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Abstract

A nonlinear embedding model for a body-grounded version
of the industry standard ASM-HEMT model is presented
in this paper for accelerated power amplifier (PA) design.
This embedding model is able to simulate any PA mode of
operation at its intrinsic reference planes and predict the
impedances and harmonic terminations required at the
extrinsic reference planes to sustain that targeted mode for
the modeled transistor. The ASM-HEMT embedding
model is further extended to account for the transistor’s
manifold using six-port ABCD parameters, enabling more
accurate design of MMIC PAs.

1 Introduction

Today, the power amplifier (PA) designer has an
extensive array of compact transistor models from which
to choose. Transistor models can be based on empirical
measurements, derived from analytical physical equations,
or contain both empirical and physical elements. There are
models for numerous different device types including
MOSFETs, BJTs and HEMTs. However, most of these
models share the same characteristic: simulation is done
extrinsically, at the same manifold reference planes (MRF)
as the physical measurement.

A nonlinear embedding model instead receives input
from the circuit simulator at the current source reference
plane (CSRP), also referred to as the intrinsic plane. At the
CSRP, the model is simulating the ideal transistor behavior
without parasitic elements and memory effects. After
calculating the intrinsic IV behavior of the device, the
voltage and current waveforms are embedded from the
CSRP to the MRP.

Embedding models have been reported for various type
of models including the Angelov model utilized in
reference 1 and an artificial neural network model for SOI-
MOSFET. In this conference paper, we seek to extend the
embedding model to the ASM-HEMT model and verify its
accuracy.

2 Concept

Transistor models are typically composed of different
layers embedded concentrically within each other, with
each inner layer reference plane’s output connected to the
outer layer reference plane’s input. Moving from an inner

plane to an outer plane is called embedding, conversely,
moving from an outer plane to an inner plane is called de-
embedding.

The innermost plane, the CSRP, is the location of the
core simulation. With the specific values determined by
device parameters input into the model, the behavior of the
device is modeled by a voltage controlled current source.
In order for the simulation at the CSRP to resemble what
one would physically measure from a device, one is going
to have to use models that will replicate parasitic effects
inherent to the device being simulated. These effects are
modeled with simple circuit elements and accounted for
using basic circuit analysis. Fig. 1 illustrates a simple
example of a CRSP embedded inside of an extrinsic
reference plane (ERP) containing parasitic elements.
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Figure 1. Simplified example of a transistor model
consisting of an intrinsic model at the CRSP embedded
within an extrinsic model of the device’s parasitics
accessed at the ERP.

The mathematical process of embedding can be seen in
equations 1-3. De-embedding is simply the inverse of these
equations, solving for the intrinsic value.

. dQp (Vgsi, Vpsi) 1
lp = lp; T ( )
Vps = Vps; T ipRp 2
Vs = Vgsi 3)

This is the basic method of how a transistor model will
embed or de-embed simulated data between planes
throughout the entire model.

The advantage that an embedding model provides over
a standard transistor model is control over the intrinsic



mode of operation of the transistor. When simulating from
an extrinsic plane, the simulated current and voltage is
affected by the parasitics in the intermediate planes. On a
loadline these memory effects would present themselves as
hysteresis that obscures the transistor’s mode of operation.
A comparison of an intrinsic and extrinsic loadline is
presented in Fig. 2. By directly applying textbook multi-
harmonic load terminations and bias to the transistor at the
CSRP, one is able to control the transistor’s mode of
operation. From here, embedding the model’s voltage and
current waveforms at the CSRP will provide the
transistor’s voltage and current waveforms at the ERP for
the chosen mode of operation. With an embedding model
that accurately simulates the behavior of its physical
counterpart, PA designers can then obtain the required
transistor’s source and load impedances, as well as
necessary harmonic terminations at the ERP sustaining the
desired mode of operation. This capability greatly speeds
up the PA design process, as there is no need for lengthy
multi-harmonic load and source-pull measurements. This
method of PA design is introduced in reference 2.
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Figure 2. Comparison of a Class B loadline at the intrinsic
plane (red, dashed), and the manifold plane (blue, solid) at
5 GHz.

3 Implementation

This section will summarize the modifications that
were made to the ASM-HEMT model in order to
implement the embedding model’s functionality.
Embedding models have been created for other transistor
models before, but the model reported here is the first
designed for the industry standard ASM-HEMT model.

The ASM-HEMT model is coded in Verilog-A, an
analog circuit modeling language. The model consists of an
intrinsic, or CSRP, and an extrinsic plane. There are five
external nodes on the standard ASM-HEMT model: gate,
source, drain, body, and temperature change (AT). These
are the nodes that are declared as module inputs. The model
also has three corresponding internal nodes only seen in the
model’s source code for the intrinsic gate, source, and
drain, separated by access resistances. The model also has
options for gate-connected and source-connected field

plates, though these options will not be utilized in this
paper.

To begin the process of adapting a standard transistor
model to an embedding model, it is advisable to make a
circuit diagram of the model, including all the parasitic
elements and nodes used to model the transistor’s behavior
at the extrinsic plane. Such a diagram for the ASM-HEMT
model is presented in Fig. 3.
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Figure 3. Topology of standard ASM-HEMT model
(without field plates). Red current sources represent
parasitic capacitances within the model.

After the transistor’s topology and parasitics have been
mapped out, it is now possible to begin coding the
embedding model. Verilog-A is designed as a circuit
modeling language, so this process is done very similarly
to the example in section 2 of this paper. We note that for
this version of the ASM-HEMT embedding model, both
the body and source have been grounded, as is common for
in PA design.

In addition to the mathematical embedding that is
carried out in Verilog-A, there are also a number of
modifications that were carried out to the model itself.
Verilog-A defines nodes that interact with the software as
external nodes. However, in an embedding model, the
CSRP nodes of the model are the ones that interface with
the simulation software, so the CSRP nodes for gate,
source, and drain must now be declared as external nodes
at the module level, and the extrinsic nodes are now
removed from the module declaration and are now defined
as internal nodes. The extrinsic currents and voltages
calculated via embedding for both the gate and drain are
assigned to four separate external nodes.

Once the necessary modifications have been made to
the model’s code, the embedding model’s output must be
verified to match the standard model’s input.

4 Verification

At this juncture it is important to reiterate that an
embedding model does not affect behavior or performance
of the original model. The embedding model is simply
allowing the simulation software to access the model’s
internal plane.



Therefore, the behavior at the extrinsic output of the
embedding model can be compared to the extrinsic input of
the standard model. This can be done simply by modifying
the standard model to de-embed to the intrinsic plane. This
model will function exactly the same as the normal model,
except for the addition of extra external nodes in the
Verilog-A code that are assigned the calculated current and
voltages of the gate and drain at the intrinsic node. In the
simulation, the output data from this de-embedding model
is sent to the intrinsic plane input of the embedding model.
This creates a chain of accountability: the modified
standard model’s extrinsic input is de-embedded to the
intrinsic plane, then the de-embedded data is sent to the
intrinsic input of the embedding model, which is then
embedded in the same extrinsic plane as the standard
model. If the embedding model is functioning properly, the
output at the extrinsic reference planes should equal the
inputs of the standard model exactly.

Fig. 4 contains time-domain plots of the extrinsic
source-drain voltage and drain current from the simulation
described above. These curves completely overlap,
indicating that our embedding model is accurately
embedding the intrinsic plane within the same extrinsic
plane as the standard model.
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Figure 4. Time domain measurements of a Class B
simulation at 5 GHz for drain current and source-drain
voltage at the embedding plane. The blue, solid line is the
embedding model’s output and the red, dashed line
represents the standard model’s input.

S Simulating the Manifold Plane

While the ASM-HEMT model is proficient at modeling
the behavior of a GaN HEMT to the extrinsic plane, there
are parasitics that arise from the manifold of the transistor

that, if included in the simulation, will further replicate the
measured behavior of the device. However, the ASM-
HEMT model does not natively include a manifold plane,
so the manifold plane simulated in the simulation software.

The manifold is represented in simulation software as a
passive network of lumped components, so it is possible to
model the manifold with small-signal parameters. The
manifold has six ports: extrinsic gate, source, and drain and
manifold gate, source and drain. Since the output from the
embedding model is in the form of currents and voltages,
the manifold is modeled with a 6x6 ABCD matrix.
However, most modeling software will not simulate a
circuit’s ABCD matrix, so it must be converted to T-
parameters, then ABCD parameters using equation 4 from
reference 3 and equations 5-8 from reference 4.
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Where Smm, Sme, Sem, Sce are defined as 3x3 submatrices of

the total 6x6 matrix as seen in equation 9.
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Equation 10 is then implemented in circuit form, as seen in
Fig. 5.

Vom Agg Aga Ags Bgg Bga Bgs Vge

Vim Agg Ada Ags Bag Baa Bas Ve

Vsm _ Asg Asd Ass Bsg Bsd Bss . Vse

Igm Co9 Cga Cgs Dgg Dga Dys —lge (10)
Idm Cdg Caa  Cus Ddg Dga  Dys _Ide

Ism ng Csd Css Dsg Dsd DSS _Ise



= Naninv c
CSRC15 CSRE1E CcSRCY e
Coall=isi(0,1} Coeflssti0,) Coeflis(0.1) Co

50 - |
| N §1P20 L
{ 1esngs (4
R T

e e e e |y

2
2

46 CSRaST-
Cooteint(0.) Coslist0.1) . . Coaft=hsi0.1 Coeftoist(0.1)

Figure 5. Circuit implementation of matrix multiplication
in equation 10. Circuits for Vgm and Igm are shown.

Similarly to section 4, the embedding model connected to
an ABCD matrix must also be validated against the
standard model connected to the simulated manifold. This
is done in the same manner as in section 4, and the results
are seen in Fig. 6.

Modeling the manifold with a 6x6 ABCD matrix perfectly
replicates the simulation of the manifold, allowing the
embedding model to be used with an external manifold
separate from the Verilog-A code.
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Figure 6. Time domain drain current and source-drain
voltage measurements of a Class B simulation at 5 GHz.
The blue, solid line is the embedding model’s output with
the ABCD representation of the manifold plane and the
red, dashed line represents the standard model’s input
through the manifold’s simulated circuit.

6 Conclusion

In this conference paper, we reviewed the underlying
concept and motivations behind nonlinear embedding and
its use in transistor models. We detailed the modifications
that must be made to the standard model in order to
transform it into an embedding model. We also explained
the process that was used to add a manifold plane further
outside the extrinsic plane using simulation software and
parameter conversion.

Embedding models have been made for other transistor
models, but it is especially useful to have an embedding
model for a physical model like the ASM-HEMT. The
ASM-HEMT model allows for more granular control over
physical parameters like gate length, width, number of gate
fingers, barrier thickness, etc. The control afforded by a
physical model combined with the operative control that
the embedding model gives not only greatly increases the
speed at which PA designers are able to complete their
designs but also reveals the impact of the physical device
parasitics on the device performance for the targeted mode
of operation at the CSRP.
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