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Abstract — TCAD simulations are used to extract an accurate
temperature-dependent X-parameter active device model, which
describes it as instantaneously dependent on the junction
temperature, and hence represents the ideal framework to analyze
device self-heating. Once exported from TCAD into EDA tools,
X-parameters are coupled to a dynamic thermal impedance,
leading to a compact and efficient device black-box model,
allowing for circuit-level analysis of thermal memory effects in
microwave circuits, like Power Amplifiers (PAs), even in presence
of complex modulated-signal excitation. In particular, we focus
on the thermal analysis of a class-A PA at E-band based on a
54 nm Si FinFET. The accuracy of the temperature-dependent
X-parameter model is demonstrated first by comparing circuit
simulations with TCAD results in continuous wave. Then we
extend the analysis to pulsed modulated operation, highlighting
thermal dynamic effects as a function of the pulse period.

Keywords — Semiconductor devices, Nonlinear device models,
TCAD simulations, Thermal analysis, Self-heating

I. INTRODUCTION

The widespread deployment of FinFET technologies for
advanced digital applications naturally leads to the exploration
of the same technology also for analog high-frequency
applications, thanks to their excellent performance in terms of
cutoff and maximum oscillation frequencies, inherited by the
nanometric size. Although limited to a few milliwatts of power,
CMOS and FinFET technologies are promising in view of
millimeter-wave (mmW) phased arrays for 5G/6G, where the
required linear output power of each PA element can be as low
as 4 dBm [1], [2]. However the peculiar structure of FinFETs
also brings along several issues that must be addressed to
make the technology a viable candidate for telecommunication
systems, where successful integration of RF and digital circuits
could represent a disruptive advantage. The FinFET 3D
geometry, together with the need of resorting to multi-finger or
stacked structures to achieve the required output power [2], [3],
lead to higher parasitic effects, more pronounced technological
variability and a very difficult thermal management due to
the presence of low-thermal-conductivity materials [4]. As
a consequence, accurate device electrothermal modeling is
required for an effective design of RF circuits, such as power
amplifiers (PAs), where device self-heating must be accurately
described.

Among device modeling strategies, Technology CAD
(TCAD) is the most effective approach whenever a
direct link with technological parameters is required,
e.g. in variability analysis [5] or to account for the

multiple temperature-dependent material properties of electron
devices [6]. However, the numerical burden of TCAD
simulations is very high, in particular for nonlinear
device modeling, which can be addressed by means of
Large-Signal (LS) simulations based on the Harmonic
Balance (HB) technique. The TCAD computational cost
suggests that it cannot be used for circuit design but
rather as the basis to extract accurate, computationally
efficient device models. Behavioral models, usually derived
from measurements, have been recently proposed as the
ideal framework to translate TCAD simulations (that can
be regarded as virtual device measurements) into EDA
tools for circuit design [7]. In this work we exploit
the X-parameters (X-Pars) [8], directly extracted from our
in-house drift-diffusion TCAD simulator which implements
both HB LS and Small-Signal–LS analyses [9]. Although
X-Pars can be made temperature-dependent as described
in [10], their dependency on temperature can be only
instantaneous. However, dynamic thermal behavior can be
recovered through an external thermal impedance, i.e. by using
a lumped description of the device junction temperature as
a function of the dissipated power that includes memory
effects. Most often a first order approximation is considered,
exploiting a thermal capacitance in parallel to the device
thermal resistance [11], [12].

Notice that, although X-Pars can be directly obtained from
experimental characterization, this is hardly an advantage in
the perspective of an electrical model parametrically depending
on temperature. In fact, device characterization cannot be
decoupled from self-heating unless very complex procedures
are adopted (e.g. pulsed characterization or thermal resistance
de-embedding [11]). Therefore, the experimental determination
of the isothermal, temperature-dependent X-pars is a very
difficult task. On the other hand, extracting X-pars from TCAD
simulations avoids this problem entirely, as self-heating can
simply be turned off during the electrical simulations.

In this contribution, we exploit the T -dependent X-par
model of a 54 nm Si FinFET presented in [10], extracted from
TCAD LS simulations, to implement a complete, dynamic
electrothermal device model into Keysight ADS. We then
demonstrate that the latter can be used to assess the dynamic
self-heating of a PA stage based on the same FinFET, also
with modulated input signals. We show, as an example, the
pulsed-operated PA response, but the proposed approach can
be extended to different operating conditions and modulations.



II. ELECTROTHERMAL MODEL IMPLEMENTATION

The FinFET T -dependent X-par model was extracted from
TCAD changing the lattice temperature of the device as an
independent parameter, and implemented into ADS as shown
in Fig. 1.

Fig. 1. Implementation of the TCAD model into ADS. The X-par file contains
the X parameters extracted from TCAD at selected temperatures (here 300,
340 and 380 K). The DC Temp terminal is an isolated DC-voltage port used
to interpolate the X-par file as a function of temperature [10].

A 70 GHz PA for small-cell applications, was designed
based on the selected FinFET. The PA, biased in class A,
achieves an output power of 2 mW with 8 dB linear gain
(see [10] for details). The T -dependent X-par model of
Fig. 1 including 10 harmonics is accurate in reproducing the
variations of the PA performance as a function of temperature,
as shown in Fig. 2: here the PA circuit analysis carried out in
ADS is compared against TCAD simulations of the same PA
at varying temperatures. The accuracy has been verified also
comparing the temperature dependency of the device current
harmonics, shown in Fig. 3 .

Fig. 2. Temperature-dependent analysis of the PA stage. Solid lines: ADS
with X-parameters. Symbols: TCAD physics-based analysis. Black: T=300 K;
Blue: T=350 K; Red: T=390 K.

From the simulation standpoint, when a time-varying
temperature is present on the Temp terminal in Fig. 1,
the model predicts an instantaneous variation of the device
electrical characteristics. To account for thermal dynamics
and self-heating, instead, an external lumped RC thermal
network is coupled to the X-par model as shown in Fig. 4.
The instantaneous dissipated power in the device is calculated
through an SDD (Symbolically Defined Devices of ADS)

Fig. 3. Temperature dependency of the 2nd and 3rd harmonic of the
device drain current. Solid lines: ADS with X-parameters. Symbols: TCAD
physics-based analysis. Black: T=300 K; Blue: T=350 K; Red: T=390 K.

block, exploiting current probes in the circuit as controlling
currents at selected ports. The instantaneous power is then
fed as the current flowing through the RC thermal impedance
block, yielding the junction temperature. The latter is applied
to the Temp terminal of the X-par model, dynamically
selecting the values of the X-parameters as a function of
the time-varying temperature. In this example, the thermal
resistance is varied from 0.33 to 1 K/µW (determined
on the basis of the fin shape and of the silicon thermal
conductivity), while the thermal capacitance is sized so as
to yield a first-order thermal cut-off frequency of 10 kHz.
Notice that from the electrical standpoint, X-pars represent a
quasi-memoryless model, hence the slow thermal dynamic is
here entirely due to the thermal impedance. To validate the
implemented model, we exploit TCAD simulations including
self-heating: the drift-diffusion equations are coupled to
the thermal RC network adding the temperature as an
additional dynamic variable. The coupled equations are solved
self-consistently by means of the Harmonic Balance algorithm.
Fig. 5 shows that the ADS model correctly predicts the FinFET
self-heating: as expected in a class-A stage, the junction
temperature decreases as a function of the input power, while
in back-off the thermal dissipation is larger due to the DC
power consumption and the lower PA efficiency.

III. PA SELF-HEATING WITH PULSED INPUT POWER

To highlight the capability of the implemented
self-consistent dynamic electrothermal model, we tested
the PA under pulsed RF operation [13], [14]. In this analysis,
the thermal resistance is set to 1K/µW. The input power is
switched on (Pav = −2 dBm) and off with 50% duty cycle.
Rise and fall time are set equal to 5% of the pulse duration.
The modulated input power was obtained at circuit level using
the PtRF Pulse component of ADS and Envelope simulations
are used to highlight the slow thermal dynamics of the stage.
The carrier frequency is set to 70 GHz, which is the operating
frequency of the designed stage. The resulting FinFET gate
voltage is shown in Fig. 6: here the time range is normalized
to 4 periods.



Fig. 4. Circuit implementation of the dynamic self-consistent thermal model.
An SDD is used to compute the instantaneous power of the device, which is
fed to the thermal impedance to evaluate the dynamic temperature value used
as a parameter for the X-par model. This implementation follows [11].

Fig. 5. Comparison of the FinFET junction temperature predicted, respectively
by the self-consistent TCAD simulations and the ADS model in Fig. 4. The
thermal resistance is Rth = 0.3K/µW (blue) and Rth = 1K/µW (red).
Symbols: TCAD analysis. Solid lines: ADS circuit analysis.

We exploit three different pulse durations, namely 5 ms,
50µs and 0.5µs. Given the thermal cut-off frequency of
10 kHz (thermal time constant of 15µs) we expect that the
FinFET temperature follows the time-varying power envelope
in the slower pulse case; exhibits a noticeable delay (rise/fall
times) with respect to the power pulses in the intermediate
case; and is essentially insensitive to power variations in the
last, faster pulse, case. Fig. 7 shows the temperature baseband
envelope in the three cases, confirming the expectations. Notice
from Fig. 5 that the selected input power (−2 dBm) induces
a significant temperature decrease. Therefore if the pulse
duration is long enough the device exhibits thermal cooling.

Fig. 8 highlights the phase difference between the
temperature baseband envelope and the output power
fundamental envelope. In the slower case, temperature and
power envelopes are in phase, while in the faster pulse case the
temperature variations are essentially null over the entire pulse
cycle. The hysteresis, typical of the thermal dynamic behavior

Fig. 6. Pulsed input for dynamic thermal self-heating analysis.

Fig. 7. Variation of the FinFET junction temperature baseband envelope as a
function of time with three different pulse durations.

[11], is significant for a pulse duration close to the thermal
time constant (intermediate case).

Fig. 9 shows the fundamental envelope of the PA available
and output power in the three cases. The gain of the stage is
about 7 (8 dB). As highlighted in the inset, the pulsed power
is modulated by thermal effects, producing in the intermediate

Fig. 8. Variation of the FinFET junction temperature as a function of the
output power in pulsed operation.



Fig. 9. Variation of the PA output power as a function of time (normalized
over 4 periods) for three different pulse durations. The green curve represents
the input power pulse envelope. The right figure shows the details of the output
power envelope time-dependency during the on state.

case a non constant output over the pulse duration.

IV. CONCLUSION

We have presented an efficient implementation of a
dynamic thermal model for a 54 nm FinFET device directly
extracted from LS TCAD simulations via T -dependent X-pars
in a 50 Ω environment. The model has been validated against
LS TCAD analysis, including self-heating, by simulating a
class A E-band power amplifier with single tone excitation.
Exploiting the ADS envelope analysis we then demonstrate
the effect of PA self-heating in pulsed operating conditions,
highlighting the role of thermal memory. The proposed
approach can be also extended to different input modulated
sources, to evaluate the impact of temperature dynamics on
PA performance, including the main linearity figures of merit,
e.g. the AM-PM and ACPR.
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