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General Introduction 

Despite extensive mathematical studies of nonlinear phenomena in recent years, it is now well 
recognized that computers allow us to solve interesting problems posed by many nonlinear 
equations. The reason for emphasizing nonlinearity is that it constitutes an important issue 
in many fields of science, painting up chaos, fractals and soli tons, as perhaps the most exciting. 

Solitons, which are very stable solitary waves in a solution of the Korteweg-de Vries equa
tion, have been shown to occur in a variety of nonlinear phenomena in physics. In particular, 
NonLinear Transmission Lines (NLTLs) enable the use of nonlinear solitary wave concepts in 
electrical transmission lines. The effects of nonlinearity, introduced by the loaded nonlinear 
elements, and dispersion, resulting of the periodic structure, counterbalance each other in 
such a way that solitons preserve their shape through propagation. Nowadays, nonlinear wave 
propagation is used extensively in the field of optical communications, notably in transat
lantic under-sea optical cables, and will play a major role in the next generation of optical 
communication systems. 

Besides, the limits of high-frequency technologies are explored and extended by research in 
ultrafast electronics and optoelectronics. Indeed, millimeter and submillimeter bands are rich 
in opportunities both for remote-sensing applications and for emerging industrial and com
mercial activities. With the ad vent of semiconductor technology, deviees capable of generating 
fast-response electrical transitions have been reported for high-speed digital and analogue ap
plications. Also, such deviees are essential to obtain the wide bandwidth found in high-speed 
instrumentation. On the other hand, discrete deviees have been traditionally used in com
munication systems by typically designing a resonant response in the band of interest, thus 
restricting the operating bandwidth. In this sense, distributed deviees are subject of great 
interest in high-frequency electronics. Indeed, distributed circuits permit broad bandwidths 
with efficient coupling to semiconductor deviees. Thus, NLTLs, as distributed networks, have 
the bandwidth necessary to support the propagation of picosecond signais. 

When going up to millimeter and submillimeter frequencies, an additional difficulty consists 
in providing local oscillator sources with enough power levels by direct generation. Frequency 
multiplication can alleviate the problem of power sources for high frequencies. In this context, 
this thesis deals with the potential of NLTLs for harmonie generation on the basis of InP
based Heterostructure Barrier Varactors (HBVs). In particular, the HBV diode has been 
demonstrated to be a promising deviee for high efficiency frequency multipliers. 

Chapter one of this thesis provides the necessary historical background to introduce the 
concept of an NLTL. A theoretical study of such !ines allows us a further understanding of the 
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fundamental characteristic properties. Also, this introductory chapter describes all variety of 
applications found in the literature. 

Chapter two reviews the two key elements integrating an NLTL, namely the nonlinear de
vice and the non-loaded transmission line. In addition, different commercial software packages 
used in the simulation of such lines are introduced briefly. 

Chapter three is devoted to the design rules for harmonie generation. After a certain 
number of preliminary considerations, this chapter discusses one particular approach. The 
study was carried out within the MULTIS (MUltiplicateur à Lignes de Transmission Intégrant 
des hétérostructures de Semiconducteurs) project research context in the framework of a CNRS 
(Centre National de la Recherche Scientifique) Télécom contract, in collaboration with the 
Laboratory of Microwaves and Characterization at the University of Savoie, France. The aim 
of this project is to prove the potential of NLTLs for frequency multiplication applications on 
the basis of InP-based HBV diodes monolithically integrated along the line. In practice, the 
aim is the fabrication of a V-band frequency multiplier prototype. 

Chapter four deals with the influence of the diode capacitance-voltage characteristics on 
the transmission behavior of an NLTL. In particular, a special consideration has been paid to 
the determination of the Bragg frequency, by Large Signal S Parameter simulation, and the 
rejection above this frequency. This work was mainly performed in the Institute of Microwaves 
and Photonics of the School ofElectronic and Electrical Engineering at the University of Leeds, 
UK, under the supervision of Robert Miles and Paul Steenson. 

Finally, chapter five concerns the fabrication of the MULTIS prototype in a monolithic 
coplanar technology and its characterization. A detail description of the process steps involved 
in the fabrication is first presented, coming last the characterization under small signal and 
large signal conditions. 
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Background and Context 

1.1 Historical Background 

I.l.l Solitary Waves 

1.1.1.1 Hydrodynamic Analogy 

In 1834 John Scott Russell (1808-1882), a Scottish shipbuilder and engineer in the late 19th 
century, provided the first description of solitons. Russell observed a wave which, guided 
through a canal, seemed to travel without losing its shape. This incident took place on 
the Union Canal at Hermiston, very close to Heriot-Watt University, Edinburgh. Following 
this preliminary observation, Russell built a wave tank and made important advances in 
the properties of the solitary wave, which were reported to the British Association for the 
Advancement of Science. 

The early ideas of Russell started to be appreciated not until the mid 1960's. By then, 
applied scientists began to use modern digital computers to study nonlinear wave propagation. 
In 1973, the soliton was presented as a new concept in applied science by Scott et al. [SCM73]. 
Nowadays, the solitary wave concept enables to formulate the complex dynamical behavior 
of wave systems throughout a variety of fields. Not only have solitons been shown to occur 
in hydrodynamics and nonlinear optics, they have also appeared in descriptions of plasmas, 
protein models, atmospheric events, magma flow, general relativity, high energy physics and 
solid state physics. 

One of the most promising applications of soliton theory is in the field of optical commu
nications. With sufficient intensities from a separate pump laser, optical fibers can channel 
a light pulse of photons in the same way Russell saw the canal carry a water wave. In 1973, 
Akira Hasegawa of AT&T Bell Laboratories Electromagnetic Phenomena Research depart
ment was the first to suggest that solitons could exist in optical fiber and proposed the idea 
of soliton-based transmission systems. Since then, optical soliton propagation has been used 
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Figure I.l: Solitary wave observations performed by John Scott Russell 

for dispersion-less signal propagation in fiber-optic transmission. 

1.1.1.2 Soliton Definition 

A soliton is a wave form that does not broaden, lose its shape and weaken as it travels along 
a particular medium. 

The term soliton was introduced in the 1960's by Zabusky and Kruskal from numerical 
experiments of the Korteweg-de Vries equation while studying the heat conductivity of solids. 
In computer experiments they found that a sinusoïdal initial condition broke up into a train of 
pulses, which later recombined to almost reproduce the initial shape, similar to the surprising 
results that Fermi, Pasta and Ulam had previously found in 1955. The Korteweg-de Vries 
equation was derived by Korteweg and his student de Vries late in the 19th century as a water 
wave equation, and after a long period, revived as one of the most fundamental equation of 
soliton phenomena. Solitons are very stable solitary waves in a solution of this equation. 
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The stability of solitons stems from the continuai interaction of the nonlinearity and dis
persion. If this delicate balance of nonlinearity and dispersion is lost, soli tons become unstable 
and, eventually, cease to exist. The nonlinearity modifies the dispersion law in such a way that 
the amplitudes and the phase velocities of generated harmonies remain constant. Nonlinearity 
drives a solitary wave to concentrate further while dispersion is the effect to broaden such 
a localized wave. In the right situation, these opposing effects will complement each other, 
leaving the wave to propagate without any distortion. 

1.1.2 Soliton Propagation 

L1.2.1 Soliton Fundamental Properties and Equation 

The following unique properties of solitons have been observed by Hirota and Suzuki [HS73] 
in a nonlinear lumped LC network: 

• An initial pulse-like wave packet breaks into a finite train of solitons, each of which 
travels at its own velocity, and a law-amplitude oscillatory tail. 

• A soliton of high amplitude propagates faster than one of low amplitude and the width 
of the soliton is inversely proportional to its amplitude. 

• Solitons preserve their identities after interacting with each other. 

This nonlinear lumped circuit is equivalent to an anharmonic one-dimensional lattice, 
where Toda previously proved these fundamental properties. Also, Toda found an analytical 
solution to the equation of motion for the anharmonic one-dimensionallattice. Hirota provides 
the following solitary-wave pulse or lattice solution, which corresponds to the one found by 
Toda: 

2 A(t- nTv) 
Vn(t) = Vmaxsech ( T ) 

FWHM 
(I.l.l) 

where Vn(t) is the time dependent voltage at the nth diode, Vmax is the peak voltage, 
TFwHM is the soliton's full width at half maximum duration given by: 

A 
TFWHM = --r===== 

7r JE. /ln(l + Vma;r) V Vo 

(1.1.2) 

and Tv, the time delay through each section of line, is given by: 

(1.1.3) 
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By the way, fB is the Bragg frequency and V0 is a constant voltage, parameters which will 
be introduced later on. Finally, the larger the parameter A is, the larger the local maximum 
is and the faster the wave travels. 

Since the soliton represented by equation I.l.l is very stable in the NonLinear Transmission 
Line (NLTL), most of the waves will decompose into a train of solitons after propagating long 
enough. Once the soliton is produced in the NLTL, it can propagate without any change of 
its temporal shape. In the formation process of the soliton, electromagnetic energy which is 
distributed spatially and temporally is compressed into the soliton. 

!.1.2.2 Interaction between Two Solitons 

A theoretical and experimental description of soliton-soliton interaction has been carried for
ward by Hirota and Suzuki in reference [HS73]. This section focuses on their experimental 
observations. 

!.1.2.2.1 Two Solitons Moving in the Same Direction 

The upper li-races of figure !.2 show two input voltage pulses having greatly disparate 
amplitudes and moving in the same direction, where the larger amplitude pulse is preceded 
by the smaller amplitude one. The pulses are introduced into the network observing an input 
spacing, which will be narrowed from figure I.2(a) to figure I.2(c). Owing to their initial 
shape, each one will be transformed into a unique soliton as they travel through the nonlinear 
lumped circuit. Therefore, at a distance from the input, two solitons can be observed in the 
lower trace of figure I.2(a). The higher soliton, which travels faster, is still behind the lower 
one at this observation point. In figure I.2(b) the input pulse spacing is such that the larger 
amplitude solitonjust overlaps the smaller amplitude one at the same observation point. It can 
be seen how, during the overlap time interval, their joint amplitude decreases. The resulting 
nonlinear superposition has a smaller amplitude and longer duration than the higher of the 
two interacting solitons. In the lower trace of figure I.2(c), still at the same observation point, 
the larger amplitude soliton has overtaken the smaller amplitude one and is now ahead. It can 
be observed how the two soli tons come out of the collision unaltered. Actually, the amplitudes 
are detached once the larger soliton absorbs the smaller one. 

The space-time trajectories of the collision of two solitons having different amplitudes and 
traveling in the same direction are shown in figure !.3. For the sake of clarity, the collision takes 
place at t = 0 and z = O. Since tA < tB for each distancez < 0, soliton B is initially retarded 
in relation to soliton A. Furthermore, the slope of its trajectory reveals that it travels faster. 
When it consequently approaches the smaller amplitude soliton, the larger amplitude one is 
accelerated , while the smaller soliton is correspondingly slowed down. After the collision, 
once soli ton B is clearly ahead, it can be seen how the velocities of both soli tons are restored. 
Soliton B is advanced with regard to the position it would have if no collision had occurred, 
contrary to what happens with soliton A. 

In the case where, traveling in the same direction, the amplitudes of the two solitons are 
comparable, the interaction between them differs from the behavior described before. The 
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Figure !.2: Traces of two solitons moving in the same direction 
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Figure !.3: Space-time trajectories of the collision of two solitons having different amplitudes 
and traveling in the same direction (from reference [HS73]) 

higher one (B) shrinks and the lower one (A) grows as saon as the higher cornes close enough 
to the smaller. Nevertheless, figure !.4 shows no intersection in the space-time trajectories 
of bath solitons. Once the larger amplitude soliton collides with the smaller amplitude one, 
its velocity is reduced until reaching the velocity of soliton A. As was to be expected, the 
opposite behavior happens in the case of soliton A. Thus, the two waves interchange their 
roles and after which they separate. 

1.1.2.2.2 Two Solitons Moving in Opposite Directions 

Figure !.5 shows two voltage pulses having the same amplitude and moving in opposite 
directions. The pulses are introduced into the network from each end, the pulses on the right 
(B) being excited after the pulse on the left (A). In this way, the pulse spacing in the upper 
traces of figure 1.5 corresponds to the sum of the input spacing pulse injection and the time 
required by the pulse introduced from the end to reach the input. This former time allows to 
reduce the time delay between the two pulses from figure I.5(a) through figure I.5(c). Note 
that in the three situations displayed the observation point in between the two ends is the 
same. The lower trace of figure I.5(a) shows soliton A before the collision and soliton B1 after 
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Figure 1.4: Space-time trajectories of the collision of two solitons having similar amplitudes 
and traveling in the same direction (from reference [HS73]) 

the collision. Actually, the soliton which is first observed has not yet suffered collision. The 
other, once it is observed, has necessary passed through the first one, as they travel in opposite 
directions. Therefore, the lower trace of figure I.5(c) shows soliton B3 before the collision and 
soliton A after the collision. From these traces, it can be stated that solitons propagate 
undistorted after collision. Finally, the lower trace of figure I.5(b) shows the collision of 
solitons A and B2 with a significant increase in amplitude. At this point, their joint amplitude 
is greater than the sum of their amplitudes. 

Figure I.6 shows the head-on collision of two solitons having the same amplitude (same 
slope value of the space-time trajectories) and traveling in opposite directions (opposite slope 
sign of the space-time trajectories). When the two waves approach one each other, both 
are accelerated. After collision, their velocities are restored. Different from what has been 
described for two solitons of different amplitudes propagating in the same direction, in this 
case, both pulses are advanced with regard to the position they would have if no collision had 
occurred. 
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Figure !.5: Traces of two soli tons moving in opposite directions 
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Figure !.6: Space-time trajectories of the collision of two solitons having the same amplitude 
and traveling in opposite directions (from reference [HS73]) 

1.1.3 NLTL Background 

After this brief description of soliton propagation in a nonlinear lumped LC network, this 
section will focus on the NLTL background. 

The nonlinear charge-voltage relationship of a reverse-biased semiconductor junction (vari
able capacitance diode) is used at high frequencies for many applications. If the junction is 
instead incorporated somehow into a transmission line, the resulting structure takes the form 
of a NonLinear Transmission Line (NLTL). Two types of interaction line-diode can be consid
ered: a located, periodic interaction, and a distributed interaction all along the transmission 
line. 

Investigation into the properties of NLTLs for high frequency applications began in the 
early 1970's. The advent of semiconductor fabrication processes motivated the need for a 
general analysis of fully distributed NLTL structures. The basic structures which have been 
discussed in the earlier literature are the Metal-Insulator-Semiconductor (MIS) and Schottky
contact for applications as delay lines or phase shifters. The transmission line consisted in 
microstrips [Jag76, JB77] or coplanar waveguides [FI82, SLS84] forming a continuous dis
tributed contact to a semiconductor layered substrate. 
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Even if second harmonie generation along MIS and Schottky-contact lines was also iden
tified by Günther and Voges [GV73] and by Everszumrode et al. [EBJ77] as a possible appli
cation, they were faced with high values of conversion loss due to the lasses associated with 
the use of semiconductor substrates as transmission media. In reference [EBJ77], a maximum 
value of 1% for power effi.ciency of frequency doubling is derived if Schottky-contact microstrip 
lines with optimum performance are designed on n-type silicon. Operation at liquid nitrogen 
temperatures increases the efficiency up to 6%. As a result of progress in the understanding 
of nonlinear wave phenomena and due to the improvements of stripline technology for Mono
lithic Microwave Integrated Circuit (MMIC) applications, in 1985 Jager [Jag85] attempted 
a general and also practical analysis of nonlinear slow-wave propagation on planar MIS and 
Schottky-contact striplines in arder to enhance the small values of measured effi.ciency. The 
propagation of a sinusoïdal input wave is a process which experiences the influence of dissi
pation and dispersion, the low-pass filter dispersion being absolutely necessary in harmonie 
generation applications. 

Deviees in which the active medium is semiconducting, namely have a poor resistivity, are 
intrinsically lassy. In reference [Rod87], Rodwell concluded that the loss introduced by the 
semiconductor substrate is the limiting factor in these fully distributed structures. At present, 
NLTLs developed for high frequency applications are usually of the lumped element varactor 
type. 

Periodic NLTLs are usually constructed from fixed series inductors and voltage-varying 
shunt capacitors (varactor diodes) in cascade, because it is diffi.cult, in practice, to obtain 
strongly nonlinear current-varying inductors having good Q factors at high frequencies. Ex
perimentally, a transmission line is loaded periodically by varactor diodes to make up an 
NLTL. 

At first, lumped element NLTLs were utilized at low frequencies as a powerful means for 
research into solitary wave behavior. As a nonlinear and dispersive medium, an NLTL is a 
convenient and inexpensive tool to study the propagation of solitons. 

The experiment on a soliton in an NLTL was carried out first by Hirota and Suzuki 
[HS73]. They showed experimentally the basic properties of solitons in the electrical analogue 
of the Toda lattice. The transmission line has provided fundamental information about soli ton 
propagation such as head-on and overtaking collisions of solitons, decomposition of a broad 
input pulse into a train of solitons, ... Later, Nagashima and Amagishi [NA78] obtained 
experimentally the velocity and the width of a soliton and also the interaction of two solitons 
in a quantitative agreement with the theoretical prediction. 

Soliton formation and propagation in NLTLs have been also studied by, for example, 
Watanabe [Wat82], who considered an LC-ladder with constant inductance and expanded 
the voltage in Taylor's-series expansion around the bias DC voltage. By connecting a linear 
capacitor parallel to the nonlinear capacitor, the nonlinearity is deviated from that of the 
Toda lattice. However, even though the inverse of the differentiai capacitance does not depend 
linearly on the voltage, a soliton can propagate stably in the circuit. 

The formation process of solitons in a dispersive medium has been studied in detail by 
Tsuboi [Tsu90] who observed a rectangular pulse fed into the nonlinear, lumped LC trans
mission line to be steepened by the nonlinear effect at the early stages, then to decrease and 
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broaden during propagation along the line and eventually change into soli tons by a delicate bal
ance between nonlinearity and dispersion. Tsuboi had previously reported in reference [Tsu89] 
the observation of a phase shift at the soliton collision which had been expected theoretically 
by Hirota and Suzuki [HS73]. 

Lately, theoretical studies about soliton propagation have been carried out by, for example, 
Ramos [Ram95], who showed by means of perturbation methods that soli tons governed by the 
nonlinear Korteweg-de Vries equation may propagate along a nonlinear, lossless transmission 
line. Also in 1995, Burger [Bur95] illustrated a model believed to be the minimum necessary 
to analyze solitary waves on a practical transmission line. 

I.2 Theoretical Description 

1.2.1 The Dispersion Equation 

Consider initially an analysis of the generic lossless lumped-constant transmission line, having 
a series inductance of l henrys per unit length and a shunt capacitance of c farads per unit 
length. Its unit cell is depicted in figure I. 7. 

I (z,t) I (Z+âz,t) 
--+ ---+ 

• • • • nT"~ 

I • ••• 

1 V(~ 1 v(<+&)) I 
Figure 1.7: Unit cell of the lossless lumped-constant transmission line 

Applying Kirchhoff's voltage law to an elementallength <5z of the transmission line gives: 

oll = _zOI 
oz <5t 

Similarly, from Kirchhoff's current law: 

01 <5ll 
-=-c-oz ot 

(1.2.1) 

(1.2.2) 

In ali the works dealing with transmission lines, it is assumed that one can proceed to the 
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limit r5z -t 0, thus obtaining the following pair of partial differentiai equations: 

av= _zôi 
ôz at 

ai av 
-=-c-
ôz ôt 

Equations 1.2.3 and 1.2.4 can also be written as: 

ô2V a2v 
le ôt2 = az2 

ô2J a2J 
le ôt2 = ôz2 

By substituting into these equations the reverse traveling-wave solutions: 

V(z, t) = V
0
J(wt+kz) 

J(z, t) = Ioef(wt+kz) 

where V0 and ! 0 are complex amplitudes, 

the well-know dispersion equation is obtained: 

BJ -
c 

(1.2.3) 

(!.2.4) 

(!.2.5) 

(!.2.6) 

(1.2. 7) 

(!.2.8) 

(!.2.9) 

that is, the phase and group velocities are identical. Therefore, equations 1.2.3 and 1.2.4 
or equations 1.2.5 and 1.2.6 are not dispersive. 

The numerical analysis of such a structure implies the discretization of both independent 
variables, the space variable and the time variable. Next, let us consider the effect of the 
discretization of the space variable, for example. Figure 1.8 shows a lossless lumped-constant 
transmission line where the space variable is discretized. 
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Figure 1.8: Lossless lumped-constant transmission line where the space variable is discretized 

Assume now that the time variable in equations 1.2.3 and 1.2.4 is kept continuous while 
the space variable is discretized. The so-called Method of Lines is used here to discretize the 
spatial variable. This discretization reduces equations 1.2.3 and 1.2.4 to ordinary differentiai 
equations in time: 

ldfn = _ Vn+l- Vn 
dt d 

(1.2.10) 

dVn In- In-1 
c-d-t = - --d-- (1.2.11) 

Vn = V(zn, t) where Zn = nd, d denoting the spatial step size and n the nth grid 
point. 

Equations 1.2.10 and 1.2.11 may be combined to give: 

(1.2.12) 

By expressing Vn+l and \!~_ 1 in terms of Taylor expansions: 

(1.2.13) 

(1.2.14) 

it can be shown that: 

(1.2.15) 
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This equation differs from equation !.2.5 in the terms involving fourth and higher arder 
spatial derivatives. 

A Fourier analysis similar to the one employed before yields to the following dispersion 
equation: 

(!.2.16) 

which indicates that equation !.2.15 is dispersive, that is, the phase and the group velocities 
are different. 

Note that: 

(!.2.17) 

which corresponds to equation !.2.9. 

The modified equation !.2.15 can be saved by substituting the following expressions into 
equations !.2.10 and !.2.11: 

(!.2.18) 

(!.2.19) 

This substitution leads to the following dispersion equation: 

(!.2.20) 

which can be expanded in Taylor's series as: 

w =~JI- cf2k2 
v'fê 12 

(!.2.21) 

which corresponds exactly to equation !.2.16, an even more approximate version of the 
dispersion relationship !.2.20. 
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So as to finish with this analysis, consider only the two first terms of the Taylor's series 
expansion of cos kd. Equation !.2.20 simplifies to: 

k = wvlc (!.2.22) 

where the phase and group velocities are identical, leading again to the dispersionless case. 

In conclusion, this problem is intimately related to numerical analysis. Frequency disper
sion results from the periodic structure, which causes frequencies close to the eut-off frequency 
of the ladder network to propagate more slowly than other frequencies. However, in an NLTL, 
which may be formed by replacing the shunt elements of a conventionallumped-constant trans
mission line by nonlinear elements, this discretization of the space variable does not appear 
from the numerical analysis, but corresponds physically to the periodic introduction of the 
nonlinear elements. 

1.2.2 The Bragg Frequency 

Actually, all experimental NLTLs are lumped-parameter lines where the spatial variable is 
discretized. Therefore, there is an upper limit to the pump frequency, owing to the nature 
of the transmission line, as they have all the properties of low-pass filters. The eut-off fre
quency forms the upper limit of the system, above which neither pump signal nor harmonie 
components may be efficiently transmitted. 

Due to the discretization of the spatial derivatives, equation !.2.20 indicates that the max
imum wave number that can be resolved corresponds to kd = 1r. That is, the shortest wave
length for which a real solution of this equation is obtained is two sections long, d = )..j2. This 
wavelength corresponds to the following eut-off frequency: 

2 
w -
B- dJTê (!.2.23) 

(!.2.24) 

Renee, there are no traveling-wave solutions for frequencies above the eut-off frequency. 
This frequency is also called the Bragg frequency since the refiections from this one-dimensional 
electrical lattice bear a similarity to the refiections seen in a periodic crystal lattice. In 
particular, let us draw an analogy with Distributed Bragg Refiectors (DBRs), commonly called 
Bragg's mirrors, where the same condition of phase matching is imposed between the forward 
and the reverse traveling-waves. Indeed, a DBR is a periodic multilayer structure so that each 
layer exhibits a different refractive index. Thus, at each interface, the optical incident wave 
is in part refiected due to the index change in such a way that the direct emission and all the 
refiected waves are in phase producing a constructive interference phenomenon. 
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I.2.3 The Korteweg-de Vries Equation 

First, consider the linear case (constant capacitance) where it is even difficult to incorporate 
the dispersion relation into the characteristic propagation equations, as shown in section !.2.1. 
Later, nonlinearity will be introduced by a voltage-dependent capacitance, leaving the disper
sion term unaffected. Note that dissipation is ignored in this analysis. 

The introduction of the expression !.2.23 of the Bragg frequency into equation !.2.16 leads 
to the following equation: 

(!.2.25) 

By assuming linear wave propagation, that is, allowing forward and backward traveling
waves to propagate independently on the transmission line, and using operator notation, where 
the operator Da represents partial differentiation with respect to variable a, it can be proved 
that equation !.2.25 represents the characteristic equation for the differentiai equation: 

(!.2.26) 

Where V(z t) - v -i(wt-kz) + v. ej(wt+kz) , - forwardt:7 reverse • 

In this equation, it has been assumed that the term (wsd3 /48) 2 D~V(z, t) is small in com
parison to the term corresponding to the first order dispersion. The equation can be broken 
into two differentiai equations, for the forward and reverse directions of propagation: 

(D - wsd D - wsd3 D3)(D wsd D wsd3 D3)V( ) = 0 
t 2 z 48 z t + 2 z + 48 z z' t (!.2.27) 

For the forward wave, the following equation is obtained: 

(Dt- wsd D - wsd3 D3)V(z t) = 0 
2 z 48 z , 

(!.2.28) 

Assuming a differentiai equation equivalent to equation !.2.28 in the linear case: 

(!.2.29) 
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one can introduce nonlinearity by setting Q(V) = C0 V0 ln(1+ V /V0 ), so that the capacitance 
given by the derivative of its charge stored with respect to voltage: 

C(V)=~ 
1+Y 

Va 

results in the Hirota model for capacitance [HS73]. 

Then, equation !.2.29 results in: 

Co av_ (1 +v )wBdav _ (1 +v )w8 d3 a3
V = 0 

C at Vo 2 az Vo 48 az3 

(!.2.30) 

(!.2.31) 

Assuming that the nonlinear factor present in the dispersion term (the third order term) 
can be neglected: 

Co av _ (
1 

v) wBd av _ wBd3 a3v = 
0 c at + Va 2 az 48 az3 

(!.2.32) 

which is a form of the well-known Korteweg-de Vries equation. This equation contains the 
first order dispersion and first order nonlinearity effects. 

One of the phenomena in dealing with nonlinear partial differentiai equations and of major 
interest are the solitary waves. Nowadays, there is a better knowledge of the underlying 
mathematical properties. Indeed, solitons are governed by the famous nonlinear Korteweg-de 
Vries equation. 

I.3 NLTL Modes of Operation 

There is a constant tendency in all communications to higher frequencies and higher band
widths. Actually, to overcome the disadvantages of narrow-band techniques, systems are 
evolving towards wide bandwidths and greater time domain character. From the point of view 
of information theory or wave propagation, these wide bandwidth techniques are far superior 
and are attracting wide interest. 

The advantage of the NLTL in millimeter and submillimeter applications over discrete 
deviees, such as Schottky diodes and High-Electron-Mobility-Field-Effect-Transistors (HEM
FETs), is high frequency operation over a wider bandwidth. Even though such lumped deviees 
need an input and output matehing network, they can have eut-off frequencies as high as sev
era! TH z, while the NLTL is self matehed over a mueh wider frequeney range. 
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NLTLs can be designed to generate picosecond transition impulses, picosecond duration 
pulses and millimeter-wave harmonies, which performance exceeds that of conventional elec
trical wave shaping deviees. As will be shown in the following sections, the transmission 
line behavior is defined depending on the interaction between the effects of dispersion and 
nonlinearity. The relationship between the input signal harmonie components and the Bragg 
frequency determines one of the three modes of operation, namely one of the three main appli
cations. In addition, the effect of parasitics is of significant consideration in these three types 
of NLTLs. 

1.3.1 Shock Wave 

1.3.1.1 Intuitive Approach 

Impulse compression on NLTLs has been widely studied by Rodwell et al. [RKY+91]. The 
formation of shock waves can be intuitively understood from the expression of the phase 
velocity per section of an NLTL: 

1 
Vp = -vr=L===;l (:==c=l +=C=::=d=;::( v====);=;:) 

(I.3.1) 

where L1 and C1 are the inductance and capacitance of the NLTL section respec
tively, and Cd(V) represents the voltage-dependent diode capacitance. 

Note that the LC equivalent circuit of an NLTL is obtained by replacing the shunt elements 
of a conventional lumped-constant transmission line by nonlinear elements, resulting in the 
following capacitance: CT(V) =cl+ Cd(V). 

If Cd(V) decreases with increasing voltage, the higher portion of the input falling step 
function, where Vh and Vi are the initial and final voltages respectively, will travel faster than 
the lower amplitude portion, resulting in the reduction of the fall time of waves propagating 
on the NLTL. In other terms, the effect is to steepen the falling edge of a waveform to sorne 
asymptotic limit. 

The voltage at the nth diode can be expressed as: 

Vn(t) = Vin(t- nT(V)) (I.3.2) 

(I.3.3) 

where T(V) is the propagation delay, the inverse of the phase velocity per section. 



1.3. NLTL MODES OF OPERATION 21 

At first, the fall time T1,n will decrease linearly with distance: 

Tt,n = TJ,in- n(T(Vh)- T(Vi)) (1.3.4) 

The generation of high frequency components brings about the minimum fall time Tf,min. 
However, when these generated frequencies are comparable to the Bragg frequency, disper
sive effects become more important than the compression arising from the voltage-dependent 
propagation velocity, leading to the formation of solitons. Therefore, pulse compression must 
be achieved inhibiting the generation of multiple solitons. 

In conclusion, the absence of dispersion and loss, where the LC equivalent circuit is consid
ered weil below the Bragg frequency, excites shock wave formation and propagation. Figure 1.9 
illustrates how the shock builds up and how it maintains the edge velocity once the minimum 
fall time is attained. Three different situations are displayed: 

• (a) When the diode eut-off frequency limits the shock velocity Uc,diode = f 8 ), the wave
form shows uniform shock formation over the impulse's leading edge. Note also the 
complete absence of ringing in the waveform. 

• (b) A large amount of ringing, nearly the same frequency as j 8 , can be noted in the 
waveform when the diode has a very high eut-off frequency Uc,diode = 20fB)· The shock 
formation is still uniform over the leading edge. 

• ( c) Wh en the effects of the diode and the Bragg frequency are nearly the same, that is 
!c,diode = 4fB, the ringing is not pronounced but the shock formation is not uniform, 
gradually growing over the entire leading edge. This partial shock formation occurs 
when the propagation delay T(V) is not linear with the voltage, but the input impulse 
varies linearly with the time. 

The effects of the diode eut-off frequency on shock wave propagation have also been studied 
by Wang and Hwu in reference ['WH99] and have been easily explained by their distributed 
mo del. 

1.3.1.2 State-of-the-Art 

The importance of the phenomenon of shock wave formation on fully distributed varactor 
lines to transmission of digital signais was discussed for the first time by Landauer [Lan60], 
who also pointed out that it is possible to obtain any useful gain from an NLTL used as a 
parametric amplifier. 

Freeman and Karbowiak [FK77], who used varactor diodes and an LC-ladder network with 
constant inductances, investigated experimentally and numerically shock wave formation and 
propagation in NLTLs. They resolved the paradox of energy loss associated with a shock 
wave on a distributed structure by stating that the sum of the DC energy of the pulse and 
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Figure 1.9: Shock wave formation and propagation along an NLTL (from reference [Cas93]) 
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the Root-Mean-Square (RMS) energy associated with the oscillations is constant and equal to 
the input energy except for the !osses incurred in Rand G parameters. 

Research on the use of lumped element NLTLs for shock wave formation was initiated 
to generate pulses with picosecond rising transients for wide bandwidth test instrumentation 
applications. The generation of picosecond rise times from shock waves propagating on an 
NLTL was first proposed by Riley in 1961. In 1987, Rodwell et al. [RBA87] demonstrated 
that fall times on the order of 4ps were possible using Schottky varactors with uniform doping 
monolithically integrated with transmission lines on GaAs. The varactor series resistance 
introduces a varactor eut-off frequency limiting the compressed fall time. Madden et al. 
[MMR+89] reported the generation of voltage waveforms with 6V amplitude and 1.6ps fall 
time, which were generated by voltage shock wave formation on a hyperabrupt-doped Schottky 
diode monolithic GaAs NLTL. In reference [RKY+91], Rodwell et al. studied in detail the 
shock wave formation during the compression phase as well as the shock wave propagation. 
In practice, the shock fall time will asymptotically approach a minimum compressed fall time 
of 1.4ps, at which wavefront compression is balanced by the wavefront spreading. Subsequent 
development has resulted in pulse rise times of 480j s [Wei94] and 680j s [BAR95], the best 
reported transient results. 

In order to generate shock waves having shorter fall times and larger amplitudes, NLTLs 
can be also manufactured on thin GaAs membrane. In this way, the linear capacitances of 
the CoPlanar Waveguide (CPW) lines decrease, which leads to the possibility to increase the 
nonlinear capacitance of the diodes without changing the input impedance and the Bragg 
frequency. In fact, the ratio between the maximum and minimum capacitance affects strongly 
the minimum fall time of the shock wave and due to the linear capacitance introduced by the 
CPW line, this parameter decreases. The first NLTLs on GaAs membranes for picosecond 
and large amplitude shock wave generation have been simulated by Simion et al. [SBM+97]. 

Finally, there are also many applications which require pulses with amplitudes greater 
than severa! hundred volts and rise times in the picosecond regime. In reference [BHJ+93], an 
NLTL is used to generate a 1.5kV pulse with arise time of 500ps from the output of a power 
Metal-Oxyde-Semiconductor-Field-Effect-Transistor (MOSFET) pulse generator. 

!.3.2 Pulse Sharpening 

!.3.2.1 Principle 

Shock wave formation and propagation in NLTLs has been investigated by Turner et al., 
who employed uniform ladder networks for sharpening electrical pulses using either nonlinear 
capacitors or nonlinear inductances. In reference [TBS91], the mechanism by which electrical 
pulses can be sharpened by propagation along NLTLs is described. 

Sharpening of the front or the tail of an electrical pulse is caused by the amplitude depen
dence of the phase velocity of signais propagating along the NLTL, as seen before. Therefore, 
the production of pulses with very fast leading or trailing edges depends on the configuration. 
When nonlinear inductors are used, the phase velocity is largest at the top of the pulse, which 
catches up with the start of the leading edge. This causes the leading edge of the pulse to 
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sharpen into a shock wave. When nonlinear capacitors are used, a shock wave forms on the 
trailing edge of the pulse, as the phase velocity decreases with increasing pulse amplitude. 
In fact, these situations represent a steep-fronted voltage shock wave and are displayed in 
figure LlO. 

L L L L 
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••• ... f\_ 

Figure LlO: Diagram of the effect of pulse sharpening along an NLTL 

An example of pulse sharpening is shown in figure I.ll. 
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Figure L11: Pulse sharpening along an NLTL (from reference [Cas93]) 

The limitations of this very simple 'catch-up' theory are also discussed in reference [TBS91 ). 
Actually, the rise time of a sharpened pulse will depend on the balance between amplitude 
and frequency dispersion. The Bragg frequency of the line is usually maintained just above 
the major harmonie components of the signal. This means that impulse compression lines are 
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very much like tapered shock lines, where the Bragg frequency is increased towards the end 
of the line to become diode limited. 

The main application of the homogeneous NLTL is the generation ofhigher arder harmonies 
and shock wave propagation. Pulse signal can be generated using the homogeneous NLTL, 
but band-pass filters and phase shifters are required to adjust harmonie phases. However, 
nonhomogeneous NLTLs (tapered shock lines) generate pulse signais from sinusoïdal inputs 
without the need of band-pass filters or pha.se shifters. 

1.3.2.2 State-of-the-Art 

In 1991, Wilson et al. [WTS91] proposed pulse sharpening effect of an NLTL with ferroelectric 
ceramic capacitors as nonlinear capacitors to generate short rise-time high voltage pulses. 
Impulse compression on NLTLs was also demonstrated by Tan et al. [TSA88] and Case et 
al. [CKY+91] using soliton propagation effects. Tan experimentally measured a compression 
factor greater than 7 on a low frequency scale madel compressor. The inhomogeneous NLTL 
was built by loading a 3000 twin lead cable with silicon hyperabrupt varactors. This deviee 
compressed a wide, low amplitude pulse into a larger amplitude, narrow width output pulse. 
The increase in amplitude and pulse compression effect of the leading soliton in a uniform 
nonlinear line inhomogeneously loaded by linear capacitors have also been observed by Muroya 
and Watanabe [MW81] and Watanabe and Yajima [WY84]. In his turn, Case demonstrated 
the generation of 5.5ps pulses through soli ton effect compression on a tapered monolithic GaAs 
NLTL. 

Ibuka et al. [IOY+97] proposed a new scheme of high voltage pulse generation based 
on the voltage amplification effect of the head-on collision of two solitons in an NLTL with 
ferroelectric ceramic capacitors. A fast high voltage pulse of llkV amplitude and 76ns width 
has been successfully obtained from a 3.6kV amplitude and 300ns "'\-vidth initial pulse. In 
addition, they employed stacked NLTLs to obtain the much higher voltage amplification ratio 
of 3.78. 

Van Der Weide [Wei93] generated saw-tooth waves along NLTLs. Driven with a 70M Hz 
and 3W source, the circuit was able to produce a 16V saw-tooth waveform with a fall time lower 
than 70ps. Th en, any harmonie (more th an 200 harmonies generated) can be selected from 
the spectrum within a YIG (Yttrium-Iron Garnet)-tuned output band-pass filter, resulting in 
sinusoïdal output signais. This YIG-tuned NLTL multiplier showed that practical millimeter
wave multipliers can be realized with NLTLs when the output fil ter of the multiplier presents a 
short circuit to unwanted harmonies. Later, Birk et al. [BLG+oo] described a new technology 
for a fast Return-Zero (RZ) pulse source in the picosecond range at several gigabit repetition 
rates using an NLTL, which was achieved using a low cost silicon integrated circuit with a 
pulse forming network at the output of the NLTL and an electrical modulation gate. In this 
application, the input sine-wave was also transformed through nonlinear wave propagation to 
a saw-tooth waveform at the output of the NLTL. 

So far, NLTLs were fabricated on GaAs, as the advantage of Ga..o\5 compared to Si is 
a better carrier mobility and a higher breakdown field. However, this is in contrast to the 
superior mechanical properties of Si. In 1998, Birk et al. [BKW+98] demonstrated the fi.rst 
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working NLTL on silicon substrate, an airbridge NLTL with 40 diodes and 160 pillars, where 
the fall time of 7 4ps of a 4G Hz sine-wave was compressed to 32ps at the output. In refer
ence [TBMAOO] is presented a global finite difference time domain analysis of a silicon NLTL 
using optimized varactors. The fall time was compressed approximately to 15ps. 

Another application of the NLTL discussed in reference [IWW+ss] is the generation of 
high-power microwave bursts based on the creation of a soliton pulse train. The generation of 
high-frequency oscillations (100G Hz, 5 - 10V) is also presented in reference [BK98]. In this 
case, the front of the shock wave, caused by the application of a voltage step to the NLTL 
input, can be considered as a traveling source of radiation leaving behind an increasing tail of 
oscillations. Once these oscillations behind the shock wave front arise, the train of generated 
oscillations can be transmitted into a matched load connected at the output port of the NLTL. 

In short, theoretical studies based on soliton formation and propagation properties have 
promoted the applications just described. This work is still necessary. In 1998, Cai et al. 
[CGJB+98] developed a perturbation theory to study the soliton dynamics. They investigated 
the system's ability to perform reliable pulse sharpening from a train of non solitonic pulses 
as the input signal and shaped a very noisy signal of pulses into a very ordered one using a 
perturbed Toda lattice. 

1.3.3 Harmonie Generation 

1.3.3.1 Basis 

Hirota and Suzuki [HS73] analyzed the soliton-soliton interaction, establishing an analytical 
expression which represents a collision between two lattice solitons. However, the interaction 
between more than two lattice solitons is quite complicated analytically. Further studies 
should allow to better understand, among other applications, harmonie generation in NLTLs. 

The soliton characteristics are completely determined by its amplitude, a given amplitude 
imposing a specifie full width at half maximum. A larger amplitude soliton travels faster and 
has a shorter duration than a smaller amplitude one. This fundamental property of solitons on 
NLTLs can be used to achieve harmonie conversion, in such a way that a waveform with longer 
duration than that given by equation !.1.2 for its amplitude will decompose into two or more 
solitons of different amplitudes and propagation velocities. At least one of these decomposed 
solitons will have a larger amplitude and shorter duration than the initial disturbance. This 
phenomenon is shown in figure !.12, where the NLTL was excited by an input sine-wave. 

In these lines, the Bragg frequency is typically kept at a small ratio to the signal. Higher 
orders of harmonie generation can be achieved, but efficiencies drop as harmonies increase. 

As harmonie generation is the main application developed in this thesis, this section will 
be studied in detail in the following chapters. Reference [Tho99] is also dedicated only to 
frequency multiplication. 
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Figure 1.12: Harmonie generation along a 32-diode NLTL 
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1.3.3.2 State-of-the-Art 

Early research concerning lumped element NLTLs led to the identification of harmonie gen
eration as a possible application for this type of circuits. In 1965, Benson and Last [BL65] 
performed a study of harmonie generation with particular reference to efficiency and band
width. The existence of a spatially periodic pattern of harmonie amplitudes was stated, with 
an energy interchange between fundamental and harmonie components. A transmission line 
was constructed having a small signal eut-off frequency of 4M Hz to study the performance of 
an NLTL and to confirm the theoretical predictions. 

At the time when lumped element NLTLs were being used at low frequencies for research 
into solitary wave behavior, Jager [Jag78] performed in 1978 a study of soliton propagation 
along a periodic loaded transmission line. Then, a novel NLTL was presented by Jager and 
Tegude. It consisted in a semi-lumped line where only varactor diodes were used as lumped 
elements, thus leading to excellent high frequency characteristics. The influence of dispersion 
on second harmonie frequency generation, yielding large values of the efficiency, was specially 
addressed in reference [JT78]. 

Since then, the interest in harmonie generation through soliton propagation at microwave 
frequencies is manifest. In 1991, this resulted in a distributed harmonie generator, a GaAs 
MMIC NLTL with Schottky diodes. A 9.3dB minimum conversion loss to the second har
monie for input frequencies from 13.5G Hz to 18G Hz at 20dBm input power was reported in 
reference [CGC+91]. Carman et al. [CCK+92] improved their previous results by reducing 
skin lasses and by introducing deviees for V-band and W-band output, resulting in a minimum 
conversion loss of 11.5dB to the third harmonie over the 80G Hz -105G Hz range. In 1995, Shi 
et al. [SZD+95] investigated three new deviee concepts in order to improve the performance of 
NLTLs. These deviees, the Multi-Quantum Barrier Varactor, the Schottky Quantum Barrier 
Varactor and the Schottky Superlattice Quantum Barrier Varactor, were shown to be useful 
in high power harmonie generation applications. 

As it has been already noticed in reference [EBJ77], fully distributed Schottky varactor 
NLTLs were excessively lassy. However, Li et al. [LH98, LKH98] explored NLTLs based on 
fully distributed Heterostructure Barrier Varactor (HBV) and showed that such NLTLs could 
provide efficient tripling over input frequencies in the range 25GHz- 35GHz, with a 5.ldB 
maximum conversion loss for an input frequency of 29GHz. Furthermore, it was shown that 
these fully distributed HBV structures could act as frequency quintuplers. 

The design of novel microstrip-based GaAs MMIC NLTL harmonie and pulse generators 
was reported in reference [SL99a]. The microstrip NLTL provides an alternative to CPW 
NLTLs when a compromise has to be made between performance, MMIC size, aspect ratio, 
bandwidth and output power. A wide bandwidth doubler operating over the 5G Hz- lOG Hz 
input frequency range was fabricated with a measured conversion efficiency of 5.5%. Experi
mental work has also been undertaken to measure the output waveform of a microstrip-based 
GaAs MMIC tapered NLTL pulse generator. 

As a promising alternative, Hollung et al. [HSD+oo] fabricated a distributed frequency 
tripler, consisting of a finline section periodically loaded with 15 HBV diodes. A 7% of 
conversion efficiency was demonstrated at 130.5G Hz, taking advantage of the properties of 
the HBV diodes employed and that offered by finlines in terms of concentration of fields on 
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small diode dimensions. 

Harmonie generation at high frequencies with the lumped element varactor type circuit 
has been demonstrated using different approaches. One of them is the phase matching be
tween the input and second harmonie frequencies, which prevents shock wave formation and 
suppresses higher order harmonies. Wedding and Jager [WJ81] have predicted and confirmed 
experimentally efficiencies of 90% for fundamental to second harmonie conversion. Therefore, 
in terms of conversion loss, this technique potentially offers the best performance, but at the 
cost of limited tunability. Further studies regarding conversion efficiency have been carried out 
by Champlin and Singh [CS86]. The phase matching technique involves matching the velocity 
of fundamental and generated harmonie signais during propagation, restricting the applicabil
ity of this configuration for broad-band frequency multiplier applications. However, increased 
operational bandwidth has been achieved by Marsland et al. [MSB90] through parametric 
coupling of forward waves on an NLTL. With an input of 20dBm at 50GH z, amplitudes up 
to 1 V at 100G Hz have been measured. 

1.4 Integrated NLTL-based Circuits for Instrumenta

tion Applications 

NLTLs have direct applications in a variety of high speed, wide bandwidth systems as it will 
be shown in this section. However, the limiting factor in these deviees is the loss introduced by 
the nonlinear elements. Thus, future generations of high speed and wide bandwidth electronics 
will require distributed deviees with lower loss but equivalent nonlinearity. This will enable 
the use of nonlinear solitary wave concepts in electrical transmission lines. 

Over other electrical circuits, NLTLs have the significant advantage of their integrability 
with other circuitry. Indeed, NLTLs have evolved from single prototypes capable of generating 
picosecond transition time signais into integrated circuits, the NLTL having proved to be 
the most suitable circuit for extending the frequency bandwidth of the present high speed 
sampling instrumentation. In short, these circuits are interesting not only for their intrinsic 
ultrafast physics, resulting in the generation of picosecond electrical signais, but also for their 
applications in detecting other high-speed and broad-band signais. In 1994, Rodwell et al. 
[RAY+94] described active and nonlinear wave propagation deviees in ultrafast electronics and 
optoelectronics for the generation and detection of millimeter wave and picosecond signais. 

The primary application ofNLTLs is in sampling circuits. In 1991, Rodwell et al. [RKY+91] 
described the circuit design and diode design requirements for NLTL-driven diode sampling 
bridge circuits. Marsland et al. [MVM+89], Yu et al. [YCK+9ü] and Shakouri et al. 
[SBAB93] have reported other NLTL-gated sampling circuits. NLTL-gated sampling circuits 
for high speed on-wafer waveform measurements have attained a 3dB bandwidth of 725GH z 
[BAR95] by using an elevated coplanar waveguide technology. In addition, monolithic photo
diodejsampling circuits combining a photodetector and an NLTL-based sampling circuit have 
been reported in references [KGK+91, OLB91] for picosecond optical waveform measurements. 

In fact, sampling oscilloscopes and microwave network analyzers use diode sampling bridges 
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to down-convert the signal under test to a lower frequency before acquisition. Using such 
narrow pulses with sampling bridges, the frequency bandwidth of the oscilloscopes and vector 
network analyzers has been extended in the past few years. 

On one hand, the frequency bandwidth of sampling oscilloscopes has been extended up 
to 300GHz [RKY+91]. On the other hand, in reference [MMW+9o], integrated circuits for 
network analysis have been fabricated combining the millimeter-wave NLTL signal sources 
and sampling circuits. Active probes have been developed by Yu et al. [YKC+91, YPK+92, 
YRP+95] for on-wafer millimeter-wave vector network analysis to 200GHz. Wohlgemuth et 
al. [WAP+98, WRR+99] demonstrated the first NLTL-based integrated circuit for network 
analysis within 70- 230G Hz, which can be used as a S-parameter test set for the broad-band 
commercial S-parameter set-up HP- 8510 operating up to 120GHz. 

Applications include both on-wafer and in free space instrumentation for millimeter-wave 
waveform and network circuit measurements. In references [KG91, KKC+92], NLTLs and 
sampling circuits have been used for gain-frequency measurements in free space. Van Der 
Weide et al. [WBAB93] reported a similar system for broad-band measurements, with bow
tie antennas as interfaces. 

Finally, note that NLTLs have also applications beyond the area of instrumentation. For 
example, Pullela et al. [PBAR96] have developed an NLTL-based multiplexerjdemultiplexer 
integrated circuit for 100Gb/ s fiber-optic transmission. 
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II.l Introduction 

In order to realize a NonLinear Transmission Line (NLTL), a transmission line is periodically 
loaded with varactor diodes. Thus, a nonlinear deviee and a non-loaded transmission line 
are the two key elements integrating an NLTL and will have a special consideration in this 
chapter. 

From the main three NLTL applications described in chapter I, harmonie generation is the 
one developed in this thesis. The key issue when going up to millimeter and submillimeter 
frequencies is the availability of reliable local oscillator sources to generate enough power 
levels at these frequencies. This can be achieved either by direct generation or by frequency 
multiplication from a lower fundamental source. Power sources for high frequencies are much 
more diffi.cult to realize than for lower frequencies. This being the case, the solution is to use 
a frequency multiplier. 

Frequency multiplication requires a nonlinear deviee, such as a diode. The transistor is 
also used in frequency multipliers, the intrinsic gain acting as a counterbalance to !osses. 
Even overall conversion gain potential can be obtained, which is its main advantage. Diodes 
present two sources of nonlinearity, resistive ( varistor) or reactive ( varactor). In the first 
case, a nonlinear resistance or conductance is used. Note that the nonlinearity is here evident 
in the I-V curves. Resistive deviees suffer from the dissipative nature of the nonlinearity. 
Consequently, poor conversion effi.ciency can be achieved. Indeed, the conversion effi.ciency 
limit can be estimated to l/n2 according to Page [Pag58], where n is the order of the output 
harmonie. In the second case, a nonlinear reactive element, usually a nonlinear capacitance, is 
used. Relying on varactor diodes, very low loss conversion effi.ciency can be achieved. Manley 

31 
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and Rowe [MR56] demonstrated a maximum conversion efficiency of 100%. In practice, the 
limitation stems from the deviee series resistance. However, such lumped deviees need an 
input and output matching network in arder to cancel reactive power components, with the 
subsequent limitation in bandwidth. 

In conclusion, common multipliers are limited in either conversion efficiency or bandwidth. 
NLTLs use varactor diodes as nonlinear deviees. The advantage of NLTLs over discrete deviees 
is a high frequency operation over a broader frequency range, the NLTL being self matched. 

11.2 Lumped Nonlinear Deviees 

II.2.1 Schottky Barrier Varactor Diode 

11.2.1.1 Basic Principle 

One of the most widely used deviee in frequency multiplication is the Schottky varactor diode. 
In the same way, NLTLs were mainly realized loading transmission lines with Schottky varactor 
diodes. 

A Schottky Barrier Varactor (SBV) is a rectifying metal to semiconductor junction result
ing in an asymmetric capacitance dependent on the applied voltage. This one-sided deviee 
consists of a junction between a metal and a lightly doped thin epitaxial layer grown on a 
heavily doped buffer layer. Under reverse bias, the SBV exhibits a progressive depletion in 
the vicinity of the metal to semiconductor junction. The heavily doped buffer layer allows to 
minimize series resistance lasses. 

The most common C-V fitted expression for the SBV diode is: 

(II.2.1) 

where Cjo is the zero-bias junction capacitance, <P is the barrier potential and M 
is the grading coefficient. 

The asymmetric C-V and I-V characteristics can be observed in figure II.3(a). The C-V 
characteristic depends on the epitaxial structure of the diode. Among all the parameters 
involved, let us make stand out the doping profile as it can be adjusted to provide a strongly 
varying depletion capacitance, as described in section II.2.1.2.2. Rodwell et al. [RKY+91] 
already emphasized that such a property, with high breakdown voltages and high eut-off 
frequencies, are greatly desirable for picosecond shock generation. 

Diode loss is a limiting factor in the three NLTL applications having an effect on the tran
sition speed, the pulse duration, as well as the conversion efficiency. Indeed, small parasitics 



Il.2. LUMPED NONLINEAR DEVICES 33 

are essential in order to increase the bandwidth. As a result, the diode eut-off frequency is 
one of the most important parameters in NLTL performance, thus determining its application. 
The diode small signal RC eut-off frequency, at bias voltage V, is defined as: 

1 
fc,diode = 2?rCj(V)Rs 

where Rs is the diode series resistance. 

IL2.1.2 Bottlenecks and Possible Deviee Improvements 

11.2.1.2.1 Generation of Higher Order Harmonies 

(II.2.2) 

With the recent interest in direct frequency tripling, new Schottky varactor structures with 
symmetric C-V characteristics have been proposed, leading to an absence of even harmonie 
generation. This absence of even harmonie generation simplifies the realization of higher order 
multipliers. 

In 1995, Shi et al. [SZD+95] investigated new deviees in order to improve the performance 
of NLTLs. Actually, the use of a Schottky diode as a one-sided deviee restricts the performance 
of an NLTL. The improved compression effect of a two-sided deviee, driven by both negative 
and positive voltage components, was demonstrated through the Multi-Quantum Barrier Var
acter and the Schottky Quantum Barrier Varactor. The Multi-Quantum Barrier Varactor is 
a stacked Quantum Barrier Varactor which operates as a varactor under both forward and 
reverse bias due to its symmetric structure. The Schottky Quantum Barrier Varactor is essen
tially a Multi-Quantum Barrier Varactor with an additional Schottky barrier. The epitaxial 
profiles as well as the corresponding equivalent circuits are shown in reference [SZD+95]. 

It is also possible to fabricate deviees with a symrnetric C-V characteristic by connecting 
two diodes back-to-back. Therefore, deviees which naturally do not have a syrnmetrical C-V 
characteristic can be mounted in a back-to-back configuration (two facing diodes in series), 
but complicating the fabrication process. In addition, Bradley et al. [BKE97] proved that the 
Cmax /Cm in ratio measured un der small signal conditions is not an adequate indication of the 
large signal behavior of the back-to-back diode in a tripler circuit. Indeed, this configuration is 
more complex than first expected. Due to the self-biasing effect, at the terminais of the back
to-back uniformly doped varactor there is no capacitance variation produced by the pump 
signal. However, when the doping profile is not uniform, the pump signal does modulate the 
capacitance of the pair of diodes and frequency multiplication is then possible. 

Even if the back-to-back configuration has been used in frequency tripling applications, 
at the moment no NLTL includes such integrated deviees. In reference [LTFM92], Lieneweg 
et al. compared the back-to-back Barrier-Intrinsic-n+ (bbBIN) diode and the back-to-back 
Barrier-n-n+ diode (bbBNN) as planar varactor frequency multiplier deviees. The limitations 
of the bbBIN diode frequency tripler were also discussed in reference [HS92]. While operating 
back-to-back, Cmax is approximately half of a single diode, and Cmin is slightly smaller, 
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resulting in a smaller CmaxjCmin ratio and smoother C-V characteristic. However, such 
deviees with undoped drift regions have a broad range of power operation. In other terms, 
the symmetry is achieved at the expense of nonlinearity. Later, Choudhury et al. [CSS+95) 
obtained a trip ling efficiency of 7% at 220G Hz using a bbBNN varactor diode tripler integrated 
in a split-waveguide black. 

Finally, note that the back-to-back configuration is also free from external bias, simplifying 
the circuitry. 

II.2.1.2.2 Improvement in Conversion Efficiency 

A nonuniform diode doping profile is required for high nonlinearity. Thus, NLTL perfor
mance is strongly affected by the diode doping profile. High nonlinearity can be achieved by 
using an exponential graded or delta-doped profile. 

In 1989, Madden et al. [MMR+89) proposed the use of diodes having a larger variation 
in capacitance to minimize the required line length. An exponentially graded diode doping 
profile provides much higher fractional change in capacitance than a uniformly doped structure. 
Therefore, they reported the generation of voltage waveforms by shock wave formation on a 
hyperabrupt-doped Schottky diode monolithic GaAs NLTL. The term hyperabrupt is applied 
when the doping decreases with increasing depth for Schottky-up deviees. Hyperabrupt doping 
always provides better performance than the uniform doping, even though hyperabrupt doping 
profiles increase the refiection loss. 

Taking hyperabrupt doping to its extreme results in a delta-doped profile. In 1994, Van 
Der Weide [Wei94) proposed delta-doped Schottky diodes better than hyperabrupt diodes as, 
over the central bias range, the delta-doped Schottky diode offers a more drastic change in the 
C-V characteristic, resulting in a greater transmission line phase velocity modulation than the 
hyperabrupt varactor. Indeed, a planar doping profile diode presents a step-like transition in 
its C-V characteristic but also a high series resistance through the intrinsic region. 

Later, Salameh and Linton [SL99b, SL99c) performed a detail study of the relation between 
Gaussian doping profiles and diode C-V characteristics. The effect of diode C-V characteristics 
on NLTL performance was also investigated. 

II.2.2 Heterostructure Barrier Varactor Diode 

II.2.2.1 Basic Principle 

The Heterostructure Barrier Varactor (HBV), first proposed by Kollberg and Rydberg [KR89), 
has received considerable attention as a promising deviee for high effi.ciency frequency mul
tiplication at millimeter and submillimeter wavelengths. In the same way, its use in NLTLs 
should become generalized because of its attractive characteristics and flexible design parame
ters. At the moment, severa! configurations using micromachined waveguides [TSM98), finline 
waveguides [HSD+oo) and coplanar waveguides [FDM+Ol] have been proposed for frequémcy 
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multiplier applications. In addition, Li et al. [LH98] explored NLTLs based on fully distributed 
HBV. Each approach showed that such NLTLs could provide efficient tripling. 

In contrast to Schottky varactor diodes where the blocking condition is guaranteed by 
the metal-semiconductor potential barrier, the principle of operation in the case of an HBV 
diode is based on a heterostructure blocking barrier. Such a barrier is obtained by creating a 
potential discontinuity both in the valence and conduction band. 

A single barrier HBV diode consists of a large band gap semiconductor sandwiched be
tween symmetric moderately doped modulation regions of smaller band gap semiconductor. 
The potential barrier, thus formed, prevents conduction through the structure, so that each 
cladding layer can be depleted according to bias conditions. 

The conduction band of such a structure is schematically depicted in figure II.l, as weil as 
the related conduction mechanisms. 

thermionic 

Fowler
Nordheim 

avalanche 

b~ 

Figure II.l: Schematic of the conduction band and related conduction mechanisms in an HBV 
diode 

The leakage current is caused both by thermionic emission over the barrier and direct 
tunneling of carriers through the barrier. At higher voltages, the leakage current is dominated 
by Fowler-Nordheim tunneling, namely tunneling through the triangular-shaped barrier. The 
transport mechanism at breakdown is related to impact ionisation in the depleted layer. 

In reference [LMS+96], a lattice matched In0•53Ga0.47As/ In0.52 Al0.48 As system on InP sub
strate provided high performance HBV diodes. As a consequence of the parasitic conduction 
mechanisms just described, the barrier must be thick enough so that the leakage current does 
not tunnel through it. In addition, thermionic emission can be alleviated by incorporating 
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a very high band gap layer of AlAs in the middle of the barrier, as demonstrated in refer
ences [HLV+98, MCH+98, MMM+98]. The increase of the effective barrier height by placing 
a thin AlAs layer in the middle of an AlGaAs barrier was first proved by Krishnamurthi et al. 
[KNH94]. The active epitaxial structure depicted in figure II.2 corresponds to a single barrier 
InP-based HBV diode. 

In GaAs 1 x 1Ql9cm-3 5000A 

In GaAs 1 x 1017 cm-3 3ooo.4 

In GaAs undoped 50 A 

InA lAs undoped 50 A 

A lAs undoped 30A 

InAlAs undoped 50 A 

In GaAs undoped 50 A 

In GaAs 1 x 1017 cm-3 3ooo.4 

In GaAs 1 x 1019cm-3 1J..Lm 

InP substrate 

Figure II.2: Single barrier InP-based HBV epitaxial structure 

Over the past, HBV diodes were grown on GaAs substrates accordingly with mature pro
cessing techniques. However, HBV diodes on InP substrate exhibit a higher potential barrier, 
which leads to a reduced leakage current. Indeed, excellent InP-based HBV tripler results have 
been reported by Mélique et al. in references [MMF+oo, MMM+99]. In reference [MMM+99], 
record performances in terms of output power (9.5dBm) and maximum efficiency (12.3%) 
have been demonstrated for a 250G Hz HBV tripler. These high performance results have 
motivated in this thesis the insertion of HBV diodes grown on InP substrate in the NLTLs 
manufactured. 

On the processing deviee side, HBV diodes on InP substrate offer significant advantages 
at the expense of less standard processing techniques. Since semiconductor alloys, layer thick
nesses, doping profiles, as well as deviee geometries and areas can be easily varied, this tech
nology involves important fiexibility in the design. 
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11.2.2.2 Attractive Characteristics 

11.2.2.2.1 Symmetry 

Among the deviee characteristics, the most attractive is the symmetric nonlinear capacitance
voltage characteristic about zero volt bias. The symmetric C-V and anti-symmetric I-V char
acteristics are a direct consequence of the epitaxial structure of the deviee, which does not 
require any rectifying contact. The differences between a Schottky diode and an HBV diode 
concerning the C-V and I-V characteristics are manifest in figure II.3. 

I(V) 

C(V) 

C(V) 

(a) SBV diode (b) HBV diode 

Figure II.3: Capacitance-voltage and current-voltage characteristics for an SBV diode and 
HBV diode 

This symmetric C-V characteristic confers to the deviee a natural potential for odd har
monie generation. As a result, the HBV diode offers significant benefits for odd harmonie 
multiplier applications since idler circuits at the even harmonies are not required. In the case 
of an HBV tripler no idler is required, while in a frequency quintupler application, only the 
idler at the third harmonie has to be considered, compared to the three idlers needed in a 
Schottky varactor quintupler. 

In particular, a two-sided NLTL can be driven by a symmetric signal with respect to 
positive and negative voltages. As a result, the even harmonies are cancelled while the odd 
harmonies are doubled while compared to a single-sided NLTL. In fact, the use of HBV diodes 
improves the performance of an NLTL in terms of compression and harmonie efficiency. 

In the same way, HBV diodes open up new horizons in NLTL high arder harmonie gen
eration. Indeed, the key problem concerning high arder harmonie generation is the energy 
sharing between the generated harmonies, which results in a lower conversion efficiency for 
the higher harmonie. 
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11.2.2.2.2 Pump and Bias Signal 

On the other hand, the C-V characteristic of the deviee is peaked around zero volt bias. 
Thus, the deviee does not require external DC bias, minimizing the number of off-chip circuit 
connections. In addition, the sharp C-V characteristic close to zero volt bias condition allows 
for potentially high multiplication efficiency at low input power levels. This is an advantage 
at higher frequencies where the available input power is usually quite low. 

High efficiency frequency multipliers, which do not require DC bias and which require fewer 
idlers than the standard Schottky diode multiplier, can then be realized. Thus, the HBV diode 
is ideally suited for use as the multiplier element in a high order NLTL. 

11.2.2.2.3 Breakdown Voltage 

The breakdown characteristics of GaAs Schottky varactors have limited the magnitude of 
shock waves. In addition, hyperabrupt diodes which exhibit larger nonlinearities are required 
for improved compression efficiency, but at the expense of lower breakdown voltage. In 1995, 
Shi et al. [SzD+95] proposed the stacking of severa! quantum barriers first and second a 
back-to-back deviee configuration in order to increase the voltage handling capability of a 
Schottky-based NLTL. It was noted in reference [SZD+95] that these solutions only fit two
sided deviees. 

In this way, HBV diodes, as two-sided deviees, permit both epitaxially and laterally stack
ing. By epitaxially stacking severa! single barrier HBV diodes in series, further advantages 
are obtained, including higher impedances for a given deviee area and higher eut-off frequen
cies due to reduced capacitances, higher power handling capabilities due to sharing of the 
pump power over severa! series deviees, and higher heat dissipation capabilities for a given 
capacitance modulation range due to increased deviee areas. 

On the other hand, the diode voltage range can be extended by stacking severa! deviees 
laterally, in order to drive the NLTL with higher input power levels. Thus, eight barriers 
have been successfully integrated in reference [Mél99], four by epitaxial integration and two 
by planar integration. An optical view and a Scanning Electron Microscope (SEM) view are 
shown in figures II.4( a) and II.4(b) respectively. 

In short, by employing stacking structures, the breakdown voltage is increased and thus 
the total effective depletion region can be extended. In this sense, the CmaxjCmin ratio is 
significantly enhanced to the detriment of the C-V characteristic slope. 

Finally, stacking structures increase the effective series resistance. Therefore, there is a 
trade-off between breakdown voltage capabilities, which can be a limitation for high power 
applications, and losses, which can be a limitation for high frequency applications. 
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(a) Optical view (b) SEM view 

Figure II.4: Photographs of an eight barrier-integrated HBV diode (from reference [Mél99]) 

II.2.2.2.4 Nonlinearity 

As for a Schottky diode, a nonuniform HBV diode doping profile is required for high non
linearity. Indeed, the capacitance nonlinearity can be improved with a planar doping profile 
as demonstrated in reference [LMM+98], where a single barrier InP-based HBV diode homo
geneously doped and delta-doped are compared. At the same time, Dillner et al. [DSK97] 
investigated how the shape of symmetric C-V characteristics influences the maximum mul
tiplier efficiency. In particular, they compared an homogeneously doped HBV diode to a 
delta-doped one. The delta-doped diode exhibits an increased Cmax but the C-V character
istic is flatter near zero voltage values, the enhanced nonlinearity being shifted. Contrary to a 
delta-doped Schottky diode, the best efficiency here is obtained for an homogeneously doped 
HBV diode. The reason for this is that the strongest nonlinearity does not occur at the region 
near zero volt bias, where a two-sided deviee is mainly modulated. Thus, even if the HBV 
capacitance nonlinearity can be enhanced with a delta-doped profile, this does not involve a 
better multiplier efficiency. 

On the other hand, nonlinearity can be improved with a quantum-weil adjacent to the 
barrier. In fact, Jones et al. [JJT94] further improved the barrier height by using low band 
gap InGaAs spacer layers compared to the GaAs cladding layers. Due to electron confinement 
doser to the barrier, Duez et al. [DMV+98] reported an excellent CmaxjCmin ratio of 
10 : 1. Buried InAs quantum-weil barrier InP-based HBV diodes have also been successfully 
fabricated by Lheurette et al. [LMM+98]. In comparison with delta-doped HBV diodes, the 
nonlinearity is here centered on zero volt bias, with a large breakdown voltage. This being 
the case, rather than a delta-doped concentration a quantum-weil configuration should be 
preferred in order to enhance the conversion efficiency. 

In chapter IV (Large Signal S Parameter Simulation of an NLTL), section IV.4.5 deals 
with the influence of the shape of symmetric diode capacitance-voltage characteristics on 
the transmission behavior of the NLTL, since it is weil known that a high derivative of the 
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capacitance with respect to voltage enhances the power transferred to higher order harmonies. 

II.3 Transmission Lines 

In general, the need to integrate active deviees into a circuit makes the analysis and design 
of millimeter and submillimeter wave transmission lines an important issue. In this case more 
precisely, it is even a question of one of the two key elements integrating an NLTL. Although 
microstrip lines have been used extensively in integrated circuits, alternative transmission lines 
have potential advantages over the microstrip. 

A transmission line consists of two or more parallel conductors. When the conductors 
are completely surrounded by a uniform dielectric medium, the principal wave that can exist 
on the transmission line is a Transverse Electro Magnetic (TEM) wave. However, most of 
the planar transmission lines does not have the dielectric medium completely surrounding the 
conductors and therefore does not support a pure TEM wave. In this case, the dominant 
mode of propagation approaches that of a TEM wave at low frequencies, which is called a 
quasi-TEM mode. 

A planar transmission line is a transmission line with conducting metal strips that lie 
entirely in parallel planes, in this way compatible with integrated circuit fabrication. There are 
severa! types of monolithically integrable transmission lines, such as microstrip lines, coplanar 
lin es and slotlines. The reasons for choosing a particular type of transmission line, amongst the 
configurations just mentioned, are discussed in the following sections. In fact, the motivations 
concerning an NLTL layout do not differ essentially from a general case. 

Even if microstrip lines have been used extensively, coplanar lin es have experienced a great 
interest with the advent of monolithical integrated circuits. The most significant advantage of 
a coplanar line over a microstrip line is the ability to connect components in shunt from the 
conducting strip to the ground plane on the same side of the substrate. In a microstrip line, a 
connection requires via hales drilled through the substrate. Finally, note that slotlines are less 
desirable. Wave propagation on this line is more strongly influenced by nearby conductors, as 
it is not balanced relative to a ground plane. As a result, the open slotline is not as widely 
used as the microstrip and coplanar lines. However, the shielded slotline, also called finline, 
has been found to be useful for many circuit applications. 

II.3.1 Coplanar Waveguide 

The coplanar line, often called a CoPlanar Waveguide ( CPW), was proposed first by \Ven 
[Wen69] in 1969. It consists of a single strip mounted between two ground planes on the same 
side of the dielectric substrate, as shawn in figure II.5. Note that CPWs are commonly used 
in NLTLs. 

In fact, the mount of lumped components in shunt or series configuration is much easier 
and the performance of coplanar lines is comparable to microstrip lines in terms of guide 
wavelength, dispersion and !osses. It can be better sometimes. The main disadvantage is 
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Figure II.5: Schematic of a coplanar waveguide 

that CPWs occupy a significant Monolithic Microwave Integrated Circuit (MMIC) area and 
consequently have higher cost. Also, the aspect ratio between the longitudinal and transverse 
dimensions is significantly larger in comparison with a microstrip configuration. 

At higher frequencies, the main problems encountered in CPWs are the presence of lasses 
and the excitation of hybrid modes. The attenuation is caused by three different mechanisms, 
conductor lasses, dielectric lasses and radiation lasses. The former is the dominant component, 
which can be reduced by increasing the center conductor width of the CPW. In this sense, 
inhomogeneous lines are required in arder to achieve high orders of impulse compression or 
harmonie conversion. In particular, Case et al. [CKY+91] fabricated a tapered monolithic 
GaAs NLTL. Second, dielectric lasses increase, as well, with frequency as the fields tend 
to be more concentrated in the dielectric substrate. Radiation, stemming essentially from 
discontinuities, is the last source of lasses, less significant in an NLTL than the other two. 
However, radiation in the free space and in the substrate must be taken into account. 

Finally, let us note that an open structure is very convenient for use in MMICs where 
lumped deviees must be surface mounted in the circuit. However, the presence of the dielectric
air interface modifies the mode of propagation to a non-TEM hybrid mode at millimeter wave 
frequencies on high permittivity substrates, resulting in a surface-wave mode of propagation 
that consists of a field concentrated near the air-dielectric interface. Also, the coupled slotline 
mode may be excited in a CPW. To prevent the excitation of su ch an unbalanced mode, air 
bridges between the two ground planes are often used to reduce parasitic mode generation. 

II.3.2 Microstrip Line 

A microstrip line consists of a single conducting strip placed on a dielectric substrate and 
located on a ground plane, as shown in figure II.6. The mode of propagation in a microstrip 
line is almost TEM, which allows an easy approximate analysis and yields wide band cir
cuits. That explains mainly why it is the most popular of the planar transmission structures. 
The quasi-static approach and the full-wave analysis aimed at determining the characteris
tic impedance, phase velocity and attenuation constant for a microstrip line can be found in 
reference [GGBB96]. Also, simple transitions to coaxial are feasible. In addition, microstrip 
lines can be fabricated using conventional techniques, which results in a low cast and good 
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mechanical tolerances. 

Figure II.6: Schematic of a microstrip line 

In 1999, Salameh and Linton [SL99a] proposed microstrip GaAs NLTLs as an alternative 
to CPW NLTLs in the microwave region where a compromise has to be made between perfor
mance, MMIC size, aspect ratio, bandwidth and output power. In other terms, the advantages 
of microstrip-based NLTLs are compressed size and flexible aspect ratio. Notably, a meander 
is easily realized using a microstrip configuration. In addition, within a microstrip line, the 
metallic loss term is lower than in a CPW due to microstrip more uniform conductor current 
distribution. However, the major disadvantages are the need for via holes, causing limited 
bandwidth, and lower performances than in CPW-based NLTLs. 

II.3.3 Finline 

At the higher microwave frequencies, waveguides, which must be rather treated as electro
magnetic boundary-value problems, are often preferred to transmission lines because of better 
electrical and mechanical properties. However, it is difficult to incorporate active deviees 
as part of waveguide circuits. The solution is to use a finline, which was first proposed by 
Meier [Mei73]. Indeed, the finline is suitable for use in microwave circuits that incorporate 
two-terminal deviees such as diodes. 

The finline is a quasi-planar transmission line that can be considered as a shielded slotline. 
The fins are metal foils on a thin dielectric substrate mounted in the E plane of a rectangular 
waveguide, as shovm in figure II.7. In addition, the finline can be matched to the rectangular 
waveguide by means of tapered sections. 

The main characteristics of a finline are its large bandwidth of operation for the fundamen
tal mode and the absence of radiation. The fins concentrate the field in the fin-gap region as, 
for the dominant mode, the current fiows in the axial direction. Thus, any deviee connected 
to the fins will be subjected to larger power densities. The advantage offered by finlines in 
terms of concentration of fields on small diode dimensions has resulted in the realization of 
NLTLs in a finline configuration. A distributed HBV frequency tripler has been fabricated 
by Hollung et al. [HSD+oo]. Actually, a finline can act as a substitute for CPWs in that the 
latter suffer from practical problems of tolerance conditions with the very narrow strip widths 
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Figure II. 7: Schema tic of a finline 

required at millimeter wavelengths. However, note that the field concentration also results in 
higher conductor and dielectric losses. 

Finally, NLTLs thus manufactured have resulted in hybrid circuits. However, the current 
trend is towards the use of MMICs at the higher microwave frequencies. 

II.3.4 Further Extensions 

More recently, micromachined transmission lines fabricated on thin dielectric membranes have 
demonstrated outstanding performances at higher frequencies with respect to conventional 
planar transmission lines, which present severe drawbacks at millimeter and submillimeter 
wave frequencies. The problem stems essentially from the fact that, as the wavelength de
creases, the substrate thickness becomes comparable to the guided wavelength, generating 
higher order modes of propagation as well as increased losses in the substrate. Thus, mem
brane supported structures have emerged as a novel and promising technology while preserving 
the advantage of planar transmission lines concerning the ease of integration. A membrane 
transmission line consists of metallic strips suspended in an almost homogeneous medium, 
resulting in an almost pure TEM mode with no dispersion up to very high frequencies. Micro
machined or membrane transmission lines on silicon substrate were first analyzed by Dib et 
al. [DHK+91] in 1991. Later, membrane structures on GaAs substrate were demonstrated in 
references [SDH+96, DCM+99]. NLTLs can be also manufactured on thin GaAs membrane. 
The first NLTLs on GaAs membrane have been simulated by Simion et al. [SBM+97]. The 
linear capacitances of the CPWs decrease, which leads to the possibility to increase the non
linear capacitance of the diodes without changing the input impedance and Bragg frequency. 
In this way, this technology opens up the way for new possibilities in NLTL technology. 

In short, new transmission lines with low loss and low dispersion are needed in MMICs 
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for applications at millimeter and submillimeter wave frequencies. A new coplanar-like trans
mission line was proposed by Hofschen and Wolff [HW96] in 1996. They demonstrated by 
simulation that the distributed capacitance of an elevated CPW is four times lower in com
parison to a normal CPW at 300G Hz and the losses are at least divided by two. This new 
transmission line consisted on an elevated center conductor produced by airbridge fabrication 
processes as described in reference [RW98]. 

Apart from coplanar waveguides and finline waveguides, another NLTL configuration using 
micromachined waveguides has been studied in reference [TSM98]. The use of micromachined 
waveguides allows the integration of planar and discrete deviees in a wide variety of circuit 
configurations. 

In addition, Li et al. [LH98, LKH98] explored fully distributed NLTLs. The requirements 
here are quite different. In past years, microstrip lines and coplanar waveguides, specially 
microstrip lines, forming a continuons distributed contact to a semiconductor layered substrate 
have been under study. 

Note that GaAs is the dielectric substrate material usually used in CPW-based NLTLs. 
For MMICs, germanium, silicon and gallium arsenide are the usual semiconductor materials. 
In 1998, Birk et al. [BKW+98] demonstrated the first working NLTL on silicon substrate. 
More recently, NLTLs have also been fabricated on !nP substrate [FDM+Ol]. 

II.4 Modeling an NLTL Frequency Multiplier 

After this previous description of the two key elements integrating an NLTL, this section 
will focus on the design of both the lumped nonlinear deviee and the transmission line, in 
particular the HBV diode and the CPW. 

11.4.1 Harmonie Balance Technique 

NLTLs are nonlinear circuits which modeling is not easy. The commercial software package 
Microwave Design System (MDS) from Hewlett-Packard is able to simulate such structures. 
Within the MDS harmonie balance simulator, the main limiting factors can be summed up 
into the number of sections required and the input power applied. However, it is possible to 
a large extent to avoid convergence problems. 

In general, the harmonie balance technique consists in the multi-tone simulation of cir
cuits that exhibit intermodulation frequency conversion, which includes frequency conversion 
between harmonies. One can determine how many mixing products are to be included in 
the simulation for each independent source corresponding to a fundamental frequency. The 
harmonie balance simulation is limited only by practical considerations, such as memory and 
simulation speed. 

Harmonie balance is based on circuit analysis in both time and frequency domains. A 
generalized partitioning scheme for separating the nonlinear circuit into linear and nonlinear 
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subcircuits is used. The linear subcircuit is analyzed in the frequency domain, while the non
linear subcircuit is analyzed in the time domain. The harmonie components are extracted 
from the resulting time domain waveforms using the Fast Fourier Transform (FFT). The har
monie balance simulation is automatically preceded by DC and AC simulations that generate 
an initial guess. An iterative process is then repeated until the harmonie components converge 
to their steady-state values using a convergence test. 

11.4.2 HBV Diode Model 

This section will discuss the design of the diode madel within MDS. An HBV diode madel 
to be used in MDS simulations has been developed. The madel neglects the leakage current, 
which is very law in practice, and only takes into account the nonlinear capacitance. 

The HBV diode C-V characteristic is modeled using a Symbolically Defined Deviee (SDD). 
A quasi-empirical expression for the voltage-charge characteristic of homogeneously doped 
HBV diodes, derived by Dillner [Dil97], has been used. Besides all the advantages of a physics
based approximate form, it is even preferred to a polynomial function. Indeed, this expression 
is more stable and has fast convergence, since a polynomial function will require a considerable 
number of coefficients to obtain a proper fit. 

The voltage across the nonlinear capacitor is expressed as a function of its charge as: 

where N is the number of barriers, 
b is the barrier thickness, 
Eb is the dielectric constant in the barrier material, 
A is the deviee area, 
s is the spacer layer thickness, 
€d is the dielectric constant in the modulation layer, 
q is the elementary charge, 
Nd is the doping concentration in the modulation layer, 
k is the Boltzmann constant, 
T is the deviee temperature, 
LD is the extrinsic Debye length. 

(II.4.1) 

The fourth term in this modeling equation includes electron screening effects for small bias 
by introducing the extrinsic Debye length which expression is: 

(II.4.2) 
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The C-V characteristic can be directly simulated from expression II .4.1. However, the 
madel requires a two port SDD, since the variables involved are three, the current through 
the capacitance, the voltage at the terminais of the capacitance and the charge stored in the 
capacitance, which is the third variable. Thus, port two is necessary to define the current 
through the capacitance as the derivative of the charge stored with respect to time. 

At this stage, the C-V curves are fitted to experimental C-V characteristics. Certain 
parameters need little adjustment, in particular the barrier thickness and the doping concen
tration in the modulation layer. The former acts on the capacitance at zero volt bias, while 
the latter acts on the capacitance modulation. 

Figure II.8 shows an excellent agreement between the simulated C-V characteristic and the 
measured C-V characteristic of a double barrier InP-based HBV diode, once this adjustment 
has been performed. 
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Figure Il.8: Measured and simulated capacitance-voltage characteristic of a double barrier 
InP-based HBV diode 

Diode losses are introduced with an equivalent resistance Rs in series with the nonlinear 
capacitance. Rather than establishing an expression, the resistance is swept accordingly to 
a safety range, since this parameter is difficult to predict. Also, the increase in HBV diode 
temperature, due notably to the effects of self-heating, was taken into account by Stake et al. 
[SDJ+98). In reference [Mél99), a detailed thermal study was performed by Mélique. 

Finally, the diode model includes a variable resistance in parallel with the nonlinear ca
pacitance, which is swept from a value that guarantees convergence towards a very high value. 
This resistance helps the simulator to converge. Indeed, convergence problems are usually 
related with nonlinear effects. In this sense, the astuteness consists in increasing the nonlinear 
effects of the circuit progressively during the swept harmonie balance simulation. Thus, the 
circuit is almost linear at the beginning, as most of the current fiows through the parallel 
resistance. At the end of the sweep, the solution does correspond exactly to the proper design. 
In between, MDS takes advantage of the previous steps in a recurrent computing process. 
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This technique provides a further convergence within the MDS harmonie balance simulator. 

11.4.3 Electromagnetic Analysis 

Most of the transmission lines described in section II.3 have today an equivalent model within 
MDS. Sorne of the models are more advanced as regards !osses. In particular, the CPW model 
includes !osses, both metallic and dielectric, while the finline model does not. Thus, it is 
absolutely necessary, in the modeling of a finline-based NLTL, to resort to electromagnetic 
analysis in order to include the effect of transmission lasses in the design. On the other 
hand, it is also useful to resort to electromagnetic analysis in the modeling of a CPW-based 
NLTL. In fact, the CPW is wholly modeled using a chain parameter set within MDS. However, 
design limitations, such as transitions or discontinuities, make the use of electromagnetic tools 
desirable in any case. In addition, novel transmission lines, in particular the elevated coplanar 
waveguide, require the use of such tools. 

Transmission lines can be analyzed and designed using commercial available high frequency 
electromagnetic tools. High-Frequency Structure Simulator (HFSS) from Hewlett-Packard is 
a commercial software package for electromagnetic modeling of passive, three-dimensional 
structures. It enables to compute Scattering matrix response at a given frequency for mono 
or multiple mode operations, electric field distributions including far-field antenna radiation 
patterns and impedance and propagation constants. HFSS solves Maxwell's equations in 
the frequency domain. The simulation technique used to calculate the full three-dimensional 
electromagnetic field inside a structure is based on the Fini te Element Method (FEM). 

Concerning the CPW model, one can crea te a geometrie mo del of half of the structure only. 
In fact, the more complex a geometrie model is, the greater the requirements for memory and 
processing power become. In the same way as air bridges eliminate unbalanced modes in the 
CPW forcing the two ground planes at the same potential, the fact of imposing a perfect H 
plane of symmetry to the structure leads to the same consequence. The symmetric H boundary 
condition forces the E field to be tangential and the H field to be normal to that surface. Such 
mo dels have the same voltage differentiai but half the power flow of the full structure, resulting 
in impedances that are twice those for the full structure and thus requiring an impedance 
multiplier factor. For slot-type structures, such as CPW or finline, the impedance defined as 
Zpv = V · V j2P is the most appropriate according to the manual of HFSS, where the power 
and voltage are computed directly from the simulated fields. Figure II.9 shows the simulated 
S11 parameter of a CPW as a function of the frequency for the whole structure and half the 
structure. For the whole structure, the plotted S11 parameter corresponds to the second mode 
excited, due to the dimensions contemplated, while for half the structure the desired coplanar 
mode is the first excited. 

In the modeling of a finline-based NLTL, it is necessary to use electromagnetic analysis. 
As it has been just mentioned, the finline model from MDS does not include losses. One can 
include the effect of transmission losses in the NLTL design by simulating a section of finline 
in HFSS. Then, by means of a data linear deviee of two ports convenient for cascading circuits 
together, the HFSS S-matrix of the section of finline can be exported to MDS. Before the 
insertion of HFSS S-parameters in MDS, the generalized S-matrix must be first normalized to 
50n within HFSS. The normalized S-matrix will be generalized within MDS before its use in 
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Figure II.9: Magnitude of the S11 parameter of a CPW as a function of the frequency for the 
whole structure and half the structure 

the NLTL madel. 

Finally, note that source lines within HFSS allow internai ports in the structure, in such 
a way that the whole linear transmission line structure can be simulated within HFSS. Then, 
the nonlinear deviees can be inserted in such ports within MDS, and the NLTL analyzed. 
However, the number of ports are limited to about ten. 

II.5 Conclusion 

Schottky diodes have been ·widely used in NLTLs. However, HBV diodes have demonstrated 
attractive characteristics in frequency multiplication applications. In particular, record per
formances in terms of output power and maximum efficiency have been reported by Mélique et 
al. [MMM+99) for a 250GHz InP-based HBV tripler. More recently, David et al. [DGA+ül) 
have further improved these performances at 290G Hz. Owing to these high performance re
sults, HBV diodes grown on InP substrate have been chosen here to be the nonlinear elements 
of the NLTLs manufactured. 

On the other hand, after a series of preliminary results, one practical approach has been 
carried out in chapter III (Design Rules for NLTL Harmonie Generation), a CPW-based NLTL. 
In fact, the CPW-based NLTL design has resulted in a monolithic prototype. Therefore, chap
ter V (Technology and Characterization of the CPW NLTL) is devoted to the description of 
the process steps involved in the fabrication of the CPW-based NLTL and its characteriza
tion under small signal and large signal conditions. The novelty here arises from the use of 
InP-based HBV diodes. 

Finally, note that a combination of different commercial software packages have been used 
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in order to analyze and design the NLTL circuits. MDS and HFSS from Hewlett-Packard 
have supplied complementary insights into circuit and electromagnetic analysis. In addition, 
Advanced Design System (ADS) from Agilent Technologies has been used in chapter IV in 
order to perform Large Signal S Parameter simulations for the frequency filtering analysis of 
a NLTL. 
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Generation 

IlL 1 Preliminary Analytical Results 

III.l.l Modeling the NLTL 

In order to realize a NonLinear Transmission Line (NLTL), a high impedance transmission 
line is periodically loaded with varactor diodes, as shown in figure III.l(a). The diodes reduce 
the characteristic impedance to 500 input impedance to improve matching. The equivalent 
circuit of this NLTL circuit diagram is shown in figure III.l(b). 

The most important parameters which are involved in the design of an NLTL are first, 
those concerning the linear transmission line, its characteristic impedance Z1 and its velocity 
of propagation v: 

(III.l.l) 

d 
v=--== .;r;;c; (III.l.2) 

where L1 and Ct are respectively the inductance in henrys and the capacitance in 
farads of the non-loaded transmission line section. 

Then, once the nonlinear lumped elements are introduced, d represents the distance be
tween the varactor diodes and C1s the large signal capacitance. Previous theoretical analysis 

51 
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Figure III.l: Circuit and equivalent circuit diagrams of an NLTL 

of NLTLs conducted by Rodwell et al. [RKY+91] introduced the concept of the large signal 
capacitance which is defined as: 

(III.1.3) 

where Vh and Vi are the initial and final voltages of the input falling step function. 

Finally, the nonlinear transmission line is supplied with a characteristic impedance Z18 , 

with Zt higher than Zt8 , and a Bragg frequency fB resulting from the periodicity of the 
structure. The large signal diode capacitance can be used to represent the voltage dependent 
diode capacitance Cd(V) in the linear regime. In this way, the large signal characteristic 
impedance is represented by: 

(III.1.4) 

And the resulting Bragg frequency in the lumped equivalent model can be expressed as: 

(III.l.5) 
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Consequently, for a required large signal characteristic impedance and Bragg frequency, 
the diode spacing must be: 

(III.1.6) 

Furthermore, the diodes must be chosen in arder to exhibit a large signal capacitance given 
by the following expression: 

0 1 [ z~J 
ls = z f 1- z2 

ls1f B 1 
(III.l. 7) 

Note that both parameters are expressed as a function of the non-loaded transmission 
line parameters. Therefore, once the linear transmission line is determined, as weil as the 
parameters of the loaded NLTL, by imposing d and 0 18 to the structure the design is achieved. 
The linear transmission line must be periodically loaded respecting the parameter d, while the 
diode junction area must be chosen to give a large signal capacitance of 0 18 • 

III.1.2 The Semi-Lumped Approach 

In a semi-lumped NLTL only varactor diodes are used as lumped elements. This simple 
structure was proposed for the first time by Jager and Tegude [JT78] as a high frequency NLTL. 
The analysis for such a line differs from the one described in section III.1.1, specially in the 
settling of the Bragg frequency. For the sake of a more accurate representation of the overall 
behavior of the NLTL, this distributed approach is preferred to the appro:ximate lumped
element equivalent madel, as in reference [WH99]. Actually, the approximation only works 
under the assumption that the per-section capacitance of the line is smaller than the average 
capacitance of the nonlinear loading deviees. This being the case, Martin et al. [MFO+Ol] 
demonstrated that both models of NLTL for the simulation of frequency multiplication give 
equivalent results. 

In the following, the formalism introduced by Jager and Tegude [JT78] and adopted by 
Case in reference [Cas93] will be detailed. Let us consider initially the analysis of the lumped 
section of figure III.2(a), so that a symmetrical T section results. The wave analysis ofperiodic 
structures is described in reference [Col92]. The circuit analysis of a periodic structure involves 
constructing an equivalent network for a single basic section or unit cell of the structure first. 
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Figure III.2: T models for the NLTL unit cell 

The following expression III.1.8 simplifies greatly, analytically as well as practically, the 
determination of the characteristic impedance of the line: 

(III.1.8) 

where Zoe and Zse are respectively the open-circuited impedance and the short
circuited impedance of the section: 

. L[W 1 
Zoe= J[-2-- (Cl+ Cls)) (III.1.9) 

(III.l.10) 

The resulting characteristic impedance can be expressed as: 

1 [l _ L1(C1 + Cls)w2
] 

(C1 + ns) 4 
(III.l.ll) 

From equation III.l.ll, the Bragg frequency of the lumped-element model can be derived. 
Indeed, if the characteristic impedance is cancelled out, the frequency obtained results in 
expression III.1.12, corresponding to the Bragg frequency: 

(III.1.12) 
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Thus, the Bragg frequency is the frequency which cancels out the large signal impedance. 
Consequently, the Bragg frequency of the semi-lumped model can also be obtained from Z18 = 
0, but graphically on this occasion. With this intention, the characteristic impedance is derived 
from the reciprocal two-port transfer matrix of the T section shown in figure III.2(b). The 
circuit for a unit cell may be broken down into three circuits in cascade, namely, a section of 
transmission line of length d/2, followed by a shunt susceptance, which in turn is followed by 
another length of transmission line. Transmission matrices (or ABCD matrices) are convenient 
for cascading circuits together. 

For the lossless NLTL cell, the multiplication of: 

( 
cos(~:) jZ1sin(~:)) ( 1 0) ( cos(~:) jZ1 sin(~~)) 
tsin(~:) cos(~:) jwC1s 1 tsin(~~) cos(~:) 

(III.1.13) 

results in the following characteristic ABCD matrix: 

( 

cos(':d)- z,~c,, sin(wvd) jZtsin(wvd)- jZrwCls cos(~)-l) 
· d cos("'d}+l d Z C d 

.L sin(f:'....) + J·wc cos(f:'....) - ~ sin(f:'....) z, v ls 2 v 2 v 
(III.l.14) 

From equation III.l.14, the characteristic impedance and propagation constant of the 
periodic-loaded transmission line are derived. The characteristic impedance can be deter
mined from Z18 = -/B7C, as a result of according the input impedance as a function of the 
output impedance, both impedances related to the transmission matrix elements: 

sin(~)+ ~(cos(~)- 1) 
sin(~d) + wzkc,, (cos(~d) + 1) 

(III.1.15) 

If the periodic structure is able to support a propagating wave, it is necessary for the 
voltage and current at the (n + 1) 8 t terminal to be equal to the voltage and current at the nth 
terminal, apart from a phase delay due to a finite propagation time. Therefore, the propagation 
constant can be determined from cos(kd) =(A+ D)/2: 

wd Z1wC1s wd 
cos(kd) =cos(-)- sin(-) 

v 2 v 
(III.1.16) 

where k is the propagation constant for the NLTL cell. 
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Equations III.1.15 and III.l.ll indicate evident differences between the two circuits. The 
approximate equivalent circuit is much easier to analyze than the transmission line circuit. 
However, even if the low frequency characteristics are very similar, the models differ signifi
cantly as frequencies approach the Bragg frequency. Figure III.3 shows the graphie determi
nation of the Bragg frequency corresponding to both approaches . 
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Figure III.3: Characteristic impedance as a function of the frequency for the lumped and 
semi-lumped model 

The example proposed here consists of a high impedance line of characteristic impedance 
Z1 = son loaded at spacings d = 292p,m by varactor diodes exhibiting a large signal capaci
tance of Cts = 48.5f F. The propagation velocity of the high impedance coplanar waveguide is 
v= 1.18·108m/ s. The Heinrich program [Hei93] was used in order to work out the characteris
tics of the CoPlanar Waveguide ( CPW), resulting in a line section inductance and capacitance 
of L1 = 199pH and C1 = 3lj F respectively. 

For the discrete model the loaded line impedance is zero for a frequency f = fB = 80GHz, 
while for the semi-lumped model the impedance Zts falls to zero at a higher frequency. The 
new Bragg frequency is JB = 93GH z. 

At this stage and by means of Microwave Design System (MDS), the 521 parameter of an 
8-diode structure is shown in figure III.4 for the discrete and semi-lumped models in order to 
determine by simulation the Bragg frequency corresponding to each approach. 

Figure III.4 provides a good agreement between the theoretical and simulated values of 
Bragg frequency. The simulated Bragg frequencies for the discrete and semi-lumped models 
correspond to fB = 78GHz and fB = 91GHz respectively. 

The dispersion relationship of the semi-lumped model has also been deduced. Note the 
difference between equations IIL1.16 and 1.2.20 (on page 16). This latter equation could be 
determined in the same way by comparing the matrix resulting of the three circuits in cascade 
with the ABCD matrix of a transmission line. 



III.l. PRELIMINARY ANALYTICAL RESULTS 

20~----------------------------------~ 

0~--------------------~ 

iil -20 
"CC ...... 
g -40 
iii 
Ill -60 
E 
Ill 
c -80 
E .. 

-100 
--lumped mode! 

-120 ---- · semi-lumped mode! 

frequency (GHz) 

\ 

' 
' 

57 

Figure III.4: Magnitude of the S21 parameter as a function of the frequency for the lumped 
and semi-lumped model 

Furthermore, it is apparent from equations III.l.15 and III.l.16 that the line will exhibit 
several pass and stop-bands, frequency bands for which unattenuated propagation can take 
place separated by frequency bands in which the wave is attenuated. Based on the lumped
element model, an NLTL has the transmission characteristic of a low-pass filter with a eut-off 
frequency corresponding to the Bragg frequency. In the distributed model, the NLTL behaves 
like a pass-band filter resulting in a low-pass filter at low frequencies. 

III.1.3 Considerations about the Bragg Frequency 

The NLTL cell consists of a diode connected between the center conductor and ground at the 
junction between two sections of transmission line. There are many possibilities for a good 
layout. The one proposed by Rodwell et al. [RKY+91) is shown in figure IIL5. The ground 
planes of a CPW are enlarged towards the center conductor, bringing the diode lower ohmic 
contacts nearer the center strip in order to decrease the diode series resistance. In addition, 
the undesired non CPW mode, that is the coplanar strip mode (the two ground planes at 
different potentials), is suppressed by interconnecting the two grounds together. 

The periodicity of such a structure provides a resonance frequency given by: 

1 
iR= 2dVlc 

(III.1.17) 

This resonance frequency results from the linear dispersion equation k = w-lfë (1.2.22 on 
page 17) by imposing kd = n, namely d = A/2, while the Bragg frequency is obtained from 
the dispersion equation w2~ = 2(1- coskd)/(lc) (1.2.20 on page 16) by imposing the same 
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d 

Figure III.5: Layout of a CPW for an NLTL configuration 

condition. This way of determining the Bragg frequency was seen in section !.2.2, resulting 
in: 

(III.l.18) 

First of all, two simulations ba.sed on the periodic structure of figure III.5, have been 
performed by means of the network analysis code MDS with subsequent verification through 
High-Frequency Structure Simulator (HFSS) electromagnetic simulations. A unit cell of fig
ure III.5, corresponding to half the structure in the longitudinal dimension, is depicted in 
figure III.8(a), where the length and the width of the discontinuity are also represented. The 
results show that the location of the resonance frequency depends exclusively on the induc
tance and capacitance per unit length of the CPW and the distance d between discontinuities. 
The length or width of the discontinuity do not affect the value of the resonance frequency but 
the transmission characteristic, so that the longer or the larger the discontinuity is, the worst 
transmission is obtained at this frequency. This is shown in figures III.6 and III. 7 respective! y. 

In this example, the simulated fR = 208GHz is in good agreement with the calculated 
fR= 20lGHz. 

At this stage, let us introduce the varactor diodes at the discontinuities. Thus, the unit 
cell of figure III.8(a) results in that of figure III.8(c). In addition, figure III.8(c) shows a more 
realistic representation of the semi-lumped NLTL unit cell than that of figure III.8(b), as the 
ground planes of the CPW are enlarged towards the center conductor as in figure III.8(a). 
From the results plotted in figure III.9, it can be stated that the two models differ at high 
frequencies well above the Bragg frequency. Consequently, it is not worthwhile to consider the 
semi-lumped NLTL unit cell of figure III.8(c) in future simulations, but that of figure III.8(b) 

Finally, the phase of the 821 parameter is plotted as a function of the frequency for the 
cases of figures III.8(a) and III.8(b). Indeed, figure liLlO shows that the propagation constant 
is more linear in the case of figure III.8(a), so the semi-lumped unit cell of figure III.8(b) 
represents a more dispersive situation. 
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Figure III.8: Three different semi-lumped unit cells 
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III. 2 Harmonie Generation 

111.2.1 Generalities 

NLTL harmonie generation can be described in terms of large signal nonlinear propagation 
and the resulting generation of sets of solitons. In this way, a waveform of multiple solitons 
per cycle is progressively produced, and hence harmonie generation achieved, as the shape of 
the wave may be related to its equivalent frequency components by Fourier analysis. Since 
frequency multipliers rely on the interaction between two or more solitons, this type of NLTL 
is quite difficult to understand in terms of soliton-like propagation. 

This phenomenon can be observed by introducing an input sinusoïdal signal. The voltage 
variation of the NLTL capacitance results in nonlinear wave propagation and harmonies of the 
input frequency are generated. The harmonie components generated accompany the dimin
ishing fundamental component along the transmission line. As the waveform propagates, the 
distortion will increase. Moreover, harmonies at frequencies higher than the Bragg frequency 
do not propagate along the line. This effect can be used to select an output frequency. 

As it has been already seen in section L3, the type of NLTL can be determined depending 
on the fB to fin ratio. The Bragg frequency will set the peak conversion efficiency as well 
as the impulse transition time or the pulse width. Although the main parameter involved 
in the design of NLTL frequency multipliers is the fB/ fin ratio, the Zz/Zls ratio plays also 
an important role in the design of such a line. Other issues affecting conversion efficiency 
are impedance matching and driven amplitude related to the voltage dependent capacitance 
characteristic of the diodes, which will be discussed later on. Loss plays also a significant role 
in frequency multiplier NLTLs. 
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111.2.2 The Bragg Frequency 

The order of harmonie conversion is related to the f 8 / fin ratio. The results of scanning the 
frequency of the input sine-wave in order to study conversion efficiency for the first three 
non-zero harmonies are plotted in figure III.ll. 
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Figure III.ll: Conversion efficiency as a function of the input frequency for the fundamental 
and the three first non-zero harmonies 

The example proposed consists of a ladder-type LC circuit containing constant inductors 
of L1 = 132.6pH and constant capacitors of 0 1 = 20.7 j F, the latter in parallel with voltage 
dependent capacitors exhibiting a large signal capacitance of C1s = 32.3] F. These parame
ters result in a Bragg frequency of 120GHz. A harmonie balance simulation has then been 
performed for a 3.3mm line length. Note that a 20dBm input power has been chosen to drive 
the circuit. 

Although an NLTL harmonie multiplier could be theoretically used as any order converter, 
figure III.ll also shows that the optimum efficiency decreases for a higher harmonie. A higher 
!B/ fin ratio means that more harmonies are involved in the multiplication process, but also 
implies the distribution of the energy over all these harmonies. Actually, to avoid power 
conversion into harmonies higher than desired, the Bragg frequency is set a few percent above 
the desired output frequency. Aspects about the safeguard taken in the specification of the 
optimum ratio between the Bragg frequency and the input frequency will be discussed in 
chapter IV (Large Signal S Parameter Simulation of an NLTL). 

According to this, conversion to the third harmonie is most efficient in the frequency band 
where the fifth harmonie is above the Bragg frequency and the third harmonie is, of course, 
below the Bragg frequency, namely 3fin < !B < 5fin· 
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III.2.3 The Characteristic Impedance 

By using equations III.l.6 and III.l.7 one can derive the diode spacing and the large signal 
diode capacitance for a required loaded transmission line impedance and Bragg frequency, as 
seen in section III.l.l. The values of Z18 and !B are fixed to son and 120GHz respectively. 
The choice of the large signal impedance in a MMIC-like technology (Monolithic Microwave 
Integrated Circuit) is usually son in order to make sure of a good matching with the input 
generator. Therefore, table III.1 is obtained for different values of non-loaded transmission 
line impedance, with Z1 > Z18 . The calculations have been made assuming the propagation 
velocity resulting of a GaAs transmission medium, namely v = 0.83 · 108m/ s. 

Zz(D) 80 100 120 140 160 180 200 220 

d(J.Lm) 138.4 110.7 92.3 79.1 69.2 6l.S SS.4 S0.3 

Czs(JF) 32.3 39.8 43.8 46.3 47.9 49 49.7 S0.3 

Cz(JF) 20.7 13.3 9.2 6.8 S.2 4.1 3.3 2.7 

Lz(pH) 132.6 132.6 132.6 132.6 132.6 132.6 132.6 132.6 

Table III.1: Circuit parameters for different values of non-loaded transmission line impedance 

Table III.1 shows that the higher the Z!/Z15 ratio, the lower the distance between the 
diodes and the higher the diode area. It is thus advantageous to work at high impedances 
as it implies a reduction of both transmission }osses and diode }osses, and efficient conversion 
requires low loss. However, reaching such non-loaded transmission line impedances is difficult 
in practice for certain technologies, such as CPWs, and a compromised value of Z1 must be 
chosen. 

The choice of the characteristic impedance is critical in the design of an NLTL. This issue 
was fully addressed in reference [JFT+99] by using a simulation approach that included the 
skin effect losses of a CPW pulse compressor. 

A harmonie balance simulation has been performed corresponding to the discrete approach, 
where the line section capacitance and inductance have also been derived in the table. Further
more, the diode junction area has been chosen to give the large signal capacitance also specified 
thanks to a single barrier Heterostructure Barrier Varactor (HBV) diode of Cmax = 2f F / J.Lm2 

and a Cmax/Cmin ratio equal to S. 

Figure III.12 (on pages 6S and 66) shows the evolution of the simulated harmonie out
put power as a function of the number of diodes for different non-loaded transmission line 
impedances. The input frequency has been fixed to 20G Hz. This being the case, the fifth 
harmonie prevails initially. Later on with the distance, an inversion between the fifth and 
third harmonie trends can be observed. 
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For harmonie generation applications, one is primarily concerned with the harmonie con
version efficiency. From the results of figure III.12, it can be stated that an increase in the 
Zd Z18 ratio not only leads to a reduction of both transmission and diode losses, but also to 
an improved performance in the efficiency conversion of the initially prevailing harmonie with 
respect to the number of sections. Actually, the peak conversion efficiency grows from 26% of 
the 20dBm input power in the case Z1 =son to 44% in the case Z1 = 220n. 

This behavior is not surprising as the Zzf Z18 ratio is related to the compression rate defined 
by Rodwell et al. [RKY+91] as the fall time compression rate normalized to the propagation 
delay of the non-loaded transmission line: 

K = y'ç( 

where 

JL1(Cl + Cd(h))- JLz(CI + Cd(vt)) 

VLïCi 
(III.2.1) 

(III.2.2) 

(III.2.3) 

In this way, Rodwell et al. recommended in reference [RAY+94] to have Z1 > 750, such 
that the diode capacitance is still dominant over the CPW capacitance. Even though this 
normalized fall time compression rate is defined for an input falling step function, the concept 
can be applied to an input sinusoïdal function and harmonie generation. 

The peak conversion efficiency to the fifth harmonie occurs along the line after a number 
of nonlinear deviees relatively constant, in fact between 24 and 2S diodes. However, the 
real transmission line length decreases from 3.3mm in the case zl = son to 1.4mm in the 
case Z1 = 2200. Actually, when the compression rate is not sufficiently strong to efficiently 
compress the wave, a longer line is required and, as a result, additionallosses are introduced. 

Table III.2 summarizes the most salient results for each value of Z1, namely, the conversion 
efficiency peak corresponding to the fifth harmonie and the distance from the input of the 
NLTL at which this peak is obtained. Note a saturation of the conversion efficiency above 
z1 = 1400. 

On the other hand, line lengths can be adjusted to get the best conversion efficiency for a 
required harmonie. Furthermore, although the arder of harmonie conversion is related to the 
fB/ fin ratio, the line length plays an important role in which arder of harmonie is empha
sized. From this point of view, as the line length must be minimized because of transmission 
lasses, the best conversion efficiency to the third harmonie is still obtained when the required 
harmonie is firstly predominant. If the line is too short, solitons will not separate completely. 
However, since the driven amplitude is repetitive, solitons will be combined if the line is too 
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Figure III.l2: Conversion effi.ciency as a function of the number of sections for the fundamental 
and the two first non-zero harmonies varying the Zz/ Z18 ratio 
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Figure III.12: (continued) 

Z1(n) 80 100 120 140 160 180 200 220 

P D'Ut/ Pin(%) 26.288 32.979 37.308 39.972 41.357 41.966 42.833 43.783 

l(mm) 3.322 2.657 2.215 2.215 1.938 1.722 1.551 1.408 

Table III.2: The most salient results for each value of non-loaded transmission line impedance 

long, originating a certain periodicity with distance concerning which order of harmonie is 
emphasized. 

In reference [LFM+99], Lheurette et al. investigated the potential of NLTLs for harmonie 
generation on the basis of experimental capacitance and current-voltage characteristics of 
high performance InP-based HBV diodes. A large harmonie content in the propagating signal 
can be achieved depending on the number of cascaded sections, enabling the design of high 
effi.ciency quintuplers. 

III.3 One Particular Approach: The MULTIS 

Project 

III.3.1 Study Context 

The following study was carried out within the MULTIS (MUltiplicateur à Lignes de Trans
mission Intégrant des hétérostructures de Semiconducteurs) project research context. In par
ticular, the aim of this project is to prove the potential of NLTLs for frequency multiplication 
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applications on the basis of InP-based HBV diodes. 

On the modeling side, the following sections are devoted to the study of a V-band frequency 
multiplier operating at 60GHz. In addition, reference [DFF+Ol] provides complementary 
information. Let us recall that this project was carried out within the framework of a CNRS 
(Centre National de la Recherche Scientifique) Télécom contract in collaboration with the 
Laboratory of Microwaves and Characterization at the University of Savoie, France. 

In practice, the design of the CPW-based NLTL multiplier has resulted in a monolithic 
prototype. Thus, chapter V (Technology and Characterization of the CPW NLTL) and refer
ence [FDM+Ol] provide a description of the different steps involved in the prototype fabrication 
process and its characterization under small signal and large signal conditions. 

111.3.2 Configuration 

Figure III.l3 shows the configuration chosen which will be justified throughout this section. 

Considering the previously mentioned definition, a non-loaded transmission line and a 
nonlinear deviee are the two key elements integrating an NLTL, a CPW and an InP-based 
HBV diode in the present case. 

The NLTL is fabricated on a semi-insulating InP epitaxial wafer. The CP\~ center strip 
is composed of the active epitaxial structure depicted in figure V.1 (on page 104), correspond
ing to a double barrier InP-based HBV diode. Different from the configuration proposed in 
figure Ill.5, the diodes are simply positioned within the center strip by means of trapezoidal
shaped access areas realized in the highly doped n+ buried layer. All these configuration 
aspects will be discussed in detail in chapter V, devoted part] y to the fabrication techniques, 
as weil as the severe under-etching effect providing air gaps under the center strip, as shown 
in the cross sectional view A-A' of figure III.l3. 

III.3.3 Parameters 

The values of Z18 and f 8 are fixed to 500 and 80GHz respectively. By using equations III.1.6 
and III.l.7 one can derive table III.3, where Z1 has been fixed to 800. Note that the calcula
tians have been made assuming a 6.5 effective dielectric constant stemming from the Heinrich 
program [Hei93] and a resulting propagation velocity of v= 1.17 · 108m/ s. 

Zls(O) fE( GHz) zl(n) d(t-Lm) C1sU F) 

50 80 80 292.4 48.5 

Table III.3: Circuit parameters of the NLTL 

Bef ore going on, note that the choice of a 80G Hz Bragg frequency can be justified as 
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(b) Transverse cross sectional views 

Figure IIL13: Top view and transverse cross sectional views of a CPW NLTL 
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follows. The targeted deviee being a V-band frequency multiplier prototype operating at 
60GHz, a range extending from 60GHz to lOOGHz is possible at first glanee for the Bragg 
frequency, where conversion to the third harmonie is most efficient. In table III.4, the diode 
spacing and the large signal diode capacitance are reported for a required Bragg frequency 
in this range. The loaded impedance line and the non-loaded impedance line have been set 
to 50D and 80D respectively. From the results shawn in table III.4, it seems interesting, in 
terms of transmission lasses, to choose a Bragg frequency as high as possible, since the higher 
this frequency, the smaller the distance between the diodes. However, a Bragg frequency of 
80G Hz has been finally determined. In fact, the diode spacing and the large signal diode 
capacitance have been calculated from the lumped madel. As it is shawn in figure III.3, the 
large signal impedance falls to zero at a higher frequency for the semi-lumped madel. The 
new Bragg frequency is fs = 93GHz, which is still a value below the fifth harmonie. A more 
accurate analysis of the choice of the Bragg frequency value will be carried out in chapter IV. 

fs(GHz) 60 64 68 72 76 80 

d(f.Lm) 389.9 365.6 344.1 324.9 307.8 292.4 

nsUF) 64.7 60.6 57 53.9 51 48.5 

fs(GHz) 84 88 92 96 100 

d(f.Lm) 278.5 265.9 254.3 243.7 234 

Cls(JF) 46.2 44.1 42.2 40.4 38.8 

Table III.4: Circuit parameters for different values of Bragg frequency 

The Heinrich program can be used in arder to work out the characteristics of the 800 
non-loaded impedance CPW. The most interesting parameters are summarized in table III.5. 

Z1(D) w(f.Lm) s(f.Lm) €eff 

80 5 20 6.5 

Table III.5: Physic parameters of the CPW (see figure III.l3(a)) 

Figure III.l4 shows a top view diagram of the CPW NLTL and its equivalent loss circuit. 
The transmission line lumped elements are displayed in table III.6, assuming both metallic 
and dielectric lasses. Thus, the effects of non-ideal conductors, as weil as substrate loss and 
finite metallization thickness, are included. 
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Zz(n) Lz(pF) Cz(JF) Rz(n) Gz(n) 

80 199 31.2 3.8 312500 

Table III.6: Line elements of the CPW (see figure III.14) 

d 

••• ••• 

Figure III.14: Diagram of the CPW NLTL and its equivalent loss circuit 
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Moreover, note that the Heinrich program allows us to perform a frequency sweep, so as 
a description of the CPW as a function of the frequency can be easily obtained. Figure III.15 
shows the input and output data at 60G Hz, the frequency at which these parameters have 
been calculated. 

Geometry (microns): 
w = 5.0000+00 s = 2.0000+01 t = 1.0000+00 
wg = 9.0000+01 hs = 4.0000+02 

Material Parameters: 
substrate: eps(r) = 12.6 
conductivity of metallizations: 

tan(de) = 3.0000-04 
kappa = 3.0000+07 

Frequency: f = 6.0000+01 GHz 

Line Elements: 
inductance L = 6.8030-07 Henry/m 
capacitance C = 1.0660-10 Farad/m 
resistance R = 1.2940+04 Ohm/m 
conductance G = 1.1030-02 Siemens/m (mho/m) 

Propagation Constants: 
er(eff) = 6.524350+00 
beta = 3.212030+03 1/m 
beta/beta(O) = 2.554280+00 

Characteristic Impedance: 

alpha 
alpha 

= 7.070940-01 db/mm 
= 8.140720+01 1/m 

Real(Z) = 7.989580+01 Ohm Imag(Z) =-2.003000+00 Ohm 

Figure III.15: Heinrich program input and output data 

111.3.4 Electromagnetic Analysis 

In order to further establish the CPW characteristics, one can simulate, by means of the 
electromagnetic code HFSS, an 8 times 292J..Lm long structure with a cross sectional view 
all along the structure AA', as the one depicted in figure III.13(b). Simulation results of the 
transmission characteristics showed that the existence of the active layer und er the center strip 
and the n+ layer under the ground planes do not affect considerably the CPW characteristics. 

The sequence of layers composing the diode, with an overall height of 0.95J..Lm, has been 
substituted by a layer of III-V GaAs/InP compounds, which has a typical dielectric constant 
of 13 and a loss tangent around 0.0016. Concerning the other layers, the gold resistivity 
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and the semiconductor highly doped n+ layer resistivity have been fixed to 2.2 · 10-80m and 
3.1. w-6om respectively. 

The same structure with the two n+ layers sandwiching the active layer has also been 
simulated. The former structure exhibits a characteristic impedance of 87.650, while a char
acteristic impedance of 79.890 has been obtained for the latter structure. This impedance 
matches the 800 impedance announced by the Heinrich program. Indeed, the lower n+ layer 
under the center strip acts as the center conductor itself. However, the former structure corre
sponds to an elevated center conductor CPW. The properties of su ch lin es have been studied 
in detail in references [HW96, RW98]. In particular, Reichelt and Wolff [RW98] showed a con
siderable increase in the characteristic impedance. They also pointed out that coplanar-like 
waveguides with an elevated center conductor exhibit low loss and low dispersion. However, 
it should be noted that the elevation of the center conductor was more important than in the 
present work. 

The simulation results of the whole structure, namely including the input and output 500 
CPW access lines, are now presented. The center strip width and the slot width of the CPW 
access line have been set to 70J.Lm and 50J.Lm respectively. A linear transition from the access 
line to the high impedance line has been considered, providing a graduai variation of the taper 
geometry. 

The characteristic impedance at the input of the structure is plotted in figure III.16 as a 
function of the frequency for both configurations, with and without the highly doped n+ lower 
layer under the center strip. 
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Figure III.16: Characteristic impedance as a function of the frequency for the non-elevated 
and elevated center strip HFSS CPW 

The comparison between both configurations concerning the S21 parameter and S11 pa
rameter is shown in figures III.l7(a) and III.l7(b) respectively. 

Finally, even though HFSS can not consider the diode as an active element but rather as 
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Figure III.l7: Magnitude of the 8 21 and Sn parameters as a function of the frequency for the 
non-elevated and elevated center strip HFSS CP\V 

sorne stacked dielectric layers, it may be interesting to analyze the influence of the n+ access 
areas in the transmission characteristics of the CPW. For this reason, the n+ access areas, 
allowing us to link the 8 diodes to the transmission line which was analyzed previously, have 
been included locally (BB' transverse cross section). The 8 21 and 811 parameters are plotted 
in figure III.l8. The comparison of theS parameters between the structures with and without 
the n+ access areas is shown in figure III.l9. 
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Figure III.l8: Magnitude of the S parameters as a function of the frequency for the HFSS 
CPW with n+ access areas 
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Figure III.l9: Magnitude of the S21 and S11 parameters as a function of the frequency for the 
HFSS CPVV with and without n+ access areas 

III.3.5 Network Analysis 

The number of sections, the diode nonlinear capacitance and the pump frequency affect the 
power transferred to higher arder harmonies in a complicated manner. Figures III.20, III.21 
and III.22 have been obtained varying the diode area and keeping constant the other param
eters. Each curve corresponds to a different diode number structure. 

First, the semi-lumped NLTL has been pumped by a 30dBm 20G Hz sinusoïdal signal to 
study the effect of dynamic voltage range on the NLTL performance for a tripler configuration. 
Figure III.20 shows that different optimum areas result of diode number variation. Thus, a 
maximum conversion efficiency to the third harmonie is obtained for a diode area equal to 
2l0J.Lm2 in the case of a lü-diode structure, for a diode area equal to 180J.Lm2 in the case of a 
15-diode structure and for a diode area equal to 160J.Lm2 in the case of a 20-diode structure. 

On the other hand, the 30dBm input power brings about a peak driven amplitude of lOV. 
With such a change in the amplitude, the double barrier HBV diode displays a capacitance per 
unit area of 0.47 f F /11m2

• AB a consequence, one can determine the diode area optimized for a 
500 input impedance by sim ply dividing the calculated value of the large signal capacitance by 
the capacitance per unit area regarding the chosen diode. Neglecting the fact that the voltage 
sweep across successive diodes changes due to nonlinear wave propagation, the optimum diode 
area has been estimated at 100J.Lm2. However, the curves in figure III.20 show a shift in the 
optimum diode area. Note that, as the number of diodes is increased, the conversion efficiency 
is improved. Besides, the simulated optimum diode area tends to fit the calculated one. 

In figures III.21 and III.22, a 30dBm 12G Hz sinusoïdal signal has been supplied to the 
NLTL. The diode spacing has been set to 334.2J.Lm and the large signal capacitance to 55.4f F, 
so as to determine a 81G Hz semi-lumped Bragg frequency. This being the case, the behavior 
observed in figure III.21 for a quintupler configuration recalls the one demonstrated for the 
tripler configuration. However, as expected, a decrease in the peak conversion efficiency can 
be observed in each case. 



III.3. ONE PARTICULAR APPROACH: THE MULTIS PROJECT 

100~--------~------------------------~ 

~ 80 
>. 
u 
c 
Cl) u 60 

--5diodes 
- - - - · 1 0 diodes 
······· ·15 diodes 
--- 20 diodes 

!E 
Cl) ----------···----------•. 

c ., .......... ..- ............ :·~(: ... . 
.2 40 /,/ ··., 
e! /' ....... >- .. '- .... ~ .... -·~ ·.: l.., ... -

~ // 

~ 20 / 
0 ./ 

120 140 160 180 200 220 
area of the diode (Jlm2

) 

75 

Figure III.20: Conversion efficiency to the third harmonie as a function of the diode area 
varying the number of diodes for the tripler configuration 
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Figure III.21: Conversion efficiency to the fifth harmonie as a function of the diode area 
varying the number of diodes for the quintupler configuration 
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Figure III.22 shows the conversion efficiency to the third harmonie as a function of the 
diode area when the NLTL multiplier is designed as a quintupler by a proper choice of the 
Bragg frequency. 
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Figure IIL22: Conversion efficiency to the third harmonie as a function of the diode area 
varying the number of diodes for the quintupler configuration 

The problem of the variable dynamic range was addressed by Salameh and Linton in 
reference [SL99b), where variable diqde areas were used to enhance matching. Actually, in 
figures III.20 and III.21 diode area variation implies diode large signal capacitance variation, 
and bence the loaded line impedance is subject to variation too. Nevertheless, large signal 
impedance variation is negligible for the areas considered here, and consequently the resultant 
impedance mismatching. Thus, the increase in the C18 /Ct ratio can justify the behavior 
observed. 

On the other hand, part of the power fed to the NLTL is lost through the HBV diodes 
and the CPW. Thus, due to lasses, the maximum instantaneous voltage decreases as the 
waveform propagates through successive sections. A comparison between two different time 
domain approaches, Finite Difference Time Domain (FDTD) [Jra99] and SPICE [JTFTOO] 
simulations, was carried out on lassy and dispersive NLTLs used for pulse compression. Here, 
loss effects are treated within MDS. 

Let us now address the loss issue by considering first only the diode series resistance, which 
can be estimated between H1 and 50. The influence of !osses has been studied considering 
the diode areas which display a maximum conversion efficiency when the deviee is used as a 
tripler. The results are shown in figure III.23. It can be noted how the conversion efficiency 
values obtained tend towards the same limit when the series resistance increases. This means 
that structures with a limited number of diodes have to be considered. 

At this stage, the results of scanning the frequency of the 30dBm input sine-wave in order to 
study the conversion efficiency for the first two non-zero harmonies are shown in figure III.24. 
The tripler has been exactly designed for a peak conversion efficiency at 60GH z. Moreover, 
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Figure III.23: Conversion efficiency to the third harmonie as a function of the diode series 
resistance 

an input frequency of 14G Hz will correspond to a maximum conversion effi.ciency to the fifth 
harmonie. 

The input third harmonie bandwidth for the lossless case is shawn in figure III.25, where 
the case corresponding to a H1 diode series resistance has been superimposed. A 6G Hz input 
bandwidth (30%) largely confirms the deviee broad-band operation. As the Bragg frequency 
(equation III.l.5) and the large signal impedance (equation Ill.1.4) are expressed as a function 
of the diode large signal capacitance (equation III.l.3), and the diode large signal capacitance is 
determined by the input power, the overall matching is good independently from the frequency 
of the generator and the bandwidth is broad. 

Finally, transmission line lasses have been considered. CPW lasses involve two contribu
tions, the lasses coming from the finite metallization thickness with a conductivity value equal 
to 3 · 107 Scm-1 and the lasses coming from the dielectric substrate with a loss tangent value 
equal to 0.0003. Note that the metallic loss contribution prevails over the dielectric one. 

Figure III.26 shows the behavior of an NLTL periodically loaded with 200J.Lm2 HBV diodes 
in terms of conversion efficiency to the third harmonie as a function of the number of sections. 
The simulation results, in a loss case, predict a maximum conversion effi.ciency of 10% for an 
8-diode structure. 

In arder to explain this behavior, the instantaneous voltage at the output of different 
number of section structures has been plotted in figure III.27 (on pages 80 and 81). When 
the line is too short, the voltage waveform is not sufficiently distorted. However, as the 
voltage waveform propagates through successive sections, the instantaneous voltage tends to 
decrease due to lasses. Thus, a trade-off must be found in practice concerning the number of 
sections in arder to enhance conversion efficiency. Increasing the number of sections after the 
optimum deteriorates the performance, since the effect of lasses becomes larger than the effect 
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of nonlinearity. 

These simulations have been performed by injecting a 30dBm sinusoïdal signal. An addi
tional simulation has then been performed for the 8-diode structure varying the input power 
from lOdBm to 30dBm. The results are displayed in figure III.28. A 30dBm input power 
pumps the diodes over the full voltage range, typically a 20V peak-to-peak value for proper 
operation. Under moderate pump conditions, one does not take entirely advantage of the 
nonlinearity of the diodes, which explains the behavior obtained. Furthermore, this is accom
panied by impedance matching problems, as the design presumes a constant input power. The 
same arguments can be applied for the previous discussion. 

In conclusion, loss problems imply the fact of considering structures with a limited number 
of diodes as the input signal amplitude must be sufficient to excite the nonlinearity of the 
diodes. 
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IV.l Introduction 

As with all periodic structures, NonLinear Transmission Lines (NLTLs) exhibit pass-bandjsto:rr 
band characteristics. In relation to this frequency filtering aspect, one of the most important 
parameters in the design of an NLTL is the Bragg frequency. The Bragg frequency determines 
the transition between the pass-band and the sto:rrband of the NLTL. 

In this chapter, the S parameters are evaluated for large signal driving conditions using a 
powerful commercial software package, Advanced Design System (ADS), from Agilent Tech
nologies. 

The large signal simulation technique is based on a harmonie balance simulation of the full 
nonlinear circuit. The key advantage of this approach to study the transmission behavior of the 
NLTL is that, in the case of input and output matching conditions, the circuit can be analyzed 
without the restriction of linearizing it. In previous works, NLTLs were usually studied from 
two different points of view. In order to analyze the large signal behavior of the circuit, a 
harmonie balance simulation was performed. In terms of the transmission properties and the 
input and output matching conditions, the NLTL had to be analyzed using S parameters. 
This implies that the behavior of the intrinsically nonlinear circuit is approximated during 
the evaluation of the S parameters. In other words, the intrinsically nonlinear circuit was 
studied in the linear regime. As an alternative to the conventional S parameter analysis, the 
large signal technique enables us to simulate the circuit in a global way, including all nonlinear 
effects. 

83 
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IV.2 Large Signal S Parameters 

Concerning the transmission characteristics of the NLTL, the S parameter analysis was previ
ously based on the conventional small signal simulation of the linearized circuit. In contrast to 
this approach, Large Signal S Parameters are based on a harmonie balance simulation of the 
full nonlinear circuit, which means that its solution includes nonlinear effects. Large Signal S 
Parameters are defined as: 

Bi 
(IV.2.1) Sii=-

Ai 

where 

V- Zo.J. A·- J JJ (IV.2.2) 
J- 2JROj 

and 

Bi= 
Vi+ Zo;Ii 

(IV.2.3) 
2.,fl[O; 

Vi and Vj are the Fourier coefficients, at the fundamental frequency, of the voltages 
at ports i and j. 

Ii and Ii are the Fourier coefficients, at the fundamental frequency, of the currents 
at ports i and j. 

Zoi and Zoi are the reference impedances at ports i and j. 

Roi and Roi are the real parts of Zoi and Zoi. 

The definition of the Large Signal S Parameters is a generalization of the Small Signal 
S Parameter definition in that, V and I, rather than phasors, are Fourier coefficients of the 
voltages and currents at the fundamental frequency. This means that the definition simplifies 
to the small signal definition for a linear circuit. 

In order to calculate the power dependent S parameters, as they are also called, the sim
ulator performs basically the same steps followed in a Small Signal S Parameter simulation. 
For a two port deviee, once the port two is terminated with the complex conjugate of its ref
erence impedance, a signal is applied at port one. This signal has a user specified power leve! 
and is generated by a source which impedance equals the complex conjugate of the reference 
impedance of the input port. The main difference arises from the use of a harmonie balance 
simulation to calculate the 811 and S21 parameters from the information of the currents and 
voltages at ports one and two. The benefits of this are discussed later. 

The way the simulator calculates the 822 and S12 parameters will be discussed also later 
on. 
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IV.3 Comparison between Small Signal and Large Sig

nal Bragg Frequency 

Different from the Small Signal S Parameter simulation, the Large Signal S Parameter sim
ulation can take into account the nonlinear effects of the NLTL. Namely, the propagation 
characteristics of the line are exposed for all the signais of interest. However, the Large Signal 
S Parameter simulation remains a S parameter simulation as the S21 parameter still represents 
the transmission from port one to port two when no conversion frequency is achieved. So, even 
if the transmission coefficient states the nonlinear effects of the NLTL, there is no explicitly 
information about the conversion efficiency. 

In this chapter, a semi-distributed madel for NLTLs is used as the results are deemed 
to be a more accurate representation of the overall behavior of the NLTL than the approxi
mate lumped-element equivalent model. In particular, Wang and Hwu [WH99] performed a 
theoretical analysis confronted with simulations about this topic. 

Concerning the magnitude, the comparison between the Small Signal and Large Signal 
S Parameter simulations for a lossless case is shown in figure IV.l(a) as a function of the 
frequency. The phase is plotted in figure IV.l(b). In these simulations, the lumped-element 
mode! of the Heterostructure Barrier Varactor (HBV) diode was implemented using a Symbol
ically Defined Deviee (SDD) in which the capacitance is related to the charge stored, analogous 
to the implementation carried out in Microwave Design System (MDS). The input power has 
been set to 20dBm, the area of the diodes to 120J..I.m2 and the number of sections to 6. To 
perform the Small Signal S Parameter simulation, each diode had to be biased to obtain the 
Bragg frequency corresponding to the average capacitance, in order to compare properly both 
simulations. In fact, if a Small Signal S Parameter simulation is performed directly, the Bragg 
frequency obtained would correspond to the capacitance at zero volt bias. Previous theoret
ical analysis of NLTLs conducted by Rodwell et al. [RKY+91] introduced the concept of the 
large signal diode capacitance or average capacitance, which is defined for an input falling 
step function. In this way, the large signal capacitance Czs is used to represent the voltage 
dependent diode capacitance Cd(V) in the linear regime. 

Several features are manifest from these results: 

• The same value of Bragg frequency is obtained in both cases, as can be deduced from 
the location of the low-pass filter transition. This result confirms the validity of the 
large signal capacitance approximation proposed by Rodwell et al. [RKY+91] and which 
expression is reported in equation III.l.3 (on page 52). In terms of Bragg frequency, it 
is equivalent to represent the diode capacitance Cd(V) by this value when considered in 
the linear regime, that is C18 • In addition, this average capacitance, usually defined for 
an input falling step function, can be applied with an input sinusoïdal function, which 
is the case for a harmonie balance simulation. 

• The most important difference between these two simulations appears in the shape of 
the transition between the pass-band and the stop-band. As it will be proved later, 
the more nonlinear the capacitance is, the more abrupt the transition becomes. In this 
case, a nonlinear capacitance is compared with a constant capacitance. Note that the 
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Figure IV.l: Large signal and small signal S21 parameter (Pinput = 20dBm) as a function of 
the frequency in a lossless case 

difference between the large signal and small signal S21 parameter can be more easily 
seen in the magnitude graphie. 

• Related to the more abrupt transition in the large signal simulation, a more important 
fluctuation effect on the high frequency transmission behavior of the line can be seen 
preceding this transition. This pronounced fluctuation even makes the 821 parameter 
fall under -3dB at sorne frequency ranges before what seems to correspond to the Bragg 
frequency (clearly defined by the transition). The observed behavior could justify the 
safeguard taken, even in the lossless case, in the specification of the optimum ratio 
between the Bragg frequency and the input frequency. 

In figure IV.2(a), the magnitude of the large signal 8 21 parameter is plotted as a function 
of the frequency, where the transmission line lasses and the series resistance of the diode have 
been included. The phase is shown in figure IV.2(b). In both plots, four different cases are 
displayed, the lossless case, when only the transmission line lasses are included and, while 
considering both the transmission line lasses and the series resistance, Rs = lü or Rs = 20. 
As a consequence of the lasses, the transition becomes less abrupt and is associated with a 
shift of the Bragg frequency to lower values. 

Figures IV.3(a) and IV.3(b) show respectively the magnitude and the phase of the small 
signal 821 parameter with the purpose of comparing it with the previous graphies. It can be 
seen in the phase graphies how the influence of the lasses, manifest from the separation of the 
curves, only appears after the Bragg frequency for the small signal parameter. However, this 
influence can be observed before for the large signal parameter. 
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IV .4 Influence of the Diode C-V Characteristics on the 

Transmission Behavior of the Line 

IV.4.1 Influence of the Area of the Diodes 

In the HBV madel used in the simulations, the area of the diodes is one of the design pa
rameters of the NLTL. The behavior of the capacitance varying the diode area is shawn in 
figure IV.4(c). Figure IV.4 shows the large signal 5 21 parameter for different areas of the 
diode, the input power being still fixed to 20dBm. As the area of the diode fixes the average 
value of capacitance, it can be seen in figure IV.4(a) how the Bragg frequency shifts to smaller 
values as the area of the diode is increased. The phase is plotted in figure IV.4(b). 
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IV.4.2 Influence of the Input Power 

As expected and shown in figure IV.5, a similar shift effect is obtained by varying the input 
power applied to the NLTL, although by contrast the behavior at high frequencies differs from 
the previous case. Note that since the C-V characteristic is the same in each simulation, by 
varying the input power C1s is modified. The use of the same nonlinear deviee presumably 
leads to the same asymptotic behavior at high frequencies, different from simply varying the 
C1s value of the design. 
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IV.4.3 Influence of the Number of Sections 

In order to study the transition between the pass-band and the stop-band of the NLTL, 
a simulation has been performed varying the number of basic sections. As expected, by 
increasing the number of nonlinear deviees, the transition becomes more abrupt, as shawn 
in figure IV.6(a). This is analogous to the example of a low-pass filter, where increasing 
the number of sections leads to increasingly sharp pass-band/stop-band transitions. Figure 
IV.6(b) shows the phase of the large signal 521 parameter as a function of the frequency varying 
the number of basic sections. 

Figure IV.7 shows the comparison between the large signal and small signal 521 parameter 
as a function of the frequency for different basic sections. 

IV.4.4 The Abrupt Transition 

As introduced before, once the number of diodes is fixed, the steepness of the transition is 
determined by the non linearity of the diode, the average capacitance only fixing the value of 
the Bragg frequency. 
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20dBm) as a function of the frequency 

This is proved in the following simulations where three different parabolic C-V relation
ships have been chosen, while keeping the average capacitance constant. An equation based
nonlinear deviee has been used to simulate the nonlinear capacitor by introducing a list of 
coefficients that describes a polynomial. In this case, Cd(V) = 125-7.2V2, Cd(V) = 135-12V2 

and Cd(V) = 145-16.8V2
, stated in JF, correspond to the three parabolic C-V relationships 

used in the simulation and shown in figure IV.8(c). They all exhibit the same average ca
pacitance. The input power has been set to 18dBm and the number of sections to 4 due to 
convergence problems of the simulator. The results in figure IV.8(a) show that the average 
capacitance fixes the value of the Bragg frequency and the more nonlinear the diode is (the 
first coefficient in the C-V relationship expressing the non linearity degree), the steeper the 
transition is. The phase is plotted in figure IV.8(b). This result reinforces the validity of the 
Large Signal S Parameter simulation in the frequency filtering analysis of an NLTL. 

In comparison with the small signal analysis which is able to give us only the Bragg 
frequency, the large signal analysis gives information about the effects associated with the non 
linearity of the diode. 

IV.4.5 Influence of the Diode C-V Relationship 

Further to these results, additional simulations have been performed in order to gain an insight 
into the influence of the diode capacitance-voltage characteristics in the transmission behavior 
of the NLTL. It is well known that the fractional change in the diode capacitance affects the 
power transferred to higher order harmonies. The same conditions have been imposed for 
these simulations. 

In 1997, Dillner et al. [DSK97] performed an analysis of symmetric varactor frequency 
multipliers. They investigated how the shape of the C-V characteristic influences the max
imum multiplier efficiency and finally stated that the best effi.ciency is obtained for a C-V 
characteristic with large nonlinearity at zero volt bias. 
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Later, Salameh and Linton [SL99b] studied the effect of various parameters on NLTL per
formance. Schottky diode capacitance-voltage characteristics were computed using a physical 
simulator for different doping profiles, which were used as a parameter in the NLTL design, 
and their effect on NLTL performance was investigated. The doping profile of the Schottky 
diode is an important parameter in the diode design. Even though hyperabrupt doping pro
files increase the reflection loss, the hyperabrupt doping always provides better performance 
than the uniform doping, as proved in reference [MMR+89]. In reference [SL99c], Salameh 
and Linton performed a detail study of the relation between doping profiles and diode C-V 
characteristics. 

In 1994, Van Der Weide [Wei94] already stated that a more drastic change in the C-V 
characteristic should result in a similar change in the propagation velocity, resulting in its 
turn in an improvement in compression efficiency. Thus, he proposed delta-doped Schottky 
diodes better than hyperabrupt diodes as, over the central bias range, the delta-doped Schottky 
diode offers a greater velocity modulation than the hyperabrupt varactor. 

Finally, Martin studied the effects of deviee nonlinearity on soliton formation and propa
gation. In reference [MarOO], it was demonstrated that a faster separation of the input signal 
into soli tons is achieved for a C-V characteristic with large nonlinearity. 

IV.4.5.1 By Keeping Cmax Constant 

First of all, a simulation has been performed selecting three different parabolic C-V rela
tionships with the same Cmax equal to 145f F, corresponding to the following equations: 
Cd(V) = 145- 16.8V2

, Cd(V) = 145- 12.8V2 and Cd(V) = 145- 8.8V2 in f F. Different 
from using the same nonlinear deviee and simply varying the input power, actually Cmin, 
in this example only Cmax is kept constant as shawn in figure IV.9(c). However, the same 
asymptotic behavior at high frequencies is observed in figure IV.9(a). The phase plot IV.9(b) 
is also similar to the one showing the phase of the large signal S21 parameter as a function of 
the frequency varying the input power. 

IV.4.5.2 By Keeping Cmin Constant 

Then, the following simulation is performed keeping Cmin constant and equal to 80f F for 
four different parabolic C-V relationships, expressed in f Fas Cd(V) = 112.5-5.2V2

, Cd(V) = 
125 -7.2V2 , Cd(V) = 137.5- 9.2V2 and Cd(V) = 150 -11.2V2 and shown in figure IV.lü(c). 
The magnitude of the large signal S21 parameter as a function of the frequency varying the 
non linearity of the diode is shawn in figure IV.10(a), the phase in figure IV.10(b). Note 
that the magnitude graphie is similar to the one where the magnitude of the large signal S21 

parameter is plotted as a function of the frequency varying the diode area. Nevertheless, the 
difference between these two simulations can be observed in the phase graphies. 
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Figure IV.lO: Large signal 8 21 parameter (Pinput = 18dBm) as a function of the frequency 
varying the non linearity of the diode by keeping Cmin constant 
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IV.4.5.3 By Keeping both Cmax and Cmin Constant 

Finally, combining the both previous results, a simulation has been carried out keeping Cmax 
and Cmin constant. In order to keep Cmax and Cmin constant, the degree of the polynomial 
equations representing the diode capacitance-voltage characteristics had to be increased up 
to 4. The resulting equations, expressed in f F, Cd(V) = 150- 21.33333V2 + 1.36533V4, 
Cd(V) = 150 - 8.53333V2 - 0.68267V4 and Cd(V) = 150 - 2.048V4 lead to Cmax = 150! F 
and Cmin = 70fF and are shown in figure IV.ll(c). The magnitude of the large signal 
S21 parameter is plotted as a function of the frequency in figure IV.ll(a). The behavior 
observed recalls the one in figure IV.9(a), where Cmax was kept constant. It can be noted 
from these simulations that the fact of fixing Cmax leads to the same asymptotic behavior at 
high frequencies, different from the other cases. Therefore, the difference arises from the phase 
graphies. Figure IV.ll(b) shows the phase of the large signal S21 parameter as a function of 
the frequency. By simply comparing figures IV.ll(b) and IV.9(b), it can be easily deduced 
that the simulation parameters referring the diode capacitance-voltage characteristics must be 
different. 
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IV.5 Large Signal S Parameter and Harmonie Balance 

Simulations 

As it has been already proved for harmonie balance applications in reference [SZD+95], by 
adjusting the fin/ fs ratio the highest conversion efficiency for a specifie harmonie can be 
obtained. 

A harmonie balance simulation has been performed in order to study the conversion ef
ficiency to the third harmonie by scanning the frequency of the input sine-wave. The SDD 
has been adopted again for these simulations. In the example of figure IV.l2, the area of the 
diodes is set to 140,um2

• A maximum conversion efficiency can be observed at 60G Hz, while 
the Bragg frequency fixed by the abrupt transition is a few GHz higher (64GHz). Actually, 
the fluctuating behavior between 61.5G Hz and the transition may explain the margin taken 
between 3fin and fs. Even in the lossless case, this margin must be considered in the NLTL 
design. 
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Figure IV.l2: Large signal 821 parameter (Pinput = 20dBm) and conversion efficiency as a 
function of the frequency in the lossless case 

Four more examples in figure IV.l3 (on pages 98 and 99) illustrate the justification of the 
safeguard taken, even in the lossless case, in the specification of the optimum ratio between 
the Bragg frequency and the input frequency. These examples correspond to different areas 
of the diode, 110,um2 , 120,um2, 130,um2 and 150,um2 . In this way, it can be stated that the 
magnitude of the large signal 821 parameter gives implicitly information about the conversion 
efficiency. In fact, besides the transmission information supplied by this parameter, its shape 
also announces the optimum conversion efficiency harmonie. 

In presence of losses, the Bragg frequency shifts to lower values as it was observed in 
figure IV.2(a). In this example, the transmission losses and a series resistance of Rs = 2S1 
have been considered. Even if a shift occurs in both large and small signal simulations, 
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figure IV.14(a) shows an important quantitative difference in this shift between the large and 
small signal S21 parameter. In the presence of loss, the Bragg frequency for the large signal 
simulation is considerably smaller. Note that in the lossless case (figure IV.l(a)), both large 
signal and small signal Bragg frequency are identical. As the Bragg frequency shifts to smaller 
values, the frequency margin to be taken becomes greater if the Bragg frequency considered 
is the lossless one. The phase of the 521 parameter is plotted in figure IV.14(b) as a function 
of the frequency performing a Large Signal S Parameter and a Small Signal S Parameter 
simulations. 
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Figure IV.14: Large signal and small signal 521 parameter (Pinput = 20dBm) as a function of 
the frequency in the presence of loss 

The results reported may give information leading to the specification of the optimum ratio 
between the Bragg frequency and the input frequency. 

IV.6 The S12 Parameter 

As discussed before, in order to calculate the Large Signal S Parameters, the simulator per
forms basically the same steps followed in a Small Signal S Parameter simulation. Nevertheless, 
note the peculiarity in the calculation of the 5 12 and 522 parameters. The first step consists 
in terminating port one with the complex conjugate of its reference impedance and applying a 
signal of power P2 = IS21 IP1 at port two, using a source which impedance equals the complex 
conjugate of the reference impedance of port two. Then, using a harmonie balance simulation, 
the currents and voltages at ports one and two are calculated. This information is used to 
calculate the 512 and 522 parameters. 

Different from the Small Signal S Parameters, even in a reciprocal and physically symmet
rical network, S21 =/= 512 and Sn =/= S 22 for the Large Signal S Parameters due to the injection 
of power at port two as a function of the magnitude of the 512 parameter (P2 = IS21 jP1). This 
can be observed in figure IV.l5, where the magnitude of the large signal 521 and 512 parame
ters is plotted as a function of the frequency. In this example, the area of the diodes is set to 
120J.Lm2. Note the shift of the transition to smaller values of frequency for the 512 parameter. 
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Actually, the important fluctuation behavior preceding the transition for the 821 parameter 
has been saved, the current transition been precisely located at the very beginning of this 
previous fluctuation effect. In this case, no safeguard should be taken in the specification of 
the optimum ratio between the Bragg frequency and the input frequency. 
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function of the frequency in the lossless case 

IV.7 Conclusion 

In this chapter, a Large Signal S Parameter simulation has been performed for the analysis 
of NLTLs. This is the first work to our knowledge applying this powerful simulation tool 
in the study of the frequency filtering aspects of NLTLs. The results clearly show in this 
approach that the Bragg frequency is fixed by the value of the average capacitance and the 
more nonlinear the capacitance, the more abrupt the transition. 

Furthermore, the Large Signal S Parameters proved to be important for optimum matching 
conditions and for the location of the input frequency in relation with the Bragg frequency. 

Also, the behavior of the S21 parameter near the Bragg frequency gives additional informa
tion to complement a harmonie balance simulation concerning the prediction of the conversion 
efficiency. 

This approach certainly represents a more accurate treatment of the effect of the degree of 
non linearity on the conversion efficiency. 
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Technology and Characterization of 

the CPW NLTL 

V.l Introduction 

The aim of this chapter is the description of the process steps involved in the fabrication of 
the CoPlanar Waveguide (CPW) NonLinear Transmission Line (NLTL) which was designed 
in section IIL3. A second part is devoted to the characterization under small signal and large 
signal conditions of the CPW NLTLs manufactured. 

Globally, CPW NLTLs can be fabricated using as few as four masks. Note that the 1\LTLs 
were fabricated on semi-insulating InP epitaxial wafer. 

The fabrication of the CPW NLTLs follows the processes used in any InP Monolithic 
Microwave Integrated Circuit (MMIC). The fabrication technologies for InP MMICs are largely 
discussed in reference [Kat92]. The book written by Williams [Wil84] remains basic in spite of 
dealing with GaAs technology. However, the process developed for the NLTLs has overcome a 
series of difficulties intrinsically related with its configuration and the active epitaxial structure 
employed. 

The processing procedure will be described in detail in the following sections. It represents 
the latest process undertaken. However, earlier processes have been necessary in arder to 
implement the final refinements, which could be improved in future processes. 

103 
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V.2 Technology of the CPW NLTL 

V.2.1 Active Epitaxial Structure 

The active epitaxial structure depicted in figure V.1 corresponds to a double barrier InP-based 
Heterostructure Barrier Varactor (HBV) diode. 

In GaAs 1 x 1019cm-3 5000À 

In GaAs 1 x 1017cm-3 3000À 

In GaAs undoped 50 À 

InA lAs undoped 50 À 

A lAs undoped 30À 

InA lAs undoped 50 À 

In GaAs undoped 50 À 

In GaAs 1 x 1017cm-3 3000À 

In GaAs undoped 50 À 

InA lAs undoped 50 À 

Al As undoped 30À 

InA lAs undoped 50 À 

In GaAs undoped 50 À 

In GaAs 1 x 1017cm-3 3000À 

In GaAs 1 x 1019cm-3 1J.Lm 

InP substrate 

Figure V.1: Double barrier InP-based HBV epitaxial structure 

This active epilayer structure consists in two blocking step-like !nAIAs/ AlAs/InAlAs mul
tilayers, the 30À thick intermediate semiconductor layer being surrounded by two 50À thick 
InAlAs layers, Poor blocking of the barrier is alleviated bath by making use of the 30À thick 
AIA.s layer grown under pseudomorphic conditions and by taking advantage of two barriers 
series integrated. The 50À thick InGaAs spacer layers prevent the diffusion of dopant species 
into the barrier, stemming from three cladding layers (3000À thick) doped to 1 x 1017 cm-3 , 
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where the capacitance modulation takes place. At last, the highly doped (1 x 1019cm-3 ) cap
ping (0.5,um) and buried (1J.Lm) InGaAs layers enable the implementation of low resistance 
ohmic contacts. 

The epilayers were grown in a Gas Source-Molecular Bearn Epitaxy machine (GS-MBE). 
The growth was performed without interruption on InP substrate, typically 400,um thick, at 
520°C. 

Apart from the NLTL configuration itself, the active epitaxial structure raises a series 
of difficulties in its technological processing. First of all, a multilayer, as deep as 1.5,um, 
must be etched. This step is aggravated by the preferencial polymer deposition which takes 
place on the Al-containing materials, namely the InAlAs/ AlAs/InAlAs barrier. Secondly, 
the thickness of the capping and buried highly doped layers has been demonstrated to be 
necessary for the implementation of lower resistance ohmic contacts. The 1,um thick buried 
layer already involves an epitaxial growth on the leading edge of technology, with a relatively 
thick ternary layer lattice matched to the substrate. However, this should emphasize the 
difficulty in obtaining deeply etched structures. Finally, note that one is faced with a non
planar technology after the etch process. 

V.2.2 Mask Set 

On the basis of the work presented in section III.3, the mask set shown in figure V.2 was 
designed. It includes severa! line geometries resulting from the variation of the main pa
rameters. Note that each NLTL follows the configuration proposed in the top view diagram 
of figure III.13 (on page 68). The various parameters were varied independently, taking as 
starting values the following: 

• line length or diode number: 8 and 12 diodes 

• center strip width: w = 5,um 

• slot width: s = 20,um 

• diode spacing: d = 290J.Lm 

• diode area: A = 200J.Lm2 

• series resistance parameters: r 1 = 40,um and r2 = 80,um 

Next, the parameter variation intended to observe the effect on NLTL performance is 
specified: 

• line length or diode number: 5, 8, 10, 12 and 15 diodes 

• center strip width: w = 3J.Lm, w = 4,um and w = 5J.Lm 

• slot width: s = 15,um, s = 20,um and s = 25,um 
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Figure V .2: Mask set general view 
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• diode spacing: d = 260J.Lm, d = 290J.Lm and d = 320J.Lm 

• diode area: A= 120J.Lm2
, A= 140J.Lm2

, A= 160J.Lm2
, A= 180J.Lm2 and A= 200J.Lm2 

• series resistance parameter r 1: r 1 = 24J.Lm, r 1 = 28J.Lm, r 1 = 32J.Lm, r 1 = 36J.Lm and 
r1 = 40J.Lm 

• series resistance parameter r 2 : r2 = 40J.Lm, r2 = 60J.Lm, r2 = 80J.Lm, r2 = lOÜJ.Lm and 
r2 = 120J.Lm 

The diodes are simply positioned within the center strip by means of trapezoidal-shaped 
access areas realized in the highly doped n+ lower layer. Note that the diode series resistance 
depends mainly on the parameters r 1 and r2 depicted in figure III.13(a). The resistance of a 
trapezoidal-shaped conductor can be expressed as: 

(V.2.1) 

where s is the slot width, p is the resistivity of the highly doped In GaAs layer and 
h its thickness. 

Note that: 

(V.2.2) 

which corresponds to the resistance of a rectangular-shaped conductor. 

In the case where r1 = 4ÜJ.Lm and r2 = 80J.Lm and assuming the following p = 3.1·10-6Dm 
and h = 0.8J.Lm, the series resistance of the diodes results in a value of O. 70, considering that 
the two trapezoidal-shaped access areas are in parallel. 

This mask set includes four levels: the upper ohmic contact, lower ohmic contact, ground 
plane formation and isolation. Note the alignment difficulty in most of the steps, inherent to 
the requirements of the mask set. 

In addition to the NLTLs, four special patterns are included in the left upper corner of the 
mask set, which will be now justified. 

A diode ring-shaped configuration was contemplated in order to permit a quick assessment 
of the epilayer quality. The diodes, thus manufactured, can be characterized by positioning 
directly radio-frequency probes onto the top and side contacts. By this means, the intrinsic 
parameters can be measured without the need of de-embedding techniques. 

The layout includes a Transmission Line Model (TLM) pattern implemented on the highly 
doped n+ lower layer, which consists in four rectangular pads separated by different lengths. 
The TLM is the most widely used method for determining the ohmic contact resistance, the 
resistance being measured as a function of the gap spacing between the linear array of contacts. 
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There are also two test structures for reference purpose: a transmission line pattern fol
lowing the NLTL configuration except from the trapezoidal-shaped access areas, which have 
been removed, and a second linear CPW observing the dimensions of the 500 access line. 
These patterns can provide information about the transmission line performance inclusive of 
ali parasitics associated with the NLTL configuration itself. 

V .2.3 Deviee Fabrication 

The epitaxial structure has to undergo various processes. First, let us consider the fabrication 
sequence illustrated in figure V.3 (on pages 109, 110 and 111). 

The first step is the deposition of the upper ohmic contact which will constitute the CP\V 
center strip. Then, one must etch through the diode multilayer in order to reach the highly 
doped n+ lower layer, where the deposition of the lower ohmic contacts is made in a third 
step. Next, a metallic overlay on the lower ohmic contacts will make up the ground planes. 
Finally, a wet chemical etch is used in arder to render most of the wafer semi-insulating. Also 
in this step, in arder to separate one diode from the other, the excess of highly doped n+ is 
removed by a severe under-etching effect. 

This brief description gives an overview of the technological steps. In the following sections, 
each processing step will be discussed in turn. Only photolithography has been required in all 
pro cess. 

V.2.3.1 Upper Ohmic Contact 

Ohmic contacts are defined as a metal-semiconductor contact when the ratio of the potential 
drop across the contact versus the current flowing through the contact is linear or near
linear with a constant Re· The contact resistance depends greatly on the doping level in 
the semiconductor, barrier height of the metal-semiconductor contact, carrier effective mass, 
dielectric constant and temperature. The review by Shen et al. [SGM92] presents a discussion 
of the recent and important research activities concerning ohmic contacts for III-V compound 
semiconductors. 

A multilayer of Ni (150À), Ge (195A) and Au (390À) is deposited by evaporation on 
the In GaAs layer. A layer of 500À of Ti is then deposited on top of the Ni/Ge/ Au trilayer 
and plays an important role in the isolation between the gold of the proper ohmic contact 
metallurgy and the overlay of 8000À of Au. Finally, a layer of 150A of Ti is evaporated to 
insure protection to the gold overlay during the reactive ion etching process. Indeed, the 150À 
of Ti act as a surface protection layer or removable mask, as it will be removed during the 
plasma bombardment. Note that the Au layer can be removed more easily and this Au overlay 
is critical in the determination of the transmission line lasses. 

Rapid Thermal Annealing (RTA) is the last stage of the ohmic contact step. However, it 
will be done after the deposition of the second ohmic contact metallurgy. 

Metal deposition follows the lift-off photolithography procedure. A common photoresist, 
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Fi!l""e V .3: cPW NLTL fabrication sequence 
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( c) Lower ohmic contact 

( d) Ground plane formation 

Figure V.3: (continued) 
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(_f) Diode isola-tion 

Figure V .3: \ continued) 
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the AZ - 1518 resist (Hoescht), is applied. Imparting a 5000rpmf s (acceleration) spin at 
6000rpm (velocity) to the resist during 60s, the film thickness expected is l.5J.tm, permitting 
reliable lift-off of the Au film. This thick metal layer is produced by a single lift-off without 
subsequent electroplating, which would result really hard considering the dimensions contem
plated. The wafer is then pre-exposure baked at 110°0 during lmin30s. At this point, the 
resist is surface treated by a plunge into a solution of AZ- 326 during 30s (in order to harden 
the surface), rinsing next the wafer in distilled water (DI water) during lmin. 

Once the wafer has been exposed during 4s in the exposure aligner operating at 400nm, 
it is then baked at 120°0 during lmin30s and developed in AZ - 400 developer during 40s. 
Previously, the AZ - 400 developer has been three times diluted in distilled water. During 
the development process, adjustments are made in the exposure time. 

At this point, note that the photoresist treatment used produces edges with negative slope, 
forming the so-called lift-off profile. Metal deposition will then result in a discontinuons film 
over the resist edges. By rinsing the wafer in acetone, the undesired metal is removed by 
dissolution of the resist, leaving only the metal which was deposited on the substrate. 

Two optical views of the upper ohmic contact deposited on the substrate are shawn in 
figure V.4. 

(a) General view (b) Detailed view 

Figure V.4: Optical views of the upper ohmic contact 

V.2.3.2 Reactive Ion Etching 

In order to reach the highly doped n+ lower layer, one must etch through the diode multilayer. 

Reactive Ion Etching (RlE) consists in an anisotropie etching process produced by a pos
itive ion bombardment of the substrate. The ion bombardment initiates or enhances funda
mental reactions at the surface of the substrate, which leads to higher etch rates in the vertical 
direction than in the horizontal one. Wafers can be exposed to RlE plasmas of different gas 
mixtures. 
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RIE using Methane/Hydrogen/ Argon (MHA) based plasma has been proved to be useful 
for smooth morphologies and anisotropie etches in InP-based materials. However, in deeply 
etched structures, the etch time is limited by polymer growth directly resulting of the MHA 
RIE. Furthermore, the Al-containing materials have been proved to be specially critical in the 
production of polymer. Indeed, in reference [SHM+93], Schramm et al. described a highly 
selective MHA RIE process that edged through InGaAs and which effectively terminated on 
an AlAs etch-stop layer, only 30À thick, or on an !nAIAs Schottky contact layer. 

A cyclical process, in which the Methane/Hydrogen/ Argon RlE processes alternate with 
oxygen RIE, has then been chosen. In fact, the addition of oxygen is beneficiai for polymer 
removal, which deposition constrains the achievement of deeply etched structures. Schramm 
et al. [SBH+97] investigated the various ways in which the oxygen may be incorporated into 
MHA RIE of deep (greater than 5pm) InGaAsP /InP multilayers. 

In this technique, the etching consists of alternating cycles of MHA etching and 0 2 polymer 
removal cycles. Concerning the MHA RIE, the pressure was set to 65mTorr, the self-bias 
voltage to 410V, the power to 225W and the gas fiows were 6sccm CH4 , 50sccm H2 and 
lüsccm Ar. The following oxygen plasma conditions were established: lOOmTorr, 220V, 
lOOW and 50sccm 0 2 . 

Let us precise now that the ohmic contact metallurgy acts as a metallic mask in the 
plasma etch process. The technique used has demonstrated to be capable of producing a dean 
anisotropie edge down to a 1.5pm depth, with line widths as small as 3pm. The additional 
deposition of polymer has been overcome forcing more 0 2 polymer removal cycles during the 
etch of the two InA.lAs/ AlAs/InAlAs barriers, which were monitored by a laser refiectometer. 
The change in the materials composing the wafer surface, namely the material interface, can 
be detected in the laser refiectometer plot of figure V.5. The crack observed in the last cycle 
announces the barrier. 

In the Scanning Electron Microscope (SEM) photographs of figure V.6, the mesa obtained 
was 1.6pm deep, which results in an average etch rate of 123À/min. Figure V. 7 shows the 
relationship between the etch depth and the etch time. 

Note that the wafer was efficiently bombarded during 135min. However, one must also 
consider the time dedicated to the 0 2 polymer removal cycles. In addition, cleaning processes 
are absolutely necessary during a large number of cycles and these clean-up cycles require a 
lot of time. In short, RlE results usually in a very long process. 

Finally, as it has been already said, the 150À of Ti act as a removable mask, insuring 
protection to the gold overlay, because of its better resistance to MHA RIE. At the end of the 
plasma bombardment, it should be completely removed what can not be ensured. Thus, this 
lack of precision, joined to the inhomogeneity (typically 2000À) introduced during the RIE 
process by the presence of polymer, results in a difficult determination of the etch depth. This 
imprecision in etch depth is critical and requires a compromise between the certainty that the 
highly doped n+ lower layer has been reached everywhere but not attacked itself. In other 
terms, the deposition of the lower ohmic contact must be done on the buried n+ layer. Also, 
the higher this layer, the lower the series resistance results. An average of 8600À of buried n+ 
layer has been estimated after the RIE process. 
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Figure V .5: Laser refiectometer plot announcing the barrier 

(a) General view (b) Detailed view 

Figure V.6: SEM photographs after the RlE process 
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V.2.3.3 Lower Ohmic Contact 
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The second ohmic contact lies on the buried n+ layer. The ohmic contacts to the buried n+ 
layer form the diode cathode connections. This step of the process requires a second mask. 

A Ni/Ge/ Au/Ti/ Au n-type metallization is deposited. The proper ohmic contact metal
lurgy is followed as well by 500A of Ti before deposition of the 2000A of Au. 

Note that the contacts are patterned with a photoresist treated to outline the areas to be 
metallized. The same lift-off lithography technique used in the upper ohmic contact process is 
used here, except for a few differences. A l.2J.Lm resist thickness is obtained by a spin coating 
at 4500rpm and 5000rpmj s of the resist for lOs. According to this film thickness, the wafer 
is pre-exposure and post-exposure baked during lmin, half a minute less. 

The lift-offis followed by a Rapid Thermal Annealing (RTA) at 400°C in a H2/N2 gas flow. 
This treatment consists of rapidly raising the wafer temperature, holding this temperature for 
40s and then reducing it back to room temperature. Under these conditions, the Ge and Au 
combine to form the eutectic mixture, the ohmic contact being formed when it diffuses into 
the upper part of the n+ layer. 

V.2.3.4 Ground Plane Formation 

A third mask is used to pattern the ground planes. The lift-off lithography used is exactly the 
same than that described in section V.2.3.3. Here, a Ti (lOOOA)/Au (4000A) metallic overlay 
fills up the areas to be metallized. After this step, no more metallic deposition will be required 
in the process. 
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V.2.3.5 Isolation 

The process ends with an isolation treatment, which is carried out in two stages, by means of 
a negative mask. 

V.2.3.5.1 Mesa Isolation 

In order to render most of the wafer semi-insulating, one must etch through the buried 
highly doped n+ layer. A wet etch is used here. 

The AZ - 5214 resist (Hoescht) has been used in this lithography. Applying a 4000rpmj s 
spin at 3000rpm to the photoresist during 60s, the film thickness expected is l.3J.Lm. The 
wafer is then pre-exposure baked at 120°0 during 2min30s, after what it is exposed during 
lOs and developed in MI F - 726 developer during 20s. These standard parameters yield 
quasi-vertical edges at 400nm exposure. In order to increase the adhesion of the resist to the 
surface of the semiconductor, the wafer is baked again at 120°0 during 2min30s. 

In figure V.8, a SEM photograph shows the resist which remains on the wafer once it has 
been developed. 

Figure V.8: AZ- 5214 resist on the wafer once developed 

At this point, the wafer is deoxidized by a dip, during lmin, into a solution composed by 
one part of dilute NH40H (30%) and ten parts of H 20. The wafer is then etched using a 
H3P04 / H20 2/ H20 solution in the proportions 3 : 1 : 20. The mix etchant has been previously 
agitated using a magnetic stirrer bar. 

The average etch rate is evaluated to 0.2J.Lm/min. The use of a H3P04 etching solution 
yields a high selectivity between InGaAs and InP, ensuring a total control of the etch depth. 

At this stage, each NLTL is isolated from the others and the trapezoidal-shaped access 
areas, realized in the highly doped n+ lower layer, are already defined. 
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The four optical views of figure V.9 reveal the precision of the alignment, which is partic
ularly critical in this technological step as the center strip must be preserved. 

(a) (b) 

(c) (d) 

Figure V.9: Optical views of an NLTL 

V.2.3.5.2 Diode Isolation 

In order to separate one diode from the other, the excess of highly doped n+ is removed, as 
well, by wet chemical etching. A severe under-etching effect promoted by the high selectivity 
between InGaAs and InP gives air gaps under the center strip of the CPW. In fact, the 4min 
etch has been prolonged two more minutes. Note that the vertical etch rate seems to be 
significantly higher than the horizontal one. 

Finally, the resist is removed by rinsing the wafer in acetone. Thus, the isolation of the 
diodes is now insured and the deviee fabrication completed. 
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Figure V.IO shows two SEM photographs of a final NLTL. The air gaps under the center 
strip can be seen in figure V.ll. 

(a) General view (b) Detailed view 

Figure V.IO: SEM photographs of an NLTL 
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Figure V.ll: Visible air gaps under the center strip in a SEM photograph 
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V.3 Characterization of the CPW NLTL 

V.3.1 Linear Regime 

V.3.1.1 Nonlinear Deviee Assessment 

As it has been seen in section V.2.2, a diode ring-shaped configuration allows us a quick 
assessment of the epilayer quality, as the diodes, thus manufactured, can be characterized 
by positioning directly radio-frequency probes onto the top and side contacts. The intrinsic 
parameters typically obtained are presented in this section. 

Figures V.12(a) and V.12(b) show respectively the C-V and I-V normalized characteristics 
of a double barrier InP-based HBV diode. However, the measurements are referred to a 20p.m 
anode diameter diode, the distance between the concentric pads being 50p.m. 

The measurements were performed by means of an HP - 8510C network analyzer. In 
particular, the C-V characteristic has been estimated at a frequency of 500MHz. Note that 
this characteristic was proved to remain unchanged with frequency at least up to 85GHz. 

The double barrier HBV diode exhibits a normalized capacitance of lf F / p.m2 at zero · 
volt bias and a capacitance ratio of 5 : 1, the saturation capacitance value being close to 
0.2f F / p.m2 • In terms of current-voltage characteristic, the threshold conduction voltage is as 
high as lOV with a current density below 40A/ c:m2 • 

The ohmic contact resistance, epilayer resistance and spreading resistance are the main 
contributions to the series resistance of the deviee. The ohmic contact resistance was assessed 
experimentally at 2·10-7f2cm2 by TLM measurements. A theoretical study of this contribution 
is reported in reference [BGMS92]. From the three contributions, the spreading resistance is 
the most important. Moreover, it strongly depends on the geometry of the deviee, which 
makes its assessment more difficult. The spreading resistance was studied by Dickens in 
reference [Dic67]. In addition to this way of determining the series resistance, it can also be 
estimated globally from the sij parameters, by comparison with an equivalent circuit model 
in the frequency range 250M Hz- 40GH z. After a comprehensive study, the series resistance 
has been found to be contained between 10 and 50. 

V.3.1.2 Unloaded Transmission Line Assessment 

The mask set also includes two test structures designed for reference purpose only. In fact, 
these structures can provide information about all parasitics associated with the NLTL con
figuration itself. 

At first, a CPW observing the dimensions of the 500 access line has been characterized. 
The measurements were made using a 37397C Anritsu vector network analyzer, which oper
ating range is 40MHz- 65GHz. A transmission line pattern which dimensions are similar 
to the NLTL ones, but without the interconnecting trapezoidal-shaped areas, has also been 
considered. The S parameters of both transmission lines are shown in figures V.13 and V.14. 
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Figure V.l2: Measured capacitance-voltage and current-voltage characteristics of a double 
barrier InP-based HBV diode 
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Figure V.14: 8 parameters as a function of the frequency for the non-loaded transmission line 
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Figures V.15(a) and V.15(b) show respectively the comparison between the Sn and S21 

parameters of both transmission lines in a Smith chart representation. 

The point on the right-hand side of the chart corresponds to the open-circuit position. 
Concerning the 500 access line, at low frequencies the S21 parameter begins at this point 
and moves clockwise with frequency following a spiral (lossy transmission line) through the 
angle 4> = 271" j >.l. Th us, the parameter l can be calculated and successfully compared with the 
length of the transmission line. Furthermore, the resonance frequency in figure V .13 has been 
proved to correspond to l = >.j2. 

Note that the center point of the Smith chart represents a matching condition. The slight 
impedance mismatch, evidenced by the frequency dependent Sn locus, results from the special 
transmission line configuration, where the center strip is built on the active epitaxial structure. 
From the Sn parameter at 500M Hz in figure V.15(a), a characteristic impedance of 530 can 
be easily calculated. This result is in good agreement with the High-Frequency Structure Sim
ulator (HFSS) simulated value. In this same way, the non-loaded transmission line, following 
the NLTL configuration, bas been proved to present a 820 characteristic impedance. 

Finally, the !osses as a function of the frequency are plotted in figure V.16 for both config
urations. Even though in the tapered transition the characteristic impedance varies continu
ously in a smooth way from 500 to that of the non-loaded transmission line, physically it is 
difficult to couple a signal into a 5J.Lm width CPW center strip, which could explain the addi
tional losses. Of course, the transmission line center conductor width must be large in order 
to reduce losses. The difference between a 5J.Lm and a 70J.Lm width center strip is sufficient to 
observe an important gap in the transmission loss term. 

V.3.1.3 NLTL Assessment 

Finally, the 8-diode NLTLs were characterized in the linear regime before a comprehensive 
study in the nonlinear regime. 

First of all, figures V.l7(a) and V.17(b) show the C-V and I-V characteristics respectively. 

The C-V characteristic results from the measurement of the Sn parameter at 500M Hz 
under a dipole-type configuration. In this way, the result obtained corresponds to the equiv
alent capacitance of 8 diodes in parallel, the output being open-circuited. However, the last 
technological step, consisting in under-etching the center strip, is critical in the determination 
of the areas of the different diodes along the transmission line. It appears, moreover, that this 
technological step introduces a significant imprecision, which results in an inaccurate normal
ization of the capacitance versus the area. This should be taken into account at the time of 
interpreting figure V .1 7 (a). 

In short, these measurements have been carried in arder to demonstrate the capacitance
voltage variation along the NLTL, as well as the presence of limited leakage current. As 
far as possible, a special attention bas been paid in arder to preserve to the utmost the 
NLTLs for characterization in the nonlinear regime. This explains the narrow voltage range 
in figures V.17(a) and V.17(b). 
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Figure V.l5: Smith chart representation of the S parameters as a function of the frequency 
(500MHz- 64.5GHz) for the access line and the non-loaded transmission line 



124 CHAPTER V. TECHNOLOGY AND CHARACTERIZATION OF THE CPW NLTL 

1.0 ..-----------------------, 

0.9 

0.8 

0.7 

~0.6 
N 

en 
NI 0.5 

en::. 0.4 .... 
.... 0.3 

0.2 

0.1 

--access line 
- -- - - non-loaded li ne 

....... _..__ ..... 

0.0 L-..&.......J_.........__._....._.-.....L._.__.__._.....J_.......J._._...L-.o___,_....._.I.......J..--l......o,.__l~ 

0 5 1 0 15 20 25 30 35 40 45 50 55 60 65 
frequency (GHz) 

Figure V.16: Losses as a function of the frequency for the access line and the non-loaded 
transmission line 

At this stage, the S21 parameter corresponding to an NLTL has been plotted in figure V.l8 
as a function of the frequency for different bias points. This has been possible thanks to an 
HP-4142B modular DC source. The results obtained in the range 500MHz-64.5GHz seem 
to be in good agreement with the behavior already observed in figure IV.3(a) (on page 87), 
where in presence of losses the S21 parameter presents a slight slope up to the Bragg frequency. 
In addition, a more abrupt slope announces a smaller Bragg frequency. Indeed, figure V.18 
shows that the slope becomes less abrupt with polarization, namely the Bragg frequency will 
be higher as expected. On the other hand, the transmission at 3V bias is better than at 
OV bias, since the fabricated NLTL is optimized for impedance matched under large signal 
conditions. 

V.3.2 Nonlinear Regime 

V.3.2.1 Experimental Set-Up 

Figure V.l9 depicts the schematic of the large signal experimental set-up implemented. The 
corresponding photograph is shown in figure V.20. 

An HP- 8360B series swept signal generator, operating between lOMHz and 50GHz, 
was used as the pump source. The primary signal from the generator served to feed a medium 
power microwave amplifier. This HP- 8349B microwave amplifier, operating between 2G Hz 
and 20GH z, was able to deliver a maximum power of 24dBm. Above 20GH z, a roll-off of the 
delivered power is measured, so that only moderate power measurements can be conducted. 
For the measurements of the return Joss magnitude, a lOdB directional coupler was mounted 
in a back configuration. The incident and refiected powers were recorded by means of an 
HP - 436A power meter preceded by an HP - 8485A power sensor calibrated at K-band. 
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Figure V.17: Measured capacitance-voltage and current-voltage characteristics of an NLTL 
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Figure V.19: Schematic of the large signal experimental set-up 
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Figure V.20: Photograph of the large signal experimental set-up 

The interface between the coaxial technology of the input section just described and the 
waveguide technology of the output one, via the uniplanar configuration of the Deviee Under 
Test (DUT), was carried out through radio-frequency probes. 

The output section was mainly devoted to the heterodyne detection of the up-converted 
signal using a spectrum analyzer, from which the HP - 70907 A external mixer interface was 
used. A special attention was paid to avoid the saturation of the HP - 11970V harmonie 
mixer, which explains the presence of the rotary attenuator. The analysis in the band of major 
con cern was carried out through a W R15 waveguide, opera ting between 50G Hz and 75G Hz 
(V-band). For the power measurements, a calibrated bolometric head was used just as in the 
input section, followed by an HP- 432A power meter. 

Figure V.21 shows a photograph including the probe station equipped with a high perfor
mance microscope. A zoom in view on the radio-frequency probes and the DUT is presented 
in figure V.22. 

Figure V.23 shows a photograph of the HP- 70000 spectrum analyzer system composed 
by three sections, an Intermediate Frequency (IF) section, a local oscillator and an external 
mixer interface. As already mentioned, this latter section was the one used in the large signal 
experimental set-up. The spectrum analysis is presented on an HP- 70206A system graphies 
display. 
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Figure V.21: Photograph of the probe station 

Figure V.22: Photograph of the radio-frequency probes 
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Figure V .23: Photograph of the spectrum analyzer system 
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V.3.2.2 Multiplier Performance 

In this section, large signal measurements have been carried out under moderate pump condi
tions thanks to the experimental set-up just described. Different aspects concerning the NLTL 
performance will be presented, to be more specifie, the number of sections, the broad-band 
behavior and the input power of an NLTL. 

V.3.2.2.1 Number of Sections 

First of all, a series of measurements were performed in order to determine the number 
of sections for an optimum performance in terms of conversion efficiency. Figure V.24 shows 
the conversion efficiency to the third harmonie as a function of the number of sections. In 
this particular case, the input frequency was set to 20G Hz and the available input power 
to lOdBm. The results of figure V.24 confirm what was already predicted by simulation in 
section III.3.5. An NLTL of 8 diodes seems to be a good trade-off between the length necessary 
to obtain a sufficient distortion and the subsequent transmission line !osses. 
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Figure V.24: Measured conversion efficiency as a function of the number of sections 

In the following, the measurements will focus on the radio-frequency assessment of an 
8-diode prototype. 

V.3.2.2.2 Broad-Band Behavior 

In order to determine the broad-band behavior of the NLTLs, measurements at lOdBm 
have been conducted varying the input frequency in the range l7GHz- 23GHz. Figure V.25 
has then been obtained. 
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The results confirmed that the line was pro perl y designed for a 20 x 3G Hz operation, as the 
maximum conversion efficiency was achieved around 20GH z. The corresponding conversion 
efficiency peak observed at the spectrum analyzer is shawn in figure V.26(a). The peak in 
figure V.26(b) has been plotted in a narrower frequency scale. Note that the up-converted 
signal peak is well centered at 60GH z. 

Additional spectrum analyses were performed at Q-band (second harmonie) and W-band 
(fourth and fifth harmonies). The frequency tripler showed an effective rejection of odd har
monies owing to the capacitance-voltage symmetry, as well as of the fifth harmonie due to the 
Bragg refl.ection. 

Figure V.27 shows the conversion efficiency to the fifth harmonie as a function of the 
input power, the input frequency being fixed to l2GHz. Figure V.28 illustrates the spectrum 
recorded in the case of an available input power of lOdBm for the 12 x 5GH z operation. 

V.3.2.2.3 Input Power 

The last series of measurements concerned the up-converted efficiency at 20G Hz for an 
8-diode structure. The study of the conversion efficiency as a function of the input power did 
not show a saturation effect, as shawn in figure V.29. In fact, there is still room for conversion 
efficiency improvement. 

About 1% conversion efficiency to the third harmonie was the highest achieved for 20dBm 
of available power source. It can be shown that these moderate pump conditions do not allow 
to pump the diodes over the full voltage range, typically a 20V peak-to-peak value for proper 
operation. Further improvements in terms of conversion efficiency are expected under harder 
pump conditions, as it implies larger nonlinearity and better large signal matching. 
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(a) In a larger frequency scale 
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(b) In a narrower frequency scale 

Figure V.26: Conversion efficiency peak shown at the spectrum analyzer 
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Figure V.27: Measured conversion efficiency to the fifth harmonie as a function of the input 
power 
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Figure V.28: Conversion efficiency peak of the fifth harmonie shown at the spectrum analyzer 
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Figure V.29: Measured conversion efficiency as a function of the input power 

Conclusion 

NLTLs loaded by high-quality HBV diodes have been fabricated in a monolithic coplanar 
technology for the first time to our knowledge. The deviees were designed for a 60G Hz output 
frequency tripler. The double barrier HBV diodes exhibited a capacitance ratio of 5 : 1, a 
normalized capacitance of 1f F j JJ.m2 at zero volt bias and an avalanche breakdown voltage in 
excess of 10V. Under moderate pump conditions (20dBm), a tripling operation with a 30% 
bandwidth was demonstrated. An unsaturated 1% conversion efficiency was obtained for an 
8-HBV prototype. 

The preliminary experimental results are in agreement with the small and large signal 
regime analysis and, in this way, open up new horizons through harder pump conditions and 
optimized technology. In fact, transmission line and diode losses, which are determinant in 
these distributed approaches, could be further optimized by thicker metallic overlays, digited 
metallic contact pads and an airbridge technology. The transfer onto quartz of discrete de
vices, recently demonstrated in reference [ADM+oo], could be interesting for this distributed 
technology. 

Finally, note that the interpretation of the measurements was qui te difficult. The impreci
sion introduced by the severe under-etching effect, which was required for diode isolation, was 
the main cause. In addition, only one process has been completed successfully for the time 
being. Given that this involves few NLTLs, the systematic study of the parameter variation, 
which was planned at the beginning in order to observe the effect on NLTL performance (sec
tion V.2.2), has not been possible. After these preliminary results, measurements under harder 
pump conditions are at the moment in progress. In addition, an hybrid version which would 
alleviate the difficulties of fabrication encountered in a full monolithic approach is considered 
at present. 



Conclusion and Prospects 

For the last three decades, NonLinear Transmission Lines (NLTLs) have been Viridely studied. 
Nowadays, NLTLs are used in a large variety of applications. From the main three NLTL 
applications described in chapter I, harmonie generation is the one developed in this thesis. 

The work presented here mainly concerned the design and fabrication of InP-based Het
erostructure Barrier Varactor (HBV) NLTLs. For the first time to our knowledge, NLTLs 
loaded by high-quality HBV diodes have been fabricated in a monolithic coplanar technology. 
The novelty arises from the use of HBV diodes grown on InP substrate to be the nonlinear 
elements of our NLTLs. This choice was motivated by the record performances in terms of 
output power and conversion effi.ciency obtained in our group. In chapter II, the most common 
transmission lines loaded with the most common varactor diodes are reviewed. 

In particular, the NLTLs were designed for a 60G Hz output frequency tripler. Chapter III 
provides the design rules for NLTL harmonie generation ending up at a monolithic integrated 
coplanar prototype. Under moderate pump conditions (20dBm), an unsaturated 1% con
version effi.ciency was obtained. Through harder pump conditions, further improvements in 
terms of conversion efficiency are expected. Since the first attempt has already provided exper
imental results in agreement with the small and large signal regime analysis, it is therefore not 
surprising that an optimized technology would alleviate the difficulties described in chapter V, 
helping the conversion effi.ciency ratio. 

Large Signal S Parameter analysis was discussed in chapter IV. The large signal technique 
enables us to simulate the NLTL globally, namely including all nonlinear effects. In this 
way, the determination of the large signal Bragg frequency is possible while the transmission 
behavior of the NLTL provides a better understanding of the frequency filtering aspect. 

It is well known that harmonie generation in NLTLs is based on soliton-like propagation. 
For that reason, a description of soliton-like propagation in terms of NLTL characteristics was 
addressed in reference [MarOOJ, where an approximate equation was derived from the lumped 
equivalent circuit model. This model is based on the decomposition of a broad input pulse into 
a train of solitons. Since frequency multipliers rely on the interaction between two or more 
solitons, the understanding of NLTL harmonie generation in terms of soliton-like propagation 
does not seem straightforward. However, it is believed that su ch an approach could help 
towards millimeter wave NLTL multiplier design. 

Still from the simulation side, tapered NLTLs for frequency multiplier applications suffer 
from less development than tapered NLTLs for shock wave generation. In this case, even 
a systematic method for the design of tapered NLTLs was developed in reference [JFF+98]. 
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Recently, a special effort was paid to the design of tapered NLTLs for frequency multiplier 
applications. Preliminary simulations have already demonstrated the accuracy required in the 
determination of the different Bragg frequencies in order to enhance a specifie harmonie. The 
use of tapered NLTLs could be the most efficient solution for higher order harmonie generation. 

In these distributed approaches, transmission line and diode !osses are determinant. In 
this sense, from the fabrication side, the NLTL !osses could be further reduced by an airbridge 
technology. 

The use of an air bridge as the CoPlanar Waveguide (CPW) center conductor appears as an 
efficient alternative to the under-etching effect chosen in this thesis. Here, a wet chemical etch 
is used to isolate the different !ines and to define the periodic bottom diode connections, the 
under-etching effect enabling to fully define the diodes in the longitudinal dimension. Thus, 
our prototype could be considered in between a fully distributed approach and a periodically 
loaded approach. Indeed, the under-etching effect preserves the active layers, only removing 
the excess of highly doped n+ lower layer. As the center conductor stilllays on the active layers 
over the whole length, the transmission takes place partly in the semiconducting medium, 
which has not been semi-insulating, with the subsequent degradation in terms of losses. In this 
way, an airbridge technology avoids the excess of active material which introduces significant 
!osses. Note that the main reason for this choice was to alleviate the technologieal difficulty for 
the first attempt. However, the airbridge inter-connection technology is mature in our group 
for the integration of HBV diodes in coplanar transmission !ines, and hence airbridge-based 
NLTLs could be developed at short term. 

Airbridge-based NLTLs have been already demonstrated in reference [BAR95] for a GaAs 
elevated CPW. This technique is opposed to a proton implantation process used in refer
ences [Rod87, Cas93]. It is weil known that a planar pràcessing is usually preferred. However, 
implant isolation is not always possible. An additional problem stems from the depth of the 
layers to be isolated. As an alternative to using a comparable process to implant isolation 
on GaAs, a fully elevated CPW on silicon substrate, with diode pillars supporting both the 
center conductor and ground conductor air bridges, was addressed in reference [BKW+98]. 
The advantages of this technology are to minimize the capacitance per unit length and the 
substrate effects of the waveguide. 

Another technology, implemented in our group and reported in references [SDH+96, DCM+99], 
concerns the fabrication of micromachined or membrane transmission lines. Therefore, NLTLs 
could be manufactured on thin GaAs membranes, with the advantages demonstrated by sim
ulation in reference [SBM+97]. The velocity would approach that of free space as in the case 
of an elevated CPW -based NLTL. 

Other possibility consists of improving the NLTL performance with higher performance 
diodes. Important advances have been demonstrated in reference [ADM+oo] on the basis of 
the transfer of InP-based HBV diodes onto quartz. In particular, this technology can dramat
ically reduce both the parasitic resistance and capacitance. The use of a transfer-substrate 
process can avoid conventional planar side contacts through the buried highly doped layer, 
which introduces the so-called spreading resistance. Indeed, a new configuration incorporat
ing a Buried Metal Layer (BML), which directly contacts the back side of the mesa, has 
demonstrated further performances in terms of series resistance. 
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NLTLs have been used for a wide variety of applications. Even if only nonlinear applications 
have been extensively detailed in chapter I, the small signal characteristics of the NLTL can 
also be exploited. When used in the linear regime, an NLTL can be designed as a broad-band 
time delay /phase shift element capable of producing a continuously variable phase shift. On 
one hand, the phase velocity is controlled by the applied bias and independent for frequencies 
well below the Bragg frequency, on the other hand. 

In 1996, an NLTL-based broad-band phased antenna array was fabricated in 
reference [ZHL +96). Indeed, a phased antenna array consists of multiple antenna elements 
which include those time delay /phase shift deviees. When used in phased array antennas, 
NLTL-based broad-band time delay /phase shift deviees emerge as an efficient alternative to 
switched sections of transmission lines. The main advantage is that the phase can be contin
uously varied. Thus, fine tuning of the phase provides a more accurate bearn control. Also, 
only one control line is needed to bias the varactor diodes. 

In reference [NY99), a GaAs monolithic version of a distributed analog phase-shifter circuit 
was presented, consisting of a CPW periodically loaded with varactor diodes operating at 
20GHz. An alternative Ka-band phase-shifter circuit fabricated on high-resistivity silicon 
was reported in reference [ENL +oo), relying on thin film ferroelectric material parallel plate 
capacitors. 

In reference [BR98] was proposed the fabrication of distributed MicroElectroMechanical 
Systems (MEMS) transmission lines operating up to 60GH z. By applying a single analog 
control voltage to the center conductor of the CPW, one can vary the height of the MEMS 
bridges, loading the transmission line with a pull-down voltage dependent parallel capacitance. 
Thus, it results in a broad-band time delay phase-shifter. 

Finally, note that in 1987, a broad-band phase modulation of carriers from DC to millimeter 
wave frequencies, based in the broad-band voltage-controlled linear phase-shifter, was already 
proposed in reference [RBA87]. 

An NLTL is basically a CPW periodically loaded with varactor diodes. In the literature, 
NLTLs have also used ferroelectric material capacitors [WTS91, IQY+97, ENL +oo] as the 
nonlinear elements. 

Other type of CPW structures periodically loaded are reported in references [SWY+91, 
BR98, GKA98]. In reference [SWY+91], a CPW was capacitively coupled to periodically 
spaced sampling channels, which opens up new possibilities in broad-band optoelectronic time 
division demultiplexing. 

As it has been just mentioned, the CP\V loaded with MEMS bridges was proposed in 
reference [BR98], resulting in a broad-band time delay phase-shifter. In addition, it can result 
in a broad-band switch when the MEMS are pulled down. 

Finally, a capacitively loaded CPW resonator was studied in reference [GKA98], in par
ticular the interdigited capacitor and slot-loaded CPW resonator. These resonators have a 
smaller size and a higher performance as compared to the conventional half-wavelength CPW 
resonator. Besicles, the interdigited-loaded CPW has a higher dispersion than the slot-loaded 
CP\V resonator. 

The distributed characteristic inherent in NLTLs is responsible for frequency dispersion, 
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which causes frequencies close to the Bragg frequency to propagate more slowly than other 
frequencies. 

In this sense, namely filtering aspects, there is a striking analogy with Photonic Band 
Gap (PBG) materials. PBGs are crystalline-type artificial structures which exhibit bands of 
frequencies where the electromagnetic waves are not able to propagate. Indeed, localization 
effects inside these periodic structures can be explained in terms of Bragg reflection and Fabry
Perot resonance effects, as in reference [ CVL97]. 

One of the reasons for the interest in PBGs arises from the possible application of these 
materials as antenna substrates. In the photonic band gap, the energy is fully reflected and 
the PBG material acts as a reflector if irradiated by an antenna. The equivalent plane re
flector method was described in reference [Fer98]. Preferential directions can be pointed out 
depending on the position of the antenna with respect to the artificial reflector. Thus, PBGs 
have the peculiar quality of enhancing or tailoring the antenna radiation pattern. On the 
other band, a modal analysis of guiding structures patterned in a metallic photonic crystal 
was carried out in reference [DCF+98]. 

More recently, with the analysis of three dimensional PBG structures, the attachment 
of nonlinear deviees to PBGs has been demonstrated in reference [DVL99] as an emerging 
technology for applications at microwave an~ millimeter wave frequencies. 
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Summary 

The nonlinear charge-voltage characteristic of a varactor diode is used for many applications 
in electronics, frequency multiplication being the most immediate. At high frequencies, one 
of the most widely used deviee in frequency multiplication is the Schottky diode. However, 
Heterostructure Barrier Varactor (HBV) diodes have emerged as a promising alternative. If 
the diode is instead incorporated somehow into a transmission line, the resulting structure 
takes the form of a NonLinear Transmission Line (NLTL). The advantage of NLTLs over 
discrete deviees is a high frequency operation over a wider bandwidth, the NLTL being self 
matched. 

In this context, this work describes the design considerations, fabrication and measure
ments of NLTLs periodically loaded with InP-based HBV diodes. The design focused on a 
V-band frequency multiplier operating at 60GHz. Also, a special effort was paid to the de
termination of the large signal Bragg frequency and the transmission behavior of the NLTL 
by means of a Large Signal S Parameter analysis, providing a better understanding of the 
frequency filtering aspect. 

Concerning the fabrication, NLTLs loaded with high-quality HBV diodes have been man
ufactured in a monolithic coplanar technology for the first time to our knowledge. As an 
alternative to implant isolation, the under-etching effect required for diode isolation has pro
vided a prototype which could be considered in between a fully distributed and periodically 
loaded approach. 

Finally, the preliminary experimental results under moderate pump conditions are in agree
ment with the small and large signal regime analysis. In this way, through harder pump 
conditions, further improvements in terms of conversion efficiency are expected. 
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