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Abstract—After calibration, since the systematic imperfec-
tions of the envelop load–pull (ELP) components were now fully
accounted for, the user is able to rapidly set accurate termina-
tions with full Smith chart coverage. This functionality has been
achieved by optimizing the hardware configuration of the envelop
load–pull concept. Development of a system whose systematic
errors could be described by a magnitude invariant error flow
model was critical. As a consequence, a robust calibration mecha-
nism, that is analogous to the one-port error correction of a vector
network analyzer, was exploited and comprehensively verified.
After calibration, since the systematic imperfections of the ELP
components were now fully accounted for, the user is able to set
accurately terminations with full Smith chart coverage.

Finally, measurements on commercially available transistor
devices are presented that verify the rapid nature, accuracy,
flexibility, reliability, and ease of calibration of the multiharmonic
load–pull system.

Index Terms—Active closed-loop load–pull, harmonic load–pull,
nonlinear measurements, rapid load–pull calibration.

I. INTRODUCTION

L OAD–PULL is a key tool employed in large-signal device
characterization, measurement, and design at microwave

frequencies, necessary for the synthesis of a variable load
impedance environment [1]–[4]. One important application of
load–pull is in developing device modeling strategies [5], [6]. In
order to develop accurate computer-aided design (CAD)-based
models, devices must be characterized under many different
large-signal operation conditions. Hence, there is a need for
rapid highly accurate load–pull measurement systems to sup-
port CAD-based design.

Traditional load–pull systems are grouped into two cat-
egories, namely passive load–pull [7] and active load–pull
[8], [9]. Passive load–pull involves a direct characteristic
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impedance transformation, generally realized through stub
tuners. The major drawback of these passive systems is their
inability to overcome inherent measurement system losses and
thereby provide only a limited Smith chart coverage and load
reflection coefficient range. Alternatively, active systems [8]
can be used to overcome these losses by injecting amplified
signal into the device output port, thus providing full coverage
of the Smith chart.

Active systems can be realized using open- or closed-loop
approaches. Open-loop active systems [8], although uncondi-
tionally stable, can be prohibitively slow due to the iterative
and convergent nature of load setting. The closed-loop active
load–pull system, reported in [9], overcomes this problem, but
suffers from an inherent stability problem that can be mitigated
by introducing highly selective RF bandpass filters in the loop
[10]. Another alternative approach for achieving closed-loop
load–pull has been reported in [11] and [12] and is called enve-
lope load–pull (ELP). This system achieves stability by default
due to the bandpass filter characteristics of the control unit em-
ployed in the design of the system. Thus, ELP is a logical active
replacement for passive load–pull.

Consider first the logical development of passive load–pull.
A passive load–pull system based on a simple manually con-
trolled mechanical tuner is not reproducible, therefore cannot be
pre-calibrated and must ideally be measured in situ. There have
been significant efforts and investments from companies such as
Maury Microwave, Ontario, CA, and Focus Microwave, Mon-
treal, QC, Canada, to make the passive system repeatable, ac-
curate, and reliable. As a consequence, these passive load–pull
systems can now be robustly pre-calibrated. However, it must
be noted that the pre-calibration of the tuners used in the pas-
sive load–pull systems can be very tedious and time consuming
[13]. This slow pre-calibration of the tuners also lowers the
overall measurement throughput [13]. However, while active
closed-loop systems have also undergone several improvement
and development cycles demonstrating excellent performance
[2], there is no published report of a pre-calibrated closed-loop
system.

It was thus imperative that the alternate closed-loop active
ELP also underwent similar developmental changes with the ob-
jective of achieving accurate and repeatable performance that
could support pre-calibration. This required further develop-
ment of the ELP concept to significantly improve its repeata-
bility and accuracy. It was reported in [11] that the nonideal op-
eration of the system can be represented by an error flow model.
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Fig. 1. Block diagram of ELP displaying the identified sources of errors in the
loop components.

This model provides some key insight in helping advance the
ELP development. The initial work in [12] is developed and
furthered in this paper in a theoretical and practical manner,
leading to a matured solution where it is possible to accurately
and reliably pre-calibrate the developed active system. In addi-
tion, fewer measurements are required in the calibration of ELP
compared to that of passive load–pull; hence, being very rapid
with the potential to improve the measurement throughput.

II. SYSTEM DESCRIPTION AND ERROR

FLOW MODEL FORMULATION

A generic block diagram of the ELP system is depicted in
Fig. 1. For a detailed discussion on its theory of operation, the
reader is referred to [11]. The signals and are the baseband
components of , while and are the baseband compo-
nents of . The required load reflection coefficient, assuming
an ideal system, is simply given by setting the correct and
values in the “control unit,” shown as follows in (1):

(1)

where

(2)

Ideally the load presented by the ELP system
should be the same as the load measured by the measurement.
In practice, however, this is complicated by a number of fac-
tors limiting the accuracy of the system. These factors include
systematic errors due to the nonideal nature of the demodulator,
modulator, imperfect circulator directivity, delays, and losses in
the cables, as displayed in Fig. 1.

To analyze and account for the systematic errors, an error flow
model can be utilized, as reported in [11]. The ELP error model
shown in Fig. 2 is an improved version of that reported in [11]
with an additional term accounting for the effect of feed-
back and system isolation. The term refers to the demodu-
lator conversion gain, as well as the external cabling and delays
associated with the physical setup, whereas refers to the error
contribution due to the dc offset generated in the demodulator.

refers to the required load reflection coefficient
established by the external control variables and . is the
contribution from the dc offset of the modulator, refers to
the modulator conversion gain, as well as external cabling and
delays, and is the passive impedance of the network. The
error model reported in [11] ignored the effect of the factor ,

Fig. 2. Detailed “error flow model” of ELP system.

although it will be shown later in this paper that this factor plays
an important role in realizing a pre-calibrate-able system.

The error flow model depicted in Fig. 2 can, by flow diagram
analysis, lead to the following equation:

(3)

Since this equation cannot be rearranged to produce an expli-
cated formulation of the measured load in terms of the set load

, it is not possible to provide for a simple pre-cali-
bration procedure. It is evident that the terms and in (3)
are the problem. Therefore, as a first step to making the system
simply pre-calibrate-able, it is important that these terms are
eliminated. The approach presented in [11] adopted some dc
offset pruning techniques, using external electronic circuitry, to
nullify the effect of and . These efforts were only partially
successful. The reliability of this approach was severely lim-
ited [14] due to fact that the and terms turned out to be
bias and drive dependent. Note the presence of and can be
attributed to the fact that the ELP system reported in [11] and
[14] was operated in the homodyne mode in order to maximize
the bandwidth efficiency of the demodulator employed in the
system.

It was thus concluded that the only practical way to elimi-
nate the error terms and was to switch from the homo-
dyne mode of operation used in [11] to a heterodyne mode of
operation. With the RF information now being contained in the
down-converted baseband sinusoid signals, high-pass filters can
be placed at both the input and output of the “control-unit” to
block the dc and terms, while allowing the sinusoid and

signals to propagate. The heterodyne mode of operation with
the incorporation of high-pass filters allow for a simplification of
the error flow model; hence, simplification of the system equa-
tion, in (3), to

(4)

Thus, the system can now be described by an explicit first-
order control equation in (4). This equation describes the phys-
ical behavior of the ELP system and can be utilized to design
a rapid, accurate, and reliable calibration mechanism for the
system, as explained in Section III.

III. CALIBRATION OF ELP SYSTEM

It is important to understand the physical realization of the
system before one looks into its calibration and application. The
realization of the conceptual configuration presented in Fig. 1 is
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(a)

(b)

Fig. 3. (a) Block diagram of physically realized ELP loop. (b) Inner configu-
ration of the “ELP Control” in (a).

displayed in Fig. 3(a). The directional coupler extracts the trans-
mitted signal , as well as isolating it from the injected signal

. The “ELP Control” comprises the demodulator, control unit,
and the high-pass filters, as shown in Fig. 3(b). The demodulator
used in this realization can operate over a frequency range of
0.8–2.7 GHz. External control variables, and , are supplied
to the “ELP Control” from a computer-controlled DAC board.
The up-conversion of the modified and signals are carried
out by the modulator present in an Agilent vector signal gen-
erator (VSG).

The loop amplifier, shown in Fig. 3(a), compensates for any
attenuation in the loop and ensures that the appropriate level
of injected signal is maintained to achieve the requisite load
reflection coefficient at the required reference plane. The real-
ized load–pull system can be simply combined with any com-
mercially available large-signal measurement system, such as
an Agilent PNA-X, to achieve load–pull functionality. In the
current investigation, the waveform engineering measurement
system at Cardiff University, Wales, U.K. [15], based around the
microwave transition analyzer (MTA) has been used to verify
this system’s performance.

The result in Fig. 4 displays the uncalibrated performance
of the developed load–pull system. A spiral dataset of loads is
chosen to provide full coverage of the Smith chart.

It can be clearly seen that, due to system imperfections, the
measured loads do not match up with those set by the user of

Fig. 4. Uncalibrated peformance of ELP over a 30-point set.

the system. Now the assumption is that this difference can be
corrected by using the simplified error model given by (4). Since

(5)

substituting (5) into (4) and rearranging gives

(6)

where represents the factor and is termed the gain of
the load–pull loop. It can be seen from (6) that if the load is
set to zero, then the system’s passive impedance term can be
directly measured. By rearranging (6), we get (7) and (8), which
are analogous to the one-port error model calibration equation
used in any standard vector network analyzer (VNA) [16]

(7)

(8)

where . and . To evaluate
(8), only three distinct measurements need to be made for three
different load settings to determine the unknown terms
and . This is one of the system’s important novelties in that it
can be calibrated quickly with very few different load measure-
ments. Yet to improve the accuracy of the system and to mini-
mize the error in the achieved result, due to measurement noise,
it is advantageous to use a “least squares method” with multiple
measurements with different load magnitudes and phases. After
finding the terms and , the values of the required error
terms can be calculated by equations given in (9)–(11) as fol-
lows:

(9)

(10)

(11)
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Fig. 5. Flowchart for solving the imperfections in the ELP system.

The flowchart shown in Fig. 5 describes the overall calibra-
tion procedure. A calibration data set is defined by sweeping
the control variables and around a spiral and the system
is operated in the uncalibrated mode, attempting to acquire
these loads. The error terms are then calculated and the system
checks if the gain is realizable. If the check returns negative,
then the attenuator or the loop amplifier setting, as shown in
Fig. 3(a) and (b), is changed and the system is operated again
until the check returns positive.

Upon the positive result on gain check, the system is assessed
for stability by utilizing (12), which can be derived from (4) as
follows:

(12)

If the system fails the stability test then appropriate ad-
justments in the load–pull loop component setting, shown in
Fig. 3(a) and (b), is carried out so that the system passes the
stability check.

After obtaining the parameters in (8) through the process out-
lined in Fig. 5, the quantitative error flow model is determined

Fig. 6. Measured loads after incorporation of error model over a 30-point data
set.

and can be applied to allow the user to correctly set the desired
loads. To verify both the system functionality and validity of
the error model, the calibrated system is now operated to cor-
rectly set the original desired load spiral. This is achieved by
computing an alternative set of control settings and
employing (13) with the incorporation of the error coefficients

(13)

The calibrated measured data points are displayed in Fig. 6.
The achieved result is a clear proof that the imperfections in
the loop components have been correctly accounted for by the
improved error model. Thus, it can be concluded that this ac-
tive closed-loop load–pull system can be quantified by an error
model, analogous to the one-port error model of a VNA, which
after calibration can be used to achieve repeatable and reliable
user-defined impedance setting covering the entire Smith chart.

As previously stated, analogous with a VNA calibration, the
ELP error model can be determined via the setting and measure-
ment of three independent loads. However, this result in mea-
surement errors associated with noise, producing flawed error
coefficients. This error could be overcome by increasing the
number of measurements. In the case of calibrating a VNA, this
obviously requires more known standards, and thus, an increase
in the number of new connections. In the case of ELP, neither
applies since the load is set electronically. Hence, an increased
number of measurements, set with ease, should allow for much
improved error coefficient determination. The accuracy of the
achieved results of the system can be quantified, in terms of per-
centage error , using (14), where is the number of calibration
points in the data set

(14)

It is clear from Table I, which records the percentage error
against number of points used in the initial data set (the sprial),
that the accuracy improves with the number of calibration points
in the data set.

As a compromise between speed and accuracy, it is safe to
assume that a calibration sequence utilizing 12–20 points will
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TABLE I
AVERAGE DIFFERENCE BETWEEN DESIRED AND MEASURED IMPEDANCE

VALUES AFTER CALIBRATION AND VERIFICATION

TABLE II
AVERAGE DIFFERENCE BETWEEN DESIRED AND MEASURED

IMPEDANCE POINTS OVER 12 CALIBRATION DATA POINTS

Fig. 7. Evaluation of the ELP calibration process over a 36-point data set.

provide a suitably accurate and reliable result. It is also impor-
tant to note that the calibration accuracy is independent of car-
rier frequency, as shown in Table II. The only criterion for the
selection of carrier frequency is that it should fall within the
operating range of the demodulator and modulator used in the
design of the system.

IV. PERFORMANCE EVALUATION OF THE SYSTEM

Further evaluation of the calibration performance is ex-
tremely important for testing its accuracy. For the purpose of
evaluation, a desired data set is defined at the extreme edge of
the Smith chart at every ten degrees, i.e., 36 points. The cali-
brated load–pull system is then operated and the actual required
load is measured. The obtained result is given in Fig. 7. In the
current evaluation over 36 points, the achieved loads after the
calibration are within 0.021% of the desired loads. Thus, it
can be concluded that the developed calibration mechanism is
accurate and reliable.

For the case under investigation, the calibration over a
30-point data set takes 15 min and the evaluation over 36 points
takes another 18 min. Thus, on an average, the developed
load–pull can be calibrated and employed in measurement
applications in just over 30 min, unlike the passive tuner, which
typically needs pre-characterization over hundreds of points,

Fig. 8. Power sweep for a dynamic range of 20 dB showing the power-handling
capability of the ELP system.

Fig. 9. Power sweep over a dynamic range of 20 dB for the load impedance of
0.25 45 .

covering all the frequency ranges, which requires significantly
more time [13]. Thus, the developed design and calibration
strategy of ELP provides the opportunity for significantly
improved measurement throughput.

One of the most important aspects of any load–pull system
is its power-handling capability, as in many applications power
sweep characterizations are often used for nonlinear transistor
model validations. To demonstrate the power-handling ca-
pability of the developed load–pull system, the fundamental
impedance was swept over a 20-dB dynamic range for nine
different load settings, while keeping the second and third
harmonic impedances actively matched to 50 . Fig. 8 shows
a power sweep result for nine different load impedances, re-
spectively, while Fig. 9 presents the magnitude and phase of
one load impedance swept over a dynamic range of 20 dB. The
loads exhibit a variation of less than 0.5% in magnitude and
less than 1.1 in phase for the dynamic range of 20 dB.

The results in Figs. 8 and 9 clearly demonstrate that the load
emulation is independent of drive level. However, it is impor-
tant to note that the dynamic range of the developed load–pull
system is dependent on the linear operating range of the demod-
ulator, modulator, and loop amplifier. In the current develop-
ment, the loop amplifier is driven at 10-dB backed-off condition
to operate in the linear domain. The ELP system can operate
well for DUTs up to 4 W, and thus, is apt for characterization of
on-wafer devices.
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Fig. 10. Configuration of the multiharmonic ELP system within the MTA-
based Cardiff University time-domain measurement system.

TABLE III
AVERAGE DIFFERENCE BETWEEN DESIRED AND MEASURED IMPEDANCE

VALUES FOR EACH HARMONIC AFTER CALIBRATION AND VERIFICATION

The current development could find it difficult to load–pull
DUTs of the order of 10 W and above. However, appro-
priate changes could be incorporated to employ ELP in the
load–pulling of higher power devices. High-power impedance
transformers could be utilized to lower the linear output power
requirements from the loop amplifier [18]. Another alternative
could be to use the developed system in a hybrid setup with a
passive load tuner such as used in [19].

Overall it has been proven that the system, when appropri-
ately configured and operated, is drive-level independent and
can be calibrated accurately in a rapid manner. This has the
potential to improve the measurement throughput significantly
as compared to active open-loop load–pull, which is extremely
slow [4], and passive load–pull, which requires time-consuming
pre-characterization of the tuners [13].

V. EXTENSION OF SYSTEM TO MULTIHARMONIC DOMAIN

The reliable design and robust calibration of the ELP system
allows a straightforward extension to a multiharmonic realiza-
tion, as shown in Fig. 10. For multiharmonic system evalua-
tion, a 1-W GaAs field-effect transistor (FET) was employed
being driven into compression in such a way that the second and
third harmonic powers are significant. The carrier frequency was
chosen as 850 MHz.

The first step in utilizing this setup is to calibrate each of the
ELP modules. Table III presents the outcome of the calibration
verification for each of the modules. It can be seen in Table III
that the accuracy of calibration is independent of the harmonic
power and supports the results presented in Table II. There is
a very slight difference in the accuracy at different harmonics,
but it will be shown that this does not affect the measurement
results.

Fig. 11. Measurement showing the independent harmonic load setting capa-
bility of the developed ELP system.

TABLE IV
FUNDAMENTAL AND SECOND HARMONIC LOAD IMPEDANCE VALUES FOR

DISCOVERING CONTOURS OF HIGH DRAIN EFFICIENCY AND OUTPUT POWER

It can be inferred from Tables II and III that the developed
calibration mechanism is independent of the frequency of oper-
ation and the power level of the and traveling waves.

Another extremely important property of the developed
system is its ability to set harmonic loads that are insensitive to
each other [12]. To demonstrate this property, the fundamental
impedance was swept over a 4 4 impedance grid, while for
each fundamental, the phase of the second harmonic load was
varied in 45 steps around the extreme edge of the Smith chart.
The third harmonic was actively held at 50 using the ELP
module. It is evident from Fig. 11 that the harmonic impedances
are uncoupled and unaffected by each other.

In this investigation, the whole sweep involved capturing
only 128 measurements using the developed system, which on
a similar open-loop harmonic load–pull system would require
at least 15 times this ( 1920 measurements) due to the system
needing to iterate and converge on the harmonic load imped-
ances. This is an extremely important characteristic of the
developed load–pull system, proving very useful, for example,
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Fig. 12. Robust harmonic load impedance control by employing the developed
harmonic ELP system.

Fig. 13. Demonstration of constant power output and efficiency with respect
to changing reactance through the use of ELP.

in reducing the required characterization time in the design of
high-efficiency harmonically tuned PAs.

The independent harmonic load setting feature of the mul-
tiharmonic ELP system is now utilized in a specific investiga-
tion using a different device, a 2-W GaN pseudomorphic HEMT
(pHEMT), where it was required to relate the fundamental and
second harmonic impedances presented to the device in a spe-
cific manner, as given in Table IV, in order to discover contours
of continuous high drain efficiency and output power [20].

Fig. 12 displays the resultant loads measured at the package
plane for the 15 specific measurement points, where the fun-
damental and second harmonic impedances are tracking their

real impedance contours. The third harmonic is arbitrarily ter-
minated. It is evident that the measured harmonic loads are ex-
actly as specified in Table IV. This demonstration proves that
the calibration of the ELP modules was suitably reliable and ro-
bust in order to set harmonic loads independently, as required
without the need of further iterations to converge on the correct
impedances.

Fig. 13 displays the output power and efficiency measure-
ments under these loading conditions, showing that the contour
of constant efficiency and output power was located, with a less
than one percentage point deviation in drain efficiency around
70% and only 0.1-dB variation in the 34.5-dBm output power
over the range—the result that was expected. This investigation
has demonstrated the necessity and value of the ELP calibra-
tion in establishing the desired impedances. It is also important
to note that it would be extremely slow to conduct such an in-
vestigation using the active open-loop technique and probably
impossible on passive load–pull systems.

VI. SUMMARY AND CONCLUSION

This paper has presented an accurate pre-calibrate-able mul-
tiharmonic closed loop active load–pull system that is based
on the envelope baseband-feedback load–pull concept. It was
shown that a critical requirement for this to be achieved is that
the ELP hardware implementation had to be modified so that it
could be described by an explicit first-order control equation.
These hardware modifications involved switching from homo-
dyne to a heterodyne mode of operation. This allowed for the
incorporation of high-pass filters into the system to eliminate
the systematic error terms preventing an explicit error model
formulation. As a consequence, an error flow model, which is
analogous to the one-port error model of a VNA, can be defined
to account for the systematic errors of the load–pull system. The
inclusion of the feedback term in the error model is important
for the system’s accuracy and repeatability.

Robust calibration of the developed system was achieved by
performing a set of measurements on a locus of impedances
defined by a spiral. A spiral was chosen since it provides ex-
cellent coverage of the Smith chart both in terms of magnitude
and phase. The accuracy of the load setting functionality after
calibration is, due to measurement noise, slightly dependent on
the number of points in the measured calibration data set. How-
ever, since these measurements are fully computer controlled
and the load points are set electronically, increasing the number
of measurement points, apart from speed, provide for no addi-
tional measurement disadvantages. The experimental investiga-
tion proves that the accuracy improvement is minimal beyond
20 points. The calibration methodology is independent of the
frequency of operation and the drive power. Through rigorous
validation procedures the pre-calibrated ELP system has been
shown to be accurate and repeatable in a variety of situations.

Hence, both in terms of its calibration and operation, these
systems will provide for improved measurement throughput
over existing passive load–pull systems. The reliable pre-cal-
ibration operation also allows the easy extension of the ELP
concept into the harmonic domain. The unique characteristic
of the multiharmonic system is its independent load setting at
different harmonics.
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