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Abstract –This paper focuses on the characterization and 

optimization of microwave power transistors using a 
commercial on-wafer harmonic load pull system. Specific 
attention is paid to the output tuning of the second harmonic 
impedance presented to the device. The ability to quantify 
the level of accuracy in a load pull system is explored by 
using various calibration validation methods. Experiments 
and simulation comparisons are described for a GaAs 
pHEMT and a GaAs HJFET. The measured harmonic load 
pull data pointed to different guidance on how one would 
match the 2nd harmonic for best performance.  

I.  INTRODUCTION 

    For RF design engineers, who seek to effectively use 
non-linear simulations, the need to correlate the 
performance of the power amplifier to a non-linear 
transistor model is crucial. The PA is the largest source of 
distortion in a wireless communications system and is 
extremely challenging to model. The development of a 
non-linear transistor model is based upon IV 
characteristics and multi-bias small-signal S-parameters, 
but a robust model will include characterizations for 50-
ohm power sweeps and load pull simulations at multiple 
bias points.  
 
The importance of second-harmonic load pull data has been 
shown in the literature [e.g. 1]. By use of an optimum second-
harmonic termination, for example, the power-added 
efficiency and output power can be increased. For accurate 
linearity prediction and design optimization taking 
fundamental as well as harmonic tuning conditions into 
account, an accurate large-signal model is necessary. 
 
    Of significant interest in the design and optimization of 
a power amplifier is the performance under varying 
second harmonic terminations, which can have an impact 
on the linearity and power capabilities of a device. Much 
work has been devoted to the enhancement of power-
added efficiency (PAE) [2] via optimization of the second 
harmonic termination impedance, but the effect of second 
harmonic tuning on linearity is not well established. 
Therefore, for the purposes of this paper, the effects of 2fo 
tuning on the linearity figure of merit, Lip3 is explored.  

 
     The ability of a model to predict harmonic load tuning 
results from measurement data will distinguish itself from 
other models. Once the model can be distinguished in this 
manner, it can be used to explore harmonic tuning trade-
offs for wider frequency ranges and tuning conditions (i.e. 
Γ=1) than can be realistically achieved on the 
measurement test bench.  
      
    Towards this end, this paper will focus on the 
characterization and optimization of microwave power 
transistors utilizing a commercial (Maury Microwave 
ATS) on-wafer harmonic load pull system, and will 
provide validation methods to quantify the level of 
accuracy in the harmonic load pull system. These 
validation methods include a Delta-Gt calibration routine 
[3] and the correlation between the small-signal conjugate 
match (derived from the small-signal S-parameters) and 
small-signal load pull [4]. 
     
 

II. BRIEF DISCUSSION OF MODELS 
 
In this paper, two devices will be examined: a GaAs 
pHEMT and a GaAs HJFET. A Modelithics extracted 
EEHEMT model was implemented in Agilent ADS  for 
the pHEMT, while a vendor-supplied TOM scalable 
model was used for the exploration of the HJFET. For the 
purposes of this short paper, only data for the pHEMT 
device will be examined..Also examined for the pHEMT 
is an Angelov model [7] extracted from both static and 
pulsed IV measurements.  
 
The EEHEMT model was derived from pulsed IV 
measurements to form a dynamic model. Multi-bias S-
parameters were taken from DC to 30 GHz. Gain 
compression measurements were taken with emphasis on 
Pout, Gt, PAE, and TOI. Fundamental load pull 
measurements were then executed using the Maury 
Microwave load pull system, to form the large-signal 
model. 
 



 
 III. SYSTEM VALIDATION 
 
    To begin the process of validating the accuracy of the 
harmonic load pull system and of the non-linear EEHEMT 
model, small-signal S-parameter data for the GaAs 
pHEMT was taken and compared to the EEHEMT model. 
Table 1 summarizes the results.  
 

Table 1  Summary of Class AB S-Parameters 

SP Comp. S(1,1) S(1,2) S(2,1) S(2,2) 
Measured 0.92<-160.3° .03<5.7° 5.18<87.4° .496<-161.3° 
Modeled 0.91<-160.2° .03<5.2° 5.92<84.4° .445<-156.6° 

 
With the small-signal data indicating reasonably good 
agreement with the model, the next measurement process 
was to verify a small-signal conjugate match in the load 
pull system that was consistent with the measured small-
signal S-parameters. Figure 1 reveals the results for the 
measurement comparison. This was repeated for the 
source tuner as well, but data is shown for the load. Table 
2 shows the comparison for both source and load. The 
source correlation is limited by the available tuning range 
on the measurement test bench. However, the correlation 
between phases is important as phase loss is very 
prevalent in the system due to the passive components that 
comprise the harmonic load pull system.  
 
 

 
Fig. 1  Small-Signal Load Conjugate Match from Small-Signal 

S-Parameters (left) and small-signal Load Pull (right) 

 
Table 2  Summary of Class AB Small-Signal Conjugate Match 

 Small-Signal S-Param Small-Signal Tuning 
Source Conj. Match Γ=0.92<160.3° Γ=0.82<159.46 
Load Conj. Match Γ=.496<161.3° Γ=0.479<160.15 

 
The final test for the system validation is a Delta-Gt 
calibration verification, which verifies that the component 
S-parameters in the system are accurate. The Delta-Gt 
calibration check is executed for impedances at the center, 

intermediate and outside of the Smith Chart. Minimum 
accuracy <1 dB is considered acceptable, or can be set by 
the user. Delta-Gt subtracts the transducer gain from the 
system S-parameters from the measured transducer gain: 
 

)(sGGG ttt −=∆   (2) 
 
The results for the Delta-Gt run for the pHEMT are shown 
in Figure 2. 
 

 
Fig. 2 Delta-Gt Measurement for GaAs pHEMT 

 
IV. FUNDAMENTAL LOAD TUNING FOR LIP3 

 
The linearity figure of merit, Lip3, is a unitless measure 
that is the ratio of the third-order intercept to the dc power: 
 

  Lip3=
)(
)(3

mWPdc
mWIp

  (1) 

 
This figure of merit is used for power amplifiers due to the 
fact that the third-order intercept relation falls off as the 
device is driven into compression. Another way to express 
the performance of the power amplifier/transistor is the 
IM3 products. With an available input power of 13 dBm, 
measured as the device’s 1-dB compression power from a 
50-ohm power sweep (not shown), the fundamental load 
was optimized for optimum Lip3. The measured and 
simulated results are shown in Table 3, below. Table 3 
shows an excellent correlation between the measured data 
and EEHEMT model simulation results for fundamental 
load pull experiments, including termination phases within 
half a degree of each other. With the fundamental load 
tuner now optimized and left at this reflection coefficient, 
the second harmonic was tuned to optimize Lip3. 
 



Table 3 Summary of Fundamental Load Tuning Results 

 Pout (dBm) Lip3 (unitless) IM3 (dBc) 
Simulations 
Γ=0.486<154.1° 

27.44 1.7 -20.3 

Measurements 
Γ=0.43<153.9° 

27.27 2.2 -22.42 

|∆| 0.17 0.5 2.12 
 
 

V. SECOND HARMONIC LOAD TUNING FOR LIP3 
 
      The second harmonic load impedance is optimized in a 
different fashion than that of the fundamental load tuner. 
Instead of varying magnitude and phase, as in the case of 
the fo load tuner, the second harmonic load tuning 
measurement will present the device with an (ideally) 
constant magnitude termination of 0.8, which is the 
maximum tuning range of the 2fo tuner. Consequently, the 
phase of the 2fo tuner will be varied from 0 to 360 
degrees, with the phase increments determined by the 
characterization of the tuner and the power calibration. 
This allows us to present the device with either an open 
circuit (0°) or short circuit (180°) termination. The results 
for the calculated TOI are shown in Figure 3, with a 
comparison to the EEHEMT simulated data using the 
same constant magnitude reflection coefficient of 0.8. 
Table 4 summarizes the results between the measurement 
data and the simulation dataset.  
      

 
Fig. 3 pHEMT Second Harmonic Load Tuning Comparison @ 

Pin=13 dBm and ΓL2=0.8 

 
Table 4 Summary of Second Harmonic Load Tuning Results 

 Pout (dBm) Lip3 (unitless) IM3 (dBc) 
Simulations 
Γ=0.8<10° 

27.53 2.09 20.867 

Measurements 
Γ=0.786<4.77° 

27.33 2.355 23 

|∆| 0.2 0.265 2.13 

      The measured results are encouraging as there is a 
similar agreement for Lip3 and IM3 as there was in the 
fundamental load tuning experiment, and the output power 
is predicted just as well. These results show that there is 
minimal improvement in Lip3 that can be achieved using 
the second harmonic load tuning test bench for this 
particular constant reflection coefficient magnitude. 
However, the fact that the model predicted this 
characteristic shows that the model does provide a good fit 
for this measurement data.  
 
     With this information and a working non-linear model 
that can predict second harmonic load tuning performance, 
the EEHEMT model simulations can be used to extend the 
investigation to foresee what kind of behavior the device 
would exhibit if we were able to present the device with a 
maximum constant magnitude of ΓL2=1. Figure 4 shows 
the variation of the IM3 products as the magnitude of the 
second harmonic load reflection coefficient is varied from 
0.2 to 1.0 in steps of 0.2 and as the phase is 
simultaneously varied from 0 to 360 degrees. This analysis 
leads to the observation that the deviation between worst 
and best case linearity under 2nd harmonic tuning 
significantly increases as the magnitude of the 2nd 
harmonic reflection coefficient approaches 1.  
 

 
Fig. 4 IM3 (dBm) vs. 2nd Harmonic Simulations for pHEMT 

  
        A key point that must be made about this process is 
that once a non-linear model, such as the EEHEMT shown 
in this paper, has been validated for harmonic tuning 
conditions, it can then be used to explore harmonic tuning-
related design trade-offs under a wider range of frequency 
and tuning conditions than can practically be explored on 
the measurement test bench due to the system losses.  In 
contrast, the other two device models examined in this 
work were very far off in terms of  2nd harmonic 
performance prediction.  



 
VI. ADVANTAGE OF PULSED IV IN HARMONIC TUNING  

PREDICTION 
It is important that a large-signal model accurately 

simulate the nonlinear behavior of a device under RF 
large-signal conditions.  It has been shown in the literature 
that pulsed IV measurements provide more accurate 
thermal and trapping conditions to predict the operating 
characteristics [5],[6].  In this work, Angelov model [7] 
extractions were performed using the Accent Optical 
Technologies Dynamic i(V) Analyzer (DiVA) hardware 
and software for the GaAs PHEMT.  using both static and 
pulsed IV data.  The IV curves corresponding to the 
models are shown in Figure 5.  The static IV curves have a 
lower knee voltage and a higher knee, indicating that for a 
typical Class A load-line, the static model would predict 
an output power that is too large. 

A load-pull simulation was performed for a quiescent 
bias of VDS = 8 V, ID = 162 mA and compared to 
measured load-pull data for this point.  Two-tone 
fundamental and second-harmonic load pull results, shown 
in Tables 5 and 6, demonstrate that an advantage exists in 
using the pulsed IV model to predict the nonlinear data.  
As can be seen, the static model predicts an output power 
that is too large.  In both fundamental and second-
harmonic load-pull simulations (results are shown for the 
point of minimum IM3), the output power, IM3, and 
transducer gain results are closer to the measured data.   
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Fig. 5. ADS Plot of Static (Thin Lines) and Pulsed (Thick Lines) 
IV Simulated Data 

TABLE 5:  Comparison of Two-Tone Fundamental Load-
Pull Results 

 Pout 

(dBm) 

Lip3 IM3 

(dBc) 

GT 

(dB) 

Meas. 27.3 2.19 -22.4 14.3 

Angelov Static 28.4 1.74 -19.6 15.4 

Angelov Pulsed 27.3 2.25 -22.8 14.3 

TABLE 6:  Comparison of Two-Tone Second-Harmonic 
Load-Pull Results 

 Pout 

(dBm) 

Lip3 IM3 

(dBc) 

Meas. 27.3 2.36 -23.0 

Angelov Static 28.5 1.82 -20.0 

Angelov Pulsed 27.5 2.36 -23.1 
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