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Mixed-signal active 
load Pull: the Fast 
track to 3g and 4g 
aMPliFiers

The current trend towards increased data 
rates in mobile services has direct impli-
cations for the power amplifiers operat-

ing in these systems, which now need to be not 
only efficient but also wideband and, above all, 
linear. To operate efficiently, an amplifying de-
vice needs to see its optimum terminations at 
the input and output. Although basic amplifier 
theory suggests that an almost infinite number 
of harmonics need to be controlled to establish 
a particular device class of operation (such as 
(inv.) Class B, E, F),1 in practice, control of 
the fundamental, second and third harmonic 
is most of the time sufficient to achieve high 
performance. Furthermore, in order to operate 
linearly, the active device requires—in addition 
to a proper control at its fundamental and har-
monic impedances—the correct baseband or 
envelope impedance, which, in the circuit im-
plementation, is mostly determined by the bi-
asing networks at the device input and output.

Since active devices operate in a large-sig-
nal/nonlinear mode when reaching high effi-
ciency operation, the properties of the device 
under test (DUT) cannot simply be extrapo-
lated from small-signal measurements. Con-
sequently, active devices intended for large-
signal operation need to be characterized un-
der the exact same conditions as in their final 
application. To address this need, harmonic 
load-pull measurement systems have become 

a widely established tool. In these systems, the 
(harmonic) reflection coefficients offered to 
the device under test are “physically” varied 
to find the optimum (harmonic) loading con-
ditions at the device input and output. With 
this optimum set of loading conditions the fi-
nal matching circuit for the active device can 
be designed. Load-pull systems can be divided 
into two main categories: passive and active.

Passive Tuner-based sysTems2,3

A typical passive load-pull configuration, 
shown in Figure 1a, makes use of sliding 
mechanical probes to tune the reflection co-
efficient. The bias tee placed after the tuner 
reduces the impact of its losses, but yields 
larger memory effects due to the baseband 
inductance. These kinds of systems are cur-
rently still the preferred industry large-signal 
test bench choice, due to their simplicity and 
high power handling capabilities. Unfortu-
nately, passive load-pull setups are constrained 
by losses in the tuners, connecting cables and 
wafer probes, which limit the magnitude of the 
reflection coefficients that these systems can 
provide to the DUT.
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acTive Load-PuLL sysTems
Active systems can, thanks to the 

use of amplifiers, overcome the re-
flection magnitude restrictions due to 
losses. Two main types of active sys-
tems can be identified, namely:
•  Closed-loop active systems4

achieve their desired reflection 
coefficient by coupling out of the 
main path (using directional cou-
plers) a portion of the wave gen-
erated by the DUT, adjusting it in 
amplitude and phase and then in-
jecting it back as an incident wave 
to the active device (see Figure 
1b). Here, the bias tee is placed 
as close as possible to the DUT to 
reduce unwanted memory effects. 
Since the injected signal is a direct 
function of the coupled wave, the 
loop gain and phase shift deter-
mine the reflection coefficient in-
dependently of power and spectral 
content of the signal. This makes 
the closed-loop concept suitable 
for fast device characterization, but 
also prone to oscillations since the 
loop gain cannot be very selectively 
controlled over frequency. To avoid 
the risk of oscillation, most closed-
loop systems include sophisticated 
filtering.

•  Open-loop active systems5 instead 
do not reuse the waves gener-
ated by the DUT, but directly in-
ject a signal into the DUT, which 
is phase coherent with the input 
signal to the device, to compose a 
desired reflection coefficient (see 
Figure 1c). The desired reflection 

coefficient is created by adjusting 
the amplitude and phase of the 
injected wave. Here also, the bias 
tee is placed as close as possible to 
the DUT, to reduce the memory 
effects caused by bias path induc-
tance. Since the injected signals 
are no longer a modified version of 
the waves generated by the DUT, 
the realized reflection coefficients 
are power and signal dependent. 
Therefore, iterations are needed 
during the measurements to find 
the optimal injection signals to of-
fer the desired reflection coeffi-
cients to the DUT.

eLecTricaL deLay in Load-
PuLL sysTems

When working with modulated 
signals, for a well controlled linear-
ity behavior of the DUT, the reflec-
tion coefficients offered to the DUT 
should ideally be constant (not vary 
versus frequency) within the modula-
tion bandwidth at the fundamental, as 
well as in all related frequency bands 
at baseband and harmonic frequen-
cies. This situation is approximated in 
real circuit implementations, where 
the matching networks are placed di-
rectly at the reference planes of the 
active device.

In conventional load-pull setups, 
however, the actual physical imped-
ance is always located at some distance 
from the DUT (see Figure 2), which 
is much larger than for any practi-
cal matching network. This distance, 
as well as any physical length within 

the tuning element 
itself (such as the 
length of the active 
feedback loop, or 
the position of the 
probe in mechani-
cal tuners), yields 
very large electrical 
delays causing rapid 
phase changes of 
the reflection coef-
ficients versus fre-
quency. Typical val-
ues for these phase 
fluctuations can 
vary from approxi-
mately 3°/MHz for 
a passive mechanical 
tuner to 30°/MHz 
in a conventional 
active closed-loop 
system (see Figure 

3). Note that based on these values for 
a W-CDMA signal with adjacent and 
alternate channels (total bandwidth of 
25 MHz), the reflection coefficient of-
fered by a passive tuner would vary 75° 
in phase over this bandwidth, while in 
a conventional active closed-loop the 
phase change of the offered reflection 
coefficient would amount to 750°.

It is clear that these large phase de-
viations represent nonrealistic circuit 
conditions and will cause measurement 
errors such as IM3 asymmetry, spec-
tral re-growth and EVM degradation. 
In general, maintaining the reflection 
coefficients constant over frequency is 
getting more and more difficult with 
the increase in modulation bandwidth 
of communication signals, not only in 
practical circuits, but definitely in load-
pull measurement setups.

mixed-signaL Load PuLL 
for Wideband imPedance 
conTroL

To overcome the aforementioned 
problems of losses and electrical delay 

s Fig. 1  Typical load-pull configurations.
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in conventional load-pull characteriza-
tion systems, while being able to work 
with realistic wideband communica-
tion signals, some major measurement 
system innovations are required. The 
principle of the proposed wideband 
open-loop active load-pull approach 
is shown in Figure 4. When the non-
linear DUT is excited with a user-de-
fined modulated signal as, it generates 

signals in the baseband, fundamen-
tal and higher harmonic frequency 
bands. By measuring the device re-
flection coefficient at every frequency, 
the waves to be injected are estimated 
at every iteration. When the required 
reflection coefficient versus frequency 
(at every controlled band) is achieved, 
the iteration has converged and the 
large-signal parameters (that is power 

added efficiency, output power, inter-
modulation distortion, etc.) are mea-
sured. To address these needs a novel 
open-loop system was developed6

employing wideband signal genera-
tion and signal acquisition. A simpli-
fied block diagram of such a system is 
given in Figure 5.

signaL generaTion
When working with complex mod-

ulated signals, a good place to start is 
the modulation test standard.7,8 Ac-
cording to the test standard, a test sig-
nal is created, which consists of a finite 
sequence of IQ data samples specified 
in the time domain. In conventional 
lab instrumentation such as vector-
signal generators, this sequence for 
a given standard (such as W-CDMA) 
is typically embedded in the instru-
ment. In testing operation, these sig-
nals are uploaded in internal arbitrary 
waveform generators (AWG) and up-
converted with IQ mixers yielding 
the modulated RF signal. In practice, 
these test records are sequentially 
repeated, yielding in the frequency 
domain a large but finite number of 
discrete spectral components. More 
precisely, the number of samples, in 
combination with the sampling speed 
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s Fig. 4  Principle of the proposed wideband open-loop active load-pull approach.
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conTroLLing The refLecTion 
coefficienTs

When testing a nonlinear device 
with modulated signals, the measured 
waveforms will include not only the 
fundamental frequency band, but also 
the baseband, higher-order harmonics 
and intermodulation distortion prod-
ucts (see Figure 4). Since the reflec-
tion coefficient is defined as the ratio 
of two travelling waves, the effective 
control of the impedances over the 
whole modulation bandwidth offered 
to the DUT can be enforced by estab-
lishing the desired linear ratios of the 
incident and device generated waves 
on the DUT versus frequency. Or, in 
other words, a signal must be injected, 
at all the frequency components of in-
terest, according to the linear relation,

a bx n n x n n x n n, , ,( ) ( ) ( ) ( )f f f= ⋅ Γ 3

in which ax,n and bx,n are the inci-
dent and reflected waves at port x and 
harmonic index n, while Γx,n repre-
sents the user defined reflection coef-
ficient versus frequency for port x and 
harmonic index n. As in the classical 
open-loop approach, the new b-wave, 
containing all the frequency compo-
nents of the signal of interest (that is 
more than 23000 frequency tones for 
a W-CDMA signal in a 35 MHz band), 
can be created from scratch, and any 
desired reflection coefficient behavior 
versus frequency can be created by ad-
justing the amplitude and phase of the 
injected waveform independently at 
each frequency component of interest.

Although conceptually simple, this 
method requires very fast highly lin-
ear data acquisition with high dynamic 
range to measure the reflection coef-
ficients at every spectral component 
of the complex modulated signals with 
its related distortion products. Sec-
ondly, the a-waves need to be gener-
ated arbitrarily with a high dynamic 
range. Third, the signal injection at 
the various ports needs to be phase 
coherent at both the RF frequencies 
as well as at the baseband.

PracTicaL imPLemenTaTion
The block diagram of the system im-

plementation is shown in Figure 5. The 
wideband reflection coefficients at the 
DUT reference planes are measured 
by coupling the traditional mixer-based 
super-heterodyne down-conversion 
used in conventional VNAs with wide-

tion allows one to analyze modulated 
communication signals like “classical” 
multi-tone signals, but now with a 
very large number of frequency tones.

signaL acquisiTion
A fraction of the waves incident and 

reflected by the DUT is taken by the 
directional couplers and fed to high 
linearity mixers that down-convert the 
signals for digitization after which an 
FFT is applied to obtain their spectral 
content. Also here the sampling speed 
of the A/D converter and the time 
span used for the data-acquisition set 
an effective frequency bin size, which 
must be compatible with the original 
applied test signal, as described by the 
following expression

Δ
Δ

f
f f
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A/D

A/D

AWGs
N k

= = = 1
2

kTMOD
( )

where ∆ƒA/D is the resulting fre-
quency bin size of the acquired sig-
nals, fsA/D and NA/D are respectively 
the sampling frequency and the num-
ber of samples used by the A/D con-
verters, and k is an integer.

at which the signal is generated, re-
sults in an effective frequency bin size 
(∆ƒAWG), or frequency resolution of 
the generated signal

Δf
f
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AWG
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where ∆ƒAWG represents the fre-
quency bin size of the generated 
signals, ƒsAWG and NAWG are respec-
tively the sampling frequency and the 
number of samples used by the arbi-
trary waveform generators, and TMOD
is the time period of the source signal 
that is needed to meet the require-
ments of the modulation standard ac-
cording to the given test model.

To provide the reader with an ex-
ample, a W-CDMA signal has a chan-
nel bandwidth of 5 MHz, a chip rate 
of 3.84 Mcps, 2560 chips/slot and 
15 slots/frame. When considering 
one frame, the complex waveform is 
10 ms long or, in other words, it will 
have a frequency resolution of 100 
Hz. If then a single slot is considered, 
the frequency resolution becomes 
1.5 kHz. This frequency representa-
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significant performance degradation for the measured ac-
tive device when the electrical delay is present in the reflec-
tion coefficients. This is also evident from Figure 7, which 
shows the power spectral density at the device output refer-
ence plane for the fundamental and 2nd harmonic frequency 
bands. Note that a 5 dB output power drop and close to 8 
percent degradation of the power added efficiency (PAE) 
can be observed, when compared to the case with no electri-
cal delay. It is important to stress that this performance deg-
radation is a measurement artifact, the result of an incorrect 
measurement, which would mislead the user in judging the 
device performance.

acTive Load injecTion PoWer and LineariTy
To provide the DUT with a specific ΓL, a certain in-

jection power is needed, which not only depends on the 
output power of the DUT and the desired ΓL, but also on 
the output impedance of the device.10 When considering 
high-power devices, with output impedances in the or-
der of few Ohms, the required injection power to cover 
the desired Smith chart area can be extremely high (2 to 
10 times higher than the maximum output power of the 
DUT). To overcome this issue, typically, a pre-matching 
is used, which converts the 50 Ω impedance of the system 
to a value that is much closer to the output impedance of 
the DUT, thus reducing the power requirement of the load 
injection amplifier.

To give an example, a DUT with an output impedance 
of 2 Ω and an available output power of 200 W requires, 
when the system impedance is pre-matched to 10 Ω, an 
injection power of 360 W to synthesize a load impedance 
of 1 Ω. Reducing the system pre-matched impedance to 
5 Ω lowers the required injection power for the same load 
condition to 142.2 W.

When considering multi-tone or modulated signals, the 
situation becomes more complicated as the linearity of the 
injection amplifier needs to be taken into account. To study 
the linearity constrains on the injection amplifier, consider 
a two-tone test signal, for which the power injected by the 
load amplifier at the IM3 frequencies of the two-tone test 
signal is given by
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MHz for the fundamental source and load and 4.6°/
MHz for the 2nd harmonic source and load
Figure 6 illustrates the source and load matching condi-

tions in the fundamental (2.1225 to 2.1575 GHz) and har-
monic (4.245 to 4.315 GHz) frequency range provided to 
the active device under test, with electrical delay (open sym-
bols) and without electrical delay (filled symbols). Note that 
the filled markers represent the source and loading condi-
tions for the two-carrier W-CDMA signal without any elec-
trical delay, yielding completely overlapping points in the 
Smith chart. As shown in Figure 6, for the case with electri-
cal delay, the fundament load trajectory has been shifted, 
such that the optimum matching condition is now centered 
at 2.135 GHz. This was required to avoid the unstable region 
of the active device.

It is important to note that this is a comparison to the “best 
possible case” of a classical closed-loop active load-pull sys-
tem, since practical closed-loops will be subject to amplitude 
variations within the control frequency bands. Moreover, 

oscillation condi-
tions in closed-loop 
systems for these 
very large band-
widths are difficult 
to avoid, due to the 
usage of wideband 
loop filters. Passive 
load-pull systems 
will have a com-
parable variation 
of the reflection 
coefficients versus 
frequency than the 
closed-loop system 
used in this com-
parison. The phase 
change can be 
even worse if high-
Q resonators are 
used to control the 
harmonic termina-
tions.

The measure-
ment results are 
summarized in 
Table 1. There is 

s Fig. 6  Source and load reflection coefficients at the device refer-
ence plane.
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s Fig. 7  Measured output power spec-
tral density vs. frequency of a NXP GEN6 
LDMOS device: (a) at fundamental and (b) at 
second harmonic. 
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TabLe i
measuremenT resuLTs

Without 
electrical delay

With 
electrical delay

PAE 24.2% 16.3%

POUT  Ch. 1 20.3 dBm 20.5 dBm

POUT  Ch. 2 20.6 dBm 15.4 dBm

ACLR1 Ch. 1 -43.9 dBc -43.0 dBc

ACLR2 Ch. 1 -42.2 dBc -41.6 dBc

ACLR1 Ch. 2 -42.1 dBc -41.8 dBc

ACLR2 Ch. 2 -39.6 dBc -39.2 dBc
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amplifier linearity (and thus its peak power) needs to be at 
least 10 times higher than that the of the DUT.

It is obvious that at high power, these amplifiers, if 
available, will be extremely expensive. For this reason, ac-
tive load-pull systems that can offer communication stan-
dard compliant device testing, for example W-CDMA, at 
base station power levels (100 W and above) have not yet 
been demonstrated.

In a mixed-signal load-pull system, an iteration procedure 
is performed to obtain a user-defined reflection coefficient at 
each individual frequency component of a complex modulat-
ed signal, in and out of band. Due to these iterations, the injec-
tion amplifier is basically pre-distorted for its own nonlineari-
ties, which allows the use of injection amplifiers with a much 
lower linearity than what is typically required in conventional 
active load-pull systems. As an example, consider Figure 10, 
which shows the ACPR and average PAE for a single-channel 
W-CDMA signal at 2.14 GHz, with a peak to average ratio of 
9.5 dB. In these experiments the injection amplifier used has 
a maximum saturated power rating of only 200 W with an as-
sociated 60 dBm output IP3, while the reflection coefficient 
is controlled over a 35 MHz frequency span.

concLusion
Mixed-signal techniques have been applied to extend 

the capabilities of traditional active load-pull setups. The 
realized system provides an unprecedented measurement 
speed, high dynamic range and is currently the only system 
that can handle communication standard compliant signals 
that are truly wideband such as multicarrier W-CDMA. The 
ability to eliminate losses and electrical delay, while being 
completely free in defining the source and load reflection 
coefficients versus frequency, allows perfect mimicking of 
in-circuit situations, making the system a tool of fundamen-
tal importance for the RF power amplifier developer. n
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where ZDUT and Pb2,fund are the output impedance and the 
available power coming out of the DUT (see Figure 8). The 
load impedance offered to the DUT at the reference plane 
is varied by adjusting the equivalent voltage source ESYS in 
amplitude and phase. The related power needed to synthesize 
depends strongly on the equivalent system impedance ZSYS, 
which is the passive load impedance at the DUT reference 
plane; Pa2,fund and IP3,a2

 are the power injected by the load am-
plifier and its output third-order intercept point, respectively. 

Figure 9 shows the results of a harmonic balance simula-
tion, where the apparent IM3 of the DUT versus decreasing 
output IP3 of the injection amplifier is shown for different 
pre-matching conditions of the system impedance. The dotted 
line is the actual IM3 level as would be achieved with passive 
matching techniques. The dot-dashed line represents the IM# 
level due to the Pa2,IM3 as approximated by Equation 1. A poly-

nomial model was 
used for the ampli-
fier linearity. In this 
experiment, the same 
DUT is used as for 
the single-tone con-
siderations (Pavs = 
200 W, output imped-
ance = 2 Ω), which is 
set in the simulation 
to have an output 
IP3 of 63 dBm. For 
this device the out-
put power is set equal 
to 50 W per tone, 
to have the same 
peak voltage as in 
the single-tone case. 
These conditions 
yield an actual IM3 
of the DUT of -30.35 
dBc. From Figure 
9, it can be seen 
that this level (a cor-
rect measurement) 
is only achieved for 
sufficiently high IP3 
of the injection am-
plifier. When the 
injection amplifier 
is less linear, it will 
introduce significant 
IM3 products, which 
can be approximated 
by Equation 4, and 
are also plotted in 
Figure 9. Note that 
IM3 cancelation ef-
fects can also occur. 
Consequently, to 
have reliable linear-
ity measurements in 
a conventional active 
load-pull setup, even 
when pre-matching 
is used, the injection 

s Fig. 9  Harmonic balance simulated IM3 
level vs. output IP3.
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