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ABSTRACT

The characteristics of N-type accumulation-mode MOS (NMOS) varactors line periodically loaded with resonant tun-
neling diodes (RTDs) are used for soliton-like pulses generation and shaping. The problem of wide pulse breaking up
into multiple pulses rather than a single is solved. Applying perturbative analysis, we show that the dynamics of the
nonlinear transmission line (NLTL) is reduced to expanded Korteweg-de Vries (KdV) equation. Moreover, numerical
integration of nonlinear differential and difference equations that result from the mathematical analysis of the line is
discussed. As results, NLTL can simultaneously sharpen both leading and trailing of pulse edges and one could obtain a
rising and sharpening step pulse.
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1. Introduction

Up to now, electrical systems in which travelling waves
could be observed were merely studied. Systems operat-
ing in the millimeter wave frequency range are an exam-
ple of a current niche market, with current research
striving to fully integrate such systems using advanced
semiconductor processing technology. Electromagnetic
waves at these frequencies become comparable in size to
the electronics circuits. This opens the possibility for
novel design approaches that were traditionally not
available to integrated circuit radio-frequency designers.
In this frame the nonlinear transmission line (NLTL)
stands as one of the most powerful vehicles to generate
short electrical pulses [1,2]. NLTLs have broad applica-
tions in a variety of high-speed, wide bandwidth systems
including mm-wave sources and frequency synthesizers.
Many of these applications involve techniques for form-
ing and sharpening a short electrical pulse, such ultra-
wideband (UWB) systems are for e.g., attractive for radar
and wireless communication applications. Another ap-
plication is pulse sharpening for the more traditional non
return-to-zero (NRZ) data transmission in digital circuits
by improving the edges of the pulses.

Moreover, among the very large number of guiding
structures proposed and used in microwave applications,
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planar waveguides have proved to be the most successful
solution to the problem of the interconnections in mi-
crowave and millimetre wave circuits. There are many
reasons for this success; at first, it is apparent that planar
waveguides are a “natural” solution in monolithic mi-
crowave integrated circuits (MMIC’s), being the direct
evolution of classical interconnecting wires; hence mi-
crostrips as well as coplanar waveguides are completely
compatible with the existing technological procedures for
the metallization and passivation of monolithic integrated
circuits. In this context, recent progresses in III-V semi-
conductor technology and in silicon-based CMOS proc-
ess technologies have led to the development of NLTLs,
as the key component for high-speed electronics [3-5].
Nonlinear transmission lines offer another advantage that
they can be integrated with other electronic circuitry. The
availability of dense integrated circuitry in CMOS offers
an additional advantage for using CMOS based tech-
nologies even at very high-frequencies, as many inte-
grated systems can greatly benefit from the availability
of co-integrated baseband and digital back ends [6]. Es-
sentially, a NLTL is a ladder network consisting of a
high impedance propagating medium periodically loaded
with nonlinear devices such as heterostructure barrier
varactors, MOS varactors (MOSVARs) or RTDs. The
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underlying characteristic of the RTD is a nonlinear N-
shaped current-voltage relationship with a negative dif-
ferential resistance (NDR) in the active region even at
millimetre wave frequencies. It is regarded as the most
practical ultra high-speed quantum effect devices for
ultrafast analogue and digital applications [7,8]. Besides,
CMOS processes offer different characteristics for non-
linear capacitors that can be exploited to achieve simul-
taneous edge sharpening for both leading and trailing
edges. In particular NMOS varactors exhibit non mono-
tonic voltage dependence suitable for the shaping process.
Let us recall that, recently we studied the generation of
short electrical pulses based on nonlinear active wave
propagation effects along RTD lines [9-11]. As will be
shown, the coplanar waveguide (CPW) involving NMOS
varactors and RTDs (hereafter, it is a resonant tunneling
diode NMOS varactors lattice) can be utilized for the
electrical short pulses generation and shaping in high-
speed electronics.

The outline of the paper is as follows. In Section 2, we
present the active nonlinear electrical lattice. In Section 3,
within the perturbative method we analytically discuss
the basic properties of this lattice. Section 4 is devoted to
simulation results in the framework of the soliton-like
pulses. Section 5 concludes the paper.

2. Fundamental Characteristics of the Active
Nonlinear Electrical Lattice

The basic model of the active nonlinear electrical lattice
is presented in Figure 1. Here, Figure 1(a) shows the
equivalent circuit of the active NLTL where two sections
are shown. This line consists of a shunt nonlinear con-
ductance-capacitance (J (v,)-c(v, )) circuit, a series
resistance-inductance (R-L) circuit. The nonlinear cur-
rent-voltage characteristic of the RTD is shown in Fig-
ure 1(b) where a suitable dc current bias has been as-
sumed [3,4]. For a capacitor with a positive voltage de-
pendence as for an NMOS varactor in accumulation-
mode, one has [5],

c(v,)=¢,(1+57,) M
where V, denotes the voltage drop and J the nonlin-
earity parameter.

The current-voltage relationship of the nonlinear con-
ductance of the RTD is taken as,

J(W,)=8V,(V,~a)(V,~B) @)

where a and f are positive constants and B is an ampli-
tude factor.
By applying Kirchhoff laws, we obtain,

d7
L_":l/nfl_Vn_Rln (33)
de
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Figure 1. Active nonlinear transmission line: (a) Proposed
NLTL; (b) RTD current-voltage characteristic at a dc bias
circuit.

c(v)dd’? —1—1,-J(V) (3b)

n n n+

where V, and [, are the voltage and current at the
nth section, respectively.

Therefore, from Equations (2) and (3), we obtain that
voltages of the adjacent nodes on this lattice are related
via partial differential equation as follows,

Vn+1 - 2Vn + Vn—l
d7,

{rrgoeent)

Let us assume that the voltage varies slowly from one
unit section to the other. The discrete index n can be
assumed to be a continuous variable and we can use the
Taylor expansion for the left-hand side of Equation (4) to
fourth order, to get

oV 18V 0 oV
— =|R+L=||J(V)+C(V)=— 5
6n2+128n4 ( " 6t]( (7)+c( )azj )

“)

For our computer experiments, characteristic parame-
ters of propagation media used are given by,

L=164nH, R=0.02Q, B=0.05AV", C,=9.3pF

and 5§=0.52V".
The others values the parameters a and f of the RTD
will be set in Section 4 according to Figure (1)b.

3. A Perturbative Analysis of the Active
Nonlinear Electrical Lattice

The problem studied in this paper deals with a NMOS
varactor diode whose the nonlinear parameter in Equa-
tion (1) is positive. In a recent paper [10], we solved this
problem analytically as well as numerically in the
framework of a varactor diode with a negative nonlinear
parameter. Therefore, for next investigations, we are go-
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ing to follow the procedure presented in that reference.
Here, we first develop a perturbative analysis of Equa-
tion (5). In this equation, by setting a dimensionless vol-
tage W =0V we get,
i Lt O
on 12 on

0 3 2 0 1,
=la+— || pW —qW +yW+—|W+=-W
[a 6tJ|:p ey at( 2

where

Q)

a=R/L,p=B/C,5’, q=B(a+p)/C,0,
7y =Bap/C, and v, =(LC, )71/2

By applying the different transformations to Equation
(6) for the space and time

§=£l/z(n—th), =g, 7
24
and for constants and variables,
a—&Va, p— 53/2p, q—> g3/2q,
(®)

y— 53/27, W—)—%U

where ¢ is an indicator of the slowness, we find that
0(83) terms yield the following extended KdV equa-
tion

3
W rev Y 2Y _pier) ©)
ot 0é  o¢
with
R(f,r) =uU (10)
where u = —12/VMT* is a constant with (r* )71 =a+y.

We recall that the fundamental properties of KdV
solitons have extensively been studied and a survey of
main results has recently been given in [2].
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4. Computer Experiments and Discussions

Numerical evaluation of the proposed method is carried
out in order to study the behaviour of the soliton-like
pulse for a couple of parameter (o =0.2V,B=1V) of
the nonlinear conductance. For integration of equation
(9), we use the finite difference method under periodic
boundary conditions and an input excitation as follows,

U(&,0) =—sech’& (11)

Figure 2 shows the result obtained from simulations.
Here, one can see that the amplitude of the pulse is being
amplified when travelling along the line. Therefore, this
result agrees with the area condition in the current-vol-
tage characteristic of the RTD. Let us recall that this be-
haviour is similar as the one observes in [10] in the case
of a varactor diode with a negative nonlinear parameter.

Next, in order to discuss more realistic situations, we
numerically solved Equation (3) using appropriate
boundary conditions. The time integration of the equa-
tions is performed by means of the standard Runge-Kutta
method of the fourth order with controlled time-steps in
order to provide the prescribed accuracy. In the physical
space, the unit time in our figures corresponds to
T, =0.188 ns .

As indicated by Equation (11), we take an input exci-
tation as,

v

n

(t=0)=0"Ksech® (K (n—n,)), (12)
where n, represents the initial cell excited in the lattice
composed of 1500 elementary sections. For these simu-
lations, K is a constant setto 0.078.

Firstly, we set (¢ =0.2V and g =1V"), which corre-
sponds to (S,/S,)<1 in Figure 1(b). The voltage dis-
tribution of the input signal is presented in Figure 3 (top),
whereas the profiles of the wave at times #=0ns and
t=940 ns are depicted in Figure 3 (bottom). One sees
that the amplitude of the pulse decreases from 150 mV to

U =0 U 7=0.028 U =0.048
- i & ' 2 £
o2 20 40 \60 /80 100 120 20 40 SN60 &0 100 120 0 20 40 “l60 &0 100 120 °
0.4 0.4 / 0.4
0.6 \ [ 0.6 \ I 0.6 l /
0.8 H 0.8 y ’ -0.8 l\ /
A v V 1 \
1.2 12 i 12 v
1.4 -1.4 -1.4

Figure 2. Numerical solution of the extended KdV equation for the initial condition, U (5,0)

—sech’? and, for a=0.2V,

P =1V . The time points shown are r={0,0.028,0.048} . The calculation is based on 128 points in the & domain

corresponding to a step size of 0.175. The step in the time domain is 0.0001.
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Figure 3. (top) Voltage distribution; (bottom) Profiles of the initial pulse at time # = 0 ns (solid line) and # = 940 ns (dashed

line) for a = 0.2V and f = 1V with n, = 600.

36.7 mV, rising and falling pulse edges are quite sharp-
ened, and the pulse width grows.

Secondly, we set (@ =0.75V and S =1V"), leading to
(S,/S,)>1 in Figure 1(b). The numerical calculations
are presented in Figure 4 (top) for the voltage distribu-
tion as well as the profiles of the pulse in Figure 4 (bot-
tom). Here, the amplitude of the pulse decreases from
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150 mV at time t=0ns to 113.6 mV at time ¢=
940 ns as indicated in Figure 4 (bottom). Here, it ap-
pears that initially the amplitude of the wave decreased
due to losses and after a short time, he reaches a steady
state for which its amplitude remains constant. Let us
pointed that, these behaviors are quite similar to those
obtain in [10], excepted that here sharpened rising and
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Figure 4. (top) Voltage distribution; (bottom) Profiles of the initial pulse at time # = 0 ns (solid line) and # = 940 ns (dashed
line) for a = 0.2V and f = 1V with n, = 600.

falling pulse edges are more pronounced. at13,and ¢=0.2V and S =1V in Equation (2).
Einally, to study t.h.e behaviour of the pulse along the The simulated results (Figure 5) are taken at three dis-
lattice, we take an initial wave as, tinct cells n = 500, 1000 and 1500 along the lattice hav-
4 , y 4 ing a total number of cells of 2000. Here one notices that
V(1) :Esech f[prg)t the initial pulse when travelling along the line leads to

arising and sharpening step pulse. This result differs from
During these computer experiments, 4 is kept fixed the one obtained in [10], when dealing with a varactor

Copyright © 2013 SciRes. JMP
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Figure 5. The space-time evolution of the input signal (16) monitored at three different nodes n =500, 1000 and 1500.

diode. However, in order to achieve sharpened both ris-
ing and falling edges of the pulse a solution is proposed
in [5] when using two N-type MOSVAR at each node of
the lattice.

5. Conclusion

In this paper, we have analytically and numerically dis-
cussed soliton-like pulses generation and shaping in the
active nonlinear electrical lattice in MMIC technology,
using N-type accumulation-mode MOS varactors and
RTDs. Such numerical solutions are probably the best
way in which practical generation and sharpening circuits
can be designed. Indeed, the transmission line elements
are directly connected to the practical circuits elements in
experiments. Such kind of lattices can be applied in
broadband signal generations, and high-speed serial
communications.
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