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Abstract — We show a complete temperature-dependent
analysis of a low power FinFET-based class A amplifier for
small-cell applications based on an efficient approach to the
temperature-dependent physics-based analysis of electron devices
in Large Signal (LS) nonlinear conditions. The method extends
the Green’s Function (GF) approach, already developed for
the device LS noise and technological sensitivity, to calculate
the LS device response to the temperature variation from a
nominal, “cold” condition with a negligible numerical overhead
with respect to the other GF-based analyses. T -dependent
TCAD simulations are applied to assess the robustness of the
FinFET-based power amplifier against device heating and load
variations. Temperature variations dominate over load sensitivity,
showing more than 1 dB output power loss and a PAE reduction
from 28% to 23%. The proposed approach represents a first
step towards the development of physically sound, temperature
dependent, LS circuit models of nonlinear stages.

Keywords — Semiconductor devices, Nonlinear device models,
TCAD simulations, Harmonic Balance

I. INTRODUCTION

Physics-based device simulations represent an ideal
environment to accurately model the behavior of the active
device in RF/microwave circuits, as they keep trace of
the underlying technological and physical parameters. With
the ever increasing capability of computation machines,
the frequency domain analysis of electron devices operated
in highly nonlinear conditions has proved to be a fairly
manageable task even within TCAD simulators, especially
using the Harmonic Balance formalism for mixed-mode
simulations, where the device physical equations need to be
solved concurrently with the external harmonic tuning circuits
[1]–[3]. The outcome of Large Signal (LS) TCAD simulations
can be also successfully integrated into circuit-level simulators
through X-parameters [4], and further coupled to accurate
Electro Magnetic (EM) simulations of the passive structures
[5], thus making the physically based analysis of a complete
nonlinear stage, such as a power amplifier, an attractive circuit
simulation scenario. Nonetheless, to be successfully used for
circuit analysis, the physics-based models must be able to
predict the sensitivity of the nonlinear stage performance
towards the variations of: 1) multiple physical/technological
parameters (e.g. doping, geometry or material parameter
spread); 2) variations of the embedding circuit (effectively
corresponding to a load-pull analysis around the nominal
load conditions); 3) temperature variations. Previously, we
developed efficient numerical algorithms, based on the efficient
computation of the Green’s Functions of the device linearized

physical model, to model the first two sources of variation
[6]–[8]. In this work we address the problem of temperature
variations, especially relevant in the scenario of power devices
(e.g. GaAs or GaN based HEMTs) and nanoscale devices
(e.g. FinFETs) [9], [10]. While self-consistent physics-based
electro-thermal (ET) simulations, would be the ideal choice at
the TCAD level [11], they meet fundamental limitations due
to the numerical burden, especially in the nonlinear case. Full
ET simulations can be simplified defining a device (“junction”)
temperature parametrizing the electrical model and self-heating
is then accounted for through a self-consistent solution of
the T -dependent electrical model coupled to an external
thermal circuit. Hence, in this work we address the problem
of T -dependent nonlinear simulations, where in the physical
model a unique equivalent lattice temperature describes the
overall device heating [12].

Our in-house code, allowing for the Harmonic Balance
Large Signal analysis of electron devices, has been exended
to account for the temperature dependency of the material
properties, finally allowing for T -dependent LS simulations.
The Conversion Matrix Green Function capability, originally
developed for fast and numerically efficient LS noise, LS
variability and synthetic load pull analyses, has been extendend
accordingly [12]. The GF approach allows now for the fast and
numerically efficient T -dependent LS analysis, starting from
a single “cold” simulation. The variations with temperature
can be easily coupled with other concurrent technological or
load variations, finally allowing for an global assessment a
nonlinear stage reliability.

In this paper, the novel code is used to simulate a
FinFET-based power amplifier (PA) as a function of both
temperature and load variations (akin to synthetic load-pull),
showing that the GF approach is capable to accurately
reproduce the LS stage performance up to 50 K temperature
increase. We demonstrate that the stage is dominated by
thermal degradation, showing more than 1 dB output power
loss and PAE reduction from 28% to 23%.

II. EFFICIENT T-DEPENDENT TCAD LS ANALYSIS

Consider an active device with N -ports connected to an
N -port external load, as in Fig. 1 (left). The device constitutive
equations collectively represent a physics-based model, e.g. the
drift-diffusion equations, discretized over the device volume,
and coupled to the external circuit, here represented by
the equivalent load and power sources [13]. The system is
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Fig. 1. Schematic representation of the linearized device including temperature
induced and load-induced variations

linearized around the LS steady-state (nominal load ZL and
”cold” temperature T0), to account for a temperature variation
�T in the physical model and a load variation �ZL, yielding:

�~iD =
@f(~vD; T )
@~vD

����
0
�~vD +

@f(~vD; T )
@T

����
0
�T

= YSSLS �~vD + �~iT; (1)

�~vL = ZL �~iL + �ZL ~iL

���
0

= ZL �~iL + �~vZ (2)

where subscript “0” refers to the LS working point, “D” to
the device ports, and “L” to the load ports . In (1)-(2), YSSLS
is the Small-Signal Large-Signal (SSLS) device admittance
matrix, computed from SSLS TCAD analysis. The impressed
generators �~iT and �~vZ collectively represent the equivalent
terminal effect of �T and �ZL. The linearized model allows
for the representation in Fig. 1 (right).

With �~vL = �~vD and �~iL = ��~iD, (1)-(2) yield

�~iD = (I + YSSLSZL)�1
�
�~iT + YSSLS�~vZ

�
(3)

Generators �~vZ are directly computed from the nominal LS
solution using (2). Impressed generators �~iT, instead, are
computed using the in-house TCAD simulator by means of the
Conversion Matrix Green’s Functions (CGF), with negligible
numerical overhead with respect to the computation of the
nominal LS working point: the details can be found in [6], [12].
For this work, the in-house code was extended to account for
all temperature dependencies of the physical model, including
mobility, velocity saturation and carrier statistics.

III. FINFET POWER AMPLIFIER

FinFET technology, primarly developed for digital
applications, is being actively investigated for its possible
applications in analog stages, being the natural evolution of the
RF CMOS technology [14], [15]. For the exploitation of these
extremely miniaturized devices in analog circuits, the impact of
parasitics and the difficult thermal management are the primary
concerns, calling for accurate nonlinear, self-heating oriented
models. In the RF 5G scenario, small and medium power
amplifiers are among the most challenging stages: here we
propose the thermal analysis of a small power class A power
amplifier operating at the frequency of 70 GHz. A unit cell
made of a multifinger device (10 fingers of 30 fins each) with
a fin height of 25 nm, corresponding to a total gate periphery
of 15 �m, is used for the development of the power stage.
More cells can be then combined to increase the output power.

Fig. 2. Double Gate structure representing the cross-section of each
elementary fin of the power cell.

The cross-section of each elementary fin of the power cell is
represented in Fig. 2. This elementary structure was analyzed
with our in-house 2D TCAD simulator to assess the power cell
degradation with increasing temperature.

A preliminary device analysis was performed to select
the DC bias VG = 0:675 V and VD = 0:6 V and
the optimum load Zopt = 53 + j6
 according to the
load-line approach. Notice that Zopt has been calculated at
the nominal “cold” temperature T0 = 300 K, while at higher
temperatures the device will exhibit a de-tuning due to the
change of the ouput characteristics with T . The device was
then simulated in large-signal conditions, with nH = 10
harmonics and increasing input power from back-off to 2
dB gain compression. Higher harmonics are supposed to be
shorted at this high operating frequency. In this preliminary
simulation campaign, the input port has been left unmatched
and terminated with a 50 
/mm impedance.

A. T-dependent LS Analysis

We first address the stage temperature dependency with the
nominal load condition, i.e. setting �ZL = 0 in (2). At each
input power, the CGFs are calculated at T0 = 300 K and the
drain current variation with T is evaluated according to (3) for
5 temperatures, spanning the interval [310�350] K. GF results
are verified against the reference solution, corresponding to
repeated LS analyses with varying temperature (incremental
method, INC). With the 5 temperatures under test, the
simulation time of the INC analysis is roughly 5 times the
one required for the GF approach (in this example, around
25 hours INC vs. 5 hours GF). All results show an excellent
accuracy of the GF approach in all operating conditions.

Figs. 3 and 4 show the output power and gain of the
power cell with increasing T . The power performance exhibits
a noticeable degradation, with up to 1 dB less output power
and gain at T = 350 K. The thermal sensitivity is higher in
back-off and limited in compression: in fact, the variation of
the output power above the 1 dB compression point is due to
the knee voltage walk-out with T , which is in any case quite
limited, see also Fig. 5 (solid line). Fig. 6 shows the stage
efficiency (left) and its variation with respect to the “cold” case
(right) as a function of the input power. The thermal sensitivity
depends again on the input power having a maximum value at 1
dB compression, but a significant efficiency reduction is found
in a wide range of output power (roughly from 5 dB OBO to
saturation). This needs to be taken carefully into account in the
design of quasi-linear stages, often operated with modulated
signals whose average value is well in back-off.
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Fig. 3. Pin �Pout plot for the class A PA as a function of temperature. Lines:
incremental simulations at T = 300 K (solid), T = 320 K (dashed) and
T = 350 K (dotted). Symbols: GF approach.
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Fig. 4. Available Gain for the class A PA at varying temperature. Lines:
incremental simulations at T = 300 K (solid), T = 320 K (dashed) and
T = 350 K (dotted). Symbols: GF approach.
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Fig. 5. Dynamic load lines at 2 dB gain compression, T = 350 K and varying
the load condition. Black solid line: nominal load. Dotted line and squares:
�5% variation of the nominal load real part. Dashed line and diamonds:
+5% variation of the nominal load real part. Lines: incremental simulations.
Symbols: GF approach. Output characteristics at T = 350 K are in grey,
while the black output characteristic shows the “cold” case T = 300 K at the
largest gate voltage.
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Fig. 6. Drain efficiency (left) and its variation with respect to the nominal
temperature (right) as a function of the input power. Lines: incremental
simulations at T = 300 K (solid), T = 320 K (dashed) and T = 350 K
(dotted). Symbols: GF approach.

B. T-dependent, Load-dependent Analysis

We now extend the previous analysis to assess the overall
power stage robustness against the concurrent variations of
temperature and load termination (e.g. due to the variability of
the matching network). Varying the real part of the optimum
load by �5 % with respect to the nominal case (a range in
line with EM simulations, see e.g. [5]), doubles the simulation
time for the INC approach, while the GF analysis following (3)
requires a negligible time overhead. Fig. 5 shows the dynamic
load lines of the PA unit cell at 2 dB gain compression.
The device is driven more harshly into compression by the
increasing load (blue dashed lines), whereas the compression
is lower in the opposite case, but the output swing is in any case
reduced by the T -induced knee voltage increase. The accuracy
of the time domain waveforms (DLL) shows that the harmonics
are also well reproduced by the proposed GF T -dependent LS
analysis. The Pin�Pout and PAE reported in Fig. 7 also show
examples of the concurrent load (here +5%) and T variations.

Turning to the relative importance of the two variations,
Fig. 8 reports the Pout and PAE variation with respect to their
nominal value (i.e., T = 300 K and nominal load). In this
figure, lines represent the variations due to temperature only,
while the error bars represent the spread expected because of
the �5% load variations. Noticeably, the detailed variations
depend on the input power: with larger load (+5%), for
example, Pout in back-off exhibits a lower reduction with
respect to the nominal load (higher power and higher gain),
while the opposite is true at higher input power since the
compression is greater (see again Fig. 5). Furthermore the load
sensitivity is lower in compression, again due to the reduced
effect of the load termination at the knee. PAE has the highest
load sensitivity close to the onset of gain compression (here
around -7 dBm), but variations with temperature are in any
case dominating, leading to a significant PAE reduction in
a wide range of output power (as already noticed, roughly
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Fig. 7. Output power (left) and PAE (right) with varied load (+5% real part)
and at different temperatures. Solid lines: incremental simulations. Symbols:
GF approach with concurrent T and load variations according to (3).
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Fig. 8. Variation of the output power (left) and PAE (right) with temperature
and load. Lines: incremental simulations with nominal load and T = 300 K
(solid), T = 320 K (dashed) and T = 350 K (dotted). Error bars denote
the expected spread due to �5 % variation of Re(ZL) evaluated with the
incremental analysis. Symbols: spread due to �5 % variation of Re(ZL)
following the GF approach with concurrent temperature and load variations.

from 5 dB OBO to saturation). All these intermixed effects
are correctly reproduced by the GF analysis. Overall, the stage
exhibits a spread of roughly 1 dB for Pout and 5 percentage
points for PAE.

IV. CONCLUSION

A novel TCAD approach for the efficient temperature
dependent analysis of nonlinear stages has been validated
in a FinFET-based power amplifier along with the effect of
concurrent load variations. The thermal degradation is shown
to affect all the operating conditions, including the back-off
case. The proposed approach demonstrates that LS TCAD
analysis is mature for the assessment of nonlinear circuits and
represents a first step towards the development of physically
sound, temperature dependent, LS circuit models.
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