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Automated Characterization of HF Power Transistors
by Source—Pull and Multiharmonic Load—Pull
Measurements Based on Six-Port Techniques

Gerald Berghoff, Eric Bergeaulyssociate Member, IEEEBBernard HuyartMember, IEEE and Louis Jallet

Abstract—An original measurement system for nonlinear mi- these advantages, they are of limited use because of inherent
crowave power-transistor characterization using six-port reflec- |osses, which impose limitations in reflection-coefficient mag-
tometers is presented. It allows independent active tuning of nitude. The maximum magnitude decreases with frequency and

the output impedances atf, and 2f, (multiharmonic load—pull) .
and variation of the source impedance at the input port at fo with the number of elements and length of cables connected

(source—pull). An appropriate search algorithm enables auto- between the measurement plane and tuner, which is eSpeCia”y
matic optimization of the output impedances and leads to fast disadvantageous for on-wafer measurements and measure-
user-friendly operation of the system. Experimental results are ments of highly mismatched devices. The active load—pull
ShOXV”Qnga commercial GaAs MESFET power transistor at  inciple does not suffer from limitations in load reflection-
fo = z coefficient magnitude. By simulating a reflection coefficient
Index Terms—oad—pull, measurement automation, multihar-  with the help of a power wave injected toward the device
monic, nonlinear, six-port, source-pull. output, unity magnitude can be achieved for any physical
setup and at any frequency. Phase and magnitude of the
|. INTRODUCTION injected wave are controlled by a variable attenuator and a

o . variable phase shifter or by an 1Q modulator, followed b
XPERIMENTAL characterization of microwave power P o v Q . ' =d by
: . . o a power amplifier. Two basic principles of load variation
transistors is essential for optimization of output perfor- e : o X
L . . . are commonly used: either the signal injected to the device

mance and verification of models for nonlinear simulation.

. oytput is synchronized with the one applied to the input
The dependency of the device performance on the OUt"-Lfllijls{ynchronous sources,” introduced by Takayama [18]) or the

impedance is usually examined by applying a fixed mpﬁégnal generated by the device itself is fed back to its output

power, varying the output load, and measuring quantities li : . . o R
output powerP,,, and power-added efficiency (PAE). Thi with variable phase and magnitude via an “active-load loop
our ' 1]. While the first solution shows no risks of oscillation,

approach is called “load—pull.” Variation of the output loa : . . .
. . .~ the second solution provides a constant reflection coefficient
can be passively carried out by means of a tuner or actlver

carried out by injecting a power wave toward the transist(')rdeloemmnt from the device’s output signal.

dDeshourset al. [5] studied some active and passive

outqu and, thus, forcing .the desired wave ratio. The IOﬁload—pull systems by comparative measurements of a power
variation can take place either at the fundamental frequentCanistor

fo alone or at the fundamental frequency and a number of | SJust Iiké the load impedance, the impedance of the source
harmonics (multiharmonic load—pull). The importance of the ’

harmonic load impedance (especially at the second harmoR{gwdmg the input signal for the power transistor also plays

2,; for some operational classes (e.g., class-F), at the thﬁcfme on the transistor behavior. The source impedance pre-

. . . ' sented at the device input can influence output characteristics
harmonic3 f, too), in particular on PAE, is known [15]. . . . ; . L

; X . ._like linearity or optimum load impedance. This is true for
Passive tuning structures can be carried out by variable”. . . : : : .

) N evices with a nonlinear input part (like bipolar transistors)
mechanical elements or electronic circuig®l{d-state tuner.

. : . and for mixing devices. The source impedance also affects the
Tuners are commercially available, can handle high POWELYise figure. Attempts have been made to realize a variable
are easy to use, and are of comparatively low cost. Desprilre gure. Ps. . .

source impedance using the active-load loop technique [2]

or a mechanical tuner [11], [14]. However, no solution has

i ) ) been proposed for simultaneous measurement of both the input
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methods assure vector corrected measurements at the device’s
input and output ports. The use of an ANA for multiharmonic six-port

measurements requires a frequency converter either in form of fo, 2%, o, 1

an additional device [9] or built-in [4], [17] in order to enable w

the ANA to measure at harmonic frequencies. In case of a coupler 2 A —f7 coupler 1
=1 Fa 5 ]

DSPNA which does not need a reference signal, frequency
selection can be carried out by switched filters [12] or tunable
filters.

Computer-controlled operation and automation of the mea-
surement tasks are key elements of any measurement system,
as the number of measurements necessary for a complete
characterization of the DUT is very high (typically hundreds
of settings and readings). In addition, intelligent search algo-
rithms should be used for load optimization in order to improv@—gi
characterization speed and avoid the measurement of uselgs$ource
points or impedances that lead to device destruction.

In this paper, we present an original large-signal measure-
ment system for high-frequency (HF) power transistors. It
features load variation at the fundamental frequency and the \@%
second harmonicf, and2 ;) by two completely independent gcq&“’my @
branches at the DUT’s output, each of which is equipped with a OIPIEL switch 3
six-port reflectometer. Furthermore, the input branch, equipped
with a third six-port reflectometer, contains an active-load
loop that allows source impedance variation (source—pull). %}/
means of a new structure, this reflectometer can measure both
the input reflection coefficient of the DUT and the source
reflection coefficient. detector readout’; and the actual incident power in the

The principle of six-port reflectometer operation and its cafteasurement plane [13].
ibration are explained in Section Il. The load—pull capabilities For further use in the load—pull setup, it is important to
of our system are described in Section IlI-A, the source—ptiention that the calibration constants for tie — w, the
principle in Section 11I-B. In Section 1V, we discuss the highw < p transform, and absolute power measurements of each
level automation software developed for this system. Finall§ingle reflectometer do not depend on the inner impedance of

Section V reports experimental results. the driving signal source.
Our special calibration procedure that enables the system to

carry out vector corrected measurements of wave ratios and
Il. THE SIX-PORT REFLECTOMETER AND ITS CALIBRATION absolute power values in an on-wafer or in-fixture environment

fo

six-port
no. 3

1. Simplified structure of the measurement system.

Six-port operation is based on scalar power measuremelﬂ@, been presented in [3].
at four of the six ports of a passive interferometric junction Fig. 1 Sh(_)WS the structure of the measurement system. Some
[6]. The measured powerB, (i: detection port 3-6) dependf”ters_ _and isolators, necessary at the outpl_Jts of the power
on linear combinations of the incident and emerging Waveseﬁmpllﬂers, are left out for better comprehension and clarity.
the measurement plane.

The calibration of a six-port reflectometer has been subj&t
of many papers and will not be discussed here in detail. It Two branches (branches 2 and 3) are connected to the output
is usually divided into two parts: first, the so-called six- t@f the DUT via a filter/circulator network providing frequency
four-port reduction orP — w transform is carried out to separation. The fundamental component of the output signal is
derive a complex wave ratiow from the four scalar power treated in branch 2, harmonics in branch 3. Both of the output
readingsF; (¢ = 3, ---, 6) [7]. Second, a bilinear transformbranches are equipped with an attenuator, phase shifter, and
w = (Ap+ B)/(Cp +1) corrects for the actual measuremenpower amplifier, and are thus able to inject a power wave to
plane. The complex4, B, C are the so-called errorbox. Inthe transistor output af, (branch 2) and®f, (branch 3) and
our case, two reflectometers form a DSPNA, and the tvgimulate variable reflection coefficients, (fo) andI'r, (2fo).
errorboxes are found by the well-known thru-reflection lineligher harmonics are terminated in 80by appropriate filters
(TRL) method [8]. and isolators. Switches 2 and 3 offer the choice of the “active-

In our setup, six-port 1 and six-port 2 form a DSPNA albad loop” mode (position “1") and the “synchronous sources”
Jo, while six-port 1 and six-port 3 form a DSPNA 2f,. For mode (position “2”). For the latter case, a frequency doubler
this reason, six-port 1 must be broad-band and cover fipthacts as &/, signal source for branch 3.
and 2f,. By means of the two six-port reflectometers in the two

For absolute power measurements, a congtans needed branches, this configuration allows completely independent
as a factor of proportionality between the reference powsetting and measuring the fundamental and second harmonic

Principle of Load—Pull Measurements
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Fig. 2. Fictitious setup for explanation of source impedance measurement.

load and respective absolute powers. No variable filter elementlust like the wave rati@; = b; /a1, the wave ratigpi,; =

is necessary, so that the system does not suffer from repeatd«} in plane 2 (introduced for explanation purposes) is also
bility problems (switched filters) or low measurement speduhked to the intermediate variable by a bilinear transform
(tunable yttrium—iron—garnet (YIG) filters). As the relativgsee Section ll). Its parameters need not be known.
bandwidth fi,ax/ fmin for each six-port is limited to 1.5 (due Let us now consider that the structure of Fig. 2 is unchanged
to the circulator/filter network with fixed cutoff frequencies)and, in particular, the parameters of the active-load loop
very low-cost reflectometers in microstrip technology can remain the same. The signal is now fed into the structure via

used. coupler 1 (switch 1 in positior)) instead of a signal source
at the measurement port. In this case, the wave ratiois
B. Principle of Source—Pull Measurements unchanged too. Thus, the value of the intermediate variable

In normal operation (i.e., a DUT is measured), switch 1 @”_St be the slamer,] t0o, and t?]e rgsult Ofﬁh? P transfo[m .
in position 2 and the signal generated by the source is fA}YIN9 /1 IS also the same. The six-port reflectometer “sees
to the device’s input via coupler 2 (see Fig. 1). The activdhe same ratio. That means that six-port reflectometer 1 is able
load loop of branch 1 is used to vary the reflection coefficieffl Measure the reflection coefficient presented by the whole

if one looks into port 1. This whole configuration represem%_trucmre to the input of the DUT if the excitation signal is fed

a signal source with variable impedance [1]. As the six-po¥{& coupler 1 instead of coupler 2. _ ,
Thus, depending on the position of switch 1, six-port 1

reflectometer calibration constants are valid for any source ther the i flecti fici ¢ th
impedance, six-port 1 correctly measures the wave tafio; measures either the input reflection coefficient of the DUT

which is the input reflection coefficient of the DUT, and th&" the reflection coefficient presented to its input by the

absolute incident power, for any position of the active-loafyNthesized source with variable impedance. For both cases,
the calibration constants found by the classical calibration

loo
f method are valid.
pL = (28 =Ty (1) In total, the system is able to measure the following quan-
a1 tities:

In order to explain the measure of the reflection coefficient« input reflection coefficient of the DUT af,
of the synthesized source, let us study the following fictitious
case (see Fig. 2). Pin(fo) = bi(fo)/ar(fo)
Neither via coupler 1 nor coupler 2 is a signal fed to the . ggyrce reflection coefficient gt To(fo)
measurement port. At the measurement port (plane 1), a signal |oad reflection coefficient af, and 2,
source is connected instead of a DUT. In this case, the wave
ratio b; /a; is determined by the entire structure at the left of LL(fo) = a2(fo)/b2(fo)
plane 1 and equals the reciprocal of the reflection coefficient I'n(2f0) = a2(2f0)/b2(2f0)
I, of this structure. _
As the six-port constants are still valid (via the transforms * INPUt power atfo
P — wandw < p, they describe the linear relationship Py =1/2|a1]?(1 — |Din|?)
between the waves,, b; in the reference plane and the waves
measured by the power detectors), this wave ratio is well* output power atfo and 2 fo

measured by the six-port 1 Pouc(fo) :1/2|b2(f0)|2(1 _ |FL(f0)|2)
b= Fi 2 Poui(2fo) =1/2[ba(2£0)1(1 = ITL(2f0)]*)
ai g

. . L e power gain at
Notice that this wave ratio is independent from the source P 9 fo

impedanceZsmme. G = Pout/-Pin
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e PAE atf, (if P, dissipated dc power, is known)
PAE = (Pout - -Pin)/Pdc-

I1l. AUTOMATION SOFTWARE

In view of the large amount of measurement points needed
for a comprehensive device characterization, automation of the
measurement process is imperative. Basic software routines
concern attenuator, phase shifter and switch setting, detector
readout, and input power stabilization. In addition to these
low-level operations, algorithms for load optimization and
load—pull contour tracking are very advantageous compared to
statistic approaches carrying out a search over the whole Smith
chart. They reduce the number of points to be measured and
help limit the risk of device destruction by highly mismatched
loads. Fig. 3. Schematic representation of the load optimization method. Solid lines

In the past, several approaches have been undertaker{—p constant output power or constant efficiency contours, dashed lines
automate the load search for optimum transistor performarff:é.')f refl('actio'n coefficients for a given attenuation and variable phase shifter

. Sition, e: optimum phase position for each attenuation value.
[10], [16]. In the case of a tuner, as well as in the case of
active-load simulation, two control signals usually determine L o L
the load reflection coefficient presented to the device’s output. N€ OPtimization criterion for output load optimization can
Unfortunately, the dependence of the simulated reflecti maximum output .powePOIft max or maximum eff|C|ency_
coefficient on the control signals is not precisely knowr *Emax. We use this algorithm for synthesizing a certain
In the case of our system, the load reflection coefficieHS€'-SPecified reflection coefficient too. In this case, the op-
is determined by the positions of the variable attenuatBflization critérion is the distance between the current and
and phase shifter. The phase shifter exhibiting a variatffgSired reflection coefficient.
attenuation when changing the phase value, the attenuator
having a variable phase when changing attenuation, and the
other elements being potentially slightly mismatched, the In order to illustrate the capabilities of our system, we
positions of the attenuator and the phase shifter allow orpyesent experimental results obtained for a commercial power
rough estimates of the simulated reflection coefficient; thusMESFET (Fujitsu FLL101ME) afy = 2 GHz, mounted into a
precise prediction is impossible. test fixture (Inter-Continental Microwave) and biased in class

For our system, varying the phase-shifter position for AB (Vps = 10V, Vs = —1.53 V, Ipsg = 35 mA).
given attenuation corresponds to load reflection coefficientsFig. 4(a) and (b) shows the optimum load search for maxi-
that lie, for ideal hardware, on a circle around the SmittmumPAE,,, for the loads at the fundamental frequency and
chart origin. The radii of these circles are determined by tlsecond harmonic.
attenuation (decreasing attenuation means increasing radiuskig. 5 shows the output power & F... (fo), at2fo Fout
For nonideal hardware, the shape of the resulting plots céy;) and the PAE for three cases: the values plotted in dotted
differ significantly from circles, and the centers do not coincidees (*--") are measured for matched loads fatand 2f,,
with the Smith chart origin and may vary with the radiusdashed lines (“- - -”) correspond to the optimum load fat
An automatic algorithm is needed that is insensitive to thosed a matched load &ify, and the solid lines (“—") are taken
hardware imperfections. for the optimum loads at botlf, and 2 fp.

Our algorithm (written inQuickBASIC and FORTRAN) pro- The previous measurements have been taken for a matched
ceeds as follows: starting with a high attenuation (smadburce [, = 0). Table | summarizes the numerical results
circle), it optimizes the phase position for this attenuatioobtained for this case and shows, in addition, results obtained
using a method of decreasing intervals. When the maximumf@s a mismatched source (the source reflection coefficient could
found, the attenuation is decreased, leading to a higher cirolet be set to the conjugate of the input reflection coefficient, as
radius, and phase optimization is started again. Attenuationttiés would lead to instability of the transistor; thus, a reflection
decreased until the absolute maximum is found. This methodefficient with the same phase, but lower magnitude, was
assures the determination of the optimum load by following ttehosen). All values are measured at 10-dBm input power.
gradient of the load—pull contours. It avoids critical loads for Optimization of the fundamental load has a large effect on
the transistor by starting near the Smith chart origin (matché@nsistor performance. It increases PAE from 22.6% with a
load) and orientating from the beginning toward the optimumatched load to 71.1% with the optimum load. The measure-
load. Fig. 3 illustrates this procedure. ments show that harmonic load optimization has an important

If desired, a number of points on both sides of the gradieeffect also, as it gives further improvement of PAE by 5%
path found by the optimum search is measured and treated/6.1%. At the same time, output power is increased from
mathematically (MATLAB) in order to obtain the load—pull23.1 to 26.9 dBm (optimum load only &}) and 27.3 dBm
contours. (optimum loads atfy and2f,). It is interesting to notice that

IV. PRACTICAL RESULTS
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Fig. 5. (a) Output power af, and2f, and (b) PAE as a function of the
(b) input power.T, = 0.

Fig. 4. Optimum load search at (g and (b)2f,. Both (a) and (b) show
the search paths, constant efficiency contours (both in solid lines) and the
optimum load (marked with). The step between the contours for constant TABLE |
efficiency is 5% forf, and 0.5% for2f,. OpPTIMUM L0OADS FOR PAE FOR DIFFERENT SOURCE

REFLECTION COEFFICIENTS INPUT POWER 10 dBm

the optimum load a2, leads to an output power &, that source load reflection coeft. Four | PAE
is about 10 dB lower than for a matched load2g%. The refl. coeff. T'i(fo) Tu(2fo) | (aBm) | (%)
shapes of thé’,.; (fo) and PAE plots show that the transistor 0.00/~ 0.00/- 231 | 226
. . . : 0.00/— 0.68/105.5° | 0.00/- 26.9 | 71.1
is deeper in compression than with a @0oad. 068710557 T 09375175 273 T 761
hanging the source reflection coefficient has, for this .68/105. -93/51. - -
Changing , 0.55/153.0° || 0.67/104.9° | 0.98/36.9° || 27.3 | 75.8

transistor and these bias conditions, no effect on the optimum
load at fy, but it changes the optimum load af, (|AT| =

0.25). The output performance remains virtually unchanged. . .
and second harmonic. Thanks to one six-port reflectometer

in each output branch and the possibility to use microstrip
technology, variable filter elements with the associated prob-
This paper deals with a new active large-signal transistems are unnecessary and the whole system is kept simple and
measurement system. Original ideas concerning the structlow cost. At the transistor input, a new structure allows us to
and automation have been presented. Two output branchesulate a variable source impedance and to simultaneously
allow independent load control at the fundamental frequenoyeasure the input reflection coefficient and the synthesized

V. CONCLUSIONS
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source impedance. The proposed automatic load-optimizatigs
algorithm makes the system user friendly, speeds up
characterization process, and helps prevent the transistor bq
operated under inappropriate load conditions. Experimen
results for a commercial MESFET power transistor ha
illustrated the system performances.

Future work will focus on pulsed RF measurements a
on an extension of the input structure to multiharmon
source—pull measurement capabilities.

search topics included
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