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LECTURE NOTES: 

 RF power amplifiers are commonly analyzed by considering their output 
circuits without regards to the physics of the (FET) or the bipolar junction transistor; 
the BJT that is utilized. As a result, waveforms have been derived, which cannot be 
realized by an FET or by a BJT. Slide #1 shows typical curves for the BJT in figure 1a 
and for the FET in figure 1b. 

 

These curves always start at the origin which means that at any instant of time when 
the voltage is zero the current is zero. This is logical. For a transistor to operate the 
base to collector diode must be back biased. If the collector voltage is zero the 
collector will not attract any carriers from the base and thus there will be no current. 
The FET has a channel which is a semi-conductor and the current density in a 
semiconductor is proportional to the Electric Field. When the drain voltage is zero 
there is no Electric Field in the channel and hence no current will flow. Further if at 
time t1 the value of the drain voltage Vd(t1) is small, then as shown in figure 1b, the 
value of the drain current Id(t1) will be small.  
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Shown in Slide #2 figure 2a are the class-F voltage and current waveforms and in 
figure 2b the Class-E voltage and current waveforms. As can be seen from these 
curves current flows for one half of the cycle when the voltage is zero. Clearly these 
waveforms cannot be realized by an FET or a BJT. These waveforms have current 
flowing when the voltage is zero and no current flowing when the voltage is non-zero. 
The product of the current and the voltage is zero at every instant of time and hence 
the total power is zero. The DC power into the device must therefore be equal to the 
RF output power and hence the efficiency is 100%. When I first studied FET power 
amplifiers I could not understand how the efficiency could be 100%. What happened 
to the i2R loss? An FET has a channel whose resistance is a function of the gate 
voltage. There must be ohmic losses when current flows through this channel. Clearly 
the class-F and the Class-E voltage and current waveforms shown in Slide #2 cannot 
be realized by an FET or a BJT 

 It might be claimed that the Class-F waveforms and the Class-E waveforms are 
good approximations to what is achieved in practice. That the voltage is not zero when 
current flows but is a small voltage just large enough to turn the transistor on. This is 
not correct since as shown above when the voltage is small the current is small and 
thus this is not compatible with the Class-F waveforms and the Class-E waveforms.   
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In a 1967 paper Snyder [1] claimed that the Class-F waveforms shown in Slide 
#2 could be realized using a BJT. He reasoned that by applying a sinusoidal voltage 
between the emitter and the base, the transistor would be cutoff for half of the cycle. 
Assuming that the collector current is equal to the emitter current the collector current 
would be a half sinusoid as shown for the Class-F current waveform in Slide #2. If the 
load impedance presents a short circuit for all of the even harmonics and an open 
circuit for all of the odd harmonics, then the product of the collector current and this 
load impedance would yield the collector voltage shown in Slide #2.  This reasoning 
however, is not correct. The collector current cannot drive the collector voltage to 
zero.  The transistor will saturate; that is alpha of the transistor decreases from 
approximately 99% to a much smaller value. Therefore the Class-F waveforms shown 
in Slide #2 cannot be realized by a BJT. 

Sokal [2], [3] proposed the Class-E power amplifier where the BJT is in a 
switching mode. The amplifier is analyzed by replacing the BJT with an ideal switch. 
When an ideal switch is in the on state, it presents a short-circuit and hence the 
voltage across it is zero. When an ideal switch is in the off state it presents an open-
circuit and hence no current flows through it. This does not properly represent a BJT 
in the switching mode since when the BJT is switched on the collector voltage is not 
zero. Thus the current and voltage waveforms for Class-E shown in Slide #2, can be 
realized by an ideal switch but are not realizable with a BJT. Unfortunately, there is 
no ideal switch. 

The waveforms shown in Slide #2 cannot be realized by an FET as claimed by 
Raab [4]. When the drain voltage is zero the electric field in the channel is zero and 
hence the current density is zero everywhere in the channel. The drain current is 
therefore zero when the drain voltage is zero as stated previously.   

Cripps [5] in his book “RF Power Amplifiers for Wireless Communications” 
analyzes FET amplifiers making the assumption and I quote: “This is an ideal strongly 
nonlinear transconductive device, represented here as a voltage controlled current 
source with zero output conductance and zero turn-on (or knee) voltage.” The 
transistor curves under the assumption of zero knee voltage are those shown in Slide 
#3. As seen in Slide #3 the assumption of zero knee voltage means that drain current 
can flow when the drain voltage is zero.  
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The waveforms presented in this book under this assumption, for Class A, Class-B, 
Class-AB, Class-F, Class-D and Class-E [6] all have maximum drain current flowing 
when the drain voltage is zero and hence cannot be realized by an FET or BJT.  

 Another common misconception is that one can use load-line analysis to 
analyze an FET. In a power amplifier only current at the fundamental frequency flows 
through the load resistor. Thus the drain voltage is equal to the product of the drain 
current at the fundamental frequency and the value of the load resistance. The 
transistor characteristic that was shown in slide #1 has a Y axis which is the total drain 
current; consisting of the fundamental component of the drain current plus all of the 
harmonics. Since the FET produces harmonics load line analysis is not correct for an 
FET.   

The belief that by properly terminating an FET an efficiency of 100% could be 
realized, left researchers with no incentive to analyze the effect of the physics of the 
FET on a power amplifier. Effort was concentrated on synthesizing the terminating 
impedance [3], [7], [8]. Countless numbers of articles describe amplifiers which are 
claimed to have the Class-E or class-F waveforms.  As discussed above these 
amplifiers cannot produce the waveforms shown in Slide #2. I cannot stress this fact 
enough since for 50 years the Class-F and for 45 years the Class-E waveforms have 
been accepted. Hundreds of articles have been published and they appear in many 
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books. They have been presented in courses and workshops and they are wrong. It is 
difficult however, to convince engineers of this fact since it is contrary to what they 
have learned.  

 I have analyzed JFET and MOSFET amplifiers using the equations that 
describe the physics of the device, for the special case where the FET is always in 
saturation; that is when the drain voltage is always greater than the pinchoff voltage 
Vdsat; references [10],[11],[12] in the handout. These articles are included in the 
handout and can be found on the PMI website (pmi-rf.com/tech-papers.htm). For the 
special case where the FET is always in saturation the drain current is not a function 
of the drain voltage. The equation for the drain current of the JFET when the JFET is 
in saturation is shown in Slide #4, Eq. 4.1 and the equation for the drain current of the 
MOSFET  when the MOSFET is in saturation is shown in Slide #4 Eq.4.2. 

 

It can be seen that the drain current is only a function of the gate voltage when the 
FET is in saturation. For a given gate voltage, the drain current can be calculated 
using these equations as a function of time and its Fourier coefficients can be 
calculated. The DC power is then the product of the DC component of the drain 
current and the DC bias voltage. The output power is equal to one half the product of 
the component of the drain current at the fundamental frequency squared and the load 
resistance. The efficiency is equal to the output power divided by the DC power. The 
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maximum output power and the efficiency at the maximum output power for these 
amplifiers are presented for this special case in references [10], [11], [12].. No general 
analysis has been performed and the maximum efficiency of the JFET or MOSFET 
amplifier when not in saturation, has not been determined.      

It should be clear at this point that the efficiency of an FET cannot be 100% due 
to ohmic losses. The efficiency of an FET is severely degraded when the drain voltage 
is greater than Vdsat; the voltage at which pinchoff first occurs. To understand the 
degradation of the efficiency due to pinchoff, let us examine the behavior of a JFET in 
saturation. When the drain voltage of a JFET for instance, is exactly equal to Vdsat, 
pinchoff occurs exactly at the drain of the JFET as shown in Slide #5 figure 5a, where 
a JFET which has a top and a bottom gate is shown for clarity.  

 

If the drain voltage is increased by ΔV, the point at which pinchoff occurs moves 
towards the source a distance of ΔL, as shown in figure 5b. Over the length ΔL, the 
channel is completely depleted and the resistance is quite large. Voltage ΔV is 
dropped across this depleted region and due to the high resistivity in the depleted 
region, ΔL is very small. For ΔL << L, which represents the usual case, the depletion 
from source to pinchoff point will be essentially identical in shape and the channel 
will have essentially the same resistance from the source to the point where pinchoff 
now occurs. The drain current, which is equal to Vdsat divided by this resistance, 
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hardly changes. This explains why the value of the drain current is nearly constant for 
drain voltages greater than Vdsat, when ΔL << L. Over the length ΔL the resistance is 
quite large, and the power dissipated in this resistance is equal to the product of the 
saturated drain current and ΔV. The voltage ΔV does not contribute to the output 
power and simply degrades the efficiency. It is therefore clear that, for high efficiency 
pinchoff needs to be avoided and the depletion region must be minimized. Ideally, for 
maximum efficiency, there should be a uniform depletion region along the channel so 
that pinchoff does not occur. With the optimum load, this should yield the maximum 
efficiency. To accomplish this, a new patented FET is proposed [13], [14], [15], which 
will be referred to as the “Grayzel FET”.  

 

Slide #6 figure 6a shows a simplified schematic of a JFET with a DC bias 
voltage of seven volts. Points along the channel have values of potential of 0, 1, 2, 3, 
4, 5, 6, and 7 Volts as shown in the slide. The junction is progressively back-biased by 
these potentials, causing greater depletion at the drain than at the source. 

 Slide #6 figure 6b shows a simplified schematic diagram of the “Grayzel 
JFET.” The p+ region is divided into N sections that are insulated from one another, 
forming N, p-n junctions. (In Slide #6, N is equal to 8 as an illustrative example.) 
Each p-n junction is biased to ground separately as shown in the figure; the first at V0 
and the eighth at V0 + 7. With a drain voltage of seven volts, all of the p-n junctions 
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will have the same DC voltage V0 across their junctions and hence, to a good 
approximation the depletion region will be uniform along the channel. 

Dividing the gate into multiple sections is applicable to all types of FETs. Slide 
#7 figure 7a shows an example of the (patent pending) “Grayzel MOSFET” with the 
gate divided into N sections, with N = 6.  

 

Slide #7 figure 7b shows a “Grayzel MOSFET” with a drain voltage of five 
volts, biased such that each C-MOS capacitor has five volts across it. The bias 
network consists of a ten volt DC voltage source and six resistors which can be etched 
onto the chip.  

 Let us consider the special case where the gate voltage is a square-wave such 
that the “Grayzel FET” is cutoff and for the other half of the cycle the depletion region 
in the channel is of minimal width. The conductance of the channel is thus a square 
wave varying between 0 and G0, where G0 is the conductance of the channel when 
the depletion region in the channel is of minimal width. For this special case the FET 
will be terminated in a load impedance which presents a resistance RL at the 
fundamental frequency, a short-circuit at odd harmonics and an open circuit at the 
even harmonics.  Let θ=2πft=ωt, where f is the fundamental frequency of the square 
wave. The Fourier series of the square wave centered at θ=0 is given by Eq.8.1. 
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The harmonics of the drain voltage will be even since the load impedance presents a 
short circuit at the odd harmonics and will have only cosine terms as shown in Slide 
#8 Eq. 8.2 for the following reasons. The value of the conductance of the channel is 
equal to G0 when -90° < θ < +90° and the channel is cutoff during the remainder of 
the cycle.  Current will therefore only flow when; -90° < θ < +90°. Since the drain 
voltage is equal to the product of the current and the load impedance, it will have its 
maximum value centered at θ = 0° and will therefore be equal to the sum of Cosines. 



10 of 20 

 

The amplifier shown in Slide #9 figure 9a where the FET is a “GRAYZEL 
FET” will be analyzed with the aid of the circuit in Figure 9b. Voltage v(t) appears 
across the RF choke and across the load Y(ω) which is in series with blocking 
capacitor C. V0+v(t) appears across the nonlinear conductance G(t). The choke, which 
is in series with the DC battery, has voltage v(t) across it but negligible RF current 
flowing through it. Drain current Id (t) = I0 + i(t) is equal to the product G(t)Vd (t). 
Current i(t) flows in a loop through the termination Y(ω). DC voltage V0 appears 
across the blocking capacitor C.  
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 The solution for Id(t) is derived in the appendix to reference [12] which is 
attached to these lecture notes found at the PMI website. It is given by Eq. 10.1 in 
Slide #10. 

It is shown in the appendix that the output power at the fundamental frequency 
P1 is given by Eq. 10.2 in Slide #10 and the efficiency EFF is given by Eq. 10.3 in 
Slide #10. 
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Slide #11 shows a plot of the efficiency as a function of X. It can be seen from 
this plot that when X is less than .06 the efficiency is greater than 90%. It therefore 
follows that the load resistance should be as large as is practical using a quarter-wave 
multi-sectional transformer to match the output impedance to 50 ohms.  

This special case where the amplifier is terminated in an open circuit for the 
even harmonics and a short circuit for the odd harmonics gives good results however, 
it is not necessarily the optimum termination. An analysis similar to the one 
performed above, for the special case where the amplifier is terminated in an open 
circuit for the odd harmonics and a short circuit for the even harmonics gave a poorer 
result. An optimization needs to be done to determine the optimum termination.   
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APPENDIX  

In this appendix the “Grayzel JFET” is analyzed for the case where the odd-order 
harmonics are short-circuited, and the even-order harmonics are open-circuited and 
where for half of the cycle the “Grayzel JFET” is cutoff and for half of the cycle there 
is no depletion in the channel. The conductance G(t) is thus a square wave varying 
between zero and G0, where G0 is the conductance when there is no depletion region. 
The conductance is given by Eq. A1: 

G(t) = 0.5G0 + g(t) (A1)  

where g(t) is a square wave of magnitude G0 given by Eq. A2. 

g(t) = (2G0/π)( Cosθ - Cos(3θ)/3+ Cos(5θ)/5- Cos(7θ)/7 +…. ) 

= (2G0/π)Σ∞
k = 1 (-1)k-1 Cos((2k-1)θ) /(2k-1) (A2) 

where θ = 2πft = ωt, and f is the fundamental frequency of the square wave. 

The “Grayzel JFET” is terminated in an admittance Y(ω) which at the fundamental 
frequency is real and has a value GL= 1/RL. The value of Y(ω) is zero at the even 
harmonics and infinite at the odd harmonics of the fundamental frequency. The drain 
voltage therefore has only even harmonics and the drain current has only odd 
harmonics. The drain voltage, Vd(t) will have the form of Eq. A3:  

Vd(t) = V0 + v(t) (A3)  

where 

v(t) = V1 Cos(θ) + Σ∞
k = 1 (V2k)Cos(2kθ) (A4) 

Eq. A4 represents the voltage v(t) for the following reason. The value of the 
conductance of the channel is equal to G0 when -90° < θ < +90° and the channel is 
cutoff during the remainder of the cycle.  Current will therefore only flow when; -90° 
< θ < +90°. Since the current is equal to Vd (t)G(t), Vd(t) will have its maximum value 
centered at θ = 0° and will therefore be equal to the sum of cosines.  

The bias voltage V0 in Eq. A3 is the same for all of the p-n junctions, when the 
“GRAYZEL JFET” is biased as described in this paper. There will however, be a 
variation of the depletion region along the channel due to v(t). This variation will be 
small and is neglected in this analysis.  

The amplifier shown in Figure A1 where the FET is a “GRAYZEL JFET” will 
be analyzed with the aid of the circuit in Figure A2. Voltage v(t) appears across the RF 
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choke and across the load Y(ω) which is in series with blocking capacitor C. V0+v(t) 
appears across the nonlinear conductance G(t). The choke, which is in series with the 
DC battery, has voltage v(t) across it but negligible RF current flowing through it. Drain 
current Id (t) = I0 + i(t) is equal to the product G(t)Vd (t). Current i(t) flows in a loop 
through the termination Y(ω). DC voltage V0 appears across the blocking capacitor C. 

 

Figure A1.  A schematic of a  JFET amplifier. 

 

Figure A2.  The equivalent circuit of the JFET amplifier shown in Figure A1. 

The drain current is given by Eq. A5: 

Id(t) = Vd(t)G(t) = [V0 + v(t)][0.5G0 + g(t)]  

= 0.5V0G0 + V0g(t) + 0.5G0v(t)+v(t)g(t) (A5) 
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Eqs. A2, A4 and A5 yield for the terms in Eq. A5 

V0g(t) = V0(2G0/ π ) (Σ∞
k = 1 (-1)k-1 Cos((2k-1)θ) /(2k-1))                                                         

0.5G0v(t) = 0.5G0 ( V1 Cos(θ) + Σ∞
k = 1 V2kCos(2kθ)) (A5a)                                                

v(t)g(t) =(2G0/π) [ V1 Cos(θ) + Σ∞
k = 1V2kCos(2kθ)] [Σ∞

j = 1 (-1)j-1 Cos((2j-1)θ) /(2j-1)]                                  

The drain current can be written as the sum of the DC term, the odd harmonics, and 
the even harmonics:  

Id(t) = I0 + Σ∞
k = 1 (I2k – 1)Cos(2k – 1)θ + Σ∞

k = 1(I2k)Cos(2k)θ  (A6)  

Using the identity Cos(x)Cos(y) = 0.5[Cos(x + y) + Cos(x – y)], in Eq. A5a the even 
harmonics can be written as Eq. A7:  

I2k = G0{0.5V2k – (2V1/π)(-1)k / (4k2 – 1)} (A7) 

Since the current at the even harmonics is zero, it is possible to solve for voltage V2k 
by setting current I2k equal to zero in Eq. A7, yielding Eq. A8:  

V2k = (4/π)(V1)(-1)k /(4k2 – 1) (A8) 

Collecting the terms in Cos(θ) in Eq. A5, the value of the current at the fundamental 
frequency I1, is given by Eq. A9:   

I1 = G0[2V0/π + 0.5V1 -(2/π) Σ∞
k = 1 (-1)kV2k / (4k2-1)] (A9)  

Substituting Eq. (A8) into Eq. (A9) yields Eq. (A10):  

I1 = G0 [2V0/π+V1 {0.5 – (8/π2) Σ∞
k = 11/ (4k2-1)2}] (A10) 

The term [0.5 – (8/π2) Σ∞
k = 11/ (4k2-1)2 ]   was found to converge in the limit to (π/2)2 

as k approaches infinity. (This limit was first estimated and then verified by computer 
program.) Substituting (π/2)2 for [0.5 – (8/π2) Σ∞

k = 11/ (4k2-1)2] in Eq. A10 yields Eq. 
A11  

I1 = G0 [2V0/ π + (2/π)2V1]  (A11) 

At the fundamental frequency Y(ω) = GL and I1 = - (GL)(V1). Equating I1 as 
given by Eq. A11, to – (GL)(V1), yields Eq. A12. 

2G0V0/π + G0V1(2/π)2 = - GLV1 = - XG0V1 (A12)  
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where X= GL/G0 = 1/(G0RL). Solving Eq. A12 yields Eq. A13:   

V1 = - (2/π)V0 / (X+ (2/π)2) (A13)  

The DC current I0 is found from Eq. A5 to have two terms. The first term is 
0.5(G0)(V0) and the second DC term results from the product (2G0/π)Cosθ(V1Cosθ). 
The DC current is given by Eq. A14. 

I0= .5G0V0 + G0V1/π = 0.5G0V0[1 + (2/π)/(V1/V0)] (A14)  

Substituting Eq. A13 into Eq. A14 yields:  

I0 = 0.5G0V0X / (X+(2/π)2) (A15)  

The DC power is given by A16:  

P0 = I0V0 = 0.5G0V0
2X / (X+(2/π)2) (A16)  

The output power at the fundamental frequency, P1, is found by Eq. A17:  

P1 = 0.5GLV1
2 = .5GL[(2/π)V0 /(X+ (2/π)2)]2 (A17)   

The efficiency (EFF) is then: 

EFF = P1/P0 = (2/π)2 / [X+(2/π)2] (A18)  

Figure A3 is a plot of Eq. A18; the efficiency as a function of X.  
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Figure A3.  Efficiency as a function X for the “Grayzel JFET” as given by Eq. 18. 

 It can be seen from Eqs. A4, A8, and A13 that the drain voltage is proportional 
to V0. To determine the maximum output power the value of V0 at breakdown must be 
determined. Figure A4 shows a typical plot of the drain current over one cycle where 
V0.=1. The maximum voltage occurs at 180 degrees. Eq. A19 gives the value of the 
drain voltage at 180 degrees where, the voltages have been summed using Eqs. A4, A8, 
and A13. 

Vd180 = V0 {1 + [(2/π) / (X+ (2/π)2)]}( 1+4/π Σ∞
k = 1 (-1)k / (4k2-1)2 ) (A19) 

The p-n junctions are back biased by a voltage of Vd –Vg which must be less than the 
breakdown voltage Vb. At 180 degrees Vg = Vp and for an n-type JFET Vp  is negative. 
V0 must therefore satisfy the inequality given by Eq. A20. 

V0 < (Vb –|Vp| )/ Vd180 (A20) 
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Figure A4.  Typical plot of the drain voltage over a cycle where V0 is equal to one 

Vd180 is plotted as a function of X in Figure A5. Substituting the maximum value of V0 
given by Eq. A20 into Eq. A17 yields the maximum output power. 

 

Figure A5.  Vd180 as a function of X. 
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The case where the amplifier is terminated in an open circuit for even harmonics 
and a short circuit for odd harmonics gives good results; however, it is not necessarily 
an optimum termination. An analysis similar to that which was performed above but, 
where the amplifier is terminated in an impedance which presents an open circuit at odd 
harmonics and a short circuit at even harmonics gave a poorer result. Optimization is 
required to determine an optimum termination. 

 

 
 
 


