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Efficient RF Circuit Simulation Using an Innovative
Mixed Time-Frequency Method

Jorge F. Oliveira and José C. Pedro, Fellow, IEEE

Abstract—This paper suggests an answer to the problem of sim-
ulating heterogeneous wireless systems composed of baseband and
RF blocks, as the former demand for SPICE-like engines, while the
latter are more efficiently solved with frequency-domain tools as
harmonic balance. The proposed time-frequency hybrid technique
splits the circuit’s node voltages or mesh currents into fast and
slowly varying state variables treating the former with the popular
envelope transient harmonic balance technique and the latter with
a pure time-marching engine. This way, the circuit’s hardest non-
linearities—and their rich harmonic content responses—are ap-
propriately computed in the natural time domain, while the more
moderate ones—and their corresponding smooth narrowband RF
modulated signals—are efficiently processed in the frequency do-
main. Simulation tests performed in two illustrative application ex-
amples, revealed evident gains in computation speed over state-of-
the-art RF simulation tools without any noticeable loss in accuracy.

Index Terms—Circuit simulation, computer-aided analysis,
time-frequency analysis.

I. INTRODUCTION

C URRENTLY, there is a strong need for integrated and
reconfigurable wireless systems, a goal that is being

pursued recurring to the extensive use of baseband processing
units, mostly in the digital domain—for control and signal
processing—but also, although to a less extent, in analog
form—for signal conditioning. Thus, future wireless RF in-
tegrated circuits (RFICs), or even systems-on-a-chip (SoCs),
devices will tend to be composed of a large set of baseband
circuits, plus some smaller front end blocks especially designed
for achieving the necessary wireless spectrum confinement,
signal dynamic range, and power efficiency.

Typical baseband analog and digital integrated circuits in-
volve a large number of strongly nonlinear components plus a
reduced set of linear reactive components because the latter usu-
ally present a low quality factor and occupy a very large chip
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area. In addition, they are supposed to deal with aperiodic low-
pass/low-frequency broadband signals presenting abrupt transi-
tions (i.e., showing a rich harmonic content). They are, there-
fore, naturally amenable to be simulated using SPICE-like en-
gines.

On the other hand, integrated, but mostly hybrid, RF/mi-
crowave circuits involve a comparatively larger number of
linear reactive components than nonlinear ones, and are de-
signed to deal with either periodic high-frequency carriers
or narrowband band-pass/high-frequency modulated signals.
Furthermore, due to the frequencies involved, the lumped
approximation of most of the reactive component models is no
longer valid, and some of them are even naturally described
in the frequency domain. Therefore, these RF blocks are more
efficiently simulated in frequency domain, using harmonic bal-
ance (HB), or in a time-frequency domain, using the envelope
transient harmonic balance (ETHB) [1]–[4].

Due to this circuit’s heterogeneity, the wireless circuit de-
signers have to rely on a simplified system-level description
(circuit-level/system-level co-simulation methodology) in
which critical parts of the system are simulated at the circuit
level, while most of the remaining blocks are represented with
a simplified, many times inaccurate, system-level description.

Unfortunately, this system-level methodology presumes the
various circuit blocks do not interact. When this assumption
is exposed, for example, because some baseband and RF sub-
circuits are intricately mixed, the designer must build lumped
models for each of the distributed elements and then rely on
full circuit-level simulation, usually with a highly inefficient
time-marching engine such as SPICE.

In fact, what designers would like to have at their disposal is
the best of the two simulation worlds: a SPICE-like simulation
tool for the baseband (analog and digital) blocks and HB, or
ETHB, for the RF blocks. This work suggests an answer to this
ambition detailing and explaining the innovative solution to this
problem previously advanced in [5].

The numerical technique now described is supported on the
previous ideas of Asai and Makino [6], [7] and on a recently
proposed variation of the ETHB technique by Rizzoli et al. [8],
which consists of using conventional HB or ETHB with a dif-
ferent number of harmonics for variables in different parts of the
circuit according to their degrees of smoothness. In this work,
we take this idea to its extreme treating some of the state vari-
ables with only the zero harmonic component, i.e., exclusively
in the time domain. Moreover, we will consider an alternative
version of ETHB [9] that we will denote as multitime ETHB,
which is based on a multivariate partial differential equation
formulation [10], [11]. Despite presenting similar efficiencies,
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an important advantage of multitime ETHB over conventional
ETHB is that it does not suffer from bandwidth restrictions [9]
(one of the main limitations of conventional ETHB).

As we will see in the following sections, because we will treat
the aperiodic slowly varying state variables only in the time do-
main, the proposed method can be seen as a hybrid scheme com-
bining multitime ETHB [9]–[11] with a purely time-marching
engine (SPICE-like simulation) for the baseband blocks.

II. THEORETICAL BACKGROUND

A. Univariate and Multivariate Formulations

The behavior of an electronic circuit can be described with
a system of differential algebraic equations in time, involving
voltages, currents, charges, and fluxes. This system of equa-
tions can be constructed from a circuit description using, for
example, nodal analysis, which involves applying the Kirchoff
current law to each node in the circuit, and applying the con-
stitutive or branch equations to each circuit element. Under the
quasi-static assumption, [12], [13], systems generated this way
have, in general, the following form:

(1)

where and stand for the excitation
(independent voltage and current sources) and state variable
(node voltages and branch currents) vectors, respectively.

stands for all memoryless linear or nonlinear elements,
such as resistors, or nonlinear controlled sources, while
models dynamic linear or nonlinear elements, such as capac-
itors (represented as linear or nonlinear voltage-dependent
electric charges) or inductors (represented as linear or nonlinear
current-dependent magnetic fluxes).

When the circuit contains signals that evolve according to two
widely separated time scales, as is the case of our illustrative ap-
plication examples presented in Section IV, in which we have
an aperiodic slow envelope time scale and a periodic fast carrier
time scale, the numerical solution of (1) can be computed in a
much more efficient way if multiple time variables are used to
describe the multirate behavior [10], [11]. This strategy, com-
monly referred to as multivariate formulation, is based on the
fact that multirate signals can be represented much more effi-
ciently if they are defined as functions of two or more time vari-
ables, i.e., if they are defined as multivariate functions. With this
multivariate formulation, circuits will be no longer described by
ordinary differential algebraic equations in the univariate time
, but instead, by partial differential algebraic systems. In this

study, we will adopt the following procedure: for the slowly
varying parts (envelope time scale) of the expressions of
and is replaced by ; for the fast-varying parts (RF car-
rier time scale) is replaced by . The application of this bi-
variate strategy to the system of (1) converts it into the following
multirate partial differential algebraic equations’ system [10],
[11]:

(2)

The mathematical relation between (1) and (2) establishes that,
if and satisfy (2), then the univariate forms

and satisfy (1) [10], [11]. There-
fore, physically meaningful univariate solutions of (1) are avail-
able on diagonal lines along the bivariate solu-
tions of (2), i.e., may be retrieved from its bivariate form

by simply setting . Consequently, if one
wants to obtain the univariate solution in some generic
interval, due to the periodicity of the problem in , we will have

(3)

on the rectangular domain , where is the
period of the excitation and the solution in the dimension.

B. Multitime ETHB

Let us consider the bivariate formulation described by the
multitime partial differential algebraic system of (2), together
with the condition expressing the periodic regime in the di-
mension, , characterizing the 2-D behavior
of a nonlinear multirate RF circuit with state variables, op-
erating in an aperiodic slow time scale and a periodic fast car-
rier time scale. Let us also consider the semidiscretization of
the rectangular domain in the slow time
dimension defined by

(4)

If we use a finite-differences scheme (e.g., the backward Euler
rule) to approximate the derivatives of (2) in , we obtain, for
each slow time instant , a boundary value problem with pe-
riodic boundary conditions in the fast time

(5)

In order to obtain the whole solution in the entire rect-
angular domain , a total of boundary value
problems have to be solved. With multitime ETHB, the solution
of each boundary value problem of (5) is evaluated by HB. The
corresponding HB system for each slow time instant is the

algebraic equations set given by

(6)

where and are the vectors containing the Fourier
coefficients of the excitation sources and of the solution (the
state variables), respectively, at . and are
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unknown functions and is the diagonal block matrix

(7)

with being the order of the adopted harmonic truncation and
(the carrier frequency). The vector can be

expressed as

(8)

where each one of the state variable frequency components,
, is a vector defined as

(9)

Since and are, in general, nonlinear functions, one
possible way to compute and in (6) consists of eval-
uating and in the time domain and then calculate
its Fourier coefficients. This way, the HB system of (6) can be
rewritten as

(10)

or, in its simplified form, as

(11)

in which is known as the error function at
. In order to solve the nonlinear algebraic system of (11),

a Newton–Raphson iterative solver is often used. In this case,
the Newton–Raphson algorithm leads to

(12)

which means that, at each iteration , we have to solve a linear
system of equations to compute the new estimate

. Consecutive Newton iterations will be computed
until a desired accuracy is achieved, i.e., until

, where is the allowed error ceiling.

III. INNOVATIVE SIMULATION METHOD

A. Time-Domain Latency Within the Multivariate Formulation

In order to provide clarity in the explanation of the method
proposed in this paper, let us start by considering a typical
wireless system composed of baseband and RF blocks. If this

Fig. 1. Two distinct state variables. (a) Fast carrier envelope modulated wave-
form, � ���. (b) Slowly varying aperiodic baseband signal, � ��� with a sharp
transition [5].

system is to be simulated, at the circuit level, as a whole, it will
show state variables (node voltages and currents), in the RF
part, that are fast carrier envelope-modulated waveforms, and
some others, typically in the baseband blocks, that are slowly
varying aperiodic baseband signals. For concreteness, let us
suppose that the signals

(13)

depicted in Fig. 1(a) and (b), are two distinct state variables in
different parts of the circuit. represents the Fourier coef-
ficients of , which are slowly varying in the baseband time
scale, is the carrier frequency, and is a slowly varying
aperiodic baseband function. In this paper, we will denote sig-
nals of the form of as active and signals of the form of

as latent. The latency (slowness) revealed by indi-
cates that this variable belongs to a circuit block where there
are no fluctuations dictated by the fast carrier. Consequently,
it can be efficiently represented with much less sample points
than . On the other hand, since it does not evidence any
periodicity, it cannot be processed with HB [12]–[14]. Further-
more, if the number of harmonics is not too large, the fast
carrier oscillation components of can be efficiently com-
puted in the frequency domain. Consequently, since we are con-
fronted with signals having completely different characteristics
within the same problem, it is easy to conclude that distinct nu-
merical strategies will be probably required for the evaluation
of and if we want to simulate circuits having such
signal format disparities in an efficient way.

In view of the fact that multitime ETHB operates in a bi-di-
mensional framework, let us now consider the bivariate forms
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Fig. 2. Bivariate forms of the state variables shown in Fig. 1. (a) �� �� � � �.
(b) �� �� � � �.

of and , denoted by and , and de-
fined as

(14)

where and are, respectively, the slow envelope time dimen-
sion and the fast carrier time dimension. Fig. 2(a) and (b) depicts
the plots of these bivariate entities on the
rectangular domain, where is the carrier period. As
is shown, has no fluctuations in the fast time axis
because does not oscillate at the carrier frequency. Con-
sequently, for each slow time instant defined on the grid of
(4), while is a waveform that has to be represented
by a certain quantity of harmonic components,

is merely a constant (dc) signal that can be simply
represented by the dc component.

B. Hybrid Time-Frequency Scheme

The system of (12) is typically a sparse linear system and
several methods can be used to solve it, such as direct solvers,

sparse solvers, or iterative solvers, but for very large systems, it-
erative solvers are usually preferred, and there is a general con-
sensus that the generalized minimal residual (GMRES) [15] it-
erative technique is the preferred one for HB analysis [16]. The
system of (12) involves the derivative of the vector
with respect to the vector . The result is a matrix, the
so-called Jacobian of

(15)

which has a block structure consisting of a matrix of square
submatrices (blocks), each one with dimension . Each
block contains information about the harmonic components cor-
responding to the sensitivity of changes in a Fourier compo-
nent of the error function , resulting from changes in
any other component of that specific state variable. The general
block of row and column can be expressed as

(16)

where is a diagonal
matrix. and
denote, respectively, the conversion matrices (Toeplitz)
of the vectors containing the Fourier coefficients of

and .
As illustrated above, bivariate forms of latent state variables

have no undulations in the fast time scale. Hence, for each
slow time instant , they are merely constant (dc) node volt-
ages or branch currents, which indicates that they can be com-
pletely represented by the corresponding order Fourier
coefficients. Thus, while active state variables have to be rep-
resented by a set of harmonic components arranged
in vectors of the form of (9), latent state variables can be repre-
sented as scalar quantities, i.e.,

(17)

Taking this into account, it is easy to conclude that the size of
the vector defined by (8) can be considerably reduced,
as also the total number of equations in the HB system of (10).
An additional and important detail is that there is no longer any
need to perform the conversion between time and frequency do-
mains for the latent state variables expressed in the form of (17),
as well as for the components of corresponding to
latent blocks of the circuit. Since the order Fourier co-
efficient is exactly the same as the constant time
value , the use of the discrete Fourier transform (DFT)
and the inverse discrete Fourier transform (IDFT)—or their fast
algorithms, i.e., the fast Fourier transform (FFT) and the inverse
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fast Fourier transform (IFFT)—will only be required for com-
ponents in the HB system of (10) having dependence on active
state variables. Thus, latent blocks are processed in a purely
time-domain scheme as in any other time-marching simulation
engine such as SPICE.

In what the Jacobian matrix (15) is concerned, significant
matrix size reductions will also be achieved. Indeed, by taking
into consideration this multirate characteristic (the subset cir-
cuit latency), some of the blocks of (15) will be merely 1 1
scalar elements, that contain dc information on the sensitivity
of changes in components of resulting from changes
in latent components of . For instance, if the th com-
ponent of (15) is exclusively dependent on latent state variables
and is, itself, a latent state variable, then the block of
row and column will simply be given by

(18)

The 1 1 (scalar) Jacobian matrix block of (18) can be
viewed as a special case of the general
block of (16) if we assume as the maximum harmonic
order. In fact, since is a basic
constant function presenting no fluctuations in the fast time
scale, there will be no necessity to convert the right-hand side
terms of (18) into the frequency domain. In addition, the third
term of (16) is zero, thus being simply discarded.

From the above considerations, we expect that significant
computation and memory savings may be achieved when
finding the solution of (10). Indeed, with the state variable

and the error function vector size reduc-
tions, as also the resulting Jacobian matrix size
reduction, we can avoid dealing with large linear systems in
the iterations of (12). Thus, a less computationally expensive
Newton-Raphson iterative solver will be required.

An important note in this respect should refer that this advan-
tage is increasingly evident as the ratio of the number of latent to
the number of active state variables rises, which corresponds to
the trend we today face in modern RFICs or SoC for mass-pro-
duction wireless applications.

C. Bivariate and Univariate Grids

A final remark that refers to the disparity between active and
latent blocks of a circuit regards the number of time samples
used for representing the corresponding state variables. As sug-
gested above, the number of sample points required for the ac-
tive and latent parts will be obviously different. In fact, ac-
cording to the adopted harmonic truncation, at least
sample points per slow time instant will be needed for com-
puting the active state variables’ waveforms in the dimension.
In contrast, only one time sample will be required for repre-
senting the latent state variables at each time instant . Thus,
what we are actually doing with this newly proposed method is
to process the active state variables with a bi-dimensional mixed
time-frequency domain scheme—where the envelope is pro-
cessed in the slow time scale, while the steady-state response
to the carrier is processed in the frequency-domain—and the la-
tent state variables with a purely 1-D time-domain engine. That

Fig. 3. Bivariate and univariate grids for the evaluation of: (a) active state vari-
ables and (b) latent state variables.

is, bivariate forms of the active state variables are discretized in
both the and dimensions of the rect-
angular domain, according to (4), and to the following uniform
grid:

(19)

where is the total number of sample points
used per slow time instant . Conversely, latent state variables
are treated as purely univariate slow time-dependent entities,
being evaluated only on the 1-D grid defined by (4). This is il-
lustrated in Fig. 3(a) and (b).

D. Circuit Partitioning Strategy

In order to put into practice a mixed time-frequency simulator
capable to benefit from the multirate approach presented above,
a partitioning strategy allowing automatic classification of the
circuit’s state variables (as active or latent) must be included in
the simulation package. Therefore, we will now present a cir-
cuit partitioning strategy with two distinct variants, which will
split the circuit into active and latent sub-circuits, according to
the time rates of change of its state variables. The former is con-
ceived for RF circuits with dynamic subset division (circuits in
which the partition into active and latent sub-circuits may vary
with time), and the later is tailored for RF circuits with static
subset division (circuits in which the partition does not change
along the simulation process). These strategy variants are de-
scribed in detail in the following.

For a general RF circuit with dynamic active-latent partition,
we iteratively solve the periodic boundary value problem of (5)
at each slow time instant using the multitime ETHB engine
on the first iteration of (12), and the newly proposed hybrid
scheme on the subsequent iterations. With this methodology,
we start by considering all the circuit’s state variables as ac-
tive, that is, we start by representing all the state variables in
the frequency domain as a set of harmonic compo-
nents. Thus, to obtain the solution of (10), a single Newton it-
eration (12) is carried out to achieve . Each one of its
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Fig. 4. Low-distortion I/Q modulator, showing the simplified schematic of the single section actually simulated.

state variable Fourier coefficients vector, , is then ex-
amined. With the exception of the order (dc component),
state variables whose Fourier coefficients’ absolute values stay
under a very small prescribed tolerance will be classified as la-
tent. The remaining state variables will be classified as active.
After this state variable classification, which will temporarily
divide the circuit into active and latent sub-circuits, we auto-
matically switch to the hybrid scheme (benefiting from all the
advantages described above) to perform the subsequent numer-
ical iterations that will conduct to the solution of (5).

We would like to point out that more than one iteration with
the multitime ETHB engine may be required before switching
to the new hybrid technique. This will increase the robustness
of the above partitioning strategy. However, it obviously will
conduct to some efficiency reduction of the method. We may
also note that the state variable classification described above
could also be defined in the time domain. For instance, when we
perform inverse Fourier transformation of , to get its
time-domain equivalent, , the latent state variables
will be those that practically evidence no fluctuations in the fast
time .

Since many RF circuits have a static subset partition (as is the
case of our RF sample applications presented in Section IV),
it will be helpful if we can profit from this feature. That is,
a more suitable circuit partitioning strategy than the one pre-
sented above will certainly reduce the computational effort. In
this case, we have decided to proceed as follows. We start by
computing the solution of the periodic boundary value problem
of (5) for the first slow time instant exclusively using the
multitime ETHB engine. We then split the circuit into active
and latent sub-circuits, according to the fluctuations of the state
variables in the fast time scale. Those which do
not evidence oscillations in will be classified as latent. The
remaining ones will be classified as active. This classification
provides a permanent active-latent sub-circuit division, and it
is based on it we will proceed computing the solution of the
problem for the remaining slow time
instants with the newly proposed time-frequency hybrid tech-
nique.

IV. ILLUSTRATIVE APPLICATION EXAMPLES

We will now test the performance and the efficiency of the
newly proposed method through its application to two simple il-
lustrative examples, which are: 1) a low distortion I/Q modulator
and 2) an RF polar transmitter schematic with a hybrid enve-
lope amplifier. Circuits with distinct configurations and levels of
complexity were especially selected to illustrate how the com-
putational efficiency of the proposed method is made more and
more evident as the ratio between the number of latent and ac-
tive state variables is increased.

A. Low Distortion I/Q Modulator

The nonlinear circuit of Fig. 4 depicts a simplified schematic
of a single section of a low-distortion in-phase/quadrature (I/Q)
modulator to be used in a Cartesian transmitter.

This circuit, based on a highly linear resistive FET modu-
lator, includes two independent excitations of very separated
time scales: the baseband input signal, whose bandwidth is
around 2 MHz, and the RF carrier of GHz. Beyond the
simultaneous presence of periodic (RF carrier) and aperiodic
(baseband input signal) forcing functions of very distinct time
scales, in this nonlinear circuit, we also have a combination
of heterogeneous state variables of widely disparate rates of
variation. For instance, while voltages and currents in the RF
MOSFET are very fast, voltages and currents in the baseband
MOSFET are much slower. Thus, the former are classified as
active state variables, while the later are considered latent state
variables. In this particular circuit example, the ratio of the
number of latent to active state variables is 2.

The resistive FET modulator of Fig. 4 was simulated in
MATLAB with the newly proposed method versus the ETHB
technique. Since ETHB is a well-known computer-aided design
(CAD) tool in the RF and microwave community, the results
obtained with this recognized technique are used as a reference
for measuring both the computational speed and the accuracy
of the new method. In our experiments, a dynamic step size
control tool was used in the slow time scale, and we con-
sidered as the maximum harmonic order for the HB
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Fig. 5. Bivariate output voltage � �� � � � obtained from the circuit of Fig. 4.
Note the dependence of � �� � � � on the slowly varying envelope time scale
� and the fast varying time scale � .

Fig. 6. Univariate representation of the output voltage � ��� corresponding to
the bivariate version of the state variable depicted in Fig. 5.

evaluations ( sample points were used in the
fast time scale).

Fig. 5 shows the bivariate solution of the output voltage of
the circuit, on the s ns rectangular domain,
while its corresponding univariate version—recovered from the
multivariate form setting —is depicted
in Fig. 6, for the ns time interval. This is an example of
a fast-varying (active) state variable, which is the reason why it
was computed in the bi-dimensional framework.

Fig. 7 depicts the univariate solution in the s time
interval, for the inductor current. As this current is a latent
state variable, it was computed in a purely 1-D time approach.

Numerical computation times (in seconds) and errors in the
output voltage of the circuit are presented in Table I for simula-
tions in the s and s intervals. As can be seen,
efficiency gains of about six times were achieved with the new
method, without compromising the accuracy of the results. In-
deed, the discrepancy between the solutions obtained with the
new method and with the standard ETHB, for all the other state
variables of the circuit, is on the same order of magnitude of the

Fig. 7. Univariate � inductor current of the circuit of Fig. 4.

TABLE I
NUMERICAL SIMULATION RESULTS FET MODULATOR

one presented in Table I for the output voltage (mean squared
errors of the order of 10 ).

B. RF Polar Transmitter With a Hybrid Envelope Amplifier

The second example we used to test the capabilities of the
newly proposed method is the nonlinear circuit of Fig. 8 [5],
which is a simplified RF polar transmitter schematic with a
hybrid (linear plus switching mode) envelope amplifier [17],
[18]. As described in [5], this circuit includes three indepen-
dent excitations running in two widely separated time scales:
the magnitude and phase baseband input sig-
nals, whose bandwidth is around 200 kHz, and the RF carrier
of GHz frequency. It presents also a combination
of heterogeneous state variables with widely disparate rates of
variation (active and latent state variables), and the ratio of the
number of latent to active state variables is now 4.5. For in-
stance, voltages and currents in the RF MOSFET and in the
output bandpass filter are all very fast, i.e., they oscillate at a
rate dictated by the RF carrier, and thus will be detected as
active state variables. Conversely, voltages and currents in the
AM linear stage, in the current sense comparator, or even in the
switch stage, are all much slower, and thus will be detected as
latent state variables. This means that the switching behavior of
the current sense comparator and of the devices included in the
switch stage will be processed with a purely time-domain ap-
proach, while the smooth nonlinearities of the RF part will be
treated in the frequency domain.

The circuit of Fig. 8 was simulated in MATLAB with the newly
proposed method and with the standard ETHB technique. Once
again, the numerical results obtained with ETHB are used as
a reference for assessing both the computational speed and the
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Fig. 8. RF polar transmitter with a hybrid envelope amplifier [5].

Fig. 9. Bivariate output voltage � �� � � � obtained from the circuit of Fig. 8.
Note the dependence of � �� � � � on the slowly varying envelope time scale
� and the fast varying time scale � .

accuracy of the new method. In the same way as in the FET
modulator, a dynamic step size control tool was used in the
slow time scale, and we considered as the maximum
harmonic order for the HB evaluations.

Fig. 9 shows the bivariate solution of the circuit’s output
voltage, on the s ns rectangular domain. This
is an example of a fast-varying (active) state variable in the cir-
cuit, reason why it was computed in the bi-dimensional
framework. The plot of the univariate version of this state vari-
able, recovered from its corresponding multivariate form by set-
ting is depicted in Fig. 10 for the

ns time interval.
Figs. 11–13 depict the solutions in the s time in-

terval, for the switch stage MOSFET source voltage, the in-
ductor current and the capacitor voltage (the dynamic RF

Fig. 10. Univariate representation of the output voltage � ��� corresponding
to the bivariate version of the state variable depicted in Fig. 9.

power transistor drain voltage supply), respectively. These are
all slowly varying (latent) state variables, and thus they were
represented with a purely 1-D time-domain scheme.

Numerical computation times (in seconds) and errors in the
output voltage of the circuit, for simulations in the s
and s intervals are presented in Table II. As we can
see, speedups of more than one order of magnitude were now
obtained for the simulation of this illustrative example. Once
again, the accuracy of the results obtained with the proposed
method, as compared to the standard ETHB, is very good, with
mean squared errors on the order of 10 for , and of similar
order of magnitude for all the other circuit’s state variables.

Tables I and II attest an expected significant speedup gain of
about 6–19, a direct consequence of the increased ratio of the
number of latent to active state variables from 2 to 4.5 (in the
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Fig. 11. Switch stage transistor source voltage (see Fig. 8).

Fig. 12. � inductor current of the circuit of Fig. 8.

Fig. 13. � capacitor voltage of the circuit of Fig. 8. This is the envelope mod-
ulated drain voltage supplied to the RF power transistor.

resistive FET modulator and the RF polar transmitter, respec-
tively).

TABLE II
NUMERICAL SIMULATION RESULTS RF POLAR TRANSMITTER

WITH HYBRID ENVELOPE AMPLIFIER

Several other simulations under different conditions (dif-
ferent initial conditions, diverse baseband signals, and diverse
time intervals) were conducted for both examples, and the
results in terms of speedup and accuracy were always similar
to the ones presented in Tables I and II.

V. CONCLUSION

In this paper, we presented an innovative technique to sim-
ulate modern wireless systems, as a whole, at the circuit level.
Recognizing that these systems are composed of a large set of
low-frequency baseband circuits, plus some RF/microwave cir-
cuits, and that the former are more easily solved in the time do-
main, while the latter are more efficiently dealt with in the fre-
quency domain, the proposed method uses a hybrid combination
of time-marching and HB simulation engines.

From the numerical point of view, the proposed simulation
method can be seen as a hybrid scheme that combines multi-
time ETHB based on the multivariate formulation, with a pure
time-marching engine. In this way, fast changing, and modu-
lated, RF (active) state variables are processed in a bivariate
mixed time-frequency domain, whereas slowly varying base-
band (latent) state variables are treated in the natural 1-D time
domain.

By splitting the circuits into these two different parts, and
taking advantage of the fact that there is no necessity to per-
form the conversion between time and frequency domains for
the state variables in the latent part, significant computation
speedups and memory savings were achieved without compro-
mising accuracy. Although the achieved speedups are already
quite impressive, it is worth noting that much higher values
should be expected in real circuits. Indeed, as these speedups
were shown to increase with the ratio of the number of latent
to active state variables—in our simplified examples, these ra-
tios were only 2 and 4.5 and already led to speedups of 6 and
19—one can get an idea of the potential of this time-frequency
hybrid simulation technique when applied to real circuits where
these ratios may be several orders of magnitude higher than the
ones tested.
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