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ABSTRACT

A Fully Integrated K-Band Power Amplifier Design Using
Digital 0.18 um CMOS Technology

Ceyhun KELLECI
M.S. in Electrical and Electronics Engineering
Supervisor: Prof. Dr. Abdullah ATALAR
June 2011

Applications at K-Band frequencies (the part of the electromagnetic spectrum
defined by IEEE to be from 18 GHz to 27 GHz) like K-Band satellite communi-
cation, vehicular short range radars, point-to-point (PTP) radio bring the need
for low cost, environment friendly RF blocks. Among them, the design of power
amplifiers (PAs) is one of the most challenging. In this work, a three-stage PA
is developed in 0.18 pm digital CMOS technology. The design and simulations
are based on the models obtained from the foundry. The final design has been
fabricated at the foundry and measurements show +16.9 dBm of linear output

power and a power added efficiency (PAE) of 12.3% at 20 GHz at the P45 point.

Keywords: Power Amplifier, K-Band, CMOS, 0.18 ym
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OZET

DIJITAL 0.18 M CMOS TEKNOLOJILI BIR TAM ENTEGRE
K-BAND GUC YUKSELTECI TASARIMI

Ceyhun KELLECI
Elektrik ve Elektronik Miihendisligi Boliimii Yiiksek Lisans
Tez Yoneticisi: Prof. Dr. Abdullah ATALAR
Haziran 2011

K-Band frekanslarindaki (Elektromanyetik spektrumun IEEE tarafindan 18 GHz
ile 27 GHz arasinda tamimlanmig kismi) K-Band uydu haberlesme, kisa menzilli
ara¢ radari, noktadan noktaya radyo gibi uygulamalar diigiik maliyetli, cevre
dostu RF bloklarina olan ihtiyaci da beraberinde getirmektedir. Bunlar arasinda,
en zahmetli olanlardan birisi gii¢ yiikselteci tasarimidir. Bu ¢aligmada, 0.18 pm
dijital CMOS teknolojisi kullanarak tasarlanmig ve tretilmig ii¢ kath bir giig
yikselteci mevcuttur. Tasarim ve simiilasyonlar tireticiden alinmig modeller
{izerine kuruludur. Uretilen ¢ip, +16.9 dBm lineer ¢ikig glicli ve P45 noktasinda,

20 GHz'de %12.3’liik bir verim gostermektedir.

Anahtar Kelimeler: Giig yiikselteci, K-Band, CMOS, 0.18 pm
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Chapter 1

Introduction

IEEE defines the K-Band as the part of the electromagnetic spectrum from
18 GHz to 27 GHz. Applications at this frequency interval include K-Band satel-
lite communication, vehicular short-range radars used for traffic safety, point-to-
point (PTP) radio and point-to-multipoint communication. These applications
bring the need for low cost, environment friendly RF blocks. Among them, the

design of power amplifiers (PA) is one of the most challenging.

Although one can choose among GaAs, GaN or Si technologies in designing
K-Band PAs, using the Si technology has many advantages over others. First of
all, it is cheap and since the technology is already present and being used, it does

not require a lot of R&D. Si technology is also suitable for mass production.

Si transistors dominate the digital design sector. Microprocessors of the com-
puters that we use in our daily life are fabricated using Si. Nowadays, the gate
length of the digital transistors is as small as 35 nm, but for an analog designer,
such gate lengths may not always be practical. In choosing the gate length to be
used, one must keep in mind that fr of the transistors increases with decreasing

gate length but the maximum supply voltage that can be used decreases since the



gate oxide thicknesses are smaller. On the other hand, the cost of the fabrication

is higher for smaller gate lengths.

Various designs exist in the literature using two-stage cascode configuration
[1], [2], two-stage cascode configuration with power combiner [3], three-stage
common source (CS) configuration [4], four-stage mixed cascode and CS config-

urations [5], either in 0.18 pm or in 0.13 pm gate lengths.

In this thesis, we used the digital 0.18 ym 1P6M (1 poly 6 metal) CMOS
technology of United Microelectronics Corporation (UMC) to design and fabri-
cate a three-stage PA at 20 GHz. Transistors of this technology allow the usage
of 1.8 V drain bias voltage and they have an fr above 40 GHz which shows that

these transistors can be used in a K-Band amplifier design.

In chapter 2, power amplifier concepts such as load matching, efficiency, sim-
ulation techniques that can be used will be revisited. Chapter 3 will be composed
of the design of a three-stage K-Band power amplifier using the concepts men-

tioned in the previous chapter.

In chapter 4, measurements made on the fabricated chip will be presented

and compared to the simulation results obtained previously.



Chapter 2

Power Amplifier Basics

2.1 Definition

A power amplifier (PA), usually used to drive antennas, is an amplifier for which
the signal level is comparable to its bias level which results in nonlinear behavior.
Since the signal level that is wanted to be transferred to the load is relatively high,
efficiency becomes important. Thus, the two key words for a PA are efficiency

and linearity.
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Figure 2.1: General power amplifier configuration.



2.2 Power Amplifier Concepts

2.2.1 Simulation Techniques Used

For better understanding of power amplifier concepts, it’s necessary to know
about the simulation techniques used for the design. Note that in this thesis, all

simulations are made using Agilent Advanced Design System (ADS) software.

Small signal S-parameters (SSSP) simulations

A power amplifier is a two-port network and the representation of this network is
done through ”scattering parameters” (S-parameters) defined usually relative to
50 €. Small signal S-parameters simulations give the characteristics of the two-

port network under test when a small level of signal is applied to the network.

Large signal S-parameters (LSSP) simulations

The only difference between small signal and large signal S-parameters simula-
tions is the level of the signal that is applied to the network. As it can be deduced
from the name, for large signal S-parameters characterization of a two-port net-
work, a relatively high signal is applied, thus, the nonlinear effects are taken into

account.

Load-pull simulations

The maximum power transfer theorem, stating that to maximize the power trans-
fer, the impedance of the load should be conjugately matched to that of the
source, does not apply for power amplifiers [6], but there is a relation between

output power level and output match [7]. To investigate this relation, a load-pull



simulation can be made in the following way: Sweep the load impedance with
the help of a tuner and measure the power that is transferred to this load. The

result is contours on the Smith chart that are named load-pull contours.

Intermodulation distortion (IMD) simulations

Because of the nonlinear nature of the amplifiers, when two or more sinusoidal
signals are applied at the input, additional frequencies, which are called inter-
modulation products, are observed at the output. When two tones of frequencies
f1 and f5 are applied at the input, the products at frequencies 2 fi — f5 and 2 f,— f;
(third order products) are of special importance since they are very close to fi

and fo and thus limit the dynamic range of the amplifier [8].

Third order intercept point (TOI) is defined as the point where the extrap-
olated output power levels of the main tones and the third order products are
equal to each other. The input power of main tones at TOI is the IIP3 and the

output power of main tones at TOI is the OIP3.

2.2.2 Efficiency

Since we are dealing with power amplifiers, the power levels wanted to be trans-
ferred to the load are relatively high. On the other hand, to design an environ-
ment friendly amplifier, one should not waste energy which is expensive. Thus,
the term efficiency becomes important. The efficiency definition that will be used
in this work is that of the power added efficiency (PAE). PAE is the delivered
RF power by the amplifier to the load over the DC power fed to the amplifier

when the RF input power is taken into account [7].

— Prr,
Rl (2.1)

Prr,
PAFE = out
Ppc



2.2.3 Power amplifier classes

One can use a transistor in two ways when designing a power amplifier; first
as an active device to make amplification, second as a switch. Amplifiers using
the first idea are called linear amplifiers and amplifiers using the latter idea are
called switching mode amplifiers. In switching mode amplifiers, to be able to use
the transistor as a switch that turns ON and OFF' almost instantaneously, the
amplifier needs to be overdriven compared to linear amplifiers and this causes the
gain to drop by many dBs [7]. Since the gain is scarce at K-band with 0.18 pym

technology, a switching mode amplifier design is not adopted in this work.

Class A, AB, B and C amplifiers are linear amplifiers. What makes an am-
plifier to function in a specific class is its biasing, i.e., given an amplifier con-
figuration, one can choose to make it work in class A, AB, B or C by properly

designing the bias networks.

Drain voltage

time

(a) Drain voltage swinging around Vdd.

Drain cunent

(b) Drain current for class A power amplifier. The current is never zero,
i.e., the transistor is always in its ON region.

Class A amplifiers are known as the most linear amplifiers, since the transistor
is always in its ON region (in the active region for bipolar transistors, whereas
in the saturation region for MOS transistors.) and regions causing distortion are
avoided. Although high linearity sounds good, class A amplifiers are also known

to be the least efficient amplifiers. The theoretical value for maximum efficiency



Drain curtent

AWAVAWANL

(c) Drain current for class B amplifier. The current is zero for half of the

AAAAL

(d) Drain current for class AB amplifier. The current is zero for less than
half of the cycle.

(e) Drain current for class C amplifier. The current is zero for more than
half of the cycle.

Drain currenl

Drain currett

Figure 2.2: Drain voltage and current waveforms for different amplifier classes.

is 50% for a class A power amplifier [6]. This weak performance in efficiency is

primarily due to the DC current fed to the transistor to keep it in its ON region.

Class B amplifiers are more efficient, but less linear than class A amplifiers.
In this class, the transistor is in its ON region only for half of the cycle, thus
the DC current fed to the transistor is zero. The corresponding theoretical max-
imum efficiency is 78.5% [6]. Class B amplifiers are generally used in push - pull
configuration composed of two transistors, one working in positive half cycles

and the other working in negative half cycles.

In class C amplifiers, the transistor is kept in its ON region less than half of

the cycle, whereas in class AB amplifiers the transistor is kept in its ON region
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Figure 2.3: P45 example: The small signal gain is 10 dB. When the input power
reaches 9.5 dBm, the gain is 1 dB smaller. Thus, input referred P4p is 9.5 dBm,
whereas output referred Pj4p is 18.5 dBm.

for more than half of the cycle. The term conduction angle is defined as the

angle during which the transistor is ON [7].

Going from class A to C, as the conduction angle drops, the linearity decreases
and the efficiency increases but also the gain of the amplifiers becomes lower.
Again, since the gain is scarce at K-band with 0.18 pum technology, a class A

power amplifier design is chosen in this work.

2.2.4 Gain compression

An amplifier does not give constant gain for all input power levels. When the
input power is increased and it’s no more a ”"small signal”, the transistor starts
to saturate and the gain decreases. The point at which the gain is 1 dB smaller
than its small signal value is called 1 dB compression point (P14p). Piap is a
measure of the linear power level that can be obtained from a PA. The input and
output powers at this point are called output referred and input referred P4p

respectively.
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Figure 2.4: The test circuit that is used to compare conjugate matching and load
matching.

2.2.5 Load matching

Load matching is the matching of the output of a transistor or of an amplifier
to the optimum load impedance, i.e., to the load resulting in maximum output

power. The optimum load can be approximated by the following formula:

Vad

Ry =
Pt I dc

(2.2)

The exact value of the optimum load can be found using the load-pull simu-

lations. The output power difference between these two cases is usually about 2

dB [7].

Here is an example of the difference in P45 between a conjugately matched
and load matched amplifier that use lossless matching components and CMOS
0.18 pm transistors: The conjugately matched amplifier results in 14.1 dBm
whereas the load matched amplifier results in 16.2 dBm output referred Pq4p

value. It can be observed in figure 2.5(d) that the center of the load pull contours



Foquoney@HD T fqueny @ H)

(a) The SSSP simulation plot for conju- (b) The SSSP simulation plot for load
gate match. match.

(¢) The load pull simulation plot (d) The load pull simulation plot
for conjugate match. for load match.

coincides with the center of the Smith chart, i.e., the maximum power is reached

by connecting a 50 €2 load to the output.

2.2.6 Stability

An amplifier is said to be stable, if it can maintain its intended function whatever
are the input and output load conditions. The stability is frequency dependent,
and an amplifier is called unconditionally stable if it’s stable for all frequencies [8].
The stability of an amplifier can be investigated either graphically using stability
circles, or analytically. In this work, stability is investigated analytically using

the two-parameter test criterion (K-A Test) [8] with:

1— 2 2 A2
K— |51 —[sn P+ |A] (2.3)
2| s12591 |
and
A = S11522 — S12521 (24)

10
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matched case.

Figure 2.5: Conjugate matching vs load matching.

The amplifier is unconditionally stable if the following two inequalities are

correct;

K>1 (2.5)

A< (2.6)

If a transistor is not unconditionally stable, to make it so, either series or
parallel resistors can be used at the input or at the output. But since this is a
power amplifier, using resistors at the output side would decrease the efficiency
significantly. In this work, in the designs that use ideal components, a paral-
lel resistor is placed at the input side, but in the designs with lossy elements,
no resistors are needed for unconditional stability due to the metal loss of the

transmission lines.

11



2.3 Design Steps

Starting to an “application specific integrated circuit” (ASIC) design from

scratch, here are the steps taken in this work.

2.3.1 Front end design

The processes of choosing the components to be used, biasing the transistors,
making input, output and interstage matchings, doing necessary simulations and

optimizations can be classified as parts of the front end design.

2.3.2 Layout design

After completing the front end design, the physical circuit should be drawn with
the use of an appropriate layout editor. The one preferred in this work is Cadence
Virtuoso. One has to go back and forth between front end and layout design steps
or even to do them in a simultaneous fashion to ensure that the simulated circuit
is physically realizable. For instance, assume that the simulated circuit has a
straight transmission line of length 1.6 mm. The chip area allocated for this work
is only 1.5 x 1.5 mm?. Thus, it’s not possible to fit this transmission line inside
the chip area unless it’s S-shaped, then the front end design and corresponding

simulations have to be renewed.

2.3.3 Post layout simulations

After completing the layout, a number of checks should be done before starting

the fabrication.

12



Design Rule Check (DRC)

Each foundry have design rules for each technology. These rules define what can
and can not be done in a layout and they ensure the manufacturability and/or
yield of a design. Careful reading of design rule documents is a must before
starting to draw the layout. After completing the layout, an automated check
can be done using software tools. In this work, DRC is performed using Cadence

Assura software based on the design rule file provided by the foundry.

Layout versus Schematic Check (LvS)

Once the layout is DRC error free, another check has to be performed. Layout
vs schematic check is to ensure that the design on the schematic and the one
on the layout are the same. The check can be realized again using automated

software tools like Cadence Assura.

Antenna Rule Check

The fabrication process is done layer by layer. Suppose that during the deposition
of the top metal layer electrostatic charging occurs. If there are some shapes
of top metal whose areas are large so that the charging becomes significant,
then electrostatic discharge may harm the components, especially transistors.
This effect can be eliminated by conforming to the antenna rules. Antenna rule
check investigates the shape sizes and their connections to active components and
warns the user if there is a possibility of electrostatic discharge during fabrication.
Especially for large scale manufacturing, the lack of antenna rule check may cause
the yield to decrease significantly. In this work, antenna rule check is done with

Cadence Assura using the antenna rule files provided by the foundry.

13



Chapter 3

A Class A Power Amplifier

Design

3.1 Choice of Components

3.1.1 Choice of Transistors and Bias Levels

In this work, only cascode and common source configurations are investigated
because of their simplicity. For the common source configuration, since the upper
limit for the drain DC voltage feed is 1.8 V, it’s chosen to be 1.8 V. For the cascode
configuration, a single supply is preferred at the drain and gate of the cascode
transistor for simplicity. The value of the supply is adjusted to 3.1 V so that the

DC voltage at the drain of the input transistor is 1.8 V.

What is done next was to simulate the output stage for various drain currents
both for cascode and common source configurations and compare the output
power results. With a fixed DC drain voltage, the drain current can be adjusted

by either the gate bias voltage or the transistor width.

14
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Figure 3.1: Transit frequency simulation setup.
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Figure 3.2: (a) Example current gain (Hs;) vs frequency simulation for Vi, =
1.5 V. The models are valid up to 10 GHz, hence fr is obtained by extrapolation.
(b) fr vs gate voltage (V) for a transistor of 21 fingers. The fr is maximized
around Vs = 1.2 V.
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Figure 3.3: (a) Allowable current per drain finger vs temperature. (b) Current
per drain finger vs V. For a gate voltage of 1.1 V the current per drain finger
is 2.5 mA and for this value to not cause any electromigration problems, the
temperature of the circuit should be less than 78° Celsius.
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Fingers

Figure 3.4: Layout top view of a transistor from Cadence Virtuoso. Fingered
architecture can be seen. G: gate D: drain S: source B: bulk

One interesting point here is that the fr of the transistors depends on the gate
bias level, it is maximized at 1.2 V and for gate voltages higher than this value,
it stays the same, roughly at 49 GHz. On the other hand, electromigration rules
state that the allowable current per drain finger is limited. The relation between
this limit and the temperature can be seen in figure 3.3(a). For a gate to source
voltage of 1.2 V, the maximum temperature at which the chip can maintain its
proper functioning is 63°C, the fr is 49 GHz, whereas these values become 78°C
and 48.4 GHz respectively for 1.1 V. Thus, to increase the temperature margin,

1.1 V is chosen as V.

Therefore, the only parameter left to change the drain current is the tran-
sistor width. As the transistors of this process have a fingered architecture (see
figure 3.4), the number of fingers are adjusted to control the current. Since the
maximum number of fingers is 21, in cases more than 21 fingers are needed,

transistors are connected in parallel.

16



W

Figure 3.5: 3D illustration of an example microstrip line in the CMOS 0.18 um
process where the multi-layered dielectric architecture between the signal and
ground layers can be seen.

3.1.2 Choice of Passive Components

Transmission Lines

The transmission lines used in this work are microstrip lines. The CMOS 0.18 um
process is a 1 poly 6 metal (1P6M) process. Therefore, the top metal layer is
used as the signal layer, whereas the bottom metal layer is used as the ground.
The dielectric between signal and ground layers has a multi-layer architecture
and the relative permittivity () is not constant. Hence, the entire architecture

is modeled and all transmission lines are simulated with ADS Momentum.

Since the metal loss is high at K-Band, and this loss depends on the metal
width, before choosing the metal width of the transmission lines, the loss is
simulated for various widths. As it can be seen in figure 3.6, the loss decreases
with increasing transmission line width. On the other hand, electromigration
rules state that, the current density passing through a metal structure is limited.
Thus, a higher width helps to prevent electromigration problems. But the width

can’t be increased indefinitely; the maximum metal width that can be used

17
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Figure 3.6: so; vs frequency for various transmission line widths for a length of
1500 mm. The s-parameters are relative to the characteristic impedance of each
transmission line.

without slotting (see section 3.6) is 20 pm. Therefore, all of the transmission

lines used in this work have a width of 20 pm with a characteristic impedance of

35 Q.

Although the design kit provided by the foundry has inductors within, the
minimum inductance that can be obtained with these inductors is 586 pH which
is very high compared to the inductances needed in matching. Therefore, instead

of inductors, transmission lines are used.

Capacitors

The design kit has necessary capacitors present within. These capacitors are
parallel plate capacitors and their capacitances are adjusted by changing the
area of the plates. The capacitors that are used for bypass reasons are chosen to

have the maximum capacitance allowed which is 4.921 pF (70 x 70 pm?).
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Figure 3.7: Layout top view of a capacitor from Cadence Virtuoso. Top metal
plate (marked with the blue rectangle) size is 20 x 20 ym? which corresponds to
a capacitance of 406 fF.

Pads

In order to make RF and DC connections between the chip and the outside world,
pads are needed. The pads used in this work are again from the design kit. They
are composed of two metal layers: the top metal layer for the connections and

the bottom metal layer for shielding the top layer from the substrate.

Although the chip is coated with an insulator in order to prevent oxidation,
pads are left open since they will either be wire bonded or be touched by probes.

The area of the pads is 65 x 65 um?.

3.2 QOutput Stage Design

The most important and challenging part of a power amplifier is the design of
its output stage. Thus, we will start the design backwards, i.e., first design the

output stage and then design driver and gain stages accordingly.
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Figure 3.8: The schematic of the test circuit for common source configuration.

The first step in the design is to choose the topology and the transistor(s) to

be used at the output stage, i.e., cascode or common source configuration with

appropriate transistor widths.

The algorithm used is the following:

Bias the transistor under test through A\/4 transmission lines.

Make the transistor unconditionally stable using a resistor on the gate bias

Match the output to Ropr = Vaa/ e

Conjugate match the input.

Use load - pull simulations to optimize output referred P45 value.

Conjugate match the input and go to previous step until convergence is

achieved.

The output referred P4 value increases with increasing drain current for

both common source (figure 3.10) and cascode (figure 3.11) configurations and
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Figure 3.9: The schematic of the test circuit for cascode configuration.

given a specific value for the DC power fed to the circuit, the value is higher
for common source configuration, i.e., the efficiency is better (See figure 3.12).
Therefore, the common source configuration is preferred as the output stage
topology. The transistor width is chosen such that the DC drain current is
around 100 mA and this current is achieved if 4 transistors of 21 fingers are
connected in parallel. The corresponding Pi4p is 19 dBm with a small signal

gain of 9.5 dB.

Once the output stage’s topology and bias values are decided, the design now

will be repeated this time using actual lossy passive capacitors, transmission

lines, DC and RF pads.
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Figure 3.10: Drain current vs output referred P14 for common source configu-
ration.
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Figure 3.11: Drain current vs output referred P45 for cascode configuration.
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Figure 3.12: Comparison of Pi4p values between common source and cascode
configurations.
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Figure 3.13: s9; vs frequency for the output stage. The gain at 20 GHz is 5.97 dB.

Choice of matching networks

Since the loss is very high at this frequency and the area is limited, in order to
prevent complexity, unnecessary losses, and to be able to fit the design in the
allocated area, a minimum number of components have to be used. On the other
hand, A/4 transmission lines or inductors as RF chokes at the gate and drain
bias lines occupy large areas. Therefore, II-matching is preferred as the matching
topology. At the output matching network, the first element is a transmission line
acting as an inductor and also used to give bias to the drains of the transistors.
At the inter-stage matching networks, for the first matching element, the same
idea is applied and the last matching element, again a transmission line used as

an inductor, is used to give bias to the gates of the transistors.

Output stage

After replacing ideal components with lossy ones, the output of the stage is
matched such that a 50 €2 load maximizes the P45 level. The designed output
stage is stable for all frequencies, gives a small signal gain of 5.97 dB and a P45
value of 16.8 dBm (See Figs. 3.13 — 3.17). These values show that, using lossy
elements caused the P45 and small signal gain to decrease by 2.2 dB and 3.5 dB

respectively.
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Figure 3.14: s1; and s99 vs frequency for the output stage.

It can be seen in Fig. 3.17(a) that the center of the load pull contours does not
coincide with the center of the Smith chart as expected. This is done intentionally
because, bringing the optimum load to 50 2 results in a lower output power (see
Fig. 3.17(b)). The reason is that, bringing the optimum load to 50 Q with
the output matching network results in more loss due to the elements used in
matching, i.e., longer transmission lines, smaller capacitances. Thus, instead of
using load pull analysis at this point, an optimization to maximize the output

power for a 50 2 load is made using ADS.

3.3 Driver Stage Design

For the designed output stage, the output power (P145) reaches 16.8 dBm but
the small signal gain is only 6 dB. Thus, it’s needed to drive the output stage

with an input power level of 11.8 dBm at the P45 point.

Moreover, the stage that’s providing this power level shold be running at a
point where there is no gain compression in order to keep the output Pi4p at
16.8 dBm. One can design the driver stage to be exactly the same as the output
stage and running it at some back-off as done in [4] to prevent gain compression,
but that would cause the efficiency to drop. For the choice of the driver stage,

there is a tradeoff between efficiency and gain compression. At 3-dB back-off, a
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Figure 3.15: Schematic of the output stage.
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(a) Stability factor K in log scale vs frequency.
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Figure 3.16: Stability and large signal simulation results for the output stage.

RN SN

(a) (b)

Figure 3.17: Output stage load pull contours. The input of the stage is matched
to 50 © and the contours are separated by 0.2 dB in both cases. (a) The op-
timum load is not brought to 50 2. The maximum output power transferred
to the optimum load is 17 dBm whereas the power transferred to a 50 €2 load
is 16.8 dBm. (b) The optimum load is 50 © and the power transferred is only
16.45 dBm.
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(b) s11 and sa9 vs frequency.

Figure 3.18: S-parameter simulations results for the driver and output stages
combined.

stage gives around 0.25 dB gain compression whatever the size of the transistor
is. In this design, that compression level is assumed acceptable and the driver

stage is designed accordingly.

The inter-stage matching between output and driver stages is not done con-
jugately because running the driver stage at 3-dB back-off and having a power
level of 11.8 dBm means that P45 of the driver stage has to be around 14.8 dBm
which is still high.

Assuming that using lossy elements would decrease the P45 by around 2.2 dB
like in the output stage, the driver stage that will be chosen (assuming ideal
matching elements) has to give a Pygp of 17 dBm. A drain current of 70 mA
(4 transistors of 15 fingers each) results in 17.3 dBm output power, thus the

driver stage’s transistor width is defined.
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Figure 3.20: Stability and large signal simulation results for the driver and output
stages combined.

s11 of the output stage is 50(0.399 — j0.099) Q2. Therefore, when designing the
driver stage, 50 €2 is brought to this impedance first, then the output of the driver
stage is matched such that this load maximizes power transfer. After combining
driver and output stages, the P45 optimization at the output is renewed since the

needed 11.8 dBm is transferred to the output stage with some gain compression.

3.4 Gain Stage Design

With the last two stages designed, the small signal gain reaches 13.8 dB (see
Fig. 3.18(a)) and the input referred P45 is 4 dBm (see Fig. 3.20(b)). Therefore,

to drive these two stages, 7 dBm of input power is required with the same gain
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compression assumption made before. It’s not difficult to obtain this power
level whether the configuration is common source or cascode. Since the cascode
configuration results in more gain, and efficiency of the stage does not affect the
overall efficiency as much as the last two stages, in order to boost the gain of the
overall amplifier, that’s the configuration chosen. Assuming that 3 dB loss will
occur between ideal and actual cases and the output power will decrease by 3 dB
when the stage is conjugately matched at the output instead of load matching,
the ideal stage has to give at least 13 dBm output power. A current level of
35 mA results in 13 dBm of output power (see figure 3.11), thus the transistor

widths for the gain stage are defined.

s11 of the last two stages combined is 50(0.472 — j0.383) Q2. Thus, while
designing the gain stage, 50 €2 is brought to this impedance first and the output
of the gain stage is conjugately matched.The gain stage gives 9.6 dB gain by

itself and has an output P45 value of 6.8 dBm.

After combining all three stages, the P145 optimization at the output is again
renewed since the needed 4 dBm is transferred to the driver stage with some gain

compression.

3.5 Overall Design

The overall amplifier gives a Pi4p of 16.1 dBm with a corresponding PAE of
9.37%, a saturated power of 19 dBm with a peak PAE of 17.20% and a small
signal gain of 23.8 dB. The 3-dB bandwidth of the amplifier is 3.8 GHz and the

output IP3 value reaches 24.4 dBm.
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(b) s11 and s9o of the amplifier. Within the band, s17 is less than —10.5 dB and sa9 is less than
—6 dB.

Figure 3.22: S-parameter simulation results for the overall design.
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Figure 3.23: Output power vs input power. Output referred P45 is 16.1 dBm.
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Figure 3.25: IMD simulation results for the overall design. (a) Two-tone simula-
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Figure 3.26: Slotting example on bottom metal layer.

3.6 Layout Design and Final Layout

Slotting

While drawing the layout, one should pay attention to the rule documents pro-
vided by the foundry. Layout rule documents specify what can and can not be
done for proper fabrication of a design. One of the important points in these
documents is the metal slotting. Metal slotting is the rectangular shaped open-
ings made on a metal layer for metal stress relief reasons. The metal slotting
rule states that every metal shape having a width larger than 20 um has to be
slotted and the direction of the slots has to be parallel to that of the current (see
Fig. 3.26).

Except for the dummy metal shapes, the only place where slotting is needed is
the bottom metal layer which is used as the ground layer. The slots of this layer
are placed such that their direction is parallel to the current direction passing
through the transmission lines, and that there are no slots under the signal layer

of the transmission lines (see Fig. 3.27).
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Figure 3.27: Slots are always parallel to current flow direction and never coincides
with the signal layer of the transmission lines.

Figure 3.28: Transistors connected in parallel. S: Source G: Gate D: Drain

Transistors in parallel

All of the components’ layouts have layers called dummy metal block layers (See
Fig. 3.4). These layers prevent the placement of dummy metals near the com-
ponents. For the simulation models to maintain their reliability, one should pay
attention not to add any metals inside these areas. On the other hand, when
connecting transistors in parallel, one would want to realize this in a minimum
possible area, with a minimum length of transmission line in order to prevent
losses. Thus, transistors are connected in parallel such that they are as close to
each other as much possible and that there is no metal shapes (except transmis-

sion lines) inside the forbidden zones (see Fig. 3.28).
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Figure 3.29: The top view of a ground connection.

Ground connections

Since the bottom metal layer is used as the ground layer, all ground connections
have to end up in the bottom metal. On the other hand, the top metal layer
is chosen to be the signal layer because it’s the thickest metal layer. Therefore,
all ground connections have to be made from the top metal (6 metal layer)
to the bottom metal (1** metal layer). Unfortunately, there are no direct vias
between these two layers. For a ground connection, one should add vias between
all consecutive metal layers, and since the via size is fixed for this technology, for
every ground connection, multiple vias are used to decrease the overall inductance

and resistance caused by the vias (see Fig. 3.29).

Dummy metal

One of the design rules specified by the foundry is that the ratio of the coverage
of a metal area to the entire chip’s area has to be higher than a given percentage
and also, the metal coverage should be distributed as evenly as possible over the
entire chip. To conform to the rule, the unused places of the chip are covered
with dummy metal shapes and the circuit is distributed over the chip as evenly
as possible. During fabrication, the foundry adds further dummy metal to the
blank spots and there is a possibility that these dummy metals are placed too

close to the transmission lines so that the simulations are no longer valid. In
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Figure 3.30: Photo of the fabricated chip under microscope. Dummy metals
are added by the foundry to the blank spots of the chip. The entourage of
the transmission lines is clean since dummy metal block layer was added to the
layout.

order to prevent this possibility, the surroundings of the transmission lines are

covered with dummy metal block layers (see Fig. 3.30).

Final layout

After drawing the layout, DRC, LvS and antenna rule checks are performed.
The error free final layout for the K-band amplifier can be seen in Fig. 3.31. For
better visualization of the layout and to make a comparison between the layout
and the fabricated chip, a layout view where only the signal layer is present is

added (see Fig. 3.32(a)). The photo of the fabricated amplifier is in Fig. 3.32(b).
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Figure 3.31: Layout top view of overall circuit from Cadence Virtuoso.
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Figure 3.32: a) Top metal layer top view of K Band amplifier. b) Photo of the
fabricated amplifier. The chip size is 1.5 x 0.7 mm?
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Chapter 4

Measurement Results

4.1 Measurement Preparation

Once the chip is fabricated, measurements can be made using DC and RF probes
on a probe station. In the design, there are 7 DC bias connection pads and 2 RF
pads; the input pad and the output pad which makes 9 pads in total. Since
the chip is very small, it’s not practical to make all these 9 connections using
probes. Thus, another approach is taken; A bias ”printed circuit board” (PCB)

is prepared to deal with DC bias connections. The chip is placed at the center of

Figure 4.1: Bias printed circuit board illustration
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Figure 4.2: Wirebonded chip photo.

this PCB and DC pads are wire bonded to the DC bias lines of the PCB. That

way, the number of probes needed is decreased to 2.

PCB’s metal layers are made of copper, the chip’s pads are made of aluminum
while the wire that is used by the wire bonder is made of gold. Bonding gold
to aluminum is straight forward but bonding gold to copper is problematic since
they don’t stick together. To overcome the problem, PCB’s top metal layer is
gold coated before bonding and contacts are strengthened using conductive epoxy

after bonding.

4.2 Measurement Results

All measurements are made on the probe station with the help of two RF probes,
one for the input, the other for the output. Necessary DC voltage supplies are
connected to the bias PCB. The chip draws 160 mA from the 1.8 V supply and
35 mA from the 3.1 V supply.
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Figure 4.3: Measurement setup. a) DC power supplies. b) Signal generators. ¢)
Spectrum analyzer. d) Network analyzer. e) Probe station.

Figure 4.4: The chip under the probe station. Two RF probes are used to connect
the input and output pads.
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4.2.1 S-parameters measurement

S-parameters measurement is taken using a network analyzer. The small signal
gain of the amplifier is 24 dB at 20 GHz. The 3-dB bandwidth is 2.3 GHz, from
18.7 GHz to 21 GHz. Within the band, sq; is less than —13 dB and s9s is less
than —2 dB. At 20 GHz, these values are —16.9 dB and —7.5 dB respectively.

————— s21 simulated —
=21 measured

B

e

D
3dB bandwldth = 2.3

i i I H i L
15 16 17 18 19 20 21 22 23 24 25
Frequency (GH=z)

(a) Simulated and measured gain of the amplifier.

B

s11 measured
————— s11 simulated

s22 measured
————— S22 simulated
I i

| i H L
15 16 17 18 19 =20 21 22 23 24 25
Frequency (GH=z)

(b) Simulated and measured input and output reflection coefficients of the amplifier.

Figure 4.5: S-parameters measurement results for the fabricated design.

4.2.2 P,;p measurement

The P45 measurement is taken using a signal generator and a spectrum analyzer.

When two RF probes are directly connected to each other via a thru, i.e., the

43



22 T

:
Psat' = 20.5 dBm| ~—

/ |

P1dB = 16.1 dBm| Psat = 19 dBm

20 —

18 |-

14 —

1z

[P1dB' = 16.9 dBmM |

10

Output powet (Bm)

Simulated output power
Measured output powel —

= L L L L L
-20 -15 -10 -5 o 5 10

Input power (cdBm)

Figure 4.6: Output power vs input power. The output referred Pi,5 measured
is 16.9 dBm, whereas the saturated output power reaches 20.4 dBm.
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Figure 4.7: The power added efficiency and gain vs input power. PAE @ P45 is
12.3% whereas peak PAE is 27.0%

signal generator is directly connected to the spectrum analyzer, 19.76 dB loss is
observed at 20 GHz. Since the connections at the input and output sides are
identical, it’s assumed that half of this loss occurs at the input and half of it
occurs at the output. Subtracting the loss effect from the measurements, the

output referred P14p level is 16.9 dBm with a corresponding PAE of 12.3%.
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Figure 4.8: a) The 10 dB attenuators at the signal generator sides of the power
combiner.

4.2.3 IP3 measurement

For the IP3 measurements, two tones separated by 100 MHz (at 19.95 GHz and
at 20.05 GHz) are applied at the input like in [1]. Two tones are combined with a
power combiner. Two 10 dB attenuators are added at the signal generator sides
to increase the isolation between the signal generators to prevent any nonlinear
effects that may be caused by other than the device under test. The resulting
OIP3 value is 29.3 dBm.

4.2.4 Simulation vs measurement

Table 4.1 summarizes simulation and measurement results of the fabricated

amplifier.
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Figure 4.9: Spectrum analyzer screenshot for the output signal. The OIP3 value
is 29.3 dBm when the loss is taken into account.

Simulation | Measurement
3dB Bandwidth 3.8 GHz 2.3 GHz
Piap @ 20 GHz 16.1 dBm 16.9 dBm
P, @ 20 GHz 19 dBm 20.5 dBm

PAE @Q P45 9.37% 12.30%
peak PAE 17.20% 27.00%
OIP3 24.4 dBm 29.3 dBm

Table 4.1: Summary of simulation & measurement results.

4.2.5 Comparison to previous works

Table 4.2 summarizes the characteristics of the amplifiers fabricated in previously
published works and includes a figure of merit (FoM) for each amplifier that serves

to make a comparison. The FoM is defined as
FoM = P,,; x Gain x PAE x f? (4.1)

where the output power is in watts, gain is in linear scale and f is in GHz [9]. The
FoM of the amplifier presented in this work is the highest in works published so

far.
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Ref. | Tech. Conf. f (GHz) | Prap | Psat Gain | PAE | FoM
(dBm)| (dBm)| (dB) | (%)

[1] | 0.18 um | 2-stages 24 11 145 |7 6.5 5.3
cascode

2] 0.18 pm | 2-stages 24 13.3 19.1 18.8 15.6 | 554.0
cascode

3] 0.18 pum | 2-stages 22 14.3 16.8 16.3 10.7 105.7
cascode w/
combiner

4] 0.18 pum | 3-stages 26.5 10.5* | 125 | 12 8 15.8
common
source

5] 0.13 pm | 4-stages 18 —20* | 10.9 | 26* 23.5 | 3729
cascode /
common
source

[10] | 0.18 um | 2-stages 23 15* 17.7 195 10.4 | 28.9

series-bias

[10] | 0.18 um | 3-stages 23.5 11* 17.5 17.3 8.8 146.8
series-bias

[11] | 0.18 pum | 1-stage 24 20 22 8 20 115.2
w/ 4-way
combiner

[12] | 0.18 pum | 3-stages 20 16 20.1 225 |93 676.9
cascode w/
combiner

[13] | 0.18 pm | 2-stages 24 13.6 | 175 |16.2 | 225 |303.8
cascode

[14] | 0.18 pum | 3-stages 27 12.5* | 14 145 | 13.2 |68.1
common
source

[15] | 0.18 pum | 3-stages 27 10.5% | 14 17 6.7 61.5
cascode

[16] | 0.13 pum | 2-stages 17 15 171 | 145 |93 38.8
push-pull

[17] | 0.13 pum | 1-stage 20 146 | 183 | 5.6 17 16.7
cascode w/
combiner

(18] | 0.13 um | 1-stage 25.7 11* 13 8.4 13.2 | 12.0
push-pull

This | 0.18 pm | 3-stages 20 16.9 [20.5 |24 27 3043.2

work cascode /
common

source

Table 4.2: Comparison with previous works. *The value is not given explicitly
but is approximated from the figure.
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Chapter 5

Conclusions

In this work, the aim was to design and fabricate a K-band power amplifier using
the digital 0.18 pm 1P6M CMOS technology. For this purpose, different topolo-
gies are investigated based on the models provided by the foundry. As a result,
a three-stage amplifier topology (the first stage being in cascode configuration
and the last two stages being in common source configuration) is adopted. The
output and inter-stage matchings between second and third stages are optimized
so that the P45 is maximized and input and inter-stage matchings between the
first and second stages are adjusted to maximize the gain.The transistor widths
are chosen so that the PAE is maximized without significantly decreasing the
linearity of the amplifier. The overall design gave an output referred P45 of
16.1 dBm with a PAE of 9.37%, a saturated output power of 19 dBm with a
peak PAE of 17.20% and a small signal gain of 23.8 dB in simulations.

The designed amplifier has been fabricated at the foundry and measurements
are made on the fabricated chip. The measurement results are better than the
simulation results. The chip gave an output referred P45 of 16.9 dBm with
a PAE of 12.3%, a saturated output power of 20.5 dBm with a peak PAE of

27.00% and a small signal gain of 24 dB. The difference between measurement
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and simulation results can be tied to the models provided by the foundry. These
models were unfortunately valid up to 10 GHz and thus, in this work, they are
used after extrapolation and it’s stated in the model documents that the RMS

error of the models can reach 10% is some cases.

As future work, models provided by the foundry can be extended and made
more reliable for K-Band by adding some parasitic elements whose values can be

found by making on-wafer measurements of the transistors as done in [4].

The difference in the output power between stages realized with ideal match-
ing elements and lossy matching elements is about 2.2 dB. This loss may be
decreased if other matching elements such as inductors instead of transmission
lines are used. Such inductors can be designed and simulated using electromag-

netic simulation tools since the design kit does not include them.

To further increase the output power that is obtained, power combining tech-
niques can be used as done in [3], [11] and [17]. On the other hand, since the gates
of the transistors draw zero current, gates can be biased with voltage division,

which would allow to use only two supplies instead of three.
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