
 
 
 

Abstract 

 

Mann, David William:  90nm CMOS Driver Amplifier for WCDMA Mobile 

Applications (Under the direction of Dr. Kevin Gard.) 

 

Integration is driving today’s cellular phone industry to create single chip cellphone 

systems.  With the integration of Radio Frequency Transmitters into CMOS technology, 

robust circuits are needed that can scale with new technologies.  This thesis explores the 

challenges of designing a CMOS RF Driver Amplifier capable of outputting +10dBm of 

power while meeting strict WCDMA cellphone standards.  The driver amplifier (DA) is a 

2.5V two-stage amplifier consisting of two on-chip inductors and a gain of greater than 

20dB.  The driver amplifier has an Adjacent Channel Leakage Ratio (ACLR) of               

-38.5dBm and -45.5dBm at 5MHz and 10MHz respectively.  30mA of current was 

consumed from a 2.5V power supply leading to an efficiency of 13.3%.  The driver 

amplifier noise seen in the receive band 190MHz away was -125dBm/Hz.  With strict 

noise constraints, future work will eliminate the need for the off SAW chip filter that is 

utilized between the driver amplifier and the power amplifier to reduce driver amplifier 

noise contribution.  
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1.  Introduction 

Manufacturability is a driving force behind much of today’s move from bipolar to 

Complimentary Metal-Oxide Semiconductor (CMOS) technology.  The idea is that every 

cellular system can be reduced from several chips of different technologies into one 

single unified chip in CMOS based technology.  A benefit of CMOS technology is its low 

production cost and because of this, much effort is put into designing higher yielding 

single chip systems that will ultimately boost profits.   

With time-to-market a critical factor in a company’s ability to succeed in the free 

market, several companies have begun to characterize their CMOS libraries for Radio 

Frequency (RF) applications, specifically for the RF transmit and receive portions of 

cellular systems.  As technology continues to scale, circuits must be designed that have 

the ability to scale with technology so as to take advantage of the faster and lower power 

technologies.  These circuits must be able to handle challenges such as decreasing voltage 

supplies and greater variation from chip to chip.  Developing CMOS RF circuits is vital 

for the integration of cellular systems into single chips.  That is why there is much 

research today in the RF CMOS circuit area. 

 This thesis looks at the technical challenges of designing an RF driver amplifier 

(DA) in 90nm CMOS technology capable of meeting wide-band code division multiple 

access (WCDMA) specifications.  The project entails all circuits from analog baseband 

through up-conversion to RF and out to the input of the power amplifier.  The mixing is 

done with a direct-up-conversion style mixer and the signals are provided differentially to 
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a stepped gain amplifier.  From there, the signal is provided to a driver amplifier where a 

minimum of 10dBm of output power for a WCDMA mobile station signal will be 

delivered to a 50Ω load.  The first pass of the design includes only the mixer and driver 

amplifier blocks, seen below in Figure 1, capable of meeting the minimum 10dBm output 

power with a maximum gain. 

DA     MIXER
PA

 
Figure 1:  Transmitter Block Design 

 

Another challenge addressed in this thesis is creating architectures that are 

capable of producing high yields while still meeting the performance specifications.  

Profit is directly related to wafer yield.  The wafer yield is determined by how many 

“good” chips there are on a wafer compared to the total number of chips per wafer.  The 

actions taken in this thesis for higher yield were to design simple yet robust circuits and 

to utilize good layout practices.  The layout for this chip was not completed in time for 

this thesis. 
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1.1 Project Overview 

 The goal was to design an RF transmitter for WCDMA standards completely out 

of 90nm CMOS technology.  The WCDMA phone standards, which operate in the 

1920MHz to 1980MHz frequency range, can be seen in Table 1.   

 
 WCDMA Phone Standards 
RF Operating Frequency 1920MHz to 1980MHz 
Channel Spacing 5MHz 
Maximum Output – Power Class 2 
                              – Power Class 3

27dBm (+1/-3 dB) 
24dBm (+1/-3 dB) 

Minimum Output Power <-50dBm 
ACLR @ +/-5MHz 33dBc 
ACLR @ +/-10MHz 43dBc 
Error Vector Magnitude <17.5% 

Table 1:  3GPP Standards from 25.101 [1] 
 
The transmitter for this project included the up-converting mixer and driver amplifier.  

Since the Power Amplifier (PA) was not included as part of the project, the minimum 

required output power was set at 10dBm.  An output of 10dBm was chosen based on the 

following equation:  

gaininout PAlossfilterSAWPP min_)__( +−=    ( 1). 

Pout is the available power, in dB, delivered to the antenna and Pin is the power delivered 

by the driver amplifier to the SAW filter.  SAW_filter_loss is the insertion loss of the 

filter while PAmin_gain is the minimum power amplifier gain.  With the target being power 

class 2, the PA must be able to deliver up to 27dBm of power plus an additional 1.5dBm 

to account for the duplexer loss.  Based on several commercial PA’s by RFMD, Philips, 

and Fairchild Semiconductor, the PA minimum gain is 25dBm.  The insertion loss from 

the filter between the driver amplifier and power amplifier can be as high as 4dBm [2].  

This means that based on equation 1, the driver amplifier must be designed to handle a 
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minimum of 7.5dBm output power.  Since the 90nm process that is being used to design 

the transmitter is still immature, poor modeling must be assumed.  This will result in a 

drop in output power from what is simulated and what is actually measured when the 

chip is built.  This is why a goal of 10dBm is realistic for this project. 

 One of the main considerations when designing for mobile applications is power 

consumption.  Battery life relates directly to chip efficiency, or how much power your 

chip uses during active and inactive periods of operation.  Since the power amplifier 

requires large amounts of current to be able to amplify to such high levels, tight current 

constraints are set on the rest of the transmitter as a way of keeping the overall power 

consumption to a minimum.  In order to keep the chip on a same efficiency level as 

previous transmitter designs, the current constraints for the project are kept to a 

maximum current of 40mA at 10dBm output and a maximum current of 10mA for low 

output powers. 

 The transmitter’s linearity specification for WCDMA is an ACLR of -33dBc.  

ACLR, adjacent channel leakage ratio, is the difference between the power level in the 

desired channel and the level of the adjacent channel distortion.  Just as with current, the 

PA also contributes the largest amount of non-linearity to the transmitter.  For this reason, 

the project’s linearity is specified to be 10dB backed off from the WCDMA spec.  This 

allows for margin of the non-linearity of the PA. 

Typically the baseband is up-converted to RF and amplified prior to the PA.  

Between the driver amplifier and the power amplifier there is a filter, whose purpose is to 

remove the RX channel noise created prior to entering the PA.  Figure 2 shows a 

complete transmit and receive mobile system.  The problem with noise arises when the 
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cellular system is operating at the edge of a cell.  The transmitter is operating at 

maximum power output while the receiver is set at maximum sensitivity for incoming 

signals.  If there is too much noise created in the transmit circuitry, the noise can seep 

through the duplexor and be picked up by the receiver.  A filter is placed after the driver 

amplifier to ensure that the only noise going into the duplexor is that of the power 

amplifier. 

Digital
Modem

IC
PLLRF LODuplexor

RF
MIXER

LNA

ADC

VCO

 

Figure 2:  Block Level Diagram of Complete Mobile Transceiver 
 

Every extra component adds a small amount to the overall cost of the system.  

With an estimated 600 million phones sold in 2004 and an expected 700 million in 2005 

[3] [4], reducing a system by one component could potentially save millions of dollars.  

The noise specification is set in order to do just that:  save one more component.  One of 

the goals of this project is to create circuits that produce low enough noise to be able to 

completely remove the filter after the DA.  This would eliminate one component, which 

for a high volume product can be very beneficial to lowering costs.  
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1.1.1 Challenges 

 This thesis examines more deeply the challenges associated with designing the 

driver amplifier portion of the overall transmitter system.  Power requirements, linearity, 

and noise are several of the specifications and problems that primarily affect the driver 

amp.  The first and foremost challenge that the driver amplifier is responsible for is the 

minimum 10dBm of average output power that is to be delivered to the 50Ω load.  

Although only an average of 10dBm is required, the amplifier must be able to deliver 

16dBm instantaneously and linearly.  The extra 6dB worth of power comes from the 

PAR, or Peak-to-Average Ratio.  By looking at an amplitude probability density plot 

showing the average output power and the peak output power, it can be seen that though 

most of the time the output power will be 10dBm, the amplifier must still be able to 

handle signals that fall above the average.  For example, suppose the driver amplifier can 

only deliver up to 12dBm linearly.  The probability density plot says that every output 

signal that is higher than 12dBm will become compressed, causing errors when a receiver 

tries to interpret it.  Making 16dBm of instantaneous output power will be difficult 

because for every 3dB increase, the power in watts doubles. 

 One of the other design specifications that directly impacts the driver amplifier is 

the current constraint of 40mA for the transmitter chip.  As previously stated, the 40mA 

limitation was calculated based on comparable efficiency levels of previous CMOS 

transmitters.  Excluding the PA, the driver amplifier is the dominant source of current 

spending for the transmit system.  Of the maximum 40mA of current allowed, the driver 

amplifier will use the majority of that, leaving very little for the up-converter.  Most 

likely, the output stage of the driver amplifier will have to operate in a class AB operation 
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where the quiescent current is much lower than the current needed for high voltage 

swings.  The class AB operation will be discussed more in the next chapter. 

 There are actually two separate sets of design specs for linearity.  As previously 

mentioned, ACLR is the measure of the power in the desired signal compared to the 

power in the out-of-band signals.  Since multiple channels transmit side-by-side, the out-

of-band distortion of one signal will coincide with the desired frequencies of another 

signal.  The ACLR specification is set so that the distortion of one signal will not disrupt 

the information in the adjacent channel.  The ACLR specifications for the transmitter 

were set at 10dB backed off of the WCDMA standards to allow for margin in the PA.  

This roughly means that the 3rd order intermodulation terms must be -43dBc less than the 

desired signal.  At the average output power of 10dBm, the driver amplifier is allowed at 

most an ACLR of -43dBc at a distance of 5MHz away from the channel and -53dBc at a 

distance of 10MHz away.  The amplitude of the signal at 5MHz from the channel on 

either side must be 43dB less than the amplitude of the desired signal.  The other set of 

linearity specs are mixer requirements.  The mixer must provide a signal to the driver 

amplifier with 10dB better ACLR:  -53dBc and -63dBc @ 5 and 10MHz respectively.  

These tighter constraints on the mixer ensure that the driver amplifier has enough margin 

to meet its own requirements. 

 The other fixed specification is the -153.9dBm/Hz RX band noise.  This is the 

noise that is contributed by the driver amplifier to the receive channel 190MHz away.  

The total noise at the receiver is given below: 

( )TXPAduplexorRXTOTAL NGNRNN *++=   ( 2). 
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The driver amplifier noise, NTX, is multiplied by the gain, G, of the PA.  There is also an 

isolation factor provided by the duplexer, which is usually 45dB of isolation.  Figure 3 

shows the transmitter noise path to the receiver input.  As mentioned earlier, when the 

transmitter is operating at maximum gain and the receiver is at maximum sensitivity, the 

noise in the receive channel contributed by the transmitter can become critical to the 

receiver’s ability to accurately detect incoming signals.  A filter is used at the output of 

the driver amplifier to limit all receive band noise generated by the up-converter and 

driver.  As companies look for opportunities to cut cost, the noise requirement on the 

driver amplifier has been tightened in hopes of eventually eliminating the need for the 

filter.   

LNA

 

Figure 3:  Transmitter Noise Contribution to Receiver Noise Figure 
 

Table 2 shows the noise budget.  The target allowable transmitter noise 

degradation to the receive channel noise is 0.5dB.  The thermal noise floor, the minimal 

amount of noise at room temperature, is -174dBm/Hz.  Assuming that the receiver 

contributed a noise figure of 7dB to the receive noise and the transmitter was allowed 
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0.5dB degradation, the total receive input noise was calculated to be -166.5dBm/Hz.  

From this, the total transmitter noise contribution seen at the receive input was -

176.1dBm/Hz.  The mixer and driver amplifier portion of the transmitter could add as 

much as -153.9dBm/Hz to the receive channel at 190MHz away. 

Transmitter Degradation 0.5dB 
Reciever Noise Figure 7.0dB 
Receiver Input Noise (NRX) -167.0dBm/Hz 
Transmitter Contribution -176.1dBm/Hz 
Duplexer Isolation (Rdup) 45dB 
PA Noise (NPA) -137.0dBm/Hz 
Power Amplifier Gain (G) 21.5dB 
Driver Amplifier Noise at PA -132.4dBm/Hz 
Driver Amplifier Noise (NTX) -153.9dBm/Hz 

 
Table 2:  Noise Budget for Driver Amplifier Contribution to Receiver Input Noise 

 

 The WCDMA standard requirement for quality is the Error Vector Magnitude, or 

EVM.  The error vector is a measure of how much the actual transmitted signal varies 

from an ideal WCDMA signal.  The EVM is a time-averaged calculation of the error 

vector.  The WCDMA standard for EVM is less than 17.5%.  There must be less than a 

17.5% difference between the transmitted signal and the ideal.  The lower the EVM, the 

more accurate the transmitted signal.  Based on the analysis in [5], the EVM can be 

calculated by equation (3): 

SNR
EVM 1=     ( 3). 

By definition, the SNR (Signal-to-Noise Ratio) is the ratio of the signal power to the total 

in-band noise power.  Once the SNR is calculated, it becomes simple to find the EVM of 

the circuit. 
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 Efficiency is another key aspect of driver amplifier circuits.  Although there is not 

a set spec for efficiency, the objective is to achieve as high efficiency as possible while 

still meeting the other necessary specs.  For this thesis, efficiency is defined by the 

following equation: 

DC

RF

P
P

Efficiency OUT=     ( 4). 

Efficiency of the transmitter, a measure of how much power is delivered to the load 

(PRFout) compared to the DC power consumed (PDC), is more of a practical spec.  A chip 

that meets all the design conditions with extra margin but has terrible efficiency will not 

sell over a chip that barely meets the requirements but has a significant increase in 

efficiency.  This design specification is one that will be judged in comparison to similar 

transmitter circuits.   

 

1.2 Background & Motivation 

 The idea of building a cellular transmitter completely out of CMOS is not a novel 

one.  Others have tried and even succeeded in this task.  Some of the motivation for this 

project arises out of past similar research.  Gabriel Brenna and Dr. Qiuting Huang and 

their team from Switzerland were able to build a transmitter consisting of an up-

converting mixer and driver amplifier all in CMOS technology [6].  A significant 

difference is that they were working in 130nm technology while this project is using 

cutting edge 90nm CMOS technology.  By seeing what others have done, it is possible to 

predict what newer circuits are capable of. 

 Huang’s team was able to build a transmitter circuit that met WCDMA standards 

including ACLR and EVM.  A summary of their results can be seen in Table 3 below.  
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The important measurements of the 130nm chip that are relevant to the first pass of the 

driver amplifier are broken down in detail.  That chip could deliver 2.5dBm output power 

linearly to a 50Ω load.  The ACLR for that chip was measured at a level of -38dBc and    

-64dBc in the 5MHz and 10MHz channels respectively.  It is assumed that these 

measurements were at the rated output power of 2.5dBm although it is not specifically 

stated so in Huangs team’s results.  Other key specifications of mention are the 45mA of 

current and 1.5V supply resulting in an efficiency of 2.6%. 

One of the ways to measure if the project is a success will be to compare the 

performance of this 90nm design to that of the 130nm design mentioned above.  The 

requirements for our project included 10dBm output power delivered linearly to a 50Ω 

load, maximum of 40mA of current consumption, and stricter linearity specs.  A 

summary contrasting the goals of this project and those of the Dr. Huang’s team can be 

seen below in Table 3. 

 90nm Target Specs 130nm Measured Specs 
Supply Voltage 1.2V(Mixer)/2.5V (DA) 1.5V 
Maximum Output Power 10dBm 2.5dBm 
Current Max. 40mA 45mA 
ACLR1 +/-5MHz -43 dBc/3.84MHz -38 dBc at 2.5dBm 
ACLR2 +/-10MHz -53 dBc/3.84MHz -64 dBc at 2.5 dBm 
Gain Control 90-100 dB 100 dB 
SNR 22.1 dBc  
EVM 7.9% *4.3%  
Architecture Single-ended Differential 

Table 3:  Design Specs Comparison Chart 
 
 Even though the approach is similar, there is a substantial difference between 

what research has been done in the past and what is being attempted in this undertaking.  

Probably the largest difference between what was achieved in the 130nm design and what 

was the target for this project was difference in output power.  Dr. Huang and his team 
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were able to design a transmitter that was suitable for power class 3 or class 4.  The 

Power Class defines how much output power a mobile transmitter system, including the 

PA, delivers.  Class 3 relates to +24dBm output with a +1/-3dB tolerance.  Class 4 is 

even lower at +21dBm with a +2/-2dB tolerance.  One of the top priorities of this project 

was to achieve the higher Class 2 amplifier with +27dBm and +1/-3dB tolerances.  

Therefore, much more power must be delivered to the PA by the driver amplifier.   

As mentioned above, the target power for this project was an average 10dBm 

output power.  The 130nm design could only achieve 2.5dBm of output power.  A 7.5dB 

difference equates to a factor of 5.6 times the power in watts.  So while the 130nm design 

could deliver just 1.75mW, this project increased the required output power to greater 

than 10mW.  It is easy to see the difference when looking at the voltage swing across the 

50Ω load.  10dBm relates to a 2V peak-to-peak swing while 2.5dBm is only 836mV 

peak-to-peak across the same load.   

 The other major distinction is the architecture of the design.  The 130nm circuit 

implemented a differential driver amplifier design.  Differential signals are provided by 

the mixer and then amplified before being delivered to the power amplifier.  Our 

approach uses a single ended driver amplifier.  A single-ended strategy was decided on 

since most handset power amplifiers are single ended and the fact that a differential 

circuit requires more current than a similar common source design for the same gain.  

The plan was to take the differential signals from the mixer and then single-end the signal 

before sending it to the amplifier.  In general, the earlier the signal is converted from 

differential to single-ended, the less overall current is needed because of less DC current 

paths.  A single-ended design will require one DC path per amplifier, but in a differential 
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scheme, there are two DC paths for every pair.  Although the differential style will 

benefit on the linearity due to half the input voltage swings, the single-ended style 

proposed will be better on noise performance because of fewer noise generating devices.  

As mentioned earlier, one of the goals of the project is to eventually eliminate the need 

for the filter between the driver and PA, thus making noise a crucial factor. 

 

1.3 Device Approach 

 This project was designed using 90nm technology.  The design kit has two types 

of transistors:  a 90nm thin-oxide 1.2 volt device and a 250nm thick-oxide 2.5 volt 

device.  As discussed in Section 3.2, the driver amplifier benefits more from a longer 

device length and higher supply voltage.  The final design utilizes a 350nm device length.  

This was chosen due to reliability reasons as discussed in Section 3.4.  Although the 

driver amplifier devices are not 90nm, the mixer section of the project will still benefit 

from the smaller devices and lower supply voltage of the 90nm technology. 

 

1.4 Summary 

 This thesis project requires that a mixer and a driver amplifier are to be built in 

90nm CMOS technology capable of meeting WCDMA standards.  The overall project is 

to be divided into two sections:  one detailing a closer look at the mixer and the other the 

driver amplifier.  This thesis discusses the design of a driver amplifier and the challenges 

associated with it.  The challenges include delivering 10dBm average output power 

linearly to a 50Ω load.  Other specs include rigid ACLR requirements at -43dBc and         
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-53dBc at a distance of 5MHz and 10MHz respectively.  The secondary objective is to 

maintain as high as possible efficiency while meeting the requirements. 

 

1.5 Organization 

 Chapter 2 discusses the background research and the possible topologies that were 

considered before starting the design.  Chapter 3 explains the design process and the 

different ideas that were tested.  One of the main sub-sections within Chapter 3 is on 

linearity and what was done to enhance it.  Chapter 4 details the results obtained and 

compares them to other designs.  Chapter 5 looks at the future work that could be done to 

improve the design in the future. 
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2.  Research (Circuit Topology) 

 Utilizing the work and research of others allows researchers to begin to form a 

starting point for new designs.  In order to do so, the design criteria must first be well 

understood so a suitable solution can be tested.  This thesis shoots for much higher output 

power than was delivered by past driver amplifiers.  Also, the newer 90nm technology 

has a lower supply voltage than other designs that will severely limit the amount of 

voltage swing.  These two criteria alone point towards a solution that can handle high 

voltage swings with a low supply voltage.  This section examines several topologies that 

have the potential to meet the design specifications. 

 

2.1 Amplifier Classes 

 Amplifier class is dictated by the amount of time that the device is on over one 

cycle of the input signal.  In other words, the amount of bias current and gate voltage 

determines the class of the amplifier.  The classes range from A to H, but only A, B, and 

AB are considered when looking at cellular transmitter driver amplifiers due to their 

more linear characteristics. 

 The class A amplifier is the most linear of all amplifiers but also the most 

inefficient.  The device is biased so that there is always a fixed amount of DC current 

flowing through the device.  When the input signal is applied, the device remains in the 

saturation region throughout the entire cycle.  It is because of this constant saturation 

operation that the amplifier is more linear than all other classes.  The fixed current keeps 
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the gain constant, reducing the overall distortion.  A negative characteristic is that 

because there is the constant DC current, the device is always consuming large amounts 

of power, even when the signal is very small.  It is as if the device runs at maximum 

power and gain all the time.  Therefore, the maximum efficiency for a class A amplifier is 

25% but typical designs run under 20%. 

 The class B amplifier has a better efficiency than that of a class A.  The gate bias 

of the device is set so that the device is on for only 50% of the input swing.  On the 

positive swing, the device will turn on and conduct current.  On the negative swing, the 

gate voltage is less than the threshold voltage and the device turns completely off.  This 

dramatically improves the efficiency of the amplifier since there is no constant DC 

current through the device.  The linearity of the class B amplifier degrades since the 

current and gain changes with the signal.  Since a class B amplifier is only on for half of 

the input signal swing, a push-pull configuration must be implemented in order to 

improve the linearity.  A push-pull architecture requires an NMOS device to conduct 

during the positive swing and a PMOS device to conduct during the negative swing.  In 

this way, the entire input signal will be amplified.  One of the problems of this is that one 

of the outputs must be shifted 180˚ before being summed together.  Another problem is 

that more distortion is created as the device transitions between saturation and cutoff 

regions. 

 A third class, class AB, is a combination of both class A and class B.  The class 

AB amplifier is gate biased slightly above the threshold voltage so that the device is on 

greater than 50% of the signal’s cycle.  The class AB amplifier has a very low quiescent 

current.  As the input signal increases in amplitude, the gate bias is driven upwards 
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resulting in more current being consumed and a higher gain.  The class AB amplifier 

benefits from the higher efficiency than the class A amplifier due to the higher output 

power delivered for a lower quiescent current.  Although the linearity of the class AB is 

less than that of the class A, it is still much better than a pure class B amplifier.  The 

device remains in the saturation region longer which results in a more constant current 

and gain than the class B device.  Linearity is a primary goal while efficiency is 

secondary for this project.  By utilizing the class AB amplifier as the desired choice for 

the driver amp, excess linearity can be traded for higher efficiency.   

 

2.2 Possible Topologies/Circuits 

Common Source 

The common source design is the most straight forward design of all topologies to 

implement.  The high input impedance and moderate output impedance will make it 

simpler to match to the 50Ω load.  One of the greatest benefits of the common source 

amplifier is its ability to maximize the output swing.  Since there is only one device, the 

drain voltage will only need to be (VGS – VT) in order to remain in the saturation region 

of operation.  This allows the output signal at the drain of the device to swing lower.  The 

larger the available swing, the easier it will be to keep the signal linear while delivering 

larger power to the load.  The main drawback of common source implementation is the 

dependence of input and output matching on one another.  At higher frequencies, the 

gate-to-drain capacitance, CGD, becomes a significant problem because it creates 

feedback from the output to the input.  The matching on the output will alter the 

impedance seen on the input and vice versa.  Suppose the output is matched to 50Ω.  
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When the input is also matched to 50Ω, the output will no longer be at 50Ω or may even 

not be within a VSWR of 2:1.  This becomes a large problem when networks need to be 

finely tuned.   

Cascode 

A cascode amp provides high isolation from the input to the output, thus helping 

to eliminate the matching problem seen in the simple common source.  By adding a 

common gate device onto the drain of the common source, the Miller effect (which is the 

equivalent capacitance seen looking into the gate-to-drain capacitance) from the common 

source CGD is lessened.  Figure 4 shows the basic cascode amplifier.  The common gate 

device helps to provide isolation from the output to the input.  Another benefit from 

adding the cascade is the higher output impedance and higher gain, at high frequencies, 

that it provides.  The problem that arises when using a cascode device is the loss of 

headroom.  Headroom is the amount of voltage swing available at the output of the 

amplifier.  Since there are two devices now stacked, more voltage must be dropped across 

the devices, resulting in less swing at the output.  As previously mentioned, a 2V peak-to-

peak signal swing is needed to achieve the 10dBm of output power to the load.  If this 

signal is swung about the 1.2V supply rail, 1 volt of headroom would be needed.  That 

would leave only 200mV to be dropped across the two cascoded devices while keeping 

them in the saturation operating region.  In a low voltage process, stacked devices and the 

lack of headroom becomes an incredibly important issue. 
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Figure 4:  Basic Cascode Amplifier 
 

Current Re-use 

One possibility for high gain is using multiple common source devices in a 

cascade approach.  This has the benefit of including two separate moderate gain stages.  

The problem with this in mobile technology is that more DC current is consumed which 

results in higher power and shorter battery life.  The novelty of the current re-use method 

is to have two common source devices cascaded, but to use only one DC path [7].  As 

seen in Figure 5, with the use of inductors and capacitors, the DC current can be steered 

through both devices while maintaining their common source characteristics.  However, 

there are some serious drawbacks that make this approach fairly impractical for high 

output swing applications.  First, headroom becomes a problem because there is a stack 

of two devices even though they act as cascaded amplifiers.  When using low voltage 

supplies, stacking devices severely limit the output swing.  This is known as a lack of 

headroom, or the amount of available voltage that the output signal can swing.  Second, 

several large passive devices are needed for the re-use topology to work.  Large inductors 
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are used to guide the DC current through both devices.  Inductors are expensive to use 

since they require large amounts of chip area.  Also, the more passive devices there are in 

the design, the more variation there will be from chip to chip.  A few other problems that 

could arise are the isolation between input and output and how well power transfers from 

the output of the first device, to the input of the second.    

M2
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Figure 5:  Current Re-Use Amplifier 
 

Differential 

The differential amplifier, seen in Figure 6, has the benefit of using both signals 

coming from the up-converter.  The biggest benefit of using a differential approach is the 

boost in linearity.  The signal is divided into two halves, allowing for smaller voltage 

swings.  Smaller voltage swings are easier to keep linear than larger swings since it is less 

likely the swing will either force the device into the triode region or the signal will be 

clipped by the supply voltage.  One of the problems though is that a differential pair 

contributes more noise to the circuit for an equivalent gain as compared to a common 



 21

source amplifier.  Differential circuits do have a common mode rejection when the two 

signals are subtracted.  The overall noise performance will still be worse than a common 

source device when circuits with equal gains are compared.  Another problem with a 

differential style driver amplifier is that twice the current is needed for the same amount 

of gain provided in a single ended amplifier.  This causes more DC current to be burned 

raising the power consumed.  Although no differential-to-single ended converter is 

needed between the upconverter and the drive amplifier, one is still needed after.  The 

output signal must still be a single ended signal because most power amplifiers are 

designed as single ended.   

+ vout -

Vdd

Vb2 Vb2

vin+ vin-

Vb1 Vb1  

Figure 6:  Differential Amplifier 
 

Parallel A & B 

The idea of using parallel devices is to have good linear gain at low output power 

and still deliver maximum rated output power [8].  Two devices are used, connected in 

parallel as shown in Figure 7.  One device is significantly smaller and biased so as to 
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operate as a class A amplifier.  This device dominates at low output power providing high 

linear gain.  The second device is much larger, capable of high output powers, and biased 

very low.  It will operate more like a class B amplifier.  When the output power is low, 

the class B device is almost off forcing the class A device to drive the output load.  As the 

input signal increases, the bias on the larger device starts to increase, causing it to turn 

on.  The class B device begins to take over control of the output as the power levels 

continue to increase.  This approach gets the benefits of high gain and linearity at low 

output power from the class A device while maintaining higher output power and power 

added efficiency (PAE) from the class B device.  The dual devices could also have a 

positive effect on the 3rd order distortion.  If the distortion created in the two devices is 

out of phase with one another, the 3rd order intermodulation could subtract from each 

other lowering the overall 3rd order distortion.  As seen in some of the other topologies, 

DC current becomes an important issue with the parallel devices.  The smaller device will 

be a class A device which will result in high DC current.  At rated output power, the 

current from both devices could be more than what is allowed in the design 

specifications. 
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Figure 7:  Parallel Class A & Class B Amplifier 
 

 

2.3 Summary 

 These topologies are all different methods that could have been utilized in 

building the RF CMOS driver amplifier.  Based upon the project goals of both high 

output power and linearity, a common source class AB amplifier is the best starting point 

for the design.  The high output swings of the common source give it the advantage over 

the cascode and current re-use topologies.  The parallel devices approach also has high 

headroom, but there is the drawback of the extra current consumptions, which would 

further reduce the driver amplifier efficiency.   
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3.  Design 

 Once the initial common source topology was chosen and a few suitable 

alternatives were identified from the research, calculation was the next step in progress of 

the design.  This section explains the choice of the common source amplifier and the 

implementation of different techniques to achieve design goals such as power output and 

linearity.  Figure 8 shows the final two-stage common source topology while Figure 9 

shows the final output stage schematic.  The full set of driver amplifier schematics can be 

seen in Appendix A. 

 The first step in designing the driver amplifier was to build an output stage that 

was capable of delivering 10dBm of power to a 50 Ω load.  The common source 

amplifier was chosen for its simplicity as a building block to base other topologies and 

techniques off of.  Once the output power requirement was obtained, other areas, such as 

linearity and gain, were addressed.  The design process used is detailed below. 

Vin

Vout

 
Figure 8:  2-Stage Common Source Topology 
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Figure 9:  Common Source Output Stage Driver Amplifier 
 

3.1 Device Sizing 

Several assumptions were made in order to find a starting point for the output 

device.  Although the requirements state that 10dBm of average output power must be 

delivered to a 50Ω load, the output device must be able to handle more than 10dBm of 

power.  As discussed in the project overview, the PAR also requires that an additional 



 26

6dBm of power be added to the minimum 10dBm in order to handle instantaneous peak 

powers.  Assuming that the output impedance is equal to 50Ω will simplify the 

calculation.  The load could then be matched to the output resistance through a 1:1 

matching network.  When two devices are matched, the maximum power transfer is only 

50%.  This means that there is an equal amount of power dissipated in the source as is 

delivered to the load.  Therefore, the total power that the output device needs to supply is 

twice the target of 16dBm which equals 19dBm.  This equates to approximately 80mW.  

Plugging into the simple power equation, 

IVP =      ( 5), 
 
where the voltage will be that of the thick oxide devices, 2.5 volts, the resulting 

instantaneous current that the output device must handle is 32mA.  The average output 

current for 10dBm would follow the same method.  An average current of 8mA would be 

needed for the nominal output power of 10dBm.  This was calculated by converting 

13dBm, power plus matching losses, to power, 20mW, and solving for current.  This 

calculation assumes that the output impedance of the device is fixed at 50Ω.  If the output 

impedance is less than that, more current would be needed to make up for the decrease in 

resistance.  A thick oxide device 1000um wide was first chosen since it could handle the 

required current while maintaining an overdrive voltage of only 100mV.  Since the output 

impedance was below 25Ω, the device needed to handle more than twice the 8mA of 

current calculated above.  When a signal capable of delivering 10dBm of power to the 

load was applied, the transistor fell into the triode operating region due to the high 

voltage swings on the drain and gate.  By increasing the width, the output impedance 

would effectively decrease resulting in lower output swings.  Before the output device 
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could be properly sized to handle the required current, a decision had to be made on 

whether to use the thin-oxide 90nm devices or the thick-oxide 250nm devices.  This 

decision had a major impact on the design choices due to the large variation in supply 

voltage:  1.2 volt and 2.5volt supplies. 

 

3.2 Thick Oxide vs. Thin Oxide Devices 

 As technology progresses, devices continue to shrink.  Not only does the 

improvement in lithography allow for a decrease in device dimensions, but power supply 

voltages continue on a similar trend.  This is not always a benefit though from a circuit 

standpoint.  As talked about earlier, circuit topologies suffer from a lower power supply 

due to a lack in headroom.  The decrease in supply voltage, VDD, will decrease the 

amount of transistors that can be stacked, which limits the use of certain architectures.  

There are several reasons that will be discussed that prevented the driver amplifier from 

taking advantage of the minimal size lengths and low supply rails.   

 The main reason that the 90nm thin-oxide transistor for this process does not 

work is gain compression.  Gain compression causes a signal to become distorted and 

results in the output no longer being linearly dependent on the input signal.  The device 

enters into either the triode or the cut-off region at higher output powers and will begin to 

appear distorted.  In large-signal conditions, it is all of the odd-order terms in the device 

nonlinearities that cause gain compression [9].  As the power levels increase, the 

percentage of power in the higher order terms increases at a faster rate than the desired 

signal.  The output signal becomes more dependent on these higher orders, thus causing a 

decrease in the rate of the desired term.  This is called gain compression.  By looking at a 
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time domain representation, the output signal approaches either twice the upper power 

rail or the ground.  With the help of an RF choke inductor, the signal swing can go as 

high as two times VDD minus twice the saturation voltage of the device.  The saturation 

voltage, VDSAT, is the amount of voltage that is dropped across the drain-source terminals 

of the device required to keep the device at the edge of the saturation region.  Since the 

signal can only swing two times VDD - VDSAT, the excess power is taken by the higher 

order terms which cause the clipping appearance. 

 This can be seen by looking at the requirements for the driver amplifier.  The 

rated output power for the driver amplifier is 10dBm to a 50Ω load.  Since 10dBm 

equates to 10mW, 10mW is delivered to 50Ω.  From the basic power swing equation, 

R
VP

2

=      ( 6), 

the voltage, in RMS, across the output resistor must be the square root of 10mW*50Ω.  

The RMS voltage for 10dBm is .7071V.  To convert to peak voltage, the RMS value 

must be multiplied by √2, which equals 1 volt peak.  Therefore, 2 volts peak-to-peak 

must be swung across the 50Ω load.  If the supply voltage is 1.2 volts and, through the 

use of an RF choke, signals can be swung as high as 2 times the supply, then 2 of the 

possible 2.4 volts must be used without any sort of clipping done to the signal.  Now take 

into account that the output specification was 10dBm but the peak output goal was set at 

16dBm, 40mW of power must be delivered to the load.  This equates to a 4 volt peak-to-

peak signal with only a 1.2 volt power supply.  The only way to do this would be to 

decrease the output impedance seen at the output of the device.  This would result in a 

smaller voltage peak-to-peak, but would increase the current to make up for it.  A drop 

from 2.5V to 1.2V would mean that about twice the current is needed for the low voltage 
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amplifier to deliver the same power as the high voltage amp.  Efficiency is a secondary 

goal, so current consumption must be kept to a minimum in order to improve the 

transmitter efficiency.  That is why the thin-oxide NMOS device cannot be used for this 

process.  Therefore, the 50Å thick-oxide device, whose power rail is 2.5 volts, is 

preferred. 

 Output swing is a major benefit that the thick oxide device has over the thin oxide 

device.  The higher power rail of thick oxide allows for more of a voltage swing at the 

output.  The lower supply voltage of the thin oxide is a problem for two reasons.  The 

first is the clipping when the output nears a rail.  The higher order nonlinear terms cause 

the clipping seen as mentioned above.  But the other problem is when the output swings 

lower than the gate voltage.  In order for an amplifier to have high gain and linearity, it 

must remain in the saturated region of operation and not fall into the triode region.  When 

the output swings too low and the gate swings too high, the gate voltage can become 

more than one threshold voltage greater than the output.  This is the definition of the 

triode region: 

dsthgs VVV >−     &     thgs VV >     ( 7). 

The amplifier ceases to be a good-quality amplifier once it falls into the triode region 

because of the decrease in gain.  The extra output swing that the thick oxide device 

allows is a big advantage over the thin-oxide device. 

 Linearity is another reason why the low voltage device has a much more difficult 

time of meeting specifications.    Linearity is the measure of how much the power in the 

higher order terms, primarily 3rd order term, compares with the power in the desired 

signal.  In other words, if the input is a sine wave at one frequency, how much of the total 
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output signal is at that desired frequency compared to the power in the intermodulation 

products.  The measure of linearity in a WCDMA system is ACLR.  ACLR is the 

measure of spectral re-growth generated when a WCDMA signal is passed through a 

nonlinear device.  For this thesis, a two-tone input simulation is used to measure the 3rd 

order intermodulation term (IM3).  The IM3 is the difference in dB between the desired 

signal and the 3rd order nonlinear term.  Since the tools for a fully modulated WCDMA 

simulation are not currently available for this project, the IM3 is directly related to the 

ACLR spec of -43dBc.  Although it is not a completely accurate comparison between a 

two-tone signal and a modulated WCDMA signal, the two-tone IM3 value should be 

close to the real ACLR value. 

When input power levels increase, the amplifier gain of the desired signal 

compresses which results in a slower rate of increase of power in the desired signal.  The 

power in the high order nonlinear terms increases at a much faster rate than the desired 

signal.  Once the gain compression is hit, the power in the higher order terms increases 

quickly compared to the power in the desired signal and the linearity will degrade 

rapidly.  When the output stage was built using a thin oxide NMOS device, the linearity 

at the 10dBm output power level was only around -20dBc.  This is less than half the 

needed 43dBc value required to meet the design specification.  The lower output swings 

and gain compression of the thin oxide device force the linearity to suffer. 

 The gain compression and linearity issues were not the only problems.  Several 

other concerns were discovered with the thin-ox device when a basic common source test 

circuit was created.  The device was sized so that the 1dB gain compression point, seen in 

Figure 10, was at the maximum that the device could deliver, roughly 9dBm output 
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power.  In order to achieve this, the device needed to be approximately 2100um wide.  

The common source was biased close to threshold so as to take full advantage of the 

Class AB operation.  At this width there was low power gain, around 4dB, due to the high 

parasitic capacitance and low input impedance.  The current in the device was also more 

than the 40mA that the design specs allowed.  Even at low output powers, the amplifier 

still consumed about 10-13mA.  This high DC current consumption reduces the 

efficiency significantly. 
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Figure 10:  Thin Oxide Test Circuit Compression Point 

 

Another problem with the test circuit was the output impedance.  Even with some 

source degeneration, the maximum output impedance that the device could be matched to 

with two passive elements was 25Ω.  When the drain impedance, on the order of a few 

ohms, drops to under 10Ω, it becomes very difficult to match to a 50Ω load in a single 

matching network.  Matching to an intermediate value and then to 50Ω is easier.  

Therefore extra passive elements would have been needed to match the device to 50Ω 

required load.   
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The input impedance suffered from the width as well.  With such a large gate 

capacitance, the input impedance was on the order of several ohms.  The previous stage 

would have a difficult time trying to drive the output device.  When dealing with low 

frequencies, the tendency is to have low impedance drive high impedance.  This is so 

there is less of a voltage drop across the source and more of the signal is seen at the load.  

When the thin oxide device was increased to a size capable of outputting almost enough 

power, the gate impedance of the device dropped below 25Ω.  It would take a previous 

stage output impedance of under 10Ω to be able to drive the output device without much 

loss. 

 Having seen the drawbacks of the thin-oxide 90nm device, the higher supply and 

large swing capabilities of the thick oxide make it a better choice for the output stage of 

the driver amplifier.  The biggest advantage that the 2.5V device has is the increased 

supply voltage.  The low voltage devices have a supply of 1.2V.  That is less than half of 

the thick oxide 2.5V supply.  As mentioned above, the load needs 2Vpp swung across it in 

order to achieve the 10dBm average output power.  Not only does the 2.5V lessen the 

difficulty to achieve such swings, but it will also be possible with the higher supply to 

keep the output device in saturation for longer.  This will increase the gain compression 

point and improve linearity. 

 The larger voltages make is possible to achieve the same power levels as the thin 

oxide device, but with less current consumed.  The output device can be smaller with the 

thick ox device resulting in an increase input impedance and consequently a higher power 

gain. 
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 The drawback that the higher supply has over the lower supply is the amount of 

power consumed.  Since power is current times voltage, even with less current needed, 

the voltage of the larger device is more than double the small voltage supply.  This 

should cause an overall increase in power consumption. 

 

3.3 Linearity 

 One of the reasons that designing for WCDMA is so difficult is the strict Adjacent 

Channel Leakage Ratio (ACLR) specifications that go along with it.  The ACLR 

requirement for the entire transmitter, including the power amplifier, is 33 dBc backed 

off from the output power.  Most distortion of the transmitted signal takes place in the 

power amplifier, forcing the rest of the transmitter to be very linear.  For this design, the 

linearity requirements for the driver amplifier were backed off 10dB from the maximum 

to 43dBc. 

 The linearity was the hardest design specification to meet and required the most 

attention.  Many different design techniques were used to increase the linearity; such as 

parallel devices, source degeneration, and PMOS capacitance compensation.  These 

techniques are discussed below. 

 

3.3.1 Dual Device 

 The idea of a dual stage amplifier came about from Y. Ding and R. Harjani [8].  

With linearity being the most important specification behind output power, any ideas or 

past research that had potential to increase the linearity was seriously considered.  The 

idea of this dual stage amp was to have two NMOS amplifiers in parallel.  One amp was 



 34

sized so as to achieve a high output power while the other was much smaller.  The small 

device was biased to act as a very linear class A amplifier.  The gate bias was set high 

enough that the device was always in saturation until power levels became too high and 

forced it into triode.  At that point, gain plummets and the output power begins to 

compress.   

The larger device was biased at threshold to act as a class B amplifier.  At very 

low output powers, the power in the large device is minimal, allowing the class A amp to 

provide very linear low output power.  As input levels increase, the small device falls into 

triode and compresses.  That is the point where the large device then takes over control of 

the output.  The benefit of this scheme is the very high linearity provided by the small 

device while still maintaining higher output power levels and much better PAE due to the 

larger device.   

 This sounds great on paper, but actually putting it into practice was more trouble 

than it was worth.  The output device had a width of 1500um and was biased just above 

threshold.  The smaller device was varied between 150um and 360um.  The small device 

acted as the class A device and was biased so that the device was heavily into saturation 

at low input swings.  As described in the paper, this method worked quite well.  The 

small device provided very constant and linear gain.  As the power levels increased, the 

class A device fell off into triode quickly while the class B took over as expected.  The 

problem however came about in the form of current consumption.  Since the small device 

was heavily into saturation, much DC current was burned in the device.  With the entire 

transmitter limited to 40mA at maximum power, current is one aspect that must be used 

sparingly.  The solution to this problem of current consumption was to shrink the width 
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on the smaller device so as to consume less current.  The device was decreased in size, 

but the gain at low output power dropped only slightly.  In fact, when the class A device 

was completely removed, the gain at lower power levels decreased only 2dB at most.   

There was very little benefit for the amount of current that the extra device cost.  

The smaller device provided a little better constant gain for small input swings.  The third 

order intermodulation was slightly better at low output power than without the device, but 

it is at the higher output power levels where the IM3 begins to cause the device to fail 

specifications.  Perhaps this approach would work for a power amplifier where the output 

device needs to deliver much more linear power, but for this case, one device can provide 

enough linear gain at low power levels while still delivering the desired output power. 

 

3.3.2 Source Degeneration  

 The simplest way to improve the linearity of a basic common source amplifier is 

to introduce feedback in the form of source degeneration.  Inductive degeneration 

improves linearity the most based on the third order intermodulation calculations.  These 

will be briefly discussed below.  Cost restrictions limit the use of excess components, so 

whenever possible, components are eliminated to further reduce the device count.  

Luckily for the driver amplifier, for the cost of a few output pads, external inductance 

from bond wires can be utilized, eliminating large on-chip inductors.  The source of the 

output device is connected to its own output pad.  The pad then is connected to the chip 

ground through bond wires as in Figure 11.  By knowing the size and length of the typical 

bond-wire that will be used in packaging, models can be created and the design can 

exploit the inductance that is created from bond wires.   
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Figure 11:  Bond Wire Utilized as Source Degeneration 
 

 That being said, without the use of bond-wire models, the inductance was 

estimated to be approximately 800pH per wire.  This assumption is based off of 

measurements that estimate 1nH/mm for a 25um diameter bond wire.  Since a lower 

inductance was found to be optimal for the design, multiple bond wires would be needed 

in parallel in order to decrease the inductance to the desired value.   

 It can be shown, through the use of a simplified model and a volterra series 
expansion, that inductive degeneration is the best when looking to improve 
linearity.  It is the third order nonlinearities of the NMOS device that create the 
unwanted 3rd order output signals.  These signals, which are too close to the 
desired output signals to be filtered out, can be reduced with degeneration.  Keng 
Leong Fong, in his journal paper “High-Frequency Nonlinearity Analysis” [9 

], uses volterra series expansion to calculate the 3rd order intermodulation’s dependency, 

IM3, on source degeneration.  In his paper, he determines that the IM3 of a bipolar device 

is dependent on the magnitude of the following factor: 

)]()(1[ sZsCsZsC ejebje ++      ( 8). 

 
Inductive degeneration causes the [sCjeZe(s)] term to be a negative real number.  This 

cancels with the “1” term and the overall IM3 decreases.  Resistive degeneration makes 
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no change on the “1” since the whole [sCjeZe(s)] is imaginary.  Capacitive degeneration 

adds to the real term which results in an increase in IM3.   

 Instead of solving a full volterra series expansion for a MOSFET, a simulation 

approach was used to see the trade-off between linearity and gain as the size of the source 

degeneration varied.  As the size of the inductance increases, the linearity increases while 

the gain decreases.  This can be seen in Figure 12 and Figure 13 below.  It was found that 

an increase in source degeneration only moderately improved the linearity while 

considerably reducing the gain of the stage.  Yet complete elimination of the source 

degeneration significantly decreased the linearity.  The optimal size of source 

degeneration was estimated to be about 450-500pH, or approximately two parallel bond 

wires. 
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Figure 12:  Power Gain versus Source Degeneration 
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IM3 vs. Source Degeneration
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Figure 13:  3rd Order Intermodulation versus Source Degeneration 

 

3.3.3 Biasing For Class AB Operation 

 The class system of amplifiers has to do with their biasing and operation.  The 

well-known class A amplifier is biased so that the device remains in saturation the 

majority of the time.  The bias is a fixed DC voltage and remains fixed over the course of 

signal inputs.  The current is fixed for all size inputs.  That is why a class A device is so 

linear.  The input signal is amplified by the gain and seen on the output.  The problem 

with class A amplifiers is that they are very inefficient, maxing out at 25% efficiency, 

which is why higher class amplifiers are more desirable at higher output power levels.   

 The preferred choice for today’s driver amplifiers is a class AB approach.  The 

class AB device has almost the linearity of a class A amplifier but with better efficiency.  

The gate is biased closer to the threshold voltage of the device.  The device is in 

saturation for most of the input swing, but during the lowest part of the negative swing, 

the device will either cut-off or come close to cut-off.  This drops the current through the 

device for a short time, allowing the energy stored in the inductor on the drain to be used 

to generate the output swing.  A drop off in current consumed for part of a swing, while 
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still maintaining the expected output signal, simply means an increase in overall 

efficiency.  The other benefit of the class AB operation is at very low voltage swings, 

very little current is consumed in the device since the DC bias on the gate is low.  As the 

input swing increases, the gate bias is driven up.  Having the bias increase with 

increasing input voltage levels allows the device to provide the required output power 

while maintaining low quiescent currents. 

 One other benefit of the class AB operation is the dip seen in the 3rd order term.  

When looking at an output power versus input power plot, the higher order terms will 

have “dips” in their basic shape.  The class AB operation creates canceling of the higher 

order terms at a certain point, which helps to improve the linearity.  By shifting the dip to 

occur when the device hits maximum output power, a significant increase can be seen in 

the linearity.  This dip is very dependent on the actual bias of the device.  The higher the 

bias, the less noticeable the dip is.  That is why the higher order terms of a class A 

amplifier appear very linear.  The overdrive on the gate is significant to completely 

eliminate any cancellation of the higher order terms.  At lower power levels, the class A 

device is much more linear, but at higher power levels, there is no dip in the increasing 

higher order terms to take advantage of.  Figure 14 shows the dip seen in the class AB 

amplifier compared to the absence of any sort of one in a class A amplifier.  One problem 

to note is that the closer the DC bias of the device is to threshold, the deeper the dip seen 

is.  In doing so, the resulting hump to the left of the dip becomes larger.  It is this hump 

that can cause the ACLR measurement to fail at a point several dB backed off from the 

maximum output power. 
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Figure 14:  3rd Order Interaction results in “Dip” due to Cancellation. 
 

3.3.4 PMOS Capacitor Compensation 

 With the move to CMOS RF integrate amplifiers for mobile applications, the 

emphasis in designing the amplifiers is on high linearity as well as high efficiency.  In 

order to gain the benefit of both, many amplifiers take advantage of the moderate 

linearity and efficiency of the class AB amplifier.  Linearity is traded off for the higher 

efficiency of a class AB amp.  The linearity requirements however are not being relaxed 

in this project at all.  A capacitive compensation technique was implemented in order to 

reduce the non-linear capacitive effects of the AB amplifier [10].  The idea is a simple 

technique that involves placing a complimentary PMOS capacitor in parallel with the 

NMOS amplifier as shown in Figure 15.  The PMOS device inversely models the 

capacitance seen on the NMOS gate.  The capacitance can be calculated by running an 

AC sweep simulation and solving equation (9) for ω= 2π(1.95GHz). 
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By plotting the capacitance on the NMOS device as the gate voltage is increased, it can 

be seen that the capacitance increases with gate voltage.  Then by plotting the capacitance 

of the PMOS gate with the increasing gate voltage, the inverse effect is seen.  The PMOS 

capacitor decreases with higher gate voltages.  Tying the PMOS drain and source to a 

specific voltage and varying the gate width allows the capacitive characteristics of the 

PMOS cap to be altered.  When the gate capacitance of the amplifier is added to that of 

the PMOS, a much more constant capacitance can be achieved.   

Vin

Vout

PMOS Bias

 
Figure 15:  PMOS Capacitor Compensation 

 
This technique will help to improve the overall linearity by stabilizing the input 

match and providing a constant capacitance to be driven as opposed to a wide varying 

capacitor.  All transistors are nonlinear, but by stabilizing the input impedance, one 

source of nonlinearity is eliminated.  If the previous stage sees a constant load, then the 
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load can be matched and driven linearly.  But when a stage sees a load that varies with 

signal swing, there is no ideal match and more distortion will be created when a signal is 

applied to it.  The match might be good on positive swings, but might be completely off 

on negative swings resulting in poor power transfer and an overall decrease in 

performance. 

The PMOS compensation capacitor technique was implemented for both stages of 

the final design.  The pre-amplifier stage will be discussed in more detail in the following 

section.  Figure 16 shows a plot of the NMOS gate capacitance, the correcting PMOS 

gate capacitance, and the total gate capacitance of the output stage as seen by the pre-

amplifier stage.  Before the addition of the PMOS device, the gate capacitance for the 

output stage varied by almost 1.5pF.  Once the PMOS device was implemented, the gate 

capacitance variation dropped to approximately 0.6pF.  This stabilization improved the 

IM3 term by several dB.  The same approach was used on the pre-amplifier input to help 

steady the gate capacitance that the mixer would be driving.  The pre-amplifier PMOS 

compensation can be seen in Figure 17. 
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Figure 16:  Output Stage Gate Capacitance with PMOS Compensation 



 43

 

Pre-amp PMOS Compensation Capacitor

0.0

0.2

0.4

0.6

0.8

0.4 0.8 1.2 1.6

Gate Voltage (volts)

G
at

e 
Ca

pa
ci

ta
nc

e 
(p

F)

PMOS
NMOS
BOTH

 
Figure 17:  Pre-amp Gate Capacitance with PMOS Compensation 

 

 

3.4 Reliability - Hot Carrier Injection 

 One second order effect to pay close attention to when dealing with high voltage 

swings is the hot carrier injection (HCI).  Hot carriers are either holes or electrons that 

gain high kinetic energy due to large electric fields produced in the MOSFET devices.  

These carriers are a critical factor in determining device degradation over time due to 

their ability to break down gate oxide resulting in either changing device characteristics 

or the complete device breakdown.  There are four types of hot carrier injection, two of 

which cause the most problems.   

The first type is the drain avalanche hot carrier injection, which is the worst type.  

This occurs when high voltages appear at the drain, resulting in high electric fields near 

the drain depletion region.  The high fields charge up the channel carriers with enough 

kinetic energy to impact and displace electrons in the depletion region around the drain.  

The displaced electrons then have enough energy to overcome the barrier between the 
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substrate and the gate oxide.  The electrons that become trapped in the gate oxide over 

time can change the characteristics of the device, such as the threshold voltage, Vth.   

 The other problematic injection is the channel hot electron which comes about 

when both gate and drain voltages become too high.  High energy channel electrons 

traveling towards the drain are turned and driven into the gate oxide due to the high 

voltage applied to the gate.  One way to combat both of these hot carrier phenomenon is 

to decrease the supply voltage.  Yet as explained above in the comparison of the thin 

oxide low voltage devices to the thick oxide high voltage devices, larger devices are 

better for linearity issues.  This leaves increasing the device length as the best way to 

fight hot carrier injection.   

 The thick oxide devices have a gate length of .25um with a drawing length of 

.28um.  Using several equations provided with the design kit, a safe gate length can be 

determined that will prevent hot carriers based on the voltage swings expected.  In order 

to safe-guard against hot carriers and increase reliability, the gate length was increased to 

.35um.  The HCI equations take into account device parameters, duty cycle, chip life, 

frequency, and voltage swings along with several parameters stated in the design rule 

manual to calculate a maximum saturated drain current and device gm.  The length must 

then be varied to maintain the limits set on gm and saturated drain current set forth in the 

design manual.  
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3.5 Pre-Amp Stage 

 Shortly after the output stage was sized and tested, it became apparent that a 

second pre-amplifier would be needed in order to get enough gain out of the transmitter.  

Since the output stage needed to be so large to supply the 10dBm requirement, the power 

gain of the stage was well below 10dB.  Not only did the output stage not provide enough 

gain, but it would be very difficult for any device similar to those in the mixer to drive 

such a large output stage.  If the input impedance of the stage was 50Ω and the gain was 

stretched to 7dB, then the mixer would have to deliver 3dBm to the input.  This relates to 

a 900mV swing across a 50Ω load.  That would be almost an impossible task for the 

mixer because of the small device sizes, especially considering that the width of the 

output stage was 1500um and the mixer was approximately 30um.   

The pre-amplifier stage was created to boost the power gain as well as drive the 

large output device.  The problem with this was that by adding another stage, another 

round of nonlinearities was introduced.  Since the output stage could barely meet the 

required linearity, the first stage amplifier had to be extremely linear.  In order to 

minimize the nonlinearities of the other amplifier, it needed to act as a class A amplifier.  

This would provide the maximum linearity and hopefully not introduce too much 2nd and 

3rd order signals.  When the desired signal passes through the first device, 2nd order terms 

are created close to DC.  When these 2nd order terms are applied to the gate of the output 

device, they mix with the desired signal and add to the 3rd order terms created in the 

output stage.  This mixing can either add or subtract to the 3rd order terms created in the 

output stage alone. 
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 Originally the pre-stage amp was sized at approximately 1/5 of the output device.  

When biased well into saturation, the nonlinearities produced were fairly minimal.  Input 

impedance was also about 4 times that of the output stage, roughly 200Ω.  The current 

consumed by the amplifier was enormous at low output powers.  The class AB action of 

the output stage was good because at low power levels, only 4~5mA of current was 

dissipated.  Since the class A amplifier has constant current across all power levels, it 

wasted around 13~16mA.  This is completely unacceptable for mobile applications due to 

such high power consumption.  Although the solution was simple, shrink the device, the 

actual implementation of it took a fair amount of tweaking.  Reducing the device to 

180um, 1/10 of the output stage, and increasing the bias on the amplifier, similar linearity 

was obtained with a slight decrease in low power current levels.  The smaller device 

burned 10~12mA of current.  Although still not ideal, through the use of a variable gain 

stage in the next generation of the circuit, the pre-amplifier should be able to be bypassed 

at low output levels.  The device could then be shut off or the bias could be lowered to 

implement a large gain step and saving on current.  Another benefit of the smaller 180um 

device was the higher input impedance.  Depending on the final source degeneration and 

output matching, the input impedance can be raised as high as 500Ω comfortably. 

 

3.5.1 Pre-Amp Cascode 

 One problem that arose with having two cascaded common source amplifiers was 

the lack of isolation between the input and the output.  The output of the 2nd stage would 

impact the input matching network on the 1st stage.  Not only did it become frustrating to 

fine tune the matching, but having a circuit that sensitive is not good from a 
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manufacturing standpoint either.  For example, suppose variation in wafer production 

causes a decrease in the values of the inductors.  If the circuit was dependent on just one 

inductor, hopefully the design would be capable of handling such process variation.  On 

the other hand, suppose that there is an inductance in each of the matching networks, and 

each network effects the one before and after it, then not only would matching depend on 

just one inductor and one capacitor, but it would also be related to all other inductors.  

This dependency has the potential to become a serious problem. 

 A cascode approach was tested for the pre-amplifier to see if the added isolation 

from the common gate device would provide the much needed isolation without a serious 

degradation in the performance of the overall driver amplifier.  The idea was to use the 

cascode to provide isolation from the mixer to the output stage.  The problem with the 

cascode amplifier, as mentioned previously, was that it could not deliver enough power to 

the input of the 2nd stage.  The second device stacked on the common source severely 

limited the output swing of the amplifier.  In order to remain linear, the pre-amplifier 

stage could only handle smaller power levels.  This means that more gain had to be made 

up in the output stage.  The only way to increase the gain in the second stage was to 

decrease the size of the device, hence lowering the attainable output power.   

In the long run, all that happened by adding the common gate was a large 

decrease in the compression point and linearity of the two-stage driver amp.  Instead of a 

minimum of 10dBm output power, the improved isolation version could only deliver 

4dBm of power before 1dB compression.  Needless to say, the 3rd order intermodulation 

also plummeted due to the cascode. 
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3.6 Complimentary Common Source Amplifiers 

 One of the benefits of CMOS technology is that there are complimentary devices:  

NMOS and PMOS.  NMOS are the basic more common devices due to their higher 

mobility and ease of building.  NMOS devices are great when it comes to pulling a 

device towards ground but, due to the fact that the source must be one threshold voltage 

below the gate, the device has trouble raising voltages to power rails.  The characteristics 

of PMOS allow for complimentary performance.  A PMOS device is also known as a 

pull-up device since it can raise voltages easily towards the power rail but has the same 

trouble as an NMOS device when it comes to pulling a signal down to the ground level.   

 If the driver amplifier could take advantage of this full rail to rail benefit that 

baseband circuits utilize, then the performance of the driver amp could truly profit.  With 

that in mind, one design was attempted that used complimentary common source 

amplifiers to act as the final output stage [11].  The single ended signal would be 

capacitively decoupled before being provided to the input of both a common source 

PMOS device as well as a common source NMOS device.  The drains of both amplifiers 

could then be tied together after their respective matching networks.  This would allow 

utilization of full output swing, which in turn allows for higher output power.   

 The complimentary devices were sized so that the PMOS device was twice the 

size of the NMOS device due to the higher mobility of the NMOS.  The drain of the 

PMOS was connected to ground through an inductor and the NMOS to VDD.  As 

expected, the circuit could provide much better output power remaining linear up until 

almost 16dBm before compression set in.  Since the output power was boosted, both 

devices could be smaller to save on current, and with the smaller devices, the input 
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impedance also increased.  This was beneficial because it made it easier for an earlier 

stage to drive the output circuit.  Finally, by using the PMOS amplifier, the overall gate 

capacitance was kept more constant.   

Previously as explained in Section 3.3.4, PMOS devices were used as capacitors 

in order to level out the capacitance seen on the input.  When the signal swings from low 

to high, the amount of capacitance on the single NMOS device increases.  The PMOS is 

completely backwards from this.  When there is a low signal, the gate capacitance is at its 

highest value.  As the signal begins to increase, the gate capacitance decreases which 

results in an overall constant capacitance seen by the previous stage.  As for current 

consumption, the decrease in device size and bias made the current consumed at 10dBm 

output comparable to that of a single common source amplifier. 

 Despite all the benefits that the complimentary amplifiers provided, the 

drawbacks were significant enough to render the design inadequate.  The obvious 

downside to the dual amps is the need for more passive components.  Area is always a 

critical factor.  When twice the number of inductors are used, area gets used up quickly.  

Another problem was the output matching.  In order to remain within the confines of a 2-

1 VSWR, small series capacitors were needed on the output match.  That small of 

capacitors resulted in excess voltage drop, and this in turn reduced the output signal.    

The ultimate setback was the drop in linearity.  Even though the compression 

point climbed significantly, the linearity of the stage dropped even more.  It was unclear 

what exactly caused the decrease in linearity but several theories are possible.  The dip 

that was seen when the single common source NMOS was built disappeared when the 

PMOS was added.  When the biases were lowed on both devices, the dip reappeared but 



 50

at a much lower power level than the maximum 10dBm required.  One reason this could 

have happened was due to the small output capacitors.  The larger those capacitors are, 

the higher in power the dip will appear, but those capacitors couldn’t be raised much 

without breaking the 2:1 VSWR.   

The other reason for the dip not appearing where it did with the single device 

would be due to the 3rd order interaction of the two devices.  When there was only one 

NMOS amplifier, there was 3rd order cancellation between two terms at a certain power 

band that caused the decrease in the 3rd order power levels.  When the PMOS amplifier 

was added, that 3rd order cancellation was somehow nullified by the PMOS.  The 3rd 

order term at the original point was dominated by the PMOS, thus reducing any dip 

previously seen.  Some effort was made to “rediscover” the 3rd order product dip without 

success.  Any efforts to increase decoupling capacitors, change device sizes, increase and 

decrease biases, or alter source degeneration either did not do enough to move the dip to 

the right or broke other requirements.  The linearity was not at a level to pass for 

acceptable and the complimentary approach had to be discontinued. 

 

3.7 Matching and Input Impedance 

 The output matching was done using a simple LC matching network.  A shunt 

inductor delivered the supply voltage to the drain of the output device, and then a series 

capacitor brought the impedance back to 50Ω.  The output impedance was calculated 

using S-parameters.   

 The input impedance was done slightly different.  Since the input of the output 

stage would tie directly to the previous stage, there was no need to match to 50Ω.  Since 
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the chip is set to run at a maximum of 2GHz, on-chip matching between devices is 

unnecessary.  The frequency is low enough that the short distances between devices is 

much less than one wavelength.  The wavelength at 2GHz in free space is approximately 

7.5cm.  Because of this, the matching can be viewed as more of an analog approach 

where the goal is to have low impedance driving high impedance.  A shunt inductor was 

originally used in the bias scheme of the output device to remove all capacitance seen at 

the input node.  The shunt inductor also helped to raise the input impedance by moving 

counter-clockwise around the admittance circles of a smith-chart.  Even with removing 

all of the capacitance, the input impedance was far too low to be driven by a preceding 

stage.  Source degeneration was used to help increase the impedance and an inductor was 

placed at the source of the device.  This was done primarily for two reasons:  to increase 

both the linearity and input impedance.  The final achieved real impedance was 40Ω, still 

far below what would have been desired.   

When the pre-stage amplifier was attached, a shunt inductor was used for 

supplying the power to the device and a large decoupling capacitor was used in series 

with the output stage.   In order to remove excess inductors from the circuit, the shunt 

inductor in the bias circuit that was used to resonate out all capacitance on the input node, 

was combined with the shunt inductor attached to the drain of the pre-amp stage.  Once 

done, all capacitance seen on the node between the pre-stage amplifier and the output 

stage was eliminated. This left the real impedance of the pre-amp to drive real impedance 

seen on the input of output amplifier. 

The same approach was done with the input to the pre-stage amplifier.  A large 

series capacitor was used to decouple the mixer tank from the amplifier.  The mixer tank 
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was also able to resonate out all the capacitance added from the pre-amp stage.  In this 

way, no extra inductor would be needed for the matching.  This was all achievable 

because of the short distances and relatively long wavelengths of the operating frequency.  

This approach of resonating out the imaginary portion of the impedance wouldn’t work 

for high frequency design, such as microwave circuits, because the distance between 

devices becomes comparable to the short wavelengths of the high frequencies.   

 

3.8 Mixer Interfacing 

 Once the driver amplifier was designed capable of meeting -41dBc ACLR @ 

5MHz and delivering linear power up to 13dBm using two-tone ideal inputs, the task of 

joining the circuit with the mixer was addressed.  Up to this point in the design, the driver 

amplifier had been tested with ideal two-tone testing.  It is unrealistic to assume that the 

mixer would provide ideal tones.  In order to test a more realistic mixer output, a four-

tone test was set up.  The two desired signals comprised the middle two tones with a 

spacing of 10MHz at 1950MHz and 1960MHz.  Then the 3rd order intermodulation tones 

were added at 1940MHz and 1970MHz.  The design specifications for ACLR from the 

mixer state that the 1st and 3rd terms must be at least 53dBc difference.  The two outer 

tones were set at 50dB lower than the desired tones.  By introducing 3rd order terms into 

the simulation, the worst case mixer output could be tested.  The simulation showed 

almost no drop in performance, proving that the design spec of -53dBc was indeed tight 

enough.  If there was a significant drop in linearity of the driver amplifier when 3rd order 

terms 53dB lower than the desired signals were added, then an argument could be made 

that -53dBc were too lenient of specifications for the mixer.  The small decrease in 
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performance with the added nonlinearity showed that even poor mixer outputs would still 

hardly degrade the driver amplifier’s performance. 

 The next step in the combining of the mixer and amplifier was driving the 

amplifier with the output stage of the mixer.  A cascode was created that mirrored the 

output stage of the mixer.  The driver amplifier was tied directly to the output of the 

cascode and the capacitance on the pre-amplifier stage input was resonated out with the 

shunt inductor on the mixer.  This shunt inductor mimicked the mixer tank.  The mixer 

tank is a parallel RLC network that acts as the load for the mixer.  The capacitance added 

by the common source pre-amplifier stage in the driver amp was absorbed into the tank 

and resonated out.  In doing so, the input to the pre-amp looked completely resistive.  The 

mixer cascode was driven with a swept voltage swing logarithmically.  Unlike the four-

tone test, there was a significant drop in linearity using the mixer cascode.  The mixer 

could provide linear current on the order of 40dBc, but the conversion from current in the 

cascode to voltage seen on the pre-amp input caused considerable drop in linearity.  The 

voltage linearity at the pre-amplifier input was only 33dB between the desired tone and 

the 3rd order tone.  The final output linearity improved to 37dBc.    

 

 

 

 

 

 



 54

 

 

4.  Results 

4.1 Driver Amplifier Results 

 Stand alone results for the driver amplifier were substantially better than those 

obtained when connected to the up-converter.  Simulation results for the driver amplifier 

showed that the driver amplifier could deliver greater than 14dBm linearly.  The IM3 of 

the driver amp was approximately 41dB at a rated output of 10dBm.  These results were 

obtained through two-tone ideal current input simulations. 

 A more accurate representation of the driver amplifier results are obtained when 

the output cascode stage of the mixer drives the input to the driver amp.  A two-tone 

simulation in this manner provides non-ideal inputs to the driver amplifier.  The driver 

amplifier can provide 13.8dBm of linear output power to the 50Ω load as seen in Figure 

18.  The IM3 dropped to a worst case -38.5dBc at 10dBm output power.  Figure 19 shows 

the desired signal at 1950MHz along with the 3rd and 5th ordered nonlinear terms at 

1940MHz and 1930MHz respectively.  The IM5 was measured at -45.5dBc at 10dBm 

output power.  The ACLR can be improved with finer tuning of the circuit’s matching, 

biasing, and source degeneration. 
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Figure 18:  P1dB Compression Point for Cascode Driven Driver Amplifier 
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Figure 19:  Driver Amplifier Output Driven by Mixer Cascode 

 

The dynamic DC current consumption can be seen in Figure 20.  This is the RMS 

drain current that is used as the input signal level is increased.  The pre-amplifier 

consumes 13.5mA of RMS current while the output stage amplifier uses 15mA at 10dBm 

output.  The complete two-stage driver amplifier consumes at total of 28.5mA to deliver 

10dBm to the load.  The class AB operation of the output stage is apparent when looking 
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at current consumption.  The bias of the output stage allows for a low quiescent current 

compared to the class A style pre-amplifier.  With a 2.5 volt supply and assuming a worst 

case 1.5mA in the bias circuit, the driver amplifier consumes 75mW of power in order to 

deliver 10dBm of output power.  Based on equation (4), the efficiency of the driver 

amplifier is calculated to be 13.3%. 
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Figure 20:  DC Current Consumption for Driver Amplifier 

 

 The driver amplifier noise specification was set at -153.9dBm/Hz while the 

achieved simulated noise was only -124.5dBm/Hz.  The target was derived such that the 

need for the filter between the DA and PA could be eliminated.  The noise budget is 

detailed in Table 2 while the achieved output noise can be seen in Figure 21.  The noise 

specification was a very stringent spec.  This is one spec that the driver amplifier did not 

meet and would be very difficult to meet in future designs.  Major changes must be made 

for noise contributed by the driver to the receive channel to be below the -153.9dBm/Hz 

threshold.  Until then, the 30dB plus of isolation from the filter is needed to keep the 

noise degradation at the receiver below the 0.5dB mark.  Once this design spec is met, 
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one extra external component could be discarded thus lowering component numbers and 

cost.   
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Figure 21:  Driver Amplifier Output Noise 

 

 The goal of this thesis was to design a driver amplifier capable of meeting strict 

power and linearity specs while maintaining as high efficiency as possible.  Aside from 

the noise spec, the remaining the requirements have either been met or are within range 

of being met with additional circuit tuning.   

 

4.2 Circuit Comparison 

 Comparing the simulated results to the target specs is a very poor estimate to 

determine success.  The results from this thesis design were compared against a couple of 

other designs in different technologies to see how success this project was.  The results 

can be viewed in Table 4.  The first comparison is the chip designed by Dr. Huang’s team 

in Switzerland using 130nm technology [6].  The other design, done by K. Y. Lee [12], is 

in .35µm technology.   
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 90nm Simulated 
Specs 

130nm Measured 
Specs 

.35µm Measured 
Specs 

Supply Voltage 2.5V 1.5V 3.3V 
Maximum Output  10dBm 2.5dBm 6dBm 
Current Max. 28.5mA 33mA 58mA 
ACLR1 +/-5MHz -38.5 dBc at 10dBm -38 dBc at 2.5dBm -38dBc 
ACLR2 +/-10MHz -45.5 dBc as 10dBm -64 dBc at 2.5 dBm  
Total Power 
Consumption 

75mW 49.5mW 191mW 

Driver Amplifier 
Efficiency 

13.3% 3.6% 2.1% 

Table 4:  Design Results Comparison 
 

 Since each of the previous designs are in different technologies and deliver 

differing amounts of output power, the best way to compare the designs is on an 

efficiency basis.  It appears that both of the previous designs pale in comparison to the 

13.3% efficiency of this design.  This is not yet an accurate comparison though.  The 

efficiency of this design will drop once the current in the upconverter and mixer bias 

circuits are factored in.  Even though the driver amplifier could not take advantage of the 

90nm devices, the mixer could.  Therefore, with the mixer supply at 1.2V, the 

upconverter could use 169mA more from a 1.2V supply to equal the same efficiency as 

the 130nm design.   

 Another good comparison to make with this design is between CMOS and SiGe 

BiCMOS.  Can a complete CMOS design perform equally to a BiCMOS design?  One 

direct-conversion SiGe BiCMOS chip by Qualcomm makes a good comparison to this 

chip [13].  The Qualcomm design specs can be seen in Table 4 below. 
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 DA Simulated Specs Qualcomm SiGe BiCMOS 
Supply Voltage 2.5V 2.7V 
Maximum Output  10dBm 10dBm 
Current Max. 30mA 80.2mA 
ACLR1 +/-5MHz -38.5 dBc at 10dBm -55.8 dBc@1.23MHz/30kHz 
ACLR2 +/-10MHz -45.5 dBc as 10dBm  
Total Power Consumption 75mW 216.5mW 
Driver Amplifier Efficiency 13.3% 4.6% 

Table 5:  BiCMOS vs. CMOS Design Results Comparison[14] 
 

 The output power of the Qualcomm chip is equal to that of this design, but the 

achievable linearity of the BiCMOS is far better then the comparable CMOS design.  As 

seen previously, the efficiency of the 90nm design looks much better, but the results are 

not quite comparable due to the lack of mixer and VCO currents.  The BiCMOS design 

still has the efficiency advantage over the previous CMOS circuits.  Even though the 

BiCMOS chip seems to be a superior transmitter, the ability to integrate the transmitter 

into one CMOS chip will allow CMOS designs to eventually take the place of BiCMOS 

chips. 
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5.  Conclusion 

5.1 Design Analysis 

 In this thesis project, a CMOS driver amplifier was design to meet high output 

power while maintaining strict design specifications.  The topology implemented was a 

two-stage cascaded common source amplifier.  Throughout the design process, it was 

discovered that the driver amplifier can not take advantage of the 90nm devices with the 

current topology.  The low supply voltage resulted in higher currents and much worse 

linearity, on the order of 10dB below the current design. 

 The simplified cascaded amplifier design allowed for over 20dB of gain and 

provided almost 14dB of linear output power.  The design suffered due to insufficient 

linearity.  This was partly due to the large voltage swing required to drive the output 

stage to 10dBm as well as low input impedances due to the large devices.  One way to 

improve upon the current design would be to decrease the device sizes in order the 

increase the input impedance of both common source stages.  This would increase the 

gain of each stage and lower the current consumption in exchange for a drop in the 

compression point.  A possible third stage, a smaller cascode, could be used to further 

increase the gain of the driver amplifier and decrease the requirements set on the mixer 

due to the driver.  The cascode stage of the driver amplifier would have to be very small 

and very linear so as not to increase the current consumption much or degrade the overall 

linearity. 
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 The noise specification is one spec that could not be met using this topology 

without some kind of noise cancellation circuit or loop.  One of the targets of the thesis 

was to determine whether or not the filter between the PA and DA could be removed.  To 

do so, the noise from the driver amplifier must be significantly limited if this is to be 

done.  The straightforward cascaded common source amplifier approach could not deliver 

a low enough output noise to eliminate the need to the filter.  Adding a third stage would 

only compound this problem.   

 

5.2 Future Work 

 Just like with every new commercial oriented circuit, there is always future work 

to be done.  There are new ideas to implement, cheaper solutions to test, and ways to 

improve operation and efficiency.  The transmitter that was discussed is the first phase of 

a two phase project.  After fabrication and test analysis, several new features will be 

included to produce a fully functional WCDMA standard transmitter capable of 

commercial use. 

 The next phase of design will need an operational differential-to-single-ended 

converter that will not hinder performance much.  The design will need to revisit the 

possibility of using a common source device cascoded with a source follower.  A decent 

design will need to be simulated that does not degrade the linearity and provides at least a 

gain of ½ without burning large amounts of DC current.  If an active approach does not 

work, then another possibility is the use of an on-chip balun.  The balun will be lossy, so 

more gain will be needed in the amplifier.  Those are just two ideas for creating the 

differential-to-single-ended converter. 
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 The other main technical challenge will be the distribution of the gain control.  

The final transmitter will need 90dB of dynamic gain with 1dB increment steps.  The 

accuracy of the steps will need to be +/-0.5dB.  The driver amplifier will need to 

incorporate several rough gain steps.  The biasing in the driver amplifier could scale back 

the device current, allowing for large rough steps. 

 
5.3 Summary 

 This thesis explored the feasibility and design of producing a fully CMOS 90nm 

transmitter for WCDMA mobile applications.  Using the thicker oxide, higher voltage 

devices, the driver amplifier could hit the 10dBm average output power target without 

any gain compression.  The higher supply voltage also allowed the driver amp to achieve 

an IM3 of -38.5dBc with ability for improvement during phase II of the project.  The 

current consumed by the DA during full power operation was 28.5mA, equating to only 

71.25mW of power consumed.  Most importantly, the class AB operation of the output 

device increased the efficiency of the driver amplifier to 14%, well above the both 

previous designs studied.     

 Although the driver amplifier could not take advantage of the cutting-edge 90nm 

process, there was still a benefit from scaling technologies.  Having the ability to use both 

a 90nm device and an older, thicker-oxide device on the same chip allowed the 

upconverter to take advantage of the faster, smaller devices while the driver amplifier 

could keep the power and higher supply of the old larger devices.  With small 

improvements, the transmitter explained in this thesis will be able to meet all of the 

required WCDMA specs applicable for mobile applications. 
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Appendix A 

 

 

Figure A-1:  2-Stage Driver Amplifier with Source Degeneration Modeling Bond-wires 
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Figure A-2:  Common Source Output Stage Including PMOS Compensation Caps 
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Figure A-3:  Common Source Pre-Amp Stage Including PMOS Compensation Caps 


