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Abstract

Today, the mobile communication systems can be found everywhere due to the low
cost and high degree integration level which is achievable with CMOS. The user
can use a number of applications using only one device. The transmitter is one of
the main blocks in communication systems for transmitting the signal, where the
RF power a mplifier (PA) amplifies the RF signal to the r equired output power
so that signal can reach the r eceiver. Nowadays mostly transmitter employs such
modulation schemes which have high data rate and to amplify such signals, a lin-
ear PA is required. The efficiency of the PA should also be high, so that it can
provide high output power to load without consuming much power itself.

This thesis work describes the “CMOS Power Amplifier for IEEE 802.11g/n stan-
dard (2.4GHz) in 65nm process”. The PA is a two stage amplifier biased in Class
AB mode with LC type input matching. The inter-stage matching is carried out
by the RF choke of the driver stage and the input capacitance of the power stage.
The output of the PA is power matched to the load. A linearizing technique is
implemented to make PA more linear. The simulation results shows that the de-
signed PA gives 1dB compression point of +23.36dBm, a gain of 26.82dB, a power
added efficiency of 30%, a linear current of 122.30mA providing 18dBm power to
load and saturated output power of 24.45dBm.
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Introduction 
 
Today, the mobile communication systems can be found everywhere and the user can use a 
number of applications using only one device. The transmitter is one of the main blocks in 
communication systems for transmitting the signal, where the RF power amplifier (PA) 
amplifies the RF signal to the required output power so that signal can reach the receiver. 
Nowadays mostly transmitter employs such modulation schemes which have high data rate 
and to amplify such signals, a linear PA is required. The efficiency of the PA should also be 
high, so that it can provide high output power to load without consuming much power itself.  
  
This thesis work describes the “CMOS Power Amplifier for IEEE 802.11g/n standard 
(2.4GHz) in 65nm process”. 
 
CMOS technology is mostly used nowadays due to its low cost, high performance and low 
power consumption. Also due to its small size, integration is possible on large scale but as the 
CMOS technology scales the requirement for gain, output power, linearity, reliability and low 
noise is hard to achieve due to scaling down of supply voltage and gate oxide thickness. 
Starting with brief description of CMOS technology, this thesis report includes design, circuit 
level implementation and simulations. 
 

1 CMOS Technology 
The idea of CMOS was patented by J.E. Lilienfeld in early 1930s and was practically 
implemented in 1960s. Figure 1.1 shows the simplified structure of NMOS. The device is 
fabricated on p-substrate which is also called bulk.  
 
The two heavily doped n-regions constitute the drain and source. The gate is made of 
conducting material poly silicon. Silicon dioxide insulates gate from the substrate region and 
its thickness is denoted by t . Under certain biasing conditions, a channel is formed between 
drain and source underneath the gate. The distance between the drain and the source in called 
length (L) and width (W) is perpendicular to it. During fabrication, the source and drain 
junction diffuses. The actual distance between source and drain is less then L and is called 
effective length (L ).  
 

 
 

Figure 1.1: Cross section of typical NMOS transistor. 
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1.1 V/I Characteristics 

Consider NMOS shown in figure 1.2. The gate voltage (V ) and drain voltage (V ) are greater 
than zero, the source and bulk terminal are at ground potential (V = V = 0). Parasitic 
capacitor exists between gate and substrate region. When the gate voltage increases, holes are 
repelled from the gate area and only negative charge is left behind in the channel region. 
Negative charges will increase if the gate voltage increases. When the drain voltage is greater 
than zero, the current will flow from drain to source. The value of gate voltage which makes 
channel region to achieve this state is called threshold voltage (V ). 
 

 
 

Figure 1.2: Schematic and cross section of NMOS. 
 
 
If source and bulk are not at same potential, threshold voltage will be modulated according to 
equation (1.1), where ∅  represents the channel surface potential, γ represents the body effect, 
V  represents source to bulk voltage and V  represents threshold voltage. 
 

V =  V  + γ(√Vsb + ∅o −  √∅o )                                    (1.1) 
 
The current that flows between drain and source is called drain current (I ). The transistor is 
said to be in the cutoff region when the gate-source voltage (V ) is less than the threshold 
voltage (V ) as shown in equation (1.2) and drain current (I ) at that time is ideally zero as in 
equation (1.3).  
 
                                                                     V  V                                                             (1.2) 
 

I = 0                                                              (1.3) 
 
When the gate-source voltage (V ) is equal to or greater than the threshold voltage (V ) and 
the drain-source voltage (V ) is less than the difference between the two as in equation (1.4), 
the transistor is said to be in the linear region. The drain current (I ) is shown in equation 
(1.5). 
 
                                                             0 <  V V  > V                                                   (1.4) 
 

                                       I =  µ  C  ((V V ) V  – )(1+ V )                              (1.5) 
 
 
When drain-source voltage (V ) becomes greater then ( V − V  ), the transistor enter into 
saturation region and at that time maximum current flows from drain to source. The drain 
current (I ) is represented by equation (1.7). 
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                                                            0 <  V V  < V                                                   (1.6) 
 
                                               I =  µ  C  (V V ) (1+ V )                                   (1.7) 
 
Where  is the channel length modulation. Usually in analog design, the length of transistor is 
usually set to twice of minimum length in order to reduce the effect of channel length 
modulation. Figure 1.3 shows I/V characteristics of the MOS device. 
 
 

 
 

Figure 1.3: V/I characteristic showing different working modes of transistor. 
 

1.2 Reliability Issues 
When we talk about power amplifiers, both voltage and current are pushed into their limits to 
achieve power amplification of the input signal [Reyn06]. So the transistor used in a PA has 
to deal with high voltages and currents. Hot carrier injection, time dependent dielectric 
breakdown (TDDB), junction breakdown and punch-through are the effects which set a limit 
on voltages and currents in CMOS. 
 
When the drain-source voltage becomes large in short channel device, it will experience high 
electric field. These large fields will results in hot carriers and will set a limit on the reliability 
of submicron CMOS because at such high fields, the carriers velocity saturates and kinetic 
energy of these carriers increases. At such high speed and having high kinetic energy these 
carriers may collide with silicon dioxide atoms causing ionization. As a result of ionization 
new electron and hole pairs are generated. The electron will be attracted towards the drain 
while holes move towards the substrate. Carriers having lot of energy will rapture the gate 
oxide and are sometimes trapped in the gate oxide. The carriers which are not trapped in the 
gate oxide will result in gate current. To study hot carrier effect, the gate and substrate 
currents are taken into account [Razavi98].  Figure 1.4 shows the hot carrier effect. 
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Figure 1.4: Hot Carrier effect. 
 
 
As time passes more hot carriers will enter gate oxide and thus will lead to the degradation of 
the device parameters like threshold voltage, sub threshold current and trans-conductance. 
These energetic carriers damage the gate oxide and the effect is called TDDB. TDDB set a 
limit on CMOS life time. TDDB also gets worse as technology scales and set a limit on 
threshold voltage.  
 
Usually thick oxide devices are used to minimize this effect. Due to hot carrier and oxide 
breakdown, there is restriction to use short channel device for high current densities. To 
prevent hot carrier effects usually channel length of the device is increased. Hot carrier 
injection also plays an important role in determining reliability and NMOS transistor lifetime 
[Reyn06].  
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2  Overview of Power Amplifiers 
When the output amplitude of a system varies linearly with its input amplitude, the system is 
said to be linear. The power amplifier is one of the most important blocks in the transmitter 
which converts DC input power into significant output RF power, and this process should be 
highly linear and efficient. In the modern day applications, frequencies from very low 
frequency to millimeter waves are used for communication, navigation and broadcasting. The 
requirement of power amplifier to deliver output power varies accordingly. There is no single 
technique or architecture of power amplifier that is best suited for every application. Due to 
the advancement of modern day communication systems, many techniques have been 
developed for power amplification of the radio signals. 
 
Nowadays OFDM (Orthogonal Frequency Division Multiplexing) modulation scheme is used 
in many transmitters because of its high data rate. However in OFDM, Peak to average ratio 
(PAPR) is very high. To amplify such signals, the PA should be linear and give high output 
power then the average output power to cope with high PAPR in order to fulfill Error Vector 
Magnitude (EVM) and spectral mask requirements [Hector06]. The overall transmitter 
linearity is determined by linearity of the PA. As the technology scales, it is becoming hard to 
meet the requirements regarding linearity, output power and efficiency due to low supply 
voltages and high on chip parasitics [Scholvin06].  
 
Power amplifiers can be divided in to linear and switching amplifiers. Class A, B, AB and C 
PAs are used where high linearity is our first priority and are called linear power amplifiers. 
Class D, E, F are called switching amplifiers and they are non-linear but have high efficiency. 
Depending upon the architecture of the transmitter, there may be one or more power 
amplifiers. Today, power amplifiers are often implemented in CMOS because they are cheap, 
small in size and can be integrated on large scale. Moreover they can provide amplification at 
high frequencies and operate on low voltages. Feedback and pre-distortion can be provided by 
DSP techniques and microprocessor control to improve efficiency and linearity. It is 
challenging to design a fully integrated PA with high output power, efficiency and linearity 
due to low breakdown voltages and poor passive components in CMOS processes.  

2.1 Output Power 
The output power is defined as active power delivered by the PA to the antenna. The antenna 
dissipates this power in electromagnetic waves radiation. The impedance of the antenna (Z ) 
is made resistive at the operating frequency so that the antenna acts as a load resistor (R ) at 
that frequency. The value of R  is usually taken as 50ohms. The output impedance of the PA 
is matched to the load resistor by appropriate matching network. The power consumed by the 
load resistor (R ) is equal to the power of electromagnetic waves, which are to be transmitted 
by the antenna at the operating frequency [Reyn06].  
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Figure 2.1:  Output Power definition [Reyn06]. 
 
The average output power depends on the envelope of the signals. The fixed envelope output 
power (P ) which is to be dissipated in the load can be defined as an average output power 
as in equation (2.1). 
 

P =                                                           (2.1) 
 
If the envelope amplitude is kept at its maximum level then the power dissipated in the load is 
called peak output power (PEP) and can be expressed by equation (2.2). The PEP is very 
critical in design of PA, because the designed amplifier must handle high peaks. 
  

PEP = ( ) 
                                                     (2.2) 

 
PAPR is defined as the ratio of peak output power (PEP) and average output power 
(P ( )) as shown in equation (2.3). 
 

     PAPR =
( )

                                                    (2.3) 

 
The Crest Factor (CF) also determines the peak to average ratio and defined as the ratio of 
voltage peak value (V (  )) to its RMS value (V ( )) as shown in equation (2.4).   
 

CF = (  )

( )
                                                    (2.4) 

 
Today, most communication systems employ modulation techniques which consist of both 
phase and amplitude modulation (WLAN, W-CDMA, and EDGE). Peak to average ratio of 
such systems are very high and such signals are not easily transmitted because they require 
larger headroom for power amplifiers at the cost of efficiency.  
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2.2 Efficiency 
An efficient PA is the one, which delivers maximum power to the load without consuming 
much power itself. The efficiency is a critical factor in PA design because it has a direct 
impact on battery consumption of the devices. There are usually three types of efficiencies 
that are: Drain efficiency (η ), power added efficiency (PAE) and average efficiency (η ). 
Drain efficiency is the ratio of output power (P ) to available DC power (P ) as in equation 
(2.5). The DC power includes, power consumed by all the stages of PA.  
 

η  = P P⁄                                                               (2.5) 
 
PAE is defined as the difference between RF output power (P ) and RF input power (P ) 
divided by DC power (P ) as shown in equation (2.6). When the gain is high, PA 
performance can be evaluated from PAE. If PA has large enough gain the PAE become 
almost equal to drain efficiency. 
 

PAE =  (P − P )/P                                                 (2.6) 
 
Average efficiency is defined as the ratio of average output power (P ( )) to average DC 
power (P ( )) as shown in equation (2.7). Average efficiency is considered because PA 
gives different values of efficiency on different power levels. The instantaneous efficiency, 
i.e. the efficiency at one specific point is usually high at peak out power (PEP) and decreases 
as the output power decreases. 
 
                                                       η =  P ( )/P ( )                                              (2.7) 

 

2.3 Linearity and Gain 
When the output amplitude of an amplifier varies proportional to its input amplitude, the 
amplifier is said to be linear. In linear amplifiers, the ratio between output amplitude and 
input amplitude remains the same irrespective of input signal strength. RF devices behave 
non-linearly. When a large RF signal is applied at the input of a device, the device will 
generate unwanted spurious signals along with the fundamental signal. The strength of the 
spurious signals determines the linearity of RF device provided that the device is properly 
matched to the load.  
 
The non-linear function of an amplifier can be presented by equation (2.8), where x (t) is the 
input signal which is to be amplified by an amplifier and represented by equation (2.9). 
 

y(t) ≈ α + α x(t) + α x (t) + α x (t) … … …                         (2.8) 
 

x(t) =  Asin(ωt +  φ(t))                                             (2.9) 
 
y(t) now contains fundamental as well as harmonic components. If the PA is fully differential, 
even order harmonics will not distort the signal.  
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y(t) = α + α A +
3α A

4 sin ωt + φ(t) + α A sin2 ωt + φ(t)

−
3α A

4 sin3(ωt + φ(t)) 
(2.10) 

 
From the equation (2.10), it is obvious that the amplitude of fundamental component is 
affected by PA non-linearities. The non-linearity of the PA does not affect the phase 
component. The gain (G) can be defined as a ratio of output power (P ) to input power (P ) 
and is usually expressed in dB as shown in equation (2.11). 
 
                                               G(dB) = 10log                                           (2.11) 

 

2.4 Intermodulation Distortion 
Intermodulation is defined as the unwanted amplitude modulation of signals having different 
frequencies in a non-linear system. Intermodulation is one of the main consequences of non-
linearity in a system. A two tone test is carried out to calculate the intermodulation distortion 
in the system. When two signals having very close frequencies are transmitted by PA, their 
intermodulation products will be formed at 2f − f  and 2f − f . In addition to these 
intermodulation products lot of other product are also formed but mainly these products 
(2f − f  and 2f − f ) will fall within the operating frequency band and will distort the input 
signal. The filtering of these intermodulation signals is impossible as they fall in operating 
frequency band. Figure 2.2 shows intermodulation spectrum. The intermodulation product is 
proportional to the cube of the amplitude of the input signal. 
 
 

 
 

Figure 2.2: Intermodulation spectrum [Fritzin09]. 
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2.4.1 Gain Compression 

In general, when the signal applied at the input of the amplifier increases, the output signal 
also increase by the same ratio. Gain Compression results when signal at the input becomes 
large enough so that the output power begins to roll off and results in drop of gain. Gain 
compression is determined by 1dB compression point. 1dB compression point indicates the 
power level that results in drop of gain by 1dB from its small signal value. 1dB compression 
point is often used to determine up to what output power, the PA will be linear. 

 

Figure 2.3: 1dB Gain Compression point and Third Order Intercept point [Fritzin09]. 

2.4.2 AM-AM and AM-PM Characteristics 

There are two types of non-linearities, i.e. Phase non-linearity denoted as AM-PM (Amplitude 
Modulation to Phase Modulation) distortion and amplitude non-linearity denoted as AM-AM 
(Amplitude Modulation to Amplitude Modulation) distortion.  
 
AM-AM is the relation between the amplitude of the input signal to the amplitude of the 
output signal while AM-PM is the relation between the amplitude of the input signal and the 
phase of the output signal. For an ideal amplifier, the output amplitude increases in linear 
relationship to that of input signal amplitude. The output phase should be constant irrespective 
of input signal amplitude, but in practice it is not the case. The two metrics directly impacts 
on a linearity of PA. PM-PM distortion can be easily eliminated when the bandwidth of 
modulated signal is small as compared to the carrier frequency [Reyn06]. AM-AM distortion 
is not easily eliminated and to cope with AM-AM distortions in non-constant amplitude 
systems (WLAN, W-CDMA, EDGE), the PA should be linear. Figure 2.4 shows typical AM-
AM and AM-PM characteristics of a linear PA. 
 

 
 

Figure 2.4: AM-AM and AM-PM characteristics of linear PA [Wong06]. 
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2.5 Stability 
Stability is a very important consideration in an amplifier design and usually determined by S-
parameter response, matching networks and terminations. The PA should not oscillate 
regardless of what load and source are connected to its output and input. Oscillations will 
occur in a two port network when either input or output impedances have negative real part 
[Gonzalez96]. The instability may result due to feedback or excessive gain at out of band 
frequencies. Figure 2.5 shows the two port network which is used to describe the stability 
concepts. 

 
 

Figure 2.5: Two Port network used to describe Stability concept [Gonzalez96]. 
 

The conditions for stability based on two port theory are shown in equation (2.12) and 
equation (2.13). 
 

K = | | | |  |∆|  

| |                                             (2.12) 
 
 

B1f = S S −  S S                                           (2.13) 
 
 
Where K is stability factor and B1f is alternate stability factor. For an amplifier to be stable 
the stability factor should be greater than 1 while alternate stability factor should be less than 
1. 
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3 Power Amplifier Classifications 
Power amplifiers can be divided in to several classes (Class A, AB, B, C, D, E and F), 
depending on how they are driven and harmonic content or time behavior of drain voltage 
[Cripps99]. Class A, AB, B and C are linear amplifiers but they have low efficiency while 
Class D, E and F are non-linear amplifiers, often called switching amplifiers, and have high 
efficiency. Every class of PA has its own method of operation and for this reason efficiency 
and output power varies from class to class. 

3.1 Class A Amplifiers 
In Class A the transistor is biased in such a way that it is on all the time and act as a current 
source having conduction angle of 360degrees. The linearity of Class A amplifiers are very 
high because they are active all the time and linear relationship exist between input voltage 
and output current. On the other hand, Class A amplifiers have very low efficiency.  
 
When the operating point of the device does not change significantly then the device is said to 
be linear. The Class A power amplifier is shown in figure 3.1. The large RF choke will be 
short for DC and act as an open circuit for high frequencies. The DC blocking capacitor will 
act as an open circuit for DC and will be short for high frequencies signals. Matching network 
exist between the load and PA to ensure maximum power transfer. 
 
 
 

 
 
 

Figure 3.1: General single stage Power Amplifier model [Lee98]. 
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The output current and voltage are ideally sinusoidal as in figure 3.2 and a linear relationship 
exists between them. The output power (P ) is shown in equation (3.1). 
 

P =                                                       (3.1) 
 

 
 

Figure 3.2: Current and Voltage waveforms of Class A PA [Lee98]. 
 
The peak drain voltage swing at drain is twice the supply voltage (VDD) and output power 
(P ) is given by equation 3.1. The maximum theoretical efficiency is 50% which can be 
obtained when there is maximum voltage swing at the drain. The efficiency drops 
significantly when the amplitude of output voltage swing decreases.  
 
Due to the linearity of a Class A PA, it can be used at frequencies close to maximum 
capability of transistor (f ). Class A PAs are used in applications requiring low power, high 
linearity, high gain, broadband or high frequency operation [Raab03].  
 

3.2 Class B Amplifiers 
In Class B PAs, the transistors are biased at a threshold of conduction and ideally in a Class B 
amplifier, the quiescent current is low. The transistor conducts during one half of a cycle 
(conduction angle of 180degree) while in the other half it is in cutoff region, so a lot of 
distortion is created. Drain current is sinusoidal for the part of the period when the transistor 
is in active region. Figure 3.3 shows the waveform of input, output voltages and current for 
Class B PA. The shape of current waveform is fixed and amplitude of current depends upon 
the input voltage so a Class B amplifier is linear [Raab03]. The output power (P ) for Class 
B PA can be calculated from equation (3.1). The ideal efficiency of Class B PAs is 78.5% at 
PEP and gives good efficiency compared to Class A Pas, when small input signals are applied 
at the input for amplification. 
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Figure 3.3: Current and Voltage waveforms of Class B PA [Lee98]. 
 
Class B is generally used in a push-pull configuration so that the two drain currents add 
together to produce a sine wave output. 
 

3.3 Class AB Amplifiers 
In Class AB PA transistors are biased in such a way that the conduction angle is in between 
180 and 360degrees. The efficiency of Class AB amplifier is less then Class B amplifier and 
greater then Class A amplifier while on the other hand its linearity is better than Class B PA. 
Class AB amplifiers are used where high power linear amplification of RF signals are 
required. Voltage and current waveforms for Class AB amplifier are shown in figure 3.4. 
  

 
 

Figure 3.4: Current and Voltage waveforms of Class AB PA [Lee98]. 
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3.4 Class C Amplifiers 
In Class C amplifiers, the gate of transistor is biased below threshold and conduction angle is 
below 180degrees. Transistors are more in off state than in on state during operation. The 
drain current consists of periodic train of pulses. Since the conduction angle is less than 
180degrees, the efficiency of Class C amplifiers is high and may reach up to 90%, even up to 
100% if conduction angle approached zero. On the other hand output power, gain and 
linearity decreases. The distortion in output signal is high in these types of amplifiers. Voltage 
and current waveforms for a Class C amplifier are shown in figure 3.5. 
 

 
 

Figure 3.5: Current and Voltage waveforms of Class C PA [Lee98]. 
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4 Power Amplifier Design 
  
 
The implementation of CMOS Power Amplifier for IEEE 802.11g/n standard (2.4GHz) in 
65nm process was carried out in following steps.  
 

1. Find the optimal output stage transistor size and load to get maximum output power 
and sufficient efficiency. 

 
2. Design of driver stage and inter-stage matching implementation. 

 
3. Design of input matching network. 

 
 
Figure 4.1 shows the overall structure of the designed PA. It has two stages with the output 
power matching circuit, balun, input conjugate matching circuit and the inter-stage match. 
Two stages are used to achieve desired power gain. Table 4.1 shows the project specification. 
Section 4.1 describes the design of power stage. 
 
 

 
 

Figure 4.1: Block diagram of designed PA. 
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Parameters Units Min Typical Max Conditions 
Operating Frequency GHz 2.4  2.5 All RF pin loaded by 50ohms 

Output P1dB dBm +24 +25  CW, TX ”ON” 
 dBm +20 +21  11Mbps-CCK, 

ACPR1<33dBc and 
ACPR2<52dBc at ANT 

Linear Output Power 
802.11n/g 

dBm +18 +19  54Mps-OFDM, EVM<3.5% 
at ANT 

Large-Signal Power 
Gain in all modes 

dB 27 28  Pout=+16dBm, TX”ON” 
between TX and ANT pins 

Small-Signal Power 
Gain in all modes 

dB 27 28  Pout=0dBm TX “ON” 
between TX and ANT pin 

TX Noise Figure dB  4.2  TX “ON” 
TX Quiescent Current mA 64 72 81 Pout<=0dBm, TX “ON” 

TX Linear Current mA  116  Pout=+18dBm, through VDD 
Power Detector 
Voltage Output 

mV 50  2300 Pout=+5 to +25dBm, TX 
“ON” 

Second Harmonic dBm -18 -20  Pout=+27dBm,CW at ANT 
pin 

Third Harmonic dBm -25 -30  Pout=+25dBm,CW at ANT 
pin 

Input Return Loss dB -14 -18  At TX pin when TX is “ON” 
Output Return Loss dB -13 -15  At ANT pin when TX  is 

“ON” 
Input Output 

Impedance Single 
Ended 

Ohm  50  At TX and ANT pin, TX 
“ON” 

 

Table 4.1:  Project Specifications. 
 

4.1 Power Stage Design 
The power stage is the output stage in PA. The main purpose of the power stage is to give 
maximum power to the load. The power stage designed for this PA operates in Class AB 
mode. Class AB mode is selected because it has good linearity as well as good efficiency. 
Two circuits are designed and simulated. One having balun and RF choke, the other with only 
balun which also serves as RF choke. For both circuits, the differential cascode topology is 
used. The circuit with only balun is used for final design because it will occupy less area in 
the layout as extra RF choke and DC blocking capacitors are omitted in this design.  
 
The simulation results shows that the power stage with balun gives a gain of 11.9dB with a 
1dB compression point (P1dB) of 23.36dBm and saturated output power of 24.45dBm. Linear 
current is 122.30mA when providing 18dBm power to the load. The circuit is explained in 
detail in the section 3.2.2. 
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Two main effects create a bottleneck during the design of PA in deep submicron CMOS 
process, which are oxide breakdown effect and smaller supply voltages [Tirtad03]. Designing 
a PA with smaller supply voltage has some disadvantages. Consider equation (4.1), as the 
supply voltage (VDD) reduces, the load (R ) should be reduced in order to get the same 
output power (P ) and thus causes a loss in parasitic resistor in the matching network. 
Assume that the PA is designed to give 300mW power to the antenna. With 1.2V supply, the 
optimal resistance of 4.8ohms is required at the output. But with 3.3V supply optimal 
resistance of 36ohms is required at the output. Bigger matching components are needed when 
the transformation from 50ohms to very low resistance is carried out. These matching 
components have low Q factor and therefore will provide more loss.  

                                                                     P =                                                       (4.1) 

The current increases as the supply voltage reduces so the transistor must be larger in order to 
handle such large current and due to this, parasitic capacitors increases. As a result, the input 
impedance of power stage is reduced and inter-stages matching become difficult. Efficiency is 
also reduced as the supply voltage is reduced, because due to large current more power will 
be dissipated in the transistors. 
 
                                                                η  = P P⁄                                                           (4.2) 
 
 
                                                              η  =P /(I VDD)                                                   (4.3) 
 

From the above set of equations (4.2 and 4.3) it is clear that, with smaller supply voltage 
(VDD), the current (I ) will be large to maintain the output power (P ) and the drain 
efficiency (η ) to desired value. So for this design, a supply voltage of 3.3V is used instead 
of 1.2V. To withstand this supply voltage thick oxide transistors are used in cascode stage 
which can withstand high voltage swings and thus give high output power. Standard 1.2V 
transistors are used in common source stage. Thick oxide transistor also eliminates the oxide 
breakdown and hot carrier effects but they have low trans-conductance (g ) and cutoff 
frequency (f ). The power stage is designed to give maximum power to the load and later on a 
gain stage is added which increases the overall gain of PA. This is why, the thick oxide 
transistors can be used in the power stage. 

4.1.1 Load Pull Simulations                       

The output of a power amplifier is usually power matched instead of conjugate matched. 
Consider a figure 4.2 in which output of PA is matched to load in two different ways, 
conjugate match and power match. The solid line shows the characteristics of the PA when it 
is matched for gain to output load while dotted line shows the characteristics of the PA when 
it is power matched to the load. The marker (A  and A ) shows the maximum linear power 
points and markers (B  and B ) shows the 1dB compression points. 
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It is obvious from the figure 4.2 that the output 1dB compression point and saturated output 
power level of the power matched PA is higher than the PA matched for gain. While on the 
other hand, the gain of the power matched PA is less than the conjugate matched PA. 
                                                                                                                                                                                                    

 
Figure 4.2: Compression characteristics for Conjugate match and Power match. The marker 

(A  and A ) shows the maximum linear power points and markers (B  and B ) shows the 1dB 
compression points. [Cripps99]. 

 
1dB compression point is the key performance to determine the linearity of power amplifier. 
To get enough output power from the PA, the output of the PA should be power matched. The 
gain of a power matched amplifier will be lower but it will be more linear. To determine the 
load with which the designed PA will give maximum power to load, load pull simulations 
were carried out in cadence, SpectreRF. Load pull simulation in cadence provides a way to 
measure optimal load impedance with which the PA will give maximum output power. 
 
The output reflection coefficients (magnitude and phase) are swept and then plotted on the 
smith chart as a function of complex load seen by the transistor. The results on the smith chart 
are called constant power contours. 
 
Figure 4.3 shows the test bench to calculate the constant power contours for designed PA. The 
characteristics impedance of the Port Adaptor was set to the same value as the load resistor. 
The input power was set enough for the power stage to be in compression. The phase and 
magnitude were swept and the constant power contours were plotted on smith chart. Figure 
4.4(a) shows the power contours. P  refers to the load at which the PA will provide 
maximum power. 
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Figure 4.3: Test bench setup for Load Pull analysis of PA in cadence. 

 
 
 

 
 
 

Figure 4.4: (a): Load Pull simulation data, constant Power Contours in Cadence. (b) Power 
match network used at the output of PA. The value of C  and C  is set to 760fF and 3.5pF 

based on Load Pull simulations. 
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4.1.2 Power Stage Circuit  

Figure 4.5 shows final schematic of power stage of PA. The circuit has differential cascode 
structure configured at Class AB. For Class AB operation bias current is set to 71.6mA to 
have sufficient linearity as well as good efficiency.  

 
 

Figure 4.5:  Schematic of Power stage. 
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The cascode transistors can with stand higher supply voltages and provides higher output 
impedance. It also reduces interaction between input and output matching circuit and thus in 
this way the reverse gain from output to input will be reduced and the stability of the PA will 
increase. The cascode transistor also mitigates the miller effect of gate to drain capacitance 
(C ) of common source stage transistors by providing low impedance at drain of common 
source stage transistor. The transistor sizes are selected based on load pull simulation to have 
sufficient efficiency and maximum output power. 

 
The 3.3V supply is given to the circuit through a center tapped balun which also serves as RF 
choke. The total gate width of common source stage and cascode stage transistor is set to 
2.4mm (5umx30x16) based on load pull simulation and linear current requirement. As 
discussed earlier, the thick oxide transistors are used in cascode stage instead of standard 
transistors. The thick oxide transistor however has less gain and cutoff frequency but on the 
other hand they can withstand high DC voltage and give maximum swing at the output. The 
use of thick oxide transistor also minimizes hot carrier and oxide breakdown effects. The gate 
of the cascode stage transistors are biased separately.  
 
The common source transistors are standard one so that they can provide large gain. The gate 
length of the common source stage transistors is set to twice the minimum length in order to 
reduce the effect of channel length modulation and hot carrier effect. 15ohm resistors at both 
differential inputs are used to make the power stage stable and overall gain is somewhat 
reduced. Feedback circuit can be used for stability purpose but the main problem in using 
such configuration is that it reduces the gain as well as output power level which is 
undesirable. 

4.1.3 Linearization Technique 

The two major sources of non-linearity in a PA is input capacitance (C ) and trans-
conductance (g ) of the transistor [Mingfu09]. The non-linear model of NMOS Class AB 
amplifier is shown in figure 4.6.  

 

Figure 4.6: Non-linear model of NMOS Class AB PA [Mingfu09]. 
 
The input impedance is shown in equation (4.4). The gate to drain capacitance (C ) here is 
assumed to be less than gate to source capacitance (C ), also the gate resistance is ignored. 
The A represents the voltage gain of amplifier. Figure 4.7 shows the variation of input 
impedance due to increase in amplitude of the input signal. 
 
                                                            Z = = ( )                                         (4.4) 
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Figure 4.7: Input impedance of common source transistor versus input signal. 
 
The relationship between V  and V   is shown in equation (4.5).  
 
                                                            V   = ( )  V                                                     (4.5) 
 
From the above equation it is clear that when V   increase, V  will also increase. The 
V  should increase linearly with V , but the input impedance (Z ) is not a constant 
parameter as shown in figure 4.7. It will also change with the input signal and thus causing 
V  to increase with V  non-linearly [Mingfu09]. To cope with this non-linear input 
impedance, a linearizing technique is implemented shown in figure 4.8.  

 
 

Figure 4.8: Linearization transistor (encircled) used in circuit for improvement of 1dB 
compression point. 

 
 

 



  

 
 

25 
 

In figure 4.8, M  is the common source transistor, M  is the cascode transistor and 
M  is the biasing transistor of the power stage circuit. The encircled transistor (M ) is 
used in the power stage circuit to improve linearity. The gate of this transistor must be biased 
so that it remains in the linear region. The length of this transistor is set to the maximum value 
to lower its threshold voltage (V ). As the input impedance (Z ) of an amplifier is not a 
constant parameter, it decreases when the input signal increases thus causing non-linearity. 
However this linearization transistor will compensate the non-linear input impedance (Z ) of 
an amplifier and introduce effective linearity. Figure 4.9 shows small signal model of 
linearization transistor. 
 

 
 

Figure 4.9: Input impedance of linearizer. 
 
The C  is the gate to source capacitance of a linearizing transistor, C  is the gate to source 
capacitance of biasing transistor and g  is the trans-conductance of the linearizing transistor. 
The drain to gate capacitance of linearizing transistor is very small and therefore neglected for 
simplicity. The input impedance (Z ) is shown in equation 4.6. Figure 4.10 shows the 
variation in input impedance of the linearizing transistor with increase in the input signal.  
 

                                           Z = + R +                                      (4.6) 

 

 
 

Figure 4.10: Variation of input impedance of linearizing transistor versus input signal. 
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The circuit is simulated with and without this linearizing transistor. The output 1dB 
compression point is measured and a 1.4dB increase in 1dB compression point is achieved. 
Figure 4.11 shows output 1dB compression point with and without linearization transistor. 
 
 

      (A)                                                                  (B) 
 

Figure 4.11: Simulation results showing improvement of 1dB compression point with addition 
of linearization transistor. A: 1dB compression point without linearization transistor (22dbm), 

B: 1dB compression point with linearization transistor (23.379dbm). 
` 
In CMOS operation the second main cause of non-linearity arise from non-linear trans-
conductance (g ). The g  can be expressed by the taylor series as shown in equation (4.7) 
and the corresponding non-linear current is shown in the equation (4.8). 
 
                                       g = g + g V + gm V + g V ….                               (4.7) 
 
                                          i = g V + g V + g V …..                                 (4.8) 
 
The output current consists of fundamental as well as odd and even harmonics. These 
harmonics will introduce non-linearity. The even harmonics can be suppressed if the circuit is 
fully differential. The effects of remaining harmonics can be reduced by selecting a proper 
output power match circuit. 
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4.1.4 Balun Transformer 

Integrated balun transformers are widely used in integrated circuits as they combine 
differential signals and also provide impedance transformation. The basic principle is based 
on Faraday law of electromagnetic induction and is as follow. 
 
When a voltage (V ) is applied on the primary windings of a balun transformer, current (I ) is 
induced in primary windings and is called primary current. The primary current will produce 
magnetic flux and this magnetic flux will induce current (I ) in the secondary windings. The 
secondary current will flow through the load connected across the secondary windings and 
voltage (V ) will appear across the load. Figure 4.12 shows an ideal model of the balun 
transformer. 

 
 
 

Figure 4.12: Ideal model of Balun transformer. 
 
The mutual inductance between two windings (inductors) can be represented by equation 4.9. 
 
                                                                  M = k L L                                                         (4.9) 
 
Where k is magnetic coupling coefficient, M is mutual inductance between two windings. L  
and L  are inductance of the primary and the secondary windings. 
 
Figure 4.13 shows the balun used in the design. The balun transformer is not only used to 
combine differential signal, but also feeds DC supply voltage to the power stage circuit 
through its centre tap. Simulation results show that the balun gives satisfactory performance 
over a wide range of frequencies. It is also implemented on top metal layer to reduce resistive 
loss and to withstand higher currents. 
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Figure 4.13: Layout of Balun transformer used in design. 
 
Figure 4.14 shows the maximum available gain (G ) and gain (S ) of balun transformer 
(50ohms source/load). Maximum available gain (G ) is the gain, when the system is 
matched conjugately to load and input impedance. The loss of the balun is roughly -1dB at 
2.4GHz when it is matched conjugately between input and output. A loss (S ) of -1.8dB is 
calculated at 2.4GHz providing 50ohms source and load. 
 
 

 
 

Figure 4.14: Simulation results showing G  and S  of Balun transformer. 
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4.1.5 Test bench and Simulation Results 

Based on above discussions, the simulation results of the power stage gives a 1dB 
compression point of 23.36dBm, a gain of 11.97dB and 122.30mA linear current, providing 
18dBm power to output load. Saturated output power is 24.45dBm. To get these simulation 
results, typical process is selected and the temperature is set to 55degree centigrade. Figure 
4.15 shows the test bench of the power stage circuit. Figure 4.16 shows the 1dB compression 
point. Figure 4.17 shows the variation of linear current in the circuit with increasing input 
power. Figure 4.18 shows the S-parameters response. Transient signal at gate/drain of both 
common source and cascode transistors are shown in figure 4.19.  

 
 

Figure 4.15: Final test bench of Power stage showing sources, Biasing circuits, Package 
model, Power stage circuit, Balun and Power match network. 
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Figure 4.16: Output 1dB compression point. 
 
 

 
 
 

Figure 4.17: Output linear current graph versus increasing input power. 
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Figure 4.18: S-parameter response of Power stage. 

 
S-parameter analysis is used for small signals, where the PA circuit is linearized around its 
DC point. The S-parameter response is plotted based on the impedance present on input and 
output. The ratio between reflected wave at the output to incident wave at the input is S .  
S  is the ration between reflected wave to input wave at the input. S  is the ratio between 
reflected wave to incident wave at the output and S  is reverse gain. 
 

 
 

Figure 4.19: Transient response (Voltage swings at gate and drain of both gain and cascode 
transistor at compression point). 
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4.2 Driver Stage Design 
Any power stage requires a driver stage. The overall gain of the PA increases by introducing a 
driver stage. Moreover the input capacitance of the power stage is very high and if it is 
directly connected to a signal source, the input signal will be reflected back. To drive such 
large input capacitance, a driver stage is required. The driver stage must provide enough 
power to drive the following power stage in compression.  
 
The biasing current in the driver stage can be tuned to obtain enough gain and stability of the 
power amplifier [Yuen09]. The design of driver stage becomes more complicated when 
overall linearity of PA is considered. The main issue is to limit the generation of non-linear 
products in the driver stage and also maintaining efficiency and power supply specifications 
[Cripps99]. When the driver stage is biased more towards cutoff and driven into compression, 
the cancellation of AM-PM distortion of power stage with driver stage is possible [Cripps99]. 
 
Figure 4.20 shows the schematics of the driver stage. It is biased in Class A/AB mode (more 
towards Class AB). The driver stage has also fully differential cascoded structure. Here, 
instead of thick oxide transistor in cascode, standard 1.2V transistors are used because they 
provide higher gain than thick oxide transistor and also have high cutoff frequency (f ).  DC 
supply of 1.2V supply is sufficient to provide enough gain. The size of common source 
transistors is 624um (1.3umx30x16), approximately ¼th size of common source transistors in 
power stage. Also the size of cascode stage transistors in driver stage is set to ¼th the size of 
cascode stage transistors in power stage (1.3umx30x16=624um). 12.46dB AC gain of driver 
stage was measured at the inter-stage matching. 
 

 
 
 

Figure 4.20:  Schematic of Driver stage of PA. 
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DC voltage is given to the circuit through centre tapped RF choke. A feedback circuit is used 
for stability purpose and simulation results are discussed in the section 3.3.3. Self biased 
configuration is used for cascode transistor [Tirtad03]. The bias for the cascode transistor is 
provided by the RC network as shown in figure 4.20. The value of resistor and capacitor are 
chosen for sufficient performance of the circuit.  

4.2.1 Inter-Stage Matching 

In PA design, the inter-stage matching can be challenging. Inter-stage matching is done to 
maximize the gain of the whole PA. Also, the driver stage must be capable of providing 
enough power to the power stage and drive it into saturation. In this design, the inter-stage 
matching is done by RF choke of driver stage and input capacitance of the power stage. The 
input capacitance of the power stage is calculated and then based on that result a RF choke 
value was chosen at 2.4GHz frequency. The relationship between operating frequency (f ), 
RF choke (L ) of the driver stage and input capacitance (C ) of the power stage is shown in 
equation 4.10. Figure 4.21 shows a driver stage with inter-stage matching. 
 
                                                     f = 1/(2 L C   )                                                  (4.10) 
 
Where  
 

C = 3.2pF, f = 2.4GHz and L = 1.4nH 
 
 

 
 

Figure 4.21: Driver stage with Inter-stage matching. 
 
The center tapped symmetric inductor of 2.8nH is used for inter-stage matching. Figure 4.22 
shows driver stage gain versus frequency providing calculated value of RF choke on 
operating frequency. 
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Figure 4.22: AC simulation results showing gain of Driver stage with Inter-stage match. 

4.2.2 Input Matching 

To achieve maximum gain and to prevent input signal to reflect back, input matching must be 
carried out. The conjugate match network is placed between the PA input and the source. This 
matching network will transform the input of PA to 50ohms. The condition for input match is 
Z = Z∗  and Z =  Z∗.  
 

 
 

Figure 4.23: Input match. 
 
The real part of Z  will be equal to Z∗ and Z  is equal to Z∗  but there imaginary part will be 
opposite to each other. The input matching is carried out using S-parameters analysis and 
simple L-match matching network is placed between source and PA input transistors to 
achieve optimum voltage standing wave ratio characteristics over the desired frequency.  
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Like power matching, input matching is also done off-chip with discrete components. Figure 
4.24 shows the input matching network used in the design. Smith charts in figure 4.25 shows 
S  response after input matching is carried out.  
 

 
 

Figure 4.24: Input matching network (C = 1pF and L = 2.5nH). 
 
 
 

 
 

Figure 4.25: S  response of the whole circuit on Smith chart after Input matching. 
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4.2.3 Stability 

Stability is one of the main issues in designing of an amplifier. Any amplifier which is not 
stable can produce oscillations. When an amplifier is properly terminated between source and 
load impedance, it will be stable as explained in section  2.5. The PA can be terminated 
properly at its source but at the load it is not properly terminated, as power matching network 
is used. So for this reason S  is usually greater and because of this reason PA is marginally 
stable.  
 
To ensure stability of PA some kind of feedback or lossy elements must be introduced. In 
power stage design instead of feedback network, 15ohm resistors are placed at both the inputs 
to ensure stability as shown in figure 4.5. In driver stage resistive-capacitive feedback 
network is introduced to ensure stability of whole PA circuit as in figure 4.20. The values of 
resistor and capacitor are selected such that PA can have enough gain while being stable. 
Different corner simulations were also carried out to ensure that PA will be stable.  Figure 
4.26 and 4.27 shows S-parameter response of stability factor (K) and alternate stability factor 
(B1f) of the whole PA over frequency range. 
 

 
 

Figure 4.26: S-parameter response showing Stability factor (K). 
 

 
 

Figure 4.27: S-parameter response Alternate Stability factor (B1f). 
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4.3 Biasing Circuit 
Bias circuitry is needed to bias driver and power stage transistors. The bias circuit consists of 
cascoded current sources to suppress channel length modulation and to get higher output 
impedance. The channel length modulation effect introduces errors in copying currents 
[Razavi98]. Consider the bias current mirror shown in figure 4.28. 

 
Figure 4.28: Simple bias Current mirror [Razavi01] . 

 
For above current mirror the equations for I  and I  are 
 
                                     I = µ C (V − V ) (1 + V )                           (4.11) 
 
                                     I = µ C (V − V ) (1 + V )                           (4.12) 
Hence 

                                                         =  . 
                                                    (4.13) 

 
The cascode current mirrors are used to reduce this channel length modulation effect. 
Consider the cascode current mirror in figure 4.29. 

 
 

Figure 4.29: Cascode Current mirror [Razavi01]. 
 
If the bias voltage (V ) for cascode transistor is chosen such that V = V  then I  will 
closely follow I  because casocde transistor will protect common source transistor from 
variation in V . The length of M  must be equal to M  [Razavi98]. 
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Figure 4.30 shows the schematic of the bias circuitry. Two reference currents (each of 25uA) 
are fed into circuit and one is intended to provide voltage drop while the other current is 
mirrored. The mirrored current is fed to driver and power stage for biasing. The circuit is 
tested with different supply voltage and temperature variation.  

 

 
Figure 4.30: Cascode Current mirrors used for biasing. 
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4.4 Package Effects 
The integrated circuit packaging is a main contributor to signal degradation due to increased 
complexity and high operating frequency. In an IC package, the current is carried by supply 
and ground. When the current passes through these conductors then, due to the parasitics, the 
voltage is dropped. In the design of a PA, the voltage drop due to the package effect results in 
degradation of output power, gain and stability. This effect will get worse when the operating 
frequency increase. Bond wire parasitic self inductance, capacitance and resistance make 
design of high frequency circuits more challenging. In addition mutual inductances also occur 
between adjacent bond wires in addition to self inductance. Inclusion of package effects may 
leads to oscillation. Bond pads are usually implemented in top metal layer to minimize 
capacitance to substrate. Figure 4.31 shows the parasitic model of bond pad.  
 

 
 

Figure 4.31: Package model of a single Interconnect (Bond wire). 
 
In this design of PA, the package effect is modeled and included in the test bench. Load pull 
simulations are carried out again with the package to find the optimal load. The inclusion of 
package slightly displaces the optimum load on smith chart. The PA is connected to multiple 
grounds to minimize the effect of bond wire inductance.  
 
The balun is also connected to separate ground to achieve good performance. Large 
decoupling capacitor is used between on chip supply voltage and on chip ground to reduce 
unwanted oscillations and noise. Decoupling capacitors are used for both the supply voltages 
(3.3V for the power stage and 1.2V for the driver stage) and separate grounds are used to 
improve performance. The PCB ground was assumed to be ideal one. 
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5 Test bench and Simulation results 
Based on above discussions the simulation results of the power amplifier gives a 1dB 
compression point of 23.36dBm, a gain of 26.80dB, a linear current of 122.30mA providing 
18dBm power to output load, a PAE of 30%  and saturated output power of 24.45dBm at 
2.4GHz operating frequency. To get these simulation results, typical process is selected and 
the temperature is set to 55degree centigrade. The power stage supply voltage was set to 3.3V 
and 1.2V supply voltage is used for driver stage. Figure 5.1 shows the test bench of the whole 
PA, figure 5.2 shows the output referred 1dB compression point, figure 5.3 shows the Power 
Added Efficiency (PAE) and figure 5.4 shows the S-parameter response of the whole PA and 
figure 5.5 shows noise figure (NF) and figure 5.6 shows IP3 curve. 
 
 

 
 

Figure 5.1: Test Bench of Power Amplifier for IEEE 802.11b/g WLAN including Driver 
stage, Power stage, Balun transformer, Bias circuit, Package model, Input Conjugate 

matching circuit and the Output Power match circuit. 
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Figure 5.2: Output 1dB compression point. 
 
 

 
 
 
Figure 5.3: PAE versus increasing input power. The maximum efficiency is 30percent when it 

provides maximum power to the load. 
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Figure 5.4: S-parameter response showing S , S , S  and S . The marker A is set at 

2.4GHz frequency. The value of S  is higher because of power matching at the output. Z-
parameter can also be considered to perform matching. 

 
 

 
 

Figure 5.5: S-parameter response showing Noise figure of the circuit. 
 
The degradation of signal to noise ratio (SNR) is called noise factor. The ratio of SNR at input 
to SNR at output is called NF. In an ideal system, NF is one. In this design, NF of 3.8dB at 
2.4GHz is obtained. 
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Figure 5.6: Output referred IP3 curve. 
 
QPSS analysis is used to determine OIP3 of the PA. Two signals, one at f =2.4GHz and 
other at f = 2.401GHz are fed to input of PA. The intermodulation product are form at 
2f − f  = 2.402GHz and at 2f − f  = 2.399GHz.  
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6 Sensitivity Analysis 
The circuit is also simulated for different process, voltage and temperature variations. The 
result below shows output power, current, input return loss and gain owing to these variations. 
 
 
Temperature 

(Celsius) 
Output Power 

(dBm) 
Current at 18dBm 
Output (mAmp) 

Gain (퐒ퟐퟏ) 
(dB) 

Input Return 
Loss (퐒ퟏퟏ 퐝퐁) 

-20 23.56 133.50 28.88 -22.50 
27 23.52 125.30 27.50 -24.17 
55 23.36 122.30 26.80 -23.90 
85 23.12 121.50 26.11 -22.70 

115 22.74 119.00 25.45 -20.20 
 

Table 6.1 showing 1dB compression point, current, gain (S ) and input return loss (S ) 
variations with temperature changes. 

 
 

Voltage 
(volts) 

Output Power 
(dBm) 

Current at 18dBm 
Output (mAmp) 

Gain (퐒ퟐퟏ) 
(dB) 

Input Return 
Loss (퐒ퟏퟏ 퐝퐁) 

3.0 22.56 121.30 26.70 -23.71 
3.3 23.36 122.30 26.80 -23.90 
3.6 23.96 121.80 26.81 -23.52 

 
Table 6.2 showing 1dB compression point, current, gain (S ) and input return loss (S ) 

variations with supply voltage changes. 
 
 

Process 
 

Output Power 
(dBm) 

Current at 18dBm 
Output (mAmp) 

Gain (퐒ퟐퟏ) 
(dB) 

Input Return 
Loss (퐒ퟏퟏ 퐝퐁) 

Slow-slow 23.70 131.80 26.43 -19.05 
Typical 23.36 122.30 26.80 -23.90 
Fast-fast 22.48 118.50 27.01 -15.95 

 
Table 6.3 showing 1dB compression point, current, gain (S ) and input return loss (S ) 

variations with process. 
 
The circuit is also simulated with the corner tool in Analog Design Environment (ADE). 
Figure 6.1 shows 1dB compression point variation, linear current, gain(S ), input return loss 
(S ), stability factor (K) and PAE variations.  
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Figure 6.1: Corner results showing (a) histogram showing variation in output 1dB 
compression point in different corners, (b) linear current, (c) gain (S ), (d)input return loss 

(S ), (e) stability factor-K and (f) PAE variations. 
 

 



  

 
 

46 
 

7 Final PA Results 
The final PA results versus specification are shown in table 6.1. 
 
 

Parameters Units Specified Achieved 

Operating Frequency GHz 2.4 2.4 
Output P1dB dBm +25 +23.36 

Gain dB 27 26.80 
Noise Fgure dB 4.2 3.8 

Quiescent Current mA 72 71.6 
Linear Current mA 116 122.30 

Second Harmonic dBm -20 -15 
Third Hormonic dBm -30 -7.8 

Input Return Loss dB -18 -22 
Output Return Loss dB -15 -1.5 

Input/Output 
Impedance 

Ohm 50 50 

 
 

Table 7.1 showing specified and achieved results. The output power of +25dBm was not 
achievable due to limitation on supply voltage and linear current. The gain cannot be 

increased further due to tradeoff between gain and stability. 
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8 Layout 
The layout of power stage transistor was carried out. Figure 8.1 shows the layout of the power 
stage transistors. The cascode transistors are placed at the top while common source 
transistors are placed at the bottom. Both cascode transistors and common source transistor 
are properly matched and connected in top metal layers to get good performance. The analog 
extracted RC view of this layout is simulated in the test bench. The output 1dB compression 
point of 21.5dB and gain (S ) of 23.8dB is achieved. The analog extracted view of C only 
and R only is also simulated individually in the test bench. It was noted that the parasitic 
resistance degrades the performance more than parasitic capacitance, so the overall 
performance can be increased by decreasing the parasitic resistance in the layout.  

 
 

Figure 8.1: Layout of Power stage transistors. 
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9 Conclusion  
This thesis presents two stage fully differential cascoded CMOS PA for IEEE 802.11b/g 
WLAN application. The PA is biased in Class AB mode and achieves 1dB compression point 
of +23.36dBm. From this work it is concluded that due to scaling of CMOS the design of high 
power amplifier is becoming more difficult. Due to the limitation on supply voltages and 
linear current, it is difficult to achieve higher 1dB compression point. The voltage drop due to 
the package effect results in degradation of output power, gain and stability. Bond pads 
parasitic inductance and capacitance may introduce oscillations. This effect gets worse with 
the increase in frequency. 
 
The bias current in driver stage can be adjusted to increase overall PA gain. High gain is more 
difficult to achieve due tradeoff between gain and stability. However third stage can be added 
to increase the overall gain of the PA but on the other hand the area will increase. From figure 
5.3, it is obvious that when PA is pushed more towards compression, the PAE is increased. So 
by increasing input signal amplitude the efficiency also increases. The output return loss in 
specification is not achievable because the output of PA is not matched for gain to the load. 
However the PA can be optimized for output power and output return loss by selecting proper 
load at the output. 
 
The layout of the power stage transistor was also carried but due to parasitic resistance and 
capacitance, it does not give expected results. Simulation results reveal that, the maximum 
linear current through the power stage of the PA when it is giving maximum power to load is 
270mA. So small parasitic resistance can results in considerable voltage drop and due to this 
2dB loss in output power was encountered. Moreover, the overall gain is also reduced. 
 
The driver stage can be implemented more efficiently for the gain and the stability. The 
linearization technique needs more improvement by carefully sizing and biasing the 
linearization transistor. The layout must be carried out in more efficient way to decrease the 
parasitic (capacitance and resistance) and this can be achieved by improving drain/source 
contacts of the power stage transistors. 
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