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Wireless devices integrating more and more features in ever-smaller packages have become integral part of
everyone’s daily life. These systems have seen a continuous push to profit from digital signal processing tech-
niques, in which signals are no longer traditional continuous amplitude and/or phase-modulated carriers, but
became pulsed waveforms where the amplitude and/or phase are coded in some on-off digital scheme. This

on-off scenario has been addressing new challenges to the circuit-level simulation of such systems. Having this in
mind this paper aims to propose an innovative time—frequency simulation technique based on a switch mode
algorithm, which is specially conceived for the efficient numerical simulation of RF circuits whose stimuli are
intermittently turned on and off for unknown periods of time. At present, to simulate this category of circuits
commercial tools have no choice than to make use of full conventional SPICE algorithms. This paper suggests an
alternative way, which can result in significant speedups, without perceptible loss in accuracy.

1. Introduction

A significant advancement has been made in electronic circuit-level
simulation in the last years. This is particularly true in the RF and mi-
crowave areas, where several innovative CAD techniques have been
successively published in the scientific literature. Numerical simulation
techniques based on state variables and waves [1], advanced techniques
based on multivariate formulations [2], innovative techniques based on
multi-rate approaches [3-5], improved versions of conventional time-
domain [6,7] and frequency domain [8-10] techniques, innovative al-
gorithms based on wise circuit subset partition [11,12], and wavelet
based methods [13], are illustrative examples of the research work
conducted in this area. Despite the achievements brought by these
techniques there are still some outstanding challenges in the RF CAD
research field. A clear example of that is the simulation of circuits whose
stimuli are randomly turned on and off for unknown periods of time. RF
circuits subject to on—off digital modulation (e.g., on—off keying (OOK)
transceivers used in low-power or ultra low-power applications [14-17],
amplitude-burst wireless transmitters [18], or pulsed load modulators
conceived for efficient power amplification [19,20]), are illustrative
application examples where this situation occurs. Because the circuits
are left to their natural response states when the forcing functions are

switched off (unforced or autonomous behavior), only traditional time-
step integration schemes, as Runge-Kutta (RK) methods or linear
multistep methods (LMM), are suitable to simulate this kind of circuits.
Unfortunately, time-step integration engines are, in general, very inef-
ficient when applied to RF systems, requiring a large amount of memory
and computational time. To cope with this challenging scenario, of the
stimuli being continuously turned on and off for unknown periods of
time, an innovative simulation technique based on a time-slot parti-
tioning approach was already proposed in [12]. However, the approach
adopted in [12] has conducted to a purely time-domain technique, in
which the simulation algorithm is automatically switched between an
envelope transient over shooting engine and a time-step integration
scheme, according to the presence, or absence, of stimulus, respectively.
The main weakness of the simulation technique proposed in [12] is that
it is not able to take advantage of the circuits’ moderate nonlinearities,
and their corresponding smooth narrowband RF modulated signals,
which can be more efficiently computed in the frequency domain. To
circumvent this limitation this work proposes a switch mode algorithm,
which combines a hybrid time-frequency scheme with a pure time-step
integration engine. The hybrid scheme will be used for the time slots in
which the circuits’ stimuli are turned on, whereas the time-step inte-
gration scheme will be used for the time slots in which the stimuli are
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switched off, i.e., whenever the circuits are left to their natural response
states.

Contrary to previously published techniques [4,5] that also com-
bined hybrid schemes with time-step integration engines, the method
presented in this paper does not rely on any circuit block division
strategy, but, instead, on a time-slot partitioning stratagem. Moreover, it
must be pointed out that the switch mode simulation algorithm pro-
posed in this paper is quite distinct from any other time-frequency
technique previously published in the scientific literature (or used by
commercial tools). In fact, the basic assumption of hybrid time-
—frequency techniques, as ETHB, or multitime ETHB [21,22], or other
well established envelope following techniques, becomes their main
drawback. By requiring the circuits to be excited by stimuli containing a
periodic component (e.g., an RF carrier), these simulation tools are not
appropriate to deal with circuits excited by aperiodic forcing functions,
or circuits left in their natural response states when forcing functions are
switched off. This work proposes an innovative numerical simulation
technique to overcome this difficulty.

In order to provide a general overview on the now proposed simu-
lation technique, this paper is organized as follows. After this short
introduction, Section 2 provides some general background material on
circuit simulation, as well as a brief review of the numerical techniques
on which the structure of the now proposed method is inspired. Section
3 is devoted to the presentation of the most important details of the
method, such as the time slot partitioning strategy, the adopted nu-
merical schemes and the transition between them. Section 4 describes
the application of the method to two illustrative application examples,
and finally, Section 5 summarizes the most important conclusions of this
work.

2. Review of theoretical background
2.1. General DAE formulation

Systems of nonlinear differential algebraic equations (DAE) are an
appropriate representation widely used for modelling the dynamic
behaviour of electronic circuits. These systems, involving voltages,
currents, charges and fluxes, are usually obtained via nodal analysis, or
modified nodal analysis (MNA), which consists in applying the Kirchhoff
currents’ law (KCL) to each electrical node and writing the branch
currents in terms of the circuit node voltages using the corresponding
constitutive relations to each circuit element. Such systems have, in
general, the following form,
ply(a)) + D) _ ), @1
in which x(t) € RV is the vector of independent stimuli (voltage or
current sources) to the circuit, y(t) € RY is the vector of unknowns
(voltages and currents waveforms) and N is the total number of un-
knowns. p : RN>RYN describes the memoryless elements in the circuit
(linear and nonlinear elements, as resistors, nonlinear voltage-
controlled current sources, etc.), while ¢ : R¥->RY models all linear
and nonlinear reactive circuit elements, as capacitors or inductors,
represented as voltage-dependent electric charges, or current-dependent
magnetic fluxes, respectively.

2.2. Univariate time-step integration (SPICE-like simulation)

The most natural way of simulating the dynamic behavior of an
electronic circuit is to numerically time-step integrate, in time domain,
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the DAE system modeling its operation. This straightforward technique
was used in the first digital computer programs of circuit analysis and is
still nowadays the most widely used numerical method for that purpose.
It is present in all SPICE (which means Simulation Program with Inte-
grated Circuit Emphasis) or SPICE-like computer programs. With this
technique the solution of (2.1) is computed over a specified time interval
[to, trina] from a specific initial condition y(tp) = y,.

In order to numerically time-step integrate (2.1), one can use initial
value solvers, such as standard Runge-Kutta (RK) methods [23,24], or
linear multistep methods (LMM) [23,24]. Both of these classes of
methods can provide a wide variety of explicit and implicit numerical
schemes, with very distinct properties in terms of order (accuracy) and
numerical stability. Most SPICE implementations are based on second
order LMM methods, as Gear-2, trapezoidal or modified trapezoidal
schemes.

2.3. Multivariate formulation

The multivariate formulation is a useful stratagem that plays an
important role in the electronic design automation (EDA) community,
especially in the RF and microwave areas. It was initially introduced in
1996 [25] and it has been adopted by diverse researchers, which have
demonstrated that it can be an efficient strategy when dealing with
electronic circuits operating on widely distinct time scales. The success
of multivariate formulation relies on the fact that voltages and currents
containing components that evolve themselves at two, or more, widely
separated rates of variation can be represented much more efficiently if
we define them as functions of two, or more, time variables (artificial
time scales). With this stratagem all signals (stimuli and responses) will
be represented as multivariate functions, which will imply that dynamic
behavior of the circuits will not be modeled by DAE systems formulated
in the one dimensional time, but instead, by partial differential systems.

The following procedure can be adopted for both vector-valued
functions x(t) and y(t) in the DAE system of (2.1): t is replaced by t; in
the slowly varying entities and t is replaced by t; in the fast-varying
entities. The application of this stratagem will turn (2.1) into the
following multitime partial differential algebraic equations’ (MPDAE)
system

g(y(1,1)) gy (t,t))
6t1 0[2

py(n,n))+ =X(n,1), (2.2)

where X(t1,t2) € RV and y(t;,t2) € RN are the bivariate forms of x(t) and
y(t), respectively. It is straightforward to demonstrate that, if X(t;,t2)
and y(t1,t;) satisfy (2.2), then the univariate forms x(t) = ¥(t,t) and
y(t) =y(t,t) satisfy (2.1) [26]. Thus, taking into account the periodicity
of the problem in the t, fast artificial time scale, the one dimensional
version of the vector containing the circuit responses is acquired from its
bivariate representation as

y(1) =y(t,1 mod Ty) (2.3)

where t mod T represents the remainder of division of t by Ta.

2.4. Envelope modulated regimes

Envelope modulated regimes are typical cases of practical interest
and correspond to a combination of initial and periodic boundary con-
ditions for the MPDAE of (2.2) [2]. This means that the bivariate forms
of these solutions can be obtained by numerically solving the following
initial-boundary value problem
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oq(y(t,1))  dg(y(t, 1))
ot on

pO(t,0))+ =X(t1,)¥(0,1) =w(n),

on the rectangle [0, trng] X [0, T2], in which [0, tring] is the simulation
interval and T is the carrier period. w(-) € RY is a given initial-
condition function defined on [0, T], satisfying y(0) = w(T2) = y(0),
and the periodic boundary condition y(t;,0) = y(t;, T2) is due to the
periodicity of the problem in the t, fast carrier time scale. The reason
why bivariate envelope modulated solutions do not need to be evaluated
on the entire [0, tging] X [0, tring] domain, and are restricted to the rect-
angle [0, tgingi] % [0, T2, is because the solutions repeat along the t, time
axis. The way how univariate solutions are recovered from their multi-
variate forms was already defined above by (2.3).

Consider the semi-discretization of the rectangular domain [0,
trinat) X [0, T2] in the t; slow time dimension defined by some grid

O0=t1p <ty < <tyog <ty <o <tig, =tppa, hii=ti—"tr,

(2.5)

where K; represents the total number of steps in t;. Then, replace the
partial derivatives of (2.4) in t; with a finite-differences approximation.
Taking into account the periodicity of the problem in the t; fast time
scale, i.e., ¥y (t1;,0) =¥ (t14, T2), a boundary value problem with periodic
boundary conditions is obtained for each slow time instant t; ;, from i =
1 to i = K;. For instance, if the BDF2 [23] backward-differentiation-
formula is used to approximate the derivatives of (2.4) in t;, one obtains

Yii(8)) +40i0()) | dg0i(t2))

¥(1,0) =y, T»)
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2.4

There are several numerical techniques that can be used to solve
(2.6). However, when waveforms are not extremely demanding on the
number of harmonics for a convenient frequency-domain representa-
tion, a particular technique has been found particularly useful: the
harmonic balance (HB) method [27,28].

3. Innovative switch mode simulation technique
3.1. Basic slot partitioning strategy

Changing the algorithm throughout the evaluation of the numerical
solution of a DAE system, or ODE system, is an idea that is far from being
new. For instance, some initial value solvers available on commercial
tools use cheap explicit schemes for time slots in which differential
systems are not stiff and utilize robust implicit schemes for intervals in
which stiffness is detected. Another example involving a time-slot par-
titioning strategy regarding different algorithms for different time in-
tervals (time slots) [12] was already mentioned in the introduction of
this paper.

The main novelty behind the technique proposed in this paper relies
on the fact that there are time slots in which the numerical algorithm

PO(2)) +340,(2)) — 4q( i i =% (000),5,0) = 5(T). 26)
time slot #1 time slot #2 time slot #3 time slot #4 time slot #5
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Fig. 3.1. Time-slot partitioning technique for switching between the transient response computed with SPICE and the forced response calculated with the

BHTF scheme.
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Fig. 3.2. Decoupling univariate time into two artificial time scales. The sawtooth path is defined by (2.3).

operates strictly in the one dimensional time, whereas in other time slots
it works in a multivariate hybrid time-frequency framework. For
achieving an intuitive explanation of method, let us consider a circuit
whose stimulus (e.g. a carrier signal) is randomly turned on and off, like
the signal depicted in Fig. 3.1. The proposed method will simulate the
circuit using (i) a purely time-domain time-step integration engine (here
abbreviated as SPICE) and (ii) a bivariate hybrid time-frequency scheme
(here abbreviated as BHTF). The SPICE engine will be mainly used for
the time slots where there is no stimulus, and so the circuit exhibits a
transient response due to the RF energy stored in its reactive compo-
nents. The BHTF scheme will be used for some specific portions of the
time slots where the stimulus is turned on, and so the circuit responds
with a forced response due to a periodic RF carrier (eventually modu-
lated by some slowly varying envelope).

3.2. Numerical schemes

3.2.1. Univariate time-domain schemes

When there is no stimulus, i.e., during the intervals in which the
circuit is not forced by any independent source, the solution of the cir-
cuit has to be computed with a SPICE engine. Indeed, only conventional
time-step integration schemes are suitable to simulate the dynamic
behavior of the circuit under such circumstances. Hence, we have no
other way than to use initial value solvers, such as linear multistep
methods (LMM) or Runge-Kutta (RK) schemes. Since most popular
SPICE implementations available on both commercial and free simula-
tion packages are based on Gear-2, trapezoidal or modified trapezoidal
schemes [23], separated simulation tests considering each one of these
three methods as the preferred SPICE algorithm were firstly conducted
for computing the numerical solution in the intervals in which the cir-
cuit is not forced by any independent source. Additionally, conventional
Runge-Kutta (RK) and multirate Runge-Kutta (MRK) schemes were also
used for this purpose.

Yn 2¥(t), Y1 = ¥(tas1)s Ynio = Y(tas2), ..., denote the numerical
solution at the time instants t,, ty.1, thi2, ..., respectively, using a time-
step integration size defined as h = t, 11 —t; = tyi2 —tyy1 = ---. Thus,
the numerical solution of the circuit in some specific time window [t4, t3]

is obtained step by step, starting from t = t,, with a specific initial
condition, y(t4) € RY, previously given by the scheme adopted in the
previous time window, until t = tg.

The use of several different versions for the univariate time-domain
scheme (Gear-2, trapezoidal, modified trapezoidal, RK and MRK) was
here adopted with the purpose of attesting the potential influence of the
chosen SPICE algorithm in the global performance of the new proposed
simulation technique. As will be seen in the experiments reported in
Section 4, the effectiveness of the new proposed technique is practically
independent of the SPICE implementation considered for the time slots
in which there is no stimulus.

3.2.2. Bivariate hybrid time—frequency (BHTF) scheme

Let us now focus on the time intervals in which the circuit is forced
by an independent source containing a periodic component (e.g., an
envelope modulated signal, or simply an RF carrier). When the stimulus
is turned on we are able to use the hybrid scheme to compute the so-
lution of the circuit. This means that if we want to evaluate the nu-
merical solution of the circuit in some specific [tg, t¢] time window, at
first we have to map the one-dimensional interval [tg, t¢] into the [ts,
tc] x [0, To] rectangular region defined in the t;, t, bidimensional space.
This is illustrated in Figs. 3.1 and 3.2.

Then, the [tg, t¢] x [0, T2] rectangular region is discretized in both the
t; and t, dimensions according to the following grid

tg=tg <ty <. <t <ty <-<tg =tc, h;=t;—t,r,
0=t <h) <= <t <hj<<bgx,=T, h=hj—tj1=N/K,
3.1)

which can be nonuniform in t; and which contains a total of (K; + 1) x
(K2 + 1) grid points. However, since HB represents the circuit fast var-
iations f(tl_i, tg) as a collection of Fourier coefficients, and not a as a
collection of time samples, the t, fast artificial time scale will be con-
verted into the frequency domain, in which a convenient harmonic
truncation at some order K is adopted. Hence, K;>2K + 1.

The system of (2.6) is firstly converted into the following slow time
varying HB system
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Y (011, ko) ) ¥ Q(?(IIH, ke,) )

P(f/(t,_,-., k) ) n 3Q(17(r,_,-,kw,,) ) - 4Q( 2

where X (tr1,kwp) € CV*ZKHD) and Y (1, kay) € CN*(K+1) gre the vec-
tors containing the Fourier coefficients of the excitation and the solution
forally =1, 2,...,N unknowns (the circuit state variables), respectively,

at each slow time instant t; = t;;. P(-) : CV*Z+D N2+ and g(.)

CN*(@K+1) _, cNx(K+1) are ponlinear complex functions that can be

computed by evaluating p(.) and q(.) in time domain and then calcu-
lating their Fourier coefficients. Q is a N x (2K + 1) diagonal matrix

defined as
Q 0

Q Q

(3.3)

= Qy = diag( — K, ..., Kw,),
0 Qy
where K is the order of the adopted harmonic truncation and w, = 2xfc

is the carrier frequency.

The objective is to compute ?(tm kwp) € CV*XHD) e, the vectors
containing the Fourier coefficients of the solution, for allv=1,2,....N
unknowns, from t;; = t;; to t1; = t1x, = ¢, starting from a previously
given initial condition IA/(tl‘o, kwp) € CV*(**+1)_ For that, the system of

(3.2) is iteratively solved according to the following rule

)A’(tl‘,»,hkwp) ) + Q()A’(qum ka,) )
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+120( (ni,ko,) ) = X (111, ka), (32)

_ dp, (?(ﬁ,h lz) )
dyl(fmfz) ’

(3.6)

Gm](/Y\(fl.,',kwp)) = TOCpli[Z DFT gml(tl.htZ)

i.e., as the Toeplitz matrices of vectors containing the slow time
varying Fourier coefficients (truncated at some order k = K) of the
nonlinear functions ¢y (t14, t2) and gm (t1, t2)-

The algorithm defined by (3.2)-(3.6) allows the simulator to eval-
uate the 17(t1.l-7ka)p), forall t;; = t11,t12, ..., t1 k,, Starting from a pre-

viously given initial condition ¥ (t1.0, kwp). The way this initial condition
is calculated will be described in Section 3.3.1.

3.3. Switching between numerical schemes

The newly proposed technique computes the solution of the circuit in
the one-dimensional time t for the some time slots (here denoted as
[ta, tg]) where SPICE is used, and in the bi-dimensional (t;, t;) framework
for the remain time slots (here denoted as [t,tc]) where the BHTF
scheme is utilized. By performing the inverse Fourier transform of the
solution computed with the BHTF scheme, we obtain the corresponding

NG

jﬂQ(?m (niskay) ) + 3Q(?M (ika,) ) = 40( 20,

+22 C(ler} (n.i,kwp)> +G<?[r](t1_,-,kwp))} » [?[rﬂ]
1

which means that at each iteration r a linear system of N x (2K + 1)

complex equations have to be solved to compute the new estimate

?[r+l]

conducted until the desired accuracy criteria are satisfied. For large size
circuits GMRES is the preferred method to solve (3.4).

The time varying Jacobian matrix in (3.4) is a block matrix formed
from N2 sets of (2K + 1) x (2K + 1) time varying submatrices. As can be

(tli,ka)p) from the previous one. Consecutive iterations will be

seen, each submatrix is evaluated as a combination of C(f/(tl_i,kwp) )
and G(ff (t1 i kwp) ), which are themselves computed as follows. For the
general block of row m and column [ Cp (IA/'(tl‘i7 kayp) ) and
G ()A’(th-, ko) ) are given as

Cm,(?(tl_,-,kwp)> = Toeplitz{ DFT cm,(tl_,-,tz) & (t ; )
i 2

(3.5)

and

(i ke,) — 7" (zl,,-,kwp)] —o,

+ (V" (01,k0,) ) = X (101, ke,) + {jgc(?[’] (k) )

B4

circuit bivariate solution y(t;, t2) in the (1, t2) framework. Thus, for the
time slots in which the solution of the circuit is evaluated with SPICE,
each of its state variables is a univariate entity. In contrast, for the time
slots in which the solution of the circuit is evaluated with the BHTF
scheme, each of its state variables is a bivariate function. Bivariate
functions have then to be converted to their univariate forms according
to (2.3). The flowchart depicted in Fig. 3.3 illustrates the global struc-
ture of the proposed switch mode simulation algorithm and its main
steps. The most relevant mathematical details concerning the issues that
have to be taken into account when performing transitions between
different numerical schemes are provided in the following.

3.3.1. Switching from SPICE to BHTF

The SPICE engine is mainly used for the time slots where the stimulus
is off (the “off-state” time slots), but not only there. Indeed, Fig. 3.1 il-
lustrates that the SPICE stop point and the stimulus off-on transition
time instant do not match. This means that the proposed method im-
poses a certain delay before the simulation engines are switched from
SPICE to BHTF. The specific amount of this delay may differ from circuit
to circuit, depending on its degree of complexity, the total number of
dynamic elements, its time constants, and especially the discrepancy
between the slowest and the fastest time scales. Therefore, automatically
setting an appropriate value for this delay according to the circuit’s
stimuli, and the specifics of the circuit itself, is a crucial aspect. The
automatic switching strategy proposed in this work is described as
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Start simulation

Compute the
solution with SPICE
in the univariate
time ¢

Stimulus is “on” for
more than delta_?

Compute
Y(tw,k(up
eqs (3.7)-(3.11)

Y
Compute the
solution with BHTF
P using stepsizes A ;
in the slow time
scale

Stimulus
is “on?

Discard last slow ty;
BHTF computed
values and back to
the previous 7 ;
slow time instant

Y

Compute
y (t»: )
eqs (3.12)-(3.13)

v

w

Fig. 3.3. Flowchart of the proposed simulation algorithm. Delta_t is a pre-
defined delay, imposed by the simulator to provide BHTF acceptable start-
ing values.

follows.

Let us define toy as the moment at which the simulator detects that
the stimulus is turned on, i.e., the time instant from which |jx(t) || > 6,
where § is a pre-defined small amount. The simulator initially starts by
considering the instant toy + h;/2. Then, the solution of the circuit is
evaluated with the BHTF engine using one half of a slow stepsize, i.e.,
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from ton +hy/2 to ton + h1, and also with the SPICE engine from toy to
tov + hi. The solutions obtained with BHTF and SPICE are then
compared with each other within the interval [ton + h1/2, ton + h1]. If
the solutions match (the discrepancy between solutions is below an
allowed error ceiling), then the simulator switches to BHTF. If not, then
the solution obtained with BHTF within the interval [ton + h1/2, tox +
h;] is discarded, and the simulator repeats the overall process for the
next half slow stepsize.

A crucial aspect that must be taken into account when performing
the transition from SPICE to BHTF is the evaluation of the initial con-
dition ?(tl,m kayp) € CV (2K+1) This initial condition must be carefully
computed from the numerical results previously obtained with SPICE for
the simulation of the circuit during the first carrier cycles occurring
immediately after the off-on transition time instant. The main aspects of
the procedure adopted for computing f(tl,o, kw,) are summarized in the
following.

The proposed method starts by considering a time window
comprising two consecutive carrier cycles around tg, i.e,
[ts — T2, tg + T2], and the corresponding numerical univariate solution
(numerical values evaluated with SPICE) on that time interval. These
numerical univariate values will be mapped into the bidimensional [tg —
Ts, tg + T2 x [0, T>] rectangular region according to (2.3), producing the
following artificial bivariate vector-valued sets

Yt —T12,0) =y(t — T2)y(ts — Ta + h,h) =y(tg — T + h)y (tg — To + 2h,2h)

:y(thT2+2h)E§(tB,tB+T2) :y(tg) (37)
and

¥(5,0) = y(15)y (15 + h,h) = y(15 + h)y (t5 + 2h, 2h)

=y(ts +2h):3(ts + 1o, To) = y(t5 + T2) (3.8)

These bivariate values will be then interpolated to generate another
set of artificial bivariate values, denoted as i(tg, ty j), which can be seen
as a set of N discrete artificial waveforms defined on the (t; = t, 0<ty<
T,) artificial time line. If time step size h is selected so that M = T, /h is
an integer, and linear interpolation is used, ¥ (ts, t;) can be simply given
by

tg — T» + jh,jh) — ¥ (t5 +jh.jh
(ts—T>+j ,JT) Yt +7mih); o 1o m.
2

5 (ts,12;) =3 (15 +jh,jh) +jh
(3.9

At this point the Fourier coefficients of each artificial waveform
¥, (ts,t25),v= 1,2, ..., N, will be evaluated by computing its discrete
Fourier transform (DFT), given as

X

-1

Y, (g, kw,) =Y 5, (tg,12)-¢ ™, v=1,2,..,N, (3.10)

J

I
)

in which M stands for the number of points of ¥, (tB, ty J-) and i stands for
the imaginary unit. Finally, since a convenient harmonic truncation at
some order K was adopted in the BHTF scheme for the HB evaluations, it
means that the circuit will not generate waveforms with harmonic

vo(t)

is0) SR i G L)

Fig. 4.1. Single node nonlinear dynamic circuit [29], composed of a current
source connected to a linear resistance, a nonlinear capacitance and a nonlinear
voltage-dependent current source.



J.F. Oliveira

components of order k > K. As a consequence, some of the ?V(tB, kmp)
Fourier coefficients will be null. Hence, each ?V(tl_o,kwp) will be ob-
tained from the corresponding IA/V(tB, kwp) by simply discarding its fre-
quency components of order k > K. Finally, the starting condition
17(&07 ka)p) necessary to compute the bivariate solution on the next [z,
tc] x [0, To] rectangular region will be given as

—~ —~ —~ —~ T
Vrio,kop) = [T (0, ko,)" Vo (tio, kay) o Fa (o k) | 31D)

3.3.2. Switching from BHTF to SPICE

The bivariate hybrid time—frequency (BHTF) scheme is used for some
specific portions of the time slots in which the stimulus is on (but not the
entire “on-state” time slots). Fig. 3.1 illustrates that when an on-off
transition occurs, there is anticipation before the simulation engines are
switched from BHTF to SPICE. This is because the simulation process
with BHTF is only viable if the circuit is excited by a stimulus containing
a periodic component (e.g., an RF carrier). Since the h; slow time scale
step size is, in general, much larger than the carrier period, when the
stimulus is turned off at some time instant ¢; ; of the scheme defined by
(3.1)-(3.6), the simulator has to go back to the previous slow time
instant t; ;_; and stops using BHTF. At this point it will come again to the
one-dimensional time t, to resume the evaluation of the solution with
SPICE.

In summary, if the simulator detects that the stimulus is turned off
for, at least, a small period (e.g. an half fast carrier cycle) before the time
instant t;, i.e., |[x(t) | < & within the interval [t;; — T2/2,t4], the so-
lution computed with BHTF for the [t1;1,64] x [0, T2] bivariate rect-
angular region will be discarded. SPICE will be used to evaluate the
solution from the t; ;_; time instant. With this strategy the simulator will
be able to adapt itself again to the new circuit forcing function condi-
tions, which will have significant impact in its transient response.

When jumping from the t;,t, bidimensional space to the univariate
time t the new lower limit t4 takes the value of t;; ;. This slow time
instant t; ;1 will be considered as the old upper limit t; for previous
computations with BHTF in [tg, t¢] X [0, T2]. The new initial condition,
¥(ta), needed to evaluate the numerical solution of the circuit with SPICE
in the following time window |t4, tg] is obtained as

T
y(ta) = |91(tc,0),9,(tc, 0), ..., ¥y (tc,0) | (3.12)
where each ¥, (tc, 0) stands for the bivariate solution ¥, (tc, tz5) in the (c,
0) grid point of the [tg, tc] x [0, T2 rectangular region. Each ¥, (tc, tz;) is
given by computing the inverse discrete Fourier transform of
/Y\'V (t(;, ka)p). i.e.,

Table 1

Simulation of the circuit depicted in Fig. 4.1. Numerical results for simulations in
the [0, 500 ns] interval using SPICE implementations based on the Gear-2 time-
step integration scheme.

CPU time (sec) NMSE for the output voltage

Vo
Duty SPICE Method Proposed Method Proposed
cycle (Gear-2)  discussed in method discussed in method
[12] [12]
30% 57.92 50.14 46.32 5.32 x 1077 2.58 x
108
50% 61.04 40.90 35.92 4.73 x 1077 1.62 x
-8
10
70% 63.72 34.72 26.64 4.15 x 1077 1.18 x
1078
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Table 2

Simulation of the circuit depicted in Fig. 4.1. Numerical results for simulations in
the [0, 500 ns] interval using SPICE implementations based on the Trapezoidal
time-step integration scheme.

CPU time (sec) NMSE for the output voltage

Vo
Duty SPICE Method Proposed Method Proposed
cycle (Trapez.) discussed in method discussed in method
[12] [12]
30% 53.21 47.52 43.01 6.26 x 1077 3.84 x
108
50% 57.08 38.09 33.89 5.64 x 1077 2.17 x
1078
70% 58.85 32.48 24.77 4.98 x 1077 1.88 x
1078

Table 3

Simulation of the circuit depicted in Fig. 4.1. Numerical results for simulations in
the [0, 500 ns] interval using SPICE implementations based on the Modified
Trapezoidal time-step integration scheme.

CPU time (sec) NMSE for the output

voltage vo
Duty SPICE Method Proposed Method Proposed
cycle (Modif. discussed in method discussed in method
Trapez.) [12] [12]
30% 54.06 48.77 43.58 5.01 x 1077 2.44 x
1078
50% 57.27 38.95 34.02 4,55 x 1077 1.51 x
107
70% 59.81 33.79 25.18 4.01 x 1077 1.09 x
1078

2K
yv(lcqtz’/‘) :ﬁ Z)A".(taka),,) e[kﬂ%ﬂ jZO,...72K7 V:17...7N.
k=0

(3.13)

4. Illustrative application examples

In order to illustrate the capabilities of the method proposed in this
paper, two application examples with distinct levels of complexity have
been considered: (i) a single node nonlinear dynamic circuit and (ii) an
on-off amplitude shift keying (OOK) wireless receiver. The numerical
results presented in this section were all obtained with simulations
conducted in MatLaB running on an Intel Core i7-2640 M CPU @ 2.80
GHz with 16 GB RAM computer.

4.1. Single node nonlinear circuit

The circuit depicted in Fig. 4.1 [29] was selected in view of the fact
that, taking into account its very low complexity, it will be easy for any
CAD researcher to replicate the numerical results here presented. This
circuit is composed of a current source connected to a linear resistance, a
nonlinear capacitance and a nonlinear voltage-dependent current
source. The nonlinearities are described by the algebraic constitutive
relations of voltage-dependent current and voltage-dependent charge
defined in [29], with Iy = 0.4mA, =1V ! and 77 = 2 x 10~%. The
value R = 1kQ was considered for the linear resistance of the circuit,
and the current source is(t) was considered as a fast RF carrier of 1 GHz
fundamental frequency and 4.5 mA amplitude, being successively
turned on and off at a rhythm of 20 million cycles per second, i.e., at
every 50 ns.

The circuit was simulated in MatLaB with three different versions of
the proposed switch mode simulation method (Gear-2 time-step inte-
gration combined with BHTF, trapezoidal time-step integration
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Fig. 4.2. Simplified schematic diagram of the simulated on-off amplitude shift keying wireless receiver.

Table 4

Simulation of the circuit depicted in Fig. 4.2. Numerical results for simulations in the [0, 10 ps] interval using SPICE implementations based on the Gear—2 time-step

integration scheme.

CPU time (h:min:sec) NMSE 1 NMSE 2
Duty cycle  SPICE (Gear-2)  Method discussed in Proposed Method discussed in Proposed Method discussed in Proposed
[12] method [12] method [12] method
30% 01:35:18 01:15:19 01:11:14 5.74 x 10°° 9.02 x 1077 3.65 x 10°° 6.46 x 1077
50% 01:45:20 01:05:46 00:57:02 5.31 x 107° 8.30 x 1077 3.36 x 107° 6.07 x 1077
70% 01:52:50 00:55:36 00:37:22 4,97 x 107°° 7.45 x 1077 3.01 x 107 5.54 x 1077
Table 5

Simulation of the circuit depicted in Fig. 4.2. Numerical results for simulations in the [0, 10 ps] interval using SPICE implementations based on the Trapezoidal time-

step integration scheme.

CPU time (h:min:sec) NMSE 1 NMSE 2
Duty cycle  SPICE Method discussed in Proposed Method discussed in Proposed Method discussed in Proposed
(Trapez.) [12] method [12] method [12] method
30% 01:31:38 01:13:31 01:08:42 6.11 x 10°° 9.91 x 1077 3.87 x 10°° 6.81 x 1077
50% 01:41:14 01:02:40 00:55:04 5.77 x 107° 9.22 x 1077 3.52 x 107° 6.39 x 1077
70% 01:49:27 00:52:04 00:36:30 5.24 x 107° 8.26 x 1077 3.20 x 10°¢ 5.97 x 1077
Table 6

Simulation of the circuit depicted in Fig. 4.2. Numerical results for simulations in the [0, 10 ps] interval using SPICE implementations based on the Modified Trap-

ezoidal time-step integration scheme.

CPU time (h:min:sec) NMSE 1 NMSE 2
Duty SPICE (Modif. Method discussed in Proposed Method discussed in Proposed Method discussed in Proposed
cycle Trapez.) [12] method [12] method [12] method
30% 01:31:59 01:13:54 01:08:54 5.46 x 107° 8.64 x 1077 3.52 x 107° 6.28 x 1077
50% 01:41:50 01:02:59 00:55:44 5.18 x 10°° 7.93 x 1077 3.24 x 10°° 5.88 x 1077
70% 01:49:53 00:52:46 00:36:47 5.05 x 10°° 7.04 x 1077 2.92 x 107° 5.32 x 1077

combined with BHTF and modified trapezoidal time-step integration
combined with BHTF) against: (i) the corresponding conventional time-
step integration (SPICE) algorithm and (ii) the simulation technique
discussed in [12]. The reasons for these comparisons are: (i) SPICE is the
numerical technique used by commercial and free packages for simu-
lating a circuit having this kind of intermittent stimulus. Other well
established techniques, like steady-state engines [30] or envelope
following schemes, assume that the circuits are uninterruptedly forced
by stimuli containing a periodic component (an RF carrier, an envelope
modulated signal, etc.) which is not the case discussed in this paper; (ii)
the time slot partition technique previously published in [12] is suitable
to deal with this kind of circuits, but cannot compute smooth narrow-

band RF modulated signals in the frequency domain.

Numerical results for simulations in the [0, 500 ns] interval are
presented in Tables 1-3. A time-step integration size h = 10 ps (100 steps
per RF carrier cycle) was used in the univariate time scale t, whereas
h; = 10ns was chosen for the slow time scale t;. K = 12 was considered
as the maximum harmonic order for the HB evaluations. The percentage

smaller.

of time in which the RF carrier is active compared to its on—off switching
period (duty cycle) was manually modified to determine the influence of
this parameter on the efficiency of the method. As expected, speedup
increases with duty cycle. The reason for that is because time intervals in
which the solution of the circuit has to be computed with SPICE become

Tables 1-3 also present some normalized mean square error (NMSE)
values for the vo(t) voltage. The NMSE parameter (here considered as
the accuracy criterion) estimates the overall deviations between the
solution obtained with the proposed method, as well as the method
discussed in [12], when compared to the solution computed with the
standard time-step integration engine. As can be seen, the accuracy of

the results obtained with the proposed method is very good.

Finally, numerical results summarized in Tables 1-3 evidence that
gains in computation speed obtained with the new proposed method are
reasonably independent of the SPICE implementation code. They also
evidence a slight improvement in terms of both accuracy and compu-
tational effort in comparison to the method discussed in [12].
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Table 7
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Simulation of the circuit depicted in Fig. 4.2. Numerical results for simulations in the [0, 10 ps] interval using SPICE implementations based on a Runge-Kutta (RK)

time-step integration scheme.

CPU time (h:min:sec) NMSE 1

NMSE 2

Duty cycle SPICE (RK) Method discussed in [12] Proposed method Method discussed in [12] Proposed method Method discussed in [12] Proposed method

30% 01:41:45 01:19:24 01:16:52 8.29 x 107°° 1.02 x 10°° 4.30 x 107° 7.32 x 1077

50% 01:49:21 01:08:31 01:01:24 7.01 x 107 9.95 x 1077 3.84 x 10°° 6.61 x 1077

70% 01:59:33 00:58:50 00:39:52 6.15 x 10°° 8.85 x 1077 3.30 x 10 6.05 x 107
Table 8

Simulation of the circuit depicted in Fig. 4.2. Numerical results for simulations in the [0, 10 ps] interval using SPICE implementations based on a Multirate Runge-Kutta

(MRK) time-step integration scheme.

CPU time (h:min:sec)

NMSE 1

NMSE 2

Duty cycle  SPICE (MRK.)  Method discussed in [12] Proposed method ~ Method discussed in [12] Proposed method  Method discussed in [12] Proposed method
30% 01:44:33 01:21:50 01:20:41 8.48 x 107° 1.12 x 107° 4.41 x 10°° 7.29 x 1077
50% 01:52:42 01:11:00 01:04:55 7.20 x 107° 9.74 x 1077 3.90 x 10°° 6.84 x 1077
70% 02:03:56 01:02:46 00:42:30 6.13 x 107° 8.90 x 1077 3.34 x 107 6.10 x 1077

4.2. OOK wireless receiver

In order to test the capabilities of the proposed simulation algorithm
in a real world example of practical interest the circuit illustrated in
Fig. 4.2 will be now considered. The circuit depicted in Fig. 4.2 is a
simplified schematic of an on—off amplitude shift keying (OOK) wireless
receiver. This circuit comprises four blocks: (i) an input band-pass filter
to discern the carrier frequency of interest (450 MHz) from a broadband
input spectrum; (ii) a low noise amplifier (LNA); (iii) an envelope de-
tector to extract the information of interest and (iv) a high-speed
comparator to obtain the binary outputs. The comparator trigger
threshold is obtained from the output of the envelope detector itself,
enabling the threshold level to auto-scale with the received signal level.
The values of the passive components of the circuit are: C; = 31.83 pF,
L, =3.93nH, C2 = 0.786 pF, L, = 159.16 nH, C3 = 31.83 pF, L3 = 3.93
nH, R =50 Q, R; =100 kQ, C4 = 0.2 pF, Ry = 1 MQ, C5 = 2 pF. Since the
circuit was designed for a 2 Mbps data rate, the baseband digital data
was here considered as a rectangular wave of 1 MHz fundamental fre-
quency modulating a high frequency carrier of 450 MHz. Thus, the
stimulus can be seen as a 450 MHz sinusoidal source being successively
turned on and off at a rhythm of 1 million times per second.

As in the previous example, we first simulated the circuit in MatraB
with three different versions of the proposed method (combining three
distinct LMM with BHTF) against: (i) the corresponding conventional
time-step integration (SPICE) algorithm and (ii) the simulation tech-
nique discussed in [12]. Numerical simulation results for simulations in
the [0, 10 us| interval are presented in Tables 4-6. A dynamic step length
h and h; = 100 ns were chosen for the univariate and slow time scales,
respectively. K = 20 was considered as the maximum harmonic order
for the HB evaluations. Once again, with the intention of measuring the
influence of the “on” and “off” states’ duration in the efficiency of the
method, the baseband digital data was considered as a rectangular wave
of adjustable duty cycle.

In the same way as in the previous application example, the analysis
of the results presented in Tables 4-6 can attest the improvements
brought by the proposed method. A significant speedup raise is observed
when the input duty cycle is increased, i.e., when the number of ‘1’
symbols is higher than the number of ‘0’ symbols. Although we might
think that in practical OOK transceivers the ‘1’ and ‘0’ symbols tend to
be equally probable, this does not necessarily mean that the duration of
the “on” and “off” states tends to be the same. For instance, in RFID
applications, in which pulse-interval encoding (PIE) is commonly used, a
binary ‘1’ is coded as a short power-off pulse following a long full-power
interval (duty cycle > 50%), and a binary 0’ is coded as a shorter full-
power interval with the same power-off pulse (duty cycle = 50%).

However, Tables 4-6 show that even in the situation of an average duty
cycle of 50% the proposed method is more efficient than the traditional
SPICE.

Once again, with the intention of providing a general idea for the
accuracy of the results obtained with the proposed method two NMSE
values are presented in Tables 4-6. NMSE 1 represents the highest of all
NMSE values of the circuit state variables (voltages and currents). NMSE
2 represents the mean of these NMSE values. As can be observed, the
accuracy of the results is very satisfactory.

As stated above, conventional time-domain circuit simulation is
commonly achieved through the employment of linear multistep second
order backward-differentiation-formulas. Indeed, few attempts have
been made for applying Runge Kutta schemes to the analysis of elec-
tronic circuits in commercial simulators. Despite this fact, and with the
intention of providing a more general study in this work, the circuit of
Fig. 4.2 was also simulated in MatLaB with two new different versions of
the proposed switch mode simulation algorithm, combining now RK and
MRK formulas with BHTF. The results of these simulations are summa-
rized in Tables 7 and 8.

Numerical results shown in Tables 4-8 evidence that gains in
computation speed obtained with the new proposed method are prac-
tically independent of the SPICE implementation code. They also evi-
dence a noteworthy improvement in comparison to the method
discussed in [12]. The main reason for that is because the approach
previously advanced in [12] (which was also conceived to deal with
circuits containing stimuli being successively turned on and off for un-
known periods of time) is a purely time-domain technique, in which the
simulation algorithm is automatically switched between a SPICE engine
and an envelope transient over shooting scheme. Thus, the technique
proposed in [12] is not able to take advantage of the circuits’ moderate
nonlinearities, and their corresponding smooth narrowband RF modu-
lated signals, which can be more efficiently computed in the frequency
domain than in time domain.

It is also worth to highlight that the use of the MRK scheme (Table 8)
has not led to any computational savings, in comparison to LMM or RK
versions (Tables 4-7). The reason for that is because the multirate
behavior exhibited by the kind circuits under analysis (circuits driven by
fast stimuli being successively turned on and off) does not concern to the
coexistence of fast and slow state variables in the same problem. Actu-
ally, as seen above, this multirate behavior relies on fast signals con-
taining parameters that evolve themselves at separated time scales.

As a final remark, it must be added that several other simulations of
the circuit, under different conditions and different time intervals, have
been conducted and the results obtained were always similar to the ones
presented in Tables 4-8.
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5. Conclusions

In this paper an innovative switch mode simulation algorithm was
discussed and tested. The proposed method is based on a time-slot
partitioning technique, with automatic switching between univariate
time-step integration schemes and bivariate hybrid time-frequency en-
gines, and is particularly suitable for computing the solution of RF cir-
cuits whose stimuli are continuously turned on and off for unknown
periods of time. The method enables significant reductions on the
computational effort, when compared to conventional time-step inte-
gration engines (the unique simulation engines available in commercial
CAD tools that are able to simulate this kind of circuits), without losing
the accuracy. By operating in both time and frequency domains the
proposed method also circumvents some limitations of previously pub-
lished work.

Although the efficiency of the method here discussed is already quite
significant for the tested illustrative examples, it has been demonstrated
that this efficiency will be made more and more evident for circuits in
which the duration of the “on-state” periods is longer than their “off-
state” time intervals.

Finally, it is worth to point out that, although the scope of this paper
is essentially devoted to the RF simulation field, the proposed method
can also be used to compute the numerical solution of generic electronic
systems containing periodic forcing functions being successively
switched on and off. Hence, in addition to the RF/microwave engi-
neering community, this paper can also be of great interest to any
researcher working in CAD techniques for nonlinear analysis and system
simulation.
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