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design. This refers to the set of experiments (stimuli) requiredarized in [2, Ch. 5]. It is &black-boxObehavioral model re-

to elicit the system response bafently to identify the model quiring noa priori knowledge of the device physics or circuit
parameters. The third is the model generation procedure. Thisbguration of the nonlinear component. The model theory
is the algorithm used to determine the model parameters fral@rives from a multiharmonic linearization around a periodic
the data obtained from the experiments. steady state determined by a large-amplitude single input tone.

Requirements for a robust behavioral modeling process iRer this reason, we refer to the model as the PHD model. The
clude the ability to characterize, quickly, the component or ciassumption is that the system to be modeled can depend in a
cuit-level model, and construct the behavioral model in a repeatrongly nonlinear way on its large-signal drive, but neverthe-
able, procedural, and automated way. The excitations shouldéss responds linearly to additional signal components at the har-
as few in number as possible for the particular model class. Ideenic frequencies considered @mallOperturbations around
ally, each experiment can be used to identify a particular modbk time-varying system state. This is referred to asQieg-
parameter uniquely and independently. In an optimal designonic superpositioBprinciple [6]. The harmonic superposition
each additional experiment provides totally new,rthog- principle has been shown in [2, Ch. 5], [5], and [6] to be an ap-
onalinformation [4]. proximation well satibed by power amplers of several dif-

In [5], a black-box frequency-domain behavioral modeferent classes and for applications where the functional block
generalized from the work of [6], was idelh&d from real isinserted intoimpedance environments mismatched somewhat
automated measurements on a wide-band microwave IC d@wm 50 at both the fundamental and harmonics. In real ap-
pliber using a VNNA [7]. This measurement-based behaviorplications, for example, these harmonic terms can result from
model was experimentally demonstrated to be valid for smabnlinearities created from previous anfaiation stages or re-
and large amplitude drive signals, correctly predict even afgctions from nonlinear devices at the next input stage of a
odd harmonics, and simulate accurately even into impedanecesltistage amplber. The broad-band nature of the model is
different from the 50- environment in which the data wasessential for modeling the frequency dependences of the non-
measured. One limitation of the usefulness of the model is tlieear responses of such microwave ICs as multiple-octave trav-
limited dynamic range of the VNNA instrument, which careling-wave amplpers and other components useful in instru-
be estimated from the data in [5]. Nevertheless, the resultsmént applications.

[5] demonstrate that the behavioral model, together with theThe model is dened by (1) and (2) in the frequency domain
automated VNNA measurements to identify it, provide a gemelating complex transmitted and scattered waves at each port
eral, practical, and useful tool. Moreover, recent large-signaland harmonic index to a linear combination of terms in the
hardware developments [8] sidrziantly demonstrate improvedincident wavesand their complex conjugateésdependently at
dynamic range that will only increase the general utility of theach port at each harmonic. The fact that the complex conjugate
approach. Another limitation of [5] is the suboptimal nature akrms appear is a necessary consequence of the nonanalyticity
the experiment design and model idéattion algorithm. That of the Jacobian, which represents the linearization around the
is the subject of this study. time-varying operating point established by the single large-am-

In this paper, we present a superior experiment design gitude tone in the absence of perturbation. An alternative expla-
proach and an improved algorithm for identifying, from thisation follows from the mixer analysis of Section Ill. The sums
different set of data, the behavioral model discussed in [5]. il (1) are over all port indexes and harmonic indices(DC is
fact, the approach is both orthogonal and optimal in the senseluded in the cases presented here so the sum stants at
it uses the minimum number of independent measurementse fundamental. In general, this method can easily be extended
We apply the new approaches to generate accurate behavigsahclude the dc term, in which case, the sum starts from index
models from detailed circuit-level models of real microwave.)

ICs using the nonlinear simulator as a virtual instrument. New

results, including the prediction of ACPR ahd) constellation

diagrams by the behavioral model are presented and validated.

In combination with [5], this study completes tk&losing of

the looto include both simulation- and measurement-based

approaches to generating the same frequency-domain nonlinear (1)
behavioral model. @

In Section Il, we bri@y review the poly-harmonic distortion
(PHD) behavioral model. In Section Ill, we describe the new |, (1), is a pure phase that, along with
experiment design and model generation algorithms. In Sggg magnitude-only dependence on of the and func-
tion 1V, we compare the approach to other work in the Iiteraturﬁonsi is a necessary consequence of the assumed time invari-
In Section V, we present new results validating the PHD modgh.c of the underlying system. A redundancy, introduced by
against the circuit model from which it was derived. summing over the fundamental components in addi-
tion to the harmonics in (1), requires the imposition of the addi-
tional constraints given by (2). For all but one of the applications
demonstrated in Section VI, we consider a two-port abwgyli

The target behavioral model for this study was presentedrmodel withbve harmonics. Thénal result was obtained con-
[5], which generalized the workrst presented in [6] and sum-sidering only three harmonics.

Il. PHD MODEL FORMULATION
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[ll. EXCITATION DESIGN Since is periodic, we can expand tHest term on the

In [5], the excitation design for the PHD model was based Or}ght-hgnd side 9f the ?q”?" sign of (6), the conQuctance nonlin-
earity, in a Fourier series in as follows:

perturbing the nonlinear component under a large-signal drive

by applying several small tones one at a time at each port and at

each harmonic of the fundamental. This was done for each har- ——— (7)
monic up to the maximum number needed for the model (or, for

the measurement-based case, the limitation of the instrénent ¢ perturbation tone is represented in the frequency domain
bandwidth). The structure of model (1) and (2) is such that, % t510ws:

principle, the and coefcients at each harmonic can be ex-

tracted directly from three measurements. These measurements (8)
are: 1) the responses at each port and at each harmonic frequency
to the large tone without perturbation; 2) the responses to theldere, and is a small (in magnitude) complex

multaneous excitation of the large tone and a small-signal parmber.
turbation tone; and 3) the responses to a simultaneous excitaNote that we are dealing with two periodic signals with un-
tion of the large tone and a small-signal perturbation tone atelated fundamental periods (7) corresponding to the system re-
the same frequency, but different phase compared to the snsgibnse to a large tone at, and (8), the small tone at. Mul-
tone of 2). The component of the-wave at each port and attiplying out the factors in (6) using (7) and (8) results in the
each harmonic has contributions from botrand ; the two following expression for
relative phases per frequency per port for the small tones were
proposed in order to provide two independent data fdrom
which to determine the two model céefents ( and ) for a
given harmonic frequency component of the response.
The improved experiment design is based on considering
model (1) and (2) as the limiting case of a more general
time-varying nonlinear system perturbed by an arbitrary small Q)
tone. Here the restriction that the frequency of the perturbation
tone is exactly at a harmonic of the fundamental is relaxed.For future reference, we designate the third through sixth
Such a system can be analyzed as a mixer. Moreover, if the perms of (9) as (&)(d), respectively.
turbing tone is sufciently small, the analysis can be considered We now consider the special case where the frequency of the
to be that of a&mall-signal mixe®(SM). small tone is nearly a harmonic (integer multiple) of the funda-
The derivation is outlined for a single port. The extensiomental of the large tone, i.e., . Here, isapositive
to multiple ports is obvious. We start in the time domain binbnitesimal. The frequency offset will allow us to refer to the
representing the output wave as a nonlinear function of the stimulus at frequency as theupper sideband stimuluet fre-
input wave according to (3) as follows: guency
The objective is to pick out the complex spectral components
3) of the response in the frequency domain at the harmonic
frequencies for nonnegative integers . We

These are real signals and, in (3), the nonlinearity is algebr&f@" Preak up the contributions into terms proportional &md

(this restriction is not necessary, but facilitates a simpler way to SeParately. For simplicity, we assume there are no dc compo-

the result). We now consider the input signal class to be the sfi¢ts in the following. Looking at terms (a) and (b) in (9), we

of a single large tone at frequency and a small-signal bnd that the contributions that are proportional tare
0

at frequency  as follows: or for . From terms (c) and
(d) in (9), we obtain the terms proportional to. The results are
for and for

(4) Thus, we can write the linearized response at the th

o _harmonic in response to the perturbation at thi harmonic
We assume the perturbation is small, and expand (4) in,a

Taylor series and keep terms only up throdmkt order as fol-
lows: (10)

with the coebcients given in terms of the harmonic series for
() the conductance as described above. This allows the behavior
ofthe and coebcient functions to be related to the Volterra
Identifying , the linear response is given byrepresentation of the original nonlinearity.

(6) as follows: If we compare (10) (note we omitted the port indexes here)
to (1), we can see that the cbefents of the PHD model can be
explicitly calculated in terms of the Fourier series of the system
conductance nonlinearity of (7) in the limit asyoes to zero.
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TABLE | and one small tone, and the output of the system with only the
OUTPUT OFSM SMULATION F =3 GHz,M =2, AND ORDER=8 single large tone (no small tone added). The second column is
the order of the large tone contributing to the frequency com-
ponent spetied in that row. A negative sign means the nega-
tive frequency component. The third column indicates the order
of the small tone (recall only terms for are consid-
ered). The fourth column indicates whether the contribution to
this frequency is at the lower or upper sideband (by keeping
track of ). We could also distinguish the sidebands simply by
checking the value of . There is only one contribution at fre-
quency ; this is an upper sideband. There are two contri-
butions to the next group of frequencies, from 3 to 18 GHz, in
the same alternating order of lower and upper sidebands. This
follows from the two different contributions of orders of the
large and small tones that can combine to give terms at each of
these frequencies. For example, at 9 GHz, lftb-order con-
tribution from the large tone at 3 GHz combines with the neg-
ative frequency component of the small tone at 6 GHz to give
atone at GHz GHz GHz. The upper
sideband comes from a combination dfrst-order term in the
large tone with the positive term from the small tone because
GHz GHz GHz. There are no other combi-
nations possible to end up at 9 GHz. Eventually, at 21 GHz, there
are only upper sidebands. This is because for a lower sideband
to exist, it must correspond to the solution of (12) as follows:

GHz GHz GHz (12)

Keeping track of the term, we can also see that thecoef-
bcients are the responses at thgper sidebandind that the The solution to (12) is , which is beyond the order
coebcients, with the same indices, are fbaver sidebande- value, andthusitis notcalculated. This condition persists for the
sponses. This is the direct way to identify the PHD model fromest of the frequencies. There is a table like this for each value
this SM analysis. of

From basic mixer theory, if a signal consisting of the sum of In a simulation, using SM analysis, to be described, we can
two tones at (angular) frequencies and , respectively, are set . In areal measurement, howevemust be kept small,
put through a nonlinear device, the discrete frequencies of gt nonzero, typically approximately 1 kHz. In this case, there
response fall at frequencies  satisfying are always both upper and lower sidebands at each frequency

provided their magnitude is large enough to measure and if the
(11) frequency offset is not too small to resolve the two sidebands.
Therefore, in a real measurement, there would be second rows

for and provided (to keep from double inthe table just below 21, 24, 27, and 30 GHz (for this example)
counting). The integers and correspond to the order corresponding to the lower sidebands.
of the mixing terms. If we further assume that one tone is Through these calculations we determine theoefcients
always small compared to the other, we can simplify (11) Hyom the upper sideband responses and treebcients from
assuming all terms beyond tlrest order of the small tone canthe lower sideband responses. This demonstrates that we only
be neglected. This is equivalent to restricting . need asingleupper sideband (small) signal excitation at each

We now set . For , we get the degen- port at each harmonic from which to extract bottand co-
erate case of the harmonlcally related experlment of the desggfhcients corresponding to upper and lower sidebands, respec-
approach of [5]. This corresponds to a small tone at tilehar- tively. We do not need (at least) two small tones of different
monic of the fundamental. Considerings a positive ibnites- relative phases as required by the method of [5].
imal allows us to keep separate track of the two different termsFor the simulation-based approach, the Agilent Advanced
that contribute to the same frequencies in the output spectrirasign System (ADS) SM analysis is used as the excitation.
due to different origins. A key advantage of this excitation is that the simulation is

We consider the example for which GHz, much faster than a two-tone HB analysis since the only HB
(small tone at 6 GHz), and order . HereQrdeOis the order analysis done in the former is that for the single large tone.
of the HB analysis part of the SM analysis used. The spethe linearization of the system is done automatically using
tral response, linear in the perturbation signal, can, therefotiee Jacobian information already computed by the simulator
be represented as in Table I. This represents the difference foe-the one-tone HB analysis. Another advantage is that the
tween the full output spectrum of the system with one larg&M analysis results in exactly (to numerical precision) the
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