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ABSTRACT

Chen, Jing-Hwa. Ph.D., Purdue University, December 2013. RF to Millimeter-wave
Linear Power Amplifiers in Nanoscale CMOS SOI Technology. Major Professor: Saeed
Mohammadi.
The low manufacturing cost, integration capability with baseband and digital circuits,
and high operating frequency of nanoscale CMOS technologies have propelled their
applications into RF and microwave systems. Implementing fully-integrated RF to
millimeter-wave (mm-wave) CMOS power amplifiers (PAs), nevertheless, remains
challenging due to the low breakdown voltages of CMOS transistors and the loss from
on-chip matching networks. These limitations have reduced the design space of CMOS
power amplifiers to narrow-band, low linearity metrics often with insufficient gain,
output power, and efficiency.
A new topology for implementing power amplifiers based on stacking of CMOS SOI
transistors is proposed. The input RF power is coupled to the transistors using on-chip
transformers, while the gate terminal of teach transistor is dynamically biased from the
output node. The output voltages of the stacked transistors are added constructively to
increase the total output voltage swing and output power. Moreover, the stack
configuration increases the optimum load impedance of the PA to values close to 50 ohm,
leading to power, efficiency and bandwidth enhancements. Practical design issues such as
limitation in the number of stacked transistors, gate oxide breakdown, stability, effect of
parasitic capacitances on the performance of the PA and large chip areas have also been
addressed. Fully-integrated RF to mm-wave frequency CMOS SOI PAs are successfully
implemented and measured using the proposed topology.
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1. INTRODUCTION

1.1

An Overview of CMOS Power Amplifiers
Radio Frequency (RF), microwave and millimeter wave power amplifier circuits are

often implemented with GaAs, GaN, BiCMOS, and LDMOS technologies that provide
high power handling capabilities.. The reasons that CMOS technologies are not
considered as attractive choices for implementing power amplifiers are summarized in
the following paragraphs [1], [2]:
(i) The low gate-oxide breakdown and low drain-source reachthrough voltage of
nanoscale transistors limit the maximum voltage swings across transistor terminals. As a
result, the power delivered by CMOS PAs has been reduced proportionally to the square
of supply voltages (Pout ~ VDD2) as the transistor dimensions continuously scale down. In
order to compensate for the low breakdown voltages, large output powers are commonly
achieved by utilizing wide periphery multi-finger transistors with low optimum load
impedances to increase the output current swing.
(ii) The low optimum load impedances, nevertheless, require matching networks with
high impedance transformation ratios to match to the system impedance (typically 50 ).
Due to the conductive nature of Si substrate and thin metal layers in advance CMOS
technologies, on-chip passive components generally suffer from low quality factors (Q).
Therefore, the loss from matching networks may significantly degrade PA's performance,
especially when the impedance transformation ratios are high. These limitations have
reduced the design space of power amplifiers to narrow-band, low linearity metrics with
often insufficient gain, output power, and efficiency.
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(a)

(b)

(c)

(d)

Figure 1.1 The simplified circuit schematic of PAs designed with (a) n-parallel CS cells
(b) n-stacked CS cells with input transformers connected in series (c) dynamically-biased
n-stacked Cascode cells with a mixture of series and parallel combinations of input
transformers and (d) n-stacked of multiple CG transistors.
The existing topologies for implementing high power amplifiers in CMOS technology
are summarized in Figure1.1. Figure 1.1 (a) shows a simplified schematic of a PA
implemented with n-parallel transistor combination. The input and optimum load
impedances of the PA without using impedance transformation networks are Zin/n and
Zopt/n, where Zin and Zopt are the input and optimum load impedances of the unit transistor
cell, respectively, and n is the number of transistor cells. The unit transistor cell can be
implemented using any single-stage or multi-stage transistor amplifier topology with two
common examples of common source CS (shown in Figure 1.1) and Cascode
configurations. The low input and optimum load impedance of PAs designed with
parallel combination, nevertheless, require matching networks with high impedance
transformation ratios to match to 50 Ω impedances.
Another approach to implement high power amplifiers is to use various power
combining techniques to combine the output of several unit power amplifiers into one
single-ended output as shown in Figure 1.1(b). The common structures of power
combiners using distributed active-transformer (DAT) structures [3] and transformers [4]
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are plotted in Figure 1.2. The insertion loss of on-chip combiners reduces the maximum
output power and sets a limit on the maximum efficiency and output power that can be
practically achieved especially at high operating frequencies. Nevertheless, this technique
has been widely used to implement relatively narrowband PAs.

(a)
(b)
Figure 1.2 Power combiners implemented using (a) DAT structure [3] and (b)
transformers [4].

(a)

(b)

(c)

Figure 1.3 The circuit schematic of PAs implemented using (a) stack FET with one CS
device [5] and transformer-coupled CS cells with (a) series and (b) parallel input
connections [6].
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In order to overcome the bandwidth, efficiency and output power limitations caused
by output matching networks of PAs with parallel transistor combinations and power
combing techniques, stacked PA configuration has been proposed [5-14]. Figure 1.3
summarizes the circuit schematic of PAs implemented using (a) a stack with one CS
device [5] and transformer-coupled CS cells with (b) series and (b) parallel input
connections [6]. With the transformer-coupled configuration, the input and output
impedances of the PA without impedance transformation networks are nZin and nZopt. The
input transformers may be arranged in parallel to achieve an input impedance of Zin/n
while the outputs of transistor cells are still in series. Alternatively, as shown in Figure
1(c), a mixture of series and parallel combinations at the input nodes with an input
impedance between Zin/n and nZin may be arranged in order to achieve an input
impedance matched to 50 , if desired.
Practical implementations of the stacked transistor approach have been limited to a
maximum of only four transistors in the stack. There are several reasons why it is
challenging to stack more than four transistors in the stack as discussed in the following.
(i) First and foremost, if the gate biases of the transistors in the stack are fixed at
certain voltages, the top transistor in the stack (closest to the output node) may
experience gate-oxide breakdown for large output voltage swings.
(ii) Secondly, for bulk CMOS or BiCMOS processes, transistors may experience
substrate breakdown or severe substrate leakage, or both, when the number of transistors
in the stack is increased. Note that this limitation only applies to transistors on conducting
substrates and excludes CMOS SOI transistors, as well as compound semiconductor
FETs with semi-insulating substrates.
(iii) The next limiting mechanism in the number of transistors that can be practically
stacked stems from parasitic capacitances at transistor terminals connecting to the
common GND. These parasitics break up the symmetry of the stacked PA circuit and
introduce phase and amplitude differences to the drain-source voltages of transistors in
the stack. It turns out that the added phase of the transistor cell farthest from the output is
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quadratically proportional to the number of transistors in the stack [15]. The phase
difference prevents the voltage swings from adding up constructively and results in
lowering the voltage combining efficiency and output power as the number of stacked
transistors is increased. The variations on the amplitude, on the other hand, result in a
substantially higher voltage swing of the top transistor comparing to other transistors in
the stack. As a result, the top transistor may experience breakdown before the other
transistors in the stack contribute any appreciable voltage swings. This effect limits the
maximum output power that can be achieved and instability may occur under high power
operation.
Adding proper capacitance loads at the gate terminals have been demonstrated to adjust
the voltage swings for PAs designed with a stack of multiple common-gate (CG)
transistors as shown in Figure 1.1(d). The capacitor values required at the top of the
stacked, nevertheless, are substantially lower than the others to achieve an equal drainsource voltage swing across each transistor in the stack. The maximum number of
stacked transistors is limited to 3~4.
1.2

Motivation
Power amplifiers are considered as one of the most important components in a

wireless communication system. The performance of a PA not only decides the
transmission quality and distance but also determines the overall efficiency and the
thermal dissipation capability requirements. Currently, the high-end 3G and 4G mobile
markets are dominated by GaAs PAs due to the superior linearity and efficiency. CMOS
PAs, on the other hand, are used for 2G applications mainly due to the difficulty in
finding a balance between cost and performance.
Significant efforts have been made to reduce the manufacturing cost of transceiver
chips. One attractive way is to achieve high level integration of multiple functional
blocks into one single chip [16], [17]. With the relatively low manufacturing cost and
integration capability with digital and baseband circuits, nanoscale CMOS technology
has become an attractive choice for implementing RF systems-on-chip (SoC). Many
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transceiver building blocks have been successfully demonstrated in advance CMOS
technology nodes. Nevertheless, one of the bottlenecks is to design high-performance
CMOS power amplifiers using nanoscale CMOS transistors.
In this dissertation, a transformer-coupled Cascode topology is proposed to overcome
the low operating voltages of scaled CMOS transistors while ensuring circuit stability.
The drain-source voltages of each stacked transistor are added constructively to increase
the total output voltage swing. The buried-oxide layer in the SOI technology allows the
drain-source voltage swings of all transistors to be added constructively without causing
breakdown and leakage current to the substrate. High optimum load impedances are
achieved by selecting the size, number, and topology of stacked cells which suppress the
loss from on-chip impedance transformation networks and the associated performance
degradations. CMOS SOI and SOS PAs implemented using the proposed topology have
successfully demonstrated high linear output power, high efficiency while achieving wide
operating bandwidth at RF and mm-wave frequencies.
1.3

Thesis Organization
Chapter 2 summarizes the basic design concepts and performance metrics of

implementing linear power amplifiers. The tradeoffs between conjugate and loadline
output match on PA’s output power and gain are presented. The mechanisms of several
limiting factors on the PA’s power added efficiency, including class of operation, output
matching network, and transistor knee voltage are discussed. Finally, the tradeoffs
between gain, output power, efficiency, and linearity for PAs biased under different
classes of operation are compared.
Chapter 3 presents the proposed power amplifier topology using transformer-coupled
stacked Cascode cells in CMOS SOI technology. The effects of parasitic capacitance on
stacked transistor configuration are qualitatively discussed. Wideband power amplifiers
designed using the proposed topology are implemented in 45 nm CMOS SOI technology
for X-band and Ka-band applications. The proposed topology overcomes the low
breakdown voltages of nanoscale CMOS transistors and allows the PAs to deliver high
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output power over wide bandwidths while maintaining high efficiency and linearity at RF
and mm-wave frequencies.
Chapter 4 presents a novel broadband PA implemented with stacked transistors in 45
nm CMOS SOI technology. By optimizing the number, size, and topology of transistor
cells in the stack, the output impedance is designed to be close to 50 Ω without utilizing
an output matching network. As a result, the bandwidth and loss by output matching
network is significantly reduced. The presented broadband PA demonstrated high
saturated output powers (> 20 dBm) over an ultrawide bandwidth (~ 20 GHz).
Chapter 5 presents a fully-integrated wideband power amplifier implemented in 45 nm
CMOS SOI technology. Using a simple post-processing technology, the Si substrate is
substituted by an AlN substrate to remove the effects of parasitic capacitances and further
improve the PA’s performance. A Watt-level output power with a wide operating
bandwidth from 1.5 to 2.4 GHz is achieved despite using only low breakdown thin-oxide
CMOS transistors in an advanced technology node.
Chapter 6 presents a wideband power amplifier (PA) implemented in 0.25 μm CMOS
silicon-on-sapphire (SOS) technology. The insulating substrate in the SOS process
significantly suppresses the effect of parasitic capacitance and hence minimizes the
amplitude and phase differences among drain-source voltage waveforms across each
transistor. The spatial thermal distribution of the stacked PA under DC and RF excitation
is examined using a thermalreflectance imagining technique. The thermal images confirm
the voltage swings are equally distributed across each stacked transistor with no thermal
runaway when operating under high power density.
Chapter 7 summarizes the contribution of this dissertation. The proposed approach
demonstrates the feasibility of implementing RF and mm-wave PAs with high linear
output power, high efficiency, and wide operating bandwidth in advanced CMOS
technology nodes. The limitations as well as the future work of this dissertation are
summarized in this chapter.
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2.

POWER AMPLIFIER FUNDAMENTALS

This chapter summarizes the basic design concepts and performance metrics of
implementing linear power amplifiers. The tradeoffs between conjugate and loadline
output match are presented in section 2.1. The mechanisms of several limiting factors on
the PA’s power added efficiency, including class of operation, transistor knee voltage, are
discussed in section 2.2. And finally, the linearity and efficiency for PAs biased under
different classes of operation are compared in section 2.3.
2.1

Load Impedance Termination

(a)

(b)

Figure 2.1 (a) The simplified equivalent circuit schematic of a linear power amplifier and
(b) the conceptual loadlines for conjugate match and loadline match.
Figure 2.1(a) depicts the simplified circuit schematic of a linear power amplifier
terminated by a load impedance of Rload. The transistor is modeled as a current generator
where its output impedance is denoted as Rgen. The imaginary parts of the impedances can
be resonated out by selecting Xload=-Xgen. Conjugate matching can be performed to
achieve maximum gain by setting the value of the load impedance equals to the
transistor's output impedance (Rload=Rgen) such that maximum power transfer is achieved.
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The conceptual loadline of conjugate match is plotted using dashed line in Figure
2.1(b). In reality, however, the maximum allowable output voltage swing (VMAX) across
transistor’s drain-source terminal is likely to be limited by its breakdown voltage. As a
result, for conjugate matching, the current conducted by the transistor may be much less
than its full capacity (IMAX) when the output voltage reaches its maximum allowable value.
To deliver high RF power, both large voltage swing and large current swing at the
load are required. The load impedance in power amplifier designs is often selected to
achieve maximum output power by utilizing both the maximum current swing (IMAX) and
maximum voltage swing (VMAX) of the transistor. The conceptual loadline that achieves
maximum output power is plotted using solid line in Figure 2.1(b) where an optimum
load resistance, denoted as Ropt, is selected to be the ratio between VMAX and IMAX. The
loadline match represents a real world compromise which is necessary to utilize the
maximum power from RF transistors [18].
2.2

Efficiency Analysis
The efficiencies of PAs are commonly evaluated by two different metrics, namely

drain efficiency (DE) and power added efficiency (PAE). Drain efficiency is defined by
the ratio between the RF output power to the DC power consumption (2.1), where power
added efficiency is defined by the ratio between the difference of the output and input RF
power to the DC power consumption (2.2). For PAs with relatively large power gain,
PAE approaches DE.

(

)

Various mechanisms limit the efficiency of a power amplifier. The effect of these
limitations on the power added efficiency can be described according to the following
expression (2.3):
(

)

(

)
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where Gain is the power gain of the amplifier, ηClass denotes the maximum drain
efficiency that can be achieved for different operating classes (50% and 78.5% for class
A and class B PAs, respectively), ηknee represents the limitation caused by transistor knee
voltages, and ηmatching denotes the efficiency of the output matching network.
2.2.1 Matching Loss and Bandwidth

(a)
(b)
Figure 2.2 (a) Gate oxide breakdown and (b) drain-source reach-trough in a MOS
transistor [19].
Nanoscale CMOS transistors are characterized by low gate-oxide breakdown voltage
and by low drain-source reach-through voltage. Gate-oxide breakdown is caused by the
tunneling current due to the high voltages applied at the gate terminal. Tunneling current
may result in defects trapped in the oxide or the silicon-oxide interface, and potentially
lead to creating an ohmic connection between the gate and the channel. Figure 2.2(a)
depicts the cross section of a MOSFET and the stress across the gate-oxide. Gate oxide
breakdown leads to a permanent damage in a MOSFET. Drain-source reachthrough, on
the other hand, occurs when a large voltage is applied to the drain terminal. As a result,
the depletion region will extend and eventually reach the depletion region of the sourcebulk junction. Figure 2.2(b) depicts the cross section of a MOSFET when drain-source
reachthrough occurs. Drain-source reachthrough may result in a large current flowing
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through the device even in the absence of any significant gate bias. From a design
perspective, the voltage swings across transistor terminals must remain below certain
values (safe operating voltage) for any given technology to ensure reliable operation.

Figure 2.3 The simplified circuit schematic of a CS PA with an 1:n output impedance
transformation network.
As the voltage swings across nanoscale CMOS transistors are limited by these two
breakdown mechanisms, large output powers in CMOS PAs are commonly achieved by
utilizing wide periphery multi-finger transistors with low optimum load impedances to
increase the output current swing. Figure 2.3 plots the simplified circuit schematic of a
single-stage common-source (CS) power amplifier with an 1:n output matching network
interposed between the PA and the 50 Ω load. As an example, a 1:4 impedance
transformation translates a 5 Vp-p swing at the drain of the CS transistor to 20 Vp- at the 50
Ω load. The use of impedance transformation network, nevertheless, requires the current
generated by the PA to be proportionally higher. In this example, the required peak
current may exceed 1.6 A. Under a certain bias current density, the high current operation
requires an enormous periphery multi-finger transistor that often does not provide
sufficient gain due to layout parasitic capacitance and inductance components.
Additionally, the loss from output matching networks can significantly degrade the power
transfer efficiency as well as the matching bandwidth for fully-integrated PAs.
The efficiency Trans and bandwidth BW of a simple single-stage LC matching
network are expressed by equations (2.4) and (2.5), respectively [20].
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Figure 2.4 The loss of a single stage LC matching network versus impedance
transformation ratio for different inductor quality factors of 5, 10, and 20.

√

√
where Ropt is the optimum load impedance, RL = 50  is the load resistance, Qind is the
quality factor of the inductor used in the LC match, and f0 is the center frequency of the
matching network. When large multi-finger power transistors are in parallel combination,
the required transformation ratio is large (large RL/Ropt), thus ηTrans heavily depends on the
quality factor of the output inductor. In addition, the maximum achievable output power
of the PA is also degraded due to the additional loss of the output matching network.
As an example, the efficiency of a simple LC matching network with different
inductor quality factors versus different impedance transformation ratios are plotted in
Figure 2.4. The efficiency of the LC matching network (ηTrans) heavily depends on the
quality factor of the inductor. As a result, the maximum achievable output power of the
PA may also degrade due to the additional loss of the matching network. This example
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illustrates the challenge of achieving high efficiency in standard CMOS PA designs
where wide transistors with small impedances are commonly used in such designs in
order to achieve high output power
2.2.2 Transistor Knee Voltage
The efficiency limitation due to transistor knee voltages can be expressed according to
(2.6):
(

)

In processes that offer high breakdown voltage such as GaAs and GaN, the Vknee is
typically 10% to 15% of the supply voltage. On the contrary, the knee voltages of
nanoscale CMOS transistors can reach 50% of the supply voltage when transistors are
biased under high current density. Figure 2.5 plots the ID-VDS curves of a CMOS
transistor biased under two different current densities. As shown in the curves, the high
knee voltage under high current density reduces the drain-source voltage swing (plotted
in dashed green curve) and poses significant limitations on the maximum achievable
output power as well as the efficiency.

Figure 2.5 The ID-VDS curves of a CMOS SOI transistor when biased under two different
current densities.
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2.3

Class A and Class AB PA
Linear power amplifiers can be classified by the conduction angle (denoted as θ) of

their drain current. The voltage and current waveforms of Class A and Class AB
operation are plotted in Figure 2.6 (a) and (b), respectively.

(a)
(b)
Figure 2.6 The voltage and current waveforms of (a) Class A and (a) Class AB PA.
The efficiency and output power for power amplifiers operating in class A, AB, B, or
C can be calculated according to (2.9) and (2.10), respectively, where VDD is the supply
voltage, θ is the conduction angle, Vknee voltage of the transistor, IMAX and is the
maximum drain current.

(

)

Class A PAs are biased to operate over the entire cycle where the output voltage is an
exact amplification of the input signal leading to high linearity. As a result, Class A
power amplifiers are often used in communication systems that require good linearity.
The maximum drain efficiency of a Class A PA is limited to 50%. In Class AB operation,
on the other hand, the transistor is biased to conduct between 50% to 100% of the cycle.
Class AB PAs sacrifice some linearity in comparison with class A but generally exhibit
better efficiency especially at power back off.
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Figure 2.7 Gain, output power, PAE, and DE when the PA is biased under current
densities of 3.5 mA/mm (dashed lines) and 15 mA/mm (solid lines).
Figure 2.7 plots output power, gain , and efficiency of a CMOS PA biased under two
current densities of 3.5 mA/mm (Class AB) and 15 mA/mm (Class A). The source and
load impedance are selected to achieve maximum output power (loadline match). As
shown in the Figure, Class A operation provides ~5 dB higher power gain while
delivering slightly higher output power. The peak PAE and DE are similar for two
Classes. The linearity of the two bias conditions is examined using modulated signals.
Figure 2.7 plots the measured PAE, gain, and ACLR versus output power when applying
an uplink WCDMA signal. Class A operation provides higher gain and linearity while
delivering ~3 dB higher output power comparing to Class AB operation at a certain
ACLR. On the other hand, Class AB bias provides substantially higher efficiency at
certain output power. The measurement results demonstrate the tradeoffs of different
Classes in terms of linearity and efficiency. The bias current density can be selected
according to the requirement of a certain communication system.
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Figure 2.8 ACLR, PAE, and gain versus output power with WCDMA signal when biased
under current densities of 3.5 mA/mm (dashed lines) and 15 mA/mm (solid lines).
2.4

Summary
Basic design concepts and performance metrics of linear power amplifiers are

presented. The tradeoffs between conjugate and loadline output match on PA’s output
power and gain are discussed. The mechanisms of several limiting factors on the PA’s
power added efficiency, including Class of operation, transistor knee voltage, and finite
voltage combining efficiency, are presented. Finally, the tradeoffs between gain, output
power, efficiency, and linearity for PAs biased under different Classes of operation are
discussed.
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3. RF AND MILLIMETR-WAVE CMOS POWER AMPLIFIER

3.1

The Proposed Power Amplifier in CMOS SOI Technology

3.1.1 Circuit Topology

Figure 3.1 The simplified circuit schematic of the proposed transformer –coupled stacked
Cascode power amplifier.
Figure 3.1 depicts the simplified circuit schematic of the proposed PA topology. The
PA is constructed using stacked Cascode cells where the RF power is coupled to the CS
transistors using on-chip transformers. The design methodology and circuit operation is
presented in this section.
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(i) The proposed circuit employs a dynamically-biased stacked cell approach with an
input transformer and a feedback biasing network that allows the gate bias of each
transistor cell to float such that its value is always between the corresponding source and
drain voltages. Thus, gate-oxide breakdown is prevented despite large voltage swing at
the drain of the top transistor cell in the stack. The primary coils of the input transformers
may be arranged in a mixture of series and parallel combinations at the input nodes with
an input impedance between Zin/n and n Zin in order to achieve an input impedance
matched to 50 .

Figure 3.2 Simplified cross-section of the proposed stacked PA implemented in CMOS
SOI technology.
(ii) Figure 3.2 plots the simplified cross-section of the proposed stacked PA
implemented in CMOS SOI technology. Employing SOI technology with buried oxide
layer (BOX) allows each transistor to be electrically isolated from the Si substrate.
Additionally, trench oxide (TOX) regions surrounding each transistor electrically isolate
SOI transistors from each other. Therefore, substrate breakdown and leakage currents are
prevented. The maximum drain voltage of the top transistor cell in the stack is limited to
the breakdown voltage of the BOX layer typically in the excess of 80 V in most
commercial CMOS SOI technologies.
(iii) By using CMOS SOI platform, parasitic capacitances to the substrate can be
significantly reduced such that their adverse effects on phase imbalance, voltage swing
imbalance and instability are minimized. Note that as the frequency increases, even
small parasitic capacitances may deteriorate the performance and limit the maximum
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number of transistor cells that can be stacked. One way to eliminate their adverse effects
is to resonate the parasitic capacitance out using parallel inductors (in series with large
bypass capacitors to maintain the DC bias). This technique has its own disadvantages,
namely the large area allocated to the inductors and bypass capacitors, and extra
parasitics and loss and associated performance degradation introduced by these
components. Furthermore, the narrowband nature of the resonator is not suitable for
wideband operation.
(iv) Using dynamically-biased Cascode cells achieves a compact PA design that is
stable over a wide range of frequencies. The Cascode configuration suppresses the
amount of feedback from the output node to the input node through gate-drain capacitors
Cgd’s and helps with the stability of the power amplifier. An additional advantage of
Cascode configuration is that for each transformer in the unit cell, there are two
transistors that withstand twice as much maximum drain-source voltage swing. The
overall output voltage swing and output power are increased with only slight increase in
the area occupied by an additional transistor.
Table 3.1 compares some important design parameters of a unit power amplifier, and
PAs designed with n-parallel and n-stacked transistors. In summary, the stacked topology
provides high breakdown voltage, high input and optimum load impedance which
reduces the loss from matching networks and facilitates the implementation fullyintegrated CMOS PAs that delivers high output power over a wide bandwidth.
Table 3.1 Design parameters comparison of an unit power amplifier and PAs designed
with n-parallel and n-stacked transistors.
Unit PA

n-parallel

n-stacked

Breakdown voltage

VBK

VBK

nVBK

Output current

IMAX

n IMAX

IMAX

Output power
Optimum load
impedance
Input impedance

Pout

nPout

nPout

Zopt

Zopt/n

nZopt

Zin

Zin/n

nZin
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3.1.2 Effect of Parasitic Capacitance

Figure 3.3 Simplified equivalent circuit schematic of a stacked power amplifier with
internodal parasitic capacitance between stacked cells.
Figure 3.3 shows a simplified small-signal equivalent circuit of an n-stage stacked PA.
In this figure, Gm,n denotes the effective transconductance of each stage, CGND,n is the
parasitic capacitance between each stacked cell and GND, Rin,n is the input resistance of
each stage and RL and RS are the load and source impedance, respectively. Each cell in
the stack can be designed using Common Source (CS), Cascode or a combination of
these topologies. It is assumed that the capacitive part of the input impedance of each cell
is resonated out with the inductance of the secondary winding of each input transformer
at the designated frequency. Moreover, the feedback capacitance is ignored in the
following derivation for simplicity. Under the assumption that all transistors in the circuit
have the same dimensions (thus identical Gm,n, CGND,n), the input voltage swing for each
cell would be identical and may be designed to achieve maximum power transfer. By
solving the KCL at the output of the k-th cell (1  k  (n-1)), the relation among voltages
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can be expressed according to:

where

The ratio of voltage signal amplitudes and phase differences across Cell 2 and Cell 1 can
be calculated according to:

√

Applying similar analysis to Cell 3, the amplitude and phase of voltage swing across Cell
3 with respect to those of Cell 1 are:

√

(

)

Similarly, one can derive this complex ratio for the 4th Cell:

√

(

)

( 5)

Here, one may calculate the voltage combing efficiency of a 4-cell stacked PA with
uneven amplitudes and varying phase shifts across stacked cells. Using Eqs. (3.1)-(3.5),
one can write:

√
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Note that the above analysis of a stacked PA can be easily extended to any number of
cells. For the CMOS SOS technology used in this work or CMOS SOI technologies with
high resistivity Si substrate, the parasitic capacitance CGND is very small, leading to
minuscule values of . For instance, for a 4-cell stacked PA on SOS substrate, an  =
0.016 is calculated for 10 mm wide and 0.25 µm long transistors with estimated CGND =
150 fF at operating frequency of 1.4 GHz and RL = 50 Ω. Given this low value of , the
voltage swings across all cells are essentially the same with almost zero relative phase
shifts, leading to ~100% voltage combining efficiency. Instead of SOS technology, if an
SOI technology with a conductive Si substrate is utilized, an estimated  = 0.25 is
calculated for 10mm wide transistors. The relatively large value of  for the SOI
technology leads to amplitude and phase variations across the stacked cells and a reduced
voltage combining efficiency of 67%. The power combining efficiency will be an
unacceptably low value of 45%. Note that the real scenario is more complicated than the
above analytical approach and requires an in-depth analysis that should include the effect
of parasitic capacitance at the gate terminals, the internal drain-source and gate-drain
capacitances, and transmission-line effects from the interconnection lines, as well as the
input signal delay. Nevertheless, this simple analysis points out to the importance of
suppressing internodal parasitic capacitance of stacked PA in order to achieve high output
power and high PAE.
3.2

Wideband CMOS SOI Power Amplifier

3.2.1 Introduction
The cutoff frequency fT and maximum oscillation frequency fMAX of advance
nanoscale CMOS transistors have surpassed 200 GHz mark, enabling microwave and
mm-wave circuit operation. Nevertheless, implementing fully-integrated wideband
CMOS power amplifiers (PAs) remains challenging due to the following: (i) Low gateoxide breakdown voltage and low drain-source reachthrough voltage of scaled CMOS
transistors limit the maximum voltage swings across transistor terminals. As a result, the
supply voltage must be lowered adequately to satisfy the breakdown requirements. (ii)
Lossy on-chip matching networks or lossy power combiners often used in PA design
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degrade its efficiency and bandwidth. As a result, large operating bandwidths are difficult
to achieve especially when the impedance transformation ratio is high. (iii) The fMAX of a
wide multi-finger transistor degrades rapidly as the overall transistor width increases due
to layout parasitics. Therefore, the maximum transistor widths that can be practically
used at high operating frequencies are limited to a few hundred microns. As a result, the
output current swing is limited, leading to reduced power delivered by a single PA.
Fully-integrated PAs operating in X-band have been demonstrated in CMOS
technology [21-25]. The bandwidths of these designs are often limited by their output
matching networks while their power-added efficiencies (PAEs) are generally degraded
when the operating frequency deviates from the center frequency. Stacked CMOS SOI
transistors, on the other hand, have been proposed to provide high output impedance and
high output powers. In this paper, a fully-integrated X-band PA designed with 3 stacked
dynamically-biased Cascode cells implemented in 45 nm CMOS SOI technology is
presented. A high output impedance, relatively close to 50 Ω, allows the PA to deliver
high output power while maintaining high efficiency and high linearity over a wide
bandwidth from 9 to 15 GHz.
3.2.2 X-Band Power Amplifier Design
The circuit schematic of the stacked PA designed with 3 stacked Cascode cells (6
transistors) is shown in Figure 3.4. Buried oxide layer (BOX) in CMOS SOI technology
electrically isolates the transistors from the Si substrate and trench oxide (TOX) regions
surrounding each transistor electrically isolate transistors from each other. Therefore,
substrate breakdown and leakage currents are prevented when high supply voltages are
used. The gate terminal of each transistor in the stack is dynamically-biased using a
resistor ladder to set the gate voltage within the corresponding drain and the source
voltages. The dynamic biasing scheme prevents gate-oxide breakdown. The Cascode
configuration ensures circuit stability and provides the advantages of high gain, high
output impedance, and small chip area (one transformer for two transistors). Larger
transistor widths are used at the top of the stack to obtain more or less an uniform drainsource voltage swing across each transistor. Figure 3.5 shows the simulated voltage
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swings across each transistor at 12 GHz. Capacitors C1 = 0.3 pF provide short-circuit
between gate of the common gate (CG) transistors and the source of CS transistors.
Capacitors C2 = 0.6 pF provide DC blocks with the secondary coils of the input
transformers and form voltage dividers with the gate-source capacitors of common source
(CS) transistors. The capacitor values are optimized to achieve high gain and equal drainsource voltage swings across each transistor while satisfying stable operation. The PA is
biased in Class AB operating region where the maximum voltage at the output node
swings roughly to twice of the DC supply voltage. A supply voltage VDD ≤ 4.8 V (VDS
≤ 0.8 V) and a low current density of ≤ 0.25 mA/μm are chosen to satisfy high short- and
long-term reliabilities of nanoscale CMOS transistors.

Figure 3.4 The circuit schematic of the X-band stacked power amplifier.
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Figure 3.5 Simulated voltage swings across each stacked transistor at 12 GHz when
biased under a supply voltage of 4.8V.
The input matching network is implemented using on-chip transformers. The Cascode
configuration reduces the number of transformers to half of a design using stacked CS
cells. The primary coils of the transformers are connected in series to provide an input
impedance close to 50 Ω. The output impedance is designed to be close to 50 Ω by
optimizing the transistor widths in stack. As a result, no lossy and bandwidth limiting
output matching network or power combining techniques are utilized, leading to
enhanced linear and saturated output power, PAE, and operating bandwidth.
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3.2.3 Measurement Results

(a)

(b)
Figure 3.6 The (a) photo and (b) block diagrams of the measurement setups for smallsignal S-parameters, large-signal power measurements and two tone measurements.
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Figure 3.7 Measured and simulated small-signal S-parameters and measured stability
factor from 5 to 20 GHz when biased under VDD=4.8V.

Figure 3.8 Measured output power, PAE, and gain at 12 GHz when biased under
VDD=3.6 V and 4.8 V.
The photo and block diagrams of the measurement setup are shown in Figure 3.6.
Figure 3.7 shows simulated and measured small-signal S-parameters and measured
stability factor (k) of the PA from 9 to 15 GHz when biased under a supply voltage of 4.8
V. The PA is unconditionally stable (1.8 ≤ k) and measures a peak gain of 9.8 dB at 12
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GHz with a -3 dB bandwidth from 9 to 15 GHz. Smaller measured gain and bandwidth
degradations compared to simulated values are mainly due to parasitic inductances that
are not captured in the post-layout simulation. Figure 3.8 plots the measured output
power, power gain, drain efficiency (DE) and PAE at 12 GHz. Under a 3.6 V supply
voltage, the measured linear P1dB and saturated output power P SAT are 16.2 dBm and
19.8 dBm, respectively. The peak PAE and the corresponded DE are 25.7% and 40.7%,
respectively. With a higher supply voltage of 4.8 V, P1dB and PSAT increase to 19.2 dBm
and 22.5 dBm, respectively, while peak PAE is reduced to 19.2% due to the dynamicbiasing characteristic. Figure 3.9 plots the measured performance under different supply
voltages from 3.6 to 4.8 V. The bias current of the stacked PA is set by the resistor ladder
leading to the output power proportional to ~VDD2.

Figure 3.9 Measured PSAT, P1dB, peak PAE, and corresponded DE at 12 GHz when biased
under different supply voltages from 3.6 V to 4.8 V.
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Figure 3.10 Measured PSAT, peak PAE, and OIP3 from 9 to 15 GHz when biased under
VDD=3.6 V and 4.8 V.
Figure 3.10 plots the measured PSAT, peak PAE, and OIP3 from 9 to 15 GHz. The
PSAT over the entire frequency band is above 18.5 dBm and 21.4 dBm when biased under
supply voltages of 3.6 V and 4.8 V, respectively, with peak PAE above 16.8% and 12.3%.
The OIP3 of the PA is measured using two-tone signals with 5 MHz offset. The OIP3 is
above 22.1 dBm and 24.5 dBm from 9 to 15 GHz when biased under 3.6 V and 4.8 V,
respectively. The measured power performance indicates no significant degradation when
the operating frequency is varied from 9 to 15 GHz.
3.2.4 Conclusion
The performance of the presented wideband PA is summarized in Table 3.2 in
comparison with other X-band CMOS PAs reported in the literature. The presented PA
delivers high output power while maintaining high efficiency and linearity from 9 to 15
GHz despite the fact that each transistor is biased under low drain-source voltage and low
drain current density. Figure 3.11 shows the chip micrograph of the presented PA. The
PA occupies a compact chip area of 0.22 mm2 including pads.
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Table 3.2 Performance comparison of X-band CMOS PAs.
Ref.
[21]
[22]
[23]
[24]
[25]
This
Work

Tech.
0.18 µm
CMOS
0.18 µm
CMOS
0.18 µm
CMOS
0.18 µm
CMOS
0.18 µm
CMOS
45 nm
CMOS SOI

Freq.
(GHz)
8.5-10
@ 8.5
6-10
7-12
@ 10
8.6-10.3
@ 10
6.5-13
@ 9.5
9-15

PSAT
(dBm)

Peak PAE
(%)

VDD
(V)

Area
(mm2)

23.5

19

3.3

1.28

5
@ OP1dB

14.4
@ OP1dB

1.5

1.08

23.8

25.8

3.6

0.47

24.5

18

3

1.2

21.5

20.3

3.6

0.63

18.5-20.1

16.8-25.7

3.6

21.4-22.8

12.3-21.8

4.8

Figure 3.11 The chip micrograph of the X-band PA.
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31
3.3

MM-Wave PA in Nanoscale CMOS Technology

3.3.1 Introduction
The demand for high data-rate wireless communication has motivated the employment
of millimeter-wave bands with large channel bandwidths. Fully-integrated millimeterwave radios have been demonstrated in CMOS technologies. Nevertheless, designing a
high performance PA in an advance CMOS technology node remains challenging [26-31].
To date, CMOS mm-wave PAs with output powers close to 20 dBm (100 mW) have been
demonstrated using power combing techniques and stacked transistors biased under
relatively high drain-source voltages. Further improvement in the power performance of
power combined mm-wave PAs is limited by the power delivered by combining cells and
the loss and bandwidth limitations of the power combining network.
In this section, a fully-integrated PA designed with 2-stacked Cascode cells operating
in 35 to 40 GHz range is implemented in a standard 45 nm CMOS SOI technology. The
stacked configuration overcomes some of the limitations of power-combined mm-wave
CMOS PAs and allows high linear output power at mm-wave frequencies.
3.3.2 CMOS FET RF Characteristics
The two figure-of-merits that are commonly used to characterize transistors’ RF
performance across various technological processes are the cutoff frequency (fT) and the
maximum oscillation frequency (fMAX). The cutoff frequency is the frequency which
transistors' current gain becomes unity. The fT of a CMOS FET can be expressed:
√

where Cgs and Cgd are gate-source and gate-drain capacitors of the transistor, μn is the
electron mobility, W and L are width and length of the transistor, ID is the drain current,
and Cox and Cov are capacitance densities for gate oxide capacitance and overlap
capacitance, respectively. The maximum oscillation frequency is the frequency at which
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the maximum power gain (GMAX) becomes unity:

√

where rg is the gate resistance. At mm-wave frequencies, the fT and fmax heavily depends
on the internodal parasitic capacitance and inductance from transistor layout. Therefore,
the selection of total transistor widths often leads to a trade-off between power gain and
output power. The maximum transistor width that can be practically used at mm-wave
frequency is generally limited to a few hundred microns in order to provide sufficient
gain.
3.3.3 Ka-Band PA Design

(a)

(b)

Figure 3.12 The circuit schematics of Ka band PAs designed with (a) a Cascode cell and
(b) a 2-stacked Cascode cells.
A Cascode and a 2-stacked Cascode amplifiers, shown in Figure 3.12(a) and (b),
respectively, are designed and implemented in a standard 45nm CMOS SOI technology
to operate in Ka band frequency range. The stacked PA is designed with twice the
transistor widths compared to the single Cascode PA (320 µm compared to 160 µm) to
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achieve a similar output impedance. The power delivered by the two PAs can be
calculated according to the following equations where a similar loss from the output Lmatching network is taken into account:

where n is the number of stacked transistors and Zopt is the optimum load impedance
designed for maximum power. VMAX is the maximum drain-source voltage across one
transistor, which is chosen below the drain-source breakdown voltage, and VKnee
represents the knee voltage of the transistor.
In order to achieve maximum output power, i.e. maximum voltage (VMAX) and
maximum current (IMAX) swings, the real part of the load impedance is designed to satisfy
the following equation:

where Ropt is the real part of the optimum load impedance Zopt and RDS is the finite
output resistance of the power transistor operating under a high current. The transistors in
the presented PAs are biased in Class AB amplification mode where the peak to peak
voltage at the output is roughly 2VDD. To ensure reliable operation, each transistor has to
operate below a recommended safe operating voltage by the technology. As a result, the
supply voltages must be lowered adequately to ensure that voltage swings across
transistor terminals remain within the safe operating voltage. The stacked PA is biased
with twice the DC supply of the Cascode PA and is expected to deliver roughly 6 dB (4
times) higher output power.

34
All transistors in the stacked PA are dynamically biased by using feedback resistors
and input transformers to avoid gate-oxide breakdown. The output impedances of the
PAs are matched to 50 Ω using on-chip L-matching networks. By optimizing transistor
widths, optimum load impedances close to 50 Ω are designed in order to reduce the loss
from the output matching networks.
3.3.4 Measurement Results
On-wafer small-signal S-parameter measurements from 30 to 40 GHz for both
amplifiers are plotted in Figure 3.13. The stacked PA provides a peak small signal S21
gain of 5.2 dB at 37 GHz when biased under a supply voltage of 3.6 V. Comparing to the
Cascode PA, the smaller power gain of the stacked PA is due to larger transistor widths
and an additional loss of an extra input transformer.

Figure 3.13 Measured small-signal S-parameters of the Cascode PA and stacked Cascode
PA from 30 to 40 GHz when biased under 1.8 V and 3.6 V, respectively.
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Figure 3.14 Measured output power and PAE of the Cascode PA and the stacked Cascode
PA when biased under 1.8 V and 3.6 V, respectively.

Figure 3.15 Measured PSAT, P1dB, and peak PAE of the stacked PA at 37 GHz biased
under various supply voltages from 3 to 4.4 V.
Figure 3.14 compares the measured large signal performances of the two amplifiers.
The stacked PA delivers a PSAT and P1dB of 20.2 dBm and 14.5 dBm, respectively, with a
peak PAE of 11.2% when biased under 3.6 V. The stacked PA delivers ~5 dB higher
output power and a slightly lower PAE compared to the Cascode PA. The degradation in
PAE is mainly due to the lower power gain and a finite voltage combining efficiency
caused by parasitic capacitances of the circuit. The effect of varying the supply voltage
on the power performance of the stacked Cascode PA is shown in Figure 3.15 where the
measured PSAT, P1dB, and peak PAE are plotted versus various supply voltages. By
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increasing the supply voltage from 3 to 4.4 V, the measured P SAT increases from 16.7
dBm to 21.4 dBm (~140 mW).
3.3.5 Conclusion
Table 3.3 summarizes the performance of the presented Ka-band PAs in comparison
with other mm-wave PAs reported in the literature. The stack configuration overcomes
the low operating voltages of scaled transistors and allows the PA to deliver the highest
output power reported at mm-wave frequency.
Table 3.3 Performance comparison of mm-wave CMOS PAs
Ref
[26]
[27]
[30]
[31]

Technology
0.15μm GaAs
HEMT
0.12μm SiGe
45nm CMOS
SOI
45nm CMOS
SOI

Freq.
(GHz)

P1dB
(dBm)

PSAT
(dBm)

Peak
PAE
(%)

VDD
(V)

Topology

42

N/A

21.8

25 (DE)

5

Doherty CS

42

16.4

19.4

14.4

2.4

Class E

45

N/A

18.2

23

4

3 stacked SOI transistor

45

N/A

18

23

2.5

Doherty Cascode

[28]

90nm CMOS

60

18.2

19.9

14.2

1.2

4-way Power Combined

[29]

65nm CMOS

60

15

18.6

15.1

1

Power Combined
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11.5

14.8

16.2

1.8

Cascode

14.5

20.2

11.2

3.6

17.5

21.4

7

4.4

4 dynamically-biased
SOI transistors in stack

This
work

3.4

45nm CMOS
SOI
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Summary
Chapter 3 presents the proposed power amplifier topology using transformer-coupled

stacked Cascode cells in CMOS SOI technology. The effect of parasitic capacitance on
stacked transistor configuration is qualitatively discussed. Wideband power amplifiers
designed using the proposed topology are implemented in 45 nm CMOS SOI technology
for X-band and Ka-band applications. The proposed topology overcomes the low
breakdown voltages of nanoscale CMOS transistors and allows the PAs to deliver high
output power over wide bandwidths while maintaining high efficiency and linearity at RF
and mm-wave frequencies.
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4. A BROADBAND PA IN CMOS SOI TECHNOLOGY

4.1

Introduction
Low manufacturing cost, integration capability with baseband and digital circuits, and

high operating frequency of nanoscale CMOS technologies have propelled their
applications into RF and microwave systems. Single-chip radio still remains elusive as
implementing high-performance multi-mode multi-band and linear power amplifiers in
CMOS technology is very challenging.
Distributed amplifier (DA) is one of the most common techniques to implement
broadband amplifiers [32-35]. In DA designs, the input and output capacitance of
transistors are absorbed in the transmission lines connected to the input and output
terminals of each transistor such that a substantially wideband frequency response is
achieved. Broadband DAs, nevertheless, are inefficient due to the power loss in the
dummy 50 Ω load as well as varying signal swing across each stage, leading to reduced
overall efficiency to less than half. Owing to the high breakdown voltages of GaAs and
GaN technologies, medium power DAs with relatively low efficiencies are reported using
III-V technologies [32], [33]. CMOS DAs [34], [35], on the other hand, are generally
characterized by low output power levels and dismal efficiencies due to the small
acceptable voltage swings across individual DA cells designed with either common
source (CS) or Cascode configurations.
Other approaches implementing wideband CMOS PAs are reported in the literature,
including: (i) Inverter-based Class D PA [36], and (ii) PAs based on a high-order
broadband matching network [37], [38]. In the inverter-based Class D PA design, the
non-linear

class

D

operation

facilitates

a

high

efficiency

with

extremely
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wideband operation from 4 to 50 GHz. The PA, however, may not be suitable for variable
envelope modulation schemes. Moreover, as the operating frequency increases, the power
dissipated by the driver amplifier stage that provides the square-wave input to the Class D
PA increases, resulting in overall efficiency degradation. Stacked PAs with dynamic
biasing as proposed in this work, on the other hand, have been demonstrated to deliver
high linear output power with non-constant envelope input signals [36]. For PAs
implemented with high-order broadband on-chip matching networks, the output power
and efficiency suffer from low quality factor of on-chip inductors. Therefore, high-order
matching networks are often implemented using off-chip components at relatively low
operating frequencies.
In this work, a novel broadband PA is implemented in a standard 45 nm CMOS SOI
technology. The PA is based on dynamically-biased electrically-isolated CMOS SOI
transistors stacked on top of each other to achieve a large output voltage swing. The
buried-oxide layer in the SOI technology allows the drain-source voltage swings of all
transistors to be added constructively without causing breakdown to the substrate. The
dynamic biasing scheme, on the other hand, prevents gate oxide breakdown of transistors
at the top of the stack. A large bandwidth is achieved by selecting the size, number, and
topology of stacked cells to provide an output impedance close to 50 Ω which eliminates
the need for a lossy on-chip impedance transformation network and its associated
bandwidth, power, and efficiency degradations. The distributed transmission line effect
of interconnections partially resonates with a relatively low output capacitance (due to
stacking of transistors), and leads to a high output power and acceptable overall
efficiency over an ultrawide bandwidth.
4.2

Broadband Stacked PA Design

4.2.1 Stacked SOI Transistors
Figure 4.1 plots the circuit schematic of the proposed broadband stacked PA. The
targeted specification is a saturated output RF power of at least 100 mW over a wide
frequency range of X-Band to K-Band. The PA design is realized using dynamically-
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biased stacked transistor cells, which eliminates the need for output impedance matching
network. The design is carried out by optimizing three main parameters: (i) Width of
each transistor which affects the gain, input and optimum output impedance and current
drive capability. (ii) The number of stacked transistor cells, which determines both input
and optimum output impedances and the maximum output voltage swing as well as the
chip area. (iii) The topology used for each transistor cell. For design simplicity, in this
work, the cell topology has been limited to single-stage dynamically-biased Cascode or
dynamically-biased common source (CS) configurations. Multi-stage dynamically-biased
cells may be utilized for higher power gain, if desired.

Figure 4.1 The circuit schematic of the proposed broadband stacked power amplifier.
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Figure 4.2 The simulated output impedance S22 from 5 to 30 GHz of NMOS transistors
with various widths connected in CS and Cascode configurations. The output impedances
of transformer-coupled stacked cells with 6 transistors (320 µm wide) are also shown (6
CS transistors, 3 Cascode cells, and 2 Cascode cells with 2 CS transistors). All transistors
are biased under Id=0.2 (mA/μm) and Vds=0.75 V.
Figure 4.2 plots the simulated output reflection coefficient (S22) from 5 to 30 GHz for
NMOS transistors with three different widths where the inputs are terminated to a 50 Ω
load. For high frequency operation, all transistors are thin-oxide floating-body type with a
gate oxide thickness of slightly more than 1 nm. Both CS and Cascode configurations are
simulated. In the case of Cascode configuration, the widths of the two transistors are kept
the same. Varying the widths of these transistors provides an additional degree of
freedom in designing stacked PA’s. The transistors are biased under drain current density
Id = 0.2 mA/μm and drain-source voltage Vds = 0.75 V. Compared to the CS topology, the
Cascode topology provides higher voltage gain and higher output impedance especially at
low frequencies. It also provides better isolation between the input and output ports,
which improves PA’s stability. The output impedance of the Cascode cell, however,
decreases rapidly as the frequency increases. On the other hand, the output impedance of
the CS cell is relatively constant as the frequency varies, which makes the CS cell
suitable for wideband operation. Figure 4.2 shows the simulated output reflection
coefficient S22 of 6 stacked transistors each with 320 µm width implemented with
different combinations of Cascode and CS cells. The output reflection coefficient of 6
stacked CS cells provides an output impedance close to 50 Ω over the entire frequency
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band of 5 to 30 GHz. Unfortunately, the circuit becomes unstable for power gains
exceeding 3 dB. Compared to 6 stacked CS design, a combination of stacked CS and
Cascode cells can achieve higher gain without stability concerns. For instance, the design
with 3 stacked Cascode cells is stable (k > 1.4) for the entire operating frequency band
but becomes narrowband due to a large variation of its output reflection coefficient as
depicted in Figure 4.2. A design with 2 Cascode cells (top two cells) and 2 CS cells
(bottom two cells) as shown in Figure 4.1 is stable for the entire frequency band with k >
1.2, and shows a good tradeoff between bandwidth and stability and is implemented in
this work.
The transistors in this design operate in Class AB amplification mode where the peak
RF voltage at the top of the stack is roughly twice of the DC supply voltage. The supply
voltage is chosen to ensure that drain-source voltage swings are within the safe-mode
operation. Figure 4.3 shows simulated Vgs-Vds waveforms of the top transistor at 18 GHz
when the PA is biased with a supply voltage of 4.5 V (VDS,DC per transistor is 0.75 V) for
output powers of 12, 16, and 20 dBm. The waveforms confirm neither gate-oxide
breakdown nor drain-source reach-through occurs despite the fact that the drain of the top
transistor swings from ~6Vknee (1.2 V) to ~2VDD (9 V). In case that one transistor in the
stack experiences a large voltage swing beyond its drain-source reach-through voltage,
the PA still operates properly as the overall current is limited by other transistors in the
stack. This safety feature is not observed in PAs based on parallel combination of
transistors where large swing voltages beyond the drain-source reach-through voltage
cause excessive amount of current and catastrophic failure. The power delivered by the
stacked PA to a 50 Ω load can be calculated according to:

(∑

)

where n is the number of transistors in the stack, VMAX is the maximum drain-source
voltage across each transistor and Vknee is the transistor knee voltage (drain-source voltage
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at maximum drain current). The estimated saturated output power under a 4.5 V supply
voltage is 130 mW.

Figure 4.3 Simulated Vgs-Vds waveforms of the top transistor in the stack at 18 GHz when
biased under a supply voltage of 4.5 V (VDS,DC per transistor is 0.75 V) for output powers
of 12, 16, and 20 dBm.

(a)
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(b)

(c)
Figure 4.4 Simulated load lines of each transistor in the stack at -1 dB compression point
when biased under supply voltage of 4.5 V at (a) 6 GHz (P1dB=18.6 dBm) (b) 18 GHz
(P1dB=19.2 dBm) and (c) 26 GHz (P1dB=18.1 dBm).
Figure 4.4 shows the simulated load lines of each transistor in the stack at -1 dB
compression point when biased under supply voltage of 4.5 V at 6 GHz (P 1dB=18.6 dBm),
18 GHz (P1dB=19.2 dBm), and 26 GHz (P1dB=18.1) dBm. With an additional degree of
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freedom brought by the stacked configuration, the size and number of transistors are
selected to satisfy the condition RL≈ n(Vmax-Vmin) / Imax for delivering maximum output
power, where n is the number of stacked transistors, n(Vmax-Vmin) ≈ 7.2 V, and Imax for a
320 μm transistor is roughly 140 mA, and therefore RL ≈ 50 Ω. The simulated loadlines of
each transistor as shown in Figure 4.4 verify the maximum power condition for the
CMOS PA. At the same time, the optimization in the size and number of transistors leads
to an output matching with a real part close to 50 Ω, facilitating a high power gain if the
output capacitance is partially cancelled by the distributed transmission line effects
of interconnections.
4.2.2 Passive Network Design

Figure 4.5 The layout of the input transformer and simulated insertion loss and return loss
of the transformer-coupled input matching network from 5 to 30 GHz.
The input matching network of the proposed PA is designed using on-chip
transformers. The transformers are necessary to couple the input RF power to the CS
transistors in the stack while facilitating electrical isolation of each stacked cell. The
primary coils of the transformers are connected in series to increase the overall input
impedance. With four transistor cells and thus four input transformers, the impedance of
each transistor cell should be designed to match to 12.5 Ω. The transformers are designed
in Ansoft HFSS using the top two copper layers each with a thickness of roughly 1.2 μm.
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The layout of one transformer and its simulated insertion loss and return loss from 5 to 30
GHz are plotted in Figure 4.5. In the simulation, the primary coil is terminated to 12.5 Ω
and the secondary coil is terminated using the input impedance of a 320 μm transistor
used in the stacked PA design. The dimensions of the input transformers are optimized to
achieve broadband matching despite additional insertion loss. As shown in Figure 4.5, the
simulated insertion loss is below 4.3 dB from 6 to 26.5 GHz. The loss of transformers, if
used as power combiners at the output node, would severely degrade the saturated and
linear output power and the bandwidth of the power combined PA. On the other hand, the
transformers in this work are used as input matching networks where the losses impact
the overall power gain and the PAE (if the gain is severely degraded) of the PA but their
effect on the saturated output power is less severe.
In the stacked PA design, the distributed transmission line effects from relatively long
interconnections among the stacked cells and output pads partially resonate with the
inter-nodal and output capacitance, facilitating an optimum operation of the PA at the
center frequency (18 GHz) with slight reduction in the bandwidth. The interconnections,
on the other hand, may also cause phase imbalance among cells, which deteriorates PA’s
efficiency and output power. In order to capture the effects, the interconnections are
modeled as microstrip lines and simulated using Ansoft HFSS. The minimum distance
between the stacked cells is mainly set by the dimensions of input transformers with
diameters around 60 μm. The interconnections are implemented using thick copper layers
to handle high current densities with minimum conductive loss. The simulated losses lie
between 0.15 and 0.33 dB/mm for frequencies from 5 to 30 GHz. To overcome the phase
imbalance due to small electrical length of each piece of interconnects, the input signal is
fed from the bottom of the stack while the output signal is collected from the top of the
stack (opposite side).
Time domain voltage waveforms of each transistor in the stacked PA are shown in
Figure 4.6(a) and (b) at -1 dB compression point at 18 GHz (P1dB=19.2 dBm) and 23 GHz
(P1dB=18.5 dBm), respectively. The arrows indicate the drain-source voltages of
individual transistors and the overall peak-to-peak output voltage swings. The simulated
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time domain waveforms confirm that the drain-source voltage swings of individual
transistors are added constructively. Slight phase shifts among drain-source voltage
swings are caused by the adverse effect of layout parasitics. As the frequency increases,
the phase differences increase, leading to output power and efficiency degradations.

(a)

(b)
Figure 4.6 The simulated time-domain voltage waveforms of the broadband PA at -1 dB
compression point at (a) 18 GHz (P1dB=19.2 dBm) and (b) 23 GHz (P1dB=18.5 dBm).
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4.3

Measurement Results

Figure 4.7 Measured (solid lines) and simulated (dash lines) small-signal S-parameter
under a supply voltage of 4.5 V.
Small-signal measurements are performed using an Agilent E8361A 67 GHz PNA
from 5 GHz to 30 GHz. Figure 4.7 shows the measured (solid lines) and simulated
(dashed lines) small-signal S-parameters. Interconnections among stacked cells modeled
as microstrip lines and input transformers are simulated in Ansoft HFSS and then added
to the circuit simulation. A good match between modeled and measured S-parameters is
observed in Figure 4.7. Higher transistor gain at lower frequencies compensates for the
input mismatch at lower frequencies, leading to a flat gain of 6 dB with -1 dB bandwidth
ranging from 6 GHz to 26.5 GHz when the PA is biased with a 4.5 V supply voltage.
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Figure 4.8 Measured and simulated output power, gain, PAE and DE versus input power
under a supply voltage of 4.5 V at 18 GHz.

Figure 4.9 Measured PSAT, P1dB, and peak PAE under various supply voltages from 3.6 V
to 7.2 V at 18 GHz.
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Figure 4.10 Measured PSAT, P1dB, and peak PAE from 6 to 26 GHz when biased under
supply voltages of 4.5 V and 5.4 V, and 7.2 V.
The large signal performance is measured using an Agilent E4448A spectrum analyzer
with input power provided by an Agilent 83640L CW signal generator and a Gigatronics
GT-1050A power amplifier driver. Figure 4.8 shows simulated and measured output
power, power gain of the stacked PA versus input power at 18 GHz under 4.5 V supply
voltage. As shown in the figure, the PA delivers a saturated output power P SAT of 21.7
dBm and a linear output power P1dB of 18.5 dBm. The power-added efficiency PAE and
the drain efficiency DE at 18 GHz are also plotted in Figure 4.8. The peak PAE is 20.5%
and the corresponding DE reaches 40%. The measured P SAT, P1dB, and PAE versus
different supply voltages at 18 GHz are shown in Figure 4.9. By increasing the supply
voltage to 7.2 V (1.2 V per transistor), PSAT and P1dB increase to 26.1 dBm (~400 mW)
and 22.5 dBm, respectively, while the peak PAE is reduced to 11%. The dynamic-biasing
scheme adjusts the bias current of the PA when the supply voltage changes, and ensures
that performance does not degrade as the supply voltage varies. Due to the dynamic
biasing scheme, the variation on transistor threshold voltage may lead to a variation in the
bias current as well as output impedance at low input RF power levels. The effect is
examined using corner simulations, which indicate a relatively small variation of ±3% on

50
peak PAE and ±0.35 dB on the saturated output power at 18 GHz. Although no
degradation was observed during measurements, the supply voltage of 7.2 V (1.2 V per
transistor) may not be compliant for long-term reliability requirements. The measured
PSAT, P1dB, and PAE versus frequency from 6 to 26 GHz under supply voltages of 4.5 V,
5.4 V, and 7.2 V are shown in Figure 4.10. The measured PSAT and P1dB are above 21.2
dBm and 16.5 dBm, respectively, with peak PAE above 17% for several measured
frequencies in the range of 6 to 20 GHz when biased under V DD=4.5 V. The chip
micrograph of the fabricated stacked PA is shown in Figure 4.11 and occupies a compact
active area of 0.16 mm2 with the input and output terminals placed on the opposite sides.
Table 4.1 summarizes the performance of the stacked PA under three different supply
biases in comparison with other reported broadband power amplifiers. The PA achieves
the highest saturated power among other broadband CMOS PAs at X-Band and K-Band.
The high output power is achieved despite using low breakdown voltage transistors in a
topology that ensures neither source-drain reachthrough nor gate-oxide breakdown occurs.
Relatively good efficiency is maintained over the entire operating frequency of X-Band
to K-Band.

Figure 4.11 Micrograph of the broadband PA.
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Table 4.1 Performance comparison of broadband PAs.
Ref

Technology
SiGe
0.35 μm
CMOS
0.13 μm
GaAs HEMT
0.15 μm
CMOS
0.18 μm
CMOS
90 nm
CMOS
0.18μm
CMOS
0.18 μm
GaAs HEMT
0.15 μm

[39]
[34]
[32]
[40]
[41]
[35]
[25]
[42]

CMOS
45 nm SOI

[36]

This
work

4.4

CMOS
45 nm SOI

Frequency
(GHz)
7-18
@17.2GHz

P1dB
(dBm)

PSAT
(dBm)

Peak PAE
(%)

VDD / #Device
(V)

Topology

N/A

17.5

11.2

1.2

Push-pull

2-8

3.5

N/A

N/A

2

Distributed amplifier

15-50

15.1-19.1

18-22

N/A

4

Distributed amplifier

4-17

15-17

16-18

11-16

1.8

Darlington cascode

22.6

25.2

21.6

1.4

Push-pull with
transformer

8.6

12.4

N/A

1.4

Distributed amplifier

20.2

21.5

20.3

1.8

17-35

21-22

22.523.5

30-40

4

4-50
@ 15GHz
@ 40GHz

N/A

22.5
18.5

24.2
10

1.1

18.5

21.7

20.5

0.75

19.2

23.7

17.5

0.9

22.5

26.1

11

1.2

5.2-13
@ 8 GHz
35
@5GHz
6.5-13
@ 9.5GHz

6-26
@ 18GHz

Push-pull with
transformer
Synthesized
transformer matching
Stacked Class D
Differential output

Dynamically-biased
stacked PA

Summary
A novel broadband PA is proposed using dynamically-biased stacked transistors and is

implemented in a 45 nm CMOS SOI technology. By optimizing the number, size, and
topology of transistor cells in the stack, the output impedance is designed to be close to
50Ω without utilizing an output matching network, which generally causes bandwidth,
efficiency and output power degradations. The degradations in bandwidth, efficiency, and
output power caused by on-chip matching network are eliminated by directly targeting a
50  output impedance optimized by the number, size, and topology of transistor cells in
the stack. As a result, high saturated output powers (> 20 dBm) over an ultrawide
bandwidth (~ 20 GHz) are achieved. The high supply voltage used in the stacked PA
design, is a disadvantage of this approach for mobile battery supported applications.
Nevertheless, a high supply voltage may be readily available in radars and satellite
systems.
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5. A WIDEBAND CMOS PA WITH ALN SUBSTRATE

5.1

Introduction
Most CMOS RF PAs reported to date have been demonstrated using high breakdown

voltage CMOS transistors with thick gate oxide and long gate lengths (Lgate > 0.18 µm).
Either power combining circuits or off-chip matching networks are used at the output of
these PAs in order to reach Watt-level performance at RF frequencies. High insertion loss
and relatively large parasitics of output matching networks or power combiners generally
degrade the performance of CMOS PAs to narrow-band and low linearity characteristics
and make them unsuitable for multiband multi-mode applications. To overcome some of
the above limitations, especially transistors low breakdown voltage and to boost the
output voltage swing as well as output impedance of CMOS PAs, stacked power
amplifiers have been proposed. With the exception of our previous work [1], the number
of stacked transistors in stacked PAs has been limited to only four transistors. If this
number is increased, output voltage swing and output power will further increase. At the
same time, by directly matching the stacked PA to a 50  load impedance, output
matching network or output power combiners may be eliminated from the PA circuit and
higher efficiencies, higher output powers and wider bandwidths are achieved. Three
simple modifications to previously reported designs are proposed to help achieving PAs
to stack more than 4 transistors efficiently: (i) The gate of each transistor in the stack is
dynamically biased from the corresponding drain and source terminals such that its
voltage follows those of drain and source. (ii) Parasitic capacitances to the substrate at all
internal nodes are reduced or eliminated. (iii) The stack design includes Cascode
transistor cells to ensure circuit stability.
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In this Chapter, a wideband RF PA is implemented using a stack of 16 dynamicallybiased thin-oxide (tox ~1nm) CMOS SOI transistors (8 Cascode cells) to achieve a large
output voltage swing and output impedance close to 50  without using any output
impedance matching network. The Si substrate is etched away and replaced by a semiinsulating AlN substrate in order to eliminate the adverse effects of parasitic capacitances
and further improve the PA performance including its output power, efficiency and
linearity.
5.2

The Effect of Parasitic Capacitance

In an ideal situation, drain-source voltages of all transistors in an n-stacked PA design
are identical with no phase difference. The output signal swings between ~ 0 V and a
maximum value of nVbreakdown, where Vbreakdown is the breakdown voltage of a CMOS
transistor. Parasitic capacitors among internodal terminals and the common GND break
the symmetry of the stacked PA design and force both amplitude and phase variations of
drain-source voltages of individual transistors. As an example, simulated time-domain
drain-source voltages of a 4-stacked CS PA with identical CMOS SOI transistors (L = 45
nm, W = 2 mm) with and without parasitic capacitance to GND (estimated by the postlayout parasitic extractor) are shown in Figure 5.1 (a) and (b), respectively. When the
effect of parasitic capacitors are taken into account, the top transistor in the stack has a
substantially higher voltage swing (VDS,4) compared to others and may experience
premature breakdown before other transistors can contribute significantly to the output
voltage swing. Additionally, the variations in the phase caused by these parasitic
capacitors reduce the drain-source voltage swing combining efficiency. The overall
voltage swing can be expressed by taking the effect of phase variations into account.

If all transistor cells are conducting with the same phase, a combining efficiency of 100%
is achieved. With phase differences among the drain-source voltages of stacked
transistors, however, the combining efficiency drops rapidly and limits the power-added
efficiency. While in principle, stacking more transistors should allow a larger voltage
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swing and thus a larger output power, in practice, variations in the amplitude and phase
of drain-source voltages of stacked transistors caused by parasitic capacitors limit the
output power and efficiency of stacked PAs with large number of transistors.

(a)

(b)
Figure 5.1 Simulated drain-source voltage swings of each transistor in a PA designed
with 4 stacked CS cells (a) with and (b) without the effect of parasitic capacitances.
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5.3

Wideband Stacked Power Amplifier Design

5.3.1 Dynamically-Biased SOI Transistors

Figure 5.2 The simplified circuit schematic of the RF CMOS SOI PA designed with 8
stacked dynamically-biased Cascode cells (16 transistors).
The simplified circuit schematic of the proposed PA is shown in Figure 5.2 where 16
electrically-isolated thin-oxide (tox~1nm) floating body CMOS SOI transistors are
stacked to increase the total output voltage swing as well as the output impedance. If
gate-oxide breakdown does not occur and output voltage signal is distributed evenly
among all transistors, it can swing to as high as the sum of the drain-source reach-through
voltages of individual transistors nVbreakdown. Capacitors C1 and C2 are bypass capacitors.
Their values are optimized to achieve high gain and stable operation. In addition to drainsource reach-through voltage, transistors in a stacked PA are also susceptible to gate-
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oxide breakdown. In the presented PA, the gate-oxide breakdown is prevented by a
dynamic biasing scheme as each transistor in the stack is self-biased with a resistor
feedback network. Feedback resistors (R1 to R3) set the gate voltage of each transistor
within its source and drain voltages

(

), preventing gate oxide

breakdown if the drain-source voltage is limited to values less than reachthrough voltage.

Figure 5.3 Simulated Vds-Vgs voltage swings of the top transistor in the stack of 16
transistors with input powers of 10, 15, and 20 dBm.
Figure 5.3 plots the simulated Vds-Vgs waveforms of the top transistor in the stack for
input powers of 10, 15, and 20 dBm. Despite the fact that the drain of this transistor
swings between ~0V and ~2VDD, the other terminal voltages swing along with the drain
voltage such that neither gate-oxide breakdown nor drain-source reach-through occurs.
Other transistors in the stack behave similarly.
The output power of a stacked PA delivered to a 50 Ω load impedance is expressed
according to:

where n is the number of transistors in the stack, VMAX is the maximum drain-source
voltage across one transistor typically close to the breakdown voltage of the transistor
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(Vbreakdown), and VKnee is the minimum drain-source voltage of the transistor under its
maximum current. An effective method to reduce the knee voltage is to reduce the
current density of the transistor. In the proposed PA design, the stacked transistor
configuration allows using high voltage power supply (15 V) while transistors are biased
under a low current density of ~ 0.2 mA/μm, which suppresses the knee voltage of each
transistor for improved power performance and long-term reliability.
With the dynamic biasing scheme, the limiting mechanism in stacking a large number
of transistors is the buried oxide breakdown (~80 V in this technology). As the number of
stacked transistor increases, however, parasitic capacitance and inductance to the
substrate stemming from transistor layout and interconnections and distributed effects of
transformers cause significant phase variations across drain-source voltages of individual
transistors. This phase imbalance is more significant as the frequency of operation
increases and leads to inefficient power combining and hence degradation of output
power and PAE.
The CMOS SOI PA is designed using 8 stacked Cascode cells as opposed to 16 stacked
CS transistors. The overall gain of the presented PA is equal to the gain of a single
Cascode cell. Compared to 2 stacked CS transistors, each Cascode cell offers higher
voltage gain, higher output impedance, better isolation between input and output and
hence better stability, and a more compact area since only one transformer is required to
drive two transistors. The input RF power is coupled to the PA using on-chip
transformers. The primary coils of input transformers are connected in series to increase
the overall input impedance. The transformers are designed using the top two copper
layers provided in the process with thicknesses of ~1.2 μm. Using HFSS simulation, we
have confirmed that the coupling coefficient of each transformer is above 0.7 in the
frequency range of 1 to 3 GHz. The loss from input transformers degrades the gain of the
PA (Loss ~ 3 dB) but does not affect the maximum output power and efficiency as long
as the power gain is not significantly degraded.
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Figure 5.4 Measured input (red curves) and output (blue curves) reflection coefficients
from 1 to 5 GHz of a 2 mm transistor, one Cascode cell implemented with 2 mm
transistors, and the PA designed with 8 stacked Cascode cells.
The distributed effect of the interconnections between stacked cells are modeled as
microstrip lines and simulated in Ansoft HFSS. The simulated loss is 0.1 dB/mm at
frequencies around 2 GHz. The relatively low loss confirms that the design is not
significantly degraded by the interconnections at the operating frequencies of 1.5 to 2.4
GHz. The output impedance of the stacked PA is then calculated as the sum of output
impedances of individual cells in the stack.

Figure 5.4 plots the measured input (red curves) and output (blue curves) reflection
coefficients from 1 to 5 GHz of a 2 mm NMOS transistor, one Cascode cell based on two
2 mm NMOS transistors, and the PA designed with 8 Cascode cells in the 45nm CMOS
SOI technology. As shown in the figure, by optimizing the size (2 mm) and number of
the transistors (8 Cascode cells) in the stacked PA, an output impedance close to 50 Ω
over a wide range of frequencies is achieved. Therefore, no output matching circuit is
required and output power, PAE, and bandwidth degradations caused by lossy on-chip
impedance transformation networks are prevented.
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5.3.2 Substrate Transfer Technology
The PA is fabricated in a standard CMOS SOI technology with a minimum gate
length of 45 nm. In order to demonstrate the importance of eliminating internodal
parasitic capacitances to GND in improving the performance, a few samples are postprocessed to remove the Si substrate and replace it with an Aluminum Nitride (AlN)
substrate. The higher thermal conductivity (k=285 W/m∙K) and slightly lower dielectric
constant (ε0=8.9) of AlN substrate compared to silicon (k=145 W/m∙K, ε 0=11.68)
combined with its semi-insulating characteristics make it an ideal substrate to implement
RF power circuits. By substituting the conductive Si substrate with the semi-insulating
AlN substrate, all parasitic capacitances will be in series with very large resistors,
effectively eliminating their adverse effects on the PA circuit.
The post-processing technology that transfer the device layer including the buried oxide
layer of SOI chips to an AlN substrate is shown in Figure 5.5(a) where no
photolithography step is necessary. The backside Si substrate is completely etched using
Xenon Difluoride (XeF2) silicon dry etching process with an etch rate of 5 µm/min at
room temperature. The process does not generate plasma, a possible cause for transistor
performance alteration during etching. The process also has high selectivity between Si
and silicon dioxide (1000:1 selectivity); hence, the etching stops at the SOI buried oxide.
After the etching, the SOI flake with a thickness of ~ 10 µm is bonded at 80 oC to an AlN
substrate by applying a thin adhesive layer (100nm) of PMMA. No air gap between the
thin SOI flake and the AlN substrate should be created during the bonding process.
Figure 5.5 (b) shows the chip micrograph and photo of the RF CMOS SOI PA and the
SOI flake bonded to AlN substrate. The PA including its pads occupies a chip area of 1.2
mm2.

60

(a)

Figure 5.5 (a) Post-processing steps for AlN substrate transfer. Step 1: Bonding the chip
to a temporary substrate using photo-resist. Step 2: Etching the backside silicon substrate
using XeF2. Step 3: Releasing the chip from the temporary substrate using acetone. Step 4:
Bonding the chip to an AlN substrate using a thin adhesive PMMA layer on a heat plate
at 80oC. (b)The photo and the chip micrograph of the CMOS SOI chip with substrate
transferred to AlN.
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5.4

Measurement Results

5.4.1 Active Device Measurement
Figure 5.6(a) and (b) shows ID-VDS and ID-VGS characteristics, respectively, of a 640
µm NMOS transistor with a finger width of 0.5 µm implemented in the 45nm CMOS SOI
technology before and after substrate transfer. No performance degradation of the active
device is observed after substrate transfer to AlN. Figure 5.7 compares measured H21 and
maximum available gain MAG before and after substrate transfer. H 21 and MAG were
calculated from measured S-parameters.

(a)

(b)
Figure 5.6 Measured transistor (a) ID-VDS and (b) ID-VGS characteristics before (red curves)
and after (blue curves) substrate transfer.
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Figure 5.7 Measured transistor RF performance before (red curves) and after (blue curves)
substrate transfer.
5.4.2 Power Amplifier Measurement
A major concern in implementing power amplifiers in CMOS SOI technology is the
transistor self-heating effect caused by the power dissipated in the transistor and low
thermal conductivity of the buried oxide (SiO2) layer. Transistor power gain degrades
when it operates at high bias currents and high drain voltages over time. In this particular
CMOS SOI technology, the maximum voltage difference permitted across drain-source
terminals is about 1.2 V at 105°C. For long-term reliability concerns, a maximum supply
voltage of 15 V is selected to ensure that the RMS voltages across transistor terminals are
within the safe operating range. Additionally, the circuit is designed to operate at low
current density of 0.2 mA/μm to avoid high junction temperature (<105°C) across each
transistor. On-wafer small-signal S-parameter measurements are performed using a 67
GHz Agilent E8361A network analyzer with SOLT calibration from 1 to 5 GHz. As
shown in Figure 5.8, the PA provides a small signal power gain of 12.2 dB at 1.8 GHz
with -3 dB bandwidth from 1.5 to 2.6 GHz when biased under VDD = 12 V (ID=0.15
mA/μm). The gain is slightly smaller under 9 V (ID=0.1 mA/μm) power supply mainly
due to smaller drain current flowing in each transistor (current is set by the self-bias
mechanism). The PA is unconditionally stable over the entire operating frequency as
indicated by the stability factor (k > 1.2).
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Figure 5.8 Measured small signal S-parameters of the stacked PA under 9 V and 12 V
supply voltage.

Figure 5.9 Measured PSAT, P1dB, and PAE versus input power at 1.8 GHz under 15 V
supply voltage before (dash curves) and after (solid curves) post-processing.
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The large signal performance is measured using an Agilent E4448A spectrum analyzer
with input power provided from an Agilent 83640L CW signal generator. Figure 5.9
compares the power measurement results for CMOS SOI PAs on both Si and AlN
substrates. Transferring the substrate to AlN reduces the adverse effects of parasitic
capacitance and thus boosts both output power and power-added efficiency. The substrate
transferred PA delivers a PSAT of 30.2 dBm, a P1dB of 27.8 dBm and a peak PAE of
23.8% at 1.8 GHz.

Figure 5.10 Measured PSAT, P1dB, and peak PAE of the PA under various supply voltages
at 1.8 GHz before (dash curves) and after (solid curves) post-processing.
The effect of varying the supply voltage on the PA performance is shown in Figure
5.10 where measured PSAT, P1dB, and peak PAE of the PA on both Si and AlN substrates
at 1.8 GHz are plotted vs. supply voltage. By increasing the supply voltage from 9 to 15
V, PSAT increases from 25.5 to 30.2 dBm while the peak PAE is between 23.5% and
25.7%. Similar observations are made for the PA on Si substrate with slightly degraded
performance compared to the one on AlN substrate. Also note that the bias current is
controlled by the dynamic-biasing scheme which ensures that both linearity and
efficiency of the PA do not degrade as the supply voltage varies.
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Figure 5.11 Measured PSAT, P1dB, and peak PAE under 12 V supply voltage at various
frequencies from 1.5 to 2.4 GHz before (dash curves) and after (solid curves) postprocessing.
The measured PSAT, P1dB, and PAE versus frequency from 1.5 to 2.6 GHz under
VDD=12 V are shown in Figure 5.11 for PAs on both Si and AlN substrates. Note that the
amplifier demonstrates a wideband power performance, as the measured P SAT, P1dB, and
PAE remain constant over the measured frequency range of 1.5 to 2.4 GHz. The
wideband power performance is attributed to the stacked design that achieves matched
input and output impedances over a wide range of frequencies. For the PA on AlN
substrate, PSAT and P1dB are above 27.9 dBm and 24.8 dBm, respectively, with peak PAE
above 20% for the measured frequency range of 1.5 to 2.4 GHz. Similar observations are
made for the amplifier on the Si substrate, with slightly degraded performance attributed
to amplitude and phase differences of the drain-source voltages caused by internodal
parasitic capacitances.
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Figure 5.12 Measured WCDMA output spectra at 1.8 GHz before (red curve) and after
post-processing (blue curve).
The PA is measured using a WCDMA signal with a chip rate of 3.84 Mcps provided
by an Agilent E4433B signal generator. The ACLR is measured at 5 and 10 MHz offsets
from the center frequency. Figure 5.12 compares the measured ACLR before and after
substrate transfer at the saturated output power for each amplifier. The substrate
transferred to AlN technology reduces the effect of parasitic capacitances to GND and
thus improves the overall linearity of the PA. For the substrate transferred PA, ACLR of 40.6 and -54.2 dBc are measured at 5 and 10 MHz offset, respectively. An improvement
of 2 to 4 dB is observed compared to the PA on the conductive Si substrate.
Table I compares the performance of the presented PA with other reported RF PAs
implemented in various CMOS technologies. The PA achieves the large bandwidth and
comparable power performance amongst the reported CMOS RF PAs.
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Table 5.1 Performance comparison of Watt-level CMOS PAs
Ref.

Technology

Frequency
(GHz)

PSAT
(dBm)

P1dB
(dBm)

Peak
PAE
(%)

VDD
(V)

Topology

[3]

0.35 μm CMOS
(Lgate=0.35 μm)

2.4
BW=0.51

33.4

N/A

31

2

Power combined

[12]

0.25 μm CMOS SOS
(Lgate=0.25 μm)

1.88

21

18.3

44

3.9

Stack of 3 SOS
transistors

[5]

0.13 μm CMOS SOI
I/O transistor (Lgate=0.28 μm)

1.9

32.4

30.8

47

6.5

Stack of 4 SOI transistors
w/ off-chip matching

6.5

27.4

N/A

16.5

3.6

Stack of 3 transistors
w/ off-chip matching

1.78
BW=1.641.95

29.4

N/A

51

3.4

Stack of 4 transistors
w/ off-chip matching

2.75

28

26.5

31.9

1.8

Power combined

2.5
900 MHz

30.8

29.1

30.6

3.3

Power combined

930 MHz

29.4

27.7

25.8

2

Power combined

27.1

N/A

43

2.8

Inverse class-F PA

28.4

26.9

25.7

12

30.2

27.8

23.8

15

16 dynamically - biased
CMOS SOI on AlN
substrate

[43]
[44]
[45]

[46]
[47]

65 nm CMOS
I/O thick-oxide transistor
(Lgate=0.25 μm)
65 nm CMOS
Thick -oxide transistor
(Lgate=0.23 μm)
32 nm CMOS
Thick -oxide transistor
(Lgate=0.18 μm)
0.18 μm CMOS
Thick oxide transistor
(Lgate=0.18 μm)
90 nm CMOS
Thick oxide transistor
(Lgate=0.25 μm)

[48]

90 nm CMOS
(2.5-V thick-oxide transistor)

1.97 GHz
1.6-2.6

This
work

45 nm CMOS SOI
Thin-oxide transistor
(Lgate=40 nm)

1.8
BW=1.5-2.4

5.5

Summary
A fully-integrated wideband power amplifier is implemented using dynamically-

biased stacked Cascode cells in a 45 nm CMOS SOI technology. By optimizing the
number, and size of transistors in the stack, the output impedance is directly matched to
50 Ω without utilizing an output matching network. As a result, the PA achieves good
power performance and wide bandwidth suitable for multi-mode multiband applications.
Using a simple post-processing technology, the Si substrate is substituted by an AlN
substrate to remove the effects of parasitic capacitances and further improve the PA
performance. A Watt-level output power with a wide operating bandwidth from 1.5 to 2.4
GHz is achieved despite using low breakdown thin-oxide CMOS transistors in an
advanced technology node.
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6. A HIGH POWER LINEAR AMPLIFIER IN CMOS SOS
TECHNOLOGY

6.1

Introduction
Integrated CMOS PAs for multi-band multi-mode applications often require high

linear output power, high efficiency, and wide operating bandwidth among other
performance metrics. Implementing CMOS PAs with several Watts of output power,
however, remains challenging mainly due to the low breakdown voltages of scaled
CMOS transistors. Stacked PAs have been demonstrated to deliver high output power
over wide bandwidths. The maximum number of stacked transistors, however, is
generally been limited to 3~4 due to effect of parasitic capacitance.
This Chapter presents a wideband power amplifier (PA) implemented in 0.25 μm
CMOS silicon-on-sapphire (SOS) technology. The PA is designed with 4 stacked
dynamically biased Cascode cells to increase the overall output voltage swing as well as
the optimum load impedance. The insulating substrate in the SOS process significantly
suppresses the effect of parasitic capacitance and hence minimizes the amplitude and
phase differences among drain-source voltage waveforms across each transistor. The
spatial thermal distribution of the stacked PA under DC and RF excitation is examined
using a thermareflectancel imagining technique. The thermal images confirm the voltage
swings are equally distributed across each stacked transistors with no thermal runaway
when operating under high power density.
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6.2

High Power Wideband PA design

6.2.1 Number and Size of Stacked FETs
Figure 6.1 shows the simulated optimum load impedance (Zopt) and output reflection
coefficient (S22) at 1.4 GHz for different number of stacked Cascode with different
transistor widths. By stacking more cells with the same width (plotted in red curves), the
optimum load impedance increases while the real part of output impedance increased and
the overall output capacitance reduced. Increasing the widths of the transistors (plotted in
blue curves), on the other hand, shows an opposite effect on optimum load impedance as
well as the real and imaginary parts of the output impedance. Therefore, selecting the
number of size of stacked transistors results in the trade-offs between output power,
efficiency, and bandwidth.

Figure 6.1 Simulated optimum load impedance (Zopt) and output reflection coefficient
(S22) for different number and size of stacked Cascode transistor cells at 1.4GHz.
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Two simulations are performed to optimize the design of the stacked PA. Figure 6.2(a)
shows the simulated PSAT, peak PAE, and Gain of stacked PAs designed with a fixed
optimum load of Zopt of 20 Ω with different number of stacked Cascode cells. As a result,
the matching bandwidth and matching loss in this simulation are similar for all the PAs.
Note that in order to maintain the fixed optimum load impedance as the number of stacked
cells is increased, the widths of the transistors are also increased. As shown in the figure,
PSAT increases quadratically with the number of stacked cells (proportional to square of
supply voltage). The power gain, however, is decreased due to an increase in the widths of
the transistors (lower fmax due to layout parasitics).
Figure 6.2(b), on the other hand, shows the simulated PSAT, peak PAE, and -3 dB output
power fractional bandwidth (FBW) of PAs designed with different number of stacked
Cascode cells with the same transistor width of 10 mm. The output matching networks are
designed to achieve maximum output power using a single-stage LC section in the
simulation. As shown in the figure, the peak PAE and FBW for one Cascode cell are
dominated by the loss from the output matching network with high output impedance
transformation ratio. By increasing the number of stacked cells, the FBW and PAE
improve due to reduced loss from the output matching network. The output power
increases proportional to VDD since the supply voltage doubles as the number of stacked
cells doubles while the bias current is kept constant. For 8 stacked cells, however, the
voltage combining efficiency of stacked cells drops leading to reduced overall efficiency.
The drop in combining efficiency is attributed to a finite phase delay through the
transformer ladder leading to small phase shifts to the drain-source voltages across each
transistor. In this work, 4 stacked cells with 10 mm width are selected to achieve highest
PAE ~40% and a high output power above 34 dBm.
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(a)

(b)
Figure 6.2 (a) Simulated PSAT, peak PAE, and Gain of stacked PAs designed with
different number of stacked cells with a fixed Ropt = 20 . (b) Simulated PSAT, peak PAE,
and fractional bandwidth of stacked PAs designed with different number of stacked cells
with the same transistor width of 10 mm.
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6.2.2 Stacked PA design

(a)

(b)
Figure 6.3 (a) Circuit schematic and (b) chip micrograph of the wideband high power
linear amplifier.
The circuit schematic and chip micrograph of the fully-integrated CMOS PA designed
with 4 stacked transformer-coupled Cascode cells is depicted in Figure 6.3. The PA
occupies a compact chip area of 2.2 mm2 including pads. The transistors are biased in
Class AB amplification mode where the voltage at the top of the stack swings to 2VDD.
To prevent gate oxide breakdown, the gate terminal of each transistor is dynamicallybiased through resistor dividers (R1 to R3), which set the gate voltage between the

73
corresponding drain and source voltages. Comparing to the designs using stacked CS
cells, the Cascode cells provide high power gain and high output impedance and ensure
stability. The transistors are implemented with a total width of 10 mm to provide
sufficient gain as well as the necessary output impedance for the operation in 1 to 2 GHz
frequency range. The high output impedance of the stacked Cascode cells minimizes the
loss from the output matching network and facilitates wideband impedance matching to a
50 Ω load using a single-stage on-chip LC matching network. The input power is coupled
to the Cascode cells using an array of on-chip transformers with primary coils connected
in series to provide high input impedance close to 50 Ω.

Figure 6.4 The layout and dimension of the input transformers.
The input transformers couple the RF signal to each stacked cells while providing input
matching. The inductance of the secondary winding of each transformer is designed to
resonate with the input capacitance of CS transistor. The input is matched to 50 Ω by
connecting the primary coils of the four input transformers in series. The transformers and
their interconnecting transmission lines are simulated using Ansoft HFSS. The layout and
dimension is shown in Figure 6.4. Each transformer occupies a chip area of 157157 mm2
and provides a coupling coefficient above 0.75 from 1 to 2 GHz.

74
6.3

Measurement Results
Figure 6.5 shows the simulated and measured S-parameters of the stacked PA. The PA

achieves a gain of 11.8 dB at 1.8 GHz. The difference between the post layout simulation
and the measurement is mainly due to a lack of inductance from the interconnections.

Figure 6.5 Measured and simulated small-signal S-parameters of the PA.

Figure 6.6 Measured output power, gain, PAE, and DE at 1.4 GHz when biased under
two supply voltages of 13.5 and 16V.
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Figure 6.7 Measured PSAT, gain, PAE, and corresponding DE from 1 to 2 GHz when
biased under two supply voltages of 13.5 and 16V.
Figure 6.6 plots the measured output power, gain, PAE, and DE of the stacked PA
under two supply voltages under CW at 1.4 GHz. The current densities of ID = 17
mA/mm and ID = 8 mA/mm at 13.5 V and 16 V, respectively, are selected to achieve
highest peak PAE. The PA under a supply voltage of 16 V measures a saturated output
power of 34.4 dBm (2.75 Watts) with peak PAE and corresponding DE of 38% and 48%,
respectively. Figure 6.7 plots the measured PSAT, gain, peak PAE, and corresponding DE
from 1 to 2 GHz with the two supply voltages. When the PA is biased under V DD = 16 V,
the measured PSAT is above 33 dBm from 1 to 1.8 GHz with peak PAE and corresponding
DE above 24.5% and 33%, respectively.
The stacked PA is measured using uplink WCDMA signal with chip rate of 3.84 Mcps.
The adjacent channel leakage ratio ACLR is measured at 5 MHz offsets from the center
frequency. Figure 6.8 plots the measured ACLR and DE versus output power at 1.4 GHz
under two supply voltages. The PA delivers an output power of 29.2 dBm and DE of 29.1%
at ACLR of -33 dBc when biased under VDD = 16 V. Figure 6.9 shows the measured
linear output power above 26.8 dBm from 1 to 2 GHz with WCDMA input signal at
ACLR of -33 dBc. The measurement results confirm the stacked PA maintains good
linearity across the entire bandwidth.
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Figure 6.8 Measured ACLR and DE versus output power using WCDMA signal at 1.4
GHz when biased under two supply voltages of 13.5 and 16V.

Figure 6.9 Measured linear output power using WCDMA signals under two supply
voltages of 13.5 and 16V.
Figure 6.10 plots the measured ACLR and DE at 1.4 GHz using uplink 10 MHz QPSK
LTE signal with peak-to-average ratio of 7.2 dB. The measured output power and DE are
26.3 dBm and 16.7%, respectively, while satisfying the ACLR requirements of -33 dBc
and error vector magnitude EVM of 4.48% under supply voltage of 13.5 V. Figure 6.11
plots the spectrum of the LTE with 10MHz bandwidth. At output power of 26.3 dBm, the
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ACLR and ALPR achieved are -33dBc and -59.4 dBc, respectively. As indicated by these
measurements, the linearity of the PA satisfies the requirements of WCDMA and LTE
standards.

Figure 6.10 Measured ACLR and DE versus output power using LTE signal at 1.4 GHz
when biased under a supply voltage of 13.5 V.

Figure 6.11 Measured output spectrum of the PA with LTE signal when biased under a
supply voltage of 13.5 V.
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6.4

Thermal Imaging Technique

(a)

(b)
Figure 6.12 (a) The waveform of the pulse power supply and (b) the photo of the thermal
measurement system setup.
The time-domain simulation waveforms of the stacked PA confirm that the highresistivity substrate eliminates the effect of parasitic capacitance and the overall voltage
swing is equally distributed across each stacked transistors. However, direct measurement
of the voltage signal is difficult to perform at RF frequencies without interfering the

79
operation of the circuit. An alternative approach that indirectly observe the power
dissipation across each cell is proposed through thermal imaging [49]. An even thermal
distribution would be an indication of identical voltage swings across the stacked
transistors since they conduct the same current.
A thermal reflectance technique is utilized in this work to examine the spatial thermal
distribution. The thermal measurement system (Microsanj NT 410A) consists of a pulse
generator, pulsed LEDs, and a microscope and an image sensor. The time-domain
waveforms of the pulse generator and the photo of the measurement setup are in plotted
in Figure 6.12. Accurate temperature can be extracted by monitoring the change in
surface reflection coefficient between hot and cold frames of the thermal images.
Temperature resolution of ~0.1 C has been demonstrated in [50].

Figure 6.13 The thermal image at output power of 30 dBm and the temperature profile
across the each stacked cell under DC and RF excitations with different output power
levels.

80
The thermal measurements are performed at DC with no input RF power applied as
well as at different output power levels (10 dBm, 20 dBm and 30 dBm). The thermal
image measured at output power of 30 dBm is shown in Figure 6.13(a). Figure 6.13(b)
plots the distribution of average temperature across each transistor in the stacked PA for
both DC and RF excitations. Under DC excitation, there is a slight variation of the
average temperature across each transistor. The small temperature difference within each
Cascode cell is likely due to the fact that Common Source transistors in the Cascode cell
have slightly larger drain-source voltage compared to Common Gate transistors (all
transistors have the same DC drain current). Transistors 1 and 8 (and transistors 2 and 7
to some degree) are slightly cooler than others due to their vicinity to the probe pads and
probes, which help remove the heat from the stacked PA.

Note that the Sapphire

substrate is not a very good heat conductor, thus the cooling effect of probes is observed.
When the PA is excited with an input RF signal, the shape of the thermal distribution
across the PA remains more or less the same with a slight hump around the center of the
stack. Even under high output RF power of 30 dBm, the shape of the temperature
distribution is exactly the same as other cases with average temperature.
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6.5

Summary
Table 6.1 Performance comparison of high power linear amplifiers

Ref

Technology

Frequency
(GHz)

PSAT
(dBm)

Peak
PAE
(%)

Supply
Voltage
(V)

WCDMA
POUT (dBm)

LTE/WLAN
POUT (dBm)

[51]

CMOS
130 nm

1.85

32

15.3

5.5

28
@-38.7dBc ACLR

LTE
24.9 @-34.9 dBc ACLR

[52]

CMOS
180nm

1.95

30.5

42.1

3.4

28
@-35 dBc ACLR

N/A

[53]

CMOS
180 nm

2.4

34

34.9

3.3

N/A

WLAN
23.5 @-25 dB EVM

[47]

CMOS
90 nm

0.93

29.4

25.8

2

N/A

LTE w/DPD
26 @-25 dB EVM

[54]

0.8μm GaN

2.25-3.075

24-27

DE
50-58

15

N/A

N/A

[1]

CMOS
45 nm

1.5-2.4
@1.8

30.2

23.8

16

25.1
@ -40.6 dBc ACLR

N/A

[5]

CMOS SOI
130nm

1.9

32.4

47

6.5

29.4 @ -33 dBc
ACLR

N/A

[12]

CMOS SOS
0.25 µm

1.88

21

44

3.9

IS-95 16.3dBm @ 42 dBc

N/A

[55]

0.8μm GaN

1-6

33±0.8

DE 37
(max)

20

N/A

N/A

This
work

CMOS SOS
0.25 μm

1 - 1.8*
@1.4

34.4

PAE 38
DE 48

16

29.2
@-33 dBc ACLR

LTE
26.3 @-33 dBc ACLR

Table I summarizes the performance of the presented stacked PA implemented in
CMOS SOS technology in comparison with other fully-integrated PAs reported in the
literature. The insulating Sapphire substrate effectively eliminates the internodal parasitic
capacitance of the stacked PA leading to identical signal amplitudes and zero phase
differences across the stages of the stacked PA. The high input and optimum load
impedance of the stacked PA facilitates a large operating bandwidth. The thermal
imaging performed for the stacked PA verifies the optimum design of the PA in
achieving balanced amplitude from each stacked cells. The PA achieves the highest
output power in GHz operating range (2.75 Watts), while also achieving the highest BW
for delivering more than 2 Watts of output power from 1 to 1.8 GHz. The stacked scheme
eliminates the large area required for on-chip power combiners and hence achieves a
compact design with a relatively high power density (1.27 W/mm2) for CMOS PAs.
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7. CONCLUSION

The increasing demand for high data-rate communication has recently drawn attention
to the large available spectrum in the mm-wave frequency band as a potential candidate
for achieving orders of magnitude higher capacity than the existing 3G and 4G standards.
Implementing high performance broadband PAs in nanoscale CMOS technology,
however, remains the main challenge to achieve highly integrated SoCs.
In this dissertation, a novel topology is proposed that uses transformer-coupled
dynamically-biased stacked transistors in CMOS SOI and SOS technologies. The drainsource voltages of each stacked transistor cell are added constructively to increase the
total output voltage swing. The buried-oxide layer in the SOI technology and the
insulating substrate in SOS technology allow the drain-source voltage swings of all
transistors to be added constructively without causing breakdown and leakage current to
the substrate. High optimum load impedances are achieved by selecting the size, number,
and topology of stacked cells which minimize the loss from on-chip impedance
transformation networks and the associated performance degradations. Fully-integrated
PAs implemented using the proposed topologies have been successfully demonstrated
and achieve high linear output powers, high efficiencies with wide operating bandwidths
at RF and mm-wave frequencies.
The future works of this dissertation may include the following areas:
(i) Implement high efficiency DC-DC converters: Although high voltage power
supplies may be readily available in base station, radars, and satellite systems, generating
high supply voltages efficiently in mobile and battery supported applications,
nevertheless, remain challenging. The future work may include implementing high
efficiency DC-DC converters integrated with the proposed stacked power amplifier.
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(ii) Modify circuit topology and architecture: The stack topology has successfully
demonstrated high performance at RF and mm-wave frequencies. Further increase of the
number stacked cells, however, is limited by several mechanisms including the loss from
additional input transformers, the input signal delay as the signal propagates through the
transformer ladder, the loss from additional interconnections between stacked cells, and
the fMAX of large periphery transistors. The degradations, however, can be minimized by
modifying the design of each transistor cell. For example, each cell can be designed with
2 or 3 CG transistors. The additional CG transistor does not require additional
transformer and the penalty in layout area is much less severe. Another potential solution
to further increase the output power is to incorporate the stacked PA design with power
combining architecture. High output power in the range of several 10s of Watts may be
achieved by combining the output power of several unit stacked PAs. Nevertheless, the
power combiners would require careful design to minimize the efficiency and bandwidth
degradation.
(iii) Improve efficiency at power back-off: Linear power amplifiers often achieve its
peak efficiency near the saturated output power level. Hence PAs often suffer from low
average efficiencies when transmitting high PAR (peak-to-average) signals. Various
techniques such as envelope tracking (ET) and polar transmitter architectures have been
proposed to improve the efficiency at power back-off. The average may be significantly
improved by combining the linearization technique with the proposed PA. Other
linearization techniques such as digital pre-distortion (DPD) can also be employed in the
PA measurements to satisfy the stringent ACPR and EVM requirements of
communication standards with complex modulation schemes.
(iv) Improve the substrate transfer technology: The proposed post-processing
procedure presented in chapter 5 demonstrated a simple technique to remove the effects
of parasitic capacitances and further improve the PA performance. Additionally, the high
resistivity substrate may also reduce the substrate loss, and reduce substrate coupling. So
far, the technique has been performed at chip level. A more sophisticated procedure may
be developed to perform the substrate transfer at wafer level.
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