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Editor’s Note: As time-to-market demands have increased and modeling/measurement systems have become more complex and dif-
ficult to assemble, companies have been seeking fully integrated, turnkey system solutions. Microwave Journal asked some leading
software and measurement companies to review their offerings in this area including their advantages for customers. Keysight Tech-
nologies, National Instruments, Maury Microwave and Focus Microwaves review their capabilities in the area of integrated modelingl
measurement solutions, many made up of software and hardware components from multiple companies teaming up to offer a full
turnkey system solution.
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Turnkey Solutions for Semiconductor
On-Wafer Measurements
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Yoshiyuki Yanagimoto,
Keysight Technologies, Santa Rosa, Calif.
As semiconductor technology continues to
evolve, time-to-market cycles are shrinking
and the need for even greater accuracy is in-
creasing. Unfortunately, those trends often run
counter to the need to properly characterize
semiconductor components and devices during
their development and manufacture. One issue
is the time that is required to configure and as-
semble a measurement system to handle this
task. In a typical wafer-level measurement sys-
tem for mmWave measurements, for example,
over 25 to 30 cables must be properly config-
ured and assembled. The semiconductor test
engineer may spend several months evaluating,
ordering, assembling and verifying that system.
And because it is so complex, there is a greater

likelihood that a cable, connector or mechani-
cal component will be missed, further delaying
its commissioning.

The software used in the measurement sys-
tem can also create challenges for the engineer.
Such systems, which typically include a probe
station, measurement instruments and calibra-
tion, are generally controlled by multiple piec-
es of software. That means that the engineer
is forced to deal with different user interfaces
just to operate one system. Even highly skilled
engineers have to spend months or even years
working to establish measurement automation.
According to one recent customer survey, the
need for a software solution capable of effi-
ciently controlling both the prober and instru-
ments, while maintaining the necessary flex-
ibility to address diverse measurement needs,
was identified as a “top three” priority.

These challenges demand an integrated,
turnkey system that can quickly and accu-
rately perform advanced DC, RF/microwave/
mmWave, high power and flicker noise mea-
surements on semiconductor components and
devices. Keysight Technologies and Cascade
Microtech set out to deliver this type of system
in June 2014 and launched wafer-level mea-
surement solutions (WMS). WMS provides
fully configured and validated RF measure-
ment solutions to satisfy the ever increasing
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A Fig. 1 Typical WMS configuration with
Keysight measurement instruments and
Cascade Microtech probe station.

demands, both technically and vol-
ume-wise, of on-wafer measurements
(see Figure 1). To date, over 80
configurations have been tested and
over 1,800 calibrations performed.
Since WMS was first announced, an
increasing number of semiconductor
test engineers developing and manu-
facturing semiconductor components
and devices are asking for a complete
solution, rather than a collection of in-
dividual parts from various suppliers.

INTEGRATED, TURNKEY
SOLUTION

Providing an answer to that demand
for a “solution,” the WMS program de-
livers a turnkey solution for on-wafer
measurements through three key de-
liverables: guaranteed configuration,
guaranteed installation/verification and
guaranteed support. These deliver-
ables are critical to ensuring the mea-
surement system is not only turnkey,
but can quickly and accurately make
the measurements today’s semicon-
ductor test engineers demand.

With guaranteed configuration,
Keysight and Cascade Microtech
also guarantee that if there is a miss-
ing piece in the delivered system, it
will be provided free of charge. One
way they ensure a complete system
is delivered is through a three-way
joint meeting; essentially a Keysight/
Cascade Microtech sales team meet-
ing that takes place with the engineer
at the beginning of any new engage-
ment. The three-way joint meeting
eliminates the need for the engineer
to meet with the sales teams from each
company separately. This is not only a
much more efficient use of time, but
makes sure that the end system will

satisfy the engineer’s
needs with the most
reasonable and reli-
able configuration.
It also helps ensure
that there are no
missing compo-
nents in the system
or careless mistakes
made;  something
which can easily oc-
cur when different
parties are involved
in separate meet-
ings. -0.2
Guaranteed  in-
stallation allows en-
gineers to request
a variety of services
at purchase, such as
installation  service,
on-site  functional
qualification, mea-
surement  consul-
tation,  application
training, and complete system verifica-
tion and performance — all provided
by application experts. These services
eliminate the headaches and worries
an engineer normally faces when in-
stalling a measurement system and
drastically shortens the time-to-first
measurement. Keysights WaferPro
Express software was specifically de-
signed to enable engineers to quickly
setup and execute automated mea-
surements, as well as the system per-
formance verification. The WMS pro-
gram’s guaranteed support means that
engineers gain a single point of contact
for support, rather than having to won-
der which company to contact when a
system level issue is encountered.

PRE-CONFIGURED SYSTEM
OPTION

To further simplify the process of
making on-wafer measurements and
speed the actual time-to-first mea-
surement, the companies spent a
tremendous amount of time evaluat-
ing commonly used combinations of
measurement instruments, including
Keysights BI1500A  Semiconductor
Device Parameter Analyzer, N6705B
DC Power Analyzer, PNA and PNA-
X Network Analyzers and mmWave
Extenders, and Cascade Microtech’s
multiple probe stations (e.g., the
Summit™/Elite300™/CM300 series
probe stations) and probes (e.g., Infini-
ty® probes). As a result of these efforts,
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A Fig. 2 The Keysight Verification Substrate verifies a system with a
higher coverage of the Smith Chart.

a number of pre-configured systems
are now available with guaranteed per-
formance. When one of these systems
is purchased, the companies provide a
system specification that serves as an
acceptance criteria at installation.

ENABLING SYSTEM
PERFORMANCE VERIFICATION

A key benefit of the WMS pro-
gram is that the complete on-wafer
measurement system performance is
not only specified, but verified during
installation. As an example, the WMS
program verifies the DC leakage and
noise of the entire system. Previously,
DC leakage and noise could only be
specified separately at the front con-
nectors of the Keysight BL500A Semi-
conductor Device Parameter Analyzer
by itself and at a stand-alone Cascade
Microtech probe station.

For RF measurements, an app]ica—
tion expert performs S—parameter veri-
fication at the tips of the probes using
a newly developed Keysight verifica-
tion substrate (KVS) up to 110 GHz.
The KVS contains multiple devices, such
as a mismatch line (Beatty Standard) and
25 and 100 ohm series resistors, as well
as the open, short, load and line standard
to more confidently verify S-parameter
measurements (see Figure 2).

One reason KVS is able to produce
a more confident verification is that its
verification standards cover a wider
area of the Smith Chart. In contrast,
traditional verification uses the open,
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A Fig. 3 WaferPro Express software enables turnkey automated measurements as well as full

customization.

short, load and line standard, which
only runs on the outer circle of the
Smith Chart or stays at the center
dot, making it much more limited. By
verifying the complete measurement
system using KVS and via DC leakage
and noise, engineers gain greater con-
fidence in the overall performance of
their measurement system.

REDUCING MEASUREMENT
SETUP COMPLEXITY

Keysight and Cascade Microtech
jointly developed a software platform
that interfaces with all the needed
pieces of an on-wafer measurement
system. Called WaferPro Express, the
platform enables automated charac-
terization of wafer-level devices and
circuit components (see Figure 3). It
features over 50 measurement turn-
key drivers and many test examples
so that an engineer can immediately
perform the needed measurements.
Engineers can start an operation and
write an automation program without
having to waste time learning mul-
tiple pieces of software. By efficiently
controlling all of the components in a
wafer-level measurement system—in-
struments and wafer probers—Wafer-
Pro Express is able to reduce the en-
gineer’s measurement setup complex—
ity and provide a unified platform for
efficient automated measurement and
data management.

With its guaranteed configuration,
installation/verification and  support,
KVS-enabled verification and WaferPro
Express software, the WMS program
offers a compelling turnkey solution for

on-wafer measurement needs; whether
being performed on the semiconductor
factory floor or by R&D teams mea-
suring high-volume data for applica-
tions such as device modeling, process
monitoring, reliability and component
characterization. Engineers perform—
ing such tasks can no longer afford the
time it would normally take to evaluate,
order, assemble and verify a traditional
measurement system. For today’s semi-
conductor test engineers, the benefits
of the WMS program are accurate and
repeatable testing, faster time-to-first
measurement, and assured data correla-

tion between multiple locations—all of

which are essential to allowing today’s
semiconductor test engineers to per-
form accurate and fast advanced DC
and RF measurements on both compo-
nents and devices to get their products
to market on time.
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Customized Advanced Modeling
through PXI-Based High Speed
Nonlinear Measurement Systems

David Vye and Marc Vanden
Bossche, National Instruments,
Austin, Texas

Device modeling, specifically tran-
sistor characterization at RF frequen-

cies and above, has been the ongoing
focus of R&D for well over 40 years.
Initially driven by early mil/aero fund-
ing for MMIC development, device
modeling enables design innovation
by bridging the gap between known
transistor technology (through mea-
surement) and unknown circuit per-
formance (through simulation). In the
earlier days of device characteriza-
tion and circuit design, measurement
technology, equation-based predictive
modeling and simulation took shape
through a mix of independent and col-
laborative efforts to characterize and
predict the electrical behavior of new
semiconductor processes.

Today, the goal for the device mod-
eling remains the same: support ba-
sic device development and provide
the design engineer with an accurate
representation of how that device will
behave when operating within the de-
sign network under real-world condi-
tions. As RF semiconductor technolo-
gies mature, many transistor develop-
ment and modeling techniques will be
addressed with existing commercial
turnkey solutions. For newer semi-
conductor technologies targeting ap-
plications that require models based
on a broader characterization region
(ie., wideband, dynamic, thermal),
the need to advance measurement
speed, accuracy and customization
will continue.

DEVICE MODELING

Understanding the factors driv-
ing development in device charac-
terization starts with an examination
of how data is measured and used to
create predictive models. The three
most common types of models used
are physical models, compact mod-
els and behavioral models. Models
for silicon devices such as BJTs and
CMOS are commonly based on semi-
conductor physics. Industry stan-
dard compact models for compound
semiconductor such as GaAs and
GaN are typically based on empiri-
cal equations describing currents and
charges as a function of the applied
voltages and temperature. Behavioral
models use direct measurements to
represent the device with component
responses to specific controlled stim-
uli captured in a “black-box” table or
data file. Behavioral models are only
valid under the operating conditions
measured. This model type is actively



CoverFeature

Traditional Load-Pull
G d From N

Model

Device LP

Single Device Small Signal SPars
20

19 4

Single Device Pout and PAE

—
n =
pL E

| Small Signal SPars Smith
A T o

o
. ihoe

$ 10 15 20 25 30 38 40a2
Power (d8m)

Rich Load-Pull Measurement
Data Set Used Directly for Design

Source and
Load Gammas

Source Pull Contours
g

s
C2EmnS and
Load-pull Contours

P \l@ N

No need to iterate
between source S
and load-pull O o

N e

A Fig. 4 New design flow replacing load-pull contours generated from nonlinear models with direct load-pull measurement sets.

under development and has recently
been improved to take memory ef-
fects into account.

The compact transistor model
is widely used to model the III-V
semiconductor devices which are the
mainstay of RF/microwave applica—
tions. Compact models extracted from
measured IV, quasi-isothermal pulsed
IV, S-parameters and pulsed S-param-
eter data, with validation from load-
pull characterization, can take into
account complex phenomena such as
electro-thermal and trapping effects.
Most of today’s PAs are fed by modu-
lated signals such as versatile pulses
in the case of radars or highly modu-
lated signals in the case of telecom-
munication applications. It is essential
to assess the dynamic behavior of RF
devices fed by these large modulated
signals. Contrary to CW conditions,
low frequency and high frequency
memory effects created by trapping
and thermal effects must be included
to accurately predict the device re-
sponse to complex modulated signals
(such as EVM or ACPR).

To accurately predict RF (and
digitally modulated) nonlinear be-
havior, advanced compact and be-
havioral models require a consid-
erable amount of measured data,
which significantly increases the
time it takes to fully characterize a
single device and validate the model
through load-pull verification. Rapid

measurement systems are required
to reduce data acquisition time and
to make the modeling practical. To-
day, the speed and flexibility of PXI-
based systems make it practical to
obtain massive data sets for device
modeling, targeting design work as
well as production test.

MODULAR PLATFORM
SOLUTION

PXI is a PC-based platform for
measurement and automation sys-
tems that are compact, fast, cost-
effective, adaptable and accurate,
and enable many features that were
previously available only to high-
end and expensive setups. National
Instruments supports the devel-
opment of state-of-the-art device
characterization systems through
cooperation around solutions from
Maury Microwave, Anteverta-mw
(now part of Maury Microwave),
Focus Microwaves and Mesuro
(now part of Focus Microwaves).
For these load-pull solutions, ven-
dors are combining their expertise
with NI PXI hardware and system
design software, like LabVIEW, to
overcome the increasingly time-con-
suming source and load-pull charac-
terization requirements placed on
microwave power amplifiers.

Load-pull characterization is an
essential tool to increase the ef-
ficiency of power amplifiers. Due

to time and cost, vendors have his-
torically performed load-pull only
during design. Today, however, the
speed and flexibility of a PXI-based
system make it possible to verify
power amplifier performance during
design verification and production
test (see Figure 4).

The LabVIEW reconfigurable
I/0 (RIO) architecture is part of the
NI PXI platform. It includes the lat-
est computing technologies, such as
multicore CPUs and FPGAs, and a
single, common development ap-
proach and language. Maury, Focus
and their acquired companies are
benefitting from this architecture,
along with their unique approaches,
to help their customers simplify test
and decrease time to market.

Maury Microwave (with Ante-
verta), utilizes the high speed and
broadband modulation capabilities
from the NI PXI form factor to cre-
ate a solution that is ideal for power
amplifier characterization during
development, pre-production and
production testing. These systems
allow broadband impedance synthe-
sis which is becoming more impor-
tant to design power efficient and
linear amplifiers. The resulting large
amount of test data can be managed
through NI's LabVIEW, which is a
graphics-driven programming en-
vironment for developing test sys-
tems. It is possible to compress all
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the data into a measurement-based
behavioral model which can then be
used with NI AWR Design Environ-
ment for circuit design.

Using the latest generation of
commercial, off-the-shelf NI PXI
hardware, Focus (with Mesuro)
developed its RAPID load-pull sys-
tem that employs a “quasi closed
loop™ approach, which maintains the
speed of a closed loop active load-
pull system but removes the inher-
ent stability issues that limit its ap-
plication. The output signal from the
device is fed to a circulator or cou-
pler and passed to the PXI chassis,
where the signal is down-converted,
modified to set the desired imped-
ance, up-converted and then inject-
ed back to the test device to set an
invariant impedance. Due to the sys-
tem feedback, changes in the device
output due to a drive level shift will
be automatically compensated for in
the feedback signal. This results in
extremely fast impedance changes
and a fast calibration process.

Even the use of a passive tuner
in combination with the PXI-based
vector signal transceiver (a combina-
tion of a VSG, VSA with a common
FPGA architecture) and possibly a PXI
SMU, speed up the classic source and
load-pull. LPLite is an open-source
LabVIEW application, provided by NI
as reference architecture that supports
an intuitive source- and load-pull appli-
cation using passive tuners from both
load-pull companies. LPLite stores
this characterization data away in a NI/
AWR compatible data format. This ref-
erence architecture can be extended
easily with ET and DPD where again
one benefits from the synchronization
and speed of the PXI. All of these op-
tions provide a flexible system that can
meet the needs of most any engineer.
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Addressing Time-to-Market with
Turnkey Measurement
and Modeling Systems

n

Steve Dudkiewicz, Maury
Microwave, Ontario, Calif.

As companies become more verti-
cally integrated, they take on greater
responsibilities for accurate and ro-
bust device modeling and associated
measurements across multiple prod-
uct levels (IC, die, package, etc.).
With time-to-market an important or-
ganizational goal, the need for a high-
ly efficient, turnkey component-to
circuit-to system-level measurement
and modeling device characterization
solution has never been more critical.
Maury Microwave and AMCAD En-
gineering have partnered to address
this need with a turnkey design flow
(see Figure 3) that includes the in-
strumentation and software necessary
to take measurements and extract, val-
idate and refine compact and behav-
ioral models, all from within a single
intuitive software platform.

TRANSISTOR MODELS

The first step in developing a com-
prehensive line of state-of-the-art
transistors is to create highly accurate
and reliable compact transistor mod-
els.  Compact models include ele-
ments associated with linear, nonlin-
ear, electro-thermal and trapping cir-
cuits and are extracted from synchro-
nized pulsed IV/S-parameter mea-

surements using an AMCAD BILT
pulsed IV system, Keysight PNA-X
and Maury IVCAD software suite (see
Figure 6). Linear compact models
are extracted using S—parameters to
determine the extrinsic parasitic ele-
ments, from which the resulting data
is used to extract frequency-indepen-
dent intrinsic parameters.

Nonlinear model extraction uses
pulsed IV measurements to study the
effects of temperature-dependent
performance in safe operating regions
and to study the breakdown area of a
transistor. Pulse widths and duty cy-
cles are chosen to maintain quasi-iso-
thermal operating conditions. Pulsed
IV measurements are used to extract
the current diodes, and synchronized
pulsed IV/S-parameters to extract the
nonlinear capacitance model.

Electro-thermal circuits are used
to model transistor performance as a
function of device temperature and
device self-heating. A transistor’s
thermal resistance is extracted using
the differentiation between continu-
ous and short-pulsed bias conditions.
Thermal capacitance is extracted us-
ing longer pulses and studying current
decrease with time. Thermal imped-
ance is modeled from several thermal
resistances and capacitances repre-
senting various time constants.

Trapping effects, surface trapping
(gate lag) and buffer-trapping (drain
lag) are modeled from sets of pulsed
IV measurements at multiple quies-
cent bias points. Quiescent bias points
are specifically chosen such that the
difference between IV characteristics
can be entirely attributed to either
gate or drain lag.

MODEL VALIDATION
Following the turnkey compact
model extraction flow, the 58 electri-
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A Fig. 5 Design flow to extract component- and circuit-level compact and behavioral models.
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A Fig. 8 IVCAD measurement and modeling device characterization software suite.

cal equivalent parameters are auto-
matically determined and result in
ready-to-use III-V or MOS compact
transistor models. Since the nonlin-
ear compact transistor model was ex-
tracted from linear S-parameter mea-
surements, nonlinear vector-receiver
load-pull (see Figure 7) can be used
to validate and refine the model based
on nonlinear fundamental and har-
monic load-dependent measurements
as a function of impedance, power
compression and bias.

Vector-receiver load-pull uses a
VNA to measure {requency-selective a-
and b-waves from which separate and
accurate fundamental and harmonic
input and output powers are calcu-
lated. Since the large-signal input im-
pedance of the transistor is measured
in real-time, delivered input power
can be calculated as well as operat-
ing power gain and gain compression
that are directly related to the intrinsic
transistor’s performance independent
of source match. Vector parameters
such as AM/PM and droop, and multi-
tone parameters such as intermodula-
tion distortion products and intercept
points can be measured and compared

against simulated data.

Certain VNAs, such as Keysight
PNA-Xs, allow for nonlinear VNA
time-domain voltage and current
waveforms to be measured. When
de-embedded to the intrinsic transis-
tor reference plane, measurements
can be compared against simulated
data and used to refine and enhance
the compact model.

CW and pulsed-RF powers can
be swept using programmable signal
sources to study the device’s perfor-
mance under small-signal to highly-
compressed operating conditions.
DC and pulsed biases can be adjusted
using programmable power supplies
or pulsed-bias (pulsed IV) systems.
Impedances can be presented at the
fundamental and/or harmonic fre-
quencies using Maury’s LXI™ certi-
fied passive single or multi-harmonic
automated impedance tuners, active
tuning chains or a combination of
both. Nonlinear vector-receiver load-
pull plays a critical role in validating
any nonlinear model by presenting ac-
tual nonlinear operating conditions to
the modeled transistor, and is useful
for refining the model as needed.

BEHAVIORAL MODELS

Once a nonlinear compact model
has been extracted, or if a compact
model is unavailable, it is often use-
ful to have a component-level behav-
ioral model available for circuit design
use. Unlike compact models which
expose the workings of the transis-
tor, behavioral models are “black-box”
and based on a behavioral response to
a set of stimuli. Nonlinear load-pull
measurement data can be converted
to various behavioral models, includ-
ing Keysights X-Parameters and
AMCAD’s Enhanced PHD (EPHD).
These models can be used to quickly
simulate the behavioral response of
a transistor and are useful for circuit
design and evaluating the transistor
performance versus operating con-
ditions. Certain behavioral models,
such as the AMCAD multi-harmonic
Vollterra (MHV) model can be useful
for system design, taking into account
low frequency and high frequency
memory effects and accurately simu-
late ACPR and EVM using wideband
modulated signals.

Amplifier and MMIC designers
will often find that their designs suffer
from spurious oscillations, only discov-
ered after a circuit has been fabricated
— resulting in the necessity of mul-
tiple spins. To avoid costly redesigns,
stability analysis is an important step
in the design flow, and STAN (STabili-
ty ANalysis) can determine the nature
of oscillations under both small-signal
and large-signal operating conditions.
Based on the pole-zero identification
technique, oscillations are analyzed as
a function of bias, power, impedance
and manufacturing tolerances at mul-
tiple nodes of a circuit. Without a sin-
gle fabrication, oscillation avoidance
using the minimum number of sta-
bilization networks can be compared
against RF performance and result in
the ideal compromise, leading to first-
pass design success.

Without a single software platform
covering the entire design flow, one
runs the risk of incompatible format-
ting, missing measurement data and
lost time. IVCAD (see Figure 8) is a
single suite which includes modules
for synchronized pulsed IV and pulsed
S-parameter measurements, compact
transistor model extraction for III-V
and MOS technologies, passive, active
and hybrid-active fundamental and
harmonic load-pull for model valida-
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tion, refinement and design, multiple
behavioral model extraction tech-
niques, stability analysis of microwave
circuits, with advanced visualization
and data analysis, full scripting and
automation capabilities. IVCAD mea-
surement, compact model and behav-
ioral model file formats are compat-
ible with commercial simulation tools
for easy transition from measurement
and model to simulation.
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All-in-One Measurement and
Modeling Systems

Vince Mallette, Focus
Microwaves, Montreal, Canada

Today’s design engineers are look-
ing for systems that can do it all. In-
tegrated nonlinear measurement
solutions can help designers gener-
ate compact models resulting from
accurate linear pulsed S-parameters.
They can also perform all the required
measurements to generate a robust
measurement-based behavior model
calculated from wave-based harmonic
load-pull measurements.

Load-pull measurements will
continue to be an integral part in
the design flow for RF and micro-
wave power devices for the fore-
seeable future. Collection of a rich
load-pull data set can shorten design
cycles. Early last year, Focus added
to their portfolio high power pulsed
IV testing from AURIGA Micro-
wave and behavior modeling tools
from MESURO.

PULSED IV

Depending on what model extrac-
tion method designers prefer, there
are various solutions to reach the end
result. Pulsed IV (current-voltage)
measurements have emerged as one
of the popular methods of capturing
current-voltage characteristics of ac-
tive devices such as field effect (FET)
and bipolar junction (BJT) transistors.
With the growing popularity of high-
power devices, like GaN HEMTs,
LDMOS, SiC and graphene, current

and voltage requirements are being
increased.

The Auriga AU4850 is a full-fea-
tured characterization platform ca-
pable of measuring DC IV and pulsed
IV curves, expandable to pulsed S-pa-
rameters and pulsed load-pull. With
rise times as fast as 30 ns, measure-
ments can be made near the instant
of activation to mitigate channel, self-
heating and memory effects. With
pulse widths as narrow as 70 ns, the
system is well suited for isothermal
testing of devices. Advanced in-situ
calibration features allow for correc-
tion and accuracy at the DUT refer-
ence plane.

LOAD-PULL

Using the vector receiver archi-
tecture, fundamental and/or har-
monic load-pull can be undertaken
using a variety of configurations, ei-
ther employing internal VNA sources
or external RF sources and a PLL
interface. Focuss MPT series of
wideband harmonic tuners simplifies
and reduces the cost of highly com-
plicated harmonic load-pull setups.
Multi-purpose tuners (MPT) use
three independent wideband probes,
allowing independent control of the
amplitude and phase of the reflec-
tion factor at all three harmonic fre-
quencies. The MPT can be used to
pre-match impedances at the funda-
mental and the harmonic frequen-

A Fig. 9 Auriga’s AU4850 high power
Pulsed IV and MPT-5080 8 to 50 GHx
multi-harmonic tuner driven by Focus’ and
Mesuro’s device characterization software.

cies to reduce amplifier power by
an average factor of 10 dB, and the
corresponding cost when used in ac-
tive systems to reach the edge of the
Smith Chart. The MPT can also be
used for static passive harmonic tun-
ing in a high speed active setup with a
single fundamental injection source.
The active harmonic load-pull setups
configured this way are marketed as
model HAILP (Hybrid Active Injec-
tion Load-Pull, with one injection
source) and HAILP+ (with two or
three harmonic injection sources).
Figure 9 shows Auriga’s high power
pulsed IV and 8 to 50 GHz multi-har-
monic tuner, driven by both Focus’
and Mesuro’s device characterization
software, performing the measure-
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ments and generating a device model
— providing a complete measure-
ment and modeling system.

BEHAVIORAL MODELS

Nonlinear measurement data has
been exploited in various ways to cre-
ate behavioral models for high fre-
quency components. These include
frequency domain descriptive behav-
ioral models, such as poly harmonic
distortion (PHD) models, S-function
and Keysight’s X-parameters. Formu-
lations of these models have been de-
fined in terms of the travelling waves,
with a desire to represent nonlinear
behavior of high frequency transis-
tors through a direct extension from
the linear S-parameters. Figure 10
shows the results generated from an
imported model.

The Mesuro model portfolio has a
number of solutions that range from
the direct data look-up approach of

the Cardiff DWLU model, for recre-
ation of measured data; to the Cardiff
Model Lite, where the desired out-
put is a local model; to the Cardiff
Model+ formulation, which incorpo-
rates higher-order mixing terms with
perfect accuracy over the entire im-
pedance plan.

The Cardiff Model+ is a general-
ized solution using an nth order “mix-
ing” parameter formulation that can be
applied as a fundamental only mode or
using the harmonic content and then
easily extracted using the model gen-
eration tool and used within the EDA
simulation environment. The measure-
ment data can then be exported in a file
format as required by the user, such as
XNP or .MDF, to be used within the
available EDA tools.

The Cardiff Model+ is a poly-har-
monic distortion (PHD) model. The
ideal analyzing set is generated by
varying one parameter at a time and

analyzing the effect on the frequency
components. The MPT tuner simpli-
fies the control of three independent
impedances at the given frequencies.
More than ever, a combination
of companies like Focus Micro-
waves together with MESURO and
AURIGA are providing one-stop
shopping for design engineers. If we
go back only a few years the typical
load-pull system was a scalar solution
and was considered “high-end” when
you could tune harmonics for a very
narrowband frequency range. Now
most systems delivered by Focus are
compatible with the widest range of
available instrumentation, offer a wide
bandwidth, tune harmonics passively
and actively both on the input and the
output, support wave-based receiver
measurements and are capable of pro-
ducing robust behavior models. H



