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Today’s modern commercial and military 
communication systems are demand-
ing better performance with regards to 

power, effi ciency, linearity and operating band-
width.  As such, extra considerations must be 
placed on designing the internal components 
of the systems, including the low-noise and 
power amplifi ers, to maximize performance.

In order to reach higher effi ciencies, signifi -
cant research has been performed on designing 
high effi ciency amplifi ers by matching one or 
more harmonic impedances. An equally large 
effort has gone into designing commercial test 
systems which aid in the systematic identifi ca-
tion of ideal matching impedances at the fun-
damental and harmonic frequencies, referred 
to as harmonic load-pull, in order to maximize 
performance.

Before venturing into a design project, it is 
important to ask several questions: Does the 
application require an amplifi er with harmon-
ic matching? If so, which test system is best 
suited to reach the design goals? This paper 
explores various types of amplifi ers in order to 
identify which can or cannot take advantage of 
harmonic matching, and to compare and con-
trast various harmonic load-pull methodologies 
as they relate to amplifi er design.

HARMONIC IMPEDANCE MATCHING 
AND ITS RELEVANCE IN AMPLIFIER 
DESIGN

Amplifi ers are designed for various appli-
cations ranging from highly linear LNAs and 
PAs operating in Class A condition, to highly 
nonlinear PAs operating in advanced classes 
(E, F, G, J and their inverses). Some are de-
signed using unmatched transistors while oth-
ers are designed using partially (pre-matched 

or harmonically-terminated) - or fully-matched 
components. The design objective and the type 
of transistor used will dictate the need for har-
monic impedance matching.

Amplifi ers operating under linear (small-
signal) conditions do not produce power at 
harmonic frequencies, and the output power 
of a device under test is linearly proportional 
to its input power. Because no power exists at 
harmonic frequencies, terminating the har-
monic impedances should have no effect on 
the performance of a stable device under test 
(DUT). Several mathematical methods using 
S-parameters, including unilateral design and 
conjugate match, exist for determining the 
ideal input and output matches for maximum 
power and gain.1,2 Alternatively, fundamental-
frequency load-pull can be used to identify 
ideal matching impedances for a given fi gure 
of merit.

Modern commercial and military systems 
may be required to operate over several octaves 
or over a decade in order to meet the frequency 
spectrum requirements of the application. As 
such, wideband amplifi ers play a critical role in 
the overall performance of the radio or radar 
system, often dictating output power or gain 
fl atness over the bandwidth. When design-
ing an amplifi er, the match at the fundamental 
frequency strongly infl uences the power and 
gain performance parameters. When dealing 
with wideband amplifi ers, the ideal impedance 
match must be determined for subsets of the 
overall frequency range, and the matching net-
work synthesized to achieve the desired wide-
band response. In this case, it is entirely pos-
sible that the harmonic frequencies (2fo, 3fo…) 
of the lower frequency band overlap a funda-
mental frequency in the middle or upper por-
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presenting additional harmonic termi-
nations outside of the DUT package 
are practically eliminated.

Figure 1 shows the results of 
harmonic load-pull performed on a 
harmonically-terminated Freescale 
LDMOS Class-F transistor with inte-
grated harmonic matching operating 
at 960 MHz with Vdd = 28 V, Idq = 300 
mA and 35 W output power at 1dB 
gain compression. No improvement 
or trend can be seen when varying 
the harmonic terminations across the 
Smith Chart.

Harmonic impedance matching 
becomes critical in designing highly 
efficient amplifiers operating under 
compression or saturation for specific 
bands of operation. Under these con-
ditions transistors will exhibit deep 
nonlinearities and put out power at 
one or more harmonic frequencies. 
It is under these nonlinear operating 
conditions that advanced classes of 
operation (E, F, G, J and their invers-
es) are achievable by terminating the 
harmonic impedances to ideal values.

In general, when power exists 
at the harmonic frequencies due to 
compression, power-added efficiency 
(PAE) can be improved by reflecting 
the energy back towards the device 
under test. This generally occurs as 
the magnitude of reflection |�L| ap-
proaches 1 at a specific phase angle 
(dependent on the reference plane of 
the measurement), with lower PAEs 
as the magnitude of reflection de-
creases.5-8

Figure 2 shows the change in 
drain efficiency at 2.5 GHz for a 10 
W GaN transistor with varying lev-
els of gain compression, from 0 dB 
(nearly small signal linear operating 
condition) to 5 dB (highly compressed 
approaching saturation) for the har-
monic terminations which result in 
minimum (blue) and maximum (red) 
efficiency. The level at which termi-

GHz. However, 6.2 and 9.3 GHz are 
required fundamental frequencies of 
the wideband amplifier, and the short/
open terminations could yield low per-
formance at those frequencies.

Commercial packaged transistors 
are available from multiple vendors 
with varying degrees of integrated 
matching, varying from completely 
unmatched to partially matched and 
fully matched. Completely unmatched 
transistors can be tuned for maximum 
performance at a given frequency, 
power and bias by determining ideal 
loading conditions at the fundamental 
and harmonic frequencies, if harmonic 
power exists. Partially-matched and 
fully-matched transistors offer less flex-
ibility as the internal matching struc-
ture within the packaged component 
limits the ability to significantly alter 
the match presented to the internal 
transistor. Partially- and fully-matched 
packaged transistors are commonly of-
fered with optimum harmonic termi-
nations already implemented for spe-
cific applications such as the design of 
commercial wireless base stations and 
handsets; therefore the advantages of 

tion of the frequency band. When this 
happens, the ability to independently 
match the harmonic impedances at 
each fundamental frequency is drasti-
cally reduced or even eliminated.3,4

Consider a design example of a wide-
band amplifier operating between 3.1 
and 10.6 GHz. For a fundamental fre-
quency of 3.1 GHz, a theoretical Class-
F amplifier would require a short at 
the second harmonic of 6.2 GHz and 
an open at the third harmonic of 9.3 

s Fig. 1  Drain efficiency load-pull contours 
at f0 on a harmonically-terminated transistor.

s Fig. 2  Drain efficiency as a function of 
compression, with harmonic termination.
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are calculated. A two-port network 
defined by S-parameters and a- and 
b-waves is shown in Figure 3. While 
passive load-pull methodologies can 
be either scalar- or vector-based, ac-
tive load-pull methodologies require a 
vector-receiver to measure the a- and 
b-waves and determine the termina-
tions presented to the DUT.

Passive impedance tuners are 
wideband in nature, which means the 
tuning element (probe/slug) inside the 
tuner creates a continuum of reflec-
tion vectors over a large bandwidth, 
possibly affecting multiple harmonics, 
as shown in Figure 4. With a single 
element, it is possible to control the 
impedance at one frequency of inter-
est; however, the tuner will present 
uncontrolled wideband impedances 
at higher frequencies, including the 
harmonics. With n tuning elements 
internally cascaded in a single box or 
externally cascaded using multiple 
single-element tuners, it is possible 
to control the impedance presented 
at n frequencies. Therefore, a two-
element tuner configuration can pres-
ent controlled impedances at two fre-
quencies, and so on.12

In a traditional scalar harmonic 
load-pull system comprised of cas-
caded tuning elements, the maximum 
magnitude of reflection achievable at 
any frequency is the summation of 
the reflections of the elements, minus 
the losses of the interconnection be-
tween the tuners and DUT such that 
RL(DUT) = RL (tuner) + RL (inter-
connection). In a typical setup using 

‘00s and ‘10s in order to overcome 
the weaknesses of the earliest active 
systems as well as the limitations of 
purely passive systems.13 Each sys-
tem, passive harmonic, open-loop ac-
tive harmonic, hybrid active harmonic 
and mixed-signal active harmonic has 
its own strengths and weaknesses, 
each of which should be clearly un-
derstood. The key topics that differ-
entiate the load-pull techniques are 
measurement method, available mag-
nitude of reflection at the DUT refer-
ence, methodology of harmonic con-
trol, tuning accuracy and speed, and 
system cost.

Load-pull systems can be based 
on scalar or vector measurements of 
power waves. Scalar-based systems 
use power meters or spectrum analyz-
ers to measure scalar values at a speci-
fied marker or the entire signal, which 
are then de-embedded to the device 
reference plane. Vector-based systems 
use a vector analyzer, calibrated at 
the DUT reference plane, to directly 
measure vector a- and b-waves (more 
accurately, without de-embedding) 
from which performance parameters 

nating the harmonic impedances has 
an effect increases with the amount of 
harmonic power output by the device 
under test.

MODERN HARMONIC LOAD-
PULL TECHNIQUES

Harmonic load-pull techniques 
have existed for decades, since the in-
vention of the earliest closed-loop and 
open-loop active load-pull techniques 
between 1979 and 1990.9,10 While 
state-of-the-art at their time, these 
systems had inherent stability and 
processing issues that limited their 
commercial applications. Throughout 
the ‘90s and ‘00s, passive mechanical 
tuners were configured for harmonic 
load-pull using multiplexers to com-
bine tuners in parallel11 and advanced 
mathematics to internally/externally 
cascade tuners in-line.12 As with all 
passive systems, achievable magni-
tude of reflection at the DUT was lim-
ited by the tuning range of the tuning 
network and the losses of the compo-
nents used to connect to the device.

Modern open-loop active load-
pull systems were introduced in the 

s Fig. 3  Two-port network defined by  
S-parameters and a- and b-waves.
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frequency increases, the insertion 
losses of the interconnections gen-
erally increase and the tuning range 
of passive tuning systems decrease. 
Figure 5 compares the typical mag-
nitudes of reflection achievable at 
the harmonic frequencies for the 
various harmonic load-pull method-
ologies at fo=2.5 GHz.

Active load-pull systems often 
make use of commercial VNAs which 
act as both vector-receiver and active 
tuning chains, depending on the quan-
tity of available signal sources within 
the instrument. The VNA measures 
the a- and b-waves presented by the 
DUT, software calculates the resulting 
injection signal required to achieve 
�L = a2/b2 at the DUT reference plane 
and commands the source to create 
that signal, and the VNA measures 
the resulting wave at the DUT refer-
ence plane for accuracy. An iterative 
software algorithm adjusts the active 
injection signal magnitude and phase 
until the desired reflection is achieved 
within a predefined convergence lim-
it. The process is repeated for each 
desired impedance and power.

A unique form of active load-pull 
is referred to as mixed-signal active 
load-pull (MSALP) and utilizes wide-
band arbitrary waveform generation 
with up-conversion, and wideband 
data analysis with down-conversion, 
instead of classic active load-pull sin-
gle frequency generation and analysis 
methodology. Because of its wideband 
nature, MSALP uses a time-slotting 
approach to present many impedanc-

a 50 ohm test fixture at 2.5 GHz, a 
realistic |�L|=0.93 is achievable at the 
fundamental frequency while |�L|=0.9 
is achievable at the second harmonic.

In a modern vector-receiver passive 
harmonic load-pull system, low-loss 
couplers are added between the tuner 
and DUT, thereby increasing the losses 
(RL interconnection term) and decreas-
ing achievable magnitude of reflection 
to 0.91 at the fundamental frequency 
and 0.85 at the second harmonic.

Open-loop active load-pull replac-
es the passive mechanical tuner with 
an active tuning chain consisting of 
a magnitude and phase controllable 
signal source. Instead of using a pas-
sive tuner to reflect energy back to the 
DUT, the signal source creates a new 
signal which is injected into the out-
put of the DUT, satisfying �L = a2/b2.

In a hybrid active load-pull system 
using a passive tuner for fundamental 
impedance control and active tun-
ing chains at the harmonics, realistic 
|�L|=0.86 to 0.91 is achievable at the 
fundamental frequency while |�L|>1 
(limited only by injection power) is 
achievable at the second harmonic.

A purely active load-pull system 
would have no limits on achievable 
magnitude of reflection at any fre-
quency so long as the active tuning 
chain can produce sufficient power to 
satisfy �L = a2/b2.

It is important to note that as 

s Fig. 5  Maximum reflection of various load-
pull methods at the second harmonic (2f0 ).
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s Fig. 6  Drain efficiency vs. output power 
using harmonic load-pull methods with 
identical loads.
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which S-parameters of a tuning ele-
ment are mapped into a database for 
various motor positions. Using n ele-
ments results in a time increase by a 
factor of n. Modern tuners equipped 
with an LXI interface used in con-
junction with a modern VNA can be 
characterized in ~11 minutes per ele-
ment for 700 to 1000 states, while two 
single-element tuners or a single two-
element tuner requires ~22 minutes 
for characterization.

System calibration varies between 
scalar and vector systems. Scalar cali-
bration involves a “power calibration” 
in which the losses through the input 
chain are calculated based on de-
embedding power meter readings, a 
process which takes several minutes. 
Vector-based load-pull calibration is 
two-fold or three-fold, and involves a 
vector calibration, an absolute power 
calibration, and an optional phase cal-
ibration for nonlinear VNA measure-
ments. The two-step process takes ~5 
minutes while the three-step process 
takes ~7 minutes.

Tuning time varies between passive 
and active load-pull methodologies, 
and the measurement instrument 
used. Scalar-based, passive load-pull 
relies on the movement of multiple 
tuning elements and a slow acquisi-
tion with averaging from a power 
meter. Vector-receiver passive load-
pull relies on the same movement 
of multiple tuning elements; how-
ever, the measurement is faster as it 
uses a vector-receiver in place of the 
power meter. Traditional open-loop 
active load-pull measurements can be 

es, near-simultaneously, to the DUT, 
resulting in a much faster tuning and 
measurement time.13

Regardless of the method used, 
the same impedances presented at 
the same frequencies should yield the 
same measurement results. Figure 6 
demonstrates a comparison of mea-
surement results between scalar pas-
sive, vector-receiver passive, hybrid 
active and mixed-signal active har-
monic load-pull systems for the same 
fo, 2fo and 3fo load impedances.

An investigation into the perfor-
mance of drain effi ciency shows that 
maximum effi ciency improvement nor-
mally occurs at maximum magnitude 
of refl ection of the harmonic load im-
pedance. In order to yield the highest 
possible effi ciency, a |�L| = 1 should be 
presented at the harmonic frequencies.

Figure 7 shows the change in drain 
effi ciency at 2.5 GHz for 10 W GaN 
transistor with varying magnitudes of 
refl ection at a fi xed phase of refl ection 
with fi xed gain compression and bias. 
The impact of harmonic tuning increas-
es with its magnitude: presenting a sec-
ond harmonic termination at |�L| = 0.85 
(typical of a vector-receiver passive load-
pull system) results in a drain effi ciency 
of ~75 percent whereas |�L| = 0.99 (pos-
sible with active load-pull) results in a 
drain effi ciency of ~80 percent.

While each technique has different 
refl ection limitations, each technique 
also has its own characterization, cali-
bration and measurement advantages 
and disadvantages. In general, using 
a passive mechanical tuner requires 
a tuner characterization process, in 

TABLE 1
COMPARISON OF LOAD-PULL MEASUREMENT TIME (MINUTES UNLESS STATED)

Setup Tuner 
Cal

System 
Cal

Step 1 Step 2 Step 3

f0 Load-Pull, 
Fixed 2f0 at 

50 ohms
(35 Loads, 16 

Powers)

2f0 Load-Pull, 
fi xed f0 at 
Optimized 

Value
(20 Loads, 16 

Powers)

f0 Load-Pull, 
fi xed 2f0 at 
Optimized 

Value
(35 Loads, 16 

Powers)

Scalar Harmonic 
(2 tuning elements) 22 3 11.1 6.4 11.1

Vector-Receiver 
Harmonic 
(2 tuning elements)

22 5 5.3 3.1 5.3

Hybrid-Active 
Harmonic 
(1 tuning element)

11 5 4.2 7.3 7.5

Mixed-Signal 
Active 
(0 tuning elements)

No 
Tuner 5 15 seconds 35 seconds 50 seconds
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whether the objective is a small-signal 
linear amplifier, a narrowband highly 
efficient amplifier or a wideband am-
plifier, and whether it will use un-
matched, partially-matched or fully-
matched packaged transistors. Only 
when the objectives have been de-
fined will it be possible to determine 
whether the design can or cannot 
make use of harmonic impedance ter-
minations. If it has been determined 
that harmonic tuning is required, ad-
ditional thought must be given to the 
ideal methodology and technique, 
evaluating the desired magnitudes of 
reflection,  the equipment that will be 
dedicated to the load-pull station, and 
the time allocated to the test and mea-
surement process.
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faster or slower than a passive tuner, 
depending on the accuracy of the de-
sired tuning and the resulting number 
of iterations required to converge on 
the desired impedance (~30 dB tun-
ing accuracy results in faster measure-
ments while ~50 dB tuning accuracy 
may result in slower measurements). 
Because mixed-signal active load-pull 
uses a time-slotting approach with 
wideband signal generation and analy-
sis, it can present many impedances, 
near-simultaneously, to the DUT, re-
sulting in a much faster tuning and 
measurement time.

Table 1 shows the time associated 
with tuner characterization (if appli-
cable), system calibration, fundamen-
tal impedance load-pull with power 
sweeps for a fixed second harmonic 
impedance, and second harmonic 
impedance load-pull with power 
sweeps for a fixed fundamental im-
pedance. For this comparison, com-
mercial load-pull systems from Maury 
Microwave were used. The tuners 
were MT982ML01 LXI-certified 
harmonic tuners; the vector-receiver 
used was N5242A PNA-X; the active 
tuning chain consisted of N5242A 
PNA-X second internal source with 
an external amplifier; the software 
used was the MT930-series IVCAD 
measurement and modeling device 
characterization suite; the mixed-sig-
nal active load-pull system was Maury 
Microwave’s MT2000.14

CONCLUSION
It is essential to plan ahead and 

understand the design objectives and 
limitations before launching into an 
extensive and time-consuming design 
process. With regards to amplifier 
design, it is important to determine 

s Fig. 7  Drain efficiency as a function of 
2f0 reflection magnitude at a constant phase. 
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