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40-GHz/150-ns Versatile Pulsed Measurement
System for Microwave Transistor
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Abstract—A versatile pulsed I(V ) and 40-GHz RF measure-
ment system is described with all the know-how and methods
to perform efficient, safe, and reliable nonlinear transistor mea-
surements. Capability of discrimination between thermal and
trapping effects with a pulse setup is demonstrated. Capture
and emission constant times of trapping effects are measured.
A method to electrically measure the thermal resistance and
capacitance of transistors with a pulse setup is proposed.

Index Terms—Nonlinear RF characterization, pulsed measure-
ments, thermal characterization, transistor.

I. INTRODUCTION

SINCE the rising of efficient computer-aided design (CAD)
tools for microwave circuits, the modeling activity has

received a considerable interest in order to provide more
reliable nonlinear models of microwave transistors to the
active circuit designers. Especially in the case of up-to-date
nonlinear high-performance amplifiers, mixers, multipliers,
and dividers, the transistor model accuracy in the whole
domain of operation is an absolutely necessary key point in
order to achieve designs with first-pass success.

The modeling activity relies either on the physics of de-
vices or measurements. In order to optimize their processes,
physical-based models are of interest to component manufac-
turers. However, fast and reliable models for RF design based
on device layer structures are not available today. Moreover,
parasitics are difficult to describe as physical equations. At
last, a physical-based model requires the knowledge of the
device structure, not usually available for obvious reasons.
On the other hand, measurement-based models take into ac-
count real-world devices including all the parasitics. Database
optimizations and statistical approaches are used to ensure
successful designs of monolithic microwave integrated circuits
(MMIC’s) [1]–[5].

The measurement approach requires to perform accurate,
repeatable, and safe measurements of the devices. The fol-
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lowing four main families of electrical measurements can be
mentioned:

1) ;
2) -parameters;
3) load–pull;
4) time domain.

The extensive knowledge of a device requires the use of each
of these methods in order to extract the parameters of the
model ( and -parameters) and to check its behavior in
real operation (load–pull, time domain). and -parameter
measurements are usually performed under dc bias; in this
case, the characterization procedure suffers from severe draw-
backs, resulting in inaccuracies of the model. First, the dc
power dissipated in the device causes self-heating effects, thus
the temperature of characterization is not constant. Secondly,
microwave FET’s exhibit trapping effects that modify dc
characteristics, inducing large errors in the determination of
RF output conductance and transconductance [6]–[8]. Finally,
dc nonsafe operation areas (such as breakdown) have to be
investigated in order to provide a nonlinear model with all the
boundaries that can be reached by large-signal RF.

All these drawbacks have motivated the development of
measurement techniques based on pulses. They have received
a considerable interest in the last few years; a number of pulsed

or pulsed -parameter systems have been proposed
[9]–[15]. They rely on the measurement of and RF data
during short rectangular pulses describing the characteristics
around the dc bias point.

The goal of this paper is to describe an automatic mea-
surement system performing simultaneously pulsed (two
voltages and two currents) and pulsed-parameters char-
acterization for field effect and bipolar devices, with short
pulse durations (width 150 ns) in a broad frequency range
(500 MHz–40 GHz). In Section II, the pulsed mea-
surement system is described. Section III is devoted to the
pulsed -parameter measurements. Finally, Section IV shows
significant results of device investigation in terms of nonlinear
behavior of transistors and discrimination of trapping and
thermal effects of FET’s. Measurement and extraction of
thermal parameters are explained.

II. PULSED MEASUREMENTS

In order to provide suitable models for microwave CAD,
the characterization of microwave devices should be realized
with measurement conditions as close as possible to real-
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Fig. 1. I(V ) pulse principle for an FET.

world operating conditions. Temperature time constants of
microwave transistors are very large compared with the RF
cycle. Thus, the device temperature does not change during a
RF cycle; its drift depends on the average power dissipated
inside the device. Since transistor characteristics strongly de-
pend on device temperature, a realistic device characterization
must be performed isothermally at a device temperature as
close as possible to its real-world temperature.

A. Principle

Starting from the dc quiescent point, short pulses are used to
describe the device behavior isothermally. Pulses from 150 ns
to a few micrometers can be used, depending on the device.
The measurement principle is shown in Fig. 1 for an FET.

, , and correspond to the quiescent point, and
, , and are the pulsed-point values. Approximately

200 pulsed points are required around a dc bias point in
order to plot the complete nonlinear input and output device
characteristics.

B. Pulse Generators

Several pulse-generator technologies can be used for tran-
sistor characterization. We can mention classical 50-pulse
generators, 50- arbitrary function generators, and high-power
low-impedance pulsers. In all cases, a dc level not equal to zero
capability is required for dc bias purpose. The generators are
characterized by their internal resistance and their limitations
in terms of voltage and/or current.

Pulse generators are driven by digital interfaces. Level steps
of outputs are a drawback for achieving an accurate value of a
current or voltage. The effect of quantization can be minimized
by an external resistor divider if the output amplitude of the
generator is much larger than required for the device-under-test
(DUT).

Microwave transistors can exhibit output currents from a
few milliamperes to several amperes under maximum voltages
from a few volts up to more than 100 V. For that reason,
changing a pulse generator must be easy in terms of software
and hardware. At this time, we have: 1) two20-V 50-
pulse generators; 2) a10 to 40-V 7-A pulser; 3) a 75-V
4-A pulse amplifier; and 4) a 100-V 50- pulser. Depending
on the pulse-generator technology, transitions can be fixed, lin-
ear, Gaussian, or arbitrary. Fixed transitions frequently result
in overshoots of slopes on the scope and can damage
the device. When possible, Gaussian or linear transitions are
preferable. Another way to limit overshoots consists in adding
a small delay to the output port of device pulse and to reduce
its width.

All combinations of these generators are possible; e.g., a
pulser and an amplifier are used for high-power RF bipolar
silicon transistor in a common base configuration. The soft-
ware takes into account the generator various specifications
with drivers providing a standardized library of commands.

C. Device Safety, Oscillation, and Biasing Network

A given transistor has absolute ratings provided by its
manufacturer, and the pulse measurements can overrun these
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Fig. 2. Pulse generator and resistors for one port of the DUT.

ratings up to breakdown. Nevertheless, some limit values for
voltages and/or current must be considered in order to ensure
device safety. For that reason, virtual pulse generators with
maximum-rating load lines adapted to the DUT limitations are
required. They are realized with external resistors and values
are limited by software for the generators.

Device oscillation may appear for some components, de-
pending on the bias and pulsed point, impedances, gain, and
test fixture. In the case of low-frequency oscillations, a change
of external bias resistors or cable lengths can usually solve
the problem. For high-frequency oscillations, a bias tee with
a 50- RF load or a tuner on its RF port can be used to
provide an RF load to the device, but the pulses must
pass through the bias tee; at least a 50-MHz cutoff frequency
is required for the bias-tee dc path. If the bias tee has no sense
port, the extra resistance of its inductance (from 0.1 to 0.75,
depending on bias tees) is to be taken into account for
measurements. Another method to stabilize a device consists
of RF attenuators connected as close as possible to it. From the

point-of-view, an RF attenuator is a set of three resistors
in or configuration which have to be taken into account.

Thus, the matching resistor networks are optimized for each
measurement configuration on each device port; this is a key-
point task. It provides Thevenin or Norton impedance and
steps of the virtual pulse generator adjusted to fit in the device
capabilities and to ensure safety and oscillation avoidance.

A general network is proposed in Fig. 2 for one port of the
device, defining a virtual pulse generator in the DUT planes.

modifies the step and amplitude levels of the generator,
can be used for current limitation and measurement. The

set of resistors , , and is designed to take into
account additional bias tees or attenuators. All the applied and
measured levels are expressed as values in the DUT plane
with a simple computation.

D. Pulse Timings

The shorter the pulses, the closer the device is to its RF
behavior. The pulse duration and duty cycle must be adapted
to the DUT as a compromise between the following points:

1) pulsewidth must be large enough for quality of mea-
surement acquisition;

2) pulsewidth must be much smaller than the thermal time
constant for isothermal characterization;

3) pulsewidth must be smaller than the trapping time con-
stant if traps exist;

4) pulse duty cycle must be large enough to ensure the
thermal state is driven by the dc quiescent point;

5) pulse duty cycle must not be too large in order to ensure
fast and reliable data acquisition with averaging.

A duty cycle of 0.1%–5% is usually acceptable, but it must
be checked for each transistor. This can be done easily with a
few measurement points [16], and the pulse durations have to
be tested in the same manner. Pulsewidth from 300 to 600 ns
are usually suitable, but, from our experience, pulses as short
as 150 ns are required for some millimetric high electron-
mobility transistors (HEMT’s) due to fast trapping effects (see
results in Section IV).

E. Measurements

The four electrical values are measured simultaneously
during the pulse, with high accuracy for modeling purposes.
This can be done either with a four-channel GPIB oscilloscope,
or with VXI digitizers. From our experience, a screen display
with the four pulse waveforms is very useful to check the
measurements; overshoots, oscillations, heating, and other
problems can be easily seen.

The measurement range is extremely large; for some de-
vices, a base current of 1A during pulses is under control,
and we have measured collector or drain currents up to
7 A. Gate voltages are measured during pulses with an error
smaller than 10 mV, drain voltages can reach 100 V for
MOSFET’s (this is not enough for SiC devices, etc.). Thus,
probe technology and versatility of each manufacturer must be
carefully considered when choosing a digitizer.

The voltage probes are classical high-impedance low-
capacitance active or passive probes. For the currents, we
have two configurations: differential probes associated with
accurate external resistors ( in Fig. 2), and Hall probes.
All combinations are available for the input and the output of
transistors, depending on the current ranges.

F. Accuracy and Calibration

Accurate characterization depends mainly on the offset
accuracy of each input scaling factor given in the manufacturer
specifications. The number of bits of the analog-to-digital
converters is not so crucial if the scale is always set to its
minimal value. Our system with its probes provides a specified
dc voltage offset accuracy better than 0.25%5 mV up to

10 V after warm-up and without averaging.
In order to optimize measurement accuracy of the

device, external calibration of the setup is realized in con-
junction with the scope or digitizer internal self-calibration. It
consists of two one-path calibrations performed under pulsed
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conditions with three high-quality broad-band standards (open,
short, 50 ) connected to the DUT ports. This calibration
provides accurate values for , , on each port. If a
RF attenuator is required for stability purposes, a large value
of or a small value of diminishes the
measurement accuracy. Nevertheless, this technique is suc-
cessfully used to take into account RF attenuators connected
close to unstable devices in order to characterize them without
oscillation.

The averaging technique can be used to improve the
measurement accuracy, but it reduces the speed of the setup.

G. Thermal Measurements

The temperature is a command of active devices. If the
thermal resistance and thermal time constant of a device are
known, harmonic-balance simulators can compute the device
temperature and feed it back to the model [17]. Temperature
measurements are made with the device put in a thermal
enclosure, and its temperature should be controlled by software
for extensive characterization.

H. Measurement Algorithms

The overall software is a key point for fast and reliable
device characterization under pulsed conditions. Due to the
nonlinear nature of transistors, their current responses to the
applied voltage levels are not easy to estimate in a general
manner. Moreover, virtual pulse generators with resistances
do not behave like pure voltage generators. Thus, when an
electrical value must be reached, a careful predictive/corrective
algorithm is required, e.g., to reach a value in conductive
or breakdown region.

We have developed a set of algorithms based on electronic
common sense with noa priori on a particular device behavior.
This means that the code is written without any numerical
constant depending on transistors because such a value always
becomes a problem when a new family of transistor is tested.
Thus, the same curve procedure is used for FET’s or

constant curves in hot or cold FET configuration and for
bipolar or constant curves. This generalization is essential
to the software reliability and flexibility.

The density of measured points is automatically adapted
to the second-order derivative of characteristics, with a di-
chotomous recursive algorithm [18]. This method provides
an optimization of the number of data points, each point is
significant to the modeling activity. Moreover, it ensures a
fast device characterization with a critical test of measurement
accuracy.

An open database structure handles the measurements, and
keeps the setup parameters embedded with them. This database
provides a fast and efficient link with all modeling tools; this
is a key point for fast and reliable design of models [3].

The conjunction of virtual generator boundaries and so-
phisticated measurement software (about 500 000 chars of

) allows easy and very safe isothermal pulsed
characterization of most RF transistors up to breakdown,
conduction, or high-power regions. A batch mode is used for

Fig. 3. I(V ) and RF pulse setup.

Fig. 4. Detected RF spectrum.

extensive characterization of devices (e.g., several dc points
and/or several temperatures).

III. PULSED -PARAMETER MEASUREMENTS

Pulsed -parameters are performed by superposition of RF
stimulus and measurement during the pulses. A vectorial
network analyzer (VNA) with short pulse (150 ns) capa-
bilities is required for isothermal measurement of transistors.
With these pulse durations compared with RF frequencies, and
with four identical measurement paths for the transmitted and
reflected signals from the DUT to the samplers, the VNA
quickly reaches a continuous wave (CW) mode during the
pulses.

Bias tees with a dc bandpass allowing pulses connect
the VNA to the setup, as shown in Fig. 3. A time syn-
chronization between equipments places the RF measurements
precisely during the pulses and avoids phase jitter.

A. RF Pulsed Measurements

The RF source is modulated with an on/off rectangular
stimulus signal provided by the time counter. The-parameter
measurements are acquired continuously, but the RF trans-
mission and reflection signals are convoluted by this stimulus
signal. Thus, the detected signals exhibit an infinite number of
spectrum lines, as is shown in Fig. 4.

Two treatment methods of the RF signals can be used. Either
the energy in the central frequency point of measureis only
taken into account with a narrow bandpass filter or a remix of
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the lateral spectrum lines is performed in order to detect more
energy. For practical reasons, these treatments are applied in
test sets at an intermediate frequency. The second method is
more difficult to implement because it needs two synchronized
synthesizers, but it presents the advantage to provide twice
more energy to the VNA detectors. In any case, the accuracy
of a VNA in a CW mode is unreachable because in the pulse
mode, the average RF energy injected in the DUT is divided
by the duty cycle.

B. RF Power Level

On the one hand, in order to perform small-signal (i.e.,
linear) -parameters measurements of active components, the
RF level at the DUT planes has to be small. On the other hand,
an insufficient RF level brings measurements near to the VNA
noise level. This is a critical point for RF pulsed measurement
at high frequencies, due to the overall system losses and the
decrease of energy caused by the pulses. A careful control of
the RF level of the synthesizer, usually not performed for CW
measurements, ensures the linear condition and minimizes the
problem of the measurement level.

A power meter connected to DUT planes before calibration
allows us to drive the source level for each frequency to
achieve an RF flat-power level versus frequencies. Moreover,
we insert an attenuator in the VNA port-1 path before calibra-
tion; thus, port 2 (drain or collector) incident levels are higher
than port 1 (gate or base), inducing a better accuracy for the
very small scattering parameter .

Depending on device technology and size, RF power levels
in the DUT planes from 12 to 21 dBm are suitable for
small-signal -parameter measurements. This level is checked
by biasing the device in a nonlinear region (usually at pinchoff
for FET’s) and by monitoring the trace on the oscilloscope:
if the RF level is set too high, the drain current increases by
self-biasing during the RF pulse. Moreover, this test is a good
way to check the RF pulse position versus the pulses.

C. RF Calibration

All classical calibration methods are available for our pulse
measurements, with their respective advantages and drawbacks
(Standard, LRL, LRM, LRRL with SMA, K, alumina or on-
wafer connections).1 [19], [20] Thus, trackability of RF pulsed
measurements versus referenced standards is available.

We can calibrate either in CW or in pulse mode. Our
best results in terms of pulsed device measurement accuracy
are obtained with calibrations performed in pulse mode at

10-dBm flat-power level. This is due to the VNA detected
levels during the calibration that are close to the detected levels
when the DUT is connected, reducing the VNA linearity error
effects on measurements.

In spite of the smaller energy available at the VNA detectors
due to pulses, good measurement results up to 40 GHz at
an RF measurement flat level of 15 dBm and a 2.5%
duty cycle with 150-ns measurements width allow direct
extraction of a device equivalent scheme (see Section IV).

1“Measurement calibration,” Model 360B vector network analyzer system,
Wiltron manual, release 4.01, Morgan Hill, CA, 1991.

This performance is achieved with our VNA test set modified
in order to dispose of reference signals with enough level to
phase-lock local intermediate frequency (IF) oscillators. This
enhancement avoids the use of a phase-lock mode based on a
10-MHz reference signal.

IV. M EASUREMENT RESULTS

A. FET Results

First, we will propose results to show 40-GHz measurement
accuracy. Then, trapping effects will be exhibited, separated
from thermal effects. Finally, measurement of thermal resis-
tance and thermal time constant will be demonstrated.

In order to demonstrate pulsed RF measurement accuracy,
the measured and modeled real and imaginaryparame-
ters of an on-wafer 0.20-m HEMT are proposed in Fig. 5.
The calibration method is LRM with Cascade ISS kit. The
modeled parameters are obtained instantaneously by direct
extraction from the 40-GHz pulsed RF measurements, without
optimization [21].

Trapping effects of FET’s induce a dispersive behavior of
the drain current. The captured charges in DX centers versus
the bias are exhibited by three pulsed measurements
starting from three different dc bias point, performed with
the same dissipated dc power (on the 250-mW hyperbola),
as shown in Fig. 6.

With a dc bias point and a pulsed point placed on the
same output power hyperbola, i.e., at the same temperature,
we observe the capture and emission times of traps on the
oscilloscope. This is shown in Fig. 7 with a constant dissipated
power of 37 mW and a large pulse on voltage divider switching
(VDS) from 1 to 8.6 V. We can mention in this measurement
example that trap capture is very fast compared with traps
emission. We can notice that the gain is much larger at low
frequencies than at RF frequencies. Pulsed measurements
performed with very short pulses are consistent with the RF
behavior of devices from the trapping effect point-of-view.

Thermal resistance of FET’s can be measured electrically
with a pulse setup by a method based on Fukui [9]. The
Schottky gate-to-source diode is used as an embedded ther-
mometer. The key point consists in assuming that trapping
effects are essentially due to voltage. Thus, we choose
and hold a value for the complete process. The first step
calibrates the gate diode embedded thermometer for a given

pulsed gate current with a thermal enclosure without
any dc power dissipated in the transistor. Slopes from1
to 1.4 mV/K are obtained for AsGa [see Fig. 8(a)]. Then,
power is dissipated in the device, and the short pulses are
used to acquire isothermally the value of for the given
gate current . The temperature versus the dissipated power
is plotted [see Fig. 8(b)], its slope is the thermal resistance.
This value has been successfully checked with other sets of
( , ).

Thermal simulations of nonlinear devices need to integrate
the dissipated power versus time in order to compute the
device temperature. Thus, a thermal time constant must be
considered: the so-called transistor thermal capacitance. The
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Fig. 5. Pulsed RF measurement and model, HEMT VLN02� 4 � 50 �m, pulsewidth: 150 ns, pulse period: 6�s.

Fig. 6. Three isothermal output characteristics of an HP07 4� 100 �m FET.
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Fig. 7. Capture and emission of traps, MESFET 0.7�m � 4 � 100 �m, at a constant dissipated power of 37 mW.

(a) (b)

Fig. 8. (a) Gate diode threshold voltage versus temperature:�1.4 mV/K. (b) Temperature versus dc dissipated power:Rth = 177 K/W.

Fig. 9. Heating/cooling cycle of VLN02 4� 50 �m transistor, 150-ns
measurement shifting window.

pulse and pulse RF setup offers a way to achieve
the determination of this element. The gain of FET devices
depends on the temperature, and this dependance is considered
linear for limited heatings. The gain is measured with the
pulsed VNA during a 150-ns window of time that we move
along a cycle of heating/cooling applied with , as shown
in Fig. 9.

magnitude versus time during the cycle is plotted and
fitted with an exponential equation. This leads to a 650-ns
time constant (see Fig. 10).

Fig. 10. Decrease of the gain versus temperature during the device heating.

The same study is performed with the cooling of the device
where slightly longer time constants are obtained. This is
due to the fact that a thermal model with only one thermal
resistance and one capacitance is very simple; more thermal
cells should be considered to take into account the vicinity
of the channel. Nevertheless, this measurement technique is
very realistic for thermal modeling of devices used in non-



2050 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 12, DECEMBER 1998

Fig. 11. HBT pulsedS-parameters measurements and model 6� (2 � 30) �m2 GaInp/GaAsVceo = 8.5 V; Ico = 75mA; pulsewidth: 150 ns,
pulse period: 6�s.

Fig. 12. Measured and modeled HBT drain current forVce = 7 V.

CW applications because we use a measure of the channel
characteristics versus the power dissipated in the channel.

B. Bipolar Transistor Results

Bipolar transistors are affected by strong temperature ef-
fects: HBT’s collector current decrease with temperature, and
silicon devices current increase dangerously with temperature.
Multifinger HBT’s exhibit collapses of current due to the dif-
ferences of temperature between fingers, inducing conditional
thermal instabilities of devices [22], [23]. Thus, isothermal
characterizations are indispensable; moreover, the short
pulses can investigate the current collapse area.

In order to show pulsed on-wafer RF measurement accu-
racy of bipolar transistors, pulsed-parameters and modeled
parameters up to 40 GHz of a 6(2 30) m GaInp/GaAs
heterostructure bipolar transistor (HBT) device are proposed
in Fig. 11.

Fig. 12 shows the collector current at fixed versus
for different bias points. A thermal model of the collector
current has been developed and is plotted in the same figure,
and the device temperature is calculated with its thermal
resistance. The thermal resistance has been obtained with the
pulse setup in the same manner as FET’s (base–emitter diode
thermometer) [24].
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The accuracy of HBT pulsed-parameters allows direct ex-
traction of the equivalent circuit of the device and integration
of this circuit versus device commands in order to achieve
a nonlinear and thermal model of the overall transistor, with
thermal instabilities taken into account.

C. Measurement Consistency and Other Results

The measurement consistency check of pulsed deriva-
tives versus pulsed -parameters is systematically performed
in the whole working domain of transistors. For FET’s, we
compare and with drain current derivatives and,
for bipolar devices, we compare

with

A large number of other significative results in terms of various
device characterization (MOSFET, SiC, pMHFET) and device
modeling (breakdown, distributed models, etc.) have been
obtained with the versatile pulsed-parameters measurement
setup and have been published in [25]–[27].

V. CONCLUSION

The new transistor pulsed measurement features proposed
in this paper (higher frequencies with very short pulses) open
new perspectives for the electrical and thermal characterization
of high-frequency nonlinear devices. We demonstrate the capa-
bility to separate thermal and trapping effect characterization
with a pulsed setup; this feature is essential in order to achieve
reliable thermal models and to improve our knowledge of
nonlinear devices.

The and RF pulsed equipments have proven that
they are essential tools to perform accurate nonlinear and
isothermal measurements of microwave transistors, allowing
accurate and efficient model extraction. It is now obvious
that pulsed measurements of active devices are absolutely
necessary for designers to achieve first-pass design success
of high-performance nonlinear MMIC’s.

The know-how and software associated with this equipment
have been sold, and has been updated since 1993. It is currently
used daily in five industrial or research companies. More than
1000 different microwave transistors (MESFET’s, HEMT’s,
pMHFETS, MOSFET’s, Bip Si, HBT’s, SiC, etc.) have been
successfully measured. A large number of RF circuit designs
based on our pulsed measurements of transistors have been
realized, reflecting very good confidence in results.
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