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Abstract

State-of-the-art measurement equipment —i.e. signal generators, spectrum and network analyzers—
demands for very high frequencies up to the millimeter wave range, maintaining high linearity, large
dynamic range and low noise contribution. Due to that fact, broadband power amplifiers —as key ele-
ments in high-end measurement equipment— with highest RF performance, are necessary to fulfill the
new standards (i.e. 5G) and their high requirements. There are only two kind of power amplifier (PA)
topologies to achieve a multi-decade frequency bandwidth and there are only some octave bandwidth PA
topologies. Furthermore, semiconductors with high band-gaps —i.e. gallium nitride (GaN)— are needed
to fabricate high-end transistors. Using the cascode (CC) topology as basic circuit in PAs instead of the
common-source (CS) topology, is a common technique to improve the RF performance of broadband
PAs. Despite the superior behavior of the CC topology, there are some disadvantages especially in multi-
decade PA designs which should not be neglected. The increased power compression degradation over
frequency is one of them. Therefore the main goal of this thesis is to understand this RF response and
addressing it by developing a new concept that replaces the constant stabilization capacitor (CSC) by a
variable adjustable stabilization capacitor (VASC) with a certain small-signal and large-signal behavior.

As the semiconductor GaN is more and more used nowadays to process high electron mobility transistors
(HEMTs) to gain high output power (Pout) at very high frequencies, the superior performance of the GaN-
HEMT technology is demonstrated and compared to other semiconductor technologies. In this thesis a
GaN-HEMT technology is used with a gate-length (lg) of 200nm. Furthermore, the functionality is
explained and a short overview about the small-signal, large-signal as well as the noise modeling is
given.

To get an in-depth understanding of the CC topology and its advantages and disadvantages in broadband
PAs —using the GaN-HEMT technology—, the functionality of the CC is explained and the small-
signal, large-signal and noise key parameters are derived and compared with the common-source stage
(CSS). The comparison helps to get a comprehension of the power compression degradation at higher
frequencies of the CC topology in multi-decade PAs. This RF behavior is mainly caused by the trans-
conductance compression of the common-gate stage (CGS) at higher frequencies especially if the CC
designs are small-signal optimized.

In the first main chapter a new concept —using a CC with a VASC— is developed and presented to
improve the RF behavior of the CC topology in multi-decade PAs. The VASC enables to improve and
adjust several key-parameters of the PA using the CC topology, like the small-signal gain (S21), power
compression and linearity. Several realization structures of the VASC are presented and compared with
each other to show the trade-offs.

In the second main chapter, the trade-offs of the CC topology compared to the CS topology as well as
the improvement due to the new concept are verified by small-signal and large-signal measurements of
several developed feedback amplifiers (FBAs) achieving state-of-the-art performance by using the GaN-
HEMT technology. The FBA using the CC topology (CC-FBA), either the bandwidth can be improved
by 40% (CC-FBA-IB) or the gain can be improved by 1–2dB and the Pout at lower frequencies by 3dB
(CC-FBA-IG). While on the one hand, the CC-FBA-IB using the new concept —one diode, direction:
down— (CC-FBA-IB-D1D) shows the best dynamic behavior to adjust the S21, on the other hand the
new concept using two anti-parallel diodes (CC-FBA-IB-D2) has a superior linearity performance in a
certain frequency and power level range.
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2DEG 2-dimensional electron gas

3H-SiC silicon carbide (lattice composed of pure cubic bonds, stacking sequence:
ABC)

4G 4th generation

4H-SiC silicon carbide (lattice composed of one-half cubic bonds and one-half
hexagonal bonds, stacking sequence: ABCB)

5G 5th generation

6H-SiC silicon carbide (lattice composed of two-thirds cubic bonds and one-third
hexagonal bonds, stacking sequence: ABCACB)
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AlGaN aluminum gallium nitride
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CC-FBA cascode feedback amplifier

CC-FBA-IB cascode feedback amplifier with improved bandwidth

CC-FBA-IG cascode feedback amplifier with improved gain

CC-FBA-IB-D1D cascode feedback amplifier with improved bandwidth using a VASC: one
varactor diode (direction: down)

CC-FBA-IB-D2 cascode feedback amplifier with improved bandwidth using a VASC: two
varactor diodes in parallel (direction: up&down)

CG common-gate

CGS common-gate stage

CS common-source

CSC constant stabilization capacitor

CSS common-source stage

DC direct current

D drain contact

Di intrinsic drain contact

DPA distributed power amplifiers

EHF extremely high frequency
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FBA feedback amplifier

FET field effect transistors

FM frequency modulation

G gate contact

G- inverse-hybrid

GaAs gallium arsenide

GaN gallium nitride
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Gi intrinsic gate contact

GPS global positioning system

H- hybrid

HBT hetero bipolar transistor

HEMT high electron mobility transistor

HF high frequency

HFET high field effect transistor

IEEE institut of electrical and electronics engineers

ITU International Telecommunication Union

InP indium phosphide

LDMOS lateral diffused metal oxide semiconductor

LSM large-signal model

LTE long-term evolution standard

LTE+ long-term evolution standard advanced

MGWS multiple gigabit wireless system

MIM metal-insulator-metal

MMIC monolithic microwave integrated circuit

MODFET modulation doped field effect transistor

NLSC non-linear stabilization capacitor

PA power amplifier

RF radio frequency

RFID radio frequency identification

S source contact

S- scattering

SHF super high frequency

Si intrinsic source contact

SDHT selectively-doped heterojunction transistor
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Si silicon

SiC silicon carbide

SMD surface mounted device

SOA safe-operating-area

SSM small-signal model

TEGFET two-dimensional electron gas field effect transistor

TFR thin-film resistor

TWA traveling-wave amplifier

UHF ultra high frequency

VASC variable adjustable stabilization capacitor

VHF very high frequency

WLAN wireless local area network

Y- admittance

Z- impedance





Notation and Formula Symbols

Notation

In this work instantaneous-, direct-, and alternating- currents, voltages and powers are distinguished by
using a certain notation of symbols. These kind of notations are based on [1] and use the following
pattern for symbols:

• Small letters for symbols are used for instantaneous time dependent quantities (i.e. i(t), v(t)).
– Small letters for indexes for periodic alternating quantities (only alternating components, i.e. ids(t),

vds (t)).
– Capital letters for indexes for periodic non alternating quantities (impulse quantities, i.e. iDS(t),

vDS (t))
• Capital letters for symbols are used for constant time independent quantities (i.e. I, V ).

– Small letters for indexes for mean averages periodic alternating quantities and for quantities in the
frequency domain (i.e. Ids, Vds, Ids, V ds).

– Capital letters for constant direct quantities (i.e. IDS, VDS).

t in s

V
 i

n
 A

without signal with signal

Vds ̂̂V ds

V̂ds
vds

vDS
VDS

V DS

Figure 0.0.1: Illustration of notations for time dependent and time independent quantities [1].

Formula Symbols

Variable Unit Description

1OCP W 1dB output compression point

1ICP W 1dB input compression point

A

 − Ω

S −

 chain matrix (ABCD matrix) of a two-port network

a1, a2
√

W incident power wave at port one and two

B Hz bandwidth

b1, b2
√

W reflected power wave at port one and two

Bcor S correlation susceptance

xxix



xxx Notation and Formula Symbols

Variable Unit Description

Bs S source susceptance

Bs,opt S optimum source susceptance

Comp − gain compression

C − criticalness factor

c0, c1 − fitting constants of the transfered short circuit output
admittance of CSS

CDC-block F DC blocking capacitance

Cds F
large-signal drain-source capacitance

small-signal drain-source capacitance

Cds,eff F recalculated small-signal drain-source capacitance

Cds1, Cds2 F small-signal drain-source capacitance of CSS and CGS
respectively

Cds2,eff F recalculated small-signal drain-source capacitance of CGS

Cfp F parallel feedback capacitance

Cfp,ext F external parallel feedback capacitance

Cgd F
large-signal gate-drain capacitance

small-signal gate-drain capacitance

Cgd,eff F recalculated small-signal gate-drain capacitance

Cgd1, Cgd2 F small-signal gate-drain capacitance of CSS and CGS
respectively

Cgd2,eff F recalculated small-signal gate-drain capacitance of CGS

Cgs F
large-signal gate-source capacitance

small-signal gate-source capacitance

Cgs,eff F
recalculated large-signal gate-source capacitance

recalculated small-signal gate-source capacitance

Cgs,0 F DC part of the large-signal gate-source capacitance

Cgs,1
F
V linear part of the large-signal gate-source capacitance

Cgs,2
F

V2 cubic part of the large-signal gate-source capacitance

Cgs‖gd F gate to source and drain capacitance

Cgs1, Cgs2 F small-signal gate-source capacitance of CSS and CGS
respectively

Cgs2,eff F recalculated small-signal gate-source capacitance of CGS

Cl F load capacitance of the VASC of the CS-FBA-IB-D1D

Cm1, Cm2 F capacitance of the first and second input matching network
respectively

Cpds F pad drain-source capacitance



Formula Symbols xxxi

Variable Unit Description

Cpgd F pad gate-drain capacitance

Cpgs F pad gate-source capacitance

CRF-Short F RF short capacitance

Csg,ext F external source-gate capacitance

Cst F stabilization capacitance (capacitance of the CSC)

Cst,var F variable adjustable stabilization capacitance (capacitance
of the VASC)

Cth
W·s
K thermal capacitance

E
V
m electric field strength

J energy

EBR
V
m breakdown field strength

Ec J conduction band energy

Eg J band-gap energy

Ef J Fermi level

Eg1 J band-gap energy of first semiconductor

Eg2 J band-gap energy of second semiconductor

Ev J valance band energy

F − noise factor

f Hz frequency

f∞ Hz frequency pole

f∞1, f∞2 Hz first and second frequency pole

f0 Hz frequency zero

f01, f02, f03, f04 Hz first, second, third and fourth frequency zero

fc Hz cut-off frequency

Fmin − minimum noise factor

ft Hz transition frequency

Gain − large-signal gain

normalized Gain − normalized large-signal gain

Gcor S correlation conductance

gds S small-signal drain-source conductance

Gm S large-signal trans-conductance of the voltage controlled
current source

gm S small-signal trans-conductance of the voltage controlled
current source

g
m

S small-signal trans-impedance of the voltage controlled
current source
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Variable Unit Description

Gm S large-signal trans-conductance of the voltage controlled
current source

Gm,0 S DC part of the large-signal trans-conductance of the
voltage controlled current source

Gm,1
S
V linear part of the large-signal trans-conductance of the

voltage controlled current source

Gm,2
S

V2 cubic part of the large-signal trans-conductance of the
voltage controlled current source

gm,eff S recalculated small-signal trans-conductance of the voltage
controlled current source

g
m,eff

S recalculated small-signal trans-impedance of the voltage
controlled current source

gm1, gm2 S small-signal trans-conductance of the voltage controlled
current source of CSS and CGS respectively

gm2,eff S recalculated small-signal trans-conductance of the voltage
controlled current source of CGS

Gn S equivalent noise conductance of uncorrelated part of noise
current source

gn S equivalent noise conductance of noise current source

GP m gate periphery (total size of the HEMT)

Gs S source conductance

Gs,opt S optimum source conductance

H =

 H11 H12

H21 H22

  Ω −

− S

 hybrid matrix of a two-port network

H11 Ω short circuit input impedance

H12 − open circuit voltage retro-activity

H21 − short circuit current gain

H22 S open circuit output admittance

HD2 W harmonic distortion second order

HD3 W harmonic distortion third order

I A time independent current in the time domain

I A time independent current in the frequency domain

i A instantaneous time dependent current

I1 A current at port one of a two-port network

I2 A current at port two of a two-port network

IDS, Ids A drain-source current

IDS,MAX A maximum drain-source current
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Variable Unit Description

Îds,max A maximum drain-source current peak amplitude

IDSQ A drain-source current at a certain quiescent point

Igd A gate-drain current

IGS, Igs A gate-source current

IGS1, IGS2 A gate-source current of CSS and CGS respectively

Imax A maximum current

IMD2 W inter-modulation distortion second order

IMD3 W inter-modulation distortion third order

In A noise current

In,d A thermal channel noise current

In,d1, In,d2 A thermal channel noise current of CSS and CGS
respectively

In,d,Ziel A thermal channel noise current of Van der Ziel’s noise
model

In,g A induced gate noise current

In,g1, In,g2 A induced gate noise current of CSS and CGS

In,g,Ziel A induced gate noise current of Van der Ziel’s noise model

In,uc A noise current of uncorrelated part of noise current source

In1 A noise current at port one of a two-port network

In2 A noise current at port two of a two-port network

IP3 W third order intercept point

Ipot. A average current through a potential barrier

Ith W thermal current

Kf − fitting constant for flicker noise

k − stability factor Rollett

Lbw H bondwire inductance

Ld H feeding drain inductance

Lfp H parallel feedback inductance

Lg H feeding gate inductance

lg m gate-length

Lm1, Lm2 H inductance of first and second input matching network
respectively

Lm3 H inductance of output matching network

LSB Hz large-signal bandwidth

Ls H feeding source inductance

MAG − maximum available gain
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Variable Unit Description

MSG − maximum stable gain

MT T F s mean time to failure

N
− number of electrons during trap life time
1

m3 doping concentration

n − variable

N1
1

m3 doping concentration of first semiconductor

N2
1

m3 doping concentrations of second semiconductor

NF dB noise figure

NFmin dB minimum noise figure

NGF − number of gate finger

ns
1

m2 sheet carrier density

OIP3 W output inter-modulation point third order

P1dB W 1dB compression point

PDC W DC power

PDISS W dissipation power

PDISS,MAX W maximum dissipation power

Pin W input power

PAE % power added efficiency

Pn,av W available thermal noise power

Pout W output power

Pout,1tone W output power of a one tone signal

Pout,max W maximum output power

Psat W saturated output power

Q(V, I) (V,A) quiescent point of transistor defined by voltage and current

Q1 (V, I), Q2 (V, I) (V,A) quiescent point of transistor defined by voltage and current
of the CSS and CGS respectively

Ratt Ω attenuation resistance

Rcor Ω correlation resistance

Rd Ω feeding drain resistance

Rds Ω large-signal drain-source resistance

rds Ω small-signal drain-source resistance

rds,eff Ω recalculated small-signal drain-source resistance

rds1, rds2 Ω small-signal drain-source resistance of CSS and CGS
respectively

rds2,eff Ω recalculated small-signal drain-source resistance of CGS
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Variable Unit Description

rfgd Ω small-signal gate-drain feedback resistance

rfgs Ω small-signal gate-source feedback resistance

Rfp Ω parallel feedback resistance

Rfs Ω series feedback resistance

Rg Ω feeding gate resistance

Rgd Ω large-signal gate-drain resistance

rgd Ω small-signal gate-drain resistance

rgd,eff Ω recalculated small-signal gate-drain resistance

Rgs Ω large-signal gate-source resistance

rgs Ω small-signal gate-source resistance

rgs,eff Ω recalculated small-signal gate-source resistance

Rl Ω load resistance of the VASC of the CS-FBA-IB-D1D

Rn Ω equivalent noise resistance of noise voltage source

rn Ω equivalent noise resistance of uncorrelated part of noise
voltage source

Ron Ω on-resistance

Rs Ω feeding source resistance, source resistance

Rs,opt Ω optimum source resistance

Rst Ω stabilization resistance

Rth
K
W thermal resistance

S =

 S11 S12

S21 S22

  − −

− −

 scattering matrix of a two-port network

S11 − input port reflection coefficient

S12 − reverse transmission coefficient (isolation)

S21 − forward transmission coefficient (small-signal gain)

S22 − output port reflection coefficient

Sn
W
Hz power spectral density

Sn,f
A2

Hz normalized current power spectral density of flicker noise

Sn,gr
V2

Hz normalized voltage power spectral density of
generation-recombination noise

Sn,shot
A2

Hz normalized current power spectral density of shot noise

SNR − signal-to-noise ratio

SSB Hz small-signal bandwidth

T K temperature

T0 K ambient temperature
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Variable Unit Description

Td K temperature of small-signal drain-source resistor in
Pospieszalski’s noise model

Tg K temperature of small-signal gate-source resistor in
Pospieszalski’s noise model

Tj K junction temperature (channel temperature)

Tj,max1, Tj,max2 K maximum junction temperature of CSS and CGS
respectively

U − unilateral power gain, Mason’s invariant

UGW m unit gate-width

V V time independent voltage in the time domain

V V time independent voltage in the frequency domain

v V instantaneous time dependent voltage

V 1 V
voltage at port one of a two-port network

voltage at the gate-source capacitor

V 2 V
voltage at port two of a two-port network

voltage at the gate-source capacitor of the CGS of the CC

VBR V breakdown voltage

VBR1, VBR2 V breakdown voltage of CSS and CGS respectively

vd
m
s electron drift velocity

vd,sat
m
s saturated electron drift velocity

vd,max
m
s maximum electron drift velocity

VDD V supply voltage

VDS, Vds V drain-source voltagê̂V ds V drain-source voltage swing

VDS,MAX V maximum drain-source voltage

V̂ds,max V maximum drain-source voltage peak amplitude

Vds1, Vds2 V drain-source voltage of CSS and CGS respectively

vg V gate voltage

VGD V gate-drain voltage

VGS, V gs, vgs V gate-source voltage

V̂gs V gate-source voltage peak amplitudê̂V gs V gate-source voltage swing

VGSD V gate-source-drain voltage (source and drain have the same
voltage potential)

Vgdc V gate-drain voltage at the large-signal gate-drain capacitor
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Variable Unit Description

Vgsc V gate-source voltage at the large-signal gate-source
capacitor

VKNEE V knee voltage

VKNEE1, VKNEE2 V knee voltage of CSS and CGS respectively

V n V noise voltage

V n,uc V noise voltage of uncorrelated part of noise voltage source

V n1 V noise voltage at port one of a two-port network

V n2 V noise voltage at port two of a two-port network

vs V source voltage

vsg V source-gate voltage

VVASC V quiescent voltage at the VASC (one diode)

VVASC1, VVASC2 V first and second quiescent voltage at the VASC (two
diodes)

x m distance

Xcor Ω correlation reactance

X s Ω source reactance

X s,opt Ω optimum source reactance

y m distance

Y =

 Y 11 Y 12

Y 21 Y 22

  S S

S S

 admittance matrix of a two-port network

Y 11 S short circuit input admittance

Y 12 S short circuit reverse trans-admittance

Y 21 S short circuit trans-admittance

Y 22 S short circuit output admittance

Y cor S correlation admittance

Y ds S drain-source admittance

Y ds1, Y ds2 S drain-source admittance of CSS and CGS respectively

Y ds2,eff S recalculated drain-source admittance of CGS

Y gd S gate-drain admittance

Y gd1, Y gd2 S gate-drain admittance of CSS and CGS respectively

Y gd2,eff S recalculated gate-drain admittance of CGS

Y gs S gate-source admittance

Y gs1, Y gs2 S gate-source admittance of CSS and CGS respectively

Y gs2,eff S recalculated gate-source admittance of CGS

Y s S source admittance
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Variable Unit Description

Y s,opt S optimum source admittance

Y st S stabilization admittance

z m distance

Z11 Ω open circuit input impedance

Z12 Ω open circuit reverse trans-impedance

Z21 Ω open circuit trans-impedance

Z22 Ω open circuit output impedance

Zcor Ω correlation impedance

Zfs Ω series feedback impedance

Zfp Ω parallel feedback impedance

Zgs Ω gate-source impedance

Zin Ω input impedance

Zin,max Ω maximum input impedance

Zload Ω load impedance

Zload,opt Ω optimum load impedance

Zload1, Zload2 Ω load impedance of CSS and CGS respectively

Zs Ω source impedance

Zs,opt Ω optimum source impedance



Formula Symbols xxxix

Greek letters

Variable Unit Description

αf − fitting constant for flicker noise

βf − fitting constant for flicker noise

γ − correlation coefficient (correlation between two
noise sources)

η − stability factor Venkateswaran

ηdrain % drain efficiency (output efficiency)

ηpower−added % power added efficiency

ηtrue % true efficiency

λ
W

m·K thermal conductivity

µ − distance from the center of the Smith chart to the
nearest output (load) stability circle

µ ′ − distance from the center of the Smith chart to the
nearest input (source) stability circle

µn
m2

V·s electron mobility

τ s transit time of electrons in the channel

τeff s recalculated transit time of electrons in the channel

τt s trap life time

φB V Schottky barrier height

χ J electron affinity

χ1 J electron affinity of first semiconductor material

χ2 J electron affinity of second semiconductor material

ω rad ·Hz angular frequency

Physical constants

e = 1.602176565 ·10−19 C elementary electric charge

h = 6.626068 ·10−34 J · s Planck constant

k = 1.3806503 ·10−23 J
K Boltzmann constant

Mathematical constant

π = 3.14159265 . . . pi





1 Introduction

Motivation

The amount of the electronic data exchange has increased significantly the last decades and become a
permanent part of the modern human society. Semiconductors can be found in almost every electronic
device. Even in the household, there are more and more electronic devices communicating with each
other to facilitate the human life. Besides the telecommunication, the automobile industry is another big
motor which boosts the development of semiconductor technologies. The dream of autonomous driving
is no longer science fiction.

While the mobile communication standard of the fourth generation (4G), which is based on the long-
term evolution standard (LTE) and LTE-Advanced (LTE+), further expands and has already —even if
not area-covering yet— established in most countries, the fifth generation (5G) is available in some areas
around the world. 5G addresses the engineering demands like the higher data rate (peak data rate tens of
Gbit

s ), lower latency (below 1ms to enable real-time applications) and lower energy costs (which would
increase by 100x due to 100x higher data rate as in 4G) [2]. To deal with the necessity of the higher data
rate and the lower latency the RF channel bandwidth has to be increased. Since the frequency spectrum
is already very occupied at microwave frequencies (up to the centimeter wave range) and more and more
frequency bands are required to transfer data from one point to another, the only way to face this problem
is to expand the spectrum to the millimeter wave (mmWave) range. Fig. 1.0.1 illustrates the radar and the
International Telecommunication Union (ITU) frequency bands and their fields of application at different
frequency ranges.

f  in GHz
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Applications:

Figure 1.0.1: Radar and ITU frequency ranges and the corresponding letter designations [3–6].

To be capable of developing and measuring state-of-the-art devices —fulfilling the new standards and
their strict requirements— the measurement equipment demands for high output power and high linearity
over a multi-decade frequency spectrum. The GaN technology is very suited to realize broadband PAs to
meet the challenges regarding Pout and linearity.

Cascodes in Broadband Power Ampli�ers

The CC topology is a very old technique [7, 8], to improve the frequency performance of broadband
PAs compared to the CS topology (i.e. bandwidth, Pout). The last few years common-gate (CG) models
and CC models were developed for the HEMT to adapt the CC technique to the GaN-HEMT technol-
ogy. More and more multi-decade PAs were already published using the GaN-HEMT technology in

1



2 1 Introduction

combination with the CC topology (i.e. [9–16], [17, Table 5]). However, besides the advantages of the
CC topology in multi-decade PAs, there are a few disadvantages like the degraded power compression
at the band edge. The power degradation mainly occurs in small-signal optimized designs due to the
effect that it is not possible to achieve a simultaneous power match over the complete frequency range
which is related to the theory presented in [18–25]. Due to the fact that in most cases the bandwidth is
of more importance in multi-decade PAs, the compression behavior degrades at higher frequencies. It is
a trade-off between power match at the band edge and achieving the maximum cut-off frequency ( fc) in
multi-decade amplifier designs.

This thesis addresses the advantages and disadvantages of the CC topology compared to the CS topology.
The main focus of this thesis is a new proposed solution to improve the RF behavior of the CC topology,
i.e. to deal with the power compression degradation of the CC topology at higher frequencies in multi-
decade PAs. A new concept will be presented —based on [26–29]— which is adopted to a CC-FBA
using the GaN-HEMT technology. Three possible applications of the new concept are developed and
explained to improve the RF performance of multi-decade PAs which is underlined by small-signal and
large-signal measurements of several designed CC-FBAs.

Thesis Summary

In Ch. 2 certain small- and large-signal parameters are explained and summarized. The small-signal defi-
nitions comprises small parts of the four-pole theory and noise four-pole theory. Small-signal definitions
like the maximum stable gain (MSG), the transition frequency ( ft) and the unilateral power gain (U)
will be explained and their dependencies will be shown. Large-signal parameters like the 1dB output
compression point (1OCP) and output inter-modulation point third order (OIP3), will we explained and
illustrated.

Ch. 3 comprises the GaN-HEMT technology and modeling. First, the properties of GaN are compared
with other semiconductor materials —silicon (Si), gallium arsenide (GaAs), diamond and so on— to
point out the superior performance. Afterwards, the operation and physical structure of the GaN-HEMT
will be explained and described. Furthermore, the small- and large-signal model of Jutzi [30] and the
noise model of Van der Ziel [31] is presented and explained.

At the beginning of Ch. 4, the functionality of the CSS and classical CC is explained. Afterwards,
certain small-signal parameters of the CSS and the CC are determined. Due to the fact that the CGS
of the classical CC is modified nowadays —especially using the GaN technology— the modified CC is
investigated and the small-signal dependencies are listed. At the end the large-signal parameters like the
maximum output power (Pout,max) of the CSS and the CC are determined.

In Ch. 5 certain small- and large-signal parameters of the CSS and the CC are compared with each other
to show the advantages and disadvantages of the CC. Furthermore, the influence of the stabilization
capacitor is elaborated to show the difference between classical CC and modified CC. At the end the
advantages and disadvantages of the CC compared to the CSS are summarized.

In the following main Ch. 6 a new concept is presented to realize the modified CGS which is used
nowadays in CCs to improve the performance in broadband PAs. The general principle of the new
concept is explained at the beginning. Afterwards, three applications are presented in detail to improve
certain parameters of the CGS. Moreover, different realizations of the new concept are compared with
each other to point out the advantages and disadvantages. At the end a short summary of the new concept
is given.

In the second main Ch. 7 the performance of several designed FBAs are shown. At the beginning two
kind of multi-decade PAs are explained. Afterwards the results of two designed FBAs in CS and CC
topology are illustrated and compared with each other to point out the trade-off between the CSS and the
CC in broadband PAs. Furthermore the performance of several designed CC-FBAs are compared with
each other to highlight the performance of different applications and realizations of the new concept.

In the last Ch. 8 the key findings of the thesis are summarized and discussed. New ideas are suggested
to achieve further improvements of the new concept in broadband PAs using the CC topology.



2 De�nitions

In this chapter a short summary is given about the most important small- and large-signal parameters and
how they are defined. On the one hand small-signal definitions like MSG, ft and U will be explained
and on the other hand large-signal parameters like 1OCP, OIP3 and harmonics will be illustrated and
explained.

2.1 Four-Pole Theory

The electrical behavior of a linear two-port network (i.e. amplifier, filter, attenuator) can be described by
mathematical expressions and equations, depending on currents, voltages and power waves at the input
and the output of the network, shown in Fig. 2.1.1.

V1 V2

I2I1

linear 

two-port 

network

(a)

linear 

two-port 

network

a1

b1

a2

b2

(b)

Figure 2.1.1: (a) General two-port network with currents and voltages and (b) the equivalent power waves
[32].

There are different representations of a two-port network, reflected by i.e. impedance-parameters (Z-),
admittance (Y-), hybrid (H-) or scattering (S-) parameters, which can be determined by measurement and
calculation. While the Z-, Y- and H-parameters describe ratios of currents and/or voltages to each other,
the S-parameters (scattering parameters) represent ratios of power waves, which have many advantages
in the high frequency domain [32]. The S-parameters are given by b1

b2

=

 S11 =
b1
a1

∣∣∣
a2=0

S12 =
b1
a2

∣∣∣
a1=0

S21 =
b2
a1

∣∣∣
a2=0

S22 =
b2
a2

∣∣∣
a1=0


 a1

a2

 . (2.1.1)

In the following Y-parameters (admittance parameters), H-parameters (hybrid parameters) and their re-
lation are presented, mainly obtained from [32], due to the fact that they are mainly used in this thesis.
The Y-parameters and H-parameters can be calculated by I1

I2

=

 Y 11 =
I1
V 1

∣∣∣
V 2=0

Y 12 =
I1
V 2

∣∣∣
V 1=0

Y 21 =
I2
V 1

∣∣∣
V 2=0

Y 22 =
I2
V 2

∣∣∣
V 1=0


 V 1

V 2

 (2.1.2)

and  V 1

I2

=

 H11 =
V 1
I1

∣∣∣
V 2=0

H12 =
V 1
V 2

∣∣∣
I1=0

H21 =
I2
I1

∣∣∣
V 2=0

H22 =
I2
V 2

∣∣∣
I1=0


 I1

V 2

 . (2.1.3)
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The Y-parameters can be recalculated to the H-parameters and vice versa by

Y =

 1
H11

−H12
H11

H21
H11

det(H)
H11

 H =

 1
Y 11

−Y 12
Y 11

Y 21
Y 11

det(Y)
Y 11

 . (2.1.4)

2.2 Small-Signal Key Parameters

Small-signal parameters are used to characterize the linear electrical performance of microwave devices,
circuits and systems. A very good overview about the different power gains in FBAs was given in 1992
by Gupta [33] and will be summarized in the following.

Rollett's Stability Factor

Obtained from [34–36], in 1962 Venkateswaran [37] and Rollett [38, 39] presented that the critical-
ness factor (C) published by Linvill et al. [40, 41] remains unchanged, expressing the stability factor
(Venkateswaran’s η , Rollett’s k) as the reverse of C by the Z-, Y-, H- and inverse-hybrid (G-) parameters.
The Rollett criterion is expressed by

k =
2 ·ℜ{Y 11}ℜ{Y 22}−ℜ{Y 12Y 21}

|Y 12Y 21|
> 1 (2.2.1)

and

ℜ{Y 11}> 0 (2.2.2)

ℜ{Y 22}> 0 , (2.2.3)

where Y ij eitherZij, H ij or Gij. If the Rollett criterion eq. (2.2.1)–eq. (2.2.3) and the Rollet proviso —two-
port network is intrinsic stable at any passive load at the input and output of the network (network has no
right half-plane poles)— is fulfilled, the two-port network is unconditionally stable. In [42], the Rollett
stability criterion was recalculated in terms of S-parameters by Kurokawa to

k =
1+ |det(S)|2−|S11|

2−|S22|
2

2 · |S12| |S21|
> 1 (2.2.4)

and

|det(S)|< 1 . (2.2.5)

Further suited stability factors presented in [43] which give the distance from the center of the Smith chart
to the nearest output (load) stability circle and input (source) stability circle are µ and µ ′ respectively
expressed by

µ =
1−|S11|

2

|S22−S∗11 det(S)|+ |S21| |S12|
> 1 (2.2.6)

and

µ
′ =

1−|S22|
2

|S11−S∗22 det(S)|+ |S21| |S12|
> 1 . (2.2.7)
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Maximum Available Gain

The definition of the maximum available gain (MAG), also called maximum available power gain, goes
back to the 50s [44]. The MAG is achieved, if the input and output of a two-port network are simulta-
neously matched to the source and load respectively within the limits of the stability condition (positive
resistive part of the input and output impedance of the two-port network for arbitrary passive input and
output terminations). Rollett expresses the MAG in [38] in terms of the stability factor k by

MAG =

∣∣∣∣Y 21

Y 12

∣∣∣∣(k−
√

k2−1
)

(2.2.8)

for k > 1, where Y ij eitherZij, H ij or Gij. Later one, in [42], the MAG was recalculated in terms of the
S-parameters to

MAG =

∣∣∣∣S21

S12

∣∣∣∣(k−
√

k2−1
)
. (2.2.9)

Maximum Stable Gain

In [45], the MSG, also named maximum stable power gain, referenced to [46], was derived by Rollett to

MSG =

∣∣∣∣Y 21

Y 12

∣∣∣∣ (2.2.10)

for k ≤ 1.

Unilateral Power Gain

In 1954 [47], Mason introduced U , also known as Mason’s invariant, as a figure of merit of an active
device. By using a lossless reciprocal passive network, the active device is unilateralized (no further
reverse transmission of the output to the input of the active device). Afterwards the source and load
impedance are chosen in such a way, that the gain is maximized. Mason determined U to

U =
|Y 21−Y 12|

2

4 · (ℜ{Y 11}ℜ{Y 22}−ℜ{Y 12}ℜ{Y 21})
, (2.2.11)

where Y ij eitherZij, H ij or Gij. In [48], the U was recalculated, in terms of S-parameters, to

U =
|S21−S12|

2

det
(
1−S ·S

) . (2.2.12)

Maximum Oscillation Frequency

The maximum oscillation frequency ( fmax) is related to U of an active device. fmax is the frequency at
which U gets equal one:

U ( f = fmax) = 1 . (2.2.13)

In [49, 50], fmax was mentioned the first time. Due to the fact that fmax is a single value it is often used
as a key parameter to benchmark different semiconductor technologies with each other and to show the
progress of the active device technology.

Transition Frequency

Another important key parameter of active devices to compare different foundry processes with each
other is ft. The idea of the internal cut-off frequency ft was first presented in [51] which was the result
of informal discussions on IRE-AIEE Task Group 28.4.8 on Transistor Internal Parameters of Pritchard
with his colleagues. ft is defined as the frequency at which the magnitude of H21 of the active device is
unity:

|H21 ( f = ft)|= 1 . (2.2.14)

ft is also known as a measure of the current-gain bandwidth product of an active device and also some-
times named beta cut-off frequency as in [52].
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2.3 Large-Signal Key Parameters

Large-signal parameters are used to characterize the non-linear electrical performance of microwave de-
vices, circuits and systems. A very good overview about the most important large-signal key parameters
can be found in [53]. Some of the large-signal key parameters for PA in class A operation, mainly
obtained from [53], will be summarized in this section.

E�ciency

There are different definitions of the efficiency of PAs. Efficiency is a figure of merit how much direct
current (DC) power (PDC) is converted into Pout and how less dissipation power (PDISS) is generated. The
most common definition of the efficiency is the power added efficiency (ηpower−added or PAE) which is
given by

ηpower−added = 100% ·
(

Pout−Pin

PDC

)
= PAE , (2.3.1)

considering the input power (Pin) of the PA. The PAE is used in this thesis to determine the overall
efficiency of designed PAs. Output efficiency, also called drain efficiency (ηdrain), is another frequently
used definition expressed by

ηdrain = 100% ·
(

Pout

PDC

)
. (2.3.2)

ηdrain is very similar to the PAE, if the overall gain is very high. Therefore in a hole system amplifier
—including several stages— the ηdrain is rather sufficient. However, for single stages with low gain ηdrain
is not suited. The true efficiency (ηtrue) is used very seldom and is given by

ηtrue = 100% ·
(

Pout

PDC +Pin

)
, (2.3.3)

which represents the total efficiency of the PA. It can be directly mapped to the PDISS:

PDISS =
Pout

1−ηtrue
. (2.3.4)

Gain Compression and Saturated Output Power

Gain compression (power compression) is a fundamental behavior of PAs in class A operation (explana-
tion of the different PA operation classes —i.e. A, AB, B, C, D/E/F—can be found in [53]). The gain
compression (Comp) and the normalized Gain are defined by

Comp =
1

normalized Gain
CompdB =−normalized GaindB (2.3.5)

=
Pout,SS

Pout,LS
= Pout,SS,dB−Pout,LS,dB , (2.3.6)

where Pout,SS is Pout for low input power (Pin) and Pout,LS is Pout in large-signal operation. In case of low
Pin (small-signal condition is valid), the Pout can be written as

Pout = Pin · |S21| Pout,dBm = Pin,dBm + |S21|dB . (2.3.7)

However, at larger Pout the eq. (2.3.7) is no longer valid and have to be modified to

Pout = Pin ·
|S21|

Comp︸ ︷︷ ︸
Gain

Pout,dBm = Pin,dBm + |S21|dB−CompdB︸ ︷︷ ︸
GaindB

. (2.3.8)
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Fig. 2.3.1 shows a typical compression behavior of the Pout versus Pin. The 1dB compression point
(P1dB) illustrated in Fig. 2.3.1 is used among other things as a figure of merit to highlight the linearity
characteristic of a PA. The 1OCP refers the P1dB to the output and the 1dB input compression point
(1ICP) refers the P1dB to the input of the PA. However it is very common in practice, that the 1OCP is
identified with the P1dB, which is also done in this thesis. In general the saturated output power (Psat) of
a PA is usually achieved at a Comp of about 3–5dB, which depends among other things on the semicon-
ductor technology, i.e. GaAs: Psat = Pout (CompdB ≈ 3dB) and GaN: Psat = Pout (CompdB ≈ 5dB). At
higher compression the Pout can even degrade due to the higher PDISS which results in a higher junction
temperature (Tj) of the active device.
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Figure 2.3.1: Typical power compression of a PA in class A operation [53].

Harmonic Distortion and Inter-Modulation Distortion

Due to the fact, that the active device is non-linear in large-signal operation, the useful input signal
is distorted. As a result undesirable signals arise at frequencies which are integral multiples of the
fundamental signal. These higher frequency terms are called harmonics and can be very annoying in
microwave systems, since they can i.e. interleave with neighborhood telecommunication channels which
are often very close next to each other to utilize the entire bandwidth. The second harmonic distortion
(HD2) and the third harmonic distortion (HD3), whose power levels are usually expressed relative to
the fundamental tone in dBc, are typically the most critical harmonics. However, at certain applications
higher harmonics can be very important as well. Fig. 2.3.2 illustrated a typical spectrum of a distorted
signal.

Another very important distortion is the inter-modulation distortion. This kind of distortion occurs in a
non-linear circuit if the input signal consists of multiple frequencies. Each signal at a certain frequency
at the input itself creates harmonics, but two signals with different frequencies at the input generate inter-
modulation products which are the sum and the differences of all useful signals and harmonics. Fig. 2.3.2
shows some possible combinations of only two useful signals of a non-linear circuit. It can be seen that
the frequency of the inter-modulation distortion third order (IMD3) is very close to the fundamental
tones. This is one of the main disadvantages of inter-modulation terms compared to harmonics. Due
to the fact that the harmonics are typically far away from the fundamental tone, they can be filtered
out in narrow-band PAs with a following low-pass filter. However, the IMD3 terms are mainly in-band
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and therefore it is very difficult to get rid off these terms. The inter-modulation distortion is typically
specified by the third oder intercept point (IP3), illustrated in Fig. 2.3.1, as a figure of merit to point out
the linearity of a PA. The IP3 referring to the output (OIP3) can be expressed by

OIP3 = Pout,1tone ·
√

Pout,1tone

IMD3
OIP3dBm = Pout,1tone,dBm +

IMD3dBc

2
. (2.3.9)

Furthermore, Cripps derived a relationship between the 1OCP and the OIP3 to [54, Ch 9]

OIP3 = 1OCP ·
(

1
1−10−0.05

)
OIP3 = 1OCP+10lg

(
1

1−10−0.05

)
︸ ︷︷ ︸

≈9.6dB

, (2.3.10)

which can be used as a rule-of-thumb to predict the OIP3 from the P1dB without any measurements of
the IMD3.
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Figure 2.3.2: Typical power spectrum at the output of a PA in class A operation stimulated by a 2-tone
signal [53].

2.4 Noise Theory

2.4.1 Noise Mechanisms

The following brief summary of noise types is based on the very good overview about the most common
noise sources which can be found in [55] and was summarized in [6]. Fig. 2.4.1 illustrates the noise
power spectrum of the most common noise sources.
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Figure 2.4.1: Power spectrum of flicker noise, generation–recombination noise, shot noise and thermal
noise [6].
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Thermal Noise

Thermal noise which is generated by random motion of charge carriers in a conductor was first studied
in [56] by Johnson and later mathematically explained in [57] by Nyquist:

Pn,av =

1
2

h f +
h f

exp
(

h f
kT

)
−1

B (2.4.1)

≈ kT B . (2.4.2)

Pn,av, h, f , k, T and B are the available thermal noise power, Planck constant, frequency, Boltzmann
constant, temperature and bandwidth respectively. The approximation is valid for frequencies up to
≈ 100GHz.

Shot Noise

Shot noise was first introduced in [58] by Schottky in vacuum tubes which is generated by the discon-
tinuous current composed of a forced DC current and randomly charges hopping over a potential barrier.
The normalized current power spectral density of shot noise (Sn,shot) can be expressed by [55]

Sn,shot = 2e
∣∣Ipot.

∣∣ , (2.4.3)

where e and Ipot. are the elementary electric charge and the average current through a potential barrier
respectively.

Flicker Noise

In [59] and [60] flicker noise was discovered by Johnson and interpreted by Schottky respectively. Flicker
noise has a slope inverse to the frequency due to that fact it gets dominant at low frequencies. Very
common names besides the flicker noise are also 1

f -noise or pink noise. The normalized current power
spectral density of flicker noise Sn,f can be expressed by [61]

Sn,f ( f ) =
KfIβf

f αf
, (2.4.4)

where Kf, αf and βf are fitting parameters which are close to unity.

Generation�Recombination Noise

The noise spectrum of the generation–recombination noise which is caused by electron and/or hole traps
and recombination centers can be described by [55]

Sn,gr ( f ) = 4∆N2 τt

1+ω2τ2
t
, (2.4.5)

where Sn,gr, τt, ∆N2 and ω are the normalized voltage power spectral density of generation-recombination
noise, trap life time, variance of number of electrons (N) emitted during τt and angular frequency respec-
tively.

2.4.2 Noise Four-Pole Theory

The following overview of the noise four-pole theory is mainly obtained from [62] and was summarized
in [6]. The noise four-pole theory can be handled in a similar way as the four-pole theory. The noise
behavior of a noisy two-port, shown in Fig. 2.4.2, can be described by mathematical expressions and
equations as well [62]:

V 1 = Z11I1 +Z12I2 +V n1 I1 = Y 11V 1 +Y 12V 2 + In1 (2.4.6)

V 2 = Z21I1 +Z22I2 +V n2 I2 = Y 21V 1 +Y 22V 2 + In2 . (2.4.7)
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V1 V2

I2I1

noisy 

two-port 

network

Figure 2.4.2: Two-port network with internal noise sources [62].

In [62], Rothe and Dahlke introduced three representations to model noise in two-port networks, shown
in Fig. 2.4.3:

1. Two correlated noise voltage sources at the input with V n1 and output with V n2 of the noiseless two-
port network.

2. Two correlated noise current sources at the input with In1 and output with In2 of the noiseless two-port
network.

3. Two correlated noise sources at the input:
a) One noise voltage source with V n and
b) one noise current source with In.

In1

Y11

Y21 Y22

Y12

In2
V1 V2

I2I1

(a)

Vn1

Z11

Z21 Z22

Z12

Vn2

V1 V2

I2I1

(b)

noiseless 

two-port
In

Vn

V1 V2

I2I1 I1'

V1'

(c)

Figure 2.4.3: (a) Noiseless two-port network with two correlated noise current sources. (b) Noiseless
two-port network with two correlated noise voltage sources. (c) Noiseless two-port network
with correlated noise voltage and noise current source [6, 62].

The last noise representation of noisy two-port networks, shown in Fig. 2.4.3c has the superior advantage
over the other representations that the noise calculation is independent of the circuit elements of the two-
port network, because they are referring to the output of the network. The two noise sources are described
by [62]

|V n|
2 = 4kT0B ·Rn (2.4.8)

|In|
2 = 4kT0B ·gn (2.4.9)

and are correlated with correlation coefficient γ:

γ =
V ∗nIn√
|V n|

2 · |In|
2
. (2.4.10)

Rn and gn are the equivalent noise resistance and noise conductance of V n and In respectively. Fur-
thermore, two correlated noise sources can be recalculated into two uncorrelated noise sources using a
correlation impedance (Zcor) or a correlation admittance (Y cor), shown in Fig. 2.4.4.
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In

Zcor -Zcor V1'

I1'

V1

I1

Vn,uc

(a)

In,ucYcor -Ycor

Vn

V1 V1'

I1'I1

(b)

Figure 2.4.4: Noiseless two-port network with two uncorrelated noise sources. (a) T-presentation. (b) PI-
presentation [6, 62].

Recalculated noise sources with
∣∣V n,uc

∣∣2 and
∣∣In,uc

∣∣2 and corresponding Zcor and Y cor can be derived to
[6, 62]

∣∣V n,uc

∣∣2 = 4kT0B · rn Zcor =
I∗nV n

|In|
2
= γ

√
Rn

gn
(2.4.11)

∣∣In,uc
∣∣2 = 4kT0B ·Gn Y cor =

V ∗nIn

|V n|
2
= γ

√
gn

Rn
. (2.4.12)

One of the most important noise parameters of two-port networks which characterize noise behavior
are the noise factor (F) and the minimum noise factor (Fmin). F and Fmin expressed logarithmically
by NF = 10log(F) and NFmin = 10log(Fmin) are called noise figure (NF) and minimum noise figure
(NFmin), respectively. F reflects the noise increase due to the noisy two-port network to the useful signal,
which was first defined by Friis in [63] as the ratio of the signal-to-noise ratio (SNR) at the input and
output of the two-port network. Fmin is the minimum F , which can be achieved for optimum noise
matching at the input of the two-port network. F and Fmin can be calculated to [6, 62]

F = Fmin +
gn

Rs

∣∣Zs−Zs,opt
∣∣2 Fmin = 1+2gn

(
Rs,opt +Rcor

)
(2.4.13)

F = Fmin +
Rn

Gs

∣∣Y s−Y s,opt
∣∣2 Fmin = 1+2Rn

(
Gs,opt +Gcor

)
, (2.4.14)

with optimum source impedance (Zs,opt = Rs,opt + jXs,opt)

Rs,opt =

√
rn

gn
+R2

cor =

√
Rn

gn
−X2

cor Xs,opt =−Xcor , (2.4.15)

optimum source admittance (Y s,opt = Gs,opt + jBs,opt)

Gs,opt =

√
Gn

Rn
+G2

cor =

√
gn

Rn
−B2

cor Bs,opt =−Bcor (2.4.16)

and source impedance (Zs = Rs + jXs) and source admittance (Y s = Gs + jBs).

In eq. (2.4.13) and eq. (2.4.14) it can be seen, that equivalent noise conductance of noise current source
(gn) and equivalent noise resistance of noise voltage source (Rn) determine the degradation of F if the
optimum noise matching at the input of the two-port network is not fulfilled.





3 GaN-HEMT Technology and Modeling

This chapter points out on the one hand the advantages of the GaN-HEMT technology by comparing it
with other semiconductor technologies and shows on the other hand how GaN-HEMTs can be modeled.
The chapter starts by comparing the key properties of GaN semiconductor with other semiconductors
and explain afterwards the functionality of the HEMT to highlight the superiority of the GaN-HEMT
technology —combining the GaN material with the HEMT structure— over other technologies.

3.1 GaN-HEMT Technology

The following information in this section is mainly based on the very good overview about the supe-
rior performance of the GaN-HEMT technology which can be found in [30, 64, 65] and was briefly
summarized in [6], adding additionally state-of-the-art performance.

3.1.1 GaN Semiconductor

Due to the large community and the cheap manufacturing costs, the semiconductor Si is used in a wide
range of applications. In the last decades, the Si semiconductor development, i.e. lateral diffused
metal oxide semiconductor (LDMOS) proceed significantly. In 2002 Olsson [66] presented a maxi-
mum power density of Si-LDMOS transistors of 1 W

mm and 2 W
mm at 3.2GHz and 1GHz, respectively. In

2018 Theeuwen [67] published a 3dB output power density of a modern Si-LDMOS technology between
1.6 W

mm at ≈ 2GHz and around 1 W
mm at 12GHz. Since the band-gap energy (Eg) of Si is rather low com-

pared to other semiconductors, shown in Table 3.1.1, the only possibility to increase the power density
at higher frequencies is the use of another semiconductor with higher Eg. The GaAs semiconductor is
widespread nowadays, due to the higher Eg and very high electron mobility (µn). As a result GaAs semi-
conductor technology is very suited to achieve high power (capable of higher power density) and high
gain at higher frequencies.

Comparing the semiconductors in Table 3.1.1, diamond is the most promising material due to the very
large Eg —resulting in a high breakdown field strength (EBR) and high breakdown voltage (VBR)—,
saturated electron drift velocity (vd,sat) and thermal conductivity (λ ). However, using diamond as a com-
mercial semiconductor technology, several issues have to be addressed and solved (i.e. homogeneous
doping concentration or competitive reasonable device fabrication regarding costs and performance) as
reported in [68] and [69]. At the present day, the semiconductor GaN with moderate high Eg (much
higher than Si or GaAs) is used with silicon carbide (SiC) as a substrate to maintain a good thermal
interconnection. There are different crystal structures of SiC (i.e. 4H-SiC, 6H-SiC) with different ma-
terial properties as explained in [70]. An alternative to the expensive SiC substrate in combination with
the GaN offers the Si substrate, which is more and more used for base station PAs because costs play a
dominate role. However, the performance suffers a little bit. Table 3.1.1 highlights the advantage of GaN
semiconductor compared to common Si or GaAs semiconductor.

13
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Table 3.1.1: Comparison of physical and electrical properties of different semiconductor materials: Si,
germanium (Ge), GaAs, SiC, GaN, aluminum gallium nitride (AlGaN), aluminum nitride
(AlN), indium phosphide (InP) and diamond.

Semi- µn vd,max vd,sat Eg EBR λ

conductor ( cm2

mV·s ) ( cm
µs ) ( cm

µs ) (eV) ( MV
cm ) ( W

cm·K )

Si 1.2
[71]

–1.5
[72]

10
[73]

10
[72]

1.1
[72]

, 1.12
[74, 75]

0.25
[71]

–0.3
[72]

1.3
[74, 75]

–1.5
[72]

Ge 3.9
[74, 75]

6
[76]

0.661
[74, 75]

0.1
[74, 75]

0.58
[74, 75]

InP 5.4
[74, 75]

25
[77]

9
[77]

1.34
[78]

, 1.344
[74, 75]

0.45
[78]

–0.5
[74, 75]

0.67
[78]

–0.68
[74, 75]

GaAs 6.5
[71]

–8.5
[72]

19
[77]

–22
[73]

8
[77]

–12
[73]

1.424
[74, 75]

–1.43
[72]

0.25
[71]

–0.6
[72]

0.46
[72]

–0.55
[74, 75]

3H-SiC 0.3
[75, 79]

–1.0
[72]

N/A 22
[72]

–25
[75, 80]

2.2
[72]

–2.36
[75, 79, 81]

1.3
[78]

–2.0
[75, 82]

4
[78]

–7
[75, 79]

4H-SiC 0.7
[75, 83]

–1.14
[72]

22
[73]

18
[73]

–20
[72]

3.25
[75, 83]

–3.3
[73]

2.2
[84, 85]

–3.5
[78]

4
[78]

–7
[75, 79]

6H-SiC 0.33
[75, 83]

–0.8
[73, 85]

19
[73]

15
[73]

2.86
[78]

–3.03
[84, 86]

2.5
[84, 85]

–4.0
[73]

4
[78]

–7
[75, 79]

GaN 0.9
[71]

–1.25
[72]

25
[71]

–28
[73]

15
[73]

–20
[73]

3.4
[78]

–3.45
[72]

2.0
[78]

–4.0
[85]

1.1
[75, 79]

–1.5
[73]

AlGaN 0.15
[85]

30
[78]

17
[78]

4.1
[85]

5.9
[85]

0.4
[85]

AlN 0.425
[85]

N/A N/A 6.2
[85]

16.6
[85]

2.9
[85]

–3.0
[72]

Diamond 1.9
[73]

–2.0
[72]

27
[72]

19
[73]

5.45
[72]

–5.6
[78]

5.0
[78]

–10.0
[72]

6
[74, 75]

–30
[78]

Fig. 3.1.1 illustrates vd of different semiconductor technologies versus the electric field. Due to the fact
that vd,sat of the GaN is much better compared to the Si and vd,max is reached at higher electric fields
compared to the GaAs, the GaN offers a superior performance in applications which require high power
at microwave frequencies.

1 10 100 300
3

10

20

30

Figure 3.1.1: Electron drift velocity (vd) of Si (sim.), Ge (sim.), InP, GaAs, GaN and SiC [74, 75, 77, 78,
87–89].
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3.1.2 HEMT

In [90, 91] Anderson investigated and presented the improved properties of a Ge/GaAs heterojunction.
Based on the aluminum gallium arsenide / gallium arsenide (AlGaAs/GaAs) heterojunction, in 1980 a
new kind of field effect transistor (FET) was presented in [92], called HEMT. Nowadays several abbre-
viations exist which describe the HEMT:

• high field effect transistor (HFET)
• modulation doped field effect transistor (MODFET)
• two-dimensional electron gas field effect transistor (TEGFET)
• selectively-doped heterojunction transistor (SDHT)

3.1.2.1 Operation

Basic idea of the HEMT:

• Use of a heterojunction between two different semiconductors to build a highly conducting channel in
the undoped part of the semiconductor which is controlled by an external voltage.

Common properties of the two different semiconductors to build a heterojunction:

• different band-gap energies: Eg1 and Eg2
• different electron affinities (χ): χ1 and χ2
• different doping concentrations (N): N1 and N2

Fig. 3.1.2 shows an AlGaN/GaN heterojunction of a modern GaN-HEMT. Compared to other hetero-
junctions the AlGaN/GaN heterojunction does not necessarily need an additional doped layer in hetero-
junction to build a conducting channel in the GaN layer due to the spontaneous polarization (high ionic
bond with Ga atoms) and the piezoelectric polarization (lattice mismatch between the AlGaN and GaN
layer) as stated in [93].

G

A

T

E

2DEG

x in nm

E in J

Ec

Ef

eϕB

AlGaN GaN

Figure 3.1.2: Heterojunction of GaN-HEMT [6, 65, 94].

Functionality of the heterojunction on the basis of Fig. 3.1.2:

• Due to different electron affinities χ1 and χ2, a spike (∆Ec = χ2− χ1) occurs in conduction band
energy (Ec) along the x-axes. Since the spike is very sharp and narrow, electrons can occupy only
certain energy levels. As a result, if the Fermi level (Ec) is above Ec at the spike location, only a very
focused 2-dimensional electron gas (2DEG) arises [95].

• The hole current which has a lower mobility than the electron current is suppressed by the additional
discontinuity ∆Ev = Eg1−Eg2−∆Ec in the valance band energy (Ev) along the x-axes which lead to
a much faster active device.

• Increasing the gate voltage above the pinch-off (Ec < Ef) the 2DEG arises. The amount of electrons
along the y-axes can be controlled by the gate voltage.
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3.1.2.2 Physical Structure

One of the first GaN-HEMT devices was published in [96] using a sapphire (Al2O3) substrate. Fig. 3.1.3
shows a simplified typical physical structure of an AlGaN/GaN-HEMT with five common layers [94]:

• Nucleation Layer:
– Reducing the lattice mismatch between buffer layer and substrate if necessary (different lattice

constant of buffer layer and substrate).
• Buffer Layer:

– Serving as an insulator for non-insulating substrates.
– Forming the heterojunction with the AlGaN semiconductor. The conducting channel is formed in

the buffer layer.
• Spacer Layer:

– To form the heterojunction with donor layer and buffer layer.
– Responsible to keep a certain distance between the doped supply layer and the 2DEG in the buffer

layer to avoid any mobility degradation.
• Carrier Supply Layer / Donor Layer:

– Forming heterojunction with spacer layer and buffer layer.
– Providing electrons to the 2DEG in the buffer layer.

• Substrate:
– Serving as a epitaxy layer of the device structure.
– Thermal connection to the outside of the active device to get rid of the dissipated power.

Substrate: SiC / Si / Al2O3

Nucleation layer: GaN / AIN / AlGaN

Buffer layer: GaN undoped

Spacer layer: AlGaN undoped

Donor layer: AlGaN doped

2DEG

y

x

~ 380 µm

~ 500 nm

~ 2750 nm

~ 3 nm

~ 12 nm

z

Figure 3.1.3: Physical structure of GaN-HEMT [6, 65, 94].

Table 3.1.2 shows the advantages and disadvantages of different substrates for the GaN-HEMT.

Table 3.1.2: Properties of different substrates for the GaN-HEMT [6, 30, 94, 97].

Al2O3 Si SiC* Diamond

RF Performance
Pout ↓ 0 ↑ ↑↑

f 0 ↓ ↑ ↑↑

Thermal Conductivity ↓ 0 ↑ ↑↑

Price 0 ↓ ↑ ↑↑
* 4H-SiC
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3.1.3 GaN-HEMT Power Ampli�ers

In this subsection the advantages of the GaN-HEMT technology are summarized and an overview is
given regarding power performance versus frequency of different semiconductor technologies.

Key advantages of the GaN-HEMT technology:
Fig. 3.1.4 illustrates the advantages of the GaN-HEMT technology on physical, device and system level.

low thermal resistance (Rth)

high operating

frequency
GaN

high sheet carrier

Density (ns)

high thermal conductivity

HEMT

large band-gap

high saturation

current velocity 

high electron mobility 

high breakdown voltage 

high frequency capability

(ft, fmax)

high maximum current (Imax)

low on-resistance (Ron)

low knee voltage (VKNEE)

cheaper package

high output power

high efficiency

Device Level: System Level:Physical Level:

Figure 3.1.4: Advantages of GaN-HEMT PAs [64, 65, 98].

Advantages of GaN-HEMT technology on device level:

• low Rth: ∝ λ

• high ft and high fmax: ∝ vd,sat
• high VBR: ∝ Eg
• high Imax: ∝ (vd,sat,ns)
• low Ron and low VKNEE: ∝

1
µn

Advantage of GaN-HEMT technology on system level:

• cheaper package due to lower Rth
• higher operating frequency due to higher ft and fmax
• higher output power due to higher Imax and higher VBR
• higher efficiency due to lower VKNEE

Overview of power performance versus frequency of different semiconductor technologies:
Fig. 3.1.5 highlights the higher power-bandwidth product compared to other semiconductor technologies.
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Figure 3.1.5: Field of application for different semiconductors [6]: Si (×); [99–101], SiC (�); [102–105],
GaAs (+); [106, 107], GaN (∗); [108–111], InP (?); [112–117].
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3.2 GaN-HEMT Modeling

[53, 118] give a good overview about modeling of transistors for microwave circuits and will be briefly
summarized in the following. Non-linear models —including linear models as well— of transistors can
be divided in various ways:

1. How is the model derived:

a) physical parameters (i.e. geometry, fundamental transport of electrons)
b) measurements / empirical observed characteristics (i.e. DC currents and voltages, S-parameters)

2. Which technique is used to solve the equations of the model:

a) analytical (closed, unique solution)
b) numerical (approximation)
c) black box (table-based, artificial neural networks)

3. Which type of performance is predicted by the model:

a) Small-signal performance
b) Large-signal performance
c) Noise performance
d) Thermal behavior

The most important models for circuit designers are the small-signal model (SSM), large-signal model
(LSM) and noise model of a transistor to be able to simulate RF performance of a complete microwave
system (i.e. a matched amplifier). These models are usually implemented as physical parameter models
(coefficients of the analytical equations of the model have a physical significance: physically / analytical-
model) and compact models (dealing with resistors, capacitors, inductors and voltage or current con-
trolled current sources which have a physical significance). Fig. 3.2.1 reflects the method to determine
the parameters of the SSM, LSM and noise model suggested by [118].

DC

Measurement

S-Parameter

Measurement

Noise Figure

Measurement

HEMT

Parasitic Resistances
S-Parameter data at 

multiple bias points

Minimum Noise 

Figure Data

Small-Signal Model Parameters 

(Equivalent Circuit Element Values)

Small-Signal 

Parameter Extraction

Large-Signal 

Parameter Extraction

Large-Signal Model Parameters

Large-Signal 

Model

Small-Signal 

Model

Noise

Parameter Extraction

Noise Figure Model Parameters

Noise

Model

Figure 3.2.1: Algorithm of parameter extraction of SSM, LSM and noise model [118].
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3.2.1 Small-Signal Modeling

Fig. 3.2.2 illustrates the SSM of a CSS which is very similar to the presented SSM-CSS in [30]. The
used parameters can be extracted using the methods suggested in [119–122]. The SSM consists of the
inner shell (intrinsic transistor) which is modeled by the following elements:

• An active element:
voltage controlled current source with the small-signal trans-impedance (g

m
= gm exp(− jωτ)), where

gm is the small-signal trans-conductance and τ is the transit time of electrons in the channel of the
HEMT

• A gate-source path: impedance depending on small-signal gate-source capacitance (Cgs), resistance
(rgs) and feedback resistance (rfgs)

• An feedback path: impedance with small-signal gate-drain capacitance (Cgd), resistance (rgd) and
feedback resistance (rfgd)

• Drain-source path: impedance with small-signal drain-source capacitance (Cds) and resistance (rds)

The intrinsic elements depend on the quiescent point as well as on the device size. The outer shell which
only depends on the device size, consists of the feedings impedances

• jωLg +Rg, jωLs +Rs, jωLd +Rd and

of the pad capacitors between gate and source, drain and source and gate and drain (Cpgs, Cpds and Cpgd).
Lg, Ls, Ld and Rg, Rs, Rd are the feeding gate, source and drain inductances and resistances respectively.
Since Cds was determined to 1fF it was neglected in the original model presented by [30].

Rg

rgs

gmV1

Cgs

Rs

Cgd
rgd

rfgd

rfgs

Lg

Cpgs Cpds

Ls

LdRd

rds

intrinsic HEMT

gm = gme
-jωτ

G

S S

DGi

Si

Di

V1

Cpgd

Cds

Figure 3.2.2: SSM of the GaN-HEMT [6, 30].

3.2.2 Large-Signal Modeling

Fig. 3.2.3 illustrates the LSM of a CSS —similar to the presented figure in [30]—, which is based on the
SSM-CSS, shown in Fig. 3.2.2. The large-signal gate-source capacitor with capacitance Cgs (VGS,VGD),
large-signal gate-drain capacitor with capacitance Cgd (VGS,VGD) and drain-source current Ids (VGS,VGD)
reflect the non-linearity of the active device. The Schottky diodes between gate-source and gate-drain is
modeled by the currents Igs and Igd respectively.
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Figure 3.2.3: LSM of the GaN-HEMT [6, 30].

Fig. 3.2.4 reflects the self heating (due to the high power dissipation) of the GaN-HEMT, which is
modeled by a thermal

• resistor with resistance Rth,
• capacitor with capacitance Cth and
• current source with current Ith.

Ith represents the static heat dissipation from the channel in the GaN-HEMT. The thermal resistor with
resistance Rth describes the power transfer from the channel to the backside of the active device and
together with the thermal capacitor with capacitance Cth they model the time delay of the power transfer.
The voltage drop at thermal resistor and capacitor —with resistance Rth and capacitance Cth— reflects
the temperature increase of the channel temperature and as a result of Tj.

Ith
∆TRth Cth

Figure 3.2.4: Modeling of the temperature change of the channel temperature [6, 30].

3.2.3 Noise Modeling

GaN-HEMTs has several different kind of noise sources like thermal noise, shot noise, generation–recombination
noise and flicker noise. The most dominant noise source in GaN-HEMTs at moderate and high frequen-
cies is the thermal noise generated in the conductive channel. A very good overview about the reasons
why additional noise occurs in the channel was given by Liechti in his paper [123] and was summa-
rized by [6]. Some of these reasons are the modulation effect [124], the hot electron effect [125, 126],
the intervalley scattering noise [127] and the high field diffusion noise [128–130]. There are two main
fundamental noise models of FETs in the literature:

• Van der Ziel’s (Pucel’s) noise model [31, 124]:
The model consists of two correlated noise sources, one at the input and one at the output of the
transistor. Fig. 3.2.5 shows the original noise model of Van der Ziel (Pucel) which is used in a similar
manner in this thesis.
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• Pospieszalski’s noise model [131]:
The model consists of two uncorrelated noise sources represented by the thermal noise of the internal
gate-source resistor and drain-source resistor with the thermal temperatures Tg and Td (Td is much
higher than room temperature).

There are several modifications of these two fundamental noise models i.e. presented by Fukui [132],
Podell [133], Klapproth et. al. [134] and Danneville et. al. [135]. Furthermore, with respect to GaN-
HEMTs, in [136] an improved noise modeling technique can be found.

Y12
Y22In,g,Ziel In,d,ZielY11 Y21V1

Noiseless intrinsic HEMT

G

S S

D

V1

Figure 3.2.5: Noise model of Van der Ziel for FETs [6, 31].

Further information about the different noise mechanisms and the noise models are summarized in [6].
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The name cascode was first mentioned by Hunt and Hickman in 1939 [7]. One of the first amplifiers
using CCs can be found in [8], which was designed by Wallmann et al. in 1948. Nowadays, to achieve
high-end performance in PA systems, CCs become a standard part to achieve this goal. In [10, 12, 13, 16,
Table 5], CCs are used to show the superior performance compared to other amplifier topologies and to
achieve state-of-the-art performance.
This chapter explains the functionality of the CSS and the classical CC (obtained from [1] and adapted
for HEMTs). Furthermore the modified CC is explained due to the fact that it is more used nowadays.
To point out later on the advantages and disadvantages of the classical CC, of the modified CC and of
the single CSS in Ch. 5, certain small- and large-signal parameters are derived and their dependencies
are explained.

4.1 Functionality

4.1.1 Classical Cascode

The basic structure of the classical CC is shown in Fig. 4.1.1. In general the CC consists of two stages:

• The first stage comprises a transistor in CS configuration. The stage behaves like a voltage controlled
current source and offers a high input impedance and a high output impedance.

• The second stage comprises a transistor in CG configuration. The stage behaves like current controlled
current source and offers a low input impedance and a high output impedance.

As a result the CC behaves like a voltage controlled current source and offers a high input impedance
and a high output impedance.

IN OUT1. Stage

CSS

2. Stage

S
G

D

S

G

D

CRF-Short

IN

OUT

Bias

1. Stage 2. Stage

CGS

Figure 4.1.1: Schematic of the classical CC [98].

The functionality of the classical CC can be split into the DC operation and the AC operation:

• DC operation:
– The quiescent point of the CC can be adjusted by three DC voltages. One at the gate of the CSS,

one at the gate of the CGS and one at the drain of the CGS.
– For equal device sizes of the CSS and the CGS, the DC drain-source current (IDS) is the same in

both devices as well as the gate-source voltage (VGS) at the CSS and at the CGS.
• AC operation:

– The input voltage swing at the CSS controls the drain-source current of the CSS. If the capacitor
at the gate of the CGS with capacitance CRF-Short acts as a short to GND in the desired frequency
range, the voltage gain of the CSS is equal one. Therefore, the input and output voltage swing of

23
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the CSS are the same. Since the output voltage —the drain-source voltage (Vds)— of the CSS is
very small and the drain-source current Ids is high, the load line of the CSS is very steep.

– The current gain of the CGS is equal one. As a result, the output current Ids, controlled by the
input voltage of the CC, is very similar to the single CSS. However, due to the suppression of the
Miller-effect [137] the bandwidth of the CC is significantly increased.

To minimize any parasitics between the CSS and the CGS dual-gate transistors are used as CCs to achieve
better performance at very high frequencies. One disadvantage is the thermal aspect. Due to the fact that
the two active cells are very close to each other the channel temperature increases.

4.1.2 Modi�ed Cascode

Using CCs in broadband PAs, especially using the GaN technology, Fraysse et al. have shown in [138],
that adding an additional stabilization capacitor with a certain stabilization capacitance (Cst) and a sta-
bilization resistor with a certain stabilization resistance (Rst) in the gate path of the CGS of the CC has
some key advantages:

• The resistor with Rst improves the stability of the CC up to a certain frequency.
• The capacitor with Cst improves the stability of the CC and improve the power transfer from the CSS

to the CGS by optimizing the load impedance. Since the additional stabilization capacitor acts as a
frequency independent voltage divider the optimized power transfer as well as the improved stability
is frequency independent.

For simplicity most of the later calculations and considerations of the modified CGS neglect the stabi-
lization resistor with Rst. The principle structure of the modified CC is shown Fig. 4.1.2.
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CSS

2. Stage

CGS
Rst

Cst

S
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D

S
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IN

OUT

Bias

1. Stage 2. Stage

Figure 4.1.2: Schematic of the modified CC [98].

Regarding the functionality of the modified CC, the DC operation is equal to the classical C. However,
the AC operation differs compared to the classical CC due to the stabilization capacitor and resistor in
the gate path of the CGS of the CC:

• Due to the additional stabilization capacitor with Cst, which acts as a frequency independent voltage
divider, the input and output voltage swing of the CSS are no longer equal.

• The input impedance of the CGS increases with decreasing Cst.
• As the input impedance of the CGS increases, the voltage gain of the CSS increases as well. As a

result the load line becomes flatter and the power transfer from the CSS to the CGS increases.
• The Miller-effect increases due to the increasing input impedance of the CGS, which lowers the usable

bandwidth.

To show the performance of the classical and the modified CC and to compare them later with the single
CSS, the small-signal parameters will be investigated and shown in the following section.
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4.2 Small-Signal Parameters

4.2.1 Y-Parameters of the Common-Source Stage

Since the CSS acts as a voltage controlled current source with high input and output impedance the Y-
parameters are well suited to show the small-signal characteristic. Fig. 4.2.1 shows the simplified SSM
of the CSS which comprises

• a voltage controlled current source with current gmV 1,
• an input capacitor with capacitance Cgs,
• a feedback capacitor with capacitance Cgd and
• an output impedance depending on rds and Cds.

rds

G

S S

D

Cgs V1

Cgd

gmV1 Cds

G

S S

D

Y21V1 Y22Y12V2 V2Y11 V1

Figure 4.2.1: Simplified SSM of the CSS [98].

Using the simplified SSM of the CSS, shown in Fig. 4.2.1, the Y-parameters of the CSS can be calculated
to

Y 11,CSS = jω
(
Cgs +Cgd

)
(4.2.1)

Y 12,CSS =− jωCgd (4.2.2)

Y 21,CSS = gm− jωCgd (4.2.3)

Y 22,CSS =
1

rds
+ jω

(
Cds +Cgd

)
. (4.2.4)

The following properties of the Y-parameters of the CSS can be determined:

• The
∣∣Y 11,CSS

∣∣ and
∣∣Y 12,CSS

∣∣ increases with frequency (input impedance and isolation decreases).
• The

∣∣Y 21,CSS
∣∣ and arg

(
Y 21,CSS

)
increases at higher frequencies.

• The
∣∣Y 22,CSS

∣∣ and arg
(
Y 22,CSS

)
increases at higher frequencies and

∣∣Y 22,CSS
∣∣ is limited by 1

rds
at low

frequencies (output impedance decreases).

Further information about the Y-parameters of the CSS can be found in Appendix A.1. To determine
and investigate the Y-parameters of the CC, the H-parameters of the CGS are derived in the following
subsection.

4.2.2 H-Parameters of the Common-Gate Stage

4.2.2.1 H-Parameters of the Classical Common-Gate Stage

Since the CGS acts as a current controlled current source with low input impedance and high output
impedance the H-parameters are well suited to show the small-signal characteristic. Fig. 4.2.1 shows the
simplified SSM of the CGS which comprises the same small-signal elements as the CSS.
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Figure 4.2.2: Simplified SSM of the classical CGS [98].

Using the simplified SSM of the CGS, shown in Fig. 4.2.2, the H-parameters of the CGS can be calculated
to

H11,CGS =
rds

1+gmrds
(1+ jω · . . .) (4.2.5)

H12,CGS =
1

1+gmrds
(1+ jω · . . .) (4.2.6)

H21,CGS =−(1+ jω · . . .) (4.2.7)

H22,CGS = jωCgd + jω
(

Cgs

1+gmrds

)
(1+ jω · . . .) . (4.2.8)

The following properties of the H-parameters of the CGS can be determined:

• The
∣∣H11,CGS

∣∣ and
∣∣H12,CGS

∣∣ increases at higher frequencies (input impedance increases and isolation
degrades).

• The
∣∣H21,CGS

∣∣= 1 and decreases at higher frequencies.
• The

∣∣H22,CGS
∣∣ increases with frequency (output impedance decreases).

4.2.2.2 H-Parameters of the Modi�ed Common-Gate Stage

Fig. 4.2.3 shows the simplified SSM of the modified CGS. Fig. 4.2.3a shows the modified CGS which
comprises the same small-signal elements as the CSS with the additional stabilization capacitor with Cst
and Fig. 4.2.3b shows the recalculated modified CGS (considering Cst).

S

G

D

Cgs V1 Cgd

rds

gmV1

Cds

Cst

G'

(a) Modified CGS with stabilization capacitor
with Cst.

S D

Cgs,eff V1 Cgd,eff

rds,eff

gm,effV1

Cds,eff

G'

(b) Recalculated modified CGS (considering
Cst).

Figure 4.2.3: Simplified SSM of the modified CGS.

Using the simplified SSM of the modified CGS, shown in Fig. 4.2.3a, the effective small-signal elements
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of the modified CGS (considering Cst), shown in Fig. 4.2.3b can be expressed by

Cgs,eff =Cgs ·
Cst

Cst +Cgs +Cgd
rgs,eff = 0 (4.2.9)

Cgd,eff =Cgd ·
Cst

Cst +Cgs +Cgd
rgd,eff = 0 (4.2.10)

Cds,eff =Cds +
CgsCgd

Cst +Cgs +Cgd
rds,eff = rds ·

Cst +Cgs +Cgd

Cst +Cgs +Cgd (1+gmrds)
(4.2.11)

gm,eff = gm ·
Cst

Cst +Cgs +Cgd
τeff = 0 . (4.2.12)

It can be noticed that all recalculated small-signal elements, eq. (4.2.9)–eq. (4.2.9), decrease with de-
creasing Cst, except Cds which increases with decreasing Cst. Using the recalculated small-signal param-
eters, the following properties of the H-parameters of the modified CGS can be determined:

• The
∣∣H11,CGS

∣∣ increases with decreasing Cst (input impedance increases). A maximum short circuit
impedance of

∣∣H11,CGS (Cst→ 0)
∣∣= rds ·

Cgs +Cgd

Cgs +Cgd (1+gmrds)
(4.2.13)

can be reached.
• The

∣∣H12,CGS
∣∣ increases with decreasing Cst (isolation degrades).

• The
∣∣H21,CGS

∣∣ is almost unchanged at low frequencies with decreasing Cst. However, the
∣∣H21,CGS

∣∣
increases slightly at higher frequencies with decreasing Cst.

• The open circuit output capacitance ( H22,CGS
jω ) decreases with decreasing Cst (output impedance in-

creases).

Further information about the H-parameters of the classical and modified CGS can be found in Ap-
pendix B.1. Additionally, in Appendix B.1.3, Table B.1.1 and Table B.1.2 show the change of the H-
parameters (magnitude, poles and zeros) of the CGS depending on Cst.

4.2.3 Y-Parameters of the Cascode

4.2.3.1 Y-Parameters of the Classical Cascode

Since the CC acts as a voltage controlled current source with high input and output impedance the
Y-parameters are well suited to show the small-signal characteristic. Fig. 4.2.4 shows the simplified
small-signal model of the CC which consists of the CSS and the CGS. Both stages have the same device
size.
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D
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Cgd

gmV1 Cds

S

G G

D

Cgs V2 Cgd

rds

gmV2

Cds

CSS CGS

Figure 4.2.4: Simplified SSM of the classical CC [98].
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Using the simplified small-signal model of the CC, shown in Fig. 4.2.4, the Y-parameters of the CC can
be calculated to

Y 11,CC = jω
(
Cgs +Cgd

)
+ jωCgd

(
gmrds

2+gmrds

)
(1+ jω · . . .) (4.2.14)

Y 12,CC =− jωCgd
1

(2+gmrds)
(1+ jω · . . .) (4.2.15)

Y 21,CC = gm

(
1+gmrds

2+gmrds

)
(1+ jω · . . .) (4.2.16)

Y 22,CC = jωCgd + jω
(

Cgs

1+gmrds

)
(1+ jω · . . .)+ 1

rds (2+gmrds)
(1+ jω · . . .) . (4.2.17)

The following properties of the Y-parameters of the CC can be determined:

• The
∣∣Y 11,CC

∣∣ and
∣∣Y 12,CC

∣∣ increases with frequency (input impedance and isolation decreases).
• The

∣∣Y 21,CC
∣∣ increases at higher frequencies.

• The
∣∣Y 22,CC

∣∣ increases at higher frequencies and is limited by 1
rds(2+gmrds)

at low frequencies (output
impedance decreases).

If the relationship gmrds� 1 is valid, which is valid for the most processes, the Y-parameters of the CC
can be approximated by

Y 11,CC ≈ jω
(
Cgs +2 ·Cgd

)
(1+ jω · . . .) (4.2.18)

Y 12,CC ≈− jω
Cgd

gmrds
(1+ jω · . . .) (4.2.19)

Y 21,CC ≈ gm (1+ jω · . . .) (4.2.20)

Y 22,CC ≈ jωCgd + jω
Cgs

gmrds
(1+ jω · . . .)+ gds

gmrds
(1+ jω · . . .) . (4.2.21)

4.2.3.2 Y-Parameters of the Modi�ed Cascode

Fig. 4.2.5 shows the simplified SSM of the modified CC. Fig. 4.2.5a shows the modified CC stage which
comprises the same small-signal elements as the classical CC with the additional stabilization capacitor
with Cst and Fig. 4.2.5b shows the modified CC with the recalculated modified CGS (considering Cst).
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Figure 4.2.5: Simplified SSM of the modified CC. (a) With stabilization capacitor with Cst.
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Figure 4.2.5: (Continued..) Simplified SSM of the modified CC. (b) With recalculated modified CGS
(considering Cst).

Using eq. (4.2.9)–eq. (4.2.9) to calculate the H-parameters of the CGS and using the Y-parameters of
the CSS, the Y-parameters of the modified CC can be calculated with eq. (C.1.1)–eq. (C.1.4). The Y-
parameters can be expressed by

Y 11,CC = jω
(
Cgs1 +Cgd1

)
+ jωCgd1

(
gm1 [rds1 ‖ rds2,eff]

1+gm2,eff [rds1 ‖ rds2,eff]

)
(1+ jω · . . .) (4.2.22)

Y 12,CC =− jωCgd1
1(

1+ rds2,eff
rds1

+gm2,effrds2,eff

) (1+ jω · . . .) (4.2.23)

Y 21,CC = gm1
(1+gm2,effrds2,eff)(

1+ rds2,eff
rds1

+gm2,effrds2,eff

) (1+ jω · . . .) (4.2.24)

and

Y 22,CC = jωCgd2 + jω
(

Cgs2

1+gm2,effrds2,eff

)
(1+ jω · . . .)

+
1

(rds1 + rds2,eff)(1+gm2,eff [rds1 ‖ rds2,eff])
(1+ jω · . . .) . (4.2.25)

The following properties of the Y-parameters of the modified CC can be determined:

• The
∣∣Y 11,CC

∣∣ increases due to the increase of H11,CGS (Miller-effect increases => input impedance
decrease). For Cst→ 0, Y 11,CC can be expressed by

Y 11,CC = jω
(
Cgs1 +Cgd1

)
+ jωCgd1 (gm1 [rds1 ‖ rds2,eff]) (1+ jω · . . .) . (4.2.26)

• The
∣∣Y 12,CC

∣∣ increases due to the increase of the H12,CGS (isolation degrades). For Cst→ 0, the Y 12,CC
can be expressed by

Y 12,CC =− jωCgd1
1(

1+ rds2,eff
rds1

) (1+ jω · . . .) . (4.2.27)

• The
∣∣Y 21,CC

∣∣ decreases due to the increase of the H11,CGS (degraded mismatch between Y 22,CSS and
H11,CGS). For Cst→ 0, the Y 21,CC can be expressed by

Y 21,CC = gm1
1(

1+ rds2,eff
rds1

) (1+ jω · . . .) . (4.2.28)
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• The
∣∣Y 22,CC

∣∣ increases due to the increase of the H12,CGS (output impedance decrease). For Cst→ 0,
the Y 22,CC can be expressed by

Y 22,CC =
1

(rds1 + rds2,eff)
+ jω

(
Cds1 +Cgd1

)(rds1− [rds1 ‖ rds2,eff]

rds1 + rds2,eff

)
+( jω)2 · (. . .) . (4.2.29)

Further information about the Y-parameters of the CC and their derivations can be found in Appendix C.1
and Appendix C.1.1 respectively.

4.3 Large-Signal Parameters

4.3.1 Maximum Output Power

The Pout,max of the active device in CS configuration, shown in Fig. 4.3.1, depends on different factors
[1, 30, 53, 54]:

• The Pout,max depends on the quiescent point Q(VDS, IDS) of the amplifier, which limits the maximum
PAE of the amplifier.

• The VBR and VKNEE of the active device limits the drain-source voltage swing (̂̂V ds) and as a result
Pout,max.

• Furthermore, the Pout,max is limited by the maximum IDS which is limited by the maximum allowed
DC gate-source current (IGS).

• Another very import point is the maximum allowed Tj which defines the life time —i.e. the mean time
to failure (MT T F)— of the device.

• At the end, the most limiting factor of the Pout,max is the load impedance (Zload) at the output.

S
G

D

IN

OUTIDS

VDS Zload

Pout,maxIGS

Figure 4.3.1: CSS with load impedance [98].

Assuming the CSS in class A operation, the efficiency is equal to PAE = 50%. If the output of the CSS
is matched to the optimum Zload (Zload,opt), Pout,max can be achieved to

Pout,max,CSS =
1
2
·V̂ds,maxÎds,max (4.3.1)

=
1
8
· (VBR−VKNEE) IDS,MAX . (4.3.2)

Fig. 4.3.2 shows the output I-V characteristic and the safe-operating-area (SOA), for PDISS,MAX
GP ≤ 7 W

mm , of
an active device in CS configuration using a certain foundry process.
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Figure 4.3.2: I-V characteristic of the CSS.

The Pout,max of the active device in CC configuration, shown in Fig. 4.3.3, can be split into two cases:

• The gate of the CGS is shorten to GND by a high blocking capacitance CRF-Short for the classical CC,
shown in Fig. 4.3.3a.

• The value of stabilization capacitor Cst (CRF-Short) is in the same range as the intrinsic Cgs of the CGS
for the modified CC, shown in Fig. 4.3.3b.
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(a) Classical CC with load impedance.
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(b) Modified CC with load impedance.

Figure 4.3.3: Classical and modified CC with load impedance [98]. (a) Classical CC. (b) Modified CC.

Assuming the CSS and the CGS in class A operation, the PAE of the CC is equal to PAE = 50%. The
Pout,max of the CC is the sum of the Pout,max of the CSS and the CGS. Pout,max is given by

Pout,max,CC = Pout,max,CSS +Pout,max,CGS (4.3.3)

=
1
2
·
(

V̂ds,max,CSS +V̂ds,max,CGS

)
Îds,max,CC (4.3.4)

=
1
8
·n · (VBR−VKNEE) IDS,MAX (4.3.5)

≤ 2 ·Pout,max,CSS (4.3.6)

with

n = 1.1–2 , (4.3.7)

assuming a optimal Zload at the output of the CGS.

For the classical CC the input impedance of the CGS is very low. Since the input impedance of the CGS is
the load impedance of the CSS, the output of the CSS is not matched properly to achieve the Pout,max of the
CSS. As a result, the Pout,max of the CC is limited due to the low input impedance of the CGS. Therefore,
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factor n for the classical CC is far below two. Using the modified CC, the input impedance (Zin) of
the CGS can be increased by lowering Cst, shown in Fig. 4.3.4. Fig. 4.3.4a and Fig. 4.3.4b shows the∣∣H11,CGS

∣∣ and
∣∣Zin,CGS

∣∣ respectively depending on Cst for a certain foundry process.
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∣∣
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Figure 4.3.4: (a) and (b)
∣∣H11,CGS

∣∣ and
∣∣Zin,CGS

∣∣ vs. Cst, respectively, of the modified CGS.

Zin,CGS can be expressed by

Zin,CGS = H11,CGS−
H21,CGSH12,CGSZload

1+H22,CGSZload
. (4.3.8)

For Cst → 0, using the simplified SSM of the CGS, shown in Fig. 4.2.3, a maximum Zin,CGS (load
impedance of the CSS) of

Zin,max,CGS (Cst→ 0, f → 0) = rds ·
Cgs +Cgd

Cgs +Cgd (1+gmrds)
+Zload (4.3.9)

can be reached at low frequencies. Due to this fact the power transfer from the CSS to the CGS increases
and as a result the overall Pout of the modified CC increases as well. A factor n up to two can be achieved
depending on the process.

4.3.2 Power Compression

Power compression and, as a result, the non-linearity is one of the key-characteristics in class A PAs.
For larger Pin the output signal starts to compress and even clips at a certain Pin [53]. Fig. 4.3.5 shows
the simplified LSM of the CSS which reflects the most important intrinsic elements depending on the
voltage swing. Elements of the active device which change in large-signal condition:

• the voltage controlled current source with large-signal trans-conductance Gm (VGS,VGD)
• the input capacitor with large-signal gate-source capacitance Cgs (VGS,VGD)
• the feedback capacitor with large-signal gate-drain capacitance Cgd (VGS,VGD)

As Cgd (VGS,VGD) has only a minor influence on the large-signal behavior, the voltage dependency is often
neglected. Main elements which change with voltage swing are the Gm (VGS,VGD) and Cgs (VGS,VGD).
Moreover, the voltage VGS has a higher impact on the elements compared to the voltage VGD.
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Figure 4.3.5: Simplified LSM of the CSS [98].

The large-signal Cgs

(̂̂V gs

)
as well as the Gm

(̂̂V gs

)
degrades with higher voltage swing (̂̂V gs) in class

A PAs. Due to the fact, that in general the matching networks are passive and that voltage is indepen-
dent, the optimum load can not be offered over the entire frequency and input power range. As a result

the large-signal gain degrades as Gm

(̂̂V gs

)
degrades with higher voltage swing. The lower large-signal

Cgs

(̂̂V gs

)
—with higher voltage swing ̂̂V gs— can have a positive or negative behavior on the perfor-

mance of the PA. Both effects significantly depend on the design of PAs and are more pronounced in
broadband PAs as the matching has to be done over a wide frequency range.
The most important changes of the large-signal Y-parameters of the CSS in class A operation are sum-
marized in the following:

• The
∣∣Y 11,CSS

∣∣ —expressed by eq. (4.2.1)— decreases with higher ̂̂V gs due to the fact that the large-

signal Cgs

(̂̂V gs

)
decreases with higher voltage swing ̂̂V gs (effective input impedance increases).

• The
∣∣Y 21,CSS

∣∣ —expressed by eq. (4.2.3)— decreases with higher ̂̂V gs due to the degradation of

Gm

(̂̂V gs

)
which decreases also with higher ̂̂V gs.

In PAs using the CC topology, the second stage is in CG configuration, therefore the large-signal depen-
dent parameters are twice as much as the single CSS. Since the second stage is in CG configuration the
large-signal behavior is different. The most important changes of the large-signal H-parameters of the
CGS in class A operation are summarized in the following:

• The
∣∣H11,CGS

∣∣ and
∣∣H12,CGS

∣∣—expressed by eq. (4.2.5) and eq. (4.2.6)— increases at low frequencies

with higher ̂̂V gs due to the degradation of Gm

(̂̂V gs

)
which decreases with higher ̂̂V gs (input impedance

increases and isolation degrades).
• The

∣∣H21,CGS
∣∣ —expressed by eq. (4.2.7)— is independent at low frequencies with respect to the

higher ̂̂V gs. However, at higher frequencies the H21,CGS will suffer due to the degradation of the pole,
explained in detail in Sec. 5.2.2.

4.4 Summary

In Sec. 4.1 the functionality of the classical CC and the modified CC were explained. Furthermore in
Sec. 4.2 and Sec. 4.3, certain small- and large-signal parameters of the CSS and the CC were derived and
their dependencies explained. It was shown, that the stabilization capacitor with Cst has a huge influence
on the performance of the CC:

• Small-signal behavior:
The Miller-effect increases with decreasing Cst, which results in a lower Y 11,CC, but a larger Y 12,CC.
As a result the useful bandwidth of CCs in broadband PAs degrades.

• Large-signal behavior:
A decreasing Cst increases the input impedance of the CGS. Because the input impedance of the CGS
is the load impedance of the CSS, the power transfer from the CSS to the CGS significantly depends
on Cst. Due to that fact, the overall Pout of the CC can be increased by changing Cst in the right manner.
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In this chapter the small- and large-signal parameters of the CSS and the CC are compared with each
other to point out the advantages and disadvantages of the CC in broadband PAs. It was assumed that the
CSS and the CGS have the same device size when the simplified SSM is used. The derivation and their
dependencies of certain small- and large-signal parameters of the CSS and the CC can be found in the
previous Ch. 4 and in Appendix A–Appendix C.

5.1 Small-Signal Parameters

5.1.1 Y-Parameters

Due to the fact the CSS as well as the CC acts as a voltage controlled current source with high input and
output impedance the Y-parameters are well suited to compare both topologies. Table 5.1.1 oppose the
general valid Y-parameters of the CSS and the CC.

Table 5.1.1: Y-parameters of the CSS and the CC [98].

Common-Source Stage Cascode

Y 11 Y 11,CSS Y 11,CSS−
H11,CGSY 12,CSSY 21,CSS

1+Y 22,CSSH11,CGS

Y 12 Y 12,CSS Y 12,CSS ·
(

H12,CGS
1+Y 22,CSSH11,CGS

)
Y 21 Y 21,CSS Y 21,CSS ·

(
−H21,CGS

1+Y 22,CSSH11,CGS

)
Y 22 Y 22,CSS H22,CGS +Y 22,CSS ·

(
−H12,CGSH21,CGS
1+Y 22,CSSH11,CGS

)
Comparing the Y-parameters of both topologies in Table 5.1.1, the following properties can be deter-
mined:

• Due to the fact that the ℑ
{

Y 12,CSS
}
< 0 the imaginary part of the last term of Y 11,CC is positive:

ℑ

{
Y 12,CSSY 21,CSSH11,CGS

1+Y 22,CSSH11,CGS

}
> 0 . (5.1.1)

As a result the ℑ
{

Y 11,CC
}
> ℑ

{
Y 11,CSS

}
(larger short circuit input capacitance). Additionally it can

be seen that the impedance mismatch

1+Y 22,CSSH11,CGS (5.1.2)

between the CSS and the CC plays an important part. In general the
∣∣Y 22,CSSH11,CGS

∣∣ degrades for
larger impedance mismatch due to the fact that the Y 22,CSS < 1

H11,CGS
. Therefore, the magnitude of

eq. (5.1.2) decreases with decreasing match and as a result the Miller-effect [137] reduces.
• The

∣∣Y 12,CC
∣∣< ∣∣Y 12,CSS

∣∣ (larger isolation) because
∣∣H12,CGS

∣∣≤ 1 and the magnitude of the mismatch
between the CSS and the CGS —expressed by eq. (5.1.2)— is always larger one. In case of improved
impedance match between the CSS and the CC the isolation even increases.

35
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• The Y 21,CC is defined by the product of the Y 21,CSS and H21,CGS divided by the mismatch eq. (5.1.2).
Due to the fact that

∣∣H21,CGS
∣∣≤ 1 at low frequencies, degrades at high frequencies and the magnitude

of the mismatch eq. (5.1.2) is greater one, the Y 21,CC is always lower compared to the Y 21,CSS. In
case of matching the output impedance of the CSS to the input impedance of the CGS the Y 21,CC
deteriorates further over the complete frequency range.

• The Y 22,CC is defined by the sum of the H22,CGS and Y 22,CSS multiplied by( −H12,CGSH21,CGS

1+Y 22,CSSH11,CGS

)
. (5.1.3)

In general the first summand H22,CGS is much smaller than the Y 22,CSS because the output capacitance
is dominated by the feedback capacitance Cgd of the CGS which is much smaller compared to Cds.
Due to the isolation H12,CGS and the mismatch eq. (5.1.2), the Y 22,CSS has only a small proportion of
the Y 22,CC. Therefore, the Y 22 of the CC is much smaller compared to the CSS (smaller short circuit
output capacitance and larger short circuit output resistance).

Using the simplified SSM of the CSS and the classical CC, shown in Fig. 4.2.1 and Fig. 4.2.4 respectively,
Table 5.1.2 opposes the determined Y-parameters of the CSS and the classical CC. Table 5.1.3 opposes
the Y-parameters of the CSS and the modified CC using the simplified SSM shown in Fig. 4.2.5 for
Cst→ 0.

Table 5.1.2: Y-parameters of the CSS and the classical CC using the simplified SSM [98].

Common-Source Stage Classical Cascode

Y 11 jω
(
Cgs +Cgd

)
jω
(
Cgs +Cgd

)
+ jωCgd

(
gmrds

2+gmrds

)
(1+ jω · . . .)

Y 12 − jωCgd − jωCgd
1

(2+gmrds)
(1+ jω · . . .)

Y 21 gm (1+ jω · . . .) gm

(
1+gmrds
2+gmrds

)
(1+ jω · . . .)

Y 22
1

rds
+ jω

(
Cds +Cgd

)
jωCgd + jω

(
Cgs

1+gmrds

)
(1+ jω · . . .)+ 1

rds(2+gmrds)
(1+ jω · . . .)

Table 5.1.3: Y-parameters of the CSS and the modified CC (Cst→ 0) using the simplified SSM.

Common-Source Stage Modified Cascode

Y 11 jω
(
Cgs1 +Cgd1

)
jω
(
Cgs1 +Cgd1

)
+ jωCgd1 (gm1 [rds1 ‖ rds2,eff]) (1+ jω · . . .)

Y 12 − jωCgd1 − jωCgd1
1(

1+
rds2,eff

rds1

) (1+ jω · . . .)

Y 21 gm1 (1+ jω · . . .) gm1
1(

1+
rds2,eff

rds1

) (1+ jω · . . .)

Y 22
1

rds1
+ jω

(
Cds1 +Cgd1

) 1
(rds1+rds2,eff)

+ jω
(
Cds1 +Cgd1

)( rds1−[rds1‖rds2,eff]
rds1+rds2,eff

)
+( jω)2 · (. . .)

Comparing the Y-parameters of the CSS, the classical CC and the modified CC with each other, shown
in in Table 5.1.2 and in Table 5.1.3, the following properties can be determined:

• The short circuit input capacitance of the CSS is slightly smaller compared to the classical CC. How-
ever, the short circuit input capacitance of the modified CC increases with increasing Cst due to the
Miller-effect [137]. As a result the short circuit input capacitance of the modified CC can be signifi-
cantly larger compared to the classical CC.

• The isolation Y 12 of the classical CC is much larger (by a factor of ≈ gmrds) compared to the CSS.
Decreasing the stabilization capacitance Cst of the modified CC the isolation degrades significantly.
For Cst→ 0 the isolation of the modified CC remains slightly better compared to the CSS.
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• Y 21 of the CSS and the classical CC is very similar. However, Y 21 of the modified CC is much lower
due to the frequency independent voltage divider which consists of the gate-source capacitor with Cgs
and the stabilization capacitor with Cst of the CGS. Decreasing Cst decreases Y 21 of the modified CC.

• Comparison of Y 22 of the CSS and the CC can be split into real part and imaginary part:

– Because the feedback capacitor with capacitance Cgd is usually much smaller than Cds of an active
device, the short circuit output capacitance of the CSS is much larger compared to the classical CC.
Although the isolation of the modified CGS decreases with decreasing Cst the short circuit output
capacitance of the modified CC can be significantly reduced, due to the lower effective capacitances
of the modified CGS.

– The short circuit output resistance of the classical CC is much larger (by a factor of ≈ gmrds)
compared to the CSS due to the isolation of the CGS. Decreasing Cst of the modified CC, the
isolation degrades significantly and for Cst → 0 the short circuit output resistance is only slightly
larger compared to the CSS.

5.1.2 Maximum Stable Gain

The MSG is an attractive figure of merit which illustrates a certain gain bandwidth product of active
device cells. Therefore, the MSG calculated by eq. (2.2.10) can be used to compare the CSS and the CC
with each other. Table 5.1.4 opposes the general valid MSG of the CSS and the CC.

Table 5.1.4: MSG of the CSS and the CC [98].

Common-Source Stage Cascode∣∣∣Y 21,CSS
Y 12,CSS

∣∣∣ ∣∣∣Y 21,CSS
Y 12,CSS

·
(
−H21,CGS

H12,CGS

)∣∣∣
Comparing the MSG of both topologies in Table 5.1.4, it can be seen that the improvement of the CC
is defined by the MSG of the CGS. Applying the simplified SSM of the classical CGS and the modified
CGS, shown in Fig. 4.2.2 and Fig. 4.2.3 respectively, Table 5.1.5 shows the improvement of the classical
CC and the modified CC compared to the CSS.

Table 5.1.5: MSG of the classical CGS and modified CGS using the simplified SSM [98].

Classical Common-Gate Stage Modified Common-Gate Stage

MSGCGS (1+gmrds)

∣∣∣∣ 1+ j f
f01

1+ j f
f∞1

∣∣∣∣ Cgs+(Cst+Cgd)(1+gmrds)

Cst+Cgs+Cgd(1+gmrds)

∣∣∣∣ 1+ j f
f02

1+ j f
f∞2

∣∣∣∣
Zero f0

1
2π
· 1+gmrds

rdsCds

1
2π
· Cgs+(Cst+Cgd)(1+gmrds)

rds(Cds[Cst+Cgs+Cgd]+CgdCgs)

Pole f∞
1

2π
· 1

rdsCds

1
2π
· Cst+Cgs+Cgd(1+gmrds)

rds(Cds[Cst+Cgs+Cgd]+CgdCgs)

Examining the MSG of the classical CGS and the modified CGS, shown in Table 5.1.5, the following
properties can be determined:

• Properties of the classical CC:

– The MSG of the classical CGS is > 1 over the complete frequency range. As a result the MSG of
the classical CC is larger compared to the MSG of the CSS.

– The improvement of the classical CC amounts to 1+gmrds at low frequencies and starts to degrade
above the cut-off frequency f∞1.
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• Properties of the modified CC:
– The MSG of the modified CGS is smaller than the classical CGS but is also > 1 over the entire

frequency range, except Cst = 0. As a result the MSG of the modified CC is larger than the MSG of
the CSS.

– Decreasing Cst of the modified CGS results in a reduction of the MSG but it remains > 1. Moreover,
the cut-off frequency f∞2 is shifted to higher frequencies if the in-equation

Cgs <Cds ·gmrds (5.1.4)

is valid. As a result the overall MSG of the modified CC is improved in a wider frequency range.
– For Cst → 0 the MSG of the modified CGS is = 1 one over the entire frequency range. Pole and

zero of the modified CGS cancel each other for Cst→ 0. As a result the MSG of the CSS and the
modified CC are equal.

Further information about the derivation of the MSG of the CSS, the CGS and the CC can be found in
Appendix A.2, Appendix B.2 and Appendix C.2 respectively.

5.1.3 Transition Frequency and Maximum Oscillation Frequency

The two important figure of merits ft and fmax are usually quoted by foundries to compare their processes
with other foundries processes and to show their superior high frequency device performance. These
figure of merits which are normally related to compare different processes can also be used to oppose
the CSS with the CC. In 1975 [139] Asai et al. have already shown that dual-gate devices (similar to CC
devices) are better in the lower frequency range and that single-gate devices are more attractive at higher
frequencies. Chen et al. in 1999 [140] and Green et al. in 2000 [141] approximated the H21 and, as a
result, ft of the CC by

H21,CC ≈
1

j f
fc,CSS

(
1+ j f

fc,CGS

) (5.1.5)

to show the degradation of the transition frequency. The fc,CSS and fc,CGS refer to the cut-off frequencies
of the H21 of the CSS and the CGS. Based on eq. (5.1.5), the lower ft is only caused by the fc,CGS.
Among other things, a second degradation effect which cannot be neglected nowadays in modern CC
designs is determined in the following.

5.1.3.1 Transition Frequency

Due to the fact that the ft and H21 are linked together by eq. (2.2.14), it makes sense to examine the
difference between H21 of the CSS and the CC because the comparison can be done in an easier way.
H21 of the CC can be calculated by eq. (2.1.4). Table 5.1.6 compares the general valid H21 of the CSS
and the CC.

Table 5.1.6: H21 of the CSS and the CC [98].

Common-Source Stage Cascode
Y 21,CSS
Y 11,CSS

Y 21,CSS
Y 11,CSS

·
(

−H21,CGS
1+H22,CSSH11,CGS

)
Comparing H21 of both topologies in Table 5.1.6, the following properties can be determined:

• The H21,CC is the multiplication of the H21,CSS and H21,CGS divided by the mismatch

1+H11,CGSH22,CSS (5.1.6)

of the CSS and the CGS.
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• The
∣∣H21,CC

∣∣ < ∣∣H21,CSS
∣∣ because

∣∣H21,CGS
∣∣ ≤ 1 and the magnitude of the mismatch eq. (5.1.6) is

always larger one. As a result ft,CC < ft,CSS.

The reason of the smaller H21,CC can be split into two degradation effects:

• Degradation of the H21,CGS.
• Matching between the CSS and the CGS expressed by eq. (5.1.6).

Applying the simplified SSM of the CSS, the classical CGS and the modified CGS, shown in Fig. 4.2.1,
Fig. 4.2.2 and Fig. 4.2.3 respectively, Table 5.1.7 shows the degradation of the classical CC and the
modified CC compared to the CSS.

Table 5.1.7: Degradation effects of the H21 of the classical CC and the modified CC (Cst→ 0) compared
to the CSS using the simplified SSM.

Classical Cascode Modified Cascode

H21,CGS −
(

1+ j f
f01

)
(

1+ j f
f∞1

) −
(

1+ j f
f01

)
(

1+ j f
f∞1

) =−1

Zero f01
1

2π
· 1+gmrds

rdsCds

1
2π
· 1

rds2,effCds2,eff

Pole f∞1
1

2π
· 1+gmrds

rds(Cgs+Cds)
1

2π
· 1

rds2,effCds2,eff

1
1+H22,CSSH11,CGS

1+gmrds

2+gm

(
1+

Cgd
Cgs+Cgd

)
rds

(
1+ j f

f02

)
(

1+ j f
f∞2

) 1

1+
(

1
rds1

+gm1

[
Cgd1

Cgs1+Cgd1

])
rds2,eff

(
1+ j f

f02

)
(

1+ j f
f∞2

)
Zero f02

1
2π
· 1+gmrds

rds(Cgs+Cds)
1

2π
· 1

rds2,effCds2,eff

Pole f∞2
1

2π
·

2+gm

(
1+

Cgd
Cgs+Cgd

)
Cgs+2·Cds+Cgd

(
1−

Cgd
Cgs+Cgd

) 1
2π
·

1

(rds1‖rds2,eff)
+gm1

(
Cgd1

Cgs1+Cgd1

)
(

Cds2,eff+Cds1+Cgd1

[
1−

Cgd1
Cgs1+Cgd1

])

Examining the degradation effects of H21 of the classical CC and the modified CC, shown in Table 5.1.7,
the following properties can be determined:

• Properties of the classical CC:
– The mismatch between the CSS and the CGS is very high and as a result the magnitude of the

mismatch eq. (5.1.6) is very low which can be expressed by

1+
(

gmrds

1+gmrds

)(
Cgd

Cgs +Cgd

)
+

1
1+gmrds

≈ 1 (5.1.7)

at low frequencies.
– The cut-off frequency f∞2 shown in Table 5.1.7 which can be approximated by

f∞2 =
1

2π
· gm

Cgs +2 ·Cds +Cgd
(5.1.8)

defines the frequency where the mismatch starts to decrease —magnitude of the mismatch eq. (5.1.6)
increases—.

– The mismatch eq. (5.1.6) stops to degrade at cut-off frequency f02 shown in Table 5.1.7 expressed
by

f02 =
1

2π
· 1+gmrds

rds
(
Cgs +Cds

) . (5.1.9)

Although the cut-off frequency f∞1 of the H21,CGS is equal to the cut-off frequency f02, shown in
Table 5.1.7, H21,CC degrades further.
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The degradation effect of H21 of the classical CC is dominated at medium frequencies ( f∞2– f02) by
the mismatch between the CSS and the classical CGS. At higher frequencies ( f02 = f∞1 < f < f01)
H21 of the classical CC is further degraded by the degradation of H21,CGS. As a result both degradation
effects lead to a lower ft,CC compared to ft,CSS. In Fig. 5.1.1 the degradation of ft of the classical CC
is plotted varying Cgd and Cds. The overall degradation of ft of the classical CC is at least > 20%.

• Properties of the modified CC:
– Mismatch between the CSS and the modified CGS decreases with decreasing Cst. As a result

magnitude of mismatch eq. (5.1.6) increases which can be expressed by

1+
(

1
rds1

+gm1

[
Cgd1

Cgs1 +Cgd1

])(
rds2

1+gm2rds2

)
≈ 1–2 (5.1.10)

at low frequencies. Therefore, the H21,CC suffers due to improved match between the CSS and the
modified CGS.

– The cut-off frequency f02 shown in Table 5.1.7 is slightly shifted to lower frequencies depending
on the process parameters (assuming that the in-eq. 5.1.4 is valid).

– The cut-off frequency f01 and f∞1 of H21 of the modified CGS shown in Table 5.1.7 decreases with
decreasing Cst and cancel each other for Cst→ 0.

Mismatch between the CSS and the modified CGS is the dominated degradation effect of H21 of
the modified CC from DC up to the cut-off frequency f02. The degradation effect increases with
decreasing Cst. Due to the fact that the cut-off frequency f01 and f∞1 of H21 of the modified CGS
decrease and nearing each other with decreasing Cst, H21 of the modified CC at higher frequencies
( f02 = f∞1 < f < f01) is the minor part of the overall degradation effect of H21 of the modified CC.

Therefore, both degradation effects are still responsible, except Cst → 0, for the degradation of H21 of
the modified CC and as a result of the lower ft,CC compared to the ft,CSS. The degradation effect of H21
of the classical CC is dominated at medium frequencies ( f∞2– f02) by the mismatch between the CSS and
the classical CGS. At higher frequencies ( f > f02 = f∞1) H21 of the classical CC is further degraded by
the degradation of H21 of the classical CGS. As a result both degradation effects lead to a lower ft,CC
compared to the ft,CSS. Assuming Cgd = Cds = 0 the degradation of ft of the modified CC is plotted in
Fig. 5.1.2 varying Cst and Rst. Due to the fact that the assumption Cgd =Cds = 0 is not fulfilled, in reality
as a first approximation both degradations Fig. 5.1.1 and Fig. 5.1.2 can be multiplied to maintain the
overall degradation of the modified CC.
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Figure 5.1.1: Degradation of the ft of the classical
CC.
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Figure 5.1.2: Degradation of the ft of the modified
CC.

Fig. 5.1.3 shows the simulated and measured H21 of the CSS and the CC using the 250nm AlGaN/GaN
technology at the Fraunhofer Institute for Applied Solid-State Physics (Fraunhofer IAF). The gate pe-
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riphery (GP) —total size of the HEMT— of the CSS is 1mm, which is the number of gate finger (NGF)
times the unit gate-width (UGW ). The CSS and the CGS of the CC have the same GP, which is equal to
the single CSS. Cst and Rst of the CGS are chosen to 22Ω and 2.4pF respectively.
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Figure 5.1.3: Measured (solid lines) and simulated (dashed lines) |H21| of the CSS (blue) and the modi-
fied CC (red) at VDS = 20V and IDSQ = 100mA.

As shown in Fig. 5.1.3 the H21,CC is lower than the H21,CSS over the complete frequency range. In the
range of 1–10GHz, H21,CC is ≈ 86% of the H21,CSS. Due to the fact that the degradation is constant in
this frequency range, this effect can be traced back to the mismatch between the CSS and the CGS. At
higher frequencies the degradation of H21,CC increases due to the decreasing of H21,CGS. Based on the
curve progression of H21,CC, ft of each circuit topology results to

ft,CSS ≈ 30GHz (5.1.11)

ft,CC ≈ 17GHz . (5.1.12)

Therefore, the ft of the CC is only ≈ 57% of the CSS.

Further information about the derivation of H21,CSS and H21,CC can be found in Appendix A.3 and Ap-
pendix C.3 respectively.

5.1.3.2 Maximum Oscillation Frequency

In most RF applications the fmax is more important than the ft as stated in [142]. Like the H21 and ft are
linked together, the U and fmax are also linked together given by eq. (2.2.13). The U can be calculated
by eq. (2.2.11). Table 5.1.8 compares the general valid U of the CSS and the CC under two assumptions:

• Neglecting of Y 12 of the CSS: Y 12,CSS = 0
• Neglecting of the mismatch between the CSS and the CGS:

∣∣Y 22,CSSH11,CGS
∣∣� 1

Table 5.1.8: Approximated U of the CSS and the CC.

Common-Source Stage Cascode

|Y 21,CSS|2
4·(ℜ{Y 11,CSS}ℜ{Y 22,CSS})

|Y 21,CSSH21,CGS|2
4·(ℜ{Y 11,CSS}ℜ{H22,CGS−Y 22,CSSH12,CGSH21,CGS})

Comparing the approximated U of the CSS and the CC shown in Table 5.1.6, the ratio of U between the
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CSS and the CC can be calculated to

ratioU =
UCC

UCSS
(5.1.13)

=
∣∣H21,CGS

∣∣2 · ℜ
{

Y 22,CSS
}

ℜ
{

H22,CGS
}
−ℜ

{
Y 22,CSSH12,CGSH21,CGS

} . (5.1.14)

Examining the eq. (5.1.14), two terms can be identified which show the improvement and degradation of
U of the CC compared to the CSS:

• First term is the H21,CGS. Due to the fact that the H21 decreases at higher frequencies eq. (5.1.14)
decreases also and as a result the U of the CC.

• Second term is the ratio of the ℜ{Y 22} of the CSS and the CC. Due to the fact that the ℜ{Y 22} of the
CC is much smaller compared to the CSS which was already shown in Sec. 5.1.1 the U of the CC is
much larger compared to the CSS.

Using the simplified SSM of the classical CC and the modified CC, shown in Fig. 4.2.4 and Fig. 4.2.5
respectively, the identified terms in eq. (5.1.14) can be further investigated with respect to the intrinsic
small-signal elements of the CC, shown in Table 5.1.9.

Table 5.1.9: H21,CGS and real part of Y 22 ≈ x1 + x2 of the classical and modified CC (Cst→ 0).

Classical Cascode Modified Cascode

∣∣H21,CGS
∣∣2 ∣∣∣∣∣

(
1+ j f

f0

)
(1+ j f

f∞ )

∣∣∣∣∣
2

1

x1 = ℜ
{

H22,CGS
}

ω2Cgsrds
(Cgs−Cdsgmrds)
(1+gmrds)

2
1

|1+ j f
f∞ |

2 0

x2 =−ℜ
{

Y 22,CSSH12,CGSH21,CGS
} gds

1+gmrds

1

|1+ j f
f∞ |

4

(
1+ c0ω2 + c1ω4

) 1
rds1

Zero f0
1

2π
· 1+gmrds

rdsCds

1
2π
· 1

rds2,effCds2,eff

Pole f∞
1

2π
· 1+gmrds

rds(Cgs+Cds)
1

2π
· 1

rds2,effCds2,eff

Comparing the H21 of the classical and modified CGS and approximated ℜ{Y 22} of the classical and
modified CC in Table 5.1.9, the following properties can be determined:

• Properties of the classical CC:
– The eq. (5.1.14) degrades by 20dB per decade above the cut-off frequency f∞ which can be ap-

proximated by

f∞ =
1

2π
· gm

Cgs +Cds
(5.1.15)

for gmrds� 1 due to the decreasing H21 of the CGS.
– The ℜ{Y 22} of the CC can be split into two parts:
∗ The real part of the transfered Y 22 of the CSS to the output of the CGS can be approximated by

−ℜ
{

Y 22,CSSH12,CGSH21,CGS
}
=

gds

1+gmrds

1∣∣∣1+ j f
f∞

∣∣∣4 (5.1.16)

neglecting higher frequency terms.
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∗ The ℜ{H22} of the CGS can be expressed by

ℜ
{

H22,CGS
}
= ω

2Cgsrds

(
Cgs−Cdsgmrds

)
(1+gmrds)

2
1∣∣∣1+ j f

f∞

∣∣∣2 .
If the in-eq. 5.1.4 is valid, the ℜ

{
H22,CGS

}
< 1.

Considering only the real part of the transfered Y 22 of the CSS to the output of the CGS it can be
already seen that the ℜ{Y 22} of the classical CC is much lower (by a factor of ≈ gmrds) compared to
the CSS and even decreases above the cut-off frequency f∞ which compensates the degradation of the
H21 of the CGS. Due to the fact that the ℜ

{
H22,CGS

}
< 1 —valid using the GaN-HEMT technology—

and increases with frequency, the ℜ{Y 22} of the classical CC decreases further. As a result the U of
the classical CC is much larger (by a factor of ≈ gmrds) compared to the CSS. This improvement of
the U of the classical CC leads to a higher fmax in contrast to the CSS.

• Properties of the modified CC:
– The cut-off frequency f0 and f∞ of the H21 of the modified CGS shown in Table 5.1.9 decreases

with decreasing Cst and cancel each other for Cst→ 0. As a result the degradation of the U of the
modified CC due to the H21 of the modified CGS disappears for Cst→ 0.

– The ℜ{Y 22} of the modified CC can be split into two parts:
∗ The real part of the transfered Y 22 of the CSS to the output of the modified CGS increases with

decreasing Cst and results to

−ℜ
{

Y 22,CSSH12,CGSH21,CGS
}
=

1
rds1

(5.1.17)

for Cst→ 0.
∗ The ℜ{H22} of the CGS tends to zero for Cst→ 0.

As a result the improvement of the U of the modified CC compared to the CSS decreases significantly
by decreasing Cst. Therefore, the fmax of the modified CC decreases also.

Fig. 5.1.4 shows the measured MSG, the measured MAG and the simulated and measured U of the CSS
and the CC using the 250nm AlGaN/GaN technology at the Fraunhofer IAF. The GP of the CSS is 1mm.
The CSS and the CGS of the CC have the same GP, which is equal to the single CSS. Cst and Rst of the
CGS are chosen to 22Ω and 2.4pF respectively.
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(a) Measured MAG (solid lines) and MSG (dashed
lines) of the CSS (blue) and the CC (red) [98].
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(b) Measured (solid lines) and simulated (dashed
lines) U of the CSS (blue) and the CC (red).

Figure 5.1.4: MSG, MAG and U of the CSS and the CC at VDS = 20V and IDSQ = 100mA.

Fig. 5.1.4a shows the larger MSG and MAG of the CC compared to the CSS up to a frequency of ≈
17GHz. At higher frequencies the MAG of the CC decreases significantly and becomes even lower
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than the MAG of the CSS. As a result the fmax,CSS is higher compared to the fmax,CC. This behavior is
mainly caused by the additional series resistor with resistance Rst which was neglected in the previous
theory. Nevertheless, the general frequency characteristic of the MAG matches with the simulation results
presented in [13], which compares the CC and the CS cell.

Moreover, the series resistor with resistance Rst leads to a negative U of the CC, shown in Fig. 5.1.4b.
The passive behavior of the active device, due to the unilateralization of the active device, exists up to a
frequency of ≈ 13GHz. At higher frequencies the U of the CC decreases by 40dB per decade. Based on
measured curves of the U , shown in Fig. 5.1.4b, the fmax of each topology results to

fmax,CSS ≈ 48GHz (5.1.18)

fmax,CC ≈ 23GHz . (5.1.19)

fmax of the CC is only ≈ 48% of the CSS. This behavior is mainly caused by Rst and Cst. However, the
CC can be re-designed for very high frequencies using a certain value of Rst and Cst to achieve a higher
fmax than the CSS.

Further information about the derivation of the U of the CC can be found in Appendix C.4. Moreover,
additional information about the H22 of the CGS considering a stabilization capacitor with Cst and a
stabilization resistor with Rst can be found in Appendix B.3.

5.1.4 Noise

Besides the small-signal gain and the maximum operating frequency of an active device, the noise per-
formance is another very important key-parameter in PAs. In [13, 143], the noise performance of the
CSS and the CC are compared. The following information are obtained from [143] and are summarized
in this subsection. Fig. 5.1.5 shows the noise model of the CSS, based on Van der Ziel’s noise model for
FETs presented in [31].
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Figure 5.1.5: CSS with noise sources [31, 143].

The noise model in Fig. 5.1.5 comprises the following two correlated noise currents:

• In,d represents the thermal channel noise of the conducting channel of the FET.
• In,g represents the induced gate noise, which is caused by the capacitive coupling between the channel

noise and the gate of the FET.

Using the noise representation shown in Fig. 2.4.3c, the equivalent input noise sources with In and V n of
the CSS can be calculated to [143]

In,CSS =
Y 11,CSS

Y 21,CSS
In,d− In,g (5.1.20)

V n,CSS =
1

Y 21,CSS
In,d . (5.1.21)

The correlation factor γ can be calculated by using the eq. (2.4.10).

Fig. 5.1.6 shows the CC with four noise sources, since the CC consists of two stages, the CSS and the
CGS. The two noise sources of each stage (CSS, CGS) are correlated with each other due to the fact that
they have the same noise origin.
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(a) CC with four noise current sources.
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(b) CC with recalculated noise sources.

Figure 5.1.6: CC with noise sources [98].

The four noise sources of the CC shown in Fig. 5.1.6a can be recalculated into two noise sources, one at
the input and one at the output of the CC shown in Fig. 5.1.6b. The equivalent noise sources with In1,CC
and In2,CC can be determined to

In1,CC = In,g1 +
Y 12,CSSH11,CGS

1+Y 22,CSSH11,CGS

(
−In,d1 + In,g2 + In,d2

)
(5.1.22)

In2,CC = In,d2 +
H21,CGS

1+Y 22,CSSH11,CGS

(
−In,d1 + In,g2 + In,d2

)
. (5.1.23)

Inserting eq. (5.1.22) and eq. (5.1.23) into eq. (5.1.20) and eq. (5.1.21), the equivalent input noise sources
with In and V n of the CC, using the noise representation shown in Fig. 2.4.3c, can be calculated to [143]

In,CC = In,CSS−
Y 11,CSS

Y 21,CSS

(
In,g2 +

[
1+

1+H22,CSSH11,CGS

H21,CGS

]
In,d2

)
(5.1.24)

V n,CC =V n,CSS−
1

Y 21,CSS

(
In,g2 +

[
1+

1+Y 22,CSSH11,CGS

H21,CGS

]
In,d2

)
. (5.1.25)

The degradation of the noise parameters of the CC can be seen by comparing the recalculated input noise
parameters of the CSS, eq. (5.1.20) and eq. (5.1.21), and the CC, eq. (5.1.24) and eq. (5.1.25), with each
other. The

∣∣In,CC
∣∣ and

∣∣V n,CC

∣∣ is always higher than the
∣∣In,CSS

∣∣ and
∣∣V n,CSS

∣∣, respectively due to the
additional noise current sources of the CGS. The influence of the CGS on the recalculated input noise
parameters is summarized in the following:

• Ideal CGS (H11,CGS→ 0, H21,CGS→−1):

– The thermal channel noise of the CGS represented by In,d2 has no effect on the noise parameters.
– The induced gate noise of the CGS represented by In,g2 dominates compared to In,d2 and increases at

higher frequencies. As a result the noise parameters of the CC become worse at higher frequencies
compared to the CSS.

• Non-ideal CGS (H11,CGS > 0, H21,CGS >−1):

– Noise parameters of the CC and the CSS are equal in case of a noiseless CGS.
– If the CGS becomes non-ideal, the In,d of the CGS gets more dominant.
– The noise of the CGS are reduced by the correlation between In,g1 and In,g2 depending on H11,CGS

and H21,CGS.
– Usage of a stabilization capacitor with Cst in case of a modified CGS worsens the noise parameters,

since the CGS becomes even more non-ideal (higher H11,CGS).

Further information regarding the recalculated noise sources can be found in Appendix C.5 including a
stabilization capacitor with Cst.
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5.2 Large-Signal Parameters

5.2.1 Maximum Output Power

Like the MSG, ft, fmax are key parameters to describe the small-signal performance of an active device,
the Pout,max is an important large-signal figure of merit to emphasize the large-signal performance of
an active device. In [10, 12, 144, 145, Table 5] the CC topology shows a superior behavior regarding
the Pout,max in contrast to the CS topology. As already mentioned in Sec. 4.3.1 the Pout,max depends on
different factors. Table 5.2.1 opposes the parameters which have an influence on the Pout,max of the CSS
and the CC.

Table 5.2.1: Parameters which have an influence on the Pout,max of the CSS and the CC.

Common-Source Stage Cascode

Quiescent Point Q(VDS, IDS) Q1 (VDS1, IDS), Q2 (VDS2, IDS)

V̂ds,max
Breakdown Voltage VBR VBR1 +VBR2

Knee Voltage VKNEE VKNEE1 +VKNEE2

Îds,max Maximum DC Current IGS IGS IGS1, IGS2

Maximum Tj Tj,max Tj,max1, Tj,max2

Load Impedance Zload Zload1, Zload2

Comparing the parameters shown in Table 5.2.1 of the CSS and the CC, the following properties can be
determined:

• Quiescent point of the single CSS and the CC can be chosen equal. As a result the maximum PAE of
both topologies does not differ from each other.

• V̂ds,max of the CC which depends on the VBR and the VKNEE of each stage is much higher compared to
the CSS due to the fact that the VBR,CC = 2 ·VBR,CSS.

• Îds,max of both topologies are equal because the same Ids of the CSS flows through the CGS of the CC.
• Tj,max of the CSS and the CC are defined by the process and are equal to each other. However,

to achieve the same Tj and as a result the same MT T F of each single active device, the backside
temperature of the CC has to be sightly smaller due to the thermal coupling between the CSS and
the CGS (especially in dual-gate FETs). Another possibility is to reduce the power density of the CC
which results in a reduced Pout.

• The Zload,opt of both topologies are very different since the overall Zload of the CC is a combination of
the Zload of the CSS and the Zload of the CGS. In case of the classical CC the Zload of the CSS is very
low and as a result the maximum allowed Vds is not used which leads to a lower output power. The
modified CC increases the Zload with decreasing Cst which improves the power transfer from the CSS
to the CGS.

As a result, the CC can achieve a higher Pout in contrast to the CSS especially using the modified CC.
Further advantages of the CC due to the higher VBR and higher Pout can be found in Sec. 5.3

5.2.2 Power Compression

Power compression is a fundamental characteristic of PAs. As mentioned in the previous Sec. 4.3.2 the
intrinsic large-signal elements Gm (VGS,VGD), Cgs (VGS,VGD) and Cgd (VGS,VGD) reflect the compression
of an amplifier in a first approximation using the simplified LSM shown in Fig. 4.3.5. The compression
also depends on the Zload at the output of an amplifier. Matching networks to achieve the Pout,max differs
from networks to achieve maximum bandwidth and gain. It is a trade-off between maximum bandwidth
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and power match. In optimized small-signal matched designs it is not possible to achieve simultaneously
a power match over the complete frequency range which can be traced back to the theory stated in [18–
25]. Improving the small-signal RF-performance of multi-decade broadband PAs —i.e. traveling-wave
amplifiers (TWAs) or FBAs— by using CCs to increase the bandwidth, the compression point usually
decreases over frequency and deteriorates significantly near the band edge. This large-signal behavior in
multi-decade PAs using the CC topology can be detected in several different papers in literature ([11, 13,
15, 16, 143, 144, 146, 147] using the GaN technology), as well as in commercial products ([148–150]
using the GaAs technology), illustrated in Fig. 5.2.1.
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Figure 5.2.1: Power compression versus frequency of multi-decade GaN PAs in CC topology [11, 13, 15,
16, 143, 144, 146–151]. (a) Publications. (b) Commercial products.

Compared to the CC topology the P1dB characteristic of the CS amplifier is usually very flat over the
complete bandwidth. In this subsection the main origin of the power degradation of CCs in broadband
PAs is explained and illustrated based on the simulation results of a broadband FBA in CS and CC
topology.

5.2.2.1 Compression of the Common-Source Stage

Considering a Gm compression of the CSS and the CGS (neglecting the non-linearity of the capacitors
with Cgs and Cgd), Fig. 5.2.2 shows the V̂gs at the input of the CSS of the CS-FBA and the CC-FBA.
Fig. 5.2.3 shows the gain of the CC topology for different Gm compression values of the CSS. Both
topologies (CS-FBA, CC-FBA) have similar input voltage swings at the CSS (Fig. 5.2.2), which are al-
most constant over frequency. In conjunction with having equal CS devices with the same bias conditions
in both designs, the Gm compression of the CSS is similar and independent of frequency. Lowering the
Gm compression of the CSS by reducing the non-linearity of the Gm curve, the gain (Fig. 5.2.3) and, as
a result, P1dB increases. The gain improvement is almost constant over the complete frequency range.
Therefore P1dB is also constant.
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Figure 5.2.2: V̂gs,CSS of the CS-FBA and CC-FBA
[98].
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Figure 5.2.3: |S21| of the CC-FBA for different Gm
compressions of the CSS [98].

5.2.2.2 Compression of the Common-Gate Stage

Fig. 5.2.4 shows the V̂gs of the CGS, which is almost constant over the complete bandwidth. This fact
leads to the conclusion that the Gm compression of the CGS is also independent of frequency. Fig. 5.2.5
shows the gain of the CC topology for different Gm compression values of the CGS. Lowering the Gm
compression of the CGS by reducing the non-linearity of the Gm curve, the gain and as a result the P1dB
increases slightly at low frequencies but significantly at higher frequencies.
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Figure 5.2.4: V̂gs,CGS of the CC-FBA [98].
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Figure 5.2.5: |S21| of the CC-FBA for different Gm
compressions of the CGS [98].

Therefore, besides the load mismatch of the CSS, the compression of the CGS is one of the main reasons
for the decreasing P1dB at high frequencies in optimized small-signal matched CC designs. Of course
the exact behavior of the compression depends on the exact compression and the design itself. However,
achieving a large bandwidth and simultaneously small-signal matching, the P1dB of the CC topology
typically degrades at higher frequencies. If the Gm compression can be reduced by reducing the non-
linearity of the Gm curve of the CGS of the CC topology, the P1dB will improve at higher frequencies.
A new concept which deals with this problem is presented in Ch. 6.
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5.3 Summary

In Sec. 5.1 and Sec. 5.2 certain small- and large-signal parameters and their behavior of the CSS and the
CC were opposed and are summarized in the following:

• Small-signal parameters: Y-parameters, MSG, H21 (linked to ft), U (linked to fmax) and In, V n
• Large-signal parameters: Pout,max and power compression

Key findings:
Fig. 5.3 illustrates the advantages and disadvantages of the CC topology compared to the CSS on the
device level and the system level.
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Figure 5.3.1: Advantages and disadvantages of the CC [13, 98].

Key advantages of the CC compared to the CSS:

• Small-signal gain and/or the overall bandwidth, i.e. of an broadband PA, can be significantly increased
using the CC topology in contrast to the CSS. It is always a trade-off between bandwidth and gain
improvement.

• Due to the higher VBR the CC topology will offer a higher Pout compared to the CSS. As a result of
the higher Pout the linearity improves as well due to the higher back-off. Therefore certain figure of
merits increase like HD2, HD3, P1dB and so on. Since the OIP3 and the P1dB are linked together,
expressed by eq. (2.3.10), the inter-modulation behavior improves also.

Key disadvantages of the CC compared to the CSS:

• Due to the fact that the conditional stability region of the MSG of the CCs is wider, the stability is
more critical compared to the CSS.

• Although the Pout increases due to the higher allowed supply voltage, the PAE suffers a little bit since
the Pout does not increase by the maximum theoretically possible factor.

• Furthermore, the reason of power degradation of CCs in broadband PAs at higher frequencies were
discussed in-depth, which has its origin in the CGS of the CC cell.

• On the device level, the equivalent input noise expressed by In and V n of the CC are worse. However,
on the system level the noise performance of a broadband PA using CCs can be improved:
– If the noise of the PA is dominated by the feedback resistance, the noise performance of the CC

topology at the same gain is better compared to the CS topology.
– If the internal noise is the dominant part of the noise of the PA, the noise performance of the CS

topology is better compared to the CC topology.
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In this chapter a new concept is presented which can be used in CC designs, i.e. broadband PAs using
a CC. This new concept is based on [26, 27] and has a similar structure to [28, 29]. However the
functionality of the proposed concept is completely different. Three possibilities are introduced and
explained in detail how this new concept can be used in broadband PAs. First the general principle of the
new technique is explained. Afterwards advantage and disadvantage of the new concept are discussed
depending on the realization of the new concept. At the end of this chapter a short summary is given to
point out the advantages and disadvantages of the new concept to give some key findings.

6.1 General Principle

Using CCs in broadband PAs, an additional stabilization capacitor with Cst and stabilization resistor with
Rst are added in the gate path of the CGS of the CC [138]. The additional stabilization capacitor with
Cst acts as a frequency independent voltage divider. As a result the effective g

m
is reduced, which can be

expressed at low frequencies by eq. (4.2.12):

g
m,eff

= gm ·
(

Cst

Cst +Cgs +Cgd

)
. (6.1.1)

Due to the fact that the effective Cgs, Cgd and Cds is also changed, which can be seen in eq. (4.2.9)–
eq. (4.2.11), the electrical behavior of the CGS is very different to the classical CGS. Therefore, the
stabilization capacitor with Cst can be used to change the electrical performance of the CGS in a certain
manner to achieve a required electrical behavior. However, if the Cst is chosen, the value is fixed in the
modified CC and as a result the electrical behavior.

The new concept replaces the CSC with Cst, shown in Fig. 6.1.1a, by a VASC with Cst,var, shown in
Fig. 6.1.1b. This new technique allows to change the electrical behavior of the CGS by changing the
absolute value as well as the electrical characteristic (capacitive voltage-dependency) of the Cst,var, i.e.
by an external voltage.
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Figure 6.1.1: Modified CC with (a) a CSC and (b) a VASC [98].

The Cst,var has influence on small-signal performance of the CGS and therefore of the CC. The large-
signal operation of the CC depends on the absolute value and on the electrical characteristic of the Cst,var
of the VASC. Therefore this technique allows to improve and modify three fundamental key-parameters
of broadband PAs using a CC:

51
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• Controlling the S21 at higher frequencies.
• Improving the compression behavior (P1dB).
• Improving the linearity (HD2, HD3, OIP3).

The improvement depends on capacitive voltage-dependency of the Cst,var of the VASC. The following
section shows different possibilities to realize a VASC with different voltage-dependencies to point out
the advantages and disadvantages.

6.2 Implementation

The VASC can be realized i.e. by a varactor diode. In case that a varactor diode is not available in every
process a transistor can also be used as a varactor diode to realize a VASC (i.e. in [152] a HEMT is used
as an anti-series varactor diode which achieves a tuning ratio of 4.7 and a maximum quality factor of
130). In general the following advantages and disadvantages can be obtained using a varactor diode or a
transistor as a VASC:

• Advantage:
– simple circuit design
– gain and stability can be controlled at high frequencies
– automatic gain control is possible
– no change of class operation of the broadband PA

• Disadvantage:
– additional harmonics are generated due to nonlinear capacitance Cst,var
– higher gain reduces stability
– additional noise due to the active device
– additional bias is needed
– a DC blocking capacitor is needed on-chip (size of cap can be relatively large, depending on the

lower cut-off frequency)

Fig. 6.2.1b shows the gate to source and drain capacitance Cgs‖gd (sum of the parallel capacitances Cgs
and Cgd) of a certain transistor, depending on the applied DC voltage. Since the value of the capacitance
can be adjusted by the DC voltage, the transistor behaves like a varactor diode, shown in Fig. 6.2.1a. The
large-signal behavior regarding the harmonics differs for different DC quiescent points.
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(b) Voltage dependency of Cgs‖gd.

Figure 6.2.1: Single transistor as VASC.

To achieve a certain voltage dependency of the Cst,var and to keep the circuit complexity simple, two
varactor diodes (realized by two transistors) can be interconnected in different ways with each other.
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There are several possibilities to arrange one or two varactor diodes to achieve a certain behavior of
the VASC with Cst,var. In Fig. 6.2.2–Fig. 6.2.9 the principle arrangements and the corresponding circuit
realization (schematic and layout) of the VASC are shown. It can be seen in case of two diodes the
realization of the VASC gets a little bit more complicated to bias the two diodes independently of each
other.
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Figure 6.2.2: (a) Principle arrangement and the corresponding circuit realization, (b) schematic and
(c) layout of one varactor diode (direction: down) as VASC.
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Figure 6.2.3: (a) Principle arrangement and the corresponding circuit realization, (b) schematic and
(c) layout of one varactor diode (direction: up) as VASC.
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Figure 6.2.4: (a) Principle arrangement and the corresponding circuit realization, (b) schematic and
(c) layout of two varactor diodes in parallel (direction: up&down) as VASC.
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Figure 6.2.5: (a) Principle arrangement and the corresponding circuit realization, (b) schematic and
(c) layout of two varactor diodes in parallel (direction: down&down) as VASC.
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Figure 6.2.6: (a) Principle arrangement and the corresponding circuit realization, (b) schematic and
(c) layout of two varactor diodes in parallel (direction: up&up) as VASC.
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Figure 6.2.7: (a) Principle arrangement and the corresponding circuit realization, (b) schematic and
(c) layout of two varactor diodes in series (direction: up&down) as VASC.
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Figure 6.2.8: (a) Principle arrangement and the corresponding circuit realization, (b) schematic and
(c) layout of two varactor diodes in series (direction: down&down) as VASC.
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Figure 6.2.9: (a) Principle arrangement and the corresponding circuit realization, (b) schematic and
(c) layout of two varactor diodes in series (direction: up&up) as VASC.

The voltage dependency of the Cst,var is fixed for the single diode, shown in Fig. 6.2.10 and Fig. 6.2.11.
However for the two diodes the voltage dependency can be adjusted by the applied DC voltage. Fig. 6.2.12,
Fig. 6.2.14 and Fig. 6.2.16 show different voltage dependencies for different DC quiescent points for
two diodes in parallel. The second and third derivative of Cst,var for two diodes in parallel are shown
in Fig. 6.2.13, Fig. 6.2.15 and Fig. 6.2.17. The voltage dependencies for different DC quiescent points
for two diodes in series are illustrated in Fig. 6.2.18, Fig. 6.2.20 and Fig. 6.2.22. The second and third
derivative of Cst,var for two series diodes are shown in Fig. 6.2.19, Fig. 6.2.21 and Fig. 6.2.23.
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Figure 6.2.10: (a) Principle arrangement, (b) the corresponding voltage dependency and (c) the corre-
sponding first and second derivative of one varactor diode (direction: down) as VASC.
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Figure 6.2.11: (a) Principle arrangement, (b) the corresponding voltage dependency and (c) the corre-
sponding first and second derivative of one varactor diode (direction: up) as VASC.
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Figure 6.2.12: (a) Principle arrangement, (b) certain quiescent points and (c) the corresponding voltage
dependency of two varactor diodes in parallel (direction: up&down) as VASC.
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Figure 6.2.13: (a) Certain quiescent points and the corresponding (b) first derivative and (c) second
derivative of two varactor diodes in parallel (direction: up&down) as VASC.
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Figure 6.2.14: (a) Principle arrangement, (b) certain quiescent points and (c) the corresponding voltage
dependency of two varactor diodes in parallel (direction: down&down) as VASC.
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Figure 6.2.15: (a) Certain quiescent points and the corresponding (b) first derivative and (c) second
derivative of two varactor diodes in parallel (direction: down&down) as VASC.
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Figure 6.2.16: (a) Principle arrangement, (b) certain quiescent points and (c) the corresponding voltage
dependency of two varactor diodes in parallel (direction: up&up) as VASC.
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Figure 6.2.17: (a) Certain quiescent points and the corresponding (b) first derivative and (c) second
derivative of two varactor diodes in parallel (direction: up&up) as VASC.
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Figure 6.2.18: (a) Principle arrangement, (b) certain quiescent points and (c) the corresponding voltage
dependency of two varactor diodes in series (direction: up&down) as VASC.
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Figure 6.2.19: (a) Certain quiescent points and the corresponding (b) first derivative and (c) second
derivative of two varactor diodes in series (direction: up&down) as VASC.
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Figure 6.2.20: (a) Principle arrangement, (b) certain quiescent points and (c) the corresponding voltage
dependency of two varactor diodes in series (direction: down&down) as VASC.
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Figure 6.2.21: (a) Certain quiescent points and the corresponding (b) first derivative and (c) second
derivative of two varactor diodes in series (direction: down&down) as VASC.
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Figure 6.2.22: (a) Principle arrangement, (b) certain quiescent points and (c) the corresponding voltage
dependency of two varactor diodes in series (direction: up&up) as VASC.
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Figure 6.2.23: (a) Certain quiescent points and the corresponding (b) first derivative and (c) second
derivative of two varactor diodes in series (direction: up&up) as VASC.

The proposed structures can improve certain parameters in broadband PAs using CCs. Depending on the
application the different realizations of the VASC with Cst,var have different advantages and disadvantages
which will be discussed in the following section.

6.3 Applications

As mentioned in the previous section the new concept can improve certain key-parameters of broadband
PAs using CCs. The following section gives an overview and an idea how these parameters can be
improved by the new concept and what are the trade-offs between the different realizations of the VASC.

6.3.1 Gain Control

First application of the new concept is to use the VASC with Cst,var to control the gain S21 of broadband
PAs using CCs at higher frequencies. The concept is based on [26, 27] which show the RF behavior
of a dual-gate GaAs MESFET depending on the gate termination and DC potential of the second gate
and propose the dual-gate MESFET to be very suited as automatic gain control in amplifiers. Fig. 6.3.1
shows the MSG of a modified CC using the new concept for different Cst,var. The MSG increases for
higher Cst,var.
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Figure 6.3.1: (a) and (b) MSG vs. frequency and vs. Cst, respectively, of the modified CC.
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Fig. 6.3.2 shows the on-wafer measurement results of the |S21| of the CC-FBAs using a CSC and a
VASC. The black solid line in Fig. 6.3.2 shows the typical S21 of the CC-FBA using a CSC. Dashed lines
in Fig. 6.3.2 show the S21 of the new CC-FBA using the new concept for different applied DC voltages
at the VASC. For lower values of Cst,var the S21 will degrade at higher frequencies and for higher values
of Cst,var the S21 will increase at higher frequencies. At low frequencies the S21 is defined by the parallel
feedback resistor with resistance Rfp, therefore the VASC with Cst,var has no influence on the S21 at low
frequencies.
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Figure 6.3.2: Measured |S21| of the CC-FBAs (VDS = 20V, IDSQ = 156mA) using a CSC (solid line) and
a VASC (dashed line) for different control-voltages of the VASC.

If the S21 is increased at higher frequencies the stability will degrade in this frequency range. Therefore it
is a trade-off between stability and gain. As mentioned in the previous section, there are several different
possibilities to realize a VASC.

To achieve a large dynamic range of the S21 of the CC-FBA without changing the large-signal behavior
the VASC with Cst,var has to full-fill some key-parameters:

• The Cst,var should be able to be adjusted by an external DC-voltage in a large dynamic range.
• The voltage dependency of the Cst,var should be as small as possible for a fixed applied external DC-

voltage to avoid changes in the large-signal performance of the CC-FBA.

Using the structures, shown in Fig. 6.2.4–Fig. 6.2.9, the dynamic range depends on the chosen quiescent
point of the two varactor diodes. The dynamic range is fixed using one varactor as VASC and is defined
by the process. The only possibility to increase the dynamic range is to use switches in the circuit. More-
over, the different structures differ in the large-signal behavior. Comparing the varactor arrangements
Fig. 6.2.10a and Fig. 6.2.11a, Fig. 6.2.14a and Fig. 6.2.16a and Fig. 6.2.20a and Fig. 6.2.22a with each
other, the sign of the harmonic distortion of the second order and of the third order differs, which is
shown in Fig. 6.2.10c, Fig. 6.2.11c, Fig. 6.2.15, Fig. 6.2.17, Fig. 6.2.21 and Fig. 6.2.23. To minimize any
harmonics of the VASC with Cst,var the varactor arrangement shown in Fig. 6.2.12a should be preferred.
If the quiescent point of one diode is point-symmetrical to the quiescent point of the other diode, the
harmonics of each diode cancel each other, shown in Fig. 6.2.12c. This concept was also used in [153]
to cancel the non-linear Cgs of the CSS. A similar effect to minimize any harmonics occurs by choos-
ing certain quiescent points for the varactor arrangement shown in Fig. 6.2.18a. Table 6.3.1 shows the
advantages and disadvantages regarding the gain control of CC-FBA for different realization concepts.
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Table 6.3.1: Advantages and disadvantages of the different structures to realize a VASC to control the
gain of CCs.

Number
Complexity Flexibility Non-Linearity

Dynamic Structure
Diodes Bias Pads Range Ref.

1x 1x low low high high Fig. 6.2.2
1x 1x low low high high Fig. 6.2.3
2x 2x high high low–medium low–high Fig. 6.2.4
2x 2x high medium medium–high medium–high Fig. 6.2.5
2x 2x high medium medium–high medium–high Fig. 6.2.6
2x 2x high high low–medium low–high Fig. 6.2.7
2x 2x high medium medium–high medium–high Fig. 6.2.8
2x 2x high medium medium–high medium–high Fig. 6.2.9

6.3.2 Improved Compression

The second application of the new concept is to use the VASC with Cst,var to improve the compression
behavior (P1dB) at higher frequencies of broadband PAs using CCs. In principle the second application
is a modification of the first one. Fig. 6.3.3 shows the on-wafer measurement results of the power
compression of the CC-FBAs using a CSC and a VASC. Fig. 6.3.3a shows a typical P1dB improvement
of the new CC-FBA versus frequency. Fig. 6.3.3b shows a typical power compression characteristic
versus Pout of the CC-FBAs using a CSC and a VASC.
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Figure 6.3.3: Measured P1dB vs. frequency and normalized Gain vs. Pout ( f = 15GHz) of the CC-
FBAs (VDS = 10V, IDSQ = 104mA) using a CSC (solid line) and a VASC (dashed line) for
different control-voltages of the VASC.

There are two possibilities to use the new concept to improve the compression point:

• If the Pout increases, the external DC-voltage of the VASC is adjusted in such a way that the Cst,var
increases also. As a result the gain increases and therefore the P1dB.

• The effective Cst,var increases with an increasing voltage drop at the VASC which also leads to a gain
increase and as a result a better compression behavior.
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Both concepts do not change any small-signal behavior of the CC. Since the first possibility needs a
power detector at the output, which is a significant disadvantage, the circuit will no longer be investigated.
The second possibility needs a certain voltage dependency of the Cst,var to achieve a power compression
improvement. As mentioned in the previous section, there are several different possibilities to realize a
non-linear stabilization capacitor (NLSC) by a VASC with Cst,var. However, they can only be used in a
certain quiescent point to improve the P1dB.

Using the structure shown in Fig. 6.3.4a and biasing the VASC at a low DC-voltage, the effective Cst,var
increases for a higher positive voltage swing at the source of the CGS illustrated in Fig. 6.3.4b and
Fig. 6.3.4c. As a result the positive voltage swing at the CGS increases, shown by the source, gate and
source-gate voltage at the CGS (vs,CGS, vg,CGS vsg,CGS) in Fig. 6.3.5c, due to the capacitance frequency
independent voltage divider of the VASC with Cst,var and the gate-source capacitor with Cgs of the CGS,
which has a similar large-signal behavior as shown in Fig. 6.2.11b. If the quiescent point is at a high
DC-level, using the structure shown in Fig. 6.3.6a, the negative voltage swing at the source of the CGS
increases the effective Cst,var which is illustrated in Fig. 6.3.6b and Fig. 6.3.6c.
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Figure 6.3.4: (a) Schematic of the CGS using a VASC and the corresponding (b) voltage dependency and
(c) time voltage dependency of one varactor diode (direction: down) as VASC compared to
a CSC.
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Figure 6.3.5: Time dependency of vs, vg and vsg of the CGS using a VASC realized by one varactor diode
(direction: down) for a certain quiescent point compared to a CSC.
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Figure 6.3.6: (a) Schematic of the CGS using a VASC and the corresponding (b) voltage dependency and
(c) time voltage dependency of one varactor diode (direction: up) as VASC compared to a
CSC.
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Figure 6.3.7: Time dependency of vs, vg and vsg of the CGS using a VASC realized by one varactor diode
(direction: up) for a certain quiescent point as VASC compared to a CSC.

Using the structure shown in Fig. 6.3.8a with two certain quiescent points for each varactor diode, the
effective Cst,var increases for positive and negative voltage swing illustrated in Fig. 6.3.8b and Fig. 6.3.8c.
As a result the compression point can be significantly improved.
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Figure 6.3.8: (a) Schematic of the CGS using a VASC and the corresponding (b) voltage dependency
and (c) time voltage dependency of two varactor diodes in parallel (direction: up&down)
as VASC compared to a CSC.



6.3.2 Improved Compression 65

-1 0 1
-4

-2

0

2

4

(a) Time dependency of vs.

-1 0 1
-4

-2

0

2

4

(b) Time dependency of vg.

-1 0 1
-2

-1

0

1

2

(c) Time dependency of vsg.

Figure 6.3.9: Time dependency of vs, vg and vsg of the CGS using a VASC realized by two varactor
diodes in parallel (direction: up&down) for a certain quiescent point as VASC compared to
a CSC.

Comparing structures shown in Fig. 6.3.10a and Fig. 6.3.12a with Fig. 6.3.4a and Fig. 6.3.6a respec-
tively, structures have similar large-signal behavior. However using two varactor diodes in parallel al-
lows to adjust the non-linearity in a small range without changing the small-signal behavior, shown in
Fig. 6.2.14–Fig. 6.2.17.
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Figure 6.3.10: (a) Schematic of the CGS using a VASC and the corresponding (b) voltage depen-
dency and (c) time voltage dependency of two varactor diodes in parallel (direction:
down&down) as VASC compared to a CSC.
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Figure 6.3.11: Time dependency of vs, vg and vsg of the CGS using a VASC realized by two varactor
diodes in parallel (direction: down&down) for a certain quiescent point as VASC com-
pared to a CSC.
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Figure 6.3.12: (a) Schematic of the CGS using a VASC and the corresponding (b) voltage dependency
and (c) time voltage dependency of two varactor diodes in parallel (direction: up&up) as
VASC compared to a CSC.
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Figure 6.3.13: Time dependency of vs, vg and vsg of the CGS using a VASC realized by two varactor
diodes in parallel (direction: up&up) for a certain quiescent point as VASC compared to
a CSC.

Using two diodes in series can also improve the compression behavior depending on the quiescent
point of each diode. Comparing structures shown in Fig. 6.3.16a and Fig. 6.3.18a with Fig. 6.3.4a and
Fig. 6.3.6a respectively, structures have similar large-signal behavior. However using two varactor diodes
in series allows to adjust the non-linearity in a small range without changing the small-signal behavior,
shown in Fig. 6.2.20–Fig. 6.2.23.

Comparing structures using two diodes in series and two diodes in parallel with each other, the large-
signal behavior can be very different from each other depending on the quiescent point of the diodes.
The dynamic range of Cst,var of structure shown in Fig. 6.3.8a —using two anti-parallel diodes— is much
higher in contrast of using two anti-series diodes as shown in Fig. 6.3.14a. However, due to the fact
that the device size of two diodes in series is much higher —allowing a higher maximum gate current—
compared to two anti-parallel diodes to achieve the same Cst,var, the anti-series diodes withstand a much
higher voltage swing which leads to a robust structure.
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Figure 6.3.14: (a) Schematic of the CGS using a VASC and the corresponding (b) voltage dependency
and (c) time voltage dependency of two varactor diodes in series (direction: up&down) as
VASC compared to a CSC.
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Figure 6.3.15: Time dependency of vs, vg and vsg of the CGS using a VASC realized by two varactor
diodes in series (direction: up&down) for a certain quiescent point as VASC compared to
a CSC.
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Figure 6.3.16: (a) Schematic of the CGS using a VASC and the corresponding (b) voltage dependency
and (c) time voltage dependency of two varactor diodes in series (direction: down&down)
as VASC compared to a CSC.
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Figure 6.3.17: Time dependency of vs, vg and vsg of the CGS using a VASC realized by two varactor
diodes in series (direction: down&down) for a certain quiescent point as VASC compared
to a CSC.
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(a) Schematic of CGS with VASC.

-5 0 5
50

100

150

(b) Quiescent point of VASC and volt-
age dependency of Cst,var.

-1 0 1
50

100

150

(c) Time voltage dependency of Cst,var
and Cst.

Figure 6.3.18: (a) Schematic of the CGS using a VASC and the corresponding (b) voltage dependency
and (c) time voltage dependency of two varactor diodes in series (direction: up&up) as
VASC compared to a CSC.
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Figure 6.3.19: Time dependency of vs, vg and vsg of the CGS using a VASC realized by two varactor
diodes in series (direction: up&up) for a certain quiescent point as VASC compared to a
CSC.
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Table 6.3.2 shows the advantages and disadvantages regarding the power compression improvement of
CC-FBA using different realization concepts of the NLSC using a VASC.

Table 6.3.2: Advantages and disadvantages of the different structures to realize a NLSC by a VASC to
improve the gain compression of CCs.

Number
Complexity Flexibility Non-Linearity

Compression Structure
Diodes Bias Pads Improvement Ref.

1x 1x low low high high Fig. 6.2.2
1x 1x low low high medium–high Fig. 6.2.3
2x 2x high high low–medium medium–high Fig. 6.2.4
2x 2x high medium medium–high high Fig. 6.2.5
2x 2x high medium medium–high medium–high Fig. 6.2.6
2x 2x high medium–high low–medium medium Fig. 6.2.7
2x 2x high medium medium–high high Fig. 6.2.8
2x 2x high medium medium–high medium–high Fig. 6.2.9

Since the change of the Zload of the CSS with higher output voltage swing was neglected among other
things, the properties of the different realization concepts shown in Table 6.3.2 can change and should
be examined in detail for each circuit design.

6.3.3 Improved Linearity

To improve the linearity in PAs, there are several different techniques which can be found in literature.
In [53], a short overview about the different linearization methods —i.e. class A amplifier in back-
off, feedforward, adaptive predistortion, envelope elimination and recovery and so on— are given. The
third application of the new concept is to use the VASC with Cst,var to change the linearity behavior of
broadband PAs using CCs. The linearity of the CC can be improved by using a certain non-linearity of
the VASC to reduce the non-linearity of the CGS caused by the intrinsic non-linear large-signal elements
Cgs and Gm of the CGS, shown in Fig. 4.3.5. The non-linearity of the intrinsic Cgs and Gm of the CGS
can be approximated by

Cgs (VGS) =Cgs,0 +Cgs,1︸︷︷︸
Term1

VGS +Cgs,2︸︷︷︸
Term2

V 2
GS (6.3.1)

and

Gm (VGS) = Gm,0 +Gm,1︸︷︷︸
Term1

VGS +Gm,2︸︷︷︸
Term2

V 2
GS . (6.3.2)

Term1 and Term2 defines the amount of the second and third order respectively.

Fig. 6.3.20 shows the on-wafer measurement results of the harmonic distortion of the CC-FBAs using
a CSC and a VASC. Fig. 6.3.20a and Fig. 6.3.20b show a typical HD2 and HD3 improvement of the
CC-FBAs using a CSC and a VASC versus frequency and versus Pout respectively.
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Figure 6.3.20: Measured HD2 and HD3 of the CC-FBAs (VDS = 10V, IDSQ = 156mA) using a CSC
(solid line) and a VASC (dashed line) at VVASC =−5V. (a) HD2 and HD3 vs. frequency
at Pout = 20dBm. (b) HD2( f = 2GHz) and HD3( f = 5GHz) vs. Pout at .

There are two possibilities to reduce the non-linearity of the CGS which is caused by the non-linear Cgs
of the CGS:

1. An external capacitor with capacitance Csg,ext is connected between the source and the gate of the
CGS. If the external capacitor with Csg,ext in parallel to the intrinsic capacitor with Cgs has the reversed
non-linearity behavior compared to the Cgs, shown in Fig. 6.3.21, the overall non-linearity of the CGS
which is caused by non-linear Cgs can be significantly reduced. In case of very low parasitic intrinsic
resistance in the CGS, the non-linearity behavior of both capacitors almost cancel each other.

2. The CSC with Cst at the gate of the CGS is replaced by a VASC with Cst,var which has a certain
non-linear behavior. If the VASC with Cst,var in series with the intrinsic capacitor with Cgs has the
same non-linearity behavior compared to the Cgs, shown in Fig. 6.3.21, the overall non-linearity of
the CGS which is caused by the second and third order non-linearity of the Cgs can be significantly
reduced assuming that the input voltage swing vs does not change.

Cst

S

G

D

Csg,ext

(a) Schematic of CGS with CSC and external
capacitor with Csg,ext.

-5 0 5
50
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(b) Non-linearity of Cgs and Csg,ext.

Figure 6.3.21: (a) Schematic of CGS with CSC and external capacitor with Csg,ext and (b) the large-signal
characteristic of Cgs and Csg,ext.
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Comparing both possibilities to reduce the non-linearity of the CGS which is caused by the non-linearity
of the Cgs of the CGS, following advantages and disadvantages can be listed:

• Using the first possibility, the non-linearity behavior of Cgs and Csg,ext almost cancel each other. Disad-
vantage of this concept is the lower bandwidth due to the increased input capacitance which is caused
by the parallel capacitances Cgs and Csg,ext.

• The second possibility does not degrade the bandwidth since the CSC with Cst is replaced by a VASC
with Cst,var which has the same small-signal value as Cst. However, choosing a certain non-linearity of
Cst,var the overall non-linearity caused by Cgs can not be canceled completely. Moreover, the cancella-
tion depends also on the Pin and effects the input impedance of the CGS.

As mentioned in the previous Sec. 6.3.2 there are several different possibilities to realize a VASC.
Fig. 6.3.22, Fig. 6.3.23 and Fig. 6.3.24 compare the different realization concepts with respect to the har-
monics assuming that the input voltage swing vs does not change. Using structures shown in Fig. 6.3.6a,
Fig. 6.3.12a and Fig. 6.3.18a and choosing the same quiescent point for the VASC with Cst,var as in
Sec. 6.3.2, the harmonics of vgs can be reduced, illustrated in Fig. 6.3.22c, Fig. 6.3.23c and Fig. 6.3.24c.
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(a) General schematic of CGS with
VASC.
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Figure 6.3.22: (a) General schematic of CGS using a VASC and (b, c) the single-sided amplitude spec-
trum of vgs of one varactor diode for a certain quiescent point as VASC.

0 2 4
-60

-40

-20

0

(a)
∣∣∣V gs

∣∣∣ of two varactor diodes in
parallel (direction: up&down).

0 2 4
-60

-40

-20

0

(b)
∣∣∣V gs

∣∣∣ of two varactor diodes in
parallel (direction: down&down).

0 2 4
-60

-40

-20

0

(c)
∣∣∣V gs

∣∣∣ of two varactor diodes in
parallel (direction: up&up).

Figure 6.3.23: Single-sided amplitude spectrum of vgs of two varactor diodes in parallel for a certain
quiescent point as VASC.
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Figure 6.3.24: Single-sided amplitude spectrum of vgs of two varactor diodes in series for a certain qui-
escent point as VASC.

To reduce the Gm non-linearity of the CGS a predistortion is needed. This can be done by changing the
overall voltage swing vgs in the right manner at the gate-source capacitor with Cgs of the CGS. Using
structures shown in Fig. 6.3.4a, Fig. 6.3.10a and Fig. 6.3.16a and choosing a certain quiescent point for
the VASC, the non-linear voltage swing vgs acts like a predistortion to lower the Gm compression of the
CGS.

Neglecting the influence of the Zload of the CSS with higher output voltage swing, Table 6.3.3 shows in
a first approximation the advantages and disadvantages of the different structures to realize a NLSC by
a VASC to improve the non-linearity of CCs. Therefore, in each circuit design the different realization
concepts should be examined in detail.

Table 6.3.3: Advantages and disadvantages of the different structures to realize a NLSC by a VASC to
improve the non-linearity of CCs.

Number
Complexity Flexibility

Non-Linearity Improvement of vgs Structure
Diodes Bias Pads HD2 HD3 Ref.

1x 1x low low medium - Fig. 6.2.3
2x 2x high medium high - Fig. 6.2.6
2x 2x high medium medium–high medium Fig. 6.2.9

(a) Non-linearity improvement of vgs using different structures to realize a NLSC.

Number
Complexity Flexibility Gm Predistortion

Structure
Diodes Bias Pads Ref.

1x 1x low low medium–high Fig. 6.2.2
2x 2x high high low–medium Fig. 6.2.4
2x 2x high medium medium–high Fig. 6.2.5
2x 2x high medium–high low–medium Fig. 6.2.7
2x 2x high medium medium–high Fig. 6.2.8

(b) Non-linearity improvement of Gm using different structures to realize a NLSC.
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6.4 Summary

In Sec. 6.1 and Sec. 6.2 the general principle and the different realizations of the proposed concept were
explained respectively. Afterwards, in Sec. 6.3 three different applications of the new concept were
presented and examined in detail to show the advantages and disadvantages of the different realization
concepts. The key findings of the new concept are summarized in the following.

Key findings of the proposed concept:

• Electrical behavior of the CGS can be adjusted by a VASC with Cst,var in a certain manner.
• Depending on the chosen structure to realize the VASC and as a result a certain voltage dependency

of the Cst,var certain properties of the CGS can be achieved.

Key findings to improve certain parameters of the CGS:

• By increasing and decreasing Cst,var of the CGS the electrical behavior of the CGS can be adjusted
in such a way that the gain can be controlled at high frequencies. It is a trade-off between gain
and stability. The proposed realizations of the new concept differ in the complexity, flexibility, non-
linearity and the dynamic range.

• By changing the Cst,var depending on the voltage swing the electrical behavior of the CGS can be
changed in such way that the gain of the CGS increases at higher frequencies at higher Pout. Due to this
fact the power compression behavior can be improved in a certain way. The proposed realizations of
the new concept differ in the complexity, flexibility, non-linearity and the compression improvement.

• The non-linearity of the Cst,var can be used to partially cancel the non-linearity of the intrinsic large-
signal elements Cgs and Gm of the CGS. Therefore, the non-linearity of CCs can be improved. Due
to the fact that the non-linearity of the Cst,var differs to improve the non-linearity of Cgs and Gm, it is
a trade-off between both elements to improve the overall linearity. The proposed realizations of the
new concept differ in their complexity, flexibility and the linearity improvement for Cgs and Gm.





7 Broadband Power Ampli�ers

To verify the foregoing theoretical investigations in Ch. 5 and Ch. 6 several broadband PAs were designed
and fabricated using Northrop Grumman’s commercially available 0.2 µm GaN-HEMT technology with
a SiC substrate which has a thickness of 100 µm. The process achieves a peak ft and fmax of 60GHz and
200GHz, respectively, and a gm

GP of 325 mS
mm . To maintain a safe operating area of the active device

• the maximum applied DC voltage VDS,MAX is equal to 28V and
• the maximum current density IDS,MAX

GP is equal to 250 mA
mm .

As a result the maximum dissipation power density ( PDISS,MAX
GP ) of the active device should no exceed 7 W

mm .
Further detail of the process can be found in [154].

The performance of the designed broadband FBAs are shown and compared with each other in this
chapter to show the trade-off between the CS and the CC topology and to highlight and compare the
different realizations of the new concept. Main focus of the designed FBAs was to maximize the small-
signal bandwidth with a positive gain slope —to compensate i.e. the later added input and output bond
interface or cable losses of the amplifier system— while maintaining a good input and output small-signal
match. To gain high Pout and low NF was the second priority.

First, the fundamentals of two types of multi-decade PAs are shortly explained. Afterwards, the design
and the measurement results of the several designed broadband PAs are illustrated and explained. At the
end of this chapter a summary is given to point out the advantages and disadvantages of the CS and CC
topology and to highlight the performance using the new concept in broadband PAs.

7.1 Multi-Decade Power Ampli�er MMIC Designs

In literature there are different ideas to realize broadband PAs [155, 156]. An good overview is given
by [155]. The distributed, push-pull, reactive matching, resistive feedback and the balanced architecture
are the widespread basic amplifier topologies to design broadband PAs. Although there are many ampli-
fier architectures to achieve an octave frequency bandwidth, only two types of amplifier topologies are
capable of realizing multi-decade bandwidth PAs:

• The distributed architecture which is used in distributed power amplifiers (DPAs), also known as
traveling-wave power amplifier.

• The resistive feedback architecture which usually uses a resistive parallel feedback, called feedback
power amplifier.

7.1.1 Traveling-Wave Power Ampli�er

The distributed architecture was first proposed and patented by Percival in 1936 [157]. It is one of the
most widespread and popular architecture to design multi-decade power amplifiers. The fundamental op-
eration principle of the traveling-wave power amplifier is the absorption of the input and output parasitics
of the cascaded transistors into the gate and drain transmission line to achieve a very broad bandwidth
and maintaining moderate small-signal gain. Fig. 7.1.1 shows the principle schematic of a uniform TWA.

75
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Figure 7.1.1: Principle schematic of a uniform TWA in CS topology.

In [17] the operation principle of the distributed architecture is explained in more detail to get a in-depth
understanding. Furthermore, in [17, 158] the evolution of the DPA architecture is summarized and an
overview about the different developments to improve certain RF parameters —i.e. gain, power, band-
width and noise— are given. These developments comprise i.e. capacitive coupled DPA, nonuniform
DPA, gate-line and drain-line tapering as well as an active gate termination in the DPA. Table 7.1.1 sum-
maries and compares state-of-the-art TWAs (DPAs) —using the GaN-HEMT technology— with respect
to the small-signal bandwidth (SSB), |S21|, NF , OIP3, P1dB and Pout.

Table 7.1.1: State-of-the-art broadband TWAs using the GaN-HEMT technology with SiC as substrate
[16, 17, 156, 158]. (a) lg ≥ 200nm.

Technology SSB |S21| NF OIP3 P1dB Psat
Ref.

Foundry lg (GHz) (dB) (dB) (dBm) (dBm) (dBm)

IAF 250nm DC–6.5 11–16 2–6 42–84 > 29 > 33.5 [153]

TriQuint*1 250nm 1.5–17 10–14 N/A N/A N/A 38–42.5

@ 2–18GHz

[159, 160]

TriQuint*1 250nm 6–18
9–11 N/A N/A N/A 38–38.7*2

[161]
8–10 N/A N/A N/A 41.1–41.3*2

UCSB 200nm 2–18 19–21 N/A N/A N/A 26–33 [162]

BAE 200nm 2–20
9–15 N/A N/A N/A 40–43

[163]
N/A N/A N/A N/A 38–44

CNR-IFN 250nm 2–20 22–24 3.5–5.5

@ 2–18GHz

29

@ 4.5GHz

22

@ 4.5GHz

25

@ 4.5GHz

[164]

NGC 200nm
DC–20 10–16 5–12.5

@ 1.5–18GHz

36–45 26–33 29–37.5
[11]

DC–24 10–12.5 2.5–7.5

@ 0.5–18GHz

36–44

@ DC–20GHz

24.5–32

@ DC–20GHz

30–37.5

@ DC–20GHz

*1 TriQuint Semiconductor and RF Micro Devices merged later to Qorvo
*2 pulsed power

(a)
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Table 7.1.1: (Continued..) State-of-the-art broadband TWAs using the GaN-HEMT technology with SiC
as substrate [16, 17, 156, 158]. (b) lg ≤ 150nm.

Technology SSB |S21| NF OIP3 P1dB Psat
Ref.

Foundry lg (GHz) (dB) (dB) (dBm) (dBm) (dBm)

Qorvo 150nm 1–8.5 28–32 N/A N/A N/A 39–41.5 [165]

IAF 100nm 6–37 15–17 N/A N/A N/A 29–32 [14]

Qorvo 150nm 16–40
23–25 N/A N/A N/A 36.2–39.4*

[166]
22–24 N/A N/A N/A 38.5–42*

IAF 100nm 6–42
5–7 N/A N/A N/A 23–26

[12]
12–16 N/A N/A N/A 24–26

Qorvo 150nm 0.1–44 10–19
N/A 30–41

@ 1–44GHz

N/A N/A
[167]

N/A 33.5–45.2

@ 1–44GHz

N/A N/A

Qorvo 150nm 0.1–45 9–20
2–8

@ 0.1–39GHz

27.3–40.5

@ 1–40GHz

N/A 28–33.3

@ 1–35GHz
[15, 168]

1.5–7.5

@ 0.1–40GHz

28.1–40.5

@ 1–40GHz

N/A 27.6–33

@ 1–35GHz

HRL 140nm 75–100 15–16 N/A N/A 29–32 33–35 [169]

* pulsed power

(b)
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7.1.2 Feedback Power Ampli�er

The resistive feedback architecture is the second popular amplifier topology to design multi-decade PAs.
The feedback principle in PAs, explained in [170], is even as old as the distributed architecture. FBAs
are well known due to the many advantages (i.e. increased bandwidth, improved linearity, enhanced
stability, adjustment of the input and output impedance and much more). Fig. 7.1.2 and Fig. 7.1.3 shows
the general amplifier system with a feedback loop and the general structure of a FBA using a series
feedback impedance (Zfs) and a parallel feedback impedance (Zfp) to realize the feedback loop between
input and output of the PA, respectively. In return of the RF improvement of the FBA, both feedbacks
reduce the MAG of the active device . Due to the many benefits of the FBA, the feedback architecture is
very suited to achieve multi-decade PAs.

OUTIN

Feedback 

Circuit

Amplifier 

+ 

+ 

Figure 7.1.2: Amplifier system with
feedback [170].

OUTIN
Output

Matching

Input

Matching

Zfs

Zfp

D

S
G

Figure 7.1.3: Schematic of a general FBA in CS topology
[171].

Table 7.1.2 summaries and compares state-of-the-art FBAs using the GaN-HEMT technology.

Table 7.1.2: State-of-the-art broadband FBAs using the GaN-HEMT technology with SiC as substrate
[13, 16]. (a) lg = 250nm.

Technology SSB |S21| NF OIP3 P1dB Psat
Ref.

Foundry lg (GHz) (dB) (dB) (dBm) (dBm) (dBm)

NGC 250nm 0.25–3 18–21 2.2–3

@ 0.5–3GHz

48–51

@ 0.5–3GHz

35.5–39

@ 0.5–3GHz

36–39.5

@ 0.5–3GHz

[13, 172]

NGC 250nm 0.25–3 18–21 2.6–3.8

@ 0.5–3GHz

51.4–54.3

@ 0.5–3GHz

37–41.4

@ 0.5–3GHz

37.3–41.4

@ 0.5–2.5GHz

[13, 172]

NGC 250nm 0.25–3.5 17–20 0.88–1.32

@ 0.5–3.5GHz

35–44

@ 0.5–3.5GHz

29–31

@ 0.5–3.5GHz

29.6–31.1

@ 0.5–3.5GHz

[173]

N/A N/A 0.2–4 8–11 N/A N/A 27–30

@ 1–3GHz

N/A [174]

N/A N/A 0.2–4 9–12 N/A N/A 29–30

@ 1–3GHz

N/A [174]

(a)
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Table 7.1.2: (Continued..) State-of-the-art broadband FBAs using the GaN-HEMT technology with SiC
as substrate [13, 16]. (b) lg = 200nm.

Technology SSB |S21| NF OIP3 P1dB Psat
Ref.

Foundry lg (GHz) (dB) (dB) (dBm) (dBm) (dBm)

NGC 200nm 0.3–4 17–18 1.5–4 N/A 17 @ 2GHz 20 @ 2GHz [175]

NGC 200nm 0.2–8 7–20 0.7–1.1

@ 1–8GHz

43.2–46.5

@ 2–6GHz

33.2–32.8

@ 1–4GHz

34.2–34.7

@ 1–4GHz

[176]

NGC 200nm 0.05–12.3 12–14.5 N/A 41.3–44.2

@ 1–4GHz

30.5–31.3

@ 1–4GHz

31.5–32.4

@ 1–4GHz

[29]

NGC 200nm 1–12 12–18 4–9 27.5–31.5 N/A 20–25 [177]

NGC 200nm 0.1–12 13–15 4.5–8

@ 1–12GHz

37.5–40

@ 1–12GHz

27.5–28

@ 6–12GHz

30.5–32

@ 6–12GHz

[16]*

NGC 200nm 1–17 13–14 5.5–10 36–41 24–29

@ 6–17GHz

29–32

@ 6–17GHz

[16]*

NGC 200nm 1–17 13–14 3.5–8 31–39 25.5–28 28–31 [178]*

NGC 200nm 1–17 13–17 3.5–8 31–39 22–26 28–31 [179]*

NGC 200nm 1.2–18 12.1–13.6 1.8–3.5 N/A N/A N/A [180]

NGC 200nm 0.05–18.7 9–11 N/A 41.7–42.5

@ 1–4GHz

29.6–30.3

@ 1–4GHz

31.5–31.9

@ 1–4GHz

[29]

NGC 200nm 1–25 10–13 3.4–4.6

@ 1–21GHz

28.6–33.3

@ 2–25GHz

17.5–20

@ 2–25GHz

N/A [181]

* this work

(b)
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7.2 Feedback Power Ampli�ers in Common-Source and Cascode

Topology

In this section some information (i.e. small-signal and large-signal measurements) are partially already
published in [16] c© 2016 IEEE.

7.2.1 Schematic and Layout

Using Northrop Grumman’s advanced 0.2 µm GaN-HEMT technology, Fig. 7.2.2 and Fig. 7.2.3 show
the chip photo of the fabricated CS-FBA and the CC-FBAs. The corresponding schematic of the CS-FBA
and the CC-FBAs can be seen in Fig. 7.2.1a and Fig. 7.2.1b.
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(a) CS-FBA with external feedback capacitor.
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Figure 7.2.1: (a) and (b) Schematic of the CS-FBA and the CC-FBA, respectively [171].

Figure 7.2.2: Layout of the CS-FBA.

(a) Layout of the CC-FBA-IB [179]. (b) Layout of the CC-FBA-IG.

Figure 7.2.3: Layout of the CC-FBA. (a) CC-FBA-IB. (b) CC-FBA-IG.
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Fig. 7.2.2 and Fig. 7.2.1a show the layout and the schematic of the CS-FBA with the possibility to
use an off-chip external feedback capacitor with high capacitance. As a result the CS-FBA can offer a
multi-decade bandwidth performance. This technique was not adapted to the CC-FBAs to due lack of
space. Maintaining the same |S21| of the CS-FBA the CC-FBA, shown in Fig. 7.2.3a, was designed to
improve the bandwidth at higher frequencies (CC-FBA-IB). In contrast to the designed CC-FBA, shown
in Fig. 7.2.3b, the |S21| and the Pout was improved (CC-FBA-IG) for a similar fc of the CS-FBA. The GP
of the CSS is 0.52mm (8×65 µm) for the CS-FBA and CC-FBA-IB shown in Fig. 7.2.2 and Fig. 7.2.3a.
The GP of the single CSS is equal to the GP of the CSS and the CGS of the CC. The CC-FBA-IG, shown
in Fig. 7.2.3b, comprises a CSS and CGS with a GP of 0.8mm (8×100 µm) for each stage. To offer a
|S21| of about 13dB at lower frequencies for the CS-FBA and CC-FBA-IB and maintain simultaneously
a matching at the input and output of the FBA of better than−10dB, Rfp of the parallel feedback resistor
was chosen to 280Ω and 285Ω respectively. Rfp of 300Ω was chosen for the CC-FBA-IG to achieve
the same fc as the CS-FBA. Although the series feedback resistor with resistance Rfs —series resistor
in the source path of the CSS— can be used to improve the input and output matching of the FBA, it
was omitted (Rfs = 0Ω) due to the fact that the additional series feedback resistor lead to an additional
power degradation and an increased NF of the FBA. The width of the transmission line in the feedback
path was chosen to 20 µm to realize a moderate parallel feedback inductance (Lfp) which leads to an
increase in |S21| of 1–2dB at higher frequencies. To get rid off the DC current in the feedback path, the
parallel feedback capacitor with capacitance Cfp was added in series with the parallel feedback resistor
with Rfp. However, to achieve multi-decade bandwidth performance of the CS-FBA, shown in Fig. 7.2.2
and Fig. 7.2.1a, an external surface mounted device (SMD) capacitor with capacitance Cfp,ext of about
2 µF is required in parallel to the parallel feedback capacitor with Cfp to enable low frequency operation
down to 10kHz. To avoid oscillations in the feedback path due to the bondwire connection between
the on-chip parallel feedback capacitor with Cfp ≈ 6.75pF and the off-chip capacitor with Cfp,ext, an
additional series resistor with the attenuation resistance (Ratt) of about 10Ω was added. Due to the fact
that the output impedance of the CGS can become negative which could lead to unstable behavior of the
CGS, a stabilization resistor with Rst and a stabilization capacitor with Cst was added in the gate path of
the CGS. Input matching network consists of a two stage network with two capacitors and two inductors.
The output matching network comprises only one inductor realized by a coupled transmission line for
the CS-FBA design. Iterative design steps for the input and output matching networks were needed to
achieve the desired matching network of better than −10dB. Due to the fact that the networks cannot
be designed independently of each other (S12 of the CSS and S12 of the CGS are not equal zero). The
on-chip capacitors are fabricated by metal-insulator-metal (MIM) capacitors and the on-chip resistors are
fabricated by thin-film resistors (TFRs).

7.2.2 On-Wafer Measurement Results

7.2.2.1 S-Parameter Results

Fig. 7.2.4 and Fig. 7.2.5 show the measured S-parameters of the CS-FBA. A bandwidth between 10GHz
and 12GHz is achieved depending on the chosen quiescent point, shown in Fig. 7.2.4a. The |S21| of 13dB
at lower frequencies increases 1–2dB up to 9GHz. Reducing IDSQ of the active device has only a minor
influence on the S-parameters. However, to achieve maximum bandwidth it is necessary to use a higher
VDS. Input and output matching, shown in Fig. 7.2.5, is better than −10dB over the complete frequency
range. Fig. 7.2.6 and Fig. 7.2.7 show the measured S-parameters of the CC-FBA-IB. A bandwidth
between 15GHz and 17GHz is achieved depending on the chosen quiescent point, shown in Fig. 7.2.6a.
Choosing VDS = 20V, the |S21| of 13dB at lower frequencies increases 1–2dB up to 15GHz while
maintaining the input and output matching of better than −10dB over the complete frequency range.
Reducing VDS results in lower bandwidth as well as in a degradation of the input matching, shown in
Fig. 7.2.6a and Fig. 7.2.7a respectively. A lower IDSQ has only a minor influence on the small-signal
parameters.
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Figure 7.2.4: (a) Measured |S21| and (b) measured |S12| of the CS-FBA at different quiescent points.
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Figure 7.2.5: (a) Measured |S11| and (b) measured |S22| of the CS-FBA at different quiescent points.
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Figure 7.2.6: (a) Measured |S21| and (b) measured |S12| of the CC-FBA-IB at different quiescent points.
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Figure 7.2.7: (a) Measured |S11| and (b) measured |S22| of the CC-FBA-IB at different quiescent points.
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Figure 7.2.8: (a) Measured |S21| and (b) measured |S12| of the CC-FBA-IG at different quiescent points.

0 5 10 15 20
-25

-20

-15

-10

-5

0

(a) |S11| of the CC-FBA-IG.

0 5 10 15 20
-25

-20

-15

-10

-5

0

(b) |S22| of the CC-FBA-IG.

Figure 7.2.9: (a) Measured |S11| and (b) measured |S22| of the CC-FBA-IG at different quiescent points.
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Fig. 7.2.8 and Fig. 7.2.9 show the measured S-parameters of the CC-FBA–IG. A bandwidth of 12GHz
is achieved while maintaining a |S21| of 15dB at lower frequencies, shown in Fig. 7.2.8a. At higher
frequencies the |S21| increases up to 17dB at 11GHz. Reducing the quiescent point by reducing VDS
or IDSQ has only a minor influence on the |S21| and the input matching. The output matching can be
significantly improved by choosing VDS = 20V, shown in Fig. 7.2.9b. An input matching and output
matching of better than −7dB and −10dB are achieved respectively over the complete frequency range.

7.2.2.2 Noise Figure Results

Fig. 7.2.10 and Fig. 7.2.11 show the measured NF of the CS-FBA, CC-FBA-IB and CC-FBA-IG. A
NF of about 4dB is obtained in a wide frequency range for the CS-FBA and the CC-FBA-IB, shown in
Fig. 7.2.10 and Fig. 7.2.11a, choosing the quiescent point VDS = 10V. The CC-FBA-IG even achieves
a NF = 3dB at moderate frequencies. Increasing VDS degrades the NF of all three designs by 1–2dB.
IDSQ has only a minor influence on the noise performance.
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Figure 7.2.10: Measured NF of the CS-FBA at different quiescent points.
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Figure 7.2.11: (a) and (b) Measured NF of the CC-FBA-IB and the CC-FBA-IG, respectively, at different
bias points.
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7.2.2.3 1-Tone Results of the CS-FBA

Fig. 7.2.12–Fig. 7.2.16 show the measured 1-Tone results of the CS-FBA. Fig. 7.2.12a shows the Pout, the
Gain and the PAE versus Pin over frequency at a certain quiescent point (VDS = 20V, IDSQ = 156mA).
The blue solid lines in Fig. 7.2.12a highlight the large-signal performance in the frequency range of
1–11GHz. The red dashed line highlights the fc of 12GHz. The CS-FBA design achieves a Pout,max of
about 1W over the complete frequency range for a PDISS,MAX of 3.64W ( PDISS,MAX

GP = 7 W
mm ) at a certain

quiescent point (VDS = 20V, IDSQ = 156mA). At lower frequencies the Pout is even slightly higher,
shown in Fig. 7.2.12b.

Fig. 7.2.13 shows the Gain and the PAE versus frequency and versus Pout at a certain quiescent point
(VDS = 20V, IDSQ = 156mA). At a Pout = 30dBm the CS-FBA offers a Gain of about 11dB, shown
in Fig. 7.2.13a. Furthermore, the fc can be recognized due to the degradation of the Gain at 12GHz.
A maximum PAE of 27% is achieved at lower frequencies and the PAE is better than 20% at a Pout =
30dBm over the complete frequency range, shown in Fig. 7.2.13b.
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Figure 7.2.12: (a) Measured Pout, Gain and PAE vs. Pin over frequency and (b) measured Pout vs. fre-
quency vs. Pin of the CS-FBA at VDS = 20V and IDSQ = 156mA.
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Figure 7.2.13: (a) Measured Gain vs. frequency vs. Pout and (b) measured PAE vs. frequency vs. Pout of
the CS-FBA at VDS = 20V and IDSQ = 156mA.
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Fig. 7.2.14 shows the P1dB versus frequency over different quiescent points and the normalized Gain
versus frequency and versus Pout at a certain quiescent point (VDS = 20V, IDSQ = 156mA). Increasing
VDS = 10V to VDS = 20V or IDSQ = 104mA to IDSQ = 156mA improves the P1dB by 1dB. A maxi-
mum P1dB of 27–28dBm is achieved over the complete frequency range, shown in Fig. 7.2.14a. Using
Fig. 7.2.14b, the P0.5dB and P3dB can be determined to 26dBm and 30dBm respectively at a certain
quiescent point (VDS = 20V, IDSQ = 156mA).
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Figure 7.2.14: (a) Measured P1dB vs. frequency over different quiescent points and (b) measured nor-
malized Gain vs. frequency vs. Pout at VDS = 20V and IDSQ = 156mA of the CS-FBA.

Fig. 7.2.15 shows the HD2 and HD3 versus frequency and versus Pout at a certain quiescent point (VDS =
20V, IDSQ = 156mA). A HD2 and HD3 of about −20dBc are achieved at a Pout = 30dBm over a wide
frequency range, shown in Fig. 7.2.15a and Fig. 7.2.15b. HD2 and HD3 are only plotted up to 6GHz
and 4GHz, respectively due to the fact that the harmonics at higher frequencies are above the fc of the
CS-FBA and therefore can be filtered by a low-pass filter. At a Pout which is ≈ 10dB lower than the
P1dB, a HD2 between −30dBc and −35dBc and a HD3 of better than −40dBc are achieved.
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Figure 7.2.15: (a) Measured HD2 and (b) measured HD3 vs. frequency vs. Pout of the CS-FBA at
VDS = 20V and IDSQ = 156mA.
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Fig. 7.2.16 shows the total PDISS and the IDS versus frequency and versus Pout at a certain quiescent point
(VDS = 20V, IDSQ = 156mA). A minimum PDISS of ≈ 2.7W is achieved at a Pout ≈ 26dBm, shown in
Fig. 7.2.16a, which is relatively close to the P1dB. At lower Pout the PDISS ≈ 3.1W and at Pout,max the
PDISS,MAX ≈ 3.6W. The PDISS only slightly depends on frequency and is therefore relatively flat over the
complete frequency range. Fig. 7.2.16b shows the self-biasing effect of the CSS. The IDS increases from
IDSQ = 156mA up to IDS = 230mA.
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Figure 7.2.16: (a) Measured PDISS and (b) measured IDS vs. frequency vs. Pout of the CS-FBA at VDS =
20V and IDSQ = 156mA.

7.2.2.4 1-Tone Results of the CC-FBA-IB

Fig. 7.2.17–Fig. 7.2.21 show the measured 1-Tone results of the CC-FBA-IB. Fig. 7.2.17a shows the Pout,
the Gain and the PAE versus Pin over frequency at a certain quiescent point (VDS = 20V, IDSQ = 156mA).
The blue solid lines in Fig. 7.2.17a highlight the large-signal performance in the frequency range of
1–16GHz. The red dashed line highlights the fc of 17GHz. The CC-FBA-IB design achieves a Pout,max

of about 27–30dBm over the complete frequency range for a PDISS,MAX of 7.28W ( PDISS,MAX
GP = 7 W

mm ) at
a certain quiescent point (VDS = 20V, IDSQ = 156mA). The Pout decreases at higher frequencies, shown
in Fig. 7.2.17b.
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Figure 7.2.17: (a) Measured Pout, Gain and PAE vs. Pin over frequency and (b) measured Pout vs. fre-
quency vs. Pin of the CC-FBA-IB at VDS = 20V and IDSQ = 156mA.
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Fig. 7.2.18 shows the Gain and the PAE versus frequency and versus Pout at a certain quiescent point
(VDS = 20V, IDSQ = 156mA). At a Pout = 28dBm the CC-FBA-IB offers a Gain of 13–10dB, shown in
Fig. 7.2.18a. Furthermore, the fc can be recognized due to the degradation of the Gain at 17GHz. How-
ever, the power degradation seems to take place much earlier at higher frequencies. At lower frequencies
the PAE is about 12% at a Pout = 30dBm and the PAE is better than 6% over the complete frequency
range at a Pout = 26dBm, shown in Fig. 7.2.18b.
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Figure 7.2.18: (a) Measured Gain vs. frequency vs. Pout and (b) measured PAE vs. frequency vs. Pout of
the CC-FBA-IB at VDS = 20V and IDSQ = 156mA.

Fig. 7.2.19 shows the P1dB versus frequency over different quiescent points and the normalized Gain
versus frequency and versus Pout at a certain quiescent point (VDS = 20V, IDSQ = 156mA). Increasing
VDS = 10V to VDS = 20V improves the P1dB by≈ 1dB and increasing IDSQ = 104mA to IDSQ = 156mA
improves the P1dB by≈ 2dB. A maximum P1dB of 25–29dBm is achieved over the complete frequency
range, shown in Fig. 7.2.19a. Using Fig. 7.2.19b, the P0.5dB and P2dB can be determined to 22–26dBm
and 27–30dBm respectively at a certain quiescent point (VDS = 20V, IDSQ = 156mA).
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Figure 7.2.19: (a) Measured P1dB vs. frequency over different quiescent points and (b) measured nor-
malized Gain vs. frequency vs. Pout at VDS = 20V and IDSQ = 156mA of the CC-FBA-IB.
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Fig. 7.2.20 shows the HD2 and HD3 versus frequency and versus Pout at a certain quiescent point (VDS =
20V, IDSQ = 156mA). A HD2 and HD3 of about −20dBc are achieved at a Pout = 30dBm over a wide
frequency range, shown in Fig. 7.2.20a and Fig. 7.2.20b. HD2 and HD3 are only plotted up to 8.5GHz
and 5.7GHz, respectively as the harmonics at higher frequencies are above the fc of the CC-FBA-IB and
therefore can be filtered by a low-pass filter. At a Pout which is ≈ 10dB lower than the P1dB, a HD2
between −30dBc and −35dBc and a HD3 between −40dBc and −50dBc are achieved.
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Figure 7.2.20: (a) Measured HD2 and (b) measured HD3 vs. frequency vs. Pout of the CC-FBA-IB at
VDS = 20V and IDSQ = 156mA.

Fig. 7.2.21 shows the total PDISS and the IDS versus frequency and versus Pout at a certain quiescent point
(VDS = 20V, IDSQ = 156mA). A minimum PDISS of ≈ 5.8W is achieved at a Pout ≈ 25dBm, shown in
Fig. 7.2.21a. At lower Pout the PDISS ≈ 6.1W and at Pout,max the PDISS,MAX ≈ 7.2W. Fig. 7.2.21b shows
the self-biasing effect of the CC. The IDS increases from IDSQ = 156mA up to IDS = 210mA.
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Figure 7.2.21: (a) Measured PDISS and (b) measured IDS vs. frequency vs. Pout of the CC-FBA-IB at
VDS = 20V and IDSQ = 156mA.
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7.2.2.5 1-Tone Results of the CC-FBA-IG

Fig. 7.2.22–Fig. 7.2.26 show the measured 1-Tone results of the CC-FBA-IG. Fig. 7.2.22a shows the Pout,
the Gain and the PAE versus Pin over frequency at a certain quiescent point (VDS = 20V, IDSQ = 240mA).
The blue solid lines in Fig. 7.2.22a highlight the large-signal performance in the frequency range of
1–11GHz. The red dashed line highlights the fc of 12GHz. The CC-FBA-IG design achieves a Pout,max

of about 27–35dBm over the complete frequency range for a PDISS,MAX of 11.2W ( PDISS,MAX
GP = 7 W

mm )
at a certain quiescent point (VDS = 20V, IDSQ = 240mA). The Pout decreases significantly at higher
frequencies, shown in Fig. 7.2.22b.
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Figure 7.2.22: (a) Measured Pout, Gain and PAE vs. Pin over frequency and (b) measured Pout vs. fre-
quency vs. Pin of the CC-FBA-IG at VDS = 20V and IDSQ = 240mA.

Fig. 7.2.23 shows the Gain and the PAE versus frequency and versus Pout at a certain quiescent point
(VDS = 20V, IDSQ = 240mA). At a Pout = 28dBm the CC-FBA-IG offers a Gain of 15–10dB, shown in
Fig. 7.2.23a. Furthermore, the fc can be recognized due to the degradation of the Gain at 12GHz. How-
ever, the power degradation seems to take place much earlier at higher frequencies. At lower frequencies
the PAE is about 21% at a Pout = 35dBm and the PAE is better than 5% over the complete frequency
range at a Pout = 27dBm, shown in Fig. 7.2.23b.
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Figure 7.2.23: (a) Measured Gain vs. frequency vs. Pout and (b) measured PAE vs. frequency vs. Pout of
the CC-FBA-IG at VDS = 20V and IDSQ = 240mA.
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Fig. 7.2.24 shows the P1dB versus frequency over different quiescent points and the normalized Gain
versus frequency and versus Pout at a certain quiescent point (VDS = 20V, IDSQ = 240mA). Increasing
VDS = 10V to VDS = 20V improves the P1dB by ≈ 1–2dB and increasing IDSQ = 160mA to IDSQ =
240mA improves the P1dB by≈ 2–3dB. A maximum P1dB of 25–33dBm is achieved over the complete
frequency range, shown in Fig. 7.2.24a. Using Fig. 7.2.24b, the P2dB and P3dB can be determined to
26–34dBm and 28–35dBm respectively at a certain quiescent point (VDS = 20V, IDSQ = 240mA).
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Figure 7.2.24: (a) Measured P1dB vs. frequency over different quiescent points and (b) measured nor-
malized Gain vs. frequency vs. Pout at VDS = 20V and IDSQ = 240mA of the CC-FBA-IG.

Fig. 7.2.25 shows the HD2 and HD3 versus frequency and versus Pout at a certain quiescent point (VDS =
20V, IDSQ = 240mA). HD2 and HD3 of about −20dBc are achieved at a Pout = 34dBm over a wide
frequency range, shown in Fig. 7.2.25a and Fig. 7.2.25b. HD2 and HD3 are only plotted up to 6GHz
and 4GHz, respectively due to the fact that the harmonics at higher frequencies are above the fc of the
CC-FBA-IG and can therefore be filtered by a low-pass filter. At a Pout which is ≈ 10dB lower than the
P1dB, a HD2 between −40dBc and −45dBc and a HD3 of about −50dBc are achieved.
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(a) HD2 vs. frequency vs. Pout.
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Figure 7.2.25: (a) Measured HD2 and (b) measured HD3 vs. frequency vs. Pout of the CC-FBA-IG at
VDS = 20V and IDSQ = 240mA.
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Fig. 7.2.26 shows the total PDISS and the IDS versus frequency and versus Pout at a certain quiescent point
(VDS = 20V, IDSQ = 240mA). A minimum PDISS of ≈ 8.7W is achieved at a Pout ≈ 30dBm, shown in
Fig. 7.2.26a. At lower Pout the PDISS ≈ 9.5W and at Pout,max the PDISS,MAX ≈ 11.2W. Fig. 7.2.26b shows
the self-biasing effect of the CC. The IDS increases from IDSQ = 240mA up to IDS = 340mA.
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Figure 7.2.26: (a) Measured PDISS and (b) measured IDS vs. frequency vs. Pout of the CC-FBA-IG at
VDS = 20V and IDSQ = 240mA.

7.2.3 Comparison of Common-Source and Cascode Topology

7.2.3.1 Comparison of S-Parameter Results

Fig. 7.2.27 compares the measured |S21| of the CS-FBA with the CC-FBAs at different bias conditions.
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(a) |S21| of the CS-FBA and the CC-FBAs (same
PDISS as the CS-FBA).
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(b) |S21| of the CS-FBA and the CC-FBAs (same
quiescent point as the CS-FBA for each active
cell).

Figure 7.2.27: Comparison of measured |S21| of the CS-FBA, the CC-FBA-IB and the CC-FBA-IG at
different quiescent points.

Fig. 7.2.27a shows the performance of the CS-FBA and the CC-FBAs, biasing the FBAs in such a way
that they dissipate similar DC power. The bandwidth of the CC-FBA-IB is increased by 4GHz from
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12GHz to 16GHz, which is an improvement of about 30%. The CC-FBA-IG has a similar fc as the
CS-FBA but an increased |S21| of ≈ 1–2dB. Fig. 7.2.27b highlights the maximum improvement of the
CC-FBAs compared to the CS-FBA using the same quiescent point for each active device. The bandwidth
improvement of the CC-FBA-IB increases up to 40% compared to the CS-FBA. However, the |S21| of
the CC-FBA-IG is very similar increasing the quiescent point by using a higher quiescent point.

7.2.3.2 Comparison of Noise Figure Results

Fig. 7.2.28 compares the measured NF of the CS-FBA with the CC-FBAs at different bias conditions.
Fig. 7.2.28a shows the noise performance of the CS-FBA and the CC-FBAs, biasing the FBAs in such
a way that they dissipate similar DC power. The NF of the CC-FBAs are 1–3dB lower than the CS-
FBA. The higher NF of the CS-FBA is mainly caused by the higher VDS of the CS-FBA. The best noise
performance of the active device cell can be achieved by using a VDS = 10V. The NF of the CS-FBA
and the CC-FBAs can be compared in a better way in Fig. 7.2.28b using the same quiescent point for
each active cell in both FBA topologies. However, the dissipated DC power of the CC-FBAs is much
higher compared to the CS-FBA. The NF of the CS-FBA and the CC-FBA-IG is very similar at moderate
and high frequencies. At lower frequencies the NF of the CC-FBA-IG is lower than NF of the CS-FBA
due to the higher |S21| in this frequency range. The NF of the CC-FBA-IB is slightly higher than the
CS-FBA at moderate frequencies. At higher frequencies the NF of the CC-FBA-IB is better compared
to the CS-FBA due to the higher fc.
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(a) NF of the CS-FBA and the CC-FBAs (same
PDISS as CS-FBA).

0 5 10 15 20
2

4

6

8

10

12

(b) NF of the CS-FBA and the CC-FBAs (same qui-
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Figure 7.2.28: Comparison of measured NF of the CS-FBA, CC-FBA-IB and CC-FBA-IG at different
quiescent points.

7.2.3.3 Comparison of 1-Tone Results

Fig. 7.2.29 compares the Pout,max of the CS-FBA with the CC-FBAs for a PDISS,MAX
GP of 7 W

mm at different
bias conditions. Fig. 7.2.29a shows the Pout,max of the CS-FBA and the CC-FBAs, biasing the FBAs
in such a way that they dissipate similar DC power. The Pout,max of the CS-FBA is ≈ 1dB higher than
the CC-FBA-IB and ≈ 1dB lower at lower frequencies than the CC-FBA-IG. Another very important
characteristic is the degradation of the Pout,max over frequency. The Pout,max of the CS-FBA degrades only
by 1dB over the useful bandwidth. In comparison to the CC-FBA-IB the Pout,max degrades by 3dB and
the CC-FBA-IG even degrades by 6dB, which is much higher than power degradation of the CS-FBA.
Increasing the quiescent point of the CC-FBAs the power degradation of the CC-FBAs does not change
significantly, shown in Fig. 7.2.29b. However, the Pout,max of the CC-FBA-IG is ≈ 3dB higher than the
CS-FBA. Furthermore the Pout,max of the CC-FBA-IB is similar to the Pout,max of the CS-FBA in the same
frequency range and only differs slightly at lower frequencies.
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(a) Pout,max vs. frequency of the CS-FBA and the CC-FBAs
(same PDISS as CS-FBA).
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(b) Pout,max vs. frequency of the CS-FBA and the CC-FBAs
(same quiescent point as the CS-FBA for each active
cell).

Figure 7.2.29: Comparison of measured Pout,max vs. frequency of the CS-FBA, the CC-FBA-IB and the
CC-FBA-IG at different quiescent points.

Fig. 7.2.30 compares the P1dB of the CS-FBA with the CC-FBAs at different bias conditions. Fig. 7.2.30a
shows the P1dB of the CS-FBA and the CC-FBAs, biasing the FBAs in such a way that they dissipate
similar DC power. The P1dB is very similar of the CS-FBA in comparison to the CC-FBA-IG and
the CC-FBA-IB at lower frequencies up to 5GHz and 10GHz respectively. At higher frequencies the
P1dB of the CC-FBAs degrades significantly. The P1dB of the CC-FBA-IB decreases by ≈ 3dB over
the entire useful bandwidth and the CC-FBA-IG even decreases by ≈ 6dB. Increasing the quiescent
point of the CC-FBAs, the P1dB of the CC-FBA-IG is improved by 4dB over the whole bandwidth,
shown in Fig. 7.2.30b and the P1dB is slightly increased at moderate frequencies for the CC-FBA-IB.
However, the P1dB degradation of the CC-FBA-IG remains unaffected over the entire bandwidth. The
P1dB degradation of the CC-FBA-IB is slightly improved at moderate frequencies but is similar at higher
frequencies.
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Figure 7.2.30: Comparison of measured P1dB vs. frequency of the CS-FBA, the CC-FBA-IB and the
CC-FBA-IG at different quiescent points.
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Fig. 7.2.31 compares the HD2 of the CS-FBA with the CC-FBAs at a Pout of 25dBm at different bias
conditions. Fig. 7.2.31a shows the HD2 of the CS-FBA and the CC-FBAs, biasing the FBAs in such
a way that they dissipate similar DC power. The HD2 frequency response of the CS-FBA and the CC-
FBAs is similar but the absolute level of the HD2 is different for the FBAs. The HD2 of the CC-FBA-IG
is ≈ 1dB less and the CC-FBA-IB is ≈ 2dB less than the HD2 of the CS-FBA. Increasing the quiescent
point of the CC-FBAs changes the HD2 performance significantly, shown in Fig. 7.2.31b. The HD2
of the CC-FBA-IG is improved by ≈ 5dB over the whole bandwidth and even up to 10dB at lower
frequencies. The HD2 of the CC-FBA-IB is almost equal at lower and moderate frequencies to the CS-
FBA. Due to the large rise of the HD2 of the CC-FBA-IB at higher frequencies the HD2 is even higher
compared to the CS-FBA in this frequency range.
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(a) HD2 vs. frequency of the CS-FBA and the CC-FBAs
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(same quiescent point as the CS-FBA for each active
cell).

Figure 7.2.31: Comparison of measured HD2 vs. frequency of the CS-FBA, the CC-FBA-IB and the
CC-FBA-IG at a Pout = 25dBm at different quiescent points.

Fig. 7.2.32 compares the HD3 of the CS-FBA with the CC-FBAs at a Pout of 25dBm at different bias
conditions. Fig. 7.2.32a shows the HD3 of the CS-FBA and the CC-FBAs, biasing the FBAs in such a
way that they dissipate similar DC power. The HD3 of the CS-FBA is 1–2dB higher in the low frequency
range compared to the CC-FBAs. At higher frequencies the HD3 of the CC-FBAs is 2–4dB worse than
the CS-FBA. Increasing the quiescent point of the CC-FBA-IG the HD3 is improved by ≈ 8–11dB,
shown in Fig. 7.2.32b. Therefore the HD3 of the CC-FBA-IG is much better than the CS-FBA. The
HD3 of the CC-FBA-IB is also improved using a higher VDS which leads to a slightly better behavior of
the HD3 at lower and moderate frequencies compared to the CS-FBA. However, the improvement of the
CC-FBA-IB amounts only 1–2dB.
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Figure 7.2.32: Comparison of measured HD3 vs. frequency of the CS-FBA, the CC-FBA-IB and the
CC-FBA-IG at a Pout = 25dBm at different quiescent points.

Fig. 7.2.33 compares the PAE of the CS-FBA with the CC-FBAs at a Pout of 25dBm at different bias
conditions. Fig. 7.2.33a shows the PAE of the CS-FBA and the CC-FBAs, biasing the FBAs in such
a way that they dissipate similar DC power. The PAE of the CS-FBA and the CC-FBA-IB are similar
and very flat over a wide frequency range. The PAE of the CC-FBA-IG degrades significantly with
frequency and is much lower at higher frequencies than the CS-FBA. Increasing the quiescent point to
gain maximum RF performance of the CC-FBAs lowers the PAE of the CC-FBAs significantly, shown
in Fig. 7.2.33b. As a result the PAE of the CC-FBAs is much lower compared to the CS-FBA.
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(a) PAE vs. frequency of the CS-FBA and the CC-FBAs
(same PDISS as CS-FBA).
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(same quiescent point as the CS-FBA for each active
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Figure 7.2.33: Comparison of measured PAE vs. frequency of the CS-FBA, the CC-FBA-IB and the
CC-FBA-IG at a Pout = 25dBm at different quiescent points.
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7.2.4 Conclusion

In Sec. 7.2 three different designed FBAs using the CS and the CC topology were presented to verify
the theory described in Ch. 5. The small-signal measurements and large-signal measurements of the CS-
FBA and the CC-FBAs were compared with each other to point out the advantages and disadvantages
using CCs in broadband PAs.

Key advantages of the CC compared to the CSS in the FBA:

• The |S21| of the CS-FBA was improved by two different ways using the CC topology:
1. The bandwidth of the |S21| was extended by 30% up to 16GHz (same PDISS of CS-FBA and CC-

FBA) and by 40% up to 17GHz (same quiescent point as the CS-FBA for each active cell) using
the CC-FBA-IB.

2. The |S21| was increased by 1–2dB using the CC-FBA-IG.
• Due to the higher |S21| of the CC-FBA-IG compared to the CS-FBA, the NF of the CS-FBA was

reduced by ≈ 2dB at lower frequencies using the CC-FBA-IG (same quiescent point as the CS-FBA
for each active cell).

• Furthermore, the Pout,max of the CS-FBA was also improved by two different ways using the CC
topology:
1. Due to the extension of the bandwidth of the |S21|, the Pout,max was also increased in this frequency

range using the CC-FBA-IB.
2. The Pout,max was enhanced by ≈ 3dB at lower and moderate frequencies using the CC-FBA-IG

(same quiescent point as the CS-FBA for each active cell).
• The P1dB of the CS-FBA was increased by ≈ 4dB at lower frequencies and by ≈ 2dB at moderate

frequencies using the CC-FBA-IG (same quiescent point as the CS-FBA for each active cell).
• Moreover, using the CC topology, the HD2 and the HD3 of the CS-FBA was improved, too. On the

one hand the HD2 was enhanced by ≈ 1dB and ≈ 2dB (same PDISS of CS-FBA and CC-FBA) using
the CC-FBA-IG and CC-FBA-IB, respectively. On the other hand, using the CC-FBA-IG (same qui-
escent point as the CS-FBA for each active cell), the HD2 was even lowered by ≈ 5dB. Additionally,
the HD3 was also significantly enhanced by ≈ 8–11dB using the CC-FBA-IG (same quiescent point
as the CS-FBA for each active cell).

Key disadvantages of the CC compared to the CSS in the FBA:

• Using the same quiescent point of the CS-FBA and CC-FBA-IB for each active cell, the NF of the
CC-FBA-IB degraded a little bit at moderate frequencies.

• Although the Pout,max and the P1dB of the CS-FBA was increased at lower and moderate frequencies,
using the CC-FBA-IG, the Pout,max as well as the P1dB degraded by 6dB over the useful bandwidth.

• One of the key disadvantages of the CC topology was the additional PDISS of the CGS and as a result
a lower PAE compared to the CS topology. Using the same PDISS of CS-FBA and CC-FBA-IB by
lowering the quiescent point of the CC-FBA-IB, the PAE of both topologies were in the same range.
However, the RF performance of the CC-FBA-IB suffered using a lower quiescent point.
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7.3 Modi�ed Cascode with New Concept in Broadband Power

Ampli�ers

Some of the following information and key findings in this section are partially already published and can
be found in [178] c© 2017 IEEE and [179] c© 2017 IEEE. In this section the functionality and the theory
of the new concept in broadband PAs is underlined by many small-signal and large-signal measurements
of the different realization structures of the VASC.

7.3.1 Schematic and Layout

Using Northrop Grumman’s advanced 0.2 µm GaN-HEMT technology, Fig. 7.3.2 and Fig. 7.3.3 show
the chip photo of the fabricated CC-FBAs using the new concept which replaces the CSC at the gate
of the CGS by a VASC (CC-FBA-IB-D1D, CC-FBA-IB-D1U, CC-FBA-IB-D2 and CC-FBA-IG-D2).
Due to the fact that the used monolithic microwave integrated circuit (MMIC) technology does not offer
single diodes, at time of fabrication, the diode was realized by a transistor. The schematic of the different
realizations of the VASC with Cst,var is shown in Fig. 7.3.1. The remaining schematic structure including
the active device cells, input and output matching as well as the feedback path is equal to the CC-FBAs
using a CSC with Cst shown in Fig. 7.2.1. A detailed explanation of the schematic of the CC-FBA is
given in Sec. 7.2.1.

To achieve the same small-signal performance of the CC-FBAs using a CSC and VASC, the VASC is
designed in such a way that the Cst,var of the VASC is equal to Cst of the CSC. However, the large-signal
behavior is completely different. Three different realizations of the VASC with Cst,var of the CC-FBA-IB
were fabricated, shown in Fig. 7.3.2

and Fig. 7.3.3a, and are explained in the following:

• The CC-FBA-IB-D1D, shown in Fig. 7.3.2a, uses the input capacitance of a transistor in CS configu-
ration to realize the VASC with Cst,var. There are three DC pads to achieve a certain quiescent point
of VASC. As the DC gate voltage of the transistor is fixed due to the quiescent point of the CGS, a
DC blocking capacitor at the source of the transistor is needed to be able to adjust the source potential
and as a result the gate-source voltage of the VASC, shown in Fig. 7.3.1a. To avoid oscillations of
the VASC (output drain-source of the CSS) and to minimize any additional DC power a resistor with
resistance Rl and a capacitor with capacitance Cl is inserted between the drain and the source of the
VASC (drain-source of the CSS). However, to enable a better comparison of the different realizations
of the VASC, the drain and the source of the VASC were connected together via a bond wire to have
the same DC voltage. The GP of the CSS of the VASC was chosen to 220 µm (4× 55 µm) to offer
similar small-signal performance as the CC-FBA with a CSC for a quiescent point VVASC between
−9V and −6V.

• The CC-FBA-IB-D1U, shown in Fig. 7.3.2b, uses a transistor (drain and source are connected to-
gether) as varactor diode to realize the VASC with Cst,var. Therefore only two DC pads are required
to bias the varactor diode. Another very important difference of the VASC of the CC-FBA-IB-D1U
compared to the VASC of the CC-FBA-IB-D1D is the direction of the varactor diode (transistor). In
contrast to the CC-FBA-IB-D1D, the drain and source of the varactor diode is connected to the CGS
of the CC-FBA-IB-D1U. Therefore, the voltage dependency of Cst,var of the CC-FBA-IB-D1U is re-
versed in comparison to the Cst,var of the CC-FBA-IB-D1D. Furthermore, an additional series resistor
with Rst was added in the gate path of the CGS to avoid stability problems at higher frequencies,
shown in Fig. 7.3.1b. To offer similar small-signal performance as the CC-FBA with a CSC, a GP
of 180 µm (4× 45 µm) was chosen for the varactor diode of the VASC for a quiescent point VVASC
between −9V and −6V.

• The CC-FBA-IB-D2, shown in Fig. 7.3.3a, uses two varactor diodes in parallel to realize the VASC
with Cst,var. The voltage dependency of Cst,var of both varactor diodes is opposed. Both varactor
diodes can have different quiescent points. Therefore each varactor diode has its own DC blocking
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capacitance. Three DC pads are necessary to bias the two varactor diodes individually. As well as
the CC-FBA-IB-D1U, an additional series resistor with Rst was added in the gate path of the CGS
to avoid stability problems at higher frequencies. The GP of each varactor diode of the VASC was
chosen to 96 µm (4× 24 µm) to offer similar small-signal performance as the CC-FBA with a CSC
for a quiescent point VVASC1 =VVASC2 =VVASC between −9V and −6V.
CC-FBA-IG-D2, shown in Fig. 7.3.3b, uses two varactor diodes in parallel as well as the CC-FBA-
IB-D2. Due to the fact that the Cst of the CC-FBA-IG is about two times the Cst of the CC-FBA-IB,
the GP of each varactor diode of the VASC is much higher and was chosen to 220 µm (4× 55 µm).
For a quiescent point VVASC1 = VVASC2 = VVASC between −9V and −6V the CC-FBA-IG-D2 offers
similar small-signal performance as the CC-FBA-IG with a CSC.

VVASC1 =VVASC2 =VVASC is valid in the following sections for simplifications.
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Figure 7.3.1: Schematic of VASC of the CC-FBA. (a) CC-FBA-IB-D1D. (b) CC-FBA-IB-D1U. (c) CC-
FBA-IB-D2 and CC-FBA-IG-D2.

(a) Layout of CC-FBA-IB-D1D [179]. (b) Layout of the CC-FBA-IB-D1U.

Figure 7.3.2: Layout of the CC-FBA. (a) CC-FBA-IB-D1D. (b) CC-FBA-IB-D1U.

(a) Layout of CC-FBA-IB-D2. (b) Layout of the CC-FBA-IG-D2.

Figure 7.3.3: Layout of the CC-FBA. (a) CC-FBA-IB-D2. (b) CC-FBA-IG-D2.



100 7 Broadband Power Amplifiers

7.3.2 On-Wafer Measurement Results

In this subsection the on-wafer measurement results of the CC-FBAs using a CSC with Cst and using
a VASC with Cst,var are compared with each other to point out the advantages and disadvantages of
the different realizations of the VASC and to underline the functionality of the proposed concept. The
comparisons of the on-wafer measurement results of the CC-FBAs using a CSC and a VASC are split
into the different applications:

• Controlling the S21 at high frequencies.
• Improving the compression behavior (P1dB).
• Improving the linearity (HD2, HD3).

7.3.2.1 Gain-Control

S-Parameter Results

Fig. 7.3.4–Fig. 7.3.7 show the measured S-parameters of the CC-FBAs using a CSC with Cst and a
VASC with Cst,var at a certain quiescent point of the CSS and the CGS (CC-FBAs-IB: VDS = 10V,
IDSQ = 156mA, CC-FBAs-IG: VDS = 10V, IDSQ = 240mA) for different VVASC.

Fig. 7.3.4 compares the |S21| of the CC-FBAs using a CSC and a VASC. Choosing VVASC =−9V (dashed
lines) the |S21| of the CC-FBA-IB-(D1D/D1U/D2) and CC-FBA-IG-D2 are similar to the |S21| of the CC-
FBA-IB (|S21| ≈ 13dB) and CC-FBA-IG (|S21| ≈ 15dB) using a CSC respectively, shown in Fig. 7.3.4a
and Fig. 7.3.4b. Increasing the VVASC up to−1V, the |S21| can be increased by 4–5dB at higher frequen-
cies (solid lines). As a result of the increased |S21|, the bandwidth of the CC-FBAs-IB using the VASC
increases as well from 15GHz up to 17GHz, shown in Fig. 7.3.4a. The bandwidth of the CC-FBA-IG-
D2, shown in Fig. 7.3.4b, increases only slightly using a higher VVASC.
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(a) |S21| of CC-FBA-IB and CC-FBA-IB-
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(b) |S21| of CC-FBA-IG and CC-FBA-IG-D2.

Figure 7.3.4: Comparison of measured |S21| of the CC-FBAs-IB (VDS = 10V, IDSQ = 156mA) and CC-
FBAs-IG (VDS = 10V, IDSQ = 240mA) using a CSC and a VASC at VVASC = −1V (solid
line) and VVASC =−9V (dashed line).

The |S12| (CC-FBAs-IB:|S12|<−17dB, CC-FBAs-IG:|S12|<−20dB), shown in Fig. 7.3.5, of the CC-
FBAs using a CSC and a VASC, is relatively unaffected of the VVASC.
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(a) |S12| of CC-FBA-IB and CC-FBA-IB-
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Figure 7.3.5: Comparison of measured |S12| of the CC-FBAs-IB (VDS = 10V, IDSQ = 156mA) and CC-
FBAs-IG (VDS = 10V, IDSQ = 240mA) using a CSC and a VASC at VVASC = −1V (solid
line) and VVASC =−9V (dashed line).

Adjusting the VASC by VVASC has only a small influence on the |S11| which is between −10dB and
−8dB of the CC-FBAs-IB, shown in Fig. 7.3.6a. However, |S11| of the CC-FBA-IG-D2 gets almost
> 0dB at 11GHz for VVASC =−1V. As a result the CC-FBA-IG-D2 has the potential to oscillate at the
input for higher VVASC.
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(a) |S11| of CC-FBA-IB and CC-FBA-IB-
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Figure 7.3.6: Comparison of measured |S11| of the CC-FBAs-IB (VDS = 10V, IDSQ = 156mA) and CC-
FBAs-IG (VDS = 10V, IDSQ = 240mA) using a CSC and a VASC at VVASC = −1V (solid
line) and VVASC =−9V (dashed line).

The |S22| of the CC-FBAs using a VASC can be adjusted in a wide range at higher frequencies by VVASC.
The |S22| of the CC-FBAs using a CSC and a VASC is shown in Fig. 7.3.7. The |S22| is better than
−10dB over the useful bandwidth for VVASC = −9V. However, increasing VVASC to achieve a higher
|S21| results in a degradation of |S22|.
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(a) |S22| of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2).

0 5 10 15 20
-25

-20

-15

-10

-5

0

(b) |S22| of CC-FBA-IG and CC-FBA-IG-D2.

Figure 7.3.7: Comparison of measured |S22| of the CC-FBAss-IB (VDS = 10V, IDSQ = 156mA) and CC-
FBAs-IG (VDS = 10V, IDSQ = 240mA) using a CSC and a VASC at VVASC = −1V (solid
line) and VVASC =−9V (dashed line).

Noise Figure Results

Fig. 7.3.8 shows the measured NF of the CC-FBAs using a CSC and a VASC at a certain quiescent
point of the CSS and the CGS (CC-FBAs-IB: VDS = 10V, IDSQ = 156mA, CC-FBAs-IG: VDS = 10V,
IDSQ = 240mA) for different VVASC. The NF is about 4dB at lower and moderate frequencies and
increases up to 6dB at the fc. The CC-FBAs-IG using a CSC and a VASC even achieve a minimum
NF of 3dB, shown in Fig. 7.3.8b. Despite the VASC which includes an additional active element, the
corresponding NF is very similar to the CC-FBAs using a CSC.
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(a) NF of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2).

0 5 10 15 20
2

4

6

8

10

12

(b) NF of CC-FBA-IG and CC-FBA-IG-D2.

Figure 7.3.8: Comparison of measured NF of the CC-FBA-IB (VDS = 10V, IDSQ = 156mA) and CC-
FBA-IG (VDS = 10V, IDSQ = 240mA) using a CSC and a VASC at VVASC = −4V (solid
line) and VVASC =−9V (dashed line).
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1-Tone Results

Fig. 7.3.9–Fig. 7.3.11 compares the measured 1-Tone results of the CC-FBAs using a CSC and a VASC
at a certain quiescent point of the CSS and the CGS (CC-FBA-IBs: VDS = 10V, IDSQ = 156mA, CC-
FBA-IGs: VDS = 10V, IDSQ = 240mA) for different VVASC.

Fig. 7.3.9 depicts the Pout,max of the CC-FBAs using a CSC and a VASC. The CC-FBAs-IB using a
CSC and a VASC achieve a Pout,max of about 30–31dBm at 1GHz and about 27–28dBm at 17GHz for a
PDISS,MAX of 7.28W ( PDISS,MAX

GP = 7 W
mm ), shown in Fig. 7.3.9a. Increasing VVASC from −9V to −4V, the

Pout,max can be slightly increased by ≈ 0.5dB. The Pout,max of the CC-FBA-IB-D1D and the CC-FBA-IB
using a CSC is similar. The Pout,max of the CC-FBA-IB-(D1U/D2) is about ≈ 1dB lower than the CC-
FBA-IB-D1D and as a result lower than the CC-FBA-IB using a CSC. In contrast to the CC-FBAs-IB
using a CSC and a VASC, a Pout,max of even ≈ 33dBm at 1GHz is achieved for a PDISS,MAX of 11.2W
( PDISS,MAX

GP = 7 W
mm ) of the CC-FBAs-IG using a CSC and a VASC. However, at higher frequencies the

Pout,max decreases significantly, shown in Fig. 7.3.9b.
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(a) Pout,max vs. frequency of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2).
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(b) Pout,max vs. frequency of CC-FBA-IG and CC-FBA-IG-
D2.

Figure 7.3.9: Comparison of measured Pout,max vs. frequency of the CC-FBA-IB (VDS = 10V, IDSQ =
156mA) and CC-FBA-IG (VDS = 10V, IDSQ = 240mA) using a CSC and a VASC at
VVASC =−4V (solid line) and VVASC =−9V (dashed line).

Fig. 7.3.10 shows the HD2 of the CC-FBAs using a CSC and a VASC. The HD2 of the CC-FBAs are
only depicted up to 6GHz and 8.5GHz respectively, as higher frequencies can be filtered using a low-
pass filter after the PA. The HD2 of the CC-FBAs-IG using a CSC and a VASC is very similar and is
better than −37dBc up to 6GHz, shown in Fig. 7.3.10b. Although, the HD2 of the CC-FBAs-IB using
a CSC and a VASC is also very similar at lower frequencies, at higher frequencies the HD2 depends on
the chosen realization of the VASC and the VVASC. As shown in Fig. 7.3.10a, the HD2 is about 5–15dB
higher than the CC-FBA-IB using the CSC at 8.5GHz for VVASC =−4V. However, the degradation can
be improved for VVASC =−9V.
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(a) HD2 vs. frequency of CC-FBA-IB and CC-FBA-IB-
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(b) HD2 vs. frequency of CC-FBA-IG and CC-FBA-IG-D2.

Figure 7.3.10: Comparison of measured HD2 vs. frequency of the CC-FBA-IB (VDS = 10V, IDSQ =
156mA) and CC-FBA-IG (VDS = 10V, IDSQ = 240mA) using a CSC and a VASC at a
Pout = 15dBm at VVASC =−4V (solid line) and VVASC =−9V (dashed line).

Fig. 7.3.11 compares the HD3 of the CC-FBAs using a CSC and a VASC. Due to the fact that higher
frequencies can be filtered using a low-pass filter after the PA, the HD3 of the CC-FBAs are only depicted
up to 4GHz and≈ 5.7GHz, respectively. The HD3 of the CC-FBAs-IB using a CSC and a VASC is very
similar and is better than −45dBc up to 5.7GHz for VVASC =−9V, shown in Fig. 7.3.11a. Fig. 7.3.11b
depicts the HD3 of the CC-FBAs-IG using a CSC and a VASC (VVASC =−9V) which is even better than
−50dBc up to 4GHz. However, increasing VVASC to VVASC = −4V, the performance of HD3 strongly
depends on the realization structure of the VASC:

• The HD3 of the CC-FBA-IB-D1D is 15dB higher than the CC-FBA-IB using a CSC at 5.7GHz.
• The CC-FBA-IB-D2 and the CC-FBA-IG-D2 raise the HD3 only by 1–3dB compared to the CC-

FBA-(IB/IG) using a CSC.
• Using the CC-FBA-IB-D1U the HD3 can be improved by 10dB at 5GHz.
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(a) HD3 vs. frequency of CC-FBA-IB and CC-FBA-IB-
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Figure 7.3.11: Comparison of measured HD3 vs. frequency of the CC-FBA-IB (VDS = 10V, IDSQ =
156mA) and CC-FBA-IG (VDS = 10V, IDSQ = 240mA) using a CSC and a VASC at a
Pout = 15dBm at VVASC =−4V (solid line) and VVASC =−9V (dashed line).
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7.3.2.2 Improved Compression

S-Parameter Results

The measured S-parameters of the CC-FBAs using a CSC with Cst and a VASC with Cst,var at a certain
quiescent point of the CSS and the CGS (CC-FBAs-IB: VDS = 10V, IDSQ = 104mA, CC-FBAs-IG:
VDS = 20V, IDSQ = 240mA) and a certain VVASC are shown in Fig. 7.3.12–Fig. 7.3.15. The VVASC of the
CC-FBA-IB-(D1D/D1U/D2) is equal to −6V and is chosen to −5V and −9V for the CC-FBA-IG-D2.
Fig. 7.3.12 shows the |S21| of the CC-FBAs using a CSC and a VASC. The |S21| of the CC-FBA-IB-
(D1D/D1U/D2) (dashed lines, VVASC =−6V) and of the CC-FBA-IG-D2 (dashed lines, VVASC =−9V)
are almost equal to the |S21| of the CC-FBA-IB (|S21| ≈ 13dB) and CC-FBA-IG (|S21| ≈ 15–17dB) using
a CSC, shown in Fig. 7.3.12a and Fig. 7.3.12b respectively. A bandwidth of about 17GHz and 12GHz
is achieved for the CC-FBAs-IB and the CC-FBAs-IG. Increasing the VVASC up to −5V of the CC-FBA-
IG-D2, the S21 can be increased by 2dB at higher frequencies (solid lines). The fc remains at ≈ 12GHz,
shown in Fig. 7.3.12b.
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(a) |S21| of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2) at VVASC =−6V.
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(b) |S21| of CC-FBA-IG and CC-FBA-IG-D2 at
VVASC = −5V (solid line) and VVASC = −9V
(dashed line).

Figure 7.3.12: Comparison of measured |S21| of the CC-FBA-IB (VDS = 10V, IDSQ = 104mA) and CC-
FBA-IG (VDS = 20V, IDSQ = 240mA) using a CSC and a VASC at different VVASC.
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(a) |S12| of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2) at VVASC =−6V.
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(b) |S12| of CC-FBA-IG and CC-FBA-IG-D2 at
VVASC = −5V (solid line) and VVASC = −9V
(dashed line).

Figure 7.3.13: Comparison of measured |S12| of the CC-FBA-IB (VDS = 10V, IDSQ = 104mA) and CC-
FBA-IG (VDS = 20V, IDSQ = 240mA) using a CSC and a VASC at different VVASC.
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Fig. 7.3.13 compares the |S12| of the CC-FBAs using a CSC and a VASC (CC-FBAs-IB: |S12|<−17dB,
CC-FBAs-IG: |S12| < −20dB) which is almost equal. The |S11| of the CC-FBAs using a CSC and a
VASC is shown in Fig. 7.3.14 which is in range of−10dB and −8dB over the complete bandwidth. The
|S11| of the CC-FBAs-IB using a VASC is 2dB worse than the CC-FBA-IB using a CSC, depicted in
Fig. 7.3.14a. This effect can be traced back to the additional series inductance between the gate of the
CGS and the shunt capacitance of the VASC. VVASC has only a small influence on the |S11| of the CC-
FBA-IG-D2 which is very similar to the CC-FBA-IG using a CSC, shown in Fig. 7.3.14b. Fig. 7.3.15
shows the |S22| of the CC-FBAs using a CSC and a VASC. The |S22| is better−10dB of the CC-FBAs-IB
and in the range of −10dB and −8dB of the CC-FBAs-IG using a CSC and a VASC over the complete
frequency range. The |S22| of the CC-FBAs-IB using a CSC and a VASC is very similar as well as the
CC-FBAs-IG using a CSC and a VASC.
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(a) |S11| of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2) at VVASC =−6V.
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(b) |S11| of CC-FBA-IG and CC-FBA-IG-D2 at
VVASC = −5V (solid line) and VVASC = −9V
(dashed line).

Figure 7.3.14: Comparison of measured |S11| of the CC-FBA-IB (VDS = 10V, IDSQ = 104mA) and CC-
FBA-IG (VDS = 20V, IDSQ = 240mA) using CSC and a VASC at different VVASC.
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(a) |S22| of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2) at VVASC =−6V.
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(b) |S22| of CC-FBA-IG and CC-FBA-IG-D2 at
VVASC = −5V (solid line) and VVASC = −9V
(dashed line).

Figure 7.3.15: Comparison of measured |S22| of the CC-FBA-IB (VDS = 10V, IDSQ = 104mA) and CC-
FBA-IG (VDS = 20V, IDSQ = 240mA) using CSC and a VASC at different VVASC.
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Noise Figure Results

The measured NF of the CC-FBAs using a CSC and a VASC at a certain quiescent point of the CSS and
the CGS (CC-FBAs-IB: VDS = 10V, IDSQ = 104mA, CC-FBAs-IG: VDS = 20V, IDSQ = 240mA) and a
certain VVASC is compared in Fig. 7.3.16. The VVASC of the CC-FBA-IB-(D1D/D1U/D2) is equal to−6V
and is chosen to −5V and −9V for the CC-FBA-IG-D2. At lower and moderate frequencies the NF of
the CC-FBAs-IB using a CSC and a VASC is about 3–4dB and increases up to 6dB at the fc, depicted
in Fig. 7.3.16a. Despite the VASC which includes an additional active element, the corresponding NF
of the CC-FBAs-IB using a VASC is even ≈ 1dB lower than the CC-FBA-IB using a CSC. The NF of
the CC-FBA-IG-D2 is about 5dB in the lower and moderate frequency range in increases up to 7dB at
12GHz, shown in Fig. 7.3.16b. The NF of the CC-FBA-IG-D2 is slightly higher than the CC-FBA-IG
using a CSC.
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(a) NF of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2) at VVASC =−6V.

0 5 10 15 20
2

4

6

8

10

12

(b) NF of CC-FBA-IG and CC-FBA-IG-D2 at
VVASC = −5V (solid line) and VVASC = −9V
(dashed line).

Figure 7.3.16: Comparison of measured NF of the CC-FBA-IB (VDS = 10V, IDSQ = 104mA) and CC-
FBA-IG (VDS = 20V, IDSQ = 240mA) using a CSC and a VASC at different VVASC.

1-Tone Results

The measured 1-Tone results of the CC-FBAs using a CSC and a VASC at a certain quiescent point
of the CSS and the CGS (CC-FBA-IBs: VDS = 10V, IDSQ = 104mA, CC-FBA-IGs: VDS = 20V,
IDSQ = 240mA) and a certain VVASC are shown in Fig. 7.3.17–Fig. 7.3.27. The VVASC of the CC-FBA-
(D1D/D1U/D2) is equal to −6V and is chosen to −5V and −9V for the CC-FBA-IG-D2.

The Pout,max of the CC-FBAs using a CSC and a VASC is depicted in Fig. 7.3.17. A Pout,max of about
30–30.5dBm at 1GHz and about 26.5–27.5dBm at 17GHz for a PDISS,MAX of 7.28W ( PDISS,MAX

GP = 7 W
mm ),

shown in Fig. 7.3.17a, is achieved of the CC-FBAs-IB using a CSC and a VASC. The Pout,max of the
CC-FBAs-IB using a VASC is up to 0.5dB lower than the CC-FBA-IB using a CSC. In contrast to
the CC-FBAs-IB using a CSC and a VASC, a Pout,max of even ≈ 35.5dBm at 1GHz is achieved for a
PDISS,MAX of 11.2W ( PDISS,MAX

GP = 7 W
mm ) of the CC-FBAs-IG using a CSC and a VASC. However, shown

in Fig. 7.3.17b, at higher frequencies the Pout,max decreases significantly. There is almost no change in
Pout,max of the CC-FBA-IG-D2 increasing VVASC from −9V to −5V.
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(a) Pout,max vs. frequency of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2) at VVASC =−6V.
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(b) Pout,max vs. frequency of CC-FBA-IG and CC-FBA-
IG-D2 at VVASC = −5V (solid line) and VVASC = −9V
(dashed line).

Figure 7.3.17: Comparison of measured Pout,max vs. frequency of the CC-FBA-IB (VDS = 10V, IDSQ =
104mA) and CC-FBA-IG (VDS = 20V, IDSQ = 240mA) using a CSC and a VASC at
different VVASC.

Fig. 7.3.18 and Fig. 7.3.19 show the normalized Gain versus frequency and versus Pout of the CC-FBA-
IB-(D1D/D1U/D2) and of the CC-FBA-IG-D2 at VVASC = −5V and VVASC = −9V. Increasing VVASC
from −9V to −5V improves the compression behavior especially at higher frequencies at moderate Pout
of the CC-FBAs using a VASC.
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(a) Normalized Gain vs. frequency vs. Pout of CC-FBA-IB-
D1D.
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(b) Normalized Gain vs. frequency vs. Pout of CC-FBA-IB-
D1U.

Figure 7.3.18: Measured normalized Gain vs. frequency vs. Pout of the CC-FBA-IB-D1D and CC-FBA-
IB-D1U (VDS = 10V, IDSQ = 104mA) at VVASC =−5V and VVASC =−9V.
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(a) Normalized Gain vs. frequency vs. Pout of CC-FBA-IB-
D2.
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(b) Normalized Gain vs. frequency vs. Pout of CC-FBA-IG-
D2.

Figure 7.3.19: Measured normalized Gain vs. frequency vs. Pout of the CC-FBA-IB-D2 (VDS = 10V,
IDSQ = 104mA) and CC-FBA-IG-D2 (VDS = 20V, IDSQ = 240mA) at VVASC =−5V and
VVASC =−9V.

The P1dB, P0.5dB and P0.1dB of the CC-FBAs-IB using a CSC and a VASC are compared in Fig. 7.3.20,
Fig. 7.3.21 and Fig. 7.3.22 respectively. A P1dB of the CC-FBA-IB using a CSC, shown in Fig. 7.3.20,
of 21–26dBm is achieved over the complete bandwidth. The P1dB is increased by 2.5dB at higher
frequencies using a VASC instead of a CSC.
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(a) P1dB vs. frequency of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2) at VVASC =−5V.
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(b) P1dB vs. frequency of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2) at VVASC =−6V.

Figure 7.3.20: Comparison of measured P1dB vs. frequency of the CC-FBA-IB (VDS = 10V, IDSQ =
104mA) using a CSC and a VASC at different VVASC.

A P0.5dB of the CC-FBA-IB using a CSC of 18.5–23.5dBm is achieved over the complete bandwidth,
shown in Fig. 7.3.21. At higher frequencies the P0.5dB is increased by 4dB using a VASC instead of a
CSC, depicted in Fig. 7.3.20. The P0.5dB of the CC-FBA-IB-D1D is significantly higher compared to
the P0.5dB of the CC-FBA-IB-(D1U/D2).
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(a) P0.5dB vs. frequency of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2) at VVASC =−5V.
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(b) P0.5dB vs. frequency of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2) at VVASC =−6V.

Figure 7.3.21: Comparison of measured P0.5dB vs. frequency of the CC-FBA-IB (VDS = 10V, IDSQ =
104mA) using a CSC and a VASC at different VVASC.

The CC-FBA-IB using a CSC, shown in Fig. 7.3.22, achieves a P0.1dB of 11–19dBm over the complete
bandwidth. Compared to the CC-FBA-IB using a CSC, the CC-FBA-IB-(D1U/D2) improves the P0.1dB
by 7dB at higher frequencies. The CC-FBA-IB-D1D even increases the P0.1dB more than 10dB using
a VASC instead of a CSC, depicted in Fig. 7.3.22, at higher frequencies. At 17GHz the P0.1dB of the
CC-FBA-D1D is about 3dB higher compared to the P0.1dB of the CC-FBA-(D1U/D2) at VVASC =−5V.
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(a) P0.1dB vs. frequency of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2) at VVASC =−5V.
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(b) P0.1dB vs. frequency of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2) at VVASC =−6V.

Figure 7.3.22: Comparison of measured P0.1dB vs. frequency of the CC-FBA-IB (VDS = 10V, IDSQ =
104mA) using a CSC and a VASC at different VVASC.

Fig. 7.3.23 compares the P1dB and P0.1dB of the CC-FBAs-IG using a CSC and a VASC. A P1dB of
24–33dBm is achieved over the complete bandwidth. The P1dB of the CC-FBAs-IG using a CSC and
a VASC is very similar, depicted in Fig. 7.3.23a. Fig. 7.3.23b shows the P0.1dB of 18–28dBm of the
CC-FBAs-IG using a CSC and a VASC. At higher frequencies the P0.1dB of the CC-FBA-IG using a
CSC can be increased by 0.5–1dB using a VASC with VVASC =−5V.
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(a) P1dB vs. frequency of CC-FBA-IG and CC-FBA-IG-
D2.
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(b) P0.1dB vs. frequency of CC-FBA-IG and CC-FBA-IG-
D2.

Figure 7.3.23: Comparison of measured P1dB and P0.1dB vs. frequency of the CC-FBA-IG (VDS = 20V,
IDSQ = 240mA) using a CSC and a VASC at VVASC =−5V (solid line) and VVASC =−9V
(dashed line).

The gain compression at 15GHz of the CC-FBAs-IB using a CSC and a VASC (VVASC = −5V and
VVASC = −6V) are shown in Fig. 7.3.24. At VVASC = −6V the CC-FBA-IB-D2 achieves the best gain
compression improvement compared to the other realizations of the VASC, illustrated in Fig. 7.3.24b.
The normalized Gain of the CC-FBA-IB-D1U and the CC-FBA-IB using a CSC are even very simi-
lar. However, using a higher VVASC, shown in Fig. 7.3.24a, the gain compression of the CC-FBAs-IB-
(D1D/D1U/D2) can be further increased in the 0–1dB gain compression range. The normalized Gain
of the CC-FBA-IB-D1U and the CC-FBA-IB-D2 are almost equal. Furthermore, the CC-FBA-IB-D1D
even offers a gain expansion up to 0.25dB at a Pout = 10–22dBm.
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(a) Normalized Gain vs. Pout of CC-FBA-IB and CC-FBA-
IB-(D1D/D1U/D2) at VVASC =−5V.
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(b) Normalized Gain vs. Pout of CC-FBA-IB and CC-FBA-
IB-(D1D/D1U/D2) at VVASC =−6V.

Figure 7.3.24: Comparison of measured normalized Gain vs. Pout of the CC-FBA-IB (VDS = 10V, IDSQ =
104mA) using a CSC and a VASC at f = 15GHz at different VVASC.

Fig. 7.3.25 shows the gain compression of the CC-FBAs-IG using a CSC and a VASC (VVASC =−5V and
VVASC = −9V) at 10GHz and 12GHz. The normalized Gain of the CC-FBA-IG using a CSC can only
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slightly be increased by using a VASC (VVASC = −5V) in the 0–0.5dB gain compression range, shown
in Fig. 7.3.25a and Fig. 7.3.25b. At higher compression levels at 12GHz, the CC-FBA-IG-D2 behaves
even worse than the CC-FBA-IG using a CSC, illustrated in Fig. 7.3.25b. Furthermore, at VVASC =−9V
the normalized Gain of the CC-FBA-IG using a CSC is even better than the CC-FBA-IG-D2 over the
hole Pout range.
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(a) Normalized Gain vs. Pout of CC-FBA-IG and CC-FBA-
IG-D2 at f = 10GHz.
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(b) Normalized Gain vs. Pout of CC-FBA-IG and CC-FBA-
IG-D2 at f = 12GHz.

Figure 7.3.25: Comparison of measured normalized Gain vs. Pout of the CC-FBA-IG (VDS = 20V, IDSQ =
240mA) using a CSC and a VASC at different frequencies at VVASC = −5V (solid line)
and VVASC =−9V (dashed line).

The HD2 of the CC-FBAs using a CSC and a VASC are depicted in Fig. 7.3.26a and Fig. 7.3.10b. Due to
the fact that at higher frequencies the HD2 is outside of the usable band of the FBAs and can be filtered
by a low-pass filter at the output the FBA, the HD2 of the CC-FBAs are only illustrated up to 6GHz and
8.5GHz respectively. The HD2 of the CC-FBA-IB using a CSC is better than −27dBc up to 8.5GHz
and can be significantly improved using a VASC. The improvement depends on the chosen realization
structure of the VASC, shown in Fig. 7.3.26a:

• The CC-FBA-IB-D2 achieves a HD2 of better than −33dBc, which results in an improvement of
about 6dB.

• The HD2 is improved by the CC-FBA-IB-D1D up to 5dB at lower frequencies, but is similar in the
region of about 8.5GHz.

• The CC-FBA-IB-D1U behaves vice versa than the CC-FBA-IB-D1D. The HD2 is only slightly im-
proved at low frequencies, using the CC-FBA-IB-D1U. However, at higher frequencies, an improve-
ment of more than 5dB can be achieved. A HD2 of −40dBc is achieved at 8GHz.
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The CC-FBA-IG using a CSC achieves a HD2 from −36dBc to −52dBc in the frequency range of
1–6GHz, shown in Fig. 7.3.26b. However, using a VASC instead of a CSC, the HD2 increases by about
1dB at low frequencies and up to 5dB at 6GHz.
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(a) HD2 vs. frequency of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2) at VVASC =−6V.
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(b) HD2 vs. frequency of CC-FBA-IG and CC-FBA-IG-D2
at VVASC =−5V (solid line) and VVASC =−9V (dashed
line).

Figure 7.3.26: Comparison of measured HD2 vs. frequency of the CC-FBA-IB (VDS = 10V, IDSQ =
104mA) and CC-FBA-IG (VDS = 20V, IDSQ = 240mA) using a CSC and a VASC at a
Pout = 15dBm at different VVASC.

Fig. 7.3.27 compares the HD3 of the CC-FBAs using a CSC and a VASC. The HD3 of the CC-FBAs
are only illustrated up to 4GHz and ≈ 5.7GHz, respectively, as the harmonics can be filtered out using
a low-pass filter after the PA at higher frequencies. The CC-FBA-IB using a CSC illustrates a HD3 of
better than −43dBc up to 5.7GHz, which can be significantly improved by using a VASC instead of a
CSC. Fig. 7.3.27a shows the improvement depending on the chosen realization structure of the VASC:

• The CC-FBA-IB-D2 achieves a HD3 of better than −46dBc in the frequency range of 1–5.7GHz.
The improvement amounts to 1–4dB depending on frequency.

• The HD3 of the CC-FBA-IB-D1D, which is better than −43dBc up to 5.7GHz, is slightly improved
up to 1.5dB at lower frequencies (1–3.5GHz) and is degraded in the frequency range of 3.5–5.7GHz
up to 1dB.

• In the frequency range of 1–5.7GHz a HD3 of better than −45dBc is achieved of the CC-FBA-IB-
D1U. The improvement of the CC-FBA-IB-D1U is slightly smaller (0.5–1dB) than the CC-FBA-IB-
D2 at lower frequencies (1–3.5GHz) and is negligible better in the frequency range of 3.5–5.7GHz.

Fig. 7.3.27b shows the HD3 of the CC-FBA-IG using a CSC which is the range of−50dBc to−61dBc in
the frequency range of 1–4GHz. The HD3 of the CC-FBA-IG using a CSC and a VASC at VVASC =−9V
is very similar. The HD3 can be slightly improved in a certain frequency range by increasing VVASC from
−9V to −5V.
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(a) HD3 vs. frequency of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2) at VVASC =−6V.
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(b) HD3 vs. frequency of CC-FBA-IG and CC-FBA-IG-D2
at VVASC =−5V (solid line) and VVASC =−9V (dashed
line).

Figure 7.3.27: Comparison of measured HD3 vs. frequency of the CC-FBA-IB (VDS = 10V, IDSQ =
104mA) and CC-FBA-IG (VDS = 20V, IDSQ = 240mA) using a CSC and a VASC at a
Pout = 15dBm at different VVASC.

7.3.2.3 Improved Linearity

S-Parameter Results

Fig. 7.3.28–Fig. 7.3.31 compares the measured S-parameters of the CC-FBAs using a CSC with Cst and
a VASC with Cst,var at a certain quiescent point of the CSS and the CGS (CC-FBAs-IB: VDS = 10V,
IDSQ = 156mA, CC-FBAs-IG: VDS = 10V, IDSQ = 240mA) at VVASC =−6V. The |S21| of the CC-FBAs
using a CSC and a VASC is shown in Fig. 7.3.28. The |S21| of the CC-FBA-IB (|S21| ≈ 13–14dB)
and of the CC-FBA-IG (|S21| ≈ 15–17dB) using a CSC are very similar to the |S21| of the CC-FBA-
IB-(D1D/D1U/D2) and of the CC-FBA-IG-D2 at VVASC = −6V (dashed lines), shown in Fig. 7.3.28a
and Fig. 7.3.28b respectively. The fc is about 17GHz of the CC-FBAs-IB and is about 12GHz of the
CC-FBAs-IG.
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(a) |S21| of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2).
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(b) |S21| of CC-FBA-IG and CC-FBA-IG-D2.

Figure 7.3.28: Comparison of measured |S21| of the CC-FBA-IB (VDS = 10V, IDSQ = 156mA) and CC-
FBA-IG (VDS = 10V, IDSQ = 240mA) using a CSC and a VASC at VVASC =−6V.
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The difference between the |S12| of the CC-FBAs using a CSC and a VASC (CC-FBAs-IB: |S12| <
−17dB, CC-FBAs-IG: |S12|<−20dB) is negligible shown in Fig. 7.3.29.
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(a) |S12| of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2).
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(b) |S12| of CC-FBA-IG and CC-FBA-IG-D2.

Figure 7.3.29: Comparison of measured |S12| of the CC-FBA-IB (VDS = 10V, IDSQ = 156mA) and CC-
FBA-IG (VDS = 10V, IDSQ = 240mA) using a CSC and a VASC at VVASC =−6V.

Fig. 7.3.30 compares the |S11| of the CC-FBAs using a CSC and a VASC. The |S11| of the CC-FBAs-IB
using a VASC is in the range of −10dB and −8dB over the complete bandwidth which results in a
degradation of up to 2dB compared to the CC-FBA-IB using a CSC, illustrated in Fig. 7.3.30a. The |S11|
of the CC-FBA-IG-D2 is very similar to the CC-FBA-IG using a CSC, shown in Fig. 7.3.30b.
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(a) |S11| of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2).
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(b) |S11| of CC-FBA-IG and CC-FBA-IG-D2.

Figure 7.3.30: Comparison of measured |S11| of the CC-FBA-IB (VDS = 10V, IDSQ = 156mA) and CC-
FBA-IG (VDS = 10V, IDSQ = 240mA) using a CSC and a VASC at VVASC =−6V.

The |S22| of the CC-FBAs using a CSC and a VASC, which is in the range of−10dB and−8dB over the
complete bandwidth, is shown in Fig. 7.3.31. Although, the |S22| of the CC-FBAs-IB using a CSC and
a VASC is very similar as well as the CC-FBAs-IG using a CSC and a VASC, the fc of |S22| is slightly
shifted to lower frequencies using a VASC.
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(a) |S22| of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2).
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(b) |S22| of CC-FBA-IG and CC-FBA-IG-D2.

Figure 7.3.31: Comparison of measured |S22| of the CC-FBA-IB (VDS = 10V, IDSQ = 156mA) and CC-
FBA-IG (VDS = 10V, IDSQ = 240mA) using a CSC and a VASC at VVASC =−6V.

Noise Figure Results

Fig. 7.3.32 compares the measured NF of the CC-FBAs using a CSC and a VASC at a certain quiescent
point of the CSS and the CGS (CC-FBAs-IB: VDS = 10V, IDSQ = 156mA, CC-FBAs-IG: VDS = 10V,
IDSQ = 240mA) at VVASC = −6V. Fig. 7.3.32a shows the NF of the CC-FBAs-IB using a CSC and
a VASC which is about 4dB in the frequency range of 1–13GHz and increases up to 6dB at 17GHz.
Although the VASC includes an additional active element, the corresponding NF of the CC-FBAs-IB
using the VASC is slightly better compared to the CC-FBA-IB using a CSC. Fig. 7.3.32b shows in the
lower and moderate frequency range a NF of < 4dB and < 6dB at the fc of 12GHz of the CC-FBAs-IB
using a CSC and a VASC. The NF of the CC-FBA-IG using a CSC and the NF of the CC-FBA-IG-D2 is
very similar to each other with the exception of the higher interfering signal with the noise measurement
setup at 10GHz.
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(a) NF of CC-FBA-IB and CC-FBA-IB-
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(b) NF of CC-FBA-IG and CC-FBA-IG-D2.

Figure 7.3.32: Comparison of measured NF of the CC-FBA-IB (VDS = 10V, IDSQ = 156mA) and CC-
FBA-IG (VDS = 10V, IDSQ = 240mA) using a CSC and a VASC at VVASC =−6V.
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1-Tone Results

Fig. 7.3.33–Fig. 7.3.47 show the measured 1-Tone results of the CC-FBAs using a CSC and a VASC at
a certain quiescent point of the CSS and the CGS (CC-FBA-IBs: VDS = 10V, IDSQ = 156mA, CC-FBA-
IGs: VDS = 10V, IDSQ = 240mA) and a certain VVASC. The VVASC of the CC-FBA-(D1D/D1U/D2) is
chosen between −5V and −9V. Fig. 7.3.33 illustrates the Pout,max of the CC-FBAs using a CSC and a
VASC at VVASC =−6V. For a PDISS,MAX of 7.28W ( PDISS,MAX

GP = 7 W
mm ) the CC-FBAs-IB using a CSC and

a VASC achieve a Pout,max at 1GHz of 30–31dBm and at 17GHz≈ 27–28.5dBm, shown in Fig. 7.3.33a.
The Pout,max of the CC-FBA-IB-D1D is slightly better at higher frequencies compared to the CC-FBA-
IB using a CSC. The Pout,max of the CC-FBAs-IB-(D1U/D2) is ≈ 0.5–1dB worse over the complete
bandwidth in contrast to the CC-FBA-IB using a CSC. Fig. 7.3.33b shows the Pout,max of ≈ 27–32dBm
of the CC-FBAs-IG using a CSC and a VASC which are similar to each other.
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(a) Pout,max vs. frequency of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2).
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(b) Pout,max vs. frequency of CC-FBA-IG and CC-FBA-IG-
D2.

Figure 7.3.33: Comparison of measured Pout,max vs. frequency of the CC-FBA-IB (VDS = 10V, IDSQ =
156mA) and CC-FBA-IG (VDS = 10V, IDSQ = 240mA) using a CSC and a VASC at
VVASC =−6V.
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(a) P1dB vs. frequency of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2).
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(b) P1dB vs. frequency of CC-FBA-IG and CC-FBA-IG-
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Figure 7.3.34: Comparison of measured P1dB vs. frequency of the CC-FBA-IB (VDS = 10V, IDSQ =
156mA) and CC-FBA-IG (VDS = 10V, IDSQ = 240mA) using a CSC and a VASC at
VVASC =−6V.
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Fig. 7.3.34 compares the P1dB of the CC-FBAs using a CSC and a VASC at VVASC =−6V. A P1dB of
24–28dBm is achieved of the CC-FBAs-IB using CSC and a VASC, shown in Fig. 7.3.34a. The P1dB of
the CC-FBA-IB-D1U is almost equal to the CC-FBA-IB using a CSC. At higher frequencies the P1dB
is slightly increased by using the CC-FBAs-IB-D2. Comparing the P1dB of the CC-FBA-IB-D1D and
the CC-FBA-IB using a CSC, the P1dB is significantly increased especially at higher frequencies using a
VASC. The P1dB of≈ 24–31dBm of the CC-FBAs-IG using a CSC and a VASC, shown in Fig. 7.3.34b,
is very similar to each other.

Fig. 7.3.35–Fig. 7.3.38 show the harmonic distortion of the HD2 and HD3 versus frequency and versus
Pout of the CC-FBA-IB-(D1D/D1U/D2) and of the CC-FBA-IG-D2 at VVASC =−5V and VVASC =−6V.
Depending on the realization structure of VASC the HD2 and HD3 can be improved in a certain Pout
range by adjusting VVASC.
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(a) HD2 vs. frequency vs. Pout of CC-FBA-IB-D1D.
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(b) HD2 vs. frequency vs. Pout of CC-FBA-IB-D1U.

Figure 7.3.35: Measured HD2 vs. frequency vs. Pout of the CC-FBA-IB-D1D and CC-FBA-IB-D1U
(VDS = 10V, IDSQ = 156mA) at VVASC =−5V and VVASC =−6V.
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(a) HD2 vs. frequency vs. Pout of CC-FBA-IB-D2.
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(b) HD2 vs. frequency vs. Pout of CC-FBA-IG-D2.

Figure 7.3.36: Measured HD2 vs. frequency vs. Pout of the CC-FBA-IB-D2 (VDS = 10V, IDSQ =
156mA) and CC-FBA-IG-D2 (VDS = 10V, IDSQ = 240mA) at VVASC =−5V and VVASC =
−6V.
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(a) HD3 vs. frequency vs. Pout of CC-FBA-IB-D1D.
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(b) HD3 vs. frequency vs. Pout of CC-FBA-IB-D1U.

Figure 7.3.37: Measured HD3 vs. frequency vs. Pout of the CC-FBA-IB-D1D and CC-FBA-IB-D1U
(VDS = 10V, IDSQ = 156mA) at VVASC =−5V and VVASC =−6V.
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(a) HD3 vs. frequency vs. Pout of CC-FBA-IB-D2.
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(b) HD3 vs. frequency vs. Pout of CC-FBA-IG-D2.

Figure 7.3.38: Measured HD3 vs. frequency vs. Pout of the CC-FBA-IB-D2 (VDS = 10V, IDSQ =
156mA) and CC-FBA-IG-D2 (VDS = 10V, IDSQ = 240mA) at VVASC =−5V and VVASC =
−6V.

At a Pout of 20dBm, the Fig. 7.3.39 compares the HD2 of the CC-FBAs-IB using a CSC and a VASC
at VVASC = −5V and VVASC = −6V. The HD2 of the CC-FBA-IB using a CSC which is better than
−33dBc, has a superior behavior at higher frequencies compared to the CC-FBAs-IB using a VASC.
The HD2 increases by 3–14dB at the fc depending on the realization structure of the VASC and of the
adjusted VVASC. Using a lower VVASC improves the HD2 slightly. At lower frequencies (1–4GHz), the
HD2 of the CC-FBA-IB can be improved by replacing the CSC by the VASC. At 1GHz the HD2 can be
enhanced up to 15dB depending on the chosen realization of the VASC:

• The HD2 of the CC-FBA-IB-D1D is very similar at lower frequencies to the CC-FBA-IB using a
CSC.

• The CC-FBA-IB-D2 shows the best HD2 performance compared to the other realizations of the VASC
in the lower frequency range.

• The HD2 of the CC-FBA-IB-D1U is slightly worse than the CC-FBA-IB-D2, but significantly better
in contrast to the CC-FBA-D1D.
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(a) HD2 vs. frequency of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2) at VVASC =−5V.
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(b) HD2 vs. frequency of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2) at VVASC =−6V.

Figure 7.3.39: Comparison of measured HD2 vs. frequency of the CC-FBA-IB (VDS = 10V, IDSQ =
156mA) using a CSC and a VASC at a Pout = 20dBm at different VVASC.

Lowering the Pout by 5dB to 15dBm, the HD2 of the CC-FBAs-IB using a CSC and a VASC at VVASC =
−5V and VVASC =−6V is compared in Fig. 7.3.40. Using a CSC, the HD2 of the CC-FBA-IB is better
than −36dBc and has the same characteristic as illustrated in Fig. 7.3.39. The HD2 of the CC-FBAs-IB
using a VASC is still worse at a lower Pout at higher frequencies compared to the CC-FBA-IB using
a CSC. At the fc, the increase of the HD2 using the VASC instead of the CSC amounts to 2–11dB.
Furthermore, at lower frequencies the improvement of the HD2 of the CC-FBAs-IB-(D1U/D2) even
degrades using the VASC at lower Pout.
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(a) HD2 vs. frequency of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2) at VVASC =−5V.
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Figure 7.3.40: Comparison of measured HD2 vs. frequency of the CC-FBA-IB (VDS = 10V, IDSQ =
156mA) using a CSC and a VASC at a Pout = 15dBm at different VVASC.

Fig. 7.3.41 shows the HD3 of the CC-FBAs-IB using a CSC and a VASC at a Pout of 20dBm for dif-
ferent VVASC (VVASC = −5V and VVASC = −6V). The HD3 of the CC-FBA-IB using a CSC is better
than −40dBc. Replacing the CSC by a VASC, the HD3 can be improved depending on the realization
structure of the VASC and the adjusted VVASC:
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• Adjusting VVASC to −6V, the HD3 of the CC-FBA-IB-D1D is up to 2dB better at higher frequencies
compared to the CC-FBA-IB using a CSC, shown in Fig. 7.3.41b. At lower frequencies the improve-
ment is rather negligible. However, increasing VVASC to −5V increases the HD3 of the CC-FBA-IB-
D1D which results even in a worse HD3 in a certain frequency range in contrast to the CC-FBA-IB
using a CSC.

• Replacing the CSC by a VASC and adjusting VVASC to −5V, the HD3 of the CC-FBAs-IB-(D1U/D2)
is improved by ≈ 1dB in the frequency range of 1–3GHz, shown in Fig. 7.3.41a. At the fc the best
HD3 improvement up to 7dB is achieved by the CC-FBA-IB-D2. However, the CC-FBA-IB-D1U
shows the better average improvement of the HD3 compared to the CC-FBA-IB-D2 from 3GHz to the
fc. Decreasing VVASC to−6V, decreases the improvement of the HD3 of the CC-FBAs-IB-(D1U/D2).
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(a) HD3 vs. frequency of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2) at VVASC =−5V.
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(b) HD3 vs. frequency of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2) at VVASC =−6V.

Figure 7.3.41: Comparison of measured HD3 vs. frequency of the CC-FBA-IB (VDS = 10V, IDSQ =
156mA) using a CSC and a VASC at a Pout = 20dBm at different VVASC.
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(a) HD3 vs. frequency of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2) at VVASC =−5V.
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(b) HD3 vs. frequency of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2) at VVASC =−6V.

Figure 7.3.42: Comparison of measured HD3 vs. frequency of the CC-FBA-IB (VDS = 10V, IDSQ =
156mA) using a CSC and a VASC at a Pout = 15dBm at different VVASC.

At a Pout = 15dBm, Fig. 7.3.42 compares the HD3 of the CC-FBAs-IB using a CSC and a VASC at
VVASC = −5V and VVASC = −6V. Due to the lower Pout, the CC-FBA-IB using a CSC achieves a HD3
of better than −46dBc over the hole bandwidth. Furthermore, the HD3 improvement using a VASC
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is even enhanced adjusting VVASC to −5V. However, at VVASC = −6V, the HD3 shows an increase at
higher frequencies. As a result the HD3 of the CC-FBA-IB-D1D is worse in the higher frequency range
compared to the CC-FBA-IB using a CSC.

Fig. 7.3.43 shows the HD2 of the CC-FBA-IG using a CSC and the CC-FBA-IG-D2 using a VASC at
different Pout levels (Pout = 20dBm and Pout = 15dBm) and different VVASC (VVASC =−5V and VVASC =
−6V). At moderate and higher frequencies the HD2 of the CC-FBA-IG using a CSC is slightly better
compared to the CC-FBA-IG-D2.
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(a) HD2 vs. frequency of CC-FBA-IG and CC-FBA-IG-D2
at Pout = 20dBm.
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(b) HD2 vs. frequency of CC-FBA-IG and CC-FBA-IG-D2
at Pout = 15dBm.

Figure 7.3.43: Comparison of measured HD2 vs. frequency of the CC-FBA-IG (VDS = 10V, IDSQ =
240mA) using a CSC and a VASC at different Pout at VVASC = −5V (solid line) and
VVASC =−6V (dashed line).

Replacing the CSC of the CC-FBA-IG by a VASC, the improvement of the HD3 at different Pout levels
(Pout = 20dBm and Pout = 15dBm) and different VVASC (VVASC =−5V and VVASC =−6V) is illustrated
in Fig. 7.3.44.
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(a) HD3 vs. frequency of CC-FBA-IG and CC-FBA-IG-D2
at Pout = 20dBm.
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(b) HD3 vs. frequency of CC-FBA-IG and CC-FBA-IG-D2
at Pout = 15dBm.

Figure 7.3.44: Comparison of measured HD3 vs. frequency of the CC-FBA-IG (VDS = 10V, IDSQ =
240mA) using a CSC and a VASC at different Pout at VVASC = −5V (solid line) and
VVASC =−6V (dashed line).
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At a Pout of 20dBm and adjusting VVASC to−5V, a maximum HD3 improvement of 8dB at 4GHz, shown
in Fig. 7.3.44a, is achieved. The improvement degrades at lower Pout as well as adjusting VVASC to −6V,
but still show the superior behavior of the CC-FBA-IG-D2 compared to the CC-FBA-IG using a CSC
at higher frequencies, illustrated in Fig. 7.3.44b. However, at lower frequencies the HD3 improvement
using a VASC is rather negligible and expands to moderate frequencies at Pout = 15dBm.

Fig. 7.3.45 compares the HD2 versus Pout at f = 8GHz of the CC-FBAs-IB using a CSC and a VASC
at different VVASC (VVASC =−5V and VVASC =−6V). The HD2 of the CC-FBA-IB using a CSC shows
a superior behavior over the hole Pout range in contrast to the CC-FBAs-IB using a VASC. Although,
the HD2 of the CC-FBAs-IB using a VASC can be improved by decreasing the VVASC from −5V to
−6V, the HD2 is still 5–12dB worse —depending on the realization structure of the VASC— than the
CC-FBA-IB using a CSC.
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(a) HD2 vs. Pout of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2) at VVASC =−5V.
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(b) HD2 vs. Pout of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2) at VVASC =−6V.

Figure 7.3.45: Comparison of measured HD2 vs. Pout of the CC-FBA-IB (VDS = 10V, IDSQ = 156mA)
using a CSC and a VASC at f = 8GHz at different VVASC.

The HD3 versus Pout at f = 5GHz of the CC-FBAs-IB using a CSC and a VASC at different VVASC
(VVASC =−5V and VVASC =−6V) is shown in Fig. 7.3.46. Comparing the HD3, the result is completely
different to the HD2 comparison. Replacing the CSC by a VASC and adjusting VVASC to −5V, the
HD3 can be improved up to 20dB at a certain Pout level. At moderate Pout levels (10–21dBm), the
HD3 improvement of the CC-FBAs-IB using a VASC depends on the realization structure of the VASC,
illustrated in Fig. 7.3.46a:

• The CC-FBA-IB-D1D and the CC-FBA-IB-D2 show as similar HD3 improvement up to ≈ 6dB at a
Pout of 16dBm.

• The CC-FBA-IB-D1U shows the superior HD3 performance in contrast to the other realizations of
the VASC.

At higher power levels the HD3 of the CC-FBAs-IB using a VASC is slightly worse than the CC-FBA-
IB using a CSC. Furthermore, decreasing the VVASC from −5Vto −6V shifts the HD3 improvement
to higher Pout levels using the VASC, shown in Fig. 7.3.46b. However, the advantage using the VASC
regarding the HD3 decreases with lower VVASC.
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(a) HD3 vs. Pout of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2) at VVASC =−5V.
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(b) HD3 vs. Pout of CC-FBA-IB and CC-FBA-IB-
(D1D/D1U/D2) at VVASC =−6V.

Figure 7.3.46: Comparison of measured HD3 vs. Pout of the CC-FBA-IB (VDS = 10V, IDSQ = 156mA)
using a CSC and a VASC at f = 5GHz at different VVASC.

Fig. 7.3.47 compares the HD2 and HD3 versus Pout at f = 6GHz and f = 4GHz of the CC-FBAs-IG
using a CSC and a VASC at different VVASC (VVASC =−5V and VVASC =−6V). The HD2 and HD3 of
the CC-FBAs-IG show a similar characteristic as the CC-FBAs-IB:

• The HD2 of the CC-FBA-IG-D2 is 1–3dB worse compared to the CC-FBA-IG using a CSC, illustrated
in Fig. 7.3.47a.

• At moderate Pout levels (14–24dBm) and adjusting VVASC to −5V, the HD3 improvement of the CC-
FBA-IG-D2 amounts to 3–18dB, shown in Fig. 7.3.47.
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(a) HD2 vs. Pout of CC-FBA-IG and CC-FBA-IG-D2 at f =
6GHz.
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(b) HD3 vs. Pout of CC-FBA-IG and CC-FBA-IG-D2 at f =
4GHz.

Figure 7.3.47: Comparison of measured HD2 and HD3 vs. Pout of the CC-FBA-IG (VDS = 10V, IDSQ =
240mA) using a CSC and a VASC at different frequencies at VVASC = −5V (solid line)
and VVASC =−6V (dashed line).
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7.3.3 Conclusion

In Sec. 7.3 several designed CC-FBAs using the new concept with different realizations of the VASC
with Cst,var were presented to verify the theory set up in Ch. 6. The small-signal measurements (S-
parameters and NF) and large-signal measurements (1-tone) of the CC-FBAs-(IB/IG) using a CSC and
a VASC were compared with each other to highlight the advantages and to show the disadvantages of the
different realizations of the VASC regarding three proposed applications of the new concept.
Key performance of the new concept as gain control mechanism in the CC-FBA:

• The |S21| of the CC-FBAs using a VASC can be varied by 4–6dB at the fc. |S21| of the CC-FBA-
IB-D1U and the CC-FBA-IB-D2 are very similar and can be adjusted by 4dB, whereas ∆ |S21| of the
CC-FBA-IB-D1D amounts to 6dB which is the highest delta compared to the other realizations of the
VASC.

• Due to the trade-off between stability and S21, the stability of the CC-FBAs using the new concept
degrades with increasing adjusted |S21|. At a certain point of |S21|, the CC-FBA is no longer uncon-
ditionally stable, also due to the higher input and output reflection (higher |S11| and |S22|) which can
lead to an oscillation at the input and output of the CC-FBA.

• Furthermore, despite the VASC which includes at least one transistor as a diode, the corresponding
NF was unchanged in contrast to the CC-FBAs using a CSC independent on the adjusted VVASC.

• One of the key large-signal parameter Pout,max of the CC-FBAs using a VASC was lower or similar
to the CC-FBAs using a CSC depending on the realization structure of the VASC and of the adjusted
VVASC. While the CC-FBA-IB-D1D offered a similar Pout,max compared to the CC-FBA-IB using a
CSC, the Pout,max of the CC-FBA-IB-D1U and the CC-FBA-IB-D2 were 1–2dB lower than the Pout,max
of the CC-FBA-IB using a CSC.

• Comparing the harmonic distortion of the second order and third order of the CC-FBAs-IB using a
VASC with the CC-FBA-IB using a CSC, two properties were exhibited. On the one hand the HD2,
especially at higher frequencies was significantly deteriorated (up to 5–15dB at 8.5GHz) adjusting the
VVASC to−4V to increase |S21| comparing the CC-FBA-IB using a VASC. On the other hand the HD3
was improved using a certain realization structure of the VASC at VVASC =−4V. While the CC-FBA-
IB-D1U improved the HD3 up to 10dB at higher frequencies, the HD3 was slightly increased using
the CC-FBA-IB-D2 at higher frequencies and even deteriorated by 15dB using the CC-FBA-IB-D1D
at the fc.

Key performance of the new concept to improve the compression behavior of the CC-FBA:

• If the VVASC is adjusted to −6V, the S-parameters of the CC-FBAs-IB using a VASC showed a very
similar behavior to the CC-FBA-IB using a CSC. As a result, the stability of the CC-FBA-IB using a
VASC and a CSC was almost equal.

• Although the NF of the CC-FBAs-IB using a VASC showed an improvement of about 1dB compared
to the CC-FBA-IB using a CSC, this effect is believed to be rather related to process variations due to
the fact that the VASC adds additional noise to the CC.

• Furthermore, regarding the large-signal performance, the Pout,max of the CC-FBAs-IB using a VASC
was up to 0.5dB lower than the CC-FBA-IB using a CSC, independent on the realization structure of
the VASC. However, comparing the CC-FBA-IG using a VASC and a CSC with each other, no Pout,max
degradation was detected.

• The gain compression improvement of the CC-FBAs-IB using a VASC depended significantly on the
realization of the VASC and on the adjusted VVASC. The CC-FBA-IB-D1D showed the best com-
pression behavior in contrast to the other realization structures of the VASC. The P1dB improvement
amounted to 2.5dB at higher frequencies adjusting VVASC to −5V. The P0.1dB even showed an
improvement of about 10dB. The CC-FBA-IB-D1U and the CC-FBA-IB-D2 showed a similar com-
pression improvement behavior adjusting VVASC to −5V. However, adjusting VVASC to −6V, the
compression behavior of the CC-FBA-IB-D1U was worse than the CC-FBA-IB-D2.

• Additionally, as well as the gain compression, the HD2 and HD3 depended also on the realization
structure of the VASC. Adjusting VVASC to −6V, the HD2 and HD3 of the CC-FBAs-IB using a
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VASC were significantly improved —depending on the realization structure of the VASC— compared
to the CC-FBA-IB using a CSC. Using two anti-parallel diodes as a VASC in the CC-FBA-IB-D2, the
best HD2 and HD3 behavior were achieved comparing to the other realized structures of the VASC
and to the CSC in the CC-FBA-IB. The improvement of the HD2 and the HD3 amounted to 2–6dB
and 1–4dB, respectively. The HD2 of the CC-FBA-IB-D1D and the CC-FBA-IB-D1U behaved vice
versa. The HD2 of the CC-FBA-IB-D1U was better in the low frequency range and the CC-FBA-IB-
D1D was better at higher frequencies. However, the HD3 of the CC-FBA-IB-D1U showed a superior
behavior over the complete frequency range compared to the CC-FBA-IB-D1D.

Key performance of the new concept to improve the linearity behavior of the CC-FBA:

• The S-Parameters as well as the NF of the CC-FBAs-IB using a VASC and a CSC were very similar
to each other because the small-signal performance of the VASC —adjusting VVASC to −6V— and
of the CSC were nearly equal. Moreover, due to the fact that the quiescent point of the CC-FBA to
improve the compression behavior or to improve the linearity were not very far from each other, the
small-signal results were very similar.

• Furthermore, the Pout,max of the CC-FBA-IB-D1D was very similar using a VASC or a CSC. The
Pout,max of the CC-FBA-IB using a CSC was up to 0.5dB higher than the CC-FBAs-IB-(D1U/D2)
using a VASC.

• Additionally, comparing the P1dB of the CC-FBA-IB-D1D and the CC-FBA-IB using a CSC, the
P1dB was improved by ≈ 2dB at higher frequencies using a VASC. The CC-FBA-IB using a CSC
and the CC-FBAs-IB-(D1U/D2) were similar to each other. At certain frequency points the CC-FBA-
IB-D2 seemed to be slightly better than the CC-FBA-IB-D1U.

• Replacing the CSC by a VASC, the HD2 and the HD3 were improved in a certain frequency range and
Pout range, depending on the adjusted VVASC and on the realization structure of the VASC. The HD2
was mainly improved in the lower frequency range. However, at higher frequencies the CC-FBA-IB
using a CSC showed a superior behavior in contrast to the CC-FBAs-IB using a VASC. The HD2 of
the CC-FBA-D1D showed almost the worst behavior over the complete frequency range. The HD3
was improved using the VASC over a moderate power range and a wide frequency range, depending on
the adjusted VVASC. The CC-FBA-IB-D1U showed the best HD3 improvement which is up to 20dB
at Pout = 16dBm. Decreasing VVASC changed the power range improvement of the HD3 to higher
power levels. However, the overall performance will degrade. The CC-FBAs-IB-(D1D/D2) showed a
slightly worse HD3 behavior than the CC-FBA-IB-D1U, but still better than the CC-FBA-IB using a
CSC in a wide frequency range and at moderate power levels.
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7.4 Summary

In Sec. 7.1 the fundamentals of two types of amplifier structures to realize multi-decade PAs were shown
and explained. Afterwards, in Sec. 7.2 and in Sec. 7.3 several designed FBAs, including small-signal
measurements and large-signal measurements, were presented to verify the theoretical investigations in
Ch. 4–Ch. 6 by highlighting the advantages and disadvantages of the CC topology in broadband PAs and
to point out the superior RF performance using the new concept by replacing the CSC with Cst by the
VASC with Cst,var. At the end of each section a conclusion was given to reveal a short overview of the
insights. The most important key findings and trade-offs are summarized in Table 7.4.1 and Table 7.4.2.
Table 7.4.1 underlines the superior RF performance of the CC topology in contrast to the CS topology
which matches with the presented theory in Ch. 4 and Ch. 5 with the exception of the improved noise
behavior of the CC-FBA-IB (same PDISS as CS-FBA). However, this effect can be traced back to the
lower VDS of the CC topology where the noise performance achieves its optimum.

Table 7.4.1: Key findings and trade-offs of the CC topology compared to the CS topology in FBAs.
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* same PDISS of CS-FBA and CC-FBA otherwise same quiescent point for each active cell

Table 7.4.2 illustrates the improvement of the new concept regarding the different realizations of the
VASC. As proposed in Ch. 6 all three realizations of the VASC should achieve a similar maximum
dynamic range and as a result a similar |S21| and bandwidth. However, the CC-FBA-IB-D1D achieved
the highest dynamic range regarding the S-parameters. The improved dynamic behavior of |S21| of the
CC-FBA-IB-D1D could be explained by different multiple project wafer productions of the CC-FBAs
using the VASC, due to the even slightly higher |S21| at lower frequencies which is independent of the
Cst,var. Furthermore, the CC-FBA-IB-D1D achieved the highest P1dB improvement at higher frequencies
compared to the other realization structures of the VASC which matches with the presented theory in
Ch. 6. However, despite the higher P1dB the Pout suffers a little bit using the VASC, which can be traced
back to the higher mismatch at higher Pout levels at the output of the PA. The CC-FBA-IB-D2 achieved
the best linearity behavior regarding HD2 and HD3 in a certain frequency and power range in contrast to
the other realization structures of the VASC. Although the theory in Ch. 6 demonstrated a better linearity
using a VASC as predistortion of the CGS or to improve the linearity of the V gs at the CGS, in practice
the VASC with its lowest non-linearity characteristic results overall in the best linearity behavior of PAs.
Of course, this effect depends on the quiescent point of the FBA and the exact RF behavior of the VASC.
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Table 7.4.2: Key findings and trade-offs of the new concept in CC-FBAs.

Improvement due to the VASC
Key findings
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* depends on the quiescent point of the CC-FBA and on the quiescent point of the VASC

In summary, the CC-FBA using the new concept has a superior small-signal and large-signal performance
compared to the CS-FBA. Nevertheless, the new concept demonstrated its main advantages only in a
certain frequency and power level range. Moreover, stability of PAs should be carefully investigated
using the new concept especially at large-signal operation.
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The GaN-HEMT technology as state-of-the-art semiconductor is more and more employed to PA devices
in high-end test and measurement equipment to offer high linearity and Pout over a wide frequency spec-
trum. Furthermore, replacing the CS topology by the CC topology in broadband PAs is a very beneficial
solution to improve the RF performance of PAs.

Conclusion

The focus of this thesis consists of two main topics:

• The first focus of this thesis was the investigation and comparison of the CC topology with the CS
topology in multi-decade PAs —using the GaN-HEMT technology— to highlight the advantages and
disadvantages of the CC topology.

• The second main topic of this thesis comprised the development of a new concept to improve the RF
performance of multi-decade PAs using the CC topology. Furthermore, different realization structures
of the new concept were compared to each other with respect to their RF characteristic.

The thesis started with definitions of several important small-signal parameters, large-signal parameters
and noise parameters to achieve a fundamental understanding how RF circuits can be described. Af-
terwards, the superior performance of the GaN-HEMT technology was highlighted, compared to other
semiconductor technologies (i.e. Si-LDMOS, GaAs-HEMT) and an overview about modeling of GaN-
HEMTs regarding small-signal, large-signal and noise behavior was given.
Subsequently, the first focus of this thesis was elaborated comprising the functionality of the CSS, the
classical CC as well as the modified CC —more used nowadays using the GaN-HEMT technology—
which were explained to give a fundamental understanding of both topologies. Moreover, several key
small-signal and large-signal parameters were derived and their dependencies were investigated to point
out the advantages and disadvantages of the CC topology. Fig. 8.0.1 illustrates the trade-offs of the
advantages and disadvantages of the CC topology compared to the CS topology.
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Figure 8.0.1: Trade-offs of the CC topology. (a) Small-signal trade-offs. (b) Large-signal trade-offs.

Afterwards, the second focus of this thesis was the development of a new CC topology by replacing the
CSC with Cst —at the gate of the CGS— by a VASC with Cst,var. At the beginning the general principle
of the proposed concept was explained to give a fundamental understanding of the new concept. Then,
the implementation of the VASC were discussed, starting with the advantages and disadvantages of the
VASC realized by a varactor diode or a transistor, followed by different structures —schematic and
layout— of the VASC to achieve a different small-signal and large-signal RF behavior of the VASC.
Additionally, the voltage dependency of Cst,var of different VASC structures and the corresponding first

129
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and second derivative are illustrated to highlight the different RF performances of the VASCs. Using
two varactor diodes in parallel or in series offer much more flexibility to adjust the small-signal value
of Cst,var and the large-signal behavior compared to one varactor diode. Furthermore, improving certain
key-parameters of broadband PAs using the new concept, the three applications

• gain control at higher frequencies (S21),
• compression improvement and
• linearity improvement

were discussed depending on different realizations of the VASC and with respect to complexity and flex-
ibility. To achieve the best dynamic range to control the gain at higher frequencies in broadband PAs, one
varactor diode as a VASC is the best candidate. However, the linearity of the VASC is worse compared
to other realizations. Using two varactor diodes as a VASC shows the best compression improvement
and maintaining a moderate non-linearity of the VASC itself. Also to increase the linearity of the CGS
and as a result of the CC topology, two varactor diodes are very suited.

Subsequently, after shortly explaining the fundamentals of multi-decade PAs and giving an overview
about state-of-the-art performance of multi-decade PAs using the GaN-HEMT technology, the two main
focuses of this thesis and the related theory were verified by small-signal and large-signal measurements
of several designed FBAs using the CS topology, the CC topology and the CC topology applying the new
concept:

• CS-FBA (VDS = 20V, IDSQ = 156mA):
A |S21| of 13–15dB was achieved with a maximum bandwidth of 12GHz, while maintaining an input
and output matching of better than −10dB over the complete bandwidth. Furthermore, the minimum
value of the NF was 4.5dB and increased up to 7dB at lower frequencies and 8dB higher frequencies.
Moreover, a Pout,max of about 31.5dBm and a maximum P1dB of about 28dBm were achieved. A
minimum HD2 and HD3 of about −35dBc and about −45dBc, up to 6GHz and 4GHz respectively,
were maintained at a Pout of 10dB below the P1dB.

• CC-FBA-IB (VDS = 20V, IDSQ = 156mA):
The main goal of the CC-FBA-IB was to improve the bandwidth and maintaining a similar |S21| com-
pared to the CS-FBA. While the input and output matching is better than −10dB over the complete
bandwidth, a gain of 13–14dB was achieved with a maximum bandwidth of 17GHz and maintaining a
NF of 5–8dB. As a result the bandwidth was improved by 40% in contrast to the CS-FBA. However,
the NF was slightly worse than the CS-FBA.
Furthermore, a maximum Pout and P1dB of about 31dBm and 29dBm were achieved which were
similar to the CS-FBA up to the fc of the CS-FBA. Moreover, the HD2 and HD3 of the CC-FBA-IB
were also in the same range as the CS-FBA. At a Pout of 10dB below the P1dB, the linearity reflected
by HD2 and HD3 was between −35dBc and −30dBc and about −45dBc, respectively.

• CC-FBA-IG (VDS = 20V, IDSQ = 240mA):
While the CC-FBA-IB has the focus to increase the bandwidth compared to the CS-FBA, the max-
imum feasible GP of the CC was applied for the CC-FBA-IG to maintain the same bandwidth as
the CS-FBA and to increase the |S21| and Pout. As a result a gain of 15–17dB was achieved with a
maximum bandwidth of 12GHz, while maintaining an input and output matching between −10dB
and −8dB over the complete bandwidth. Therefore, the |S21| is about 1–2dB higher compared to the
CS-FBA. Moreover, a NF of about 4.5dB was achieved at lower and moderate frequencies —even
slightly better than the CS-FBA— and increased up to 8dB at the fc.
Due to the larger GP of the CC-FBA-IG compared to the CC-FBA-IB, the maximum Pout and P1dB
were significantly improved, amounted to 35dBm and 33dBm, respectively. Lowering the Pout down
to P1dB−10dB, the HD2 and HD3 were still better than −35dBc and −45dBc.

• CC-FBA-IB (adapting the new concept):
The new concept was adapted to the CC-FBA-IB using three different realization structures of the
VASC, the CC-FBA-IB-D1D (one varactor diode: direction down), the CC-FBA-IB-D1U (one varac-
tor diode: direction up) and the CC-FBA-IB-D2 (two varactor diodes: anti-parallel). If VVASC had been
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adjusted to−6V, the S-parameters of the CC-FBAs-IB using a VASC showed a very similar character-
istic to the CC-FBA-IB using a CSC. Increasing the VVASC to −1V, the CC-FBA-IB-D1D showed the
best |S21| improvement (up to 6dB at VDS = 10V, IDSQ = 156mA). However, as the |S21| increases the
stability decreases. Furthermore, the CC-FBA-IB-D1D had a superior large-signal performance —i.e.
regarding the compression behavior— in contrast to the other realization structures of the VASC. Al-
though, the theory suggested also two anti-parallel diodes to maximize the compression improvement
(CC-FBA-IB-D2), the measurements did not confirm that statement. The CC-FBA-IB-D1D using a
VASC improved the P1dB by ≈ 2.5dB at higher frequencies compared to the CC-FBA-IB using a
CSC. However, the CC-FBA-IB-D1U and the CC-FBA-IB-D2 showed a much better performance
regarding the linearity of the PAs. Although, the CC-FBA-IB-D1U ( VDS = 10V, IDSQ = 156mA)
had the largest HD3 improvement of about 20dB at Pout = 16dBm, adjusting VVASC to −5V, the CC-
FBA-IB-D2 achieved overall the best HD2 and HD3 performance. Additionally, the CC-FBA-IB-D2
offered the possibility to change the linearity behavior of the VASC without changing the small-signal
value Cst,var. Furthermore, the exact amount of improvement of the P1dB and the HD2 and HD3
depended on the quiescent point of the amplifier and of the adjusted VVASC of the VASC as well as on
the frequency range. A negligible disadvantage of the VASC was the higher mismatch at the output at
higher power levels of the PA to the Zload, which resulted in a slight degradation of the Pout,max.

• CC-FBA-IG (adapting the new concept):
Furthermore, the new concept was also adapted to the CC-FBA-IG to show the superior performance
of the new concept at lower frequencies. On the one hand the |S21| of the CC-FBA-IG-D2 was im-
proved by 4dB at 11GHz, adjusting VVASC to −1V. However, on the other hand the power compres-
sion was improved negligibly compared to the CC-FBA-IG using a CSC. This behavior was believed
due to the much higher Cst of the CSC. Nevertheless, adjusting VVASC to −5V, the HD3 was signifi-
cantly improved in a moderate power range while the HD2 was only slightly degraded.

As stated, the new concept was able to improve certain key-parameters in multi-decade PAs using the
CC topology. Although these improvements were not only frequency and power sweep spots, the perfor-
mance of the new concept was limited to a certain frequency and power level range.

Synoptical, the main work of this thesis can be described by one sentence:

The thesis highlighted the trade-offs of the CC topology compared to the CS topology in multi-decade
PAs and introduced a new concept to further improve the performance and lower some disadvantages
of the CC topology verified by small-signal and large-signal measurements of several designed multi-
decade PAs in feedback topology.

Outlook

In the near future, the new concept is planned to adapt to other multi-decade PA topologies, like the
TWA topology. However, the proposed new concept can also be further implemented in octave-band or
narrow-band PA topologies to improve certain RF properties.

Another very interesting topic is the VASC itself. In this thesis the different small-signal and large-signal
characteristic possibilities were limited. The limitations are given on the one hand by the semiconductor
process itself —i.e. maximum dynamic range of the realized VASC— and on the other hand by the
implemented VASC. To determine the optimum small-signal and large-signal characteristic of the VASC
would help to maximize the improvement of the new concept. Probably, the optimum behavior of the
VASC differs, regarding the gain improvement, compression improvement and linearity improvement.

Furthermore, the idea of the new concept can also be used in input and output matching networks to
adjust the matching networks in a way that the large-signal behavior of the networks improve i.e. the Pout
or the linearity of a PA.





A Small-Signal Parameters of the

Common-Source Stage

A.1 Y-Parameters

Using the SSM, shown in Fig. A.1.1, the Y-parameters of the CSS can be determined to

Y 11,CSS = Y gs +Y gd (A.1.1)

Y 12,CSS =−Y gd (A.1.2)
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Figure A.1.1: General SSM of the CSS.

A.2 Maximum Stable Gain

The MSG of the CSS, using the simplified SSM, shown in Fig. 4.2.1, can be calculated to
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A.3 Short Circuit Current Gain

The H21 of the CSS, using the simplified SSM, shown in Fig. 4.2.1, can be calculated to
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A.4 Extraction of Intrinsic Elements

Using the intrinsic Y-parameters of the CSS the intrinsic elements, shown in Fig. A.4.1, can be calculated
to
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B Small-Signal Parameters of the

Common-Gate Stage

B.1 H-Parameters

B.1.1 H-Parameters of the Classical Common-Gate Stage

Using the SSM, shown in Fig. B.1.1, the H-parameters of the CGS can be determined to

H11,CGS =
1
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m
+Y gs +Y ds

(B.1.1)
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Figure B.1.1: General SSM of the classical CGS.

The H-parameters of the CGS using the simplified SSM, shown in Fig. 4.2.2, results to
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with zeros and pole
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Relations between zeros and pole can be determined to

f01 < f∞ < f02 (B.1.12)

if the in-eq. (5.1.4) is valid. If the in-equation is not valid the relation between zeros and pole shifts to

f∞ < f01 < f02 . (B.1.13)

B.1.2 H-Parameters of the Modi�ed Common-Gate Stage

Using the SSM, shown in Fig. B.1.2, the H-parameters of the modified CGS can be determined to
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Figure B.1.2: General SSM of the modified CGS.
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B.1.3 Dependency of H-Parameters on Cst

Table B.1.1 and Table B.1.2 shows the change of the H-parameters and the change of the ratio between
f∞ and f01, f02, f03 of the H-parameters lowering Cst.

Table B.1.1: Change of H-Parameters depending on Cst.
Cst→ 0 Comment

H11,CGS

∣∣H11,CGS
∣∣ ↑ independent of process

f∞ ↓ depend on process

H12,CGS

∣∣H12,CGS
∣∣ ↑ independent of process

f∞ ↓ depend on process
f01 ↑ depend on process

H21,CGS

∣∣H21,CGS
∣∣ = independent of process

f∞ ↓ depend on process
f02 ↓ independent of process

H22,CGS

∣∣H22,CGS
∣∣ ↓ independent of process

f∞ ↓ depend on process
f03 = independent of process

Table B.1.2: Change of ratio between f∞ and f01, f02, f03 depending on Cst.
∞→Cst→ 0 Comment

H12,CGS
f∞ > f01 ↘ depend on process

f∞ = f01 independent of process
H21,CGS f∞ < f02 → f∞ = f02 independent of process

H22,CGS
f∞ > f03 ↘ depend on process

f∞ = f03 independent of process

B.2 Maximum Stable Gain

The MSG of the classical CGS and the modified CGS, using the simplified SSM, shown in Fig. 4.2.2 and
Fig. 4.2.3 respectively, can be calculated to
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with
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B.3 Open Circuit Output Impedance

The real part of H22 of the classical CGS using the simplified SSM, shown in Fig. 4.2.2, can be deter-
mined to
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The sign of ℜ{H22} is given by
(
Cgs−Cdsgmrds

)
. Due to the fact that the result is usually negative using

the GaN-HEMT technology (gmrds ≈ 15–60, Cgs
Cds
≈ 4–6), ℜ{H22} is also negative which leads often to

an unstable behavior of the CGS.

The real part of H22 of the modified CGS using the simplified SSM, shown in Fig. 4.2.3a, which uses an
additional stabilization capacitor with Cst and a stabilization resistor with Rst to improve the stability of
the CGS, results to
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Evaluating of eq. (B.3.3), ℜ{H22}> 0 above a certain frequency which is given by
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ℜ{H22}> 0 can be realized over the complete frequency range, if Rst is chosen large enough:
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B.4 Extraction of Intrinsic Elements

Using the intrinsic Y-parameters of the CGS the intrinsic elements, shown in Fig. B.4.1, can be calculated
to
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C Small-Signal Parameters of the Cascode

C.1 Y-Parameters

C.1.1 Derivation of the Y-Parameters

To calculate the Y-Parameters of the CC a general valid relation can be used:

1. Transformation:

• YCSS→ ACSS
• HCGS→ ACGS

2. Multiplication:

• ACSS ·ACGS = ACC

3. Transformation:

• ACC→ YCC

Y-parameters of the CC result to

Y 11,CC = Y 11,CSS−
H11,CGSY 12,CSSY 21,CSS

1+Y 22,CSSH11,CGS
(C.1.1)
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Y 12,CSSH12,CGS

1+Y 22,CSSH11,CGS
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(C.1.3)

Y 22,CC = H22,CGS−
Y 22,CSSH12,CGSH21,CGS

1+Y 22,CSSH11,CGS
. (C.1.4)

C.1.2 Y-Parameters of the Classical Cascode

Using the SSM, shown in Fig. C.1.1, the Y-parameters of the CC can be determined to
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Figure C.1.1: General SSM of the classical CC.

Applying the simplified SSM, shown in Fig. 4.2.4, and assuming same GP for the CSS and the CGS, the
Y-parameters of the CC results to
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with zeros and poles
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Relations between poles and zeros can be determined to

f04 < f02 < f∞1 < f∞2 < f03 < f01 (C.1.19)

if the in-equations



C.1.3 Y-Parameters of the Modified Cascode 143

Cgd <Cds ·gmrds (C.1.20)
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Cgs +Cgd <Cds ·gmrds (C.1.22)
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are valid.

C.1.3 Y-Parameters of the Modi�ed Cascode

Using the SSM, shown in Fig. C.1.2, the Y-parameters of the modified CC can be determined to
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Figure C.1.2: General SSM of the recalculated modified CC (considering Y st).

Applying the simplified SSM, shown in Fig. 4.2.5, the Y-parameters of the modified CC results to

Y 11,CC = jω
(
Cgs1 +Cgd1

)
+ jωCgd1

(
gm1 [rds1 ‖ rds2,eff]

1+gm2,eff [rds1 ‖ rds2,eff]

) (1+ j f
f01

)
(

1+ j f
f∞1

) (C.1.28)

Y 12,CC =− jωCgd1
1(

1+ rds2,eff
rds1

+gm2,effrds2,eff

)
(

1+ j f
f02

)
(

1+ j f
f∞1

) (C.1.29)

Y 21,CC = gm1
(1+gm2,effrds2,eff)(

1+ rds2,eff
rds1

+gm2,effrds2,eff

)
(

1+ j f
f03

)(
1+ j f

f01

)
(

1+ j f
f∞1

) (C.1.30)
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and

Y 22,CC = jωCgd2 + jω
(

Cgs2

1+gm2,effrds2,eff

) (1+ j f
f02

)
(

1+ j f
f∞2

)
+

1
(rds1 + rds2,eff)(1+gm2,eff [rds1 ‖ rds2,eff])

(
1+ j f

f02

)(
1+ j f

f03

)(
1+ j f

f04

)
(

1+ j f
f∞1

)(
1+ j f

f∞2

) (C.1.31)

with zeros and poles

f01 =−
1

2π

gm1

Cgd1
(C.1.32)

f02 =
1

2π

1
rds2,effCds2,eff

(C.1.33)

f03 =
1

2π

(1+gm2,effrds2,eff)

rds2,effCds2,eff
(C.1.34)

f04 =
1

2π

1
rds1
(
Cds1 +Cgd1

) (C.1.35)

f∞1 =
1

2π

(1+gm2,eff [rds1 ‖ rds2,eff])

(rds1 ‖ rds2,eff)
(
Cds1 +Cds2,eff +Cgs2,eff +Cgd1

) (C.1.36)

f∞2 =
1

2π

1+gm2,effrds2,eff

rds2,eff
(
Cgs2,eff +Cds2,eff

) . (C.1.37)

C.2 Maximum Stable Gain

Using eq. (A.2.1) and eq. (B.2.1), the MSG of the classical CC and the modified CC can be expressed by

MSGCC = MSGCSS ·MSGCGS (C.2.1)

=

∣∣∣∣Y 21,CSS

Y 12,CSS

∣∣∣∣ · ∣∣∣∣H21,CGS

H12,CGS

∣∣∣∣ (C.2.2)

=

∣∣∣∣Y 21,CC

Y 12,CC

∣∣∣∣ . (C.2.3)

The MSG of the classical CC and the modified CC, using the simplified SSM, shown in Fig. 4.2.4 and
Fig. 4.2.5 respectively, can be calculated to

MSGclassical CC =
gm1

ωCgd1
(1+gm2rds2)

∣∣∣∣∣∣
(

1+ j f
f01

)(
1+ j f

f03

)
(

1+ j f
f∞1

)
∣∣∣∣∣∣ (C.2.4)

MSGmodified CC =
gm1

ωCgd1

[
Cgs2 +

(
Cst +Cgd2

)
(1+gm2rds2)

Cst +Cgs2 +Cgd2 (1+gm2rds2)

]∣∣∣∣∣∣
(

1+ j f
f02

)(
1+ j f

f03

)
(

1+ j f
f∞2

)
∣∣∣∣∣∣ (C.2.5)
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with

f01 =
1

2π
· 1+gm2rds2

rds2Cds2
(C.2.6)

f02 =
1

2π
·

Cgs2 +
(
Cst +Cgd2

)
(1+gm2rds2)

rds
(
Cds2

[
Cst +Cgs2 +Cgd2

]
+Cgd2Cgs2

) (C.2.7)

f03 =−
1

2π
· gm1

Cgd1
(C.2.8)

f∞1 =
1

2π
· 1

rds2Cds2
(C.2.9)

f∞2 =
1

2π
·

Cst +Cgs2 +Cgd2 (1+gm2rds2)

rds2
(
Cds2

[
Cst +Cgs2 +Cgd2

]
+Cgd2Cgs2

) . (C.2.10)

C.3 Short Circuit Current Gain

The H21 of the classical CC and the modified CC, using the simplified SSM, shown in Fig. 4.2.4 and
Fig. 4.2.5 respectively, can be calculated to

H21,classical CC =
gm1 (rds1 ‖ rds2)(1+gm2rds2)

jω
(
Cgs1 +Cgd1

)(
1+
[
gm2 +gm1

(
Cgd1

Cgs1+Cgd1

)]
[rds1 ‖ rds2]

)
rds2

·

·

(
1+ j f

f01

)(
1+ j f

f02

)
(

1+ j f
f∞1

) (C.3.1)

and

H21,modified CC =
gm1 (rds1 ‖ rds2,eff)(1+gm2,effrds2,eff)

jω
(
Cgs1 +Cgd1

)(
1+
[
gm2,eff +gm1

(
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)
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·
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(
1+ j f

f01

)(
1+ j f

f03

)
(

1+ j f
f∞2

) (C.3.2)

with

f01 =−
1

2π
· gm1

Cgd1
(C.3.3)

f02 =
1

2π
· 1+gm2rds2

rds2Cds2
(C.3.4)

f03 =
1

2π
·

1+gm2,effrds2,eff

rds2,effCds2,eff
(C.3.5)

f∞1 =
1

2π
·

1+
(

gm2 +gm1

[
Cgd1

Cgs1+Cgd1
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(rds1 ‖ rds2)

(rds1 ‖ rds2)
(
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[
1− Cgd1
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f∞2 =
1
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[
1− Cgd1
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]) . (C.3.7)
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C.4 Unilateral Power Gain

Inserting the Y-parameters of the cascode —eq. (C.1.1)–eq. (C.1.4)— into eq. (2.2.11), the Mason’s
invariant U of the cascode can be determined to

UCC =

∣∣∣Y 21H21+Y 12H12
1+Y 22H11

∣∣∣2
4 ·
(

ℜ

{
Y 11−

Y 12Y 21H11
1+Y 22H11

}
ℜ

{
H22−

H12H21Y 22
1+Y 22H11

}
−ℜ

{
Y 12H12

1+Y 22H11

}
ℜ

{
− Y 21H21

1+Y 22H11

}) ,

(C.4.1)

where the Y-parameters are the small-signal parameters of the CSS and the H-parameters are the small-
signal parameters of the CGS. Neglecting the feedback of the CSS (Y 12,CSS = 0), U of the cascode results
to

UCC =

∣∣∣ Y 21H21
1+Y 22H11

∣∣∣2
4 ·ℜ{Y 11}ℜ

{
H22−

H12H21Y 22
1+Y 22H11

} . (C.4.2)

If the mismatch between the CSS and the CGS is very high (
∣∣Y 22,CSH11,CG

∣∣� 1), UCC rather simplifies
to

UCC =
|Y 21H21|

2

4 ·ℜ{Y 11}ℜ{H22−H12H21Y 22}
. (C.4.3)

C.5 Equivalent Noise Representation

The following informations are obtained from [143].

The equivalent noise sources with In1,CC and In2,CC of the CC, shown in Fig. 5.1.6 can be determined by
eq. (5.1.22) and eq. (5.1.23) and can be recalculated to equivalent input noise sources with In and V n.
Using the general valid relationship

In,CC =
Y 11,CC

Y 21,CC
In2,CC− In1,CC (C.5.1)

=
Y 11,CSS

Y 21,CSS
·
(

1+H11,CGSH22,CSS

−H21,CGS

)
In2,CC− In1,CC (C.5.2)

and

V n,CC =
1

Y 21,CC
In2,CC (C.5.3)

=−
1+Y 22,CSSH11,CGS

Y 21,CSSH21,CGS
In2,CC (C.5.4)

with

H22,CSS =
Y 11,CSSY 22,CSS−Y 12,CSSY 21,CSS

Y 11,CSS
(C.5.5)

=
det(YCSS)

Y 11,CSS
(C.5.6)
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of the CC, the equivalent input noise sources with In and V n, shown in Fig. 2.4.3c can be expressed by

In,CC =
Y 11,CSS

Y 21,CSS
In,d1− In,g1︸ ︷︷ ︸
In,CSS

−
Y 11,CSS

Y 21,CSS

(
In,g2 +

[
1+

1+H11,CGSH22,CSS

H21,CGS

]
In,d2

)
(C.5.7)

V n,CC =
1

Y 21,CC
In,d1︸ ︷︷ ︸

V n,CSS

− 1
Y 21,CSS

(
In,g2 +

[
1+

1+Y 22,CSSH11,CGS

H21,CGS

]
In,d2

)
(C.5.8)

by inserting eq. (5.1.22) and eq. (5.1.23) into eq. (C.5.2) and eq. (C.5.4). However, eq. (5.1.22) and
eq. (5.1.23) are only valid for the classical cascode (RF short at the gate of the CGS).

Using the simplified SSM for the CGS with the following properties(
H11,CGS H12,CGS
H21,CGS H22,CGS

)
=

(
0 0
−1 0

)
, (C.5.9)

the equivalent noise sources with In1,CC and In2,CC of the CC results to

In1,CC = In,g1 (C.5.10)

In2,CC = In,d1− In,g2 (C.5.11)

and the correlation factor of the noise sources with In1,CC and In2,CC can be determined to

γ
CC

=
I∗n,g1In,d1√∣∣In,g1
∣∣2 · ∣∣In,d1

∣∣2︸ ︷︷ ︸
γ

CSS

·

√√√√√ ∣∣In,d1
∣∣2∣∣In,d1

∣∣2 + ∣∣In,g2
∣∣2 . (C.5.12)

The input noise sources with In,CC and V n,CC are given by

In,CC =
Y 11,CSS

Y 21,CSS

(
In,d1− In,g2

)
− In,g1 (C.5.13)

= In,CSS−
Y 11,CSS

Y 21,CSS
In,g2 (C.5.14)

and

V n,CC =
1

Y 21,CSS

(
In,d1− In,g2

)
(C.5.15)

= V n,CSS−
1

Y 21,CSS
In,g2 . (C.5.16)
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