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Abstract— A comprehensive time-domain modeling and a 

generalized design methodology for input and output 

waveform engineered Class-F power amplifiers (PAs) are 

presented in this paper. A closed-form relationship between 

input nonlinearity and second harmonic source impedance 

(Z2S) termination is presented from which efficiency and 

output power performance are predicted for Class-F PAs. 

The maximum, minimum, and safe Z2S design space for a 

Class-F PA are identified. Moreover, the derived design 

equations show that the typical fundamental load of a 

Class-F PA operation must be re-engineered in the presence 

of input nonlinearity in order to achieve optimum efficiency 

performance. The theoretical analyses are first validated 

with pulsed vector load-pull measurements (VLP) with a 

Gallium Nitride (GaN) 2 mm device. Then, high-power 

(210 W) GaN 24 mm devices with in-package Z2S 

terminations are implemented. Measurement results with 

the new source and load design space show efficiency 

improvement of 4.4% compared to the nominal Class-F PA. 

 
Index Terms— class-F, harmonic tuning, input nonlinearity, 

multi-harmonic load-pull, power amplifier, pulsed load-pull, 

waveform engineering. 

I. INTRODUCTION 

HE quest for high-efficiency power amplifier (PA) design is 

long-run. To enhance the PA efficiency performance, 

typically, harmonic drain voltage and/or current are 

manipulated which are examined as early as in 1920s [1]. Since 

then the output load networks are explored extensively from the 

tuned load (TL- all load harmonics are short-circuited) to bi-

harmonic, poly-harmonic or in general to harmonic tuned (HT) 

ones [2]. In the HT PAs [3]–[11], efficiency is improved by 

harmonic load terminations which minimizes the overlapping 

between voltage and current waveforms. Although specific load 

harmonic termination increases the design complexity of PA 

load networks, they significantly enhance the PA efficiency 
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performance compared to the TL ones [12]. That being said, a 

PA load network with inappropriate harmonic terminations 

could severely affect PA performance [9], [13]. Apart from 

load, source harmonics also play a vital role in PA efficiency 

performance. As such, it is important to model and understand 

the impact of input-output harmonic tuning such that the 

appropriate design space can be identified to probe the optimum 

power device performance. 

Traditionally, input second harmonic impedance (Z2S) is 

avoided by considering a short circuit termination in high 

efficiency HT PA topology like Class-F considering the fact 

that a Z2S termination other than short can be detrimental since 

it increases the conduction angle of the device [14]–[17]. 

However, it has been recently investigated that there are 

possible Z2S terminations which can also reduce the device 

conduction angle [18]. The gate voltage and consequently the 

drain current waveforms are shaped by different Z2S 

terminations, which result in device conduction angle and 

performance variation. The impact of input nonlinearity is 

investigated in single frequency or broadband applications  

[19]–[23], but a comprehensive modeling and performance 

analysis are still missing for Class-F PAs with input-output 

harmonic tuning. Moreover, an analytical model exploring the 

relationship between second harmonic source termination and 

input nonlinearity is long overdue.  

Starting from an equivalent input nonlinear circuit, a 

closed-form relationship between input nonlinearity and source 

harmonic terminations is developed in this paper. Based on this 

model, new time-domain analyses of a Class-F PA are 

conducted based on which the minimum, maximum, and safe 

Z2S design space are identified. The flow-chart predicting 

Class-F PA efficiency and output power performance with 

respect to Z2S terminations is shown in Fig. 1. The load pull 

setup in Fig. 1 is utilized to validate the theoretical prediction 

of Class-F PA performance and the waveforms at different 

nodes of the devices. These analyses are significant in that it 

effectively predicts second harmonic source pull performance 
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of a Class-F PA for the first time. It has been observed that the 

Class-F performance is greatly sensitive to the input 

nonlinearity unlike Class F-1 PA [21]. Besides, the analyses 

show that a distinct design strategy for Class-F HT PAs is 

required in the presence of input nonlinearities. We demonstrate 

that, due to the current waveform shaping by the input 

nonlinearity, the fundamental load termination must be 

readjusted in order to recover and maintain optimum Class-F 

PA performance. Thus, input nonlinearity is exploited to 

leverage the combined benefits of input-output harmonic 

manipulation and to develop a high-efficiency Class-F PA. 

The rest of the paper is organized as follows. In Section II, 

the input nonlinearity is modeled in relation to second harmonic 

source terminations. The generalized theory of input-output 

harmonic tuned Class-F PA performance is presented in Section 

III. The practical validations of the theoretical analysis are 

discussed in Section IV. 

II. INPUT NONLINEARITY AND SOURCE TERMINATIONS 

The input nonlinearity of an active device is a result of the 

nonlinear gate to source capacitance (CGS) profile with respect 

to the gate voltage (vGS). Such nonlinearity shapes the input 

voltage waveform depending on the source termination as 

depicted in Fig. 1 and impacts the PA performance significantly 

[18]. To analyze the nonlinear CGS versus vGS profile and its 

impact, a simplified input circuit is considered as shown in Fig. 

2(a). The total input gate-source capacitance (CGST) and 

conductance (GGST) are defined by the Miller theorem [24] as 

( )v1 AGST GS GDC C C= + +          (1) 

( )v1 AGST GS GDG G G= + +          (2) 

where CGD and GGD are the gate-drain capacitance and 

conductance, respectively, and -Av is the voltage gain of the 

device. Although GGST is comparatively small, it is still 

considered for sake of completeness of the analysis. The 

nonlinear gate-source capacitance and conductance profile of a 

GaN device with gate-source voltage are shown in Fig. 2(b) and 

2(c), respectively. It can be observed that the onset of CGST and 

GGST nonlinearity is due to vGS swings higher than the device 

pinch-off voltage (VP) when charge inversion mechanism starts 

over. This implies that the input nonlinearity is also triggered 

way before the saturation point of the PA and can influence both 

the small and large signal PA behavior.  

 

 
 

Fig. 1. Characterization, modeling, and functional block diagram of a Class F PA with input-output waveform engineering. 
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A polynomial model is considered to represent the nonlinear 

profile of the CGST and GGST as 
2 3

0 1 2 3 ... n

GST GS GS Gs n GsC C C v C v C v C v= + + + + +          (3) 
2 3

0 1 2 3 ... n

GST GS GS Gs n GsG G G v G v G v G v= + + + + +         (4) 

where C0, C1, C2, Cn and G0, G1, G2, Gn are the polynomial 

coefficients for capacitance and conductance, respectively. The 

polynomial coefficients are evaluated by curve fitting method. 

The second and fourth order fits are illustrated in Fig. 2(b) and 

2(c).  It is worth noting here that, although, fourth or higher 

order fits or a tan-hyperbolic function would predict closer 

nonlinear behavior, second order polynomials are considered in 

this analysis for simplicity without much compromise to the 

generality and accuracy of the end results. Due to such 

nonlinear profile and based on the source termination, the 

intrinsic gate voltage (vGS) is distorted from the input sinusoidal 

voltage (VIN). With second harmonic input non-linearity, the 

gate voltage waveform can be expressed as 

0 1 2 2

0

,norm 2

1

2

( ) cos cos(2 )

( )
( , , )

cos cos(2 )

GS GS

GS GS

GS

v V V V

v V
v

V

   


  

   

= + + +

−
=

= + +

     (5) 

where V1, V2 are the fundamental and second harmonic gate 

voltage components, respectively, VGS0 is the gate-source bias 

voltage, and vGS,nom is the normalized intrinsic gate voltage. 

Two nonlinearity parameters, γ and φ2, are defined to describe 

the impact of input nonlinearity in (5) where φ2 is the phase 

difference between fundamental and second harmonic voltage 

components and 2 1/V V = is the input nonlinearity factor 

indicating second harmonic gate voltage magnitude with 

respect to fundamental. Different gate voltage waveforms for a 

few combinations of γ and φ2 are shown in Fig. 1. The shape of 

the gate voltage waveform, as well as the conduction angle, are 

modified significantly by γ and φ2 values [18]. The modified 

conduction angle, β, for a Class-B bias condition can be found 

by solving  

2cos cos( ) 0
2


  + + =                        (6) 

The variation of β with γ and φ2 is shown in Fig. 3. It can be 

seen that the conduction angle can increase to ~230° or reduce 

to ~130° compared to the nominal bias conduction angle of 

180° based on the input nonlinearity parameters. The deviation 

in conduction angle is translated into Class-F efficiency 

performance variation due to input nonlinearity which will be 

investigated in detail in the latter sections. However, it is worth 

noting here that the conduction angle is only reduced for the 

regions 0° ≤ φ2 < 90° and 270° < φ2 ≤ 360°. In contrast, the 

conduction angle is increased in the region 90° < φ2 < 270°. 

At this point, it is important to find the possible combinations 

of γ and φ2 values which can be generated by the intrinsic 

nonlinearity of the device. To do so, the normalized gate-source 

current can be defined as 

2 2 2( , , ) ( , , ) ( , , )
GST GSTGS C Gi i i        = +                           (7a) 

2

2

0 1 2 ,

( , , ) .
GSTG GST GS,norm

GS,norm GS norm GS,norm

i G v

G G v G v v

   =

 = + + 

            (7b) 

2 0

0 0 1 2

( , , ) .

C C

GSTC GST GS,norm

2

GS,norm GS,norm GS,norm

d
i C v

d

d
C v v v

d

   





=   

 = + + 

 (7c) 

where fundamental frequency of operation is defined as 

f0 = ω0/2π. Considering a conjugate match at the fundamental 

frequency, second harmonic voltage and current components 

are of interest. By Fourier analysis of (5) and (7a), the 

normalized second harmonic voltage and current components 

can be calculated in terms of γ and φ2 as 

2 2 2( , ) cos( )SrV    =                         (8a) 

Z1S

ZnS
+
-

vIN
vGS

GGST CGST
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VP
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Fig. 2. (a) Simplified nonlinear gate equivalent circuit with source harmonic terminations, (b) normalized gate-source capacitance profile with vGS, and (c) 

normalized gate-source conductance profile with vGS of a typical GaN device. 

 

 
Fig. 3. Modified device conduction angle due to input nonlinearity. 
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2 2 2( , ) sin( )SqV    = −                         

(8b) 
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 (8d) 

where V2Sr and I2Sr are the second harmonic real voltage and 

current components, and V2Sq and I2Sq are the second harmonic 

reactive voltage and current components, respectively. Thus, 

the second harmonic source impedance, Z2S, can be estimated 

as a function of γ and φ2 as 

2 2 2 2

2 2

2 2

( , ) . ( , )
( , )

( , ) . ( , )

Sr Sq

S

2Sr 2Sq

V jV
Z

I j I

   
 

   

−
= −

−
              (9) 

( )

( ) ( )

2 2

1
1 2 2 2 0 2 2 0 1

cos sin

cos sin sin cos
2

j

G
j j j C

  

       

− +
=

+ + − − −

 

where 

( )2

2

0 21

3 2

4

G
G G

 +
+ += , and 

( )
02

2

23 2
2

2

C
C


 =

+
+ . 

From (9), the estimated magnitude and angle of second 

harmonic source reflection coefficient, Γ2S, as functions of γ and 

φ2 are illustrated at 1 GHz for a GaN 2-mm device in Fig. 4(a) 

and 4(b), respectively. Figure 4(a) and 4(b) bring in useful 

second harmonic source pull information and thus relate 

physical second harmonic input terminations to the nonlinear 

parameters γ and φ2. For example, if |Γ2S| = 0.9 contour line is 

considered in Fig. 4(a), the maximum γ = 0.62 can be achieved. 

It can also be seen that φ2 values less than 180° result in |Γ2S| 

higher than unity, which implies that passive second harmonic 

source terminations can achieve φ2 values only higher than 180° 

by exploiting the intrinsic input nonlinearity of a GaN device. 

To validate the analyses, simulated γ and φ2 values with a 

GaN 2 mm device are compared to the calculated ones for 

second harmonic source termination swept at the edge of the 

Smith chart as shown in Fig. 4(c) (|Γ2S| = 0.9). The simulations 

are performed at constant 3 dB gain compression with 

fundamental source (Z1S) conjugate matched, fundamental load 

(Z1L) terminated at maximum efficiency point (MXE), and the 

second and third harmonic load (Z2L and Z3L) short circuited. 

The results are shown in Fig. 4(d) and (e). The simulated and 

calculated results are in excellent agreement. It is interesting to 

see that the input nonlinearity factor γ changes quite a bit from 

 

  

 

 (a) (b)  

   
(c) (d) (e) 

Fig. 4. Estimated (a) magnitude and (b) angle of Γ2S for realizing different γ and φ2 values at 1 GHz for a 2 mm GaN device, (c) simulated Z2S terminations, 

simulated and calculated input nonlinearity parameters for Z2S terminations with |Γ2S| = 0.9: (d) γ and (e) φ2.  

 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

5 

0 to 0.6 which indicate significant conduction angle variation 

as can be predicted from Fig. 3. Besides, φ2 is varied in the 

range of 180° to 330° unlike previous works [14]–[17] where it 

is considered fixed 180°. Since φ2 value can be higher than 

270°, the effective device conduction angle is reduced by the 

input nonlinearity and gate voltage shaping which can improve 

the PA efficiency performance.    

The above analysis and validation provide an idea of 

achievable phase difference, φ2, and input nonlinearity factor, 

γ, by passive second harmonic source terminations and by 

exploiting intrinsic input nonlinearity of the device. These 

predictions provide a realistic picture and a comprehensive 

understanding of achievable performance improvement or 

degradation in the subsequent analyses. To the best of authors’ 

knowledge, this is the first time the input nonlinearity is 

modeled as a function of second harmonic source termination. 

It is worth mentioning here that although this paper is limited 

to the intrinsic input nonlinearity and passive second harmonic 

source terminations (|Γ2S| ≤ 1) where φ2 ≥ 180°, the scope of the 

analysis also covers the second harmonic input injection 

phenomenon where |Γ2S| > 1. Therefore, a full range of φ2 values 

from 0° to 360° can be achieved by input harmonic injection.  

III. INPUT-OUTPUT HARMONIC ENGINEERED CLASS-F PA 

ANALYSIS 

Traditionally, input nonlinearity is avoided by presenting a 

harmonic short at the intrinsic gate node and the waveforms for 

Class-B tuned load condition are expressed as 

 
, 0 1( ) cosGS B GSv V V = +                               (10) 

 

max

,

, ,

1

I cos ,
2 2

( )

0, ,
2 2

( ) cos( )

DS B

DS B DC B n

n

i

i I I n

 
 


 

   

 


=

 
−    

=  
 −   −  
  

= + 

            (11) 

where Imax is the maximum device current. On the other hand, 

the gate voltage waveform with second harmonic input 

nonlinearity is expressed as in (5). Depending on the γ and φ2 

values, the gate voltage waveforms are shaped and 

consequently, alter the drain current waveforms. The drain 

current waveforms with input nonlinearity can be deduced 

considering a constant trans-conductance device for a Class-B 

tuned load condition as 

max 2

2

2

1 1

I [cos cos(2 )],
2 2

( , , )

0, ,
2 2

( , , ) cos(n ) sin(n )

DS

DS DC nr nq

n n

i

i I I I

 
    

  
 

   

    
 

= =

 
+ + −    

=  
 −   −  
  

= + + 

(12) 

where β is the modified conduction angle by gate voltage 

waveform shaping due to the second-order input nonlinearity, 

IDC is the DC drain current component, and Inr, Inq are the real 

and reactive harmonic components of iDS(θ), respectively.  

For a classical Class-F PA, the second and third harmonic 

loads are terminated as a short circuit and an open circuit, 

respectively. Such harmonic termination results in theoretical 

drain efficiency of 90.7%. To derive the Class-F time-domain 

current waveforms accurately under input nonlinearity, it is 

important to make sure that the maximum drain current is 

limited to Imax with input-output harmonic terminations. Due to 

the open circuit third harmonic load termination, the third 

harmonic current cannot sustain; this is typically implemented 

by third harmonic current trapping technique [7]. However, 

under the presence of input nonlinearity i.e. at values other than 

γ = 0, the current expression in [7] does not hold which is further 

modified for non-zero γ values and for φ2 = π in [15] as 

m

,

I
[cos cos 2 ] cos3 ;

1 2 2
( , )

0, ,
2 2

ax

DS Fi

  
     


 

 
   

+ 
− − −   + 

=  
 −   −  
  

 

(13) 

where χ denotes the real third harmonic drain current 

coefficient, i3 = χcos3θ. This work presents the generalized 

formulation for time-domain Class-F drain current waveforms 

under input nonlinearity (i.e. any values of γ and φ2) which is 

expressed as 

( )

2

, 2

, 2

1 1

[cos cos(2 )]

( , , ) cos3 sin 3 ,
2 2

0, ,
2 2

( , , ) cos(n ) sin(n )

DS F

DS F DC nr nq

n n

i

i I I I

    

 
       

 
   

    
 

= =

 
 + + −
 
 

= − −   
 
 

−   −   
 

= + + 

        (14) 

where χ, ξ denote the coefficients for real and reactive terms of 

third harmonic drain current, i3 = χcos3θ – ξsin3θ, respectively. 

The current limiting factor ε is defined as  

( )
m m m

m m 2

I cos3 sin 3

cos cos 2

ax    


   

+ −
=

+ +
                  (15) 

where θm is the angle for which iDS,F = Imax. The current limiting 

factor ε ensures the maximum drain current is limited to Imax at 

any γ and φ2 values. It is worth mentioning here that the classical 

Class-F drain current (source second harmonic short circuited) 

does not contain any third harmonic components at Class-B bias 

condition and exclusion of third harmonic component is not 

typically needed. However, a second harmonic source 

termination other than a short circuit alters the drain current 

waveforms from a typical half sinusoid and results in both real 

and reactive third harmonic drain current components.  

The coefficients χ and ξ can be calculated as a function of β, 

γ, and φ2 by equating the real (I3r) and imaginary (I3q) part of the 

third harmonic current to zero as 
/ 2

3 , 2

/2

1
( , , ).cos3 0r DS FI i d





    


+

−

= =         (16a) 

/ 2

3 , 2

/2

1
( , , ).sin 3 0q DS FI i d





    


+

−

= =      (16b) 

From (13-15), χ and ξ are calculated as functions of β, γ, and φ2 

as  

( )
  

( )
2

m 5 4 2

3 6 m 5 4 2

I 3 15 12

10 3 3 5 4 c s
,

o
,

ax msin cos

cos

     

      
   

− +
=

− +
           (17) 
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( )
( )

( )

4 6 m 2

6 3 6 5

4 6 2 4 6 2

2

12 sin

5 2 3 cos3 12 .

cos cos3 sin sin3

, , ax

m

m m

I   


     

       

   =
− − 

 
−  

      (18) 

where, 

( )3 m m 22cos cos    = + + , 

4

5
5

2 2
sin sin

 
 = + , 

4

5
5

2 2
sin sin

 
 = −  

5 2 2sin sin  = + , 
5 2 2sin sin  = − , and 

6 3 3sin  = + , 
6 3 3sin  = − .            

The variation of normalized χ and ξ with input nonlinearity 

parameters, γ and φ2, are shown in Fig. 5(a) and (b). Both χ and 

ξ have zero value at γ = 0 which converges to the classical 

Class-F condition. This ensures the accuracy of the analytical 

results.  

By replacing (17) and (18) into (14), the time-domain drain 

current components are evaluated for different γ and φ2. The DC 

and fundamental drain current components are computed from 

(14) as 

( ) 2

2

cos 3
sin sin, , sin

2 2 3 2
DCI

   


 
  

 
= + − 

 
         (19) 

( ) ( )
 

21

2

sin 2 2sin
sin

2 4

cos 3
3sin si

,

2

,

n
3 2

rI
  

 
 

 

  

 



+
= + −

 
+



+




           (20) 

( ) 2

21 5

sin 3
3sin sin

4 2
, ,

3 2
qI

 
 



 


 = − −

 
 
 

                (21) 

where IDC, I1r, and I1q are the DC, and fundamental real, and 

reactive drain current components, respectively. It is 

worthwhile noting that the reactive fundamental drain current 

component is not zero unlike classical Class-F PA. This is due 

to the drain current waveform shaping by input nonlinearity. 

When input harmonics are short circuited, i.e. γ = 0, reactive 

current components become zero, converges to the typical 

Class-F PA without input nonlinearity. 

To compute the output power and efficiency of a Class-F 

power amplifier, the drain voltage is considered as [2] 

( ),

2 1
( ) cos cos3

3 3 3
DS F DD DD Kv V V V  

 
= − − − 

 
          (22) 

where VDD, and VK are the drain supply voltage and knee 

voltage, respectively. Thus, the DC power, output power, and 

drain efficiency of a Class-F PA as functions of input 

nonlinearity parameters γ and φ2 can be predicted as 

2 DD 2( , , ) V ( , , )DC DCP I     =                 (23) 

OUT 2 DD K 1 2

1 2
P ( , , ) (V V ) ( , , )

2 3
rI     =  −       (24) 

DD K 1 2

2

DD DC 2

1 2
(V V ) ( , , )

2 3
( , , )

V I ( , , )

rI   

   
  

 − 

=


         (25) 

The analytical results of a Class-F PA under input nonlinearity 

are summarized in Table I for a few special cases. For γ = 0, the 

performance converges to the classical Class-F ones. As 

expected, the Class-F performance can be enhanced or 

degraded based on the input nonlinearity. 

To assess the realistic performance with the intrinsic input 

nonlinearity of a GaN device, efficiency and output power can 

be predicted as a function of Z2S from (9), (24) and (25) for 

constant |Γ2S| = 0.9 circle. The predicted Class-F PA 

performance with input second harmonic termination (second 

harmonic source pull) is shown in Fig. 5.  Both efficiency and 

output power are significantly varied by the input nonlinearity. 

It is worth noting that the maximum theoretical efficiency 

achieved is 93.3% at ∠Γ2S =160° compared to the traditional 

Class-F PA efficiency of 90.7% (short circuit, ∠Γ2S =180°). On 

the other hand, the efficiency is severely degraded to 57% at 

∠Γ2S =150°. These analytical results suggest that a Class-F PA 

should be carefully designed considering the impact of input 

nonlinearity and proper Z2S termination should be presented to 

achieve optimum Class-F PA performance. On the other hand, 

the normalized output power remains almost constant but varies 

from 0.85-1.05 compared to the nominal Class-F PA. Overall, 

the Z2S terminations from ∠Γ2S =0° to ∠Γ2S =150° (inductive Z2S 

terminations) present high sensitive design space while the Z2S 

terminations from ∠Γ2S =160° to ∠Γ2S =360° (mostly capacitive 

Z2S terminations) present relatively less variation and safe 

design space. Understanding such impact of Z2S terminations 

are quite useful for the designers targeting mass production. It 

in fact allows the designer an additional degree of freedom in 

 
Fig. 5. Theoretical prediction of second harmonic source pull- efficiency and 

output power variation of a Class-F PA with different second harmonic input 
terminations (|Γ2S| = 0.9) at 1 GHz. 

 

High 
Sensitivity

Low 
Sensitivity

Minimum 
Efficiency

Maximum 
Efficiency

TABLE I 
SUMMARY OF THE ANALYTICAL RESULTS OF A CLASS-F PA UNDER INPUT 

NONLINEARITY 

Parameters γ = 0 
γ = 0.5 

ϕ2 = π ϕ2 = 2π 

IDC 1/ π 0.43 0.33 

I1 1/2 0.48 0.54 

V1
+ 2/√3 2/√3 2/√3 

Pout* 1 0.96 1.08 

Efficiency 90.7% 64.5% 94.5% 
+Normalized to (VDD-VK) 
*Normalized to classical Class-F output power 
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realizing the input matching network in the context of 

variability or limited values of available components or to 

consider process variation in fully integrated designs. 

The resulting load impedance terminations for Class-F PA 

with input nonlinearity can be computed as 

nLZ
nr nq

nr nq

V V

I I

−
= −

−
                             (26) 

where ZnL is the nth-harmonic load impedance termination, and 

Vnr, Vnq are the nth-harmonic real and reactive voltage 

components, respectively. As the points of interest, the load 

terminations (up to third harmonics) for points A (Short), 

B (Max. Eff), and C (Min. Eff.) are calculated and shown in 

Fig. 6(a). It is no surprise that the optimum fundamental 

impedance with input nonlinearity defined as 

1 , 2 1 , 2 1 , 2( , , ) ( , , ) ( , , )L OPT L OPT L OPTZ R jX        = +    (27)  

is not always real; rather, it can be complex and differed from 

the typical Class-F optimum load impedance which is purely 

resistive. This is due to the current waveform shaping by the 

input nonlinearity. These variations suggest that the 

fundamental impedance termination must be readjusted with 

input nonlinearity so that optimum Class-F PA performance is 

achieved. The reconstructed current waveforms with the 

Fourier components are illustrated in Fig. 6(b). It can be seen 

that the conduction angle of the drain current is reduced at the 

maximum efficiency point and increased at the minimum 

efficiency point as expected compared to the short one. To keep 

the drain voltage as square shaped as shown in Fig. 6(b), the 

optimum fundamental load terminations have been adjusted. 

The corresponding load lines are illustrated in Fig. 6(c). It is 

worth noting that the load line excursion at the minimum 

efficiency point hits the higher stress area of the device which 

affects device lifetime and compromises device reliability. 

IV. LOAD PULL MEASUREMENTS AND PRACTICAL 

VALIDATION 

In this work, vector load pull (VLP) measurements are 

performed to validate the theoretical analyses presented. A VLP 

setup and measurement provide useful information about 

device input characteristics which enhances measurement 

accuracy. The vector network analyzer (VNA) based VLP 

measurement setup is shown in Fig. 1. The setup consists of a 

load tuner MPT 1808, a source tuner MPT Lite 1808 and a 

phase reference unit Mesuro PR-50 from Focus Microwaves 

Group, VNA ZVA67 and its extension unit ZVAX-TRM40 

from Rohde & Schwarz, a spectrum analyzer MS2840A from 

Anritsu, and DC power supplies E3634A from Agilent. The 

load tuner can tune the fundamental (Z1L), second (Z2L) and third 

(Z3L) harmonic loads from 0.8 GHz to 18 GHz. The source 

tuner does the same for fundamental (Z1S) and second (Z2S) 

harmonic source impedances. To communicate, control and for 

synchronized measurements, Focus Device Characterization 

Suite (FDCS) [25] software is used. The setup mainly consists 

of two calibration steps. Firstly, tuner calibration and then wave 

calibration. The tuners are calibrated with the FDCS software 

using VNA ZVA67. For wave calibration, Mesuro calibration 

software is used along with the Mesuro phase reference unit 

PR-50 and a power meter NRP2 with power sensor NRP Z57 

from Rohde & Schwarz. For wave measurements, both wave 

power and phase calibration are performed by Mesuro 

calibration software. 

A. VLP Measurement Results 

To validate the theoretical framework presented in the 

previous Section II and III, pulsed VLP measurements are 

performed with a GaN 2 mm at 1 GHz. However, to perform 

accurate load pull measurements and to probe intrinsic 

parameters, device parasitics especially the drain to source 

capacitance (CDS) is needed to be de-embedded. Once the 

parasitic information is extracted accurately, the impact of 

second harmonic source pull is investigated for a Class-F PA. 

It is performed in the following three steps: 

▪ Terminate second harmonic source (Z2S or Γ2S) to short 

and do a fundamental load pull for the Class-F operation 

loading condition i.e. second harmonic at short and third 

harmonic at open. Find the maximum efficiency points. 

▪ Perform a second harmonic source pull by terminating 

fundamental load at the maximum efficiency point found 

in step 1 and maintaining Class-F harmonic load 

terminations. 

▪ Since, a second harmonic source termination can alter the 

optimum fundamental load termination significantly, redo 

a fundamental load pull at each second harmonic source 

 
  

(a) (b) (c) 

Fig. 6. Class-F: (a) variation of optimum fundamental load terminations for different Z2S terminations, (b) drain voltage and current waveforms, and (c) load lines 

for the Z2S terminations at short, minimum efficiency, and maximum efficiency. The drain voltage and drain current are normalized to VDD and Imax, respectively. 
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termination to find its actual performance.  

Following Step 1 mentioned above, the second harmonic source 

pull results are performed with Z1L terminated fixed at 

maximum efficiency (MXE) load and the results are shown in 

Fig. 7. The maximum |Γ2S| realized at the intrinsic gate node for 

second harmonic source pull is about 0.9 due to the loss of the 

couplers, coaxial cables, probes and device parasitics. As 

predicted in theoretical sections, the efficiency performance of 

a Class-F PA is significantly impacted by the second harmonic 

source termination as can be seen from Fig. 7(a). The measured 

efficiency is varied in the range of 35% to 88%. On the other 

hand, the output power varies within a dB with the variation of 

input second harmonic termination over the full Smith chart as  

shown in Fig. 7(b). To have a closer look, the variation of 

output power, efficiency, and input nonlinearity parameters (γ 

and φ2) for |Γ2S| = 0.9 are shown in Fig. 7(c). Both γ and φ2 

profiles show similar trends to the simulated and calculated 

ones. The φ2 values for different Z2S terminations are higher 

than 166° which is calculated as 180° in Section II. Besides, the 

maximum value of the input nonlinearity factor γ is measured 

to be ~0.57 which is analytically predicted about 0.62. 

Moreover, the efficiency and output power variation with Z2S 

termination follows similar trends as predicted theoretically in 

Fig. 5. To evaluate the efficiency and output power 

performance, we define three points of interest: 

A) ∠Γ2S = 180°- nominal Class-F operation, 

B) ∠Γ2S = 160°- maximum efficiency operation, and 

C) ∠Γ2S = 140°- minimum efficiency operation. The Z2S 

0
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(a) (b) (c) 

Fig. 7. (a) Efficiency contours, (b) output power contours with second harmonic source pull, and (c) variation of input nonlinearity parameters (γ and φ2), 
efficiency, and output power with second harmonic source terminations (|Γ2S| = 0.9).  

 

   
(a) (b) (c) 

   

   
(d) (e) (f) 

Fig. 8. Fundamental load pull efficiency contours for Z2S terminations: (a) short, (b) maximum efficiency, (c) minimum efficiency, and waveforms: (d) gate 

voltage, (e) drain current, and (f) drain voltage. 

 

2S
:Short

2S
:Min EFF

2S
:Max EFF

Gate Voltage

2S
:Short

2S
:Min EFF

2S
:Max EFF

Drain Current Drain Voltage

2S
:Short

2S
:Min EFF

2S
:Max EFF



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

9 

termination at ∠Γ2S = 140° where the input nonlinearity factor 

γ is maximum results in the minimum efficiency about 35% 

which is 85% at ∠Γ2S = 180° and 88.2% at ∠Γ2S = 160°. It is 

also clear that the intrinsic source second harmonic short is not 

the optimum termination for the Class-F PA efficiency 

performance. The optimum termination is indeed a termination 

at ∠Γ2S = 160° where efficiency is about 3.2% higher than a 

short termination.  

As the optimum fundamental load is significantly altered by 

different Z2S terminations as predicted in Section III and 

illustrated in Fig. 6(a), it is important to redo a fundamental load 

pull at every Z2S terminations to find true efficiency 

performance. The fundamental load pull is performed at 

∠Γ2S = 180°, 160°, and 140° as shown in Fig. 8(a-c). It can be 

seen that the optimum fundamental load impedance is different 

for different Z2S terminations which are in excellent agreement 

to the theoretical prediction illustrated in Fig. 6(a). Moreover, 

it is worth noting here that fundamental retuning improves 

efficiency performance at ∠Γ2S = 140° in Fig. 8(c) from 35% to 

57% which is predicted analytically about 60% in Fig. 5. 

However, it should be noted that still there is an efficiency 

minimum at ∠Γ2S = 140° with an efficiency delta of ~30% 

which has not been compensated by fundamental retuning. 

The gate voltage, drain current, and drain voltage waveforms 

are shown in Fig. 8(d-f). At Z2S short termination, the gate 

voltage waveform is sinusoidal as expected. The gate voltage 

waveform is shaped wide at Z2S terminations that result in 

minimum efficiency as predicted analytically. Thus, the drain 

current conduction angle is also increased as shown in Fig. 8(e). 

On the other hand, the gate voltages and drain currents are 

contracted comparatively for the Z2S terminations that provide 

the maximum efficiency. It is worth noting that the current 

waveforms at short, minimum efficiency and maximum 

efficiency resemble well to the theoretically reconstructed 

current waveforms presented in Fig. 6(b). The drain voltage 

waveforms are shaped rectangular for the Class-F load 

terminations and remains almost unaltered for different Z2S 

terminations as predicted analytically in Section III. 

B. High Power Implementation 

Once the Z2S design space is identified for Class-F PA 

operation, input and output matching networks can be designed 

to leverage the combined benefits of input-output harmonic 

tuning. To showcase the theoretical findings as applied to high 

power applications, a large periphery GaN device (24 mm) is 

mounted in a high-power air cavity package with pre-matching 

components fabricated from integrated passive devices (IPDs) 

for 2.2 GHz operation. Bond wires are used into interconnect 

between package leads, IPDs and GaN die to realize load and 

source terminations. Figure 9(a) shows the input and output in-

package pre-matching network, where the bond wire 

component L2s was varied to create different 2nd harmonic 

source terminations [26]. The second and third harmonic load 

are terminated at short and open circuit, respectively, to realized 

Class-F mode of operation at 2.2 GHz. The entire packaged 

GaN device with IPDs was modelled in a full wave 

electromagnetic simulator accounting for bond wires and 

package parasitics to allow for the determination of the source 

harmonic termination. Figure 9(b) shows the resulting source 

impedance for three cases of interest: short circuit (A-typical 

Class-F), maximum drain efficiency (B), and minimum drain 

efficiency (C). Three GaN 24 mm devices are implemented for 

these three Z2S terminations. The output pre-match IPD was 

designed to keep the output second harmonic terminations at 

short and third harmonic at open circuit condition for all three 

cases at 2.2 GHz. The three devices are measured and verified 

on a high-power passive load pull apparatus.  The device and 

its test fixture used for validation are shown in Fig. 9(c). The 

load pull efficiency and output power contours at 2.2 GHz with 

constant 3-dB gain compression level for three Z2S terminations 

are shown in Fig. 10 for three different cases of Z2S 

terminations. The measurements are performed with a fixed 

drain supply of 48 V and a quiescent drain current of 237 mA. 

The RF signal excitation is pulsed with a duty cycle of 10% to 

measure the high power PA performance. It is worth noting here 

that the optimum fundamental loads vary due to different Z2S 

terminations as predicted by theoretical analysis and also 

observed in the low power load pull measurements. The power 

sweep results for the three different cases are shown in Fig. 11. 

 

 

 
(a) (b) (c)  

Fig. 9. (a) Schematic of the input-output pre-match network for 24mm GaN device, (b) implemented three Z2S termination for three different GaN 24 mm devices 

(Z0 = 3.5 Ω), and (c) in-package input harmonic terminated prematched GaN 24 mm power device and high power fixture used for verification for GaN devices 

with diferent Z2S terminations. 
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The efficiency measured by the Z2S termination at point B is 

72.1% compared to the nominal 67.7% Class-F performance 

which is about 4.4% efficiency improvement. On the other 

hand, the efficiency is degraded to 45% by the Z2S termination 

at point C. The maximum output power (MXP) for three 

different cases are found to be 53.24 dBm (point A), 53.3 dBm 

   
(a) (b) (c) 

   
(d) (e) (f) 

Fig. 10. Efficiency and output power contours of the GaN 24 mm device for different Z2S terminations: (a, d) short, (b, e) maximum efficiency, and (c, f) minimum 

efficiency. 

 

 
Fig. 11. Power sweep measurement results of the three GaN 24 mm devices 

with different Z2S terminations. Fundamental load impedances were 

terminated at the MXE points. 

 
Fig. 12. Proposed high power GaN device performance at maximum 
efficiency point compared to the previous works. 
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TABLE II 
SUMMARY OF THE GAN 24 MM DEVICE PERFORMANCE WITH INPUT 

NONLINEARITY 

Z2S γ 
φ2     

(Degree) 

Measured 
Efficiency 

(%) 

Measured 

ΔEFF (%)+ 

Predicted 
Efficiency* 

(%) 

Predicted 

ΔEFF (%)+ 

Max. 

Eff. 
0.45 280 72.1 4.4 83.4 1.8 

Min. 

Eff. 
0.6 216 45 -22.7 57.8 -23.8 

Short <0.05 250 67.7 0 81.6 0 

* Assumed Vknee = 10% VDD 
+ ΔEFF = η – η(Z2S = 0). 

 

TABLE III 
SUMMARY OF THE PROPOSED INPUT-OUTPUT HARMONIC TUNED GAN 

24 MM DEVICE PERFORMANCE COMPARED TO THE RECENT WORKS 

Ref. Year Tech. 
Freq.  
(GHz) 

Pout  
(dBm) 

Eff.  
(%) 

[27] 2006 GaN 1.5 56 49 

[28] 2018 GaN 2.45 56.5 70 

[29] 2018 GaN 0.36 56 62 
[30] 2014 GaN 2.14 54 70 

[31] 2018 GaN 2.35 54 68 

[37] 2015 GaN 1.94 51 68.1 
[38] 2018 GaN 2 51 30 

This Work 2020 GaN 2.2 53.3 72.1 
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(point B), 52.16 dBm (point C). The performance of the Class-

F high power device with input nonlinearity at 2.2 GHz is 

summarized in Table II. The difference in absolute efficiency 

numbers of the predicted and measured results can be attributed 

to the frequency dispersion of the device performance. In this 

context, efficiency delta, ΔEFF = η – η(Z2S = 0), is considered as 

a measure of comparison. It can be seen that the predicted ΔEFF 

results align well with the measured ones.  The input-output 

harmonic controlled high power Class-F GaN device 

performance compared to the previous works [27]–[38] is listed 

in Table III. The improvement of a few percent points by 

utilizing source harmonic control assists in realizing higher 

efficiency device performance as illustrated in Fig. 12 which is 

highly appreciated especially at high power operation. To 

investigate the linearity performance, output power and 

adjacent channel power ratio (ACPR) are evaluated for three 

different Z2S terminations in response to a long-term evolution 

(LTE) 20 MHz signal with 7.5 dB peak to average power ratio 

(PAPR). The ACPR performance versus output power is shown 

in Fig. 13. It can be seen that the nonlinearity performance for 

maximum efficiency Z2S termination is comparable to the 

short-circuit Z2S termination. 

V. CONCLUSIONS 

This work presents an in-depth analysis and modelling of a 

Class-F PA with input and output harmonic tuning. For the first 

time, theoretical analyses relating the generation of input 

nonlinearity with second harmonic source termination are 

presented. Thereafter, the performance of a Class-F PA is 

analytically investigated with input and output harmonic tuning 

and the favourable as well as the adverse regions for second 

harmonic source terminations are identified. The analyses are 

first validated with VLP measurements using a low power GaN 

2 mm device. Further, a high power GaN 24 mm PA with 

in-package second harmonic source terminations are 

implemented as a proof of concept operating at 2.2 GHz. An 

efficiency improvement of 4.4% is measured by exploiting 

optimum second harmonic source and load terminations. 
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