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ABSTRACT

This thesis reports on work that has been done on the design of a high
frequency medium power amplifier suitable for digital radio applications. A
class AB amplifier has been designed in a fine-line state-of-the-art BICMOS
process. The amplifier promises to provide 40 mW output power at 1.0 Gliz,
29 mW output power at 1.6 GHz and 22.5 mW output power at 1.9 GHz. The
circuit and the system environment that this amplifier is expected to operate
in has also been studied during this design effort. It has been shown that such
a BiCMOS power amplifier is suitable for directly driving the antenna of a
low power personal communications transmitter. Issues of impedance
matching and use of emitter follower shunt peaking are addressed as means
of improving power efficiency and reducing distortion.
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CHAPTER 1

Introduction

tivation

A lot of attention is being paid at the present time to digital
communication system applications such as wireless digital radio
communications and fibre-optic data transmission Monolithic integrated
power amplifiers which can operate in the Gigahertz range are required
for these applications. Until now, discrete component circuits have been
used for the implementation of transmitter modules that operate in the
Gigahertz region, because of performance limitations of the integrated
devices and because of circuit tuning and impedance matching

requirements.

Recent advances in silicon bipolar technology have resulted in the
development of bipolar devices with high transconductance gm, and high
unity gain frequency fT, and CMOS process compatibility with only minor
process modifications {1]. High frequency integrated circuits such ae
voltage controlled oscillators (VCOs), mixers, amplifiers and phase
comparators that are essential for a transceiver design have been presented
recently [2]. The evolution of the technology makes the integration of all

these circuits on a single chip transceiver feasible. BiICMOS technology




seems to be a real threat to other technologies in the race for the
implementation of small and light weight personal communicators for
the mobile digital radio applications, by allowing the direct
implementation of one chip telecommunication systems that include the

high frequency front-end module and the low frequency DSP part.

The last stage of a transmitter is the power amplifier. It is one of the
most critical stages of the transmitter because it determines the power of
the transmitted signal and it usually has a great impact on the transmitted
signal quality. Until now, most of the power amplifiers that appear in the
literature are able to transmit hundreds of watts and use silicon
technologies that can have high power gain and can handle high power
consumption. These technologies are not compatible with the
technologies used in the design of the other stages of the transmitter,
making the integration of all the stages on a single chip difficult if not
impossible. In comparison, the power requirement for indoor and mobile
communications systems is much lower; in the order of hundreds of
milliwatts. Therefore, the design of monolithic integrated high frequency
power amplifiers without using silicon technology specially made for the
power devices seems feasible. One of the prime objectives of this thesis is
to explore the opportunities provided by the new BiCMOS circuit

technology to solve this problem.

1.2 Mobile Radio Transmitter

The choice of a suitable architecture for a mobile radio transmitter is

primarily determined by the specific radio application standards. The

(9]



modulation technique is one of the standards that strongly affects the

choice of one transmitter architecture over another,.

Digital amplitude modulation, known as amplitude shift keying,
seems to be out of the competition for mobile radio because of the severe
impact of multipath fading upon the amplitude of the carrier. Frequeney
shift keying (FSK), in which different frequencies represent the level of the
modulation code, and phase shift keying (PSK), in which ‘iscrete phase
states represent the levels of the modulation code, are the preferred
candidates for already implemented mobile radio applications or for the
future ones, as Table 1.1 shows. Among them the Gaussian minimum

shift key (GMSK) is the most popular.

Table 1.1 Various wireless systems [3]

System Band (MHZ) Channelization  Modulation
CT2 864-931 FDMA GMSK

CT2+ 930-931 FDMA GMSK

DECT 1880-1990 TDMA GMSK

GSM 890-915 TDMA GMSK

PCN 1710-1785 TDMA GMSK

IS-54 824-849 TDMA I1/4 DOQPSK
AMPs 824-849 FDMA ANALOG M
UDPCS 400-4000 TDMA DOPSK

Currently two broad modulation techniques seem to battle for the

designer's preference. The linear modulation techniqu? requires a high




degree of linearity or low distortion in the translation from baseband
frequencies up to the carrier frequencies and in the amplification.
However, such modulation promises greater spectral efficiency. On the
other hand, the constant envelope and/or continuous phase modulation
technique can avoid the linearity requirements, resulting in a lower cost
for the transmitter and in a more relaxed linearity specification for the

power araplifier stage.

\

ow-Pass fo
iiter Power

[Dual Modulus
Pivider N

T

Data
Modulation

7I\Tx Data

Figure 1.1. A simple transmitter architecture for continuous phase
modulation

Figure 1.1 summarizes a low cost transmitter architecture based on a
simplified continuous phase modulation technique described in [4]. The

heart of the transmitter is a fractional-N frequency synthesizer as outlined




in [5]. A reference frequency fref is necessary to phase lock the voltage
control oscillator (VCO) to a stable source. The output trequency fp is a
multiple of the reference frequency, fo = N fref. By making the division
rate N of the dual modulus divider a function of time, the instantancous
frequency or phase can be modulated. A power amplifier, the subject ot

this thesis, can then transmit the signal to the antenna.

1.3 Thesis Obiecti 1S

The level of system integration of a mobile radio system that operates
at frequencies greater than one GHz could be improved if the transmitter
power amplifier stage were integrated on a single chip along with the
previous stages. BiCMOS circuit technology may offer the circuit
tecknology required to achieve this goal, and this thesis explores this

possibility.

The work has concentrated on the key design issues that arose during
the effort to design and lay out a monolithic bipolar power amplifier in
BiCMOS that operates at frequencies higher than one GHz and has a
supply voltage of five volts. Because a power amplifier is the last on-clup
component, this work has also attempted to address some of the issues of
interfacing the amplifier with the off-chip components required in such a

transmitter, i.e. a matching network and an antenna.

The design, layout and experimental measurement of a comiplete
transmitter is beyond the scope of the work. Many complex system and

circuit issues must be solved before the complete design can be

5




implemented on a single chip with reasonable probability of success. Issues
include modulation and demodulation schemes to reduce the high
frequency analog component design complexities, and ways to lay out the
circuit that reduce crosstalk and interference with sensitive analog circuits

operating at radio frequencies.

The process technology used to implement the circuit design studied in
this thesis was provided by Northern Telecom Electronics. High
performance npn bipolar and complementary MOS transistors can both be
fabricated within this BiCMOS process. The process features a polysilicon
emitter bipolar transistor with a 0.8 ym wide emitter and (minimum) 7
um base to base pitch, junction and field oxide device isolation, linear 750
Ohm/sq polysilicon resistors and three layer metallization for device
interconnection. A unity gain frequency fT of 10 GHz at a collector -emitter
bias voltage of one and a half Volt (Vce= 1.5 V) can be obtained by this

technology for a minimum emitter size of 0.8x4.0 um2 [6] .

1.4 Thesis Outline

Chapter 2 attempts to describe the background knowledge that is
necessary for this work. Various output driver topologies will be
presented. These topologies will be evaluated in order to determine if they
are suitable for radio frequency applications and for monolithic
implementation with the current silicon technology. In addition, the
system and circuit envirorment of the proposed design will be studied,

because it strongly affects the power amplifier design.




A power amplifier design that can be monolithically implemented is
designed and studied in Chapter 3. The problem of maximizing the power
and the efficiency of a power amplifier that operates from a limited tive
volt power supply is more difficult when the amplifier operates at high
frequencies. Chapter 3 will present the circuit design problems that arose
from the effort, the effect of these problems on the amplifier performance,
and possible approaches to maximizing the power and efficiency while

alleviating the design problems.

Comparison between experimental and simulation results for an
already existing power amplifier that is based on the same topology
principle as the amplifier proposed in Chapter 3 will be presented in
Chapter 4. This experimental work was done to evaluate how well the

circuit simulators can predict the designed circuit performance.

Finally, some concluding remarks and recommendations for further

research in this area are presented in Chapter 5 .




CHAPTER 2

Background

2.1 Introduction

Before being able to design a high frequency bipolar power amplifier
one must first become familiar with the circuit elements and design
principles necessary. In addition, one must becorae familiar with the effect
that the system and circuit environment of the amplifier will have upon
the amplifier design. This chapter will attempt to describe this necessary

background knowledge.

2.2 Review of Qutput Stages and Power Amplifiers

A power amplifier usually consists of two stages, the output stage and
the driving stage before it. The output stage must satisfy a number of
special requirements. It must be able to deliver a substantial amount of
power into a specified or deliberately chosen load, with acceptably low
levels of signal distortion. A well designed output stage should be able to
achieve these specifications while consuming low standby power and, in

addition, should not cause a major limitation of the frequency response of




the overall amplifier. In this chapter, several output stages will be
reviewed. A detailed analysis of output stages will be unnecessary, because
their theory has been the subject of several books [7]. Instead, they will be
categorized and their main characteristics, especially those of interest for

the design of a power amplifier, will be highlighted.

2.2.1 The Emitter Follower as a Class A Power Qutput Stage

+Vce

VA '/01
N

Vin

-Vece

Figure 2.1 Emitter follower output stage

An npn-emitter follower output configuration shown in Figure 2.1 is
chosen as an example. The interna! biases are shown as current sources I3

and IQ for simplicity, since most of the designers may realize these circuits

4




differently. The driving stage, consisting of Q2 and IB, js shown along with

the output stage because it usually affects the performance of the output

stage.

Even though the emitter follower can have a wide output swing under
proper bias, it has unsymmetrical current drive capability. This is because
the output transistor can only source current into the load, but cannot sink
current. In other words, when VA decreases, the maximum output
current that can be drawn from the load is equal to the bias current IQ of
the output transistor. On the other hand, when V4 increases the output
transistor can supply much larger currents, and a maximum positive

output voltage swing that is equal to VCC-VCE(sat).

Figure 2.2 shows the voltage transfer characteristic of the circuit of
Figure 2.1. Since RL is connected to the ground, Vg can be negative. It can

be seen, if the load resistance R is sufficiently large to give the result that

Vce/ RL<IQ (2.1)

then the current limitation will not be a problem and the output voltage

can swing almost down to -VCC. However, if R is not large enough to
satisfy the inequality of equation 2.1, then the negative output swing will
be limited to

(Vo-max) =-IQ RL (2.2)

which will result in clipping for the negative input voltage VA.
If IQ is increased then the problem can be solved, but this will reduce
the efficiency of the output stage since it increases the standby power

dissipation.
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The emitter-follower output stage discussed is an example of a class A
amplifier. A class A amplifier is a linear amplifier; that is, the output
signal is always directly proportional to the input signal. Such an amplifier

conducts output current continuously during the complete cycle (3o0V) of

a periodic input signal.
A
VCC-VCEt(sat) | — . — —
Vi >
/ BE1 VA
AL(low) — R
RL(high
(high) 1 wvee

Figure 2.2 Voltage transfer function of the circuit of Figure 2.1

The major advantage of class A amplifiers is that they have low signal
distortion due to their linearity. On the other hand, their major drawback
is that they show poor conversion of dc input power (Pdc) to ac output
power (Pac). It has been shown that their maximum theoretical efficiency
nmax=Pac/Pdc is only 25 percent [8] and that a typical maximum efficiency
nmax for an IC emitter follower is 20 percent {9]. Both cases assume

resistive load.




2.2 Class B Power a

+Vee +Vee
I8
|
Q1
VA Q1
Vin !
R
@ R
Q2
Vin
-Vce -Vee
2.3a. Simplified class B 2.3b. All npn class B output stage

output stage

Class B power output stages can help to solve the low power efficiency
problem of the class A stages, by having no power supplied when there is
no input signal. By definition, an amplifier operates in class B mode when

its output is a linear function of the input over 50 percent (180°) of the

input waveform period.




Class B operation requires two output stages. One stage conducts tor
exactly one-half cycle of a periodic input signal and the other stage
conducts for the alternate half cycle of the input signal. This kind of
operation can be achieved by a double complementary emitter follower
configuration shown in Figure 2.3a, also known as the "push-pull”
configuration. The npn transistor conducts output current only when the
input signal moves in the positive direction from its zero level, while the
pnp transistor conducts output current when the input signal moves in

the negative direction from the zero level.

Even though the complementary push-pull configuration is a good
illustrative example of class B operation, its use is limited due to the lack
of good pnp transistors. Substrate pnp transistors have limited current
carrying capability in comparison with npn transistors. Also, pnp
transistors are slower devices than npn transistors, because the hole
mobility is at least three times less than the electron mobility. Therefore
high frequency silicon and BiCMOS technologies are optimized for nipn
devices and pnp devices are not very common. All npn Class B output
stages using only npn transistors like the one in Figure 2.3b, known as the
totem pole configuration, have been suggested in order to overcome the

limitations of the pnp structures.

The class B configuration has a maximum theoretical power efficiency
of 78.5 percent, which is much higher than the class A configuration
efficiency [10]. However, class A amplification produces less distortion
than class B. Class B output stages suffer from crossover distortion, which
occurs because of the nonlinear behavior of the bipolar transistors [11]. The

silicon BJT requires its base to emitter junction to be forward biascd by




approximately 0.7 volts before significant collector current flow, and this
produces a threshold or dead zone, as will occur in the Figure 2.3a

example.

The crossover distortion can be reduced by using class AB operation,
which requires the output transistors to be slightly forward biased. In this
case, the output voltage is a linear function of the input for more than 50
percent (1800) of the input waveform period but less than 100 percent
(3600). Because some idle current will flow through the amplifier when
there is no input signal the efficiency of class AB operation is between the

efficiency of class A and class B, depending on the bias current levels.

2.2.3 Class C Power Qutput Stages

Class C operation occurs when the output stage conducts during less
than a half cycle of the input signal. A simplified class C amplifier is
shown in Figure 2.4 to illustrate the class C principle of operation. The
collector load consists of a parallel LC circuit which is tuned to the
frequency of the input signal. The periodic output current flows through

the resonant circuit and generates a sinusoidal output voltage.

The theoretical efficiency of the class C operation can reach 100 percent.
The efficiency factor for an inductively coupled transistor amplifier as

given by H.L. Krauss et al. {10] is
Nmax= (20-sin20)/4 (sin6-9 sin6) (2.3)

where 0 is defined as one half of the conduction angle of the input

waveform period. This is plotted in Figure 2.5. It can be seen from the plot

14




that when the efficiency tends towards 100 percent the conduction angle
tends towards zero, forcing the output power to also tend towards zero.
Therefore a compromise between good efficiency and high output power

results in typical efficiency values around 85 percent [12].

+Vce
Vout
Q1
Vin

Figure 2.4 Simplified class C output stage

Class C is a very nonlinear mode of cperation. For amplitude
modulation systems this presents considerable difficulty as the
nonlinearity of the power amplifier causes unwanted spectral components
to appear at the output of a transmitter. Some of these components are
harmonically related to the carrier frequency and can be filtered and
reduced to a negligible level, but often frequency components appear very
close to the wanted signal due to intermodulation and cannot be removed
by filtering. In order to avoid nonlinearity problems and still take

advantage of the high efficiency of class C operation many linearization




techniques have been suggested [13]. However, these techniques may
result in more complex systems that are more difficult to fully integrate in
high frequency applications. Class C amplification is more acceptable when
amplitude modulaticn is not present as in continuous phase Frequency
Shift Keying. In this case, band pass filtering after the amplifier is required
to remove harmonic frequency components arising from the amplifier
nonlinearity. However, this not a major limitation, so class C amplifiers

are more acceptable for continuous phase or frequency modulation.

1004

785

{
{
1
’ !
| ] T R
-4 l '
- ¢ s AB A
: Class of o‘acﬂtion :
= j i
0 1 § i | 1 !
0 %0° i80°
0
Figure 2.5. Efficiency factor (from [10})

2.3 Gain Saturation

Amplifiers can be considered as a form of power converter. They

convert both dc power, Pdc, and input ac power, Pjp, to output power, P,

16




at a specific frequency. Let us consider the two port power amplitier of
Figure 2.6. The total power input must be equal to the total power output,

Pin + Pdc = Po + Pdis (2.3)
where Pdis is the dissipated power.

Defining power gain as : G = Po/Pin then

Pdis = Pd¢ - (G-1) Pin (2.4

Equation 2.4 shows that if the power gain G remains coastant and
greater than unity and Pdc is limited, then as the input power Pin
increases, at some level of the input power the dissipated power I'dis
would become negative. This is clearly in opposition with the
fundamental rules of thermodynamics, and therefore the power gain

cannot remain constant [14].

Pin Fo

. . . | :
Active Circuit
Pdc ; Gain G PdiS;

Figure 2.6 Active circuit power conservation

Figure 2.7 presents a typical output power versus input power for an
amplifier. As the input power increases, a direct linear gain occurs in the
output power until the output power saturates, as shown, and further
increase in the input power no longer produces larger output power. Gain
saturation is therefore defined as the saturation of the output power of an

amplifier for a fixed dc power supply. Note that no assumptions about the
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linearity of the devices used in the amplifier were made. Even if the
devices were considered ideally linear, gain saturation would still occur as
long as the amplifier operates with a finite source of dc power supply. If we
define nonlinearities to include clipping because power supply limits have
been reached, in addition to device nonlinearities, then nonlinearity is the

mechanism which causes gain saturation to occur in general.

15
£
=
— 5
Pt
-
2
o
A
3
&
3
° .5
4
15 =+ a g T v T ¥ T
-3¢ -20 -10 o

input power (dBm)

Figure 2.7 Output versus input power for an amplifier

Device nonlinearities reduce the gain saturation level resulting in
reduction of the conversion efficiency. Conversion efficiency of an

amplifier is defined as the ratio of the output signal power to the dc power

of the amplifier:

n-= _I:Q
Pyc (2.5)




Equation 2.5 shows that maximum efficiency can be achieved when the
output power is maximum, if Pd¢ is limited. Achievement of maximum
output power requires nonlinear amplification within the amplifier as the
saturation region condition is approached, because the output power keeps
increasing in the nonlinear saturation region until it reaches the

saturation point.

One of the main objectives of power amplifier design is to mavimize
power gain and efficiency. The most common ways of doing this are
i) to optimize circuit techniques at the output stage, and

ii) to use optimum loading and impedance matching

At the same time the quality of the transmitted signal is expected to be
kept within certain specifications so that it can be reproduced by the
receiver. Using NTs BiCMOS process a power amplifier that can be part of
a single chip transmitter is restricted to operate from a single 5V power
supply. This restriction forces the designer to operate the amplifier close to
or in the gain saturation region, in order to achieve maximum output
power and efficiency. Of course, the consequence of operating in a
nonlinear region is the introductiorc of nonlinearities into the transmitted
signal, such as AM/PM modulation, AM/AM modulation and

intermodulation distortion, that may severely affect the transmission

quality.

AM to PM modulation occurs in circuits whose phase characteristic
depends on the instantaneous amplitude of the input signal. If a small

amplitude (envelope) perturbation is assumed, these devices can be

presented as a device with a AM/PM coefficient of K degrees/db, Figure







