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\section{Introduction}
Evolutionary Game Theory (EGT) is a mathematical approach to modeling frequency- T ——
dependent selection where players interact strategically not by choosing from a

set of strategies but using a fixed strategy given by their phenotype. This tool
has been used to model many yeast i
dynamics~\cite{Gore:2009kx}, invasive species- \cxu:(me.cz.?D“uq), communxty
dynamics in plants~\cite{Uriarte:2003ys} and many more. Recently, because of the
evolutionary nature of cancer-\cite{Nowell:1976ul,Greaves:2012vn}, it has been
applied to study how the interactions between different types of cells in a
polyclonal tumour could drive the evolutionary dynamics of a given cancer.

e other cells coming into contact with a physical boundary, such as a basement membrane

tions that are a consequence of local dispersal. The
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sampling of interaction partners.
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spatial structure into the canonical ‘go versus grow

& game 23,

‘e our spatial treat-

in r. Wo
ment 1 consider il scenaro for conservation bilogy - the el efect of an'

system (usually a forest in landscape ecology) coming in contact with a boundary [27, 28, 20

26] in which proliferation and motility compete wi

logical

In tumour progression, this is analogous to a system of cancer cells surrounded entirely by

The first use of EGT in the field of cancer was done by Tomlinson and organ capsule or blood vessel. Encountering such an edge (or boundary) represents one
Bodmer~\cite{Tomlinson:1997vm, Tomlinson:1997wn): in their models, EGT is used to several ey moment in cancer progression: the change from in situ to invasive; locally con.
analyselEnsye IroonatancaufErat BTanafEoYcoexseancafo FRENC pheroE pea B nEsagers tained to regional advanced growth; and the dramatic shift from local to metastatic disease
v asro Yo e aNoH AT, RuecrYanafco] e an: salaxreae IR RI sl G nlPc fin P ax o cns We show a striking change in the evolutionary game dynamics that oceurs at the tumour's
between three players in the angiogenesis problem~\cite{bach:2001fk}. Gatenby physical boundary (Fig. 1). This study represents, to our knowledge, the fist attempt to

and Vincent adopted a game theory model heavily influenced by population dynamics nd the effects of changing neighborhood structure dynamics
to investigate the influence of the tumour-host interface in colorectal o
e e e {paEanbys 200 32y G Bantry2 008 e e [ty gee bt R o prct o
strategies~\cite{gatenby:2003) 2 G ety o el BT o Gaicery, oo
Shown that EGT can be used to study the Gonditions that select for

sggressive tumour phenotypes in gllomas-\cits{Basanta:2008sr, Basuntu zanm),
colorectal cancer~\cite{gatenby:2003a,Gatenby:2005}, multiple myelor
LR e e e e e e
has been used to investigate the impact of treatment on cancer
progression~\cite{Basanta:2012ly,0rlando:2012zr}. For an in depth overview of the
game theoretical approach to cancer, see Basanta and colleagues review
{cite{Basanta:2008

) A standard assumption in evolutionary game theory is a perfectly mixed (inviscid)
population, in which every cell in the population is equally likely to interact
with every other cell~\cite{Hofbauer:1998wn,mathOverview}. This may be a
reasonable assumption in liquid tumours, but in solid tumours (or any situation
being modeled) in which spatial structure is important, the validity of this
assumption should be questioned. The current solution to this is to map analytic
EGT cancer models onto a lattice and run \emph{in-silico) experiments to simulate
the resulting Cellular Automaton-\cite(bach:2003,nansury:2006,Basenta:2008gc).

ly, such fice the analytical power and full
theoretical understanding of pure EGT approaches:

ing for from a boundary has a neighborhood (green) which is
1) compared to that of the cells as they reach physical boundaries (e.& pink
cell) like a blood vessel or basement membrane. When me

these two regions (next to membrane or other boundary; and deep inside the tumonr) and

model the

spatial structure differently, even if other game parameters are the same

Ry e ey el e cRSs Gty g 2

limit of very large populations and weak selection, Ohtsuki

Nownk-\cite{(Ohtsuki:2006vn) derived o simple ruls for taking a first-orde

spatia Bt ey e

i Ew i DRI e Bt e W L vy ey et i
of the spatially structured game $A$ by simply looking at the inviscid replicator
equation of $A
Here, we present the transform in a form that stresses its important qualitative 3
aspects:

Inviscid game for motility

We c
tumour cells that already capable of proli

e situation in which a mutat lity /invasiveness (INV) to
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\begin{abstract}

48  We propose here a non-linear GaN HEMT model for CAD including a

trapping effects description consistent with both small-signal and large-
signal operating modes. It takes into account the dynamics of the traps
and then allows to accurately model the modulated large signal
characteristics that are encountered in telecommunication and radar
signals. This model is elaborated through low-frequency S-parameter
measurements complementary to more classical pulsed-IV
characterizations. A 8x75um AllnN/GaN HEMT model was designed and
particularly validated in large-signal pulsed RF operation. It is also shown
that thermal and trapping effects have opposite effects on the output
conductance, thus opening the way for separate characterizations of the
two effects.

\end{abstract}
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Abstract—We propose bere a mon-linear GaN HEMT model
for CAD incleding a trapping «ffects description consistent
with both small-sigaal and largeaignal operating modes. It
takes into account the dynamics of the traps and then allows
10 accurately model the modulated large signal characteristics
1hat are cncountered in telecommunication and radar sigaals.
This medel is threugh low-freq: p
measurements complementary to more clawical pulsed-IV char-
acterizations. A 8x75.m AUBN/GaN HEMT model was designed
and particularly validated im large-signal pulsed RF operation,
1t s also shown that thermal and trapping effects have opposite
«ffects o the t conductance, thus opening the way for
separate characterizations of the two effects.

Index Terms—Trappings effects, thermal effects, bow frequency
S-parameters, CAD non-linear model, RF pulsed operation,

L. INTRODUCTION

Gallium Nitride (GaN) High Electron Mobility Trassistors
(HEMT) oa SiC arc now recognized as good candidates for
the development of a number of RF applications and notably
Power Amplifiers (PA) for telecommunications and radars, due
10 their high breakdown voltage, their high cut-off frequency
as well as their high temperature capabilities. However they
are still subject to parasitics effects such as thermal effects
and especially trapping effects. Those trapping effects have
been extensively studied using a number of techaigues such
as pulsed me: . load-pall me: as well as
frequency dispersion measuremsents. At the same time. models
have been proposed that take those effects into account (1. (2],
13], and while the effects of traps are well taken into account
in CW conditions, their impacts on dynamic large signal
characteristics remain difficalt to understand, They manifest
themselves under modulated signals such as RF pulses or
telecommunications signals. Memory effects are the main con-
sequence of those trapping effects. In this paper we propose to
investigate the dynamics of those trapping effects using large
signal pulsed load pull measurements as well as low frequency
dispersion measurements. It will be shown that a coasistent
noalincar model can be obtained that allows to describe the full
dynamic behavior of GaN transistors, The paper is organized
as follows: Section 11 describes the theoretical impact of
wraps on the average current obtained under pulsed load pull
conditions. Section Il presents the measurements performed
on an AllaN/GaN 8x75;im HEMT and the results obtained
using a large signal nonlinear electrothermal model taking into

account the dynamics of the traps. Finally we conclude and
draw some perspectives

1L IMPACT OF TRAPS ON LARGE SIGNAL
CHARACTERISTICS

One coavenicat way 1o ideatify the impact of trapping
effects is to monitor the average drain current of the transistor
versus an increasing RF input power. It has already been
reported in [1) and [3] that this drain current under class.
AB conditions decreases as the input power increases, con
tradicting the expected characteristics. Clearly this behavior
cannot be explained by thermal behavior as far as the chanacl
temperatare sinks when the power increases and would leads,
at least for moderate powers, 10 an average drain current
enlargement.
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Pulsed RF measurements were performed under DC bias on
AIGaN/GaN and InAIN/GaN HEMTs of 8x75x0.25m? for a
large aumber of output Joads. For all devices, we obtain the
same shape of the average drain current which is shematized
in Figure 1. The average current decrease is due o the trap
capture, which increases alike to the gate and drain voltage
excursions versus the input power for a CW measurement
Indeed, the pumber of ionized traps is roughly peoportional
10 the maximum valoe of the drain-source voltage, because
of the disymmctry of the captare and cmission time constants
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characteristics remain difficalt to understand, They manifest
themselves under modulated signals such as RF pulses or
telecommunications signals. Memory effects are the main con-
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