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L arge-signal or non-linear characterization 
of transistor devices is essential for deter-
mining their performance in such non-linear 

applications as power amplifiers (PAs), considering 
the limitations of linear S-parameter characterization 
techniques in such applications. Load-pull 
is one of the most frequently used 
techniques for estimating and 
optimizing device perfor-
mance in the non-linear 
domain. 

The load-pull tech-
nique was first reported 
almost four decades ago. 
It was pioneering work, 
as it brought a paradigm 
shift in the characteriza-
tion, measurement, design, 
and optimization of transistor de-
vices and Radio Frequency PAs (RFPAs). 
Although the load-pull setups as reported initially now 
can be considered very rudimentary, they definitely ad-
vanced the way the design and optimization of RPFAs 
are carried out [1]-[2]. Load-Pull provides the measure-
ment in terms of a reflection coefficient at the load-port of 
transistor devices and hence, derives its name from them. 

Why Load-Pull? 
Load-pull is the colloquial term applied to the process 
of systematically varying the impedance presented to 
a device under test (DUT), most often a transistor, to 
assess its performance and the associated conditions 

to deliver that performance in a network. 
While the term load-pull implies 

impedance variation at the 
load port, impedance can 
also be varied at any of the 
ports of the DUT, such as 
the source (input) port, for 
noise characterization. 

Load-pull is required 
when l inear i ty  breaks 

down, a situation which 
occurs,  for  example,  un-

der  large-s ignal  operat ing 
conditions associated with sub-

stantial  harmonic generation or other 
manifestations of nonlinearity. Load-pull is the 
most common method globally used for RF and mi-
crowave power amplifier (PA) design, transistor 
characterization, semiconductor process develop-
ment, and ruggedness analysis. A central theme of 
load-pull is management of nonlinearity versus 

30	 IEEE Instrumentation & Measurement Magazine	 February 2013 
1094-6969/13/$25.00©2013IEEE



Fig. 1. Pictorial presentation of a typical load-pull test setup and the depiction of reflection coefficient synthesis concept over a Smith chart (© IEEE 2010, 
IEEE Microwave Mag., used with permission, [5]).
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analysis of nonlinearity, the latter being the domain of ad-
vanced mathematics that often yields little physical insight 
into nonlinear phenomena and suffers from an inability to 
accurately render actual behavior embedded in a network 
with significant parasitic and distributed effects. With an 
automated load-pull, it is also possible to reduce the design 
cycle-time for optimal design of power amplifiers [3]. 

What Is Load-Pull? 
In generic terms, load-pull refers specifically to presenting 
known impedance to a DUT in a precisely controlled fashion 
to extract the optimal performance from the DUT. In load-pull 
measurements, optimal performance is assessed qualitatively 
by varying terminal impedances, along with frequency and 
bias, to rapidly and accurately establish conditions under which 
optimal performance from the specified DUT can be obtained. 

For PAs, the optimal loading conditions primarily depend 
on the nonlinearities exhibited by transistors. These are signif-
icantly different from linear cases, where the optimal loading 
conditions are directly identified from S-parameters. In the 
nonlinear case, load-pull systems determine the appropriate 
impedance values experimentally through impedance tun-
ers while physically changing the load reflection coefficient ΓL  , 
as Fig. 1 shows, for the extraction of desired design parame-
ters from transistor devices. The desired matching impedance 
ZL, the incident and reflected traveling waves a2 and b2 at the 
output port, and reflection coefficient ΓL are related by the ex-
pressions in (1.1) and (1.2):

(1.1)

(1.2)

A load-pull system includes: an active or passive imped-
ance-tuner; the controlling mechanism to precisely set the 
tuner impedance to achieve desired impedance; and equip-
ment and test set to measure the traveling waves at the input 
port, a1 and b1, and at the output port, a2 and b2, of the DUT. 

For example, Fig. 1 provides a conceptual presentation of a 

passive tuner at the output port (load port) of a DUT. In such 
a hypothetically ideal tuner, vertical movement of the stub/
slug/probe of the tuner varies the magnitude of the reflec-
tion coefficient (ΓL), whereas horizontal movement varies the 
phase of ΓL. The desired matching impedance (ZL) at the DUT 
port is thus obtained by physically moving the stub/slug/
probe of the impedance tuner in the vertical and horizontal 
directions. 

The load-pull is an effective tool in rapidly, precisely, and 
reliably determining the optimized matching parameters for 
a transistor device. For example, Fig. 2 shows experimental 
results while optimizing a 1-W GaAs device by fixing the fun-
damental impedance (using a tuner) and varying the third 
harmonic impedance (using a harmonic tuner). Such data def-
initely help in high performance PA design. 

Common Load-Pull Techniques
As mentioned in the last section, the type of impedance tuner 
employed in the load-pull test setup defines the features and 
types of load-pull. The choices of these tuners are primarily 
regulated by the type of measurements required [4]. For ex-
ample, passive tuner based load-pull (i.e., passive load-pull) 
is employed in applications requiring high speed measure-
ments while active tuner based load-pull (i.e., active load-pull) 
is more commonly utilized in applications requiring high re-
flection coefficient values. 

In theory, there are no physical limits on the frequency at 
which load-pull can be performed. Most load-pull systems 
are based on passive distributed networks using either a slab 
transmission line in its TEM mode or a rectangular waveguide 
in its TE01 mode. Lumped tuners can be made for HF and VHF 
frequencies, whereas active load-pull is ideal for on-wafer 
mm-wave environments, where substantial loss between the 
tuner and DUT reference-plane limits maximum achievable 
reflection coefficients using a passive load-pull setup.

Illustrating the passive technique mentioned earlier, Fig. 3 
shows the reflection coefficient is synthesized by tuning the 
phase and/or the amplitude of the passive tuner. The main ad-
vantages of the passive technique are: 
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Fig. 2. Output fundamental power contours from sweeping third-harmonic reflection coefficients while holding fundamental impedance at its optimal 
value (© 2009 IEEE).

Fig. 3. A basic representation of the passive load-pull technique.

◗◗ rapid impedance synthesis, 
◗◗ relatively higher power handling capability and measure-
ments of high power devices without any non-linear effect, 

◗◗ ease of usage, 
◗◗ low maintenance cost,
◗◗ relatively low implementation cost, and 
◗◗ the absence of any oscillation. 

The main disadvantage of this technique is the limitation 
of synthesized impedances due to limitation of the maximum 
achievable magnitude of reflection coefficients.  It is safe to say 
that any standard passive load-pull is usually unable to syn-
thesize reflection coefficients near the boundary of the Smith 
chart.  As a result, it is not possible to synthesize the appro-
priate matching impedance for DUTs possessing low output 
impedances (2 Ω or below).

Active load-pull techniques, shown in Fig. 4, are based on 
signal injection at the load-port of the DUT. These techniques, 
categorized as open-loop systems and closed-loop systems, can 

synthesize reflection coefficients near and on the boundary of 
the Smith chart and, therefore, can synthesize extremely small 
impedances for matching DUTs. In both the active load-pull tech-
niques, the reflection coefficient is synthesized at a DUT access 
plane by controlling the complex gain around the active structure.

In the case of the open-loop active load-pull technique, as 
shown in Fig. 4, GL  , presented to the load reference plane, is 
synthesized by controlling the variable attenuator ATT and 
phase-shifter DEPH to fix the magnitude and phase of the ex-
ternally injected travelling wave a2. The synthesized reflection 
coefficient depends on ATT, DEPH and the delivered power 
of the RF generator. The open-loop active load-pull setup 
requires custom algorithms for iterative convergence to syn-
thesize desired reflection coefficients because the output of 
DUT (transmitted traveling wave, b2) is dependent on device 
operating conditions. This makes the technique effectively too 
slow for high measurement throughput applications. 

Closed loop active load-pull, depicted in Fig. 4, over-
comes the slow impedance synthesis characteristic exhibited 
by the active open-loop technique. In this approach, the re-
flected traveling wave a2, is a modified form of the DUT 
output (b2). Therefore, any change in b2 is immediately 
sensed in a2, which discards the need of any convergence 
algorithm. In the closed-loop load-pull technique, the 
synthesized GL depends on the loop parameters, such as am-
plifier gain, attenuator and phase-shifter values. The main 
drawback of this setup is the risk of oscillations that can 
happen since a closed loop structure is used. This setup re-
quires an amplifier with high gain and high linearity in the 
feedback loop, and this is definitely an added constraint. In-
corporating a highly selective filter in the loop can mitigate 
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Fig. 5. Mechanical drawings of a pre-matched load-pull system. (a) The setup orientation. (b) Demontration of higher reflection coefficient generation using a 
pre-matched load-pull setup [Courtesy of Focus Microwaves].
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the oscillation problem to some extent, although it increases 
the complexity and cost of the setup.  

Advanced Load-Pull Architectures
Any load-pull setup based on the conceptual descriptions 
of the previous section only marginally caters to the need of 
measurement applications. To make the load-pull setup more 
practical, there have been continuous advancements in the 
original load-pull setup architectures. In the passive load-
pull setup, major changes in configurations have been made 
to enhance the maximum achievable load reflection coeffi-
cient, whereas in the active load-pull technique, the emphasis 
has been to improve the setup so that the requirements on 
loop amplifier gain are reduced. 

Pre-matched load-pull is one of the most popular pas-
sive load-pull techniques. In this approach, two probes called 
pre-matching and tuning are placed side-by-side on the cen-
tral conductor as Fig. 5 shows. These two probes are capable 
of individually generating smaller reflection coefficients, 

ΓPre-match and ΓProbe, which combine to achieve a higher reflection 
coefficient, ΓTotal, given by equation (1.3): 

(1.3)

where S12, S21, and S22 are the S-parameters of the pre-match-
ing tuner.

A practical, pre-matched load-pull setup, however, utilizes 
a low-loss central conductor; therefore, it is reasonable to as-
sume that S21S12 approaches unity. Furthermore, the term S22 
can be assumed to approach zero, considering that there is no 
discontinuity in the central conductor. In such a situation, the 
ΓTotal generated by the pre-matched load-pull setup can be ap-
proximated by [3]:

(1.4)

The concept of reflection coefficient synthesis by a pre-
matched load-pull setup using (1.4) is illustrated in Fig. 5. 

Fig. 4. Generic setup architectures. (a) The active open-loop technique. (b) The active closed-loop load-pull technique.
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Fig. 6. Pictorial representation of the quarter wave transformation technique (© IEEE 2011, IEEE Microwave Mag., used with permission, [5]).

Initially, the pre-matching probe moves the matched con-
dition from 50 Ω (in the centre of the Smith chart) to some 
other desired region of the Smith chart. This position of the 
pre-matching probe defines the reflection coefficient of the pre-
matching probe ΓPre-match as the figure shows. Movement of the 
tuning probe in horizontal and vertical positions then gener-
ates the reflection coefficient of the tuning probe, ΓProbe, whose 
vector addition with ΓPre-match results in the overall synthesized 
ΓTotal. For certain horizontal and vertical positions of the tuning 
probe, the overall synthesized reflection coefficient achieves 
the highest value, denoted by Γmax.

The pre-matching technique is still limited in some ap-
plications requiring impedances less than one Ohm because 
the maximum achievable tuning range in this approach is 
reduced by the adapters and the insertion loss of the associ-
ated fixture hosting the DUT. It is important to note that, in 
many fundamental characterizations of high-power DUTs re-
quiring a load-pull setup with high reflection coefficients, the 
approximate optimal impedance is known. In such applica-
tions, with impedance transforming networks between the 
DUTs, the tuner brings a significant advantage relative to pre-
matched load-pull setups. The quarter wave (λ/4) transformer 
technique is one such approach in which a λ/4 impedance 
transformer is incorporated between the DUT and the tuner as 
Fig. 6 shows. In principle, this is a special type of pre-matched 
load-pull system in which the pre-matching is fixed and is pro-
vided by the λ/4 impedance transformer. 

In the quarter wave transformer technique, the λ/4 imped-
ance transformer moves the matched impedance environment 
from 50 Ω (point ‘a’) to some other smaller value (point ‘c’) 
as Fig. 6 shows. The matched condition at point ‘c’ results in 
an enhanced tuning range, albeit with reduced Smith chart 
coverage. It should be kept in mind that usually none of the 
measurement applications require full Smith chart coverage, 
and therefore, reduced Smith chart coverage is not a serious is-
sue. Another important point to be noted is that the 50 Ω line in 
Fig. 6 is needed to provide the match between the quarter wave 
transformer and the load-pull tuner.

The pre-match and quarter wave impedance transformer 
load-pull setups substantially fulfill the needs of fundamental 
load-pull measurements. However, recent trends in PA design 
require multi-harmonic characterization of DUTs, and this 
obviously necessitates harmonic load-pull test setups.  The 
quarter wave impedance transforming network with band-
width of only about 5 to 10 percent of the carrier frequency 
prevents harmonic load-pull applications. This limitation can 
be overcome by replacing the quarter wave transformer with 
a broadband impedance transformer, such as the “Klopfen-
stein” taper with bandwidth covering from a few 100 MHz 
to 12 GHz [5], between the DUT and the tuner as shown in  
Fig. 7. The broadband impedance transformer does reduce 
Smith chart coverage with increasing impedance transforma-
tion ratios, as can be seen in Fig. 7. In this setup, the 50 Ω line 
matches the load-pull to the impedance transformer, whereas 
the line stretcher provides the necessary matching between 
the DUT (with impedance Zd) and the impedance transformer.  

It is important to note that the incorporation of an imped-
ance transformer is beneficial for both the passive as well 
as active load-pull setups. Incorporation of an impedance 
transformer in a passive load-pull enhances the reflection co-
efficient tuning range, whereas the incorporation of such a 
transformer in an active load-pull reduces the stringent re-
quirement on the loop amplifier for achieving a high reflection 
coefficient. In many applications, a passive impedance tuner 
and active load-pull, called a hybrid load-pull setup, is used to 
achieve the desired load-pull functionality. A hybrid load-pull 
setup can essentially satisfy all the measurement needs.  

Recent Advances
There have been several recent advancements in both the 
passive and active load-pull techniques [6]–[12]. One such 
advancement is called the enhanced loop passive load-pull 
technique. It consists of an impedance tuner and a passive loop 
cascaded together, as Fig. 8 shows. The impedance tuner, LP 
Tuner, is a standard low-loss passive tuner, whereas the passive 
loop is built using a high directivity circulator and a coupler. 
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In this technique, the passive loop first moves the matched 
point farther from 50 Ω by ΓLOOP, which is regulated by the length 
of the cable L2, and the position of probes in the impedance tuner. 
The impedance tuner then adds its contribution to the reflection 
coefficient generated by the passive loop, to synthesize the high 
reflection coefficient at the load reference plane. The expression in 
(1.5) clearly identifies the dependence of the reflection coefficient 
synthesized at the load reference plane ΓTotal on the contributions 
from the impedance tuner and the passive loop: 

(1.5)

(1.6)

The term ΓLOOP is the reflection coefficient generated by a 
passive loop and is a complex term dependent on the loop 
component characteristics, i.e. the transmission factors of the 

coupler and the circulator, the phase velocity β of the travelling 
waves, and the length of the loop L2. The length of the loop and, 
hence, the reflection coefficient can be changed by employing 
cable of appropriate lengths. It has been experimentally deter-
mined that cables of only three different lengths L2 can cover the 
entire Smith chart. The need for only three distinct cables results 
in reduced calibration and measurement time of the enhanced 
loop load-pull system compared to the pre-matched load-pull 
techniques where separate pre-characterization of the tuner is 
required to cover the desired Smith chart region for any speci-
fied DUT. Additionally, the maximum synthesizable reflection 
coefficients using the enhanced loop load-pull setup is higher 
than the corresponding maximum values using the latest state-
of-the art pre-matched load-pull system, as Fig. 8 shows. 

A second interesting and useful advancement is envelope 
load-pull, which is one of the closed-loop active load-pull 
applications and is depicted in Fig. 9. Envelope load-pull 
overcomes oscillation associated with the closed-loop active 

Fig. 7. Conceptual representation of broadband impedance transformer based load-pull setup (© IEEE 2010, IEEE Microwave Mag., used with permission, [5]). 

Fig. 8. Block diagrams. (a) An enhanced loop load-pull tuner. (b) A comparison of the maximum achievable reflection coefficient using enhanced loop load-pull 
and the latest commercial pre-matched load-pull setups (© IEEE 2010, IEEE Microwave Mag., used with permission, [5]).
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Fig. 9. A generic setup architecture of the active envelope load-pull 
technique.

load-pull technique. The magnitude and phase of the ΓL at the 
load reference plane in this technique is directly related to the 
external control variables X and Y according to the expression 
given in (1.7): 

(1.7)

In this technique, the DUT output (b2) is down-converted to 
its baseband components by a quadrature demodulator. The 
baseband components of b2 are then modified by the control 
variables X and Y and up-converted to the carrier frequency 
by a quadrature modulator. The modified and up-converted 
signal is then appropriately boosted by the loop amplifier to 
form the reflected traveling wave a2. Since the phase and mag-
nitude modification of the reflected wave, a2, in this technique 
takes place at baseband, there is absolutely no risk of RF os-
cillation. Furthermore, the control electronics (CE) in the loop 
works as a highly selective filter and thus, avoids the need for 
an additional filter in the loop. In addition to these useful fea-
tures, envelope load-pull possesses all of the advantages of the 
closed-loop active load-pull technique.

Summary 
This article presented the load-pull concept and its usefulness 
in modern wireless power amplifier design. It subsequently re-
viewed the most common load-pull techniques along with their 
advantages and limitations. A section on the latest advance-
ments in load-pull setup configurations presented some of the 
most popular approaches adopted by the users of load-pull sys-
tems. The article discussed two of the latest developments in 
load-pull configurations which have either brought or have the 
potential to bring a paradigm shift in PA design techniques. 
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