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Different efficiency enhancement techniques for a 1.9 GHz DECT power amplifier (PA) have been
investigated. Generally, a higher efficiency can be achieved by varying the supply voltage and/or the
bias of the PA or by making topology and/or class changes. In this work, changes in bias and topology
have been studied. Focus has been on enhancing efficiency at power back-off to increase talk-time for
handset applications. The PA used in this study was a two stage 0.13 ìm CMOS PA for 2.5 V operation.
In its original configuration, it delivered 28.3 dBm of maximum output power with a PAE of 43.5 %
(simulated). At 10 dB power back-off the PAE was only 15.9 %. The largest improvement was obtained
using a topology change with the amplifying transistor split into two parallel transistors (class A and B)
with variable bias. The PA delivered 29.1 dBm to the load with a PAE of 45.1 %, and 18 % PAE at
power back-off; a relative improvement at this level with 13 %. The new PA topology does not require
any additional area.
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Abstract 
 
 
 
Different efficiency enhancement techniques for a 1.9 GHz DECT power amplifier (PA) 
have been investigated. Generally, a higher efficiency can be achieved by varying the 
supply voltage and/or the bias of the PA or by making topology and/or class changes. In 
this work, changes in bias and topology have been studied. Focus has been on enhancing 
efficiency at power back-off to increase talk-time for handset applications. The PA used 
in this study was a two stage 0.13 μm CMOS PA for 2.5 V operation. In its original 
configuration, it delivered 28.3 dBm of maximum output power with a PAE of 43.5 % 
(simulated). At 10 dB power back-off the PAE was only 15.9 %. The largest 
improvement was obtained using a topology change with the amplifying transistor split 
into two parallel transistors (class A and B) with variable bias. The PA delivered 29.1 
dBm to the load with a PAE of 45.1 %, and 18 % PAE at power back-off; a relative 
improvement at this level with 13 %. The new PA topology does not require any 
additional area. 
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1 Introduction 
 
 
 
This thesis work primarily aims to improve the efficiency of an integrated power 
amplifier (PA) at power back-off. However, any improvements in efficiency at peak 
output power is of course a great advantage. The PA of choice for this investigation is an 
on-chip PA accommodating the digitally enhanced cordless telecommunication (DECT) 
standard, but in principal all efficiency enhancement techniques examined here are 
applicable for other wireless applications. 
 

1.1 Background 
Cost is the number one success factor on the rapidly growing market of short range data 
and voice standards such as Bluetooth, wireless local area network (WLAN), ultra wide 
band (UWB), and DECT. A number of system on chip (SoC) complementary metal oxide 
semiconductor (CMOS) baseband/transceivers have recently been demonstrated for 
Bluetooth [1], GPS [2], WLAN [3-4], as well as GSM [5]. In these SoC, all blocks except 
the power amplifier have been monolithically integrated on the same CMOS chip. 
Designing a PA in the same CMOS technology and using the same monolith is the final 
great challenge.  
 Infineon Technologies has recently demonstrated the first CMOS single chip DECT 
SoC with an integrated power amplifier capable of delivering more than 27 dBm (0.5 W) 
at 1.9 GHz [6]. The chip has been fabricated in a 0.13 μm CMOS process and the result is 
depicted in Fig. 1. 
 

 
Fig. 1. Photo of COSIC, the first SoC DECT with an on-chip PA.  
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The power amplifier is one of the most important parts of every RF transmitter. Most PAs 
are based on SiGe or GaAs technologies while the transceiver and base-band circuitry are 
preferably designed using standard low-cost CMOS technology. CMOS PAs would allow 
full integration of a complete radio system on a single chip [7], which would result in 
considerable cost and size reductions. PAs in modern submicron CMOS processes with 
performances approaching SiGe and GaAs PAs are therefore of great interest, although 
their design is a big challenge. Until recently, very few single-chip radios with integrated 
PAs have been demonstrated. In [8] a fully integrated SoC for 802.11b is presented, 
which has 13 dBm output power. In [9], an integrated transceiver and PA which features 
22 dBm peak output power is shown. The digital baseband processing is made on a 
separate chip. 
 This master thesis work will examine whether it is possible or not to improve the 
efficiency, or power added efficiency (PAE), at power back-off of the fully integrated PA 
in the DECT SoC single-chip (COSIC), shown in Fig. 1. When the PA is working in 
back-off mode the output power is backed off by 10 dB relative to the maximum output 
power. This mode is used to increase talk time, however, in this low power mode the PA 
operates with a very poor efficiency and this master thesis aims to improve the efficiency 
in that operation mode. 

 Several efficiency enhancement techniques will be investigated and the result of the 
best methods will be displayed in the end of this report. Therefore, all effort in this thesis 
will be concentrated on coming up with a technique to enhance the PAE of the integrated 
PA. There will be no chip manufacturing, thus no simulations on layout level will be 
performed. 
 

1.2 Method 
The thesis work started out with a quite extensive study of tutorials of the different 
simulation tools at hand, namely Cadence Spectre RF and Advanced Design System 
(ADS). Moreover, a lot of papers and books regarding efficiency enhancement of PAs 
were studied to gain some understanding of what methods are used today and how far the 
research have come. Four major paths to achieve higher efficiency were identified: 
 

1. Adjustment of bias settings to dynamically optimize the PAs operating point 
2. Varying the supply voltage to keep the PA in saturation 
3. Using new topologies 
4. Using switched amplifiers (class D, E, F etc), which have a higher theoretical 

efficiency than linear amplifiers (class A, AB, B and C) 
 
Path 1 is rather simple to implement through external control circuitry. Path 2 is harder to 
implement since variable power supply is area and efficiency consuming. Path 3 and 4 
are associated with gradually increased efforts and risks, especially as path 4 is still very 
much an unexplored area using submicron CMOS technology.  
 Because of these reasons this thesis work concentrates on increasing the efficiency 
using optimal bias settings of the PA and topology changes. The ideas (along path 1 and 
3) found suitable for the COSIC PA were simulated on schematic level in ADS using 
ADS Dynamic Link, which is a tool that enables a symbol placed in an ADS schematic to 
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“point” at a schematic model in Cadence. In this way the harmonic balance simulator in 
ADS becomes available for simulation of schematics created in Cadence. 
 

1.3 Structure 
In this report the first chapter introduces the reader to the subject, states the question at 
hand and gives a quick overview of how the actual work has been performed. The second 
chapter explains the basic function of PAs and the most necessary RF theory. In chapter 
three different efficiency enhancement techniques and their implementations are 
described and their simulation results are displayed in chapter four. Finally, a discussion 
of the results displayed in chapter four and conclusions drawn during this thesis work 
along with some recommendations of future work are presented in chapter five.  
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2 Theory 
 
 
 
Since the actual PA that this work aims to improve is produced in a CMOS process, this 
chapter begins with a section listing some important characteristics of the MOS 
transistor. Moreover, this chapter is supposed to serve as a quick reminder for readers 
who are familiar with RF theory in general, but do not work with PAs on a day-to-day 
basis. Thus, there will be a brief summary of the most important PA classes to bring the 
reader up to date. Furthermore, some of the concepts discussed in chapter three, such as 
PAE and active load-pull are given some additional explanation. 
 Finally, it is essential to explain the DECT standard to have a clear picture in mind of 
what to strive for, when searching for a technique to improve efficiency. 
 

2.1 MOS Transistors 
MOS circuits normally use two complementary types of transistors, n-channel and p-
channel [10], thus, CMOS circuits stands for Complementary MOS. Moreover, the two 
complementary transistors are distinguished by their gate voltage since the n-channel 
conducts with a positive gate voltage, and the p-channel conducts with a negative gate 
voltage relative the source. 
 MOS is an abbreviation for metal-oxide semiconductor, which historically denoted 
the gate, insulator, and channel region materials, respectively. However, nowadays most 
CMOS technologies utilize polysilicon gates instead of metal gates to enable 
miniaturization, and the production of faster devices. 
 The channel length of the transistor is defined as the separation between the drain and 
the source. Furthermore, it should be noted that there is no physical difference between 
the source and the drain. Therefore the source of an n-channel device is defined as, 
whichever of the two terminals that has the lower voltage. For a p-channel device the 
opposite relation is valid, thus the source would have the higher voltage. 
 It is notable that the gate of an MOS transistor is separated from the channel by a thin 
insulator made of silicon dioxide (SiO2), which prevents the gate from conducting any 
DC current. 
 Since this thesis work involves scaling of the transistor parasitic capacitances due to 
changes in the dimensions of the transistors, some additional equations that determine the 
most significant parasitics will be provided. First calculate the gate capacitance per unit 
area, Cox, as follows:  
 

,0

ox

ox
ox t

εK
C =  (1) 

 
where εox is the relative permittivity of SiO2 and tox is the thickness of the thin oxide 
under the gate (see Fig. 2). Then the total gate-source capacitance is easily derived by: 
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(2) ,oxgs WLCC =  
 
where W and L (see Fig. 2) are the effective gate width and length of the transistor, 
respectively. Moreover, the gate-drain capacitance, also referred to as the Miller 
capacitance, is an important parasitic capacitance. The following equation can be used to 
compute the Miller capacitance: 
 

(3) ,oxovgd CWLC =  
 
where Lov is the overlap distance (see Fig. 2) and is usually empirically derived. It is 
worth notice that the Miller capacitance is more important in applications with high 
voltage gain, such as power amplification. 
 Note that the parasitics discussed here are all included in the models that are used in 
all simulations during this thesis work. However, there is a need for a more accurate gate 
resistance and some additional capacitances due to layout considerations (discussed in 
chapter 4), to complement the simulation model. 
 

n+ n+

SiO2

Gate

n-channel 

W

L

Lov

tox

 
Fig. 2. MOS transistor dimensions.  

 

2.2 Power Amplifiers 
When working with PA design it is necessary to know how to distinguish the different 
classes of amplifiers that exist. Historically the most common amplifiers are labeled class 
A, AB, B and C and they can all be understood by studying the circuit in  
Fig. 3. 
 In this circuit, the RF choke (BFL) feeds DC power to the drain and a DC block 
(BFC) prevents any DC dissipation in the load. Moreover, the drain is connected to an 
LC-tank that absorbs the transistors output capacitance and suppresses out-of-band 
emissions caused by nonlinearities. For simplicity the LC-tank is assumed to have a high 
enough quality factor (Q) that gives a voltage across the tank that is well approximated 
by a sinusoid, even if it is fed by a nonsinusoidal current. This assumption implies 
narrowband operation, but that is no limitation in this thesis work. Finally, the resistor RL 
is the load that the power is delivered to. 
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Furthermore, it is also worth explaining switched amplifiers although they are very hard 
to implement for RF frequencies in a 0.13 µm CMOS process they are quite common in 
other applications and processes. These amplifiers are labeled class D, E and F; however 
there are some additional variants of the class F amplifier that, for simplicity reasons are 
not mentioned here. 
 

 
Fig. 3. General power amplifier model [11].  

 

2.2.1 Class A Amplifiers 
The defining characteristic of a class A amplifier is that it is biased so that the transistor 
operates linearly. For MOS implementation that means that the transistor is kept in the 
saturation region of operation. The class A power amplifier is very similar to the standard 
small-signal amplifier, but with the distinction that the PAs signal currents is a fraction of 
the bias level [11]. This could potentially lead to serious distortion, however, that is 
solved by the LC-tank as implied by the circuit model in Fig. 3. 
 A well known fact among PA designers is the ever present trade-off between linearity 
and efficiency that must be done when designing a PA and the class A amplifier is no 
exception. Although it provides linearity, it does it at the expense of efficiency, which is 
very poor. The reason why the efficiency is so poor is best understood if one assumes that 
the drain current is well approximated by: 
 

,sin 0tωiIi rfDCD +=  (4) 
 
where IDC is the bias current, irf is the amplitude of the signal component of the drain 
current, and ω0 is the signal frequency. 
 The output voltage is given by the product of the signal component of the drain 
current and the load resistance, and the drain voltage is simply the sum of the output 
voltage and the supply voltage VDD. Hence, 
 

,sin 0tωRiv Lrfout −=  (5) 
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(6) .sin 0tωRiVv LrfDDD −=  
 
Finally, the signal components of the drain current and the drain voltage are 180˚ out off 
phase with each other, which involve that the product of the drain current and voltage 
being nonzero. Therefore, as can be seen in Fig. 4, the transistor always dissipates power. 
 

 
Fig. 4. Drain voltage and current for ideal class A amplifier [11]. 

 
 
To calculate the drain efficiency of a class A amplifier, first compute the power delivered 
to the load and then the supplied DC power as follows: 
 

,
2

2
Lrf

rf

Ri
P =  (7) 

 
.DCDCDC VIP =  (8) 

 
For simplicity make the assumption that the DC current supplied to the drain, IDC, is set 
just large enough so that the transistor does not cut off. That is, 
 

(9) .rfDC iI =  
 
Then calculate the drain efficiency as the ratio of the RF power delivered to the load and 
the supplied DC power, as is given by 
 

.
22

2

DD

Lrf

DDrf

Lrf

DC

rf

V
Ri

Vi
Ri

P
P

η ===  (10) 

 
Note, the absolute maximum possible drain efficiency is 50 %, due to the fact that the 
product irfRL can not exceed the supply voltage VDD at any time. 
 Another important consideration is the stress that is put on the transistor in a class A 
amplifier. The maximum drain-to-source voltage is 2VDD and the peak drain current is 
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2VDD/RL, which requires the device to withstand peak voltages and currents of these 
magnitudes. Hence, this is not an easy task for a PA designer with today’s scaling trend 
in the IC process technology forcing reductions in breakdown voltage. 

2.2.2 Class B Amplifiers 
In the class B amplifier, the bias is set to shut off the device half of each cycle as can be 
seen in Fig. 5, which potentially yields higher drain efficiency than the class A amplifier. 
However, in practice a 50 % conduction duty cycle is not possible due to nonzero rise 
and fall times and therefore true class B amplifier does not really exist [11]. Nevertheless, 
the principle of distinguishing different amplifier classes by their bias level, i.e. 
conduction angle, is still a useful method. 
 When the efficiency increases it degrades the amplifiers linearity, and a high-Q LC-
tank is absolutely mandatory to obtain a well approximation of a sinusoidal output 
voltage. 
 By looking at Fig. 5 it is straight forward that following expressions are valid for the 
drain current: 
 

⎩
⎨
⎧

≤=

>=

.0,0

0,sin 0

DD

DrfD

ii

itωii
 (11) 

 

 
Fig. 5. Drain voltage and current for ideal class B amplifier [11]. 

 
 
The output voltage is, as mentioned earlier, an approximation of a sinusoidal because the 
high-Q LC-tank at the output filters out the harmonics of the drain current. To determine 
the output voltage, first calculate the fundamental component of the drain current and 
then multiply it with the load resistance: 
 

( )( )∫ ==
2/

0
00, .

2
sinsin2 T

rf
rffundD

i
dttωtωi

T
i  (12) 

 

.sin
2 0tωR

i
v L

rf
out ≈  (13) 
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Since the maximum possible value of vout is VDD, the maximum power delivered to the 
load is given by: 
 

.
22

22

L

DD

L

out
rf R

V
R

v
P ==  (14) 

 
To be able to compute the maximum drain efficiency, first calculate the average drain 
current and then the supplied DC power as follows: 
 

,2sin21
0

2/

0 L

DD
T

L

DD
D Rπ

Vdttω
R
V

T
i == ∫  (15) 

 

.2 2

L

DD
DC Rπ

VP =  

(17) 

(16) 

 
Finally, the maximum drain efficiency is given by: 
 

.785.0
42

2
2

2

≈===
π

RπV
RV

P
P

η
LDD

LDD

DC

rf  

 
With a maximum drain efficiency >78 % the class B amplifier has, everything else held 
equal, considerably higher efficiency than the class A amplifier, which only reaches 50 % 
in a best case scenario. Moreover, the class B amplifier must be able to withstand the 
same drain-to-source voltage and drain current peaks as the class A amplifier. Hence, the 
class B amplifier has the same power-handling capability (a measure of how well an 
amplifier can handle the voltages swing at the output) as the class A amplifier. 
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2.2.3 Class C Amplifiers 
With the class B amplifier, linearity was traded for efficiency by reducing the conduction 
duty cycle to 50 %. This measure is taken one step further with the class C amplifier. For 
the class C amplifier, the bias level is chosen to give a conduction duty cycle that is 
somewhere between 0 and 50 %. 
 

 
Fig. 6. Drain voltage and current for ideal class C amplifier [11].  

 
The drain current as depicted in Fig. 6 can be expressed as follows: 
 

,0,sin 0 >+= DrfDCD itωiIi  (18) 
 
where the supplied DC current, IDC, is actually negative for a class C amplifier. Although 
the DC current is negative the overall drain current is still always positive or zero [11]. 
Hence, the drain current is the top of a sine wave when the transistor is active and zero 
when the transistor is cut off. The drain voltage can still, due to the high-Q LC-tank at the 
output, be fairly well approximated with a sinusoidal. 
 In order to determine the drain efficiency as a function of the conduction angle, i.e. 
the conduction duty cycle, several steps have to be taken; however the first thing to do is 
to express the drain current with a cosine rather than a sine: 
 

,0,cos 0 >+= DrfDCD itωiIi  (19) 
 
This move makes no real difference, since the time origin can be chosen arbitrary, and 
the conduction angle can be expressed as follows: 
 

,0,cos22 =⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−= D

rf

DC i
i
I

Φ  (20) 

 
this yields 
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(21) .cosΦiI rfDC −=  
 
Now, the next step is to compute the average drain current: 
 

( ) [ ] .sin2
2
1cos

2
1 Φ

ΦrfDC

Φ

Φ
rfDCD ΦiIΦ

π
ΦdΦiI

π
i

−
−

+=+= ∫  (22) 

 
Substituting with the expression for IDC gives the following equation: 
 

( ).cossin ΦΦΦ
π
i

I rf
DC −=  (23) 

 
Then the fundamental component of the drain current is calculated through the following 
equation: 
 

( )∫ ++==
T

rfrfDCDfundD ΦiΦiΦI
π

dttωi
T

i
0

0, .2sin2sin4
2
1cos2  (24) 

 
After substitution with the expression for IDC, this yields: 
 

( ).2sin2
2, ΦΦ
π

i
i rf

fundD −=  (25) 

 
If multiplying the fundamental current with the load resistance an expression for the 
maximum output voltage, VDD, is obtained: 
 

( ),2sin2
2

ΦΦ
π
Ri

V Lrf
DD −=  (26) 

 
this can be rewritten as 
 

( ) .2sin2
2

ΦΦR
Vπi

L

DD
rf −
=  (27) 

 
The peak drain current can be expressed as the sum of the supplied DC current and the 
current irf, as is given by: 
 

( ) .cossin1
2sin2

2
, ⎥⎦

⎤
⎢⎣
⎡ −
+

−
=

π
ΦΦΦ

ΦΦR
Vπi

L

DD
peakD  (28) 

 
Finally, the maximum drain efficiency can be calculated as the ratio of the power 
delivered to the load and the supplied DC power, this yields: 
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( ) .cossin4
2sin2

ΦΦΦ
ΦΦη

−
−

=  (29) 

 
When looking at the expression for the drain efficiency of the class C amplifier, it should 
be clear that the efficiency approaches 100 % when the conduction angle tends towards 
zero. Unfortunately the gain, output power and power-handling capability also tend 
towards zero as the conduction angle approaches zero, so in practice the efficiency is less 
than 100 % due to tradeoffs between these features. 
 The foregoing derivation of the drain efficiency is, however, rarely used in the actual 
process of designing a class C amplifier. Often designers simply set the bias level to zero 
and use the input signal level to bias the transistor so that the desired output power is 
delivered to the load. Therefore the conduction angle and efficiency usually becomes 
consequences of the choice of zero bias and output power instead of explicit design 
parameters.  

2.2.4 Class AB Amplifiers 
The class AB amplifier has a conduction duty cycle somewhere between 50 % and  
100 % and in that way its characteristics is intermediate between those of the class A and 
class B amplifier [11]. That is, it is less linear although more efficient than the class A 
amplifier and vice versa compared to the class B amplifier. Due to the compromise 
between linearity and efficiency this topology is the most frequently used PA within the 
industry today. 
 There will be no derivation of the drain efficiency etc. for the class AB amplifier in 
this section, since the equations for the class C amplifier apply here as well. The only 
exception, compared to the class C amplifier case, is that the bias current is positive 
instead of negative. 

2.2.5 Class D Amplifiers 
All amplifiers discussed until now are using the transistor as a controlled current source, 
but the class D amplifier (class E and F as well) uses the transistor as a switch [11]. The 
advantage of using the transistor as a switch is that a switch ideally dissipates no power, 
since there is either no voltage across it or no current through it. Hence, the efficiency 
must theoretically be 100 %. 
 

 
Fig. 7. Schematic model of a class D amplifier [11].  
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A class D amplifier is depicted in Fig. 7, and in contrast to the parallel LC-tank this 
topology has a series RLC network at the output of the amplifier. The input connection, 
through the transformer T1, makes sure that only one transistor is active at any given 
time. That is, one transistor is handling the positive half-cycle and the other the negative 
half-cycle. To make the transistors act as switches, rather than linear, they have to be 
driven hard. 
 The switching action implies that the primary terminals of the output transformer are 
alternately driven to ground, which yields a square wave voltage across the primary (and 
of course across the secondary) winding. When the drain of one transistor drops to zero 
volts, transformer action forces the other transistors drain to a voltage of 2VDD. Moreover, 
the output filter only allows the fundamental component of the square wave voltage to 
flow into the load, which yields a fundamental current in the secondary winding of T2, as 
can be seen in Fig. 8. 
 

 
Fig. 8. T2 secondary voltage and current for ideal class D amplifier [11].  

 
The class D amplifier cannot normally provide linear operation, but it provides high 
efficiency and does not stress the device to much. Its power-handling capability is 
considerably better than a class A or a class B amplifier. However, even though the 
theoretical efficiency is 100 % there is no such thing as a perfect switch so there will 
always be dissipation of power during the transitions. Hence, the higher frequency the 
switch is working at, the more power it dissipated per time unit. 
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2.2.6 Class E Amplifiers 
The power dissipation during switch transitions is a big problem when using switched 
PAs, so to prevent large losses the transistors must be quite fast relative to the operation 
frequency [11]. However, if it were possible to force a zero voltage across the switch 
during the instant of transition, that would increase the efficiency of the amplifier 
significantly. 
 

 
Fig. 9. Schematic model of a class E amplifier [11].  

 
The class E amplifier (see Fig. 9) partly provides a solution for that, using a high-order 
reactive network that shape the voltage across the switch to have both zero value and zero 
slope at switch turn-on. Unfortunately, it has no effect on the voltage across the switch at 
turn-off transitions, which will degrade the efficiency. Moreover, the class E amplifier 
has rather poor power-handling capability, which degrades efficiency when oversized 
devices have to be used to provide enough gain. 
 One advantage with the class E topology, besides its potentially high efficiency, is 
that it is quite straightforward to design, using the following equations: 
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First the desired Q is chosen (for maximum efficiency the maximum Q consistent with 
the bandwidth of interest is desired) and then the design continues in straightforward 
manner, using the equations given. 
 Because of the poor power-handling capability and the losses during switch turn-off, 
the class E amplifier is not as superior to other PA classes as one might think. 
Additionally, since the power capability is poor, there is a large stress put on the switch, 
which has the effect that the class E amplifier does not accommodate the trend towards 
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low-power technologies well. For these reasons, class E PAs has not found wide 
application within the CMOS technology. 

2.2.7 Class F Amplifiers 
The class F amplifier depicted in Fig. 10, uses the concept of reactive terminations (just 
like the class E amplifier) to shape the waveforms of the switch voltage and current [11]. 
However, in this case the output tank is tuned to resonance at the carrier frequency and to 
filter out all frequencies outside of the desired bandwidth. 
 

 
Fig. 10. Schematic model of a class F amplifier [11].  

 
Another difference from the class E amplifier is the transmission line that is placed at the 
drain of the transistor, and chosen to be a quarter-wavelength at the carrier frequency. 
The input impedance of such a transmission line is given by: 
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Due to the quarter-wavelength transmission line at the output, the drain sees a short 
circuit at all even harmonics and conversely an open circuit at all odd harmonics of the 
carrier frequency.  
 Because of the reactive network the drain sees no load at all odd harmonics, thus the 
drain voltage will have the shape of a square-wave when the transistor is operated as a 
switch. Moreover, only the fundamental current flows through the transmission line, as a 
result of the open-circuit condition for all odd harmonics above the fundamental 
frequency. Hence, the drain current is a sinusoid when the transistor is on.  
 If the square-wave voltage is arranged to see no load for all frequencies above the 
fundamental, the drain current is ideally zero at switch turn-on as well as turn-off, as 
shown in Fig. 11. 
 By looking at the wave forms of Fig. 11, it is easy to see that the theoretical drain 
efficiency is 100 %; however, there is always some dissipation of power in a switch due 
to the fact that the transition time is nonzero. Nevertheless, the efficiency of the class F 
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amplifier is still superior to that of the class E amplifier, and furthermore its power- 
handling capability is rather good (about half of the class D amplifier). 
 Finally, it should be mentioned that although these more efficient amplifiers 
presented here (class C, D, E and F) are essentially constant envelope amplifiers, using 
additional circuit elements; it is possible to use them for applications with varying 
envelope. 
 

 
Fig. 11. Drain voltage and current for ideal class F amplifier.  

 

2.3 Drain Efficiency and Power Added Efficiency 
Power added efficiency (PAE) is a common way to measure the efficiency of a RF power 
amplifier with more modest gain (~10 dB) [12]. However, in many cases the drain 
efficiency, which is the ratio of the RF output power to the DC input power, is accurate 
enough to express the efficiency of the PA. The drain efficiency is given by the following 
equation: 
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When measuring the efficiency of a PA with a gain of less than 10 dB, the drain 
efficiency is not accurate since it discards the input power that is added to the PA. 
However, in these cases designers use the PAE to measure the efficiency, which takes 
into account the net increase of the amplified signal. The PAE is defined by the following 
expression: 
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where G is the gain of the amplifier. Moreover, if substituting with the expression for the 
drain efficiency the PAE can be rewritten as: 
 

(36) 
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( ).11 GηPAE −=  
 
Note that if G is large, then the PAE is essentially the same as the drain efficiency. 
However, in practice the gain of a power amplifier is often modest and the PAE is the 
most common way to calculate the efficiency for those applications. 
 

2.4 Active Load-pull 
The concept of active load-pull is to have two generators acting into a common RF load, 
so that the current delivered by one generator modifies the load that is “seen” by the 
second generator [13].  
 In the principal sketch of load-pulling depicted in Fig. 12 it is easy to see that if one 
of the generators gives zero current, the other generator sees a load of RL and the voltage 
is given by Ohm’s law. However, if both generators drive a current through the load 
simultaneously, the load is modified and the voltage across it is given by: 
 

( ).21 IIRV LL +=  (37) 
 
This gives the result that the impedance seen by Generator 1 is expressed as: 
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and in the same way, the impedance seen by Generator 2 is given by 
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If studying these equations, it should be clear that the impedances Z1 and Z2 can be 
modified to higher resistive values by keeping the currents I1 and I2 in phase with each 
other. If the currents are out of phase the impedances will be transformed into smaller 
resistive values. 
 

Generator 1 Generator 2 RLI1 I2

 
 Fig. 12. Concept of active load-pull. 

25 



2.5 The DECT standard 
DECT or Digitally Enhanced Cordless Telecommunication is a standard for digital 
portable phones, which is set by the European Telecommunications Standard Institute 
[14]. These portable phones, or DECT phones, are commonly used for domestic and 
corporate purposes due to their short outdoor range (only 100 meters interference-free 
wireless operation). 
 In DECT applications the transmitted signal is not amplitude modulated, and thus the 
amplified signal have a constant envelope, which is a huge advantage when it comes to 
PA design. Because the demands on the PA in terms of linearity are only a fraction of 
those put on the same PA when amplifying a variable envelope signal, such as an 
orthogonal frequency-division multiplexing (OFDM) signal. Hence, this makes it easier 
to achieve a more efficient PA. 
 The maximum allowable transmitted power for a DECT phone is 250 mW (~24 dBm) 
at the antenna reference point. The frequency bands are 1880-1900 MHz in Europe and 
1920-1930 MHz in the US. Moreover, there are ten carriers between 1880-1900 MHz and 
for the PA concerning this thesis work 1900 MHz is chosen as the carrier frequency. 
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3 Efficiency Enhancement Techniques 
 
 
 
This chapter lists the different topologies investigated in this thesis work, explains the 
theory behind them and how they where implemented. Moreover, there will also be a 
section explaining the fundamentals of the PA included in the COSIC chip, which is the 
starting point of this thesis work.  
 During this thesis work primarily the three different topologies listed below were 
investigated: 
 

1. The parallel class A&B amplifier, which features two parallel connected 
transistors biased to work in class A and class B mode respectively 

2. Variable cascode voltage, which varies the cascode voltage to achieve a higher 
efficiency at power back-off, 

3. Variable input power, which backs off the PA by lowering the input power 
 

3.1 The COSIC Power Amplifier 
The amplifier that this thesis work strives to improve is a two stage differential power 
amplifier that receives a constant input signal of 5 dBm from a pre-driver. In Fig. 13 a 
schematic model of this amplifier is depicted and it has a transformer-based 
implementation. The advantage of this approach is that the bias of the amplifying 
transistors can be set through the center taps of the transformers. In this way one 
transformer serves as a DC feed and an RF choke at the same time, since its primary and 
secondary windings can be seen as larges inductors. Moreover, this approach enables the 
bias voltages to be set in the same way as the DC power is fed to the PA. 
 As can be seen in Fig. 13 another feature concerned with this implementation is the 
current mirrors, T1 and T6, which “transforms” the bias currents into voltages at the gates 
of the amplifying transistors. This is accomplished by applying the bias voltage on the 
center tap of the secondary windings of the input and intermediate transformer, as can be 
seen in Fig. 13. 
 Since the input signal is a constant envelope signal the PA is backed off or shut off by 
decreasing the bias current for both stages from the maximum value of 10 mA to what 
ever value that gives the desired level of output power. Because of this the PA does not 
behave as a common textbook PA in terms of output power and PAE vs. input power 
characteristic, which may be confusing when comparing simulation results with other 
topologies. 
 To handle the increasing swing that the transistors experience at the maximum bias 
level each amplifying transistor is connected to a considerably larger cascode transistor 
(T2, T5, T7 and T10). 
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Fig. 13. Schematic of the COSIC PA  

 

3.2 Parallel Class A&B Amplifier 
A parallel combination of a class A and a class B amplifier can be used to improve the 
linear operation range as well as the PAE [15]. A block diagram of such a circuit is 
shown in Fig. 14 and in Fig. 15 a detailed schematic is shown. 
 

Load 

In Out 

A

B 

 
Fig. 14. Block diagram of a parallel class A&B amplifier.  

 
This topology uses two parallel connected transistors biased to work in class A and class 
B mode respectively, which gives a more linear transconductance as shown in Fig. 16. 
Both outputs are combined in the current domain with little overhead. The resulting 
transconductance of the parallel class A&B amplifier is a combination of the 
transconductance of both the class A and the class B biased transistor, as is  
given by: 

(40) 
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,& mBmABmA ggg +=  
 
where gmA and gmB is the transconductance of the class A and the class B amplifier 
respectively. 
 

 
Fig. 15. Schematic of the parallel class A&B amplifier. 
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Fig. 16. Parallel class A&B amplifier transfer characteristic. Note that this is just a 

sketch and not a plot generated by an actual simulation [15]. 
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The resulting power gain of a class B amplifier increases with increased input power until 
it finally starts to compress at a relatively high input level. However, the resulting power 
gain of a class A amplifier starts to compress rapidly as the input power increases. So, 
when connected in parallel, the class A amplifier contributes primarily at low input power 
levels and the class B amplifier is the number one contributor at high input power levels. 
This cooperation between the two parallel connected amplifiers has the result that the 
class B amplifier can compensate for the compression of the class A amplifier, as can be 
seen in Fig. 16. Moreover, the class A and class B amplifiers must be combined with an 
appropriate ratio, in order to linearize the transconductance. 
 Since the class B amplifier provides the lion’s share of the power gain at high input 
powers it is supposed to be larger than the class A amplifier, which primarily contributes 
at low input levels. In the class A&B amplifier presented here, the goal is to get a fairly 
linear transconductance and therefore the gain of the class B amplifier must equal that of 
the class A amplifier just when it starts to compress. To manage that the class B amplifier 
needs to be four times larger than the class A amplifier. 
 The ratio of 1:4 between the class A and the class B amplifiers, means that the 
smaller class A amplifier can be biased at a lower power level. Hence, this would in fact 
imply an improved PAE for the parallel class A&B topology, which is essential in this 
thesis work.  
 Another important issue to look at is the DC current consumption of the parallel class 
A&B amplifier, which is given by: 
 

(41) ,& DCBDCABDCA III +=  
 
where IDCA and IDCB are the DC consumption of the class A and class B amplifier 
respectively. The class A amplifier consumes the majority of the dc current at low input 
power and the class B amplifier consumes the largest part at high input power. Because 
of the relationship between the DC currents of the class A and the class B amplifiers the 
PAE of the parallel class A&B amplifier ends up somewhere between that of the class A 
and the class B amplifiers. Fig. 17 shows that for low inputs the parallel class A&B 
amplifier has the same PAE as the class A amplifier alone, but for high inputs its PAE 
looks somewhat like that of the class B amplifier. Therefore the parallel class A&B 
amplifier provides an excellent compromise between gain, output power, and PAE. 
However, in this thesis work the potentially high PAE alone is the parallel class A&B 
topology’s most important feature. 
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Fig. 17. Comparison of PAE. Note that this is just a sketch and not a plot generated by an actual simulation [15]. 

 
 

3.3 Variable Cascode Voltage 
When dealing with power amplification it is often important to have a high gain and to 
achieve that the PA can be divided into several stages that all contribute to the resulting 
gain, as can be seen in Fig. 18. This means that each stage has to handle a higher voltage 
swing than the prior stage, which creates a problem. Additionally, to be able to handle 
this increasing swing designers can add a cascode transistor (T2, T5, T7 and T10 in Fig. 19) 
to handle the high voltages.  
 In this approach the aim is to adjust the bias level of the cascode transistors, i.e. the 
cascode voltage, to enhance the efficiency of the PA. The principle is that when the PA is 
backed off, the voltage swing over the cascode transistor is decreased, which should 
allow a lower cascode voltage. Hence, a lower bias level would cause the PA stage to 
draw less DC, which leads to a potentially higher PAE. 
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Fig. 18. Block diagram of the COSIC PA  

 
 
 

 
Fig. 19. Schematic of the COSIC PA with variable cascode voltage. 
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3.4 Variable Input Power 
The COSIC PA, that this thesis work aims to improve, receives its input signal from a 
predriver that serves to create a stable and sufficiently high signal. However, the  
predriver has the ability to vary its output signal within a 6 dB range and that could 
perhaps be a way to back-off the PA without losing to much efficiency along the way. 
 The input vs. output power characteristic, which is a common way to display the PAE 
problem at power back-off for PAs, tells us that this approach should in fact worsen the 
problem. If looking at Fig. 17 one can see that the PAE drops dramatically when the input 
power is decreased. However, it is still a good idea to investigate if this approach works 
for the current PA, since it did not display the exact same behavior as a textbook PA from 
the beginning. 
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4 Results 
 
 
 
So far the COSIC PA and the different efficiency enhancement techniques have been 
described, as well as some additional RF power amplifier theory. Chapter 4 describes 
how these topologies were implemented and presents simulation results. 
 First to be presented are the results from the simulations performed on the COSIC PA 
to serve as a benchmark for later simulations. Secondly the simulation results of the 
parallel class A&B power amplifier are introduced, with emphasis on the bias conditions 
for achieving maximum efficiency at power back-off as well as maximum output power. 
Then the results from the simulations performed on the variable cascode voltage 
topology, and the simulation result from the variable input power topology will follow.  
 Finally, the last section aims to combine the parallel class A&B amplifier with the 
variable cascode voltage topology in order to achieve an even higher PAE. 
 

4.1 The COSIC Power Amplifier 
When this master thesis work started a lot of simulations had already been performed to 
investigate the bias conditions for the PA, i.e. simulations that shows the relationship 
between the bias currents, the output power and the PAE.  
 As can be seen from the 3D-plots in Fig. 20 and Fig. 21 the PAE is approximately 32 
% at a maximum output power of about 27 dBm. This result is the benchmark, which all 
the other topologies performances are compared to. Another important implication of the 
results from the simulations in Fig. 20 and Fig. 21 is that both graphs tend towards their 
maximum value in a very smooth manner. This does in fact imply that the bias currents 
of the first and second stage of the PA can be held equal without losing any gain or 
efficiency. 
 Considering that the bias currents can be set equal, gives two advantages: (a) it saves 
die area due to less complicated bias circuitry and (b) makes it essentially easier to plot 
simulation results.  
 Now, when the bias current is plotted to the output power and the PAE, and displayed 
in a 2D-plot, as shown in Fig. 22, it is very easy to see the relationship between these 
quantities. Note that the PAE and output power are substantially higher in Fig. 22 than in 
Fig. 20 and Fig. 21, which comes from that the PA used to create the 2D-plot has a more 
ideal output matching network. However, it does not change that the assumption that the 
bias currents can be held equal is valid.  
 If looking at Fig. 22 it is evident that the maximum efficiency of 43.5 % is obtained 
when the bias current is set to 10 mA and the PA is then delivering 28.3 dBm to the load. 
Furthermore, when the bias current is decreased to 0.7 mA the PA is backed off by 10 dB 
and the PAE drops dramatically, as expected, down to 15.9 %.  
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Fig. 20. PAE vs. bias currents for both stages of the COSIC PA [16]. 

 
 
 

 
Fig. 21. Output power vs. bias currents for both stages of the COSIC PA [16]. 
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Fig. 22. Output power and PAE vs. input power for the COSIC PA.  

 
Note, these results will be used as reference results, i.e. all other simulation results will be 
compared to them. 
 

4.2 Parallel Class A&B Amplifier 
The parallel class A&B amplifier was investigated for two reasons, namely (a) the 
potentially higher PAE and (b) the extra degree of freedom when setting the bias offered 
by this approach [15]. Hence, when splitting the transistors in both stages of the PA 
depicted in Fig. 13 into two parallel transistors, the possible number of bias choices is 
doubled. The new schematic is shown in Fig. 15, and as can be seen this also imply that 
two additional current mirrors are added to the circuit to set the bias voltage at the gate of 
the amplifying transistors. 
 When choosing the ratio between the two parallel connected transistors, the target 
was to keep the total die area of the PA constant in order to facilitate a possible layout of 
this topology. Thus, the combined area of the parallel transistors must not exceed the area 
of the original transistor. 
 To begin with, the ratio between the parallel connected transistors was set to 1:1, 
which made it substantially easier to rescale the parasitics that were not included in the 
simulation model. However, the class B transistors were later made four times larger than 
the class A transistors (with the total die area kept constant), to linearize the 
transconductance as proposed in section 3.1. With a ratio of 1:4 between the transistors of 
the parallel class A&B amplifier the simulation results actually proved to be slightly 
poorer than what had been achieved with the ratio 1:1. Because of that the simulation 
results presented in this section are from the parallel class A&B amplifier with the ratio 
1:1 between the transistors.  
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When the schematic of Fig. 13 had been modified to work according to the parallel class 
A&B topology; the next step was to import the schematic model from Cadence to ADS. 
Moreover, all simulations performed in ADS were done with an already existing “test 
bench”, or simulation set-up, that had to be modified to fit the purpose of these 
simulations.  
 During the simulations it became clear that four bias currents gave an unmanageable 
amount of bias combinations, which made it impossible to plot them in a suitable way. 
To be able to display the results in a proper way, the assumption was made that 
maximum PAE and sufficient output power could be obtained when both PA stages were 
equally biased. That is, one common bias current for the class A transistors and one 
common bias current for the class B transistors. 
 This assumption was made with the support of the plots shown in Fig. 20 and 
Fig. 21, which are presented in section 4.1. In the plot shown in Fig. 20 it can be seen that 
the maximum PAE can be found when the bias currents of the COSIC PA were set equal 
and this idea can most likely be applied for the parallel class A&B amplifier as well. 
Furthermore, the result displayed in Fig. 21 indicates that if the two stages were equally 
biased the output power would still be sufficient. 
 Now, when there are only two bias currents the result can be displayed in a 3D-plot, 
as shown in Fig. 23 and Fig. 24. Just as expected the surfaces of these graphs are very 
smooth and evenly distributed over the entire range, which is due to the fact that the total 
bias current of stage one is equal to the total bias current of stage two. 
 In Fig. 23 it can be seen that the PAE at maximum output power is above 40 %, 
however, even for the parallel class A&B topology the PAE drops dramatically when the 
PA is backed off. Hence, when bias current A and bias current B are decreased towards 
the origin the PA is backed off and the graph quickly turns blue, which indicates a  
low PAE. 
 The maximum output power of this topology is, according to Fig. 24, approximately 
28 dBm, which is about the same as for the COSIC PA presented earlier. To find a more 
accurate value of the PAE and the output power of the parallel class A&B amplifier a 
couple of 2D-plots will be presented as well, where it is easier to estimate the result. The 
PAE and the output power are depicted in Fig. 25 and Fig. 26 respectively. 
 From Fig. 24 it can easily be seen that the PAE equals 41.8 % at maximum output 
power, which is a 1.7 % decrease compared to the COSIC PA. However, the PAE at 
power back-off is 16.3 % and that is 0.4 % above that of the COSIC PA. Moreover the 
maximum output power (Fig. 26) equals 28.8 dBm for the parallel class A&B amplifier, 
which is slightly higher than for the COSIC PA. 
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Fig. 23. PAE vs. bias currents for the parallel class A&B topology.  

 

 
Fig. 24. Output power vs. bias currents for the parallel class A&B topology.  

 
 
 

38 



 

 
Fig. 25. PAE characteristics for the parallel A&B amplifier, where Bias A is the bias current for 

the class A transistor and Bias B is the bias current for the class B transistor.  
 

 
Fig. 26.Output power characteristics for the parallel A&B amplifier, where Bias A is the bias current 

for the class A transistor and Bias B is the bias current for the class B transistor.  
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Finally, the parallel class A&B amplifier offers a somewhat higher PAE at power back-
off compared to the COSIC PA, however, it is less efficient at maximum output power. 
To have a poor efficiency at maximum output power is not a desirable scenario, since the 
PA is consuming most DC power per time unit at that point. Even though the PA does not 
operate in this mode as frequently as in power back-off mode, it still has a considerable 
impact on the overall efficiency due to the large DC currents fed to the PA at that point. 
Therefore, this topology needs an extra boost in efficiency at maximum output power to 
really be a candidate to replace the COSIC PA. 
 

4.3 Variable Cascode Voltage 
This method is supposed to be a complement to the parallel class A&B topology in order 
to facilitate a variant of an adaptive bias topology. The fundamental idea is to control the 
bias voltages of the cascode transistors so that they do not draw any DC that is not 
needed to accommodate the momentary demand on the PA. Hence, if the excess DC 
power added to the PA is reduced to a minimum level, the efficiency of the PA would 
approach its theoretical maximum. 
 To implement this idea inputs are simply added at the gates of the cascode transistors 
to allow the voltage to vary, as shown in Fig. 19. It is also essential to investigate, 
analogous with the discussion in section 4.2, if the cascode voltages can be set equal. 
Since the goal in this simulation is to find an optimal bias setting for the cascode 
transistors, the same kind of simulations were performed as for the class A&B topology 
described in section 4.2. 
 If looking at Fig. 27 one can see that the PAE peaks at about 45 % for a cascode 
voltage of approximately 1.2 V for stage one and 2 V for stage two. Thus, the current 
setting of the cascode voltage at 2.5 V for both stages seems to be a little bit too high to 
achieve maximum efficiency. Furthermore, the output power of the PA reaches close to 
its maximum, of approximately 28 dBm, just as the cascode voltage exceeds 1 V and  
1.6 V for stage one and stage two respectively. 
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Fig. 27. PAE vs. cascode voltages for the COSIC PA.  

 

 
Fig. 28. Output power vs. cascode voltages for the COSIC PA.  
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The 3D-plots depicted in Fig. 27 and Fig. 28 are strong arguments for lowering the 
cascode voltages, since this potentially could increase the efficiency without too much 
loss in power gain. Note that in this case the amplifying transistors of the PA are biased at 
their maximum level, i.e. a bias current of 10 mA for each stage. However, Fig. 29 and 
Fig. 30 show that the characteristics of these graphs do not look any different, except that 
the PAE and output power are considerably lower, in power back-off mode. Note, the 
power back-off mode corresponds to a bias current of 0.7 mA. This is definitely an 
interesting approach and it would be worthwhile to try to combine it with another 
efficiency enhancement technique to get an even higher PAE.  
 

 

PAE (%) 

Cascode Voltage Stage 2 (V) 
Cascode Voltage Stage 1 (V) 

Fig. 29. PAE vs. cascode voltage at power back-off for the COSIC PA.   
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Cascode Voltage Stage 2 (V) 

Cascode Voltage Stage 1 (V) 

Fig. 30. Output power vs. cascode voltage at power back-off for the COSIC PA.   
 

To find out how much this topology differs from the COSIC PA, in terms of PAE and 
output power, it is convenient to study a 2D-plot of these quantities. This is done by 
making the same assumption as in the case with the parallel class A&B amplifier, which 
in this case means setting the cascode voltages equal. Moreover, the level of the common 
cascode voltage is chosen to accommodate the second stage of the PA, since it 
experiences the largest voltage swing. Hence, the cascode voltage can not be lower than 
approximately 1.6 V, according to Fig. 28, to be able to deliver enough power to the load. 
This would in fact ensure that the PA can handle the voltage swing that is needed to 
deliver the desired power of 26.5 dBm to the load.  
 Fig. 31 and Fig. 32 shows the PAE and the output power vs. cascode voltage for 
maximum output power and power back-off mode respectively; where a bias current of 
10 mA corresponds to maximum output power and a bias current of 0.7 mA corresponds 
to power back-off mode.  
 The result of the variable cascode voltage topology is that its PAE is 3.5 % above that 
of the COSIC PA at maximum output power and 1 % higher at power back-off. However, 
this result might be improved further since Fig. 27 implies that the maximum PAE really 
occurs when stage one has a lower cascode voltage than stage two. 
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Fig. 31. Output power and PAE vs. cascode voltage at a bias level of 10 mA.  

 

 
Fig. 32. Output power and PAE vs. cascode voltage at a bias level of 0.7 mA.  
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4.4 Variable Input Power 
The implementation of this topology does not demand any changes in the schematic 
compared to the original PA, but it does, however, need some adjustments of the 
simulation set-up in ADS. In this case the bias currents and cascode voltages were kept 
constant in order to see the effect of the variable input power, which were plotted to 
output power and PAE. 
 This topology utilizes the input power to vary the output power, but since the PA gets 
its input signal from the pre-driver the range of power back-off is limited to some 6 dB 
down from the maximum output power. Hence, this method has to be combined with 
some of the previously discussed efficiency enhancement techniques to be able to back-
off the PA 10 dB down from maximum output power. 

 
Input Power (dBm) Max. Output Power PAE (%) 

 (dBm) At Max. Output 
Power At 10dB back-off 

5 28.3 43.5 15.9 
4 28.1 42.8 15.6 
3 27.9 42.1 15.3 
2 27.7 41.2 15.1 
1 27.5 40.2 14.8 
0 27.3 39.0 14.2 
-1 27.0 37.6 13.8 

Table 1. Table of the PAE and output power for variable input power.  
 

The usual way to describe the efficiency problem at power back-off for a PA is to plot the 
output power and PAE vs. input power, which shows that the PAE drops dramatically 
when the input power decreases. In Table 1 it can be seen that this is no exception from 
the textbook PA. 
 If looking close at the second column and the maximum output power, one can see 
that the effective change in power delivered to the load is much less than the actual back-
off in input power; this along with the fact that the PAE decreases as the input power is 
backed off should be enough reason to discard this approach as an efficiency 
enhancement technique. However, when the input power is backed off the PA becomes 
more linear and due to that this method is used by PA designer in applications with high 
demands on linearity.  
 To investigate if the trend seen in Table 1 continues when the PA is backed off even 
more, the output power and PAE vs. input power were simulated over a wider range and 
the result is displayed in Fig. 33. The result from this simulation is yet another argument 
for not using this method to enhance efficiency, since the PAE drops more rapidly as the 
input power decreases beyond 10 dB down from the maximum output power. 
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Fig. 33. Output power and PAE vs. input power.  

 

4.5 Parallel Class A&B Amplifier with Variable Cascode Voltage 
This approach is a combination of two previously described topologies, namely the 
parallel class A&B amplifier and the variable cascode voltage topology from section 4.2 
and section 4.3 respectively. Here the concept of adaptive bias is taken one step further, 
by allowing both the bias of the amplifying transistors and the cascode transistors to vary 
simultaneously. That is, in the end one hope to gain even more efficiency by adjusting the 
bias current for the amplifying transistors and the bias voltage of the cascode transistors, 
and in that way decrease the DC current consumption even more. 
 Analogous with the parallel class A&B amplifier and the variable cascode voltage 
topology, the assumption that the bias currents, as well as the cascode voltages, can be set 
equal for both PA stages. Making this assumption for this approach is essential to be able 
to plot the results from the simulations in a proper way. Moreover, there is no reason to 
believe that the optimal bias setting is overlooked because of this assumption, since the 
plots in Fig. 23 and Fig. 27 tend towards their maximum value in a smooth manner. 
 The result from the simulations performed in this approach is displayed in the graphs 
of Fig. 34 and Fig. 35, where it can be seen that the PAE peaks at about 45-46 % and the 
output power somewhere close to 28 dBm.  
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Fig. 34 PAE vs. bias current and cascode voltage. 

 
 

 
Fig. 35. Output power vs. bias current and cascode voltage 
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To be able to evaluate whether this approach in fact is an improvement, compared to the 
parallel class A&B amplifier and variable cascode voltage topology alone, the results 
must be studied in a 2D-plot. This is done by keeping two of the bias variables constant, 
in this case the bias currents for the class A and the class B transistors, and sweeping the 
remaining variable between suitable values. Here the cascode voltage is swept between 0 
and 2.5 V, since 2.5 V is the actual supply voltage for the COSIC PA. However, the bias 
current must be allowed to vary when the amplifier goes from delivering maximum 
output power to the load to power back-off mode. 
 The result from this simulation is displayed in Fig. 36 and Fig. 37, where Fig. 36 
shows that the PAE is 45.1 % at maximum output power, when the cascode voltage is  
2 V and the bias current is 10 mA for both the class A and class B transistor. 
Furthermore, the PAE at power back-off is estimated to 18 %, which is the top annotation 
for this thesis work. The bias settings for the power back-off mode is 25 µA for the class 
A transistor and 0.25 mA for the class B transistor, and the cascode voltage is the same as 
for the maximum output power mode. 
 Consequently, the idea of combining the parallel class A&B amplifier with a variable 
cascode voltage gives an improvement in efficiency by 2.1 % at power back-off mode. 
Moreover, it also involves a 1.6 % increase in efficiency at maximum output power, 
which might not be the largest increase compared to the other topologies investigated 
during this thesis work. Nevertheless it does, however, represent an improvement in 
efficiency at both maximum output power and power back-off mode, where the latter 
being the most important feature in the scope of this work. 
 

 
Fig. 36. PAE vs. cascode voltage for the parallel class A&B amplifier, at a bias 

level of 10 mA for both the class A and the class B transistor.  
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Fig. 37. Output power vs. cascode voltage for the parallel class A&B amplifier, at a bias 

level of 25 μA for the class A transistor and 0.25 mA for the class B transistor. 
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5 Discussion 
 
 
 
This thesis work started out with an overview and simulations of an existing PA, the 
COSIC PA, so that later simulation results could be compared with the results from these 
simulations. Then several topologies that potentially could enhance the efficiency were 
investigated and simulations were performed. Focus was on finding the maximum 
possible efficiency at power back-off for the COSIC PA with topology changes and 
optimization of bias settings.  
 When PA characteristics are illustrated in textbooks or papers it is often done by 
displaying the input versus output power characteristic, where the PA is backed off by 
lowering the input power. The COSIC PA on the other hand is backed off by lowering 
the bias of the PA and this may cause some confusion because, when plotted, these 
results look very similar.  
 Mainly three different topologies were simulated and the results from these 
simulations were presented in chapter 4 along with simulation results from a fourth 
approach. In this approach the parallel class A&B amplifier was combined with the 
variable cascode voltage topology to achieve an even higher efficiency than these two 
topologies could yield alone. A table that sum up the results presented in chapter 4 is 
found in Table 2 where also simulation results for the COSIC PA are added to give a 
clearer picture of what can be achieved. 
 

Topology Max. Output Power 
(dBm) PAEmax (%) PAE-10dB (%) 

COSIC power 
amplifier 28.3 43.5 15.9 

Parallel class A&B 
amplifier 28.8 41.8 16.3 

Variable cascode 
voltage 28.5 47.0 16.9 

Class A&B/Variable 
cascode voltage 29.1 45.1 18.0 

Table 2. Table of simulation results presented in chapter four. Note that the 
input power is kept at a constant level of 5 dBm. 

 
 
When looking at Table 2 it can be seen that the improvements in efficiency (PAE) are 
quite modest and the reason for this will be discussed in section 5.1. Moreover, the results 
from the variable input power topology are not included in Table 2 since this topology is 
not suited for efficiency enhancement. This will also be discussed in section 5.1 along 
with other conclusions drawn during this thesis work. 
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5.1 Parallel Class A&B Amplifier 
When the first attempt, the parallel class A&B amplifier, was made the thought was to 
increase the number of possible bias choices so that the optimal bias level could be 
“tuned” in. This was realized by splitting the amplifying transistor into two equally large 
transistors and then bias them in class A and class B mode respectively (in this way the 
new circuit did not consume more die area). Another approach where the class B 
transistor were made four times larger than the class A transistor was also tested, but it 
proved to have a slightly poorer PAE. Splitting the transistors of the COSIC PA involves 
scaling of the parasitics outside the simulation model (BSIM4), however, since the 
transistors used in the COSIC PA are very big the scaling should be quite accurate.  
 Something that could prove to be a problem is the strong sensitivity of the PA at 7 dB 
(or more) back-off (see Fig.24), which is stronger for the parallel class A&B amplifier 
than for the COSIC PA. One attempt to solve this problem was to investigate the current 
mirrors T1, T2, T9 and T10 (see Fig. 15) that sets the bias voltages, to see if they could be 
made larger to give a smoother output power characteristic. However, this proved to have 
no influence on the sensitivity of the PA since the size of the transistors in the amplifier 
stages were more significant parameters. 
 If looking at Fig. 26 it can be seen that the maximum output power is 28.8 dBm, 
which is approximately 4 dBm above the maximum allowable output power of the DECT 
standard. However, the simulations preformed on the parallel class A&B amplifier are 
representing an ideal, but not unrealistic case. The output matching network in par with 
the antenna will cause some 2-4 dBm loss at the output. So it is most likely that the 
output power would not exceed the maximum transmitting power set by the DECT 
standard, otherwise excess power can always be traded for linearity or efficiency to avoid 
violations of the standard. 
 Although the parallel class A&B amplifier offers an improved PAE at power back-off 
it does, however, lower the PAE at maximum output power with approximately 1.7 %. 
Naturally, this is not a desirable scenario since the PA is consuming most DC current per 
time unit at this operation mode.  
 Therefore, the conclusion is that the parallel class A&B amplifier can not be 
implemented alone for the COSIC PA, but rather be combined with another efficiency 
enhancement technique. So that the PAE can be increased at maximum output power and 
power back-off at the same time.  
 

5.2 Variable Cascode Voltage 
When the schematic of the COSIC PA had been modified so that the cascode voltages 
could vary, between 0 and the supply voltage (2.5 V), the first question that popped up 
was: how much could the cascode voltages be lowered? Looking at Fig. 28 it can be seen 
that the PA still delivers enough power to the load all the way down to a cascode voltage 
of 1 V for stage one and 1.6 V for stage two. The PAE on the other hand peaks at a 
cascode voltage of 1.2 V for stage one and 2 V for stage two, so it is by no means 
necessary to lower the cascode voltages more than that. However, there is another thing 
that has to be taken into account and that is the drain-to-gate voltage, which should be 
kept under 3.3 V for the transistors used in the COSIC PA. During this thesis work no 
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simulations where performed that could determine the lower limit for the cascode 
voltages; instead the cascode voltages were set to 2 V, which should be high enough to 
unable the drain-to-gate voltage to exceed 3.3 V. The value of 2 V was chosen to where 
the PAE of the second stage, which experiences the largest voltage swing, peaks. Since 
both cascode voltages, for simplicity reasons, had to be equal the cascode voltage of the 
first stage was also set to 2 V. This meant that the PAE potentially could be increased if 
the cascode voltage of the first stage was lowered to approximately 1.2 V. However, this 
would surely mean that the drain-to-gate voltages would exceed 3.3 V and the transistors 
of the first stage could be destroyed.  
 If the load that the PA delivers its power to is known the voltage swing at the drain 
can be determined and the maximum possible drain voltage can be derived from the 
following equation 
 

rfDDd vVv +=  (42) 
 
where VDD is the supply voltage and vrf is the amplitude of the RF component of the drain 
voltage. 
 

5.4 Parallel Class A&B Amplifier with Variable Cascode Voltage 
Both the parallel class A&B amplifier and the variable cascode voltage topology have an 
improved PAE compared to the COSIC PA at power back-off. When combining these 
topologies the best result of this thesis work was achieved, where the PAE was higher 
than for the COSIC PA at both power back-off mode and maximum output power. 
However, the increase in efficiency by 2.1 % at power back-off mode and 1.6 % at 
maximum output power was quite modest and not a strong enough argument for an 
implementation of this idea. 
 

5.4 Conclusion 
The conclusion of this thesis work is that the purpose was fulfilled due to that the PAE at 
power back-off really was improved. Because one could say that the 2.1 % higher PAE at 
power back-off represents a 13.2 % increase relative to the initial PAE of 15.9 % 
concerned with the COSIC PA. Nevertheless, there is a lot of work to be done in the field 
of efficiency enhancement of PAs for the submicron CMOS processes, which will be 
discussed briefly in section 5.2. 
 

5.5 Future Work 
Today CMOS processes are constantly scaling down in line width, with the 65 nm 
CMOS process as the latest example, which makes it even harder to implement efficient 
PAs. However, to accommodate the SoC trend within the industry today PAs have to be 
integrated on the same silicon die as the rest of the circuit. A lot of work has been put on 
developing PAs with focus on linearity, not efficiency, to meet the specifications of 
standards such as GSM and WLAN, which uses a variable envelope signal. Therefore the 
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efficiency (especially at power back-off) of these PAs is lagging behind and 
improvements in this field are most welcome as they would lead to extended talk time for 
cellular phones. 
 One example of a technique that potentially could enhance efficiency at power back-
off for integrated PAs are the Doherty PA, which was originally proposed by Doherty in 
1936 [17]. The key feature of the Doherty amplifier is that it uses two PAs that are acting 
into a common RF load, i.e. active load-pull, as can be seen in Fig. 38. Normally this 
concept assumes that the two devices are identical, in terms of parameters, drive, and bias 
level. However, this demand is relaxed when implementing a Doherty PA, in order to 
allow dissimilar devices. In these cases each device sees an impedance that is a function 
of the current delivered by the other element as well as the common RF load and is 
expressed by: 
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where RL is the common RF load. For a complete derivation of the active load-pull 
expression see section 2.4. Moreover, the resulting output power delivered to the load is 
the sum of the output power of both the main and the auxiliary amplifier (see Fig. 39). 
 

λ/4λ/4

RL

Main
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RFout

RFin

 
Fig. 38. Block diagram of a Doherty PA. 
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Fig. 39. Basic input power vs. output power characteristics of the Doherty PA [13].  

 
Another feature, besides the load-pulling effect, is that the auxiliary PA is shut off when 
the input drive level is reduced to a certain point (typically 6 dB down from maximum 
output power), as depicted in Fig. 39. Hence, below the 6 dB back-off point the active 
device periphery is reduced to 50 % and the auxiliary PA is assumed to cease to draw DC 
current, which would improve efficiency significantly. Above the point of 6 dB back-off 
both amplifiers contribute to the output power and the main PA is constantly delivering 
its maximum output power at maximum efficiency. 
 The schematic of the Doherty amplifier in Fig. 38 shows two additional quarter-wave 
transformers, one at the output of the main PA and one at the input of the auxiliary PA. 
The quarter-wave transformer at the output of the main device is set to the optimum load 
line impedance Ropt and acts as an impedance inverter, which causes the impedance seen 
by the main device to go down as the auxiliary device current increases. Moreover, the 
quarter-wave transformer at the input of the auxiliary device is set to match the delay 
caused by the transformer at the output of the main device. 
 Finally, the overall efficiency of the Doherty amplifier, as is depicted in Fig. 40 is 
given by: 
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where Vmax is the maximum input drive voltage and vin is the actual drive voltage. From 
this equation it can be seen that the efficiency approaches its maximum π/4 (~78.5 %) 
when vin approaches the maximum input drive voltage. 
 The dip in efficiency in the middle of the upper 6 dB regime, which can be seen in 
Fig. 40, is due to that when the auxiliary amplifier starts to contribute to the power gain 
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its initially poor efficiency degrades the overall efficiency. However, each amplifier's 
contribution to the overall efficiency is a function of how much it contributes to the 
power gain. That is, if the contribution to the power gain is small the impact on the 
overall efficiency is modest, and thus the dip in efficiency in the upper 6 dB regime is not 
significant. To make the dip even smaller, it is possible to operate the auxiliary amplifier 
in class C mode, with a theoretical efficiency of 100 %. 
 

 

Efficiency 

 Power back-off 

Fig. 40. Efficiency vs. power back-off of the Doherty amplifier [13].  
 
The Doherty PA uses two amplifiers (carrier and auxiliary amplifier) in a load-pull 
configuration and to additional λ/4 stubs for phase alignment and to compensate for time 
delay. Although the original ideas was meant for transmitters in early radio broadcasting 
it still has some interesting features, such as the load-pull configuration. However, there 
are some obstacles in the way, when it comes to the λ/4 stubs at the input of the peak 
amplifier and at the output of the carrier amplifier, which have to be managed.  
 Why this is a problem can be understood when considering equation 42, where f is the 
carrier frequency, c is the speed of light and εSiO2 is the relative dielectric constant for 
SiO2 (~4.3). In this work the PA is designed for a DECT phone at a carrier frequency of 
1.9 GHz, which implies that a λ/4 stub is approximately 76 mm (assuming microstrip line 
on SiO2). This makes it almost impossible to squeeze in the λ/4 stub on the 3 mm2 chip 
that can be seen in Fig. 41. 
 

2SiOεf
cλ =  (45) 
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Fig. 41. Picture of RF macro at the COSIC chip.  

 
There is, however, a way around this problem and that is to realize the λ/4 stub with an 
on-chip LC-network, but also this method quickly runs into problem due to the low Q-
values of on-chip inductors. The low Q-values cause a large power loss in the LC-
networks, which degrades the efficiency and erases much of the improvements in 
efficiency created by the Doherty configuration. 
 Nevertheless, the load-pull action of the Doherty PA gives this topology some very 
interesting features and it is worth to investigate further if the problems mentioned here 
can be worked around in some way. One idea could be to implement a series Doherty PA 
that takes one of the bulky λ/4 stubs out of the equation and the other λ/4 stub could 
perhaps be included in the output matching network in some way [18]. 
 The Chireix Outphasing Amplifier [19], from the same era as the Doherty PA, is 
another example of an old topology that could be worth to reinvent because of its ability 
to use nonlinear amplifiers for linear amplification. Anyway, in one way or another it 
would be a good thing to investigate whether it is possible or not to use nonlinear 
amplifiers, i.e. switched amplifiers (class D, E and F), in submicron CMOS processes. 
The ability to make use of the higher efficiencies concerned with these amplifiers would 
increase the chance of achieving much more efficient CMOS PAs in the future. 
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