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1 Introduction

This deliverable is related to a distortion conitibn analysis algorithm called Volterra
on Harmonic Balance (VoHB) [1, 2]. It breaks theatononlinear distortion given by
harmonic balance to a vector sum of smaller compisnso that the dominant causes,
mixing and cancelling mechanisms can be easily.seen

The operation of VoHB analysis has already beencriesd in the ICESTARS
deliverables D2.8 and D2.9, as well as in publorati [1, 2]. To summarise, it uses
harmonic balance simulation to fit and replace gwenlinear VCCS (voltage-controlled
current source) by a multidimensional polynomialkl ghen uses the polynomial model to
calculate the contributions of band-to-band mixiAg.in traditional Volterra analysis, a
linear AC analysis is used to calculate the trangdén of a given distortion tone from the
origin of nonlinearity (one VCCS) to a chosen pamthe circuit.

At the starting of the project, the prototype impéntation of the algorithm operated
only for single-device circuits, and only for twartially opened device models. The
reason for this was that the prototype was builtgmof the APLAC simulator, without

information about the device-to-device transfercfions or internal structure of any
other models than the two chosen models, whose@ednternal structure, node voltages
and branch currents were open for probing.

2 Requirements and constraints

The main requirements and constraints for implemgrihe current version of the
analysis were:

* To make the analysis general, access to all nanliseurces within all device
models is needed

* Linear AC analysis matrix at all distortion freqeess is needed to solve the
transfer gain from distortion sources to any oufpint.

» Information about the model hierarchy is neededr-ekample, if a BJT base
capacitance Cpi is causing distortion, we neecetalide to plot to what device it
belongs to (e.g. in format X1.Q1.Cpi)

» As device models contain a lot of code and editivggn is prone to errors, it
would be highly desirable to minimise the changesded in device models
themselves.

» Juridical problems complicate joint developmentcaspanies usually don'’t
want to pass their source code to anybody.
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3 Outline of the implementation

The actual implementation of a generic multi-dew@HB simulator was actually easier
than expected, thanks to a few unique basic crarsiots of APLAC simulator core and
interface development help by staff from AWR-Aplaod TKK-AALTO. The key
elements to this success are described next.

3.1 VCCS based modeling of APLAC

A huge simplifaction of the task was caused byfloe that APLAC describes circuits in

an object-oriented way where all circuits and desi@are inherently broken down to
VCCS (voltage controlled current sources) elemauitis one of more control voltages —
and this is exactly the form needed for VoHB analya consequence of this is that now
the analysis can be built directly at VCCS leved, below the device model level, and
hence avoiding any changes in the existing deviodets. This way of implementation

makes the analysis automatically available forealkting and future device models, as
long as these follow the general strategy of APL#&{Cbreaking everything down to

VCCS elements.

A further consequence of the object-oriented stmecof APLAC modelling is that it
automatically maintains parent-child relationships, that every VCCS can easily be
connected to its parent device and subcircuitdgtiteon linear and nonlinear VCCS'’s are
treated separately, which eases the tracking 0V@@S’s to be fitted.

3.2 AIF interface

AWR-APLAC and TKK built an interface that allowed to write own C code and use
some chosen APLAC-internal functions and data sires. This functionality was

implemented in application interface AIF that cuathg allows e.g. the following

operations:

* Accessing input voltages and output currents of $&Gnulated using HB. This
is needed for fitting the polynomial nonlinear mizde

* Filling and adding components and component valuédse device matrix.

* Running HB and AC analyses with given parameters.

» Drive (or sample) a selected VCCS with any kindngiut using HB (maintaining
the order of the analysis and using the existimg$d. This can be used to reduce
the correlation of driving signals in some harditomulti-port VCCS. This is
discussed in more detail in section 5.

* Running many other APLAC-internal functions.
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While AIF is well suited for this kind of joint delopment, it still reveals some details of
the simulators internal data (for example, thecétme of the device models). Hence, it
will most probably not be publicly available.

4 ... and some complications

Despite the quick progress enabled by inherent V®@a@sed modeling and the AIF
interface, some partially surprising problems sitherged, and caused some additional
coding. As these effects are expected to be contmaenost simulators, they are listed
here.

4.1 Calculation of the VCCS current

In normal HB simulation, the solution consists @ctor of node voltages, and branch
currents that are used to fill and iterate KCL emuns. Branch currents are normally not
measured or stored, but the polynomial fitting used/oHB requires that both the

controlling voltage and output current spectraarailable. Hence, after the solution of
the node voltages, one additional evaluation of Wl®CS sources’ |-V functions was

needed to calculate and store the output curreatspn of each nonlinear source.

4.2 Multi-input VCCS

In the earlier prototype implementation of VoHB ,eoitwo, and three-input polynomial

sources were used and fitted. While debugging thieent implementation, it appeared
that in most device models quite many of the VC@&®ents had more than three input
voltages. Not all of them are really affecting Hmurce, but are a result of the form of the
function used to evaluate the source: often, sévwapat signals are used to calculate a
couple of circuit parameters at the same timesuoh a case, say, two of five input
signals may affect one VCCS, and the remaining tmesther one.

The multitude of input signals may cause errangesslts, when the VCCS is fitted
using data that is not really affecting its openatiOne quick way to eliminate excess
control signals was found by checking the pardetivatives of the currents: if the
partial derivative with respect to the studied ag# is zero (or very small), no
polynomial coefficients are fitted for that contnltage. This helped to minimise the
number of inputs to those that are really signiftca

Another problem is related to the fact the analitself does not use any information of
the model structure, but we have to rely that therce names originally given to the
model-internal VCCS are meaningful to the user.oAlsany of the control signals are
voltages of internal nodes of the device model, hadce not exactly same nodes as
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device gate and drain nodes, for example. Alsoptder of the input voltages may vary
in function calls, making it difficult to track whanput is related to gate or drain, for
example. This problem was partially solved so thatinput signals were sorted by their
relative strength, so that the dominant contrgbi¢slly related to base or gate voltage) is
treated first, and the remaining in descending ortlleis is also used to adjust the model
order: the highest order polynomial is given te thost dominant input, while the order
of the less significant inputs can be reduced.

5 Further aids for the polynomial fitting

Deliverable D2.9 concentrated much on the numepecablems of fitting a multi-input

polynomial source, where the higher order spectmnaetate strongly. For example, a
Chebychev type expansion was used to break dowrcdhelation of higher order

spectra.

One thing that can not be solved by scaling or ifferént series expansion is the fact
that the different control signals really correlatehis happens naturally e.g. in the gm
element of a quite linear amplifier. In such a ¢abke fitting matrix will be close to
singular, and the fitted polynomial coefficientsynee unreliable.

To avoid this problem, the previous approach waadid an orthogonal test signal in the
output of the amplifier (see Fig. 1), but this gamt be easily done in a multi-device,
multi-stage amplifier, for example. Instead, a roelttior independent characterisation of
each VCCS was built.
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Figure 1. Vgs-Vds correlation in an LDMOS ampliféniven by a) a normal 2-tone test,
b) a 1-tone input, 1-tone output test, c) a 2-topeit — 1-tone output test. [3]

The new fitting procedure (called frequency sang)lioperates as follows:
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» first, a harmonic balance simulation is run to recthe signal amplitudes or
trajectories around the VCCS elements

» if VCCS control signals correlate badly (this che verified e.g. by calculating
the condition number of the fitting matrix), theesfral content of the inputs can
be changed by modifying the amplitudes of the exgstones

» so far the best techique seems to be to add staeahat adds a low-frequency
beat signal, broadens the signal trajectory, besdwwt considerable increase the
maximum amplitude.

Various combinations of tones were tested, conagng on small output-of-band
signals. As an example, the original highly cortiaa VGS-VDS trajectory is presented
in Fig. 2 a). It can be seen that the trajectoryeis/ narrow, as VGS and VDS correlate
strongly.In Fig. 2 b)-c) the 15 Vpp VDS voltagenwdified by adding a 4M90° to the
envelope tone, to the 2nd-harmonic tone and to, wepectively. It can be seen in each
case, that the condition number is reduced sigmifly as the data trajectory has wid-
ened.

Care is needed in modifying the inputs, thoughtHa above example, the average
accuracy of the output current spectrum of the mpmtyial model decreases 6-12 percent
units. This is a symptom of characterising the VQ@8er different conditions where it
is actually used — in short, the output peak-tokpe@aplitude increases too much when
adding the new exitations. In the current impleragah of this frequency sampling
procedure the amplitude and phase at envelop®an2 3rd harmonics are searched for
strongly correlating VCCSs by minimizing the comaiit number, average and standard
deviation of the fitting accuracy. In practise, c@leo needs to limit the excess signal
amplitude so that the VCCS still operates in thmesaegion of operation. This can be
tracked from the relative strength of the harmanaecsl 5-10% increase in overall peak-
to-peak amplitude can serve as a safe startind.poin
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The cost of this per device frequency sampling fittidg is increasing simulation time.
Hence, it is applied only when a VCCS has sevaratrolling controlling inputs that are
really affecting the output currents of the VCCSJ ahthe condition number of the
polynomial fitting matrix is high enough.

6 Validation results

6.1 transAmp LNA results

In order to test the VoHB technique in multidevaealysis the transAmp test circuit
provided by Qimonda was set up in APLAC. The tramgAcircuit includes two NMOS
device modeled by BSIM3 model that has not beenl uise/oHB before — also, this
circuit is a (minimal) multi-device circuit. In tHest case the 2-tone input signal close to
compression (-15 dBm) was applied to the transAirquit and the response at the node
Output was observed. The total IM3 distortionhegt dbutput of each nonlinear VCCS is
shown as a vector plot in Fig. 3. It can be seea tie Ids of Q2 transistor (the input
NMOS) is causing most of the IM3, while Q2.QgateG&) is the second largest
contribution. The polynomial approximation agreathwiB within 5.4 % which is good
considering that the device is almost in the cosgiom region. The simulation time is
around 800ms.
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Fig. 3 The total IM3 distortion of each nonlinear VCCS at the Output node.

The more detailed view of IM3 generated by the Hd8rce of Q2 device is presented in
Fig. 4. It shows that IM3 is caused by a strongicuionlinearity of the ¥ controlling
input (v (KO30V030) ) and a very large contribution that is mixed frbaseband to
the fundamental band via quadratic input nonlirggl/( KO20MD1) ) . In addition, the
distortion mixed to fundamental band from 2nd hamadand Y( KO20ML2) ) is rather
strong. The notations used show the form of the/mmohial nonlinearity (e.g. K020
means quadratic form in thé%nput or gate) and the mixing harmonic bands (0=DC
1=fundamental, 2="3 harmonic, and so on).
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Fig. 4 The IM3 contributions of Ids source of Q2 at the Output node

6.2 Other test structures

Several other test circuits of the VoHB analysisvendeen built for verification,
debugging, and also for circuit design purposegs€hnclude:

* Doherty type power amplifier

* mixer core

* micro-mixer transconductance stage

» basic current mirrors and diffential pairs

* macro-model of a current-switching DAC.
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7 Summary

This deliverable showed how the VoHB distortion trinution analysis was extended to
operate in multi-device circuits and with multitud# device models. This was
accomplished by the application interface AIF inmpdmted for the APLAC simulator by
AWR-Aplac and TKK-AALTO, through which we can nowaess all nonlinear devices
and VCCS'’s of the circuit and enables to fit théypomials that are used to calculate the
distortion contributions as well as mixing gains AlF operates below the device model
level, the implementation is independent of theduskevice models. The current
implementation of VoHB is not limited by the sizétbe circuit. VOHB can be pretty
easily used to pinpoint the devices that cause wio#te distortion which can then be
analysed in more detailed.

The main difficulties still lie in the fitting dif€ulties in multi-input sources. A frequency
sampling method was implemented, that allows toifpdte spectrums (especially the
difference frequency beat tone at the output of- ar2more input VCCS) used for

polynomial characterisation. This has been showmimove the numerical ease of the
fitting, but care is still needed to maintain theermting conditions of the VCCS: the
perturbation needs to be large enough to breakngmet-output correlation but small

enough not to overdrive the circuit.

The implemented VoHB has been verified by two tastuits available by the project,
and analysis of several other test circuit willlkbported later in scientific publications.
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