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Abstract

New wireless communication systems like wireless local area networks (wire-
less LAN, WLAN), satellite communications, wireless point to multipoint radio
links, etc. lead to increasing efforts in the development of high-speed semiconduc-
tor technologies and RF circuits for these applications. Due. to the demand for
low-cost solutions and miniaturization, technologies enabling the complete mono-
lithic integration of major RF building blocks on single semiconductor chips are
strongly preferred/ One of the key RF building blocks is the power amplifier (PA).
Due to its position in front of .the antenna, is has to fulfill several needs stand-
ing in contrary to each other: Low power consumption but high output power
levels, or high transistor robustness and high speed efforts or high linearity and
high efficiency. Another important task comes from the economic side: Expensive
housing or matching networks are not wanted, but a high efficiency is required to
face the market, A major limiting factor is the limited quality factor of on-chip
passives. So some design techniques have to be considered to relax the limitations.
All this,.and accurate models for the transistors as well, are required to optimize
the design. . . \ . . . ' •

The main results are: -

• A highly integrated 2.4 GHz ISM PA with a minimum of external com-
ponents [Bakalski 02,e, Bakalski 02,d, Bakalski 02,a] is presented. It shows
outstanding efficiency performance of over 50% at 2 V of supply voltage
[Bakalski 02,b]. • '

• The first fully-integrated wireless 5.3 GHz LAN PA in SiGe-bipolar tech-
nology is developed. It fulfills the needs on linearity and is free of any ex-
ternal matching components including DC-block capacitors [Bakalski 03,b,
Bakalski 03,'c]. Further it shows almost perfect input and output match-,
ing. It features efficiency levels comparable with solutions requiring expen-
sive external networks or ceramics [Bakalski 03,a,Tikov 03,b, Simbürger 01,
Bakalski 02,c]: .

• The first fully integrated SiGe-bipolar PA working up to 18 GHz is re-
ported. It features as well all matching components integrated on-chip
[Bakalski 03,d]. It is an example for the technological limits as it rises up
to an fr/ fop of only about 4.2. It is further an example for the limits in the
usage of on-chip transformers.
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Chapter 1

Introduction

Every wireless communication system consists of different radio frequency (RF)
and base band building blocks describing in sum a transceiver (transmitter receiver).
The RF building blocks are shown in fig. 1.1. The digital part containing the base
band circuit of a modern communication system ends with its Analog/Digital con-
verters. Due to the fact that the design of A/D converters is limited.in speed,,
accuracy (e.g. quantization errors, noise..) [Schweinzer 96], a certain range in its
resolution and the power consumption for fast converters, it is only possible to
design "software radio" for a certain frequency range. Today, there only exist a
small amount of real "software radios", such as shortwave receivers for frequencies
up to 30 MHz [Cuno 03]. As today's mobile, applications all can be found in the
frequency range from 430 MHz to several GHz, it is obvious that there must be
analog RF circuits.outside the base band. . :

ID- =î>

O
CQtal

CD
C/5
CD
CT
QJ

CL

O
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Figure 1.1: Block Diagram of atypical wireless digital communications tranceiver.

The power amplifier (PA) is one of the main building blocks of a radio frequency
(RF) wireless communication system. Different to other amplifiers types, it has
the focus on delivering high output power, as it usually has to drive the antenna.
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The PA can be found in front of the antenna switch. As well as other building
blocks there are several aims in the design of the PA, caused by the needs for
its applications. Besides the necessary output power level, which can be limited
by technology as well as specifications and law réglementations, it usually has
to meet linearity specifications and/or efficiency specifications. Due to the fact,
that the PA together with processor are mainly responsible for the system power
consumption it is quite obvious, that efficiency means battery life time. Figure 1.2
shows the power consumption statistics of a DECT wireless telephone headset
chipset. In this example, three battery cell operation is estimated, as lower supply
voltage causes the use of DC/DC converters lowering the efficiencies for certain
building blocks such as the transceiver chip. It shows, that even for a wireless
communication system like DECT with low output power levels, the PA requires
about up to half of the whole RF circuitry power supply.

Complete Headset

66 % Baseband

20 % RF -
Trànceiveri

Power Amplifier

Ref: Infineon PMB 6610,
PMB 6818, PMB 7790 DECT Chipset

(3-batteryceiioperation) Radio Frequency Part

Figure 1.2: Power consumption statistics for a DECT headset chipset: (Infineon
PMB 6610 tranceiver, PMB 6818 PA and PMB 7790 DECT Controller). The
average power consumption values represent the normal operation mode with the
PA being half time at low power and half time in high power mode.

As the PA is one of the main keys to reduce power consumption, it is necessary to
improve the efficiency as much as possible. This includes also the use of efficient
matching networks, switches and antennas [Krischke 95, Cripps 99, Gonzales 84,
Vizmuller 95, Johnson 84, Bonek 00, Ukov 03,b, Ilkov 03,a, Bakalski 02,e, Bakalski 02,d;
Bakalski 02,a]. Another task is the linearity: New OFDM systems require highly
linear PAs to guarantee the system performance. The more frequency carrier or
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symbols [Agilent 02,a] are used, the tougher the linearity efforts become.

In the past years, a lot of design philosophies for power amplifiers have become
feasible. Basically there exist three topologies and a lot of amplifier classes de-
livering a rough description of the used design. Chapter 2 gives an, overview of
PA characteriziation, the topologies and different classes used to categorize the

. design. However all these rely on the used semiconductor technology. An overview
of the Si-based bipolar processes used for this thesis will be given in Chapter 3.
Of course, the reason for the wide range of different technologies is not only for
circuit design or technological reasons: The cheaper the building blocks can be
produced, the easier a wireless system can be accepted by the market, as the
products become affordable. The economic side cannot be neglected.

Currently, the market of PAs for mobile wireless applications is dominated mainly
by GaAs or InP derivate technologies [Raab 03], the so-called HÏ-V technologies1.
It is a difficult task to compare the cost of different technologies per chip, as they
depend on a lot of factors such as wafer size, mask resolution, amount of pieces
to be produced and so on. Typically the cost of InP based chips is about 8 times
higher than for standard Si-bipolar and GaAs based chips about 4 times higher.
Typical II-I-V transistors are the HEMT (High Electron Mobility Transistor) and
the HBT (Heterojunction Bipolar Transistor). III-V compound devices have typ-
ically lower packing densities and lower yields, increasing their per piece prices.
The calculation for CMOS based circuits is much more difficult, as the circuits
are more and more a mixture between baseband and RF circuits. While digital
circuits can be scaled down very well by decreasing the structure size, this is not
really possible for RF circuits, as components like inductors or capacitors cannot
be scaled down, because of the fixed operating frequency. The main cost factor
on very-large scaled CMOS processes today is the price for mask sets which are
typically 10-15 times higher than in Si/SiGe-bipolar processes considering today's
120 nm CMOS processes. They become efficient only for very high production vol-
umes. It has to be mentioned that the maximum yield and the different wafer sizes
make a calculation difficult. For cheaper mass production usage there exist only a
small amount of solutions on standard CMOS, Si or SiGe based power amplifiers
[Aoki 01, Baltus 01, Parkhurst 98, VathulyaOl, Simbürger 00,a, Simbürger 01,
Bakalski 02,c, Bakalski 02,b]. Especially [Vathulya 01] shows the basic problems
in the design of CMOS PAs: The gate oxide breakdown and the hot carrier effect,
which is a knock-out criterion for reliability issues. Other PA technologies featur-
ing a high ruggedness such as LDMOS (Laterally Diffused MOS) are limited to
lower microwave frequencies (typically 2 GHz) due to their direct grounding in
its source eliminating bondwire inductances used to produce a negative feedback.
Thus the gain at high frequencies is reduced [Raab 03].

Furthermore, it is also necessary to mention, that the highest possible inte-
gration is an important task to fulfill the market needs. Chips using a sec-

1 III-V: Description for thé used elements of the chemical periodical system. The roman
number tells the used material group, e.g. Ga = III , As = V, In = III. P = V
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ond integrated circuit for negative bias voltages," such as in most GaAs MMIC
PHEMT technology based amplifiers like [Raytheon 02], will not survive the next
years, as packaging is an important cost factor as well as the used semicon-
ductor technology. This implies that the full integration of all matching net-
works into the PCB [Weber 97, Simbürger 00,a, Simbürger 01, Bakalski 02,c,
Bakalski. 02,b], module [Yoshida 98, Bakalski 03,a, Ilkov 03,b, Ilkov 03,a] or even
the die [Aoki 01, Bakalski 03,c, Bakalski 03,b, Bakalski 03,d] should be the next
step in RF integration. An introduction on matching networks for the output and
on-chip matching can be found in Chapter 4.

This work presents some issues in the successful integration of matching compo-
nents as weir as the implementation of power amplifier techniques on standard
SiGe-based technologies. It starts up in Chapter 5 with a design for the 2.4 GHz
ISM band [Bakalski 02,c, Bakalski 02,b], where wireless systems like Bluetooth
and Wireless LAN or even wireless telephones are typical examples for its usage.
In Chapter 6, a 5 GHz wireless LAN amplifier [Bakalski 03,e, Bakalski 03,b] is
presented. As higher frequencies imply smaller wave lengths, the required chip
area for matching networks decreases. Therefore it is an important task to in-
clude as much matching network onto the die if possible, as packaging becomes
a difficult task at high frequencies. Finally Chapter 7 presents a 17.2 GHz PA or
driver design for future wireless LAN applications [Bakalski 03,d]. It is also an
example', in which range transformers as matching networks could be used.
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RF power amplifier design

2.1 RF power amplifier characterization

Power amplifiers have their usage on the most different applications, Therefore
it is necessary to characterize them to fit the right design into the right system.
The following sections should give a brief introduction in typical characterization
methods. . . .

2.1.1 The power transfer characteristic

The power transfer characteristic curve represents the plot of the output power
over the input power. A typical example for such a curve can be found in fig. 2.1.

This plot is one of the most often found in all application notes and datasheets.
It is possible to get the information on small signal gain, the 1 dB compression
point (PldB) and the saturated output power (PSAT)- In some cases oscillation
problems at the operation frequency are as well obtained (when the output power
does not converge to 0 if no input power is supplied).

The small signal gain can be read out of the curve in the linear region (fig. 2.1).
• The linear region is found for an input power range beginning above the noise
floor and ending up into the compression. In this area, the small signal gain is
obtained by the difference between output power and input power:

G[dB] = PouT,LiN[àBm] -PINtLIN[dBm] (2.1).

In addition, there exists also the saturated gain: ••

GW[dB] = POUT,SAT [dBm] - PIN,SAT [dBm] (2.2).
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30

Supply Voltage: 2.4V f = 5.9 GHz

Pout-Pin =
23 dB

-30 -25 • -20 -15 -10 -5
Input Power [dBm]

linear operation IP saturated operation
1dB

Figure 2.1: A typical PA power transfer characteristic plot [Bakalski 03,a].

Usually this definition is often used for systems operating with a saturated power
amplifier (PA), such as GSM.

The point where the PA is driven into the compression is named the 1 dB com-
pression point: It describes, for which power level the small signal gain is reduced
by ldB. Concerning the output power it is the ldB output compression point
(OPldB) and for the input power the ldB input compression point (IPldB):

OPldB [dBm] = IPldB [dBm] + G [dB] - ldB (2.3)

Using the power transfer characteristic plot, the 1 dB compression point can be
observed by adding a linear help line with the slope of 1 representing a small
signal gain (G) lowered by 1 dB (offset of the help line): The cross of this line
with the power transfer characteristic curve gives the 1 dB compression point
(PldB) (fig. 2.1). Finally, the saturated output power can be found as well: The
absolute maximum output power level the PA is able to deliver. This information
is usually necessary for the dimensioning of the PA output stage. Chapter 2.2
shows some issues on it based on the selected PA topology.

Figure 2.1 also shows the Power Added Efficiency (PAE) curve. This curve rep-
resents the overall efficiency of a PA. It is defined by the quotient of the output
power divided by all input power the circuit is feeded with [Raab 03]:

PAE =
PDC 4- PIN

(2.4)
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where PQC stands for the DC supply from the power supply, PIN for the input
power and POUT for the output power. In the case of high gain, the power added
efficiency can also be simplified to

g (2.5)
PDC

which is the definition for the DC-to-RF Efficiency or often only called Efficiency.
If the PA has a gain over 20 dB so that the RF input power can be neglected, the
PAE is the same as the DC-to-RF efficiency. It has theoretical limits, and each
amplifier class implies the maximum efficiency for the case that all components
being assumed to work ideal. The amplifier classes are described in section 2.3.
Another term often found in PA circuits is the collector efficiency CE for circuits
using bipolar junction transistors (BJT) and the drain efficiency DE for field
effect transistors (FET). It is defined by the output power divided by the power
supply of the transistor without bias-currents:

CE= PouT .=£»*£- (2.6)
rDC, Transistor VCCW

for BJTs with Ic representing the collector current and VQC for the supply volt-
age.

DE - P°UT = PouT (2.7)
PDC,Transistor VDD'ID

for. FETs with ID representing the drain current and VDD for the supply voltage.

Furthermore there exist efficiency definitions considering the average efficiency,
as PAs are often used for a certain range of different input power levels. The
average efficiency is defined by

PQUT,AVG
T]AVG = -ß

The average power levels are usually determined by probability functions based
on the used modulation scheme.

2.1.2 The frequency response

Every RF PA has a certain operating frequency range, for which it is designed.
Depending on the used matching and the center operation frequency the band-
width can vary quite much. Figure 2.2 shows a typical frequency response plot
for a narrow-band PA [Simbürger 01].

In this example the 3 dB bandwidth can, be read out quite simple: Just examine
the frequency where the output power is going down about 3 dB (the half output



Chapter 2. RF power amplifier design

26

25

m 24
XL

523
Q.

"3
[22

21

g

/

00 575C

\

5800
Frequency [MHz]

\

V ' •
A

\

-

5850 5900

3 dB

3 dB Bandwidth : 80 MHz

Figure 2.2: A typical PA frequency response plot.

power). The resulting frequency range gives the 3dB bandwidth. Usually the
range of operation depends on the application: For linear multicarrier systems
the output power deviation has to be much smaller to satisfy conditions like
Error Fector Magnitude (EVM) (described in 2.1.4 or [Agilent 02,b]). Hereby the
usable bandwidth is narrowed much more, so that the bandwidth is for example
a 1 dB-bandwidth.

2.1.3 The third order intercept point (IP3)

Linear PAs gain more and more importance, as new communications systems
like Wireless LAN require a high linearity to ensure proper operation. The most
popular linearity measurement is the intermodulation measurement on third order
interception (IP3). It gives the output power level (OIP3), when the third order
intermodulation product reaches the fundamental frequency output power level
(fig. 2.5). This level usually cannot be reached, as the amplifier saturates much
earlier. It is observed by considering a nonlinear amplifier, or in the simplest case,
a nonlinear transistor: The nonlinear transistor curve or PA curve can be formally
written as

. Ic = Aillée + A2U
2
BE + A3UBE + ... , (2.9)

with Ic for the Collector current of a bipolar transistor and UBE for the input
voltage between Base and Emitter.
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Applying two signals with a different frequency * on the input of the PA,

with LO± — u>2 «wi,W2, the output current of the transistor is

Ic = ' . .

= A\\U\ cos(wii) + U2 cos(tu2t)}+. .

* . . . . " ' (2-11)

Using the additional theorems [Bartsch 99] on eqn. 2.11, the spectral parts of the
output signal are easy to obtain with the dependence on linear, quadratic, cubic
and other parts: ' • • • ' .

I c = • • . •

linear term: Ax[Ui cos(u>it) + U2 cos(to2t)] +
quadratic term: ~A2[Uj (I + cos(2uit) + •

>i — tu2)t -f cos(o;i + tu2)t)+

cubic term: ^3[|^i3((3cos(wat) + cos(3o;ii)) + \Ui((3cos(oj2t) + cos(3cu2t))+
w! - u2)t + i cos(2 008(2^ + u2)t)+

. . " • • • • + . - . . ' • • • ( 2 . 1 2 )

. With this, the spectral parts that could be found in term 2.12 are:

linear term . ' . u>i, co2

quadratic term D C , | uij — u2 \ ,| ui\ + u>2 |, 2wa, 2ui2

cubic, t e r m . LJI,U>2, | 2UJ\ — u2 |, | coy — 2to2 |, 2tO] + UJ2, u>i + 2u>2, 3u>i , 3^2

The resulting spectrum of an amplifier with a quadratic and cubic nonlinearity
can be found in figure 2.3. The output power is plotted logarithmic [dBm], and
some of the third order intermodulation products can be found in the operating
frequency area causing errors in the output signal. The distance between the
output power at the fundamental frequency and its unwanted intermodulation
products is called the intermodulation distance IM3 for 3rd order and IM5 for
5th order intermodulation products.

1 usually.the same amplitude to simplify the measurements
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Figure 2.3: Output spectrum of a nonlinear PA: quadratic and cubic nonlinearity
are shown.

There exists also another description for the intermodulation distance: The carrier
to intermodulation ratio C/I. Hereby the C/I ratio describes the distance between
carrier and all intermodulation products. Figure 2.4 shows a typical measurement
setup for measuring the third order intermodulation point.

Generator A: f0

piniTI n u n Ganeralor
rTF5 ^ R * S . S M H U
• • • • • •
Q p Q O D D O144H 0 n

Generator B: fo+ df0

• a n a a a

DC-
Block

DC-
Block

n

n
HPIB, HPIB •

Figure 2.4: Two Tone measurement setup for the third order Intermodulation
point. •

In this setup two similar generators with a small frequency difference2 are used
for the IP3 measurement. To prevent any measurement errors, a lot of attenu-
ators have to be used between the stages. This ensures that the generators and
the device under test, the PA are loaded with 50 Q loads everywhere. This is

2typically 10 MHz, depending on the spectrum analyzer accuracy and frequency resolution
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important, as mismatched generators itself and in combination with mismatched
hybrids can cause additional intermodulation not caused by the PA. Especially at
the input of the PA the signal has to be checked for such effects. Figure 2.5 shows
a typical IP3 plot for a 17 GHz PA [Bakalski 03,d] using this setup. Due to the
limited output power of the generators and the high attenuation, the saturated
region of the PA is not reached by the fundamental frequency power transfer
characteristic. The 3rd order intermodulation point IP3 is defined by the crossing
of the fundamental frequency and the 3rd order intermodulation curve for the
linear operated region (non-saturated). It is important to mention, that the 3rd
order intermodulation must have a slope of 3.

IP3;
IP3 = 25.7 dBm

Vcc = 2.4 V CW-Mode

f2= 17 GHz +10 MHz

-25 -20 -15 -10 -5 0 5 10 15 20 25 30
Input Power [dBm]

Figure 2.5: IP3 measurement of a 17 GHz PA [Bakalski 03,d].

The cross of the fundamental transfer characteristic with the 3rd order intermod-
ulation slope implies in fig. 2.5, that the output IP3 can be easily calculated by
the measurement of only two power levels using a spectrum analyser:

/M3[dB] = P(/2) [dBm] - P(2/2 - ux) [dBm] (2.13)

0/P3[dBm] « P(/2) [dBm] + - • IMZ [dB] (2.14)

Measuring just two power levels below the OPldB compression point allows to
estimate the OIP3. It has to mentioned that using eqn. 2.14 is only valid if the
measured power levels fit exactly to the slopes of 1 and 3 respectively.



Chapter 2. RF power amplifier design 12

2.1.4 The Error Vector Magnitude (EVM) characteriza-
tion

Digital communication systems use vector modulated modulation schemes. The.
digital bits are mapped to symbols in the constellation diagram [Hlawatsch 99].
Figure 2.6 shows a typical constellation diagram used for IEEE 802.11a wireless
LAN systems. ^ i

1.5
A; CM OFOM Meas

0V1

Const!
• © •

300
m

MY

•1.5

@

€>

«55

€>'•

-2.f26
RBW: 312.5 kHz

2126
TîmèLén: GO Sym

Figure 2.6: Measured 64-QAM constellation diagram. The signal was measured
undistorted directly out of a generator capable to generate IEEE 802.11a test-
signals (WLAN, 54Mbit/s. 64-QAM). The additional two symbols represent the
tracking cursors required for the test set measurement to obtain the right ampli-
tude and phase, r .

These data symbols consisting of several data bits have a certain position in this
I/Q-plane represented by the carrier magnitude and the phase for a certain' data
clock transition. To ensure, that the signal is demodulated correctly, the exact
magnitude and the exact phase at each clock transition have to be guaranteed
within a certain error margin.

Figure 2.7 shows what happens, when a symbol of the I/Q-plane is shifted
in its magnitude and phase. The EVM is measured for a certain modulation
scheme and is defined by the scalar distance between two signal vector end points
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Q
Magnitude Error
(IQ error magnitude)

&
Measured
(distorted) signal

Error Vector

Reference signal
(from Generator)

Phase Error /
(IQ error phase)

Figure 2.7: Signal vector deviation of a distorting RF building block. The blue
vector represents the resulting error vector.

[Agilent 02,b, 3GPP 03]. Usually EVM can be measured for peak and RMS er-
rors. For applications needing a high linearity the RMS value is of higher interest,
as the peak (saturated) operation is not used. The relative RMS vector error is
defined by

RMS EVM = /'2]|£;(A;)|2/2J|5(A;)|2 . '• (2.15)
Y keK keK

with E(k) representing the error vector and S(k) the signal vector for each data
clock transition k and K for the whole set of symbols.

The symbol vector error for a symbol k is defined by

EVM(k) =

\

\E(k)\2

E
(2.16)

with N the total number of elements in the set K.

The EVM is usually given as percentage of the peak signal level error for the
outermost symbols of the constellation diagram.

With a Vector Signal Analyzer (VSA), such vector modulation schemes can be
measured. With the knowledge of the original signal, the error in the magnitude
and the phase can be easily determined [Agilent 02,b]. The EVM measurement
allows also further troubleshooting in RF circuits, an overview can be found in
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Programmable 32-QAM,
Signal Generator 256-QAM

flTOÖl r~Tg?1 Generator
• D • • a •
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1, DC-
Block •

Vector Signal Analyzer
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D a D a a
a a a a a
a a o a D .
• *.i •
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D D D • O.

HPIB HPIB-

Figure 2.8: Error Vector Magnitude (EVM) measurement' setup using a Vector
Signal Analyzer (VSA). . ' , • •

[Agilent 02,b] and in the flow chart 2.9. A typical measurement setup is shown in

fig..2.8..-.-. / • • ' • ' ' • • - • . ' . ' ' • •'•'

For PAs, a certain level of distortion could be tolerated. A common maximum
value for RMS EVM is 3 % for wireless LAN applications which could usually be
found in datasheets. . •• . ' .
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EVM Troubleshooting Tree
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Figure 2.9: Flow chart for analyzing vector modulated signals using EVM mea-
surements (taken!from [Agilent 02,b]). •
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2.1.5 The Power Complementary Cumulative
Distribution Function (CCDF)

As new digital modulation formats (especially with WLAN and the so called
3G Systems) feature higher peak-to-average power ratios, the power distribution
function is of importance not only for the calculation of average efficiencies but
also for the design of PAs, as the operation in a saturated area leads to a defor-
mation of .the outgoing power distribution function. The look on output power
distribution, functions was not of interest as long as modulation schemes like ana-
log FM with a fixed output power level or AM signals with a peak to unmodulated
signal ratio of 6 dB (limited by modulation index) have been the typical applica-
tions. But for coded Orthogonal Frequency Division Multiplexing (OFDM) with
a large amount of symbols there exist a. large amount of different magnitudes
and phase values for each symbol in the I/Q-plane. This causes a wide range of
output power levels. As a result, the symbols in the I/Q plane will shift due to
magnitude and/or phase errors. For example, applying the undistorted 64-QAM
signal in fig. 2.6 to a PA [Bakalski 03,b] with an average power in the region of
PldB, the signal willlook like fig. 2.10. •

A: Chi OFDM Meas - ' Range: Otffitn
. . 1.5| ; " : • • "~~wï ! . •

Cons!

/div

äMÄt-af*Ö:-'..'Ä^W^.'*5i •

%,„•' **i . y s , . T ,

-1.51

•2.12S
RBW: 312.5 kHz

2.128
TimeLen:87 Sym

Figure 2.10: Measured 64-QAM constellation diagram of a. PA working in the
compression: The average power was selected to be -7dBm at the PA presented
in [Bakalski 03,b]. The additional two symbols represent the tracking cursors
required for the test set measurement to obtain the right amplitude and phase.

The main idea of the power Complementary Cumulative Distribution Function



Chapter 2. RF power amplifier design 17

Q.

2

1

I

a.

o
Ü

100

10

£^ 0,1

0,0,1

1E-3

1E-4

: :::::::ri

: ':::::::

: : : : ::

: ::.::::::::

" ===

: : : : : :

0 1 - r

::::::::::

> ?

~

i A

—

: : : :

—

f

\

> 7

-

I

' f

\
;::.

:-

5 f

^~

- •

1 10 1

: : :

r::.:

-

::::z::

::::

:::rz

—

-

:::: ::::

::E£

—

::::

.:::

::::::

—

—

_^-

Ez:

" S =

:::::::

I 12131415 1617181920

100

10

0,1

0,01

1E-3

1E-4

[dB] above average

Figure 2.11: Measured undistorted IEEE 802.11a WLAN, 54Mbit/s 64-QAM
output signal CCDF curve.

(CCDF) [Agilent 02,a] is to describe the probabilities of the power levels by the
signal, and how the RF building block, like the PA but also other components
like low noise amplifiers (LNA), mixers will deform the curve. A CCDF curve
gives the information on the probability a signal has got for a certain power level.
Figure 2.11 shows the CCDF of a IEEE 802.11a 64-QAM signal. The signal varies
in its maximum output power by 11 dB, so that a typical back-off from the PldB
compression of 10 dB is used. Applying higher input power to a PA will shift the
output peaks into the compression and thus lead to increased errors in the I/Q
constellation plane. Figure 2.12 shows the .CCDF for a PA [Bakalski 03,b] driven
into strong compression. ;

The CCDF curve bases on the probability density function (PDF) px(Ç) given by
the modulation scheme, hence by the probability of the symbols. The integration
of the PDF gives the Cumulative. Distribution Function (CDF) [Weinrichter 91]:

CDF(0 = J Px(a)da. ' (2.17)
—oo

Inverting it, by subtracting the CDF from 1 (CCDF = 1 - CDF) gives the Com-
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Figure 2.12: Measured undistorted input signaland a strongly compressed 64-
QAM output signal CCDF curve. The PA was driven with an average input
power of -4dBm which is in the saturated area [Bakalski 03,b].

plementary Cumulative Distribution Function (CCDF):

(a)da. (2.18)

The difference between the CDF and CCDF curve is that the CCDF curve empha-
sizes peak power levels instead of minimum power levels in the CDF. The CCDF
can be seen as an improvement on characterizations using the Crest Factor, as
single peak levels are stressed much more. The Crest Factor itself is defined as
the ratio of the peak voltage to RMS voltage level, but for the whole signal. Using
only the crest factor would ignore single peak levels like parasitic effects, and the
peak value measurement would strongly depend oh the measurement time, and
thus lead to problems in repeated measurements [Agilent 02,a].
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2.1.6 Noise Power Ratio (NPR)

The Noise Power Ratio (NPR) is a less common linearity characterization method
as it is now replaced more or less by CCDF or ÉVM characterization. Herby it is
used to characterize the PA behavior used for multi-carrier signals (>10 carriers).
Idea of this test procedure is to feed the PA with a white noise signal containing a
notch in its spectrum. A nonlinear PA will cause the notch to disappear [Katz 03,
Raab 03].

The white noise simulates many carriers of random amplitude and phase. A multi-
carrier system is therefore well-covered and it is easier to feed the device-under-
test with a noise'than with multiple well defined carriers that even do not interfere
with each other. Usually the signal is generat.ed with a noise-source 3 [Flecker 84]
that is connected to a band-pass filter and a notch filter in series (fig. 2.13).

BN(oiU

Noise-Generator
1 1 vcc w

Band-Pass-Filter

r\. w
W

Notch-Filter

T

Figure 2.13: Generation of a test-noise for NPR analysis.

The notch depth can easily be measured by the use of a spectrum analyzer.'
Applying the signal tö a PA with its intermodulation products will cause the
notch to be filled up. The NPR is defined by ratio of the notch power to the
average signal power (fig. 2.14): • • ' .

NPR [dBc] = fOUT {^ Notch)

PoUT,AVG
(2.19)

2.1.7 Adjacent Channel Power Ratio (ACPR)

The Adjacent Channel Power Ratio (ACPR) is another very common linearity
characterization. Especially in applications working with frequency multiplex,
ACPR is often used.-The ACPR is the ratio of the out of band power (of a
specified range) to the RMS signal power. It characterizes the affection to adjacent

3It is typically realised using an avalanche diode.
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Pour(0

Figure 2.14: NPR measurement definition.

channels due to nonlinearity. Inverting the ACPR definition gives the Adjacent
Channel Leakage Ratio (ACLR), which is not very common, but used in some
R&S4 measurement enviroments [Banerjee 02]. •

As introduced before, the ACPR can be defined by [Raab 03, Kenington 00]:

\H(f)\2S(f)df

ACPRL [dBc] =
BW,j

2

J\H(f)\iS(f)df
11

(2.20)

with S(f) representing the power spectrum, H(f) a pulse-shaping filter (CDMA
applications) fc the center frequency, BW the bandwidth, / 0 the offset, and fi
and fu lower and upper band edge, respectively. .

BW,

Figure 2.15: ACPR^ measurement definition.

Eqn. (2.20) specifies the lower sideband, but it is possible to specify the upper
side band as well. Furthermore, sometimes the ACPR is defined for two different
frequency offsets, and the outer band ACPR is often called Alternate Channel
Power Ratio.

4R&S stands for Rohde&Schwarz, a measurement equipment manufacturer.
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2.1.8 PA ruggedness: Operation into mismatch loads

Mobile wireless communication systems such as. GSM have the problem that the
antenna finds itself in the most different conditions. Thus the offered load to
the PA will not be in the optimum area as desired. In fact high VSWR peaks
can occur, which may damage the PA. To test the ruggedness of the PA, fig. 2.16
shows a measurement setup for testing the PA with mismatched loads. The sliding
short together with the attenuator provides a variable load to the PA, thereby
emulating a mismatched antenna. Harmonics and spurii can be measured under
different mismatch conditions using the spectrum analyser.
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Figure 2.16: Test setup for the operation into mismatched loads.
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2.2 RF power amplifiers topologies

RF power amplifiers have been constructed in three major topologies, each having
different advantages and disadvantages [Shumaker 02, Walker 03]. However these
rely mainly on the features of the used technology as well as the application the
PA should be designed for.

2.2.1 Single-Ended PAs

The most simple and therefore most often found topology is the Single-ended
power amplifier. Figure 2.17 shows the block diagram of such an amplifier.

vcc

Input MATCHING
NETWORK • BIAS -i

RFC
DC-Block

I t -

Tr

MATCHING
NETWORK

Output

_L Low inductance
" ground connection

Figure 2.17: A single-ended 1-stage power amplifier block diagram.

This amplifier topology is specified by the emitter or source (FET) connection
to ground, while the input is feeding the base or the gate. Another configuration
uses the base or gate contact connected to ground. Both have the operation with
unbalanced in- and output signals in common. This shows the first major prob-
lem in all single-ended designs: The ground connection. Considering DC voltages
and currents, the ground connection is only a problem of conductivity. With the
typical Al-metalization in Si-based semiconductor technologies and the connec-
tion with bond wires, the DC resistance is typically in the range of some mQ
up to 1-2 fi. The real problem comes up considering RF signals: The longer the
layout connection to ground, the higher the inductance of the connection will be.
Additionally, bond wires behave like inductors with a high quality factor Q. In
a typical RF chip package, the inductance from the outer connection pin to the
emitter of the transistors is about 1-1.5 nH. Calculation formulas are presented in
[March 91, Wadell 91]. For high frequencies, this problem becomes so dominant,
that every amplifier gain will be reduced up to non-operation by the impedance
of the emitter connection:
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lim Zconnectioniju) = lim JU)LConnection + Rconnection — (2.21)

vcc

Input MATCHING
NETWORK " BIAS

MATCHING
NETWORK

Output

CONNECTION

Figure 2.18:- A single-ended 1-stage power amplifier with an emitter connection
impedance.

It is easy to see, that the impedance Zconnection will lead to reduced currents
through the transistor and thus to reduced output power and gain (emitter de-
generation). • . • . • • • '

However, there, exist several possibilities to weaken the problem:

• The use of several bond-wires in parallel. This reduces the inductance, but
only up to a.certain level, as bond wires close to each other,have mutual
inductance. Calculations on bond-wires and coupling between bond-wires
could be found in [March 91].

• The chip could be housed using flip-chip packaging technologies [Nicolics 97].
Hereby the die is soldered directly onto a PCB or ceramic carrier. However,
the problem of heat dissipation could become relevant, as different thermal
expansion coefficients may lead to reliability problems.

• Some semiconductor technologies feature a kind of VIA connection through
the chip towards a ground plane. This is typically called a Sinker, and is
usually available in III-V technologies. There exist two dérivâtes: First, the
real metalized VIA and the VIA using a highly doped substrate contact
on a high conductive substrate. The second option suffers from a limited
conductivity and thus matching components such as coils have a reduced

. Q-factor. It is easier to realise in Si-based technologies.
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Figure 2.19: A push-pull type 1-stage PA block diagram.

The main advantage of single-ended designs is the easy in- and output matching
[Gonzales 84]. Usually only a certain combination of an inductor and a capacitor is
enough for a narrow-band matching network. The problems come up regarding the
load impedance area and the bandwidth where transistors have to be matched. For
example, single-ended GSM PAs need an output load impedance RL of typically
less than 1Q. In dependence of the package, between Output transistor and the
load exists a series inductance, hence the load presented to the transistor is:

— ZL,B<mdwire + (2.22)

It is obvious, that even low inductances will lead to high losses in the inductor.
Furthermore, if we consider, that the bondwire inductance shifts due to man-
ufacturing inaccuracies, the matching will have deviations in a certain range.
As transistors are never unilateral, this shows up. the next problem: The input
matching. RF BJTs have a low input impedance 5. If such an output transistor
is fed by a small driver, the matching requires high Q-factors, to have an efficient
design. It should be mentioned that most switched-mode amplifiers are based on
single-ended topologies. Although they allow the highest possible efficiencies, it
is not possible to implement them for highest frequencies (above 20GHz), due to
the limited switching speed of the transistors.

2.2.2 Push-Pull PAs

Using two single-ended PAs supplied by an input signal shifted by 180° brings up
the so-called push-pull power amplifier. Figure 2.19 shows the block diagram of
this topology. The 180° phase shift is typically generated by a so called BALÜN

5It depends on emitter area, output matching and operation point
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(&4Zanced to WVbalanced). There exist several methods of generating such sig-
nals, the LC-BALUN discussed in section 4.18 is one of them (±90° phase shift).
While push-pull amplifiers for audio frequency (AF) applications today consist of
a matched pair of npn and pnp transistors (or their equivalent FET types), this
is usually not possible for RF amplifiers, due to the fact that the pnp transistors
are much slower and operate with lower current densities. Figure 2.20 shows an
AF complementary output stage.

Complementary
output stage

O +Vcc

Figure 2.20: An audio frequency (AF) PA output stage. It uses two complemen-
tary transistors: The npn for the. positive, the pnp for the negative input signals.

Push-pull or also called differential amplifiers have several advantages compared
to the single-ended solutions: '

• Easy realisation of class-B or class-AB amplifiers, due to the fact that the
circuit can bë dimensioned in that way that each transistor is conductive
for a current conducting angle of 180 °.

• The circuit offers a virtual ground. Though, the ground connection is only
required for the DC supply. For RF signals, the ground is exactly where
both emitters connect to each other. Thus, the virtual ground of the input
matching network can be used for the transistor biasing. No extra quarter
wavelength transmission line or RF choke inductor is necessary.

• Transformer [Johnson 84] or Marchand [Marchand 44] based BALUNs have
the feature that any DC potential can be applied without affecting the
circuit at in- or output. Thus no DC blocks are required in this case.

• The load-line impedance for equal output power is four times higher than
for single-ended designs. Thus losses in bond-wires are reduced. Further,
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the necessary transistor areas are reduced as well, which improves linear
design at higher efficiency and relaxes the need on high Q-fàctors for the
interstage matching. .

Of course push-pull PAs have one major disadvantage: They require a BALUN.
The design of a low-loss, well-matched BALUN is not a simple task. Especially
at the output side, a BALUN requires several efforts in one:

• The impedance of each input port of the differential input must be equal.

• The phase between the two ports of the differential input must be as near
to 180° as possible. . • . .

• For high efficiencies it is also advantageous to match the second and third
harmonic loads to the transistors [El-Hamamsy 94].. Especially for the sec-
ond harmonic frequency a low impedance and for the third harmonic fre-
quency a high-valued impedance is desired. Typically this task is best met
by Marchand-BALUN [Marchand 44, Mongia 99] dérivâtes.

• The BALUN losses should be as low as possible. For BALUNs constructed
with lumped elements this requires high Q-factors.

Today, there exist a lot of very efficient BALUN proposals [Bakalski 02,a, Ilkov 03,b,
Johnson 84,s Mongia 99], fitting to a lot of applications. However their design suf-
fer from higher complexity than that of single-ended matching networks.

2.2.3 Balanced PAs , . .

The balanced PAs differ basically in their 90° phase shift between its parallel
driven stages. It is important to mention, that usually the definition of "bal-
anced" in RF circuits implies 180° of phase shift. Unlike to RF circuits for
power amplifiers the nomenclature "Balanced Power Amplifier" exists for 90°
phase shift between the stages [Shumaker 02]. For RF PAs, power combining is
a very common method to increase output power, especially when a single stage
won't' fit the necessary specifications. Therefore not only Wilkinson power di-
viders [Wilkinson 60, Howe 74, Magerl 98] are used, also branch couplers like the
Lange coupler [Lange 69] are in common for power combining. Especially for very
high frequencies (>50 GHz), the combining with a 90° coupler makes sense, as the
wavelength is very short, and can be integrated on-chip [Chang 03]. Furthermore
such couplers typically offer a good input matching, as a 50 fi load is used. This
is necessary especially for very high frequencies, as the input matching needs to
be as good as possible, as gain is low and matching with external components is
very lossy and difficult. The use of a 50 fi load implies a big disadvantage as well:
This resistor is an.additional part, and it will require die-size or an area on the
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Figure 2.21: A balanced 1-stage power amplifier block diagram.

PCB. Further such loads have a certain power dissipation, worsening the ther^
mal problems in the PA. The most important disadvantage from balanced PAs
to push-pull typed amplifiers is the missing virtual ground. This causes similar
problems with ground connections as known in single-ended designs. This implies
that the resulting load impedances are two times lower than in push-pull designs,
as it is in fact a single-ended design using a power divider. Furthermore, a class-
B or class-AB operation is very difficult, as now.both transistors are not used
complementary anymore. Both, balanced and push-pull configuration, have the
advantage,, that intermodulation products are cancelled: For balanced the third
order products, for push-pull the even products.
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2.3 Power amplifier classes

PAs are categorized into classes dependent on the waveform of the voltages and
currents observed at the transistors. The first major group are the class-A, B and
AB. They are often described as the linear PA classes. The classes C, D, E, F,
G, H and S are the so-called nonlinear amplifier classes. While a class-C PA uses
the same topology as a class-A PA but with different biasing, the other classes
have all in common that they use the transistor as a on/off switch. Most of them
are based on proposals by Raab [Raab 75, Raab 78,b, Raab 78,a, Raab 77] and
Sokal [Sokal 75, Sokal 77].

2.3.1 Class-A power amplifier

The most simple class is the class-A PA as it is quite similar to its small-signal
amplifier counterpart. In this configuration the bias und thus the operating point,
is chosen in that way, as there is always a current flowing through the transistor.
The transistor should therefore work in its linear area without any distortions.
Typically it is realised in a single-ended configuration as discussed before. A
typical schematic can be seen in fig. 2.22.

Figure 2.22: A class-A single-ended PA. The collector current ic and the RF
output voltage Vc are plotted with their ideal waveforms.

Neglecting the matching circuitry and its parasitics, the bias is assumed to be
chosen that the operating point is in the mid of the linear region. With Ic,quiet
describing the bias current, the collector current can be written as:

ic(t) - iC, quiet - hi AX COs(u>t) (2.23)
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with IM AX being the peak value of the collector current. While lc,quiet flows via
the RF choke coil RFC, the non-DC part passes the DC-Block capacitor causing
an output voltage at the load impedance attached to the output:

vo(t) = RL • IMAX cos{ojt) = VMAX cos(ut) (2.24)

Analogous to AF amplifiers using transformers, the peak output signal can reach
up to Vcc instead of ^ ^ peak output voltages. This is due to energy stored in
the RF choke coil (fig. 2.23) :

Vc(t) Vc(t)

•v r j

2V(

t

Figure 2!23: Improvement of the maximum output voltage with the use of an
inductor instead of a resistor.

The maximum output power can therefore be as high as

, PL(t) =
2Ri 2Rj

(2.25)

using the factor 4= for the RMS voltage of a sinusoidal signal.

Considering the maximum efficiency of a class-A amplifier, additionally the power
consumption has to be calculated:

Vècr
" JC, quiet ~ T-,

(2.26)

under the assumption, that the PA is biased to have the average output voltage
Vcc-
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The maximum overall efficiency is

(2.27)

It is important to mention that the heat dissipation has to be considered, as class-
A amplifier suffer from high quiescent currents beside the low theoretic efficiency
maximum. This is an important point for PA designs with high peak to average
power ratios (crest factors).

2.3.2 Class-B and AB power amplifier

While the transistor in a class-A PA is always conducting, this is totally different
for the other linear classes as well as for class-C. Hereby the conduction angle
decides in which PA class the circuit is operated:

Figure 2.24: The conducting angle for a class AB amplifier

The conduction angle 0 is the fraction of a full cycle where the transistor is
operated to be conductive. Thus fig. 2.24 shows that a sinusoidal signal is cut off
for negative currents, and thus the amplifier transistor must have a conduction
angle 6 of less then 360°, the conduction angle for class-A amplifiers. If 0 is
between 360° and 180° we have a class AB amplifier. For 0 = 180 ° it is a
class-B design. Less than 180° of conducting angle is a class-nC amplifier. For
calculations on efficiency and power there is also the half conduction angle 6 in
common (fig. 2.24). It is used for calculations of output power an efficiencies.

The conducting angle also implies the information on the achievable output power
and maximum efficiency. Expressing the collector current for ic(i) > 0 with
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ie(t) = IMAX cos(ut) - ICtquiet (2.28)

with the quiescent current Ic,quiet = IMAX • cos0 with - 0 < ut < 9 and 0 = 20
gives:

ie(t) = IMAX (cos(ut) - cos 6) (2.29)

The calculation of the efficiency requires the knowledge of the DC component and
the fundamental frequency component which both are determined by a Fourier
series. Hence, the DC component is

e e
I DC = 57 / [IMAX (COS ut — cos 0)] du)i = £ f [IMAX (COS ut — cos 0)] dut =

-e

IMAX [sin0-0cos0] (2.30)

Using eqn. 2.30, the DC-power provided from the power supply is :

P D C = Vcc • I DC = VCCIMAX ( s in 6-9 cos 9) (2.31)

The fundamental frequency current is given by

h = h J ^MAx{cosut - Icmiet) cosut]dut = Ij~-(29 - sin 20) (2.32).

o

Hence we get the maximum output power for the fundamental frequency by

j\-RL Upegk jpeak VCC ipeak VçÇ ' I MAX foû • 9/Qs (c) „oV

PouT,max - - T - = - ^ - ^ = T f ^ f = — 4 ^ (20-sin20) (2.33)

Thus, the theoretical maximum efficiency is determined by

20 - s i n 29

Figure 2.25 shows the maximum efficiency vs. the conduction angle. It can be
determined that the maximum efficiency for class AB PAs is between 50% and
78.5 % (class-B). Hence the class A PA with a conduction angle of 360° is limited
in its efficiency by 50 % (eqn. 2.27). This represents a rather theoretical curve, as
it implies an optimum loaded amplifier which has got its peak output voltage up
to the supply voltage Vcc- Further the saturation voltage is simplified to 0 V. If
the output peak voltage is limited to Kut.peofci eqn- 2.33 can be written as

POUT = ±—. (20 — sin 20) (2.35)
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Figure 2.25: The maximum efficiency vs. the conduction angle.

2.3.3 Class-C power amplifier

Class-C type PAs are rarely found today. Even as they offer higher efficiencies
than class-B, they suffer from high distortions and thus high nonlinearities. The
conduction angle 0„for a class-C type PA is lower than 180°, being the reason
for the nonlinear behavior. Figure 2.25 demonstrates that the efficiency rises up
to 100%, but this implies extremely low conduction angles which must result in
reduced output power levels. The degradation of output power with the reduction
of the conduction angle can be found in [Rodgers 03] (fig. 2.26).

Pc0,max,nortn Po,norm 7T 1 - COS 6
(2.36)
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Figure 2.26: The maximum normalized output power vs. the conduction angle.

2.3.4 Class-D power amplifier

The class-D power amplifiers are switched-mode PAs. All these amplifiers see
the transistor as a controlled switch (fig. 2.27). An ideal switch would behave
as an ideal conductor for the 'on'-resistance and having an infinite resistance for
the 'off'-resistance. Assuming that there is no loss, the output signal will be the
power supply switched on and off, just depending on the rate of the input carrier
signal. For this assumption the efficiency will be 100%, as no losses due to finite
switching time and internal parasitic resistances can occur.

ce

Figure 2.27: Transistor used as a switch in a PA configuration.
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Class-D amplifiers typieally base on a push-pull topology. Out of this there exist
three types of class-D stages:

1. The complementary voltage switch PA

Figure 2.28 shows a simplified schematic of a class-D complementary voltage
switch PA stage. This design uses a transformer to drive the transistors Tl
and T2 with a phase difference of 180°. This concept known is a classic
push-pull type configuration where Tl is turned on if T2 is turned off and
vice versa. As a result, the capacitor is switched between the supply voltage
Vcc and ground. The voltage found between emitter and collector of T2 has
therefore a square waveform (fig. 2.28) with a 50% duty cycle.

<?V„

• • / , 4®

— ± oLZZX,

*~*OUT '-OUT

(b)

Figure 2.28: a) Complementary voltage switch class-D PA (b) equivalent circuit.

The emitter-collector voltage as sketched in (fig. 2.28) is:

with sgn(ujt) as the signum function:

(2.37)

{ +1 -, sin(w£) > 0
0 , sin(üüt) = 0

- 1 , -sin(wi) < 0

Applying the Fourier analysis on the squarewave voltage gives:

4 -f • ' 1 1
sgn(ujt) = - < sin(wi) 4- -sin(3u>£) + -sin(5a?i)

7T I O 5

(2.38)

(2.39)
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and hence

- s i n M + w- sin(3o;0 + ^- sinibut) + • • • ] • (2.40)
IT OTT OTT J

If the output network consisting of COUT and hour is tuned to the fun-
damental frequency of the squarewave signal, we should see a sinusoidal
current and voltage on the load Z/, as sketched in fig. 2.28:

. , .v 2VCcsin(u>t)
« M ) = ( 2 . 4 1 )

with the peak value
lout,peak — ^ (2.42)

Kit

for the output current and

v -2Voc
y MAX —

• 7 T

for the output voltage. Hence, the output power is calculated by

D ZVMAX ^VCC
p

For the efficiency calculation, the DC consumption has to be calculated.
The DC peak current is the same as in eqn. 2.41 due to the whole current
flowing through Tl (or T2 half a cycle later). This implies that the power
gathered from the power supply equals the RF power. Thus the theoreti-
cally efficiency is 1 (100%). However the efficiency will be reduced by finite
switching speed and the non-ideal switching behavior (finite conductivity,
and remaining resistance when switched off).
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2. The transformer coupled voltage switching PA

~?ctö

RFIN+ RFOUT

Vo

RFIN-

Figure 2.29: Transformer coupled voltage switch class-D PA

The transformer coupled voltage switching amplifier has the same topology
as a push-pull type amplifier. It is different to the complementary voltage
switch PA as it needs a second transformer as a BALUN. Though it does
not need the input transformer to feature inversely arranged windings. Its
efficiency is theoretical 100%, the same as in the complementary voltage
switch PA.

3. The transformer coupled current switching PA

Referring the schematics 2.29 and 2.30, both amplifier types differ only in
their power supply feeding, which is now done by a RF choke, and their
output filter. The RF choke is hereby used to force the circuit to gather
constant current from the power supply, which is switched by the transistors.
In this configuration, the collector currents and voltages change, but the
efficiency remains at the theoretical 100 %. Using the amplifier as a current
switch improyes device speed behavior, as BJTs for example can be tuned
to operate in their optimum working point and furthermore, the problem
of avalanche breakdown due to high voltage switching is reduced.

Further topics on class D amplifiers can be found in [Albulet 01, El-Hamamsy 94].
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RFIN+

RFIN-

Figure 2.30: Transformer coupled current switch class-D PA

2.3.5 Class-E power amplifier

Class E power amplifiers are single-ended switch-mode configurations. Like in
class D, the transistor is seen as an ideal switch. Figure 2.31 shows a simplified
schematic and the equivalent circuit with a switch as an ideal transistor substi-
tute.

(a) (b)

Figure 2.31: (a) Class E PA configuration (b) equivalent circuit

In this schematic Cp represents the transistors parasitic capacitance and thus
a part of the passive load network sketched by Ci, CQUT

 a n d LOUT- Class E
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amplifiers have the theoretic maximum efficiency of 100 %, but however rely on the
same limitations as their class-D counterparts: Limited switching time, limitations
in the ,Q-factor for the passive components (especially in lossy Si-substrates a big
problem), and their saturation voltages.

2.3.6 Class-F power amplifier

The class F power amplifiers are usually single-ended configurations but use a
load network consisting of harmonic resonator circuits. Figure 2.32 shows an
example for such a configuration. The voltage waveform consists of one or more
odd harmonics to approximate a squarewave signal, while the current includes
even harmonics to approximate a half sine wave signal. In inverse class F called
designs this is vice versa. A class-F design equals class A for the number of
harmonics set as 1. For oo harmonics the efficiency converges to 100% [Raab 03].
To get required harmonics the output is loaded with several C2/L2 tanks and
the transistor operated in saturated mode similar to class-C. It is important
to mention, that class-F designs require the most complex output filters, whose
component values must be correct for specific frequency points.

Figure 2.32: The Class F PA configuration.

2.3.7 Class-G/H/S power amplifier

Class G and H amplifiers are further PA classes improving the class B efficiency
especially with a focus on low input power signals. Today they can be found
only in audio amplifiers and require several supply voltages and active devices.
Figure 2.33 shows a class G audio power amplifier output stage for two supply
voltages.
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D1

D2

Figure 2.33: A Class G audio amplifier output stage.

The main idea in class G is to overcome the poor efficiency on low output power
levels by designing an efficient class B or AB amplifier for small output power
levels, so that the efficiency is high for the .average power level. For the high
output power levels an additional stage is stacked, operating in class-C mode.
Hereby the low power amplifier transistors are cut off at their supply voltage and
the stacked class-C transistor stage adds the necessary cut signals (fig.-2.33).

As a result, a class G amplifier has a higher average efficiency than a usual
class B or AB amplifier. Furthermore the heat dissipation is also spread over
two transistors. These designs are found mainly in audio applications due to the
wide bandwidth necessary for the active components and the much slower pnp
transistors.

Class H is an extension to class G and modulates the higher power supply by
the input or output signal (fig. 2.34). By this, the optimum supply voltage is
tracked with the input signal to achieve better average efficiencies than in class
G. Examples for class H PA could be found in [Higashiyama 95, Gottlieb 87] and
a commercial example is the TDA 8574 line driver IC [Philips 98]. Another PA
class is the class S. It includes all PA operating with pulse width modulation.
Hereby the signal is brought to a rectangular waveform with variable duty-cycles
in dependence of the input signal. Figure 2.35 sketches the possible waveform
resulting of half a sinusoidal input signal. With such a configuration, an amplifier
stage can be operated very efficient, but requires additional filtering, hence a
low-pass at the output. The major disadvantage of such configurations is, that
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High Voltage
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Figure 2.34: A Class H audio amplifier output stage.

(a)

r-i»

(b)

Figure 2.35: Pulse Width Modulation: Creation of a PWM waveform (b) out of
an input sigal (a).

the transistors have to be much faster than in any before presented class as it
must switch with a much higher switching frequency than the operating frequency
to generate the accurate waveform with rectangular pulses and a low pass filter
(comparable with 1-bit DACs using oversampling). This limits its RF ability, as
the transistor speed is limited for every technology.
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SiGe bipolar transistors

3.1 Introduction

Today there exist several semiconductor technologies with the most different ad-
vantages and problems as well. A major group used for PA designs are the so called
III-V-technologies. They include all InP, GaAs, and GaN technologies. Ill and V
stand for the group in the chemical periodic system, respectively. As mentioned
in the introduction, these technologies basically provide the best performance for
PAs, wide band amplifiers and fast digital circuits, but suffer from high cost.
The reason for the higher cost is originated in the smaller wafer sizes for III-V-
technologies and the higher material cost implying higher wafer cost as well. The
higher performance of III/V-technologies is based on the higher maximum carrier
velocity, being up' to 3 times higher than for Si.

The next major group are the silicon (Si) based semiconductor technologies. There
exist the Si Bipolar Junction Transistor (BJT) and the SiGe Heterojunction Bipo-
lar Transistor (HBT). Furthermore also Complementary Metal Oxide (CMOS)
processes exits featuring complementary n- and p-FET transistors. Theoretically
CMOS power amplifiers are feasible but suffer from reliability problems due to
very low maximum supply voltage and hot carrier effects. Today no commercial
CMOS-PAs are available. Further, there exist also mixed technologies called BiC-
MOS processes. These combine the excellent high integration possibilities with
the better RF performance of bipolar transistors. The next sections will give a
brief discussion on the construction and the modeling of Si-BJTs and SiGe-HBTs
used for the PAs in this thesis. A very good source on physics and modeling of
bipolar transistors is found in [Reisch 03] and [Schrenk 78].

41
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3.2 Self-aligned Silicon Bipolar Junction Tran-
sistors (BJT) and Silicon Germanium Het-
erojunction Bipolar Transistors (HBT)

The PA designs described in this thesis use SiGe bipolar HBTs. As this transistor
type is mainly based on its Si bipolar BJT predecessor, this should give an intro-
duction how such transistors are constructed and how the SiGe HBT differs from
the Si BJT. In the past decades a lot of literature has been published describing
the functional principles of bipolar transistors. The first publications originate
from [Shockley 50], but more modern presentations can be found in [Ashburn 88]
and other literature.

BASE EMITTER COLLECTOR

-P/X'\d!L ^ jTrPoly-Si LOCOS

active transistor area

n+

p+-poly-Si

l?E
as.k. lithographic emitter window width

Figure 3.1: Schematic cross-section of an integrated npn Si bipolar transistor
using polysilicon contacts and a self-aligned emitter-base-complex. The active
transistor lies within the dashed region. The other area is used for contacting to
the metalization and for the isolation from other components [Aufinger 01].

A schematic cross-section of an integrated npn BJT for RF applications is shown
in fig. 3.1. The dashed lines outline the active area of the transistor with its
three crystal regions, consisting of two n-doped domains for the emitter and
the collector and the p-doped domain for the base.. The connection to the outer
metalized emitter contact is done using a highly n-doped polysilicon while the
base is connected using highly p-doped polysilicon. The high doping is necessary
to keep the contact resistances as low as possible. To isolate the polysilicon layers
from each other a thin oxide-nitride double-layer is used. This so-called spacer
is manufactured using anisotropic plasma etching and allows the construction of
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structures below the lithographic limits [Nakashiba 80, Ning 81]. This is known as
the principle of self-alignment. The minimum mask width of the used lithography
of the transistor in fig. 3.2 is b1ßask = 0.6(j,m. The width of the spacer is typically
~ 0.1-0.2/im, so that the effective emitter width is typically beff = 0.3/im. The
relatively low n-doped collector is connected to the right side in fig. 3.1 via a
layer with a good conductivity called the buried layer. Figure 3.2 shows a REM
micrograph of the transistor.

COLLECTOR-^ e

Figure 3.2: Cross-section of an integrated bipolar transistor (REM photograph)
[Klose 93].

The transistor characteristics depend on the concentration of the doping materi-
als, hence the doping profile. A typical doping profile from emitter to collector of
the active transistor area in fig. 3.1, is shown in fig. 3.3 [Klose 93]. Donator ma-
terials are typically Arsenide (As) or Phosphor (P) for the emitter and collector
and as acceptor material for the base usually Boron (B) is used.

Important for the further development of Si bipolar technologies for high-speed
applications is the lateral and vertical down-scaling: In the first sight, the lateral
down-scaling increases the packing integration density, but - more important - it
reduces the transistor parasitics, as parasitic capacitances and resistances are de-
creasing. Thus, higher transistor switching speeds can be obtained, as the charging
and discharging times are reduced by the lower resistances and capacitances of
the transistor. The vertical down-scaling yields to very small base layers helping
to reduce the transit time in the transistor. All this requires improvements in the
process technology, as presented for example in [Ruge 84]. [Bock 96,a, Bock 96,b]
show that using lateral and vertical down-scaling the transit frequency ÎT (de-
scribed a section 3.4) can be doubled. Further improvements are obtained by
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Figure 3.3: Typical doping profile for a transistor corresponding fig. 3.2 [Klose 93]

selective epitaxial growth (SEG) [Meister 95]. The SEG of doping materials has
several advantages compared to implanted and diffused bases [Aufinger 01]:

• The form of the doping profile has much less limitations than in processes
using implantation and diffusion.

• The epitaxial growth allows including of Germanium (Ge) into the base.
Thus a heterostructure is feasible keeping all advantages of standard Si-
bipolar technologies.

• The doping profile is steeper. The base can be realised much thinner without
increasing base resistance. For the same lateral size, the stored electron
charge in the base is reduced implying a shorter switching time.

• Due to the steeper doping profile, which controls several important tran-

sistor parameters, the base charge QB = lp(x)dv are better adjustable (p
Jbase

represents the hole density).

• Selective growth enables a quasi-self alignment of base and collector [Meister 92],
reducing the base collector capacitance



Chapter 3. SiGe bipolar transistors 45

• Selective epitaxy allows the usage of improved isolation techniques com-
pared to local oxidation of silicon (LOCOS) [Endo 84].

The cross-section of an integrated SiGe HBT is found in fig. 3.4.. The main differ-
ence is the isolation of the base-collector complex. The basic structure of fig. 3.1
remains the same, an important advantage, as available production technologies
can be used. Figure 3.5 and 3.6 show corresponding REM photographs for Infi-
neon's production process B7HF [Klein 99, Wolf 01].

BASE EMITTER COLLECTOR

SEG-Base
p+-poly-Si diffused buried layer

SEG-Collector
CVD-Öxide

Figure 3.4: Schematic cross-section of an integrated
bipolar transistor (HBT) in comparison to fig. 3.1.

LOCOS

hetero junction
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Figure 3.5: Cross-section of an integrated bipolar transistor of Infineon's SiGe
production technology B7HF [Klein 99, Wolf 01].

Figure 3.6: Enlargement of the emitter-base complex of the transistor cross-
section in fig. 3.5.
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3.3 Compact transistor models

Compact transistor models are a more or less complex set of equations used to
describe the electrical behavior of a transistor. Simulation programs like SPICE1,
SPECTRE2 and ADS3 use these equations for their network calculations. The
first compact model for bipolar transistors originates from the early 1950s by
Ebers and Moll [Ebers 54]. By solving a one-dimensional static transport equation
for electrons in the neutral base of a npn bipolar transistor and neglection of
recombination the collector current lc and the base current Iß are given by a
function of the base emitter voltage \JBE and the base collector voltage Use-

_ q _ A + J_A + J_ \ ^JBC/UT _ i] I

IB = Is ij[eu^u- - 1] + i - [eW* - 1] | . (3.1b)

Is represents the saturation current, ß the current gain, and /3# the reverse current
gain. For base widths smaller than the diffusion length of the electrons in the base
given by Is = - 9 A # ^ - , ß = ftffi?E«fi and ßR = D»"PCWC . Here N^B is the
° ^ NAßWB ' ^ DpNABWB DpNABWB

base acceptor concentration, NDE the emitter donator concentration, ~NDc the
collector donator concentration, UT = kßT/q the thermal voltage, Dn and Dp

the diffusion constants for electrons and holes, A the cross-sectional area, n* the
intrinsic charge concentration, WB the base width, we the emitter width and wc

the collector width.
Most newer bipolar compact models base on the model of Gummel and Poon
[Gummel 70]. It is found in a modified version in software products as SPICE
GUMMEL POON (SGP)-Model in practically.all modern circuit simulators. The
Gummel Poon model is not limited to low injection, it allows the throughout
description up to high injection with n^Nyi throughout the whole base. Different
to eqn. 3.1 the collector current is given by

Ic=Is{^h[eUBE/UT ~1]~{^+k)[eUBCfUT ~1]} ' (3-2)
with QB as the majority charge at the neutral base

QB = q fp(x)dv, . (3.3)
Jbase

15imultion Program with integrated Circuit .Emphasis was developed 1975 at the University
of California, Berkeley

2A circuit simulator from Cadence Design Systems, it is embedded in the most different
Cadence chip design environments

3ADS is for Advanced Design System from Agilent, an RF and Microwave Simulation Suite
consisting of several tools under a graphic environment.
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at the operation point of the transistor. QBO is the majority charge at UBE —
UBC = OV. This concept allows a consideration of the change in the width of
the space charge region in,dependence of the operating point, the Early effect,
and the consideration of high base majority injection, as mentioned before. In the
Gummel Poon model the normalized base charge is approximated by

QB i i + yi+4/s( IKF + IKR

QBO~2 i-fiK:_a«
VAF VAR

VAF represents the forward Early voltage, VAR the reverse Early voltage, IKF the
forward knee current and IKR the reverse knee current.

Figure 3.7 shows the equivalent circuit used for the modeling of a bipolar tran-
sistor in SPICE. The diodes D^ and D^ represent the base-collector and the
base-emitter diode of the transistor, respectively. The carrier recombination in
the space charge region is modeled by DLC and DLE- The diode Ds is used for
the description of the pn-junction between collector and the substrate. The de-
pletion layer capacitances are represented by qJE for the base-emitter junction,
qjc and qsc f°r the internal and external base-collector depletion layer capaci-
tance, respectively. qxE and qxc describe the diffusion charges. The connection
resistances are considered by REE1, RCC and RBB>-

Usually externally added components are used in the model files in addition to the
equivalent circuit in fig. 3.7 to consider the 'outer' transistor. The outer transistor
represents the structure outside the npn complex. Figure 3.8 shows the model for
the complete transistor with T representing the transistor model in fig. 3.7.

Compact models are visualized as in fig. 3.8 by their equivalent circuits. This is
done for several reasons:

1. Circuit simulators like SPICE need an equivalent circuit described by a
netlist. The prevention of simulation errors due to misused or misplaced
network elements can be improved by visualizing the equivalent circuit.

2. Parasitic elements like series resistances and capacitances outside of the
inner transistor can be included easily.

3. The exact knowledge of parasitics helps to improve the selection of the
transistor geometry;

4. Avalanche breakdown can be included using an additional current source
as described in section 3.6.

Figure 3.9 shows the visualization of a simple compact model for the transistor
in fig. 3.1. It consists of an inner transistor and the outer elements representing
the connection parasitics.
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QBC-

Figure 3.7: The equivalent circuit used for the modeling of a bipolar transistor in
SPICE.

The model parameters are usually not calculated from their doping profile and
geometry, but are determined, from the measurement of characteristic curves and
fit procedure minimizing the error between measurement data and the equations.
In the past years several transistor models have been developed. Additional to the
most common SGP model there exist the Vertical .Bipolar /nter-Company model
(VBIC), the Philips MEXTRAM (Most Exquisite Transistor Model) and the
HICUM (High-Current Model). These models improve the description in the high
current and saturation region. A very good overview of the compact transistor
models can be found in [Graaf 90, Berkner 02].
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Figure 3.8: Extended model for the complete transistor. T represents the inner
transistor.

3.4 Process technology characteristics

Just as circuits are benchmarked for their suitability for certain applications, this
is done for technologies as well. For RF circuits there exist two major groups:

1. The transistor characteristics: They arrange the frequency region the tran-
sistor be used and the limitations considering supply voltages, optimum
currents, etc. . .

2. The passives in the technology. RF circuits require typical matching ele-
ments like inductances and capacitances. It is important to know, which
capacitors are available and their limitations in capacitance and the break-
through voltages. Furthermore inductances need to have a certain level of
quality depending on the metal layer stack and the substrate.

The following text will consider the major transistor characteristics for PA appli-
cations [Cooke 71, Allison 79]. Usually they are important for other applications
as well, so this can be considered to have a certain generality.

The main transistor characteristics relevant for PAs are [Rein 80, Allison 79,
Johansson 97]
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(a) complete transistor: ô s

outer elements + inner transistor

(b) inner transistor

Figure 3.9: Visualization of a compact model for to the transistor in fig. 3.1. The
inner transistor is represented by the connection points B',C and E?. Parasitic
resistances and capacitances (poly-Si and substrate capacitances) are modeled by
the outer elements analogous to fig. 3.8.

• The current amplification ß, _

• the transit frequency ' /T , • '

• the maximum oscillation frequency fmax,

• the breakdown voltages UCEO and UCBO,

• the parasitic capacitances CBC and CBE, •

• the series resistances RE, Re and RB-

For the following explanations a transistor configured as a two port in common
emitter configuration is considered (fig. 3.10).

The operating point is given by the input voltage UBE a n d the output voltage
UCE and the resulting currents Ic and IB- For a small change in the input voltage
(small compared to the thermal voltage XJT = kßT/q so that a small signal
anafysis can be assumed) corresponding changes in Ic and /# are obtained. For
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Two-port
device

OAD

Figure 3.10: NPN transistor in a two-port configuration.

low operating frequencies / t he small signal current amplification
AC shorted is given by

die
ßo = lirn^ßAc =

dh

with output

(3.5)
=const

It is related to the static current amplification ß — IC/IB by

„ » . • r 9ß

din.
(3:6)

For amplifier applications, the factor ß should show only a weak dependence on
the base current. This implies ß being about the same as ßo, typically from 100-
200 for integrated transistors. For high frequencies the current amplification ßAC
decreases, as changes in the collector current Ic follow the base current IB after
a characteristic relocation charge time in the transistor. If IB changes too fast,
ßAC decreases. The frequency where ßAC— 1 is called the transit frequency fa-
Figure 3.11 shows ßAC vs. frequency.

The next major transistor speed benchmark is the maximum oscillation frequency
fmax- It describes the frequency where the power amplification G = 1 under the
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Figure 3.11: Small-signal current gain PAC VS. frequency.

100

assumption that in- and output are perfectly impedance matched. If the match-
ing is perfect, the maximum available gain G MAG is reached. Unfortunately an
amplifier typically shows instabilities like oscillation, especially at low frequen-
cies, so that the maximum power gain is limited by the stable region (GMSG)-

The area of stable operation can be calculated for example by the Rollet stability
factor [Gonzales 84] and other methods like stability circles in the Smith-chart.
Figure 3.12 shows a plot with two different power gain areas. Below 5 GHz the
transistor would become instable, so that the optimum matching is not possible.
The maximum available gain is observed at optimum in- and output matching.
It should be mentioned, that /MAX is sometimes defined by the unilateral power.
gain going down to 1. This definition requires the suppression of positive feed-
back between in- and output. Therefore, it is necessary to consider the exact
definition used. In a simple approximation fT and JMAX relate to each other by
[Allison 79, Gonzales 84]

ft (3.7)

with CBC representing the parasitic collector base capacitance and TB the par-
asitic base resistance. JMAX includes the base resistance and the parasitic base
collector capacitance. It is of more practical use than fa, but the definition has
to be considered carefully.
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Figure 3.12: The maximum stable power gain GMSG and the maximum available
power gain GMAG.

Another important characteristic of bipolar transistors is the avalanche break-
down. It limits the operation of the transistor especially when operated for large
signal applications like PAs and wide-band driver circuits such as laser drivers.
The voltage applied between two terminals of the transistor is limited by a break-
down voltage (e.g. UCEO) of the junction or the maximum allowed current under
forward bias [Reisch 03]. Two parameters of the three possible breakdown types
are especially important: The collector emitter breakdown UCEO and the base
collector breakdown voltage UCBO- The breakdown behavior of a transistor itself
is also dependent on the circuitry around it. This will be shown in section 3.5.

Finally, there exist the parasitic elements of a transistor: The parasitic capaci-
tances CBC and CBE and the series resistances RE, RC and RB- The capacitances
CBC and CBE depend mainly on the transistor layout and the physical dimensions
of the transistor. While CBE acts as input capacitance, CBC is one of the major
reasons for the limited unilateral behavior of the transistor. The series resistances
also depend on the physical layout. Thus for example the base resistance can be
significantly lowered by the use of multi-base transistor contacts such as in the
transistor layouts of fig. 6.4 and fig. 7.4.
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3.5 Breakdown effects in bipolar transistors

In a bipolar transistor several types of breakdown effects can occur [Tholl 76,
Reisch 03]:

• Collector-base breakdown: The maximum reverse voltage allowed between
collector and base (UCBO or BVCBO) with the emitter left open is defined
by the avalanche breakdown of the base collector diode. UCBO decreases for
high collector doping. Typical values for RF suited SiGe processes are about
10 V (Infineon B7HF).

• Emitter-base breakdown:

The breakdown of the emitter base diode occurs generally at the sidewalls
between the n-doped emitter being embedded into the left and right p-doped
area of the base where the maximum electric-field strength is found. The
corresponding breakdown voltage UEBO or BVEBO decreases with increased
base doping values. UEBO is typically a few volts. In practical circuits, reverse
biased emitter base junctions should be avoided.

• Collector-emitter breakdown

The collector-emitter breakdown voltage UCEO or BVCEO defines the max-
imum allowed collector emitter voltage for a constant current driven base.
For UCE > UCEO the output current, is no longer controlled by the base cur-
rent. It is defined as open-base breakdown voltage with a constant driver
base current. Two effects may cause it: The punchthrough effect or the
carrier multiplication due to impact ionisation [Reisch 03].

The avalanche induced breakdown is the result of a positive feedback of
leakage currents. These are relatively small (ICEO ~ (ß + 1)/CBO)> but with
increasing UCE values, the electric field strength in the base collector diode
increases and causes a multiplication growth by the multiplication factor
M. In the avalanche process, holes are generated acting as base current.
[Reisch 03] gives a collector current of

with ß' = IBE/IT being the current amplification for the case that the
breakdown is neglected. For ß'(M — 1) = 1 the term corresponds to the
collector emitter breakdown, as the term shows a divergence. If the Miller
formula

M 4 ( 3 - 9 )
>

for M is used, the breakdown condition ß'(M — 1) = 1 gives [Reisch 03]
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'CBO
'BE- (3.10)

The breakdown voltage is decreasing with increasing current gain. Further-
more, the transistor technology can be tuned for higher breakdown voltages
by lowering the current amplification. Figure 3.13 shows a secondary photon
spectroscopy of a PA output transistor at avalanche breakdown.

Figure 3.13: A secondary photon spectroscopy of a PA output transistor at
avalanche breakdown (Infineon B6HF Si-bipolar technology [Klose 93]).

Punchthrough effects is mostly related to too thin base layers, so that the
collector base space-charge layer reaches the emitter base space-charge layer.
Then thermal carrier emission can cause significant current increase due to
the reduced potential barrier.

3.6 Breakdown modeling

Modem Si based high speed bipolar transistors have relatively high collector
doping concentrations to achieve high current densities. This is accompanied by
high electric field densities in the base collector space charge layer and thus low
breakdown voltages. This yields to the necessity to more accurate consideration
of the breakdown effects in the design of PA, which are usually not covered by
standard SGP models.

Figure 3.14 shows the output characteristics of a Si-bipolar BJT for different
base resistances and emitter resistances. It shows that the avalanche breakdown
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is relaxed for low base resistances. Thus, a transistor layout enabling lowest base
resistances will be of advantage. Also for the circuitry, biasing networks with a
low impedance will improve the breakdown behavior.
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Figure 3.14: UCEO Output characteristics of a Si-bipolar transistor for different
base and emitter resistances (Infineon B6HF [Klose 93]).

Due to large collector base voltages significant carrier generation is found in the
collector-base depletion region. This can be modeled with an additional current
source as shown in fig. 3.15. .

At high collector-base voltages, this source forces a significant current (e.g. 0.1
lc) to flow out of the base, i.e. in the reverse direction. This leads to a voltage
drop, at the internal base resistor, resulting in a larger U ß E and, in turn, higher
collector and base currents in the center of the transistor. Because of this positive
feedback, the current finally constricts itself to the center of the'transistor if the
avalanche current is sufficiently high.

The modeling of the avalanche breakdown requires an accurate representation
of the multiplication factor. The current source in fig. 3.15 is directly dependent
on the multiplication factor. The avalanche breakdown behavior can be included
can be added by this current source. Other breakdown models as presented in
[Zhang 99] use such current sources as well but use additionally a current de-
pendent capacitance CBE(IC) = Cfc-̂ c to include the ij reduction resulting from
the Kirk effect. A major problem in adding this current source is the knowledge
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M: Multiplication
Factor

Figure 3.15: The base collector breakdown effect modeled using an additional
current source describing the current generated by impact ionisation.

of the multiplication factor M. In its simplest form, the multiplication factor is
expressed by Miller's empirical formula [Reisch 03, Zhang 99] eqn. 3.9.

The multiplication factor can be determined by measurements. Figure 3.16 shows
the measurement setup for the multiplication factor. Typical measurement results
are shown in fig. 3.17 for a B6HF Si-BJT [Klose 93].

= a-M(VCB)

a = ß/(l+ß) : base transport factor
M : multiplication factor

Figure 3.16: Measurement setup for the multiplication factor M.

As seen in eqn. 3.9, the empirical Miller expression for the calculation of M
becomes singular for UCB — UCBO- Hence thé insertion into a SGP model will
cause SPICE to diverge and furthermore for high UCB the term 3.9 becomes
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KP F

Figure 3.17: Measurement for the multiplication factor M for a B6HF transistor.
The slope 1 represents the weak avalanche breakdown [Kloosterman 89], slope 2
the strong avalanche breakdown.

inaccurate. For this reason [Gabi 97] uses a modified term for the multiplication
factor M term:

A3 expl
\

JCB

(3-11)

The term A is used to get the multiplication factor M=l, for the case of UCB < 0.
Furthermore, term B must be equal to Millers equation for UCB ^ UCBO- AI is
obtained from the slope 1 in fig. 3.17 representing the weak avalanche breakdown
[Kloosterman 89] and A3 from the slope 2. Hence, term C represents the strong
breakdown in fig. 3.17. The other parameters are obtained by fitting eqn.3.11
to the measured multiplication factor curve. For example, BJTs processed in
Infineons B6HF technology [Klose 93] are fitted by the parameters Ai=1521,
A2=83357, A3=0.5, FCB0=16V and m=3, n2=5.7, n3=0.1.

For the PA designs in [Bakalski 03,a, Bakalski 03,c] the method of adding an
additional current source into an existing SGP model analogous to the proposal
of [Gabi 97] was implemented successfully:

.SUBCKT TD12X188_C2 1 2 3 4
Ql 80 5 3 4 Q12X188.C2
RC 1 8 5.06
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RBI 2 5 1.39
CE 3 5 9.7E-015
CCOX 5 8 10.9E-015 .
VI 8 80 0

G2 5 8 value =
{-I(Vl)/(l+exp(-v(80,5)/0.01))*(v(80,5r6.9*v(80,5)~3.5/ +
(630*v(80,5)~6.9+7500*v(80,5)~3.5)+exp((v(80,5)-8.5)/0.3))}

.ENDS TD12X188.C2

The current source represented in the SGP model by G2 is modeled using the
parameters Ax=630, A2=7500, A3=l, VCBO=8.5V and ni=6.9, n2=3.5, n3=0.3
(Infineon BiCMOS process B9C). ' .

Another very accurate model splitting the intrinsic transistor area into 6 parts was
proposed by [Rickelt 99, Rickelt 02]. However, this model suffers from the same
problems as all complex transistor models: Long simulation time and the risk of
divergence during simulations, often caused by internal limitations in simulation
tools. •

3.7 B7HF-
A SiGe bipolar production technology

The PAs discussed in Chapters 5,6 and 7 are all based on the Infineon B7HF
SiGe bipolar production technology [Klein 99, Wolf 01]. The transistor model
equivalent circuit is realised as mentioned before by the use of an additional
parasitic pnp transistor (fig. 3.18). The SiGe bipolar technology is a 0.35 pm,
72 GHz/ 75 GHz (ft/fmax) volume production process. The key features of the
technology are npn transistors with double-polysilicon self-aligned emitter-base-
configuration and selective SiGe-epitaxy, a selectively implanted collector (SIC)
and a trench isolation. The worst-case collector-base breakdown voltage for the
npn HBT is BVCBO = 8 V (typical: 10 V) and the worst-case collector-emitter
breakdown voltage is BVc£o = 2-3V (typical: 2.8 V). Further usable devices are
a vertical pnp transistor, poly-Si resistors, MIM capacitors and inductors. Fig-
ure 3.19 shows the metalization stack in scale. The upper metal layer has a thick-
ness of 2.8 ßm, making on-chip inductors with quality factors of up to 15 feasible.
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Figure 3.18: The npn transistor equivalent circuit for B7HF.
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Figure 3.19: Schematic cross section of the metal layer stack.
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Matching Networks

4.1 Introduction

Besides the transistors, the key component in successful RF microwave circuit
design is the accurate modeling and knowledge on matching circuits. Especially
efficient power amplifiers basically depend on the matching network. The better
they are implemented, the higher the performance will be. Furthermore there
exist different targets in the design of the matching networks (e.g. noise matching,
power matching). Considering the necessary bandwidth, possibility of integration
and losses, there exist a large variety of matching circuits [Freyer 87, Mongia 99]
in the most different way of implementation.

4.2 Matching using lumped elements

Most matching applications can be solved using the Smith chart using trajecto-
ries. Its mathematical background can be found in [Magerl 98]. Basically there
exist two types of Smith-charts, the Z-Smith-chart for impedances and the Y-
Smith-chart for admittances.

Figure 4.1 shows the effect of ideal lumped elements: In series connected induc-
tances cause a clockwise shifting in the Z-Smith chart whereas a capacitance shifts
counterclockwise. For parallel connected elements the same happens vice versa in.
the Y-Smith chart.

Regarding the resistances an important effect can be seen. If an inductor behaves
non ideal, the circle will no more be exactly counterclockwise, it will be shifted
to higher Zo- This implies, that for certain matching circuits, for example a very
low impedance to 50 fl will need inductors and capacitors with a low-ohmic part.
This fact is described by Constant Q arc plots in the smith chart [Vizmullër 95].

63
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Figure 4.1: Impedance matching using ideal R,L,C lumped elements in series
(Z-Smith chart) and parallel configuration (Y-Smith chart).

4.3 Transmission lines as matching components

As sketched in fig. 4.1 transmission lines could be used as matching elements. A
transmission line is defined by its characteristic impedance Zo and its length. For
microstrip transmission lines, the [Hammerstad 75] formulas are typically used.
The characteristic impedance sets the radius around the Smith chart origin, while
the phase shift is given by the transmission line length. If transmission line are
selected carefully, they can be used to substitute lumped elements [Mongia 99].
The most important configurations are shown in fig. 4.2.
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Transmission Line
Configuration

Lumped Equivalent
Circuit Equation

t
e

i ̂

coL = Zotan6

6<90

coC = tane / Zo

0<9O°

o—

coL = Zosin0

0<45°

(90° = X/4)

Figure 4.2: Substitution of lumped elements using transmission lines and vice
versa [Mongia 99].

4.3.1 The À/4-transformer

A very popular way of matching two real-valued impedances is the A/4-transformer.
As a transmission line can be sketched in the Smith-chart on a circle around the
ZQ point, it is easy to see that it is possible to transform a low impedance into its
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180° shifted counterpart. The diameter of this circle is given for the impedance
of the transmission line. For two given impedances Zj and Z2, the necessary
impedance of the transmission line can be determined by

= Z\ ' Z2 (4.1)

4.3.2 Radial stubs

A stub is an open ended transmission line often used to realise an RF ground. A
ground connection is usually defined by its resistance at the observed frequency
toward the ground potential and should be as low as possible [Kraus 99].

Figure 4.3 shows such a radial stub with its characteristic dimensions: The angle
a of the stub, the radius RL and the inner radius Ri (Fig. 4.3).

Figure 4.3: Characteristic dimensions for the equations of a radial stub.

[Agilent 88] and [Vinding 67] have shown, that the reactance X of such a stub is
given by

Zod cos(6i — I/JL) 360
2TtRisin(%lji — I^L) a

The variable d is the height of the substrate dielectric and

(4.2).

y 120T / Jn(kRi)+Nq(kRj)

k = Y (approximate for microstrip)

x = i or L
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with the letter J for the Bessel and N for the Hankel function. er is taken from
the microstrip expression ee/f = Sx^ + ̂ ^-(1 + 10^)~a with d as the dielectric
thickness and w as the line width. [Agilent 88] use for W the width correspond-
ing to the half-splitted stub area. As these equations are not simple to use, a
simulation tool has to handle them. A simpler method is described in [Kraus 99]:
The radial stub is cut into a lot of transmission lines in series with the width of
the lines taken as small as possible to get the original radial stub structure. The
radius is about A/4. This structure enhances calculation speed.

The way to design such a DC-stub can be seen as a two steps procedure: First, a
radial stub is designed to act as a shunt. This is done by fixing i?; and the angle,
and then optimizing the radius. The larger the angle is, the larger the bandwidth
will be. A radial stub does a good work for angles above 45°.

The main usage of a radial stub is the power supply feeding. In combination with
a A/4-transformer the short circuit is transformed into an open. The point the
stub is meeting the choke is the port where the DC supply has to be connected.
At this position, the RF signal is short circuited. On the other end of the choke an
open circuit is seen, so that the RF signal is not affected from the power supply
feeding.

4.4 Transformers and inductors

The usage of on-chip transformers and inductors depends mainly on a convenient
way of modeling. As inductors on Si-substrates always suffer from limited metal-
ization conductivity and a lossy substrate, an accurate and fast implementation
into the simulation has to be implemented to optimize the circuitry.

4.4.1 Physical layout design and modeling

The layout of monolithic on-chip transformers and inductors is constructed using
conductors wrapped in the same plane and/or overlaid on multiple stacked metal
layers. Implemented by circular or rectangular shapes with different winding con-
figurations, each of these realizations has specific performance advantages. For
some semiconductor technologies, the shape is limited by mask scaling limitations,
not allowing for example circular shaped windings, even if it would be preferred
due to high quality factor Q requirements. There exist publications on possibilities
in construction and optimization of inductors [Ashby 96, Yue 98, Niknejad 00,
Wohlmuth 00] and transformers [Rabjohn 89, Long 00, Thüringer 02].

All these inductive structures show the same physical effects independent on their
geometrical structures, which influence their behavior in their quantitative val-
ues. Figure 4.4 shows a three dimensional schematic cross-section of an inductor
structure. It sketches a brief insight to the physical effects. The picture shows
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Top view

P- Oxide
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Metal layer 2
Metal layer 1

Ground plane

Figure 4.4: Schematic cross-section of a planar inductor.

only two adjacent turns realised on one metal layer plane embedded in oxide sep-.
arated from the substrate by the oxide. Thus it is a simplified model for a real
metal stack, it illustrates the different electromagnetic field components present
in an integrated inductor when excited:

Around the traces exists a time varying magnetic flux density B(t), caused by the
current in the metal conductor. B(t) causes stored magnetic energy and the re-
sulting inductance. Furthermore it is the reason for coupling between the primary
and secondary winding in transformers.

Unfortunately all inductors structures suffer from losses. The reason for this can
be found in the existence of electric field components. Each of the electric field
components E1-E3 sketched in fig.4.4 result in loss of energy. Hereby El(t) repre-
sents the electric field along the metal trace caused by the finite conductivity. A
current flowing through this metalization in association with ohmic losses causes
a voltage drop. A voltage difference between each turn originates denoted by the
field E2(t) being present between each turn. Furthermore the finite resistance
and capacitive coupling involves a leakage current between the turns. Finally the
electric field component E3(t) forces a leakage current between the metal traces
and ground. "

In addition to the described electromagnetic fields, many other high-order effects
are present. For instance, eddy currents arise in the metal traces and force a skin
effect due to penetration of time varying magnetic fields. As well, a proximity
effect occurs due to the interaction between the magnetic field and currents. This
results in an increased resistance and losses. Additionally currents induced in the
substrate give rise to counterproductive secondary magnetic fields which interact
with the primary magnetic flux density B(t). .

Regarding the modeling, an alternative to a fully 3-D field analysis is the ap-
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proximation with electrical lumped elements (R,L,C). It is valid because of the
physical lengths of the conducting segments in the layout being typically much
less than the guided wavelength at the operation frequency. Thus the analysis is
reduced to electrostatic and magnetostatic calculations.

4.4.2 Low-order inductor model

Aim of the low-order models is the reduction of lumped elements in the equivalent
circuit to the necessary minimum. The model in fig. 4.6 allows the characterization
of an inductor up to its first self resonant frequency. Hereby the whole winding is
modeled as a lumped physical element with two ports. Furthermore all parasitics
are added around the inductance.

Which parasitics appear and how they have to be arranged in an equivalent
electrical circuit can be seen in fig. 4.5.

Top view

P-

P+

Metal layer 2
Metal layer 1

Ground plane

Oxide

Substrate

Figure 4.5: Three dimensional cross-section of a monolithic inductor
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The lumped elements are identified by:

• L, Inductance.

• RL, Ohmic loss in the conductor material due to skin effect, current crowd-
ing and finite conductivity.

• CL, Parasitic capacitive coupling between the winding turns.

• Csubi Parasitic capacitive coupling into the substrate.

• Coxi Parasitic capacitive coupling into the oxide.

• Rsvbi Ohmic loss in the conductive substrate.

Figure 4.6 shows the equivalent circuit. It represents a symmetrical pi-circuit with
ports on both sides. The series branch consists of the overall inductance L and
serial resistance RL for the whole winding. CL is located between the terminals
and represents the winding to winding capacitive coupling losses. Assuming a
symmetry, the other static parasitic elements Cox, Rsub-, CsUb of the winding are
divided into two equal parts and placed at each port side. This is expressed by

Cox2 — Cox/2

Csub2 — Csub/2

Rsub2 = %Rsub

(4.3)

(4.4)

(4.5)

P+
o-

V^Vv,n —r-'Oxl

HI
-o-

Subi

P-

I <"N
rOx2

Subi ;ub2 Sub2

Figure 4.6: The compact inductor model

Note, that the capacitance CL models the parasitic capacitive coupling between
the input and output port of the inductor. The capacitive coupling is based on the
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crosstalk between the adjacent turns. The capacitance allows the signal to flow
directly from the input to the output port without passing through the inductor.
The modeling of this capacitor requires the voltage profile along the winding to
be taken into account. All other parameters have to be determined by statical
investigations of the inductor structure.

4.4.3 Higher-order inductor model

Using additional circuit elements by creating a higher-order model results in an
improved accuracy. Compared to the low-order model the lumped elements are
not derived from the impact of the whole winding. Furthermore the structure is
sectioned into multiple individual segments with each of them characterized by
an equivalent subcircuit. The electrical behavior of the whole inductor results by
joining the subcircuits related to the physical structure. For a first approxima-
tion the inductor winding can be divided into straight conductor elements and
each inductance can be obtained using Greenhouse [Greenhouse 74] and Grover
[Grover 46] type calculations. A large collection of inductance approximations
can be found in [Wadell 91].

8 P-

P+

Figure 4.7: Segmentized rectangular spiral inductor.

Figure 4.7 shows such a rectangular spiral inductor divided into 8 segments. Each
segment is represented by a similar pi-equivalent circuit as the inductor illustrated
in fig. 4.6, except of the capacitor C^.

All lumped pi-elements are connected in series to get the entire inductor. The
capacitive and inductive coupling between the segments is considered with a
capacitance between each segment and the coupling factor k between each induc-
tance. The resulting high-order equivalent circuit for the inductor fig. 4.7 can be
found in Figure 4.8. Hence this is again a simplification, as only adjacent parallel
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segments are considered. Due to the low capacitive coupling to the more outer
segments this simplification error can be neglected.

Segment 1 Segment 2 Segment 3 Segment 4

Turn 1

Capacitive
Coupling

Turn 2

\c \ cW \c c\ X p-

Segment 5 Segment 6 Segment 7 Segment 8

Figure 4.8: Inductor higher-order model.

4.4.4 On-chip transformer design

Transformers have a wide usage in power supply circuits due to their DC blocking
and high coupling coefficients. For RF circuits, they can be used for impedance
matching with optional BALUN function. The operation of transformers is based
upon the magnetic coupling between two windings. Each winding, primary and
secondary, has a self inductance Lp, and L$- The magnetic coupling between the
windings is expressed by the mutual-inductance M or the coupling coefficient k

-with

k = , . M . . (4.6)

In case of an ideal transformer this information is sufficient to create an equivalent
circuit, shown in Fig. 4.9.

lo ol

prim

Figure 4.9: Ideal transformer equivalent circuit.

Monolithic transformers suffer from the same loss mechanisms as planar inductors
as they are realised by two planar inductor windings. An equivalent low-order
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transformer circuit can be determined by using the low-order inductor model
fig. 4.6.

Figure 4.10 shows the resulting equivalent low order transformer circuit [Simbürger 00,b,
Kehrer 00]. Two low order inductor circuits are placed symmetrically. The mag-
netic coupling between both windings is represented by the coupling factor k
between the two inductances. Parasitic capacitive coupling between the windings
is considered by four crossing capacitors C^. As the capacitive coupling between
primary and secondary winding is more dominant compared to the in-winding
capacitance, the capacitance CL has been neglected.

Primary Center Tap

H=]

o
Secondary Center Tap S+

Figure 4.10: The compact transformer model.

This model is a good prediction in frequency range starting up from DC up to
about 2/3 of the first self resonant frequency. A higher accuracy can only be
obtained using a high order model which can be derived similar to section 4.4.3.

Inductance extraction issues can be found in [Kehrer 01, Kehrer 00, Thüringer 02].
First approximations could be done using Greenhouse [Greenhouse 74] and Grover
[Grover 46] type calculations.
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4.5 Capacitors

Capacitors are used in integrated circuits for LC-tank tuning, DC-blocking and
impedance matching. Depending on the semiconductor technology there exist
several available types of capacitors. This should only be a brief overview of the
capacitor types used for matching networks, as the variety of usable dielectrics,
layout forms is quite large [Hastings. 01], und thus there are a lot of capacitors
such as the trench capacitor, which are not useful for RF applications due to their
high substrate parasitics. •

4.5.1 Metal/Metal capacitors

The main idea behind the Metal/Metal capacitor or metalcap is the parallel-plate
capacitor. It uses two metal layers from the standard metal stack for its realisation
with the silicon oxide as dielectrics (fig. 4.11).

Upper electrode
\ I

Dielectric

Lower electrode

Figure 4.11: A simple parallel-plate capacitor construction.

Its capacitance can be easily determined by

C = ere0^ (4.7)

with A for the metal plate area and d for the distance between the electrodes.
For SiO2 er is 3.9. Hence the capacitance depends on the technology layer stack
and for large capacitors the substrate parasitics have to be considered (fig. 4.12).
Hereby CpX represents the silicon oxide (SiO2) capacitance and Rsub and Csub the
substrate parasitics. Additional connection inductances have to be considered
from the layout. Hence a Metalcap can be realised using two metal layers as in
fig. 4.13 or even as interdigital structure using several metal layers.

4.5.2 Metal/Isolator/Metal capacitors

Parallel plated capacitors which use an extra dielectric material layer with a
reduced electrode distance d and additional vias for the connection instead of the
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Figure 4.12: A Metalcap equivalent circuit.

Upper electrode

ËSfcfcfc.

Figure 4.13: A 4 metal layer stack. Metal 2 and 3 build a Metalcap with metal 3
as the upper and metal 2 as lower electrode.

standard metalization are called MIM-caps for Metal-Isolator-Metal capacitors.
The reason for doing this is the limited capacitance which can be obtained by the
dielectric constant of SiO2 (er = 3.9) and the distance between the metal layers.
Table 4.1 gives the permittivities of the most common dielectric materials used
in semiconductor technologies.

MIM-caps are the most often used capacitors in Si-based semiconductor technolo-
gies due to their high Q-factors and low dielectric losses [Allers 03]. As mentioned
before, MIM-caps are parallel plate capacitors using a thin dielectric material. A
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Material

Silicon (Si)
Silicon oxide (SiC^)

Silicon nitride (S13N4)
Aluminia oxide (AI2O3)

Material
permittivity er

11.8
3.9
6.5
7.9

Dielectric
strength [MV/cm]

30
• 1 1

10
16

Table 4.1: Relative permittivities and strengths of selected materials.

TEM micrograph of a MIM-cap with AI2O3 dielectric is shown in fig. 4.14. The
economic disadvantage of MIM-caps is the need on additional masks for the semi-
conductor process.

Figure 4.14: A MIM-cap TEM micrograph.

Like all passive elements, MIM-caps are not ideal. Figure 4.15 shows a schematic
of the MIM-cap and its equivalent circuit. This equivalent circuit is used for
very high accuracy. The most important part of it is the capacitor itself, it
is modeled as a voltage dependent device. This dependence is given for the
used dielectric material as well as the leakage resistor RLEAK, the dielectric loss
(R-DIEL,LOSS,CDIEL,LOSS)- Further parameters like the series resistances RSERI,

RSER2 and the connection inductance L$ERI and LSER2 depend on the metal-
ization as "outer" capacitor. These parasitics are usually not implemented in
simulation packages as they depend on the actual layout. Finally the substrate
is considered by the network of CSUB, R-SUB and Cox- Further information and
data tables can be found in [Allers 03].
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Figure 4.15: (a) The MIM-cap in the die (b) Equivalent circuit.

It has to be mentioned, that for small capacitance values most of the parasitic ele-
ments can be neglected due to their extreme small area. Especially when switched
in parallel to a transformer, the substrate parasitics from the transformer will
dominate, simply because of their much larger area. Hereby it is more important
to consider the breakdown voltage of the dielectric material.

4.5.3 MOS capacitors

Metal Oxide Semiconductor (MOS) capacitors base on MOS transistor geome-
tries. A MOS capacitor uses a highly doped Si layer for the lower contact. A thin
silicon oxide layer is iised as dielectric material. The other electrode is formed
either of metal or a doped polysilicon material. Figure 4.16 shows the schematic
cross-section of a MOS capacitor for a bipolar technology. Hence it shows why
the MOS capacitor has lower performance than a MIM-cap:

• The capacitor is found below the first metal layer. Thus the parasitic ca-
pacitance is much higher.

• MOS caps suffer from much higher leakage due tö their embedding into the
substrate.

• The conductance of the contacting materials such as polysilicon are lower
than metal. Thus RSER will be higher.

Today, MOS-caps are more used for RF blocking applications than for match-
ing issues. Like their MIM-cap counterparts, the breakdown voltage has to be
considered, and is usually lower due to the thin gate oxide layer. The equivalent
circuit can be considered like those of the MIM-cap,, with the difference of higher
parasitic values and varactors for modeling the voltage dependent capacitance to
the substrate.
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Figure 4.16: Cross-section of a MOS capacitor in a Si-bipolar process.
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Figure 4.17: Equivalent circuit for a MOS-cap.

4.6 BALUNs

In RF technology, BALUNs (BALANCED to f/NBALANCED) play an impor-
tant role wherever- a differential signal has to be connected to. unsymmetrical
system. They are used to guarantee a transition from coaxial line to the symmet-
rical two-wire system used for several antennas, such as the dipole and for RF
electronics itself, e.g. mixers and push-pull PAs as discussed in section 2.2.2. A
BALUN has to fulfil several characteristics:

• Precise 180° phase shift must be maintained between the two terminals of
the symmetrical port.

• In PAs, the impedance presented to the symmetrical port must be equal. If
this is not the case, then there will be a decrease in the efficiency.

• The symmetrical port must be well isolated from earth. This is especially
important for PAs, since parasitic oscillations can occur.
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• The insertion loss should be kept as low as possible.

The basic idea behind the construction of a BALUN can easily be outlined. Two
signals 180° out of phase (symmetrical port) are "synchronised" in their phases
and their outputs added. Many designs involving A/4 phasing lines (90°) and A/2
phasing lines (180°) have been developed out of this basic idea. A good overview of
various types of BALUNs can be found in [Bakalski 02,d, Bakalski 02,a, Krischke 95,
Johnson 84, Mongia 99]. The most important used in the PA designs are found
in the following subsections.

4.6.1 The lumped LC-BALUN

Fig. 4.18 shows a lumped LC-BALUN, which was originally used as an antenna
BALUN [Cripps 99, Krischke 95, Vizmuller.95]. It is also known as the Lattice-
type BALUN [Johnson 84]. The bridge-type circuit consists of two inductors L\ =
L2 and two capacitors C\ = C^. A RF-choke coil and a DC-block capacitor are
used to feed the supply voltage.

R\ is the balanced input impedance of the bridge. Each collector is loaded by
R\/2. RL is the load resistor, 50Q, usually.

•Ih
DC-block

Push-Pull
Output Stage

1 CO = 0 0 ,
DC-block

I I -

Figure 4.18: The lumped LC-BALUN.
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L arid C can be calculated by

r r Zl (4.8a)

(4.8b)

where Z\ = \/R\ • RL is the characteristic impedance of the bridge-type circuit.
.u\ = 2TT/I is the frequency of operation. R\ and Zi are assumed to be real valued.
If Ri should be complex valued, matching is possible, but then the bridge becomes
more or less unbalanced (C\ ^ C% and L\ ^ L2). Further, at the harmonic
frequencies the BALUN becomes also imbalanced.

4.6.2 The microstrip line BALUN

The four lumped elements of the LC-BALUN in fig. 4.18 can be substituted
by transmission lines. LI, L2 and C2 were substituted by transmission lines
while Cl remains as a lumped element. Figure 4.19 shows the BALUN layout
for f= 2.4 GHz for a substrate with a thickness of 0.51mm and ah er of 3.38
[Bakalski 02 ,e]. The radial stub is not necessary if it is replaced by a RF by-
pass capacitor. However, the radial stub is a good RF short-circuit [Agilent 88,
Vinding 67].

The necessary equations in addition to the [Hammerstad 75] formulas are given
by:

= Zotan9 , 9 < - (4.9)

uL2 = Zosm9 , 9 < - (4.10)

„ iw\9 \ . -K
uC2 = — , 9<- (4.11)

with f — f and A as wavelength [Mongia 99]. Designing such a BALUN starts by
calculating L and C using eqn. 4.8. Next step is the substitution of the lumped
elements by transmission lines (Eqns. 4.9 - 4.11). Cl is not substituted for the
reason, that a long transmission line larger than A/4 would be necessary. This
would lead to a narrow bandwidth and large outer dimension for low frequencies.

This BALUN structure shows several advantages to the standard LC-BALUN
solution: •
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OUTPUT
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10 mm

Figure 4.19: Microstrip line BALUN for 2.45 GHz and a substrate with a thickness
of 0.51 mm and er = 3.38.

• Only one lumped element is required.

• The use of transmission lines gives two variables per element to adjust
the outer dimensions. However this complicates the design procedure and
requires simulation tools.

• The second harmonic load impedance shows very low input impedances
while the third harmonic load impedance shows very high impedances.
Especially for nonlinear operation this leads to high efficient amplifiers
[El-Hamamsy 94].

• The outer dimensions are significantly smaller than other microstrip based
BALUNs [Raicu 98]. .

Fig. 4.19 shows the layout of such a BALUN. It was designed for a center frequency
of 2.45 GHz and a load impedance of 26 fi. Figure 4.20 shows the simulated results
for fundamental, second and third harmonic frequency.
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Figure 4.20: Simulated results for the load impedance at the fundamental fre-
quency of 2.45 GHz and the second and third harmonic frequency for Zo — 26 Q.

4.6.3 The lumped dual band LC-BALUN

For dual band applications an extension can be made: If the inductors are replaced
by a parallel resonant circuit and the capacitors are replaced by a series resonant
circuit as shown in fig. 4.21, then a lumped dual-band LC-BALUN, shown in
fig. 4.22, is available.

The circuit provides a balanced input impedance R\ at u>i = 2TT/I and R2 at w2 =
2TT/2. Independent matching and BALUN conversion at two different frequencies
can be done. Ls, C$, Lp and Cp can be calculated by

Ls =

Cs =

Lp =

CP =

CL>I • Z\ -f-

UJ2 —
UJ2

V-i
(jj\ • Z\A

(jj\ • Zt2 "t

LÜ2 ' ^2

CJ2

U2 • ZX

•(4.12)

(4.13)

(4.14)

(4.15)
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Figure 4.21: Behavior of the dual-band LC-BALUN with the frequency.

where Z\ = y/R\ • RL and Z2 = y/R^Rï are the characteristic impedances of
the bridge at UJX and u>2. R\, R2, Z\ and Z2 are assumed to be real valued. Note,
that . .

LÜ2 > IJO\ . . (4.16)

is a must, using the design equations above.
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Choke coil
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Figure 4.22: The dual-band lumped LC-BALUN.



Chapter 5

Highly efficient 2.45 GHz ISM
power amplifier

The frequency band between 2.4 and 2.5 GHz is used for most different appli-
cations. Fixed for an Industrial, Scientific and Medical (ISM) use, we find here
several applications in parallel:

• Bluetooth:1 A standard technology for low-cost, low power short range wire-
less communication. First specified in 1999 (Version 1.0) several promoter
companies build up the Bluetooth Special Interest Group (SIG) [BT SIG ].
The actual Bluetooth specification Version 1.1 uses the frequency range
location of / = (2402 + k)MHz, k = 0,..., 78 for the majority of the coun-
tries around the world. Bluetooth uses frequency hopping spread spectrum
(FHSS) with 1 MHz of frequency spacing. There exist three power classes for
Bluetooth: Class 1 with 100mW (20dBm), Class 2 with 2.5mW (4 dBm)
and Class 3 with 1 mW (0 dBm) output power at the PA output. Consider-
ing any output filtering and antenna switches, the necessary output power
of the PA can rise up to 23 dBm and more. Bluetooth amplifiers are oper-
ated in 625/xs time slots which can be lengthened up to 5 slots. Thus the
amplifier is operated in pulsed mode such as in GSM 900 MHz power am-
plifiers. Furthermore Bluetooth features maximum data throughput up to
1 Mbit/s. . .

• Wireless LAN: There exist several Wireless LAN standards, all starting
with IEEE 802. llx. In the 2.4 GHz band, the most popular WLAN stan-
dard is IEEE 802.11b. It features a maximum throughput of 11 Mbit/s and
uses a Direct Sequence Spread Spectrum (DSSS) modulation. Like coaxial
cable based Ethernet IEEE 802.3 (lOBase-2), it uses Carrier Sense Mul-
tiple Access with Collision Avoidance (CSMA/CA). It is found between

xThe name is from the 10th century Viking King Harald Bluetooth. The first feasibility
studies came up at Ericsson in 1994.

85
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2.4 and 2.483 GHz with 3 channels of each UMbit/s allowing a maxi-
mum of 192 users. Dependent on the country, the allowed maximum output
is 1W (30dBm) for the United States, 0.1 W (20dBm) for Europe and
only 0.01 W/lMHz (lOdBm) in Japan. Furthermore, the data throughput
can be reduced to 5.5, 2 and 1 Mbit/s using different modulation schemes:
Differential Binary Phase Shift Keying (DBPSK - 2 symbols due to 180°
phase shift) for 1 Mbit/s and Differential Quadrature Phase 5hift i^eying
(DQPSK - 4 symbols due to 90° phase shift) for 2 Mbit/s.

• Cordless Phones: In the U.S. DECT-like cordless phone standards are found
in the 2.4 GHz frequency band with similar requirements as in the European
counterpart.

• Wireless Audio/Video Connection Systems

• Movement Detection Systems

• Unspecified short range transmitters

• 13cm Amateur Radio: Testing and sporadic operation in different modula-
tion schemes (digital as well as standard Frequency Modulation, Single-Side
Band etc.)

5.1 PA design overview

Every power amplifier should behave as ideal as possible. Besides a high efficiency,
also a wide bandwidth is preferable as well as small die size, high gain and de-
pending on the modulation scheme, the linearity. The amplifier presented here,
was designed with a focus on high efficiency at low supply voltages, preferably
for 1-cell battery operation (1.5 V) and a frequency range as wide as possible,
mainly to be able to cover all DECT standards with one die at the same time as
for example Bluetooth applications. Figure 5.1 shows the chip photograph of the
PA die. Its size is 1.4 x 0.9 mm2.

Fig. 5.2 shows the circuit diagram of the PA. The circuit consists of a transformer
XI as input BALUN, a driver stage Tl and T2, a transformer X2 as interstage
matching network and the output stage T3 and T4. The bias of the driver stage
and the output stage are set by current mirrors Dl and D2, respectively.

The SiGe bipolar technology used is similar to Infineons 0.35 /im, 72 GHz/ 75 GHz
(ft/fmax) volume production process which is described in Chapter 3 and [Klein 99,
Wolf 01]. Slight process modifications to obtain optimum power amplifier perfor-
mance and robustness included a reduced SIC implantation dose and profile,
improved boron and germanium profiles in the base and lower parasitic subcol-
lector resistances. The devices have transit frequencies and maximum oscillation
frequencies in the. range of 30 GHz and 50 GHz, respectively. The collector-base
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Figure 5.1: The 2.4 GHz ISM PA die (size: 0.9 x 1.4mm2)
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Figure 5.2: The push-pull PA circuit diagram. The used transformers operated
as LC tanks are stressed in yellow.
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breakdown voltage is BVCBO — 16.6 V• and the collector-emitter breakdown volt-
age is BVCEO — 5.6 V being above the typical production technology values of
BVCßo = 8V (typical: 10 V) and BVC£o = 2.3V (typical: 2.8 V) as presented in
section 3.7.

5.2 Input stage design

Beginning with the input section we find the input transformer XL Its 3D view
is sketched in fig. 5.3 while its winding scheme is sketched simplified in fig. 5.4.

.Spacing 3nm

.Width 10 urn

205 urn,

Figure 5.3: Input power transformer XI: 3D View and schematic symbol

XI is connected as a parallel resonant device with the input MIM capacitors Cl
and C2 (see section 4.5.2). The transformer acts as a BALUN as well as an input
matching network. In addition there are several advantages:

• No restrictions to the external DC potential at the input terminals.

• No external DC-block capacitor required.

• The input signal can be applied balanced or unbalanced if one input termi-
nal is grounded. Due to the fact, that most transceiver chips are based on
differential-type designs, an external BALUN is no more necessary.
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Figure 5.4: Input power transformer XI: (a)schematic symbol (b) winding scheme

• Relaxed electrostatic device requirements. If the primary winding is dimen-
sioned thick, enough, e.g. 10 fim, an average (!) DC current of typically
50 mA is allowed 2. Thus the peak current can be applied much higher.

The dimension of the input transformer has two major targets:

• Realisation of the input matching. For this, it is important to know the
necessary input impedance as well as the used packaging, as this has got
a strong influence due to the bond wire length, the amount of bondwires,
implying an additional input impedance. Furthermore if a differential input
is wanted, the packaging has to consider this. However, the input section
can be simulated using the fig. 5.5 equivalent circuit at the input. Another
problem regarding the input matching are the input bond pads. They are
modeled by a capacitor with a resistance in series to ground, due to the
limited conductance of the substrate. Usually they do not affect the match-
ing for low frequencies, but they become a dominating factor when reaching
frequencies in the range of over several 10 GHz. Their influence can be sim-
ulated very easy by the use of a smith chart. The MIM caps in fig. 5.5 are
sketched as ideal capacitors, as their parasitics can be neglected due to their
small outlines compared to the transformer they are connected with.

• Feeding the driver transistors Tl, T2 with the bias current and sufficient
RF base current. The transformer does this by transforming the impedance
from 50 Q down to a fractional value; Furthermore the center tap is used
for the biasing, with the advantage, that the necessary choke coils are now
integrated in the transformer. The center tap features a low DC resistance
to the base of the driver transistors, an advantage for biasing circuits, so
that this influence can be mostly neglected.

2For 100° operation with 2.8ßm thick Al metalization (Infineon B7HF specification).
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Figure 5.5: Input equivalent circuit used for simulations for the input matching,
biasing and tuning of the tank resonance frequency.

With the knowledge of the necessary values for in- and output impedance, a wind-
ing type for the transformer can be selected. Furthermore, the outer dimensions
of the transformer relate to the maximum current density allowed for the metal-
ization, the substrate capacitance and the parasitic capacitances CBÇ a n d CBE
of the driver transistor. The capacitors Cl and C2 in fig. 5.5 and fig. 5.2 are used
for tuning the transformer to the operating frequency. In theory, they could be
eliminated by the substrate capacitance, but this would make the complete design
having a strong dependence on a certain substrate type and will lead to problems
for the case of process variations. Thus the amplifier could behave unstable.

Another problem in observing the right input impedance is the often missing
large-signal S-Parameter simulation. Usually most tools offer only a small signal S-
Parameter extraction, which is not satisfying for amplifiers operated in saturated
mode such as GSM-PAs. As transistors are in fact never unilateral, the input
matching for relatively high input power, such as lOdBm has to be considered.
A simple work-around could be realised by adding a 50 Q input resistor between
signal generator and power amplifier (fig. 5.6). If the input voltage drops by the
half, the optimum input matching is reached. It has to be mentioned, that some
simulators feature an AC-source with integrated 50 Q resistance.

For the design of the input transformer, the input impedance on the bases of the
driver stage transistor can be simplified as a short circuit for the transformer, as
the input impedance of the large BJTs and HBTs are typically very low. Fig. 5.8
shows a secondary short-circuit transformer. It consists of a primary winding Lp

and a secondary winding Ls. Lp and Ls are mutually coupled, denoted by the
coupling coefficient k = M/\JLP • Ls, where M is the mutual inductance. The
ohmic loss of the primary winding Lp, ohmic loss of the secondary winding Ls
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Figure 5.6: Method of simulating the correct input impédance by adding a resistor
with the same value as the target Z/yv-

t[ns]

Figure 5.7: Voltage drop on a 50 Q series resistor to determine input mismatch.
For ideal 50 Q the amplitude should be half of the input voltage, and the phase
deviation as near to 0° as possible.

and the input impedance of the transistors (assumed real valued) are considered
by the admittance G. The transformer is connected as a parallel resonant device
using the capacitor C.
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Figure 5.8: Tuned ideal transformer equivalent circuit.

Then the resonant frequency uires of the tuned transformer can be derived as

1
(5.1)

The quality factor Q of the resonant circuit is

UJr • c

G
C

(1 - fc2).- LP
(5.2)

The inner current transfer ratio of the ideal transformer is

(5.3)

Now the total current transfer ratio Is/Ip of the parallel resonant transformer can
be expressed by

L
(5.4)

This relation shows that in contrast to the untuned transformer, the total current
transfer ratio can be increased by a quality factor of Q > 1. The capacitor C in
fig. 5.8 corresponds to Ci/C2 and C3/C4 in fig. 5.2 respectively.

Fig. 5.3 shows the input transformer XI in a three dimensional view. Its winding
scheme is found in fig. 5.4. The turn ratio XI is N=3:2. The size is 205 x 205//m2.
The primary winding consists of 3 turns. Al 3 and ÀI 2 are connected in parallel
to decrease the ohmic loss (see metal layer stack in fig. 3.19). Al 1 is not used
to- reduce parasitic substrate coupling of the primary winding. Both turns of
the secondary winding use also Al 3 and Al 2 connected in parallel. The total
coupling coefficient is k = 0.8 at 2.45 GHz. The transformer is modeled by a SPICE
equivalent circuit (fig. 5.9) at f= 2.45 GHz. The modeling issues of monolithic
transformers are presented in section 4.4 and in [Cheung 98, Long 00, Kehrer 01].
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Figure 5.9: Input transformer XI: SPICE model.

The simulation results of the transformer modeling tool FastTrafo [Thüringer 02]
are presented in figures 5.10, 5.11, 5.12. The resulting SPICE model is shown in
fig. 5.9.

The parallel, resonance is tuned by the input capacitor as well as the input
matching. Figure 5.13 shows the resonance in the frequency range between 2
and 2.5 GHz, thus the wanted operating frequency range.
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Figure 5.10: S-Parameter simulation results of the input transformer using Fast-
Trafo.

5.3 Interstage section

The interstage section describes the driver stage together with the interstage
transformer. The design of the interstage transformer is mainly like the input
section, but with the big difference that it has a strong influence in the circuit
performance. Its design depends on the following factors:

• The area of the output transistor. The output stage is usually dimensioned
by the desired output power. Hence the necessary transistor area, usually
characterized by the effective emitter area implies a low input impedance.
This is caused by the large capacitance CBE as well as CBC and the needed
base current due to the limited current gain ß.

• The selected substrate and the transformer metalization. If the semicon-
ductor technology features thick Al or better thick copper metalization, the
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Figure 5.11: Y ^Parameter simulation results of the input transformer using
FastTrafo.

substrate parasitics can be reduced as for the same current density smaller
trackwidths can be selected.

• The size of the driver stage transistor area is limited, as for large driver
stage transistors the CßE may become too large, so that the interstage
transformer tank can no more be tuned to resonance.

This shows, that the design of the amplifier requires some iterations, as there are
a lot.of unknown parameters for the transformer design and transistor area in
addition they depend on each other. The typical way of the amplifier design is to
calculate the necessary emitter area for a specified saturated output power and
the given supply voltage. Let us assume the output power to be 0.4 W (26dBm)
in saturation at a supply voltage of Vcc = 2 V.

For a single ended configuration, the necessary ideal output load would be given
by
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Figure 5.12: Z-Parameter simulation results of the input transformer using Fast-
Trafo.

Hence, the optimal load

El
2 P

(5.5)

(5.6)

can be calculated. For a single-ended configuration with U — Vcc, R^ would
be 5Ü and the average collector current would be 400 mA. If the optimum cur-
rent density to obtain f-r is 0.25mA///m2 an emitter area of 1600 yum would be
necessary for the output transistor.

For a push-pull configuration, Eqn. (5.5) will change to

__ (2 • Ueff?
R t,diff

(5.7)
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Figure 5.13: AC-Simulation of the primary winding of the input transformer XL
Between 2 and 2.5 GHz the transformer in parallel to the input capacitors Cl and
C2 shows a resonance effect.

with the optimal load now being

2t/2

(5.8)

For the same output power the differential load is now RL,,«// = 20 Q which im-
plies a load RL,COL = lOfi per collector. Thus the average current per collector
is reduced to 200 mA reducing each transistor area to the half of the single-ended
configuration. The load will shift in reality in dependence on supply voltage varia-
tions, operating point (RF input current and biasing) and the parasitics originated
in the die layout. So usually we will find an optimal complex valued ZL instead
of RL which has to be matched by the output matching circuit. For this circuitry,
the optimum current density for large scale operation was estimated to be about
0.25mA//xm2. For high speed SiGe technologies as presented in [Meister 03] this
current density value can reach up to 8mA//xm2. With this the start value, the
emitter area can be estimated to 800 /im2. Usually the area is selected to be
higher, to improve the linearity for systems with a high peak to average power
levels and further to increase the robustness of the output transistors. Also ther-
mal effects lowering /T/JMAX are better considered. In this design, the area was
selected to be 960 ßm? using 32 transistor subcells in a double-collector, double
base layout configuration. Each transistor cell uses a 20.4 /um long emitter finger
and a width of 1.75//m including the spacer (0.25/xm thick).
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As now the transistor area is known the input impedance of the output transistor
can be calculated and simulated for its transient behavior.

As the resulting output transistor shows up a very low input impedance, due to
the fact that the current gain is lowered from the ideal value (SPICE Parameter
BF (here about 150)) with 20 dB per decade as shown in Chapter 3. Thus in this
case the transistor with all parasitics will have a current gain of about 4 to 5.
Therefore the transformer must supply the bases with a peak to peak current of ~
200 mA (±100 mA). Figure 5.14 shows the base current of one output transistor
attached at the secondary winding, representing the output of the transformer
and the collector current of the driver transistor into the primary winding of the
transformer.

Transformer output
current

Transformer input
current

Figure 5.14: Transient simulation of the currents for transformer X2. The input
represents the collector current of one transistor into the primary winding and
the output the base current from the secondary winding into the transistor.

The design of the driver stage transistor follows from of the necessary current into
the transformer, furthermore the transformer together with the capacitors C3 and
C4 and the transistors should be tuned to the operating frequency. Figure 5.15
shows an AC sweep simulation. The transformer was tuned to the frequency of
2.2 GHz to have an equal performance for 1.9GHz (DECT) and 2.45 GHz (ISM-
band). This figure shows the driver and the output stage resonance using an ideal
BALUN 'at the output tuned to the operating frequency.

Figure 5.16 shows the used interstage transformer winding scheme. X2 has a turn
ratio of N=4:l. The total coupling coefficient is k = 0.65 at 2.45 GHz. The size
is 250 x 250//m2. The primary winding consists of 4 turns with Al 3 and Al 2



Chapter 5. Highly efficient 2.45 GHz ISM power amplifier 100

[d
B

]

c
CD
D)

ill 
si

gn
al

w

35

30"

25"

20-

15:

10-

5

n-

/ V°utput

/ A \

(/y Driver-stage

^AC-Simulation, Vcc = 2 V

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0

Frequency [GHz]

Figure 5.15: AC sweep simulation of the driver stage and the output.

connected in parallel. A primary center tap is available, connected via metal 1.
The secondary winding consist of one turn with a center tap connected via Al
1. The winding itself uses Al 3 and A12 in parallel. The equivalent circuit of the
transformer X2 is found in fig. 5.17.

p+

PC"P ®SCT

Figure 5.16: Interstage transformer X2: (a)schematic symbol (b) winding scheme

The transistors used in this circuit for the driver and the output stage have the
same layout. Both feature a double base contact to reduce the transistor base
resistance compared to single base configurations and a double collector, single
emitter contacting. Due to the transistor symmetry a multifinger structure is
easily designed, as the collectors of two neighbour transistor cells can be connected
directly together. The emitter length of the transistors is 20.4 ßra and the effective
emitter width is 1.5 fxm. Figure 5.18 shows the layout of the driver stage transistor.
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Figure 5.17: Interstage transformer X2: SPICE model.

Using 4 transistor cells in parallel gives the effective emitter area of 120 //m2. The
transistors emitter is connected on the base side to ground. The collector contacts
and the emitter-contacts are connected using a trapezoid metalization becoming
smaller in the mid of the finger. This is only possible for larger emitter widths due
to metal layer spacing design rules and improves the current density distribution
over the emitter finger. Figure 5.19 shows the output transistor.. It has the same
structure as the driver transistor with the difference of using 32 transistor cells.
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Figure 5.18: Layout of the driver transistors Tl and T2. The 4 parallel-connected
transistor cells features a double base, single emitter, double collector configura-
tion. The emitter length is 20.4//m and the effective emitter widthß.5/j,m.

5.4 Output matching

As the power amplifier is designed to work with a differential output, an efficient
output BALUN with optimized matching has to be attached. There exist sev-
eral solutions for this, as presented before and in [Bakalski 02,d, Bakalski 02,a,
Mongia 99]. However the solution should end up in a cheap, small-sized and effi-
cient solution. As the smallest BALUN solution, the LC-BALUN has the major
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COLLECTOR

BASE
Figure 5.19: Layout of the output transistors T3 and T4. The 32 parallel-
connected transistor cells features a double base, single emitter, double collec-
tor configuration. The emitter length is 20.4/im and the effective emitter width
0.5 /an.

disadvantage of using costly RF components and depending strongly on the PCB
layout, it is obvious, that using the PCB with transmission lines will help to
reduce production variations due to soldering and mounting as well as the re-
duction of the number of RF components. Therefore a microstrip line BALUN
was introduced in Chapter 4 and [Bakalski 02,e]. As the design of this BALUN
requires the knowledge on the optimum output load, this was done by a load-pull
setup on a predecessor chip [Bakalski 02,c]. As this setup requires high efforts for
an accurate measurement [Bakalski 01] the measurement was used to estimate
the load impedance for this power amplifier, as the same output power range was
desired. The optimum load therefore was set to 13 Ü per collector. Attaching the
resulting microstrip line BALUN to the schematic in fig. 5.2, the complete power
amplifier circuit results in fig. 5.20.

5.5 Experimental results

As explained before, a microstrip line BALUN is used for output matching and
power supply feeding. Figure 4.19 in section 4.6.2 shows the layout of the used
microstrip line BALUN.

Figure 5.21 shows the power amplifier test-board including the microstrip line
BALUN for characterization. The substrate parameters are er = 3.38, tan Ô =
0.0027 and the dielectric thickness is 0.51 mm. The metalization layers consist of
18 /an copper with a nickel diffusion barrier [Nicolics 97] and 5/an gold on top
for bonding. The die is attached with a conductive epoxy to the substrate and is
bonded directly on the board. .
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Chip Balun

Figure 5.20: Power amplifier module schematic with microstrip line BALUN.

PB VCCD
Figure 5.21: Power amplifier module PCB (size: 36 x 29mm2).

The input of the amplifier is connected directly via a bondwirè to the 50 Q. mi-
crostrip transmission line. The output is bonded to the microstrip line BALUN
with 13 Ü load per collector. Here, a 1.2 pF AVX ACCU-P 0805 SMD type ca-
pacitor was selected for the lumped capacitor Cl. Furthermore the necessary
DC-block capacitor is inserted on the test board as well. It was selected using a
network analyser with the focus on a low reflection coefficient and low S21 (AVX
ACCU-P 12pF 06035J120GBT). The power amplifier was characterized operat-
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ing in a pulsed mode with a duty cycle of 12.5% with a pulse width of 577 ms,
typical for DECT and GSM specifications.

Figure 5.22 shows the measured power transfer characteristic. The maximum
, output power is 26dBm (400 mW) at the low supply voltage of only 2 V. The

maximum PAE is 53% which is an excellent value, as the maximum efficiency of
a class B amplifier is 78.5% as shown in section 2.3.2. ,
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Figure 5.22: Measured power amplifier transfer characteristic.

For battery operation, the behavior for lower supply voltage is of interest as well.
Figure 5.23 shows the measured power transfer characteristics for supply voltages
of IV, Y.2 V, 1.5 V and 2 V, which include the most important single battery cell
supply voltages (1.2 V for NiCd and NiMh cells and 1.5 V for a standard AAA
AIMn battery cell). Thus, the PA is suited to operate down to IV of supply
voltage with a reduced output power. Figure 5.22 shows the small signal gain of
33 dB as described in section 2.1.1.

Figure 5.23 shows the frequency response. The frequency response shows a high
PAE and output power level in a frequency range from f = 1.9 GHz to 2.6 GHz.
Thus the power amplifier is well suited for DECT and ISM applications without
any change of the matching network. Finally, Tab. 5.1 shows the performance
summary that includes the current dissipation of the PA circuit as well as the
quiescent currents which are extremely low. This indicates, that the transistors
are basically driven by the RF current of the transformers and thus operate
very near to class B operation. This is extremely advantageous for wireless LAN
applications using a low average power. As for example the PCMCIA card slot
for notebooks is limited in its overall current consumption to 500 mA, Tab. 5.1
shows further its usability if the design is tuned for the necessary linearity.
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Chapter 6

A fully integrated 5.3 GHz
Wireless LAN power amplifier

The 5 GHz band is another frequency area, where industrial applications can be
found. While there exist some ISM applications, and a wireless telephone band at
5.8 GHz, the most important usage is wireless LAN. Unfortunately, the wireless
LAN frequencies depend on the local law limitations which differ a lot as sketched
in fig. 6.1. The usual specified IEEE 802.11a frequency range is 5.15 to 5.35 GHz,
but there exist further wireless LAN bands, iike those in Japan and some for high
output power levels in the USA. A power amplifier with a large bandwidth will
be advantageous for mass production efforts.

1
2.4-2.4835

2.4-2.4835

•mm

[5.03-5.091 5.15(5.25

-h

5.15: 5.35

mrjimm

5.15J 5.35

mrjimnn

• I - - - .

5.470

jYinnnrmvin

• 5.7:

5.725

f [GHz]

0 2.4 2.6 2.5 5.0 5.2 5.4 5.6 5.8 6.0

Figure 6.1: Worldwide specified wireless LAN standards and their operating fre-
quencies.

This Chapter presents a Wireless LAN IEEE 802.11a suited PA for the 5.25 GHz
band with an integrated LC-Output BALUN [Vizmuller. 95, Cripps 99] and inte-
grated RF chokes and output DC-block. It further shows (fig. 6.25) a high band-
width, covering the Japanese wireless band as well. The absence of any external

108
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matching components is a cost advantage, especially as no costly external module
structure or RF components are necessary. . .

The chip was manufactured in a mass-production 75 GHz-f̂  SiGe-Bipolar tech-
nology [Klein 99, Wolf 01] using the metal layer stack as presented in Chapter
3 (fig. 3.19). The PA circuit core principle is a two stage differential push-pull
type amplifier based on two on-chip transformers as input BALUN and for the
interstage matching. Figure 6.2 shows the PA chip photograph. The die size is
lxO.9mm2.
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Figure 6.2: Die photograph of the power amplifier (chip size: 1 x 0.9 mm2).



Chapter 6. Awfully integrated 5.3 GHz Wireless LAN power amplifier 111

6.1 Circuit design

Figure 6.3: Circuit diagram of the power amplifier.



Chapter 6. A fully integrated 5.3 GHz Wireless LAN power amplifier 112

Fig. 6.3 shows the simplified circuit diagram of the power amplifier. It is a push-
pull configuration using two transistor stages like the PA presented in Chapter
5. The transformer XI acts as input BALUN or just only as an input matching
network, depending on the bond configuration at the input. X2 acts as interstage
matching network between the driver stage Tl and T2 and the output stage T3
and T4. The bias of the driver stage and the output stage are set by current
mirrors Dl and D2, respectively, using the transformer center taps. The effective
emitter area of Tl, T2 is 20.4/an2 and of T3, T4 153/on2. Figure 6.4 shows the
driver stage transistor layout. 10.2 /j,m long', 0.75/xm width emitter fingers are
used to get the effective emitter area of 20.4 /um2 using two double collector tran-
sistor cells. The transistor cell uses a triple base connection, double emitter and
double.collector layout. The triple base connection significantly reduces the base
resistance compared to single base configurations, hence the breakdown behavior
is relaxed due to the low impedance base connection directly to the transformer.

Figure 6.4: Layout of the driver transistors Tl and T2. The 2 parallel connected
transistor cells feature a triple base, double emitter, double collector configura-
tion. The emitter length is 10.2/xm and the emitter width 0.75/im.

The output transistor in fig. 6.5 has the same configuration, but uses a doubled
emitter finger length of 20.4 fim. Thus, 15 transistor cells are used to obtain an
effective emitter area of 153/im2.
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Figure 6.5: Layout of the output transistors T3 and T4. The 15 parallel connected
transistor cells feature a triple base, double emitter, double collector configura-
tion. The emitter length is 20.4/um and the emitter width 0.75/xm.

Similar to Chapter 5 fig. 5.5 shows the used input equivalent circuit. It consists
of the input bondwires, the pads, the MIM capacitors and the input transformer
XI. The chip was intended to work with a single-ended input signal, so that the
second bond-wire can be assumed to be shorter which implies a lower inductance.
In difference to Chapter 5, the input transformer was designed as an octangular
formed structure to improve the quality factor.

P+

P-

p+O-

P:O

-Os+

1/2

-QSCT

1/2

Os-

Figure 6.6: Input power transformer XI: (a) Winding scheme (b) Schematic sym-
bol.

Figure 6.6 shows the used input transformer XI and its winding scheme. The turn
ratio of XI is N=2:l with the secondary winding consisting of parallel connected
turns. The size is 140 x 140 fxm2. The primary winding consists of 2 turns with a
width of 10//rri on the top metal layer (Al 3). Al 1 and Al 2 (fig. 3.19) are not used
for both windings to reduce parasitic substrate coupling. The total coupling coef-
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Figure 6.7: Input transformer XI equivalent circuit.

ficient is k = 0.55 at 5.3 GHz. The simulation results of the transformer modeling
tool Fast Trafo are presented in figures 6.8, 6.9, 6.10. The low-order equivalent
circuit can be found in fig. 6.7. ,

The input matching optimization method described in section 5.2 was used again
to optimize the input matching. Out of the S-parameter measurements in fig. 6.22,
an excellent input matching behavior is determined.

The driver stage consisting of transistor Tl and T2 together with the transformer
is used to drive the output stage. The transformer is tuned with the MIM-caps C3
and C4 and the transistors Tl and T2 to a parallel resonant circuit at the oper-.
ating frequency of 5.3 GHz. This can be observed by an AC-simulation and in the
measurement setup by a frequency sweep for low input power levels. Figure 6.11
shows the AC simulation results and a small signal measurement for compar-
ison. The curves show excellent match for the resonance frequency matching,
but the measured bandwidth is larger than in the AC simulation. This is caused
by the low-order transformer and inductor model. Another possible problem for
high frequency design can be determined by AC-simulations as well: oscillation.
Due to the fact, that high-speed HBTs are used, a possible oscillation has to be
prevented. Oscillation problems show themselves in AC-curves as small-banded
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Figure 6.8: S-Parameter simulation results of the input transformer using Fast-
Trafo. • • • . . •

peaks with extreme high amplitudes. , • ,

To drive the output stage, the interstage transformer thus has to fulfill a current
.transformation, hence an impedance transformation. As described in section 5.2,
the output HBTs have a very low input impedance, and the transformer acts
idealized like having its secondary side short circuited (fig. 5.8). To estimate the
current transformation ratio \IS/IP\ eqn. 5.4 can be used.

In the simulation, the current transformation looks like fig. 6.12. Here a \IS/Ip\ of
about 3 is obtained. '

Figure 6.14 shows the interstage power transformer X2. It is connected as a paral-
lel resonant device with two capacitors C3 and C4. X2 has a turn ratio of N=2:l.
The total coupling coefficient is k = 0.45 at 5.3 GHz. The size is 160 x 160//m2.
The primary winding consists of 2 turns with Al 3 and the secondary of 1 turn
also using Al 3. The simulation results of the transformer modeling tool Fast Trafo
are presented in figures 6.15, 6.16, 6.17. The low-order equivalent circuit can be
found in fig. 6.13.
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Figure 6.9: Y -Parameter simulation results of the input transformer using Fast-
Trafo.

The output stage transistors drive the output BALUN to provide a single-ended
output. Hence as well as the transformers, this BALUN has to be designed to
have its optimum matching for the operating frequency, here the 5.3 GHz WLAN
band. While the input and the driver stage are tuned by the MIM-caps and the
transistor areas, this cannot be done that easily for the output stage: A cer-
tain saturated output power is needed, and this requires a technology-dependent
optimal transistor. area and output load. So an LC-BALUN was chosen to be
integrated for several reasons:

• The loads at in- and output can be calculated for any real-valued impedance.
If the BALUN bridge is used to work asymmetric, or better some prematch-
ing is done, even any complex valued loads are possible.

• Due to the advantage of a push-pull type PA of having a 4:1 load-line
impedance benefit, the impedance transformation ratios are relaxed, and
thus relax the need on high-Q inductors.
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Figure 6.10: Z-Parameter simulation results of the input transformer using Fast-
Trafo.

Together with the transformer the LC-BALUN is one of the smallest solu-
tions in realising a 180° BALUN structure.
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Figure 6.12: | / s / /p | current transformation. It is a transient simulation for an
input power of -13 dBm. The current curves are shifted due to overlapped bias
currents.
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6.2 On-chip LC-BALUN design

, During the recent decades several BALUN concepts have been proposed [Johnson 84,
Mongia 99, Krischke 95]. One of the most often found is the Marchand [Marchand 44,
Mongia 99] BALUN and its dérivâtes. As this BALUN requires certain outer di-
mensions due to its dependence on the bulk wavelength and good coupling be-
tween the lines, it is well suited for LTCC or Laminate structures [Ilkov 03,b,
Bakalski 03,a] and shows a good performance and a wide bandwidth. However,
for.on-chip integration, it is not suitable due to its typically too large layout.

The LC-BALUN described in Chapter 4.18 [Vizmuller 95, Cripps 99] is one of
the most compact solutions, as it is based on lumped components. As seen be-
fore, there exist accurate models for dealing with inductors and capacitors. It
is possible to design such a BALUN structure ori-chip. Additionally it also al-
lows an impedance transformation arid can be realised using transmission lines :

, [Bakalski 02,e]. Thus, it does not, require any premâtching. Unfortunately, the,
inductance of bond wires [March 91, Wadell 91] at the RF output leads to.'a
complex-valued load impedance on thé die. Furthermore we find the bond-pad
having certain substrate parasitics, depending on the semiconductor technology.

PAD

(a)

DC-Block PAD

(b)

zo=5on

151

Figure 6.18: (a) Resulting load for the connection parasitics consisting of the pad
and the bondwire (b) with additional DC-Block tuned to a real-valued ZL
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Figure 6.18 shows the resulting load for a circuit consisting of a pad and a bond-
wire.

If the DC-block capacitor is optimized in this way, that approximately a real-
valued load is found in front of the DC-block capacitor (fig. 6.18), the equations
4.8 can be used to design the BALUN. For the optimization, interconnections,
inductances and parasitic capacitances shifting the calculated values for L and
C have to be considered. Furthermore the RF-choke coil has to be included in
the BALUN equivalent circuit, as its parasitics have an influence on the BALUN
matching as well.

182pm

ÜX2

o Lx =0.98nH.

G o ^ 144 fF
Cx =29fF

. f^UB=635a

Figure 6.19: (a) lnH Coil (b) Equivalent circuit.

For the integrated BALUN two similar inductors LA and LB (fig. 4.18) are used.
Figure 6.19 shows the used coils LA and LB: The size is 182 x 160jum2. Thé
winding consists of 2.75 turns. Al 1 and Al.2 are not used to reduce parasitic
substrate coupling of the winding. The interconnection uses Al 1 and 2 to have
about the same maximum current density applicable. The inductors are modeled
with a tool called Coilgen based on Grovers formula [Grover 46] and substrate
effects presented in [Kehrer 01, Wohlmuth 00]. The equivalent circuit for the used
coils LA and LB can be found in fig. 6.19. Capacitances and DC-block were realised
as MIM-CAPs as described in section 4.5.2. Note, that the MIM-CAP parasitics
are small compared to the inductors. Hence the equivalent circuit of the on-chip
LC-BALUN can be simplified to the structure in fig. 6.20 for the optimization of
the inductors.
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vcc

jChoke-coil;
I ; ; . . '

Figure 6.20: Simplified LC-BALUN equivalent circuit.

6.3 Experimental results

For the characterization, the chip was cleaved with a conductive epoxy and
bonded to the test board in fig. 6.21. The PCB substrate parameters are er = 3.38,
tanÔ =,0.0027 and the dielectric thickness is 0.51mm. The metalization consists
of a 18//m copper layer with a 1/̂ m nickel diffusion barrier and 5//m gold on top
for bonding. '

The input and the output of the amplifier is connected via a 50 Q microstrip line.
The input and output matching of the power amplifier is shown in>fig. 6.22. The
power amplifier was characterized operating in a pulsed mode with a duty cycle
of 12.5% and a pulse width of 600^s as well as for CW operation (Tab. I).

Figure 6.23 shows the measured power transfer characteristic at 2.4 V supply
voltage. The maximum output power is 25dBm at 5.3 GHz. The maximum PAE
is 24% and the small signal gain is 26 dB. ~

Figure 6.24 shows the measured power transfer characteristics for supply voltages
of 1.0V, 1.5V, 2.4V, 3V in pulse mode and 2.4V in continuous wave (CW)
mode without additional cooling. It is remarkable, that for 1.5 V single battery
cell operation the ldB compression point is still 20dBm.

In the 5 GHz band several wireless LAN frequency bands have been defined with
regional limitations. Thus, it is of interest if this PA is. suited to cover other
frequencies as well. Figure 6.25 shows the measured frequency response. The
frequency response shows a high PAE and output power level in a frequency range
from / =4.5 GHz to 6 GHz. The 3 dB bandwidth in fig. 6.25 is about 900 MHz,
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TB VCC

[50 Q Transmission Lines

Figure 6.21: Photograph of thé power amplifier test-board (size: 30 x 30 mm2).

covering the range from 4.8 to 5.7 GHz.

One of the most important properties for PAs suited for wireless LAN is the lin-
earity. Especially due-to the modulation scheme, for example a 64-QAM in IEEE
802.11a, a high peak-to-average output power distribution is found. Typically
all commercial available PAs are characterized by the Error Vector Magnitude
(EVM) [Agilent 02,b] and the Complementary Cumulative Distribution Function
(CCDF) [Agilent 02,a]. Commercial wireless LAN PAs are typically specified by a
maximum EVM in the range of 3-5%, so the PA was characterized for a maximum
EVM limit of 3%. The PA was supplied with an undistorted 64-QAM, 54 Mbit/s
test signal and the output measured with an Agilent 89600 vector signal analyzer.
The used average input power was P,n)a„a=-13dBm. The corresponding average
output power was Pout,avg= H dBm, all measured in CW-mode. Figure 6.26 shows
the corresponding symbol constellation diagram. No major distortions in the outer
or inner constellation symbols can be found. The corresponding output spectrum
is plotted from the test set in fig. 6.27.

Additionally to the EVM measurement, a CCDF curve [Agilent 02,a] was mea-
sured (fig. 6.28). This type of curve emphasizes compression effects very well. This
plot shows the ideal CCDF curve for the used modulation scheme as well as the
measurement at the output. As the probability for high output power levels is
low, the measured curve shows some steps. Thus, the PA has a compression lower
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Vcc = 2.4V CW
S11:PIN=0dBm
S22: RF-off 120>

Z0=50Q
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30
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//Input-S11
power-down
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5.8 GHz

Output - S22 '
power-down

Figure 6.22: Measured S-Parameters for Input (Sll) and Output (S22).

than ldB at the highest output level in this configuration. With.this, the PA
is very linear up to the 1 dB compression point showing no noticeable errors in
magnitude and phase. -

Tab. 6.1 shows the performance summary.
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f = 5.3 GHz Vcc = 2.4 V

-40 -35 -30 -25 -20 -15 -10 -5
Input Power [dBm]
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Figure 6.23: Measured power amplifier transfer characteristic.
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Figure 6.24: Measured power amplifier transfer characteristic versus supply volt-
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Figure 6.25: Measured power amplifier frequency characteristic.
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Figure 6.26: Constellation diagram corresponding to an EVM of 2.8%. The addi-
tional two points represent the tracking cursors from the test set.
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Figure 6.27: The output spectrum corresponding to an EVM of 2.8% measured
at the output of the PA. .
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Figure 6.28: Measured PA CCDF output curve for a IEEE 802.11a 64-QAM,
54Mbit/s input signal. The corresponding EVM is 2.8%.
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Operating frequency
Small-signal gain
Supply voltage
Maximum output power
(5.3 GHz, Pin=10dBm)
Power-added efficiency (5.3 GHz, Pin=10dBm)
Output stage collector current (RF on) + bias
Output stage collector current (RF off) + bias
Driver stage current (RF on) + bias
Driver stage current (RF off) + bias

4.8 GHz-5:7 GHz
26dB

1
17.7
(60)
15.6

288 + 6.4
288 + 6.4
71 + 4.6
26 + 4.6

1.5
21.6
(145)
22.5"

327 + 6.4
321 + 6.4
78 + 4.6
29 + 4.6

2.4 -
25

(316)
24

443 + 6.4
360 + 6.4
96 + 4.6
35 + 4.6"

3.0
26.6
(457)

15
800 + 6,4
450 + 6.4
90 + 4.6
36 + 4.6

2.4 CW
24.4
(275)

22
422 + 6.4
370 + 6.4
89 + 4.6
40 + 4.6

V
dBm
mW
%

mA
mA
mA
mA

Table 6.1: Performance Summary (T=300K, 12.5% duty cycle, 0.600ms pulse width - CW: continuous wave.)
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Chapter 7

A fully integrated 7-18 GHz
Power Amplifier

The Chapters before have discussed some PA designs for (he frequency area lower
than 10 GHz. In this area lumped components like capacitors and inductors have
proven to work for on-chip integration. As with higher frequencies, parasitic ca-

(a)
900 MHz

(b) (c)
5-6 GHz 17.2 GHz

117

f
Figure 7.1: . Transformer designs for increasing frequencies: (a) GSM inter-
stage transformer [Simbiirger 99] (b) 5-6 GHz Wireless LAN PAs [Bakalski 03,c,
Bakalski 03,a] (c) 17 GHz PA [Bakalski 03,d]

132
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pacitances to the substrate become more and more dominant, and required in-N

ductances are decreasing at the same time. Transformers must be smaller to
achieve a parallel resonant circuit for the interstage matching at high frequencies
(fig. 7.1). Additionally, fast SiGe technologies as presented in [Meister 03] oper-
ate with current densities up to 8 mA/D which is about 8 times higher than the
manufacturing process used in the design presented in Chapter 6.

Using transformers above the 20 GHz range for PA applications will not make
sense, as reliability limitations for the metalization will make a successful de-
sign impossible. Further a higher accuracy for transformer models for frequencies
above 20 GHz [Kehrer 01]. would be necessary. But as on-chip transformers will
be too small to face reliability requirements, microwave coupler structures like
the Lange coupler [Lange 69] would make more sense. The PA presented here is
an example for the limit in the usage of on-chip transformers. .

7.1 Design overview

This section shows, a design based on the same semiconductor technology (Chap-
ter 3) as the amplifier presented in Chapter 6. Figure 7.2 shows the chip photo-
graph of the fully integrated PA. With a die size of 0.8 x 0.9 mm2 the amplifier
is suited to be inserted into smallest packages. Thus, as described later, the chip
was characterized by cleaving it directly onto a test PCB and direct wedge-wedge
bonding [Nicolics 97].

Like the PA presented in Chapter 6 and [Bakalski 03,b] it is a PA with all match-
ing elements integrated ori-chip. The PA [Bakalski 03,d] has a maximum output
power of 17.5 dBm at 2.4• V of supply voltage and has a small signal gain of 15 dB
using two transistor stages. The SiGe bipolar technology used here is the Infineon
B7HF process described in Chapter 3 and [Klein 99, Wolf 01].

The complete PA schematics is shown in fig. 7.3. The circuit elements on the die
can be identified easily in the schematics: Two transformers at the input and in
the mid of the die the interstage transformer. Further, the output BALUN with
its three inductors realised as planar coils can be found.
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Figure 7.2: Die Photograph of the power amplifier (size: 0.8 x 0.9mm2).
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Figure 7.3: The push-pull power amplifier circuit. The PA uses an on-chip LC-
BALUN as output matching network.
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7.2 The PA core

Referring to fig. 7.3 the circuit consists of a transformer XI as input BALUN, a
driver stage Tl and T2, a transformer X2 as interstage matching network and
the output stage T3 ànd T4. The bias of the driver stage and the output stage
are set by current mirrors Dl and D2, respectively. The effective emitter area of
Tl, T2 is 20.4/W2 and 61.2/im2 for T3, T4 each.

E C

CBEBEBG, CBEBEBC

BASE

Figure 7.4: Layout of the driver stage transistors Tl and T2. The doubled tran-
sistor cell features, a triple base, double emitter, double collector configuration.
The emitter length is 10.2 /um and the effective emitter width 0.5//m.

Figure .7.4 shows the driver stage transistors Tl and T2. The transistor config-
uration is a triple base, double collector and double emitter layout. The triple
base configuration lowers the base resistance of the transistor, while the use of
the double emitter and collector reduces the parasitic capacitances compared
with simple single base- collector- emitter transistors. The effective single emitter
area is 0.5ßmx 10.2 ßm. Two parallel transistors cells have the emitter area of
20.4/xm2. ,

Figure 7.5 shows the layout of the output stage transistor. It is similar to the
driver stage but with 6 transistor cells used in parallel. The resulting emitter
area is 61.2/xm2.

The function of the transformers and their tank circuits are similar to the designs
presented before.

Figure 7.6 shows the input transformer used as input BALUN and input matching
network. The turn ratio of XI is N=2:l. The size is 94 x 94/im2. The primary
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Figure 7.5: Layout of the output transistors T3 and T4. The 6 parallel connected
transistor cells features a triple base, double emitter, double collector configura-
tion. The emitter length is 10.2/^m and the effective emitter width 0.5/jm.

P+Ö-

P-

p-o

-Os+

1/2

•OSCT

1/2

Os-
(a)

Figure 7.6: Input power transformer XI: (a) Winding scheme (b) Schematic sym-
bol. • • • .

winding consists of 2 turns. Al 1 and Al 2 in fig. 3.19 are not used to reduce
parasitic substrate coupling of the primary winding. Both turns of the secondary
winding use also Al 3. The total coupling coefficient is k = 0.45 at 17.2 GHz. The
low order equivalent circuit is found in fig. 7.7.

Figure 7.8 shows the interstage power transformer. X2 is connected as a parallel
resonant device with two capacitors C3 and C4. C3 and C4 are connected to short
the parasitic substrate capacities to the VCCD node. X2 has a turn ratio of N=2:l.
The total coupling coefficient is k = 0.6 at 17.2 GHz. The size is 118 x 118/zm2.
The primary winding consists of 2 turns with Al 3 and the secondary of 1 turn



Chapter 7. A fully integrated.7-18GHz Power Amplifier 138

1449 Q 10 fF
h-CZ

p. Primary Center Tap P + ' L = 0 3 n H

O O O Ls = 0;i6nH
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Figure 7.7: Input transformer XI equivalent circuit.
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-OSCT
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Figure 7:8: Interstage power transformer X2: (a) Winding scheme (b) Schematic
symbol. ' • . • •

also using Al 3. Figure 7.9 shows the low order equivalent circuit.

The interstage transformer in this design suffers from a major trade-off between
model accuracy and current transformation ratio:
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Figure 7.9: Interstage transformer X2 equivalent circuit.
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Figure 7.10: Current transformation due to transformer X2: The transformation
ratio is only about 1.8.
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Tuning to the resonance frequency: As the PA is designed for an operat-
ing frequency of 17 GHz, the LC-tank has to be tuned to about 17 GHz.
This implies, that the driver transistor area in combination with the trans-
former is limiting the transformer area (to minimize the parasitic substrate
capacitance) and thé transformer is limiting the transistor area;

Due to the area limitation, the current transformation ratio is limited. If
eqn.;5.2 is considered, the quality factor Q of the resonance circuit will be
low, as the shunt capacitance and the coupling coefficients are low due to
the limited area. Figure 7.10 shows the simulation of the currents flowing
into P+ (driver stage collector) and S+.(output stage base). Even as the
transformer uses a sliced structure, the current transformation ratio is only
about 1.8.
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7.3 The integrated LC-BALUN output match-
ing network.

Similar to the 5.3 GHz design, an LC-BALUN was chosen for on-chip integra-
tion. As sketched in fig. 6.18 the bondwire will lead to an inductive load at the
LC-BALUN output. As the frequency is now more than doubled the bondwire
inductance cannot be compensated as good as in the 5 GHz case. Figure T. 11
shows the used output equivalent circuit for the frequency range of 9 to 20 GHz.

P A D l-BOND DC-Block PAD LB

, » 100fF=j= 4=100 fF

. 250 flf] M250 Q 4r

20=50f2

(b)
[j25on -er

60

30

Figure 7.11: (a) Resulting load for the connection parasitics consisting of the pad
and the bondwire (b) with additional DC-Block.

Additionally to the DC-block, the BALUN-bridge is operated imbalanced with
two different inductances. Their layout and the equivalent circuit is shown in
fig. 7.12.
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r LB=107|jm

Spacing:
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L8=53Mm .

x
1^=23800

Figure 7.12: (a) Coil layout (b) Equivalent circuit..

Lx =0.39nH

Cox"=45JF

7.4 Experimental results

For the characterization a test PCB with two 50 Q microstrip lines for in and
output was used (fig, 7.13). The die is attached with a conductive epoxy to the
substrate and is bonded directly on the board. The PA in- and output are con-
nected to 50 Q microstrip transmission lines. The connections used here' were
standard SMA-connectors. •

PB VCCD VCC

Figure 7.13: Photograph of the power amplifier test board (size: 30 x 30 mm2).
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The PCB substrate parameters are sr = 3.38, tan 5 = 0.0027 and the dielectric
thickness is 0.51mm (Rogers RO 4003). The metalization layers consist of.l8/um
copper with a nickel diffusion barrier and 5/xm gold on top for bonding.

20

Vcc = 2.4 Vfo p= 17.2 GHz -18

20

-20 -18 -16 -14 -12 -10 - 8 - 6 - 4 - 2 0 2 4 6 8 10

Input Power [dBm] .

Figure 7.14: Measured power transfer characteristic (T=300K, 12.5 % duty cycle,
0.600ms pulse width). • . ' ,

The power amplifier was characterized operating in a pulsed mode with a duty
cycle of 12.5% with a pulse width of 600 fis as well as for CW operation (Tab. 7.1).

Figure 7.14 shows the measured power transfer characteristic. The maximum
output power is 17.5dBm at 2.4.V supply voltage and 17.2 GHz. The maximum
PAE is 11.2%. Figure 7.15 shows the characteristic vs. the supply voltage.

Figure 7.16 shows the frequency response. The frequency response shows a steady
PAE and output power level in a frequency range from f = 7 GHz to 18 GHz.
Considering the fmax of 75 GHz and the fp of 72 GHz the results show the limit
of the semiconductor technology.

The linearity was investigated using a two-toné measurement setup as described
in section 2.1.3 using the test setup in fig. 2.4. Figure 7.17 shows the resulting'
intercept point 3rd order (IP3) of 25.7dBm. Tab. 7.1 shows the performance sum-
mary.
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Figure 7.15: Measured power transfer characteristic vs. supply voltage.
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Figure.7.16: Measured power amplifier frequency characteristic.
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Figure 7.17: Two-Tone measurement with 10 MHz offset.
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Operating frequency.
Small-signal gain
0IP3 (Vcc = 2.4 V CW)
Supply voltage
Maximum output power .
(17.2GHz, Pin=10dBm) '
Power-added efficiency (17.2 GHz, Pin=6dBm)
Output stage collector current (RF on).+ .bias
Output stage collector current (RF off) + bias
Driver stage current (RF on) + bias . ',. •
Driver stage current (RF off) + bias

7GHz-18GHz
15dB . - . . . - .

• - . - . • • 2 5 . 7 . d B m / .

1.2

12
(15.8).

9.5-
71 + 2
32 + 2
.53 +/8 "
34 + 8

1.5

13.9
(24.5)
10.3

88 + 2
33 + 2.
60 + 8
36 + 8

2

16.1
(41) ;
10.6

115 + 2
34 + 2
70' + 8

.40 + 8

2.4

17.5
(56).

: H
135 + 2
36 + 2
75 + 8
44 + 8

2.4 CW
17 .

(50) •:

10.1

130 + 2
38 + 2
72 + 8
44 + 8

V.

dBm
mW

% •

mA
mA
mA
mA

Table 7.1: Performance Summary (T=300K. 12:5% duty cycle, 0.600 ms pulse width - CW: continuous wave.)
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Chapter 8

Conclusion and Outlook

Within this thesis SiGe bipolar based power amplifiers (PA) in the range of 2
- 18 GHz have been demonstrated. All of them are push-pull type designs using
on-chip planar transformers. Different techniques of output matching dependent
on the operating frequency have been introduced. For the 2.4 GHz ISM band
a mierostrip based output BALUN was used, while for the frequencies above
5 GHz an on-chip BALUN was integrated. The 5 GHz PA further shows similar

v performance levels considering efficiency and linearity as III-V-technologies based
technologies. The 17 GHz PA is a demonstrator for the limits in the use of on-chip
transformers. As current densities for high speed SiGe technologies increase and
the optimum outlines for the transformers decrease, we find the point where a real
optimum can no more be found. Due to the reduced bulk wavelength for higher
frequencies, other matching elements like on-chip transmission lines and stripline
coupler become more and more of advantage. Similar structures are typically,
found in III-V based amplifiers for the 70-100 GHz range. The presented PAs
show that Si BJTs and SiGe HBTs can be used for mass products, and the field
of RF PAs is not limited to III-V technologies; .

In summary the main results are: •

• A highly integrated 2.4 GHz ISM PA with a minimum of external compo-
nents [Bakalski 02,e, Bakalski 02,d, Bakalski.02,a] using a mierostrip based
output BALUN has been presented. It shows outstanding efficiency of over
50% at 2 V of supply voltage [Bakalski 02,b] at a saturated output power
level of 400mW.,

• The first fully-integrated wireless LAN PA for the 5 GHz band in SiGe-
bipolar is presented. It fulfills the needs on linearity required for Wireless
LAN systems. Due to the integrated BALUN it is the first Si-based PA
free of any external matching components including DC-block capacitors
[Bakalski 03,b, Bakalski 03,c]. Further it shows almost perfect in- and out-
put matching. It further shows efficiency levels comparable with solutions

147
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requiring expensive external networks or ceramic or laminate substrates
[Bakalski 03;a, Ilkov 03,b, Simbiirger 01, Bakalski 02,c].

, • The first reported SiGe-bipolär PA working up to 18 GHz. It also features
the integration of all matching components on-chip [Bakalski 03,d]. It is an
example for the technological limits as it rises up to an fmax/fop of only
about 4.2, It is further an example for the limits in the usage of on-chip
transformers. - •

For the future, further improvements in the PA designs are always desired. Con-
sidering fully integrated PAs; a thick copper metalization will help to improve
the quality factors and thus help to reduce losses in the transformers and the
BALUN structure.

Looking on the high frequencies, we find future PA applications in automotive
radar systems. Operated at 24 GHz and 77 GHz, it will be the next challenge in the
design of RF building blocks. Especially for PAs the trade-off between breakdown
voltages and high speed transistors will require very accurate breakdown models.
Further, on-chip power combiners become feasible but lossy. A new challenge will
be the focus on efficient power combining schemes.

Another major market are the mobile phones: Dominated today by III-V tech-
nologies, several publications [Simbiirger 99, Baltus 01] did show the possibility
to realise such PAs in Si-bipolar based processes. Considering products, tran-
sistors have to be improved in the field of ruggedness, hence higher breakdown
voltages have to be realised. Another point is the necessity of higher integration
of PAs with other building blocks such as antenna switches on laminate carriers
for mobile phone. PAs. A further space reduction and increasing efficiencies are
future tasks on the development on Si-based mobile phone PAs such as for UMTS
and GSM.
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