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Modelling Challenges for Enabling High Performance
Amplifiers in 5G/6G applications
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Abstract— Continuum mode amplifiers, which rely on
harmonic tuning, have shown their potential for high efficiency
over large bandwidths below 6 GHz and are strong candidates for
even higher frequency applications of 5G networks. An accurate
model of the transistor up to the third harmonic is a necessity for
exploiting these amplifier classes. In this work, we present the
considerations and challenges associated with modelling the
device, and in particular the impact of extrinsic parasitics, for
operation at high frequencies. We present a modified version of
Dambrine’s extraction procedure of intrinsic elements at sub-6
GHz frequencies, and demonstrate its utility up to 80 GHz by
application in the extraction of a simulated GaN HEMT .

Keywords—Fifth Generation mobile communication (5G),
GaN HEMT, Parasitc extraction, Device modelling.

I INTRODUCTION

High efficiency broadband power amplifiers (PA) are critical
for the realization of fifth-generation (and beyond) mobile
communications networks. Accurate modelling of the transistor
in the PA is one the main challenges to high performance. In the
frequency range from 20-50 GHz, GaN HEMTs have
demonstrated efficiency comparable to or better than Silicon
CMOS, SiGe HBT, GaAs pHEMT, but at a higher output power
[1]. This can be attributed to the high-breakdown voltage
capability of GaN that can be exploited in continuum mode
amplifiers. Continuum-mode designs reach a peak drain voltage
3 times the quiescent drain bias (Vs), rather than 2 times Vg
in conventional class B, to achieve high efficiency over broad
bandwidth. Class B/J/J*[2], CCF'[3][4], and class BIF! [5] are
some examples of continuum modes that require tuning up to at
least the second harmonic. Other continuous modes, such as
CCF and class BJF, require tuning up to the third harmonic
highlighting the need for accurate modelling upto this frequency
of operation. Apart from increased costs of microwave
instrumentation and uncertainty during measurement at higher
frequency and power, the scaling properties of the model of a
unit-cell device, to that of an actual multicell counterpart,
presents an additional challenge, as the wavelength of the signal
becomes comparable to the size of the device [6]. The suitability
of a model is another important consideration.

In the initial phase of development, physical and quasi-
physical models of the transistor, which rely on the properties of
the material and physical effects at its interfaces, are essential to
predict and optimize the structure for specific applications.
COMON (the Compact Modeling Network) model, MIT
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Virtual Source GaNFET high-voltage (MVSG-HV) model and
the HSP (HEMT Surface-Potential) model are some popularly
used semi-physical models [7]. Although demonstrated to have
the potential for accuracy, these models are still computationally
intensive and time-consuming.

Table-based models represent another extreme in which the
measured data of the device is used to fit predefined numerical
functions, which may or may not have any physical significance.
This approach, being entirely empirical, is able to accurately
reflect the performance of devices, and is faster in simulations.
X-parameters, which are an extension of S-parameters to include
device non-linearity at high power, offer one such example [8].
However, models of this type can only be used within the range
of inputs for which the measurement data is available, the fitting
functions need to be differentiable up to high orders to be
convergent in the simulator. Attempting to use the model
beyond the measured data range can result in unexpected, non-
physical, outcomes. Characterization of the device may not be
possible for the entire desired range of inputs due to stability
issues and limitations of the measurement setup.

Empirical models (i.e., equivalent circuit based models)
offer a compromise in terms of simplicity, ease of
implementation, accuracy and usefulness for circuit design [9].
In this case, the physical phenomenon is modelled by a lumped-
element equivalent, or by empirical, or table-based models. For
instance, thermal effects are often modelled by an RC circuit,
while the I-V characteristics of the device may be empirical or
table-based. Extraction of parameters of the model parameters
based on pulsed I-V and continuous-wave (CW) S-parameters is
often the initial step in the modelling process. Empirical models
such as CFET, EEHEMT, Angelov [10], Angelov GaN [11], and
Auriga are proposed for modelling HEMTs which have
approximately 48, 71, 80, 90, and 100 model parameters [12].
These models are often further optimized to fit load-pull
measured data which may compromise DC IV and/or S-
parameter fitting [7]. DynaFET (Dynamic FET) [13] represents
a further evolution wherein waveform information is
simultaneously extracted as well as based on non-linear vector
network analyzer ( NVNA ) measurements.

In this work, we present an empirical model, which is a
simplified version of the Angelov model and has been used
successfully in amplifier design below 6 GHz [14]. The
extraction procedure used is a modified version of those
proposed by Dambrine [15], Flores [16], and Lin [17]. We
present the challenges and consideration of the extrinsic
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Fig. 1. The equivalent circuit of a GaN HEMT up to 6 GHz.

parasitics at high frequencies. The extraction of intrinsic
parasitics in this procedure, which is proposed and validated for
sub-6 GHz frequencies [18], is validated for a 50 nm x 75 um
GaN HEMT for frequencies up to 80 GHz. Owing to the
simplicity of the extraction procedure, it can be easily applied
even at very high frequencies.

II.  EQUIVALENT CIRCUIT MODEL OF DEVICE

Parasitic effects arise within the structure of the device. An
equivalent circuit of a transistor, considering parasitic effects is
shown in Fig. 1 [15], [19]-[21]. Of these, the drain-pad
capacitance (Cpq), gate-pad capacitance (Cy,), resistances (drain
(Rq), source (R;), and gate (R,) resistances) and inductances
(source (L), gate (L), and drain (Lg) inductances) are bias
independent, whereas the intrinsic capacitance (drain-source
capacitance (Cgs), gate-source (Cgs), and gate-drain capacitance
(Cqa)), output conductance (ggs), Ri, and Ry are bias dependent.
While this type of model has been shown to be capable of
accurately modelling the S-parameters of GaAs pHEMTSs up to
40 GHz [19], for packaged GaN HEMTs the frequency limits
are typically lower, at around 6 GHz [20]. Accuracy can be
improved by adding additional extrinsic elements to more
accurately model the parasitic effects in the device, with 20-
element [22] or 22-element [23] models shown to be accurate up
to 20 GHz. The small-signal equivalent model of a transistor
may be extracted from its S-parameters at the bias point by
optimizing the component values until the s-parameters of the
model matches with measurement [24]. The optimal values of
the component obtained by this approach depend on the
optimization method, error function and the initial values [15].
An extraction process can be used to obtain approximate values
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of the elements of the model [15] from measurement which are
then utilized as initial guess for optimization of the model.

A. Extraction of extrinsic parameters

Extrinsic parasitic elements can be extracted from the S-
parameters of the device at cold condition (Vg4=0 V). The
extrinsic pad capacitances are extracted from cold pinch-off
condition (Vg < Vy and Vgs = 0 V) [15][16]. At this bias, the
equivalent circuit of a device is simplified, as the intrinsic device
can be represented by a m network of three capacitors (Cgs, Cgq,
and Cgy;) [15][16]. On the other hand, extrinsic resistances and
inductances can be extracted from cold forward condition
(Vgs>Vin and Vg=0). The accurate modelling of the extrinsic
device, such as pads and connecting lines, is critical for high
frequency device modelling, requiring additional elements in the
equivalent circuit in Fig. 1.

As the number of elements increases, the number of
equations required to solve for all unknowns also increases. The
number of measurements can be increased to extract these
additional elements. The model of the package can be extracted
from 3-D electromagnetic (EM) simulations if its dimensions
and layout are available [25]. This aspect can be important,
especially for evaluating the power distribution in the feed
structure as well as thermal analysis. Another approach is to
attempt to establish relationships between the extrinsic and/or
intrinsic capacitances [22]. These relationships can be based on
the device structure or based on theoretical modelling of the
device. However, this approach is challenging when details of
the device layout are unavailable [26]. As an example, in [16],
the ratio between the extrinsic capacitances are obtained by
optimization of the difference between modelled and measured
S-parameters. Such techniques may not be suitable at the
frequencies for 5G applications.

An alternative method to increase the accuracy of the model
is to represent the extrinsic parasitic effects originating from the
metal lines at the gate, drain and source terminals and the
package by transmission lines, rather than as lumped
components. This approach enables the spatial distribution of
the device to be naturally incorporated into the model. The
transmission line is able to model the phase variation along the
fingers of a transistor, as illustrated in Fig. 2 (a). Hence, such
models can accurately model transistors at frequencies higher
than 100 GHz. An example of a distributed model is shown in
Fig. 2 (b). Here, the transistor is modelled as an interconnect of
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Fig. 2. (a) Top view of a simplified layout of a GaN HEMT transistor (b) High frequency distributed model of the transistor [6]



n slices (cross-section) of a transistor. Each finger in a slice is
modelled by the intrinsic model of the transistor with parasitic
elements, similar to the intrinsic device highlighted in Fig. 1.
These intrinsic models for the gate, source, and drain terminals
of the intrinsic device are connected by transmission lines whose
lengths and widths are dependent on the number of slices and
the widths of the gate, source and drain terminals respectively.
If the slices are sufficiently small, these transmission lines can
also be modelled by lumped passive elements [6]. The gate and
drain terminals of the device to which the fingers connect are
modelled by passive networks. Such an approach has been
shown capable of modelling a device up to 150 GHz [6] by using
8 slices. Similarly, the transistor is modelled in [27] as an
interconnect of 3 sections; one section is a cross-section with an
air bridge (slice#2 in Fig. 2 (a)) with the other two sections on
either side of the air bridge. This model was able to model a GaN
HEMT up to 300 GHz. It is evident that the extraction of the
extrinsic parasitic elements is critical for realizing accurate
models of PAs for 5G and beyond.

B. Extraction of Intrinsic parameters

The non-linear intrinsic capacitances are extracted from S-
parameters of the device at multiple bias points. For each bias
point, the extrinsic elements are de-embedded from it’s S-
parameters, as illustrated by Dambrine in [15]. The equivalent
circuit of the device after de-embedding elements is shown in
Fig. 3.

1) Curve Fitting based methods
The Y parameters of the intrinsic device in Fig. 3 (Y') can be
expressed as [15]

Y = RiC4w?/D + jw(Cys/D + Cyq) (1)

YZil =9m eXp(—j@‘[)/(l +jRngsw) _j(‘)ng (2)
Y= —jeCu 3

YZLZ = Yas +jw(Cds + ng) (4)

Where D =1+ w?C4R}7. Since w?CiRf ~ 0 for low
frequencies [16][15], the admittance (Yys, Yy4, Yy, and Yy,) of
the branches of the equivalent circuit can be approximated as

Ygs = Ylil + Y1i2 z' RL'ngs(’J2 +ijgs (5)
Ygd = _Yllz =ijgd (6)
i i exp(—jwt
Yom = Yi; — Vi, = Im p(—J )/1 4 Ry %
Yos = Yoo + Y1 = gas + jwCys (®)

The individual elements from equations were separated as
[16][22]

wCyq =Im(Y,q) = —=Im(Y,) )

wR; (10)
= (Re(yn) + Re(Yn))/Cgs(lm(Yn) + Im(le))

wCqs = Im(Ygs) = Im(Yy,) + Im(Yy,) (1)

9as = Re(Yys) = Re(Yy;) + Re(Y;) (12)

wCys =~ (Im(Yy,) + Im(Y1,)) (1

+ (Re(yn) + Re(le))2> (13)
(Im(yn) + Im(yu))z

Source

Fig. 3. The equivalent circuit of the intrinsic device

Using the approximation that w?CZR} ~ 0 for low
frequencies, following [16], g,, and T can be obtained from the

relationships:
1\’ 1Y)
(—) W0 = | (14)
I Cgs gm
Y,
wT = —phase (ijgs (%)) (15)
gs

The extraction process of Cgs, Cas, Cgd, Zas, Ri, gm, and T can
be obtained from (9)-(15) using curve fitting. For example,
based on (9), Cyq can be obtained as the slope of the line fitting

—Im(Y{;) with w.

2) Analytical expression based methods

Rather than extracting the intrinsic component by data-
fitting followed by optimization, analytical expressions for the
intrinsic component values that minimize the L, norm of the
error between the equivalent model and the measurement can be
used [17][28][29]. These analytical approaches offer improved
computational efficiency over optimization-based approaches.
The analytical expressions are given as[17][28]:

_ Zk Re(ygs(fk) )

AT (16)
ozl (17)

P e m(Yys(fi)/ fe
L (18)
Cas = %W (19)

2

I
G, =Zk|ng(fk)(1 +j21fi CgsR:)|/ fi 1)

Zk%

Here, the sums are simply carried out over all k supporting
frequency points (f). However, these expressions are derived
for a transistor operating in a bias range where it acts largely as
a voltage-controlled current source. Hence for the extraction at
bias points for which the device is off (V4<Vy), an alternative
approach (e.g. data fitting as in section B section 1) is needed
[18].



C. Intrinsic current generator modelling

Accurate modelling of the current generator, especially the
knee region, is critical to enable accurate design of high
efficiency amplifiers. Several models of the I-V characteristics
of HEMTSs [30], are variants of the initial model of the I-V
proposed by Angelov [9][10], as given by

Igs = Lk (1 + tanh(W¥)) (1 + AVy,) tanh(aVyy) (22)
P1 P2 P3

where, ¥ is a function of gate (V ) and drain (V 4) voltages and
a is a function of Vgs. The first term (P1) of (22) gives the
dependence of the drain current on the gate voltage, the second
term (P2) describes the saturation velocity, and the third term
(P3) describes the widening of the channel and soft breakdown
due to drain voltage influence. The I-V model in (22) requires
the extraction of 20 parameters from the measured I-V.
Additional parameters are required to model the trapping and
thermal effects.

D. Fine tuning the model

The extracted values of the components require further
optimization/tuning to improve the accuracy of the model. We
utilize the eight-step procedure [24], shown in Table I, to
optimize elements rather than optimizing all the components in
a single step. This partitioning of the optimization problem into
steps is based on the relative sensitivity of the S-parameters to
the variation of elements. In each step, a selected combination
of components, shown in Table I, is varied to find a least-squares
fit of an S-parameter of the equivalent model with that of the
measurement. For example, the output reflection coefficient of
the device (S22) is the most sensitive to a change in Rgs and Cgs
[31] and hence, when these two elements are varied or
optimized, the target is to minimize the error in S». These steps
are performed in sequential order and repeated until the average
relative percentage error between the S-parameters of the
measurement and equivalent model (E,;) is minimized. E}; is
calculated as

S (f,) = Si (f)
rel 4sz z Sl';leas(fn)| |

i=1j=1n=1
where, f;, denotes the n' sampling frequency, and S™¢%S and S™
denote the measured and modelled S-parameters, respectively.

(23)

III. EXTRACTION EXAMPLE

To illustrate the extraction of parasitics, we present two
examples:

1. Equivalent model extracted from the vendor model for a
Cree CGH40010F device. This illustrates the modelling up
to 6 GHz covering the sub- 6 GHz 5G frequencies.

The extracted parasitic elements before and after
optimization are summarized in Table II. Rather than using the
function-based I-V model as in (22), we model the current
generator as a table-based-model for this case. The percentage
change of Ry and L due to the step of optimisation is the highest
because of the shortfall of the extraction process [14]. The large
percentage change in T and R; can be attributed to error
propagation as their accuracy depends on the accuracy of Cg

TABLE I: EIGHT STEPS IN THE ITERATIVE ROUTINE USED FROM OPTIMIZING

THE COMPONENT VALUES
Step Elements optimized | S-parameter fitted | Frequency range
1 Ry, Cs S» All
2 Cy Sui all
3 Cnds Rs Si all
4 S So all
5 Ry, La, Cpa S>, upper half
6 R, Lo, G, R S11 upper half
7 L Sz upper half
8 T Sai upper half

[18]. E,. before and after optimization are 8% and 5.9%
respectively over the frequency range 0.5 GHz to 6 GHz. The S-
parameters of the extracted equivalent model after optimization
and the vendor model over the frequency range 0.5 GHz to 6
GHz, plotted in Fig. 4, are in close agreement. The extracted
non-linear Cgs, Cgd, and Cgys as a function of bias are plotted in
Fig. 5. In addition, the values at a typical quiescent point
(Vasqg=28 V and I44=150 mA) are also provided for reference. It
is worth noting that in the vendor-supplied model, Cgs is linear
[32]. However, the Cgs extracted here exhibits non-linear
dependence with voltage in the knee region. This illustrates that
the accuracy of the extraction of Cqs deteriorates in the knee
region. Based on Fig. 5, we have modelled Cyq and C, as

50

10/ \ 250
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' 250
Equivalent Circuit
~-a-- \fendor model

|cGH40010 Ag
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QY

Fig. 4. Comparison of the S-parameters of the equivalent model after
optimization with the S-parameters of vendor model of CGH40010 at V44,=28
V and I4q=150 mA.

TABLE II: THE EXTRACTED PARASITIC COMPONENTS OF THE EQUIVALENT
MODEL FROM THE VENDOR MODEL OF CGH40010 AT IDSQ=150 MA AND

VDSQ=28 V
Before Optimization | After Optimization | % Change

Cy, (in pF) 0.46 0.404 -12.2
Cpa (in pF) 0.46 0.404 -12.2
L, (in nH) 0.002 0.004 100
L, (in nH) 0.812 0.79 2.7
L, (in nH) 0.794 0.798 0.5

R; (in Q) 0.06 0.04 -33.3
Ry (in Q) 1.486 1.28 -13.9
R, (in Q) 0.793 0.616 -22.3
C, (in pF) 6.982 7.332 5
Cg (in pF) 0.896 1.1 22.8
Cg (in pF) 0.234 0.215 -8.1
Ry (in Q) 126.582 113.73 -10.2
G (in S) 0.565 0.581 2.9

Ri (in Q) 0.64 0.37 -42.2
Tau (in ps) 1.845 2.003 8.6
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Fig. 5. Extracted values of (a) C,q (b) Cys (c) Cy from the vendor model for V,
between -2 V and -3 V and V4 between 0 V and 28 V [18].

proportional to an exponential function of the drain voltage and
hyperbolic tangent function of the gate voltage respectively. For
implementation, these nonlinear capacitors are implemented as
a charge-based model (obtained by integrating capacitance) in
ADS.

2. The equivalent model is extracted from the S-parameters of
a 50 nm x 75 um GaN HEMT modelled and simulated in
Synopsys Sentaurus TCAD up to 80 GHz, enabling
coverage of the 5G spectrum near 30 GHz. For this case, we
find that extracted extrinsic elements are negative, hence we
fit the intrinsic device to the simulated data.

The extracted intrinsic elements before and after
optimization for this device are summarized in Table ITI. Similar
to the case of CGH40010, a table-based-model is used for the
current generator, and the optimization process is found to
change 7 and R; more than the intrinsic capacitances. The S-
parameters of the extracted equivalent model after optimization
and the TCAD simulation over the frequency range 0.1 GHz to

TABLE III: THE EXTRACTED PARASITIC COMPONENTS OF THE
EQUIVALENT MODEL FROM THE S-PARAMETERS OF TCAD SIMULATION
OF A 50 NM X 75 UM GAN HEMT AT VDSQ=5 V AND VGSQ=-2.3 V

Before After % Change
Optimization Optimization
T 1.360761013 0.3 77.953513
| C. 25.78278022 25.78278022 0
| Cu 8.112709351 8.32 2.55513467
Ri 3.81997636 3 21.4654826
Cs 6.029898267 5.2 13.7630559

— Equivaféni Circuit
;e TCAD simulation -_400

Fig. 6. Comparison of the S-parameters of the equivalent model after
optimization with the S-parameters from the TCAD simulation of a 50 nm X
75 um GaN HEMT at Vgq=5 V and Vg=-2.3 V.

80 GHz, compared in Fig. 6, show a close match. The extracted
nonlinear Cgq, Cgs, Cgs, and gm are plotted in Fig. 7. The extracted
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Fig. 7. Extracted values of (a) Cg (b) Cys (c) Cg (d)gm from the simulated S-
parameters of a 50 nm X 75 um GaN HEMT device model in Synopsys
Sentaurus TCAD.



gm from S-parameters compared with IVs shows a slight
discrepancy. Hence, the I-V is slightly scaled to get a good
match in Fig. 6. Although the use of a table-based-model for the
current generator minimizes the effort required to model the
device, incorporating the effect the trapping is difficult in this
approach. However, low frequency dispersion can be modelled
using an additional RF source [9]. Additionally, the variation of
transconductance and output conductance with frequency
incorporated in this RF current source, could address the
discrepancy observed in Fig. 7 (d).

IV. CONCLUSIONS

The challenges and considerations for modelling the
extrinsic parasitics in a high frequency device model are
presented. A modified version of the extraction procedure for
extrinsic parasitics by Dambrine, Flores, and Lin is implemented
for frequencies less than 6 GHz. Our method for the extraction
of intrinsic parasitics is extended up to 80 GHz. Owing to its
simplicity the applicability to high frequencies eases modelling
effort.
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