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Abstract — We propose various techniques extending X
parameters to include the effect of active microwave device
variability by exploiting TCAD simulations. We discuss two
possible implementations into Agilent ADS. Both approaches are
validated against full microwave amplifier TCAD simulations.
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I. INTRODUCTION

Based on the Poly-harmonic distortion (PHD) behavioral
models, X parameters (X-par) [1], [2], [3], are a modern and
very effective approach to model the nonlinear broad-band
operation of microwave devices and circuits. X-parameter are
especially attractive due to their direct link to measurements,
since they can be characterized comparatively easily in the
frequency domain exploiting advanced instrumentation as the
nonlinear vector network analyzer (NVNA) [4]. Published
papers in the last few years confirm that X-parameters, and
more in general PHD models, turn out to be a flexible
modeling approach with ever growing applications in a variety
of device technologies (e.g. GaN HEMT or Si LDMOS [5],
[6], [7]) and circuits, especially power amplifiers, also in high
efficiency configurations like Doherty Power Amplifiers [8],
[7], [9], [10].

In this work we focus on the X-par modeling of the active
device per se, with the aim of linking it to physical TCAD
simulations. We first demonstrate that X-parameters provide
an ideal tool to directly insert the results of physics-based
large-signal and frequency conversion analysis in circuit
simulations, retaining a direct link between the nonlinear
model and the device physical parameters, a link that is often
lost in other LS compact models. We then extend the X-par
capabilities by including the device LS variability effects, i.e.
variations of the large signal performances with technological
parameters. We demonstrate two possible implementations in
ADS: in the first case X-par are extracted from physical
simulations as a function of a given technological parameter
and loaded into ADS, where a proper additional port is defined
in the X-par component allowing for built in interpolation
as a function of the parameter itself. Alternatively, for small
amplitude variability, we represent the perturbations arising
from small technological fluctuations with properly defined
impressed generators at the device ports. Since variability
characterizations are in practice hard to carry out and it
is impossible to single out the effect of each technological
parameter from overall device variations, the second approach
comes out to be especially important since it allows for

an hybrid technique in which experimental (if available)
or TCAD generated X-par are complemented by sensitivity
physical simulations performed on a calibrated TCAD model.

II. X-PAR AND TCAD SIMULATIONS

The X-par model expresses the reflected waves at at the
device ports as function of the incident waves, therefore
extending the concept of S-parameters to the non linear
large-signal (LS) regime. In the most widely adopted form,
only one (or a set of) incident waves are of large amplitude
and drive the system into a non linear LS operating condition,
while the other incident waves are considered as perturbations
of the operating condition and treated through linearization.
Hence, for each port p associated to the device at (positive)
frequency harmonics k (i.e., at the k-th harmonic of the
fundamental angular frequency ω0), the reflected wave bpk
is obtained by adding the LS operating condition to a linear
superposition of the incident waves aql at any other port q and
harmonic l, excluding the LS ports. In order to differentiate
the contributions from the upper and lower sidebands of each
harmonic, the incident wave aql and its complex conjugate a∗ql
are treated independently [3]

bpk(|a11|, ω) =
∑
q

∑
l=1,...N

Spq,kl(|a11|, ω)P k−laql

+
∑
q

∑
l=1,...N

Tpq,kl(|a11|, ω)P k−la∗ql + FBpk(|a11|, ω)

where Tp1,k1 = 0 is assumed, P = exp(j a11), N denotes
the maximum harmonic order and FBpk(|a11|, ω) are the
reflected waves in the device working point. Notice that the
DC response is usually treated separately from the harmonics,
as e.g. in the Agilent ADS implementation. As discussed
e.g. in [1], the FB , S and T parameters are characterized
as a function of the input large signal incident wave at the
fundamental a11 and are used to generate a look up table
model to provide the X-par representation of the device (black
box model). The characterization is carried out by applying to
each port and each harmonic the reference resistance of 50 Ω.

X-par definition is based on a linear perturbation of the
reflected waves due to the presence of (small change) incident
waves. As a consequence, a one to one relationship exists
[11], [12], [13] with the concept of conversion matrix (CM)
[15] and, more in general, with the lienarization of the circuit
nonlinear equations [14]. The computation of the CM was
introduced within the framework of TCAD simulations in [16]



and was later extended to device variability and sensitivity
analyses [17], [18], [19], [20] and to effective microwave
circuit design [23], [24]. For implementation reasons, the CM
evaluated into TCAD tools is defined with reference to a
bilateral spectrum, so that the harmonic index runs from −N
to N . Furthermore, the frequency offset taken into account is
positive, so that upper sidebands only are actually involved.
However, spectral symmetry implies that the upper sideband
of a negative frequency harmonic p < 0 corresponds to the
lower sideband of harmonic −p for the unilateral spectrum.
In other words (k, l > 0)

• Spq,kl is obtained transforming into scattering parameter
the (k, l) element of the TCAD admittance CM

• Tpq,kl is obtained transforming into scattering parameter
the (k,−l) element of the TCAD admittance CM

In order to test the X-par derivation from TCAD
simulations, we consider a test case of an FET GaAs based
power amplifier [24]. The device has 0.25 µm gate length
and is biased in deep class AB. TCAD simulations including
LS and conversion matrix have been carried first with the
device matched on the fundamental optimum load and shorted
harmonics (akin to a tuned load) and by varying the active
GaAs layer doping. The corresponding LS device working
points have been stored in Citifile format and imported into
Agilent ADS as a reference solution. Then TCAD simulations
were repeated with the device in matched conditions (50 Ω
at all ports and all harmonics) to extract X-par, using the Y
CM as explained above and the large signal working point.
X-par are then stored in the ADS format .xnp file. Finally,
ADS simulations are carried out to test the X-par model
capabilities to reproduce the TCAD reference solution, both
with a matched output port and with optimum load and shorted
harmonics. For this preliminary analysis the input port has
been kept on 50 Ω. Results confirm that the X-par extraction
procedure is correct. Fig. 1 shows that the reference dynamic
load lines (DLLs) on optimum load can be reproduced by the
X-par model extracted on 50 Ω for several input powers, up to
compression. The model is also capable to correctly reproduce
the load variations with respect to the optimum load : Fig. 2
shows how the incident and reflected waves are modified
by changing the load condition at the fundamental and the
source load at the harmonics. The X-par model still reproduces
TCAD simulations accurately. Notice that the simulation time
for the TCAD analysis on a 25 input power sweep and 10
harmonics is around 20 hours, while the X-par simulations
within ADS allow for the accuracy shown in Fig. 1 in just
a few seconds of simulation time. Further amelioration of
the accuracy can be obtained by including a non 50 Ohm
environment, i. e. load and source-pull, in the X-par analysis
(not considered in this work). Hence, we conclude that X-par
are a viable tool to accurately insert physical models in circuit
analysis.

III. PARAMETRIC LS SENSITIVITY VIA X-PAR

As already mentioned in the introduction, one of the
advantages in translating the physical analysis into the X-par

Fig. 1. Dynamic load lines from TCAD physical simulations (blue dots) and
ADS results with the X-par model (extracted on matched ports). The device
drain port is loaded with the optimum class AB load ZL,opt = (46 + j11) Ω
at the fundamental frequency of 12 GHz and shorted at harmonics. Top: gate
current. Bottom: drain current

model, is that it can retain the direct link with physical process
parameters. Such link is of course beneficial to the X-par
model, in order to allow for true a otpimization of a circuit
performance taking into account possible variations of the
active device itself. Despite its relevance, the problem has
been addressed so far only in the context of X-par scaling
[21], i.e. making device periphery a model parameter, while
[22] addresses X-par sensitivity, but only towards embedding
circuit variations. In this work, we address the topic in a
more general way. To fully exploit the capabilities of TCAD
analysis, we address the problem of the parametric sensitivity
of LS performances. These can be traced back to the spread
of the device characteristics due to technology tolerances,
e.g. the variations of the gate workfunction, of the active
layer doping or of a fixed charge. As an example, we take
doping variations of the active device layer. Independent X-par
models can be obtained by repeated TCAD simulations with
varying doping and then independently loaded in ADS for
circuit analysis, with accuracy similar to the one shown in
Fig. 1 for each doping. This solution, though, does not allow
for a true doping-dependent model, since the X-par are not
interpolated from one doping level to the other. To circumvent



Fig. 2. Waveforms of the device with shorted harmonics (gate and drain) and
10% variation of the imaginary part with respect to fundamental optimum
load. Input power is 19 dBm. Solid line: X-par ADS; blu symbols: TCAD
simulation; black dotted line: waveform with the loading condition of Fig. 1.
Top: b1 and a1. Bottom: b2 and a2.

this problem, we exploit the features of the .xnp file, which
allow for interpolation on any set of independent variables.
We have therefore inserted an additional, fictitious port in
the X-par model: the extra port is isolated from the other
ones (X-par are padded with zeros to avoid interfering with
the active ports) and its port voltage, linked to the doping
value, has the only role to allow for doping interpolation in
the X-par file. An example of the implementation is shown in
Fig. 3. The X-par file includes values extracted from physical
simulations corresponding to three doping conditions: the
nominal device with ND = 2 × 1017 and ±10 % variation.
Fig. 4 shows the DLL lines obtained from the X-par analysis
sweeping the doping at the extra DOPING port. Besides being
accurate at the doping levels used for the X-par extraction,
the interpolation performed within ADS allows an excellent
accuracy even for doping variations of ±5%, not used for the
model extraction, and up to the device compression point.

It is well known that small parameter variations that
occur inside the device volume can also be represented, from
the circuit standpoint, by means of equivalent short circuit
current generators at each harmonic and each device port[24].
These equivalent generators can be calculated within TCAD
concurrently with the device Y conversion matrix [25] and
greatly reduce the computational cost of TCAD variability
analysis, since they must be calculated only once for the
device with nominal parameters, hence avoiding repeated
simulations. The equivalent generators are extracted from the
device linearized around the LS working point, thus being
consistent with the X-par model philosophy. Following this
approach, the equivalent current generators at the device ports
can directly be imported into ADS by means of citifiles
(see Fig. 5) and connected to the X-par model representing
the device with nominal parameter. An example is shown

Fig. 3. X-par with extra port DOPING used for doping interpolation in the
X-par file. In this example the original 4-port component (two DC and 2 RF
ports) becomes a 5-port for doping dependent analysis.

Fig. 4. Dynamic load lines from TCAD (symbols) and ADS simulations with
the X-par model extracted on 50 Ω (lines). The device drain port is loaded
with the optimum class AB load. Left: doping is ND = 2× 1017 cm−3 (red
lines & symbols); -5% (black lines & symbols); -10% (blue lines & symbols).
Right: ND = 2 × 1017 cm−3 (red lines & symbols); +5% (black lines &
symbols); +10% (blue lines & symbols).

in Fig. 5, where 4 current generators at the DC and RF
ports represent ±5 % doping variations for the same device
previously considered.

As shown in Fig. 6, the X-par model for the nominal
device completed with the variability equivalent port
generators yields results in good agreement with the full
TCAD analysis with varying doping. The latter example is

Fig. 5. X-par with extra variability current generators representing doping
variations.



Fig. 6. Dynamic load lines from TCAD (symbols) and ADS simulations
with the X-par model extracted on 50 Ω and equivalent variability current
generators (lines). The drain port has optimum class AB load. Input power
is 12 dBm (blue lines & symbols); 18 dBm (red lines & symbols); 22 dBm
(black lines & symbols). Left: -5% doping. Right: +5% doping.

especially important since it provides the way to couple
experimental characterization of the X-par on actual devices
with the predictions of accurate physical simulations limited
to technological variability only.

REFERENCES

[1] D. E. Root, J. Verspecht, D. Sharrit , J. Wood , A. Cognata, “Broad-band
poly-harmonic distortion (PHD) behavioral models from fast automated
simulations and large-signal vectorial network measurements”, IEEE
Trans. Microw. Theory Tech., vol. 53, no. 11, p. 3656 - 3664, Nov.
2005.

[2] J. Verspecht, D. E. Root, “Polyharmonic Distortion Modeling”
Microwave Magazine, vol. 7, no. 3, p. 44-57, 2006.

[3] D. E. Root, J. Verspecht, J. Horn, M. Marcu, X-parameters. Cambridge
University Press, 2013.

[4] D. E. Root, “Future Device Modeling Trends”, IEEE Microwave
Magazine, vol. 13, no. 7, p. 45–59, 2012.

[5] B. Pichler, G.Magerl, H. Arthaber, “A Robust Extraction Technique
for Second Order PHD Based Behavioral Models”, Int. Workshop
on Integrated Nonlinear Microwave and Millimetre-wave Circuits
(INMMIC 2018), 5-6 July 2018, Brive La Gaillarde, France.

[6] H.-F. Hsiao, C.-H. Tu, D.-C. Chang, “Non-fifty Ohm X-parameter
Model Measurement System for Nonlinear Amplifier Application”, Int.
Instrumentation and Measurement Techn. Conf. (I2MTC 2018), 14–17
May 2018, Houston, TX, USA.

[7] A. Cidronali, G. Collodi, “X-Parameter Characterization of LDMOS
Devices for Broadband Doherty High-Power Amplifier Design”, 13th
European Microwave Integrated Circuits Conference (EuMIC 2018), pp.
73–76, 23-25 Sept. 2018, Madrid, Spain.

[8] S.-H. Li, S. S. H. Hsu, J.Zhang, K.-C. Huang, “Design of a Compact
GaN MMIC Doherty Power Amplifier and System Level Analysis With
X-Parameters for 5G Communications”, IEEE Trans. Microw. Theory
Tech., vol. 66, No. 12, pp. 5676–5684, Dec. 2018.

[9] N. Craig, V. Zomorrodian, S. Warren, J. Gengler, “Measurement-based
temperature-dependent X-Parameter models from high-power MMIC
power amplifiers”, 19th Wireless and Microwave Technology Conference
(WAMICON 2018), 9–10 April 2018, Sand Key, FL, USA.

[10] L. Ayari, A. Xiong, C. Maziere, Z. Ouardirhi, T. Gasseling, “A Robust
and Reliable Behavioral Model of High Power GaN HEMTS for RF
Doherty Amplifier Application”, 91st ARFTG Microwave Measurement
Conference (ARFTG 2018), 10–15 June 2018, Philadelphia, PA, USA.

[11] J. Verspecht, D.F. Williams, D. Schreurs, K.A. Remle, M.D. McKinley,
“Linearization of large-signal scattering functions”, IEEE Trans.
Microw. Theory Tech., vol. 53, no. 4, p. 1369–1376, 2005.

[12] T. M. Martin-Guerrero, J. T. Entrambasaguas, C. Camacho-Penalosa,
“ Poly-Harmonic Distortion Model Extraction in Charge-Controlled
One-Port Devices”, 12th European Microwave Integrated Circuits
Conference (EuMIC 2017), pp. 252–255, 8-10 Oct. 2017, Nuremberg,
Germany.

[13] R. Essaadali, A. Jarndal, A. B. Kouki, F. M. Ghannouchi, “Conversion
Rules Between X-Parameters and Linearized Two-Port Network
Parameters for Large-Signal Operating Conditions”, IEEE Trans.
Microw. Theory Tech., vol. 66, No. 11, pp. 4745–4756, Nov. 2018.

[14] M. T. Kassis, D. Tannir, R. Toukhtarian, R. Khazaka, “Computation
of X-Parameters Using Multipoint Moment Expansion”, IEEE Trans.
Compon. Packag. Manuf. Technol., vol. 8, No. 1, pp. 13–20, Jan. 2018.

[15] S. A. Maas, Microwave mixers. Artech House, 1992.
[16] F. Bonani, S. Donati Guerrieri, G. Ghione, M. Pirola, “A TCAD

approach to the physics-based modeling of frequency conversion and
noise in semiconductor devices under large-signal forced operation”,
IEEE Trans. Electron Devices, vol. 48, no. 5, p. 966, 2001.

[17] S. Donati Guerrieri, F. Bonani, F. Bertazzi, and G. Ghione, “A Unified
Approach to the Sensitivity and Variability Physics-Based Modeling
of Semiconductor Devices Operated in Dynamic Conditions - Part I:
Large-Signal Sensitivity”, IEEE Trans. Electron Devices, vol. 63, no. 3,
pp. 1195–1201, 2016.

[18] S. Donati Guerrieri, F. Bonani, F. Bertazzi, and G. Ghione, “A Unified
Approach to the Sensitivity and Variability Physics-Based Modeling
of Semiconductor Devices Operated in Dynamic Conditions - Part II:
Small-Signal and Conversion Matrix Sensitivity”, IEEE Trans. Electron
Devices, vol. 63, no. 3, pp. 1202–1208, 2016.

[19] F. Bonani, S. Donati Guerrieri, F. Filicori, G. Ghione, M. Pirola,
“Physics-based large-signal sensitivity analysis of microwave circuits
using technological parametric sensitivity from multidimensional
semiconductor device models”, IEEE Trans. Microw. Theory Tech., vol.
45 , No. 5, pp. 846–855, May 1997.

[20] F. Bertazzi, F. Bonani, S. Donati Guerrieri, G. Ghione, “Physics-based
SS and SSLS variability assessment of microwave devices through
efficient sensitivity analysis”, Int. Workshop on Integrated Nonlinear
Microwave and Millimetre-wave Circuits (INMMIC 2012), 3-4 Sept.
2012, Dublin, Ireland

[21] R. M. Biernacki ; M. Marcu ; D. E. Root, “Circuit Optimization
with X-Parameter Models”, Int. Microwave Symp. (IMS 2017), pp.
1498–1500, 4-9 June 2017, Honololu, HI, USA.

[22] M. T. Kassis, R. Toukhtarian, D. Tannir, R. Khazaka, “Sensitivity
Analysis of X-Parameters using the Harmonic Balance Derivative
First Moment”, Int. Microwave Symp. (IMS 2018), 10–15 June 2018,
Philadelphia, PA, USA.

[23] S. Donati Guerrieri, F. Bonani, and G. Ghione, “A novel approach
to microwave circuit large-signal variability analysis through efficient
device sensitivity-based physical modeling”, Int. Microwave Symp. (IMS
2016), 22-27 May 2016, San Francisco, CA, USA.

[24] S. Donati Guerrieri, F. Bonani, and G. Ghione, “A comprehensive
technique for the assessment of microwave circuit design variability
through physical simulations”, Int. Microwave Symp. (IMS 2017), pp.
1791–1794, 4-9 June 2017, Honololu, HI, USA.

[25] S. Donati Guerrieri, M. Pirola, F. Bonani, “Concurrent Efficient
Evaluation of Small-Change Parameters and Green’s Functions for
TCAD Device Noise and Variability Analysis”, IEEE Trans. El. Dev.,
Volume: ED-64, No. 3, pp. 1269–1275, March 2017.


