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Abstract — X-parameters [1-4] are the mathematically correct supersets of S-parameters valid for nonlinear (and linear) components
under large-signal (and small-signal) conditions. This work presents an automated application combining a Nonlinear Vector Network
Analyzer (NVNA) instrument with automated load-pull measurements that extends the measurement and extraction of X-parameters over
the entire Smith Chart. The augmented X-parameter data include magnitude and phase as nonlinear functions of power, bias, and load, at
each harmonic generated by the device and measured by the NVNA. The X-parameters can be immediately used in a nonlinear simulator
for complex microwave circuit analysis and design. This capability extends the applicability of measurement-based X-parameters to highly
mismatched environments, such as high-power and multi-stage amplifiers, and power transistors designed to work far from 50 ohms. It
provides a powerful and general technology-independent alternative, with improved accuracy and speed, to traditional large-signal device
models which are typically slow to develop and typically extrapolate large-signal operation from small-signal and DC measurements.

Index Terms — microwave measurements, design automation, modeling, nonlinear circuits, power amplifiers, simulation,

X-parameters.

Introduction

Device characterization is required for power amplifier design,
and the ideal form of the device data is a large signal model.
With a model, the performance can be analyzed for varying
drive and impedance conditions, so complex or multi-stage
circuits can be designed.

Much work has been devoted to large signal model develop-
mentatmicrowave frequencies, and improvements have been
made in recent years. But though these analytical models can
be accurate over certain regions of the device operation, they
may fail in other areas. Since they are typically extrapolated
from DC and small signal measurements, verification under
actual large-signal operation is generally required. In many
cases of practical interest, the device is used over a wider
range of voltage and current than can even be characterized
under DC and linear S-parameter conditions. Load pull is a
measurement of a device under actual large signal operation.
[tmay include measuring device performance vs. impedance,
drive power, bias, temperature, or other factors. Since it is a
direct device measurement, the data can be used with confi-
dence over the conditions of the measurement.

Load pull data can be used directly for power amplifier de-
sign, by determining the impedance terminations required
for device operation. A linear simulator can then be used to
design the input and output matching networks. But this ap-
proach generally works well only for simple amplifiers, not
for more complex or multi-stage circuits. This method has
been widely used when large signal models are not avail-
able or not trustworthy. However, conventional load-pull
data typically does not provide the magnitudes and all the
cross-frequency phases of the harmonics, and therefore does
not provide enough information to reconstruct the terminal
waveforms of the device when they are highly distorted under
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large-signal conditions. It is therefore not sufficient to be used
independently in the simulator as a device model.

A second way that load pull data is used for power amplifier
design is to validate large signal models. The load pull data is
measured during actual device operation, so is used as refer-
ence data. The large signal model is compared to the load pull
data, and may be adjusted as needed to get accurate analysis
in the region of interest. At that point, the large signal model
can be used for more complex circuit analysis.

An alternate way of formulating a large signal model is to use
a measurement-based behavioral approach, as with the PHD
model. This is based on measurements of X-parameters, which
are a superset of S-parameters for nonlinear components, and
are measured using an NVNA (Non-linear Vector Network
Analyzer). S-parameters measure the complex magnitude
and phase relationship between small signals at the same
frequency at different ports, but don’t account for additional
spectral components generated by the DUT under large-signals,
or the interaction among different frequency signals incident
on a device whose state is time-varying due to large-signal
stimuli. X-parameters include harmonics and intermodulation
frequency components, and also the relationships between all
those frequencies for a given drive amplitude and frequency,
enabling the complete waveforms — including those corre-
sponding to strongly compressed conditions - to be measured
at the device terminals. However, a stand-alone NVNA does
not stimulate the device over a wide range of impedance
states at which the X-parameters are measured. Therefore,
the simplest 1-tone PHD model [1,4] is extracted only over
a limited impedance range around the characteristic imped-
ance of the NVNA, typically 50 ohms, or around an arbitrary
but fixed impedance presented by an impedance transformer
or matching structure used to present a different impedance
environmentto the device output. Most high-power transistors
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and amplifiers have optimal performance far from 50 ohms.
It is therefore necessary to acquire X-parameters over large
areas of the Smith Chart in order for the resulting model to
remain valid over the corresponding range of loads it might
be expected to encounter in applications. The limitation is
not with X-parameters or the PHD framework for simulating
with X-parameters [3], but rather with providing a simple, fast,
automated measurement system and application to acquire
the X-parameters over the entire complex load-domain of
interest.

Load Pull with X-Parameters

This paper introduces load pull with NVNA measurements
of X-parameters that produce data that can be used directly
by the PHD model over a wide impedance range. The opera-
tor of the combined load pull NVNA system will select an
impedance range of interest, possibly over the entire Smith
chart. The PHD model can then be used as a circuit element
in a non-linear analysis with great confidence, since it is
based on measurement at the actual operating conditions of
the device.

The load pull X-parameter measurement can include a com-
plete sweep plan. Stimulus variables can include impedance,
power drive, bias, and frequency, forexample. This can extend
the applicability of the PHD model over a much wider range
of validity — over the range of actual applications for many
high-power and multi-stage PA designs.

The process has three steps:

1) The load pull system measures the X-parameters
at each impedance setting, like a standard load pull, with
X-parameters added to the measurement data set. When the
measurements are complete at all the impedances, the mea-
sured X-parameters are saved into a single file.

2) An enhanced design kit available for use in the ADS
non-linear simulator then reads the file saved by the load pull
- NVNA system and creates a PHD component associated
with the file. This is a very quick step.

3) This component can then be dragged and dropped
directly into a circuit schematic as a non-linear device, and
analysis can start immediately.

This process is a huge simplification over past practice. It
provides the simplicity of using load pull and NVNA data
directly for simple power amplifier design, but with the ability
to analyze complex circuits that require a large signal model.
It also is not limited to characterizing a single device, but ap-
plies equally to modeling an amplifier section. The process
is also independent of the device technology. Extracting full
load-dependent X-parameters at multiple harmonics is much
more automated and repeatable than extracting a standard
“compact” transistor model, which may have more than 100
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parameters that have to be optimized to give overall fits. It is
thus ideal for new technologies and new amplifier realiza-
tions before any detailed physics-based compact models or
accurate circuit-level models are available.

System Configuration

Although the measurement system is capable of taking much
more complex measurements than a classic load-pull system,
in many ways the setup is actually much simpler. A typical
scalar load-pull system may involve a computer running the
controlling software, multiple power meters, a spectrum ana-
lyzer, DC supplies and meters, one or more sources, and one
or more tuners along with attenuators, bias tees, couplers, etc.
Utilizing Agilent’s latest premier network analyzer, the PNA-X,
many of these separate components and instruments are no
longer necessary because they are already contained inside
the box. This results in a simpler setup with fewer components,
an easier use model, and faster measurements.
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Figure 1. Measurement setup for load pull with X-parameters

The central piece of the measurement setup is the PNA-X with
NVNA and X-parameter options. In addition to serving as a
time domain measurement system with 26 GHz of bandwidth,
the Maury ATS software can run directly on the analyzer for
maximum interoperability and speed, eliminating the need
for a dedicated measurement computer. The necessary cou-
plers, bias tees, and RF sources are also already included in
the box, so connecting the system is relatively simple as seen
in figure 1. The USB-controlled tuner plugs directly into the
analyzer, and the DC instruments are controlled through the
built-in GPIB interface. Since both the NVNA firmware and
ATS software have built-in support for external instrument
control through GPIB, bias sweeps are easy to set up and
measurement synchronization is automatically handled.

The user interface is primarily handled through Maury’s ATS
software, with the NVNA firmware used for calibration and
made available for advanced settings (configuring internal
switches and attenuators, utilizing advanced features of the
PNA-X such as pulse modulation or triggering, etc.). Mea-
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surement configuration through the Ul is similar to standard
load-pull configuration, but using a simpler block diagram
with the NVNA replacing several typical instruments. The
measurement parameter “X-Params” is available when the
NVNA is included in the setup. When it is not selected, time-
domain load-pull (load dependent waveforms) measurements
are taken. When selected, the X-parameters of the DUT are
also measured as a function of load and any swept bias condi-
tions. The resulting X-parameters are written to a single file at
the end of the measurement that is immediately ready to be
imported into ADS and used in simulation and design.

Simulation

The PHD Design Kit for ADS provides a framework for simu-
lation using measured data. X-parameters measured on the
NVNA can be directly imported through the design kit and
immediately used for large signal simulation and design. The
design kitwas updated to supportload-dependent X-parameters
measured with the system described above. The use model
is exactly the same as that of fixed-impedance X-parameters,
and consists of copying the MDIF file containing the measured
X-parameters into the ADS Project in which it will be used
and using the “PHD” menu to create a component that is
linked to that file. The entire process typically takes less than
one minute, and the component can be immediately used in
the Harmonic Balance or Envelope simulators, as shown in
figure 2. Full large-signal behavior, including magnitude and
phase of harmonics, are captured in the X-parameters and
accurately predicted by the component.
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Figure 2. PHD Component linked to a file of measured X-parameters in an ADS
schematic.

Results

The measured data was taken using the Maury tuner model
MT982EU30, and the Agilent PNA-X, model N5242A, with
the NVNA and X-parameter options, as shown in figure 1.
The DUT measured is a packaged FP2189 1 Watt HFET from
W] Communications (now a part of TriQuint Semiconductor)
mounted on a connectorized PC board. All measurements
were deembedded up to the package pins.
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Figure 3. Comparison of simulated (blue) and independent measured (red) delivered
power contours (left) and efficiency contours (right)

The first basic validation was done by comparing a standard
load-pull measurement of delivered power and efficiency with
the results of a load-pull simulation in ADS using the PHD
component with measured load-dependent X-parameters. As
figure 3 illustrates, the agreement between simulated and the
independent measured results is excellent.

In addition to fundamental RF and DC behavior, the X-pa-
rameters also capture the harmonic behavior of the device.
Since magnitude and phase of harmonics are captured, the full
time-domain waveforms are available, as shown in figure 4.
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Figure 4. Comparison of simulated and independent measured time domain wave-
forms at fundamental gamma of 0.383+j*0.31 (top), 0.387-j*0.466 (middle), and
-0.272+j*0.048 (bottom).
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Again, the agreement between simulation and independent
measured results is excellent. The comparison was done by
firsttaking the independent measurements, then presenting the
measured load conditions at the fundamental and harmonics
to the PHD component in simulation.

The same harmonic load conditions were necessary for a valid
comparison because the PHD component uses X-parameters
to account for harmonic mismatch. This is an important note,
because in addition to providing an automated framework
for using nonlinear measured data in simulation, PHD and
X-parameters provide an efficient way to capture dependence
on harmonic load and upstream source harmonics, as shown
infigure 5. Although X-parameters are nota complete replace-
mentfor harmonicload-pullinall cases, we anticipate that, for
many devices, they will provide sufficient information to use
in design without the need for a much longer full harmonic
load-pull measurement.

/

Figure 5. PAE (red) and Delivered Power (blue) contours vs. second harmonic load

Conclusion

Load pull with X-parameters together with the PHD frame-
work provides a simple and direct way to get a large signal
model for analysis of complex power amplifier circuits. The
load pull measurement creates an X-parameter file which can
be loaded directly into the non-linear simulator to use as the
PHD component. The data can then be used immediately
for analysis of complex power amplifier circuits. The load-
dependent X-parameters enable full waveforms to be predicted
calibrated to the device terminals — even under high degrees
of compression — over all impedance environments.
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