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This paper reviewed the efficiency of CMOS class AB power amplifier topology especially in gigahertz

frequencies. CMOS class AB power amplifier is a compromise between class A and class B in terms

of linearity and efficiency between 50% to 78.5%. However, CMOS class AB power amplifier cannot

have good linearity and efficiency simultaneously due to the breakdown in gate-oxide voltage and

effects from hot carrier. The breakdown of oxide prevents optimum drain signal and the effect from

hot carrier will reduce the quality of the overall PA design. Several works from year 1999 to 2019

with different topology such as multiple gated transistor, cascode, feedforward linearization,

differential circuit, transformer combining method with common source harmonic termination and

combination of a dual-switching transistor with a third harmonic tuning technique are discussed and the

performances of the power amplifier are compared. The best three CMOS class AB power amplifier

topologies were chosen in terms of high efficiency. The topologies are two stages with integrated

input and interstage matching, Doherty amplifier combined with drain modulation based

architectures and self-biased cascode topology that obtained power added efficiency of 45%, 43%

and 42%, respectively. Key performance indicators for class AB power amplifier include frequency,

power added efficiency, gain and output power are also discussed in this paper.
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I. INTRODUCTION

Power amplifier (PA) acts as a crucial part of a transmitter in
aradio frequency (RF) transceiver. While PA helps to amplify
the signal power high enough for its propagation and need
highly efficiency as it becomes a very power-hungry block that
takes 50~80% of the total power consumption. PA can be
classified into several classes either a linear (class A, B, C, AB)
or non-linear switching gates (class D, E, F). The linear power
amplifier has excellent linearity with typical efficiency
achieved for class A is 25%, class AB is 35-60%, class B is 60%
and class C is70%. For non-linear switching the typically
maximum efficiency can be achieved is 100%. Main

characteristics of the PA design are linearity, efficiency, gain
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and output power. Due to different performances in each PA
classes, there will always be a trade-off between linearity and
efficiency.

Linear switching PAs such as PA of class A and B operates
based on their load-line curve. This curve shows the optimum
voltage supply and current needed to enable the load receives
maximum power from the transistor in the circuit design.
Biasing condition refers to the electricity flow in the transistor
of the amplifier. Class A is biased at the load line’s centre
causing the transistor to be fully active (ON) and conducts at
1809 of the operating signal. Class A has the highest linearity
yet least efficiency among other PA classes. Meanwhile, class
B has a push pull operation between the transistors where it

is not being biased within range of + 0.7 V causing it to
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continuously switches ON and OFF at 360°. The voltage of +
0.7 V is chosen because of the threshold voltage of silicon
transistor. Although the linearity of class B PA is less than in
class A, the configuration of class B produces less distortion
compared to class A (Jose, 2004). This resulting in a new type
of PA known as class AB where class AB combines both
advantages of class A and B. The transistor in class AB
conducts individually. It has a small voltage biasing yet large
current output, causing the conduction angle is between 1809
and 360°. Depending on the pre-biasing of the transistors.
This leads to higher efficiency than class A and eliminates
more cross-over distortion in class B. The harmonics in class
AB are also well-controlled to get the best performance of the
PA. Example of the basic class AB circuit design and the
operating signal can be referred from Figure 1 (Aspencore,

2020).
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Figure 1. Example of basic class AB circuit and its operating

signal (Aspencore, 2020)

There are abundance of research papers available for PA
designs with different classes, frequencies and topologies
where each paper has its own specialty being presented.
There are many topologies used in this paper such as multiple
gated transistor (Hang et al, 2011), cascode (Sowlati &
Leenaerts, 2002; Solar et al, 2006), feedforward
linearization (Liao et al., 2008), differential circuit (Eo & Lee,
2004), transformer combining method with common source
harmonic termination (Kang et. al., 2006; Kim et al., 2012),
and combination of a dual-switching transistor (DST) with a
third harmonic tuning technique (Eswaran et al., 2019). These
topologies are discussed and compared for the performances
of the PA. This papers are very helpful for the researcher that
may takes too much time to gather all the papers according to
the desired research topic. This study may help to minimise

the scope of finding by chronologically summarised the

implementation of CMOS class AB PA designs in GHz
frequencies from year 1999 to 2019. The review of the
efficiency of class AB PA is presented in the following
sections:Section 2 will explain the details of the proposed PA
designs. Section 3 will discuss the summary from the findings
and Section 4 will conclude the findings.

II. DESIGN IMPLEMENTATION

Active device (transistor) and passive components such as
capacitors, resistors and inductors play a significant role in
any RF PA design. The components are carefully selected.
These elements will determine the biasing points, load
resistance and the output power as well as to get the
maximum performance of the PA circuit (Giannini et. al.,
2017; Leuzzi et. al., 2017; Limiti et. al., 2017; Scucchia et al.,
2017). In class AB, the active device usually been biased close
to the pinch-off of the circuit (Giannini et al., 1995). The
linearity in class AB PA design is denoted by gain, S21 while
the efficiency is denoted by the achieved power added
efficiency (PAE). Therefore, throughout the years, different
architectural designs, efficiency and linearization techniques
are introduced and implemented in designing the CMOS
Class AB PA circuit.

Class AB is first being implemented in a RF circuit design
by Ballweber et al. (1999) where the traditional inductor is
replaced with a PMOS transistor. A four-stages class AB
circuit is employed by combining bridged T-coil and on-chip
spiral inductors in the input matching. The measured results
show that gain of 6.5dB+1.2dB, and power dissipation of 83.4
mW are achieved. High PAE of 30% is achieved by increasing
the signal current to enchance the gm that minimise the
impact of reduced voltage swing. However, this topology
achieved low gain due to four-stage distributed topology that
combined with inductors and (parasitic) capacitances act to
form L-C transmission line structures.

In year 2000, Giry et al. (2000) implemented a single-
ended two-stage common source (CS) transistor for 1.9 GHz
CMOS class AB PA design as shown in Figure 2. The driver
and output stages include the reactive matching networks to
provide gain and improve efficiency through inductor L1 and
capacitors C1, C2 and C3. This proposed design achieved as
high as 23.5 dBm of output power (Pout), 24.6 dB of gain
while PAE obtained is around 35%. Compare to study by



ASM Science Journal, Volume 17, 2022

Ballweber et al. (1999), this topology provides a good trade-
off between linearity and efficiency and suitable for short
range RF applications around 2 GHz requiring linear medium

power amplification.
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Figure 2. Schematic circuit of class AB (Giry et al., 2000)
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A 0.35 um CMOS class AB PA was proposed by (Fallesen
& Asbeck, 2001). Class AB operation was chosen by
considering its linear relativity, effectiveness and ability to
provide sufficient gate-oxide for the amplifier. As shown in
Figure 3 an inductor-capacitor, LC network was implemented
in matching input/output networks and the inter-stage of the
circuit where it helps in blocking and biasing the current as
well as harmonics termination. With the frequency of 1.75
GHz, the highest PAE achieved is 45% with Pout of 30.4 dBm.
However, the gain measurement was not included in the
results and large area of 1.9mm? was achieved. Based on the
suitable for digital

results, this topology design is

predistortion.
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Figure 3. Proposed 1.75 GHz PA design (Fallesen & Asbeck,

2001)

Later, a two-stage 0.18 um CMOS class AB PA was
implemented in (Sowlati & Leenaerts, 2002) as depicted in
Figure 4. A cascode topology is applied in both stages of the
circuit. Self-biased condition s when two transistors are

connected in parallel where common source (CS) transistor is

placed below the common gate (CG) transistor. This is shown
through M1 and M3 as CS transistors while transistors M2
and M4 as CG transistors. C1 and C5 capacitors act as dc
blocking while transmission lines TL1 to TL7 as driver and
power stages as well as the harmonic termination in the
circuit. The gain of 31 dB, and Pout of 23 dBm were achieved.
The advantage of using self-biased cascode topology
compared to conventional cascode topology is reduce the hot
carrier effects. High PAE is achieved by using sliding bias
technique on both stages to enhance the PAE at low/mid-
power levels and the gain variation can be reduced
significantly. With this characteristic the topology fulfils the

Bluetooth Class-1 requirements.
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Figure 4. Schematic circuit of proposed PA (Sowlati &

Leenaerts, 2002)

In 2003, a single stage 2.45 GHz class AB PA was proposed
for Bluetooth/ISM applications (Khannur, 2003). As shown
in Figure 5, with only 1.8V of supply voltage, resistor R1 and
capacitor C3 ensure the stability of the circuit. The input
matching is obtained from the combination of C1, C2 and L1
while the output matching circuit is achieved from the
combination of C4, C5 and L3. A large parameter of transistor
M2 is chosen to minimise the power supply’s voltage drop.
The proposed design achieved a low Pout which only 3.5 dBm
with PAE of 12.0% while the gain measurement was not

specified.
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Figure 5. Single stage class AB of 2.45 GHz PA (Khannur,

2003)

A 1.92 GHz class AB 0.13 um CMOS PA was proposed to
match wireless sensor applications (Chee et al., 2004). By
referring to Figure 6, Class AB is very suitable in this design
as it only needs two transmit power compared to switching
PAs. A maximum efficiency is delivered by using cascoded
transistors, M1 and M2 together with capacitive
transformers, C1 and C2 in the matching networks. This
design obtained 26% of PAE due to capacitive transformer is
employed to match the antenna to PA for maximum efficiency
and reduce impedance loss. However, the gain and output
power achieved are quite low which is 6 dB and 3 dBm,
respectively and this topology is suitable for ad-hoc wireless

sensor network.
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Figure 6. Cascode topology with capacitive transformer

(Cheeet al., 2004)

Figure 7 shows the schematic circuit for a 5 GHz using
0.18um CMOS PA with topology of three-stage differential
transistors with matching networks presented in (Eo & Lee,
2004). The driver stages implemented resistor shunt
feedback while a shunt bias feed resistor is in the last PA

stage. This work achieved high linearity, gain of 21 dB, Pout

of 21.8 dBm and PAE of 13.1%. The drawback of using the
three-stage differential, it deteriorates the efficiency in order
to achieve desired gain more than 20 dB. Moreover, it
consumed more power compared to other topology i.e.,

1150mW and large die size of 1.8mm?.
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Figure 7. Differential Three-stage PA design (Eo & Lee,
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A two-stage CMOS PA was proposed by Abdelsayed et al.
(2005) and Kang et al. (2005). Figure 8 shows the proposed
fully on-chip 2.45 GHz for biomedical applications
(Abdelsayed et al., 2005). Class AB operation was selected as
it only needs a small driver input while providing good
linearity and less power consumption. Two-stage cascode
configuration aids to boost the efficiency of the circuit. This
design achieved PAE of 28.5% and gain of 19.5 dB. Although
the Pout is only 6.53 dBm, it matched the requirement for
low-power biomedical implanted transceiver systems. The
efficiency of PA degraded due to poor quality of the inductors
that has low resistivity in silicon substrate CMOS process.
Meanwhile, the proposed PA by Kang et al. (2005) proves the
need of more number of harmonic termination for linearity
improvement especially when it occurs in CS region. The
advantage of second harmonic termination at the common
source technique demonstrates excellent on linearity without

reducing output power and PAE across a broad power range.
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Figure 8. Proposed PA circuit for biomedical applications

(Abdelsayed et al., 2005)
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Three different PA designs with two-stage transistors were
proposed in year 2006 (Kang et. al., 2006; Solar et al., 2006).
A new CS harmonic termination applied by Kang et al.
(2006). The PA design established a high efficiency and
linearity as it achieved PAE of 37% and gain of 17.5 dB and
Pout of 20.5 dBm. Then, a single chip self-biased 0.18um
CMOS PA was proposed by Kang et al. (2006). A deep N-well
in the NMOS transistor aid in terminating the 2nd and 3rd
harmonics thus, reducing the nonlinearity of the circuit. A
24.5 dBm of Pout, 31% of PAE and 19.8 dB of gain are
delivered from the circuit. This topology is suitable for
2.4GHz WLAN for IEEE 802.11g standard. Meanwhile,
Figure 9 shows the schematic circuit of PA design by Solar et
al. (2006). This work proposed a implemented an equal size
of transistors with cascode topology to ‘power inductors’
concept to improve the linearity and achieve good gain. With
PAE of 26.7%, power gain of 25.5 dB and Pout of 26.5 dBm
were obtained. And this work claimed the highest Pout
obtained among high frequency CMOS PA that suitable for 5-
GHz WLAN applications.

Another PA design of high frequency wireless application
was presented in (Tu & Chen, 2007) with two-stage self-
biasing and an off-chip output matching network. The
differential cascode configuration allows harmonics
termination and reduce the distortion. This PA only achieved
20 dBm of Pout and 20% of PAE. This topology was designed

to improve the linearity of 18.8 dBm by using a transistor-

level compensation voltage and the hot carrier degradation
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Figure 9. Schematic circuit with ‘power inductors’ concept

(Solar et al., 2006)

Since linearity and efficiency determine the overall
performance of a PA, several works focused on the

enhancement for both criteria (Liao et. al., 2008; Liu et al.,

2008). Referring to Figure 10, a feedforward linearisation
architecture was implemented in two-stage topology noted as
(M1, M2) and (M5, M6) as the main and error amplifiers to
achieve satisfying gain and PAE (Liao et al, 2008). The
stability of the circuit was maintained by sets of (R1 & R2) and
(C1 & C2) while a high-pass and low-pass type of matching
are used for DC blocking and harmonic suppression. At 2.6
GHz, this circuit able to conduct at 240 degrees and obtained
PAE of 26.6%, gain of 12.3 dB and Pout of 22.1 dBm. The
advantage of feedforward linearization technique is the
linearization bandwidth and cancellation performance that
suitable for high linear PA design and WiMAX
communication system, where linearity of PA is more
significant than the efficiency. Then, Figure 11 illustrates the
circuit of a pseudo-differential cascode single-ended PA
presented by Liu et al. (2008). An equivalent size of
transistors M1 and M2 enable efficiency and reliability
improvement. This PA achieved Pout of 24 dBm. However,
the power gain is unknown because the input is not matched.
Moreover, the results of the gain and PAE are not stated in
this paper but the efficiency at power back-off showed
significant improvement which employs average efficiency
enhancement

circuitry by using voltage combining

transformers technique.

Main Amplifier

Driver Stage

Power Stage

Figure 10. Proposed PA circuit with feedforward technique

(Liao et al., 2008)
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Figure 11. Proposed pseudo-differential schematic design
(Liu et al., 2008)

More research works on class AB CMOS PA for wireless
applications were published by (An et. al., 2009; Chowdhury
et. al., 2009; Haridas, et. al, 2009; Qian et al., 2009).
Transformer combining method is applied by Laskar et al.
(2009) and Chowdury et al. (2009) to increase the overall
power and efficiency. Voltage stress on CMOS devices were
prevented by using CS and CG transistors through cascode
configuration. A dual band PA was proposed in (Ghajar,
2009) where the matching networks were stacked in parallel
allowing the components to turn into either resonator or
inductor/capacitor at other frequency. This PA achieved high
efficiency drain modulation using Doherty amplifier
technique. However, Doherty amplifier technique is not
appropriate for multiband and multi-standard operation as it
achieves high efficiency over narrow frequency band.

Figure 12(a) shows the proposed circuit at 2.4 GHz and 3.5
GHz while Figure 12(b) and (c) shows the simplified circuit
for both frequencies (Ghajar, 2009). The t matching network
was represented by the combination of C3, C4 and L which
turns to load/drain impedance. C1b and L1b act as a capacitor
at 2.4 GHz while L2 and C2 act as an inductor at 3.5 GHz for
the circuit output matching. Both frequencies achieved PAE
of 48%. However, no measurement for the gain and output
power was reported.

A new linearization technique known as multiple gated
transistor (MGTR) and parallel-series combining transistor
(PSCT) were employed by Kornegay et al. (2012) and Park et
al. (2014). MGTR technique is preferable for high frequency
PA design as large input is required. PSCT benefits in
improving the limitations of other transformer combining
techniques. Apart from common audio PA, Class AB is also

suitable for healthcare sensor application (Wei et al., 2016).

Driver and power stages are optimised to provide good gain
and low output power to the overall circuit. Although only
gain of 10 dB and PAE of 7.5% are achieved, this PA transmit
Pout 21.3 of dBm which achieved the design target and this
design focus on linearity compared to PAE. More studies on
class AB PA design can be referred in (Choudhary et. al.,
2017; Eswaran et. al., 2014; Kurniawan et. al., 2019; Giannini

et. al., 1995; Albulet, 2001).
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Figure 12(a). Circuit of dual band PA (Ghajar, 2009)

Chbypass
@2 4GHz CBL
RFln
Rload

Figure 12(b). Simplified circuit at 2.4 GHz (Ghajar, 2009)
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Figure 12(c). Simplified circuit at 3.5 GHz (Ghajar, 2009)

III. SUMMARY

Class AB is an effective power amplifier that has high linearity
with moderate output power among other linear switching
PAs. In general, class AB PA able to achieve as high as 78.5%
of efficiency. Several techniques are introduced to be
implemented with CMOS class AB PA in order to achieve high
efficiency and linearity. Among the techniques are multiple
cascode, feedforward linearization,

gated transistor,

differential circuit, transformer combining method with



ASM Science Journal, Volume 17, 2022

common source harmonic termination and combination of a
dual-switching transistor with a third harmonic tuning
technique.. Also, CMOS technology for wireless applications
give advantage to increase in efficiency as well as low cost.
However, CMOS class AB PA cannot have good linearity and
efficiency simultaneously due to the breakdown in gate-oxide
voltage and effects from hot carrier. The breakdown of oxide
prevents optimum drain signal while the affect from hot
carrier reduces the quality of the overall PA design. Therefore,
cascode stage is preferable for PA design where a thin oxide
transistor (CS) is placed above a thick oxide transistor (CG).
This configuration alleviates the deficiency in CMOS PA.
Nevertheless, class AB produces high harmonic current at the
final transistor. This resulting in inadequate load impedance
which degrades the PA performance. Therefore, suitable

biasing and linearization technique and optimised
components performances for the PA circuit is a challenge to
design a highly linear and efficiency class AB PA.

A comparison of class AB performances are presented in
Table 1. From Table 1, the highest PAE is 45% with two stages
that integrated input and interstage matching topology,
followed by Doherty amplifier and drain modulation based
architectures with PAE of 43% and self-biased cascode

topology with PAE of 42%. Doherty is considered to be ahead

of the other as it can offer better efficiency than outphasing.
The latest technique used in designing CMOS Class AB PA is
dual-switching transistor with third harmonic tuning
technique that achieved high linearity and high PAE of 34.5%
using 0.18 pym CMOS technology. Theoretically, CMOS class
AB PA can reached as maximum as 78.5% of efficiency with
high linearity. However, none of the published papers that
discussed in here achieved efficiency of 78.5% due to the PA
is power hungry component that consume total power
consumption of 50~80%. Furthermore, typically CMOS class
AB PA can achieved efficiency of 35-60% (Sapawi, R. 2017)
compared to published PA design that achieved PAE of 12-
45%. It shows that the published PA designs are within the
range except for Khannur (2003) due to the single stage class
AB topology used that not only effect the PAE but also the
gain of 3.5 dB. Mostly, CMOS class AB Power amplifiers are
designed based on the specification and application to
achieve the desired outcome. Therefore, Table 1 shows that
CMOS Class AB PA has different of design, technology,
results such as efficiency, gain, frequency, and output power
in order to achieve desired outcome and specification based

on the system application.

Table 1. Comparison performances of class AB PA

Ref Tech Freq Gain PAE Pout Topology
m GHz dB % dBm
Ballweber et al., 0.6 0.5-5.3 6.5 £1.2 30 - Four-stage distributed
1999 CMOS
Giry et al., 2000 0.35U 1.9 24.6 35.0 23.5 Single-ended  2-stage
common source
amplifier
Fallesen & 0.35U 1.7 - 45.0 30.4 Two stages with
Asbeck, 2000 integrated input and
interstage matching.
Sowlati & 0.35U 2.4 31.0 42.0 23.0 Self-Biased Cascode
Leenaerts, 2002 Topology
Khannur, 2003 0.18u 2.45 - 12.0 3.5 Single stage class AB
Chee et al., 2004 0.13U 1.92 6 26.0 3 Cascode topology with
capacitive transformer
Eo & Lee, 2004 0.18u 5.0 21 13.0 24.1 Differential three-stage

amplifiers
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Abdelsayed et
al., 2005

Kang et al., 2005

Kanget al,,
2006

Kang et al,,
2006

Solar et al.,
2006

Tu & Chen, 2007

Liao et al., 2008

Liu et al., 2008

An et al.,, 2009

Chowdhury et
al.,, 2009

M. R. Ghajar,
2009

Haridas et al.,
2009

Mingfu Zhao et
al., 2009

Qian et al., 2009

Wang et al.,
2010

H. Liuetal.,
2011

Kim et al., 2012

Park et al., 2014

0.18u

0.18u

0.18u

0.18

0.18

0.351

0.18u

0.13u

0.18u

9on

0.13u

0.18u

0.18u

0.18u

9on

0.18u

0.18u

0.18u

2.45

2.45

2.45

2.4

5.0

525

2.6

2.4

2.4

2.4

2.4 and 3.5

2.45

2.45

2.4

5.2 —13.0

5.2

2.4

1.85

19.5

17.5

17.5

25.5

12.3

20.0

>20

28

22.5

20.6

18.5

15.8

22.0

28.5

37.0

37.0

31.0

26.7

20.1

26.6

27

12.4

43.0

18.0

37.0

21.2

21.6

32.87

349

36.5

6.53

20.5

20.5

24.5

26.5

20

22.1

27

31

227

6.4

23.5

24.8

25.2

26.18

23.5

27

Two-stage PA circuit
and interstage matching
networks

Fully differential and
harmonic termination
technique

Two-stage circuit and
harmonic termination
technique

Fully differential
topology with
transformer

Two stages in a cascode
differential
configuration.

Two gain stage structure
and off chip output
matching circuit

Feedforward
linearization technique
power amplifier

Transformer based
voltage combiner

Parallel-combining
transformer (PCT) and
gate bias adaptation

Two-stage transformer-
based power combiner

Doherty amplifier and
drain modulation based
architectures

Differential power
amplifier

Two-stage architecture
and off-chip output
matching network.

Two-stage differential
structure

Differential PA
Multiple Gated
Transistor Technique

Parallel-Series

Combining
Transformer

Envelope
Operation

Tracking
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Gadallah et al., 0.18u 3-7 12+ 0.8 38.5 7.21 Source and Load-pull
2015 contours
Kim et al., 2015 - 1.7 — 2.0 - 38.6 —35.1 26.5 Adaptive bias circuit,
harmonic control, and
dynamic auxiliary
circuits
Ye et al., 2015 65n 2.0 - 6.0 23.6+0.8 28.4 9.31-11.31 Output matching
technique based on
differential architecture
Ryu, 2015 0.181 2.4 - 417 22 Dual gate bias
Wei et al., 2016 0.18u 2.4 10.0 7.5 10 Two stage common
source amplifiers
Choudhary et 9on 2.5 33.4 29.0 - Parallel cascade class
al., 2017 A&B power amplifier is
used.
Eswaran et al., 0.18u 2.5 11.0 34.5 10.1 Dual-switching
2019 transistor (DST) with
third harmonic tuning
technique
IV. CONCLUSION The parameters and topology must be carefully selected to

Review effciency of CMOS class AB power amplifier designs
in Gigahertz frequencies from year 1999 to 2019 has been
presented. CMOS Class AB PA offers different architecture
designs for instance cascode, self-biased cascode, differential
cascode and parallel series power combining transformer.
Among these topologies, the best three CMOS class AB power
amplifier topologies in term of high efficiency are two stages
with integrated input and interstage matching, Doherty
amplifier combined with drain modulation based
architectures and self-biased cascode topology that obtained

power added efficiency of 45%, 43% and 42%, respectively.
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