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Improvement of the envelope - transient
S-parameters’ simulation in circuit and

system simulation

HASSAN MEHDI, SEBASTIEN MONS, ABDERRAZAK BENNADJI, EDOUARD NGOYA AND RAYMOND QUERE

This paper focuses on the behavioral modeling of the passive RF blocks from frequency-domain samples. This work is based on
vector fitting (VF) approach which is a robust method for MIMO system identification in the frequency domain. This paper
addpresses firstly the problem of convergence using envelope transient (ET) on complex circuits, i.e. power amplifiers (PAs),
where linear sub-circuits are widely described through S-parameters matrices derived from ElectroMagnetic (EM) simulations.
An alternative way leads to combine VF method with an RLC synthesis process at the circuit level. This approach is validated
on a simple circuit case and generalized to MIMO systems. Second application is the behavioral modeling of MIMO blocks at
system level in a high-level spice-like system simulation tool which allows “Control Flow” simulations. The proposed approach
combines on one hand the VF method with and impulse responses evaluation on the other hand. In consequence, bilateral
behavioral models of MIMO system can be efficiently achieved irrespective of the number of access. This method is validated
at once on simple and complex MIMO blocks. As a result, the topological behavioral modeling of complex PAs, which dis-
tinguish linear sub-circuits and nonlinear ones, is now possible in a high-level time-domain CAD tool.
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. INTRODUCTION

In spite of the progress that was made on the envelope-transient
(ET) method with the Krylov subspace [1], the evaluation of the
circuit response using a digitally modulated signal is still proble-
matic. Yet most spice-like simulators lack accurate and effective
modeling solutions for the distributed components. Moreover,
EM-derived models are commonly used for designing the linear
sub-circuits of multistage power amplifiers (PAs), leading to
troubleshooting while performing ET simulations in an
Advanced Design System (ADS)-like tool. Time-domain mod-
eling of components that are described in frequency domain,
ie. S-parameters matrices, is also of prime importance to
ensure ET convergence at the circuit level.

On the other hand, the behavioral modeling of PAs is still a
challenging problem for evaluating realistic performances and
impact in a complete system. The conventional black-box
approach is suitable to treat these effects separately, i.e.
memory effects [2], thermal effects [3], and mismatching
[4]. The topological approach [4] (which combines sub-
models corresponding to linear and nonlinear parts) is prom-
ising in the case of multistage PAs since it allows taking into
account all these effects. Unfortunately, this approach has
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only been implemented in a circuit-level CAD tool (ADS)
because most of the spice-like tools are not already able to
solve “implicit” problems. Thanks to its DAE solver and
through Modelica language, Scilab/Scicos [5] is a promising
alternative to Matlab/Simulink tool since it allows the
implementation of bilateral models. Thus, the development
of time-domain bilateral models of passive Multiple-Input
Multiple-Output (MIMO) RF blocks, derived from
S-parameters, is also a first step for the implementation of
the full topological approach in a time-domain CAD tool.
This paper is structured into three main parts. Firstly, we
introduce the vector fitting (VF) techniques which allow
deriving a robust pole-residue (PR) model from an
S-parameters matrix. The first application is dedicated to a
circuit-level implementation through a lumped components
synthesis process. This approach circumvents the convergence
problems using ET simulation in the case of circuits that
include sub-models of distributed elements or S-parameters.
The second application is dedicated to system-level
implementation in a high-level Spice-like simulator.

1. MODELING OF S-PARAMETERS
USING VF TECHNIQUES

The modeling of passive circuits is achieved by a rational
approximation of circuit responses in the frequency domain.
The VF [6] is an accurate iterative algorithm for estimating
poles and residues of a rational function from frequency-
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domain samples:

N
= - d B
f(s) ;S_ai+ + se (1)
where d and e are optional real numbers, C; and a; are, respect-
ively, the zeros and the poles, and s is the frequency.
The poles are identified by solving the following linear
problem:

a(s)

N N oo
(Zs—am+l>f(s):ZS—sz+d+se' (2)

m=1 m=1

The unknowns of this equation (c,,, d, e, ¢,) make it a
linear one.

Applying (2) for several frequency samples give the over-
determined linear problem,

Ax =D, (3)

where (c,,, d, e, C,,) are included in the solution vector x.
Equation (3) is solved as a least squares problem.

Solving the linear problem (3) with accuracy needs a con-
venient choice of the starting poles to successfully apply the
VF method. In order to achieve this, two conditions are
required. The first one is to choose the starting poles in the
complex form, because the linear problem becomes ill con-
ditioned once real poles are chosen.

The other condition is to reduce the number of iterations
required, by locating the starting poles in a sensitive location.
However, this number is significantly related to the choice of
the position of the starting poles.

This method is particularly suitable in the case of MIMO
systems, for instance, a power combiner of a PA, which is
commonly represented by its S matrix according to frequency.

The following example assumes the power distributor
issued from a two-stage X band PA. Figures 1 and 2 show,
respectively, the accuracy of the magnitude and the phase of
VF algorithm for modeling the full § matrix of this circuit
from DC up to 40 GHz.

The rational identification of the complete S matrix is
perfect if 40 poles are considered in the modeling process.

1005_

©
k=]
B
=
=}
@
= af
10
¥ : Y
° ADS -
: VE 1
107 2 " S
5 10 15 20 25 30 35 40

Frequency (GHz)

Fig. 1. Magnitude of S-parameters versus frequency modeled by VF (X band
PA’s power distributor).
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If we reduce the bandwidth to that of the amplifier (i.e.
15%), 24 poles are sufficient.

VF is also a very robust method since the S-parameters are
fitted using stable poles. Moreover, this method ensures the
passivity enforcement (i.e. physical behavior of the resulting
model entails that it should absorb active power for any set
of applied voltages, at any frequency) which leads to a stable
time-domain simulation.

I, SYSTEM-LEVEL
IMPLEMENTATION, FOR CONTROL
FLOW ENVELOP SIMULATION OF
MIMO BLOCKS

Scilab is a CAD tool included in the scientific computing soft-
ware ScicosLab [7]. It performs both, the modeling in the form
of block diagrams and the simulation of hybrid dynamic
systems including continuous- and discrete-time sub-systems;
the input and output ports could be of two types: regular and
activation.

Scicos uses explicit and implicit solvers for differential
equations that allow the temporal integration of continuous
nonlinear sub-systems. Scicos is an open simulation frame-
work that includes a graphical editor for constructing
models by interconnecting blocks, which permits the descrip-
tion of models in Modelica language.

Modelica language is an object-oriented, general-purpose
language for modeling of physical systems, mechanical, elec-
trical, and control systems [8]. The Modelica language
allows a direct and convenient specification of systems with
continuous-time and discrete-time dynamics.

The combination of Scilab/Scicos environment and
Modelica language allows the modeling and time-domain
simulation of bilateral sub-systems, which is the key point of
the topological approach.

The associated Scicos block is written in Modelica, which
allows us to define an implicit relationship between inputs
and outputs; the same representation is used to associate
each considered parameter S;; [9], hence the calculation of
the following power wave equations (4)

N
bi(t) = ) S;(t) @ ay(t), (4)

j=1

where ® is the convolution operator.

Usual transformations between voltage/current and
injected/reflected power waves are needed, assuming that a;
are the inputs and b; the output at port i of the block.

A C-program is used to compute the Laplace transform
representing the time-domain response using the following
equation:

M
Si(t) =Y Ree ™, (5)
k=1

where R; and P; are, respectively, the residues and poles
obtained by VF algorithm and M is the order of
decomposition.

Each §;; contribution in equation (4) is computed by
numerical convolution between the input power wave a;(t)
and the S;(t) impulse response. For CPU efficiency, the


https://doi.org/10.1017/S1759078711000717

IMPROVEMENT OF THE ENVELOPE

180

90+

Phase angle (deg)

180

Frequency (GHz)

Fig. 2. Phase of S-parameters versus frequency modeled by VF (X band PA’s power distributor).

numerical convolution leads to compute a linear function that
depends only on a,(t), t, (present time), and t,— 1 (past time):

tn

bi(t,) = j Sij(t — maj(r) dr

N o (6)
= Zj R,-ePi(t*T)aj(T) dr.

Hence, an efficient programmable form is obtained using
the rectangle method for integral approximation:

N

b;'(tn) = Z (ePiAtZ(tnfl) + aj(tn)g(epim - 1)>’ (7)

i=1

FP,

————

where

Z(t) = aj(ty) — (e — 1),

1

R
P
At =t, — ty_,.

Also, equation (7) is effective for the numerical convolu-
tion computation (CPU efficiency) by keeping the results in
a Z register to use them in the next step. Moreover, this
approach is valid irrespective of the number of access of the
block.

The first validation is realized on a very simple RC circuit,
as shown in Fig. 3.

The comparison is made between circuit-level envelope
simulation (ADS) and its system-level time-domain

Vout
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Fig. 3. RC circuit envelope simulation (ADS).

https://doi.org/10.1017/51759078711000717 Published online by Cambridge University Press

659


https://doi.org/10.1017/S1759078711000717

660

HASSAN MEHDI ET AL.

0.02 r T T T

-

0.018+
Real part

0.016+
0.014
0.012

0.01}+ Model

0.008 - Circuit = = =

Current (A)

0.006
0.004

U.wz'/—
0 H

-0.002

Imaginary part

16-008 26-006 36-008 4e-008 5¢-008 6e-008 7e-008 8e-008
Time (seconds)

Fig. 4. Simulation-based behavioral model compared to circuit time response.

simulation (Scicos). Figure 4 shows the current response when
the circuit is excited by a pulse signal.

One can notice that the model is very perfect in this case if
compared with envelope ADS simulation.

The second validation is realized on a much more complex
circuit, the power distributor of the X band PA already defined
by choosing the results of VF modeling in Figs 1 and 2 (Fig. 5).

Figures 6 and 7 give a comparison between the model
implemented in Scicos and the envelope simulation in ADS.
Figure 6 presents the real (in blue) and imaginary (in red)
parts of the input RF current, whereas Fig. 7 gives the RF
output and the DC input currents.

A very good agreement between the model (simulated at
the system level, i.e. Scicos) and the circuit (simulated at the
circuit level, i.e. ADS) is observed in the steady state.
However, a difference is noticed during the transient state
(time less than 2 ns). This power distributor contains trans-
mission lines and the ET simulation of ADS simulator
encounters some difficulties in finding an accurate solution
in the transition state. This transient response is not accurate
and depends on the time step taken during the simulation.

The power wave’s a; and b; can be used at the system level
for re-calculating the S-parameters. Figures 8 and 9 give a
comparison between the S-parameters derived from a time-
domain simulation at the system level (Scicos) with the orig-
inal ones.

Whereas the results of our approach are validated in the
case of a localized circuit (Fig. 4), they can be considered as

IDC input 1

RF output 1
—

RF output 2
—e
RF input 1

-—

S7P RF output 3
—_—

RF output 4
—_—e

JDC input 2

Fig. 5. X band power distributor (seven ports).
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Fig. 6. Real and imaginary parts of the RF input current varying with time.
Model response (solide line) compared to circuit one (dash line).

successful in this case. It is essential to mention that his
approach is studied regardless of the presence or absence of
transmission lines.

These results confirm that this behavioral approach is
promising to evaluate the envelop response of a PA, submitted
to a realistic signal, in a spice-like tool.

V. CIRCUIT-LEVEL
IMPLEMENTATION FOR ROBUST
TRANSIENT ENVELOPE
SIMULATION OF PA

In this part, an alternative to S-parameters models is given at
the circuit level. This approach aims to improve the circuit
simulation by generating an equivalent circuit that contains
only simple lumped R, L, C components.

The generated equivalent circuit’s simulation is simple; it
circumvents the convergence problems made in the presence
of actual signals, and overcomes the ET simulation’s problem
where the passive circuits contain transmission lines or
EM-derived models.

RF output: real part

Current (A)

RF output: imaginary part

DC input: real part

DC input: imaginary part

4e-009 Be-009 8e-009 1e-008
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Fig. 7. Real and imaginary parts of the RF output and the DC input currents
varying with time. Model response (solid line) compared to circuit one (dash
line).
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Fig. 8. Real parts of the S-parameters re-calculated at the system level (solid
line) compared to original ones (squares).

This method allows us to replace the linear sub-circuit
(which contains transmission lines) by the synthesized one
(R, L, C model). The model’s implementation in the circuit
CAD tool is performed using the synthesis circuit technique,
after the calculation of the PR model by the VF method.
The Matrix Fitting (MTRXFIT) method [10] associates an
R, L, C resonant circuit to each pole as presented in Fig. 10.

The R, L, and C element values of this circuit are easily
obtained using the following calculation method:

C,=e, (8)

R, = (9)

b
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Fig. 9. Imaginary parts of the S-parameters re-calculated at the system level
(solid line) compared to original ones (squares).
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In the case of a real pole, the equivalent admittance has the
following form:

1 ¥i
Ye'q = = >
jLw+R, jw—p;

(10)
where r; and p; are the residues and poles, respectively, then
(11)

In the case of a complex pole, the equivalent admittance is
calculated using the following form:

Y, — 1+ jCGw
“" J(L + CRG)w — LGCw* + G+ R
/ -r// rr— -r//
S e | A b (12)

jw— @ +jp")  jw— (' —jp")’

After the calculation of Y., we can calculate the R, L, and C

components of the complex pole:

L=—", (13)

2r
R=(—2p" +2("p' +1"p")L)L, (14)
é: (plz +p//2 + 2(r/p/ + rllp//)R)L’ (15)
G=—2p +1"p")CL. (16)

The synthesis circuit is based on an admittance represen-
tation, where all the branches are associated in a parallel
form. Thus, an equivalent circuit for each Yj; parameter can
be obtained.

The synthesis circuit implementation in a CAD environ-
ment is made automatically by generating a SPICE file,
which is compatible with most circuit CAD tools.

A Matlab algorithm covers the entire process, starting from
the poles/residues identification, to the equivalent circuit’s
synthesis, concluding by the circuit’s implementation in a
CAD environment.

The first validation is realized on the passive circuits of a
PA. This PA operates at 850 MHz and has a maximum gain
of 19 dB. Since the passive parts contain only lumped com-
ponents, ET simulation is very accurate. Figures 10 and 11
show the comparison of the circuit and the synthesized
model on the Y-parameters. A very good agreement is
observed on this three-port component.

The synthesis process could now be applied to all the
passive parts of the PA (power distributor and power combi-
ner) to compare the efficiency of this approach on the full PA.

These circuits are evaluated in the case of a harmonic
balance (HB) simulation. Figures 13 and 14 give the compari-
son of the gain in the case of PA when the passive parts are
synthesized or not. These results are obtained by scanning
the PA’s frequency band, and varying the power generator’s
values from —20 to 22 dBm.

Figures 12 and 13 show the comparison results, a
maximum error of 0.005 dB is observed between the circuit
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Fig. 10. Admittance representation of the PR model.
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Fig. 11. Y-parameters (magnitude) versus frequency. Model (solid line)
compared to circuit one (circles).
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Fig. 12. Y-parameters (magnitude) versus frequency. Model (solid line)
compared to circuit (circles).
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Fig. 13. Power gain (magnitude) versus input power. Model (solid line)
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Fig. 14. Power gain (phase) versus input power. Model (solid line) compared
to circuit (dash line).

and the model. We can conclude that the synthesized
circuit well represents the passive one. In fact, the HB simu-
lation requires a very well accurate response of passive
circuit in the frequency band of the PA, as well as in the DC
simulation.

The final step is the validation of our approach in the case
of ET simulation. A time-domain signal is applied to these two
circuits. As shown in the preceding paragraphs (Figs 6 and 7),
most ET simulations of the passive circuits containing trans-
mission lines are not accurate.

On the other hand, this PA contains only lumped elements,
which allow us to precisely simulate this circuit and validate
our approach by comparison with it. Figure 14 shows the
comparison results when the circuit and its model are sub-
mitted to a pulse signal (Fig. 15).

After the validation of the synthesis process on a “small”
PA which exhibits good convergence properties using ET
(on radar or Telecom signal), we apply this technique on a
complex PA where ET simulation is problematic.

For the second example given in predefined part (three-
stage X band PA which operates at 10 GHz) we face consecu-
tive problems: This PA operates with radar signals (time-
domain discontinuities), all linear sub-circuits are derived
from a MOMENTUM simulation (S-parameters defined
from DC up to 40 GHz). In consequence, the number of har-
monics must be smaller than 4, which is not enough in this
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Fig. 15. Output voltage versus time. Model (solid line) compared to circuit
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case. No convergence is observed while performing ET simu-
lation in this case. This method is now applied to all their
passive parts.

Figure 16 shows the comparison of some Y-parameters
after the synthesis process.

A good accuracy is observed on the PA’s frequency
bandwidth.

0 2 4 6 8 10 12 14 16
Frequency (GHz)

18 20

Fig. 16. Y-parameters (magnitude) versus frequency. Model (solid line)
compared to circuit one (circles).
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Fig. 17. Y-parameters (magnitude) versus frequency. Model (solid line)
compared to circuit one (circles).
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These results allow us to test the HB simulation of the PA
using the synthesized circuits. Figure 17 shows the validation
of this simulation by comparing the gain of the PA in these
two cases (Figs 18 and 19).

The maximum error that is observed is about o0.15 dB.
Finally, the PA’s model is submitted to a pulse signal using
ET simulation. Figure 20 shows the input and output
voltage results of the PA.

These results could not be compared since this PA was not
converged in the ET simulation, but according to the ET
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Fig. 19. Power gain (phase) versus input power. Model (solid line) compared

to circuit (dash line).
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results of the simple PA (Figs 13 and 14) and to the HB and
S-parameters results of this X band PA (Figs 15-17), we
demonstrate that this approach is useful to circumvent the
convergence problems while using ET simulation. It gives an
alternative way for the prediction of performances on
complex circuits if troubleshooting during ET simulation is
observed.

V. CONCLUSION

The circuit envelope analysis that is used in ADS from Agilent
allows simulating circuits with realistic signals. This method
seems highly efficient in analyzing circuits with digitally
modulated signals, because the transient simulation takes
place only around the carrier and its harmonics. A conse-
quence of this method is that any components that are charac-
terized in the frequency domain need to have their response
converted to the time domain for the portions of their fre-
quency response which fall within the envelope bandwidth.
In the case of complex circuits such as PAs, the ET simulation
is still problematic if transmission lines or S-parameters are
used. Using VF method seems to be a particular effective sol-
ution for the representation of MIMO blocks. In this paper, we
firstly presented a time-domain implementation of S matrices
at the system level, regardless of the value of the access
number N. Thus, efficient bilateral implementation of
passive circuits — such as filters, circulators — is now possible.
This approach was validated in the system CAD tool in the
cases of simple and complex circuits. Moreover, VF is effective
in the case of ET simulation, regardless of the complexity of
the used passive circuit. This approach provides a solution if
transmission lines or [S] parameters files are used, by generat-
ing an equivalent circuit containing only lumped components.
This approach was validated in ADS on PAs using HB and
ET simulations and provides a solution if ET does not con-
verge. The next step will be the implementation of a full topo-
logical model of HPA in a system environment simulation,
where the passive parts and the active parts will be, respect-
ively, represented by a VF approach and a nonlinear scattering
function [4].
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