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Multitone Frequency-Domain Simulation of
Nonlinear Circuits in Large- and
Small-Signal Regimes
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Abstract—Computer simulation of general microwave nonlin- For what the analysis method is concerned with, both the
ear circuits excited by a large number of input tones is addressed. time-domain (SPICE-like programs [1]) and the hybrid time-
The algorithm, based on the spectral-balance method, uses novelymain/frequency-domain-based packages (harmonic-balance
index-vector and convolution-matrix generation techniques. That, HB > t be directl lied
in conjunction with a new nonlinear-device modeling approach (HB) programs [2]) cann_o e 'reF y applied. .

(which directly takes into account the higher order derivatives ~ 1he nonexistence of time-domain representations of some
of the I/V and @/V characteristics), allowed the prediction of microwave components (e.g., dispersive transmission media
such complex behavior as spectral regrowth and noise—power or discontinuities) associated with the widely known long

ratio (NPR) tests of a class-B power amplifier or multitone  ¢,m5ter runs needed to find the steady-state regime of
intermodulation phenomena in a saturated multioctave amplifier. even the simplest microwave circuit gave SPICE a rapidly

Index Terms— Computer-aided analysis, frequency-domain decreasing acceptance in the microwave design field.
analysis, nonlinear circuits, nonlinear distortion. This space was rapidly filled by HB, which proved itself

an invaluable tool for predicting the nonlinear regime under
|. INTRODUCTION single sinusoid excitation. However, when multitone operation

. L is the objective, HB still presents many difficulties, which
ECENT advances in telecommunications systems, partic- . . . o

: . .are mainly due to the required successive application of
ularly broad-band services and mobile networks, contlrh

. dt & discrete Fourier transform (DFT). Because of that, some
uously present new challenges to microwave computer-aide

design (CAD) tools. On one hand, to achieve higher outpe%(aCt alternatives (e.g._, multidimensional Fourier transform
. - T . DFT) [3], or approximate methods such as the almost-
power and efficiency, amplifier circuits are being pushe

riodic Fourier transform (APFT) [4]) have been proposed,

to saturated classes of operation. While on the other haﬁ)&‘lich are too heavy when the input signal is composed of

circuit-design linearity is permanently driven by |mproveérfvnore than two or three incommensurate tones.

system performance. Due to the complex nonlinear phenomenfi\/ery recently, some hybrid alternatives based on the time-
involved, microwave engineers no longer rely on the classi T i’ .

. - 9 9 y .d%maln integration of the envelope baseband signal [envelope
single-carrier or two-tone tests. Alternatively, they are seekin

new characterization procedures like the observation of t %enulators (ES's)] [5], [6] were especially proposed to solve

. . S .. that kind of simulation problem. Since they were conceived to
spectral regrowth produced in a nonlinear circuit excite L : o
: . e eal with single-modulated carrier excitations, they have been
by a modulated carrier or even the identification of the

. successfully applied to the simulation of spectral regrowth and
newly generated spectral components when the circuit Iglrrow-band NPR, but they suffer from an inherent disadvan-
expected to handle a very large number of input tones—tne ' y

so-called noise—power ratio (NPR) test. Accompanying tnigge: they are restricted to driving signals that occupy a small

. i ) - ....percentage of the nonlinear circuit’'s bandwidth. Therefore,
scenario, an obvious need to incorporate prediction facﬂmﬁ}s

of these experiments in today’s microwave CAD simulation Y will not be useful in simulating responses of circuits
P y where the available bandwidth is fully utilized. Also, due to

tools appeared. However, until now, the problem of simulati ) L o .
PP ’ . » the prot rmelr need to treat the circuit excitation as a carrier modulated
the response of a strong nonlinear circuit driven by a Complgx

spectral signal in a digital computer was virtually unsolved. Ry Some time-domain baseband signal, they appear to be

fact, neither an efficient and reliable nonlinear analysis methgaabIe to handle pr_actlcal input spectra, such as more than
one modulated carrier.

is available, nor are the modeling procedures normally adopte . . .
9p y P rom this brief overview, one can conclude that, at least

for microwave electron devices sufficiently mature to aCCl.tI- . .

. . . . these days, the best way to solve the problem of simulating
rately describe both small- and large-signal intermodulation . A . . . :
. . : nonlinear circuits driven by general multitone signals is to

distortion (IMD) behavior. . .
select one of the available analytical methods that oper-
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restricted to mild nonlinear regimes [9]. Thus, it is useless This way of calculating the index vector is very time
for predicting the nonlinear responses of any saturated circibtnsuming and can generate equal frequency positions in the
The SB algorithm is especially appropriate for this problem,, vector. Therefore, some sorting algorithm is further needed
as it picks up the frequency representation of the excitation (tteorganize the vector and to exclude redundant frequencies.
domain where it is normally perceived and best described lim Section 1, a new way to calculate the index vector which
the microwave field) and provides an output in the same forgvercomes these problems will be presented.
It performs all simulation steps without passing through time |n SB, a convolution matrix is needed to perform time-
domain, thus obviating the need for any Fourier transforrdomain multiplication’s and divisions in the frequency domain.
However, it still presents some implementation problemshis problem has already been studied by Rhyne and Steer [14]
which prevent its spread. In this paper, we will start by makingnd Narhi [15]. Steer used a mixed algorithm that includes
a review of the SB technique and then address some of its k@ynapping function and an auxiliary routine, which creates
points. Some new ideas to overcome this problems will theRe matrix [16]. Other authors [17] follow similar procedures
be proposed, which will enable the reliable application of thghen they use a mix of two or three algorithms to generate the
SB analysis technique to strong nonlinear circuits driven Rynyolution matrix. However, until now, no one had associated

multitone spectra. those techniques with the well-known linear convolution.

The other nonlinear simulation issue that was mentionedg4,,s a new way to generate the convolution matrix based
the beginning of this section was the adopted device modeligg he jinear convolution will also be presented in Section IIl.

functional form. As IS widely known,. accurate pred!ct!on The main idea under the SB algorithm consists of obtaining
of IMD behavior requires electron-device-model _de_scnpﬂorme current responses of the circuit's nonlinear elements to
that r_epre_sent not only ”.‘E/V or Q/V CharaCter'S_t'CS’ but the applied control voltages, directly in the frequency domain.
als_o Its hlgher order derivaiives [10]. Also, SB Implemen]"herefore, any nonlinear active device model should be de-

(or rational function) form. Techniques usually followed togaéribed by some basis functions for which spectra calculations
: unct Ny lques usually Toflowed aTe not a too difficult task. One way to select those basis
construct these mathematical approximants consist of a simple

. . . Actions i imply rely on th lementary arithmeti
I/V and @Q/V curve fitting. In the following sections a . cto. S s'to SImply Tely 0 t.e'ee entary at' etic
i . ) operations since time-domain addiction and subtraction have
systematic procedure to determine -ath-order approximant

that osculates with the function and its firsderivatives will a_dwgct corres_p_or_ldent in the frequency domain and m'“."t"
also be discussed plication and division can be mapped to spectral convolution

Finally, this paper presents various simulation scenarios %'?d deconvolution. That idea, onglnglly |nt.roduced by Chang
spectral regrowth, NPR, and multitone IMD, and compar@yd Steer [1.8]’ and named the arithmetic operator method
simulated and experimental results of nonlinear multitone e%OM)’ requires that any model should be represented by a

citation regime obtained from a microwave class-B amplifief®Mbination of these elementary operations. One way to do
that is to use polynomial or rational functions as the selected

model's approximant.
II. SB REVISITED This type of restriction is not really specific to the SB
The SB concept is similar to the well-known HB. As Wagnethod. In fact, when traditional time-domain models are
already told, what distinguishes it from HB is the ability to calysed’ cpmplex functions are glso evaluated using some kind .Of
gproxmant decomposable in the four elementary arithmetic

culate the circuit's response spectra entirely in the frequen% ) ; . o
domain. In fact, all functional steps of both algorithms graperations. The only difference is that, there, the fitting process

equal, except that no mapping of frequency and time domagsually a decomposition in continued fraction expansions) is
is needed. implicit since it is embedded in the computer.

Since each of these steps is already well discussed in thet€€r [8] used a generalized power series as the approx-
literature [11]-[13], we will focus our attention on those thafnation process, but the development was too complex. In
are more important to the SB. [19], Steer uses a more general algebraic analytical form.

The first of these is the generation of the mixed-frequen&yarhi [17] considers the nonlinearity as a black box and
index vector. This index vector is essential to both the HBPProximates it using Chebyshev polynomials/rationals that
and SB algorithms because it will give the size and frequendje more robust to strong nonlinearities. Eijnde [20], [21]
position of the circuit unknowns. Furthermore, the size of thigses a rational approximant, which is derived using minimum
vector will determine the dimension of the Jacobian, which fluares fitting in order to represent strong nonlinearities with

the largest matrix involved in the algorithm. fewer terms. . . .
In [14] and [15], the index vector was calculated using some All of these approximants need only information of the”
nested loops and the following formula: or Q/V curves, providing no control of the functions’ higher

order derivatives.

Since it is now perfectly understood that the model’'s higher
order derivatives determine the generation of intermodulation
products [10], a new type of approximant, the Hermite rational,
where the harmonic number df;,---,k, are integers, and conceived to accurately represent the function and its irst
w1, - ,w, are the input frequencies of each excitation tonederivatives, will be presented in Section IV.

wr = kiwy + kawo 4 - - - kpwy, (1)
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TABLE | calculate the spectral widths for the maximum ordetr: @ind
OuTPUT INDEX VECTOR GENERATED BY THREE c — 1 because lower orders of equal parity have the same
ToNES MIXED UP TO FIFTH ORDER .
spectral width.
0 |0.001]0.00210.003(0.004 With this type of closed formulation, the latter problems
presented in Section Il were resolved. In fact, it is now
possible to generate the index vector using only approximate
1.998]1.999| 2 [2.001{2.002|2.003{2.004 |2.005|2.006 (n —1)C? + C + 1 steps, where( is max(C, .)), instead
of the (2C + 1)™ steps required by the previous technique of
2.998(2.999| 3 [3.001]3.002|3.003|3.004[3.0053.006/3.007(3.008  Giaar and Mihi [14], [15]. For the example depicted in Table |

4 |4.001|4.002|.003[4.004]4.005[4.006]4.007|4.008 (n =3 andc = 5), only 90 loops were sufficient to determine
the whole index vector, against the 1331 loops that would be
5 ]5.00115.00215.003]5.004]5.005|5.006|5.007|5.008(5.009|5.010  required by the previous techniques. The difference has a fast
increase as. grows.

In addition, the present formulation obviates the referred
need to use some kind of sorting algorithm, as it does not
produce any distinct vector positions of equal frequency.
Therefore, significant amounts of simulation time and memory
A. Index-Vector Generation requirements for saving the convolution and Jacobian matrices

If the input-signal spectrum can be considered as regulB8Y be earn_ed, cc_Jmpared to other commercially available HB
(such as the one previously used by Ngoya and Obregon [28jplementations like MPS- _ _
and redefined here as;, = wy + kAw, where wy, is the Although those benefits were, in fact, a direct consequence
input frequenciesw, is the first component, andw is the of the considered input spectrum symmetry, it will be shown
frequency step), we found that it is possible to determine tfader that this kind of excitation is quite suitable for rep-
whole mixing vector using only very simple formulas. resenting a lot of real telecommunication signals, like the
To exemplify, let us consider an input-signal spectrufin€s encountered in frequency mixers, uniformly discretized_
composed of three tones: 1, 1.001, and 1.002 GHz, and@tinuous spectra, and pseudorandom sequences used in
sought output simulation result until the fifth mixing orderdigital circuits.
The positive part of the index vector is represented in Table I,
where the output frequency components were distributed Bn Convolution-Matrix Generation

rows in ascending order. For better understanding the convolution-matrix generation

~ By inspection, one can easily conclude that the resulfzocess now proposed, let us consider the usual linear convo-
ing spectrum may be interpreted as being constituted of $i%ion formula

narrow-band groups of tones, regularly separatecsby(plus

996 | 997 | 998 1 999 | 1 |[1.001]|1.002|1.003(1.004]1.005|1.006

I1l. NEW INDEX TECHNIQUE AND CONVOLUTION MATRIX

their negative counterparts), centered at dc—0d{2z-1.001 N
GHz,2.w;—2.002 GHz3..w;—3.003 GHz 4.w;—4.004 GHz, a(j) = Z y(@)z(j — 0 (4)
5.w1—5.005 GHz, and having the following widths or number Pyt
of tones each: dc—9y;—11, 2.w;—9, 3.w;—11, 4..0;—9,
and at5.w;—11. where N is the number of samplesy and X are the

In general, it was found that the central mixing frequenciggnyolution sampled vector operands, addis the result:
could be obtained by A =Y=*X. If, for illustration purposes, 13 samples are chosen

and X =Y =[0005*5%000;5000], (4) can be put into a
graphic form, as shown in Table Il. It can be seen that the
numbers between the slashed lines constitute the so-c&lled
associated convolution matrik, defined byY'7,, = A.
(2 Consider now that two equal spectral vect&randY must

be convolved. Each vector has an associated mixed-frequency
with f,,, and f,,,+1 the input central frequencies andhe non- index vector, which is generated using the technique explained
linear order; while the correspondent spectral widths locatetdove. If, for simplicity, a two-tone spectrum is under con-
around the central frequendyen:ra1 may be calculated from sideration, then the input frequency-component positions and

their values can be seen in Table Ill.
number of newly generated tonesC, .n — (Cp. — 1) (3 The_ convolution of X*Y will bg done using. the same

’ ’ graphical procedure used for the linear convolution. Since the

) - . amplitude vector is equal to the one previously considered
with n the number of original tones, and, . the maximum gip 9 P y

dd order f dd h i ivel ee Table II), the amplitude convolution matrix is also equal,
even or odd oraer for even or o armonics, respectively, now, different mixing frequencies will appear. Thus, if
can be easily observed from Table I.

Furth_er using the input spectrum regma”ty’ It can alsc’1MDS, HP 85150B Microwave and RF Design Systems, Hewlett-Packard
be easily observed from Table | that it is only necessary tmmpany, Santa Rosa, CA, 1994.

Fronteal = (M ‘c, if number of tones is even
fm - c, if number of tones is odd
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TABLE 1

GRAPHICAL LINEAR CONVOLUTION PROCEDURE
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TABLE IV

SaMPLE COMPONENTS OF THEFREQUENCY

CONVOLUTION MATRIX

the convolution is done on the frequency vector, the result-
ing frequency components can be obtained as the samples

represented in Table IV.
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2019

negative spectrum) and then mirror the negative part onto the
positive part. The size of the resulting matrix is equal to the
size of the shaded block shown in Table II.

IV. HERMITE RATIONALS

As already mentioned in Section I, to apply the SB al-
gorithm to a nonlinear device, a polynomial and/or a rational
function must be used as the nonlinear model. There, the state-
of-art in approximants appropriate for SB implementations was
reviewed. We will now present a new type of approximant that
is more suitable for IMD studies.

As is known [20], when strong nonlinearities are to be
approximated, rational functions are better then polynomials
because of their increased range of convergence for the same
number of terms. Thus, a rational approximant must be sought.
Furthermore, since the model’s derivatives play a dominant
role in IMD calculations [10], the approximant must also
accurately represent not only the function, but its derivatives
as well.

A suitable approximant that verifies both conditions is
the Hermite rational [23]. Beyond its rational form, being
a Hermite, means that the approximation osculates with the
function in then first derivatives.

Skipping most of the mathematical parts, described in detail
on [23], we will present the basis and methods to approximate
any function by a Hermite rational.

Consider that a functiory(z) and all its derivatives are
known. The Hermite rational consists of calculating the fol-
lowing polynomials:

p(x) = Z a;x’
i=0

so that they verify the condition

n

and g¢(z) = Z bz

=0

()

NC
o) = (2) " Gande=0, -1
q
Withi =0, -, j

NG
FO@j41) = <—> ; (zj41)andf =0, -, k—1.

q

(6)

One of the Hermite rational forms is the continued fraction
expansion of Thiele [23]

In the right column of Table IV, there are some mixing

components that have orders greater than two, which do
not belong to the mixing-frequency index vector. Thus, it

is obvious that these unwanted mixing frequencies must be
ignored, both on the amplitude and frequency convolution

matrix.

One problem that arises from this kind of algorithm is
the use of the entire spectrum, positive and negative, which
represents some wasted time when dealing with real signals.

f(z) = wolzo) + w_a;o_xl ()
<P1(xo) + 4()02(3:0) T
Using Thiele’'s method, we have

wo(z) = f(z)
1

p1(z) = @) (8)
Api_1(x)\ "t

0 =j< pjd;( ))
pi(x) = pj—2(x) + ¢; (@)
po(x) = po(z). ©)

The way proposed here to overcome this is to ignore the firstSince Hermite rationals can be constructed from data in
lines of the convolution matrix (correspondent to the outpatnalytical or tabular form, any kind of tabular model extracted
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Fig. 1. (a) Ias versusVys. (b) First derivative, (c) second derivative, and (d) third derivative for linear regigis (= 0 V and Vps = 0.5 V)
and saturation {ps = 5 V).
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Fig. 2. (a) Iqs versusVy.. (b) First derivative, (c) second derivative, and (d) third derivative, for three diffetent bias pointsVis = 0V,
Vas = =05 V and Vg = =1 V.

from measurements can also be approximated. By generalizingerbolic tangent that models. (V;;) behavior; and a tenth-
this concept, it is also possible to determine Hermite rationalegree polynomial numerator and ninth-degree polynomial
of multivariate functions [24]. denominator for the other nonlinearities [25].

~ In order to exemplify the technique just explained, an |, rigs. 1 and 2, comparisons between the analytical model
in-house developed MESFET model [25] will now be appro>Tz5] and the rational approximant are given for the functions

imated using Hermite rationals. o -
. . . . . . aad their first three derivatives.
The major devices of nonlinear behavior herein considere

are: the drain-source curreff,(V,s, Va.), the gate—channel As Cal’.l be geen, the approximation qf an.anallytical model
Schottky junction diodd,(V,.), and the gate—source capaciPy Hermite rationals is a very good choice since it accurately
tance Cy.(Vys, Vas) [25]- interpolates the function and its derivatives. If a greater accu-

The Hermite rationals adopted use a fifth-degree polynomraicy is needed, more terms in the numerator or denominator
numerator and fourth-degree polynomial denominator for thp@lynomials should be used.
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in the implemented class-B amplifier.
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Fig. 4. HB and SB simulated results and experimental results obtained from .
the one-tone excitation of our class-B power amplifier. The results are presented on Fig. 5 for one of the funda-

mentalsw2 and a second- and third-order productsat- w»
and 2wy — wW1.
Although these results are not as good as the previous
In order to validate the proposed ideas, a microwave claspRes, they can still be considered in very good agreement.
power-amplifier circuit (see Fig. 3) and a multioctave feedbagk should be noted that although there are some small dis-
amplifier were simulated using an in-house developed SBepancies between measured and simulated data, SB and HB
simulator. To prove the fitness of the proposed algorithm {agyits are exactly coincident. This is believed to be due to a
the multitone IMD simulation problem, and the Hermite r""F;g\lrié;ht imperfection during the active-device-model extraction

V. APPLICATION EXAMPLES

tional as an adequate nonlinear model approximant, simulaiged equre.

and measuret_d results of single-tone, tV\_/c_)—tone, and spec rafg) Spectral-Regrowth TestFor predicting spectral-re-

regrowth obtained from the class-B amplifier are comparedgrowth behavior, a single carrier modulated by a baseband
pseudorandom sequence was assumed as the input excitation.

A. Class-B Power Amplifier In the frequency domain, this is a multitone signal composed
This power-amplifier circuit was excited by four differenty a certain number of spectral components centered at the
types of signals: carrier frequency and equally separated 0¥, where T,
1) sinusoidal input—one tone; is the sequence-repetition period.
2) sinusoidal input—two tones; Multitone simulation problems are much more complex, be-
3) sinusoidal multitone spectra, one carrier amplitude mogause of the role played by the phase between spectral samples.
ulated by a pseudorandom sequence; In the laboratory, the phase between tones was obtained by
4) narrow-band discretized flat continuous spectrum withsampling the baseband signal with a digitizing oscilloscope.
notch. Knowing that this multitone signal can be considered a very

1) One-Tone TestResults of one-tone excitation obtainediarrow excitation compared with the setup’s bandwidth, we
from a commercial HB packageand our SB simulator were assumed that the relative spectral samples’ phases are constant
compared to the ones measured on the experimental pifoughout the driving circuit.
totype. Fig. 4 reports observed output power levels for the The adjustable baseband low-pass filter represented in the
fundamental, second, and third harmonics. block diagram of Fig. 6 was intended to control the number

It can be concluded that, for this case, the differences fropfi simultaneous driving tones. The input-signal spectrum is
our SB simulator to MDS or to measured data are within tigresented in Fig. 7.
numerical accuracy. Although the calculations determined components’ values

2) Two-Tone TestAnother classic linearity evaluation, theuntil the fifth harmonic, only the output fundamental and its
two-tone IMD test, was performed, again using our SB simassociated third- and fifth-order spectral regrowth were plotted
lator, HB, and experimental observed results. in Fig. 8.
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By comparing these simulated and experimental results,Thus, in order to simulate an NPR test, the circuit of Fig. 3
it can be easily concluded that our simulator gives a vewyas excited by a signal consisting of a narrow-band discretized
good prediction of the real power-amplifier behavior when &pectrum with a notch that spans from 2.1 to 2.3 GHz. The
is excited by a single sinusoid, a two-tone, or even multphase of each of the 11 samples was considered random.
tone signals. In this case, the simulated input signal was &iiteen different random phase arrangements were simulated,
A.M.-modulated carrier, but since SB algorithm is sensitiv&nd their results averaged. That average result is presented on

to the phases between spectral samples, it is also poss,ﬁﬂz 9. ) )
to simulatea.M.—p.M. distortion in more complex modulation AS was expected, some distortion components appeared
schemes. between the two input noise bands. The ratio between the out-

ut fundamental signal level and these distortion components

4) NPR Test: The excitation generally used to perform al ¢ 28 dB : f the NPR fi ; it
NPR test is a continuous spectrum signal with random ph ou ©) gives a measure ot the \gure-ot-meri
?r this power amplifier.

since it is derived from a real noise generator. However, |
this laboratory test is to be simulated in a digital computer,
i.e., a finite-state machine, some frequency sampling mustge multioctave Amplifier
used.[9]. The mqst obvious V\(ay to do that con3|st§ Of. USIngTo prove the application of SB to multioctave bandwidth
a uniform sampling rate, which enables the application %f

he ab derived f lation. N hat if th | Ircuits, a single-stage feedback transimpedance amplifier,
the above derived formulation. Note that It the envelope-tyRgiaqeq for an optical-fiber TV distribution system, was used

simulation [5], [6] was used for that purpose, uniform samplingee Fig. 10).

of the input and output spectrum was automatically done t01he simulation of this circuit assumed an input signal
enable the presentation of the analysis results in frequengyhsisting of 32 tones (see Fig. 11) representing 32 channels.
domain. In fact, even if the considered envelope was aperiodige first channel stands at 46 MHz and the last at 759 MHz.
(continuous RF spectrum), the use of the DFT required [ifferent power levels were assigned to each channel for better
perform the domain data translation, immediately produces agpresentation of a real situation. As is shown in Fig. 11, four
envelope repetition (spectral sampling) with a period equal ¢ the channels were shut off to allow correct identification of
time-domain simulation duration. the generated spurious signals.
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Fig. 11. Input (.) and output (-) signal spectrum of transimpedance amplifierm

As can be seen from Fig. 11, the amplifier produces
distortion level that significantly disturbs the output linea

(8]
a
ol

signal components. That is because the amplifier was delib-
erately hard driven in order to subject the nonlinear simulat6’]

to a strong large-signal regime. To our knowledge, this

[21]

the first time that a multitone very wide-bandwidth nonlinear

circuit driven into saturation is simulated. This proves that S

B

techniques associated with the indexing vector now propos
can be efficiently used to solve this type of (until now,

uncovered) simulation problem.

VI. CONCLUSIONS

In this paper,
convolution-matrix generation, were presented. With th
novel index technique, computer-simulation time and memo

(23]

[14]

new frequency indexing technigque and

2023
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requirements could be relaxed (our simulator prototype ruif]
on a PC), which enabled us to apply the SB algorithm to

otherwise almost untreatable driving signals, e.g., excitatio

ns

composed of a large number of tones or, in general, afy]

uniformly discretized spectrum.

On the other hand, since the proposed convolution- matrgg3
generation algorithm can be used with any index frequency
vector (and is, to our opinion, more intuitive than the ones

previously published), this work can perfectly integrate all th

other cases already addressed. In fact, when the input-signal

@9

spectrum is not regular, the heavy index-vector generation

algorithm proposed by Steer [14] has to be used. However,

that spectrum includes a large number of equally spaced tones

(361

(or tones which can be transformed into that), then one shoudd,)

take advantage of this symmetry by using the now propos
index-vector generation algorithm.

ed
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Moreover, a new way to approximate analytical or tabular
nonlinear models using Hermite rationals was proposed. Since

Hermite rationals use information about the function and i
derivatives, it becomes possible to simultaneously simul
small- and large-signal behavior.
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