
IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 12, DECEMBER 2000 2617

High-Power Time-Domain Measurement System
with Active Harmonic Load–Pull for

High-Efficiency Base-Station
Amplifier Design

Johannes Benedikt, Roberto Gaddi, Paul J. Tasker, and Martin Goss

Abstract—A measurement system combining vector corrected
waveform measurements with active harmonic load–pull extends,
for the first time, real-time experimental waveform engineering up
to the 30-W power level. The vector correction procedure is pre-
sented in this paper. A novel harmonic load–pull approach based
on the real-time measurement capability of the system is demon-
strated on a 4-W LDMOS device. A 20% increase in maximum
output power to 4.7 W without degrading gain and efficiency is
realized. Waveform analysis at various drive and load conditions
directly identifies nonlinear capacitance effects being a key design
issue for the design of highly efficient power amplifier.

Index Terms—Active load–pull, calibration, microwave mea-
surements, microwave power amplifier, modeling, MOSFETs,
nonlinearities, time-domain measurements.

I. INTRODUCTION

A T THE present time, a key design challenge is the realiza-
tion of high-efficiency and high-power amplifiers for the

next generation of mobile communication base stations. It is the
theoretical analysis of terminal voltage and current waveforms
that provides a clear understanding of amplifier modes of oper-
ation required for high efficiency, linearity, and power [1], [2].
Hence, the experimental measurement and analysis of wave-
forms including RF load lines should be the method of choice
when optimizing (tuning) amplifier performance. High-power
measurement systems used for characterizing devices generally
do not provide this information. However, in the last decade,
time-domain measurement systems have emerged [3], [4]. Ini-
tially, these time-domain measurement systems were used to
provide experimental insight into active devices’ nonlinear be-
havior [5]. More recently, their integration with harmonic tuning
at the input and output has shown how large-signal device/cir-
cuit interactions can be experimentally investigated [6]. How-
ever, the power capabilities of such systems have thus far been
inadequate to the requirements of the emerging telecommuni-
cation market.

In this paper, we illustrate a measurement system that
overcomes these limitations, allowing both vector-corrected
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Fig. 1. Schematic of the two-port time-domain load–pull system.

time-domain waveform measurements and active harmonic
load–pull at power levels up to 30 W. The vector-correction
technique implemented for absolute power and relative phase
measurements of the signal harmonics is presented. Real-time
waveform engineering on a commercially available pack-
aged 4-W LDMOS transistor is performed to demonstrate
how the combination of harmonic load–pull with waveform
measurements is most advantageous during real-world device
performance optimization (tuning) with respect to power and
efficiency. Furthermore, through the analysis of the waveforms
the nonlinear capacitance effects are identified to be a key
design issue, which has to be addressed to further improve the
performance of a power amplifier, based on LDMOS devices.

II. SYSTEM DESCRIPTION

Fig. 1 depicts the block diagram of the developed high-power
system for the measurement of in-fixture devices. Time-domain
high-power testing capabilities and active load–pull involving
three harmonics are integrated in the same test bench.

The system is based on a two-channel sampling oscilloscope
and test set, with a similar structure to that presented in [7].
The synthesized sweeper source signal is directed to port 1 or
port 2 by the two switches C and D. The directional couplers
sense the incident and reflected waves at each side of the device-
under-test (DUT). Two of the four coupled waveforms are for-
warded to the microwave transition analyzer (MTA) input chan-
nels by the switches A and B. Attenuators are inserted in front
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of each channel avoiding saturation of the MTA. For the char-
acterization of high-power devices, a 200-W solid-state drive
amplifier, with a frequency bandwidth of 1.8–2.0 GHz, can be
inserted. A low-pass filter is inserted to suppress any harmonic
content generated by the drive amplifier. Isolation at the fun-
damental frequency between the drive amplifier and port 1 is
provided by an additional isolator.

The MTA measures the voltage values of the coupled signals
in the time domain through a sampler-based broad-band down-
conversion technique followed by digitalization of the signal
[8]. The measured incident and reflected voltage waveforms
and are directly related to the- and -traveling waves

(1)

(2)

from which the terminal current and voltage waveforms can be
calculated. By taking the ratio of only the fundamental compo-
nents of the - and -waves, -parameters can also be computed.

The test set allows for the measurement of signals ranging
from 0.5 to 12.5 GHz of packaged devices mounted on a mi-
crostrip-based fixture. For high-power device characterizations,
a high power bias with a bandwidth of 1.3 to 9 GHz has
also been developed. This biashas been thus far successfully
tested up to a continuous wave power of 30 W and a dc current
of 10 A and its limits of operation are still to be determined.

For vector corrected-parameters, a thru-reflect-line (TRL)
calibration is used to shift the reference plane to the package
leads. Vector correction of time-domain voltage and current
waveforms is achieved by a developed absolute calibration
technique. System calibration and vector correction are imple-
mented in the PC-based HP-Basic control software. Real-time
data analysis allows for an immediate reaction to the measured
data in terms of measurement setup, e.g., bias point, drive
power level, or device load. Additionally, a deembedding
procedure for lumped-element device parasitic networks is
implemented, which enables the shift of measurements to the
device intrinsic reference planes.

The active harmonic load–pull has a feed-forward architec-
ture [9]. A four-way power splitter provides three fundamental
frequency signals of which one is used directly to actively
load–pull the DUT at the fundamental frequency. A frequency
doubler and tripler provide a second and third harmonic
signal components for the active harmonic load–pull. All three
signal components can be changed individually in phase and
magnitude allowing to set all three harmonic loads anywhere
on the Smith chart. The maximum output powers of the
solid-state amplifiers included within each load–pull determine
the maximum magnitude of the load–pull signals. At present,
these powers are 200 W at the fundamental frequency and 40
W at the second and third harmonic frequencies. All amplifiers
are followed by an isolator in order to prevent them from
any effects due to signals coming from the DUT. The active
load–pull system is placed after the sensing couplers at port 2,
allowing for the direct measurement of the synthesized load
with no extra load–pull calibration required.

With this system configuration, packaged devices have been
tested and load–pull measurement performed up to a 30-W
output power level.

III. SYSTEM ABSOLUTE CALIBRATION

All microwave -parameter measurement systems do not
instantly provide accurate data, unless a necessary calibration
step has been performed using standards that can be traced to
international standards [10]. System calibration procedures for
-parameter measurements using full two-port measurement

systems have been developed since the beginning of automated
network analysis in the late 1960’s [11]. Well-established
calibration procedures that allow different level of accuracy
depending on the desired application are now available. These
calibrations fulfill two main requirements: 1) to improve
accuracy and 2) to create a well-defined measurement ref-
erence plane. The limitation inherent with these calibration
procedures is that they operate on-parameters, which are
defined as traveling-wave ratios. As a consequence, only
relative measurements are calibrated and absolute power and
phase information of incoming and outgoing waves remain
undetermined. This restriction needs to be overcome in order
to achieve accurate measurements of magnitude and phase of
the traveling waves at the measurement reference plane and,
consequently, reconstruct voltage and current waveforms at the
DUT terminals.

In the first reported magnitude and phase nonlinear mea-
surement setup [12], system calibration relies on the use of a
reference diode. Accurate knowledge of nonlinearities of the
diode is assumed and used to fully characterize the system. Two
other approaches [13], [3] were relying on a vector network
analyzer for test-set characterization, and careful modeling of
the data acquisition setup. A more recently proposed measure-
ment system [14] is built around two synchronized MTAs, with
calibration based on the availability of a multitone reference
generator. A reference generator is a multitone generator
with accurately known output impedance, where the absolute
amplitudes and relative phases of all frequency components are
stable and accurately specified. The generator is characterized
by a broad-band accurate signal analyzer, tracing the calibration
accuracy to a “nose-to-nose” procedure [15].

The system calibration presented in what follows is based on
a reformulation of the conventional 12-term directional error
model of a four-sampler measurement system for-parameter
measurements depicted in Fig. 2. Two analogous error models
are associated to the forward and reverse measurement states.
The need for these two sets of error coefficients is related to
source switching issues inherent with nonideal reflectometers
[16]. Both forward and reverse error models are scaled by an
arbitrary factor, giving the two unity frequency response terms.
This is due to the fact that frequency response terms always
appear as products within the traveling-wave ratio equations that
define -parameters.

An error model that can be extended to absolute vector
corrected waveform measurements must fulfill two main
requirements: 1) it must be nondirectional and independent
from system terminations and 2) correction at both ports at
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Fig. 2. Traditional 12-coefficient directional error model. (a) Forward. (b)
Reverse.

Fig. 3. Modified error model used for the measurement system calibration. (a)
Forward. (b) Reverse.

the same time must be possible; namely, all four reference
planes must be present in the model. The modified error model
depicted in Fig. 3, in which isolation terms have been omitted
for simplicity, achieves both conditions. In this formulation, the
system error model, which is indicated by the dashed box, does
not depend on measurement direction or terminations. Since
the MTA system is a reconfigured two-sampler system, special
care has been taken in the design in order to allow sampler
reconfiguration issues to be ignored. The remaining source
switch nonidealities have been brought outside the model by
means of the two match error terms and , which can be
simply measured during calibration by configuring the system
source switch to run the directional couplers “backward.” For
example, during the standard through line forward measure-
ment, inverse , obtained by measuring while sourcing

Fig. 4. Modified error model after insertion of the coaxial cable for power
calibration.

from port 1, gives the ratio , which is the wanted source
switch match . The adopted error model configuration is the
same as that used for thru-reflect-line (TRL) calibration, which
has been implemented in the controlling HP-Basic software
of the system together with other traditional procedures such
as short-open-load-through (SOLT) and thru-match-reflect
(TMR) [11], [16], [17]. For the particular case of microstrip
test environment presented in this paper, TRL calibration was
the method of choice [18].

The resulting error model after-parameter calibration can
simply be extended for absolute magnitude and phase correction
of the traveling waves, through a further calibration step, which
will be referred to as “power calibration,” which determines the
scaling parameter . The response coefficient could be di-
rectly measured as the ratio (see Fig. 3) if we could access
the port-1 reference plane with a traveling-wave magnitude and
phase measurement system, such as one of the two channels of
the MTA. In general though, it is not possible to directly con-
nect a measurement reference port into the coaxial input port
of the MTA, e.g., if the reference planes are in microstrip en-
vironment or wafer probes. The solution to this problem is to
shift reference plane 1 to the end of a coaxial cable suitable for
connection to the MTA measurement channel. After inserting
a through line between the two measurement ports, a cable is
connected at the end of the port 1 directional coupler, or at the
load switch D, shown in the system schematic in Fig. 1. By per-
forming a one port short-open-load calibration at the end of the
cable, it is then possible to transform wave measurements done
at the coaxial reference plane back to the port-1 reference plane.
Fig. 4 depicts the flow graph of the modified system after inser-
tion of the coaxial cable, being the-parameters ( , , ,

) associated to the network between port 1 and the coaxial
cable reference plane. Symmetry of the response behavior of
this network is assumed, hence, the response parametercan
be calculated.

At this stage, connecting the coaxial cable into thetrav-
eling-wave measuring channel of the MTA changes the system
topology, allowing for the through measurement of the ratio

. The response error coefficient can finally
be calculated as follows:

(3)

After the coefficient has been extracted, since this is the
error model scaling factor, the remaining transmission coeffi-
cients can be calculated as follows:

(4)
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Fig. 5. Complete system error model for waveform vector correction.

Fig. 6. Small-signal model topology adopted for the LDMOS device (the grey
area being the package).

The completely extracted error model as depicted in Fig. 5
allows absolute magnitude and phase of the traveling waves at
the DUT reference planes to be simply deembedded from the
raw measured waves

(5)

Voltage and current time-domain waveforms are finally ob-
tained, through inverse fast Fourier transform (FFT), from all
the relevant frequency components of the calibrated traveling
waves. The presented calibration procedure does not account
for nonidealities of the MTA input channels, such as mismatch
and asymmetry between the two channels. Further calibration
steps have been developed to compensate for those effects, but
are too extensive for the scope of this paper.

IV. SMALL -SIGNAL DEVICE MODEL

Initially, measured time-domain data have immediately
shown that, for a meaningful interpretation of the results, all
reactive elements need to be characterized and deembedded.
The -parameter data of the device, obtained from the same
measurement system, allows for the extraction of a simple
small-signal model, which includes parasitic effects [19]. Fig. 6
shows the adopted model, with the device surrounded by the
parasitics associated to the package. This model topology
achieves reasonable fit of the-parameter data at various bias
points across the region of operation. The values for package
reactances and device capacitances, which will be utilized in
the following data analysis, are extracted from-parameters at
the self-biasing point of large-signal operation (
V mA). Fig. 7 shows the measured-parameters
compared with the model results, while a listing of the extracted

parameter values is shown in Table I. The reactive parasitic
elements can now be deembedded from measured waveforms;
hence, shifting the measurement reference planes. The time-do-
main output current and voltage data presented in this paper is
shifted to the output current generator plane, providing a better
understanding of the device intrinsic behavior.

V. WAVEFORM MEASUREMENTSYSTEM VALIDATION

Before further proceeding, the measurement results obtained
from the system were validated. First, small-signal-parameters
obtained from the waveform measurement system were com-
pared with measurements performed using an HP8510C. The
agreement between the two systems was better than45 dB,
verifying the waveform measurement system capability to mea-
sure accurate-parameters.

Furthermore, the developed small-signal model for the
LDMOS device was utilized for investigation on the conver-
gence of large-signal waveform measurements toward small
signal. For this purpose, an arbitrary load with a high reflection
coefficient was attached to the DUT and the device input reflec-
tion coefficient determined from the measured waveforms at the
small-signal power level. This measured reflection coefficient
was compared with the one simulated using the small-signal
model terminated into the same load. The agreement between
the two was better than30 dB in magnitude and 3in phase,
demonstrating that the-parameters obtained from waveform
measurements at small-signal power level are correct. Addi-
tionally, from the small-signal model, the time delay occurring
between the output generator current and the intrinsic input
voltage is predicted: , giving
40 ps (see Table I). From deembedded waveforms measured at
the small-signal power level, the time delay between the output
current and input voltage waveforms is found to be 43 ps,
which is consistent with the small-signal model prediction.
These investigations strongly indicate the correctness of both
-parameter and waveform measurement capabilities of the

system.

VI. FUNDAMENTAL LOAD–PULL MEASUREMENT

A comprehensive fundamental-frequency load–pull investi-
gation has been performed on the device, biased at pinchoff with
drain voltage V. Fig. 8 shows the resulting load–pull
contours of drain efficiency, both at the extrinsic package leads
plane and after deembedding at the current generator plane. For
the measurement of the load–pull contours, the second and third
harmonic load were 50 at the package leads. Contours gen-
erated for output power and power gain show similar behavior
and give similar optimum loads. The optimum output reflection
coefficient (0.78@156) at the package lead plane,
resulting in an optimum admittance
mS at the current generator plane, gave a maximum drain effi-
ciency %, output power W, power gain

dB, and a 1 dB compression point of
dBm. A swept input power measurement was performed on the
device into this optimum fundamental load. Figs. 9 and 10 show
the RF dynamic load lines, as well as the output harmonic power
content at increasing output power levels. It can be readily
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Fig. 7. Small-signal modeling results at the quiescent bias point from 1.3 to 6 GHz, measured (squares) and simulated (circles).

TABLE I
EXTRACTED SMALL -SIGNAL MODEL PARAMETERS AT THE QUIESCENTOPERATING POINT (ALL REMAINING PARAMETERS ARESET TO ZERO)

Fig. 8. Efficiency load–pull contours: extrinsic (dotted) and intrinsic (solid).

identified from the measured RF load lines that the device has
an inherent almost accomplished class-B harmonic loading [2],
which is due to the output parasitic network. In particular, the

large output capacitance creates almost a short circuit for the
harmonics at the output current generator plane.

VII. H ARMONIC TUNING FOR EFFICIENCY

The harmonic tuning was performed on the device biased in
the same bias point applying the fundamental load at the
package lead, while changing the second and third harmonic
load at the current generator plane. In the following investiga-
tion, the appropriate loads to be applied at the package leads
have been computed using the small-signal model. The drive
level of 19.2 dBm, which is backed off by approximately 3 dB
from the 1-dB compression point, provides a high gain, while
still having a high harmonic content, thus allowing for harmonic
tuning [20]. In order to investigate the effect of harmonic tuning
on the device, a first measurement involved a 50-match at the
second and third harmonic frequency at the current generator
plane. This measurement resulted in an output power of 2.5 W
with an efficiency %.

Class-F loading was investigated next, applying a short at
the second harmonic and open at the third harmonic frequency
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Fig. 9. RF load lines at increasing input power into optimum fundamental
load, together with measured dc output characteristics.

Fig. 10. Harmonic powers at increasing input power into optimum
fundamental load.

[21] at the current generator plane. The result was an increase
in both the output power and efficiency. In order to show how
much harmonic loading at constant output power can improve
efficiency, was reduced until the device provided the same
output power W, resulting in efficiency %.
This indicates that the increase in efficiency was achieved by
squaring the voltage waveform [1], [2]. However, the obtained
efficiency, which is far from the theoretical value achievable
with three harmonic loads [1], suggest that the applied loading
does not constitute the optimum class-F loading. This can be
readily verified by looking at the measured current and voltage
waveforms. Fig. 11 shows the waveforms before [see Fig. 11(a)]
and after [see Fig. 11(b)] harmonic tuning. It can be seen that
the achieved gain in efficiency is due to a slightly more com-
pressed (squared) voltage waveform, as well as by a reduction
of the area where high current and voltage values co-exist. These
results agree with theoretical considerations [20] that a short at
the second harmonic and open at the third harmonic do not al-
ways constitute an optimum class-F loading.

VIII. H ARMONIC TUNING THROUGHWAVEFORM ENGINEERING

Applying the same traditional harmonic-tuning approach to
the device at the optimum operating conditions described in Sec-
tion VI improved overall neither the efficiency ( %),
nor the output power ( W). It was, therefore, de-
cided to directly use the time-domain waveform data as an al-
ternative load–pull approach, with the aim of engineering the
intrinsic current and voltage waveforms in order to improve the
device performances. The results are shown in Fig. 12, depicting
output current and voltage waveforms before and after wave-
form engineering. While changing the fundamental load in order

Fig. 11. Measured waveforms at the output current generator: (a) before and
(b) after harmonic tuning for efficiency.

Fig. 12. Measured waveforms at the output current generator: (a) before and
(b) after waveform engineering.

to increase the peak current, the second harmonic load is varied
in order to reduce the dip within the current waveform. This
results in an output power increase by 450 mW while main-
taining the efficiency at %. The loading for the third
harmonic is then used to square the voltage waveform and to
minimize the overlap between the voltage and current. The final
current and voltage waveforms, depicted in Fig. 12(b), were a
tradeoff between reducing their overlap and increasing the cur-
rent values in the area of low voltages. Overall, the tuning in-
creased the output power by 800 mW (20%), giving in total

W, without compromising gain and efficiency.
The resulting harmonic loads at the current generator plane are:
fundamental , second harmonic

, and third harmonic .
Fig. 12(b) depicts both the current and voltage having a

square-shaped waveform, which explains the increase in output
power due to the increased fundamental current swing [2], but
not an increase in efficiency due to the increased quiescent
point of a squared waveform. The fact that the gain has not
changed suggests that further improvement in efficiency and
output power could be achieved by increasing the drive level,
but neither the efficiency nor output power are found to increase
significantly with higher drive level. Besides, a dipping in the
current waveform appears while the output power is increased,
as shown in Fig. 13 for a drive level increased by 2 dB. This
indicates a drive dependent effect, which prevents the device
from reaching its optimum performance.
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Fig. 13. Measured waveforms at the output current generator after waveform
engineering and 2-dB increase in drive level.

Fig. 14. Measured RF load lines withV = 26 V andI = 260mA.

Fig. 15. Measured output current waves for changing loads, resulting in an
increased output voltage waveform swing indicated by the arrow.

IX. DEVICE INVESTIGATION THROUGHWAVEFORM ANALYSIS

The reoccurring current dips with increasing drive level
might result from the injection of harmonic components from
the drive amplifier or from other device nonlinearities. Mea-
surements have shown that the harmonic large-signal reflection
coefficients of the source are found to be constant with drive
power level, confirming that the drive stage followed by the
low-pass filter is not injecting any harmonic components. In
order to identify the origin of the current distortion, the device
has been measured for the set of load lines shown in Fig. 14,
all measured at the same drive signal level. Fig. 15 shows
the correspondent measured current waveforms presenting an
increasing distortion for increasing output voltage swing. The
output current consists of a real current component, whose
dependency on is defined by the output conductance
and a displacement current term. Since the voltage waveform
does not progress into the knee region, we can assume that
the transconductance does not change significantly along the

measured load lines. Therefore, it can be concluded that the
distortion of the output current is caused by the displacement
term associated to nonlinear capacitances. This directly demon-
strates the significance of nonlinear capacitance effects for the
performance of the power amplifier operating in high-efficiency
modes. Therefore, in order to further improve the efficiency
of power amplifiers based on LDMOS devices, nonlinear
capacitance will have to be accounted for.

X. CONCLUSIONS

A time-domain measurement system and a waveform vector
correction technique have been developed and validated. High-
power measurements at levels consistent with telecommunica-
tion applications (at present up to 30 W) have been performed
on commercially available LDMOS devices. Through the inte-
gration of this system with harmonic load–pull, operating also
at these high-power levels, a novel load–pull approach based
on real-time waveform engineering has been demonstrated. Ex-
perimental investigation on 4-W LDMOS devices showed how
“real-time” knowledge of the voltage and current waveforms
was essential when optimizing (tuning) for both power and ef-
ficiency. Waveform engineering at various drive and load con-
ditions additionally provided direct insight into the nonlinear
device behavior, identifying the nonlinear capacitance effects as
being a dominant design issue for power-amplifier performance.
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