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Abstract—A versatile pulsed I(V') and 40-GHz RF measure- lowing four main families of electrical measurements can be
ment system is described with all the know-how and methods mentioned:
to perform efficient, safe, and reliable nonlinear transistor mea- .
surements. Capability of discrimination between thermal and 1) 1(V);
trapping effects with a pulse setup is demonstrated. Capture  2) S-parameters;
and emission constant times of trapping effects are measured. 3) load—pull;
A method to electrically measure the thermal resistance and  4) time domain.

capacitance of transistors with a pulse setup is proposed. . . .
P P P 1S prop The extensive knowledge of a device requires the use of each

Index Terms—Nonlinear RF characterization, pulsed measure- of these methods in order to extract the parameters of the

ments, thermal characterization, transistor. model (V) and S-parameters) and to check its behavior in
real operation (load—pull, time domaid).V") and.S-parameter
I. INTRODUCTION measurements are usually performed under dc bias; in this

INCE the rising of efficient computer-aided design (CAD§aSe: the characterization procedure suffers from severe draw-
Sools for microwave circuits, the modeling activity ha acks, resulting in inaccuracies of the model. First, the dc

received a considerable interest in order to provide moP@Wer dissipated in the device causes self-heating effects, thus
reliable nonlinear models of microwave transistors to tHB€ temperature of characterization is not constant. Secondly,
active circuit designers. Especially in the case of up-to-dafgicrowave FET's exhibit trapping effects that modify dc

nonlinear high-performance amplifiers, mixers, mu|tip|ieré:,haracterlsncs, inducing large errors in the determlnatl_on of
and dividers, the transistor model accuracy in the whof@F output conductance and transconductance [6]-[8]. Finally,

domain of operation is an absolutely necessary key point §i§ nonsafe operation areas (such as breakdown) have to be
order to achieve designs with first-pass success. investigated in order to provide a nonlinear model with all the
The modeling activity relies either on the physics of dd?oundaries that can be reached by large-signal RF.

vices or measurements. In order to optimize their processes™l these drawbacks have motivated the development of
physical-based models are of interest to component manufgt€asurement techniques based on pulses. They have received
turers. However, fast and reliable models for RF design basdgonsiderable interest in the last few years; a number of pulsed
on device layer structures are not available today. Moreovéf)) Or pulsed S-parameter systems have been proposed
parasitics are difficult to describe as physical equations. Ji-{15]- They rely on the measurement £f1’) and RF data
last, a physical-based model requires the knowledge of tfldring short rectangular pulses describing the characteristics

device structure, not usually available for obvious reasorffound the dc bias point. _ _

On the other hand, measurement-based models take into ac.n€ goal of this paper is to describe an automatic mea-
count real-world devices including all the parasitics. DatabaSkrement system performing simultaneously pulsgd) (two
optimizations and statistical approaches are used to ensYpdages and two currents) and pulsédparameters char-

successful designs of monolithic microwave integrated circu§terization for field effect and bipolar devices, with short
(MMIC’s) [1]-[5]. pulse durations (width>150 ns) in a broad frequency range

The measurement approach requires to perform accurd®90 MHz—40 GHz). In Section II, the pulsef(V)) mea-

repeatable, and safe measurements of the devices. The §§fement system is described. Section Il is devoted to the
pulsedS-parameter measurements. Finally, Section IV shows
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Fig. 1. I(V) pulse principle for an FET.

Ji

world operating conditions. Temperature time constants ofPulse generators are driven by digital interfaces. Level steps
microwave transistors are very large compared with the RIf outputs are a drawback for achieving an accurate value of a
cycle. Thus, the device temperature does not change duringuarent or voltage. The effect of quantization can be minimized
RF cycle; its drift depends on the average power dissipatby an external resistor divider if the output amplitude of the
inside the device. Since transistor characteristics strongly dgnerator is much larger than required for the device-under-test
pend on device temperature, a realistic device characterizat{®UT).
must be performed isothermally at a device temperature asMicrowave transistors can exhibit output currents from a
close as possible to its real-world temperature. 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) twie20-V 504
Starting from the dc quiescent point, short pulses are usedpggse generators; 2) a10 to +40-V 7-A pulser; 3) at75-V
describe the device behavior isothermally. Pulses from 150 g pulse amplifier; and 4) &100-V 5042 pulser. Depending
to a few micrometers can be used, depending on the devig.the pulse-generator technology, transitions can be fixed, lin-
The measurement principle is shown in Fig. 1 for an FEEar Gaussian, or arbitrary. Fixed transitions frequently result
Vas0, Vaso, and Iy correspond to the quiescent point, angh overshoots off (V) slopes on the scope and can damage
Vasis Vasi» andly; are the pulsed-point values. Approximatelyhe device. When possible, Gaussian or linear transitions are
200 pulsed points are required around a dc bias point dpeferable. Another way to limit overshoots consists in adding
order to plot the complete nonlinear input and output devigesmall delay to the output port of device pulse and to reduce

A. Principle

characteristics. its width.
All combinations of these generators are possible; e.g., a
B. Pulse Generators pulser and an amplifier are used for high-power RF bipolar

. silicon transistor in a common base configuration. The soft-
Several pulse-generator technologies can be used for tran-

. A : : ware takes into account the generator various specifications
sistor characterization. We can mention classicakbpulse . . - . .

. : ; with drivers providing a standardized library of commands.
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 &re
characterized by their internal resistance and their limitationsA given transistor has absolute ratings provided by its
in terms of voltage and/or current. manufacturer, and the pulse measurements can overrun these

Device Safety, Oscillation, and Biasing Network
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Fig. 2. Pulse generator and resistors for one port of the DUT.

ratings up to breakdown. Nevertheless, some limit values for5) pulse duty cycle must not be too large in order to ensure
voltages and/or current must be considered in order to ensure fast and reliable data acquisition with averaging.

device safety. For that reason, virtual pulse generators withduty cycle of 0.1%-5% is usually acceptable, but it must
maximum-rating load lines adapted to the DUT limitations ange checked for each transistor. This can be done easily with a
required. They are realized with external resistors and valq@w measurement points [16], and the pulse durations have to
are limited by software for the generators. be tested in the same manner. Pulsewidth from 300 to 600 ns
Device oscillation may appear for some components, dgre usually suitable, but, from our experience, pulses as short
pending on the bias and pulsed point, impedances, gain, a&d150 ns are required for some millimetric high electron-

test fixture. In the case of low-frequency oscillations, a changgobility transistors (HEMT’s) due to fast trapping effects (see
of external bias resistors or cable lengths can usually solugsults in Section V).

the problem. For high-frequency oscillations, a bias tee with
a 502 RF load or a tuner on its RF port can be used to
provide an RF load to the device, but tfhé}') pulses must E. I(V) Measurements
pass through the bias tee; at least a 50-MHz cutoff frequencyThe four electrical values are measured simultaneously
is required for the bias-tee dc path. If the bias tee has no sedseing the pulse, with high accuracy for modeling purposes.
port, the extra resistance of its inductance (from 0.1 to @75 This can be done either with a four-channel GPIB oscilloscope,
depending on bias tees) is to be taken into accounf f&r) or with VXI digitizers. From our experience, a screen display
measurements. Another method to stabilize a device consigith the four pulse waveforms is very useful to check the
of RF attenuators connected as close as possible to it. Fromnigasurements; overshoots, oscillations, heating, and other
I(V') point-of-view, an RF attenuator is a set of three resistopgoblems can be easily seen.
in Y or IT configuration which have to be taken into account. The measurement range is extremely large; for some de-
Thus, the matching resistor networks are optimized for eaeltes, a base current of AA during pulses is under control,
measurement configuration on each device port; this is a key3dd we have measured collector or drain currents up to
point task. It provides Thevenin or Norton impedance antlA. Gate voltages are measured during pulses with an error
steps of the virtual pulse generator adjusted to fit in the devismaller than 10 mV, drain voltages can reach 100 V for
capabilities and to ensure safety and oscillation avoidance MOSFET's (this is not enough for SiC devices, etc.). Thus,
A general network is proposed in Fig. 2 for one port of thprobe technology and versatility of each manufacturer must be
device, defining a virtual pulse generator in the DUT planesarefully considered when choosing a digitizer.
RL1 modifies the step and amplitude levels of the generator,The voltage probes are classical high-impedance low-
R, can be used for current limitation and measurement. Thepacitance active or passive probes. For the currents, we
set of resistorsi,;, Rr», and R, is designed to take into have two configurations: differential probes associated with
account additional bias tees or attenuators. All the applied amckcurate external resistorg?( in Fig. 2), and Hall probes.
measured levels are expressed as values in the DUT pladlecombinations are available for the input and the output of
with a simple computation. transistors, depending on the current ranges.

D. Pulse Timings F. I(V) Accuracy and Calibration

The shorter the pulses, the closer the device is to its RFAccuratel (V) characterization depends mainly on the offset
behavior. The pulse duration and duty cycle must be adaptgsturacy of each input scaling factor given in the manufacturer
to the DUT as a compromise between the following points:specifications. The number of bits of the analog-to-digital

1) pulsewidth must be large enough for quality of meaonverters is not so crucial if the scale is always set to its

surement acquisition; minimal value. Our system with its probes provides a specified

2) pulsewidth must be much smaller than the thermal tinte voltage offset accuracy better than 0.25% mV up to

constant for isothermal characterization; 410 V after warm-up and without averaging.

3) pulsewidth must be smaller than the trapping time con-In order to optimizel (V) measurement accuracy of the

stant if traps exist; device, external calibration of the setup is realized in con-

4) pulse duty cycle must be large enough to ensure thaiction with the scope or digitizer internal self-calibration. It

thermal state is driven by the dc quiescent point; consists of two one-path calibrations performed under pulsed
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conditions with three high-quality broad-band standards (open
short, 50€2) connected to the DUT ports. This calibration
provides accurate values fét, |, Ry», R, on each port. If a

RF attenuator is required for stability purposes, a large valu

of R, + Rso or a small value ofR;; diminishes thel (V") [Roswive ] — [esisive

measurement accuracy. Nevertheless, this technique is sug- eork etk

cessfully used to take into account RF attenuators connect 5 o i i
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close to unstable devices in order to characterize them witho
oscillation.

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

temperature and feed it back to the model [17]. TemperatuFrie 3. I(V) and RF pulse setu
measurements are made with the device put in a thermal > ) P P
enclosure, and its temperature should be controlled by software

for extensive characterization.

1 1
H. Measurement Algorithms Pulse period Pulse width
—— e
The overall software is a key point for fast and reliable ¥ / \ ‘
device characterization under pulsed conditions. Due to the mwxﬂ]\ mw’m"
nonlinear nature of transistors, their current responses to the \U}/ FO \Uy

applied voltage levels are not easy to estimate in a generg%I 4. Detected RF spectrum
manner. Moreover, virtual pulse generators with resistances
do not behave like pure voltage generators. Thus, when @gensive characterization of devices (e.g., several dc points
electrical value must be reached, a careful predictive/correctiyd/or several temperatures).
algorithm is required, e.g., to reachl, value in conductive
or breakdown region. _ _ ll. PULSED S-PARAMETER MEASUREMENTS
We have developed a set of algorithms based on eIectroch lseds ¢ ‘ db it f RE
common sense with r@priori on a particular device behavior. uised--parameters are performed by Superposition o

This means that the code is written without any numericgjimulus and measurement during th@) pulses. A vectorial

constant depending on transistors because such a value al ):L.VO”_( analy_zer (VN_A) with short pulse<(L50 ns) capa-

becomes a problem when a new family of transistor is test\gﬂ ties is required for isothermal measurement of transistors.

Thus, the same curve procedure is used for FEITs or With these pulse durations compared with RF frequencies, and

Vi c;)nstant curves in hot or cold FET configuratior% and fdllvi'[h four identical measurement paths for the transmitted and
S

bipolar I, or I, constant curves. This generalization is essenti":fff_leCtGd signals from t_he DUT to the samplers, th? VNA
to the software reliability and flexibility. quickly reaches a continuous wave (CW) mode during the

The density of measured points is automatically adapt@HB_ ith a dc band lowi |
to the second-order derivative of characteristics, with a dj- ias tees with a dc bandpass allowifig”) pulses connect

chotomous recursive algorithm [18]. This method provideI € VNA _to theI(V) setup, as shown in Fig. 3. A time syn-
an optimization of the number of data points, each point ronization between equipments places the RF measurements

significant to the modeling activity. Moreover, it ensures Brecisely during the (V') pulses and avoids phase jitter.

fast device characterization with a critical test of measurement
accuracy. A. RF Pulsed Measurements
An open database structure handles the measurements, afthe RF source is modulated with an on/off rectangular
keeps the setup parameters embedded with them. This datalstiseulus signal provided by the time counter. Thgarameter
provides a fast and efficient link with all modeling tools; thisneasurements are acquired continuously, but the RF trans-
is a key point for fast and reliable design of models [3]. mission and reflection signals are convoluted by this stimulus
The conjunction of virtual generator boundaries and seignal. Thus, the detected signals exhibit an infinite number of
phisticated measurement software (about 500000 charsspéctrum lines, as is shown in Fig. 4.
C++) allows easy and very safe isothermal pulsEd’) Two treatment methods of the RF signals can be used. Either
characterization of most RF transistors up to breakdowtie energy in the central frequency point of meadddgs only
conduction, or high-power regions. A batch mode is used ftaken into account with a narrow bandpass filter or a remix of

Ises.
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the lateral spectrum lines is performed in order to detect moFais performance is achieved with our VNA test set modified
energy. For practical reasons, these treatments are appliethiorder to dispose of reference signals with enough level to
test sets at an intermediate frequency. The second methoghiase-lock local intermediate frequency (IF) oscillators. This
more difficult to implement because it needs two synchronizethhancement avoids the use of a phase-lock mode based on a
synthesizers, but it presents the advantage to provide twii@MHz reference signal.

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.

IV. MEASUREMENT RESULTS

A. FET Results

B. RF Power Level First, we will propose results to show 40-GHz measurement
On the one hand, in order to perform small-signal (i.edccuracy. Then, trappir_wg effects will be exhibited, separat_ed
linear) S-parameters measurements of active components, ffRIM thermal effects. Finally, measurement of thermal resis-
RF level at the DUT planes has to be small. On the other haf@Nce and thermal time constant will be demonstrated.
an insufficient RF level brings measurements near to the VNAIN order to demonstrate pulsed RF measurement accuracy,
noise level. This is a critical point for RF pulsed measuremelfte measured and modeled real and imaginsrparame-
at high frequencies, due to the overall system losses and {§E$ ©f an on-wafer 0.2pm HEMT are proposed in Fig. S.
decrease of energy caused by the pulses. A careful control'&€ calibration method is LRM with Cascade ISS kit. The
the RF level of the synthesizer, usually not performed for cCW0deled parameters are obtained instantaneously by direct
measurements, ensures the linear condition and minimizes gfgaction from the 40-GHz pulsed RF measurements, without
problem of the measurement level. optimization [21]. _ _ _ _
A power meter connected to DUT planes before calibration 1raPPing effects of FET's induce a dispersive behavior of
allows us to drive the source level for each frequency the dr_am current._T_he captured charges in DX centers versus
achieve an RF flat-power level versus frequencies. MoreovE}e bias are exhibited by threj(V) pulsed measurements

we insert an attenuator in the VNA port-1 path before calibrgtarting from three different dc bias point, performed with
tion; thus, port 2 (drain or collector) incident levels are highdf® Same dissipated dc power (on the 250-mW hyperbola),

than port 1 (gate or base), inducing a better accuracy for e Shown in Fig. 6. _
very small scattering parametsf.. With a dc bias point and a pulsed point placed on the

Depending on device technology and size, RF power levéidMe output power hyperbola, i.e., at the same temperature,
in the DUT planes from—12 to —21 dBm are suitable for W& observe the capture and emission times of traps on the
small-signalS-parameter measurements. This level is check@gcilloscope. This is shown in Fig. 7 with a constant dissipated
by biasing the device in a nonlinear region (usually at pinchdpOWer of 37 mW and a large pulse on voltage divider switching
for FET’s) and by monitoring the trace on the oscilloscopd¥PS) from 10 8.6 V. We can mention in this measurement
if the RF level is set too high, the drain current increases [§f@mple that trap capture is very fast compared with traps
self-biasing during the RF pulse. Moreover, this test is a go§#nission. We can notice that the gain is much larger at low

way to check the RF pulse position versus fif&) pulses. ~requencies than at RF frequencies. Puls@d) measurements
performed with very short pulses are consistent with the RF

C. RFE Calibration behavior of deyices from the trapping effect point-of-vievy.
Thermal resistance of FET’'s can be measured electrically
All classical calibration methods are available for our pulsgith a pulse setup by a method based on Fukui [9]. The
measurements, with their respective advantages and drawbagisottky gate-to-source diode is used as an embedded ther-
(Standard, LRL, LRM, LRRL with SMA, K, alumina or on- mometer. The key point consists in assuming that trapping
wafer connections)[19], [20] Thus, trackability of RF pulsed effects are essentially due fd;, voltage. Thus, we choose
measurements versus referenced standards is available. ang hold av,., value for the complete process. The first step
We can calibrate either in CW or in pulse mode. OWyjibrates the gate diode embedded thermometer for a given
best results in terms of pulsed device measurement accuracy pulsed gate current with a thermal enclosure without
are obtained with calibrations performed in pulse mode ghy dc power dissipated in the transistor. Slopes fret
—10-dBm flat-power level. This is due to the VNA detectegy 1.4 mv/K are obtained for AsGa [see Fig. 8(a)]. Then,
levels during the calibration that are close to the detected Iev§[§wer is dissipated in the device, and the short pulses are
when the DUT is connected, reducing the VNA linearity errqised to acquire isothermally the value . for the given
effects on measurements. _ gate currenf,,,,,. The temperature versus the dissipated power
In spite of the smaller energy available at the VNA detectofs piotted [see Fig. 8(b)], its slope is the thermal resistance.
due to pulses, good measurement results up to 40 GHzT#is value has been successfully checked with other sets of
an RF measurement flat level 6f15 dBm and a 2.5% (v Im).
duty cycle with 150-ns measurements width allow direct Thermal simulations of nonlinear devices need to integrate
extraction of a device equivalent scheme (see Section I\e dissipated power versus time in order to compute the
1“Measurement calibration,” Model 360B vector network analyzer systenquice temperature. Thus, a thermal time constant must be
Wiltron manual, release 4.01, Morgan Hill, CA, 1991. considered: the so-called transistor thermal capacitance. The
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Fig. 5. Pulsed RF measurement and model, HEMT VLNO2l x 50 pum, pulsewidth: 150 ns, pulse period: 6.
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Fig. 6. Three isothermal output characteristics of an HPOX 400 um FET.
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pulse I(V) and pulse RF setup offers a way to achieveig. 10. Decrease of the gain versus temperature during the device heating.

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 The same study is performed with the cooling of the device

pulsed VNA during a 150-ns window of time that we movavhere slightly longer time constants are obtained. This is

along a cycle of heating/cooling applied wifl{V"), as shown due to the fact that a thermal model with only one thermal

in Fig. 9. resistance and one capacitance is very simple; more thermal
S21 magnitude versus time during the cycle is plotted ancklls should be considered to take into account the vicinity

fitted with an exponential equation. This leads to a 650-m$ the channel. Nevertheless, this measurement technique is

time constant (see Fig. 10). very realistic for thermal modeling of devices used in non-
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Fig. 12. Measured and modeled HBT drain current e = 7 V.

CW applications because we use a measure of the channéh order to show pulsed on-wafer RF measurement accu-
characteristics versus the power dissipated in the channel.racy of bipolar transistors, pulsegtparameters and modeled
parameters up to 40 GHz of a6 (2 x 30) um? Galnp/GaAs
heterostructure bipolar transistor (HBT) device are proposed
Bipolar transistors are affected by strong temperature éf- Fig. 11.
fects: HBT’s collector current decrease with temperature, andFig. 12 shows the collector current at fix®g. versusVi,e
silicon devices current increase dangerously with temperatui@. different bias points. A thermal model of the collector
Multifinger HBT's exhibit collapses of current due to the difcurrent has been developed and is plotted in the same figure,
ferences of temperature between fingers, inducing conditiomad the device temperature is calculated with its thermal
thermal instabilities of devices [22], [23]. Thus, isothermalesistance. The thermal resistance has been obtained with the
characterizations are indispensable; moreover, the gibrt pulse setup in the same manner as FET'’s (base—emitter diode
pulses can investigate the current collapse area. thermometer) [24].

B. Bipolar Transistor Results
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