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Introduction

• Continuous Class F (CCF) design equations are defined at the
current-source reference plane (CRP).

• These equations do not consider the effect of the non-linear
output capacitance (𝐶𝑜𝑢𝑡).

• If conventional equations are used to design PA, the harmonic
tuning conditions are altered at the load reference plane (LRP).

iDS

CRP

iLRP

YCRPn

vDS

Cout(vDS)

YLRPn

iCout

YCoutn

LRP



4 WE3C-2

Introduction

• Based on the voltage waveform, the load at CRP sees is either

active or passive at second harmonic.

• This work

– Includes the non-linear 𝑪𝒐𝒖𝒕 in the design equations of CCF

– Analyze its impact on the loads.

– Analyze its impact on the performance of PA.
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Theory of Continuous Class F PA

• Voltage equation at CRP is

𝑣𝐷𝑆 𝜃 = 1 − 𝛼 𝑐𝑜𝑠 𝜃 2 1 + 𝛽 𝑐𝑜𝑠 𝜃 1 − 𝛾 𝑠𝑖𝑛 𝜃

▪ 𝑉𝑑𝑠1
′ =

𝑉𝑑𝑠1

𝑉𝑑𝑠0
= −

− 3𝛼2𝛽−8𝛼+4𝛽

2𝛼2−4𝛼𝛽+4
− 𝑗𝜸

1

2
+

2

2𝛼2−4𝛼𝛽+4

▪ 𝑉𝑑𝑠2
′ =

𝑉𝑑𝑠2

𝑉𝑑𝑠0
= −

2

𝛼2−2𝛼𝛽+2
− 1 − 𝑗𝜸

𝛼2𝛽−4𝛼+2𝛽

2𝛼2−4𝛼𝛽+4

▪ 𝑉𝑑𝑠3
′ =

𝑉𝑑𝑠3

𝑉𝑑𝑠0
=

𝛼2𝛽

2𝛼2−4𝛼𝛽+4
− 𝑗𝜸

1

2
−

2

2𝛼2−4𝛼𝛽+4

▪ 𝑉𝑑𝑠4
′ =

𝑉𝑑𝑠4

𝑉𝑑𝑠0
= −𝑗𝜸

𝛼2𝛽

4 𝛼2−2𝛼𝛽+2

• In CCF, 𝑍𝐶𝑅𝑃2 is at the edge of the Smith chart.

• 𝑅𝑒 𝑍𝐶𝑅𝑃2 =
𝑅𝑒 𝑉𝑑𝑠2

𝐼𝑑𝑠2
= 0 → 𝛽 = 𝛼/2 (or 𝛽 = 𝛼/𝛽1, where 𝛽1 = 2)
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Theory of Continuous Class F PA

• Maximum DE → Maximize 𝑅𝑒 𝑉𝑑𝑠1
′ with 𝛼

• 𝑉𝑑𝑠1
′ =

𝑉𝑑𝑠1

𝑉𝑑𝑠0
= −

− 3𝛼2𝛽−8𝛼+4𝛽

2𝛼2−4𝛼𝛽+4
− 𝑗𝜸

1

2
+

2

2𝛼2−4𝛼𝛽+4

• For 𝛽1 ≈ 2 → 𝛼 ≈
2 2𝜷𝟏−1

3

• 𝛽 = 𝛼/𝛽1 ≈
2 2𝜷𝟏−1

3𝜷𝟏

• Variables are 𝛾 and 𝛽1

• −1 ≤ 𝛾 ≤ 1

• 𝛾 > 1 → zero-crossing (negative) voltage waveforms
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Theory of Continuous Class F PA

• For 𝛽1 = 2, Conventional CCF

– 𝑍𝐶𝑅𝑃2 is at the edge of the Smith chart.

– DE=90.7%

• For 𝛽1 < 2, Extended CCF

– 𝑍𝐶𝑅𝑃2 is passive i.e., inside the Smith chart.

– Pout↓ and DE↓.

• For 𝛽1 > 2,

– 𝑍𝐶𝑅𝑃2 is active i.e., outside the Smith chart.

– Pout↑ and DE↑.
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Approach for Analysis

• General approach for design:
– LRP to CRP.

• Loads are enforced at LRP with OMN which presents a

particular load at CRP.
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• Conventional theory is defined at CRP.

• Our approach for analysis:
– CRP to LRP

• Enforce design conditions at CRP and observe its

impact at LRP using Non-linear embedding

model.
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Theory of CCF PA with Nonlinear Cout

• When the gate is short-circuited at harmonics 𝐶𝑜𝑢𝑡 = 𝐶𝑑𝑠 ∥ 𝐶𝑔𝑑

• Non-linear output 𝐶𝑜𝑢𝑡 can be modelled as,

𝐶𝑜𝑢𝑡 𝑣𝐷𝑆 𝜃 = 𝐶0 +
𝐴𝑐

2
1 − tanh 𝐾𝑐 𝑉𝑐 − 𝒗𝑫𝑺 𝜽

𝑣𝐷𝑆 𝜃 = 1 − 𝛼 cos 𝜃 2 1 + 𝛽 cos 𝜃 1 − 𝛾 sin 𝜃iDS
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Theory of CCF PA with Nonlinear Cout

• Current flowing through non-linear 𝐶𝑜𝑢𝑡

𝑖𝐶𝑜𝑢𝑡 𝜃 = 𝐶𝑜𝑢𝑡 𝑣𝐷𝑆 𝜃
𝑑𝑣𝐷𝑆 𝜃

𝑑𝜃

=
1

2
σ𝑛1=0
𝑁 𝑪𝒐𝒖𝒕𝒏𝟏𝑒

𝑗𝑛1𝜃 + 𝑪𝒐𝒖𝒕𝒏𝟏
∗ 𝑒−𝑗𝑛1𝜃

×
1

2
σ𝑛2=0
𝑁 𝑗𝑛2𝜃𝑽𝒅𝒔𝒏𝟐𝑒

𝑗𝑛2𝜃 − 𝑗𝑛2𝜃𝑉𝒅𝒔𝒏𝟐
∗ 𝑒−𝑗𝑛2𝜃

• Fundamental and second harmonic components of current
𝑖𝐶𝑜𝑢𝑡 are

𝐼𝐶𝑜𝑢𝑡1 = 𝑗𝜔0𝐶𝑜𝑢𝑡0𝑽𝒅𝒔𝟏 −
𝑗𝜔0𝐶𝑜𝑢𝑡2𝑽𝒅𝒔𝟏

∗

2
+

𝑗2𝜔0𝐶𝑜𝑢𝑡1
∗ 𝑽𝒅𝒔𝟐

2
…

𝐼𝐶𝑜𝑢𝑡2 =
𝑗𝜔0𝐶𝑜𝑢𝑡1𝑽𝒅𝒔𝟏

2
+ 𝑗2𝜔0𝐶𝑜𝑢𝑡0𝑽𝒅𝒔𝟐 −

𝑗𝜔0𝐶𝑜𝑢𝑡3𝑽𝒅𝒔𝟏
∗

2
…
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Theory of CCF PA with Nonlinear Cout

• 𝑌𝐿𝑅𝑃2 = 𝑌𝐶𝑅𝑃2 − 𝒀𝑪𝒐𝒖𝒕𝟐

• 𝑌𝐶𝑜𝑢𝑡2 =
𝐼𝐶𝑜𝑢𝑡2

𝑉𝑑𝑠2
≈

𝑗𝜔0𝑪𝒐𝒖𝒕𝟏

2

𝒌𝟏

ถ
.
𝑽𝒅𝒔𝟏

𝑽𝒅𝒔𝟐

𝒌𝟐

+ 𝑗2𝜔0𝐶𝑜𝑢𝑡0

• 𝑅𝑒 𝑌𝐶𝑜𝑢𝑡2 = 𝑅𝑒 𝑘1 ⋅ 𝑅𝑒 𝑘2 − 𝐼𝑚 𝑘1 ⋅ 𝐼𝑚 𝑘2

• 𝑘1 ∝ 𝐶𝑜𝑢𝑡1

• 𝐶𝑜𝑢𝑡 𝑣𝐷𝑆 𝜃 = 𝐶0 +
𝐴𝑐

2
1 − tanh 𝐾𝑐 𝑉𝑐 − 𝑣𝐷𝑆 𝜃

≈ 𝑝0 + 𝑝1𝑣𝐷𝑆 + 𝑝2𝑣𝐷𝑆
2 + 𝑝3𝑣𝐷𝑆

3

• 𝐶𝑜𝑢𝑡1 ≈ 𝑝1 + 2𝑝2𝑉𝑑𝑠0 + 3𝑝3𝑉𝑑𝑠0
2 × 𝑽𝒅𝒔𝟏
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Theory of CCF PA with Nonlinear Cout

• 𝑌𝐶𝑜𝑢𝑡2 ≈
𝑗𝜔0𝑪𝒐𝒖𝒕𝟏

2

𝒌𝟏

ถ
.
𝑽𝒅𝒔𝟏

𝑽𝒅𝒔𝟐

𝒌𝟐

+ 𝑗2𝜔0𝐶𝑜𝑢𝑡0

• 𝐼𝑚 𝑉𝑑𝑠1 depends on 𝛾

• sign of 𝐼𝑚 𝐶𝑜𝑢𝑡1 varies with 𝛾

• sign of 𝑅𝑒 𝑘1 varies with 𝛾.

• 𝐼𝑚 𝑉𝑑𝑠1 and 𝐼𝑚 𝑉𝑑𝑠2 depends on 𝛾

• sign of 𝐼𝑚 𝑘2 varies with 𝛾.
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• 𝑘1 ∝ 𝐶𝑜𝑢𝑡1 ∝ 𝑉𝑑𝑠1

• 𝑅𝑒 𝑌𝐶𝑜𝑢𝑡2
• positive for −1 ≤ 𝛾 < 0

• negative for 0 < 𝛾 ≤ 1

• 𝑌𝐶𝑜𝑢𝑡2
• passive for −1 ≤ 𝛾 < 0

• active for 0 < 𝛾 ≤ 1.
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Active and passive nature of LRP loads

• 𝑌𝐶𝑅𝑃2 = 𝑌𝐿𝑅𝑃2 + 𝑌𝐶𝑜𝑢𝑡2

• For −1 ≤ 𝛾 < 0

– 𝑌𝐶𝑜𝑢𝑡2 is passive

– 𝑌𝐿𝑅𝑃2 is active

• For 0 < 𝛾 ≤ 1

– 𝑌𝐶𝑜𝑢𝑡2 is active

– 𝑌𝐿𝑅𝑃2 is passive
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Performance at LRP
• The performance of PA at LRP will be different from CRP due to

non−linear 𝐶𝑜𝑢𝑡.

• 𝑃𝑜𝑢𝑡,𝐿𝑅𝑃 = 0.5Re 𝑉𝑑𝑠1 × − 𝐼𝑑𝑠1 + 𝑰𝑪𝒐𝒖𝒕𝟏
∗
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∗

𝑉𝐷𝐷𝐼𝑑𝑠0

• For −1 ≤ 𝛾 < 0

• Power conversion from 2𝑓0 to 𝑓0
• 𝑃𝑜𝑢𝑡↑ and DE↑ at LRP compared to CRP.

• For 0 < 𝛾 ≤ 1

• Power conversion from 𝑓0 to 2𝑓0
• 𝑃𝑜𝑢𝑡↓ and DE↓ at LRP compared to CRP.
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Design Methodology

YCRP2

YCRP1

YLRP1

YLRP2

γ=-1

γ=1

γ=1

γ=-1
γ=0

γ=1

γ=-1

• For −1 ≤ 𝛾 < 0
– 𝑃𝑜𝑢𝑡↑ and DE↑ at LRP 

– 𝑌𝐿𝑅𝑃2 is active

– can’t achieve with passive OMN

– 𝛽1 = 2 is not optimum

• For 0 < 𝛾 ≤ 1
– 𝑌𝐿𝑅𝑃2 is passive i.e., inside the Smith chart 

– can be pushed to edge of Smith chart to increase DE at LRP 

– other values of 𝛽1 should be explored

• 𝛾 and 𝛽1 should be carefully mapped to achieve optimum 𝑌𝐿𝑅𝑃2 for 
best DE at LRP.
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Design Methodology

• 𝛾 and 𝛽1 are simultaneously varied

• Best 𝐷𝐸𝐿𝑅𝑃 with passive matching

– 𝛤𝐿𝑅𝑃2 = 1 i.e., 𝑌𝐿𝑅𝑃2 at edge of Smith chart.

• For −1 ≤ 𝛾 < 0 →

– 𝛤𝐿𝑅𝑃2 = 1 corresponds to 𝛽1 < 2

– 𝐷𝐸𝐿𝑅𝑃 > 90.7%

• For 0 < 𝛾 ≤ 1

– 𝛤𝐿𝑅𝑃2 = 1 corresponds to 𝛽1 > 2

– 𝐷𝐸𝐿𝑅𝑃 < 90.7%
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Design Methodology

• 𝛾 is mapped to 𝛽1 ∈ 𝛤𝐿𝑅𝑃2 = 1

• For −1 ≤ 𝛾 < 0

– 𝛤𝐿𝑅𝑃2 = 1 ∈ 𝛽1 < 2

– 𝑍𝐶𝑅𝑃2 is passive i.e., 𝐷𝐸𝐶𝑅𝑃 < 90.7%

– 𝐷𝐸𝐿𝑅𝑃 > 90.7% due to non-linear 𝐶𝑜𝑢𝑡.

• For 0 < 𝛾 ≤ 1

– 𝛤𝐿𝑅𝑃2 = 1 ∈ 𝛽1 > 2

– 𝑍𝐶𝑅𝑃2 is active i.e., 𝐷𝐸𝐶𝑅𝑃 > 90.7%

– 𝐷𝐸𝐿𝑅𝑃 has improved from 𝛽1 = 2 case.
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Experimental Validation

• Loads for 𝛽1 > 2 and 0.5 ≤ 𝛾 ≤ 1 → 1.6 to 2.3 GHz

• Active 𝑍𝐶𝑅𝑃2 with passive matching network.
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Conclusions

• Non-linear 𝐶𝑜𝑢𝑡 impacts the performance of CCF PA.

• Based on the CCF voltage, power conversion takes place from

2𝑓0 to 𝑓0 , and vice-versa.

• Efficiency higher than conventional CCF can be achieved by

wisely mapping 𝛾 and 𝛽1.

• An active 2𝑓0 load can be achieved at CRP with passive OMN.
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Thank You


