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Summary

CMOS technology is one of the feasible solutions to meet the world’s growing de-
mand for high data rates because it offers the prospect of SoC at a low cost. But,
the PA forms the major bottleneck in making SoC because the PAs in high data rate
wireless communication systems have the requirement of high-efficiency and good
linearity even at backed-off power levels. Currently, PAs are mostly of classes A
and B. Both of these are linear, but their peak efficiencies are only 50% and 78%
respectively.

This thesis focuses on implementing Continuous Class F (CCF) PA for WiFi
802.11n over the bandwidth 2.1 - 2.7 GHz, which meets the requirement of high-
efficiency and good linearity even at backed-off power levels. The CCF PA over-
comes Class F’s disadvantage of limited bandwidth as well as maintains peak effi-
ciency of 90.7%1 over the entire bandwidth. The designed PA has four main blocks:
the driver, inter-stage matching, output network, and output stage. The procedure
to implement each of these blocks is explained extensively in chapters 3, 4, 5, and
6. The layout of the chip is carried out in TSMC 40 nm, and the chip size is 1.4𝑚𝑚ኼ.
From post layout simulations, the CCF PA has a maximum efficiency of 30% and
EVM of -25 dB at 3 dB back-off across the bandwidth 2.1 - 2.7 GHz. The tapeout
of the chip is planned in March 2021. Later, the chip can be tested, and simulation
results shall be validated. To the best knowledge of the author, this is the first CCF
chip at 2.4 GHz band.

1when 3 harmonics in voltage are considered
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1
Introduction

In today’s scenario, there is a growing demand for high-speed transmissions at
low cost in the area of Wireless Local Area Networks (WLANs) and home audio-
visual networks. So, wireless communication systems like Wireless Fidelity (WiFi)
are undergoing a brisk growth to fulfill this requirement. Every wireless communi-
cation system consists of a radio frequency (RF) transmitter and receiver. An RF
transmitter comprises functional blocks such as digital to analog converter (DAC),
an up-conversion mixer, an oscillator, a power amplifier (PA), and a bandpass filter
(BPF) (refer Figure 1.1). Among all these blocks, the PA is the most vital and crucial
module because its performance considerably influences the overall performance of
the RF transmitter. Moreover, PA is the most power-hungry component, as well as
the linearity limiting block in the RF transmitter. The basic functional requirement
of PAs is to amplify the input signal to the required output power so that the signal
propagates the desired distance to reach the receiver.

Figure 1.1: Basic block diagram of radio frequency (RF) transmitter [1]

1
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The advancements in complementary metal–oxide semiconductor (CMOS) tech-
nology has helped wireless communication systems significantly to achieve high
data rates at low cost. CMOS technology is advantageous compared to other tech-
nologies like gallium arsenide (GaAs) and gallium nitride (GaN), because it oper-
ates at a lower power supply, thus reducing power dissipation in the circuit and
also lower fabrication cost. Moreover, CMOS also offers the prospect of integrating
RF/digital/analog functions on a single chip at a lower cost. Thus, leading to a
highly integrated system on chip (SoC) which is of high demand these days.

However, CMOS PAs are a major roadblock in these efforts to create highly
integrated SoC, due to both the low breakdown voltage of the transistor and lossy
substrate. The PAs developed especially for high data rate wireless communication
systems are required to have high efficiency and good linearity even at the backed-
off power levels to efficiently amplify a multiplexing signal with a high peak-to-
average power ratio.

Besides the roadblocks, the CMOS PA is a promising candidate for contemporary
wireless devices to satisfy these demands and enable it to create highly integrated
SoC. So at present, the research is focused on making the CMOS PA operate at
lower power while generating a relatively high output power with high efficiency
and good linearity even at backed-off power [1] [2].

Therefore, this thesis is focused on designing a CMOS PA for a specific applica-
tion WiFi 802.11n (LBPA_11n) using TSMC 22 nm ULL1. Firstly, in this chapter,
an overview of existing classes of PAs and their advantages and disadvantages are
discussed briefly. Further, this chapter summarizes the project specifications for the
WiFi 802.11n application and consequently the problem statement. This is fol-
lowed by the section which discusses PA architecture in detail. Finally, the chapter
elucidates the division of the thesis report.

1.1. Types of power amplifiers
PAs can be classified into 3 types based on the operation of the transistor. The
fourth category, mixed mode PAs are a combination of 2 classes of PAs.

• Transistor operated as a dependent current source;

• Transistor operated as a switch;

• Transistor operated in over-driven mode (partially as a dependent source and
partially as a switch);

• Mixed mode PAs. [3].

1.1.1. Transistor operated as a dependent current source
In Class A, B, AB, and C, the transistor is operated as a dependent current source.
This type of operation is suitable for linear PAs. The difference between these
classes lies in the biasing point and conduction angle. This is shown in Table 1.1.
1Since the tapeout in TSMC 22 nm ULL was canceled by CATENA MICROELECTRONICS B.V., the design
was ported to TSMC 40 nm, so that tapeout could happen through TU Delft in March 2021
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Class A Class AB Class B Class C

Conduction angle 360∘ 180∘ − 360∘ 180∘ <180∘

Drain efficiency (𝜂ፃ) <50% <78% <78% <100%

Gain Maximum by matching Moderate Poor Poor

Linearity Good Moderate Poor Poor

Table 1.1: Conduction angle, peak drain efficiency, gain and linearity of Class A,
AB, B and C PAs

1.1.2. Transistor operated as a switch
The main motivation to use the transistors as switches is to achieve high drain
efficiency (𝜂ፃ). When the transistor conducts a high drain current 𝐼ፃ, the drain-to-
source voltage 𝑉ፃፒ is low. Thus, resulting in low power loss.

1. Class D [3]

• There are 2 types in Class D: Voltage Mode (VM) and Current Mode (CM);
• CM eliminates switching losses due to the device output shunt capaci-
tance;

• VM has low voltage stress since the voltage across each transistor is
equal to supply voltage;

• Peak factor of 1 and 3.14 for VM and CM respectively;
• Less switching power dissipation from the transistors in VM mode;

2. Class E (ZVS and ZCS) [3]

• There are 2 types in Class E: Zero Voltage Switching (ZVS) and Zero
Current Switching (ZCS)

• In ZVS, the transistor turns on at zero voltage, and the transistor may
turn on at zero derivatives. The transistor output capacitance, the choke
parasitic capacitance, and the stray capacitance are absorbed into the
shunt capacitance C;

• In ZCS, the transistor turns off at zero current, reducing turn-off switch-
ing loss to zero. Even if, the transistor switching time is an appreciable
fraction of the cycle of the operating frequency;

• Class E has a simple load network;

• Switching speed is limited only by the active device if optimum parame-
ters of the load network are set.
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• Peak factor is 3.6 times 𝑉ፃፃ. Thus, creating an issue in the breakdown
voltage.

• Class-E operation is based on the elimination of the current–voltage over-
lap region at the device turn-on transient, but it does not provide any
solution for the large overlap region at the device turn-off;

• Disadvantages of ZCS is that output capacitance is not absorbed, turn
on power loss, and lower efficiency.

Class D and E have very high efficiency (ideally 100%) but linearity is poor. It is
useful for constant envelope signals.

1.1.3. Transistor operated in overdriven mode
There are 2 types of PAs when the transistor is operated in overdriven mode:

1. Class F and Inverse Class F

• Efficiency is 100% and linearity is better than switching PAs;

• Complex circuit due to different harmonic termination;

• Switching speed limited by active devices and number of the controlled
harmonic components composing the collector voltage and current wave-
forms.

Table 1.2 shows the main differences between Class F and Inverse Class F.

Class F Inverse Class F
Odd harmonics are open and
even harmonics are short

Odd harmonics are short and
even harmonics are open

Maximum drain voltage is 2𝑉ፃፂ Maximum drain voltage is 𝜋𝑉ፃፂ
Current in the transistor
goes up to 𝜋𝐼ፃፂ

Current in the transistor goes
up to 2𝐼ፃፂ[4]

The active device is biased
near the cut off region

Active device is biased at half
the maximum expected current

DC current and the output
optimum load depends on
the input power

Irrespective the input power value,
the DC current and the output
load optimum value remains constant

AM/AM response has a gain
expansion and then compression

Double compression in
AM/AM response [5]

Table 1.2: Main differences between Class F and Inverse Class F
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2. Class J/J* [6]

• Uses reactive loading for fundamental and second harmonic, namely

𝑍ፅ፮፧፝Ꮍፉ = 𝑅ፅ፮፧፝Ꮍፁ(1 ± 𝑗), 𝑍ፒ፞፜Ꮍፉ = ∓𝑗
3𝜋
8 𝑅ፅ፮፧፝Ꮍፁ (1.1)

with 𝑅ፅ፮፧፝Ꮍፁ =
ኼፕᐻᐻ
ፈᑡᑖᑒᑜ

;

• In Class J, it is inductive fundamental loading where in Class J*, it is
capacitive fundamental loading;

• All higher harmonic are shorted;
• Voltage swing of 2√2𝑉ፃፒ on the active device;
• Exactly the same efficiency as Class B;
• Since Class J PAs don’t require harmonic resonators to achieve the max-
imum efficiency, there is a potential for increasing PA efficiency band-
width compared with other linear amplifiers [7].

1.1.4. Mixed mode power amplifier
Mixed Mode PA comprises of 2 classes of PA. This is done to overcome limitations
in one of the classes.

1. Class DE [3] [8]

• Use dead time to reduce power losses and extend to higher operating
frequency than Class D;

• Operating frequency lower than Class E;
• It is switching class so linearity is poor.

2. Class E/F [8]

• Uses Class E and Inverse Class F;
• Lower peak factor than both the classes;
• Higher operating frequency than Class E as it can tolerate more shunt
capacitor;

• It is switching class so linearity is poor.

3. Bi-harmonic EM Class [8]

• Degradation in the efficiency of Class E at a higher frequency. This is
due to the increased switching power losses with increasing values of
the turn-off switching time;

• Allow power flow in the system at two or more harmonically related
frequencies;

• It needs 2 amplifiers.
• Less input drive since it can tolerate slower switching time.
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1.2. Project specification forWiFi 802.11n (LBPA_11n)

Application WiFi 802.11n (LBPA_11n)
Average 𝑃OUT @-30 dB EVM >16.5 dBm
Error vector magnitude (EVM) <-30 dB

Operating band
2.4 - 2.5

But targeted bandwidth is from 2.1 - 2.7
GHz (25%) so as to cover LTE band

GHz

Channel bandwidth (max) 40 MHz
Peak power >25 dBm

Output 1dB compression point >22 dBm
Voltage gain 20 - 25 dB
Supply voltage 2.7 V
Technology TSMC 22 nm-ULL

Table 1.3: Specifications for the project

Table 1.3 shows specifications that the PA has to meet in order to be used in appli-
cation WiFi 802.11n (LBPA_11n). The bandwidth is chosen from 2.1 - 2.7 GHz
so that PA can be used for WiFi 802.11n, as well as LTE. Thus, making it a mul-
tipurpose PA. Since the project was carried out in collaboration with the company
CATENA MICROELECTRONICS B.V., it was planned to design this PA such that it can
be directly inserted into their existing WiFi chip. Owing to the previous decision, the
concepts like Predistortion, Envelope Elimination and Restoration, Envelope Track-
ing, Doherty and Out-phasing [9] which are used to improve linearity and efficiency
were not considered in this design as it will require a significant change in the WiFi
chip.

1.3. Problem statement
The problem statement is very well defined and straight forward in this thesis. It is
to design a fully CMOS PA in TSMC 22 nm ULL with a supply voltage of 2.7 V which
meets linearity requirement for WiFi 802.11n, as well as be energy efficient for
the bandwidth of 2.1 - 2.7 GHz.

1.4. Class F
Based on the PAs discussed in section 1.1 and project statement presented in sec-
tion 1.3, the Class F PA is the best choice to obtain high efficiency with good linearity
which is the main requirement of the problem statement. The main motivation for
this decision was that Class F has a higher efficiency (90.7% when three harmonics
are considered which is shown in Table 1.4) than Classes A, B, AB, and J/J*. It has
better linearity than Class C and switching PAs because the transistor can be biased
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in Class B region. Moreover, linearity improvement techniques like Predistortion
can’t be used. In Class F, higher harmonics are used to shape waveform such that
overlap between current and voltage is lower. In addition, Class F has a lower peak
factor than Inverse Class F. Thus, Class F PA has been chosen for the application
of WiFi 802.11n with the targeted bandwidth.

Number of harmonics in current

(m)

Number of harmonics in voltage

used in the matching network (n)

n = 1 n = 3 n = 5 n = ∞
1 0.5 0.5774 0.6033 0.637

2 0.7071 0.8165 0.8532 0.9003

4 0.7497 0.8656 0.9045 0.9545

∞ 0.785 0.9069 0.9477 1

Table 1.4: Maximum efficiency capability of Class F PA [10]

From Table 1.4, it is seen that with n = 3 and m = ∞, efficiency of 90.7% can be
reached. Using higher harmonics in n doesn’t increase efficiency much (For eg. for
n = 5, efficiency increases only by 4%). Moreover, using higher harmonic increases
the complexity of circuit and component losses which in turn reduces efficiency. So
it is better to use up to 3፫፝ harmonic in the voltage waveform.

Generalized drain source (𝑉ፃፒ) voltage containing all frequencies up to third
harmonic [11] is given by:

𝑉ፃፒ = 1 −
2
√3

cos𝜃 + 1
3√3

cos 3𝜃 (1.2)

Drain current (𝐼ፃፒ) which is half sine wave is given by

𝐼ፃፒ =
1
𝜋 +

1
2 cos𝜃 +

2
3𝜋 cos 2𝜃 −

2
15𝜋 cos 4𝜃 (1.3)

𝐼ፃፒ has its peak at 0∘. It is shifted by 90∘. Load impedance at fundamental, second
and third harmonic bands

𝑍ኻ፟ =
4
√3

𝑍ኼ፟ = 0
𝑍ኽ፟ = ∞

(1.4)

In Figure 1.2, amplitude is normalised to 𝑉ፃፃ. It is seen from Figure 1.2 that peak
factor is 2.

Class F PAs can operate with an efficiency of 90.7% when considering up to
third harmonic but are limited to narrow bandwidths (typically 10%) due to the



1

8 1. Introduction

stringent requirement of short and open circuit harmonic terminations. But the
bandwidth requirement here is around 25%. So, the continuous mode concept has
been introduced and illustrated to overcome the bandwidth limitation [12]. This is
explained in detail in chapter 2.

Figure 1.2: Voltage (V) and current (I) waveform for Class F PA

1.5. Power amplifier architecture
The architecture of PA is shown in the Figure 1.3.

Figure 1.3: Architecture of designed PA

It was decided to have a push-pull (differential) PA compared to single-ended
PA due to the following reasons:

• The common-mode noise and the substrate coupling is reduced since the
current is discharged to the ground twice per cycle. Also, the interference
problem is reduced since the substrate noise component is removed twice in
the circuit;

• Output power was doubled compared to a single-ended configuration, and
the optimum load was also reduced. The matching losses were consequently
reduced;
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• The transistor size and the current flowing through it can be reduced by using
a differential configuration. Since the drain output voltage can be spread
over both transistors, nearly twice the supply voltage can be handled without
having issues in breakdown voltage [1];

• Second-order nonlinearities are reduced. If a differential circuit is balanced,
then ideally, no even order nonlinearities are present and no even order har-
monic and intermodulation products are generated [13].

Push-pull PAs also have a few disadvantages. One main disadvantage is that the
circuit needs to be analyzed in common mode separately for stability issues unlike
single ended circuits. Also, push-pull PAs have more complex circuitry compared
to single-ended ones [1]. Since the advantages are more, it was chosen to have
push-pull PA.

1.6. Division of thesis report
The thesis report consists of 10 chapters in total including introduction. The chap-
ter 2 explains in detail about the concept and critical details of Continuous Class F
(CCF). The chapters 3, 4, 5 and 6 explains the step by step process to design the
output network, output stage, driver and inter-stage matching which all together
forms the PA cell. The chapter 7 shows the results of the PA with schematics.
The chip layout and post-layout results are reviewed in chapter 8 and 9. Finally,
chapter 10 shows the future work.
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2
Continuous Class F

This chapter illustrates the theoretical concept of Continuous Class F (CCF) and
equations governing it. It further describes the different variants existing in CCF
based on the termination of fundamental (𝑍ኻ፟) and second harmonic (𝑍ኼ፟) impedance.
Lastly, the chapter also explains which variant is the best candidate for the design
of fully CMOS differential PA targeted for the specifications of the WiFi 802.11n
application.

2.1. Continuous Class F
Generalized drain source voltage (𝑉ፃፒ) containing all frequencies up to fourth har-
monic [1] is given by:

𝑉ፃፒ = (1 − 𝛼 cos𝜃)ኼ(1 + 𝛽 cos𝜃)(1 − 𝛾 sin𝜃) (2.1)

where 𝜃 is the conduction angle. Variables 𝛼, 𝛽, and 𝛾 will be solved in this section.
On expanding the above equation,

𝑉ፃፒ = (1 +
𝛼ኼ
2 − 𝛼𝛽) − (2𝛼 − 𝛽 − 34𝛼

ኼ𝛽) cos𝜃 + 𝛾 (𝛼𝛽2 − 1 − 𝛼
ኼ

4 ) sin𝜃−

(𝛼𝛽 − 𝛼
ኼ

2 ) cos 2𝜃 + 𝛾 (𝛼 −
𝛽
2 −

𝛼ኼ𝛽
4 ) sin 2𝜃 − (𝛼

ኼ𝛽
4 ) cos 3𝜃+

𝛾 (𝛼𝛽2 − 𝛼
ኼ

4 ) sin 3𝜃 −
𝛼ኼ𝛽𝛾
8 sin 4𝜃

(2.2)

Second harmonic impedance must be kept reactive (real part = 0) to achieve the
maximum drain efficiency (𝜂ፃ):

⟹ 𝛽 = 𝛼/2

11
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Then, differentiate voltage amplitude of fundamental to find its maximum peak

⟹ 𝛼 = 2
√3

Now, 𝑉ፃፒ after substitution is shown below:

𝑉ፃፒ = 1⏟
DC
− 2
√3

cos𝜃 − 𝛾 sin𝜃
⏝⎵⎵⎵⎵⎵⏟⎵⎵⎵⎵⎵⏝

Fundamental

+ 7𝛾
6√3

sin 2𝜃
⏝⎵⎵⎵⏟⎵⎵⎵⏝
Second harmonic

+ 1
3√3

cos 3𝜃
⏝⎵⎵⎵⏟⎵⎵⎵⏝
Third harmonic

(2.3)

Drain current (𝐼ፃ) is a half sinusoid which is similar to Class F and is given by:

𝐼ፃ =
1
𝜋⏟
DC

+ 1
2 cos𝜃⏝⎵⏟⎵⏝

Fundamental

+ 2
3𝜋 cos 2𝜃⏝⎵⎵⏟⎵⎵⏝

Second harmonic

− 2
15𝜋 cos 4𝜃⏝⎵⎵⎵⏟⎵⎵⎵⏝
Fourth harmonic

(2.4)

It is clearly seen that 𝑉ፃፒ and 𝐼ፃ are chosen in such a way that no power is dissipated
at higher harmonics [2].

2.1.1. Drain efficiency of Continuous Class F
DC power:

𝑃ፃፂ = 1 ∗
1
𝜋 =

1
𝜋 (2.5)

Fundamental power:

𝑃ፅፔፍፃ =
1
2 (

2
√3
)(12) =

1
2√3

(2.6)

Power dissipated in device:

𝑃DEV =
1
2𝜋 ∫

ኼ᎝

ኺ
𝑉ፃፒ𝐼ፃ =

1
2𝜋 (

1
𝜋 ∗ 2𝜋 −

2
√3

∗ 12 ∗ ∫
ኼ᎝

ኺ

1 + cos 2𝜃
2 ) = 1

𝜋 −
1
2√3

(2.7)

All terms comprising of cos𝑛𝜃 and sin𝑚𝜃 (where n = 1, 2, 3, 4 and m = 1, 2) will
evaluate to 0 under the integral 0 to 2𝜋 except cosኼ 𝜃.
Drain efficiency (𝜂ፃ):

𝜂ፃ =
𝑃ፅፔፍፃ
𝑃ፃፂ

= 𝜋
2√3

= 90.7 % (2.8)

From Equation 2.8, it is seen that 𝛾 doesn’t affect 𝜂ፃ mathematically. But voltage
waveform’s shape (peak factor) depends on 𝛾 which is shown in Figure 2.1. But
in reality, 𝐼ፃ depends on 𝑉ፃፒ, so 𝜂ፃ will have an impact with respect to 𝛾. This
is shown in Figure 2 in [3] which is a device simulation. Thus, 𝜂ፃ reduces as 𝛾
increases in a practical scenario.
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Figure 2.1: 𝑉ፃፒ and 𝐼ፃ waveform for CCF with -1.5 < 𝛾 < 1.5

From Figure 2.1, it is seen that at 𝛾 = 0, waveform is identical to Class F. Also,
𝑉ፃፒ remains positive for the range −1 < 𝛾 < 1. It is necessary to keep 𝑉ፃፒ positive
so that it doesn’t perform as switching PA and has a good linearity. Figure 2.1
indicates that peak factor increases if 𝛾 ≠ 0 and reaches a value of 3.12 times
supply (𝑉ፃፃ) when 𝛾 = -1 or 1.

Figure 2.2: Device power (𝑃ፃፄፕ) for CCF with 𝛾 = -1, 0 ,1

From the Figure 2.2, it is evident that power consumed by transistor, 𝑃ፃፄፕ (area
under the curve) is constant for 𝛾 = -1, 0, 1. Thus, proving that 𝜂ፃ in CCF is
independent of 𝛾.
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From Equation 2.3 and 2.4, load impedance at fundamental (𝑍ኻ፟), second (𝑍ኼ፟)
and third harmonic (𝑍ኽ፟) bands are [4]

𝑍ኻ፟ =
4
√3

+ 𝑗2𝛾 = 2
√3
𝑅ፂፂፅ + 𝑗𝑅ፂፂፅ𝛾

𝑍ኼ፟ = 0 − 𝑗
𝜋
2
7√3
6 𝛾 = 0 − 𝑗𝜋2𝑅ፂፂፅ𝛾

𝑍ኽ፟ = ∞

(2.9)

In Equation 2.9, ዁√(ኽ)ዀ = 2.02 and 𝑅ፂፂፅ can be assumed as 2.
In CCF, 𝑍ኽ፟ remains open-circuited similar to Class F. Meanwhile, 𝑍ኻ፟ and 𝑍ኼ፟ has

a reactive part, unlike Class F. From the Figure 2.3, it is observed that if the reactive
part of 𝑍ኻ፟ decreases, then the reactive part of 𝑍ኼ፟ increases. Thus, showing that
the reactive part of 𝑍ኻ፟ is inversely proportional to the reactive part of 𝑍ኼ፟.

Figure 2.3: Fundamental reactive impedance (X1) and second harmonic reactive
impedance (X2) normalized to fundamental real impedance (R1) as a function of 𝛾

Figure 2.4 explains that

• 𝑍ኻ፟ is on constant resistance circle. Reactive part of 𝑍ኻ፟ changes from induc-
tive to capacitive as 𝛾 increases;

• 𝑍ኼ፟ is on edge of the smith chart. Thus, confirming that it has only a reactive
part. Also, reactive changes from capacitive to inductive as 𝛾 increases;

• 𝑍ኽ፟ is open-circuited.

The key point in this new PA mode lies in varying the reactive part of the 𝑍ኻ፟ and
𝑍ኼ፟ in accordance with Equation 2.9. By doing so, voltage waveform can be main-
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tained above zero and also maintain a constant high-efficiency state and maximum
output power.

This set of viable loads gives a new design space which increases flexibility in
PA design. The most important observation to highlight is that PA designers don’t
necessarily need to provide a short-circuit at 𝑍ኼ፟, but have a choice of a significantly
wider design space over which maximum 𝜂ፃ is maintained. Thus, helping to operate
in a wider bandwidth [2].

Figure 2.4: Smith chart showing variation of 𝑍ኻ፟, 𝑍ኼ፟, 𝑍ኽ፟ for -1 < 𝛾 < 1

2.2. Extended Continuous Class F
Drain source voltage (𝑉ፃፒ) in Equation 2.1 is

𝑉ፃፒ = (1 − 𝛼 cos𝜃)ኼ(1 + 𝛽 cos𝜃)(1 − 𝛾 sin𝜃)

In Extended Continuous Class F (ECCF), 𝛼 and 𝛽 are also varied instead of choosing
𝛼 = ኼ

√ኽ and 𝛽 =
ᎎ
ኼ . This gives us a larger design space while designing CCF.

There are 2 cases:

• If 𝛽 = ᎎ
ኼ , then the 𝑍ኼ፟ will be on edge of the smith chart;

• If 𝛽 > ᎎ
ኼ , then the 𝑍ኼ፟ will move into the smith chart.

2.2.1. Drain efficiency of Extended Continuous Class F
Similar to subsection 2.1.1, 𝜂ፃ of ECCF is calculated from 𝑉ፃፒ (Equation 2.2) and 𝐼ፃ
(Equation 2.4).
DC power:

𝑃ፃፂ =
1
𝜋 (1 +

𝛼ኼ
2 − 𝛼𝛽) (2.10)
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Fundamental power:

𝑃ፅፔፍፃ =
1
2 (𝛽 − 2𝛼 +

3𝛼ኼ𝛽
4 ) (2.11)

Drain efficiency (𝜂ፃ):

𝜂ፃ =
𝑃ፅፔፍፃ
𝑃ፃፂ

=
ኻ
ኼ (𝛽 − 2𝛼 +

ኽᎎᎴᎏ
ኾ )

ኻ
᎝ (1 +

ᎎᎴ
ኼ − 𝛼𝛽)

(2.12)

From Equation 2.12, it is seen that 𝜂ፃ depends on 𝛼 and 𝛽. The section 2.1 shows
CCF which delivers the maximum 𝜂ፃ because the value of 𝛼 =

ኼ
√ኽ was chosen in

order to represent the standard Class F condition, having an 𝜂ፃ of 90.7%. In ECCF,
by varying 𝛼, 𝛽 and 𝛾, 𝜂ፃ (for example greater than 75%) can be maintained over
a wider design space than CCF explained in section 2.1.

2.2.2. Extended Continuous Class-F with second harmonic
impedance on the edge of the smith chart (𝛽 = ᎎ

ኼ )
In order to avoid that 𝑉ፃፒ waveform drop below 0, for 𝛽 = ᎎ

ኼ , the below conditions
must be achieved:

− 2 ≤ 𝛼 ≤ 2, 𝛼 ≠ 0
− 1 ≤ 𝛾 ≤ 1 (2.13)

The range of 𝛼 and 𝛽 shown in Equation 2.13 will be smaller taking into account
different values of 𝛽.

Figure 2.5: 𝑉ፃፒ and 𝐼ፃ waveform for ECCF with 0.75 < 𝛼 < 1.5, 𝛽 = 𝛼/2 and 𝛾 =
0
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From Figure 2.5, we can see that with increasing values of 𝛼, bigger “troughs”
are formed in the 𝑉ፃፒ waveform. This means lower fundamental voltage which
directly leads to a lower 𝜂ፃ.

Figure 2.6: Smith chart showing variation of 𝑍ኻ፟, 𝑍ኼ፟ and 𝑍ኽ፟ for 0.75 < 𝛼 < 1.25,
𝛽 = ᎎ

ኼ and -1 < 𝛾 < 1

Figure 2.7: Drain efficiency (𝜂ፃ) and 𝑃OUT for constant 𝛽 = 𝛼/2 and 𝛾 = 0 as a
function of 𝛼, where 0.75 < 𝛼 < 1.5

Assuming a constant value of 𝛽 = ᎎ
ኼ and varying the 𝛼 and 𝛾 shows that the 𝑍ኼ፟

still varies on the edge of the smith chart, while the 𝑍ኻ፟ varies both in magnitude
and phase as shown in Figure 2.6. For 0.75 < 𝛼 < 1.5, efficiencies are above 75%
which is shown in Figure 2.7. In Figure 2.7, the highest 𝜂ፃ is achieved for 𝛼 =

ኼ
√ኽ ,
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which is the Class F condition. But there exists a larger design space from which
a range of 𝑍ኻ፟ can be chosen, which still provides efficiencies greater than 75%.
Those theoretical values of output power (𝑃OUT) and 𝜂ፃ remain constant over the
range of -1 < 𝛾 < 1.

𝑉ፃፒ waveform can be maintained above 0, if the parameter 𝛼 satisfy criteria
specified in Equation 2.13. But, to maintain 𝜂ፃ greater than the specified value (for
example 75%), the range of 𝛼 has to be further reduced which is shown below.

0.75 ≤ 𝛼 ≤ 1.5

2.2.3. Extended Continuous Class-F with second harmonic
impedance inside the smith chart (𝛽 > ᎎ

ኼ )
In this case, 𝛽 is not restricted to 𝛽 = ᎎ

ኼ as in the previous section. These conditions
deliver a larger range of design space which provides 𝜂ፃ greater than 75%.

𝛽 = 𝛼/2 𝛽 = 𝛼/1.9 𝛽 = 𝛼/1.8 𝛽 = 𝛼/1.7 𝛽 = 𝛼/1.6 𝛽 = 𝛼/1.5 𝛽 = 𝛼/1.4
0.75<𝛼<1.5 0.75<𝛼<1.45 0.8<𝛼<1.45 0.8<𝛼<1.35 0.85<𝛼<1.3 0.9<𝛼<1.2 𝛼=1.05
-1<𝛾<1 -1<𝛾<1 -1<𝛾<1 -0.9<𝛾<0.9 -0.5<𝛾<0.5 -0.2<𝛾<0.2 𝛾=0

Table 2.1: Design space for which the 𝑉ፃፒ is positive and the drain efficiency (𝜂ፃ)
is greater than 75% [2]

Table 2.1 shows a span of 𝛼 and 𝛾 values which gives a non-zero crossing 𝑉ፃፒ
waveform and a minimum 𝜂ፃ of 75%. It is seen that as 𝛽 increases, the range of
𝛼 and 𝛾 to achieve non-zero 𝑉ፃፒ waveform and 𝜂ፃ of 75% reduces.

Figure 2.8: 𝑉ፃፒ and 𝐼ፃ waveforms for constant 𝛽 = 𝛼/1.6 and 𝛾 = 0 as a function
of 𝛼, where 0.75 < 𝛼 < 1.5
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Figure 2.8 shows that with an increasing value of 𝛼, bigger troughs are formed
in the 𝑉ፃፒ waveforms which leads to lower 𝜂ፃ.

Figure 2.9: Smith chart showing variation of 𝑍ኻ፟, 𝑍ኼ፟ and 𝑍ኽ፟ for 𝛽 = 𝛼/1.9 when
varying 0.75 < 𝛼 < 1.45 and -1 < 𝛾 < 1

Figure 2.9 shows load impedance for -1 < 𝛾 < 1 and 0.75 < 𝛼 < 1.45 and it
confirms that

• 𝑍ኻ፟ is not on constant resistance circle anymore;

• 𝑍ኼ፟ is inside the smith chart which validates it has a real part too. It is also
seen that as 𝛼 increases, 𝑍ኼ፟ moves inside. Thus, increasing real part of 𝑍ኼ፟;

• 𝑍ኽ፟ is open-circuited.

From Figure 2.9, it is seen that each 𝑍ኻ፟ has its appropriate 𝑍ኼ፟. By choosing
these values, we can achieve 𝜂ፃ above 75%.

Since 𝛽 value has increased, the range of 𝛼 to achieve non-zero 𝑉ፃፒ waveform
and 𝜂ፃ above 75% has reduced from 0.75 < 𝛼 < 1.5 to 0.85 < 𝛼 < 1.3, as shown
in Figure 2.10. For the case of 𝛽 = 𝛼/1.4, there is only one point of 𝛼 and 𝛾 which
provides nonzero 𝑉ፃፒ waveform and 𝜂ፃ above 75%.
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Figure 2.10: Drain efficiency (𝜂ፃ) as a function of 𝛼 and 𝛽 for constant 𝛾 = 0

Figure 2.11 shows the maximum 𝜂ፃ as a function of 𝛽 for a given optimum 𝛼.
It is seen that the 𝜂ፃ decreases with increasing values of 𝛽, but efficiencies greater
than75% are still maintained [2].

This variant of ECCF allows us to have a real part at 𝑍ኼ፟, unlike CCF explained in
section 2.1 and ECCF explained in subsection 2.2.2. Thus, further increasing design
space and flexibility for PA designers.

Figure 2.11: Drain efficiency (𝜂ፃ) of ECCF as a function of 𝛽 for 𝛾 = 0 and optimum
value of 𝛼 = 1.15
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2.3. Conclusion
This chapter explained the concept of Continuous Class F (CCF) and Extended Con-
tinuous Class F (ECCF). After understanding and analyzing different classes of PA
for 𝜂ፃ and linearity, CCF (considering up to 3፫፝ harmonic) will be the best candi-
date for theWiFi 802.11n application with targeted bandwidth of 2.1 - 2.7 GHz (600
MHz). It has a higher 𝜂ፃ (90.7%) than Class A, B, and AB. Also, it is more linear
than Class C, and switching PAs like Class D and E. ECCF provides the flexibility of
the real part in 𝑍ኼ፟ and variable real part in 𝑍ኻ፟. But this happens at the cost of 𝜂ፃ.
Since 𝜂ፃ and linearity is the most critical and crucial factors, CCF has been chosen
over ECCF.
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3
Design of output network

This chapter unravels the design of four output networks which satisfies the require-
ments of CCF. Before explaining the design of each output network, the calculation
for the impedance that is needed to be presented at the drain of the differential
pair to obtain the required peak output power (𝑃OUT) is described below.

3.1. Impedance calculation
Assuming there is a 2 dB loss in the output network and the peak 𝑃OUT requirement
is 25 dBm, then 27 dBm should be considered as the peak 𝑃OUT in the ideal case to
meet the requirement.

As explained in the previous chapter, only up to the 3፫፝ harmonics in voltage
are considered.
Peak output power:

Peak 𝑃OUT = 27 𝑑𝐵𝑚
Peak 𝑃OUT = 501.19 𝑚𝑊

Supply voltage (𝑉ፃፃ),
𝑉ፃፃ = 2.7 𝑉

Single ended voltage swing

𝑉ፅፔፍፃ(𝑆𝐸) =
2
√3
𝑉ፃፃ = 3.12 𝑉 (3.1)

Since only 3 harmonics are considered, 𝑉ፃፃ is multiplied by
ኼ
√ኽ and not

ኾ
᎝ as in ideal

Class F with all harmonics considered [1].
Differential ended voltage swing:

𝑉ፅፔፍፃ(𝐷𝐸) = 2∗𝑉ፅፔፍፃ(𝑆𝐸) = 6.24 𝑉
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Impedance to be seen at the drains of the differential pair to get the required peak
𝑃ፎፔፓ of 27 dBm is

𝑅ፃ(𝐷𝐸) =
𝑉ፅፔፍፃ(𝐷𝐸)ኼ
2 ∗ Peak 𝑃ፎፔፓ

= 38.7 Ω (3.2)

3.2. Output network requirements

Class of Operation
First Harmonic

(𝜔ኺ)

Second Harmonic

(2𝜔ኺ)

Third Harmonic

(3𝜔ኺ)

Class F

(2.4 GHz)

ℜ(𝑍ፃ) = 38.7 Ω ℜ(𝑍ፃ)= 0 Ω |𝑍ፃ| needs to be high

(≈ 1000 Ω).ℑ(𝑍ፃ) = 0 Ω ℑ(𝑍ፃ) = 0 Ω

CCF

(2.1 - 2.7 GHz)

ℜ(𝑍ፃ) = 38.7 Ω ℜ(𝑍ፃ) = 0 Ω

|𝑍ፃ| needs to be high

(≈ 1000 Ω).

ℑ(𝑍ፃ) need to change from + to -

OR

ℑ(𝑍ፃ) need to change from - to +

ℑ(𝑍ፃ) need to change from - to +

OR

ℑ(𝑍ፃ) need to change from + to -

Table 3.1: Output network requirements at 1፬፭, 2፧፝ and 3፫፝ harmonic

From Table 3.1, it is seen that the PA operates in the standard Class F mode at 2.4
GHz with a short at 2፧፝ harmonic and an open at 3፫፝ harmonic. But, for all other
frequencies, the PA performs in the CCF mode. One main conclusion that can be
drawn from the above table is that if the reactive part at 1፬፭ harmonic changes from
inductive to capacitive, then the reactive part at 2፧፝ harmonic needs to change from
capacitive to inductive. Thus, suggesting that the reactive part at the 1፬፭ and 2፧፝
harmonic needs to have an inverse relation.

The four output networks which satisfy CCF are given below (refer Figure 3.1):

• Design A
It has a balanced to unbalanced (balun), second harmonic trap (𝐿ኼ𝐶ኼ) and
output load capacitance (𝐶ፋ);

• Design B
It has a balun and output load capacitance (𝐶ፋ);

• Design C
It has a balun, RF choke, second harmonic trap (𝐿ኼ𝐶ኼ) and output load ca-
pacitance (𝐶ፋ);

• Design D
It has a balun, RF choke and output load capacitance (𝐶ፋ).

The balun and 𝐶ፋ are present in all the four designs (refer Figure 3.1). Since it
is a differential PA, the balun does the necessary function of converting differential-
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ended signal (balanced) to a single-ended signal (unbalanced) as the load (antenna)
is single-ended. The significance of 𝐶ፋ is explained in the section 3.3.

(a) Design A (no RF choke and with 𝐿Ꮄ𝐶Ꮄ) (b) Design B (no RF choke and no 𝐿Ꮄ𝐶Ꮄ)

(c) Design C (with RF choke and with 𝐿Ꮄ𝐶Ꮄ) (d) Design D (with RF choke and no 𝐿Ꮄ𝐶Ꮄ)

Figure 3.1: Output network designs
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3.3. Design A (Balun, second harmonic trap and out-
put capacitance)

Drain source capacitance of the transistor (𝐶ፃፒ) is 1.87 pF in Figure 3.2. This is
calculated in the Appendix A after the output stage was designed and it remains the
same for the design of all other output networks. 𝐶ፃፂፏ = 100 pF is the decoupling
capacitor which is added to provide RF ground and blocks DC. 𝐿ፁፍፃ is used to model
bond wire inductance from the 𝑉ፃፃ, and the value is approximated as 1 nH. 𝑉ፃፃ is
fed through the center tap of the balun. The second harmonic trap (𝐿ኼ𝐶ኼ) is a series
resonator at second harmonic (4.8 GHz) and thereby, creating a short at the same
frequency. The balun is modelled using ideal transformer, magnetizing inductance
(𝐿፦), leakage inductance (𝐿፤) and coupling coefficient (𝑘𝑚) as explained in [2].
𝐿፦ and 𝐿፤ are related to primary inductance (𝐿ፏ) by the below formula.

𝐿፤ = (1 − 𝑘𝑚ኼ) ∗ 𝐿ፏ (3.3)

𝐿፦ = 𝑘𝑚ኼ ∗ 𝐿ፏ (3.4)

Figure 3.2: Schematics of Design A (balun, 𝐿ኼ𝐶ኼ and 𝐶ፋ)

From Figure 3.3, it is seen that the following conditions have to be satisfied to
obtain real part of the drain impedance (𝑅ፃ) as 38.7 Ω and reactive part of the
drain impedance (𝑋ፃ) as 0 Ω at 𝜔ኺ (2.4 GHz). 𝑍ፒፁ represents the total impedance
of second harmonic trap (𝐿ኼ𝐶ኼ) and balun.

𝑅ፒፁ(𝜔ኺ) = 29.83 Ω (3.5)
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Figure 3.3: Differential mode equivalent circuit of Design A (balun, 𝐿ኼ𝐶ኼ and 𝐶ፋ)

𝑋ፒፁ(𝜔ኺ) = 16.63 Ω (3.6)

In order to obtain high impedance at the drain of the transistor at 3𝜔ኺ (7.2 GHz),
𝐶ፃፒ needs to resonate out with the reactive part (𝑋ፒፁ) of 𝑍ፒፁ (total impedance of
𝐿ኼ𝐶ኼ and balun).

𝑋ፒፁ(3𝜔ኺ) = 24.96 Ω (3.7)

Ideally, the real part should be 0 to obtain high impedance at 3፫፝ harmonic. As seen
in Figure 3.4, as the value of the real part increases, the magnitude of impedance
at 3፫፝ harmonic reduces exponentially. Figure 3.4 also shows the significance of
𝐶ፋ as it is required to short the load resistance 𝑅ፋ (50 Ω). Thus, helping to obtain
high impedance at 3፫፝ harmonic. That’s why, all four designs have 𝐶ፋ.

Figure 3.4: Magnitude of 𝑍ፃ versus the real part of 𝑍ፒፁ at 3፫፝ harmonic

From Figure 3.5a, it is seen that having a larger 𝑅ፒፁ(𝜔ኺ) helps to have a more
flatter real part at 1፬፭ harmonic, thus helping to get constant 𝑃ፎፔፓ across the band-
width of 2.1 - 2.7 GHz. But this is at the expense of lower impedance at 3፫፝
harmonic. Also, increasing 𝑅ፒፁ(3𝜔ኺ) helps to get a more linear imaginary part at
1፬፭ harmonic.
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(a) Real part (ℜ) and reactive part (ℑ) at 1ᑤᑥ
harmonic (b) Magnitude at 3ᑣᑕ harmonic

Figure 3.5: Impedance (𝑍ፃ) at 1፬፭ and 3፫፝ harmonic for different values of
𝑅ፒፁ(3𝜔ኺ)

The assumption is made to obtain 1000 Ω at 3፫፝ harmonic for all designs. This
assumption helps to compare all the designs on the same scale and reduce the effect
of 3፫፝ harmonic. In section 4.4, it is demonstrated that 3፫፝ harmonic impedance
doesn’t have much influence on important parameters like maximum drain efficiency
(𝜂ፃ) and output 1 dB compression point (𝑂𝑃1𝑑𝐵).
1000 Ω can be achieved with

𝑅ፒፁ(3𝜔ኺ) = 0.5 Ω (3.8)

There are 5 unknowns in the circuit: transformer coupling (𝑘𝑚), turn ratio in the
transformer (𝑁), primary inductance (𝐿ፏ), capacitor for second harmonic trap (𝐶ኼ),
and output capacitance (𝐶ፋ). Assuming 𝑘𝑚 = 0.8 (variation of 𝑘𝑚 is explained in
section 7.2) and using four Equation 3.5, 3.6, 3.7 and 3.8, the remaining unknowns
can be calculated. Maple 2018.2 is used to find solutions of the above-mentioned
equations.

𝑁 = 1.34

𝐿ፏ = 2.2 𝑛𝐻

𝐶ፋ = 0.9 𝑝𝐹

𝐶ኼ = 1.5 𝑝𝐹

From Figure 3.6, it is evident that 𝐿ኼ𝐶ኼ should have a series resonance at 2𝜔ኺ
(4.8 GHz) to get short at the same frequency.

𝐿ኼ =
1

4 ∗ 𝜔ኼኺ ∗ 𝐶ኼ
= 0.73 𝑛𝐻 (3.9)
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Figure 3.6: Common mode equivalent circuit of Design A (balun, 𝐿ኼ𝐶ኼ and 𝐶ፋ)

3.4. Design B (Balun and output capacitance)
In this design, 𝐿ኼ𝐶ኼ is removed. The 𝑉ፃፃ is provided through the center tap of the
balun and bond wire (𝐿ፁፍፃ ≈ 1 nH) as in the previous design.

Figure 3.7: Schematics of Design B (balun and 𝐶ፋ)

The following criteria have to be satisfied to obtain 𝑅ፃ = 38.7 Ω and 𝑋ፃ = 0 Ω
at 𝜔ኺ (2.4 GHz).

𝑅ፁ(𝜔ኺ) = 29.83 Ω (3.10)

𝑋ፁ(𝜔ኺ) = 16.27 Ω (3.11)

In order to obtain high impedance at the drain of the transistor at 3𝜔ኺ (7.2 GHz),
𝐶ፃፒ needs to resonate out with the reactive part of 𝑍ፁ.
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Figure 3.8: Differential equivalent half circuit of Design B (balun and 𝐶ፋ)

𝑋ፁ(3𝜔ኺ) = 23.65 Ω (3.12)

The below mentioned condition has to be met to obtain 1000 Ω at 3፫፝ harmonic as
discussed in the previous design.

𝑅ፁ(3𝜔ኺ) = 0.5 Ω (3.13)

There are 4 unknowns in the circuit: 𝑘𝑚, 𝑁, 𝐿ፏ and 𝐶ፋ. Using four Equation 3.10,
3.11, 3.12 and 3.13, the above-mentioned unknowns can be computed.

𝑘𝑚 = 0.72
𝑁 = 0.9

𝐿ፏ = 0.63 𝑛𝐻
𝐶ፋ = 3.96 𝑝𝐹

Figure 3.9: Common mode equivalent circuit of Design B (balun and 𝐶ፋ)

From Figure 3.9, 𝐶ፃፂፏ can be tuned such that 𝐶ፃፂፏ resonates with 𝐿ፏ, 𝐿ፁፍፃ and
𝐶ፃፒ to provide a short at 2𝜔ኺ (4.8 GHz). Apart from this task, 𝐶ፃፂፏ also provides
RF ground and blocks DC.

𝐶ፃፂፏ = 4.58 𝑝𝐹 (3.14)
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3.5. Design C (Balun, RF choke, second harmonic
trap and output capacitance)

The main motivation to use RF choke in Design C and Design D is that CATENA
MICROELECTRONICS B.V already had a well-designed RF choke. Also, their earlier
products had RF choke so replacing the old PA with the new one in the WiFi chip
will be easier. In Figure 3.10, RF chokes have inductance of 5 nH each. 𝐶ፃፂፏ = 100
pF is the decoupling capacitor which is added to provide RF ground and to block
DC.

Figure 3.10: Schematics of Design C (balun, RF choke, 𝐿ኼ𝐶ኼ and 𝐶ፋ)

Figure 3.11: Differential mode equivalent circuit of Design C (balun, RF choke,
𝐿ኼ𝐶ኼ and 𝐶ፋ)
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The following constraints have to fulfilled to obtain 𝑅ፃ = 38.7 Ω and 𝑋ፃ = 0 Ω
at 𝜔ኺ (2.4 GHz).

𝑅ፒፁ(𝜔ኺ) = 35.72 Ω (3.15)

𝑋ፒፁ(𝜔ኺ) = 10.3 Ω (3.16)

In order to achieve high impedance at the drain of the transistor at 3𝜔ኺ (7.2 GHz),
𝐶ፃፒ needs to resonate out with the reactive part of 𝑍ፒፁ and RF choke.

𝑋ፒፁ(3𝜔ኺ) = 24.96 Ω (3.17)

The value of 𝑅ፒፁ(3𝜔ኺ) is chosen to achieve 1000 Ω at 3፫፝ harmonic.

𝑅ፒፁ(3𝜔ኺ) = 0.6 Ω (3.18)

There are 5 unknowns in the circuit: 𝑘𝑚, 𝑁, 𝐿ፏ, 𝐶ኼ, 𝐶ፋ. Using four Equation 3.15,
3.16, 3.17 and 3.18 and assuming 𝑘𝑚 = 0.8, the remaining unknowns can be
solved.

𝑁 = 1.14
𝐿ፏ = 2.23 𝑛𝐻
𝐶ፋ = 1.10 𝑝𝐹
𝐶ኼ = 1.37 𝑝𝐹

Figure 3.12: Common mode equivalent circuit of Design C (balun, RF choke, 𝐿ኼ𝐶ኼ
and 𝐶ፋ)

From Figure 3.12, it is evident that to get short at 2𝜔ኺ (4.8 GHz), 𝐿ኼ𝐶ኼ should
have a series resonance at 2𝜔ኺ.

𝐿ኼ =
1

4 ∗ 𝜔ኼኺ ∗ 𝐶ኼ
= 0.8 𝑛𝐻 (3.19)



3.6. Design D (Balun, RF choke and output capacitance)

3

33

3.6. Design D (Balun, RF choke and output capaci-
tance)

Compared to the previous design, 𝐿ኼ𝐶ኼ is removed in this design and RF choke is
not fixed to 5 nH.

Figure 3.13: Schematics of Design D (balun, RF choke and 𝐶ፋ)

Figure 3.14: Differential mode equivalent circuit of Design D (balun, RF choke and
𝐶ፋ
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Since RF choke is not fixed, it can be calculated if 𝐶ፃፒ resonates with it at 1፬፭
harmonic.

RF choke = 1
𝜔ኼኺ𝐶ፃፒ

= 2.35 𝑛𝐻 (3.20)

To achieve the required 𝑃ፎፔፓ, impedance of 38.7 Ω is needed at the drain of the
transistor.

𝑅ፁ(𝜔ኺ) = 38.7 Ω (3.21)

𝑋ፁ(𝜔ኺ) = 0 Ω (3.22)

In order to obtain high impedance at the drain of the transistor at 3𝜔ኺ (7.2 GHz),
𝐶ፃፒ needs to resonate out with the reactive part of 𝑍ፁ and RF choke.

𝑋ፁ(3𝜔ኺ) = 26.61 Ω (3.23)

The value of 𝑅ፁ(3𝜔ኺ) is chosen to achieve 1000 Ω at 3፫፝ harmonic.
𝑅ፁ(3𝜔ኺ) = 0.6 Ω (3.24)

There are 4 unknowns in the circuit: 𝑘𝑚, 𝑁, 𝐿ፏ and 𝐶ፋ. Using four Equation 3.21,
3.22, 3.23 and 3.24, the four unknowns can be solved.

𝑁 = 0.84
𝐿ፏ = 0.86 𝑛𝐻
𝐶ፋ = 3.95 𝑝𝐹
𝑘𝑚 = 0.77 𝑝𝐹

Figure 3.15: Common mode equivalent circuit of Design D (balun, RF choke and
𝐶ፋ)

From Figure 3.15, 𝐶ፃፂፏ can be tuned to provide a short at 2𝜔ኺ (4.8 GHz) similar
to Design B.

𝐶ፃፂፏ = 2.56 𝑝𝐹 (3.25)
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3.7. Comparison of output networks
3.7.1. Impedance at first harmonic (𝜔ኺ)

(a) Real part of 𝑍ᐻ (ℜ(𝑍ᐻ)) (b) Reactive part of 𝑍ᐻ (ℑ(𝑍ᐻ))

Figure 3.16: Impedance (𝑍ፃ) at 1፬፭ harmonic (𝜔ኺ)

From Figure 3.16a, it is seen that the real part at 1፬፭ harmonic is flatter in the
bandwidth 2.1 - 2.7 GHz for Design A and C unlike Design B and D. This, in turn,
leads to constant 𝑃ፎፔፓ in the specified bandwidth. The reason for the constant real
part of Design A and C is due to the presence of 𝐿ኼ𝐶ኼ. 𝐿ኼ𝐶ኼ is a series resonance
at 2፧፝ harmonic, thus it acts as a varying capacitor at 1፬፭ harmonic (Figure 3.17).

Figure 3.17: Series Resonance (𝐿ኼ𝐶ኼ)

Design B and D have a high reactive part at 1፬፭ harmonic as compared to Design
A and C (Figure 3.16b) which is due to the presence of the 𝐿ኼ𝐶ኼ in Design A and
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C. Since reactive part at 1፬፭ harmonic for Design B and D have higher slope, the
corresponding 𝛾 value will also be high, (refer Equation 2.9) which directly relates
to higher maximum drain voltage (refer Figure 2.1).

3.7.2. Impedance at second harmonic (2𝜔ኺ)

(a) Reactive part of 𝑍ᐻ (ℑ(𝑍ᐻ)) (b) Magnitude of 𝑍ᐻ

Figure 3.18: Impedance (𝑍ፃ) at 2፧፝ harmonic (2𝜔ኺ)

From Figure 3.18a and 3.18b, it is seen that all 4 design have similar response
at 2፧፝ harmonic.

3.7.3. Impedance at third harmonic (3𝜔ኺ)

Figure 3.19: Magnitude of 𝑍ፃ at 3፫፝ harmonic (3𝜔ኺ)
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As designed, four output networks have an impedance of 1000 Ω at 3፫፝ harmonic.
It is also seen that impedance at 2.1 GHz and 2.7 GHz is less than 200 Ω for all four
designs.

3.7.4. Impedance at low frequency (0-100 MHz)

(a) Differential mode impedance (b) Common mode impedance

Figure 3.20: Impedance at low frequency

Figure 3.20a and 3.20b shows that differential and common mode impedance
isn’t large (less than 4 Ω) between 0 - 100 MHz. In case, the impedance was large,
it can reduce third order intercept point (𝐼𝑃ኽ) due to indirect mixing [3] [4] [5].

Designs

RF choke /

𝐿ፁፍፃ
(nH)

𝐿ፏ
(nH)

𝑁 𝑘𝑚
𝐿ፒ
(nH)

𝐶ፋ
(pF)

𝐿ኼ
(nH)

𝐶ኼ
(pF)

𝐶ፃፂፏ
(pF)

A

(no RF choke & with 𝐿ኼ𝐶ኼ)
1 2.22 1.32 0.8 3.87 0.93 0.74 1.48 100

B

(no RF choke & no 𝐿ኼ𝐶ኼ)
1 0.63 0.9 0.72 0.51 3.96 - - 4.58

C

(with RF choke & with 𝐿ኼ𝐶ኼ)
5 2.23 1.14 0.8 2.9 1.1 0.8 1.37 100

D

(with RF choke & no 𝐿ኼ𝐶ኼ)
2.35 0.86 0.84 0.77 0.61 3.95 - - 2.56

Table 3.2: The value of components in all 4 output network designs
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3.8. Conclusion
This chapter explained the procedure to design the four output networks using
lossless capacitors and inductors, namely Design A (no RF Choke and with 𝐿ኼ𝐶ኼ),
Design B (no RF Choke and no 𝐿ኼ𝐶ኼ), Design C (with RF Choke and with 𝐿ኼ𝐶ኼ) and
Design D (with RF Choke and no 𝐿ኼ𝐶ኼ). The balun and 𝐶ፋ is common for all the
designs. Except at 1፬፭ harmonic, the response of all four output networks is very
much identical. In terms of the number of components, Design B has the least (only
balun and 𝐶ፋ). But Design A and C outperform others at 1፬፭ harmonic by having a
flatter real part as well as a smaller reactive part in the bandwidth 2.1 - 2.7 GHz.

The final decision of selecting the output network will be carried out after design-
ing the output stage which is explained in the subsequent chapter and measuring
few parameters like 𝜂ፃ, peak 𝑃OUT, 𝑂𝑃1𝑑𝐵, and 𝐼𝑀3.
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4
Design of output stage

In this chapter, the design of the output stage is elucidated. Since CCF has a
higher peak factor (around 3.12 for 𝛾 = +/-1) than other classes of PA, breakdown
voltage of the transistor becomes the main bottleneck. One way to mitigate this
is to select voltage supply (𝑉ፃፃ) equal to half of the breakdown voltage of the
transistor in Class A and B. But, the lower headroom limits the linear voltage range
of the transistor. Also, the drain efficiency (𝜂ፃ) reduces since output current (𝐼ፃ)
increases proportionally leading to a greater loss in the output matching network
[1]. Added to this, the device is also larger to handle the larger current. Thereby
increasing more losses in the device.

Maximum 𝑉ፃፃ of the thick oxide and the nominal device is 1.98 V and 1.05 V re-
spectively in TSMC 22 nm ULL technology. Using the rule of thumb that breakdown
voltage is √2𝑉ፃፃ, then the breakdown voltage of the thick oxide and the nominal
device is 2.8 V and 1.5 V respectively. Cascode [1], Self biasing cascode [2] and
Stacked [3] [4] are few techniques in the literature to counter breakdown voltage
issue. The first two techniques use two transistors on top of each other, bottom one
being nominal device and upper one being thick oxide. Since the type of PA is CCF
and targeted peak output power (𝑃OUT) is 27 dBm (ideal case), these techniques fail
to bring the voltage swing below the breakdown voltage requirement. Thus, the
concept of stacked transistor is a promising candidate to solve breakdown voltage
which is discussed briefly in the below section.

4.1. Stacked transistor
The capacitors 𝐶ኼ and 𝐶ኽ in Figure 4.1 allows drain and source to sustain large
voltage swings in a way that each transistor has the same drain source voltage
(𝑉ፃፒ), gate source voltage (𝑉ፆፒ) and drain gate voltage (𝑉ፃፆ) swings unlike the
scenario of cascoded transistors. This way, the 𝑉ፃፒ, 𝑉ፆፒ, and 𝑉ፃፆ swings can be
designed to be within breakdown voltage limits. The output voltage swings of all
three transistors are added in phase so that the total voltage swing at the top

39
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Figure 4.1: Schematic of triple-stacked field-effect transistor (FET) PA [3]

transistor’s drain is three times higher than the maximum available 𝑉ፃፒ swing for a
single transistor with a constant current swing. It is made sure that each transistor
delivers the same power. The optimum load impedance increases linearly with the
number of transistors (𝑛) in series. Thus, the stacked design has 𝑛 times lower
input capacitance. So, a larger device can be used with tolerable input capacitance
to minimize the knee voltage effect on the 𝑃OUT and 𝜂ፃ. By doing so, the stacked
transistor can overcome two major limitations of metal-oxide semiconductor field-
effect transistor (MOSFET), namely, low breakdown voltage, and high knee voltage
[3].

Figure 4.2: Small signal model of stacked transistors (common gate transistors)
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Figure 4.2 shows small signal model of stacked transistors (Figure 4.1).

𝑍፬። ≈ (1 +
𝐶ፆፒ
𝐶።
)( 1𝑔፦

|| 1
𝑠𝐶ፆፒ

)

𝜔ፓ =
𝑔፦
𝐶ፆፒ

, 𝑠 = 𝑗𝜔፜

𝑍፬። =
1
𝑔፦
(1 + 𝐶ፆፒ𝐶።

), 𝑓፨ << 𝑓፭ (4.1)

𝐴፯ =
𝑔፦ኻ𝑅ፃ

(1 + ፬ፂᐾᑊᎴ
፠ᑞᎴ

) (1 + ፬ፂᐾᑊᎵ
፠ᑞᎵ

) (1 + ፬ፂᐾᑊᎶ
፠ᑞᎶ

)
≈ 𝑔፦ኻ𝑅ፃ , 𝑓፨ < 𝑓፭ (4.2)

Equation 4.1 shows that if 𝐶። » 𝐶ፆፒ, then it becomes a cascoded transistor. To
operate transistor as a stacked transistor, 𝐶ፆፒ has to be comparable to 𝐶። (preferably
0.5 to 2 times).

Parameter Single FET n-Parallel FET n-Stacked FET

Peak drain current 𝐼፦ 𝑛.𝐼፦ 𝐼፦
Peak drain voltage 𝑉፦ 𝑉፦ 𝑛.𝑉፦
Input capacitance 𝐶፠ 𝑛.𝐶፠ 𝐶፠
Output impedance 𝑅፨፩፭

ፑᑠᑡᑥ
፧ 𝑛.𝑅፨፩፭

Output power ኻ
ዂ .𝑉፦ .𝐼፦

ኻ
ዂ𝑉፦ .𝑛.𝐼፦

ኻ
ዂ .𝑛.𝑉፦ .𝐼፦

Voltage gain 𝑔፦ .𝑅፨፩፭ 𝑛.𝑔፦ .
ፑᑠᑡᑥ
፧ 𝑔፦ .𝑛.𝑅፨፩፭

Table 4.1: Comparison of parallel and stacked-transistor configurations [4]

From Table 4.1, it is seen that the 𝑛 stacked FET PA has 𝑛 times higher voltage
gain and power gain. The input and output impedance are 𝑛 times and 𝑛ኼ times
higher than 𝑛 parallel transistor PA respectively. This leads to improved input and
output matching in the specified bandwidth as well as less power loss in the output
matching network [4].

One main disadvantage of the stacked transistor is that 𝐶ፆፒ is non-linear in
nature and impedance of stacked transistor depends on 𝐶ፆፒ, thus leading to a
reduction in linearity. In CMOS, body effect and source bulk capacitance (𝐶ፒፁ)
progressively reduce the gain of the transistors in the upper sections of the stack.
Also, the breakdown voltage of the drain–bulk junction diode limits the maximum
allowable voltage swing in the stacked transistor. To overcome this, a triple-well
CMOS process can be used if it is available in the technology.
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The stacked transistor also leads to lower 𝜂ፃ compared to cascode. The reason
behind this is that each transistor has 𝐶ፆፃ and this capacitance leads to a shift in
current compared to voltage (refer Figure 4.4). This leads to a larger overlap be-
tween current and voltage thereby reducing 𝜂ፃ. The overlap is directly proportional
to the number of transistors in the stack. So it is better to have the least number
of transistors to satisfy the breakdown voltage criteria. The design of having 3
transistors (2 nominal devices and 1 thick oxide device) is chosen as shown in Fig-
ure 4.3. The reason for not choosing 1 nominal and 2 thick oxide devices is that
thick oxide has larger capacitance than nominal device, thereby leading to a larger
shift in current and larger overlap in current and voltage. Subsequently, reducing
𝜂ፃ.

Instead of the nominal device, ultra-low or low threshold devices can be used
since it has higher transconductance. But linearity is inferior for those devices, thus
the nominal device was used.

Figure 4.3: Schematics of
stacked transistor Figure 4.4: Plot showing current and voltage overlap

4.2. Output stage design
In this section, aspect ratios (𝑊/𝐿) and the biasing voltages (𝑂𝑆_𝑉ፁኼ, 𝑂𝑆_𝑉ፁኻ and
𝑂𝑆_𝑉ፁኺ) for the transistors in the output stage are discussed extensively.
Differential impedance (𝑅ፃ(𝐷𝐸)) between the drains of the output stage was cal-
culated in Equation 3.2 to be

𝑅ፃ(𝐷𝐸) = 38.7 Ω

Single ended (𝑆𝐸) impedance to be seen at the drain of the differential pair to get
required 𝑃OUT of 27 dBm is

𝑅ፃ(𝑆𝐸) =
𝑅ፃ(𝐷𝐸)
2 = 19.39 Ω (4.3)
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Single ended current swing in the fundamental band

𝐼ፅፔፍፃ(𝑆𝐸) =
𝑉ፅፔፍፃ(𝑆𝐸)
𝑅ፃ(𝑆𝐸)

= 160.76 𝑚𝐴 (4.4)

Maximum current in the fundamental band

𝐼ፅፔፍፃ_ፌፀፗ(𝑆𝐸) = 𝐼ፅፔፍፃ(𝑆𝐸) = 160.76 𝑚𝐴 (4.5)

DC current (𝐼ፃፂ) is calculated by [5]

𝐼ፃፂ(𝑆𝐸) =
2
𝜋𝐼ፅፔፍፃ_ፌፀፗ(𝑆𝐸) = 102.34 𝑚𝐴 (4.6)

DC power (𝑃ፃፂ) dissipated is given by

𝑃ፃፂ = 2 ∗ 𝑉ፃፃ ∗ 𝐼ፃፂ(𝑆𝐸) = 552.64 𝑚𝑊 (4.7)

Drain efficiency (𝜂ፃ) is given by

𝜂ፃ =
𝑃OUT
𝑃ፃፂ

= 90.7 % (4.8)

4.2.1. Design of top and bottom transistors
This subsection describes the procedure to design the top transistors (𝑀ኼ & 𝑀኿)
and the bottom transistors (𝑀ኺ & 𝑀ኽ) shown in Figure 4.5.

𝑊/𝐿 and biasing voltages for the top and bottom transistors are calculated by
plotting the load-line. Figure 4.6 shows 𝐼ፃ vs 𝑉ፃፒ of bottom transistor on left hand
side (nominal device) and 𝐼ፃ vs 𝑉ፃፒ of top transistor on right hand side (thick oxide
device). Table 4.2 shows the aspect ratio of the top and bottom transistors. Load-
line is drawn using 𝑉ፅፔፍፃ(𝑆𝐸) and 𝐼ፅፔፍፃ(𝑆𝐸) which is calculated in Equation 3.1
and 4.4. DC line is plotted using 𝐼ፃፂ(𝑆𝐸) calculated from Equation 4.6. From this,
the aspect ratio as well as the biasing voltage of the top and bottom transistors
are calculated. Deep N well is used in the top transistor (thick oxide) to counter
drain-bulk breakdown. Deep N well is connected to 𝑉ፃፃ via 2 KΩ since it helps in
increasing efficiency (refer Figure C.1). Moreover, N well capacitance is in series
with channel capacitance, thereby reducing the total parasitic capacitance [6].
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Figure 4.5: Schematics of the output stage

Figure 4.6: Load-line for the output stage
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Transistors
Top transistor (𝑀ኼ & 𝑀኿)

Thick oxide

Bottom transistor (𝑀ኺ & 𝑀ኽ)
Nominal

Finger width (𝑊) 1 um 1 um

Fingers (𝐹) 32 32

Multiplier (𝑀) 80 50

Total Width (𝑊ፓ) 2.56 mm 1.6 mm

Table 4.2: Aspect ratio (𝑊/𝐿) of the top and bottom transistors in the output stage

4.2.2. Design of middle transistor
Since biasing voltages of top and bottom transistors are known, 𝑉ፃፒ of middle tran-
sistor (𝑀ኻ & 𝑀ኾ) can be calculated. For each multiplier, corresponding 𝑉ፆፒ can be
be found from Figure 4.8. The simulation was carried out to see effect of middle
transistor’s aspect ratio and biasing voltage on 𝜂ፃ and peak 𝑃ፎፔፓ which is shown in
Table 4.3.

The multiplier for the middle transistor is chosen as 50 even though 40 has
slightly better performance. The reason behind this is that the multiplier of the
bottom transistor is 50 and having multiplier of middle transistor similar to this
helps in the layout. Note that 𝐶ፒፓኻ and 𝐶ፒፓኼ are kept large (100 pF) so that it acts
as cascode so as to get maximum 𝜂ፃ.

Figure 4.7: 𝑉ፃፒ
calculation for 𝑀ኻ Figure 4.8: 𝐼ፃ vs 𝑉ፆፒ at 𝑉ፃፒ = 0.9 V for 𝑀ኻ for different values

of multiplier
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Multiplier

(M)

𝑉ፆፒ
(V)

𝜂ፃ
(%)

𝑃OUT
(dBm)

50 0.39 77.7 27.5

40 0.41 78 27.4

30 0.45 77.9 27.3

20 0.51 76.9 27.2

Table 4.3: Drain efficiency (𝜂ፃ) and peak 𝑃OUT for different values of multiplier

4.2.3. Design of 𝐶ፒፓኻ and 𝐶ፒፓኼ
As discussed in section 4.1, to obtain stacked operation, 𝐶ፒፓ should be 0.5 - 2 times
of 𝐶ፆፒ. 𝐶ፆፒ of the middle transistors (𝑀ኻ & 𝑀ኾ) and the top transistors (𝑀ኼ & 𝑀኿)
are 0.47 pF and 1.56 pF, respectively.

Figure 4.9: Drain efficiency (𝜂ፃ), 𝑃OUT, 𝑉ፃፒ, 𝑉ፆፒ,𝑉ፆፃ versus 𝐶ፒፓኼ

Input power level is kept 1 dB higher than the input compression point for this
analysis (𝑃።፧ = 5 dBm). X axis in the Figure 4.9 denotes the factor that needs to
be multiplied with 𝐶ፆፒኼ to obtain the value of 𝐶ፒፓኼ in pF. From Figure 4.9, it is seen
that 𝜂ፃ and 𝑃OUT increases as 𝐶ፒፓኼ increases. This confirms the result that cascode
has higher 𝜂ፃ than stacked. Also, it is seen that 𝑉ፃፒ, 𝑉ፆፒ and 𝑉ፆፃ is lower in stacked
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operation (when value of 𝐶ፒፓኼ is lower). This means there is a trade off between
efficiency and nodal voltages while choosing the value of 𝐶ፒፓኼ. Note that during
this optimization, value of 𝐶ፒፓኻ is kept as 100 pF.

𝐶ፒፓኼ = 1.5 ∗ 𝐶ፆፒኼ ≈ 2.4 𝑝𝐹

Figure 4.10: Drain efficiency (𝜂ፃ), 𝑃OUT, 𝑉ፃፒ, 𝑉ፆፒ,𝑉ፆፃ versus 𝐶ፒፓኻ

In this analysis also, input power level is kept 1 dB higher than the input com-
pression point (𝑃።፧ = 5 dBm). The X axis in Figure 4.10 denotes the factor that needs
to be multiplied with 𝐶ፆፒኻ to obtain the value of 𝐶ፒፓኻ in pF. From Figure 4.10, it is
seen that 𝜂ፃ and 𝑃OUT increases as 𝐶ፒፓኻ increases similar to the previous case. It
is seen that nodal voltages (𝑉ፃፒ, 𝑉ፆፒ and 𝑉ፆፃ) doesn’t have a larger dependence on
𝐶ፒፓኻ. This means there is no added advantage in having 𝐶ፒፓኻ in stacked operation
for nodal voltage. This is the reason 𝐶ፒፓኻ is chosen to operate in cascode. Note
that during this optimization, value of 𝐶ፒፓኼ is kept as 2.4 pF.

𝐶ፒፓኻ = 10 ∗ 𝐶ፆፒኻ ≈ 5 𝑝𝐹

The biasing point 𝑂𝑆_𝑉ፁኺ of the bottom transistor (𝑀ኺ & 𝑀ኽ) can be reduced to get
higher 𝜂ፃ as the PA moves closer to a switching PA. But, this degrades the linearity.
In this case, 𝑂𝑆_𝑉ፁኺ was optimized to 0.32 V such that 𝜂ፃ is higher without trading
the linearity much.
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4.3. Comparison of output networks with output stage
In this section, four output network designs are tested with output stage and input
transformer. Input transformer converts single-ended input signal to differential
signal and provides input matching over the bandwidth of 2.1 - 2.7 GHz. The bi-
asing voltage for the bottom transistor is fed through the center tap of the input
transformer. Input transformer is designed using the concept of double tuned trans-
former [7] [8]. Error vector magnitude (EVM) is calculated for all four designs using
the script1 provided by CATENA MICROELECTRONICS B.V.

Figure 4.11: Block diagram showing the input transformer, output stage and out-
put network

From Table 4.4 shown in the next page, it is seen that there is comparatively
a large variation in peak 𝑃ፎፔፓ and output 1dB compression point (𝑂𝑃1𝑑𝐵) across
bandwidth (2.1 - 2.7 GHz) in the case of Design B and D unlike the Design A and
C. This is due to large variation in the real part of 1፬፭ harmonic for Design B and D
(refer Figure 3.16a). Design A was chosen even though Design C performs slightly
better. The reason is that RF choke in Design C is outside the chip and thus making
it vulnerable to the outside factors. It is always easier to replicate the results if the
entire design is inside the chip and there is no outside components. This applies
when the PA is integrated into the WiFi chip as well.

4.4. Influence of 3𝑟𝑑 harmonic impedance on drain
efficiency and output 1 dB compression point

Figure 4.12 shows the influence of 3፫፝ harmonic impedance on maximum 𝜂ፃ and
𝑂𝑃1𝑑𝐵 for the frequency 2.4 GHz with Design A2 output network and output stage.
The 3፫፝ harmonic impedance in Design A can be adjusted by varying 𝑅ፒፁ which was
discussed in the section 3.3 (Figure 3.5b). It is observed that as the 3፫፝ harmonic
impedance increases, there is negligible effect on maximum 𝜂ፃ and 𝑂𝑃1𝑑𝐵.

1Script uses AM (amplitude modulation) - AM and AM - PM (phase modulation) to calculate EVM. Since
the script is propriety of CATENA MICROELECTRONICS B.V., it is confidential.
2no RF choke and with ፋᎴፂᎴ
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Figure 4.12: Drain efficiency (᎔ᐻ) and output 1 dB compression point (ፎፏኻ፝ፁ) versus ኽᑣᑕ harmonic
impedance at 2.4 GHz

From Figure 3.5b, it is evident that the 3፫፝ harmonic impedance at 2.1 GHz and
2.7 GHz is around 52 Ω and 74 Ω respectively. At the same time, Table 4.4 clearly
indicates that the maximum 𝜂ፃ at 2.1 GHz and 2.7 GHz for Design A is 60.8% and
69.6%. This confirms that there is no need to have a open circuit or high impedance
at 3፫፝ harmonic as it has very trivial effect on the parameters like 𝜂ፃ and 𝑂𝑃1𝑑𝐵.

4.5. Conclusion
This chapter explained the procedure to calculate the biasing voltages and 𝑊/𝐿
for the stack of three transistors. Further, the four output network designs were
compared and Design A (no RF choke and 𝐿ኼ𝐶ኼ) was chosen. The chapter also
showed that 3፫፝ harmonic impedance has insignificant effect on 𝜂ፃ and 𝑂𝑃1𝑑𝐵.
The following chapter explains the procedure for the design of driver.
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5
Design of driver

This chapter explains the procedure to design the driver. The sole reason to add the
driver is to increase the voltage gain (𝐺ፕ). This should be done without decreasing
the output 1dB compression point (𝑂𝑃1𝑑𝐵) and the output third order intercept
(𝑂𝐼𝑃3).

5.1. Driver specification

Output stage

IIP3 12 dBm

Power gain (𝐺ፏ) 22.4 dB

OIP3 34.7 dBm

OP1dB 25.6 dBm

Table 5.1: Specifications of the output stage obtained after simulation of the
schematics

Table 5.1 shows specifications obtained from the simulation of both output stage
and Design A1 output network at 2.4 GHz.
Assume that the total 𝑂𝐼𝑃3 should be around 33 dBm and total power gain (𝐺ፏ)
will be around 35 dB.

⟹ 𝐺ፏ_Driver = 35 − 22.7 ≈ 13 𝑑𝐵

1no RF choke with ፋᎴፂᎴ
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Using the below equation, 𝐼𝐼𝑃3Driver can be calculated.

1
𝐼𝐼𝑃3Total

= 1
𝐼𝐼𝑃3Driver

+ Gፏ_Driver
𝐼𝐼𝑃3OutputStage

(5.1)

⟹ 𝐼𝐼𝑃3Driver = 5 𝑑𝐵𝑚
𝑂𝐼𝑃3Driver = 𝐼𝐼𝑃3Driver + 𝐺ፏ_Driver = 18 𝑑𝐵𝑚 (5.2)

Theoretically, 𝑂𝐼𝑃3 is 10 dB higher than 𝑂𝑃1𝑑𝐵.

𝑂𝑃1𝑑𝐵Driver = 𝑂𝐼𝑃3Driver − 10 = 8 𝑑𝐵𝑚 (5.3)

𝐼𝑃1𝑑𝐵Driver = 𝑂𝑃1𝑑𝐵Driver − 𝐺ፏ_Driver + 1 = −4 𝑑𝐵𝑚 (5.4)

The important specifications 𝑂𝐼𝑃3 and 𝑂𝑃1𝑑𝐵 of the driver are calculated above.

5.2. Driver design
The driver needs to have decent linearity and voltage gain. Moreover, efficiency
of PA is decided primarily by the output stage. So, it is wise to start with Class A
driver. Then, later shift the biasing point to get the operation of Class AB such that
linearity of the complete PA isn’t degraded much.
Peak output power can be assumed as

Differential-ended peak 𝑃OUT = 9 𝑑𝐵𝑚

Single-ended peak 𝑃OUT = 6 𝑑𝐵𝑚
Single-ended peak 𝑃OUT = 3.98 𝑚𝑊

Supply voltage
𝑉ፃፃ = 2.7 𝑉

Single ended (𝑆𝐸) voltage swing

𝑉ፅፔፍፃ(𝑆𝐸) = 𝑉ፃፃ = 2.7 𝑉 (5.5)

Single ended impedance to be seen at the drains of the driver

𝑅ፃ(𝑆𝐸) =
𝑉ኼፅፔፍፃ(𝑆𝐸)
2𝑃OUT

= 915.58 Ω (5.6)

Single ended current swing at the fundamental band

𝐼ፅፔፍፃ(𝑆𝐸) =
𝑉ፅፔፍፃ(𝑆𝐸)
𝑅ፃ(𝑆𝐸)

= 2.95 𝑚𝐴 (5.7)

Maximum current at the fundamental band

𝐼ፅፔፍፃ_ፌፀፗ(𝑆𝐸) = 2 ∗ 𝐼ፅፔፍፃ(𝑆𝐸) = 5.90 𝑚𝐴 (5.8)
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DC current is calculated by [1]

𝐼ፃፂ(𝑆𝐸) =
𝐼ፅፔፍፃ_ፌፀፗ(𝑆𝐸)

2 = 2.95 𝑚𝐴 (5.9)

DC power dissipated is given by

𝑃ፃፂ(𝑆𝐸) = 𝑉ፃፃ ∗ 𝐼ፃፂ(𝑆𝐸) = 7.96 𝑚𝑊

Drain efficiency (𝜂ፃ) is given by

𝜂ፃ =
𝑃OUT

𝑃ፃፂ(𝑆𝐸)
= 50 %

Since the peak 𝑃ፎፔፓ is 6 dBm and is operated as class A, simple cascode structure
can be used for driver (shown in Figure 5.1).

Figure 5.1: Schematics of the driver
Figure 5.2: Schematics of test
bench for simulating driver

Figure 5.3 shows 𝐼ፃ versus 𝑉ፃፒ of the nominal device on left side and 𝐼ፃ versus
𝑉ፃፒ of thick oxide device on the right side. Load-line is plotted using 𝑉ፅፔፍፃ and
𝐼ፅፔፍፃ which is calculated using Equation 5.5 and 5.7. From this, the 𝑊/𝐿 and
biasing voltages of the top and bottom transistors can be calculated.

Figure 5.2 shows test bench used to test the driver cell. 𝐿ፃ is used to feed the
𝑉ፃፃ and 𝐶ፀፂ is used to block DC in the 𝑅ፃ. 𝑅ፃ isn’t a physical component, but
it is the impedance seen from the drain of the driver. It is added here solely for
simulation purpose . In reality, 𝑉ፃፃ for the driver is fed through the center tap of
the inter-stage transformer.
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Figure 5.3: Load-line for the driver

Transistors
Top transistor (𝑀዁ & 𝑀ዃ)

Thick oxide
Bottom transistor (𝑀ዀ & 𝑀ዂ)

Nominal
Finger width (𝑊) 1 um 1 um
Fingers (𝐹) 32 32
Multiplier (𝑀) 80 50
Total width (𝑊ፓ) 2.56 mm 1.6 mm

Table 5.2: Aspect ratio (𝑊/𝐿) of the transistors in the driver

The biasing point and aspect ratio of the transistors in the driver cell was tuned
such that the class of operation shifts to AB instead of A as well as meet the 𝑂𝐼𝑃3
and 𝑂𝑃1𝑑𝐵 specifications. The optimized biasing point and aspect ratio of the
transistors are shown in Table 5.4. 𝑅ፃ = 200 Ω needs to be presented to the drain
of the driver cell. This value is selected so that the voltage gain (𝐺ፕ) and the linearity
requirements of the driver cell are met. The function of capacitor 𝐷_𝐶ፁኻ is to make
sure that the thick oxide devices (𝑀዁ & 𝑀ዃ) acts as a cascode. Meanwhile, 𝐷_𝐶ፁኺ
acts as an AC coupling capacitor and makes sure that only the AC signal reaches
the gate of the bottom transistors (𝑀ዀ & 𝑀ዂ).
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𝑀዁ & 𝑀ዃ
Width (𝑊) (um) 1
Fingers (𝐹) 32
Multiplier (𝑀) 6

𝑀ዀ & 𝑀ዂ
Width (𝑊) (um) 1
Fingers (𝐹) 32
Multiplier (𝑀) 2

𝐷_𝑉ፁኻ (V) 1.35

𝐷_𝑉ፁኺ (V) 0.38

𝐷_𝐶ፁኻ (pF) 5

𝐷_𝐶ፁኺ (pF) 5

Table 5.3: Component values for the driver schematics

Output stage
(From simulation of schematics)

IIP3 12 dBm
Power gain 22.4 dB
OIP3 34.7 dBm
OP1dB 25.6 dBm

Driver
(From simulation of schematics)

IIP3 4.1 dBm
Power gain 13.9 dB
OIP3 18.0 dBm
OP1dB 9.4 dBm

Total
(Calculated by using Equation 5.1)

OIP3 33.4 dBm
IIP3 -2.9 dBm

Table 5.4: 𝑂𝐼𝑃3 of the driver, output stage and entire system at 2.4 GHz

Table 5.4 shows the 𝑂𝐼𝑃3 and 𝑂𝑃1𝑑𝐵 of the driver and the output stage indi-
vidually at 2.4 GHz which is obtained from the simulation of schematics. By using
the Equation 5.1, 𝑂𝐼𝑃3 and 𝐼𝐼𝑃3 is computed for both the driver and output stage
together and is presented in the last row of the Table 5.4. The performance of the
driver at 2.1 GHz and 2.7 GHz are identical to that of 2.4 GHz. But it is impor-
tant to note that the results tabulated here are at the schematics level and before
integrating with the output stage.

5.3. Conclusion
This section explained the procedure to calculate biasing point and 𝑊/𝐿 of the
transistors in the driver. The subsequent chapter explains the design of inter-stage
between the driver and the output stage.
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6
Design of inter-stage

matching

This chapter illustrates the procedure to design the inter-stage matching between
the driver (designed in chapter 5) and the output stage (designed in chapter 4).
The main function of inter-stage matching is to present 200 Ω between the drains
of the driver over the bandwidth of 2.1 - 2.7 GHz so as to meet the requirements
of linearity and output 1 dB compression point (𝑂𝑃1𝑑𝐵). But the main motivation
to use transformer as the inter stage matching compared to other alternatives are:

• It provides isolation between supplies of the driver and the output stage;

• It provides wide band matching over the entire bandwidth (2.1 - 2.7 GHz).

The concept of double tuned transformer was used to achieve matching over the
entire bandwidth [1] [2]. But the double tuned network needs low transformer cou-
pling (𝑘𝑚), thus increasing the size of transformer in the layout. Also, inductance
of primary and secondary coils is comparatively higher than normal transformer
matching (can be seen in the later section). Considering these reason, normal
transformer matched at 2.4 GHz was also considered as a candidate for the inter
stage matching.
The following section compares 3 cases:

• Case 1 : Double tuned matching without parallel capacitor (𝐶ፒፄፂ);
• Case 2 : Double tuned matching with parallel capacitor (𝐶ፒፄፂ);
• Case 3 : Normal transformer matching.

6.1. Types of inter-stage matching
The input impedance of the output stage was measured by doing S-parameter
simulation:

𝑅𝑖𝑛ፎፒ = 2.11 𝑘Ω
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𝐶𝑖𝑛ፎፒ = 0.81 𝑝𝐹

The output capacitance of the driver was measured similar to the output stage. The
technique is discussed in the Appendix A.

𝐶ፃፒ_ፃፑፈፕፄፑ = 99.5 𝑓𝐹

The output resistance of the driver is

𝑅𝑜𝑢𝑡ፃፑፈፕፄፑ = 15 𝑘Ω

Figure 6.1: Schematics of double tuned transformer

Figure 6.2: Differential half circuit of double tuned transformer

The schematics of double tuned transformer is shown in Figure 6.1. In the differ-
ential half circuit (Figure 6.2), the transformer is modelled using primary inductance
(𝐿ፏ_ፈፒ), secondary inductance (𝐿ፒ_ፈፒ) and mutual inductance between them (𝑀),
which is elucidated in [3].
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𝑍ፃፓ is calculated as

𝑍ፃፓ =
−𝜔 (−𝐶𝑖𝑛ፎፒ𝑅ፏ𝑇𝜔ኼ + 𝑗𝑇𝜔 − 𝐿ፏ_ፈፒ𝑅ፏ)

(𝑗𝑇𝑅ፏ𝐶ፏፑፈ𝐶𝑖𝑛ፎፒ𝜔ኾ + 𝐶ፏፑፈ𝑇𝜔ኽ + 𝑗 (𝐶ፏፑፈ𝐿ፏ_ፈፒ + 𝐶𝑖𝑛ፎፒ𝐿ፒ_ፈፒ)𝑅ፏ𝜔ኼ + 𝐿ፒ_ፈፒ𝜔 − 𝑗𝑅ፏ)
(6.1)

where
𝑇 = −𝐿ፏ_ፈፒ𝐿ፒ_ፈፒ +𝑀ኼ

𝑘𝑚 = 𝑀
√𝐿ፏ_ፈፒ𝐿ፒ_ፈፒ

𝑅ፏ = 𝑅ፒፄፂ||𝑅𝑖𝑛ፎፒ
The 𝑅ፒፄፂ is added in parallel to 𝑅𝑖𝑛ፎፒ in order to reduce the input resistance of the
output stage. In case 𝑅ፒፄፂ is not added or the value is higher than 200 Ω, then the
input resistance of the output stage is high and there will be a large dip occurring at
2.4 GHz (Figure 6.3a). Consequently, 200 Ω won’t be seen by the driver at 2.4 GHz,
thus affecting the linearity performance of the PA and voltage gain of the driver at
that frequency. This is the reason that the designs with double tuned transformer
have 𝑅ፒፄፂ ≈ 200 Ω. In addition, 𝑅ፒፄፂ around 200 Ω keeps the turn ratio of the
inter-stage transformer to be unity. On the contrary, a value lower than 200 Ω
(for eg. 150 Ω) can reduce voltage gain of the system and also bring two peaks
together. Thus, having lower matching at 2.1 GHz and 2.7 GHz. From Figure 6.3, it
is seen that the spacing between the peaks is primarily determined by transformer
coupling (𝑘𝑚ፈፒ) whereas 𝐿ፒ_ፈፒ decides at which frequency the peak occurs.

(a) Without 𝑅ᑊᐼᐺ (b) With 𝑅ᑊᐼᐺ = 200 Ω

Figure 6.3: ℜ(𝑍ፃፓ) for different values of 𝑘𝑚 and 𝑅ፒፄፂ

Figure 6.4a and 6.4b shows the schematics of double tuned transformer with
and without 𝐶ፒፄፂ. Normal transformer matching schematics (Figure 6.4c) is similar
to schematics of double tuned transformer without 𝐶ፒፄፂ (Figure 6.4a) but the value
of 𝐿ፏ_ፈፒ, 𝐿ፒ_ፈፒ and 𝑘𝑚ፈፒ is different.
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(a) Double tuned transformer
matching without 𝐶ᑊᐼᐺ (Case 1)

(b) Double tuned transformer matching with
𝐶ᑊᐼᐺ (Case 2)

(c) Normal transformer matching (Case 3)

Figure 6.4: Inter-stage designs

6.1.1. Case 1 : Double tuned matching without parallel capac-
itor (𝐶ፒፄፂ)

The capacitance (𝐶ፏፑፈ) connected to the primary side of transformer (refer Fig-
ure 6.5) is calculated as

𝐶ፏፑፈ = 𝐶𝑖𝑛ፎፒ ∗ 𝑁ኼ −
𝐶ፃፒ_ፃፑፈፕፄፑ

2 (6.2)

The turn ratio of transformer

𝑁 = √𝑅ፒፄፂ200 (6.3)
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The primary inductance 𝐿ፏ_ፈፒ can be calculated as

𝐿ፏ_ፈፒ =
𝐿ፒ_ፈፒ
𝑁ኼ (6.4)

The variables available for tuning is secondary inductance (𝐿ፒ_ፈፒ), resistance added
at secondary side (𝑅ፒፄፂ) and transformer coupling (𝑘𝑚ፈፒ). The values of compo-
nents are shown in Table 6.1.

Figure 6.5: Schematics of double tuned matching without parallel capacitor (𝐶ፒፄፂ)

6.1.2. Case 2 : Double tuned matching with parallel capacitor
(𝐶ፒፄፂ)

Compared to the previous design, a capacitance 𝐶ፒፄፂ is added to secondary side.
This is done to reduce both 𝐿ፏ_ፈፒ and 𝐿ፒ_ፈፒ.

The capacitance (𝐶ፏፑፈ) connected to the primary side of transformer (refer Fig-
ure 6.6) is calculated as

𝐶ፏፑፈ = (𝐶𝑖𝑛ፎፒ + 𝐶ፒፄፂ) ∗ 𝑁ኼ −
𝐶ፃፒ_ፃፑፈፕፄፑ

2 (6.5)

𝑁 and 𝐿ፒ_ፈፒ can be calculated using the Equation 6.3 and 6.4. Like the previous
design, 𝐿ፒ_ፈፒ, 𝑅ፒፄፂ and 𝑘𝑚ፈፒ are available for tuning. In addition to this, 𝐶ፒፄፂ is
also available. The values of components are shown in Table 6.1.
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Figure 6.6: Schematics of double tuned matching with parallel capacitor 𝐶ፒፄፂ

6.1.3. Case 3 : Normal transformer matching
In this case, transformer is designed to provide 200 Ω only at 2.4 GHz and not at
other frequencies like 2.1 GHz and 2.7 GHz. 𝑅ፒፄፂ is added here so that the turn
ratio of the inter-stage transformer is not very large so as to present 200 Ω between
the drains of the driver. The main motivation to test this design is that 𝐿ፏ_ፈፒ and
𝐿ፒ_ፈፒ is lower than previous designs and also 𝑘𝑚ፈፒ is high. The above-mentioned
specifications reduces the transformer size in layout significantly. The values of
components are shown for normal transformer matching in Table 6.1.

Figure 6.7: Schematics of normal transformer matching
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6.2. Double tuned transformer vs Normal transformer
This section compares the performance of the PA with the 3 designs of inter-stage.

Case 1 : Double tuned

transformer matching

without 𝐶ፒፄፂ

Case 2 : Double tuned

transformer matching

with 𝐶ፒፄፂ

Case 3 : Normal

transformer

matching

𝑅ፒፄፂ (Ω) 200 160 200

𝐶ፒፄፂ (pF) - 0.5 -

𝐿ፏ_ፈፒ (nH) 2.7 2.25 1.25

𝐿ፒ_ፈፒ (nH) 2.7 1.8 1.25

𝑘𝑚ፈፒ 0.4 0.35 0.85

𝐶ፏፑፈ (pF) 0.7 0.95 1

Table 6.1: Component values for the 3 designs of inter-stage matching

The differential impedance (both real and imaginary part) presented to the
drains of the driver is shown in Figure 6.8. It is seen that normal transformer
matching (case 3) doesn’t present 200 Ω at 2.1 GHz and 2.7 GHz which is expected
as per the design. The other 2 inter-stage designs which uses double tuned network
concept present around 200 Ω for the entire bandwidth (2.1 - 2.7 GHz).

(a) Resistance (real part) (b) Reactance (imaginary part)

Figure 6.8: Impedance presented to the driver for 3 designs of inter-stage match-
ing

From Table 6.2, it is seen that normal transformer matching (case 3) has similar
performance at 2.1 GHz and 2.7 GHz in terms of maximum efficiency even though
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Case 1 : Double tuned

Transformer matching

without 𝐶ፒፄፂ

Case 2 : Double tuned

transformer matching

with 𝐶ፒፄፂ

Case 3 : Normal

transformer

matching

Class of Operation Class F CCF Class F CCF Class F CCF

Frequency (GHz) 2.4 2.1 2.7 2.4 2.1 2.7 2.4 2.1 2.7

OP1dB (dB) 25.0 25.0 25.3 25.1 25.1 25.3 23.1 24.7 25.1

Efficiency

(𝜂)(%)

Max 67.3 62.1 67.5 67.4 60.9 70.6 69.1 61.7 68.2

@ P1dB 56.2 56.1 61.8 56.1 57.5 62.0 48.4 55.1 61.3

@ Pout = 18 dBm 20.1 19.9 20.5 20.1 20.0 20.5 20.2 19.9 20.6

@ Pout = 16.5 dBm 15.2 15.1 15.4 15.2 15.1 15.4 15.2 15.1 15.5

EVM

(dB)

@ Pout = 18 dBm -31.4 -28.5 -30.3 -30.9 -29.7 -27.6 -25.3 -25.8 -28.4

@ Pout = 16.5 dBm -36.8 -34.2 -34.9 -35.3 -35.1 -31.5 -29.4 -29.3 -34.4

Voltage Gain (dB) 30 29.7 30.5 28.4 29.4 30.5 30.0 24.2 27.3

Table 6.2: Performance of PA with 3 inter-stage designs

the driver doesn’t see an impedance of 200 Ω. This shows efficiency is dominated
by the output stage and not the driver. But in terms of EVM, there is a significant
degradation for normal transformer matching (case 3) even at 2.4 GHz where the
impedance is matched to 200 Ω. This can be attributed to the large AM-PM shift
for normal transformer matching which is showcased in Figure 6.9a. Figure 6.9b
shows that the trend is same for 2.1 GHz and 2.7 GHz. Double tuned transformer
with 𝐶ፒፄፂ (case 2) is selected as it has lower value of 𝐿ፏ_ፈፒ and 𝐿ፒ_ፈፒ than case 1
as well as better EVM performance compared to case 3.

(a) AM-PM for 2.4 GHz (b) AM-PM for 2.1 GHz and 2.7 GHz

Figure 6.9: Phase difference between input of the driver and the output of the
output stage (AM-PM) for 3 designs of inter-stage matching (𝐷𝑇 - double tuned
transformer and 𝑁𝑇 - normal transformer)
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6.3. Conclusion
This chapter illustrated the procedure to design the inter-stage matching. The inter-
stage matching is designed using double tuned transformer with 𝐶ፒፄፂ (case 2) as it
has lower 𝐿ፏ_ፈፒ and 𝐿ፒ_ፈፒ and better EVM performance. Upcoming chapter shows
the entire circuit of the PA and final results using schematics.
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7
Entire PA (Driver, inter-stage,

output stage & output
network)

This chapter shows the results of the entire circuit (driver, inter-stage, output stage
and output network) schematics at 125ኺ C. It also checks if circuit is layout friendly
in terms of the size of the transformer and inductance of primary and secondary
coils in the output network.

7.1. PA performance based on schematics

Figure 7.1: PA architecture

69
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The chapters 5, 6, 4, and 3 discussed the design of the driver, inter-stage matching,
output stage and output network respectively.

From two-tone test, 𝑂𝐼𝑃3 for the entire system consisting of the driver, inter-
stage matching, output stage and output network was simulated to be 32.2 dBm
at 2.4 GHz. This matches with the value (33.4 dBm) calculated in chapter 5. Thus,
confirming that linearity is dictated by the output stage and not the driver.

Class of Operation Class F CCF

Frequency (GHz) 2.4 2.1 2.7

OP1dB (dB) 25.1 25.1 25.3

Efficiency

(𝜂)(%)

Max 67.4 60.9 70.6

@ P1dB 56.1 57.5 62

@ Pout = 18 dBm 20.1 20.0 20.5

@ Pout = 16.5 dBm 15.2 15.1 15.4

EVM

(dB)

@ Pout = 18 dBm -30.9 -29.7 -27.6

@ Pout = 16.5 dBm -35.3 -35.1 -31.5

Voltage Gain (dB) 28.4 29.4 30.5

IM3

(dBc)

@ Pin = -20 dBm -40.5 -46 -46.3

@ Pin = -7 dBm -15.1 -19.9 -13.1

OIP3 (dBm) 32.2 31.5 35.9

Table 7.1: Performance of PA with the driver, inter-stage, output stage and output
network

The value of inductance of primary and secondary coils are 2.2 nH and 3.9 nH.
These values are pretty large and can’t be created inside the chip efficiently. In the
chapter 3, value of transformer coupling (𝑘𝑚) is chosen as 0.8 for designing the
output network where ever the number of variables is more than the number of
equations. Below section discusses the effect of varying transformer coupling (𝑘𝑚)
on component values and performance of the PA.

7.2. Influence of transformer coupling (𝑘𝑚) in the
output network on PA performance

From Table 7.2, it is seen that reducing transformer coupling (𝑘𝑚) reduces induc-
tance of the primary (𝐿ፏ) and the secondary coil (𝐿ፒ) of the output balun. At the
same time, inductance of second harmonic trap (𝐿ኼ) increases with 𝑘𝑚. The Design
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Output Network

Design

𝐿ፁፍፃ
(nH)

𝐿ፏ
(nH)

𝑁 𝑘𝑚
𝐿ፒ
(nH)

𝐶ፋ
(pF)

𝐿ኼ
(nH)

𝐶ኼ
(pF)

𝐶ፃፂፏ
(pF)

Selected

Designs

1 3 1.38 0.85 5.8 0.9 0.7 1.5 100

1 2.2 1.34 0.8 3.9 0.9 0.7 1.5 100 I

1 1.7 1.25 0.75 2.7 1 0.8 1.4 100

1 0.7 0.94 0.7 0.7 3 2.4 0.5 100

1 1.2 1.15 0.7 1.6 1.3 0.9 1.3 100

1 0.8 0.99 0.69 0.8 2.4 1.5 0.8 100 II

1 1.1 1.11 0.69 1.4 1.5 0.9 1.2 100 III

Design A

(no RF Choke &

with 𝐿ኼ𝐶ኼ)

No solution exist for values of 𝑘𝑚 below 0.69

Table 7.2: Component values in Design A for different transformer coupling 𝑘𝑚

I (highlighted in blue in Table 7.2) represents Design A1 output network with 𝑘𝑚 =
0.8 in the output balun which was previously chosen in chapter 4. The Design II
(highlighted in red in Table 7.2) and Design III (highlighted in green in Table 7.2)
denotes variants of Design A output network with 𝑘𝑚 = 0.69 in the output balun.
These 2 designs are shortlisted to be compared with Design I because they have
the least value of 𝐿ፏ, 𝐿ፒ and 𝐿ኼ compared to the others in the table. In the following
subsection, impedance of Design II and III will be compared with that of Design I
at 1፬፭, 2፧፝ and 3፫፝ harmonic.

7.2.1. Impedance at first harmonic (𝜔ኺ)

(a) Real part of 𝑍ᐻ (ℜ(𝑍ᐻ)) (b) Reactive part of 𝑍ᐻ (ℑ(𝑍ᐻ))

Figure 7.2: Impedance (𝑍ፃ) at 1፬፭ harmonic (𝜔ኺ) for different values of 𝑘𝑚

From Figure 7.2a, it is seen that real part at 1፬፭ harmonic is flatter in the band-
width 2.1 - 2.7 GHz for Design I compared to Design II and III. Also, reactance is
larger in Design II and III compared to Design I which is shown in Figure 7.2b.
1no RF choke and with ፋᎴፂᎴ
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7.2.2. Impedance at second harmonic (2𝜔ኺ)

(a) Reactive part of 𝑍ᐻ (ℑ(𝑍ᐻ)) (b) Magnitude of 𝑍ᐻ (|𝑍ᐻ|)

Figure 7.3: Impedance (𝑍ፃ) at 2፧፝ harmonic (2𝜔ኺ) for different values of 𝑘𝑚

From Figure 7.3a and 7.3b, it is seen that Design II has larger magnitude at 2፧፝
harmonic compared to other designs. Since in CCF, 1፬፭ harmonic reactance and
2፧፝ harmonic reactance should have an inverse relationship. Thus, in Design II,
reactance is larger at 1፬፭ and 2፧፝ harmonic, therefore keeping the CCF requirements
intact.

7.2.3. Impedance at third harmonic (3𝜔ኺ)

Figure 7.4: Magnitude of 𝑍ፃ (|𝑍ፃ|) at 3፫፝ harmonic (3𝜔ኺ) for different values of
𝑘𝑚
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As designed, 3 variants of Design A2 output network have an impedance of 1000 Ω
at 3፫፝ harmonic. It is also seen that impedance at 2.1 GHz and 2.7 GHz is less for
all 3 output network designs. From the section 4.4, it is important to note that the
3፫፝ harmonic impedance doesn’t have significant effect on the PA performance.

7.2.4. Performance comparison

Frequency (GHz) Parameter I II III

2.4

𝜂 @ P1dB (%) 56.1 56.5 55.9

OP1dB (dBm) 25.1 25.3 25.3

𝜂 @ Pout = 18 dBm (%) 20.1 20.0 19.9

𝜂 @ Pout = 16.5 dBm (%) 15.2 15.1 15.0

EVM @ Pout = 18 dBm (dB) -30.9 -30.7 -31.7

EVM @ Pout = 16.5 dBm (dB) -35.3 -34.4 -35.8

2.1

𝜂 @ P1dB (%) 57.5 55.9 57.5

OP1dB (dBm) 25.1 25.1 25.0

𝜂 @ Pout = 18 dBm (%) 20.0 19.4 20.0

𝜂 @ Pout = 16.5 dBm (%) 15.1 14.8 15.1

EVM @ Pout = 18 dBm (dB) -29.7 -25.2 -27.1

EVM @ Pout = 16.5 dBm (dB) -35.1 -29.6 -32.1

2.7

𝜂 @ P1dB (%) 70.6 69.5 71.4

OP1dB (dBm) 25.3 26.6 26.3

𝜂 @ Pout = 18 dBm (%) 20.5 18.6 19.4

𝜂 @ Pout = 16.5 dBm (%) 15.4 14.2 14.7

EVM @ Pout = 18 dBm (dB) -27.6 -33.6 -32.6

EVM @ Pout = 16.5 dBm (dB) -31.5 -35 -35.1

Table 7.3: Efficiency (𝜂), 𝑂𝑃1𝑑𝐵 and EVM for 3 variants of Design A output net-
work based on different 𝑘𝑚 values

From Table 7.3, it is seen that all 3 designs have similar performance at 2.4 GHz.
Even though efficiency remains same at 2.1 GHz and 2.7 GHz, EVM performance
is different in each case. Design II is chosen because it has lower inductance for
primary and secondary coils for the output balun and the performance of PA isn’t

2no RF choke and with ፋᎴፂᎴ
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affected a lot.
The performance of the PA with Design A output network (Design II) is tabulated

in Table 7.4. The plots showing the voltage and current waveforms at the drain of
the top transistor (𝑀ኼ) at 2.1, 2.4 and 2.7 GHz are available in Appendix C.

Class of Operation Class F CCF

Frequency (GHz) 2.4 2.1 2.7

OP1dB (dB) 25.3 25.1 26.6

Efficiency

(%)

Max 68.6 59.2 69.5

@ P1dB 56.5 55.9 60.8

@ Pout = 18 dBm 20.0 19.4 18.6

@ Pout = 16.5 dBm 15.1 14.8 14.3

EVM

(dB)

@ Pout = 18 dBm -30.7 -25.2 -33.6

@ Pout = 16.5 dBm -34.4 -29.6 -35.0

Voltage Gain (dB) 28.3 29.3 28.6

IM3

(dBc)

@ Pin = -20 dBm -40.0 -42.4 -46.3

@ Pin = -7 dBm -15.6 -18.4 -14.7

OIP3 (dBm) 31.9 31.74 32.1

Table 7.4: Performance of the PA with the driver, inter-stage, output stage and
Design A output network (Design II)

7.3. Conclusion
This chapter showed the performance of PA for different variants of Design A based
on values of transformer coupling (𝑘𝑚). In the end, Design II (with 𝑘𝑚 = 0.69
and 𝐿ፏ = 0.8 nH) is chosen because it has smaller inductance for primary and
secondary coils. Thus, making it layout friendly. Next chapter describes layout of
each component in detail.
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Layout

This chapter explains the layout of the driver, inter-stage, output stage, and output
network (Design A1) as well as the layout of the entire PA chip. Due to unforeseen
circumstances, tape-out in TSMC 22 nm ULL was canceled by the company CATENA
MICROELECTRONICS B.V. Later, the entire design was ported to TSMC 40 nm so
that the tape out could happen through TU DELFT in March 2021.

8.1. Conversion to TSMC 40 nm
Table 8.1 compares the aspect ratio (𝑊/𝐿) of the transistors in the driver and
output stage, also the values of components in the inter-stage matching and output
network between TSMC 22 nm ULL and TSMC 40 nm.

The number of multipliers (𝑀) for the transistors in the output stage is higher
for 40 nm than 22 nm due to lower transconductance (𝑔፦) of the nominal device
in 40 nm.

By specification, the maximum 𝑉ፃፃ of the thick oxide is 2.5 V in 40 nm compared
to that of 1.98 V in 22 nm. The value of 𝐶ፒፓኼ is increased from 2.4 pF to 6 pF in 40
nm since the thick oxide device has a higher breakdown voltage in this technology.

But for the driver, the thick oxide has lower 𝑀 in 40 nm than 22 nm. Here, the
reason is that 40 nm has flatter 𝑔፦, thereby better linearity. So, 𝑀 of thick oxide
device could be reduced in 40 nm. The nominal device in the driver still has more
multipliers in 40 nm because of lower 𝑔፦.

The value of components for the inter-stage in 40 nm were calculated in the
same way as shown in the chapter 6. The component values in the output network
was kept same for for 22 nm and 40 nm. Even though the drain source capacitance
(𝐶ፃፒ) was 1.87 pF in 22 nm and 1.7 pF in 40 nm. This didn’t have any significant
effect on the performance of the PA.

1no RF choke, with ፋᎴፂᎴ and ፤፦ = 0.69 in the output balun
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Technology 22 nm 40 nm Unit Technology 22 nm 40 nm Unit

Driver Output stage

𝑀዁ & 𝑀ዃ
𝑊 ∗ 𝑁 ∗ 𝑀 1*32*6 1*32*4 um

𝑀ኼ & 𝑀኿
𝑊 ∗ 𝑁 ∗ 𝑀 1*32*80 1*32*80 um

𝐿 30 40 nm 𝐿 30 40 nm

𝑀ዀ & 𝑀ዂ
𝑊 ∗ 𝑁 ∗ 𝑀 1*32*2 1*32*4 um

𝑀ኻ & 𝑀ኾ
𝑊 ∗ 𝑁 ∗ 𝑀 1*32*50 1*32*80 um

𝐿 30 40 nm 𝐿 30 40 nm

𝐷_𝑉ፁኻ 1.35 1.36 V
𝑀ኺ & 𝑀ኽ

𝑊 ∗ 𝑁 ∗ 𝑀 1*32*50 1*32*80 um

𝐷_𝑉ፁኺ 0.38 0.46 V 𝐿 30 40 nm

𝐷_𝐶ፁኻ 5 1 pF 𝑂𝑆_𝑉ፁኼ 2.26 2.31 V

𝐷_𝐶ፁኺ 5 1 pF 𝑂𝑆_𝑉ፁኻ 1.09 1.36 V

𝑂𝑆_𝑉ፁኺ 0.32 0.46 V

𝐶ፒፓኻ 5 5 pF

𝐶ፒፓኼ 2.4 6 pF

Technology 22 nm 40 nm Unit Technology 22 nm 40 nm Unit

Inter-stage matching Output network

𝑅ፒፄፂ 160 190 Ω 𝐿ፏ 0.8 0.8 nH

𝐶ፒፄፂ 0.5 0.11 pF 𝐿ፒ 0.8 0.8 nH

𝐿ፏ_ፈፒ 2.25 2.25 nH 𝑘𝑚 0.69 0.69

𝐿ፒ_ፈፒ 1.8 1.8 nH 𝐿ኼ 1.4 1.4 nH

𝑘𝑚 0.35 0.35 𝐶ኼ 0.8 0.8 pF

𝐶ፏፑፈ 0.95 1 pF 𝐶ፋ 2.4 2.4 pF

Table 8.1: Component values and aspect ratios of the transistors in TSMC 22 nm
ULL and TSMC 40 nm

8.2. Layout

This section shows the layout of the driver, inter-stage, output stage and output
network.

8.2.1. Driver

In Figure 8.2, the biasing circuit is highlighted in yellow which is common to both
P and N cells. The resistor of 53 Ω is added between each input of the driver and
ground (marked with a green rectangle in the right side of Figure 8.2). This is done
to obtain 50 Ω matching at inputs of the PA chip to make testing easier.
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Figure 8.2: Layout of the driver

8.2.2. Inter-stage matching

Figure 8.3: Layout of inter-stage matching
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Due to the parasitic capacitance and resistance in the layout of inter-stage matching
(Figure 8.3), 𝐶ፒፄፂ and 𝑅ፒፄፂ are removed. Also, 𝐶ፏፑፈ (marked with a blue rectangle
in Figure 8.2) was reduced from 1 pF to 0.33 pF. Moreover, 𝐿ፏ_ፈፒ and 𝐿ፒ_ፈፒ was
also reduced to 2.1 nH and 1.1 nH respectively to get required matching in the
bandwidth 2.1 - 2.7 GHz2. The reason to reduce the inductance is the presence of
increased parasitic capacitance due to ultra thick metal layer in 40 nm. Figure 8.4
shows the differential impedance presented to the drain of the driver for ideal and
momentum (𝑀𝑜𝑀) simulation case. For this simulation, the outputs of the inter-
stage transformer (𝑂𝑆_𝑉።፧_፩ & 𝑂𝑆_𝑉።፧_፧) are connected to RC extracted view of the
output stage which is followed by the 𝑀𝑜𝑀3 simulation of the output network.

Figure 8.4: Differential impedance presented to the drain of the driver (𝑍ፃ_ፃ፫።፯፞፫)
for ideal and (𝑀𝑜𝑀) simulation case

8.2.3. Output stage
In Figure 8.5, P and N cells are marked with a red rectangle. Each cell consist
of 4 unit cells which is marked with a blue rectangle in Figure 8.5 and enlarged
image is shown in the right side. The biasing voltages 𝑂𝑆_𝑉ፁኼ, 𝑂𝑆_𝑉ፁኻ, and 𝑂𝑆_𝑉ፁኺ
are generated using 3 biasing circuit (highlighted in yellow rectangle in Figure 8.5)
which is common to both P and N cells. When individual biasing circuits were
provided for each unit cell in the output stage, there wasn’t much improvement
in the EVM performance. Moreover, there was significant degradation in efficiency

2previous value of ፋᑇ_ᑀᑊ and ፋᑊ_ᑀᑊ was 2.25 nH and 1.8 nH which is available in Table 8.1
3Momentum file included both inter-stage and output network
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Figure 8.5: Layout of output stage

due to increased current consumption in the biasing circuits. Owing to this reason,
it was chosen to have global biasing circuits for both P and N cells in the output
stage.

8.2.4. Output network
The main motivation to have balun with diameter of 600 um is to have high self
resonance frequency (at least above 8.4 GHz). The designed balun has self resonant
frequency of 10 GHz. The drain of each unit cell in the output stage is connected
to output balun at the locations marked with red arrow (P1, P2, P3 and P4) in
Figure 8.5. The capacitors 𝐶ኼ and 𝐶ፋ are marked in blue and purple respectively.

The entire output network except the capacitors (𝐶ኼ and 𝐶ፋ) were simulated
in the ADS momentum. The 𝑀𝑜𝑀 simulation of capacitors take a long time due
to fringe capacitance and smaller mesh. Instead of 𝑀𝑜𝑀 simulation, RC extracted
view can be used to calculate capacitance by performing PEX and both these values
matches pretty well.

Figure 8.7 denotes the impedance (𝑍ፃ_ፎፒ) seen from the drains of the output
stage for ideal case4 versus non-ideal case5. Ideal case (blue dotted line) is plotted
with 𝐶ፃፒ = 1.7 pF which is calculated for 40 nm after the layout of output stage
transistors were completed6. P1, P2, P3, and P4 (marked with red arrow in Fig-
ure 8.6) denotes the points where each unit cell of the output stage is connected to

4lossless components
5ፌ፨ፌ simulation for balun and inductor ፋᎴ whereas RC extracted view for capacitors ፂᎴ and ፂᑃ
6Using the technique explained in Appendix A
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Figure 8.6: Layout of output network (balun, second harmonic trap 𝐿ኼ𝐶ኼ, load
capacitance 𝐶ፋ)

the output balun. This simulation is carried out to estimate the inductance between
each unit cell and its effect on output network response.

(a) Real part of 𝑍ᐻ_ᑆᑊ (ℜ(𝑍ᐻ_ᑆᑊ)) (b) Reactive part of 𝑍ᐻ_ᑆᑊ (ℑ(𝑍ᐻ_ᑆᑊ))

Figure 8.7: Impedance (𝑍ፃ_ፎፒ) at 1፬፭ harmonic (𝜔ኺ) for ideal and𝑀𝑜𝑀 simulation

Figure 8.8 showcases the reactive part and magnitude of 𝑍ፃ_ፎፒ at 2፧፝ harmonic.
It is seen that |𝑍ፃ_ፎፒ| for the non-ideal case doesn’t reach 0 because of finite
quality factor and attains minimum value of 2.3 Ω at 4.6 GHz. Another observation
made from Figure 8.8a is that zero crossing of ℑ(𝑍ፃ_ፎፒ(𝜔ኺ)) has shifted to 4.6 GHz
compared to 4.8 GHz in the ideal case. But, the requirement for CCF operation is
the increasing trend at ℑ(𝑍ፃ_ፎፒ(2𝜔ኺ)), so shifting of zero crossing from 4.8 GHz to
4.6 GHz doesn’t have significant effect on the performance of PA.
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(a) Reactive part of 𝑍ᐻ_ᑆᑊ (ℑ(𝑍ᐻ_ᑆᑊ)) (b) Magnitude of 𝑍ᐻ_ᑆᑊ (|𝑍ᐻ_ᑆᑊ|)

Figure 8.8: Impedance (𝑍ፃ_ፎፒ) at 2፧፝ harmonic (2𝜔ኺ) for ideal and 𝑀𝑜𝑀 simula-
tion

Figure 8.9: Magnitude of 𝑍ፃ_ፎፒ at 3፫፝ harmonic (3𝜔ኺ) for ideal and 𝑀𝑜𝑀 simula-
tion

Figure 8.9 shows that the peak of |𝑍ፃ_ፎፒ(3𝜔ኺ)| for the ideal case is shifted
slightly from 7.2 GHz which is due to change in 𝐶ፃፒ from 1.87 pF to 1.7 pF. Similarly,
for non-ideal case, |𝑍ፃ_ፎፒ(3𝜔ኺ)| is lower (around 100 Ω). But, it was explained in
section 4.4 that 3፫፝ harmonic impedance has trivial effect on PA performance.

8.3. Comparison between TSMC 22 nmULL and TSMC
40 nm

Table 8.2 shows the performance of PA in 22 nm and 40 nm with

• RC extracted view for the driver, reference generators, output stage and ca-
pacitors (𝐶ኼ & 𝐶ፋ) in the output network;
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Reference Generator -

RC Extracted

Driver with biasing -

RC Extracted

Output Stage with biasing -

RC Extracted

Inter-stage &

Output Network

- MoM

TSMC

22 nm ULL

TSMC

40 nm

Class of Operation Class F CCF Class F CCF

Frequency (GHz) 2.4 2.1 2.7 2.4 2.1 2.7

Output P1dB (dBm) 22.6 22.4 23.9 23 23 22.1

Efficiency (%)

Max 35.1 35.3 33.2 40.8 41.2 33.7

@ P1dB 31.7 30.2 32.3 35.3 34.6 26.4

@ Pout 18 dBm 18.0 17.5 16.7 17.1 16.5 15.2

@ Pout 16.5 dBm 14.2 13.8 13.3 13.2 12.8 12.1

Voltage Gain (dB) 26.4 28.1 24.0 24.8 26.8 20.2

Output Network Loss (dB) -2.1 -2.1 -2.2 -1.2 -1.2 -1.4

OIP3 (dBm) 30.7 29.1 28.0 33.8 34.9 31.5

IM3 @ Pin = -20 dBm -37.6 -30.9 -37.8 -46.3 -44.4 -50.9

IM3 @ Pin = -7 dBm -13.0 -12.0 -15.1 -14.9 -12.5 -22.8

Table 8.2: Performance of PA in TSMC 22 nm ULL and TSMC 40 nm

• 𝑀𝑜𝑀 simulation for inter-stage transformer, output balun and 𝐿ኼ of second
harmonic trap.

The metal stack in 22 nm consist of 5 Mx, 2 Mz and AP whereas in 40 nm
consists of 4 Mx, 1 Mz, 1 Ultra and AP. The presence of ultra thick layer has its
own merits and demerits. It helps to get higher quality factor in 40 nm (at least 13
compared to 7 in 22 nm). But ultra thick metal layer leads to higher capacitance due
to increased area. This had significant effect on the design of the output network
and inter-stage.

In the case of the output network, the spacing between the drains of output
stage (Figure 8.6) were increased to counter increased capacitance. Otherwise,
there was peaking in the gain plot which signifies lower phase margin and can lead
to instability.

Likewise, in the case of inter-stage matching, 𝐿ፏ_ፈፒ and 𝐿ፒ_ፈፒ were reduced
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to counter increased parasitic capacitance because of ultra thick metal layer and
thereby, get required matching in the bandwidth 2.1 - 2.7 GHz.

Figure 8.10: Pin layout of CCF chip

The pin diagram of the CCF is shown in Figure 8.10. Figure 8.11 portrays the
layout of the complete chip including decoupling capacitors7 and dummy metal
fill8. The reference generators are marked with a blue rectangle in Figure 8.11.
Reference generator circuit takes 1 V as input and has on chip resistor of 2.35 KΩ
to generate a required current for biasing. Then , this current is copied using current
mirrors to the biasing circuit to generate the biasing voltages for the output stage
(𝑂𝑆_𝑉ፁኼ, 𝑂𝑆_𝑉ፁኻ and 𝑂𝑆_𝑉ፁኺ) and the driver (𝐷_𝑉ፁኻ and 𝐷_𝑉ፁኺ) (refer Figure B.2
and B.1).

The CCF PA chip has been provided with 3 separate grounds:

• AVSS_IN_PRI - connected to the driver;

• AVSS_ACTIVE - connected to output stage;

• AVSS_OUT_SEC - connected only to output of balun and load capacitance
(𝐶ፋ).

7Decoupling capacitor consists of a MOM cap, MOS cap and 9 K጖ DQ resistor. The decoupling capacitor
was designed by MSc M.R.Beikmirza.
8The dummy metal fill was done for passive components like inter-stage transformer and output balun
manually such that the performance is not lost.
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The motivation to keep grounds of the driver and output stage separate is similar
to the reason of having transformer for inter-stage matching, that is, to prevent
coupling between them. Since there will be large swing at the output of the balun,
it is better to keep different grounds for the output stage and output of the balun.
All three grounds are connected together on the printed circuit board (PCB).

8.4. Conclusion
This chapter initially explained the conversion of the design9 to TSMC 40 nm from
TSMC 22 nm ULL. It also compared the performance of the PA in 22 nm and 40
nm. Then, the chapter described the layout of the driver, inter-stage, output stage
and output network. The following chapter showcases the post layout results of
Continuous Class F power amplifier.

9including aspect ratio of transistors, biasing voltage and component values in the output network and
inter-stage
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Post layout simulation results

The core design which consists of reference current generators, driver, inter-stage
matching, output stage and output network is marked with blue rectangle in Fig-
ure 9.1. The reference generators, driver, 𝐶ፏፑፈ (part of inter-stage matching),
output stage, and 𝐶ኼ and 𝐶ፋ (part of output network) are modeled using RC ex-
tracted view. The transformer (part of the inter-stage), balun and 𝐿ኼ (part of the
output network) are modeled using Momentum (𝑀𝑜𝑀) simulation. The inter-stage
transformer and output balun with 𝐿ኼ was simulated in a single momentum file.
The inputs of the inter-stage (𝐷_𝑉፨፮፭_፩ and 𝐷_𝑉፨፮፭_፧) were left open and a port
was placed between the outputs (between 𝑂𝑆_𝑉።፧_፩ and 𝑂𝑆_𝑉።፧_፧). Similarly, at
the inputs of the balun (P1, P2, P3 and P4 of 𝑂𝑆_𝑉፨፮፭_፩ and 𝑂𝑆_𝑉፨፮፭_፩), ports were
placed and the outputs were left open. Then, the isolation between the inter-stage
transformer and output balun was measured to be -40 dB. The ground plane is
kept 40 um away from the transformers so that the parameters of the output net-
work (𝐿ፏ, 𝐿ፒ, 𝑘𝑚) and inter-stage transformer (𝐿ፏ_ፈፒ, 𝐿ፒ_ፈፒ, 𝑘𝑚ፈፒ) are not varied
so much. To further minimize the effect of ground plane, slots are added at the
side facing the transformer. This reduces eddy currents as well [1]. The dummy
metals were also added to the momentum file for simulation so that the effect of
these are also considered [2].

The bondwire inductance (𝐿ፁፍፃ_ፕፃፃ) for the supply of the driver and output
stage (𝐴𝑉𝐷𝐷_𝑂𝑆 and 𝐴𝑉𝐷𝐷_𝐷𝑅𝐼𝑉𝐸𝑅) is assumed to be 1.5 nH. Since 𝐴𝑉𝐷𝐷_𝑂𝑆
is provided by 9 pins (refer Figure 8.10), the 𝐿ፁፍፃ_ፕፃፃ is reduced to 1.5 nH/91.
Also, supply and ground are interleaved (refer Figure 8.11) so mutual inductance
between the supply 𝐿ፁፍፃ can be neglected [3]. Similarly, 𝐿ፁፍፃ_ፕፃፃ for the supply
of the driver is reduced to 1.5 nH/4. For the 3 grounds, namely 𝐴𝑉𝑆𝑆_𝐼𝑁_𝑃𝑅𝐼,
𝐴𝑉𝑆𝑆_𝐴𝐶𝑇𝐼𝑉𝐸 and 𝐴𝑉𝑆𝑆_𝑂𝑈𝑇_𝑆𝐸𝐶, the 𝐿ፁፍፃ_ፆፍፃ is assumed to be 0.5 nH. Since
there are multiple pins connected to ground similar to supply, the approximated
bondwire inductance for 𝐴𝑉𝑆𝑆_𝐼𝑁_𝑃𝑅𝐼, 𝐴𝑉𝑆𝑆_𝐴𝐶𝑇𝐼𝑉𝐸 and 𝐴𝑉𝑆𝑆_𝑂𝑈𝑇_𝑆𝐸𝐶 be-
comes 1.5 nH/9, 1.5 nH/9 and 1.5 nH/4, respectively.
1Since it is parallel connection and assuming all bondwire inductance are equal.
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All the pads except 𝑂𝑈𝑇 pad and 𝐴𝑉𝑆𝑆_𝑂𝑈𝑇_𝑆𝐸𝐶 pads have electrostatic diodes
(ESD) and these are taken from ELCA2 inventory. These pads have a capacitance
of 𝐶ፏፀፃ = 0.7 pF. The electrostatic diodes (ESD) are removed for the 𝑂𝑈𝑇 pad
(highlighted with a purple rectangle in Figure 8.11) since the balun provides isolation
to the active devices. Moreover, adding ESD reduces the linearity since it contains
a significant amount of nonlinear capacitance. The pad capacitance for 𝑂𝑈𝑇 was
simulated in 𝑀𝑜𝑀 and the value was calculated to be 0.3 pF.

Below sections shows the results with schematics portrayed in Figure 9.1 for
temperatures −40∘C, 27∘C, 70∘C and 125∘C.

Figure 9.1: Schematics consisting of core design, decoupling capacitor (𝐶ፃፂፏ),
bondwire inductance (𝐿ፁፍፃ) and pad capacitance (𝐶ፏፀፃ) to model the entire chip

2Electronic Circuits and Architectures (ELCA), a research group in TU Delft
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9.1. Peak power and output 1 dB compression point
The input power was swept from -30 dBm to 2 dBm in the harmonic balance test
(considering 15 harmonics) for different temperatures. From Figure 9.2 and 9.3,
it seen that peak 𝑃OUT and 𝑂𝑃1𝑑𝐵 increases at lower temperature. The reason
is that at lower temperature both mobility and threshold voltage decreases with
temperature. But decrease in mobility means lesser drain current (𝐼ፃ) and lower
power, whereas decrease in threshold voltage signifies increase in 𝐼ፃ and higher
power. In this case, threshold voltage dominates the 𝐼ፃ so there is increase in 𝑃OUT
and 𝑂𝑃1𝑑𝐵 at lower temperatures.

Figure 9.2: Peak power (𝑃OUT) across
frequency for different temperature

Figure 9.3: Output 1 dB compression
point (𝑂𝑃1𝑑𝐵) across frequency for dif-
ferent temperatures

9.2. PA efficiency

Figure 9.4: Maximum efficiency (𝜂) of
the system

Figure 9.5: Efficiency (𝜂) of the system
at P1dB

The system here refers to the entire PA which consists of the driver, inter-stage
matching, output stage and output network. Figure 9.4 and 9.5 shows the 𝜂 of the
system at maximum and P1dB whereas, 𝜂 at 𝑃OUT = 18 dBm and 16.5 dBm is plotted
in Figure 9.6 and 9.7 respectively. From the figures, it is seen that 𝜂 increases as
the temperature reduces. The reasoning for this is same as the one explained for
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the increase in 𝑃OUT at lower temperatures.
Across the frequency, 𝜂 is maximum at 2.4 GHz because the PA operates in Class

F condition. Theoretically, CCF has constant 𝜂ፃ over the entire bandwidth and is
independent of 𝛾 (refer chapter 2). In reality, change in 𝑉ፃፒ will have an impact on
𝐼ፃ and also on 𝜂ፃ. So, in practical scenario, 𝜂ፃ reduces with increase in 𝛾.

Figure 9.6: Efficiency (𝜂) of the system
at 𝑃OUT = 18 dBm

Figure 9.7: Efficiency (𝜂) of the system
at 𝑃OUT = 16.5 dBm

9.3. Voltage gain

Figure 9.8: Voltage gain of the system over frequency for different temperatures

Figure 9.8 shows the voltage gain (𝐺ፕ) of the system across frequency for dif-
ferent temperatures. There is a variation of about 1 dB in the 𝐺ፕ in the bandwidth
2.1 - 2.7 GHz. As the temperature reduces, threshold voltage reduces and 𝑃OUT
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increases as explained earlier. Thus, leading to increase in the 𝐺ፕ of the system.
At 2.4 GHz, the driver and output stage has 𝐺ፕ of 11 dB and 15 dB, respectively.
On the other hand, inter-stage and output network has 𝐺ፕ of -2.6 dB and 0.9 dB,
respectively.

9.4. Drain efficiency

Figure 9.9: Maximum drain efficiency
(𝜂ፃ) of the output stage

Figure 9.10: Drain efficiency (𝜂ፃ) of the
output stage at P1dB

The drain efficiency (𝜂ፃ) of the output stage at peak and P1dB is plotted in
Figure 9.9 and 9.10, respectively. It is seen that maximum 𝜂ፃ at 125∘C is 49%
where as the maximum system 𝜂 at 125∘C is only 30%. This loss can be attributed
to the passive efficiency of the output balun.

For the output balun, quality factor of primary (𝑄ፏ) and secondary (𝑄ፒ) coils
are measured as 12.8 and 11.5 respectively at 2.4 GHz. The coupling factor (𝑘𝑚)
is designed to be 0.69 in the output balun. Using the following variables, passive
efficiency (𝜂ፏ_ፎፒ) of the output balun at 2.4 GHz can be computed with equation
described in [4].

𝜂ፏ_ፎፒ =
1

1 + 2√(1 + ኻ
ፐᑇፐᑊ፤፦Ꮄ

) ኻ
ፐᑇፐᑊ፤፦Ꮄ

+ ኼ
ፐᑇፐᑊ፤፦Ꮄ

= 78.5 % (9.1)

But, the above equation holds for the following conditions:

• 𝐿ፏ ≅
ፋᑊ
፧Ꮄ ;

• for the optimum value of 𝐶ፋ given by
ኻ
Ꭶፂᑃ

= 𝜔𝐿ፒ;

• for the optimum inductance which is given by 𝜔𝐿ፏ =
ፑᑃ

፧Ꮄ√ Ꮃ
ᑈᎴᑊ
ዄᑈᑇᑈᑊ ⋅፤፦

Ꮄ
[4].

For 𝑅ፋ = 50 Ω and 𝜔 = 2𝜋*2.4e9
⟹ 𝐿ፏ = 4.1 𝑛𝐻
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The transformer efficiency is reduced when the inductance value is above or below
the optimum value determined previously. Since 𝐿ፏ is lower than optimum value,
𝜂ፏ_ፎፒ is around 60%.

The quality factor of the primary (𝑄ፏ_ፈፒ) and secondary (𝑄ፒ_ፈፒ) coils in the inter-
stage transformer is measured as 6.9 and 5 respectively. By design, transformer
coupling 𝑘𝑚ፈፒ of the inter-stage is 0.35 so that matching is achieved across the
entire bandwidth (2.1 - 2.7 GHz) using double tuned transformer concept. Similarly,
passive efficiency (𝜂ፏ_ፈፒ) of the transformer in the inter-stage is also calculated
using the above Equation 9.1.

𝜂ፏ_ፈፒ = 39 %
From Equation 9.1, it is seen that low coupling factor (𝑘𝑚) reduces passive

efficiency. But the efficiency of PA is dominated by the output stage. So, loss in
the transformer efficiency at the inter-stage matching doesn’t matter much.

9.5. QAM results
To test linearity and calculate EVM, 64 quadrature amplitude modulation (QAM) and
16 QAM signals with bandwidth of 40 MHz were created in MATLAB and fed to the
circuit (Figure 9.1).

Figure 9.11: Constellation diagram for 64 QAM signal with 40 MHz bandwidth at
2.4 GHz (maximum power)

The test was conducted at full power, 3 dB back off and 6 dB back off for 16
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QAM signal3 with 40 MHz bandwidth to calculate the EVM at the same power levels.
The constellation diagrams and output spectrum for full power and back off cases
at 2.1 GHz and 2.7 GHz are available in Appendix D.

Figure 9.12: EVM calculated for 16 QAM signal with 40 MHz bandwidth at maxi-
mum power, 3 dB back off and 6 dB back off for 2.1 GHz, 2.4 GHz and 2.7 GHz

Figure 9.13: Output spectrum for 64 QAM signal (maximum power) and 16 QAM
signal at 2.4 GHz (maximum power, 3 dB back off and 6 dB back off)

364 QAM signal simulation takes long duration that’s why 16 QAM signals are used for simulating back
off cases
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As seen in Figure 9.13, at 6 dB back off, left and right side of the spectrum is not
even. This is because memory effect is dominant than non-linearity and it leads to
amplitude variation of IM products with frequency. The memory effect is mainly due
to the biasing and matching network. It can be prevented by feedback mechanism
which is explained in [5], but it is computation intensive. Another technique is to
shunt envelope signal which is main contributor for memory effect and linearity [6].

9.6. Two-tone test
Two-tones with spacing of 10 MHz and 40 MHz at 2.1 GHz, 2.4 GHz and 2.7 GHz
were applied to the circuit (refer Figure 9.1). The dotted and solid lines in Fig-
ure 9.14 refers to 40 MHz and 10 MHz tone spacing respectively. This simulation
was carried out to find which contributes significantly to EVM and ACLR degrada-
tion. Figure 9.14, Figure D.15, and Figure D.16 showcases AM-AM and AM-PM4 for
2.4 GHz, 2.1 GHz and 2.7 GHz with input voltage on x axis.

(a) AM-AM plot (b) AM-PM plot

Figure 9.14: AM-AM and AM-PM for 2.4 GHz with input voltage on x axis

9.7. Performance comparison with State-of-the-Art
The performance of the CCF PA is compared with State-of-the-Art PA at 2.4G-Band
in Table 9.1. The main highlight of this design is that it maintains the performance
(peak power, output P1dB, efficiency and EVM) over a wide bandwidth 2.1 - 2.7 GHz
(25%). Compared to the digital PAs, the proposed design doesn’t have digital pre-
distortion or integrated T/R switch. Even though, maximum efficiency is not better
than the State-of-the-Art, efficiency at 𝑃OUT = 18 dBm and EVM is comparatively
good. One of the main drawback of the proposed design is the chip area. Similarly,
peak power and OP1dB for the designs in [7] and [8] is higher because the designs
have used parallel combined transistors or more than one amplifier.

4y axis shows normalised phase that is phase is subtracted from the starting phase so that it starts from
0.
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10
Conclusion

In this thesis, CMOS CCF PA is designed successfully without compromising the
linearity and also satisfying the larger bandwidth and efficiency requirements. The
PA was developed for WiFi 802.11n and LTE, thus making it a multipurpose PA.
This PA consist of four basic building blocks: the driver, inter-stage matching, output
stage and output network.

The design of the output network was explained in chapter 3 and Design A (no
RF choke and with 𝐿ኼ𝐶ኼ) was chosen because it had flatter real part at the first
harmonic and lower number of components. Even though performance degraded
a bit, the coupling factor (𝑘𝑚) for the output balun was chosen as 0.69 (Design II)
to reduce 𝐿ፏ and 𝐿ፒ and make it layout friendly.

The output stage consists of 3 transistors (2 nominal devices and 1 thick oxide
device) which uses the concept of stacked transistors to overcome the breakdown
voltage issue (refer chapter 4). Further, the driver cell was added to increase the
voltage gain of the PA without reducing the linearity. It is a simple cascode structure
that operates in Class AB and the design is explained in chapter 5.

Using the double tuned transformer, the inter-stage achieved the required match-
ing over the bandwidth 2.1 - 2.7 GHz (refer chapter 6). Further, chapter 8 portrayed
the layout of the CCF chip and also shed light on the layout techniques used to im-
prove the performance. From the post layout simulation chapter (chapter 9), it is
seen that the entire design of PA is very promising. It has wider bandwidth (25%)
than the State-of-the-Art PAs. It also has an EVM of -25 dB for a 16 QAM 40 MHz
signal centered at 2.4 GHz at 3 dB back-off which excels most of the State-of-the-Art
PAs.

10.1. Future work
The tape out of the chip is planned in March 2021. So, the next task is to design
the PCB board so that the CCF chip can be tested and validated against the simu-
lation results. Finally, this is the first chip that uses the concept of CCF across the
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bandwidth 2.1 - 2.7 GHz.
Few recommendations where the future research can be focused so as to im-

prove the performance of CCF PAs. Firstly, the chip size of 1.4 𝑚𝑚ኼ is considerably
large to be integrated in a WiFi chip. So, if the results for efficiency and linearity
are matching with the simulation, then the future work will be primarily focused on
reducing the area of output network since it occupies the largest area in the chip.
Secondly, power combining techniques such as distributed active transformer could
be employed to reach higher power and efficiency. Thirdly, EVM and linearity at
lower power is dominated by the memory effect. So to reduce the memory effect,
negative feedback or shunting the envelope signal can be employed. Since 𝐶ፋ value
is important for the response of the output network, it can be replaced with capac-
itor banks so that tuning can be done after the chip is fabricated. But the trade
off is the losses in the switch and linearity. Finally, the output network is heavily
dependent on the notion that the output of PA is always loaded with an ideal and
fixed 50 Ω resistor which resembles the impedance of an ideal antenna. But, this
isn’t the case in reality. So, to counter this, one method is to have antenna tuning
circuitry.



A
Calculation of drain source
capacitance (𝐶𝐷𝑆) of the top

transistor

This chapter explains the procedure to calculate 𝐶ፃፒ of top most transistor (thick
oxide device) in a stack. The 𝐶ፃፒ of the top most transistor in the output stage is
used in chapter 3 for designing output networks. Whereas, the 𝐶ፃፒ of the top most
transistor in the driver is utilized in chapter 6 for designing inter-stage matching.

A.1. 𝐶𝐷𝑆 of thick oxide device in the output stage

Figure A.1: Schematics to calculate
ፂᐻᑊ of the top most transistor in the
output stage

Figure A.2: Plot showing step input at the gate of the bottom
transistor and oscillation at the drain of top transistor
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100 A. Calculation of drain source capacitance (𝐶ፃፒ) of the top transistor

When a pulse is given at the gate of bottom transistor, there will be oscillation
at the drain of the top transistor. The frequency of oscillation will be given by the
capacitor 𝐶ፃፒ and inductor 𝐿ፃ (1 nH) connected at the drain of the top transistor
(See Figure A.1). Also, frequency can be calculated from time period which is
marked in Figure A.2.

𝑇 = 271.4 ∗ 10ዅኻኼ

𝜔 = ኼ᎝
ፓ = 2.32 ∗ 10ኻኺ

𝐶 = ኻ
ᎦᎴ∗ኻ∗ኻኺᎽᎻ = 1.87 𝑝𝐹

(A.1)

On the other hand, 𝐶ፃፒ value obtained from parameters of the transistor is 0.71 pF.
This value isn’t right since it is obtained from only small signal analysis.

A.2. 𝐶𝐷𝑆 of thick oxide device in the driver
The 𝐶ፃፒ of the top most transistor in the driver is calculated identical to that done
in the previous section.

Figure A.3: Schematics to calculate
ፂᐻᑊ of the top most transistor in the
driver Figure A.4: Plot showing step input at the gate of the bottom

transistor and oscillation at the drain of top transistor

𝑇 = 62.66 ∗ 10ዅኻኼ

𝜔 = ኼ᎝
ፓ = 10 ∗ 10ኻኺ

𝐶 = ኻ
ᎦᎴ∗ኻ∗ኻኺᎽᎻ = 99.5 𝑓𝐹

(A.2)



B
Biasing for the driver and

output stage

Figure B.1: Biasing unit for the driver
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102 B. Biasing for the driver and output stage

Figure B.2: Biasing unit for the output stage



C
Schematics results II

C.1. Efficiency versus 𝑅𝐷𝑁𝑊

Figure C.1: Maximum efficiency of the system versus 𝑅ፃፍፖ
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104 C. Schematics results II

C.2. Voltage and current waveforms at the drain of
the top transistor (𝑀2)

Figure C.2: Voltage and current waveforms at the drain of 𝑀ኼ at 2.4 GHz

Figure C.3: Voltage and current waveforms at the drain of 𝑀ኼ at 2.1 GHz

Figure C.4: Voltage and current waveforms at the drain of 𝑀ኼ at 2.7 GHz



D
Post layout simulation

results II

D.1. QAM results
D.1.1. Frequency = 2.4 GHz

Figure D.1: Constellation diagram for 16 QAM signal with 40 MHz bandwidth at
2.4 GHz (maximum power)
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106 D. Post layout simulation results II

Figure D.2: Constellation diagram for 16 QAM signal with 40 MHz bandwidth at
2.4 GHz (3 dB backoff)

Figure D.3: Constellation diagram for 16 QAM signal with 40 MHz bandwidth at
2.4 GHz (6 dB back off)
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D.1.2. Frequency = 2.1 GHz

Figure D.4: Constellation diagram for 16 QAM signal with 40 MHz bandwidth at
2.1 GHz (maximum power)

Figure D.5: Constellation diagram for 16 QAM signal with 40 MHz bandwidth at
2.1 GHz (3 dB backoff)
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Figure D.6: Constellation diagram for 16 QAM signal with 40 MHz bandwidth at
2.1 GHz (6 dB back off)

Figure D.7: Output spectrum for 16 QAM signal at 2.1 GHz (maximum power, 3
dB back off and 6 dB back off)
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D.1.3. Frequency = 2.7 GHz

Figure D.8: Constellation diagram for 16 QAM signal with 40 MHz bandwidth at
2.7 GHz (maximum power)

Figure D.9: Constellation diagram for 16 QAM signal with 40 MHz bandwidth at
2.7 GHz (3 dB backoff)
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Figure D.10: Constellation diagram for 16 QAM signal with 40 MHz bandwidth at
2.7 GHz (6 dB back off)

Figure D.11: Output spectrum for 16 QAM signal at 2.7 GHz (maximum power, 3
dB back off and 6 dB back off)



D.2. Single-tone test
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D.2. Single-tone test
Single tone at 2.1 GHz, 2.4 GHz and 2.7 GHz were fed into circuit (Figure 9.1) and
input power was swept from -30 dBm to 2 dBm to plot AM-AM and AM-PM for
above-mentioned frequencies.

(a) AM-AM plot (b) AM-PM plot

Figure D.12: AM-AM and AM-PM for 2.4 GHz

(a) AM-AM plot (b) AM-PM plot

Figure D.13: AM-AM and AM-PM for 2.1 GHz

(a) AM-AM plot (b) AM-PM plot

Figure D.14: AM-AM and AM-PM for 2.7 GHz
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D.3. Two-tone test
D.3.1. Harmonic balance simulation

(a) AM-AM plot (b) AM-PM plot

Figure D.15: AM-AM and AM-PM for 2.1 GHz with input voltage on x axis

(a) AM-AM plot (b) AM-PM plot

Figure D.16: AM-AM and AM-PM for 2.7 GHz with input voltage on x axis

(a) IM3 for Pin = -20 dBm (b) IM3 for Pin = -5 dBm

Figure D.17: IM3 across frequency for different temperatures
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D.3.2. Transient simulation

Two-tones with spacing of 40 MHz at 2.1 GHz, 2.4 GHz and 2.7 GHz were applied
to the circuit (refer Figure 9.1) and transient simulation was conducted to capture
AM-AM and AM-PM.

(a) AM-AM & AM-PM for 2.1 GHz (b) AM-AM & AM-PM for 2.4 GHz

(c) AM-AM & AM-PM for 2.7 GHz

Figure D.18: AM-AM and AM-PM plots for 2.1 GHz, 2.4 GHz, and 2.7 GHz with
input power on x axis

D.4. Noise

The noise was simulated using pss and pnoise in cadence with beat frequency of
2.4 GHz. The main contributors for the integrated noise in the bandwidth 2.38 GHz
- 2.42 GHz is shown in Figure D.20. The main noise contributor is the flicker noise
of the thick oxide device used in the reference generators of the driver and output
stage for mirroring current. This can be reduced by using PMOS instead of NMOS
for current mirroring.
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Figure D.19: Output noise simulation result

Figure D.20: Top 10 noise contributors in the bandwidth 2.38 GHz - 2.42 GHz
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D.5. Nodal voltages

Freq = 2.4 GHz
P1dB P1db + 1dB Max Power Freq =

2.1 -2.7 GHz

P1dB P1db + 1dB Max Power

Pin = -5 dBm Pin = -4 dBm Pin = 2 dBm Pin = -5 dBm Pin = -4 dBm Pin = 2 dBm

Output Stage Output Stage

𝑉ፃፒ

𝑀ኼ 3.5 3.7 4.1

𝑉ፃፒ

𝑀ኼ 4.0 4.2 4.9

𝑀ኻ 1.3 1.3 1.4 𝑀ኻ 1.4 1.4 1.5

𝑀ኺ 1.3 1.3 1.4 𝑀ኺ 1.3 1.3 1.4

𝑉ፆፒ

𝑀ኼ 1.5 1.5 1.6

𝑉ፆፒ

𝑀ኼ 1.5 1.5 1.6

𝑀ኻ 1.0 1.1 1.1 𝑀ኻ 1.0 1.1 1.1

𝑀ኺ 1.1 1.2 1.7 𝑀ኺ 1.1 1.2 1.7

𝑉ፃፆ

𝑀ኼ 3.1 3.2 3.6

𝑉ፃፆ

𝑀ኼ 3.6 3.8 4.4

𝑀ኻ 1.1 1.1 1.1 𝑀ኻ 1.1 1.1 1.1

𝑀ኺ 1.5 1.6 2.2 𝑀ኺ 1.5 1.6 2.2

𝑉ፃፁ

𝑀ኼ 3.5 3.7 4.1

𝑉ፃፁ

𝑀ኼ 4.0 4.2 4.9

𝑀ኻ 2.5 2.5 2.6 𝑀ኻ 2.5 2.5 2.6

𝑀ኺ 1.3 1.3 1.4 𝑀ኺ 1.3 1.3 1.4

𝑉ፆፁ

𝑀ኼ 2.9 2.9 3.0

𝑉ፆፁ

𝑀ኼ 2.9 2.9 3.0

𝑀ኻ 1.6 1.6 1.7 𝑀ኻ 1.6 1.7 1.7

𝑀ኺ 1.1 1.2 1.7 𝑀ኺ 1.1 1.2 1.7

𝑉ፒፁ

𝑀ኼ 2.5 2.5 2.6

𝑉ፒፁ

𝑀ኼ 2.5 2.5 2.6

𝑀ኻ 1.3 1.3 1.4 𝑀ኻ 1.3 1.3 1.4

𝑀ኺ 0.0 0.0 0.0 𝑀ኺ 0.0 0.0 0.0

𝑉ፃፏ፬፮፛

𝑀ኼ

6.0 6.2 6.6 𝑉ፃፏ፬፮፛

𝑀ኼ

6.5 6.8 7.5

𝑉ፃፍፖፏ፬፮፛ 3.4 3.4 3.5 𝑉ፃፍፖፏ፬፮፛ 3.4 3.4 3.5

𝑉ፃፍፖፁ፮፥፤ 1.8 1.8 1.9 𝑉ፃፍፖፁ፮፥፤ 1.8 1.8 1.9

Driver Driver

𝑉ፃፒ
𝑀዁ 3.3 2.6 2.7

𝑉ፃፒ
𝑀዁ 2.7 2.8 3.5

𝑀ዀ 1.5 1.2 1.2 𝑀ዀ 1.2 1.2 1.5

𝑉፠፬
𝑀዁ 1.4 1.1 1.2

𝑉ፆፒ
𝑀዁ 1.2 1.2 1.4

𝑀ዀ 1.0 0.8 0.8 𝑀ዀ 0.8 0.9 1.1

𝑉ፃፆ
𝑀዁ 2.8 1.9 2.1

𝑉ፃፆ
𝑀዁ 2.1 2.2 2.9

𝑀ዀ 1.0 0.6 0.7 𝑀ዀ 0.7 0.7 1.0

Table D.1: Nodal voltages in the output stage and driver of the PA in 40 nm
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