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ABSTRACT OF THE THESIS
NONLINEAR MODELING OF RADIO FREQUENCY CIRCUITS TO&TIMATE
THIRD-ORDER NONLINEAR DISTORTIONS.
by
Ramakoti Reddy Kalli
Florida International University, 2008
Miami, Florida
Professor Jeffrey Fan, Major Professor
The purpose of this thesis waspi@sent a novel, frequency domain models applidable
modern communication systems to describe the tmde+ intermodulation and harmonic
distortions in high frequency environment using téola series. Three basic behavioral
model structures, including a frequency shapinglbland a resistive nonlinear gain
block are analyzed algebraically and experimentdifferent cascade strategy is also
discussed for each model proposed. A model ordeluctn technique (Pade
approximation) was employed to speed up the simomaprocess. The run time
comparison of reduced order models was compardu fwit method for the RF mixer
with roughly 168 times speed up. When compared thighfull model, the analysis on the
accuracy of the proposed models showed that theopeal Model A provided relatively
more accurate results for harmonic distortions%®.8ompared to the proposed Model B
(10.3%), whereas the proposed Model B providedtively more accurate results for
intermodulation distortions (7.3%) compared to f@reposed Model A (9.6%). The
proposed compositional Model C achieved the mosurate simulation results of

intermodulation and harmonic distortions with 2.5a#@ 3.2% error.
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CHAPTER 1

INTRODUCTION

1.1 Distortions

The quality of analog top-down design médithlogies in modern communication
systems is influenced heavily by the quality of migdavailable at a high level of
abstraction. At the communication system levelcedht behavioral models are required
to evaluate performances and interactions withdibegal side. When considering Radio
Frequency (RF) circuits, non-linear effects becomere involved and have to be
accounted for using the Volterra theory [3] [4]offr a practical point of view, direct
implementation of the Volterra series to behavi@iatulation starting from simulation
data is a time-consuming task. A more structurahioc to generate a behavioral model
that exhibits a consistent high frequency behawiay be based on simple models whose
structure accounts for RF non-linear effects. Aaigtitforward example may be
represented by a non-linear characteristics foltble a frequency shaping linear filter.
Such a model in communication systems might actugille accurate results for both
intermodulation and harmonic distortions at higlegfrencies. However, as model
complexity increases, the parameter extractiondasesimulation could be extremely
difficult and time-consuming [1] [13]. Therefore,oatel order reduction techniques are
used to speed up the simulation process. Modelr gathiction techniques have been
widely applied in the fast simulation of large lameand nonlinear systems, such as VLSI

interconnect circuits, high speed clock networkajlm®ar analog RF circuits and MEMS



systems etc. In the case of nonlinear systemsijfepemdel order reduction techniques
have been analyzed [9] [10] [14].

Distortions are created by only one thingnlinear transfer characteristics of a
device. A distortion is the alteration of the onigi shape (or other characteristic) of an
object, image, sound, waveform or other form ofoinfation or representation.
Distortion is usually unwanted. In some fields,taliBon is desirable, such as in the use
of an electric guitar [1] (where distortion is aftenduced purposely with the amplifier or
an electronic effect to achieve the electric gsi@esired, electrifying, aggressive sound).
The slight distortion of analog tapes and vacuubesuis considered pleasing in certain
situations. The addition of noise or other extrarsesignals (hum, interference) is not
considered to be distortion, though the effectgligfortion are sometimes considered
noise.

In telecommunication and signal processiag,noise-free "system" can be
characterized by a transfer function, such thabottputy(t) can be written as a function

of the inputx as

y(®) = F(x(t)) (1.1)

When the transfer function comprises only a pergai constanf and perfect delay

y(t) = Ax(t- T) (1.2)

The output is undistorted. Distortion occwien the transfer function F is more
complicated than this. If F is a linear functiony instance a filter whose gain and/or

delay varies with frequency, and then the signdll experience linear distortion. Linear



distortion will not change the shape of a singleusoid, but will usually change the

shape of a multi-tone signal.
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Figure 1 Behavior of a signal passed through varaistorting functions [1]

The above figure shows the behavior of aaigmade up of a square wave followed

by a sine wave) as it is passed through variousniisg functions.

The first trace shows the input. It alsmwh the output from a non-distorting
transfer function (straight line). A high-passédilt(second trace) will distort the shape of
a square wave by reducing its low frequency comptmeThis is the cause of the
"droop" seen on the top of the pulses. This "pulstortion” can be very significant
when a train of pulses must pass through an ACledufhigh-pass filtered) amplifier.

As the sine wave contains only one frequencyhi#gps is unaltered.



A low-pass filter (3rd trace) will round the pulsey removing the high frequency
components. All systems are low pass to some exiwie that the phase of the sine
wave is different for the low pass and the highspesses, due to the phase distortion of
the filters. A slightly non-linear transfer funatio(4" trace), this one is gently
compressing as may be typical of a tube audio diplvill compress the peaks of the
sine wave. This will cause small amounts of lowesrlarmonics to be generated. A
hard-clipping transfer function {5trace) will generate high order harmonics. Pafthe
transfer function are flat, which indicates thdtiaformation about the input signal has

been lost in this region.

1.2 Linear Transfer and Nonlinear Transfer

Any time a signal passes through a dewasdpng as the shape of the output signal
is identical to the shape of the input signal, afigal or not, the device is considered to
be linear. Changes in signal amplitude do not erdatortions, only changes in the shape
of the waveform. Any time a signal passes througlewce and the shape of the signal
from the input to the output is changed, the deisamnsidered to be nonlinear. The type
and amount of change relates directly to the amandttype of distortion created. So to
summarize, linear devices create no distortion, mowalinear devices create distortion.
Period! [1]

The best way to understand and explain Hstortions are created in a nonlinear
device is to analyze harmonic distortion. Harmodistortion is understood best by

analyzing a single Continuous Wave (CW) signal jpgsthrough a nonlinear device [2].



This is because no matter how complex a waveform ¢an be recreated by combining
a number of continuous waves at different frequesigphases and amplitudes. As shown
in Figure 2, a CW signal or any waveform will bdeated in one of two ways when

passed through a nonlinear device designed to @p@ra linear fashion. At the output:

1. Both the positive and negative peaitish& rounded off (flattened).

2. One peak will be expanded (stretclaen) the other rounded off (flattened).

AUt - = - Perfect
S WEe

Both paak=s
SO preRSaecd
This es Frc

Dt prast

Chrwee Paoak
comprassed, one
stretcied
This Znd crdar

distorscm
Churtprast — -

Figure 2 Effects of passing through a nonlineanackefl]

1.3 Research Problem

Circuit linearity is one of the most impammt design specifications for RF
communication systems as it limits a system’s dyinalange. In these communication
circuits, nonlinear distortion is usually orders mfignitude smaller than the desired
response. However, meeting the stringent desigafggions on linearity, e.g., the total

harmonic distortion and the third-order input-icit point, is often a challenging task.



Although the overall circuit linearity can be wefiredicted by detailed circuit
simulations, design insights are often difficultdbtain due to the complex frequency-
dependent nonlinear behavior caused by multipldimearities. The need for analyzing
time-varying systems, such as RF mixers, furthenglates the situation, as the system
response is distorted under wanted frequency ttask.

Deriving hand-analysis expressions for m@ar distortion is very difficult, if not
impossible, and requires significant approximatidnstead, an automated approach with
a “distortion diagnosis” capability is highly desnle for minimizing the number of
design iterations during the circuit-level desidrage. In such an approach, the individual
distortion contributions due to specific nonling@s in a circuit are extracted, and the
identified dominant distortion sources can be usegliide the design effort. Importantly,
any such distortion analysis capability should bstegrated into a standard
analysis/simulation environment, and must be coiblgatvith widely used advanced

device models.

1.4 Research Goal

The first goal of this research is to present prgtrictures to simulate nonlinearity of
the signal processing in communication systemdatbehavioral level. For example,
some mixers can be analyzed and modeled by usingpy@MS or Simulink. However,
the accuracy, speed, and limits of the models babe analyzed. An important aspect to
consider in signal processing is the efficiencyegfraction of nonlinearity parameters
from simulation data. Two basic frequency domaindetostructures including a

frequency shaping block and a resistive nonlinearn gblock are analyzed. A



compositional model is also proposed and diffei@adcade strategy is discussed. The
second goal of this research is to set up a flexasld efficient simulation strategy to

extract behavioral model parameters directly fromgimulation results.

1.5 Significance of Study

Intermodulation distortions and harmonistditions are key issues in the design of
many types of communication circuits. IntermoduatiDistortion (IMD) can wreak
havoc in modern wireless communications systemse.bEtter it is understood, the better
its effects can be minimized. This study of IMD ekplore the relationship between the
intercept points (a different way to present thi@rimation of harmonic distortion) and
the coefficients of the polynomial (Volterra sejidbat is used to model the transfer
function of an amplifier. Increasingly crowded spam brings with it greater possibility
of interference. As a result, system designers sirving to reduce interference
susceptibility, for example, through improved linga A system's linearity governs how
much IMD will occur within it, which in turn can eate interference. Through improved
linearity of the system building blocks, the overalsceptibility of a system to
interference can be decreased. The study in higisig gives accurate results for both
intermodulation distortions and harmonic distorioat high frequency and both
specifications are insightful in regards to theeleof order of distortion in circuits and
help the RF designers to analyze their designss Thesis is intended to design new

techniques for analog RF design with low distorsi@md high dynamic range.



1.6 Methodology

Two basic model structures including a frequencgpsig block and a resistive
nonlinear gain block are proposed. The nonlinearéyg be well described by the first
three terms in the power series. It implies thathadher order term contributions to
distortions are negligible. The basic models arectiired to be consisted of a resistive
nonlinear gain block and a frequency shaping blecd. linear passive filter). The idea is
that we orthogonalize the frequency dependent neatity into two independent
behavior blocks. One is the frequency independentimear gain block, which models
the nonlinearity dependency on signal levels (atmgéis). The other one is a frequency
shaping block, which captures only the behaviorfreiquency dependency of the
nonlinearity.

Initially to reduce the higher order nonkniées, in the Model-A, a resistive
nonlinear gain block is cascaded before a freques@ping block. In the Model-B, a
resistive nonlinear Gain block is cascaded aftefrequency shaping block. A
compositional model (Model C) based on aforemesetiotwo methods is analyzed
experimentally. Volterra series is used to descnibelinearities of the proposed models.
How ever as model complexity increases, calculatbriransfer functions (Volterra
kernels) is a time consuming. A model order redurctechnique (Pade approximation)
[9] is employed to speed up the process. The pexposodels are simulated in Spectre
RF simulator and the results are compared withrfdtel. The analysis on the accuracy

of these proposed models will be discussed indkelts section.



CHAPTER 2

VOLTERRA SERIES

2.1 What is Linearity and Nonlinearity

All electronic circuits are nonlinear: this a fundamental truth of electronic
engineering. The linear assumption that underliestmmodern circuit theory is in
practice only an approximation. Some circuits sashsmall signal amplifiers, are only
very weakly nonlinear. In these circuits, nonling@s are minimized. Other circuits,
such as frequency multipliers, exploit the nonlnitess in their circuit elements; these
circuits would not be possible if nonlinearitiesl giot exist. In these it is often desirable
to maximize the effect of nonlinearities, and evemminimize the effects of annoying
linear phenomena. The problem of analyzing andgdéesy such circuits is usually more
complicated than for linear circuits [2].

The statement that all circuits are nordime not made lightly. The nonlinearities of
solid-state devices are well known, but it is neherally recognized that even passive
components such as resistors, capacitors, andtorduevhich are expected to be linear
under virtually all conditions, are nonlinear iretlextremes of their operating ranges.
When large voltages or currents are applied testas, for example, heating changes
their resistance. Capacitors, especially those nmddgemiconductor materials, exhibit
nonlinearity. Even RF connectors have been foungkteerate intermodulation distortion

at high power levels: the distortion is caused hy nonlinear resistance of the contacts



between their dissimilar metals in their constraucti Thus, linear circuit concept is an
idealization, and a full understanding of electcowircuits, interference requires an
understanding of nonlinearities and their effe2is |

Linear circuits are defined as those foriclwhthe super position principle holds
good. Specifically, if excitationsixand % are applied separately to circuits having
responsesiyand ¥y, respectively the response to the excitation+abhx is ay + by,
where a and b are arbitrary constants which mayebkeor complex, time invariant or
time varying. This criterion can be applied to erthircuits or systems.
The definition implies that response of linear, dimvariant system includes only those
frequencies present in the excitation waveformsusTHhinear, time-invariant circuits do
not generate new frequencies. Time-varying circgégaerate mixing products between
excitation frequencies and frequency componenttheftime waveform. As nonlinear
circuits usually generate a remarkably large nundbarew frequency components, this
criterion provides an important dividing line beewelinear and nonlinear circuits.

Nonlinear circuits are often characterized either strongly nonlinear or weakly
nonlinear. Although these terms have no precismitiehs, a good working distinction is
that a weakly nonlinear circuit can be describethvadequate accuracy by a Taylor
series expansion. This definition implies that ttlearacteristic is continuous, has
continuous derivatives, and, for most practicalppges, does not require more than few
terms in its Taylor series. Additionally we assutinat the nonlinearities and RF drive are
weak enough that the DC operating point is notusked. Virtually all transistors and
passive components satisfy this definition if tixeiation voltages are well with in the

components normal operating ranges. If the cilisuiteakly nonlinear, relatively straight
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forward techniques, such as power series or Valtegries analysis can be used. Strongly

nonlinear circuits are those that don't fit theidiéion of weak nonlinearity, they must be
analyzed by harmonic balance methods [2]

In general, distortion is one of the mamportant undesired effects that appear in
analog circuits due to nonlinearities, which havangnsources in integrated circuits. In
mixed-signal integrated circuits most of the fuoos are implemented in the digital
domain, leaving the analog designer with tough ifjgation to design analog circuits.
Thus simply relying on the first-order analysis nrayt be enough. Thus exploring the
analog circuits’ nonlinear behavior is a must. Alspanalog RF front-ends non-linearity
becomes a very important issue, since the amplibfidlee received signal may vary over
a wide range depending on the distance betweenrdansmitter and receiver. If the
circuit exhibits nonlinearities, this will generateigher order components called
harmonics. On the other hand, if the desired signamall such that it doesn’t saturate
the receiver circuits a near-by out-of-band intenfenay generate an undesired in-band
component. These components are denoted as intelatiod products.

Distortion has been analyzed using diffetenhniques in the literature [3] [4]. The
Volterra series is the most popular symbolic mettwodnalyze distortion. It combines the
theory of convolution and Taylor series expansiorexpress non-linear systems with
memory. It's a powerful technique, yet complicatédeaking the non-linear system
down into an infinite parallel sub-systems: a linsab-system, a second order sub-
system, a third order sub-system, to an infinitdeorsubsystem, depending on the

accuracy one needs.
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2.2 Power Series

Power series, also referred as Taylor seigedhe most widely used model to
describe the nonlinear transfer function of an ega&ircuit. It represents nonlinearity in a

polynomial form, such as

S =aS +a,5°+a,S° a,s" (2.1)
At low frequency, the parasitic capacitances ari¢tances are negligible. Hence, the
circuit contains only resistive nonlinearity andaisnemory-less system. It means that the
instant response of the circuit does not depena ifggrevious history. In power series,
all the coefficients aay, ... a, are frequency independent, which lead to somelsilmyt
useful mathematical relations between distortiorsgmitude and input signal level.
Because all the nonlinear coefficients in a powares are frequency independent, the
model can not describe the frequency dependencheofdistortions. An example is

shown in Figure8 to illustrate that distortionseed varies as frequency varies. In order

to model high frequency nonlinearity, one has t® dslterra series based models.

2.3 Volterra Series

The Spanish mathematician Vito Volterra first imtnged the notion of what is now
known as a Volterra series. The first major appiccaof Volterra's work to nonlinear
circuit analysis was done by the mathematician Bdr/iener at M.I.T., who used them
in a general way to analyze a number of problengduding the spectrum of an

Frequency Modulation (FM) system with a Gaussiarsendnput. Since then, Volterra

12



series have found a great deal of use in calcglamall, but nevertheless troublesome,
distortion terms in transistor amplifiers and otBgstems.

Volterra series provided a basis for modgland simulation in wide variety of
disciplines. It has been used in the field of bggido model the thermal dependency of
the heart rate, and the properties of the audisystem. In the field of nonlinear
hydrodynamics, it has been used to study the sidpflat form motion and stabilization.
In addition to hydrodynamics, other mechanical sagring problems have been studied
using Volterra series including elastomeric propsrtand structural mechanics. It has
been used to study optical and magnitude propestiesaterials.

Volterra series has been extensively userauit design, often tailored for specific
application. For example, oscillators, power cosi@mr systems, transconductance-
capacitor filters, operational amplifier, diode @&, hard- limiters, radio receivers and
traveling—wave tubes have all been analyzed usiolgeka series. How ever the most
extensive use of Volterra series has been analynicgp wave amplifiers. Most of this
deals with convergence properties, a condition wh¥blterra series exists. The
frequency domain form of Volterra series forms thasis for behavioral modeling

techniques developed in this thesis.

2.3.1 Basics of Volterra Series

Circuit designers prefer to work with linear modelscircuits but more accurate
models which take into account the nonlinearites icircuit are often required. Many

practical circuits can be assumed to behave in @alyenonlinear way, and under this

13



condition, closed form expressions for the nonlittgaan be obtained using the Volterra
series. The Volterra series is a Taylor series $iraplifies to a power series when the
system is memory less. Volterra series is a gemataln of power series. It does not
assume that the coefficients are frequency indegr@ndhs the amplitude of the input
increases, the magnitude of the higher order commsnwill increase more quickly than
the lower order components. For weakly nonlineacutis in signal processing that is
excited by small signals, usually only the firsteth terms are retained. The nonlinearity
approximated by the linear behavior induces harmand intermodulation components.
As we know that the Volterra series for a circsigenerally represented as a summation
of nth order operators [13]. It describes a sigamla summation of the linear behavior,

the second order behavior, the third order behasiwd so on. That is,

y(teax () +apx?() +aC(t)+ oo (2.2)

Note that as the amplitude of the input x{freases, the magnitude of the higher
order components will increase more quickly thaa tbwer order components. For
weakly nonlinear circuits that are excited by snsadjnals, usually only the first three
terms are retained. You can think of the nonlirtgaas being approximated by the linear
behavior and made more accurate by a squared detl @dpmponent. The squared and
cubed products in the nonlinearity give rise to nimamic and Intermodulation
components. Using the Volterra series, closed faxpressions for the different
distortion components can be found [4]. This gites designer insight with regard to

improving circuit performance.
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The Volterra series for a circuit is generally esented as a summation df order

operators
y(®) = Hx(®] = kx(®)] + Ha[x(t)] + Halx()] + ... + He[x(D)] + ... (2.3)

Where

HIXOT= oo A DX (- 1) (- £,)dE,.dE (2.4)

The Laplace transform of th& order Volterra kernel At1,...,t) is represented by
Hn(sy,...,$) and can used to calculate the magnitude of distorcomponents. The
representation of the nonlinearity as a summatfaperators of different order operating
on a signal allows us to examine the contributibeach order individually. Dominant

contributions can then be easily identified andyze.

De
OPERATING
POINT
SUM OF
LINEAR TERMS
Hi(h)
SUM OF
2 nd ORDER TERMS |
Hy(fr. )
) — SUM OF } Y
3rd ORDER TERMS |
Hyl fi. fo. [3)
SUM OF Yu(f)
N th ORDER TERMS
Hylfio foro oo fv)

Figure 3 Block diagram representation of the Volteseries [3]
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2.3.2 Time Domain Volterra Series
Time continuous time domain expression for the ouft) of a function described by

Volterra series with input x(t) is

y(t)= v, () (2.5)
Where
+¥  +¥ +¥ n
y,(t) = oy _¥hn(z‘l,z‘2,..1‘n iF:’lx(t— t,) dt,dt,..dt, (2.6)

The nth order Volterra kernel ib,(¢,,¢,,..Z, @nd is not unique unless some further

n
restriction is applied. Requiring that, be symmetric can be done with out loss of
generality and results in unique set of Volterrenkts for a given system. This restriction

is usually applied.

2.3.3 Frequency Domain Volterra Series
The n-fold Fourier transform of the Voltrkernel is known as Volterra nonlinear

transfer function, K

Y +Y

+Y .
H (f,f,,..f)= oy hn(tlitz,"fn)e-sz(fltl+f2t2+ ..... f"t")dfldfz---dfn @2.7)

Using the Fourier transform the above equation lmamused to give frequency domain

description of i order output ¥(f)

Vo= | o DHA(f f £ )d(F - £ - ) P X(f,) dfdf,..df, (28)
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Fig 3 gives graphical representation of frequenasndin calculation of the output. The
output of each order calculation is summed to gneeoutput of the system. The output
of each order calculation is calculated from fregryedomain description of the input
and Volterra nonlinear transfer function correspogdto that order. The "0 order
calculation is just the DC offset for zero inputida represented by value of th& érder
Volterra nonlinear transfer functionogHWe have chosen frequency-domain Volterra
kernels over time-domain Volterra kernels and Widdenels for two reasons. The first
is that it is easier to accurately measure frequemmnain kernels than time-domain
Volterra kernels when the nonlinearities are sullecond and more important, we are
usually interested in frequency domain Volterrankds precisely because they have an

intuitive interpretation: for exampleH,(jw,- jw,) is a measure of the second-order
difference intermodulation gf;, andjw, , While a similar interpretation exists for time

domain Volterra kernels also. The Volterra kerragks assumed to be symmetrical in the
sense that changing order of the arguments doeshaotge the value of the system

output.

H,(f, f)=H,(f,,f) (2.9)
H, (- - £) = H (), ) (2.10)
H,(fi- 1)) =H,(f, T) (2.11)
Hy(f, f, f ) =H,(f, f. ) (2.12)

Ho(f,, fo, f)=H(f f. f, ) (2.13)
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Hy(f, fi F)) = H(f. £ f ) (2.14)
Hy (- f- f, f)=H,(F f f ) (2.15)
where the equations with superscript ** denotesamplex conjugate. Due to the

symmetric properties, we can consider only the aittaristics of the Volterra kernels in

the non-negative frequency region of the outputspd3].

2.3.4 Measuring Volterra Series Coefficients

Direct measuring of Volttera coefficiente anherently difficult because the high
order terms are so small that numerical noise afiestroys the approximation results.
This will be discussed in the following chapterfiother factor that affects the accuracy
of measurement is that the contribution of higheteo terms to lower order distortions.
Therefore, in order to make a good estimation ef distortion, we need to make the
coefficients to be measureable in the dominant geainthat frequency and exclude the
contributions of other coefficients as much as fmss For example, if we want to

measureH, (- jw,, jw,, jw,) , then we need to measure the 3rd order inter-natidul at

that frequency, any contribution from other coeéits should be avoided. It means we
need to carefully choose frequencies of input siga#&, so that the distortion terms are
at distinctive frequencies [3]. For instance, if al@ose a pair of input signals at 6MHz
(f) and 8MHz f;), then one of the third order inter-modulation gaments is at
frequency 10MHz (& —f;). However, such measurement includes the conioibsifrom
higher order terms at frequencyf,(3f,), which introduce errors into our measurement.

Though exhaustive simulations over a large numtarspof inputs in the desired
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frequency range are theoretically possible, andglnnterpolations methods may also
work in the nearby frequencies, it is still desieatp structurally explore the Volterra-
series-based modelBecause of the structusemplicity, we may be able to predict and

estimate the higher order distortions or coeffitsdmased on relatively fast simulations.

2.4 Harmonic Distortion

Harmonic distortion can be defined as alsitone distortion product caused by
device non-linearity. When a non-linear devicetimslated by a signal at frequency f1,
spurious output signals can be generated at thedmae frequencies 2f1, 3f1, 4f1,...Nf1.
The order of the distortion product is given by treguency multiplier; for example, the
second harmonic is a second order product, thd tlarmonic is a third order product,
and the N' harmonic is the R order product. Harmonics are usually measuredBic, d

dB below the carrier (fundamental) output signdl [5

‘ Fundamantal
Amplitude 3 3
x dBc y dBc

L

L

-
fy 21, at,

Fraquancy

Figure 4 Harmonic distortion
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2.5 Intermodulation Distortion

Intermodulation distortion is a multi-todistortion product that results when two or
more signals are present at the input of a noratingevice. All semiconductors
inherently exhibit a degree of non-linearity, evtiose which are biased for “linear”
operation. The spurious products which are gengmde to the non-linearity of a device
are mathematically related to the original inpgnsils. Analysis of several stimulus tones
can become very complex so it is a common pra¢tidemit the analysis to two tones
[5]. The frequencies of the two-tone intermodulatroducts can be computed by the
following equation

Mf;£Nf, where M,N=0,1,2,3..

The order of the distortion product is givey the sum of M + N. The second order

intermodulation products of two signals aamd & would occur atif+ fz, f2— f1, 2fiand

2f2

A

Amplituda

oy f fa 2, f+l 2
Fraquency

Figure 5 Second-order intermodulation distortion

Third order intermodulation products of the tworgts, § and §, would be 2f+ f,
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2fi— f, f1+ 2%, fi— 2% where 2fl is the second harmonic efahd 2§ is the second

harmonic of § Mathematically the ,)f — 2f; and § — 2f intermodulation product

calculation could result in a “negative” frequen¢iowever, it is the absolute value of
these calculations that is of concern. The absolatee of §f — 2% is the same as the
absolute value of 2f— f;. It is common to talk about the third order intedulation
products as being 2% f, and 2§ * f;. Broadband systems may be affected by all the non-
linear distortion products. Narrowband circuits ardy susceptible to those in the pass
band. Band pass filtering can be an effective waliminate most of the undesired
products without affecting inband performance.

However, third order intermodulation producare usually too close to the
fundamental signals to be filtered out. For examiplthe two signals are separated by 1
MHz then the third order intermodulation productdl we 1 MHz on either side of the
two fundamental signals. The closer the fundamesiggials are to each other the closer
these products will be to them. Filtering becomegpassible if the intermodulation
products fall inside the pass band. As a pracégample, when strong signals from more
than one transmitter are present at the inputeéor¢leeiver, as is commonly the case in
cellular telephone systems, IMD products will begmated. The level of these undesired
products is a function of the power received amlithearity of the receiver/preamplifier.

Third order products are of particular concernréasons discussed previously.
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Figure 6 Second and third-order intermodulationodisn

2.6 Amplitude Considerations

2.6.1 Harmonics

Harmonically related products have the abristic that their output level will
change at a rate exponential to the change ofningt isignal. The particular exponent is
the order of the harmonic product. For examplee@sd order product will change at a
rate that is the square of the change of inputagigrhe third order product will change at
a rate that is the cube of the change of the iggrial. For harmonic distortion, the
following formula shows the relationship [5].

M= aAcos ( t) + @A%cos (2 t) + aAcos (3 t) +......... (2.16)

Where g &, and g are transfer functions for the fundamental, secamd third
harmonic. ‘A’ is the amplitude of the input signalhe first term represents the
fundamental signal, the second term the seconddracnand the third term the third

harmonic. Note that the second harmonic is a fonctif the square of the input signal
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and the third harmonic is a function of the cubetlodé input signal. Consider the
following example: Assume that a 1 Volt input sigtel3 dBm, 50 Ohms) applied to a
device generates the following [5]:
10 Volt output signal (+33 dBm) at the fundameiftaguency f1
10 millivolt second harmonic at frequency @7 dBm)
1 millivolt third harmonic at frequency 3f1 (-47 dB Ideally, in the small signal
region, if the input is doubled to 2 Volts (+19 dBthen the following will occur:
The Fundamental output increases to 20V (+39 dBio)e the voltage change of
2 and the power change of 6 dB.
The second harmonic increases to 40 millivolts (elEBm). Note the voltage
change of 2= 4, 12 dB in power.
The third harmonic increases to 8 millivolts (-2Bna)). Note the voltage change

of 2°= 8, 18 dB in power.

‘ +39 dBm —

+33 dBm —L 6 d8 Change
Amaplitude
-15 dBm—

12 dB Change

-27 dém— -29 dBm—,
18 dB Change
-47 dBm
1 -
f, 21, af,
Frequency

Figure 7 Effects of level changes on distortionquas [5]
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2.6.2 Intermodulation Products

This (aforementioned) same relationshipdbakith intermodulation products. The
second order product will increase at a rate ofiipeit signal squared (or twice the rate
in dB) and the third order product will increaseaatate of the input signal cubed (or

three times the rate in dB). This relationship barshown by the following table.

Table 1 Relationship between intermodulation préslgoefficients and amplitude [1]

Type of Intermodulation productFrequency Amplitude

Second Order 1#f2 a ALAZ
f1-fo 2 AL.A>

Third Order 2f+f, a.ALA,;
2f1-f, a.Ar”A;
f1+2f, 8. ALAS
f1-2f, 8. A1LAY

Where A and A are the amplitudes of the two input signals. Ntitat the
amplitude of the second order intermodulation pobdsia function of the product of the
two input signals. If the amplitudes of; And A remain equal to each other then the
amplitude of the second order products is a functid the product of the two input
amplitudes, equivalent to the square of either @herefore, if both input signals change
by the same amount, then the second order interatoiu product will change by a rate
equal to the square of that change. Similarly,ttivel order intermodulation product is a

function of the square of one of the input signedpresenting the second harmonic, and
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the fundamental of the other applied signal. Ifhb&ignals are kept at the same level, then
the third order intermodulation product will trackanges to the applied signals by a rate

equal to the cube of the input change.

2.7 Third Order Intercept Point (TOI)

In telecommunications, a third-order inggtpoint (IP3 or TOI) is a measure for
weakly nonlinear systems and devices, for examptivers, linear amplifiers and
mixers. It is based on the idea that the devicdimearity can be modeled using a low
order polynomial, derived by means of Taylor segegansion. The third-order intercept
point relates nonlinear products caused by theoBdeér term in the nonlinearity to the
linearly amplified signal. The intercept point igarely mathematical concept, and does
not correspond to a practically occurring physipaiver level. In many cases, it lies
beyond the damage threshold of the device [17].

Two different definitions for intercept points areuse

Based on harmonics — the device is tessaugua single input tone. The nonlinear
products caused bith order nonlinearity appear attimes the frequency of the input
tone.

Based on intermodulation products — theiaeis fed with two sine tones with a
small frequency difference. Thath order intermodulation products then appean at
times the frequency spacing of the input toness TWwb-tone approach has the advantage
that it is not restricted to broadband devicesiarmbmmonly used for radio receivers.
The intercept point is obtained graphically by pfag the output power versus the input

power both on a logarithmic scale (e.g., decibélsyo curves are drawn; one for the
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linearly amplified signal at an input tone frequgnone for a nonlinear product. On a

logarithmic scale, the functiox translates into a straight line with slopenofTherefore,

the linearly amplified signal will exhibit a slofmé 1. A 3rd order nonlinear product will

increase by 3 dB in power when the input poweraised by 1 dB. Both curves are

extended with straight lines of slope 1 and n (3af@rd order intercept point). The point

where the curves intersect is the intercept pdintan be read off from the input or

output power axis, leading to input or output ioggt point, respectively (IIP3/OIP3).

Input and output intercept point differ by the shksadnal gain of the device.

a0 ——

20

A T

8

Output power(dBm)

-00——

Third-Order Intercept Point—

1 dB Gain Comprassion Point ] ]
/ —————__Third-Order Respons

/ Slope=3
11 /

=120

|
I
A am 0 4D 0 0 0

[nput power(dBm)

Figure 8 Third-order intercept point [17]
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2.7.1 Calculation of Third-order Intercept Point

The intercept point can be determined byasudng and plotting both the
fundamental signal and an intermodulation productaafew different input levels,
graphing the intercept point, and extrapolating ititercept. Since the power slope is
known for both the fundamental signal (slope ofathjl the third order intermodulation
product (slope of 3), the third order interceptrppaian be calculated by measuring both
the fundamental signal and the intermodulation pebdat just one input level, and
applying the following formula.

TOBR +|IPdBc / 2| (2.17)

Where TOI is the third order intercept point, Psuthe output power of the fundamental
signal, and IP is the level (in deco) of the intedulation product relative to the
fundamental (Figure 7). For example, if a devicdrigen by two signals,fand §, at an
input of +10 dBm each, with a resulting IP of -4Bnd, then the calculated value for

output TOI would be +35 dBm.

A -

Amplitude 1 i

IP g

bl P fy fa 211,
Frequency

Figure 9 Third-order intercept point calculation
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TOl = +10 dBm + |(+10 dBm-~— [-40 dBm]) / 2|

= +10mdB- (50 /2)

= +35mB
While it's important to take the data with the dmviin the linear region, from the
standpoint of practical intermodulation distortimeasurements, the products should be
as high above the noise floor of the measuringageas possible. Using the previous
example, if the input power is dropped 10 dB toBdngl the third order intermodulation
product will drop by 30 dB to -70 dBm. While theladation still yields +35 dBm for
the third order intercept point, making an accumeasurement of a signal at -70 dBm is

much more difficult than one at -40 dBm.
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CHAPTER 3

REDUCED ORDER MODELING

3.1 The Need For Reduced Order Modeling

As Very Large Scale Integrated (VLSI) teclogy advances into the sub-100nm
regime with increased operating frequency and desee feature sizes, the nature of the
VLSI design has changed significantly. One fundamaeparadigm is that parasitic
interconnect effects dominate both the chips peréorce and design’s complexity
growth. As feature sizes become smaller, theirtelatagnetic couplings become more
pronounced. As a result, their adverse impactsi@uit performances and powers will
become more significant. Signal integrity, crodstadkin effects, substrate loss and
digital and analog substrate couplings are now rapdevere complications to design
methodologies already stressed by increasing desaoets. It is observed that today’s
high performance digital design essentially becommeslog circuit design as there has
been a need to observe a finer level of detail12].

In addition to dominant deep submicron &fgthe exponential increase of device
counts causes a move in opposite direction: we meedcrease the increasing design
abstraction levels to cope with the design capagiowth. It was widely believed that
behavioral and compact modeling for the purposesyrfthesis, optimization, and
verification of the complicated system-on-a chig &able solutions to address these

challenging design problems.
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3.2 Asymptotic Waveform Evaluation (AWE)

In AWE explicit moment matching was useddonpute the dominant poles via Pade
approximation. The AWE algorithm used the momemicept to control and measure the

accuracy of the reduced and original system.

3.2.1 Recursive Moment Computation
For a general linear network, we can appbdiiied nodal analysis to formulate it in

the state space equation form

GX(t)+C X(t) =But ) (3.1)

Y(t) = L™ X(t) (3.2)
Where G and C are the conductive and storage etematnices; B and L are the input
and output positions matrices and state variablesarx be nodal voltage or branch

currents. Upon applying the Laplace transformatainthe state equation, the state

equation in the s domain
GX(s)+sCX(s)- CX(0) = BU(s) (3.3)
Y(s) = L' X(s) (3.4)

Assuming initial Condition is zero, X (0) =0, angetimpulse response is applied, the

state equation will become
(G+sC)X(s)=BU 5B
Y(s) = L" X(s) (3.6)
Expanding X(s) using Taylor’s series at s=0, weawobt

(G+SC)(X, + %S+ X,8° +..+ X ;89 +..)=B (3.7)
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The state Moment computation formula in a recurfwve

X, =G 'B
X, = -G 'Cx,
X, =-G'Cx_, Fori>0 (3.8)

Notice that G- means, Gx=b is solved. The lower and upper trirgmatrices (LU) is
performed on G=LU. The Use of L and U matrices ltssitn moments sequentially.
Typically we only need few orders, say ¢, of momsefdr achieving the required
accuracy. As a result using moment matching meibofster than integration-based
numerical analysis [14].
For the output moments, which actually are the mamef transfer function:
H(s) = L' (G+sC)'B 3.9)
The moments prare related to the state moment by
m= L'x; (3.10)
As a result the transfer function momentaan be directly computed in recursive way
X, =G 'B;m, =L"X,
X, =-G 'Cx,;;m, = L' X,
X, =-G 'Cx;m, =L"X; fori>0 (3.11)
In general ith block moment is given by

m=L"(-G'C)'G'B (3.12)
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3.2.2 Pade Approximation
The idea of Pade approximation is to appnate a transfer function H(s) by an
order-limited rational transfer functiongHs), where q is the order. Specifically after
moments are generated, a general multi-input rouliput (MIMO) transfer function H
(s) is represented as a Taylor series expansiom doithe block moment form.
H(s)=m, +ms+m,s’ +..... (3.13)
Where mis the ith block moment of the circuit, and
m=L"x; (3.14)
Where xis the ith block moment vector. Once the momepiesion is available, a Pade
approximation is calculated. For qth order appration, 29 moments must be
computed. Without loosing generality, we considesirgyle-input single-output transfer
function at entry (p, q) and letim mpqfor I =0, 1, 2,, the scalar moment expansion
then can be written as
Y(s) =m, +ms+m,s® +...m, s> (3.15)
Then we can use a qth Pade approximation raticaxasfier function {s) to match H (s),

P(s) _ 3 tas+a,s’+ +a,,s"

H(s) = = 3.16
) Q(s) 1+bs+b,s*+ +b,se (3.16)
Such that they agree on the first 2q terms in tbenent form, i.e.
H(s) = H(s)+O(Y) (3.17)
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3.3 Nonlinear Model Order Reduction

Over the past decade, a large body of warknoodel order reduction of IC
interconnect has emerged from the design automatormunity. The purpose of model
reduction is to generate models that are of ordemmagnitude smaller than the original
system, while accurately approximating the inputpati relationships of the original
system. There are numerous applications, howevkeravabstracting transistor-level
circuit details that include important weakly nowdar effects into a compact macromodel
is important.

For instance, in RF communication IC desipere is a growing interest in
extracting efficient circuit-level models which azapable of capturing system nonlinear
distortion. While circuit blocks in these applicats often exhibit weak nonlinearities, the
design specification for linearity is often extrdynémportant and very stringent. As
depicted in Fig10, building compact black box typacromodels that accurately capture
nonlinear input—output correspondence not onllifates efficient repetitive simulations
of the circuit component being modeled, but alsabées the entire-system verification
that would otherwise be impossible. In terms oflim@ar model generation or reduction,
symbolic modeling of weakly nonlinear circuits hbasen used to build system-level
models [8]. The underlying mathematical descriptgomployed is Volterra series and the
resulting model is in a block-diagram form suitafe signal-flow type simulation using

tools such as Matlab Simulink.
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Figure 10 Macromodeling of nonlinear circuits [8]

In a different direction, transformationsied model order reduction techniques have
been stimulated by the progress made for modelrorel@uction of large linear IC
interconnects in the past decade [10] [11]. A piese-linear approximation based
nonlinear systems reduction was proposed in [1Bgre a set of linearizations about the
state trajectory due to a training input was usednbdel a nonlinear system and each
linearization is reduced using Krylov projectionhifé having the potential capability of
handling large nonlinearities, the limitation ofishapproach is its training-input
dependency. This piecewise-linear approximation kegaently extended to a piecewise-
polynomial approach to better model nonlinear digio.

For a broad class of weakly nonlinear systén analog signal processing and RF
communication ICs, the low distortion level, as Mad the required modeling accuracy,
seemingly makes Volterra series a more suitablacehfor system description. The

application of Volterra series makes it possiblesatve the circuit response of a weakly
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nonlinear system from low orders to high orders aigecursive procedure, commonly
referred to as nonlinear current method. More irgrdly, frequency-domain
characterizations based on Volterra kernels orineat transfer functions fully describe
the input-independent system nonlinear propertiea manner analogous to the use of
linear transfer functions for linear system proj@sit Projection-based nonlinear model
order-reduction frameworks for weakly nonlinearteyss were first proposed in [10] by
extending the popular implicit moment-matching paodion techniques used for
interconnects, such as PVL [Pade via Lancoz], threolli method, and PRIMA [Passive
Reduced Order Interconnect Macromodeling Algorithithe work of [10] a uses the
Taylor series expansion of nonlinear state equatikmnrepresent a weakly nonlinear
systems. Then, the nonlinear system model inhentetie recursive nonlinear current
method is employed to view a weakly nonlinear sysés a set of interconnected linear
networks.

The benefit of this perspective is thamimediately allows the use of existing linear
system-reduction techniques to serve as blackbols to reduce each individual linear
network for achieving the goal of overall nonlineaystem reduction. However,
converting a nonlinear reduction problem to sevdir@ar reduction problems leaves
several important issues unaddressed. First, irhes not clear that how the quality of
each linear reduction problem impacts the accumicyhe overall nonlinear model.
Second, the approach does not provide strategregplimizing the reduced nonlinear
model. Another approach, which provides an inteargstheoretical foundation, uses the
bilinear form of a nonlinear system and matches rtiments of nonlinear transfer

functions analogously to Padé approximations [1#]Lmear Time Invariant (LTI)
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systems. The use of bilinear form allows the na@dmtransfer function moments to be
expressed in a very structured fashion such thatogection-based moment-matching
reduction scheme can be elegantly derived. Thecalriissue associated with this
approach is that by converting a standard stateteuform to its bilinear counterpart, a
large number of additional state-variables areoohiced. For instance, the bilinear form
of a system including up to the third-order nordineoefficient matrices has O {\state
variables, where N is the number of state variainlése original state-equation form.

It is very important to note thatder the projection framework, the reduced
model compactness is critical for effective nordinenodel reduction. This is because as
the order of moment- matching increases, the dizbeoreduced order model increases
even more rapidly. At the same time, as the sizb®feduced model grows, it becomes
increasingly costly to explicitly form the resulgirhigh-order system matrices of the
reduced order model, thereby eliminating any pdsdibnefit of model reduction.

Given that the primary limitation is theeiof the reduced order models, a different
path was proposed for producing more compact redwcder models for nonlinear
systems in [10] [11]. The used method to model omeuction is projection-based
nonlinear model order-reduction techniques starnfthe same Volterra formulation for
weakly nonlinear systems. However, this approaclssesses the following key
differences from the prior work. Unlike the methiod[9], where moment matching of
nonlinear transfer functions are not explicitly smlered, as well as the approach in [8],
where large bilinear forms are used, we begin wita most general matrix-form
nonlinear transfer functions needed for model oréduction. To disclose the problem

structure of nonlinear model order reduction, motmeh nonlinear transfer functions and
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associated Krylov subspaces are further derivethenmatrix form. This development

leads to a deeper understanding on the interabitween Krylov subspace projection
and the moment matching under nonlinear contexthimthesis it is shown that efficient

(implicit) moment matching of nonlinear transfenétions can lead to compact nonlinear
reduced order models. Our analysis allows us tab&sh an optimal link between

moment matching and Krylov subspace projection. Efffeciency of the proposed

nonlinear model order-reduction method (NORM) schkerm based on an optimal

construction of the projection matrix. Under thejpction framework, NORM produces

the optimized reduced order models in the senseamha given number of nonlinear

transfer function moments can be matched by priogdhe original nonlinear system

onto a set of minimum Krylov subspaces. As a reslsignificant improvement on

model compactness is achieved, which is essentabmnlinear model order reduction. In
this thesis, we extend the work in [12] to a corgleeduced-order modeling

methodology for weakly nonlinear analog and RFuwtec In particular, the expressions
of nonlinear transfer function moments, which agseatial to the NORM algorithm, are
fully derived.

The NORM algorithm has several importaratdiees for controlling the growth of
reduced order models. First, the modeling accufacyhe nonlinear effect at each order
can be selected individually for application-spieciieeds, while the overall reduced
nonlinear model is optimally constructed basedhmnihteractions of moment matching
for nonlinear transfer functions of different orgleifhis is important, as it avoids the
introduction of useless projection vectors for matmaatching, which can potentially be

the case in the method of [10]. Second, to tatgenbnlinear system behavior within the
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circuit-specific frequency band of interest, theogadure for moment-matching with
complex expansion points is accommodated. This adiqularly useful for certain

narrow-band RF systems for which it is beneficial expand the nonlinear transfer
functions along the imaginary axis about the ceritequency. Different from the

reduction of the LTI system, it is shown that momeratching of nonlinear transfer
functions at a single frequency expansion poinerith multiple matrix factorizations.

Therefore, special care must be taken in ordeetopn the task correctly. For systems
with sharp frequency selectivity, such as high-fuats, a full projection-based approach
can still be limited by the need of forming the wedd high-order system matrices. This
is due to the fact that a large number of projectiectors may be required to model the
nonlinear system frequency domain characteristazurately in the band of interest,

leading to large and dense reduced high-order oestri

Background on Volterra Series
For simplicity, consider a single-input miubutput system described by the
following modified nodal analysis (MNA) formulation

FXO) ) =bu). v =D"x) 319

Where xI R" is the vector of node voltages and branch currants the input to the

system,f (.)and q (.) are nonlinear functions relating currents of nogdir resistors and
nonlinear charges/fluxes witk; y is the vector of the output; b and D are the irgmd

output matrices, respectively. Assume that the Vyeabknlinear system is perturbed
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about a dc bias conditiom, by a small-signal input. Using a Taylor serieseigpand

f(.) andq (.)at the bias poin,, and considering only small-signal quantities,oléain

a(Clx+C2(xA X) + C(XA XA X) +... (3.19)

+ G, X+ G, (XA X) + G,(XA XA x) +...= bu(t)
Where A is the Kronecker (tensor) product operateft) and u(t) are the small-signal
response and the input of the system.
; _17'q

G» :_——. T Rn,n y Ci ___I T Rn,ni (320)
I" X Yox,

are thei th-order conductance and capacitance matricgsectsely.

A nonlinear system can be analyzed using Voltewactional series under weakly
nonlinear conditions. In Volterra series, the resmox(t) can be expressed as a sum of

responses at different orders

¥
X(t) = Xn(t) (321)
n=
Where X, is the nth order response. In an intuitive serise, order of a response

component specifies the cumulative number of miidagions of the input signal

resulting the corresponding response. In pracicenverging Volterra series of (3.2) is
truncated to a finite number of terms, and eacleroa response is solved recursively.
The first order or linear response of the weaklylim@ar system in (3.2) is obtained

simply by retaining only first-order terms in (3.2)
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(e )+ Gx () =bu) (3.22)

Notice that (3.3) represents a linear time-invari@TI) system. Higher order responses
are computed by solving the linear system withedédht inputs. The second- and the
third-order responses are given by the following sguations, respectively

d

S e0) + B0 = S (C.u A X))- G4 A x) 323

(e ®)+ G =~ Go(x A x A x,)- 26,4 A %)
(3.24)

d L -
- CAx Ax) 20,4 A X))

Where (x A x) © (1/2)((x A x,))+ (x, A x)
The n th-order response can be related to Voltesrael of orden, h (¢,,....f, ) which is

an extension to the impulse response function daffdrsystem

¥ ¥
x,t)= .. h(@,..2,) u(t-1z).u(t-¢,)dt,..dt, (3.25)
-¥ -y
Alternatively, a weakly nonlinear system can belyred in the frequency domain, where
h,(¢,,..1,) is transformed into the frequency domain via Laplaansform
¥ ¥
H,(S,.S,) = ... h(t,,..t,) e *shde  dr, (3.26)

-¥ -¥

In (32), H,(s,,...,S, )is referred to as the nonlinear transfer functibarder. The
n th-order response, can alsorblated to the input usingl . (s,,....S, )

It can be seen that Volterra kernels andlinear transfer functions specify the

weakly nonlinear system response due to an arpitrgout. Thus, they are input-
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independent properties of the system, and fullycdles the weakly nonlinear system
behaviors. As such, if the original nonlinear tfengunctions are well approximated in a
reduced order model using a method such as momatthmg, it would be well
expected that original nonlinear system propedresaccurately modeled by the reduced

model.

3.4 Nonlinear Model Order Reduction Techniques

A projection-based nonlinear model ordetuction approach was proposed in [8]
and [10], where reduction techniques for LTI systemere properly extended to take the
weakly nonlinear aspects of a system into consigeraFor simplicity of description,
consider the expanded state-space model of théeanlsystem in (3.1)

%:A&X+AZ(XA X) + A;(XA XA X) +...+bu (3.27)

Similar to (3.5)—(3.7), the first-order dugh the third-order nonlinear responses of

the system are given by

x=Ax +bu (3.28)
X, = AX + A, (% A x) (3.29)
X, = AX +2A, (% A x,)A3(x A x A X)) (3.30)

The key observation is that (34)—(36) repre three LTI systems with inputs
formed by u, x A x, and [(x Ax,) ", (x A x A x)']" respectively. Each of these LTI

systems can be, in turn, reduced to a smaller systeng any existing projection method

such as that of [3]—[6]. If the system in (3.11)than states, is reduced to a system with
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0. states through a Krylov subspace projectiore Vql.Z then the inputs to (3.12) can
be approximated by
X A x » Vo x AVx = (Vg AV,).(x A x) (3.31)
This suggests that (18) now can be viewgedahaving inputs instead of inputs,

and can be reduced by a Krylov projection= qu.x_2 to a smaller system with, gtates.

Now, the number of inputs to (3.14) is reduced frém n® to ¢, +q,q, . Finally, (3.14)
can be reduced to a smaller LTI system withstates via projectiox, =Vq$.x_3 . The

final reduced nonlinear model can either be exgasa the form of a collection of

reduced linear systems, or be described by a snsdkeof nonlinear equations using

variable embedding=V X , where V is an orthonormal basis pf,. v,

42 Vgs  »Jand

xI R@ %)L gre the states of the final reduced nonlinear mdde the latter case, for
instance, the third-order matrix is reduced to atrwaof a smaller dimension
asA, =VA(V AV AV) . It is important to note that the reduced thirdes matrix is
usually dense and has G'\gntries, where is the number of states of theaed model.
Therefore, achieving model compactness is cruoiaeffective model reduction. Center
frequency § of a narrow-band amplifier, it might be desiratdeexpand the third transfer
function H (§, &, &) at expansion poirt§ 2Pf,, j2Pf_ ,- j2Pf, ) To correctly perform
the moment matching under this case, an understgmdithe interdependency between
nonlinear transfer functions of different orders resquired [12]. These issues are
addressed in detail as thesis presents the nonlmedel reduction algorithm in the

following sections.
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3.5 Matrix-Form Nonlinear Transfer Functions and Moments

To derive an efficient model order-redustimethodology for weakly nonlinear
systems, an understanding of Volterra nonlinearstiex functions is needed. First, the
general matrix-form nonlinear transfer functionstatale for model order reduction is
derived. In what follows, nonlinear transfer-fulmcti moments will also be cast in a
matrix form. Without loss of generality, the MNArfaulation for a single-input multi
output (SIMO)-based weakly nonlinear system in)add its expanded form in (3.2) is
considered. The nonlinear transfer functions priesehere are the corresponding matrix-
form expressions of the analytical nonlinear curraethod used for computing Volterra
kernels. Before proceeding, the notations usedutirout this thesis are presented. For

matrices in (8) it is defined that

A=-G,C, (3.32)
rn=-G b (3.33)
n°rAr, (3.34)
L°rArAr, 3.35)

and for an arbitrary matrix F

FIAm AMn o FIAFm >¢\Fn

1

E(FIAm + FmAI) (336)

F|Amo
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E'AmAn o é(FIAmAn+FIAnAm+FmAIAn+FmAnAI +FnAIAm+FnAmAI) (3.37)

Additionally, the Krylov subspace K(A, p) corresponding to matrix A and vector
(matrix) p as the space spanned by vectors {A, ApA™'p} is defined. For the system
in (3.1) and (3.2), the first-order transfer funatifor the state-variables is simply the
transfer function of the linearized system.

(G, +sC)H,(s) =b, or H,(s)=(G,+sG) b (3.38)

Defining s=s, +s, it can be shown that the second-order transfestiom is given by

[Gl+&:1]H2(SUSz):'[Gz+&:z]-H1(51)A Hl(sz) (3-39)

WhereH,(s) A Hy(s,) = 1/2(H,(s) A H,(s,)) + H,(s,) A H,(s)).

SimilarlyH,(s,) A H,(s,) A H,(s,) is the arithmetic average of the terms of all
possible permutations of frequency variables inkhenecker product With
s= S +S, +5;, the third-order nonlinear transfer function isegi by the following

equations:

(G, + LCi1H, (5,5, %:) =-[Gs + Lol Hi() A Hi(s) A Hu(s)
- 2[G, +C, ] Hi(s) A Hy(s,, ) (3.40)

[G, + C,1.H,(s) A H (s, ) =%(H1(%)A H,(s,,S) + Hy(s,) A H,(s),s;)

+H,(s;) A H,(s,8,) + Hy(s,8,) A Hy(s))

+H,(s,8,) A Hy(s,) + H,(s,,8) A Hy(s)) (3.41)

Expanding (43) at the origin as Mclaurin series
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¥ ¥
Hi(s)= s‘An = s'M, (3.42)

k=0 k=0
WhereM, = A*r, is K" order- moment of first order transfer function parding

H,(s,s,) atthe origino, 0)

¥ k
H,(s.S,) = s's, "My, (3.43)

k=0 1=0

Where M,  is ak"- order moment of 2nd order transfer function. Towaethe
expressions for the moments &f,(s,s,) , substituting (30) into (26) and expanding

with respecttos=s, +5, yields

Hz(Sl,SZ) =- (Gl +&:1)_1-(Gz +&2)-H1(51)A Hl(SZ)

¥ ¥ ¥ ¥

= $M,, S"A'GL(G,+L,). M, A  saM,
k=0 m=0 k=0 1=0
¥ ¥ ¥ Ko 1 — -
=- s"s ‘s, A"G, (G, + C,) A, (3.44)
m=0 k=0 =0

Comparing (48) with (49). The moments idf,(s;,S,) can be expressed as

= ‘ p-1 i P s (I- a)A(k-1- p+q)
Mz,k,l =- A G, C,A i
p=1 =0l p-qek-1 0
“ P Y -1 I- q)A(k-1- p+
- AP G, G, Al PAlcl-pray, (3.45)

p=1 g=0,0£l ,p- qEk-| q
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Table 2 Moments of H2 (S1, S2) [20]

Order Moment
0" order B
- Gl Gzrz

, —

1% order -G lCr, - AGIGr, - GG, AR
2l 212 L 2 2

(s1.5) terms

d A “AlA0 AZA0
2"%rder - AG 'C,r, - G 'C, A", - A’G,'G,I, - AG,'G,A”’r, - G, 'G,A"r,
(slz,szz) terms

; — — —
2"%order G, 'C, A%, - G "G, A%, - AG G, AN,
(s1.5) terms

Similarly, the third-order transfer function candxganded at the origin (0, 0, 0) as

¥ k k-l

Ha(s,S,.85) =+ '8 "Myyim (3.46)

k=0 1=0 m=0

Where M, isa K" order moment given by

k p p-q -
Mo =- AT P s

p=1 g=0,0£l ,p- qEk- | q t=0,tEml, p- t- gE£Ek-1-m t

G’

. (C3 Al- DA (m-t)A(k-1- m- P+q+t)r3 + CZ.F)

] k Ap-l p p . pP-q p- qu—l
p=1 g=0,0£l ,p- qEK-| q t=0tEml, p- t- gE£K-1-m t
, (Gg A(I— a)A(m-t)A(k-1- m- p+q+t)r3 + GZF) (347)

with
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F :%[(A\'qr)A M2,k-|- +(Am-tr)A M2,k. N +(Ak-l-m- p+q+tr.)

p+q,m-t p+,l-q
A - ’nl I-
AM 2)+m-+g-tl-q + (Am tr) +M 2k-1- p+g,m-t A (A qr)
+ M 2,k-m- p+t,l-q A (Am_tr) + M 2l+m- +g-t,I-q A (Ak-l-m- p+q+tr) (348)

As an example, the first few moments of sthewn in Table I. Clearly, nonlinear
model order reduction is intrinsically more compbd costly than that of LTI systems.
Also note that in (3.11) and (3.12), symmetric muogdr transfer functions (symmetric
w.r.t frequency variable permutations) are useds hadvantageous for model reduction
as the numbers of moments need to be matched doarnapproximately reduced by a
factor of 2 and 6, respectively, when expandingrtteg a point with equal coordinates

such as the origin.

3.6 NORM(Nonlinear reduced order modeling)

A nonlinear reduced order model is & irder model in Ks), Hx(s,S) or

Hs(s1,%,%) .if and only if up to K' order momentsvi 4OEIEK, (M, OEI£KOEmME]

or M OLI£KQOEMEIOENEI- m)of the first (second- or third-order) transfer

3l,mn
function of the original system defined in (3.248.25), or (3.28)) are preserved in the
reduced model. a second-order reduced mode} ipréserves the moments of #hich
correspond to the coefficients of terms(SY), SIS, SIS, Si° and $% in the expansion.
To derive a set of minimum Krylov subspaces for thest compact order reduction,
understanding the interaction between the momehtsonlinear transfer functions at

different orders is important. For the moment meuglof H, (s;, $) this interaction is
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manifested in (3.26). The,S S% term in the expansion of,H where p, g are integers, is

a consequence of two power series expansions: siqguaaf H in (3.24) and that of H
in (3.25) with respect t@ = s, +5S, . As aresult, the K th-order moment of #epends on

the moments of Hwith an order less or equal to. As such, the fexagiression for W m
is in a form as shown in (2.27). The expressiorMar, m, nis derived similarly in a more

complex form in (3.29).

3.6.1 NORM Algorithm
Input: Gl, C]_, Gz, Cz, G3, C3, b, D, |@_, k2, &, k]_ kz k3

1. Compute a Krylov subspace of A to matgtihlorder moments of
Hy Vo= gr(Ky m(Ar)).
2. Compute the following Krylov subspaces to matehmoments of kup to kth order:
V, [ ];
2.1. Foreachn®, n 0O, m n, m+n ky
v=Gl'lGZWr2,V2—| 2,qr(Kkz_m_nﬂ(A,v))]
2.2. Foreachn®, n 0O, m n, m+n k-1
v=G'C,A™", V, - b/z,qr(Kkz_m_n(A,v))]
3. To match moments ofsHip to Ksth order compute the following Krylov subspaces:
V- [ ];
3.1. Foreachn®, n 0,1 O, m n |, m+n+l ks

V= Gl_lG3 AI/—'\m/-'\nrz,Vs - 5/3! qr(Kk3— m- n—I+1(A' V))]
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v=G,;'G (A'r A Mz(mn))\/ 3,qr -1 (A V))]

3.2. Foreachn®,n 0,1 O, m n |, m+n+l k3

V=G, 'C,AM™ ",V - M, qr(Kk3. men-t (A V))]

v=GC A AM, o s My ar(Ky o nn(A)]

4.V=d ([V1, V2, V3)), él =V'GV, él =V'CV, l/):VTb

/ /

D=V'D, G,=V'G,(VAV), éz =V'C,(VAV)

st =V'G,(VAVAV), st =V'C,(VAVAV) [12]

3.6.2 Size of The Reduced Order Models

Similar to the linear case, we define tize sf a nonlinear model as shown in (2) in
terms of its number of unknowns. Under the contéxirojection-based framework, the
size of a nonlinear reduced-order model is equ#iedotal number of projection vectors

employed to approximate nonlinear transfer funaiohdifferent orders.

3.6.3 Multi Point Expansion

To target at a system’s particular inpegfrency band of interest, particularly for
RF circuits, it might be desirable to expand batledr and nonlinear transfer functions at
points other than the origin, such as along theginay axis. It is crucial to note that
under the nonlinear context, a single-frequencyaagmn point along the imaginary axis

may inherit multiple matrix factorizations due teetnonlinear frequency mixing effects.
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In order to build the most compact modek @arould opt to expand k) at s= j2f.

To correctly perform moment matching foe ldAnd H, the respective expansion points
for high-order transfer functions should be 2 j2 fo) and (j2 fo, -j2 fo) for Hy and
(42 fo, j2 fo, -j2 fo) for Hz respectively. Here, the use of two expansion gofat H
takes care of matching second order mixing effacterms of both sum and difference
frequencies around the center frequency, and alsares the moment matching of the
third-order in-band intermodulations.

In addition to the benefit of using spexiixpansion points, a multipoint projection,
where several expansion points are used simultasheohhas a unique efficiency
advantage in terms of model compactness over thglespoint method. Although
multipoint methods do not bring such an advantagelLT| system reduction, adopting
multipoint methods for nonlinear systems can leadsignificantly smaller reduced
models. To see this, first notice the unsurprisiagt that the size of the nonlinear
reduced order model grows faster than the orderarhent matching.

Previous research showed that the reducddr d?ade approximation model was
compared with the full model for runtime comparisver the RF mixer circuit [11] [12].
The reduced order model achieved the results iy iess time, 2~3 seconds against
415~425 seconds of the full model. The reduced rordedel for the mixer circuit
generates 14-state model, while matching six mosnehtd, 12 moments of j and 4

moments of | The corresponding full model generates 2403—staigein
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CHAPTER 4

IMPLEMENTING THE PROPOSEDMODELS

4.1 Behavioral Modeling

Behavioral Modeling is the science of aately expressing measured behavior of
an object, be it linear or nonlinear, with easilgngrated equations. The behavioral
modeling objective is to formulate a single closawin equation representing a measured
parameter. That measured parameter might be aidanaf multiple orthogonal
independent variables that simultaneously contrldbject’s behavior.

The behavioral models are simplified mod#ishe essential nonlinear behavior of
the complex sub-circuits; this simplification meahat these models will execute more
quickly, and use much less memory than if an ectraplex subsystem was simulated at
the transistor level. The critical need for nondineanodeling techniques is a recent
development driven by the increased size and codtplef ICs in the RF regime, as well
as the adoption of more complex signal modulatemhniques. The availability of such
nonlinear modeling techniques will enable designermake use of the advances in the
simulation technology at higher levels of the dadigerarchy [24].

Two basic behavioral models for weaklynliveear circuits have been proposed.
The nonlinearity can be well described by the ftlsee terms in the power series. It
implies that all higher order terms contributeddistortions are negligible. The basic
models are structured to consist of a resistivdimear gain block (Nonlinear circuit) and

a frequency shaping blocle.¢. low pass filter). When nonlinearity is described by

51



Volterra series, the direct calculation of thirdler VVolterra kernel is a daunting task. For
this reason, we employ model order reduction, whieoaptures the moments of more
dominant components.

The idea is that the frequency dependemfimearity is orthogonalized into two
independent behavior blocks. One is the frequendgpendent nonlinear gain block,
which models the nonlinearity dependency on sideatls (amplitudes). Nonlinearity
can be well described using mixers. The otherasfitbquency shaping block, which only
captures the behavior of frequency dependency ef ribnlinearity of the signal
processing.

The device under test (DUT) was chosen tdMbeer. The purpose of a mixer is to
convert a signal from one frequency to another.avixcan up-convert or down convert a
signal to higher or lower frequencies respectivithis thesis, a down conversion mixer
is considered where a RF (radio frequency) is mligiil by local oscillator (LO) at the
input to the mixer to be down converted to the négtiency (intermediate frequency)

signal.

4.2 The Proposed Model A

In the proposed model, a resistive nonlingam block is cascaded before a
frequency shaping block with transfer function x)(jIts block diagram is shown in
Figurell. The nonlinear gain block includes thagfar function. The purpose of LPF at
the output of nonlinear circuit is to reduce thanimer of harmonics generated in the

circuit.
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Volterra Series LFF

A ]
51 ,.f'// S0 f Sox
. t o | ] -
/ N
Resistive N onlinearity | Fr-e quency Dependency

Figure 11 Block diagram of proposed Model A

This block diagram is analogous to

G 2 3
> S\ = 4, Sep + 0,520 + ayS3p ..

+5,S,5 + 5,510 +5,S; ...

o v o2
0857810+ €825, 5 + 038R ST

Figure 12 Schematic of the proposed Model A
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(30,0 + @5z )

W

(mm - ‘DRF)

Figure 13 O/p waveforms of mixer before and afkefilter [18]
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Looking at Figurel3, the mathematical expressiams Higurel2 can be written as
follows.
S =4a,S +4a,5°+a,S’
Since x(j ) is the transfer function of nonlinear resistiagblock
S, =H(jn) s ¥

Thus, the amplitudes of the harmonic terms are:

fundamenth= (a,S - %azsf)“" (iw) 4.2)

3rdOrderHD = %assﬂH L(jw) (4.3)
AssumingH (j ») is normalized to its maximum value, the modelssthat the 3rd
order harmonics distortions (HD) component duentingut signal at frequendy should

have the same frequency response as the fundanfesdakency response af;3The

amplitude of the 3rd order inter-modulation distwnt(IMD) at frequency 2 f, - f,) Is:

3rdOorderMD = > a,S,S,%[H,(jw, - jw,)| (4.4)

Alw

If(w, » n;) holds, which is usually true, because the interfegefrom adjacent

channels is practically a major concern, then wg awenclude
3rdOrderIMD = %a381822|H s(im)| (4.5)

Thus, we have predicted that the 3rd order intedutadion has a similar frequency

response as the fundamental frequency response.
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4.3 The Proposed Model B

In the proposed model B, a resistive nonlinear ¢k is cascaded after the frequency

shaping block with transfer functioffj v . Jts block diagram is shown in Figure 23.

S =a,S +a,S°+a,S’

LFF Volterra Seties
i .
= 'I-I-l.-- -
Sty x\ Si / So
N _!,z/
Frequency dependancy Resistive Nonlinearity

Figure 14 Block diagram of proposed Model B

We can calculate the amplitudes of the harmonitegeas follows
fundamenta=a,S|H,(jw)| +%a2§3|H3(j W)
» a,§[H, (jw) (4.6)
3rdOrderHD = %agsﬂH (iw)| 4.7)

The approximation in the fundamental respassbhased on the assumption that the
weak nonlinearity in the signal processing andadigin terms are determined by lower

order coefficients. The result shows that the funelatal frequency response is linearly
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proportional taH (jw ) Also, the 3rd order inter-modulation distortionfrequency (2¢

f1) is denoted as
3rdOrderIMD = §a381822|H s(jw))| (4.8)

It means that the frequency response of the 3rerarter-modulation component is
proportional tdH,(jw) . As compared to the fundamental frequency respansaoticed
that there is a correlation between the higher rodistortion terms and fundamental
frequency responses. This relation suggests thatowkel use the fundamental frequency

response to estimate the frequency response o¢hagter distortions.

4.4 Compositional Behavioral Model- Model C

The proposed Model C is a compositional rhbdsed on the first two basic models,

A and B. It consists of two resistive nonlinearrgaiock cascaded before and after a

frequency shaping block with transfer functidd.(j 1)

Volterra Seties LFF Volterra Seties
| i i
5 i
Fesistive Nonlinearity  Fregquency Eesistive Monlinearity
dependency

Figure 15 Block diagram of the proposed Model C

Similar to the proposed methods A and B
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S =4a,S +a,S°+a,S’
S,=x(jw) S
S,=¢S +¢,S*+¢,S° (4.9)
Its 3rd order term is

CoagX( ju,, jug,, ju)+ 2c,8,8, X( ju, ) X( jug, jur)
+eya X( ) X(jw) X( jw)] S

and the 3rd order inter-modulation distortion agfiency(2w, - w,) is

CiazXx(j2w, - jw,) + cga, Xx(jw ) x(jw,)x(jw,) +

2c,8,2,5 - W) X6 W) xCiwe jw)
+X(jm)x(- jw,+ juy)ll
Assumer, » W, then terms with all the frequencies
at(w, - w,),(w, +w,), (- w, +n,) have fallen out of band. 3rd order IMD term is then
simplified to
CagX( 1) + oy X(j g ) x(juy)x(juy)
Hence, the amplitude of 3rd order IMD approximatedyals to
cidy|x(ju)| + ey x(jm)f (4.10)

The model order reduction is used to find the ti@ngsinctions x(jw).

Consider the circuit function output from 8 A and B, we use Moment Matching
Model order reduction [8] (Pade approximation)peed up. The approximation method
used here is actually a specific type of a wellsknaational function approximation

called Pade approximation.
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The main idea is that we only keep parts of momehtsiginal function here in order to
speed up as shown in Fig 5. This model order rémludechnique may apply to the
proposed Model A, B, and C.
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Figure 16 Reduced order modeling system of 1st,a2nti& order Volterra circuits.

4.5 Implementation of Proposed Methods in RF Speatr Simulator

The Spectre circuit simulator is a modemewt simulator that uses direct methods
to simulate analog and digital circuits at theeliéntial equation level based on harmonic
balance technique. The Spectre RF simulator aralydd several capabilities to Spectre
simulation, such as direct computation of steadyestsolutions and simulations of
circuits that translates frequency, thus enabliffcient simulations for the mixers,
oscillators, VCOs’, switched-capacitor filters asd on. The Spectre RF Simulator is

represented by 6 analyses.
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1. PSS: Periodic Steady State Analysis

2. PAC: Periodic AC Analysis

3. PXF: Periodic Transfer Function Anadysi
4. PNOISE: Periodic Noise Analysis

5. PDISTO: Periodic Distortion Analysis

6. Envelope Analysis

4.5.1 Spectre RF in Design Flow

l

Analog Artist Environment

'

Netlist

l

SPECTRE Engine

:
/Aualo g Artist Plot Result/

Figure 17 Spectre RF design flow

The design block includes schematics of the cisculthe analog artist environment

enables users to model their designs. The netlstkbperforms the extraction of
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components directly from schematic. The extractachmeters are then fed to Spectre
engine to perform the required analysis. In thesth, PAC, PSS, and PDISTO analysis
are used to measure third-order intermodulation feardhonic distortions directly from

plot results.

4.5.2 Periodic AC Analysis (PAC)

PAC is a small-signal analysis like AC ams@édy except the circuit is first linearized
around a periodically varying operating point apaged to a simple DC operating point.
Linearizing around a periodically time-varying ogteng point allows analyzing transfer-
functions that include frequency translation. Wiaesmall sinusoid is applied to a linear
circuit that is periodically time-varying, the diit responds with harmonics. PAC
computes a series of transfer functions, one foh égequency. These transfer functions
are unique because the input and output frequemcesffset by the harmonics of the
local oscillator (LO) [24].

The PAC small signal analysis assumes tmatctrcuit responds in a small signal
fashion to the sinusoidal stimulus. This is accasmgd by keeping the magnitude of the
PAC signal at least 10 dB below the 1 dB Gain Casgion Point (GCP). The
harmonics of the small signal PAC tone are not asegh although small signals can be
used to measure distortion caused by the largalsigmesent in the PSS analysis. For the
transfer function to be accurate, a large numbeinté steps, during the PSS analysis, are
needed at the small signal frequency. If the amaliygquency of the small frequency

analysis is too high, the accuracy degrades.
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The maxfregparameter of the PSS analysis can be used to gpkeihighest frequency
that Specte RF uses in subsequent small signaysasal The periodic AC analysis is

always performed after periodic steady state arsalys

4.5.2 PAC Analysis Overview
PAC computes the transfer function from omgut to many outputs. PAC is similar
in concept to normal small-signal AC analysis, hbutalso calculates frequency

conversion effects.

fout = fin + Ki I:)SSund

where f, represents the input frequency, andke the PAC sidebands

Figure 18 PAC side bands

62



4.5.3 Setting up PAC Analysis

Specify the following information when running a @Analysis

Figure 19 PAC Analysis set up
* Call the window*Choosing Analysésin the ‘PSS”form, fill in the form as left; then

click Apply.
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* Click on PACin theChoosing Analyse®rm, and setup the form as left; then click
OK.

» The Frequency Sweep Range sets the sweep rartge psin (port) component at the
input port which has a PAC magnitude parameaére/specified. The value for
maximum sideband is relative to the Fundamdrgguency. Since the LO frequency
and PSg.q are equal, you get the results of mixing the Rthwhe 0 through 3rd
harmonic of the LO.

* Select Netlist and Run.

4.5.4 Periodic Steady State (PSS) Analysis
Periodic small signal analyses address periodicdilyen circuits using a two step
process. First, the periodic operating is foundpgyforming a periodic steady state
analysis. The circuit is then linearized aboutgkedodic operating point, and the staeady-
state response of the periodically-varying lineiacuit is computed assuming that it is
driven with small sinusoid at an arbitrary frequgnthe features of PSS are as follows.
* Directly computes the periodic steady-statgponse of a circuit in the time domain.
* lterative Shooting Newton method is empthye
« Calculate frequency translations usingdieed matrices at every time point.
» The fundamental frequency of the circuisgstem is determined, based on integer
multiples of all source frequencies.
* The circuit is evaluated for one periodled common frequency, and the period is
adjusted until all node voltages and edinech currents fall within a specified

tolerance.
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Periodic steady state analysis assumes the apgitigdls to be periodic and linear. If

periodicity assumptions fail, PSS analysis will notverge.

Figure 20 PSS operation

4.5.5 PSS Simulation Set up

Figure 21 PSS set up
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* Model library setup.
» Call the window Affirma Analog Circuit Design Environméntkey in appropriate
value for the variables in th®®sign Variablessection.

» Analyses ® Choose. In the window “Choosing Anal/s selecPSS

4.5.6 Periodic Distortion (PDISTO) Analysis

PDISTO analysis directly computes the stestdye response of a circuit driven with
a large periodic signal, such as an LO (local t#ain) or a clock, and one or more tones
with moderate level. With PDISTO, you can modeligdic distortion and include
harmonic effects. PDISTO computes both a large adjgthe periodic steady-state
response of the circuit, and also the distortideat$ of a specified number of moderate
signals, including the distortion effects of themher of harmonics that you choose. This
is a common scenario when trying to predict thermbdulation distortion of a mixer,
amplifier, or a narrow-band filter. In this analysihe tones can be large enough to create
significant distortion, but not so large as to @uke circuit to switch or clip. The
frequencies of the tones need not be periodicalgted to each other or to the large
signal LO or clock. Thus, you can make the tonguencies very close to each other
without penalty, which allows efficient computatiohintermodulation distortion of even
very narrow band circuits. The features of PDIST®as follows.
 PDISTO s an analysis that invokes a series R8Slike analyses over all input

frequencies, their harmonics, and the intermodutatiof the frequencies and harmonics.
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 Similar to PAC, the PDISTOanalysis calculates the responses of circuits eékhibit
frequency translations. However, instead of simudasmall signal behavio?DISTO
models the response from moderately large inpuiadsy

» Use PDISTO to calculate intermodulation distortion from two orore large input
signals.PDISTOtreats one particular input signal as the lasgmal, and the others as
moderate signals.

* PDISTOallows arbitrary signal inputs, including sums ofusoids that might not be
periodic, it as a quasi-periodiextension ofPSS PDISTO can be thought of as an
extension oPAC that allows signal inputs, capable of producingddarder products, to

be used.

4.5.7 PDISTO Simulation Set up

Figure 22 PDISTO simulation set up
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In theChoosing Analysef®rm, selecPDISTOfor the analysis. Use ti@ear/Addbutton
to change the values in the fundamental tone®dist Select the output termindts be

saved and plottedefore the simulation. SeleietlistandRunbutton [24].
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CHAPTER 5

TESTING AND RESULTS

5.1 Testing

The simulations are based on wideband IFbl@gowonversion a CMOS Gilbert
double-balanced mixer with center frequency at 2G&imulator is chosen to be RF
Spectre. The comparison results of full model adliced order models are showed in
the plots and table below. The fundamental frequeresponse is simulated by
performing periodic AC analysis (PAC) on the RFuppwith a large local oscillator
(LO) signal but no RF signal present. The harmodistortions are simulated by
performing a periodic steady state analysis wittapeeter fund (fundamental frequency)
equals the frequency of the RF signal. A small d@ongh signal 10mv is applied to the
RF input. The intermodulation distortions are siatetl by performing periodic distortion
analysis (PDISTO) with two equal amplitude smalinsils applied to the RF input.
PDISTO treats the LO as large signal and the dtheRF signals as small and moderate
signals.

The estimations of the third-order intermedian distortions are based on the
frequency response of the fundamental, and a referehird-order intermodulation
distortion at lower frequency. The third-order medulation distortion is chosen to be
the key performance metrics because other ordernmtdulation terms are either too
small or out of band. In the mixer, we assumeldical oscillator is ideal and does not

contribute to the distortions at the output. Thawsations are first performed on full
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model of mixer circuit and then performed on readlioeder model. The numbers in the
tables are from simulated output spectrum of mib@rcuit. The third-order
intermodulation and harmonic distortions are measof amplitudes of harmonics in dB

below the output fundamental frequency.

5.2 Results

Figure 23 Mixer schematic in Spectre simulator
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Figure 24 Output spectrum with PDISTO analysis

Figure 25 HD3 comparison of MOR A with full model
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Table 3 Error (%) of HD3 and IMD3 of MOR A

Average HD3(dB)

Average IMD3(dB)

Error (%)

Ful [MORA Full MOR A HD3 | IMD3
3.2 2.9 415 | -375 93 | 96
245 |27 375 | -32 10.2| 1438
15 1.65 -30 22 10 | 266
1.1 0.9 21 -18 141 19

Figure 26 HD3 comparison of MOR B with full model
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Table 4 Error (%) of HD3 and IMD3 for Model B

Average HD3(dB) | Average IMD3(dB) Error (%)

Full | NORM-B Full | NORM-B HD3 | IMD3
2.9 2.6 -41 -38 10.3] 7.3
2.4 2.9 -39 -36 208 7.6
1.2 1.35 -29 -32 12.5| 10.3
1 0.7 -19 -17 20 10.5

The test results show that Model A gives us reddyivnore accurate 3rd order harmonic
distortions compared to the Model B. But the twoves still track each other, and have
the same envelope and similar shape. Model A giekgively less accurate 3rd order
intermodulation distortions compared to the ModelTBe error is about 3~4dBm. The
Model-B gives relatively more accurate estimatioos 3¢ order intermodulation

component. The error is about 1~2 dBm for low inpighal levels and about 3~4dBm
for high input signal levels. The interesting réswome from the Model C. Since Model
C gives the most accurate results at low inputaidevels. In order to extract and
calculate the parameters of Model C, it was neeperdorm PDISTO analysis twice at
two different frequency pairs. It means its costajgproximately twice as the first two

basic models. Model C with model order reductiomegi more accurate and less time

consuming results.
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Table 5 Error (%) of HD3 and IMD3 for Method C

Average HD3 (dB)| Average IMD3 (dB)| Error (%)

Full | Method C Full Method C HD3 [IMD3
31 |3 -39 -38 32| 25
2.6 2.7 -37.5| -355 3.8/ 53
15 1.6 -31 -33 66| 3.2
1.3 1.2 -16 -17 76| 6.2

Figure 27 HD3 comparison of MOR C with full model
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Figure 28 IMD3 comparison of MOR C with full model
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CHAPTER 6

CONCLUSIONS

In this research, the primary purpose wagrésent a novel, yet efficient frequency
domain nonlinear RF models applicable to modern d®Fmunication systems to
describe the third order intermodulation distorsicand harmonic distortions in high
frequency environments using Volterra series. Weamsidering Radio Frequency (RF)
circuits, nonlinear effects become more involvedrtipularly by using the Volterra
theory. From a practical point of view, direct iraplentation of Volterra series to
behavioral simulation starting from raw simulatieta is a time consuming task.

Two basic model structures including a freary shaping block and a resistive
nonlinear gain block were analyzed experimentatigl algebraically. A compositional
model based on the two basic models was preseateda different cascade strategy was
also discussed. In the proposed Model A, a low fities was used after the nonlinear
circuit to reduce the number of harmonics generatetie output of nonlinear circuit. In
the proposed Model B, a low pass filter precededntbnlinear circuit to initially reduce
the harmonics. However, as the model complexityeases, the parameter extraction
based on simulation could be extremely difficultd @me-consuming. Therefore, model
order reduction techniques were employed to spgedhe simulation process. The
moment matching model order reduction (Pade appratxon) was used to reduce the

model size.
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The Spectre circuit simulator was choseaittwulate analog and digital circuits at
the differential equation level based on harmomatabce technique. The simulations
were based on wideband IF double conversion CMQ@&yiated receiver and a CMOS
Gilbert double-balanced mixer. The fundamental desgcy response was simulated by
performing a PAC analysis on the RF input with @éasignal but no RF signal present.
The harmonic distortions were simulated by perfogna periodic steady state analysis
with fundamental frequency equals the frequencyhef RF signal. A small amplitude
signal 10mv is applied to the RF input. The thirdey intermodulation distortions were
simulated by performing a PDISTO analysis with ®gual amplitude signals applied to

the RF input.

When compared with the results from fulldab The analysis on the accuracy of
the models showed that the proposed Model A pravigdatively more accurate results
on harmonic distortions (maximum error of 14.1% améhimum error of 9.3%)
compared to the proposed Model B ( maximum erraBZ0and minimum error of
10.3%). The proposed Model B provided relatively renocaccurate results of
intermodulation distortions (maximum error 10.5% aninimum error 7.3%) compared
to the proposed Model A (maximum error 26.6% andimim error 9.6%). The
proposed compositional Model C achieved simulati@sults of intermodulation

distortions and harmonic distortions with 2.5% &2P% error on average.

The proposed methods have the potentialineatize transmitter and receiver
systems in communication networks. Nonlinear ciscwgan be linearized by using

Volterra series. By simulating the proposed methadSpectre simulator, one can avoid
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nonlinear equation solving process. The proposethads can predict system level
performance with out computational complexity whiohturn gives accurate results for
both IMD3 and HD3. The closed forms of expressiongerms of order of transfer

functions are helpful in system design.
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