 

distortion generators and provide tunability on square and cubic coefficients. The output 

currents of the second stages can be represented as tunable distortion generators. Figure 



4.17 demonstrates the calculation of obtaining the equivalent X2 and X3 components, 

where 
a = 0M5Rl b = 0.2 RL 

c = 0 . 1 5 ( ^ - 1 . 3 ) d = 0 . 6 7 ( ^ - 1 . 3 ) (4.2.6) 

e = 0.11(VTUNE - 1 . 3 ) / = -3.23(VTUNE - 1 . 3 ) 

based on the simulation results of each circuit block in section 3. Therefore, neglecting 

higher order terms, the X2 (D2) and X3 (D3) components can be formulated as 

D2 = i?z,(6.75 x 10~3 x + 3.0 x 10"2 x2 + 3.02 x 10~2 x3) 
V ' (4.2.7) 

D 3 = RL(4.95 x 1 0 " 3 x + 2.2 x 10" 2 a:2 - 1.45 x 1 0 " 1 x 3 ) 

and the tunable gain can be formulated as 

Oi = (Vtunei - 1.3). (4.2.8) 

D2 has not only the square term, but also a small cubic term. The tank circuits connected 

to D2 will be tuned to 3.7-4.3 GHz band. The signals generated by the cubic term will be 

mostly removed by the tank circuit. Similarly, D3 has not only the cubic term, but also 

the square term. The tank circuits connected to D3 will be tuned to 1.55-2.45 GHz band. 

The signals generated by the square term will be mostly removed. 

Figure 4.18 shows the AC response of the X2 component. It can be seen that the group 

delay variation in the 2-4 GHz range is less than 2 ps. Compared with the period of a 

2 GHz signal, 0.5 ns, the group delay variation is four hundredth of this signal period. 

Thus, the linear and square signals arrive at the second stage at approximately the same 

time. Therefore, the distortion generator formulation of (4.2.7), which is based on DC 

simulation, will be valid for a wide frequency range. 

4.2.4 Laser Driver Modeling 

Figure 4.19 shows the simulated AC response of the laser driver circuit. In the simulation, 

the laser diode is represented as a 50 fl load to match the impedance of the measurement 

equipment. The outputs of eight laser drivers will be connected together to the 50 fi 

load. The total output impedance has been included in the simulation of a single laser 
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Figure 4.18: AC response of the X 2 circuit. 

driver. For purpose of optimizing the tank circuits, the laser driver circuit is modeled by 

polynomial-fitting in the form of 

1 
T l d ( S ) = 

N 

n=0 

(4.2.9) 

to approximate the simulated frequency response. In Figure 4.19, the solid lines are the 

magnitude, phase and group delay of the simulated transconductance of the laser driver. 

The dotted line is the polynomial-fit results, where 10 terms are used in the fitting poly-

nomial in order to reduce the group delay error to 2 ps in 2-4 GHz range. Table 4.2 

lists the denominator polynomial coefficients obtained by curve-fitting using least-square 

method [65]. 



86 

a 
a> o a CS 
o ^ 
a o o M a 03 
s-. 

H 

0.07-

0 . 0 6 -

0.05-

0.04-

0.03-

0 . 0 2 -

0.01 

Magnitude 
\ \ Group Delay 

/ t N 
/ 

/ 
/ 

/ Phase 
/ 

0 1 2 3 4 5 6 7 8 

Frequency (GHz) 

-o 

- 1 0 

- 2 0 

fa t/1 CD 

ft) 
- 5 0 cro 

CD CD 

-70 

- 8 0 

10 

(—10 

O 
-20 3 £ 
-30 U 

SL 
p * 

—40 
T3 K 

—50 

- 6 0 

Figure 4.19: AC response of the laser driver circuit (simulation results: solid line, polyno-
mial fit: dotted line. 

b0 b2 be bs 
-15.11 1.83 x 1(T21 8.03 x IO-43 2.09 x 10-64 2.26 x 10"86 

h 6 5 b7 b9 

-8 .73 x 10"10 —1.02 x 10-31 -5.72 x 10"53 -1.65 x 10"74 -1.72 x 10~96 

Table 4.2: Laser driver frequency response polynomial fit parameters. 
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4.2.5 Tank Circuits Optimization 

Figure 4.20: Block diagram of the predistortion system. The multitank predistorter IC is 
within the dash-line. 

Figure 4.20 is the detailed block diagram of the predistortion system and the predistorter 

IC. Through the procedure described in the previous sections, D2, D3 and T iu ( s ) have 

been determined. The tuning coefficients a.L can be obtained by solving the equations 

defined in (3.3.12) in Section 3.3 of Chapter 3. Therefore, different tank circuit bandwidth 

(3 and center frequency spacing duj can be exercised to minimized the mismatch between 

the profiles shaping filters and their multi-tank approximation. Including the frequency 

response of the laser driver stage, transfer functions of the tank circuits are modified as 

Tm{s)i = T(s)i-TLD(s) (4.2.10) 

Heuristically, the time delay t(i of the delay line should roughly match to that of the 

tank circuits in order to utilize the group delay of the tank circuit and to maximize the 
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tunability. The group delay around the center frequency is related to the 3-dB bandwidth 

(3 of a tank circuit by 
r)rh 9 

(4.2.11) 
_ 2 

ttank - Q ^ ^ - p 

Therefore, the time delay of the linear path delay line should be 

td. — ttank + ^LD (4.2.12) 

where ILD is the delay of the laser driver circuit. For a 300 MHz operating bandwidth, 

the total delay obtained is about 1.1 ns. However, this 1.1 ns only gives a starting point, 

different values of td should be exercised to find the optimum time delay. 

Using the calculation method described in Section 3.3 of Chapter 3, the weighting 

coefficients a, can be obtained for each tank circuit. Therefore, different tank circuit 

parameters can be exercised to minimize the mismatch induced distortion using the proce-

dure described in Section 3.4 of Chapter 3. The mismatch induced second order harmonic 

distortion is calculated by 

HDo = 
(5mA)2 

/ r4.3GHz II 7GHz 
T,aiTi(s)-L(s) 

Gi(s) df 
1/2 

4.3GHz - 3.7GHz 
\ 

= MP, du). (4.2.13) 

/ 

Similarly, the mismatch induced third order intermodulation distortion can be calculated 

by 

IM* = 
3{5mA)3 

{ r2A5GHz 
I , 55GHz Gi(s) 

2 \ 1/2 

V 
2.45GHz - 1.55GHz 

(4.2.14) 

/ 
However, it is found that four tank circuits are not enough to cover this 900 MHz IM3 band 

for a good distortion reduction. We reduce the integration range to 1.7-2.3 GHz instead of 

using more tank circuits in the prototype design. f\(P, du) and MP, duj) are both functions 

of tank circuit parameters (/?, du). In this design example, four tank circuits are used for 

each path (square path and cubic path). The linear path time delay has been exercised 

from 0.5 ns to 1.5 ns with 0.05 ns step. Contour plots are used to search the optimum tank 

parameters for each time delay value, which are attached in Appendix B. The linear path 
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time delay of 1 ns is chosen based on the contour plot results, as it produces acceptable 

mismatch induced distortions. The contour plot for 1 ns time delay is reprinted in Figure 

4.21. 

As demonstrated in Figure 4.16 and Figure 4.22, the residual distortion is about -30 

dBm for the second order harmonic distortion and about -44 dBm for the third order inter-

modulation distortion when using an ideal predistorter. In order to keep the performance 

degradation less than 3 dB in distortion reduction, the mismatch induced distortion should 

be less than the residual distortion. This gives the range for choosing the tank circuit pa-

rameters, roughly with (3 > 250 MHz and 340 > dio > 160 MHz. Considering 

' = £ = ? ( 4 - i l 5 ) 

(where LJQ is the center frequency and Q is the quality factor of the tank circuit), a large 

bandwidth means a relatively low tank impedance and reducing the bandwidth needs to 

improve the quality factor of the on-chip inductor. The trade-off is between the necessary 

voltage gain produced through the tank circuit impedance and the chip area used used for 

high quality inductor. 

In the design example, 2.4 nH inductance is chosen for the IM3 band of the cubic path 

and 0.65 nH is chosen for the HD2 band of the square path. The bandwidth (3 of 600 MHz 

and the frequency spacing du of 240 MHz are chosen for the eight tank circuits in the 

design. Figure 4.22 is the simulation results using the circuits behavioral models defined 

in Section 4 of this chapter and ideal RLC tank circuits, where dBc is defined as 

/ Optical Intensity of Distortion Component \ 
20 Log ^ Qp£-caj j n t e n s i ty of Fundamental Component / (4.2.16) 

The simulation results demonstrate a reduction of 18 dB for IM3 distortion using multi-

tank approximation, whose performance is close to that of an ideal predistorter with about 

1.5 dB difference. The reduction for HD2 distortion is 18 dB and for IM2 distortion is 20 

dB, which are about 3 dB more than these of an ideal predistorter. 
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(a) 

(b) 

Figure 4.21: Contour plot of mismatch induced distortion using 1 ns delay: (a) Optical 
intensity of the HD2 distortion and (b) the IM3 distortion in dBm. 
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Figure 4.22: Simulation results of using ideal tank circuits compared with the results of 
using an ideal predistorter. 
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4.2.6 Overall Circuit and Simulation Results 

The complete circuit of the designed predistorter is shown in Figure 4.23. Four tanks are 

used for each frequency band (HD2 and IM3 band). The predistorter circuit is implemented 

in Agilent Advanced Design System (ADS). The first stage is the X2 circuit, which is 

basically a common-source configuration with resistive load and inductive peaking. An 

extra common-source circuit without the peaking inductor is also placed in the first stage 

to provide the reference voltage for the next stage. The output voltage of the X2 circuit 

and the reference voltage will drive the differential circuits of the second stage, which are 

Gilbert cells with LC tanks as the load. Depending on the bias current, the second stage 

serves as either tunable linear gain cell or tunable cubic cell. Each output of the second 

stage drive a laser driver. The differential outputs from the laser drivers are connected 

together to combine the currents. The bias-T networks are used to provide the power 

supply of the laser drivers. The RF differential driving current from the predistorter is 

converted to a single-ended output by a wideband balun. The functionality of the balun is 

to combine the power of the differential outputs, hence canceling the even-mode distortions. 

It provides 50 for both differential-mode and common-mode signals. The single-ended 

output of the balun will drive a 50 0 laser module or connect to a 50 f! measurement 

system. 

The tuning voltages of the Gilbert cells are obtained using the simulation tool's built-

in optimization routine in a two-tone test setup. Figure 4.24 a shows the simulated HD2 

distortions (2/2 and 2/2) of pre-distortion compensated laser (triangle) compared with 

those of the uncompensated laser (cross). In the frequency range from 1.85-2.15 GHz, more 

than 15 dB distortion reduction can be observed for the 2nd order harmonic distortion. By 

sweeping the input power, HD2 distortion versus output optical intensity from -14 dBm to 

-2 dBm is obtained and shown in Figure 4.24 b. Figure 4.24 c shows the simulated IM2 

distortion (/i + /2) of pre-distortion compensated laser (triangle) compared with those of 

the uncompensated laser (cross). In the frequency range from 1.85-2.15 GHz, more than 

10 dB distortion reduction can be observed. The IM2 distortion versus the output optical 

intensity is shown in Figure 4.24 d. Figure 4.24 e shows the simulated IM3 distortion 
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(2 f i — f2 and 2/2 — / i ) of pre-distortion compensated laser (triangle) compared with those 

of the uncompensated laser (cross). In the frequency range from 1.85-2.15 GHz, more than 

15 dB distortion reduction can be observed. The IM3 distortion versus the output optical 

intensity is shown in Figure 4.24 f. 
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Figure 4.24: Circuit simulation results. 
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In this section, the systematic approach of designing a multi-tank predistorter will be 

summarized. Figure 4.25 shows the design flow chart, following which a step-by-step 

design procedure can be described as follows: 

Step 1: Predistorter Characterization 

• Laser model parameters extraction from measurements. 

• Based on the laser model parameters, calculate to get the predistorter model. 

• Using the predistorter model, perform a behavioral level simulation. 

If the distortion specifications can not be met by using the ideal predistorter, ei-

ther increasing laser bias current to lower down the distortion level or relaxing the 

requirement of maximum output power (in another word, back-off) to reduce the 

signal-to-distortion ratio. 

Step2: Multiple Tank Approximation 

• Identifying the frequency band of interest and using multiple tank circuits to approx-

imate the frequency profile shaping filters. 

• Designing circuit building blocks. From the behavioral simulation results of Step 

1, for a given linear output, the outputs in each frequency band can be obtained. 

Given the input signal swing, the total gain for each path and each frequency band 

can be obtained. This total gain should be properly arranged among the distortion 

generators, the tank circuit impedances and the gain of the laser driver. The gain 

arrangement among this stages involves the trad-offs among the circuits' operating 

bandwidth, tank circuit implementation and the size and the bias current of the laser 

drivers. 

• Obtaining behavioral model of each circuit building block. 

• Based on the behavioral models of the circuit building blocks, weighting coefficients of 

tank circuits can be obtained. Therefore, tank circuits' parameters (3 dB bandwidth 

and center frequency spacing or inductor and capacitor values) can optimized, for a 

given linear path delay, to maximize the reduction of distortions. 
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Figure 4.25: Design flow chart. 
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If the distortion specifications can not be met for the required frequency range, 

increase the number of tank circuits. 

• Using the multi-tank approximated model, perform a behavioral level simulation. 

If the distortion specifications can not be met for the required frequency range, 

increase the number of tank circuits. 

Step3: Complete Circuit Design 

• Assigning gain to each circuit block. The gain tuning resolution corresponds to the 

specification for the minimum distortion. The maximum gain corresponds to the 

tuning range (in another word, the maximum distortion to be corrected). 

Step4: Circuit Calibration 

• The pre-distortion circuit is by nature sensitive, a good match to the laser is required. 

Therefore, post-design calibration is necessary. In simulation, it is simply done by 

using the simulation tool's built-in optimization routine. During measurement, sim-

ilar optimization routine can be performed by using analog to digital convertors and 

a Digital Signal Processing (DSP) unit. However, this method is too complicated 

for circuit implementation. An adaptive calibration using multiple variable feed-

back is proposed and will be discussed in Chapter 6. This adaptive calibration uses 

direct feedback, not optimization methods. Therefore, it does not require analogue-

to-digital converters, data storing memories and DSP unit. The calibration circuit 

will be a simple analogue implementation. 

4.4 Summary 

In this chapter, circuit level implementation of each building block of the proposed pre-

distorter has been described. A systematic design approach is summarized. Following 

the step-by-step procedure, a predistorter example has been designed and a satisfactory 

performance has been obtained in simulation. 



Chapter 5 

Wideband Balun for Even-mode 
Distortion Cancelation 

The previous chapter describes the design of an prototype integrated CMOS predistortion 

circuit, which is a device with single-ended input and differential output. However, the 

laser diode is a single-ended device. A balun is required to convert the differential output 

of the predistorter to the single-ended input of the laser diode. The usage of a balun 

offers advantages: 1) increases the output to the laser by combining powers from both of 

the differential terminals; 2) improves the linearity by reducing even-mode distortions and 

improving common-mode interference rejection. 

As discussed earlier, the predistorter's output spectrum contains several frequency 

bands. This chapter presents the design technique of a wideband balun to cover the 

frequency bands of the predistortion signal. The proposed balun structure is based on 

the basic Marchand balun, for its excellent performance on opposite-phase and equal-

amplitude. 

5.1 Basic Marchand Balun 

The upper part of Figure 5.1 shows the basic Marchand balun structures in the coaxial 

form [1,66]. The Marchand baluns basically consist of an unbalanced (Za) and a short-

circuited (Zab) section in the uncompensated balun and an extra open-circuited section 

(Zb) in the compensated balun. Their equivalent transmission-line models are shown at 
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Figure 5.1: Basic (a) uncompensated and (b) compensated Marchand balun and their 
equivalent circuits. 

Z b / 2 

Z a / 2 

ZQ/2 " ^ ^ a b / 2 

(a) (b) 

Figure 5.2: Bisected equivalent circuits of (a) uncompensated and (b) compensated Marc-
hand balun for differential mode operation. 
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the lower part of Figure 5.1. The short stubs (Zab/2) represent the impedance of the outer 

shield with respect to the ground. 

There are two short-stubs (Zab/2), one is associated with Za, the other is purposely-

introduced to symmetrize the equivalent circuit. It is this symmetry gives Marchand baluns 

superior performance on opposite-phase and equal-amplitude of the balanced output. The 

bisected equivalent circuits of the Marchand baluns for the odd-mode operation are shown 

in Figure 5.2. Referring to this, the equivalent impedance looking into the balun from the 

unbalanced port is 

Za + f S 
2 f + ZTS 

where, for the uncompensated structure 

Zin — — z (5.1.1) 

2 

and for the compensated structure 

Zx = \zabS/ / ZL ( 5 . 1 . 2 ) 

ZT=l-Zb/S+l-ZabSIIZL (5.1.3) 

and S is the Richard's transformation of 

S = j • Tan((f>) — j • Tan(^jr). (5.1.4) 

4> is the electrical length of the transmission-line elements, / 0 is the frequency for which the 

transmission-lines are a quarter wavelength long. For a wideband matching with maximum 

flat property, 

Zin | / = / o -

and 

Zin I/=/0 — (5.1.5) 

dZin = 0 (5.1.6) 
/ = / o df 

should be satisfied for the uncompensated case, and the second order derivative is obtained 

as 
d2Z„ 
d f 2 

f = f 0 ^ab V ^ab ]j ^ab 
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and 

(5.1.10) 

(5.1.9) 

(5.1.8) 

should be satisfied for the compensated case, and the third order derivative is obtained as 

Equations (5.1.7) and (5.1.11) describe the deviation from the ideal flat response, therefore, 

they should be kept close to zero for a wideband flat response. It can be seen from the 

expressions, in order to minimize the value, a small value of Z i and a large value of Zab are 

desired for a wideband impedance matching. While Zab is usually limited in a fabrication 

process due to the large transmission-line width used for Zaj} and the radiation resistance 

of the transmission-line, a natural step is to incorporate impedance transformers into the 

existing balun structures in order to transform the high load impedance to a desired low 

impedance and to generate a higher-order filter response. 

In order to achieve a higher order filter response, the balun structures incorporated with 

stepped impedance transformers are expanded into ladder-network configurations. All the 

possibilities are listed in Figure 5.3. Instead of allowing the series-open element to float, 

it would be more practical to have its shielding connected to the ground. In this way, 

there is always a shunt-short element associated with the series-open element. Figure 5.3 

(a) is the uncompensated balun with the stepped impedance transformer. Figure 5.3 (c) 

is the compensated balun with the stepped impedance transformer. Figure 5.3 (e) can be 

viewed as a cascade of multiple compensated structures with the step transformer. Figure 

5.3 (b) and (d) are structures with redundancy, which are not recommended. Even though 

(5.1.11) 

5.2 Wideband Marchand Balun 
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Figure 5.3: Possible balun configurations using open or short stubs and unit elements (b 
and d are topologies with redundancy). 
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Figure 5.3 (b) is a commonly used structure for a bandpass filter, but for wideband baluns 

the structure will potentially reduce the available bandwidth. As illustrated in Figure 5.4, 

through the equivalency of Kuroda identities [67], a shunt-short stub can be transferred 

to the location of the first short stub. This leaves a transformer at the original place. As 

an ideal transformer is independent of frequency, the transformer will not affect the order 

of the filter response. As the transferred short stub will be combined with the first short 

stub, the overall impedance is effectively reduced. As concluded in the previous section, 

a large impedance is preferred for a wide bandwidth design. This redundant short stub 

will apparently reduce the available bandwidth. Similar reasoning applies to structure "d". 

Therefore, the series-open and the shunt-short should be placed alternatively as in Figure 

5.3 (e) to avoid redundancy. 

Figure 5.5 lists the topologies of the proposed multiple stage Marchand balun in the 

ascending order of the number of short or open stubs used. To generalize, the stepped 

impedance transformer is included as the case of zero order. The uncompensated balun is 

the case of the first order. The compensated balun is the case of the second order. Then 

an uncompensated structure followed by a compensated structure is the third order, and 

so on. 

n2z, n2:l 

Yb n2yP 

Figure 5.4: Redundancy illustrated by the equivalency of Kuroda identities. 

5.2.1 Derivation of Design Equations 

To obtain the circuit transfer function, chain-scattering matrices are used. The overall 

chain-scattering matrix can be obtained by multiplying the chain-scattering matrices of 
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Figure 5.5: Topologies of the proposed multiple stage Marchand balun in the ascending 
sequence of warping orders (number of short or open stubs). 
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the individual elements in the balun ladder network 

N 

2̂1 2̂2 overall 
n 
i=l 

fZ fl 
<"11 12 

fi j.i 
21 22 

(5.2.1) 

where the chain scattering parameters tn and t21 are related to the reflection coefficient 

Sn and the transmission coefficient S21 by 

c hi 
i n = — 

til 

52I = -— 
t ii 

For a lossless reciprocal network, we have the property of 

M 2 - M 2 = I 

With (5.2.2), (5.2.3) and (5.2.4), we obtain 

|Sn|2 = 1 + 1 1 

| S 2 1 | 2 = 
1 

1 + M * 

(5.2.2) 

(5.2.3) 

(5.2.4) 

(5.2.5) 

(5.2.6) 

From (5.2.5) and (5.2.6), it can be seen that, when t21 is made equal-ripple, Sn and 52i 

are also equal-ripple. 

The basic quarter-wave elements used for Marchand balun include series-unit, shunt-

short and series-open transmission-line sections. Their chain scattering matrices are listed 

in Table 5.1. 4> in these matrices is the electrical length of the quarter-wave elements and 

is defined as 
TT f 

(5.2.7) 
vr/ 
2 fo 

where fa is the frequency for which the transmission lines are a quarter wavelength long. 

In these matrices, t n , ti2, t2i, and t22 are fractions of rational polynomials of e 2 ^ with the 

numerator in the form of 
c(l,m) + c(l,m)e2j4> ( 5 2 g ) 
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Table 5.1: Basic quarter-wave transmission line elements and their chain scattering pa-
rameters 

Zc 

Z s Z L 

series-unit 

1 >/(i-r | )( i-r | ) V(i-r£)(i-r |) 
e^r .s- r r . - e 2 ^ r L r s + i 

L V( i - r | ) ( i - r | ) V( i - r i ) ( i - r | ) J 

p ZC—ZL p ZC—ZS 
1 L ZC+ZL

 1 A ZC+ZS 

1 
( e 2 ^ - l ) / 2 

r2 _ 2a 
' ~ Zc 

e 2 i ^ ( l / r + 2 r ) - l / r e 2 , ^ / r + 2 r - l / r 

/ Z < V ' Z o f Z o 

shunt-short 

1 
( e 2 ^ - l ) / 2 

r2 _ 2a 
' ~ Zc 

4 4 
e2** (1/r—2r) — 1 / r e2l<p/r-2r-l/r 

L 4 4 J 

Z o Z o 

series-open 

1 
( e 2 ^ - l ) / 2 

r2 _ l a 
R ~ ZO 

(l/r+2r)~l/r -e2i*/r-2r+l/r 

Z o Z o 

series-open 

1 
( e 2 ^ - l ) / 2 

r2 _ l a 
R ~ ZO 

4 4 
e 2 * ^ ( 2 ? — l / r ) + l / r e^* /r-2r-\/r 

Z o Z o 

series-open 

1 
( e 2 ^ - l ) / 2 

r2 _ l a 
R ~ ZO 

4 4 
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where the superscript ( l ,m) is used to identify tn, 112, t2i or t22- The denominator of the 

series-unit element is a time-delay unit ( e T h e denominators of the shunt-short and the 

series-open elements are the same, and represent a dc pole in the form of e — 1). 

The overall T-matrix of the first order Marchand balun using N quarter-wave elements, 

can be represented by a sequential multiplication 

rplst rp( 1) 
overall unit r s=ri 

r i = 0 
rp(2) 1 mi 
-Lshort \r=rs2 ' 1 unit r s=r3 r i = o 

• T„ (4) 
unit 

where 

Ti = Zi-1 and rss 

r s=r4 rL=o 

Zj-1 
Zi 

. . . - r (N) 
unit r s=rw (5.2.9) 

(5.2.10) 
Zi + Zi-i 

Similarly, the overall T-matrix of the second order Marchand balun can be obtained as 

rp2nd _ rp( 1) _ rp(2) _ rp(3) _ rp{4) 
overall unit open short unit r(N) 

unit (5.2.11) 

and the overall T-matrix of the third order Marchand balun is 

rpZrd _ rp( 1) _ rp(2) _ rp(3) _ ^,(4) _ rp{5) rpiN) 
overall unit short unit open short unit (5.2.12) 

and so on. 

Considering (5.3.6) (5.3.7) and (5.3.8), the elements in the overall T-matrix for a kth 

order TV-element Marchand balun would be in the form of 

Tl kth overall 
kth j.kth J-K-th +< ln I 

where, 
N 

,kth _ "=0 
(l,m) — 

J2 An(l,m) • e 

<•21 

2 nj<p 

12 

4kth 
t 2 2 

N 

(5.2.13) 

ZAn(l,m)-e2n^ 
71=0 (5.2.14) 

cj(N-k)d,^e2i^-l^fc ejN<j) . sin^k 

In order to make t2\ equal-ripple, k dc poles in the denominator of (5.3.11) must be 

considered. A simple way would be generating the same number of dc zeros to cancel 

these poles. However, redundancy is produced in this way due to the reduction of the 

transfer function order. Therefore, the optimal performance out of this balun structure 

would not be obtained. From equation (5.3.11), it can be seen that any shape of frequency 
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response obtained by the numerator polynomial will be warped by the inverse of sin(4>)k. 

Therefore, if we "pre-warp" the numerator's frequency response into a ripple shape with an 

envelope of the kth power of the sinusoidal, we would have the desired equal-ripple result, 

as illustrated in Figure 5.6. 

Sin(0)k 

Figure 5.6: Prewarping to obtain an equal-ripple response. 

The design polynomials for these warped ripple shapes are defined as 

N- £ even 
' N/2 

71—0 
pN(x) = < (5.2.15) 

(N+1)/2 
£ c „ - x 2 " - \ Neodd 
n=1 

The coefficients cn can be obtained by solving the equations of 

PNM = (-iysin(cos-1(xiq))k (5.2.16) 

where i is from 1 to N/2 for an even number N or from 1 to (N — l ) /2 for an odd number 

N, and x^s are ± 1 and the roots of 

pN(x) 
Oo: 

vsin(cos 1(xq))k 

To save the computation effort, a closed form of (5.3.4) 

9xPn(X) = 0 

= 0. (5.2.17) 

(5.2.18) 

is used instead, where q is the bandwidth index and related to the equal-ripple bandwidth 

4>m by 

4>m = ir -2cos~1(q). (5.2.19) 



q can be obtained through the balun's bandwidth ratio Dr by 

q = cos{TTB~r
)- (5-2-20) 

The calculated coefficients of the design polynomials are listed in Table 5.2, 5.3, 5.4, and 

5.5 for k equal to 1, 2, 3 and 4 respectively, where coefficients cn are functions of the 

bandwidth index q and are represented as the power series expansion of q for up to a fifth 

order 

d = e0 + eiq
2 + e2qi + e3g6 + e4g8 + e5qw. (5.2.21) 

Once the design polynomial is obtained, it will be expanded as a polynomial of e2n^ 

Table 5.2: Design polynomials for 1 s t order pre-warping. 
N eo Cl e2 e3 e4 65 

co 1 
4 Ci -8 1.5 0.3438 0.1641 0.0997 0.0686 

C2 8 -2 -0.4688 -0.2266 -0.1388 -0.0959 
Cl 5 -0.5 -0.115 -0.0569 -0.035 -0.0241 

5 c2 -20 4 0.95 0.4644 0.2842 0.1955 
C3 16 -4 -0.96 -0.47 -0.2883 -0.1988 
Co -1 

6 Cl 18 -2.5 -0.5972 -0.2944 -0.1818 -0.1258 
C2 -48 10 2.4167 1.1902 0.734 0.5074 
C3 32 -8 -1.9444 -0.9583 -0.5912 -0.409 
Cl -7 0.5 0.1199 0.0597 0.037 0.0257 

7 C2 56 -9 -2.1837 -1.0803 -0.6688 -0.4641 
C3 -112 24 5.8571 2.8969 1.793 1.2439 
C4 64 -16 -3.9184 -1.9388 -1.2002 -0.8328 
Co 1 
Cl -32 3.5 0.8516 0.4231 0.2627 0.1827 

8 C2 160 -28 -6.8516 -3.3982 -2.1083 -1.4659 
C3 -256 56 13.75 6.8189 4.2301 2.941 
C4 128 -32 -7.875 -3.9063 -2.4236 -1.6852 

em • P N = e~*N+ £ ane2nj<f (5.2.22) 
71=0 

where em is the ripple amplitude which is roughly equal to the passband reflection co-

efficient. Compare (5.2.22) with (5.3.11) and set the corresponding coefficients equal for 



Table 5.3: Design polynomials for 2nd order pre-warping. 
N eo e i e 2 e3 e4 65 

4 
Co 1 

4 Cl -8 3 0.3750 0.1875 0.1113 0.0732 4 
c2 8 -4 -0.3750 -0.1875 -0.1113 -0.0732 

5 
Cl 5 -1 -0.21 -0.1002 -0.0603 -0.0407 

5 C2 -20 8 1.05 0.5202 0.3179 0.2166 5 
C3 16 -8 -0.84 -0.42 -0.2576 -0.1758 

6 
CO -1 

6 Cl 18 -5 -0.8889 -0.4383 -0.2678 -0.1835 6 
C2 -48 20 2.6667 1.3272 0.8158 0.5611 

6 

c3 32 -16 -1.7778 -0.8889 -0.548 -0.3776 

7 
Cl -7 1 0.2296 0.1127 0.0692 0.0476 

7 c2 56 -18 -2.9847 -1.4819 -0.9129 -0.6296 7 
C3 -112 48 6.4286 3.206 1.9797 1.3678 

7 

C4 64 -32 -3.6735 -1.8367 -1.136 -0.7858 

8 

CO 1 

8 
Cl -32 7 1.4063 0.6973 0.4304 0.2976 

8 C2 160 -56 -8.9063 -4.4356 -2.743 -1.8990 8 
c3 -256 112 15 7.4883 4.6369 3.2134 

8 

C4 128 -64 -7.5 -3.75 -2.3243 -1.6119 

Table 5.4: Design polynomials for 3rd order pre-warping. 
N 3rd eo e i e2 e3 e4 C5 

5 
Cl 5 -1.5 -0.285 -0.1263 -0.073 -0.0481 

5 c2 -20 12 0.3 0.3488 0.2285 0.16 5 
c3 16 -12 0.36 -0.16 -0.1321 -0.1003 

6 
c0 -1 

6 Cl 18 -7.5 -0.875 -0.4479 -0.2739 -0.1869 6 
c2 -48 30 0.75 0.8854 0.5950 0.4224 

6 

C3 32 -24 -0.5 -0.375 -0.2977 -0.2238 

7 
Cl -7 1.5 0.3291 0.1575 0.0954 0.0650 

7 C2 56 -27 -2.4031 -1.3832 -0.8680 -0.602 7 
C3 -112 72 1.7143 2.1045 1.4315 1.0256 

7 

C4 64 -48 0.7347 -0.8163 -0.6354 -0.4768 

8 

Co 1 

8 
Cl -32 10.5 1.6641 0.8298 0.5104 0.3515 

8 C2 160 -84 -6.1641 -3.8762 -2.4772 -1.7356 8 
C3 -256 168 3.75 4.8276 3.3129 2.3873 

8 

c4 128 -96 1.125 -1.7188 -1.3226 -0.9915 
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Table 5.5: Design polynomials for 4th order pre-warping. 
N 4 th e0 ei e2 e3 e4 es 

c0 - 1 

6 Cl 18 -10 -0.5556 -0.3395 -0.2182 -0.1515 
c2 -48 40 -3.3333 0.3395 0.3151 0.2484 
c3 32 -32 4.8889 0 -0.0969 -0.0969 
Cl -7 2 0.4184 0.1925 j 0.1139 0.0764 

7 c2 56 -36 -0.4388 -0.9626 -0.6568 -0.4701 
c3 -112 96 -8.2857 0.7701 0.7535 0.6043 
C4 64 -64 9.3061 0 -0.2105 -0.2106 
Co 1 
Cl -32 14 1.625 0.8281 0.5112 0.352 

8 C2 160 -112 1.375 -2.4844 -1.7788 -1.3014 
C3 -256 224 -20 1.6563 1.707 1.389 
c4 128 -128 18 0 -0.4394 -0.4397 

h i 

An(2, l) = On, n •. 0 ~ N (5.2.23) 

With the constraint of the impedance transformation 

zN+1 = r z0 (5.2.24) 

and given the desired bandwidth ratio Br, these N + 2 equations can be used to solve for 

em , and zi, Z2, z3 ... up to -zjv+i- Generally, obtaining these N + 2 equations involves a 

great deal of work regrading matrix operation and coefficient extraction. However, using 

available mathematical software packages (such as Mathematica, Matlab or Maple), these 

equations can be easily extracted through symbolic operations. Then these equations can 

be solved numerically using the software's built-in numerical functions. 

5.2.2 Comparison of Higher Order Marchand Baluns 

The feasibility of a wideband balun in a specific fabrication process is for the most part 

determined by the coupled-line structure. Two impedances are associated with this struc-

ture, the impedance between the coupled lines and the impedance of the outer shield with 

respect to the ground. They are Zx and Z2 in the Ist order balun, Z2 and Z$ in the 2nd 

) 
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Figure 5.7: Comparison of 5-element baluns with 1s t, 2nd, and 3rd order prewarping. 
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(b) Comparison of impedance ratios. 

Figure 5.8: Comparison of 6-element baluns with Is4, 2nd, 3 , and 4 order prewarping 
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(b) Comparison of impedance ratios. 

Figure 5.9: Comparison of 7-element baluns with 1s t, 2nd, 3 rd, and 4 th order prewarping. 
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order balun, and in the 3rd order balun, and finally and Z6 in the 4th order balun 

as shown in Figure 5.5. 

In a coaxial coupled-line structure or its equivalent planar version [68], the outer con-

ductor needs to somehow enclose the inner conductor in order to achieve tight coupling. 

This physical structure makes it difficult to achieve a very low impedance between the 

coupled lines while maintaining a very high impedance of the outer shield with respect to 

ground. Similar difficulties can be found when using symmetrical coupled microstrip lines, 

where high even-mode impedance and low odd-mode impedance are required [69]. 

Based on the described design approach and the generalized topology of Marchand 

baluns described in previous sections, the Ist - 4th order Marchand baluns using 5 - 7 

quarter-wave transmission-line elements are studied. An impedance transformation ratio of 

2 is assumed, as is the usual case where all three ports are matched to the same impedance. 

Impedance ratios of the two coupled-line impedances are used to compare the difficulty of 

implementation among different balun configurations. 

Figure 5.7 shows the comparison of the reflection coefficient and the impedance ratios 

for the 1s t, 2nd, and 3 rd order Marchand balun using 5 quarter-wave elements. It can be 

seen that, the maximum bandwidth ratio for a 3 rd order balun is approximately 3.5 having 

the best return loss performance. For a larger bandwidth ratio, the 2nd order balun has the 

best return loss. However, the impedance ratio associated with the open-series coupled-

line structure goes up rapidly to 7 for a bandwidth ratio of 10. The 1s t order balun would 

be the optimal configuration for a bandwidth ratio of 3.5 ~ 6 as it achieves a reflection 

coefficient of -20 dB with a relatively low impedance ratio. 

Figure 5.8 shows the comparison of the reflection coefficient and the impedance ratios 

for the 1s t, 2nd, 3 rd, and 4th order Marchand balun using 6 quarter-wave elements. It can 

be seen that, for a maximum reflection coefficient of -20 dB, the 3 rd order balun would be 

the optimal configuration for a bandwidth ratio of 2 ~ 6. The 1st order balun would be 

the optimal configuration for a bandwidth ratio of 6 ~ 8.5. The 4th order balun has the 

best return loss performance. However, the impedance ratio is generally large and it would 

be difficult to implement with an ordinary fabrication process. The 2nd order balun would 
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P 2 , 3 

Figure 5.10: Marchand balun bisected equivalent circuit for even-mode excitations. 

be suitable and practical for a bandwidth ratio less than 2 without resorting to a specific 

fabrication process. 

Figure 5.9 shows the comparison of the reflection coefficient and the impedance ratios 

for the 1s t, 2nd, 3rd, and 4th order Marchand balun using 7 quarter-wave elements. From 

Figures 5.7-5.9, it can be observed that, with more elements used, the performance of the 

odd order baluns (with uncompensated structure as the first stage) approaches that of the 

even order baluns (with compensated structure as the first stage); however, the impedance 

ratio also increases. 

In general, for a large bandwidth ratio, topologies using the compensated structure 

as the first stage achieve better return loss performance. However, a specific fabrication 

process is required for the large impedance ratio, such as in [70] where a customized coaxial 

structure is used for an impedance ratio of 13 : 1, and in [71] where polyimide layers stacked 

on GaAs wafer is used for an impedance ratio of 6 : 1. On the other hand, topologies using 

the uncompensated structure as the first stage have degraded performance. However, they 

are more feasible to implement using an ordinary fabrication process. 

5.3 Fully Matched Wideband Marchand Balun 

One key feature of Marchand balun structures is the introduction of an extra short-ended 

transmission-line section which enables the circuit to be symmetrical while looking in from 

the balanced port. This symmetry allows its equivalent circuit to be simplified for even-

and odd-mode operations, and is shown in Figure 5.10 and Figure 5.2 respectively. For 

even-mode excitation, the simplified circuit is a short stub. Therefore, the even-mode 

^ b / 2 
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2R 

Figure 5.11: (a) Proposed coupled-line configuration for even-mode matching and its bi-
sected equivalent circuit for (b) odd-mode and (c) even-mode excitations. 

signal that is fed into the balanced ports will be reflected back. The signal fed into one 

of the two ports can be decomposed into even-mode and odd-mode portions, hence the 

even-mode portion leaks into the secondary port due to this reflection. This leakage causes 

poor isolation between the balanced ports of the Marchand balun. 

In differential circuits, even-mode signal can be generated due to harmonic distortion, 

common mode interference and device mismatch. If the even-mode signal is not properly 

terminated, instability can be a problem, for high power amplifiers for instance, where 

large devices are usually used [72]. Inter-symbol-interference can occur for high data-rate 

and wideband applications due to the signal propagation between the balanced ports. 

Propagating even-mode signal also limits an active circuit's dynamic range. 

5.3.1 Proposed Even Mode Matching 

To solve the problem of isolation, multiple coupled-line sections will be inserted into the 

balanced line to provide even-mode matching. Each section consists of a coupled-three-

line structure shown in Figure 5.11, where one terminal of the center line connects to 

ground and the other to a termination resistor. With odd-mode excitation, a virtual 

ground is formed along the center line, which effectively disables the termination resistor. 
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Zab/2 

(b) (c) 

Figure 5.12: (a) Proposed fully matched Marchand balun and its bisected equivalent circuit 
for (b) odd-mode and (c) even-mode excitations. 

With even-mode excitation, a magnetic wall is formed along the center line, which enables 

the termination resistor. By properly choosing the number of sections and the design 

parameters, adequate matching for even-mode excitation can be achieved over a wide 

bandwidth. Figure 5.12a shows the general circuit of the fully matched Marchand balun. It 

consists of a conventional Marchand balun followed by N sections of even-mode matching. 

Its bisected equivalent circuits for odd-mode and even-mode excitations are shown in Figure 

5.12 b and c respectively. 

The synthesis steps for the odd-mode equivalent circuit was described in Section 5.2 

of this chapter. With the characteristic impedances of the odd-mode circuit determined, 

the remaining problem is to compute the parameters for the even-mode circuit. The even-

mode circuit involves a coupled-line structure, whose network model for this structure is 

derived based on the parameters of a general coupled-line structure and is discussed in the 

following sections. 
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Figure 5.13: (a) A general uniformly coupled line (b) 7r-mode and (c) c-mode propagation. 

5.3.2 Coupled Line Models 

The quasi-TEM model of a general uniformly coupled-line structure (Figure 5.13a) can be 

represented by the lumped equivalent circuit of the coupled-line's differential length [1,73] 

and shown in Figure 5.14. Vi(z) and It(z) denote the voltage and current on line i as 

a function of distance z along the transmission line. Lt and C; denote the per-unit self-

inductance and -capacitance of line i. Lm and Cm denote the per-unit mutual inductance 

and mutual capacitance between the lines. In frequency domain, the differential equations 

describing the coupled-line equivalent circuit are given as 

dVx{z) 
dz 

dh{z) 
dz 

dV2(z) 
dz 

dl2(z) 
dz 

+ juiLih(z) + jujLmI2(z) = 0 

+ juCMiz) - juCmV2{z) = 0 

+ juL2I2(z) +juLmIl{z) = 0 

+ jcoC2V2(z) - juCMz) = 0 

(5.3.1) 

(5.3.2) 

(5.3.3) 

(5.3.4) 

By solving the differential equations, the characteristic parameters of the coupled-line can 

be obtained. The detailed results are listed in Appendix C. The coupled-line structure 

supports two normal modes: 7r-mode and c-mode [73]. These two modes propagate with 

phase velocities vn and vc. Their associated line impedances are Z^i, Z„2, Zci and Zc2 

(Fig.5.13 b and c). Along the coupled-line, the voltage ratios (Rc and R v) of the two lines 

stay constant for each mode. The Z-matrix for the general coupled-line section in terms of 

normal-mode parameters has been summarized in [73] and [74] and is shown in Table 5.6, 

where <pc and <f)n are the electrical lengths for the two normal modes of the coupled-line. 
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Figure 5.14: Lumped equivalent circuit of coupled asymmetrical transmission lines of dif-
ferential length dz [1], 

Table 5.6: Z-matrix for a general coupled line section. 

—jZciCot4>c + —JZ^XCOTF^TZ —jZc\Csc4>c + —JZNICSAPTT 
1— RC/R-K + 1 — RTT/RC 1—RC/RTT + 1 -RTT/RC 

-jZciCsc<t>c + —jZ„iCsat>IR —iZciCot<t>c + —jZ^lCotlf>TT 
1— RC/RTT + 1 -R„/Rc 1-RC/RT, + 1— RTT/RC 

—jRcZciCsc4>c + -iRnZviCsc<)>* — jRcZcl Cotffrr. + — JRTT ZTTI Cot<T>TT 
1— RC/RTT + 1— RTT/RC 1—RC/RTT + 1-RTT/RC 

—jRcZciCot<f>c + -iR*ZrlCot<t>„ —jRcZciCsc4>c + —JRT,Z„ICSC<T>T, 
I —RC/RTT + 1 —RTT/RC 1 —RC/RTT + 1 — RTT/RC 

—jRcZc\Csc<j>c + —jRi,Z„iCsc<t>n —jRcZciCot4>c + —jR^Z^lCot^-rr 
1—RC/RTT + 1 — RTT/RC 1 —Rc/RTT + 1 Rtt / Rc 

—jRcZciCot(j>c + -JRTRZTTLCOT^TT —jRcZciCsc4>c + — jR-n Zn 1 CsC(F>TT 
1—RC/RJT + 1— RTT/RC 1 —RC/RTT + 1 — RTT / Rc 

-jR2
cZclCot<t>c + -jRlZTTlCot<t>TT -jR^ZciCsapc + 1 — RC/RJT + 1—RTT / Rc 1 — Rc/RTT + 1—RTT /RC 

-jR2
cZciCsc4>c + -jRlZ^Csc^TT -jR?ZclCotcl>c + —jR% ZwiC ot(j>TT 

1 —Rc/ RTT + 1 — RTT/RC 1 -RC/RTT + 1— Rir/Rc 



120 

Table 5.7: Simplified Z-matrix for uniplanar case (assume 4>c ~ 4>v ~ 4>)-

-jZeCot(f> - jZdCot<t> 

-jZeCsc<j) — jZdCsccj) 

—jNZeCsc<f> 

-jNZeCot(p 

—jZeCsc<f> — jZjCscq) 

—jZeCot<p — jZdCot<j) 

-jNZeCot<f> 

-jNZeCsc<p 

-jNZeCsc<t> 

—jNZeCot<p 

-jN2ZeCot(f> 

—jN2ZeCsc<p 

-jNZeCot<f> 

-jNZeCsc<p 

-jN2ZeCsc<j> 

—jN2ZeCot<p 

at" _ 7 _ -RCR*(ZC1-Znl)2 
JV _ Zcl-Z,i — (Rc-R,)(RcZci-RnZ,i) 

y {Rc~R^)Zc\Z%\ 
~ RcZcl-R*Zwl 

Table 5.8: Simplified Z-matrix for two-layer planar case (Rn ~ 0). 

-iZc2Cse<pc _jZ^lCsc4>v 

—jZc2Csc<t>c 
Rc 

-jZc2Cot<t>c 
Rc 

-jZc2Csc<t>c 
Ri - jZiriCscfa 

-iZc2Cot<t>c _ j Z v l C o t ^ 

—iZc2Cot<j>c 
Rc 

—jZc2Csc<pc 
Rc 

-jZc2Csc<pg 
Rc 

-jZc2Cot4>c 
Rc 

—jZo2Cot(t>c 
Rc 

—iZc2Csc<j>c 
Rc 

-jZc2Cot<pc -jZc2Csc(f)c 

-jZc2Csc<j)c -jZc2Cot(t>c 

There are two ways to realize the coupled-line configuration of Figure 5.11c on a two-

side PCB: 1) the coupled-lines reside on the same plane as shown in Figure 5.15 a; 2) the 

coupled-lines reside on different layers as shown in Figure 5.15 b. For case 1, to simplify 

the model for circuit analysis, <pĉ Kf> (̂f> is assumed and the simplified Z-matrix is shown 

in Table 5.7. For case 2, the electrical field of line 1 is primarily confined between lines 1 

and 2, therefore 0. Its simplified Z-matrix is shown in Table 5.8. Following a similar 

procedure as described in [74], the network models can be obtained and are shown in Figure 

5.15 (c) and (d) for case 1 (uniplanar) and case 2 (two-layer planar) respectively. 

For even-mode operation, port 4 connects to ground and port 3 connects to the termi-

nation resistor. These network models can be further simplified to a two-port network as 

shown in Figure 5.16, where 

Case 1: Zi = Zd, Z2 = Ze, n = N 
(5.3.5) 

Case 2 : Z\ = Z^i, Z2 = Zc2, n = Rc = 1. 
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(c) (d) 

Figure 5.15: Coupled-line structures on a two-side substrate and their simplified models: 
(a) and (c) for uniplanar case; (b) and (d) for two-layer planar case. 
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Figure 5.16: Two-port model of the even-mode matching section for even-mode excitation. 
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z n 2R]/ni Z 1 2 2R2/n2 Z l m 2R„/n„' 

y — j : j — j : j — * 

Figure 5.17: Even-mode network model of a m-section balun. 

Zi is primarily determined by the odd-mode operation. Due to the existence of a magnetic-

wall in even-mode operation and an electric-wall in odd-mode operation, Z\ will be larger 

than the corresponding impedance of the odd-mode equivalent circuit. By applying the 

two-port model to the equivalent circuit in Figure 5.12 c, the even-mode network model of 

a Marchand balun with M-section even-mode matching can be obtained and is shown in 

Figure 5.17. 

5.3.3 Design Formulas, One Section (M = 1) 

With one section, the input impedance Zin and the reflection coefficient Teven are deter-

mined as 

Z t„ = z J Z - > S : Z » S
2 + S Z n S P.3.6) 

m 1 1 <7 _L 1 7 C2 2ili , 7 Q V ' ^11 + 2Z,O6'5 + 62\0 
— ^in / \ 

^even — . 7 (5.3.7) 
i /Jin 

where S is the Richard's transformation 

7Tf 
S — j tan</> = j tan——. (5.3.8) 

(j) is the electrical length of the transmission-line elements, fa is the frequency for which 

the transmission-lines are a quarter wavelength. Teven of equation (5.3.7) can be expressed 

as a fraction of polynomials in S 

_ c3S3 + c2S2 + ciS + cp 
Leven~ d3S* + d2S2 + d1S + d0 ^ ^ 

where the coefficients cn and dn are determined by Zn, Z2\, Zab and R\. As cs and ds are 

all real numbers, Yeven has three zeros, one real zero and one pair of conjugate zeros. It 
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can be proven that coefficient c\ and C3 can not both be zero simultaneously. Therefore, 

Zin can perfectly match Z-^ for at most two frequency points fa and —fa 

r c3(g + r0)(S + j taxi fa)(S - j taxi fa) fsqim 
iei,e"_ d3S* + d2S2 + d1S + d0 

_ c3(S3 + r0S2 + tan2 faS + r0 tan2 fa) 
d3S3 + d2S2 + diS + do 

Comparing the numerators of equation (5.3.9) and (5.3.11), we have 

(5.3.11) 

c2 = c3r0 

ci = c3 tan2 fa (5.3.12) 

Co = c3r0 tan2 fa. 

By solving this set of equations, design parameters Ri and Z21 can be formulated as in 

(5.3.13) and (5.3.14) in terms of Zn and Zab 

(4Z2
1Z2 + tan2 fa Zn(4Zn + 4ZfiZab + ZnZ2

b — 4ZabZ2) + tan4 fa Z2
bZ2) n2 

1 = 2 (2Z n - tan2 fa Zab f Z L 
(5.3.13) 

z ^ (4Z 2
XZ\ + tan2 fa Zn(4Z3

u + 4Z2
nZa b + ZnZ2

ab - 4ZabZ2
L) + tan4 fa Z2

abZ2
L) 

21 - tan2 fa Zu (2Zn + Zab) ( 2 Z n - tan2 fa Zab) 

(5.3.14) 

By varying the frequency fa, the equal-ripple bandwidth (BW) can be adjusted (Figure 

5.18). It can be concluded from equation (5.3.13) and (5.3.14) that 

(2ZU - tan2 fa Zab) < 0 (5.3.15) 

should be satisfied to guarantee R\ and Z2\ are positive. This condition produces the lower 

bound of the fa frequency as 

fa >fa = taxi-1 J-?-. (5.3.16) 

V 2Z°*> 

This is due to the resonance of Zn with the shorted-line Zab at 4>l, which increases the 

input impedance dramatically. Hence, a small is desired for a large bandwidth. 



124 

71-01 rc-^L n 

Figure 5.18: Common mode reflection coefficient. 

5.3.4 Design Procedure, Multiple Sections (M > 2) 

In order to decrease 4>l, Zn should be made small when compared with \Zab as can be seen 

in (5.3.16). Concluded from odd-mode analysis, it is desirable to decrease the equivalent 

impedance while looking towards the balanced load. Therefore, it offers benefits for both 

even- and odd-mode operations to incorporate multiple sections of the even-mode matching 

circuit to the existing balun structure. 

The design procedure described in Section 5.3.3 can be generalized to the M-section 

circuit in Figure 5.17. First, by means of the fundamental transmission-line theory, the 

input impedance Zin can be determined. The reflection coefficient Teven can be expressed 

as a fraction of the polynomials in S of degree 2M + 1 

2M+1 

E cmSn 

p m=0 
1 even ~ 2M+t (5.3.17) 

E dmS" m=0 

The coefficients cm and dm are determined by Z l m , Z2m, Zah and Rm. Zlm and Zah are 

parameters primarily determined by the odd-mode operation. Z2m and Rrn are the design 

parameters to be determined for even-mode operation. Assuming perfect match at ±<pi, 
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±02, ••• and ±0m, the reflection coefficient (r e v e n) can be expressed as 

M 

c2M+I(S + ro) [1 (S2 + t an 2 0 m ) 
r e v e n = 2M+1 ' (5.3.18) 

£ dmSm 

m=0 

Expanding the numerator of (5.3.18), then comparing it to the numerator of (5.3.17) and 

letting the corresponding coefficients equal, we obtain 2M+1 equations. Finally, by solving 

these equations, design parameters Z2m and Rm can be determined. 

Deriving symbolic formulas for Z2m and Rrn in terms of 0m , Z\m and Zab becomes 

increasingly more difficult for M > 2. However, given the exact values of 0 m , Z\m and Zab, 

parameters Z2m and Rm can be obtained by numerical techniques. With the many available 

mathematic software packages such as Mathematica, Maple or MatLab, this job can be 

easily accomplished on a regular PC. The zero-frequencies 0i> 02, ••• and 4>m are chosen to 

produce an equal-ripple response. Given the operation bandwidth, optimization techniques 

can be applied to obtain these frequencies. This process can be completed manually by 

following a simple rule: moving two neighbor zeros closer in frequency to decrease the ripple 

between the two zeros or moving them further apart in order to increase the ripple between 

them. Several iterations can make the frequency response approximately equal-ripple. 

5.4 Measurement Results 

A compensated Marchand balun with 2-section even-mode matching has been designed for 

combining the differential output of the predistorter. This balun is intended to work at 

a center frequency of 4 GHz and cover the frequency range of 2-6 GHz. The calculated 

characteristic impedances of this balun are listed in Table 5.9. For even-mode operation, 

the calculated impedance of Z21 is 192 tt, which would be too large to be practical in a 

real environment. Without changing the equivalent circuit, the topology of the even-mode 

circuit is modified as shown in Figure 5.19. In this way, the impedance is effectively reduced 

by half. 

This balun is designed on a substrate with a relative dielectric constant of 3.38 and 
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Table 5.9: Characteristic impedances of the designed balun 

odd-

mode 

Zo Za Zb Zab/2 Zn Z\2 ZL, odd-

mode 50ft 55.4ft 28.4ft 52.6ft 35.4ft 45.1ft 50ft 

even 

mode 

Zab/2 Zu Z12 Z21 z22 2.Ri 2R2 even 

mode 105ft 35.4ft 45.1ft 192ft 36.0ft 180ft 52.3ft 

Zab/2 

Figure 5.19: Modified even-mode topology. 

a thickness of 20 (mils). Figure 5.20 illustrates the layout of the designed balun. The 

board dimension is 36 (mm) x 70 (mm). Quarter-wave elements Z2\ and Z22 are made by 

cutting slots on the bottom plane. Figure 5.21 is a zoomed-in view of one section of the 

layout, which shows the transition where the top metal runs over a narrow slot on the 

bottom plane. Due to the existence of this narrow slot, the bottom edges inside the circle 

become floating in stead of being connected as ground. The line impedance increases at 

the transition area. To compensate this effect, the top metal traces are made wider and 

closer to reduce the impedance and enhance the coupling between the top traces. These 

narrow slots also affect the impedances of the short-circuited Z21 and Z22. To compensate, 

the lengths of the slots beside the top metal trace were adjusted for matching the responses 

of ideal quarter-wave elements. The bottom metal traces for Z2\ and Z22 are designed to 

be wider than the top traces. In this way, top traces are shielded from the ground and 

R,r=0 can be assumed, hence the effect of the slot width on Zn and Zi2 can be neglected. 

The balun's 3D model was constructed gradually in Ansoft HFSS EM simulation en-

vironment. It started with only Za, Zb and Zab sections modeled in HFSS. In order to 

obtain the S-parameters of the entire balun, the rest of the circuits were represented as 



Figure 5.20: PCB layout of the designed balun. 
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Figure 5.21: A zoomed-in view of the layout. 
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(a) Top 
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(b) Bottom 

Figure 5.22: Photograph of the fabricated balun. 
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Figure 5.23: Measured Sn , S21 and S31 compared with EM simulated results. 

ideal elements by a few equations. Then gradually add more sections in the model and 

remove the ideal ones in the equations. In this way, a fine tuning on physical dimensions 

of each section can be performed to explore their effects on the overall performance. 

The simulated results of the balun modeled in HFSS and the reflection coefficients 

obtained by using ideal components are included in Figure 5.23 and 5.24. The difference 

between the two results is mainly due to the physical implementation of Z21 and Z22 

whose frequency responses do not exactly match to those of ideal elements. Figure 5.22 

shows the photograph of the fabricated balun. The balun is measured by Agilent's Vector 

Network Analyzer, two ports at a time, with the unused port terminated in a 50 ft load. 

Deembedding is then performed to remove the effects of the SMA connectors. The results 

obtained are shown in Figure 5.23 and 5.24. A good agreement can be observed between 

the measured and the simulated results. Compared with the theoretical results of baluns 

without even mode matching, the measured reflection coefficient S22 and S3 3 and isolation 

coefficient S23 has improved from -6 dB to better than -15 dB for the frequency range from 

1.5 GHz to 6 GHz. Phase and amplitude imbalances between the balanced outputs are 
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Frequency (GHz) 

Figure 5.24: Measured S22, S33 and S23 compared with EM simulated results. 

also important properties to characterize the performance of a balun, and are defined as 

phase imbalance : \ZS21 — ^£311 — 180° 
is 1 (5.4.1) 

amplitude imbalance : 20 log j ^ j 

Better than 2° phase imbalance can be observed from dc to 5.5 GHz and better than 0.3 

dB amplitude imbalance can be observed from dc to 5.8 GHz as shown in Figure 5.25. 

5.5 Summary 

This chapter describes the design technique that is used for designing a wideband fully 

matched Marchand balun. A balun has been designed and the measured results demon-

strates a satisfactory performance in the frequency range of 2-6 GHz. This operation 

bandwidth should be enough to cover the HD2 and IM3 band of the predistorter output. 
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Figure 5.25: Measured phase and amplitude imbalance compared with EM simulated re-
sults. 



Chapter 6 

Adaptive Calibration and 
Measurement Results 

The semiconductor laser exhibits fluctuations in characteristics from component to com-

ponent and changes in performance due to temperature change and aging effect. It is 

necessary to calibrate the predistortion circuit adaptively in order to counteract the dis-

tortion behavior of an individual laser diode and correct the drift errors that would occur 

over time and temperature. 

This chapter presents in detail the calibration algorithm that is used to adjust the 

tuning coefficients of the implemented predistorter. This algorithm is a direct feedback 

algorithm, not an optimization algorithm, which suggests a simple solution for analog 

implementation. 

6.1 General Considerations 

The calibration is feasible in a discrete time system. A problem of using a continuous time 

analog system is that the analog value can not be held for a long time in integrated circuits 

due to current leakage and substrate noise. There are techniques to address this problem, 

but they add complexity. The calibration process of the predistorter can be described as 

follows: first, pilot tones are applied to the predistorter input; the laser outputs are detected 

by a photodiode; harmonic components and intermodulation components are extracted for 

estimating the distortion level; then the tuning voltages are adjusted according to an 
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algorithm to reduce the distortion level. After calibration is done, the tuning voltages of 

the predistorter are maintained stable for transmitting information-bearing signals. This 

requires the tuning voltages to be stored in a digital form and a digital-analog converter 

to provide the tuning voltage. 

The calibration problem in this proposed work can be described as either a case of opti-

mization or a case of equations-solving, since the purpose of the calibration is to minimize 

the distortion (optimization problem) or match the frequency profile (equations solving 

problem). The following sections will discuss the potential solutions for both cases. 

6.1.1 Optimization 

Optimization to minimize distortion is to solve the problem of 

(D > 0, D" > 0) . (6.1.1) 

D in the equation 6.1.1 is the cost function, which is, for example, the weighted sum of 

harmonic distortion and intermodulation distortion powers and â  is the tuning coefficient 

for each of the i tank circuits. The benefit of optimization is that it only requires to 

detect the distortion power, which greatly simplifies the detection circuit. However, the 

calibration algorithm has to be realized by a digital system because of the requirement for 

memories. As can be seen from (6.1.1), derivatives or the equivalent need to be estimated 

for searching for the optimum. Memories are required to store the detected values of the 

cost function for different tuning coefficients. Then the derivative (6.1.1) can be estimated 

by comparing the cost function values stored in the memory. 

Optimization methods can be deterministic or heuristic. Known methods are gradient 

search, Newton method and its modifications, simplex algorithm, simulated annealing and 

genetic algorithms [75,76]. In the simulation environment, the steepest-gradient method 

was used. No problems of convergence were encountered in the test cases and the distortion 

cost function D was minimized after the optimization procedure. 
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6.1.2 Iteration (Feedback) 

As discussed in Chapter 3, the tuning coefficients can be obtained by matching the re-

sponse of the multi-tank circuit to the required frequency profile at a few frequency points. 

Therefore, the calibration becomes the problem of solving 

D n (a i , a2 , . . . , aj) = 0. (6.1.2) 

where DN are the distortion signals in the vector form. An iteration method can be applied 

to solve this set of equations. For a quick convergence, Newton-Raphson iteration is usually 

used in numerical analysis to solve linear or nonlinear equations. The idea of the method 

is as follows: one starts with an initial guess which is reasonably close to the true solu-

tion, then the function is approximated by its tangent line (derivative), and one computes 

the x-intercept of this tangent line to obtain the solution for the equations. By repeat-

ing this process a few times, the solution will be updated successively to approximately 

satisfy equations (6.1.2), as illustrated in Figure 6.1. However, this method has the same 

drawback of calculating the derivatives. The alternative is using the fix-point iteration, 

which is illustrated in Figure 6.2. In fixed-point iteration, there is no need to accurately 

calculate the slops (derivatives) of the curve. A coarse estimation of the derivatives can be 

applied and the same derivatives are used for the following iteration procedure. Compared 

with the Newton-Raphson iteration, fixed-point iteration takes more step to converge to a 

desired error level. However, the fixed-point iteration does not require the calculation of 

derivatives, which greatly simplifies the circuit design and makes it possible for an analog 

implementation. 

6.2 Adaptive Calibration using Multiple Variable Feed-
back 

As discussed in the previous section, the iteration method uses direct feedback to find the 

solutions of the targeted equations, which provides the advantage of implementation in the 

analog circuit, thus eliminating the use of expensive DSP unit and memories. 
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(a) 

(b) 

Figure 6.1: 
function. 

Newton-Raphson iteration for (a) expansive function and (b) compressive 
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(a) 

(b) 

Figure 6.2: Fixed-point iteration for (a) expansive function and (b) compressive function. 
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Figure 6.3: Block diagram of the predistorter IC and the feedback control. 
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Figure 6.4: Multiple variable feedback. 
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Figure 6.3 shows the the block diagram of the predistorter IC and the feedback sys-

tem. There are eight tank circuits in the predistorter IC. Four tank circuits are used to 

approximate the frequency profile for the IM3 path and another 4 tank circuits for the 

HD2 path. The linear path is a delay line used to match the group delay in the predis-

tortion paths. Two RF tones at frequency fi and f2 will be fed to the input as the pilot 

tones for the calibration process. IM3 and HD2 components of the photo-detection output 

will be detected as vectors, then fed to the feedback control block for adjusting the tun-

ing voltages, therefore minimizing the IM3 and HD2 distortion. This calibration setup is 

a multiple-input-multiple-output (MIMO) control system. The simplified block diagram 

of this control system is shown in Figure 6.4. In this block diagram, the predistorter is 
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Elements in G are the slopes of the gain versus tuning voltage curve, where Tmi, Tm2, ••, 

TmS are the responses of the tank circuits at HD2 and IM3 frequencies at the laser driver's 

output (detailed expression in (4.2.10)). C5 and C6 are the square and cubic coefficients 

of the square generator D2. c8 and cg are the square and cubic coefficients of the cubic 

generator D3. The sub-matrices G12 and G2\ of G represent the coupling between the 

IM3 and the HD2 predistortion path. The matrix D is a diagonal square matrix, used 

to include the attenuation and phase shift introduced by the detection circuits. The laser 

diode is represented by block L, which describes the nonlinear relationship between input-

and output- IM3&HD2 tones. Considering up to third order distortion, the output of 

the predistorter contains 12 tones at f2 - fi, 2/i - /2, f1: f2, 2 f 2 - /1, 2/i , /1 + 

/2 , 2/2, 3/i , 2/i + / 2 , 2f2 + f i and 3f2 . At the operating point (given the amplitudes and 
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phases of the predistorter output tones), block L can be linearized to an 8 x 8 matrix, 
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where the 2 x 2 sub-matrices along the diagonal line are mostly due to the linear term of the 

laser input-output function and other sub-matrices reflect the frequency conversion due to 

the laser nonlinearity. As the nonlinear term of the laser transfer function is much smaller 

while compared to the linear term, the linear transmission has the dominant control over 

the output IM3 and HD2 tones. Therefore, the output IM3 and HD2 tones follow the input 

IM3 and HD2 tones monotonically, which is important for the convergence of the iteration 

process. Neglecting the frequency conversion terms, the matrix L can be simplified to 

L = 
@2f,-f2 @2f2-f, @2f, @2f2 

Re(hi'(s)) 
I hi(s)|2 

Im(hi'(s» 
|h.(s)l2 

-Im(hi*(s)) 
I hi(s) 12 

|h.(s)|2 

|h,(s)|2 

Im(hi*(s)) 
I h'(s) 12 

-Im(hi*(s)) 
|hi(s)l2 

Re(hi*(s)) 
|h,(s)|2 

Re(ht*(s)) -Im(hi*(s)) 
|h,(s)|2 

Im(hi*(s)) 
|hi(s)l2 

|h,(s)|2 

Re(h.'(s)) 
I hi(s)12 

Re(hi*(s)) -Im(hi*(s)) 
|h,(s)|2 

Im(hi*(s)) 
|h,(s)|2 

I Ms) 12 

Re(V(s)) 

K - [DLG]-1 = (6.2.4) 

|h,(s)|2 

(6.2.3) 

where hi(s) is the linear path transfer function of the laser inverse model (see equation 

(2.4.5) and (2.5.4)). Decoupling matrix K is designed as 

-K/M3 

K21 KHD2 

to decouple the interactions among the multiple control variables. The overall system 

under control becomes 

D L GK = I (6.2.5) 

where I is unit diagonal matrix. Therefore diagonal control [77] can be applied, which 

simplifies the loop filters into eight separate branches and design methods for the single-

input-single-output (SISO) system can be used. In this thesis, simple accumulators are 

used as the loop filters, which corresponds to the fixed-point iteration illustrated in Figure 
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6.2. As the overall system under control is represented as a diagonal unit matrix, the slope 

of distortion versus input control curve is 1. Relaxation factors a , are then applied as the 

fixed slope used in the iteration process for adjusting the overshoot of the control signal 

and assisting the convergence. The sub-matrices KI2 and K21 of K can be reset to zeros to 

achieve decentralized feedback control [77], therefore simplifying circuit implementation. 

6.3 IC Layout and Micrograph 

The silicon area used for the chip is 1.2 mm x 1.2 mm. While this seemed enough at first, 

it turns out to be a challenging task to fit the circuit within that space. This is mostly due 

to the number of pads and dc-decoupling capacitors required in the circuit. 

Figure 6.5: Layout of the X2 component. 

Figure 6.5 shows the layout of the X2 component. The pad sizes are 90 f im x 90 f im. 

Due to the limited chip area, one pad was removed for placing the peaking inductor. The 

RF input pad directly connects to the gate of transistor Mi. The dc-blocking capacitor 

for the RF input is placed off-chip on the test board. Rbi is the bias resistor for the RF 

input, which is 50fi and also provides the input matching. Rb2 is the bias resistor for 

transistor M2. To stabilize the bias voltage at the gate and the output voltage at the drain 

of M2, dc-decoupling capacitors Ci and C2 were placed close to transistor M2. Figure 6.6 

shows the layout of the LC tank circuit, the tunable Gilbert cell and the laser driver. MIM 
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Lt: 2.4nH (IM3 path) 
Lt: 0.65nH (HD2 path) 
Rb: 2kQ 
Cb: 0.5pF 

Mi: 40jim/0.18(im 
M2: 40|im/0.18(im 
M3: 40|im/0.18(im 
M4: 40|im/0.18|im 
Ms: 160|im/0.18|im 
M6: 160|im/0.18|im 
M7: 320fxm/0.18|im 

M8: 200(im/0.18fim 
M9: 200|im/0.18|im 
Mio: 320|im/0.18|j.m 

Figure 6.6: Layout of the tunable gain tank circuit and the laser driver. 

capacitors (CV) were used in the LC tank because of the linearity requirement. Center-

tapped spiral inductors (LT) were used to maximize the symmetry and utilize the virtual 

ground at the center tap. The tunable gain tank circuit (TG) connects to the laser driver 

through coupling capacitors (Cb). The gate bias voltages of the differential pair in the 

laser driver are provided through Rb. This gives the flexibility of adjusting the laser driver 

input bias independently. For tuning voltages and bias voltages provided off-chip, N-diodes 

were used for ESD protection and dc-decoupling. Differential signal lines were laid out in 

parallel to reduce common-mode interference. Figure 6.7 shows the wire connection of the 

laser driver outputs. The metal widths of the lines were properly designed according to the 

layout design rules for accommodating the large running current. The complete chip layout 

is depicted in Figure 6.8 and the micrograph of the fabricated chip is shown in Figure 6.9. 

In this layout, there are a few potential problems. For example, dc-coupling capacitance 
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Figure 6.7: Layout of current summing circuit. 

90 nm 

1.2 mm 

Figure 6.8: Complete layout of the predistorter IC. 



Figure 6.9: Micrograph of the fabricated predistorter IC. 
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was not sufficiently provided due to the limited chip area. Also, the layout is crowded, the 

mutual coupling between the inductors was not considered in the design stage. Identical 

finger geometry was used to lay out all the transistors for a better transistor size matching. 

However, other matching techniques, such as common-centroid and interdigitated layout, 

were not used. This layout potentially suffers from gradient-induced mismatches due to 

diffusion and etch variation and thermal and stress effects. 

6.4 Chip Bonding and Test Board Design 

Power supplv. Vtune & DC bias 
-4 6 cm ^ 

Figure 6.10: Photograph of the test board with a zoomed-in view of the chip bonding area. 

In order to test the prototype predistorter circuit, a custom PCB was designed and is shown 

in Figure 6.10. The bonding leads on the PCB are 7 mil wide with 7 mil clearance. Gold 

wires were tightly bonded from the the chip to the PCB to reduce the bond-wire inductance. 

Decoupling capacitors were used for stabilizing the tuning voltages and the bias voltages. 

Surface mount capacitors with the smallest package (0201) were placed as close to the 
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chip as possible to enhance the decoupling. Filtering inductors and capacitors were used 

to remove noise or any interference from the voltage sources. Both input and output RF 

signal lines were carefully designed for a wideband matching to the 50 Q measurement 

system. Bias-T circuits were implemented on the PCB to provide power supply for the 

laser driver stage on the chip. Both input and output RF ports use edge-launched SMA 

connectors for their wideband performance. 

The differential outputs from the test board connect to a wideband balun (described 

in Chapter 5), which combines the outputs to a single-ended output. The test board was 

mounted on a bread-board with a 16-bits 8-channel DAC (Analog Device AD5668), which 

provides the eight tuning voltages of the predistorter. The DAC's clock and data input 

pins were connected to a PC's parallel port, which was programmed to mimic the control 

sequence of configuring the DAC. Trimmer potentiometers were used on the bread-board 

to provide a few bias voltages. 

Figure 6.11: Picture of the test board mounted on a bread-board. 
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10 MHz Clock reference 

Analog signal 
generator 

Figure 6.12: Test setup. 

6.5 Test Setup and Equipments 

VNA used as 
two RF recievers 

The block diagram shown in Figure 6.12 provides an overview of the test setup. Two 

analog signal generators (Agilent PSG E8257D) were used to generate the two input RF 

tones. A Wilkinson divider was used to deliver the input signal to the linear branch 

and the predistortion branch. A Vector Network Analyzer (VNA) capable of harmonic 

and intermodulation measurements (Agilent PNA N5230A [78,79]) was used. Each of 

the VNA's two ports has a RF receiver, which was used to detect the outputs from the 

predistorter. In the linear branch, a coaxial cable was used as the delay line and connected 

to one port of the VNA. The predistorter IC's differential output was combined by a 

wideband balun and connected to the other port of the VNA. The signal generators are 

synchronized to the VNA through the 10 MHz clock reference. Eleven output tones of the 

predistortion circuit at 2 / j - f2, fu f2, 2 / 2 - fu 2 f u h + /2, 2 / 2 , 3 f u 2 h + /2, 2 / 2 + 

/ i and 3/2 were measured by the VNA and acquired by a computer running MatLab 

through the GPIB port of the equipment. The laser model and the adaptive calibration 
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algorithm were implemented in the MatLab environment. The tuning voltages of the 

predistorter circuit were provided by a 16-bit 8-channel DAC (Analog Device AD5668), 

which is controlled through the computer's parallel port and programmed in the MatLab 

environment. The computer also connects to the signal generators through the GPIB 

port for configuring the signal generators in the MatLab environment. Spectrum analyzer 

(Agilent PSA E4440A) was also used to observe the input and output signal spectrum. 

6.6 Measurement 

6.6.1 Input Signal 

Figure 6.13 shows the spectrum of the input signal at the input of the predistorter IC. One 

tone is at 1.98 GHz and the other tone is at 2.02 GHz. These two tones are chosen at the 

center of the frequency band with 40 MHz separation and can be easily distinguished on the 

spectrum analyzer. They are used as the pilot tones for calibrating the predistorter. The 

calibration process will optimize the frequency profile around the band center. It relies on 

the interpolation by the tanks to extend the linearized bandwidth. The input signal power 

is -16 dBm, which corresponds to the amplitude of 50 mV in a 50 ft measurement system. It 

is near the region where the peak of the square term of the distortion generator is obtained. 

The signal to the noise floor is better than 85 dB and no spurious tones at 2/i — / 2 and 

2/2 — fi are observed. The two input tones were generated by two analog signal generators. 

One demonstrates very low harmonic distortion, the other one generates a second order 

harmonic tone which is 46 dB below the input signal. In theory, the predistorter will 

blindly try to remove the distortion even from the input. However, because the predistorter 

designed relies on the interpolation by the tank circuits, it is not possible to remove the 

one harmonic tone in the input, as this requires an abrupt change of the frequency profile 

between 2fi and 2/2 . This harmonic tone will have an effect on the convergence of the 

feedback control, as will be observed in the calibration shown in the following sections. 
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Figure 6.13: Spectrum analyzer screenshot showing the two-tone input signal. 
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(a) 

(b) 

(c) 

(d) 

Figure 6.14: Measured results showing the t 
voltages were increased from 1.1 to 1.5 V i 
capability. 

(e) 

(f) 

(g) 

(h) 

lk circuit alignment and tuning. The tuning 
0.01 V step to demonstrate the fine tuning 
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6.6.2 Responses of the Tank Circuits 

To observe the responses of the tank circuits, a single-tone input was swept from 1.4-2.6 

GHz and 3-5 GHz for IM3-band and HD2-band tank circuits respectively. The measured 

predistorter IC output magnitudes (in mA) are shown in Figure 6.14. The tuning voltages 

were adjusted from 1.1 to 1.5 V in 0.01 V step to demonstrate the fine tuning capability. 

The results are plotted on the negative side of the graph for the tuning voltages from 

0.9-1.3 V and on the positive side for the tuning voltages from 1.3-1.5 V. The tank circuits 

are functioning, but the shapes of the responses are not exactly what an ideal tank circuit 

should have. The bandwidth also varies for each tank circuit. The results seem quite far 

away from expectations. However, the results exhibit certain features, which leads to a 

good interpolation of the desired frequency profile for the predistortion purpose. The center 

frequencies of the tank circuits are spaced apart. Therefore, the tuning voltages are linear-

independent to each other for frequency profile approximation by vector combination. The 

tuning voltages control the gains in a monotonic way, which is necessary in feedback control. 

The tank circuit center frequencies for the IM3-band are around 2 GHz as expected. The 

tank circuits frequencies for the HD2-band should be around 4 GHz, however they are 

shifted towards higher frequencies. This is partially due to the mutual coupling between 

the inductors. In the layout, inductors are placed closely to each other. As the current 

rotations of the two neighbor inductors are in the same direction, the mutual inductance 

is negative, which reduces the inductance in effect. Therefore, the tank circuit center 

frequencies are shifted to higher frequencies. 

6.6.3 Adaptive Calibration 

K Matrix and Gain Saturation 

In the design stage, the derivation of the decoupling matrix K can be obtained using the 

definition of 6.2.5. However, because the tank circuits' responses of the prototype IC are 

quite away from the expected ideal response, the K matrix to be used in the calibration 

process is estimated by measurements. First, the matrices multiplication DLG is assessed 
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at the starting point of the tuning voltages. The elements in matrix DLG is the derivatives 

of the output HD2 and IM3 distortion with respect to the each tuning voltage. They 

are estimated by measuring the distortion changes with a small increment of each tuning 

voltage. The measured DLG matrix is then inverted and decentralized to get the K matrix. 

The feedback algorithm is then applied using this K matrix. 

Figure 6.15 shows the settling process of the adaptive calibration. The RF tones of 

5 mA amplitude are used as the input of the laser model. It can be observed that the 

calibration process reduces the IM3 distortion successfully. However, the improvement 

on HD2 distortion is not great. This is because the HD2 distortion level is high and the 

predistorter's square path can not provide enough distortion cancelation. By observing the 

tuning voltages, it can be seen that the tuning voltages are more than 2 Volt, which is out 

of the linear region the gain cells (see the voltage range in Figure 4.9). To reduce the HD2 

distortion level, the RF pilot tones was reduced to 3 mA amplitude and the settling process 

is shown in Figure 6.16. More than 10 dB improvement on HD2 distortion reduction was 

observed. 

The purpose of the K Matrix is to decouple the interactions among each control loop, 

so that the feedback control works independently in each loop. However, the K matrix is 

estimated at the starting point, it will be mismatched to the predistortion system when 

the tuning voltages are away from the starting point. This is due to the nonlinearity of 

the tunable gain and the nonlinearity of the laser, especially when the tuning voltages are 

into the gain saturation region. Because of this mismatch, the control signal from one loop 

leaks to other loops and affects the convergence of their settling process. 
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Figure 6.15: Measured results showing the calibration process with 5 mA RF input to the 
laser. 
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Figure 6.15: Measured results showing the calibration process with 5 mA RF input to the 
laser. 
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Relaxation Factor 

In the feedback control loops, simple accumulators are used as the loop filters. The relax-

ation factors ai are used to adjust the convergence of the calibration process. Apparently, a 

large a speeds up the convergence. However, it brings a potential problem of overshooting 

the tuning voltages, which might be out of the convergence region and cause instability. 

These phenomenon is conceptually illustrated in Figure 6.17. 

Figure 6.17: Conceptual illustration of the feedback instability due to a large relaxation 
factor. 

When the tuning voltages are away from the reference voltage (defined as 1.3 V shown 

in Figure 4.7), the tunable gain cells enter the gain saturation region. This is represented 

by a compressive function of the distortion response. From Figure 6.17, it can be seen that 

if the relaxation factor is too large the tuning voltage during the iteration will pass the 

convergence point and then go back again creating an oscillation behavior. Depending on 

the shape of the response curve, this oscillation could be ever-lasting or even increasing. 
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To avoid this problem, the relaxation factor should be less than the slope of the distortion 

response curve at the convergent point. By this way, the tuning voltages will not pass but 

gradually approach the convergent point. 

As mentioned in the previous section, the K matrix is estimated at the starting point, 

it will not exactly match to the predistortion system when the tuning voltages are away 

from the starting point. Because of this K matrix mismatch, the control signal from one 

loop leaks to other loops and affects the convergence of other loops. The HD2 distortion 

is much higher than the IM3 distortion, the leakage of the HD2 control signal is much 

stronger than the leakage of the IM3 control signal. Therefore, it is preferable to reduce 

the relaxation factor of the HD2 control loop and let the HD2 distortion control settles 

after the IM3 distortion control. 

To observe the effect of the relaxation factor, the relaxation factors a for the HD2 

control are increased from 0.01 to 0.02. The settling process is shown in Figure 6.18. 

Comparing to the settling process shown in Figure 6.16, the tuning voltages for the HD2 

control changes faster and the distortion reduction has improved by about 7 dB. Increasing 

the relaxation factor of the HD2 control affects the convergence of the IM3 control because 

of the signal leakage due to mismatch. Figure 6.19 shows the settling process of increasing 

the HD2 loop relaxation factors a to 0.06. Due to the detection noise, the distortions settle 

to the noise level and change randomly around the noise level. Also, due to the existence of 

one second order harmonic tone at the input, the HD2 distortions are reduced to the level 

of the input HD2 component and fluctuate around this level. Due to this fluctuation, the 

tuning voltages of the HD2 control loops do not settle to fixed values but vary around. Due 

to the mismatch leakage, the tuning voltages of the IM3 control loops are also affected. 

Tracking 

The behavior of semiconductor laser changes from component to component and fluctuates 

due to temperature variation and aging effect. The calibration should be able to track the 

laser's behavior variation and provide distortion correction for the lasers over time and 

temperature fluctuation. 
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Figure 6.18: Measured results showing the calibration process with 0:1,2,3,4=0.06 and 
as,e,7,8=0.02. 
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Figure 6.19: Measured results showing the calibration process with 01,2,3,4=0.06 and 
05,6,7,8=0.06. 
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The laser model is implemented in the MatLab software environment. We apply varia-

tions to the laser bias current to obtain the behavioral variations of the laser. This works 

as a substitute in the test plan for the behavioral variation of the laser due to temperature 

change and device aging. 

To test this tracking capability, during the measurement, the laser bias current was 

purposely changed. It was first increased by 2 mA. Then, after the calibration process 

settled, the bias current was then decrease by 2 mA. The measured results are shown in 

Figure 6.20. It is demonstrated that the calibration is able to tracks to a low distortion 

level in about 30 feedback iterations for IM3 distortion. 

It is observed that the IM3 distortion goes up gain. This is due to the K-matrix 

mismatch discussed in the previous section. The settling of the HD2 distortion influences 

the settling of the IM3 distortion. If we observe the settling for a longer time, the IM3 

distortion will eventually settles down to the low distortion level as shown in Figure 6.21 

This tracking test also demonstrates that the feedback algorithm is robust, and does 

not require a very accurate K matrix since the K matrix used in the feedback is estimated 

at the starting points and it would not exactly match to the laser with a different bias 

current. 
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Figure 6.20: Measured results showing the capability of tracking to the change of bias 
current. 
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Figure 6.21: Long term observation of the settling after tracking for (a) IM3 distortion and 
(b) HD2 distortion. 
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Frequency and Power Sweep 

Figure 6.22 shows the HD2 and IM3 curves versus frequency of the predistortion-compensated 

laser compared with those of the uncompensated laser. A 5-15 dB reduction of IM3 distor-

tion can be observed from 1.8 GHz to 2.2 GHz and a 5-15 dB reduction of HD2 distortion 

can be observed from 1.95 GHz to 2.2 GHz. It can be seen that the linearized region for the 

HD2 distortion is shifted to a higher frequency. This is because the frequency responses of 

the tank circuits are shifted due to the couplings between the inductors. 

The HD2 and IM3 component versus output optical intensity are shown in Figure 

6.23. The improvement region for IM3 is between -10 dBm to -7 dBm optical intensity, 

which corresponds to a 6 dB increase of the output swing for IM3 distortion less than 

-67 dBc. However, compared with the simulation results shown in Figure 4.24 of Chapter 

4, the measurement results are worse. During the measurement, we observed that, if the 

tuning voltages were set to 1.3 V which was supposed to let the predistorter "quiet", 

there were still some outputs detected from the predistorter. These outputs were probably 

some even-mode signals passing through the nonideal balun. The predistorter tends to 

compensate these undesired outputs, thereby degrading its capability to compensate the 

laser distortion. Applying circuit design techniques to increase the common-mode rejection 

and layout techniques to maximize the symmetry of the circuit might help to improve the 

performance. 

To further verify the functionality of the predistorter, the IM2 distortion at (/1+/2) was 

measured and the results are shown in Figure 6.24. It can be observed that IM2 distortion is 

reduced by 5-15 dB from 1.9 GHz to 2.2 GHz. Even though the IM2 component at (fr + f2) 

is not used in the calibration, it also get improved as the IM2 component resides in the 

interpolated HD2 band. This IM2 distortion reduction also exhibits the same problem as 

the HD2 reduction that the linearized region is shifted to higher frequency. 



(a) 

(b) 

Figure 6.22: IM3 and HD2 distortion versus frequency. 
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Figure 6.23: IM3 and HD2 distortion versus output optical intensity. 
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(a) 

(b) 

Figure 6.24: IM2 distortion measurement results. 
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6.7 Summary 

In this chapter, two methods for calibration were briefly discussed. One method is based 

on optimization and the other is based on iteration (feedback). While the first method 

has to be realized by digital circuits due to the needs for memories, the second method 

provides the possibility of an analog implementation. 

The fabricated prototype predistorter was put to test in this chapter. The IC layout 

and test board design were discussed briefly. Test setup were explained in this chapter. An 

adaptive predistortion calibration technique based on iteration was presented. Applying 

the proposed calibration technique, the measurement results of the predistorter IC were 

extracted. It was demonstrated that the calibration control is capable of tracking the 

variations of the laser bias current. The measurement results demonstrated the wideband 

linearization performance of the predistorter, which justifies the validity of the proposed 

multiple tank predistortion circuit design technique. Certain problems of the designed 

prototype predistorter were discussed and potential solutions were suggested. 



Chapter 7 

Conclusions 

7.1 Conclusions 

In this thesis, a laser predistorter design technique has been proposed. The technique uses 

multiple tank circuits to approximate the frequency profile shaping filters in the band of 

interest. The tank circuit in each tunable gain cell is driven by a Gilbert cell, where the 

tuning voltage is used to adjust the gain of each cell monotonically. By using multiple tank 

circuits and adjusting the gain of each cell, both phase and amplitude can be matched to 

the shaping filter for a wide bandwidth, to achieve wideband linearization. This technique 

has several desirable features: by working only at the band of interest, the gain-bandwidth 

trade-off is greatly relieved; it provides a simple access to control the phase and amplitude 

of the frequency profile. Taken together, these make it possible to design a integrated 

predistortion circuit. 

This thesis, in particular, introduced a complete design procedure which formalized 

each design step for the proposed multi-tank predistorter. This thesis also proposed an 

adaptive calibration technique applied to the multi-tank predistortion circuit, by using a 

multi-variable feedback algorithm. Compared with the available adaptive predistortion 

techniques in [50,58], this technique directly processes the RF signal and does not require 

digital signal processing but instead uses analog feedback to perform the calibration. It 

suggests a potential complete analog implementation with less circuit complexity. 

For the purpose of demonstration, a prototype CMOS predistorter IC has been designed 
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as an example, which works at 2GHz and has a 300MHz linearization bandwidth. The 

maximum output optical power is -7 dBm. 5-15 dB reduction of the 2nd harmonic distortion 

and 3rd order intermodulation distortion can be obtained in the measurement. In terms 

of bandwidth, the predistortion circuit is able to work for most of the wireless standards, 

such as GSM, CDMA and WiMax. 

Even though a narrow band example is given in this thesis, the multi-tank technique 

does not prevent much wider bandwidth, which can be extended by using more tank circuits 

to match the shaping curve for a wider range. The price to pay is to have more tuning 

terminals, higher power consumption, and greater complexity. 

7.2 Recommendations for Future Research 

The following list provides the ideas of continuing the research on laser predistortion: 

• The predistorter circuit should be redesigned using circuit techniques to enhance the 

common-mode rejection. Layout techniques, such as common-centroid and interdigi-

tated layout, should be applied to maximize the symmetry of the differential circuit, 

therefore, reducing the even-mode signal's leakage to the laser. 

• Linear path time delay circuit implementation. In the current prototype design, one 

piece of coaxial cable was used to provide the required time delay. It is quite long and 

not suited for a practical usage. Using bandpass LC-ladder filter [80] to achieve the 

time delay function is a good option, as it preserves the linearity of passive networks 

and can be realized on the chip. Another option is to place a laser driver in the linear 

path for providing both gain and time delay for the linear path. The predistorter 

should be able to linearize both the laser driver and the laser. However, depending 

on the nonlinearity of the laser driver, the capability of linearizing the laser will be 

reduced. 

• Miniaturization of the wideband balun. The wideband balun proposed in this thesis 

was realized on PCB. Its size is quite large. For miniaturization, there are many 

examples of implementing Marchand baluns on LTCC [81] and MMIC [71,82], While 
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the required balun is full-matched and wideband, it seems promising to obtain such 

a balun on LTCC or MMIC substrate if applying the design concept proposed in 

Chapter 5. 

• Advanced loop filter design. Simple accumulators were used as loop filters for the 

calibration algorithm in this thesis, the convergence speed is quite slow due to the 

narrow loop bandwidth. Conventional loop filter design techniques for Phase Lock 

Loop (PLL) can be applied to achieve a fast settling of the calibration process. 

• Hardware implementation of the feedback control algorithm. Figure 7.1 shows the 

possible circuit implementation of the feedback control algorithm. The frequency 

synthesizer is used to generate tones as HD2 and IM3 frequencies one at a time. 

The output of photodiode is amplified by the Transimpedance Amplifier (TIA) then 

multiplied with the output of the frequency synthesizer by a mixer. Then the real 

or imaginary part of the laser distortion can be extracted at DC by a lowpass filter. 

Depending on the output frequency of the synthesizer at the time, the output of the 

lowpass filter connects to loopl, loop2,... or loop8. The K matrix is realized by a 

group of operational amplifiers, where the resistors are used to define the elements 

of the K matrix. The outputs of the K matrix are the tuning voltages for the 

predistorter. For a predistorter using digitally controlled gain cell (see an example in 

Figure 4.10), an Analog to Digital Converter (ADC) is required. All the control loops 

can share the same ADC and use it one at a time alternatively. The registers will 

hold the outputs of the ADC to adjust the tunable gain cell. A potential problem of 

using one ADC is that the loop filters need to hold the analog values for a longer time 

and the current leakage of active device may reduce the loop gain significantly. In 

this case, each loop can have its own ADC to solve the problem. High performance 

and complicated ADCs are not necessary, simple ADC structures, such as Hopfield 

ADC [83], can be used to reduce the circuit complexity and save the silicon area. 

• Fully integrated laser predistortion system. With all the components described above 

designed, the next task to accomplish is definitely to make a fully integrated laser 
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Figure 7.1: Possible circuit implementation of the feedback control algorithm. 
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predistortion system. 

• Applying the multi-tank circuit design technique and the multiple variable feedback 

technique to linearize other circuits, such as power amplifiers. The predistortion 

technique proposed in this thesis is a general purpose predistortion scheme, it should 

be able to linearize other circuits. 

• Using more tank circuits in the design for a much larger linearization bandwidth. 

Multiple pilot tones might be required in order for calibrating the predistortion cir-

cuit. 



Appendix A 

Laser Inverse Model Constants 

The coefficients m0 ...m8 in the laser inverse model are given by 

m0 = - C t r 9 m M 0 q V c - CtrgmMxP^qVc + gmMQqVcZ0 + gmMiPdcqVcZ(] 

+ g m M 0 P d c q V c Z 1 + ^ 

m i = q V c Z x + g m M 0 P d c q V c Z 2 + ^ 

m 2 = qVcZ2 

m3 = —CtrgrnMiqVc - CtrgrnM2PdcqVc + gmMiqVcZQ + gmM2PdcqVcZ0 

+gmM0qVcZ1 + g^P^qV^ + gmM0PdcqVcZ3 + 
> e 

m4 = (gmM0qVcZ2 + gmMiPdcqVcZ2 + 2qVcZ3 + gmM0PdcqVcZ4 + 

m5 = qVcZi/2 

m6 = -CtrgmM2qVc - CtrgrnM3PdcqVc + gmM2qVcZ0 (A.0.1) 

+gmM3PdcqVcZ0 + g ^ q V ^ + gmM2PdcqVcZ1 
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m8 = qVcZ&/3 

gm = vgg 
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Tank Circuit Optimization Contour 
Plots 
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Figure B.l : Tank circuit parameters optimization for different linear path delays. 
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Figure B.l: Tank circuit parameters optimization for different linear path delays. 
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Appendix C 

Relationship between the Normal 
Mode Parameters and the 
Distributed Parameters of the 
Coupled Transmission Line 

The characteristics of coupled transmission line has been studied in [84,85]. The normal 

mode parameters of an uniform coupled transmission line are related to the distributed 

parameters of the transmission line by 

(C.0.4) 

(C.0.2) 

(C.0.3) 

(C.0.1) 

and 

7c2 = ^ y ^ + i ( ( a 1 - a 2 ) 2 + 4 M 2 ) 
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1/2 (C.0.6) 

184 



185 

where 

and 

R c = (g2 - ai) + ((Q2 - ai)2 + 4M 2 ) 1 / 2
 0 

2b\ 
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Appendix D 

Using Volterra Transfer Function to 
Calculate the Multi-tone Response of 
a Nonlinear System 

x ( t ) 
hpĈ l, •••, tp) 

HpCjcoi,jco2, ...,j(Op) 

hpĈ l, •••, tp) 

HpCjcoi,jco2, ...,j(Op) 
y P ( t ) 

Figure D.l: A pth order nonlinear system 

For a pih order nonlinear system, its output response can be expressed by 

/

OO POO 

... / hp(T1,T2,...Tp)x(t-T1)x(t-T2)...x(t-Tp)dTidT2...dTp (D.0.1) 
•oo J —oo 

where / i p ( t i , t 2 , . . . , t p ) is the pth order Volterra kernel of the nonlinear system. The trans-

form of the pth order Volterra kernel is 

/

OO POO 

... / / iP(r1 ,r2 , . . .Tp)e-^^1 + W 2 T 2 +-+^ )
C?r l C?T2 . . .drp (D.0.2) -oo J — oo 

The multi-tone input can be expressed as 

x(t) = [A1&
junt + A\e-junt) + (A2ej"2t + A*2e-jU2t) + ... + (Anejuint + A*ne~jUnt) (D.0.3) 
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Substituting (D.0.3) into (D.0.1) to obtain the output response, 

Vpi*) = I - o o - I - o o h p ( T ^ T ^ - T p ) x 

{(A^"1^-^ + AXe-Mit-n)) + ... + (Ane^-^ + A^e'^'^))-

((Aie>ul{t~T2) + Ale-'"1**-7*)) + ... + + A*e~juJ"(t-T2)))- q ^ 

((A^e^-^ + Ale-i"1^-^) + ... + (y4neJ'w"<t-T"> + A^e^^-^))-
(ITI (1T2 • • • D,TP 

The multiplication of x(t — rx) can be expanded and written in the form of 

(2 N)P 

{AXlAX2...AXp)ej{u'xi+u'*2+-+u'x>>)te-i^^e-^*2''2(D.0.5) 

where Xi is among 1 - n. Moving £ outside, we have (2n)" 
Vpif) = X] (AxlAX2...AXp) 

I-oo ••• IZ hp(rx,r2, Q g) 

g j (ui! 2 + • • • ) 4 

= £ (AxlAX2...AXp)Hp(juXl,jujX2, ...juXp) • 

which is the sum of output tones at frequencies (cuXl + tuX2 + ... + uXp). Therefore, the 

output phaser for a given (uXl + ujX2 + ... + ojXp) can be directly obtained as 

X1AX2...AXP )Hp(jujXl,juX2, ...juXp) (D.0.7) 

where c is due to the repeated combination of u x in (D.0.6). 



Appendix E 

MatLab Code of the Adaptive 
Calibration Algorithm 

The appendix contains the main program of the Matlab code implementing the adaptive 

calibration using multiple variable feedback algorithm. 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Laser Predistortion Circuit Optimization Program 
% Multiple variable feedback 
% Copyright of 2han Xu 
% August 31, 2009 
% Version 2.0 

% define some constants 
freql = l. 98 ; 
freq2=2.02; 
dwell=0; 
point=101; 
time=0.25; 
power=-6; 
fl=2*pix*freql*10"9; 
f2=2*pix*freq2*10*9; 
wf=[2*f1-f2 fl f2 2*f2-f1 2*f 1 fl+f2 2*f2 3*fl 2*fl+f2 2*f2+fl 3*f2]; 

% setup psg esg and pna 
Setup_PNA_2tone(freql,freq2, time,dwell,point); 
Setup_ESG_tone(freql, power); 
Setup_PSG_tone(freq2,power); 

fprintf(esg,'OUTP:STAT GN\n'); % Turns ESG RF output on; 
fprintf(psg,'OUTP:STAT ON\n'); % Turns PSG RF output on; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% Laser voltera model parameters for Ibias=3Q.mA % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
m0=1.7429*10"l; 
ml=8.77531*10"-ll; 
m2=6.38839*10^-21; 
m3=-2.3883*10"-l; 
m4=-2.0202*10"-9; 
m5=-2.49303*10"-18; 
m6=4.84736*10^1 ; 
m7 = 9.46439*10^-7 ; 
m8=l.31065*10^-15; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% Laser output phase adjustment value 
phl=0.1556-3.14/4; 
ph4=0.3828-3.14/4; 
ph5=-2.9608-3.14/4; 
ph7=-2.7539-3.14/4; 
td=-15; 

% define parallel port address for the configuring the DAC 
add= [ ' lTunel' 'XTune2' 'ITuneS' 'lTune4' 'ITuneS' 'ITuneo' ' lTune?' 
•ITuneS']; 

vref=2.6; % DAC reference voltage - the maximum output voltage 

% starting point 



tvO=[-0.001 -0.001 0.001 0.001 -0.002 0.002 0.002 -0.002]+vref/2; 

% relax factor 
relaxfactor=[0.06 0.06 0.06 0.06 0.002 0.002 0.002 0.002]; 
tvb=tv0; % S-channel DAC output voltages 
i t n - 2 5 0 ; %iteratior> point 
tvbs=zeros(8,itn)+vref/2; 

G0s=zeros(8,itn); 

tn=zeros(1,itn); 
for n=l:itn 

tn(n)=n; 
end 

powerlls= zeros (1, •itn); % Holder for laser- output power at fl 
powerl2s= zeros (1, .itn); % Holder- for laser output power at f 2 
powerils= zeros (1, •itn); % Holder for laser output power at 2fl-f2 
poweri2s= zeros (1, •itn); % Holder for laser output power at 2 f2-f1 
power21s= zeros (1, •itn); % Holder for laser output power at 2fl 
power22s= •zeros (1, •itn); % Holder for laser output P o w e r at 2 f 2 

% Setup the starting point of tuning voltages 
for nl=l;8 

addr=add(6*nl-5:6*nl); 
Setup_Tunning_voltage(tvO(nl),addr,vref); 

end 

% main algorithm 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% % Measure the linear path signal at port 1 of PNA 

[resulta]=Read_PNA_2tone_pl(point); 
H D l l a - r e s u l t a ( 7 , : ) ; % Measurement at fl 
HD12a=resulta(6,:); % Measurement at f2 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% % Measure the predistortion path signal at port 2 of PNA 

[resultb]=Read_PNA_2tone_p2(point) ; 

HDllb=resultb(7,: 
HD12b=resultb(6,: 
IM31b=resultb(8,: 
IM32b=resultb(5,: 
HD21b=resultb(4, : 
HD22b=resultb(3,: 
IM22b=resultb(9,: 
HD31b=resultb(2, : 
HD32b=resultb(1,: 
HD33b=resultb(10, 
HD34b=resultb(11, 

; % Measurement at fl 
; % Measurement at f2 
; % Measurement at 2fl-f2 
; % Measurement at 2f2-fl 
; % Measurement at 2fl 
; % Measurement at 2f2 
; % Measurement at fl+f2 
; % Measurement, at 3fl 
I % Measurement at 3f2 
); % Measurement at 2fl+f2 
); % Measurement at 2f2+fl 



%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% % Ideal power combiner 

IM22=IM22a+IM22b 
HD11=HD1la+HDllb 
HD12=HD12a+HD12b 
IM31=IM31a+IM31b 
IM32=IM32a+IM32b 
HD21=HD21a+HD21b 
HD22=HD22a+HD22b 
HD31=HD31a+HD31b 
HD32=HD32a+HD32b 
HD33=HD33a+HD33b 
HD34=HD34a+HD34b 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% % calculates laser output distortion at the starting point. 

% Real part 
a= (4CT0.5) * (10"-3) * [IM31 (1) HD11(1) HD12(1) ... 

IM32(1) HD21(1) IM22(1) HD22(1) HD31(1) ... 
HD33 (1) HD34{1) HD32(1) ]; 

% Imaginary part 
b= (40"0 . 5) * (10^-3) * [IM31 (2) HD11(2) HD12(2) ... 

IM32 (2) HD21 (2) IM22(2) HD22(2) HD31(2) ... 
HD33 (2) HD34(2) HD32(2)]; 

% calling the laser model 
y=Laser_Dist_S(a,b, wf) ; 

yl=y(1)*(cos(phi)+i*sin(phi)); 
% laser output at 2fl-f2 with phase shifter 

y4=y(4)*(cos(ph4)+i*sin(ph4)); 
% laser output at 2f2-fl with phase shifter 

y5=y(5)*(cos(ph5)+i*sin(ph5)); 
% laser output at 2fl with phase shifter 

y7=y(7)*(cos(ph7)+i*sin(ph7)); 
% laser output at 2f2 with phase shifter 

% Obtain starting distortion 
% Format laser output IM3 and HD2 component in a array 
G0=[real(yl) imag(yl) real(y4) imag(y4) real (y5) imag(y5) 

real(y7) imag(y7)]; 

% % % % % % % % % % % % % o % % % % % % % %%%%%% % % % % % ?3 % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % 
% obtaining the G.L.D matrix 

Gp=zeros(8,8); 
y=zeros(1,11); 
dvr=0.0008; % a small voltage step 

for n4=l:8 
addr=add (6*n4-5:6*n4); 
Setup_Tunning_voltage(tvb(n4)+dvr,addr,vref); 



% small increment for each tuning voltage 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% % Measure the predistortion path signal at port 2 of PNA 

[resultb]=Read_PNA_2tone_p2(point); 

HDllb=resultb(7, 
HD12b=resultb(6, 
IM31b=resultb(8, 
IM32b=resultb(5, 
HD21b=resultb(4, 
HD22b=resultb(3, 
IM22b=resultb(9, 
HD31b=resultb(2, 
HD32b=resultb(1, 
HD33b=resultb(10 
HD34b=resultb(11 

% Measurement at fl 
% Measurement at f 2 
% Measurement at 2 f 1-f2 
% Measurement at 2f 2~ fl 
% Measurement at 2f 1 
% Measurement at 2 f 2 
% Measurement at fl + f2 
% Measurement at 3 fl 
% Measurement at 3f2 
; % Measurement at 2f1+f2 
; % Measurement at 2f2+fl 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% % Ideal power combiner 

IM22=IM22a+IM22b 
HDll=HDlla+HDllb 
HD12=HD12a+HD12b 
IM31=IM31a+IM31b 
IM32=IM32a+IM32b 
HD21=HD21a+HD21b 
HD22=HD22a+HD22b 
HD31=HD31a+HD31b 
HD32=HD32a+HD32b 
HD33=HD33a+HD33b 
HD34=HD34a+HD34b 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% calculating laser output distortion for small change of each 
% tuning voltage. 

% Real part 
a= (40~0.5) * (lCT-3) * [IM31 (1) HDll(l) HD12(1) ... 

IM32(1) HD21(1) IM22(1) HD22(1) HD31(1) HD33(1) 
HD34(1) HD32(1)]; 

% Imaginary part 
b=(40~0.5)*(10"-3)*[IM31(2) HD11(2) HD12(2) ... 

IM32 (2) HD21 (2) IM22 (2) HD22(2) HD31(2) HD33(2) 
HD34 (2) HD32 (2) ] ; 

% calling the laser model 
y=Laser_Dist_S(a,b,wf); 

yl=y(1)*(cos(phi)+i*sin(phi)); 
% laser output at 2fl-f2 with phase shifter 
y4=y(4)*(cos(ph4)+i*sin(ph4)) ; 
% laser output at 2f2-fl with phase shifter 
y5=y(5) *(cos(ph5)+i*sin(ph5)); 



% laser output at 2fl with phase shifter 
y7=y(7)*(cos(ph7)+i*sin(ph7)); 
% laser output at 2f2 with phase shifcer 

% obtaining the G.L.D Matrix's elements 
Gp (n4, :) = ( [real (yl) imag(yl) real(y4) imag(y4) ... 

real(y5) imag(y5) real(y7) imag(y7)]-GO)/dvr; 

Setup_Tunning_voltage(tvbg(n4),addr,vref); 
% restores tuning voltages 

end 

% Decentralize the G.L.D matrix, 
% set the orf-diagonal i by matrices to zero 
Gp(1:4,5:8)=zeros(4,4); 
Gp(5:8,1:4)-zeros(4,4); 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% K matrix 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
K=inv(Gp); 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% Multiple variable feedback algorithm 

G t = [ 0 0 0 0 0 0 0 0 ] ; 

for on=l:itn 
for nl=l:8 

addr=addl(6*nl-5:6*nl); 
Setup_Tunning_voltage(tvb(nl),addr,vref); 
% Setup DC tuning voltages 
tvbs(nl,on)=tvb(nl); 

end 

% Plot realtime tuning voltages on the screen 
plot(tn,tvbs(1, :),tn,tvbs (2, :),tn,tvbs(3, :),tn,tvbs (4, :)); 

% IM3 Vtune 
plot(tn,tvbs(5, :),tn,tvbs(6, :),tn,tvbs(7, :),tn,tvbs (8,:)); 

% HD2 Vtune 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Measure the predistortion path signal at port 2 of PNA 

[resultb]=Read_PNA_2tone_p2(point); 

HDllb=resultb(7,:); % Measurement at fl 
HD12b=resultb(6,:); % Measurement at f2 
IM31b=resultb(8, :) ; % Measurement at 2fl-f2 
IM32b=resultb(5,:); % Measurement at 2f2-fl 
HD21b=resultb(4,:); % Measurement at 2fl 



HD22b=resultb (3, : ); % Measurement at 2f 2 
IM22b=resultb(9, :); % Measurement at f l + f2 
HD31b=resultb(2, :) ; % Measurement at 3fl 
HD32b=resultb(1, : ) ; % Measurement at 3f2 
HD33b-resultb(10,:); % Measurement at 2fl+f2 
HD34b=resultb (11, :) ; % Measurement, at 2f2 + fl 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% ideal power combiner 

IM22=IM22a+IM22b; 
HDll=HDlla+HDllb; 
HD12=HD12a+HD12b; 
IM31=IM31a+IM31b; 
IM32=IM32a+IM32b; 
HD21=HD21a+HD21b; 
HD22=HD22a+HD22b; 
HD31=HD31a+HD31b; 
HD32=HD32a+HD32b; 
HD33=HD33a+HD33b; 
HD34=HD34a+HD34b; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%calculates laser output distortion. 

% Real part 
a= (4CT0.5) * <10A-3) * [IM31 (1) HD11(1) 

IM32(1) HD21(1) IM22(1) HD22(1) 
HD33(1) HD34(1) HD32(1)3; 

% Imaginary part 
b=(40"0.5)*(lCT-3)* [IM31 (2) HD11 (2) 

IM32 (2) HD21(2) IM22(2) HD22(2) 
HD33 (2) HD34 (2) HD32(2)]; 

% calling the laser model 
y=Laser_Dist_S(a,b,wf); 

yl=y(1)*(cos(phi)+i*sin(phi)) ; 
% laser output at 2fl-f2 with phase shifter 

y4=y(4)*(cos(ph4)+i*sin(ph4)); 
% laser output at 2f2-fl with phase shifter 

y5=y(5)*(cos(ph5)+i*sin(ph5)); 
% laser output at 2fi with phase shifter 

y7=y(7)*(cos(ph7)+i*sin(ph7)) ; 
% laser output at 2f2 vvith phase shifter 

% obtaining output distortion 
% Format laser output IM3 and HD2 component, in a array 

G0=[real(yl) imag(yl) real(y4) imag(y4) real(y5) 
imag(y5) real(y7) imag(y7)]; 

% calculate IM3 and HD2 component in dBc 
powerils(on)=20*logl0(abs(y(l))*1000)-20*logl0(abs(y(2))*1000); 
poweri2s(on)=20*logl0(abs(y(4))*1000)-20*logl0(abs(y(3))*1000); 
power21s(on)=20*logl0(abs(y(5))*1000)-20*logl0(abs(y(2))*1000); 

HD12(1) 
HD31 (1) 

HD12(2) 
HD31 (2) 



power22s(on)=20*logl0(abs(y(7))*1000)-20*logl0(abs(y(3))* 1000); 

% Plot realtime IM3 and HD2 on the screen 
plot(tn,powerils,tn,poweri2s); % IM3 
plot(tn, power21s,tn,power22s); % HD2 

% Loop filter a/s, 
% integration in CT or accumulator in DT and negative feedback % %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

Gt=Gt-G0.*relaxfactor; % Accumulator and negative feedback 
dvb=transpose(K*transpose(Gt)); 

tvb-tvO+dvb; % Update the tuning voltage 

end 

fprintf (esg, 'OUTP:STAT OFF\n•); % Turns ESG RF output on; 
fprintf(psg,'OUTP:STAT OFF\n'); % Turns PSG RF output on; 

Close_ESG; 
Close_PNA; 
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