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1 Abstract
This paper explains and illustrates that the voltage–current behavior of nonlinear devices,
components and systems is the basis for a framework for the large signal RF and microwave
design and manufacturing process. This framework spans measurement, modeling and CAE
technology in a coherent way.

2 Introduction
In the RF / microwave design and manufacturing cycle nonlinear behavior has become very
crucial. Today it is still a concern to be kept under control. Tomorrow it will be the feature for
increased functionality at a lower cost.

To quantify nonlinear behavior all kinds of measures did arise like spectral regrowth, ACPR,
IP3. Unfortunately a solid theoretical foundation complemented with a practical approach is
missing. As a result the system level engineer still copes with nonlinearities differently than the
process engineer who is responsible for the basic building block.

First this paper argues that the measurement concepts, the models of components and the
simulation tools must be brought together under one framework. This framework must be
applicable from the device level up to the system level, from the R&D lab up to the
manufacturing floor. It is explained how this impacts, shortens and simplifies the design and
manufacturing process. Finally the paper gives an overview of the state of the art of the different
technologies.

3 A framework for the large signal design process
Presently the effectiveness of the design and manufacturing process is negatively impacted by
the iterations required at the different levels in the chain from device to system level and by the
difficulties to exchange specifications between the different levels.

For example, it is the task of the process engineer to improve and innovate semiconductor
technology to meet the present and future market requirements. But this engineer faces the
challenge to translate high level specifications, like the 3G specifications, into concrete physical
device and process parameters.



The device-modeling engineer faces a similar problem. Once the performance of the transistors
on wafer is verified with a process that does not address high-level performance factors at all, the
device-modeling engineer extracts transistor models from measurements. Usually the
measurements consist of DC voltage and current measurements and S-parameters at different
bias points and frequencies. Because of the growing need to deal properly with nonlinearities,
large signal models have to be derived from these measurements.

But the circuit designer is not really interested in S-parameters at different bias points. His
concern is the large signal voltage–current behavior of the model. Therefore the model has to be
verified with a different type of measurements using signals closer related to the application.
Loadpull measurements are for example one way to verify some large signal performance of the
model. Unfortunately when there is a difference between the measurements and model
prediction, these measurements cannot be used to improve the model. Therefore evolving and
new process technologies are the privilege of design houses that can afford device modeling
engineers and equipment working together with the circuit engineers to adapt transistor models
based on experiences at the circuit level. It is very difficult to work with the foundries to solve
this problem.

These difficulties occur at and between different levels of the design and manufacturing process.

 To shorten the design and manufacturing process and to accelerate the integration of complete
systems on chip, there is a need for a framework dealing with nonlinear behavior from device to
system level and that spans the measurement, modeling and simulation technology in a coherent
way.
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The positive impact on the design and manufacturing cycle of such a framework is illustrated for
linear RF and microwave designs. The S–parameters are the linear model that can be measured
by the vector network analyzer and can be used by the CAE tools to simulate. S-parameter
measurements are consistently used for the verification process.

Because of the coherence of the framework and the applicability from device to system level, it
became part of the basic education of the HF electrical engineer and it found a place in test and
manufacturing. Design, manufacturing and testing of small-signal amplifiers is a nice example of
the benefits of a framework.

A similar framework dealing with nonlinear devices, components and systems will reduce the
large signal design and manufacturing cycle in different ways:

• models with higher reliability are made available to the circuit designers faster

• reliable simulation – or measurement – based models are made available to the board
designers and system designers faster while keeping computer resource consumption
low

• concerns and problems detected by engineers at higher levels can easily propagate
down to create immediately improvements at lower levels

• testing the manufactured components can be done coherently with the design
methodology

• systems on chip will be realized quicker

4 The three musketeers of large signal RF and Microwave design
The framework consists of measuring, modeling and simulating. The measurements learn the
engineer about the behavior. In combination with a device or behavioral model these
measurements can be transformed into a mathematical behavioral description. This model is then
used in CAE tools to perform predictions of more complex systems. Finally it must be easy to
relate the simulation results of these more complex systems with new measurements which can
be fed back into the modeling process for improvements if required.

During this process it must be evenly easy to work in a voltage–current formalism as in a wave
formalism. Frequency domain and time domain must be easily exchangeable.

4.1 CAE tools
The existing CAE simulators do reflect how one looks at the world and how one thinks that the
world operates. The development of the simulators was not constrained by the existing
measurement capability. The concrete measurement problem did arise when models had to be
created for these simulators.

The fundamental information in present CAE tools are the voltage and current behavior,
constrained by the Kirchoff current and voltage laws.

The difference between a time – domain, harmonic balance and circuit envelope simulator is
related to the efficiency to represent the voltage and current signals and to reduce the efforts of
the nonlinear equations solver.

Using linear transformations it is possible to represent voltages and currents easily in the voltage
or current wave formalism, either in the time or frequency domain.



4.2 The measurements
As mentioned the voltage and currents are the fundamental information for the CAE tools. Also
device level models are expressed as a voltage – current relationship.

For the framework it is important that the voltage–current behavior can be measured accurately

at the ports of components. The ports represent the interaction with the outside world (Figure 2).

Similar to the simulator technology measurement technology can be optimized for different types
of signals.

Arbitrary broadband signals require fast analogue to digital converters (ADC) and memory to
save all the information. Due to limitation of the ADC technology the bandwidth of these signals
is restricted. Time domain simulators can deal properly with this type of signals.

Knowing that the signals are periodic, like a sine wave of 1 GHz and its harmonics, synchronous
detection techniques can be used to measure amplitudes and phases of all harmonics ([1] until
[8]). Harmonic balance simulators are adequate to deal with this type of signals. Broadband high
frequency voltages and current behavior of two port devices can be measured accurately with a
nonlinear network measurement system.

Modulated signals are a combination of a set of base-band signals and high frequency phasors.
By our knowledge today no solutions exist to measure voltage and current waveforms under a
modulated excitation.

4.3 The models
This paragraph illustrates how modeling people, from the device level up to the system level,
benefit from bridging the gap between the time and frequency domain, between travelling
voltage waves and voltage-current, and between simulation and measurement. A number of
relevant papers are available ([9] until [16]). Three concrete examples are described in the
following.

A first example is illustrated in [14]. This describes how the parameters of classical large-signal
transistor models (typically derived from s-parameters) can be optimized importing actual high-
frequency voltage-current waveform measurements (performed with an NNMS measurement
system) into a commercial simulator. The standard simulator optimizer is used in order to tune
the parameters such that the simulated waveforms accurately fit the measured waveforms. The
result is a very reliable model, provided that the large signal measurements performed are close
to the signals encountered during the design and the actual “day-in-the-live” of the device.

A new and promising approach is illustrated by the second example [17]. A model topology is
now chosen, based upon neural network technology, which allows direct parameter extraction
based upon voltage-current waveform measurements. Model verification is done performing a
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set of independent measurements and comparing model and verification measurement results.
This is illustrated by figure 3.
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Note that this kind of modeling can easily be applied to a circuit containing more than one
transistor. Main assumption is that the whole device is behaving as a lumped quasi-static non-
linearity.

A third example [16] uses essentially the same measurement information in order to extract the
parameters of a so-called “frequency domain black-box behavioral model”. This is a model
relating the spectral representations of voltage and current (respectively incident and scattered
travelling waves). These models can accurately describe any microwave device, circuit, and even
system, provided that the drive is periodic. Note that, despite the fact that the model is a
frequency domain model, the comparison can be made in time-domain (Figure 4). This is
possible since information on both amplitude and phase of all spectral components is present (in
the measurement as well as in the model).
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All modeling approaches mentioned above deal easily with a whole range of terminations
(mainly limited by the range of the tuning circuits used during the measurements).

5 Conclusions
Modeling, measuring and simulation are the three musketeers for effective RF and microwave
design. It is important for the three musketeers to speak the same language across the whole
design cycle, from device level up to system level. This is achieved by bridging the gap between
time and frequency domain, between travelling voltage waves and current-voltage signal
representations and between measurement, modeling and simulation. Although the necessary
musketeer dictionary is as yet not complete, a lot of pages are presently ready for print.

6 References
[1] M. Sipila„, K. Lehtinen, and V. Porra, High-frequency periodic time-domain waveform
measurement system, IEEE Trans. Microwave Theory Techn. 10 (1988), pp. 1397-1405.

)LJXUH � &RPSDULVRQ RI WKH PHDVXUHPHQW �[� DQG H[WUDFWHG IUHTXHQF\ GRPDLQ EODFN�ER[ PRGHO �³�� 9
E
�W�� 9

F
�W��

,
E
�W�� ,F�W� RI D VLOLFRQ SRZHU VWDJH H[FLWHG E\ D � *+] VLJQDO



 [2] U. Lott, Measurement of magnitude and phase of harmonics generated in nonlinear
microwave two-ports, IEEE Trans. Microwave Theory Techn. 10 (1989), pp. 1506-1511.

[3] G. Kompa and F. van Raay, Error-corrected large-signal waveform measurement system
combining network analyzer and sampling oscilloscope capabilities, IEEE Trans. Microwave
Theory Techn. 4 (1990), pp. 358-365.

[4] M. Demmler, P. Tasker, and M. Schlechtweg, A vector corrected high power on-wafer
measurement system with a frequency range for the higher harmonics up to 40 GHz, Proc. 24th
European Microwave Conference, 1994, pp. 1367-1372.

[5] J. Leckey, A. Patterson, and J. Stewart, A vector nonlinear measurement system for
microwave transistor characterisation, Proc. 2nd IEEE Joint European Chapter Workshop on
CAE, Modelling and Measurement Verification, 1994, pp. 190-193.

[6] J. Verspecht, P. Debie, A. Barel, and L. Martens, Accurate on wafer measurement of phase
and amplitude of the spectral components of incident and scattered voltage waves at the signal
ports of a nonlinear microwave device, IEEE MTT-S Int. Microwave Symp. Digest, 1995, pp.
1029-1032.

[7] C. Wei, Y. Lan, J. Hwang, W. Ho, and J. Higgins, Waveform characterization of microwave
power heterojunction bipolar transistors, IEEE MTT-S Int. Microwave Symp. Digest, 1995, pp.
1239-1242.

[8] J. Verspecht, Calibration of a measurement system for high frequency nonlinear devices, PhD
thesis, Vrije Universiteit Brussel, 1995.

[9] J. Verspecht, D. Schreurs, A. Barel, and B. Nauwelaers, Black box modelling of hard
nonlinear behaviour in the frequency domain, IEEE MTT-S Int. Microwave Symp. Digest, 1996,
pp. 1735-1738.

[10] A. Werthof, F. van Raay, and G. Kompa, Direct nonlinear FET parameter extraction using
large-signal waveform measurements, IEEE Microwave and Guided Wave Letters 5 (1993), pp.
130-132.

[11] M. Demmler, P. Tasker, M. Schlechtweg, and A. H• lsmann, Direct extraction of non-linear
intrinsic transistor behaviour from large signal waveform measurement data, Proc. 26th
European Microwave Conference, 1996, pp. 256-259.

[12] D. Schreurs, J. Verspecht, B. Nauwelaers, A. Van de Capelle, and M. Van Rossum, Direct
extraction of the non-linear model for two-port devices from vectorial non-linear network
analyzer measurements, Proc. 27th European Microwave Conference, 1997, pp. 921-926.

[13] J. Bandler, Q. Zhang, S. Ye, and S. Chen, Efficient large-signal FET parameter extraction
using harmonics, IEEE Trans. Microwave Theory Techn. 12 (1989), pp. 2099-2108.

[14] D. Schreurs, J. Verspecht, S. Vandenberghe, G. Carchon, K. van der Zanden, and B.
Nauwelaers, Easy and accurate empirical transistor model parameter estimation from vectorial
large-signal measurements, IEEE Int. Microwave Symp. Digest, 1999.

[15] J. Leckey, J. Stewart, A. Patterson, and M. Kelly, Nonlinear MESFET parameter estimation
using harmonic amplitude and phase measurements, IEEE MTT-S Int. Microwave Symp. Digest,
1994, pp. 1563-1566.



[16] Jan Verspecht and Patrick Van Esch, Accurately characterizing hard nonlinear behavior of
microwave components with the Nonlinear Network Measurement System: Introducing
nonlinear scattering functions , Proc. 5th International Workshop on Integrated Nonlinear
Microwave and Millimeterwave Circuits (INMMC  98), 1998, pp.17-26.

[17] Dominique Schreurs, private communication, March 1999.


