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Abstract

HE IMPORTANCE OF CMOS TECHNOLOGY isincreasing in RF design applica-
T tions owing to the promise of integrating electronic systems on a single silicon
chip. While complete broad band characterization and accurate modeling of the MOSFET
noise are critical requirements for circuit designs, the noise behavior and physics in short
channel MOSFETSs is not well understood. This dissertation explores the physical origin
and contributing mechanisms of noise in MOSFETS, as well as a design methodology to
minimize the impact of noise on fully integrated LNAS.

Investigating the physical noise sources in the MOSFET imposes significant computa-
tiona requirements, due to the multi-dimensional nature of the device. In addition, higher
order transport models need to be considered due to aggressive channel-length scaling.
This dissertation presents a quasi two-dimensional noise simulation technique which pro-
vides an accurate and fast solution for MOSFET noise analysis by combining a 1-D active
transmission line model with rigorous 2-D device simulation.

The physical origin of the excess noise in short channel MOSFETS has been identi-
fied. Source-side contributions dominate drain current noise; non-local transport behavior
causes higher local ac resistance near the source junction and in turn generates extra noise
contributions which are amplified by the channel transconductance. This phenomenon is
directly reflected in excess values and a strong gate length dependence of v and ¢ in scaled

submicron MOSFETSs. Higher order transport models are essential to capture this effect in



noise simulation.

Contrary to the common assumption that drain current exhibits only 1/f and white
channel thermal noise contributions, this study demonstrates that the substrate generates
thermal fluctuationsthat produce additive channel noise, amplified by the substrate transcon-
ductance. Thiscomponent produces another plateau and frequency dependencein the noise
spectrum of the drain current. Moreover, the effect tends to exaggerate the drain noise fac-
tor at low frequencies.

The high frequency noise modeling for MOSFET devices generaly requires at least
three parameters. Thisstudy demonstratesthat while other two-parameter approaches, such
as developed by Pospieszalski and those used in BSIM4 model, lead to errors, the results
do not cause noticeable discrepancies for most practical circuit topologies. The modeling
approach used in BSIM4 has been independently validated and is shown to be sufficient in
capturing the physical origin of the excess noise.

Explicit guidelines for LNA design have been presented based directly on measured
noise parameters and two-port noise theory; the approach requires neither sophisticated
noise modeling nor circuit simulation. An 800MHz LNA test chip has been designed based
on the proposed methodology. With 3.75mA of bias current, the LNA achieves about 0.9dB
of noise figure, which adds just 0.3dB to the N F,,,;,, of the intrinsic MOSFET device. Itis
competitivewith that of GaAsand bipolar LNAsand aso quite closeto the values predicted

using the analysis presented in this work.
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Chapter 1

| ntroduction

IRELESS COMMUNICATIONS has thrived in the last decade, owing to explod-

U b ing user demand for information and the commensurate need for connectivity.
Substantial research effort has focused on many application areas, such as cellular phones,
cordless phones, GPS (global positioning system), and WLANS (wireless local area net-
works). The RF ICs (radio frequency integrated circuits) have been the primary domain of
GaAs or bipolar technologies since those technologies provide relatively high cutoff fre-
guencies (fr). However, as continuous scaling of CMOS makes fr in excess of 30GHz
readily achievable in typical quarter micron technology, CMOS becomes an attractive al-

ternative for RF applicationsin the low GHz frequency range.

1.1 Motivation

In comparison to other technologies, CMOS is the most cost-effective solution to date for
large-scale digital applications and it enables system-on-a-chip owing to its capability of
providing large-scale subsystems with high levels of integration. A number of fully inte-

grated tranceivers, up to 5GHz, are being implemented using standard CM OS processes,



2 Chapter 1 : Introduction

typical protocols are Bluetooth, IEEE 802.11, IEEE 802.15.3, IEEE 802.11a, and Hiper-
LAN. Nevertheless, the real design of CMOS RF circuitsis still a challenge due to severe
constraints on power consumption and noise that impose stringent margins to the design
process. Accurate models are critical in order to reduce design cycles and to achieve first-
time success inimplementation. Unfortunately, available MOSFET compact models— such
asBSIM3v3[3], MOSModel 9 [4], or EKV [5] —aretypically not applicable for the GHz
range of frequencies.

Modeling of noise provides critical information in the design of RF circuits, especially
for LNA (low noise amplifier) blocks. The LNA is typically the first stage of a radio
receiver and needs to provide sufficient gain while introducing the least noise possible.
Since it is indispensable to understand the physical phenomena of broadband noise and
to incorporate this information into the models, lack of understanding of MOSFET noise

presents a substantial barrier to the implementation of CMOS receivers.

1.2 Overview

The following chapters provide extensive and detailed information about MOSFET noise
both in terms of device physicsand detailed design guidelinesfor circuits. To achieve these
goals, this dissertation tackles various areas such as physics based numerical simulation,
noise characterization, compact modeling, and finally LNA design methodologies.

Chapter 2 gives an introduction to the definition and classification of device noise. It
also introduces fundamental concepts of system noise performance. Chapter 3 begins with
a survey of numerical simulation methods for studying device noise and then presents an
efficient simulation technique for deep submicron MOSFETS, including discussion of prac-
tical concerns related to the implementation.

Chapter 4 discusses parasitic noise sourcesin MOSFETs and implications of the results
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on intrinsic noise characterization. This chapter also brings attention to substrate induced
noise, which has been known for some time but in practice has been neglected. Chapter
5 explores the subject of the excess channel thermal noise, including a survey of recent
approaches to modeling and practical limitations. In this chapter, the physical origin of the
excess noise is investigated based on the numerical simulation methodology discussed in
Chapter 3. Chapter 6 examines existing compact noise models and makes critical compar-
ison of the results with physics discussed in Chapters 4 and 5. A physically sound noise
modeling approach is then proposed.

Chapter 7 discusses LNA designin detail. Thisincludesthe development of an intuitive
noise optimization procedure along with an actual circuit implementation example with
experimental results for a CMOS LNA. These results demonstrate that CMOS is a good
candidate for high performance LNA design. Finally Chapter 8 concludes with a summary
and suggestions for future work.

Severa appendices provide more detailed explanation of certain subjects. Appendix A
introduces two-port theory that offers a means to model the performance of the noisy sys-
tem macroscopically. Appendix B describes theimpedancefield formulation procedure and
noi se spectra of auniform transmission line. Appendix C provides a sample input deck for
the commercial device simulator MEDICI, specifically for the case where a hydrodynamic
model for carrier transport is incorporated. Appendix D validates the assumption of the
Pospieszal ski noise model. Appendix E describes several noise models including BSIMA4.
Finally, Appendix F presents the LNA anaysis method, including input impedance calcu-

lations and noise performance analysis.
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Chapter 2

Fundamentals of Noise

T HE GENERAL DEFINITION OF NOISE inthe Webster dictionary includes*”loud, con-
fused , or senseless shouting or outcry” or “any sound that isundesired or interferes

with one’s hearing of something.” In electronics, noise is usually referred as an opposite

/\,/\/ ©

Si gnal +Noi se LS

Figure 2.1: Numerous noise sources.



6 Chapter 2 : Fundamentals of Noise

term to the signal*. Thus noise can be defined as “everything except for the desired signal”
[6]. There are numerous noise sources interfering with the desired signal in electronic sys-
tems, including: power-line, broadcasting signals for radio and TV, signal cross-talk, and
other electromagnetic waves, as illustrated in Figure 2.1. Most of them are classified as

artificial noise, which can be reduced or eliminated using good shielding scheme.

By contrast, other noise sources, classified as fundamental noise, are irreducible by
shielding since they are inherent in the system or device itself. These fundamental noise
sources impose a lower limit of the performance of electronics, which manifests itself as
a continuous hissing sound in audio systems, snowy pictures in analog TV sets, or the
ultimate sensitivity of measurement systems. The process of fundamental noise is random

yet can be characterized statistically.

The microscopic noise theory at the material level is straightforward and well estab-
lished. Physically, two types of noise can be identified: thermal and quantum. However
phenomenologically several types of noise sources are observed, such as thermal, shot,

generation-recombination, and flicker noise.

2.1 Thermal Noise

Thermal noise refers to the kinetic energy of particles as aresult of their finite temperature.
A thermally-excited electron in a conductor undergoes a random walk Brownian motion
via collisions with the lattice of the conductor; as a result it produces fluctuations in the
terminal characteristics. The statistical properties of such Brownian particles were studied

by Einstein in 1906 [7]. In 1927, Johnson discovered that the noise power spectrum of a

1The signal isan object to transmit or convey information. By contrast noiseis an obstacleto transmitting
or conveying information.
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conductor isindependent of its material and the measurement frequency?; noise properties

are determined only by the temperature and electrical resistance under thermal equilibrium

(8], [9]:

2 = S, Af = 4kTAfR (2.1)
2 = S; Af = AKTAf/R (2.2)

Thisnoiseisreferred as thermal noise, which is the most fundamental and important noise
in electronic devices. Johnson's colleague Nyquist explained the original observations
based on the equi-partition theorem of thermodynamics and a transmission line cavity,
without going into the details of the microscopic electron transport process [10]. In honor

of these pioneers, thermal noise is often called Johnson noise or Nyquist noise.

2.1.1 Thermal Noisein Electronic Devices

Thermal noise assumesthat the system isin thermal equilibrium, which only appliesstrictly
if no biasis applied to the device. When thereisabias, the carrier collisions produce noise
called either diffusion noise or velocity-fluctuation noise. Since behavior of these kinds of
noise agrees well with Johnson’s thermal noise model, they are often called thermal noise

aswell, especialy for resistors.

In general, macroscopic thermal noise measured at the el ectrodes of anon-linear device
isdifferent from the formulae given in Equations (2.1) and (2.2). However the microscopic

spectral density generated at alocal point still conformsto the thermal noiseform asfollows

2Thisistrueonly if kT > hw is satisfied.
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[11], [12]:

i2 A A
S, = - = UTRO]T = 4¢°nRD,)T = 4kT,

i qn R[piac] A

(2.3)

where A denotes a differential quantity, f is the operating frequency, R| | denotes the real
part of a complex number, o is the conductivity, A and [ are the cross-sectional area and
length of a device segment, q is the electronic charge, n is the carrier density, D, is the
noise diffusion coefficient?, k is Boltzmann’s constant, 7}, is the noise temperature, and /...

isthe ac mobility.

2.1.2 Thermal Noisein MOSFETSs

Thermal noise of the MOSFET imposes a fundamental limitation on CMOS LNAs [13].
Based on the fact that the MOSFET is a modulated resistor, capacitively coupled to the
gate, van der Ziel has proposed a thermal noise model for MOSFETS, which consists of

drain current noise, induced gate current noise, and their cross-correlation coefficient as

follows[6]:
& & ARTAf v gao (2.4)
2 & AKTAfdg, (2.5)
iy & o (2.6)
g 2 (% 2.7)
I gdo

3In comparison to the spreading diffusion coefficient (D), D,, has the same value at thermal equilibrium
whileitsfield (£) or energy (£) dependency is different in general. Although D, may be used as an approx-
imation of D,, [12], it would be questionable for extremely small devices where ballistic transport assumes
an important role.
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Figure 2.2: Induced gate noise effects in MOSFET devices.

where~y, ¢, and ¢ are bias-dependent factors; g4 isthe drain output conductance under zero
drain bias; g, isthereal part of the gate-to-source admittance; and c is the cross correlation

coefficient.

Note that the induced gate current noise isthermal noise that isinduced by local fluctu-
ationsin the channel via capacitive coupling through the gate oxide, asillustrated in Figure
2.2. Induced gate noise is proportiona to f2, owing to the wC' dependence, while drain
noise is frequency independent (white). Asdiscussed in Chapter 6, the induced gate noise

dominates noise performance of MOSFETSs at high frequencies.

For long channel MOSFETS, ~ satisfies the inequality % < v < 1. The value of 2/3
holds when the MOSFET is in the channel pinch-off region, and the value of 1 is valid
when the drain bias is zero [11]. Also for long channel MOSFETS in saturation, 4, c,
¢ arereportedly 4/3, j0.395, and 0.2 [14], respectively. This model agrees well with long
channel MOSFETsdownto 1.7um. Substantial increases have been observedin~ and § for
MOSFETs with shorter channel length [15], [16], [17], [18], [19]. However, the amount of
theincreaseis still controversial [18]; the physical mechanism responsible for such excess

noise has remained an open question. Thisissueis discussed in detail in Chapters 4 and 5.
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2.2 Shot Noise

Shot noise wasfirst described by Schottky in 1918 [20] as:

2 = 2qIpcAf (28)
where I is the dc current flowing across the device. It is white noise and occurs when
guantized carriers cross barriers with random spacing as in Schottky diodesor p — n junc-
tions. Thearrival of one unit charge at aboundary isindependent of when the previous unit
arrived or when the succeeding unit will arrive. Therefore, two conditions are required for
shot noise to occur: aflow of direct current and a potential barrier over which the carriers
are extracted. Thus linear devices do not generate shot noise. In the case of MOSFETS,
shot noise dominates the noise characteristics only when the device isin the subthreshold
region owing to the carrier transport in this region, which is very similar to conditionsin

bipolar transistors.

Physically, shot noise consists of a mixture of thermal and generation-recombination
components. There are two environments for a p — n junction: lattice vibration (thermal
phonon) reservoirs which are responsible for thermal diffusion noise and electromagnetic
field (thermal photon) reservoirswhich are responsiblefor generation-recombination noise.
Under forward bias, two-thirds of the full shot noise is due to thermal diffusion noise and
one-third is due to recombination noise by spontaneous emission, which is of quantum
mechanical origin. If the p — n junction is under reverse bias, shot noise is dominated by

generation noise caused by thermal photon absorption.
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2.3 Flicker Noise

Thefirst obervation of flicker noisein an electronic system was made by Johnson [21]. Itis
asoknownas1/f noisesinceitsspectral density isinversely proportional to the frequency.
Flicker noise is ubiquitous but no universal mechanism has been proved definitively as the
cause. Thusits model contains various empirical parameters unlike thermal and shot noise.

In other words, flicker noise can be modeled empirically but cannot be predicted a priori.

Carbon composition resistors exhibit current-dependent excess noise due to the random
formation and extinction of macro arcs among neighboring carbon granules [22]. The
amount of excess noise is much smaller in carbon film resistors and smallest in metal-film
resistors. It is aso important to minimize the dc drop across a resistor since excess noise

increases for the larger dc bias [6].

Flicker noise is significantly larger in MOSFETSs than in other types of devices since
it is quite closely related to surface phenomena. This fact is usualy explained based on
charge trapping behavior of defectsand impuritiesthat are plentiful at the Si/SIO, interface.
Larger MOSFET s exhibit less flicker noise since larger gate oxide capacitance smoothsthe

fluctuationsin channel charge. The typical model is given as:

K ¢

2 = =

where K is adevice-specific constant, g, istransconductance, W isthe device width, L is
the device length, and C,,, is the gate oxide capacitance per unit area. Smaller K can be
obtained from buried channel deviceslike p-MOSFETS, but largely varies from process to

process, and lot to lot.



12 Chapter 2 : Fundamentals of Noise

2.4 Generation-Recombination Noise

Generation-recombination noise is caused by the carrier density fluctuation due to emis-
sion and capture of carriers by traps. It manifests itself as resistance fluctuations. Thus
generation-recombination noise is observed only if external bias voltage is applied, a-
though the fluctuations are present whether the device is in thermal equilibrium or not.
Since this noise is closely related to the localized energy states, its behavior depends
largely on the temperature, frequency, and bias conditions. In modern MOSFET tech-
nologies, this component is usually much smaller than flicker noise and generally can be

neglected.

2.5 NoiseFigure

An important measure of system noise performance is a parameter known as the noise
figure (N F)) or noise factor (F') [23]. This parameter came into popular use in the 1940's
when Friis [24] defined the noise figure of a network to be the ratio of the signal-to-noise

power ratio at the input to the signal-to-noise power ratio at the output:

S/N)i

poa BN 210
(/N )ou (219
where the ambient temperature must be 290°K by convention*. Thus the noise figure of a
network isthe decrease or degradation in the signal-to-noiseratio asthe signal goesthrough
the network. A perfectly noise-free amplifier would maintain the same signal-to-noiseratio
at itsinput and output. A realistic amplifier, however, aso adds extra noise from its own

components and degrades the signal-to-noiseratio. Therefore alow noise figure means that

4Simply because kT becomes a good round number 4.00 x 10~2!Jwhen the temperature T' is 290°K.
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Figure 2.3: Typical architecture of aradio receiver.

little noise is added by the network. Modern usage of noise figure is usually reserved for

the quantity V F', expressed in dB units:

NF = 10log F (2.12)

Other definitions of the noise factor are;

o Total Output Noise Power (2.12)
~ Output Noise Power by Source Impedance '

_ Total Equivalent Input Noise Power (2.13)
~ Noise Power of Source Impedance '

When n blocks are cascaded as illustrated in Figure 2.3, the noise figure for the entire

systemisgiven by [24]:

-1 F, -1
+

F., = 1+ (F —1 ceip_m T~
o = ERB D A A

(2.14)
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Figure 2.4: Typica dependence of the noise figure on source admittance

where A, is available power gain® and the noise figure of each stage is evaluated with the
output impedance of the preceding stage. This is known as the Friis formula and typical
results show that the first few stagesin a cascade are the most critical in noise performance
since the given equation shows that the noise contributed by each stage decreases as the
gain preceding the stage increases. Therefore, the noise figure of the low-noise ampli-
fier basically dominates the entire receiver sensitivity®. Consequently, the LNA has to be

designed to have the lowest possible NF and the highest possible gain.

SAvailable power gain is defined as the available power at the output, that the circuit delivers to a
conjugate-matched load, divided by the available source power, that the source delivers to a conjugate-
matched circuit.

6The sengitivity of an RF receiver is defined as the minimum signal level that the system can detect with
acceptable signal-to-noiseratio.
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2.6 Four Noise Parameters

The noise figure of a system is not only determined by noise sources inside of the system
but also determined by the source admittance driving the system. The noise performance
of alinear system typically exhibits a parabolic dependence on source admittance at one
frequency as shown in Figure 2.4. The z-y plane of Figure 2.4 is the source reflection
coefficient I', as used in the Smith chart and the z axisisthe resulting noise figure; contours
for aset of constant noise figures result in circles on a Smith chart. Such abehavior can be

completely characterized by four noise parameters F,,,;, — R, — Y, [29]:

|Y; - Yvopt|2 Rn

F = F,n 2.15
o 215)

4R, |Topt — FS\Q
= Fn 4 d 2.16
ZO |1+Fopt|2(1_ |FS|2) ( )

1 — ZoYopt

I, S 2.17
pt T ZoY (2.17)

where Y isthe source admittance, Z, isthe characteristicimpedance (usualy 5052), F,.;, IS
the minimum noise factor that the network can achieve with the optimum source admittance
condition (Y; = Y,: = Gope + jBopt), @nd noise resistance R,, determines the sensitivity
of the noise figure when Y differs from Y,,,. This representation is widely used in RF
circuit design since it offers a more intuitive way to deal with noise properties. These four
noise parameters are determined by intrinsic noise sources of the given system; thus they

are equivalent’ to intrinsic noise sources.
It is important to note that the optimum source admittance (Y,,) is generally different
from the conjugate power match condition (Y..,; = Y;;,). Thus those two conditions quite

often need to be traded off. To achieve agood noisefigure, it isdesired to havelow N F,,,;,

"See Appendix A.3 for the detailed derivation.
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(hopefully below 1dB), small R,,, and aclose proximity between Y, and Y.



Chapter 3

Numerical Noise Simulation

IMULATION OF MOSFET NOISE can play an important role in realizing optimal
S CMOSREF circuit design by providing a priori noise performance metrics of devices
whichinturn help reveal underlying technology issues. A very popular techniquein device
noise simulationisthe IFM (Impedance Field Method) [26] with Langevin stochastic noise
source. Even though the IFM was theoretically extended up to 3-D (three-dimensions)
[27], [28], its practical application has been limited to 1-D (one-dimensional) devices[12].
The 1-D simulation conveys simple and insightful results at reasonable computational cost;
unfortunately, its accuracy islimited. Recently an alternative technique, using a 1-D Boltz-
mann Transport Equation, has been proposed to improve model accuracy for short channel
MOSFETs [29]. Nevertheless, the primary weakness involves difficulty in incorporation
of 2-D (two-dimensional) dependencies. This problem is particularly acute for state-of-
the-art MOSFET technol ogies because of various second-order effects caused by complex
processing such as new drain structures, gate overlap effects, nonuniform doping profilesin
the substrate, etc. Hence, in conjunction with process simulation, the capability to exploit
multi-dimensional device simulations to extract physical dependencies of noise is highly

atractive.

17
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Recently several studies have reported full 2-D noise simulation results implementing
the IFM in a DD (Drift-Diffusion) based device simulator [30],[31]. The 2-D noise sim-
ulation is well suited for investigating the noise contribution from the substrate, discussed
in Chapter 4. However, in the case of channel noise, unsatisfactory agreement with exper-
imental data implies that the noise modeling of deep submicron MOSFETS requires not
only multi-dimensional features but also higher order transport models to capture essential
dispersive non-equilibrium effects [12], [31]. The problem is that the expansion to higher
order moments of the BTE (Boltzmann transport equation) in 2-D noise simulation requires
substantially increased cost both for implementation and simulation. For example, the HD
(Hydro-Dynamic) formulation involves at least four times larger matrices [30] and to date

has not been used for 2-D noise analysis.

Fortunately, the nature of the MOSFET provides an important clue that reconciles the
tough requirements of MOSFET noise simulation with limited computational resources.
The primary issue in understanding noise performance of FETs is the knowledge of the
small-signal behavior [32]. Based on Shockley’stheory [33], vander Ziel and Ero [34] have
proposed a modeling approach that considersthe FET as an active, distributed, nonuniform
transmission line. This approach has been refined by Klaassen [35] and has provided basic
insight into the behavior of FETs. Such an approach is based on the fact that small-signal
transport in MOSFETSs is a linear process confined to the shallow inversion layer. In a
multi-dimensional simulation, once coupled equations converge, the solution at each node
contains structural information of the whole system, along with the underlying physics.
Namely, the 2-D solutions of the substrate are redundant in the channel noise simulation of
MOSFETs. Thusif accurate local solutions for the inversion layer are provided by multi-
dimensional device simulations, the required second-order effects can be incorporated in
noise analysis by means of the transmission line analogy, also known as the quasi 2-D

approach.
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Figure 3.1: Origina device representation with a noisy segment.

Hence, while a full 2-D noise simulation is necessary for investigating the substrate
noise contribution due to the importance of structural information, a quasi 2-D simulation
can be agood alternativefor channel noise investigation due to the importance of higher or-
der dispersive effects. Since the full 2-D noise simulation methodol ogy iswell established,
this chapter presents a hybrid quasi 2-D approach for MOSFET channel noise modeling
that combines a 1-D active transmission line model with a 2-D device simulation. Since
this approach utilizes only a limited number of local solutions, imported from the device
simulator, it imposes neither extra simulation time nor more complexity in implementation,

regardless of the carrier transport model.

This chapter is constructed as follows. Section 3.1 offers the basic concept of the IFM
and Langevin stochastic noise source and introduces practical concerns related to the im-
plementation such as the impedance field formul ation and device segmentation error. Then
Section 3.2 explains how the noise simulation is actually implemented using a commercial
device simulator. Finally, Section 3.3 demonstrates noise simulation results for MOSFETSs

as well as comparisons to measured data using an industrial technology.
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Figure 3.2: Modified device representation based on the Langevin
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Figure 3.3: Another modified device representation adopting the
Impedance Field Method.
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3.1 Basic Theory for Noise Calculation

3.1.1 ImpedanceField Method

From the microscopic point of view, noise is due to local random events of the carriers,
which produce fluctuations of carrier velocity or in the number of carriers. These local
fluctuations can be modeled by a Langevin stochastic source term superimposed on the dc
current or bias voltage. The resulting fluctuations propagate to the electrodes and produce
noise at the terminal electrodes. The propagation is called the impedance field [12]. Usu-
aly the local noise source is represented by a current source, otherwise the noise voltage
sources across different sections are correlated [28]. Then, depending on termination of the
electrodes, the impedancefield is given either by an impedance Z or a dimensionlessfactor
A [32]. Sincethe primary interest of thisresearch ison current representationsfor thedrain
and gate noise, the respective two electrodes should be short-circuited for ac analysis and

the impedance fields should become dimensionless factors.

The basic concept of the IFM [28] isillustrated in Figures 3.1 — 3.3. The current source
i, 1ISthe local noise source; ¢4 and ¢, are short-circuited currents induced by ¢,, at the drain
and gate electrodes, respectively. The noisy segment of a MOSFET in Figure 3.1 can be
modeled as a noiseless segment with a Norton generator representing the local fluctuation
as shown in Figure 3.2. Again it can be reconfigured as Figure 3.3. If the spectral density
of a noisy segment is given by S; , its subsequent noise power spectral density at two

electrodes and their cross-correlation coefficient are given by:

Si, |AA4,%S;, (3.2)
Siyia AAAALS;, (3.3)
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where * denotes a complex conjugate; and,

AA, & z—d — [Au(2) — Ay + Az)] (3.4)
A4, 2 z_g — [A(x) — Ay(z + Az)] (35)

Hence the total noise power spectral density and cross-correlation coefficient for the entire

MOSFET become simply the sum of the components for all segments.

3.1.2 Impedance Field Formulation

One of the key issues in our approach is how to formulate the dimensionless impedance
field A. Figure 3.4 (a) showsatwo-port network representing the MOSFET in the common-

gate configuration and with acurrent source4,, added at =. Analysis' for the given network

gives:
) Yo1.0 (2, L)
Aglw) & 4 — 2oc Ty 36
d( ) in Yé2cg(07m) +}/11(:E7L) ( )
) Y1206 (0, 2) + Ya1,.(, L)
Al(z) = Z,—g = 1 Beeo e 3.7
g( ) in YZQCG(O?‘T) +Yllcc(x?L) ( )

where the subscript C'G denotes that the two-port network is in the common-gate configu-

ration.

3.1.3 Network Analysis

To derive the network parameter Y;; terms at x, suppose a MOSFET is divided into n
segments as shown in Figure 3.5. Each segment of the MOSFET can be represented by its

1See Appendix B.1 for the detailed analysis.
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Figure 3.4: Basic principle of the impedance field calculation. The
MOSFET isdivided into two subdevice blocks that are
represented by two-port networks. (b) General two-port
network diagram.

localized small-signal circuit illustrated in Figure 3.6, equivalent to a ssimple MOS device
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Figure 3.5: Small-signal equivalent representation for aMOSFET at
high frequency in a common-gate configuration.

commonly used in SPICE, where the following parameters are applicable:

Cys : The gate-to-source capacitance
Cyqa . Thegate-to-drain capacitance
r, . Theoutput resistance

gm - Thetransconductance
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Figure 3.6: Loca small-signal equivalent circuit for a segment of the
MOSFET.

Then using a simple transformation? and subsequent matrix multiplications, the desired

network parameters for the impedance field cal cul ation are obtained.

3.1.4 Device Segmentation

Animportant issueto be considered is how dense the segmentation should be. Although the

MOSFET is a nonuniform transmission line under actual operating conditions, a uniform

2See Appendix A.4.2 and Table A.1 for ABC'D parameters of aMOSFET segment and subsequent con-
version of network parameters.
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Figure 3.7: Freguency evolution of drain current noise spectral power
density terms for a uniform transmission line.

transmission line analysis can provide a crude idea about the segmentation issue. The
MOSFET can be considered as a uniform transmission line only under zero drain bias.
In such a case, we can derive the noise characteristic for an assumption-free unsegmented
transmission line.

Figures 3.7 and 3.8 show the calculated noise power spectra for an unsegmented uni-
form transmission line®. In contrast to common circuit design assumptions [13], at very
high frequencies, the drain noise has frequency dependence and the gate noise is not pro-
portional to the square of the frequency. Obviously the correlation between drain noise
and gate noise will also differ across this frequency range. Nevertheless, thiswould not be

important in most practical situations because these changestake place in arange far above

3See Appendix B.2 for the details of an unsegmented uniform transmission line.
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Figure 3.8: Frequency evolution of gate current noise spectral power
density terms for a uniform transmission line.

the cutoff frequency (fr).

To examine the segmentation limit, a segmented case has been compared with unseg-
mented results of Figures 3.7 and 3.8. Figures 3.9 and 3.10 respectively show the error in
drain and gate noise cal cul ation caused by segmentation for different sizes and frequencies.
It is obvious that the smaller error is achieved by a denser segmentation and smaller ratio

of the device length to the wavelength. For example, to maintain an error of less than 1

percent, AjL should be less than 10~5m, which corresponds to an upper frequency limit
of 280 GHz for a 0.25 m device that has been divided into 20 segments. If the numbers
of segments are 4 and 10, the lower limits of error are 6.2 percent and 1.0 percent, respec-
tively. Note that the number of segments imposes a lower limit on the error of gate noise

calculation in Figure 3.10 due to the distributed nature of the device. By comparing these
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Figure 3.9: Drain current noise calculation error by segmentation for a
uniform transmission line case. The MOSFETSs are divided
into 20 segments.

indices to the average meshing distance of device simulators and the cutoff frequency of
the 0.25 um MOSFET (about 30GHz in the actual operation region), we can conclude that

the segmentation itself imposes practically no limits on modeling accuracy.

3.2 Noise Simulator | mplementation

3.2.1 2-D Device Smulator

The proposed noise simulation method has been implemented as a post-processor for MEDICI

[36], a commercial 2-D numerical device ssmulator. MEDICI works in conjunction with
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Figure 3.10: Gate current noise calculation error by segmentation for a
uniform transmission line case. The MOSFETs are
divided into 20 segments.

TSUPREMA4 [37], a commercial 2-D numerical process simulator. Field-dependent mo-
bility models [38], [39] are used in the device simulation. The simulator also provides
self-consistent solutions of carrier density, mobility, and carrier temperature # based on
carrier-temperature-dependent mobility and thermal diffusion current models as well as a

carrier-temperature-based impact ionization model used for the HD model [40].

3.2.2 2-Dto 1-D Transformation

The noise analysis of devicesis based on ac sensitivity analysis. To take advantage of the

1-D transmission line analogy, we thus need to extract the 1-D ac equivalent circuit using

4A sample input deck is provided in Appendix C.
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Figure 3.11: Illustration for local quantity extraction from a 2-D device
simulation resullt.

2-D solutions. Assuming that the local small-signal parameters are frequency independent,
the model emulates the ac behavior using local perturbations of dc quantities acquired
from three bias conditions: the desired bias ([Vps,Vas]) and two adjacent biases ([Vps +
AVps,Vas] and [Vps,Vas + AVas]). The same technique has been adopted in HELENA
[41] and is known to be valid up to 2 fr, which sets the applicable frequency limit of the
proposed mixed approach.

The small-signal parameters associated with Figure 3.5 are deduced as follows:

AQinU

Cops+Coqg = 3.8
g 9 A‘/gs,local ( )
o A‘/;is,loca,l
Alpg
m = —— 3.10
g A‘/;]s,local ( )

where A denotes a differential quantity for different sets of bias, Q.. isthe sum of inver-

sion charge in the channel, Vi ;... IS the difference between the gate electrode potential
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and the local source potential, Vs 0.0 1S the potential difference between the local drain
potential and source potential, and Ipgs is the current at the drain electrode. Note that
changing Vpg affects not only Vi jocq DUt 8lSO Vi 1004 @Nd Vice versa.

Figure 3.11 illustrates how local quantities are determined. The local potential has
been obtained from the nodal quasi-fermi level aong the SI/SIO, interface; the inversion
charge has been calculated by summing up the product of the nodal carrier density and its
associated area along the y-direction. MEDICI uses the finite-box discretization method
[42] with atriangular mesh structure. While MEDICI allows irregular triangular meshes,
only right-angled ones were used in theimplementation to simplify the summing procedure
for theinversion charge. The extracted 1-D small-signal equivalent circuit has been verified
by comparing terminal characteristics of the 2-D device — capacitance, transconductance,
and output resistance — to the first-order terms of Y;;s deduced for the entire MOSFET as
shown in Figure 3.5.

3.2.3 Microscopic Noise Sour ce Calculation

The local noise source has been approximated using the spreading diffusion coefficient.
Since MEDICI implicitly assumes the Einstein relationship, the local noise spectrum can

be obtained as follows:

A
S, ~ 4kT, 1" ‘;dc (3.12)
~ ART,—— = akT, 1D (3.12)

Rdc ds,local

where T, is the carrier temperature, 1. iS the dc mobility, A and [ are the cross-sectional
area and length of a device segment, and R, is the dc resistance of a segment. We have

assumed that a segment is a homogeneous resistor with the carrier temperature set by the
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Figure 3.12: Gate length dependence of ~ and 6 comparing HD and DD
model results.

Si/SIO, interface since the inversion layer is only tens of angstroms in thickness and its
temperature distribution is almost homogeneous. For a piece of silicon, this approximation
successfully predicts the reported field dependence of the diffusion coefficient [12]. For
more precise simulations, D,, needs to be acquired through either Monte Carlo simulations
[41] or experiments [12], as a function of the electric field or energy. Nevertheless, the
above approximation causes a negligible error in the MOSFET noise calculation because,
as will be discussed in Section 5.1, the actual contribution to the drain or gate noise is

dominated by the source junction side, where D,, is about the same as D,.
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Figure 3.13: Gate length dependence of the imaginary part of ¢
comparing HD and DD model results.

3.3 Simulation Results

We have performed noise simulations for nMOSFETs from an industrial 0.25 ym CMOS
process. No optimization was done except for determining the doping profile calibration
process. The structure and doping of the device were directly imported from TSUPREM4
and all model parameters were kept at the default values in the MEDICI simulator. Simu-
lated dc characteristics showed good agreement with measured results for both the DD and
HD transport models.

As shown in Figures 3.12 and 3.13, the long channel simulation results exhibit good
agreement with the classical values®, regardless of the transport model used in device sim-

ulation. Asthe channel length decreases, as shown in Figure 3.12, only the HD simulation

5See Section 2.1.2 for the classical van der Ziel model.
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Figure 3.14: Comparison of de-embedded measurement data (circles)
to the simulated equivalent noise resistance (dots) for a
0.25 um nMOSFET. Solid lines refer to smoothed
simulation results of the HD model.

results show an increase in v and 4, similar to that which Jindal [16] and Abidi [15] have
reported. Both modelsyield an increased correlation factor in Figure 3.13, which would in
turn mitigate the impact of larger values of v and ¢ on the noise figure. Some oscillatory
behavior was observed in the bias dependence of the HD results and may be caused by the
numerical stability problem related to the HD model implemented in MEDICI.

A 0.25 ym nMOSFET with W = 200 xm was measured using the ATN NP5B system
[43] to examinethe validity of the noise simulations. To compare theintrinsic part only, the
pad loss [44] has been de-embedded by removing the parasitic components® of the noise

correlation admittance matrix from that of the total matrix as proposed by Morifuji et al.

6More detailed deembedding issues are discussed in Chapter 4.
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0.25 um nMOSFET. Solid linesrefer to smoothed
simulation results of HD model.

[45]. The distributed resistance of the MOSFET gate electrode [46] has been neglected
because it was silicided and divided into 5 pm-width-fingers during layout. Finaly the
simulation results are transformed’ into four noise parameters from the noise power spec-
tral density and their cross-correlation coefficient based on the equivalent circuit in Figure
3.5. The transformed intrinsic data for the DD model largely underestimates the noise per-
formance, achieving less than half that of HD model in terms of F,,;, and R,,. The HD
case aso shows some discrepancy in F,,;, and Y,,;, while R,, isin good agreement [47]

as shown in Figure 3.14. Since Y,,, is mainly determined by the small signal equivalent

"See Appendix A.3.3 and A.4.3 for the transformation.
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circuit of the MOSFET, which is verified using the current and capacitance of the device, a
large discrepancy in Y, implies that the de-embedding procedure was not satisfactory. In
Figures 3.15 and 3.16, an artificia increase in G,,; by afactor of 1.7 is used in the trans-
formation to fit model results with the measured G, excellent agreement of F,,,;,, isthen
observed in both bias and frequency dependencies. The accuracy of intrinsic noise simula-
tionisthusclearly satisfactory and it is possibleto estimate circuit level noise performance,

based on technology parameters contained in the simulation model.
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3.4 Summary

An accurate and computationally efficient simulation technique for high frequency noise
performance of deep submicron MOSFETSs is proposed. This technique is based on an
active transmission line concept but uses 2-D device simulation. The Langevin stochas-
tic source term is introduced as a local noise source and the small-signal behavior of the
MOSFET is represented by a cascaded two-port network, characterized in acommon gate
configuration. Since the local static quantities required for noise calculation are imported
from a 2-D numerical device simulator using advanced transport models, this technique
is able to capture dispersive non-equilibrium effects and incorporate second-order effects
caused by complex processing. Background of the proposed approach includes details of
the impedance field formulation. Segmentation itself does not cause significant error in
the noise calculations within a practical range of frequencies and meshing distances. The
long channel noise simulation results are in good agreement with classical values; short
channel results based on the HD model successfully describe the reported excess noise
in short channel MOSFETS. The transformed simulation results of the HD model show
excellent agreement with the de-embedded measurement data, both in bias and frequency
dependencies, while the DD model largely underestimates the experimental results. This
chapter demonstrates and explains the importance of advanced (i.e. HD) transport models
for 2-D noise analysis and aso verifies the use of the model, based on noise simulation
results for deep submicron MOSFETSs. The proposed simulation technigque is accurate and

fast enough for practical RF noise performance analysis of deep submicron MOSFETSs.
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Chapter 4

Parasitic Noise Components

OMPLETE BROADBAND CHARACTERIZATION isindispensable for accurate mod-
C eling as well as future RF circuit designs. In measurements of intrinsic noise, the
de-embedding procedureis critical since the measured noise parameters are influenced sig-
nificantly by parasitic components, such as distributed resistance of each of the electrodes
and other resistive terms. This chapter discusses parasitic noise sources in MOSFETs and

their implications on intrinsic noise characterization.

Figure 4.1: Parasitic resistance generating thermal noisein MOSFETS.

39
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Figure 4.2: Equivalent circuit model of the DUT for de-embedding.

4.1 Deembedding

Most parasitic contributions can be deembedded based on two port theory explained in
Appendix A [44], [2]. The equivalent circuit of the DUT isillustrated in Figure 4.2. While
most de-embedding studies adopt an equivalent circuit for the intrinsic MOSFET too, it is
more appropriate that the MOSFET be left as a blackbox because an accurate modeling of
the intrinsic device behavior is not trivial and it can directly contribute errors in intrinsic
noise power extraction. Depending on the extraction method of parasitic elements, the
de-embedding of R,, R4, and R, can be done either together with or separately from the
de-embedding of other parasitics.C,,, R,g, Rig, Lig, Risy Lis, Cpay, Rpay Ria, and Lyg.

However, the basic principles are the same.

First, the DUT consists of three cascading stages. gate parasitics (stage-1), intrinsic

plus source parasitics (stage-2), and drain parasitics (stage-3). The impedance matrices of
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gate and drain parasitics are:
pg pg

Zo = (4.0)
Zpg Zpg+Ztg

Zpd + Zra  Zpa

Zpd Zpd
where
Zyg = Rpg+ 1/(jwcpg) (4.3)
Ztg = Rg + Rtg + jCULtg (44)
Zpd = de + 1/(]wC’pd) (45)
Zig = Rg+ R+ jwly (4.6)

The corresponding noise matrices (ﬁ 7., and c z,,) areeasily calculated and then trans-
formed into ABCD representation (ﬁ 4, and c Ap) using Equation (A.14). Sincethe mea-

sured four noise parameters give the noise matrix of the DUT (ﬁ ), the noise matrix

Apur

for stage 2is:

Cavs = AGNCapr — Cad(AL)

Ams

~ A s Cap Al (4.7)

Stage-2 isaseries connection of two parts: theintrinsic MOSFET and source parasitics.
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. Parasitic Noise Components

The impedance matrix of source parasiticsis:

Zts Zts
7 -

Zts Zts
Zts = R3+Rts +jWLts

Then the noise matrix of the intrinsic MOSFET issimply:

Cry = Crys—Cs

(4.8)

(4.9)

(4.10)

A direct transformation of C' z,, 10 the admittance representation yields the self- and

cross-power spectral densities of drain and gate noise.

iZ = QAfﬁYM(lal)
iy = 20fCy,(1,2)
2 = 2AfCy,(2,2)

4.2 DUT Implications

4.2.1 Bonding Pad

(4.11)
(4.12)
(4.13)

The ac current path from the bonding pad, via the conductive substrate to ground, causes a

significant influence on measured F,,.;,,, especialy for bulk silicon technologies [44], [45].

To minimize this component, several techniques can be employed such as making the input

pad smaller, using a semi-insulating substrate, and using a substrate with extremely low

resistivity. The most effective solution is to replace the bottom plate of the pad capacitor
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Figure 4.3: Calculation of distributed resistance for aMOSFET with a
multi-fingered gate structure.

with a grounded metal layer. The additional capacitance caused by this method can be
deembedded easily and also can be utilized in LNA design'.

4.2.2 GatePoly Resistance

In modern MOSFET technologies, the gate electrode is made of polysilicon. Since its

resistivity isrelatively high, the noise contribution often exceeds the channel noise. Due to

1Discussed in Section 7.2.5.
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the distributed effect, the equivalent resistance of the gate electrode is given by:

KRW
n2L

Re (4.14)

where Rp is the sheet resistance of the gate material, W is the total gate width of the
device, L isthe gate length, and n is the number of gate fingers. The factor K is 1/3 when
each gate finger is contacted only at one end, and reduces to 1/12 by contacting at both
ends[13]. Thusthis contribution can be reduced by lowering the resistivity of the gate and
interdigitating the gate electrodes.

In state-of-the-art MOSFET technologies, owing to the use of silicided gates, R is
improved by a factor of 10 compared with the pure polysilicon process. Nevertheless, the
noise contribution is substantial in MOSFETs with gate length below 0.23:m [48]. Figure
4.3illustratesa MOSFET with interdigitated gates contacting at both ends. The equivalent

resistance is given by:

1 1 1
Re = —||2n+3+—-)r+—R (4.15)
12 n n
n 1
~ R 2 4.1
4r+ 12nR (4.16)
where R = RELW isthe resistance of a gate finger and r isinterconnect resistance, which is

usually routed in ametal layer that has significantly lower sheet resistance than polysilicon
[46]. Since R, directly adds to noise resistance? R,,, idedly Rg < R,, must be satisfied.

In other words,

4kTRg gy, < 4kTgaoy (4.17)

2R =2 TS+ See Section 2.6 for details.
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isdesirable. Hence arough rule of thumbiis:

Rogm < 1 (4.18)

REI W2 Vsat Coz
n o> \/ % (4.19)

4.3 Substrate Induced Drain Current Noise

It is known that short channel MOSFETSs yield larger drain current noise (S;,) [15], [16],
[17], [18], [19], [49], [50] than the value predicted by the van der Ziel model [11], which
agrees with long channel MOSFETSs. However, the amount of the increase is still contro-
versial. Some studies have demonstrated a substantial increase while other studies have
claimed less than a factor of two increase for 0.17um MOSFETs[18], [19].

According to common circuit design assumptions, the drain current noise is white (i.e.
frequency independent). In many experimental studies, however, the measured noise resis-
tance that directly represents the drain current noise in MOSFETS, has shown a frequency
dependence in the GHz frequency range [45], [51], [52], [53]. Since this phenomenon
cannot be explained by any frequency dependence of Y5, it has been totally ignored or
attributed to measurement errors [53]. However, R,, iS not prone to errors, moreover it
shows excellent linearity with alogarithmic frequency dependence. A device level noise
simulation study has qualitatively demonstrated that such a frequency dependence can be
attributed to the substrate resistance [31] but the physical mechanism has not been identi-
fied.
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Figure 4.4: Cross-section of the MOSFET structure used for simulation.

4.3.1 Noise Simulation

The physical origin of the frequency dependence for drain current noise has been investi-
gated using PADRE, a general-purpose multi-dimensional device simulator, in which the
IFM (Impedance Field Method) [26] isimplemented [31],[54],[55]. Since the primary in-
terest in the present work focuses on the substrate induced thermal noise, the drift-diffusion
model is used and other noise sources, such as 1/f noise and generation-recombination
noise, are ignored. The MOSFET structure used for noise simulation isillustrated in Fig-
ure4.4. Thisstructure, while quite simple, still providesuseful analysisresultsand physical
insight. To minimize secondary effects, the junction length (L,,) is reduced and the bulk

contact islocated at the bottom through a low-doping substrate.
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Figure 4.5: Commonly assumed drain current noise power spectrum for
MOSFETS.

4.3.2 Noise Contribution Moddl

It has been a common assumption that the drain current noise only exhibits 1/f noise
(Si,,1/¢) @and white channel thermal noise (S;, channer) CONtributions asillustrated in Figure
4.5. They correspond to regions | and 111 in Figure 4.6, respectively. Although local noise
sources generate white noise up to the quantum limit, as frequency becomes much higher
than the cutoff frequency, the capacitive coupling between the channel and gate makes
propagation of local fluctuations stronger, consequently channel thermal noise increases as
showninregion |V in Figure 4.6 [32],[56].

In addition, spreading resistance (Ry,;) of the substrate generates thermal fluctuations
given by:

sub
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Figure 4.6: Anticipated general drain current noise power spectrum for
bulk MOSFETSs. The solid line istotal noise power, the
circle symbol isthe 1/ f noise component (S;, 1/7), the
triangle symbol is the additive component induced by the
substrate (.5;, su»), and the diamond symbol is the channel
thermal noise component (S;, channer)- Theinset circuit
diagram explains the contribution mechanism of the
substrate thermal noise to the drain current noise.

where k is Boltzmann’'s constant and 7' is the lattice temperature [57]. These fluctuations
in the substrate potential modul ate the channel charge of the depletion capacitor (Cg.,,;) and
subsequently produce additive channel noise (.S;, ..»), amplified by substrate transconduc-
tance (g,.»). Sincethe R, Cyep NEtWOrk in Figure 4.6 acts as alow-pass filter, the amount

of additive channel noiseis given by

1 + (WRsudeepl)2

Sid,sub (421)
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This equation suggests that .S;, .., has alow frequency noise plateau (457 Rg,b92,,) domi-
nating region I in Figure 4.6 and apole at f = (27 RsupClaepr) - Thus S;, . effectively
increases the drain current noise factor ~.

This phenomenon was first discussed by Jindal [57], but only the low frequency noise
plateau was considered. In the case of SOl MOSFETS, the partially-depleted body leads to
large R, and subsequently produces a component with a higher plateau and much lower
polelocation than for bulk MOSFETS. Faccio et al. have modeled thiseffect by introducing
aparallel shunting capacitor, which is the sum of the capacitances of the front gate oxide
(Cys) and buried oxide (Cgo.) [58]. For bulk MOSFETS, using similar physical reasoning,
Kishore et al. have explained the phenomenon by adding an RC' network between the gate
and substrate [52]. However, the channel charge shields the substrate network from the
gate electrode under strong inversion conditions[59]. Therefore C,,, must be replaced with
Clepi-

4.3.3 Simulation Results

In Figures 4.7 and 4.8, the noise spectra are reproduced by including the additive compo-
nent, calculated based on Equation (4.21), to the simulation results for MOSFETs with a
highly doped substrate (N, = Nenan). The calculated spectrafit the low frequency noise
plateau and pole location, introducing less than 30% error, with Ciepi- Rsub=gmp ValUES €X-
tracted from ac and dc simulation results of PADRE. R, is extracted from a structure
without junctions and gate oxide; Cy.,,; is approximately equal to Cy, + Cy; if the junction

areabecomes negligibly small. Itisimportant to notethat S, , indirectly contributesto .S;,

viathe channel depletion capacitor. Due to the bias dependence of g,,.;, Si, sub IS ZEIO UN-
der zero drain bias, increases as drain bias increases, and finaly saturates for higher drain

bias, as shown in Figure 4.7. It also largely increases the drain noise factor at low gate bias
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Figure 4.7: Simulation results of drain current noise power spectrum of
a0.5um MOSFET for different drain bias conditions. The
gate oxide thicknessis 60nm, N4, 1S5.0x107cm=3, N,
is1.0x10%cm=3, L,;is0.01um, and V5 is1.5V. The
symbols are PADRE simulation results and lines are
calculated using Equation (4.21).

conditions. Moreover S;, .., becomes more significant as the channel length decreases in
Figure 4.8 since S;, . iS proportional to g2, while S;, channe 1S proportiona to g,,. In-
terestingly, these tendencies conform with the reported description of excess drain current
noise in short channel MOSFETs[15], [16], [17], [49].

It is worth mentioning that those studies reporting a substantial increase of the drain
noise factor have collected data at frequencies below 100MHz due to the bandwidth limits
of the transimpedance amplifier. Moreover the samples used relatively primitive technolo-

gies, that employ only shallow threshold adjustment doping on a highly resistive substrate.
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Figure 4.8: Simulation results of drain current noise power spectrum
for MOSFETs with different gate lengths. The gate oxide
thicknessis 60nm, N_ja, 1S5.0x107cm =3, Ny, iS
3.2x10'%cm=3, L,;is0.01um, Vgg is 1.5V, and Vg is
2.5V. The symbols are PADRE simulation results and lines
are calculated using Equation (4.21).

Therefore, it is now suggested that the amount of channel thermal noise has been exagger-
ated due to the additive thermal noise contribution from the substrate. Thusto characterize
the pure channel thermal noise, data needs to be obtained either inregion 111 or from MOS-
FETs with ahighly doped substrate.

As the transition between regions |1 and |11 approaches the GHz range in modern bulk
CMOS technologies, modeling using asingle RC' lump may not be successful. Due to the
three-dimensional distributed effect of the substrate network, illustrated in Figure 4.9, the

actual S;, .. Spectrum isthe sum of multiple components with different poles; as shownin
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Figure 4.9: Distributed effect of the substrate network.

Figure 4.10, the slope of the transition is much smoother than -20dB/decade, typically be-
low -5dB/decade. Thus prediction of the S;, .., Characteristic poses an ongoing challenge;
the use of three-dimensional noise simulations can be expected to provide additional data

in support of new compact modeling.

44 Summary

This chapter discusses how parasitic noise sourcesin MOSFETSs can be deembedded, what
influences noise data significantly in DUTSs, and how the substrate resistance increases

channel thermal noise. The parasitic noise sources can be separated using two port theory.
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Figure 4.10: Drain current noise spectrum for different number of
poles.

The most significant parasitic components are the bonding pad on a conductive substrate
and distributed resistance of the gate poly. Both can be minimized by changing the process
and optimizing the layout. Resistance of the substrate generates potential fluctuations that
in turn produce additive channel noise by modulating the inversion charge via the channel
depletion capacitor. For low-doped substrates, the additive noise may result in a frequency
dependence of the drain current noise due to a pole associated with the R,;-Cle, NEtwork.
Since it conforms to the tendency of the reported excess noise, it may exaggerate the value
being reported for the channel thermal noise factor. Hence, careful characterization is re-
quired to achieve accurate modeling. To minimize this component, the well doping profile

needs to extend deep into the substrate.
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Chapter 5

Excess Channel Noise

ECENT COMPACT MODELING APPROACHES have explained excess channel noise,
R observed in MOSFETSs with channel lengths below 1.7um [16],[17], [18],[19],
using local voltage noise sources [18], [19],[49],[50]. However, the use of local voltage
noise sources in device modeling suffers from the spatial correlation of the noise sources
[60], [61]. This resultsin a dominant noise contribution near the drain junction, which is
more significant when hot carrier effectsareincluded [19], [49],[50]. By contrast, quasi-2D
numerical simulation results for HEMT devices have revealed that the drain noise of the
FET is not in fact dominated by the drain-side but rather by the source-side contributions
[62]. Numerical noise simulation results in Figure 3.12 have qualitatively demonstrated
the observed excess thermal noisein 0.25um MOSFETSs based on the Hydrodynamic (HD)
formulation [47],[56],[63]. This chapter investigates the physical origin of the excess noise
by comparing the differences between local and non-local carrier transport modelsin noise

simulation.

55
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Figure 5.1: Comparing the HD model with the DD model along the
channel for noise spectral density distribution of the local
noise source (.S;, [A%/Hzum]) and its actual contribution to
the drain noise (S;, [A%/Hzum]); and the impedance field
(JAA4|* [no unit]).

5.1 Physical Origin

Excess noise is defined as deviation from the van der Ziel model * [11]. Asemphasized in
Figure 3.12, for decreasing channel length, the non-local HD formulation shows a signif-

icant deviation from the long channel value of v whereas the purely local Drift-Diffusion

1See Section 2.1.2.
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(DD) model remains constant. The spatial distribution of S;, in Figure 5.1 shows clearly
that the excess noise in the HD results originates due to a peak at the metallurgical source
junction. In the framework of the impedance field representation [26],[32],[56], device
noise at the electrodes is determined by two independent factors: local fluctuations and
their propagation to the terminal electrodes. Given noise sources (.5;, ) representing lo-
cal fluctuations and the impedance field (A A,) representing the propagation, current noise

power at the drain electrodeis:
S, = |AAL*S;, (5.2)

The fact that the two models yield amost the same values of S;, in the location near the
source in Figure 5.1, implies that the impedance field (A A,) differentiates the effects be-
tween the two models on noise ssmulation. The impedance fields, shown in the bottom
of Figure 5.1, revea significant differences between the HD and DD models across the
entire device channel. The impedance field is numerically calculated based on network
analysis principles, but it can be conceptually explained by cascading three sub-MOSFETSs
. Ms(0,2), Mc(z,z + Az), and Mp(z + Az, L). Noda analysis yields the following
simplified approximation (symbolsin Figure 5.1):

Ay ~ —ocImo o g (5.2)

The given equation is basically a closed-loop gain of a feedback system and the pa-
rameterization in Equation (5.2) suggests that the local ac resistance (r,.) is primarily
responsible for the source side peak of the impedance field; additionally, the impact of

ro. 1S @mplified by g,,,, asthe device length becomes smaller. Figure 5.2 shows that the
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Figure 5.2: Local ac resistance distribution, comparing the HD model
(solid line) with the DD model (dashed line).

HD results exhibit two peaks in the ac resistance distribution, localized at the metallur-
gical junctions. For any segment within the semiconductor, higher ac resistance directly

represents asmaller derivative of the velocity with respect to field (g—g) because

o€ 1
R, = “ndv A (5.3

Unfortunately, the direct measurement of g—g isdifficult sincethe electric field changes near

the source junction are extremely small and vary two dimensionally with drain bias.

Suppose an eectric field is applied and then removed as illustrated in Figure 5.3. In
terms of physical effects, asreflected by the DD model, the carrier velocity instantaneously
follows the electric field change. The DD model assumes that carrier velocity is directly
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Figure 5.3: Carrier response to the electric field changes.

determined by the electric field. In redlity, carriers need a certain amount of time to ac-
celerate and to decelerate due to inertia; thus the carrier velocity has latency in response
to the electric field change, as shown in Figure 5.3. This phenomenon isreferred to as the
non-local effect and is primarily reflected in higher order transport models [64] such asthe
HD formulation, in which latency ismodeled by a parameter called carrier relaxation time.
A good analogy is a heavy car with aweak engine: the carrier isacar, the electric field is
an accelerator, and the carrier velocity is speed. A car experiences latency as it goes from
an initial start through exit or as it goes into highway ramps as illustrated in Figure 5.4.

Likewise, the electric field variation near the source junction is quite small; the HD model
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O
i

Figure 5.4: Car analogy to explain the carrier transport in the channel.

givesamost the same value of velocity as can be extracted based ontheclassical v— € rela-
tionship. However, the non-local effect produces spatial latency in the response of carriers
to the electric field change, and effectively makes their velocity less sensitive to the field
at the source-end compared to that predicted using the DD model. Hence, the HD model
exhibits a smaller derivative of the velocity with respect to the field, which subsequently

causes a higher local ac resistance and larger impedance field.

5.2 Summary

This chapter analyzes excess thermal noise in short channel MOSFETS, using a hybrid
numerical noise simulation method. Drain current noise is dominated by the source-side
contributions. Moreover, the excess noiseis caused not by theindividual local noise sources
but by the effects of the impedance field. While both the DD and HD models show almost

the same values of velocity due to small electric field at the source, the non-local transport
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behavior causes a smaller derivative of velocity with respect to the electric field for the
HD formulation. The resulting higher local ac resistance near the source junction increases
the impedance field which is directly reflected in excess noise and a strong gate length
dependence of ~ and ¢ in scaled submicron MOS devices. This phenomenon cannot be
accounted for using the conventional DD model because of the local nature in the v — &
relationship. Thus higher order transport models, such asthe HD formulation, are essential
in considering noise simulation for scaled MOSFET devices. Equation (5.3) suggests that
the improvement of v can be achieved either using a different material with lighter carrier
mass or employing a broader channel carrier profile. Structures such as buried channel,
JFETS, and MESFET s are possible candidate devices to be considered.
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Chapter 6

Compact Noise Modeling

M OST EXISTING MOSFET NOISE MODELS have not adequately accounted for
excess drain current noise, observed in short channel MOSFETs. Some mod-

els allow the user to adjust drain current noise but the bias or geometry dependences are

15Q
w/ @2

— 10t 9/

a8}

2,

c

2 sl

€3

= w/0 i}
0 5 10
10 10

Frequency [HZz]

Figure 6.1: Noise figure of aMOSFET connected to Z,=50(2
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Noise Figure [dB]

Gate Bias [V]

Figure 6.2: Noise performance of atuned LNA

not modeled. Besides drain current noise, as discussed in Section 2.1.2, MOSFETs have
induced gate current noise. Since it is proportional to f2, it is not significant at low fre-
guencies and has long been neglected in digital-application-oriented modeling. Even the
de facto industry standard model BSIM 3 has not accounted for the induced gate noise. As
CMOS isincreasingly used for RF applications, however, it is apparent that the inclusion
of induced gate noise is necessary. Figure 6.1 illustrates the frequency dependence of the
noise figure of a MOSFET connected to 502 source resistance. This bathtub-shaped char-
acteristic is dominated by 1/ f noise at low frequencies, limited by drain current thermal
noise at mid frequencies, and induced gate noise prevails at high frequencies, starting from
one tenth of fr. Hence, if the induced gate noise in excluded, the noise figure of high

frequency amplifiersislargely underestimated as shown in Figure 6.2.

This chapter reviews existing high frequency noise models, validates their assumptions,

and proposes a physically sound modeling approach for MOSFETS.
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Figure 6.3: MOSFET thermal noise models. (@) van der Ziel model (b)
Pospieszalski Model.

6.1 vander Ziel Model

The most broadly accepted noise model for MOSFETs isthe van der Ziel model [11]. This
model also has a solid physical basis since it is simply based on the admittance represen-
tation of classical two-port theory!. Since the cross-correlation is a complex number in
general, this approach has four parameters that correspond to F,;,, — R, — Gopt — Bopt
introduced in Section 2.6.

In the case of the MOSFET, the real part of the cross-correlation is much smaller than
theimaginary part under most practical operating conditions; van der Ziel proposed athree-
parameter model by assuming R[i;75] = 0. In such a case, the correlation admittance (Y,)

is purely imaginary and F,,,;,, becomes a subordinate factor of R,, and G, [62].

1Detailed discussion is presented in Appendix A.2.
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ig,sho’r‘t Lid,short

(@

U;

7:g,.short Lid,short

(b)

Figure 6.4: Schematic for model comparison. (a) van der Ziel model
(b) Pospieszalski Model.

6.2 Pospieszalski Model

Another widely accepted noise model in the GaAs community is the Pospieszalski model
[65], which is based on the hybrid representation (ﬁ). Figures 6.3 (a) and (b) compares
the Pospieszalski model with the van der Ziel model. While the gate current noise in the
van der Ziel model is frequency dependent and correlated with the drain current noise, the

Pospieszal ski model uses an input voltage noise sourcev_f, which isfrequency-independent.
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Figure 6.5: Gate bias dependence of the correlation factor of the
Pospieszal ski model for an nMOSFET
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Reducing the number of variables further, Pospieszalski proposed a two-parameter model
by assuming that two noise sources have negligible correlation (v;i* ~ 0). Thus this ap-
proach has the advantage that it is easily implementable in typical SPICE simulators. Fur-
ther investigations demonstrated that the given assumptioniswell satisfied in GaAs devices
[62]. However, no study has shown that it isvalid for MOSFET devices.

If thismodel is equivalent to the van der Ziel model, both models should yield the same
amount of short-circuit noise current at the input and output electrodes as illustrated in

Figures 6.4 (a) and (b):

= Yuu (6-1)

1g,short

id,short - _id - (}/21_le2)1)2'_2'() (62)
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The given assumption means that the following correlation factor needs to be nearly zero:

Cor = o (6.3)
vZi2
where
2 o- L@ (6.4)
t |Y’11|2 g
. Y3 — Y —
VilE = 12— 10 6.5
Va2 5 iy 0 (65
_ Yoo — Yol = Yo — Y,
7 - Yo~ Yol QTYM;Q’ i§+i§—2§)‘t[721y11 1%’9@} (6.6)

Figure 6.5 demonstratesthat the correl ation-free assumption is not applicablein general
to short channel MOSFETSs. Even in long channel devices, the MOSFET does not satisfy
conditions which make the correlation negligible?. Thus, the given model introduces errors
in modeling MOSFET noise behavior. The noise spectra reproduced by the Pospieszal ski

model are asfollows;

Z.g,Pos = ‘}/11’2'0_7,2 (67)
Igiypos = Yul(Ya) — Yi)v? — vii) (6.8)
2 pos = |Yor — Yio| 02 + 02 — 2R[(Var — Yi2)vyiy) (6.9)

2Appendix D explains why the correlation is not negligiblein long channel MOSFETS.



6.3: BSIM4 Model 69

(@ (b)

Figure 6.6: MOSFET thermal noise models. (a) BSIM4 as
implemented. (b) Simplified BSIM4 (assuming R, iS
negligible)

With the given correlation-free assumption, the above formul ae become:

2 pps = Y102 & w(Cys + Cya)v? (6.10)
lgiypos = Yi1(Yai = Y302 & jw(Cys + Cya)gmv? (6.11)
2y = Yoo —Yio2+i2 &~ glvi+i2 (6.12)

Equations (6.10) and (6.11) suggest that the model assumes i ,i; = g(}/gl — Y)Yy

6.3 BSIM4 M odel

The next generation MOS model BSIM4 [66], [67] released for public use in March 2000,
amends the shortcomings of BSIM3 predecessor by addressing induced gate noise. The

BSIM4 model shown in Figure 6.6 (a) and (b) are somewhat similar to the Pospieszal ski
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Figure 6.7: Schematic for BSIM4 model comparison.

model since the noise sources are frequency-independent and uncorrelated (Kz’j;p = 0);
this topology is easier to implement in a circuit simulator. On the other hand, it adopts a
drastically different modeling strategy by connecting a noise source to the source electrode
instead of the gate. This approach differs from other models since it is not based on any
equivalent two-port representation.

While the exact implementation uses UTRS = 4kTAf(R, + R,)® as shown in Figure
6.6 (a), this chapter uses a smplified BSIM4 model shown in Figure 6.6 (b) for sake of
simplicity. It assumes that the source resistance (R,) can be neglected, since the condition
that R, > R, isgenerally satisfied.

Again, comparing the short-circuited noise current at two electrodes identifies the un-
derlying assumption of the BSIM model. Comparing Figures 6.4 (a) and 6.7 gives:
ig = (Y1 +Yio)u, (6.13)

1g,short

Z'd,short == _id = (Yé1+}/é2)vx_idp (614)

Thusthe BSIM4 model replicates the frequency dependence and correlation of the induced

3A complete model description is presented in Appendix E.1.
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Figure 6.8: Comparison for the correlated noise power spectrum. (a)
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gate noise asfollows:

2 s = Y+ Y2 = W*CLu2 (6.15)
il psrara = (Y + Yi2)(Yar + Yo2) 02 & jgmwClysv? (6.16)
Z?i,BSIM4 = [Yor + Y2 ‘2g + E ~ gfn@ + E (6.17)

Equations (6.15) and (6.16) suggest that the BSIM4 model assumes iyi;, = i2(Ya +

Ys2)* /(Y11 + Y12)*. Due to this assumption, the BSIM4 model also causes errors in mod-

eling the term 4 ,7%.



72 Chapter 6 : Compact Noise Modeling

Measured Data
[Nszn B ,Yopt]measured

iy

Extract van der Zi€

[Z Zgzd’ d]

Extract BSIM4/Posp.

[vZ33,] [v2.2]

U

Transformation

iL

= 7
[42,ig414%, 15 ]BSIMIPOs

L U

Transformation Transformation
[NFminfRnfyopt]Zid [NFminaRnIYopt]BﬂM/POSp
Comparison

Figure 6.9: Model comparison procedure.

6.4 Impact of Errorsin Correlation M odeling

As discussed in the previous sections, two-parameter models do not describe success-
fully the noise characteristics of MOSFETs. As compared in Figure 6.8 (a) and (b), the
Pospieszalski and BSIM4 models introduce a substantial amount of errorsin i, term. On
the other hand, they can replicate perfectly % and g. Therefore the question becomes to

what degree the 7,7% term affects the entire noise characteristics.
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According to the two-port noise theory [68], as long as the two different models repro-
duce the same four noise parameter sets, they should yield exactly the same noise perfor-
mance for various circuit topologies. To examine how much the noise characteristics are
affected by the errorsin the correlated noise term, measured four noise parameters are com-
pared with characteristics that are reproduced by extracted noise sources. The procedure
isillustrated in Figure 6.9. First, noise sources for the van der Ziel model are extracted at
5GHz by directly converting the noise matrix. Second, noise sources of the Pospieszal ski

and BSIM4 models are chosen to fit % and i2 values as follows:

v = m% (6.18)
RNk 19
T -t (620
7 - -y (621

Then equivalent gate-drain current noise spectra are reproduced using Equations (6.10) —
(6.12) and (6.15) — (6.17). For the van der Ziel model, E and 7,77 are adjusted based on
their frequency dependence. Finally, each set of E — iyl — E istransformed back into four
noise parameters for comparison.

In Figures 6.10 and 6.11, the frequency dependence of the four noise parameters are
compared. These results demonstrate that the frequency independent noise sources v2 and
v_f reproduce the behavior of the frequency dependent noise% at thedevicelevel. Since R,
is determined by 2, al the models should yield exactly the same value in Figure 6.10 (b).
The error in 7,5 term leads to discrepancies in other parameters in Figures 6.10 (a), 6.11
(a), and 6.11 (b) but the differences are acceptably small. These resultsimply that, despite

substantial errorsin 7, term, the two-parameter models can be used as a practical means
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Figure 6.12: Shunt-series feedback broadband amplifier. (a)
Architecture (b) Power-constrained noise performance.

for implementing MOSFET noise models.

Next, turning to actual circuit applications, the noisefigureis calculated for various cir-
cuit topologies using the noise analysis method for linear networks described in Appendix

A.2.5. Noise parameters are reproduced for the three models as described previously.

Figure 6.12 (a) showsabroadband amplifier with feedback (R ) used to achieveimpedance
matching at input and output. In the case of the van der Ziel model, the induced gate noise
has negligible impact on the noise figure, up to moderately high frequencies. By contrast,
the drain current noise i2 for the Pospieszalski model and g for BSIM4 are smaller by
g2,v2 and g2 v2, respectively, than i2 from the van der Ziel model. However, the broadband
contribution of v_f and v2 compensate for this difference. Thus all the models yield the

same overall noise performance. In other words, N F,,.;,, is close to zero in the frequency
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Figure 6.13: 1/g,, termination broadband amplifier. (a) Architecture
(b) Noise performance.

range below 1GHz; R, isthe same for both models; the key factor that differentiates the
noise performanceisY,,:. In Figure 6.12 (b), Y,,» < 1/50 except in the very low gate bias

range, thus the different models yield the same results.

Another broadband amplifier architecture, whose input impedance is adjusted by its
Jm, 1S Shown in Figures 6.13 (a). The Pospieszalski and BSIM4 models again exhibit an
identical noise figure to the van der Ziel model in Figure 6.13 (b), with the same physi-
cal differences as noted above. This case validates the non-grounded source condition of

operation.

A good examplethat highlightstheimpact of induced gate noiseisthe power-constrained
design of the tuned amplifier, illustrated in Figure 6.14 (a). Usually this architecture ex-

hibits valley-shaped noise characteristics for a power-constraint as shown in Figure 6.14
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Figure 6.14: Inductively degenerated tuned amplifier. (@) Architecture
(b) Power-constrained noise performance.

(b); the drain noise is dominant as the gate bias becomes lower while the induced gate
noise becomes dominant at high gate bias. The correlated term ,:% affects the noise per-
formance at low gate bias but it is less significant than the drain noise [69]. Therefore
the noise figure shows excellent agreement and again validates further the non-grounded
source conditions in modeling noise. This can also be explained based on the four noise
parameters. When the gate biasis high, the mismatch of Y,,, to Y; is so large that the noise

performance equation can be approximated as:

|Y; - Y;)pt|2 Rn

F = Fmin
+ G.

(6.22)

Yi[* Ry
Gs

Q

(6.23)



6.4 : Impact of Errorsin Correlation Modeling 79

I
|
|
|
Zin =y
My, B
R, L, o
S
M- 2
LL 2t IDD:5mA 4 Z'el-
&; f =4GHz O vander Zi
2 1l Zin =500 —— BSM4
@ Ls Vgs,may =00V o Pospieszal sk
O " " " "
0.6 0.8 1 1.2
<~ : Gate Bias of M>[V]

€Y (b)

Figure 6.15: Inductively degenerated tuned amplifier with cascode

stage. (a) Architecture (b) Power-constrained noise
performance.

As the gate bias becomes lower, Y,,; gets closer to Y, so imperfect reproduction of noise
parameters in Figures 6.10 and 6.11 results in observable differences. These differences
become more noticeable when the cascoded stage is taken into account as shown in Figure

6.15. Nevertheless, the error is acceptably small.

Therefore, the Pospieszalski and BSIM4 noise models can be considered as being

equivalent to the van der Ziel model in most practical circuits, including non-grounded

source conditions of operation.
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Figure 6.16: Physical noise sourcesin MOSFET devices.

6.5 Physical Noise Modeling

Figure 6.16 illustrates noise sources, accounting al the physical phenomena addressed
in Chapters 2, 4, and 5. Local fluctuations in the channel generate current noise at the
electrodes; this effect is captured by the classical van der Ziel model with long channel
coefficients*. Charge trapping behavior of defects and impurities at the Si/SIO, interface

introduces 1/ f noise spectrum in drain current noise that can be modeled only empirically®.

In many technol ogies, spreading resistance of the substrate generates an indirect contri-

bution viathe channel depletion capacitor. Due to the three-dimensional distributed effect

4Refer to Section 2.1.2.
SRefer to Section 2.3.
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Figure 6.17: Comparison between physical effects and BSIM4 noise
model.

of the substrate network, this component also needs to be modeled empirically® asfollows:

AkT Roupg?, o
1 + (WRsudeepl)n

Sid,sub (624)

where « isusually below 0.1 and n isaround 0.4.

Finally, the excess noise in short channel devices can be accounted for by a voltage
noi se source connected to the source electrode, as adopted in BSIM4. Physical simulations’
demonstrate that non-local transport behavior results in higher local ac resistance near the
source junction, which in turn causes excess noise as illustrated in Figure 6.17 (a). In
BSIM4, as shown in Figure 6.17 (b), the source resistance R is arbitrarily increased in

the noise analysis to capture the excess noise in short channel MOSFETSs. Interestingly, as

5Refer to Section 4.3.3.
7See Section 5.1.
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this approach describes exactly what simulation results explain, it is thus quite adequate in
physical modeling.

The excess noise generated by the higher local ac resistance, in combination with
transconductance, manifest bias and geometry dependences quite similar to those of hot
carrier effects. Thus, despite their seemingly inappropriate physics, recent compact mod-
els® reproduce macroscopically drain current noise very well. They usually consist of two
portions: one captured by the long channel noise theory (%) and the other one incorporat-
ing the short channel effect (E). Hence the amount of the voltage noise source in Figure

6.16 should be 2, /g2,.

6.6 Summary

The high frequency noise characteristics are dominated by induced gate noise, which is
not accounted for in most MOSFET noise models. To describe MOSFET noise behav-
ior at high frequencies, three parameters are required, as incorporated in the van der Ziel
model. Two-parameter models, such as the Pospieszalski and BSIM4 models, introduce
errors in the correlated noise term in general. Nevertheless such errors do not impose sig-
nificant problemsin most practical circuit topologies. Thusthey can be considered as being
functionally equivalent to the van der Ziel model. The modeling strategy of BSIM4 is par-
ticularly attractivein physical modeling sinceit capturesthe physical phenomenaidentified

by numerical simulations.

8Refer to Appendix F for model descriptions.
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L NA Design

HE TRADITIONAL NOISE OPTIMIZATION TECHNIQUE for LNA design starts with
T a given device with fixed characteristics, the optimum bias condition and source
impedance are then determined. Hence, this technique often resultsin poor input matching
or unacceptably large power consumption. By contrast, in full custom ICs, the designer can
choose the desired device geometries, which offers an important degree of freedom. Nev-
ertheless most designers still rely on classical optimization techniques because no explicit
guidance is generally available on how to best exercise the IC designer’s freedom in tai-
loring device geometries. Recently proposed noise optimization techniques for CMOS RF
circuits permit greater flexibility in the selection of device geometries as well as matching
elements and biasing conditions to minimize the noise figure for a specified gain or power
dissipation[13], [69]. However, they use simplified small-signal models aswell as constant
noise characteristics. These techniques also rely heavily on mathematical derivations that
provide limited intuitive design guidance.
This chapter presents explicit guidelines for LNA design based directly on measured
noise parameters and noisy two-port theory; the approach requires neither sophisticated

noise modeling nor circuit ssimulation to be used. All the analyses are based on MOSFET

83
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designs but the same methodology can be applied to other 1C technologies as well, for
example, design using more advanced HBT technology [70]. Section 7.1 considers the
intrinsic noise performance of the MOSFET inrelationto LNA design. Section 7.2 explains
how the noise performance of the LNA differs from that of the intrinsic device; explicit
design guidelines for a CMOS tuned LNA with power constraints are presented. Finaly
Section 7.3 presents experimental results for an implementation using integrated CMOS

technology to realize an LNA.

7.1 High Frequency Intrinsic Noise Performanceof MOS-
FETs

Theintrinsic noise parameters of aMOSFET are shown in Figure 7.1 for the entire operat-
ing range: the z — y plane spansthe I — V' operating characteristic curves and z axis gives
the noise parameter at the respective bias points. These characteristics are transformed
from simulated noise factors by combining them with network parameters that are sec-
ondary outputs of the noise simulator. In the linear region (Vps < Vpsat), N Frin @d R,
show drastic increases; asimilar increase of R,, isobserved for low gate bias (Vgs =~ Vin).
Such results are mainly attributed to the low g,,, as well as a poor correlation factor (c) in
this regime, and suggest that those bias conditions are highly undesirable for circuit im-
plementation. Even in the saturation region, despite a good value for N F,,,;,, (below 1dB),
actual circuit noise performance can easily degrade dueto small G, (corresponding |I,|
is nearly 1) as well as large R, (three to ten times larger than that observed for HEMT
devices [71]). Another observation isthat N F,,,;, in Figure 7.1 (a) shows negligible drain

bias dependence while v and § usually exhibit substantial drain bias dependence.

In the saturation region for MOSFETS, the four noise parameters can be approximated
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Figure 7.1: Intrinsic noise performance for the entire operating range of
a0.25 yum NMOSFET. (a) Minimum noise figure (N F;,,
[dB]) (b) Equivalent noise resistance (R,, [$2]).

Frin ~ 14 2\/73¢(1 — |c]?) (7.1)

wr

1See Appendix A.3.3 for derivations.
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Equation (7.1) suggests that shorter devices yield better noise figures because wr is pro-
portional to 1/L.s; while \/v6((1 — |c|?) becomes at most 6.5 times larger than the long
channel case, down to 0.25 um [69]. The small drain bias dependence of N F,,,;,, aso can

be explained by (7.1) since increases of v and § are mitigated by increasing g,,, and c.

7.1.1 Scaling of the Noise Parameters

In realizing a fully custom IC design of the LNA, one of the key issues is to understand
the device scaling effects on the noise parameters. Since shorter devices yield better noise
figures, the selection of device geometries for the LNA design requires width scaling, con-
sistent with the shortest channel length that can be realized. The four noise parameters can

be derived from current noise spectral power, given in Equations (2.4) — (2.6), as follows:

Fmin = 1+2Rn(Gopt+Gc) (72)
1P 2
B = v, | e ay 79
Gy
Gopt - R_n+Gg (7.4)
By, = —B. (7.5)
2(1—|cf?)
_ g
Gu = 4kT Af (7.6)

Y. = Y —Yoc (7-7)

~
ISH )
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Figure 7.2: Noise power of the MOSFET in a common-gate

configuration. (a) Original (b) Equivalent

These results suggest the dependence of the four noise parameters with respect to device

width as follows:

Eoin no width dependence (7.8)
R, x 1/W (7.9)
Gopt < W (7.10)
Bopt < W (7.12)

7.1.2 Conversion of Noise Characteristicsinto Common-Gate M ode

Adding a cascode stage is a common practice in amplifier design because it improves the
stability by shielding the input device from voltage variations at the output. The four noise
parameters of the cascode stage can be directly obtained by measuring the common-gate

mode MOSFET. The equivalent I/O noise power aso can be obtained from characteristics
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Figure 7.3: (&) Tuned LNA architecture employing inductive source
degeneration. (b) Dependence of output noise power
components on R[Z 4| where Z 4 isthe input impedance at
the gate electrode of M.

of the common-source model, using Figure 7.2 as a reference for the parameters.

2
/l/l —
i

2 =

@2+ Ty + daiy + (7.12)
iyl — i (7.13)
i (7.14)

The four noise parameters of the cascode stage in turn can be obtained using the noisy

two-port theory [2], described in Appendix A.2. Note that the body effect is not taken into

account in these calculations.
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7.2 Design Guidelinesfor a Tuned Amplifier

The four noise parameters and s-parameters were measured for a0.24 um nMOSFET with
W =100 pm, using the ATN NP5B system [43]. Theresulting data were then smoothed for

the frequency as well as the bias dependences, and in turn used in the following analyses.

7.2.1 Basic Architecture

The tuned amplifier illustrated in Figure 7.3 (a) is one of the most broadly used LNA archi-
tectures becauseit offersthe potential of achieving the best noise performance. Thedesired
input impedance? of the amplifier is obtained for a narrow frequency band by choosing L,
and L, independently. It is known that the source degeneration inductance (L,) controls
the noise performance of a given architecture [72] yet the reasons are not well understood.
Figure 7.3 (b) shows that each component contributing output noise® has a different depen-
dence on thereal part of theinput impedance (R[Z4] ~ wrLs) when the source impedance
offers a conjugate power match. Since the feedback of L, reduces the current gain, as
L increases, the output noise contributions from the source resistance (Sx,) and the in-
duced gate noise of M, (S;, »,) monotonically decrease but their slopes are different due
to different feedback effects. On the other hand, the contribution from the induced gate
noise of M, (S;,,ur,) is negligibly small; the contributions from drain current noise (.S;,, s,
and S;, u,) have almost unity gain thus result in an L,-independent term. Hence the LNA
yields the best noise figure when the L,-dependent term and L,-independent term give
equal contributions, as shown in Figure 7.3 (b).

Figures 7.4 (a) and (b) graphically explain how L, changes the performance of the

2The input impedance cal culation is explained in Appendix F.1.
3Derivations for each component are available in Appendix F.3.
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Figure 7.4: The noise performance of the LNA for varying L. The
noise contributions of A, substrate and M-, are excluded
and C,=0. (a) Optimum source impedance (b) Noise figure.
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Figure 7.5: (&) Optimum L, yielding the best noise figure of the LNA
for the given bias condition under the power constraint. (b)
The best noise figure of the LNA with optimum L. The

noise contri
and C,,=0.

butions of M, substrate and M-, are excluded
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LNA*%. As L, increases, the optimum noise matching condition (Z,,;) and the power match-
ing condition (Z..,; = Z;,) exhibit independent trajectories as shown in Figure 7.4 (a).
Therefore, when L, brings Z,,; and Z,,; to the point where they are in the closest prox-
imity, the best achievable noise figure with a power match is obtained as shown in Figure
7.4 (b). Thisfact impliesthat an accurate calculation of the input impedance is critical in
the noise optimization process, approximate values are of limited use. Another beneficial
impact of using a source inductance is the resulting improvement of N F,,,;, and R,,. Thus
the LNA can in principle achieve a better noise figure than N F,,,;,, of the MOSFET alone

if Z,,: coincideswith Z,,,;.

7.2.2 Power Constrained Design

The power budget is usually constrained for integrated circuit implementations, thus a de-
sign approach oriented toward low power is very important. When the supply voltage and
power consumption are fixed, the device width of theinput stage corresponding to each bias
condition can be easily calculated from the current density. Since the measured four noise
parameters are valid only for one device size, they need to be properly scaled based on the
width dependences as noted in Equations (7.8) — (7.11). Figure 7.5 (a) demonstrates the
optimum L is bias dependent and scales linearly with the specified current. However, the
noise figure achieved by optimizing L, isindependent of the current specification and very
close to the intrinsic N F,,,;,, as shown in Figure 7.5 (b). Therefore, an arbitrary value of
the source impedance, in conjunction with the proper choice of inductance used for source
degeneration, offersthe possibility of simultaneously achieving a good noise figure as well

as a perfect power match.

4The analysis procedureis described in Appendix F.2.
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Figure 7.6: Theimpact of the cascode transistor on the overall noise
figure under the power constraint. R, = Z;,, = 5012.

7.2.3 Cascode Stage Design

While it is known that increasing the width of the cascode device monotonically improves
shielding from the output, its impact on the noise performance is not well understood. As
the width of the cascode stage increases, the generated noise power from the cascode stage
also increases, but the required L, for aspecific Z;,, decreases. Thus, the different width of
the cascode stage consequently yields a different noise match condition as well as different
value of noise resistance; an optimal width exists as shown in Figure 7.6. For the given
topology, with W, ~ 3W, the cascode stage introduces 40% extra noise power to the

input stage, which in turn increases N F' by about 0.5dB.
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Figure 7.7: Power constrained noise figure of the tuned amplifier when
R, = Z;, = 509). The solid lineisthe actual noise figure;
the dashed line is an approximation calculated from (7.15).

7.24 Design with A Fixed Source | mpedance

In many RF applications, the source impedance has a fixed value of 50¢2, thus N Fqq IS
considered to be amore reasonable parameter than N F,,,;,,. Evenif the sourceimpedanceis
502, however, N Fxo, does not represent the power-matched noise performance unless the
input impedance is aso adjusted to 5052. In this section, the MOSFET sizes are adjusted to
setisfy the given power constraint and the inductors L, and L, are chosen to provide a 502

input impedance for the LNA.

Figure 7.7 is calculated analytically using formulae in Appendix F.3. It exhibits a deep
valley-shaped noise figure profile, and suggests that choosing an appropriate gate bias is

critical. If we can ignore the correlated portion in (F.19), the amplifier noise figure can be
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Figure 7.8: Optimum source impedance of a power constrained LNA at
f=4GHz when R, = Z;,, = 50€). The noise contributions
of M, substrate and M, are included and C,=0.

approximated as follows:

2
F o~ 14 29% <ﬂ> +a% (7.15)
Gs \wr gdo

The comparison in Figure 7.7 shows that the approximate formula replicates the original
noise characteristics. This formula explains the valley-shaped noise behavior using two
independent noise contributions. One originates from the drain noise and is dominant when
the gate bias is low. The other contribution originates from the induced gate noise and
becomes dominant at higher gate bias. When the current is fixed, these two components
have opposing gate bias dependencies. The noise figure thus has a minimum where they
contribute equally to the noise figure. This fact highlights the importance of accurate gate

noise modeling for circuit design.

Figure 7.8 demonstrates that Z,,; of the LNA is amost purely rea at 4GHz, unlike
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Figure 7.9: Optimum source impedance of a power constrained LNA at
f=800MHz when R, = Z;,, = 50€). The noise
contributions of M; substrate and M, are included and
C,=0.

the intrinsic MOSFET. It also suggests that a proper choice of the width makes Z,,, so
close to 5012 that a simultaneous matching of the impedance and noise can be achieved.
Another Z,,, for a different topology, shown in Figure 7.9, exhibits larger deviation from
the power match condition, which is caused not by the operating frequency but by the
poorly optimized cascode stage. Nevertheless, this deviation does not substantially degrade
the noise figure since the noise resistance of the LNA shown in Figure 7.10 (@) is reduced
by a factor of as much as 5, in comparison to the MOSFET by itself. As a result, noise

figures closeto N F,,,;, can be achieved as shown in Figure 7.10 (b). The achievable noise
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figure is primarily limited by the extra noise contribution from the cascode stage which is

also subject to the given power constraint.

7.2.5 Secondary Considerations

In the process of practical LNA design, asillustrated in Figure 7.3, the bonding pad intro-
duces an extraac current path to ground. In silicon technology, this can deteriorate severely
the noisefigureif the path contains a resistive component, such as the conductive substrate
[44]. If the resistive component is suppressed, however, the bonding capacitance simply
increases the required inductance value for the designated input impedance. This conse-
guently brings the noise match condition closer to 50€2 and al so makes the noise resistance
smaller. Figures 7.11 (a) — (b) demonstrate that a proper choice of bonding pad size can be
utilized to improve the gate bias dependence by trading-off the noise figure with the gain.

7.3 Experimental Results

To evaluate the LNA performance, asingle-ended LNA targeting sub-1.0dB of noisefigure
was designed using a0.24um silicide CMOStechnology. Thedie photo of the LNA isgiven
in Figure 7.12. The LNA was designed based on the characteristicin Figure 7.11 (a). First,
the supply voltage and power consumption were chosen to 2.0V and 7.5mW, respectively.
The gate bias was set to 0.7V to achieve the best noise figure based on the characteristic in
Figure 7.11 (a); its corresponding size of M; was 90/0.24 for the given power budget. At
the time of design, the cascode stage was not fully optimized; the sizes of M, was chosen to
be 45/0.24. For the given topology, it is expected to improve the noise figure by 0.1dB with
W, = 80um. To minimize the distributed gate resistance, the MOSFETs were segmented
into 5um-long gate fingers and each of the fingers was contacted at both ends [46]. The
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Figure 7.12: Die photo of the LNA

gpiral inductor L, was implemented using the metal-5 layer and its value was chosen to
be 1.1nH to provide 502 of real part of the input impedance, in combination with C,,.
The inductor was designed based on the compact model presented by [73]; a patterned
ground shield was employed to reduce the substrate parasitics of the spiral inductor [74].
To suppress extra noise, the pad capacitor was implemented using metal-5 and metal-1
layers, giving 47fF of capacitance. Since the required gate inductor L, to cancel out the
imaginary part of the input impedance was 36nH, which is too large to be integrated, an
external inductor was used along with a bondwire inductor. Finally, to control the parasitic
inductance from L, to ground, the die was mounted on a special LLP package [75], that
allows direct downbonding to the large ground plane as shown in Figure 7.13.

The real term of the input impedance of the fabricated LNA was 542 and was adjusted

to 502 using an off-chip tuner. Table 7.1 summarizes the performance of the LNA. With
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Figure 7.13: Wire-bonding illustration of the LL P package

3.75mA of bias current, the LNA achieves about 0.9dB of noise figure, which is the lowest
reported noisefigure with aperfect power match for aCMOSLNA [76] and addsjust 0.3dB
tothe N F,,,;, of theintrinsic MOSFET device. The measured noisefigureisalso quiteclose
to the expected value and demonstrates that the proposed methodology accurately predicts
the noise performance of custom integrated LNA designs. Since the threshold voltage is

Table 7.1: Measured Performance of an SOOMHz LNA

Parameters Measured Vaue
Frequency 800 MHz
Supply Voltage 20V
Power Consumption 7.5 mwW
Noise Figure 0.9+0.2dB
Available Gain 8.8dB

s11 -38.1dB
NP3 7.1dBm
1dB Compression -6.5dBm

Die Area 0.19 mm?
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relatively high in the given technology, further process adjustments can potentially reduce

the supply voltage as well as the power consumption.

7.4 Summary

Based on the measured noise parameters of the 0.24;m MOSFET, and on the results de-
rived from noisy two-port theory, explicit guidelines for afully integrated LNA design are
presented. The measured noise parameters can be scaled directly with the device width;
device sizing can be utilized for power-constrained design. The noise performance of the
tuned LNA is primarily controlled by the source degeneration inductance, which deter-
mines both the power matching and the noise matching conditions. Therefore, if arbitrary
values of source impedance are allowed, the optimal LNA design can be obtained by ad-
justing the source inductance. Even if the source impedance is fixed, the fully integrated
LNA can achieve noise performance near N F,,,;,, by choosing an appropriate device geom-
etry and optimizing the bias conditions. The cascode stage usually introduces at |east 40%
extra noise power to the input stage; thus its width needs to be optimized.

Although the demonstrated LNA uses a single-ended architecture, future LNA designs
will require differential operation since further scaling of the device sizes requires smaller
values of source inductance. The results demonstrate that CMOS can be a good candidate

for high performance LNA designs, competitive with GaAs and bipolar LNAS.
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Conclusions

HIS DISSERTATION has explored high frequency noise behavior of MOSFETS, ad-
T dressing issues ranging from the physical origin and contribution mechanism of
fundamental noise sources to actual circuit implementation of a CMOS LNA. The pre-
sented information should help lower substantially the barrier to the implementation of
fully integrated CMOS receivers. To conclude, this chapter summarizes briefly the key

contributions presented in the previous chapters.

8.1 Summary

Numerical simulation helpsreveal underlying physics and technol ogy issues behind macro-
scopic noise behavior. The impedance field method is a very popular technique in device
noise simulation and it was theoretically extended up to three dimensions (3-D). Due to
substantial cost for implementation and simulation, however, it has been used only for
two-dimensional analysis; higher order transport models, such as the hydrodynamic for-
mulation, were not used in multi-dimensional simulations. Investigating the separate noise

sources in the MOSFET imposes different requirements; to date there has been no unified

103
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simulation method proposed. In Chapter 3, a quasi two-dimensional simulation technique
for the analysis of channel noise is proposed. This technique is based on an active trans-
mission line concept but uses two-dimensional device smulation. It isalso thefirst known

attempt to use the hydrodynamic model in two-dimensional noise simulations.

Chapter 4 discusses the importance of parasitic noise componentsin the MOSFET and
how they can be deembedded. The additive noise component induced from the substrateis
shown to interlink the substrate component to the issue of excess channel noise. Theresults
of full two-dimensional noise simulations demonstrate that the commonly assumed noise
spectrum needs to be modified and the substrate component leads to controversy in under-
standing and quantifying of excess noise. Chapter 5 investigates the physical origin of the
excess channel noise based on quasi two-dimensional simulations. The results confront the
conventional modeling approaches, typically based on the hot-carrier effects, and propose
that higher local ac resistance near the source junction is developed due to the non-local
transport behavior of carriers which in turn results in the excess noise. The conclusions
of Chapters 4 and 5 offer important clues, both in terms of how to improve compact noise
models and also improve noise performance of intrinsic MOSFET devices as well as to
develop novel device structures yielding better noise characteristics. Chapter 6 surveys
existing compact noise models and proposes a physically sound modeling approach for
MOSFET noise.

The design of the LNA is the subject of Chapter 7. A new design approach and ex-
plicit guidelines for a fully integrated LNA design are presented. Compared with prior
approaches, the proposed approach is highly intuitive since it is based on noisy two-port
theory. The noise matching condition is primarily determined by the source degeneration
inductance, under a perfect power match. The optimum source inductance determines both
the power matching and the noise matching conditions and, on the other hand, it is deter-

mined by bias conditions and the size of the device. Thus, the optimum design condition
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can be found either by changing the power match condition or by changing the device
size. This theoretical development enables a 0.9dB noise figure for a single ended LNA,
operating at 800MHz with 3.75mA of bias current.

8.2 Recommendationsfor Future Work

There are various challenging issues that await exploration in future research. Noise char-
acterization is one area that needs more work. Although reliable data acquisition is the
backbone of the entire research, measurement of ultralow noiseis not satisfactory yet.

Numerical noise simulation poses several ongoing challenges. First, it is strongly de-
sirable to fully exploit multidimensional features available in advanced transport models.
This provides a means to investigate the substrate induced channel noise and new device
structures for noise improvement.

Another challenge for numerical ssimulation is inclusion of tunneling current into the
simulator. Traditionaly, the gate oxide of a MOSFET has been considered as a perfect
barrier for carriers allowing no current flow between the gate and silicon. In fact, thereis
tunneling of electrons from the vicinity of the electrode Fermi level through the forbidden
energy gap into the conduction band of the oxide. Such a phenomenon is called Fowler-
Nordheim tunneling [77]. The perfect barrier assumption has been valid in most practical
situations because the Fowler-Nordheim tunneling current has been negligibly small as
shown in Figure 8.1 (a).

Asdemonstrated in Figure 8.1 (b), however, ultra-thin oxides below 4 nm exhibit drastic
increase of leakage current, so called direct tunneling current [78]. In thisregime, the gate
oxide capacitor would introduce an extra noise current source, possibly a shot noise current
source, besides the two classical noise sources considered here: drain and gate current

noise. Fortunately, the I R drop along the gate polysilicon due to the leakage current is
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negligible; also, the additional conductances (1/r,s and 1/r,4 in Figure 8.2) associated
with this tunneling across the gate oxide are small compared with wCy, and wCy, in the

range above the 1/ f corner frequency, which isusually few MHz in MOSFETS,

By contrast, the impact of the direct tunneling current on high frequency noise perfor-
mance is becoming critical. The gate shot noise current generated in each segment of the
MOSFET flowsalong the channel and subsequently creates drain shot noise current aswell,

because it is uncorrelated with the origins of the drain and gate current noise [79]. Since

Gate

Sowes ST o

7gd C T'gd

SN OIOES
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9gm AVgs
)
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Figure 8.2: Loca small-signal equivalent circuit for a segment of
MOSFET in which the direct tunneling current is
significant.
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the direct tunneling current can be substantial, the drain shot noise becomes comparable to
the drain current noise in MOSFETs with oxides below 2 nm. While a rigorous modeling
of the direct tunneling current is a prerequisite to accounting for this effect, accurate mod-
eling of tunneling in MOSFET s involves evaluation of the multi-dimensional Schrodinger
eguation — an unsolved problem to date.

In circuit design, it is desirable to have a new CAD tool incorporating the proposed
intuitive approach for LNA design. Besides, further device scaling leads to a reduction in
supply voltage and presents a challenge to new circuit topologies for overcoming limited

voltage headroom.



Appendix A
Two-Port Theory

TWO-PORT issimply the circuit theory representation for a network inside a black
A_ box asillustrated in Figure A.1, considered to consist of only two pairs of accessi-
ble terminals — usually representing the input and output respectively. It is a powerful and
widely used technique for analyzing low-frequency circuits, along with the Kirchhoff laws.

In general, this technique cannot be directly applied to microwave circuits. Nevertheless

1 1 I 2
o—= | < 5
+ +
Vi Two-Port Vo
o— 5

Figure A.1: General two-port diagram.

109



110

Appendix A : Two-Port Theory

it can be extended to handle many cases that arise in microwave analysis. Thus anaysis

includes noise properties of networks since the primary concerns are usually some type of

global quantities, such as the voltage and current at terminals or the power flow through a

device.

A.1 General Two-Port Matrices

Once voltages and currents have been defined at various pointsin anetwork, theimpedance

(7) and admittance (?) matrices can be acquired as follows:

il |zu
V2| | Z,
Ll |
| Yo

Zy 24

- & 11 212 (A1)
_Z21 22
Y1 Y,

v 2 11 Y12 (A2)
_Y21 22

These matrices are very popular since they lend themselves directly to the development of

equivalent circuits.

Other popular matrices include ABC' D (ﬂ), also known as transmission or chain ma-

trix) and hybrid (') matrices:
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matrix is —I, rather than I,; for historical reasons it is
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preferred in modeling cascaded connections.

As the frequency approaches to the microwave range, equivalent voltages and currents
and the related matrices become an abstracted sum since direct measurements involve the
magnitude as well as phase of atraveling wave or a standing wave. A representation more
in accordance with the ideas of incident, reflected, and transmitted waves is given by the

scattering matrix (?), defined in relation to these incident and reflected voltage waves as:

Ve
vy

V'l-i-
‘/2+

g 2

(A.5)

. Sll 812
S21 522

Sll S12
S21 S22

Useful conversionsfor two-port network parameters are givenin Table A. 1.

A.2 NoiseCorrelation Matrices

Two-port theory provides ameans to represent a noisy two-port in terms of anoiselesstwo-
port and its corresponding two noise sources [68] as illustrated in Figure A.2. Depending
on the type of noise sources, six representations can be derived but the following three
representations are particularly useful: admittance for parallel connections, impedance for

series connections, and ABC'D for a cascade of stages[2].

Mathematically each representation defines noise sources in terms of so-called corre-
lation matrices, denoted by C' and a subscri pt which specifies the representation. The
elements of matrices are denoted by the spectral densities Cs, ;;, which are defined as the
Fourier transform of their auto- and cross-correlation functions, with a subscript referring

to the noise sources s; and s,.

Noise sources are usually characterized by their mean fluctuations, that are related to
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Table A.1: Conversions between Two-Port Network Parameters [1]

%

S 7 Y A
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Figure A.2: Equivalent noise circuit of atwo-port. (a) Admittance
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representation.
power spectral densities as follows:

The factor 2 occurs since the frequency range has been taken from —oo to +oc.

A.2.1 Admittance Representation

Thisrepresentation is useful when two networks ?1 and ?2 are connected in paralldl:

Cy
Cy

[I>

ﬁyl + ﬁYQ

Cili{
Cigiz

Ciliz
Ciyiy

2UUTR[Y ]

(A.7)

(A.8)

where R[ | denotes the real part of a complex number and ﬁy denotes the correlation

matrix of the admittance representation, inwhich C; ;- arethe self- or cross-power spectral
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densities of the input and output current noise sources, asillustrated in Figure A.2 (a).

A.2.2 Impedance Representation

This representation is useful when two networks 71 and 72 are connected in series:

ﬁz = ﬁzl—i—ﬁZQ (A.9)

Cvlv* Cvlv*
ﬁZ 1 2
Cvgvi‘ C’UQU;
= 2kTR[Z] (A.10)

lI>

where C z denotesthe correlation matrix of the impedance representation, in which C,,,
are the self- or cross-power spectral densities of the input and output voltage noise sources,
asillustrated in Figure A.2 (b).

A.23 ABCD Representation

This representation is useful when two networks ﬂ)l and ﬂ)g are cascaded:

Ty =4 ﬁAQX T 4 (A.11)
Cyrvs Ch,

a2 | (A.12)
Cinv;*l Cznz

R, Emin=l _ R YV
— 2I<:T[ 2 o (A.13)

Fin—1 2
mZQn - RnY;)pt Rn|}/;7pt|
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where ﬁ 4% denotesthe correlation matrix of the ABC D representation, in which Ch,ix are
the self- or cross-power spectral densities of the input referred noise sources, asillustrated
in Figure A.2 (c). This representation is particularly useful since the correlation matrix
can be directly obtained from the measured noise characteristics, even in cases when the
correlation matrix cannot be derived from theory. Also this representation is ssmpler than
others since the noise sources are located at the input port, thus they are totally separated

from the gain and matching parameters.

Thereis atypographical error in [2], which is corrected in [80].

Table A.2: Transformation Matrices to Calculate Noise Matrices of
Other Representations [ 2]

Original Representation
Admittance | Impedance ABCD
Q _ .
g |10 Yu Yio| | |-Ya 1
g 01 Yor Yo _—Yzl 0_
<
C
S
8|9 r 1
% % Z11 Z12 1 0 1 —Z11
g. g. Ly La 01 0 —Zn
x | E - -
3
= g 0 Ap 1 —Ap, 10
§ S«Q: 1 Ay 0 —Ay 01
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O O

@ (b)

O\W
] z \ :%
L5 LY

(c) (d)

Figure A.3: Circuit decomposition for noise analysis (a) Entire circuit
(b) Cascode decomposition (c) Series decomposition (d)
Parallel decomposition

A.2.4 Transformation into Other Representations

Each representation can be transformed into another by the matrix operation:

d = TCTT (A.14)
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where T and C'' are the noise correlation matrices of the origina and resulting repre-
sentations respectively, T isthe transformation matrix givenin Table A.2, and Ttisthe
transpose conjugate of T,

A.25 Noise Analysisfor Circuits

Based on two-port theory, the net noise performance can be calculated based on correlation
matrices of each building block; or, conversely parasitic noise components can be deem-
bedded to get intrinsic noise performance of a specific block. The circuit illustrated in
Figure A.3 (@) consists of a MOSFET and three resistors. basic two-port blocks B, D, E,
and F'. Once each basic two-port is specified by their electrical and correlation matrices,
the noise performance of the entire circuit is obtained by adding block by block. For ex-
ample, the block C' in Figure A.3 (c) results from a parallel connection of block £ and F
as shown in Figure A.3 (d); block A is determined by connecting block C' and D in series
as shown in Figure A.3 (c); finally, the entire circuit is obtained by cascading block A and
B asshown in Figure A.3 (b). Depending on the kind of connection, the noise matrices of

the given sub-blocks need to be transformed to a designated form as discussed previously.

A.3 Derivation of Four Noise Parameters

A.3.1 How the Four Noise Parameters Are Defined

The four noise parameters represent a behavior-level modeling of the ABC' D represen-
tation. When a noisy network is connected to a noise source :2 as illustrated in Figure
A.4, based on Equation (2.13), the noise figure of the network can be derived in terms of

R, — G, — G. — B, representation as follows:
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vy
@ 5
Noiseless
Yo | 2 Network
ABC D Matrix

—0

Figure A.4: Circuit diagram for the noise figure cal culation of general
two port networks

~
[N )

.
S

lI>

[I>

12+ Jiy + Yiv, |2
2
024 |(ic + 1) + Yaun|?
i2
2 4 [(Yovp + 1) + Yo, 2
i2

24 iy + (Yo + Yy)v, 2

i
g+ [Ye + Yi[%02
H
|4 Bt [(Get G + (Be + B)Jo;
2

Gu+ [(Ge+ G5)* + (B. + Bs)?|R,
G,

1+

1+

AETAFG,
AKTAFG,
AKTAfR,

(A.15)

(A.16)

(A.17)

(A.18)

(A.19)

(A.20)

(A.21)
(A.22)
(A.23)
(A.24)



A.3: Derivation of Four Noise Parameters 119

where i.. isthe component of 7,, that is correlated with v, 7, isthe component of i, that is

uncorrelated with v,,, and Y. is the correlation admittance.

Since the derived expression of the noise figure is a function of the source admittance
(Y,), taking the derivative of Equation (A.21) with respect to Y, yields the condition to

achieve the minimum noise figure:

OF ~G, — [G?— G2 + (B. + B,)*R,

e & (A.25)
OF  2(B.+ B,)R,

TR — (A.26)

The source admittance which resultsin Equations (A.25) and (A.26) going to zero is deter-

mined by:
Con 2 /5102 (A27)
Bopt é _Bc (A28)

Introducing these two newly defined quantities removes GG, from Equation (A.21):

(G(Q)pt - Gg)Rn + [(Gc + Gopt) + (Gs - Gopt)]ZRn
G, G,

(Bet Bog) + (B~ BBy

G

F = 1+

(A.29)

Since B.+ B,,» = 0, rearranging Equation (A.29) yields another representation of the noise
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figure, Frnin — Ry — Gopt — Bopt, asfollows:

(G = Gopt)® + (Bs — Bopt)’| R

F = 142R,(Gop + G.) +

G,
Y, — Youl?
T L G‘”’” dil (A.30)
Frin = 14+ 2R, (Gop + G,) (A.31)

A.3.2 Relationship between F,;, — R, — Gopr — Bopr and v2 — 2

The relationship between the four noise parameters and noise sources can be found by

solving Equations (A.6), (A.12), and (A.13) asfollows:

vpls +ViY

F. - 1 n ~opt A.32
R E A.33
" AKTAf (A-33)
E o | Unts, 2 I
v3 vy v3
A.3.3 Relationship between F,,i, — R, — Gopt — Bop @nd a2 — i3
Direct transformation using Table A.2 gives:
v o= |Ap|i3 (A.35)
Uply Am@ + A12A;22 (A.36)
Z = B4 Asiais + Aglgit + | Ag|*2 (A.37)
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Substituting them into Equations (A.33) and (A.34) yields:

w3 | | 22 — ligial/i3 <A22 1 @)2
Fo. = 1+ —— + R ——+ —= A.38
2KTAf |A12|2@'§ Ay A ifl ( )
Ay 1 iy
a2, - g A.39
+9%<A12 ™ : (A.39)
R, = |Ap)? i (A.40)
K TN ; '
2 —igig? )i [ Am 1 5\ Ap 10,0
You = 5| 2— 2L d+%(ﬁ+—9_d> —‘%<ﬁ+—g_d)A.41
& J | Ay2|%43 A A 42 g A A 2 ( )

If the distributed and Miller effects are negligible, the network parameters can be ap-

proximated as:

1

Ap ~ —— (A.42)
Im

Ay ~ 3G (A.43)
Im

Combining these equations with the drain and gate current noise power spectrum givenin
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Equations (2.4) — (2.7) yields:

w
Foin = 14+ —+/75¢(1—|c|?) (A.44)
wr
Y9
R, =~ g—g‘f (A.45)
0C(1 — |c|?
Gopt ~ gmwcgs g( |C| ) (A46)
gdo Y
Boy ~ —ngs(l—cg—m 5—§> (A.47)
Gao \| Y

Inversely, g — iglh — % can be expressed interms of F,,,;,, — R, — Gopt — Bopt:

2 = ARTAL R (Yol + [Yar? = 200V 77)) (A.48)
tgtg = ARTAfR.(Yi = Yo)Yy (A.49)
i2 = 4KTAfR,|Yay|? (A.50)
Y, = Ty, (A51)

A.4 Two-Port Parametersof the MOSFET

A.41 Y Paramters

Since the FET has a w-configuration by its nature, the Y parameters are widely used in
modeling of FETs. Figure A.5 illustrates two different configurations that are particularly
useful for noise analysis. At high frequencies, al the parameters have second-order terms

due to the distributed nature of the device. At low frequencies, the Y parameters of the
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I1 I2
— -
O —Yi2 O

+ +
Yo1 — Yo
Yii ( Vi ) Yio
\ %1 + + Vo
Y12 Y22
O O
Common-Source

Il IQ
— (Y21 — Y12)V1 -
O ~— O

+ +
—Yi»
Vi Va
Y11 Y12
+ +
Y21 Y22
o | | o

Figure A.5: Y parameters of aMOSFET for different configurations.

Common-Gate
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MOSFET in acommon-source configuration can be approximated as:

Y = jw(Cy+ Cha) (A52)
Vo = —jwCy (A53)
Yor = gm — jwCya (A.54)
Yoo = gas + jwCoa (A.55)

where j = v/—1 and w = 27 f. In the common-gate configuration, the Y parameters are:

Viiee = JwCys = Gm + Gus (A.56)
Yisoe = —9ds (A.57)
Yoro6 = 9m — Yas (A.58)
Yoooe = JwCya+ gas (A.59)

A42 ABCD Paramters

The ABCD parameters of a MOSFET segment in the common-gate configuration, de-
scribed in Section 3.1.3, are given by:

1+ jwr,Cyq

Alige = m (A.60)
To
A12CG m (A61)
wrr, C Cd ]W[C —|—(1+g T)Cd]
A . oLgs g gs mTo)lg A.62
14+ gmro+ jwr, Cys
As J Lkt (A.63)

1+ gm0
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Given ABC'D matrices (ﬁcgi, i = 1 ~ n) for n segments, the required matrices at

abscissaz (i = k) are simply

T0,2) = T\Ty---Ti (A.64)

A.4.3 Conversion from Common-GateY to Common-Source ABC D

When the simulation results are compared with measured data in Section 3.3, the Y pa-
rameters, which are the secondary output of the simulator, need to be transformed from the

common-gate configuation to the common-source configuation as:

Y2
e Ve, A.66
1 }/210@ + YvQZCG ( )

1
P A.67
12 Yélcg + HQCG ( )
4y — Yiiee Yoooe = Yi2es Yo1c6 (A.68)

YQlcc + YZ?CG

Y; Y]
Ayy = Tice T Mi2ce +1 (A.69)
YZlca + YQ?CG

Simulation results give common-gate Y parameters while measured data is in common-

source configuration.
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Appendix B

MOSFET Noise Analysis

B.1 ImpedanceField Formulation

Asillustrated in Figure 3.4 (a), all electrodes are short-circuited to ground for noise calcula
tions. The noise current 7,, isdivided into 7,,, and i,,,, and subsequently induces v, (voltage
across the local node and gate node), 7, (current flows from the left to right blocks), and
three short-circuited electrode currents (4,, 74, and i,). Basic KCL conditions governing the

network are:

bn = iny, + i, (B.1)
iny + g +is+ iy =0 (B.2)
iny g — iy =0 (B.3)

127
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Simple two-port network analysis for the left block yields:

12(0,.27) Zn
. = Va(0, - - L B.4
! (0.2 ’V 05=0 = V(0,2)  Yn(0,2) (B.4)

wheretheY;;(0, x)s are admittance parameters of the sub-devicelocated between the source

and equipotential line passing by z. Also, network analysis for the right block gives:

Ii(x, L) In
I _ _ 2 B.6
(CE, )’Vz(ax L)=0 Yil(x,L) Yil(maL) ( )

v, = Vi

where Y;;(z, L)s are admittance parameters of the sub-device located between the equipo-
tential line passing by = and the drain. Then combining Equations (B.1) — (B.7) leads to
the impedance field Equations (3.6) and (3.7).

B.2 Unsegmented MOSFET Noise Spectra

Under actual operating conditions, the MOSFET is anonuniform-lossy-active transmission
line where the coefficients are not constant along the channel. However, for the special case
under zero drain bias, which can be considered as a uniform transmission line, results can

be used for checking validity of the simulation results.

B.2.1 General Uniform Transmission Line

Consider an increamental length Az for atwo-conductor uniform transmission line [81] as

shown in Figure B.1, described by the following four parameters:
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I(z,t) I(z + Az, t)
—® oAz Ro Az — &
o—0 0 —/ WV o
+ +
Co Azx Go Az,
V(z,t) — V(z + Az,t)
O O

Figure B.1: Equivaent circuit for adifferential length Ax of a
two-conductor transmission line.

Ry : resistance per unit length, in Q/m.
Lyg : inductance per unit length, in H/m.
Gy : conductance per unit length, in Sm.

Cy : capacitance per unit length, in F/m.

Based on the coupled time-harmonic uniform transmission line equations using phasor

representation, one obtains:

VG~ v ©8)
T~ i ©9)
Y = a+ji8 = v/(Ro+ jwLo)(Go+ jwCo) (B.10)

where -, is the propogation constant whose real and imaginary parts, o and 3, are the

attenuation constant and phase constant of the line, respectively. The genera solutions of
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the time-harmonic 1D Helmholtz equations given above are

V(z) = Vyte ™" 4V etw® (B.11)

I(z) = Ije " 4 Iyetw® (B.12)

and the characteristic impedance of the line— the ratio of the voltage and the current at any

x for aninfinitely long line—is given by:

o - Wt Rotjely % [Fotjele g g
Iy e mw® Tp Go + jwCo Go +jwCo

Introducing boundary conditions at the load Z;, yields voltage and current equations at

any point along the transmission line as follows:

V(z) = I.(Zpcoshy,z + Zysinh~y,z) (B.14)
I
I(x) = 7L(ZO cosh v,z + Z, sinh y,z) (B.15)
0

Therefore, at a distance x from the load Z;,, the impedance seen looking toward the

load at the end of the transmission line, is given by

V(z) , Zp+ Zytanhy,x
T Iz °Zy+ 2z, tanh y,x

(B.16)

B.2.2 Lossy Active Transmission Line

As discussed above, at high frequencies a MOSFET must be considered as a distributed
RC network, with capacitive coupling to the gate representing a distributed capacitance
and the channel itself representing a distributed resistance. The conductance G of the gate

insulator and the inductance L of the gate can be neglected. The gate resistance may be
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ignored as well, since it is smaller by several orders of magnitude than the inversion layer
resistance. In addition to the RC', a transconductance component is needed for FETSs to

represent their active region gain behavior, but thisterm is zero under zero drain bias.

When L is the channel length, R n.nne 1S the channel resistance, and Cpx is the total

oxide capacitance, the characteristic properties are:

Rc anneC .
% = <1+j>\/—°’ O 2 a B (B.17)
. Rchannel
Zy = (1-— B.18
0 ( ]) WCOX ( )

where v, is the propogation constant whose real and imaginary parts, o and 3, are the at-
tenuation constant and phase constant of the line, respectively; and, Z, isthe characteristic

impedance of theline.

B.2.3 ImpedanceField

Based on (B.14) and (B.15), the required network parameters for the impedance field cal-

culation are easily derived:

I,(0,z) —1(0) 1
Y12(0,2) = = = - B.19
12(0, 7) V2(0,2) v, 0,2)=0 V() |4, -0 Zy sinh vy, ( )
1,(0, z) I(x) cosh v,z
Ya2(0,2) = = = ——— B.20
22(0,2) V5(0, x) Vi (0,2)=0 V(z) Z3=0 Zy sinh y,x ( )
Yu(e, L) — Ii(z,L) _ I(L —x) _ coshv,(L — z) (B.21)
’ Vi, L) lyyommo V(L —2)|5,_g  Zosinhyy(L — x)
L(z, L) ~1(0) 1
Yoi(z, L) = = —— = ——— (B.22
a2, L) Vi(@, L) |y, 0.0)=0 V(L —2)|z _ Zysinhy, (L — ) )




132 Appendix B : MOSFET Noise Analysis

Taking derivatives after substituting these resultsinto (3.6) and (3.7) yields:

dAqg  7pcoshy,r
der ~ sinh VoL (8.23)
dAy _ Yplcosh v,z - coshv,(L — z)] (B.24)
dx sinh 7, L
B.2.4 Noise Power Spectra
If the segments are of infinitesimal size, Equations (3.1) — (3.3) become:
L dAd dAd * 9
Sia = / () () Sutar (8.29)
LrdA,N (dA, )
o %% (¢ : B.2
Sy /0 ( dz )( dz ) Sin () du (B:26)
LrdA,N (dAg\* )
Sigid = /0 (%) <%> Sln (IL’) dx (827)

Thus the terminal noise power spectral density terms and their cross correlation coeffi-

cient are:
L . 2
Ky & 4kT, P B.28
0 Rchannel sinh ’V;DL ( )
L
S, = Ko / | cosh v,|*dx
0
_ Koasin 28 L + (3sinh 2aL (B.29)
4a0
L
Si, = Ko/ | coshy,z — cosh,(L — z)|*dx
0
_ K, (cos BL — cosh aL)(asin L — @sinh al) (B.30)

af
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L
S; K, / [cosh y,@ — cosh (L — )] cosh v, zdzx
0

gid
cos L — cosh aL)(asin BL — Bsinh aL)

g |
= Ko 200

(B.31)
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Appendix C

MEDICI Input Deck for Noise

$::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
TITLE MEDI Cl Exanple of LDD MOSFET Sinmul ation
$::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
ASSI GN  NAME=FI LE C. VALUE=Sanpl e.

MVESH I N. FI LE=@| LE" mesh"
$::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
COWENT Speci fy nodel s

CONTACT NAME=Gat e WORKFUNC=4. 37

MODELS CONMOB PRPMOB FLDMOB CONSRH AUGER  TEMP=290

COMMENT There are three sets of solution nethods avail abl e:

+ 1. Conven DD solution: nobility(E), inpact ionization(E)

+ 2. Approx HD solution: nobility(E), inpact ionization(T)

+ no tenp. enhanced diffusion

+ 3. Full HD solution: nobility(T), inmpact ionization(T)
B
ASSI GN  NAMVE=ELETEMP L. VALUE=T

ASSI GN  NAVE=FULLEB L. VALUE=T

| F COND=@ELETEMP
| F COND=@rULLEB
MODELS TWPDIF TWMPMOB | I. TEMP  TEWMP=290

135



136 Appendix C: MEDICI Input Deck for Noise Simulation

ELSE
MODELS "TMPDIF "TMPMOB || . TEMP  TEMP=290
| F. END
SYMBOL CARR=1 NEWON ELECTRON ELE. TEMP
METHOD ETX. TOL=0. 10
ELSE
SYMBCL CARR=1 NEWON ELECTRON
| F. END

COWENT Sol ve desired conditions with 2 adjacent biases for noise analysis
ASSI GN  NAME=I NI TSOL C. VALUE=@I LE"vgl_0. sol "
ASSI GN  NAME=SOLFI LE C. VALUE=@I LE"sol 1_0v"

B
SOLVE INIT
SOLVE  V(Drain)=0.00 V(Gate)=0.00
+ ELEC=Gat e VSTEP=0.1 NSTEP=9 PREV
SOLVE  V(Gate)=1.00 PREV
+ "TIF “ASC | QUT. FI LE=@ NI TSOL
B
LOAD I N. FI LE=@ NI TSOL
LOOP STEP=4
ASSI GN NAMVE=VDBI AS
+ N. VALUE=(0.5 1.0 1.5 2.0)
ASSI GN NAME=FNAME
+ C1="0.5" (C2="1.0" (C3="1.5" C4="2.0"
SOLVE V(Gate)=1.0 V(Drai n)=@/DBl AS-0. 5
+ ELEC=Dr ai n VSTEP=0. 1 NSTEP=4 PREV
S Sol ve desired conditions
SOLVE V(Gate)=1.0 V( Dr ai n) =@/DBI AS
+ TIF “ASCI I ALL PREV
+ QUT. FI LE=@OLFI LE@-NAME" _00. tif"
$.... .. Sol ve 2 adj acent biases for noise analysis
SOLVE V(Gate)=1.02 V( Dr ai n) =@/DBI AS
+ TIF “ASCI | ALL PREV
+ OUT. FI LE=@OLFI LEGFNAME" _g+. ti f"
LOAD IN. FI LE =@OLFI LE@NAVE" _00.tif"
SOLVE V(Gate)=1.0 V( Dr ai n) =@/DBI AS+0. 02
+ TIF “ASCI | ALL PREV
+ OUT. FI LE=@OLFI LE@-NAME" _d+. tif"

L. END
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On the Validity of the Pospieszal ski
M odel

As derived in Section 6.2, the correlation in the hybrid representationis:

Yo =Y 1

vuly = ym -yl (D.1)
and Pospieszal ski assumed that this quantity is zero.
For long-channel MOSFETSs in the saturation region,
Y = jW(Cgs+ng) (DZ)
Yor—=Yi2 = gn = Jao (D.3)
2 = 4kTAf4—”2053 (D.4)
e 3 5940 .
igiy = j0.3951/i242 (D.5)
= 2
i?z = 4k’TAf§gdo (D.6)
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Substitution these equations into Equation D.1 yields a condition:

Coe

—— = 0.625 D.7
Cgs—l-ng (D7)

which is obviously not true. Thus the assumption of the Pospieszalski model isnot validin

MOSFETSs.



Appendix E

Noise Model Description

E.1 BSIM4 Noise Mod€

= VDs,e
i3, = AKTAF-L2IL(B3g, + B, + ga)®
P Ips

—4kTA f Ry (gm + Gmb + 9a)° (E.1)
vh = 4kTAf(R, + R,) (E.2)
R. 2 QQM (E.3)
’ Ips
2
g 2 0.577[1+TNOIA Leff(m> ] (E.4)
gsatLeff
Vv 2
g 2 0.37[1+TNOIB Leff( GST’eff> } (E.5)
gsatLeff

where the default values of two fitting constants TNOIA and TNOIB are respectively 1.5
and 1.0.
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E.2 Knoblinger Noise Model

g = Z'¢2i,g7vzd + Z.(Qi,sat (EG)
: AKTAf
Z?l,gTad = Tﬂeff@inv (E?)
: AKTASI, .
Z(Zi,sat = 5z Tsat { smh(AL/l) (E8)
AL — lln [(%S - Vz'sat)/l + gm:| (Eg)
sat
2
gm — gsat 1 + ‘/ds - ‘/dsat (Elo)
lgsat
1 /2x;€4¢€0
L= /= E.11
N ET (E11)

where i} .., is the contribution from the gradual channel region, which the classical long
channel model describes, and 47 ,,,, is the extra contribution for short channel MOSFETS.
Two parameters are incorporated: ) isthe channel length modulation parameter and 4, isa

fitting constant for noise [19].

E.3 Klein Noise Model

AKTAf

- 8 1,
Z?j = 12 ,uefoinv + gquvsatTe fd (Elz)

where the saturation velocity v, istypicaly 10°m/sec and the energy relaxationtime 7. is
the order of 10~'?sec [82].



Appendix F

L NA Analysis M ethod

F.1 Input Impedance

The simplified circuit diagram for input impedance calculationsisillustrated in Figure F.1.
Note that the output admittance has been divided into two components since the source
electrode of the MOSFET is not grounded while the substrate is still grounded. Then the

input impedanceis:

W+ T+ 15

Zin = LT (F1)
T\ = 1-Y7, (F2)
T, = Zp,[Yin+Yer — Y12 Z1 (Y11 + Ya1)] (F3)
T3 = 9as(Zp+ Zp, +YuZrZy,) (F4)
Ty = —YYu(ZL+7Z5,) (F5)
Ts = Yu[l+(gas — Y12)(Z1 + Z1,)] (F6)
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O -Yio O
ZA (Ygl — Y1 >)Ugs
W )49
ds
Yio
Ysub }/in,l\/[g
L

Figure F1: Schematic diagram for input impedance calculation of the
LNA

where

Yoo = Y2+ Yoo — gus (F7)
Yinn, = Yiian + Yo, (F.8)
Zr, = 1/(Ysu + Yinan) (F.9)
Zp, = jwlLg (F.10)

F.2 Noise AnalysisBased on Two-Port Theory

Asillustrated in Figure F.2, the LNA consists of three cascaded stages. The noise matrix
of the first stage (C 4.15:) can be easily found based on the network parameters. In the
second stage, using Equation (A.14), the four-noise parameters of the MOSFET (M;) need
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Figure F.2: Noise performance evaluation sequence for the LNA

to be transformed into the impedance noise matrix form (C'z ) first and then added to
the source inductor component (C'z .. ). Finally the noise matrix of thethird stage (C 4 3,4)
can be obtained using (7.12) — (7.14). Note that the noise contribution from Y, needs
to be subtracted from the second stage and added to the third stage. Finally the noise
performance of the entire LNA is given by cascading the three stages using (A.11):

Carna = A1CasnarzaAly +Cars (F11)

Casnissra = A2iCasaAl ,+ Caong (F12)

F.3 Analytical Calculation of Noise Figure

When an off-chip tuner performs a power match by transforming the input impedance of

the LNA to 5012, the noise figure of the amplifier is:
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In these derivations, the overlap capacitance C,, is neglected for the sake of simplicity.

Despite the use of a cascoded stage, this simplification introduces errors. Nevertheless, this

analytical approach helps understanding the behind noise contribution mechanism of the

LNA.
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