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RF bipolar and CMOS are both important in RFIC applications. Modeling of noise pro-
vides critical information in the design of RF circuits. Unfortunately, available compact models
for both RF bipolar and CMOS, are typically not applicable for the GHz frequency range. In this
dissertation, a new technique of simulating the spatial distribution of microscopic noise contri-
bution to the input noise current, voltage, and their correlation is presented, and applied to both
RF SiGe HBT transistor and RF MOSFET transistor.

For RF SiGe HBT transistor, bipolar transistor noise modeling and noise physics are exam-
ined using microscopic noise simulation. Transistor terminal current and voltage noises result-
ing from velocity fluctuations of electrons and holes in the base, emitter, collector, and substrate
are simulated using the new technique proposed, and compared with modeling results. Major
physics noise sources in bipolar transistor are qualitatively identified. The relevant importance
as well as model-simulation discrepancy is analyzed for each physical noise source.

Moreover, the RF noise physics and SiGe profile optimization for low noise are explored

using microscopic noise simulation. A higher Ge gradient in a noise critical region near the EB



junction, together with an unconventional Ge retrograding in the base to keep total Ge content
below stability, when optimized, can lead to significant noise improvement without sacrificing
peak cutoff frequency and without any significant high injection cutoff frequency rolloff degra-
dation.

For RF MOSFET transistor, RF noise of 50 nm L,z CMOS is simulated using hydrody-
namic noise simulation. Intrinsic noise sources for the Y- and H- noise representations are ex-
amined and models of intrinsic noise sources are proposed. The relations between the Y- and
H- noise representations for MOSFETsSs are examined, and the importance of correlation for both
representations is quantified. The H- noise representation has the inherent advantage of a more
negligible correlation, which makes circuit design and simulation easier.

The extrinsic gate resistance is important as well as the intrinsic drain noise current for
noise modeling of scaled MOSFET. Accurately extract the gate resistance becomes an important
issue. The frequency and bias dependence of the effective gate resistance are explained by
considering the effect of gate-to-body capacitance, gate to source/drain overlap capacitances,
fringing capacitances, and Non-Quasi-Static (NQS) effect. A new method of separating the
physical gate resistance and the NQS channel resistance is proposed.

Finally, drain current excess noise factors in CMOS transistors are examined as a function
of channel length and bias. The technology scaling are discussed for different processes. Using
standard linear noisy two-port theory, a simple derivation of noise parameters is presented. The
results are compared with the well known Fukui’s empirical FET noise equations. Experimental
data are used to evaluate the simple model equations. New figures-of-merit for minimum noise

figure is proposed.
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CHAPTER 1

INTRODUCTION

Wireless communications have been thrived in the last decade, due to tremendously increas-
ing demand for information need for connectivity. The rapid development of personal communi-
cation systems, such as cellular phones, cordless phones, GPS (global positioning system), and
WLAN (wireless local area network), have aroused considerable interests in high frequency de-
vices. The RFICs (radio frequency integrated-circuits) designs are among the most demanding
design tasks. The recent bipolar and CMOS technologies provide relatively high cutoff frequen-
cies (fr). The RFICs have been the primary domain for modern bipolar and CMOS applications
in GHz frequency range.

RF bipolar and CMOS are both important in RFIC applications. RF bipolar device is known
for its low noise, low power consumption, high reliability and better thermal management, hence
it can be used as the first stage LNA (low noise amplifier) of RF transceiver design. RF CMOS
device is known for its high speed and high level of integration, therefore it is perfect for large-
scale digital applications in RF transceiver design. Accurate models are critical in order to reduce
design cycles and to achieve first-time success in implementation. Unfortunately, available com-
pact models for both RF bipolar and CMOS, are typically not applicable for the GHz frequency
range.

Modeling of noise provides critical information in the design of RF circuits. Lack of un-
derstanding of RF device noise presents a substantial barrier to the design of RF circuits. It is
extremely inevitable procedure to understand the physical origin of broadband noise and incor-

porate in the noise modeling of RF devices.



1.1 RF Noise

Noise can be defined as “everything except desired signal”. Noise sources that can be
reduced or eliminated using good shield system is called Artificial noise. For example, the noise
sources that interfering with broadcasting signal for radio and TV. On the other hand, noise
sources that is inherent in the system or devices itself and is irreducible is called Fundamental
noise. For example, the snow pictures in analog TV sets. Fundamental noise is random yet
can be statistically characterized. There are several types of fundamental noise sources: thermal
noise, shot noise, flicker noise, and generation-recombination noise (G-R noise).

In RF bipolar and MOSFET transistors, thermal noise and shot noise are the main noise
sources. Flicker noise is negligible in RF noise modeling, since its 1/f characteristic. G-R
noise is much smaller than flicker noise, and can be generally neglected. Therefore we will not
discuss flicker noise and G-R noise in this work. We will focus on thermal noise and shot noise

in RF bipolar and MOSFET transistors.

1.1.1 Thermal Noise

A thermally-excited carrier 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. In 1927, Johnson discovered that the noise power spectrum of a conductor is
independent of its material and the measurement frequency. He also found that noise power

spectrum is determined only by the temperature T and electrical resistance R under thermal



equilibrium:

<v2>=S,Af, (1.1)

S, = 4kTR, (1.2)

<il>=58; Af, (1.3)
4kT

Si” = T, (14)

where S, and S;, are the power spectral density of v, and i,, respectively. k is the Boltzmann

constant. Thermal noise is also called Johnson noise or Nyquist noise.

1.1.2 Shot Noise

Shot noise refers to the fluctuations associated with the dc current I pc flow across a poten-

tial barrier. Shot noise is white noise, and is described as

< i2 >=2qIpcAf. (1.5)

Two conditions are required for shot noise to occur: a flow of direct current and a potential
barrier over which the carriers are extracted. In RF bipolar devices, base current shot noise and
collector current shot noise are considered for the intrinsic device. In RF MOSFET transistors,
shot noise dominates the noise characteristics only when the device is in the subthreshold region

owing to the carrier transport in this region.



1.2 Noise Parameters

Signal-to-noise ratio describes the ratio of useful signal power and the unwanted noise
power. When a combination of signal and noise go through a noisy two-port network, as shown
in Fig. 1.1, both the signal and unwanted noise will be amplified at the same factor. In addition,
the two-port network adds its own noise. Therefore, the signal-to-noise ratio becomes smaller
after a noisy two-port network. Noise factor F is defined as the signal-to-noise ratio at the input
divided by the signal-to-noise ratio at the output.

_ Si/N;

F :
So/No

(1.6)
it defines noise figure NF according to
NF = 10logio(F). (1.7)

It is a useful measure of the amount of noise added by the noisy two-port network. [10]
The noise figure of a two-port network is determined by the source admittance Y; = G5 +
J Bs, and the noise parameters of the circuit, including the minimum noise figure NF,;,, the noise

resistance R,, and the optimum source admittance Y,,; = Gopr + jBops, through [11]

R 2
F=me+5"|Ys—Yap,| , (1.8)
N

NF i = 10l0g10(Fnin)- (1.9)



two port

NF
Y min YL

Figure 1.1: Illustration of definition of noise figure for a noisy two-port.

1.2.1 Minimum Noise Figure NF,,;,

The minimum noise figure NF,,;, is a very important parameter for noise. As self-explained
in its name, NF,,;, determines the minimum noise figure for a noisy two-port network. NF
reaches its minimum NF,;, when Y = Y,,;. It indicates the attribute of the noisy two-port. The
lowest possible NF,,;, is accordingly desired. For RF bipolar transistor and MOSFET transistor,

NF i, is dependent on both bias and frequency.



1.2.2 Noise Resistance R,

The noise resistance R, determines the sensitivity of noise figure to deviations from Y,,;. A
small R, is desired to alleviate the deviations. For RF bipolar transistor and MOSFET transistor,

R, is frequency independent. R, is only dependent on bias.

1.2.3 Optimum Source Admittance Y,

The optimum source admittance Y,,; determines the source admittance where NF reaches
its minimum. The value of Y, indicates the “noise matching” source admittance for minimum
noise figure, which normally differs from the “gain matching” source admittance for maximum
power transfer. Y, has areal part of G, and an imaginary part of B,,;. For RF bipolar transistor

and MOSFET transistor, G, and B, are dependent on both bias and frequency.

1.3 RF Bipolar Transistor Compact Noise Modeling

The noise of an RF bipolar device can be considered as a lumped base resistance with
thermal noise voltage va,v;;, connected to an intrinsic transistor with an input noise current S,-h,,-Z

and an output noise current S;_;*, as shown in Fig. 1.2. At low injection, the noise of the lumped

ic o

base resistance can be modeled as 4kT'r, [1].

1.3.1 Lumped Base Resistance

It is possible to separate current crowding effects from all the effects that play a role in the
intrinsic transistor [1]. This means the intrinsic transistor noise model is independent of base
resistance and current crowding. All the current crowding effects are taken care of by a branch

that contains the base resistance as shown in Fig. 1.3 [1]. The resulting noise current associated
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Figure 1.2: RF Bipolar transistor noise modeling.

with the lumped base resistance is no longer 4kT'r;, instead [1] showed,
R(YR) = 1/rp.Sipiz, = Y + —=qls. (1.10)

At low injection, where I contribution can be neglected, 4kT'r; can still be used to describe the
noise of the lumped base resistance. At high injection, the noise of the lumped base resistance is
dominated by LqIp [1].

The intrinsic transistor noise modeling is separated from the lumped base resistance branch.
Accurate noise modeling for the intrinsic transistor is needed. Different noise models have dif-
ferent expressions for the input noise current, the output noise current, and their correlation for

the intrinsic transistor, as will be detailed below.
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Figure 1.3: Equivalent circuit proposed for the intrinsic transistor together with the resistance of
the pinched base [1].

1.3.2 SPICE Model

The SPICE model as shown in Fig. 1.4, is the essence of noise modeling in major CAD
tools. The noise physics accounted for include: base resistance thermal noise .Sy, ,;, and base

current shot noise 2¢1 g, and collector current shot noise 2q ¢ for the intrinsic transistor.
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Figure 1.4: SPICE model for RF bipolar transistor.

In SPICE model, the noise of the intrinsic transistor is described by

Si,it =2qlp, (1.11)
Si.ir =2qlc, (1.12)
Sieit = 0. (1.13)

Since the input noise current and the output noise current are both shot noise, they are only
bias dependent, and do not depend on frequency. Moreover, the input and output noise currents
are not correlated to each other in this model. This approach is used by SPICE Gummel-Poon,
VBIC, Mextram, and Hicum models. The accuracy of such compact noise modeling, however,
becomes worse at higher current densities required for high speed [3]. At high frequency or
high current densities, the base and collector current noises are no longer shot like, and their

correlation can becomes appreciable [12], as will detailed in chapter 4.



1.3.3 van Vliet Model

About 30 years ago, van Vliet proposed a general noise model in three-dimensional junction
device of arbitrary geometry using transport noise theory for low injection [13]. The structure
of the model is the same as the intrinsic transistor shown in Fig. 1.2. The van Vliet model is
derived from rigorous microscopic noise theory of minority carrier transportation in the base
region. Different from the SPICE model, the input noise current of van Vliet model is frequency
dependent, which comes from the intrinsic Y parameter Yli Tt . Moreover, the input noise current
and the output noise current are correlated to each other. The correlation term is related to the
intrinsic Y parameters Y]’;” and Yzi;’t, hence both bias and frequency dependent. In van Vliet

model, the noise of the intrinsic transistor at low injection is described by

Sipiz = 4kTRY|") - 2q1p, (1.14)
Siciz = 2qlc + 4kTR(Y,3), (1.15)
Sioit = 2kT(Y5" + Y{3™) — 2¢qlc. (1.16)

The noise of the intrinsic transistor is obtained from dc currents and ac Y-parameters, and no
additional parameter is required.

For a simple small signal model of the intrinsic bipolar transistor as shown in Fig. 1.5,

Y[ = ghe + ja(Che + Cep), (1.17)
Y} = —jwCe, (1.18)
V' = gne " = joCo, (1.19)
Y,y = joCe, (1.20)

10



where g, is the input conductance, g,, is the transconductance, Cy, is the EB capacitance, C, is
the CB capacitance, and g, is the output conductance. 7 is the second-order time delay owing to

the transcapacitance. Since

8be
Ip~ (1.21)
kT/q
Em
Ic ~ (1.22)
kT/q
(1.16) can be further derived to
Sicir = 2kT(gme™“%) = 2qlc, (1.23)
=2qlc (e -1). (1.24)

Although the van Vliet model does not consider the CB space-charge-region (SCR) effect in its
derivation, the correlation equation has included the carrier transport delay term as will discussed

in the section 1.3.4.

/ C b

Y

O
+
V1

gbe% Cbe ::Vbe V2

O O

Figure 1.5: The small-signal equivalent circuit for intrinsic bipolar device.
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At low frequency where 7 ~ 0, (1.14), (1.15) and (1.16) reduce to their low frequency

expressions:

Siyir = 2q1p, (1.25)
Siir =2qlc, (1.26)
Sieit =0, (1.27)

which are the same as the SPICE model expressions.

As will be discussed in details in chapter 4, the van Vliet model describes RF bipolar tran-
sistor noise well in low injection. For high current density, however, the van Vliet model for
the low injection cannot accurately model the noise in the transistor. In [13], extra modification

parameters are introduced for high current density based on low injection results. For example,

Siyiz = AGKTRY]) — 2q1p), (1.28)

where A is a modification factor. This provides us a way leading to a new noise model for bipolar

transistor as discussed in chapter 4.

1.3.4 Time-delay and Phase-delay Model

Time-delay noise model is proposed by M. Rudolph in 1999 using common-emitter con-
figuration, as shown in Fig. 1.6 [2]. The noise contributions of the input and output current
sources i/, and i, related to the collector current I¢ are caused by the same electrons. The elec-

tron noise sources injected from the emitter into the base, cross the CB junction, and then reach

12



the collector. Therefore the correlation of these sources is given by a time delay e™/*7, i.e.,

i, =ie T (1.29)
=i —i, (1.30)
=i, (/7= 1). (1.31)

-+, and their correlation are

icc

Therefore .S i S

Sy =2qlc, (1.32)
Sy g = Sppe |97 =117 = 2qlc |7 1] (1.33)
Sy e =Sy e (7T = 1) =2qlc (/7 — 1) (1.34)

The noise current source related to the base current I, is assumed not to correlated with the
others [2]. Therefore the input noise current Sib,i,*," the output noise current .S;,_;*, and their

correlation Sj,, it for time-delay model are

2

Sipiz =2qIp +2qlc |1 -7 |7, (1.35)
Si.ir =2qlc, (1.36)
Sieir =2qlc (€77 —1). (1.37)

The phase-delay noise model is proposed by G.F. Niu in 2001 using common-base con-
figuration [3]. The essence of the phase-delay noise model is shown in Fig. 1.7. The collector

current shows shot noise only because the electron current being injected into the collector-base

13
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Figure 1.6: Time-delay noise model in [2].

junction from the emitter already has shot noise. The emitter current short noise consists of

two parts, .S; = 2qlc, due to the electron injection into the base, and .S = 2qlp, due

nesine ipe.ipe
to the hole injection into the emitter. The electron injection process and the hole injection pro-
cess are independent of each other and hence not correlated. The transition of electrons across
the collector-base junction, which is usually reverse biased, is a drift process, causing a delay

version of the emitter electron injection induced shot noise,

e Om, (1.38)

Ine = ipe

where 7, is the transit time associated with the transport of emitter-injected electron shot noise

current, which includes both the transit time in the base and the transit time in the CB junction.

14
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Figure 1.7: Phase-delay noise model in [3].

In common-base configuration model, the noise sources associated with the collector and

emitter currents, i. and i,, are used,

Sicit = Siiz. = 2qlc, (1.39)
Sigit = Siyeite T Sipeize = 2q1c +2q1p, (1.40)
Siir = 2qIce/™. (1.41)

Common-base noise sources i, and i, can be easily converted to common-emitter noise sources

ip and i. by equivalent circuit analysis

Sipiz = Sipiz + Siir = 2R(Si i), (1.42)
Siir = Siit (1.43)
Sii = Siiz = Sigiz- (1.44)

15



Therefore (1.39) — (1.41) can be converted to the common-emitter version using (1.42) — (1.44)

Sipiz =2q1p +2qlc —4qIcR (™), (1.45)
Si.ir =2qlc, (1.46)
Si.ip =2qlc (€707 —1). (1.47)

(1.45) can be further simplified to

Sipiz = 2q1p +4qlc —4qIcR (/™) (1.48)
=2qlg+2qlc [2-2R ()], (1.49)

=2l +2gIc |1 -7 | (1.50)

Note that if 7 = 7, (1.50), (1.46), and (1.47) are the same as (1.35), (1.36), and (1.37). Al-
though derived from different angle, the time-delay model and phase-delay model ultimately
give the same noise model expressions. At low frequency, the time-delay model and phase-delay

model can be further simplified to,

Siyiz =2q1p, (1.51)
Si.ir =2qlc, (1.52)
S,‘C’,‘z = 0, (153)

which are the same as the SPICE model expressions.
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1.4 RF MOSFET Transistor Compact Noise Modeling

1.4.1 Gate and Drain Noise currents Modeling

The thermal noise of a MOSFET originates from the thermal noise sources in the channel
as illustrated in Fig. 1.8, leading to drain thermal noise current S;, ;» and induced gate thermal
noise current S, ;z through capacitive coupling to the gate. Since both S, ;» and S;, ;: are ag-
itated by the thermal noise sources in the channel, they are correlated, and the correlation are
imaginary due to the capacitive nature. This noise representation with gate noise current, drain
noise current, and their correlation, as shown in Fig. 1.9, is called Y- noise representation as will

further introduced in chapter 2.

gate current thermal noise

“induced gate noise” (\
S;q o« f2
Sig and §;y
correlated!

3

drain current
thermal noise
S,y = “white”

source

thermal noise source
in channel

Figure 1.8: Thermal noise in MOSFETS [4].
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Figure 1.9: MOSFET noise model using gate noise current, drain noise currents, and their cor-
relation.

1.4.1.1 van der Ziel Model

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 using impedance field
method [14] [15]. This well-known van der Ziel model are widely used in MOSFET noise
modeling. The drain noise current, induced gate noise current, and their correlation are modeled

as [15],

Sigity = Yea - 4kT gao0. (1.54)
Sipix = pakTgg, (1.55)
(1.56)
(1.57)




Here gqo is the zero Vy, output conductance, g, is the input conductance, and Cg; is the gate-to-
source capacitance. yg,, f, # and x are model parameters. y,,, = %, p= %, n= % and x = 0.395
for long channel device in saturation region [15]. For short channel device, however, these model
parameters deviate from their long channel value, and become bias dependent, as will discussed

in chapter 6.

1.4.1.1 Klaassen-Prins Equation

Klaassen and Prins [16] have derived an equation to calculate the noise of a device using the
local channel conductivities of the device. The so called Klaassen-Prins equation is extensively
used to calculate the noise for long channel MOSFETs [17] [18] [6] [19]. The quasi-static dc
differential equation for current I, of a device is [16] [20],

dV(x)

Is =gV (x) I

(1.58)

where g(V (x)) is the local channel conductivity and V' (x) is the difference in electron quasi-
Fermi potential in the inversion layer and the hole quasi-Fermi potential in the bulk at position

x. For a very simple MOSFET,

gV (%) = pCoxW (Vgs — Vin — V(x)), (1.59)

= WuQj(x). (1.60)

where Vg, is the gate-source voltage, V7, is the threshold voltage, W is the width of the device,

u is the mobility, and C,, is the oxide capacitance per unit area. Q’I(x) is the local inversion
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charge, whose integration over area gives the total inversion charge Qy,

L
Or = J W Q' (x)dx. (1.61)

0

(1.59) shows that g(V'(x)) is the highest near the source, and the lowest dear the drain.

The derivation of drain noise current can be best illustrated in Fig. 1.10. For the noise
segment from x to x + Ax, a small voltage contribution v,(x) is added on top of V' (x). The noise
voltage also leads to a change in the dc current through the device, with boundary condition

Vn(x)|x=0,, = O for input and output ac short ended condition [16] [20].

Ig+ Aig =g[V(x)+ vn(x)]%(V(x) 4+ v,(x)) + in(x), (1.62)
= |levx) + %((;)))vn(x)] <€”;ix) + dvd”ix)> + (), (1.63)
= 5N g (e BELD, () 4 BT 0T 4 ()

(1.64)

Here

V(04 3 (0) =[5V () + £ (1.65)

is used. Substituting (1.58) in (1.64), and

dva(x)  dg(V(x))

gV(x)— o .

d
va(x) = —=(8(V(x)va(x)), (1.66)
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Aig, the fluctuation in 1y, is

d
Aig = I &V (x)vn(x)) + in(x),
X

V(x)+v, (x) . V(X+AX)+V, (X+AX)
X h(x) X+AX
Jc
\ZJ
NV
e ‘

s channel Iy D
J% AX —0
= 0 X X+AX L

noisy
section

Figure 1.10: Illustration of drain noise current derivation.

Integrating both sides of (1.67), we have [16] [20],

L L

AiyL = J i(v,,(x))g(V(x))dx + J in(x) - dx,
o dx 0
L
= J in(x) - dx,
0
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since

L
d
L 7 VgV (x))dx = va()g(V )G = gV (L))va(L) = g(V (0)v,(0) = 0,  (1.70)

Therefore the noise fluctuation in I is,

| (L
Aig=— J in(x)-dx. (1.71)
L)

Aiy has a zero average A_id = 0, and the noise spectral density is [16] [20],

g ._Al'd,Ai;;_l LL#dd/ -
Y _EL L in(X), in(x') - dxdx’. (1.72)
For i,(x), we have [16] [17],

in(x), in(x') = 4kTg(V (x)Af6(x — X), (1.73)

where ¢ is the Dirac delta function. The drain thermal noise current is then found by substituting

(1.73) into (1.72),

4kT (*
Sigit = 77 L g(V(x)) - dx. (1.74)
From (1.58), we have
dx = VD . (1.75)
14
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Substituting into (1.74), we have [16] [17] [18] [20] [21] [22] [23],

Va
kT [ g*(V)-av. (1.76)

Sid,ij = LZ_Id

0

(1.76) is known as Klaassen-Prins equations for thermal noise of a long channel MOSFET.

(1.74) can be also expanded using (1.60),

4kT (- )
&¢@=-EgigPVMQAXﬂh, (1.77)
4kT
= FﬂQl- (1.78)

(1.78) is used in models like BSIM.

For long channel device, the drain current I, in saturation region is

I,="—"2%._y2 (1.79)

where Vy; = Vg — V. Substituting (1.59) and (1.79) into (1.76),

4kT (Ve
T JO WW?Co (Ve = V) -dV, (1.80)
4kT 2L 1 Vit
= WWCo (V= V)| (1.81)
L ﬂWCongt 3 0
2 uWwcC
=4kT - 3 I ox Vet (1.82)
2
=4kT - 38d0- (1.83)
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with

Vet (1.84)

(1.83) is the same as (1.54) in van der Ziel model for long channel device operating in saturation

region.

1.4.1.3 Velocity Saturation in Short Channel Devices

In case of velocity saturation effects play a role, the general expression of noise source

in(x), (1.73), becomes [21] [24] [25] [20],

Dy(E)
D,(0)°

Siyx).inx)r = 4kT 8o (1.85)

where go(x) = quon(x)W L is the zero-field channel conductivity, n(x) is the electron con-
centration at position x, D,(0) = kT uo/q is the diffusion coefficient at zero electric field at
the ambient temperature 7. The velocity saturation make effects via the scalar noise diffusion

coefficient D,(E),

Hn(E)KT

Du(E) = (1.86)

[20] and [6] argue that it is incorrect to take explicit carrier heating into account by using
a temperature T, > T in (1.85) and (1.86) since D,(FE) has already taken into account all

nonequilibrium effects.
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Moreover, consider the velocity saturation effects for short channel device, (1.60) becomes

(201,

gV(x)) = WMOQ/I(X)W, (1.87)
Vsar  dx
go(V(x))
= (1.88)
1 dV(x)
1 + Egy dxx

where E, = % is the saturation electric field, and go(V (x)) = W,qu', (x). Therefore dc

current for velocity saturation becomes,

gV(x) dvix)

I; = (1.89)
1 dV)
N il
Integration on both sides gives,
1 NG
lIi=———- ZJ go(V)dv, (1.90)
1+ 527 0
1
-l (1.91)
I+ 2T

where 14 is the I; without velocity saturation effect. Similar derivation are performed, and the

resulting drain noise current for velocity saturation is [20],

4kT 1 Vas
> J g (Vdv, (1.92)

R E—
(1 t Eul

0

[4] showed that this improved Klaassen-Prins equation has properly accounted for the velocity

saturation effects.
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In the case of channel length modulation, the conductivity g(V (x)) in the pinch-off region
is low compared to that in the channel, which is shown in (1.59). From the improved Klaassen-
Prins equation (1.92), the contribution of the pinch-off region can be neglected [26] [4]. How-

ever, the effective gate length L.y should be used instead of L in (1.92) [26] [4].

1.4.1.4 BSIM4 Channel Thermal Noise Model

There are two channel thermal noise models in BSIM4, as shown in Fig. 1.11 [5]. One is

charge-based model by selecting tnoiMod=0. The drain noise current is given by

4kTu
Sigiy = Z—WIQWI -NTNOI, (1.93)

eff

which is essentially the same as (1.78). Here the parameter NT NOI is introduced for more

accurate fitting of short-channel devices.

® < %O

Source side

(a) tnoiMod =0 (b) tnoiMod = 1

Figure 1.11: Schematic for BSIM4 channel thermal noise modeling [5].

The other is the holistic model by selecting tnoiMod=1. In this thermal noise model, all
the short-channel effects and velocity saturation effect are automatically included. In addition,

a source thermal noise voltage v, is used to contribute to the induced gate noise with partial
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correlation to the channel thermal noise, as shown in Fig. 1.11 (b). The source noise voltage is

given by

”
Sy, = 4kTO2 8IS

d tnoi Id ’

and

V. 2
Omoi = RNOIB [1 +TNOIB - Less <#> ] ’
satbef f

where RNOI B = 0.37 is model parameter. The drain noise current is given by

Viser
1,

Siyiy = 4kT [Gias + Binoi(Gm + Gps) I,

and

V. 2
Pinoi = RNOIA 1+TNOIALeff <Lff> )
EsatLeff

where RNOI B = 0.577 is model parameter.

(1.94)

(1.95)

(1.96)

(1.97)

However, BSIM4 noise model is not accurate. Fig. 1.12 shows comparison of .Sj, ;+ for the

data and BSIM holistic model for the gate length of 0.18 ym device. Device width of 10 ym,

and the number of fingers is 8. Data is obtained from Georgia Institute of Technology. Fig. 1.13

shows the noise parameters for the data and BSIM model. The results from BSIM model deviate

from the data. A more accurate noise modeling is needed.
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Figure 1.12: Comparison of .S;, ;» for the data and BSIM holistic model for 0.18 ym device. W
=10 ym, N f = 8.
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Figure 1.13: Comparison of noise parameters for the data and BSIM holistic model for 0.18 ym
device. W =10 ym, N f = 8.
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1.4.2 Gate Noise Voltage and Drain Noise Current Modeling

Figure 1.14: MOSFET noise model: Pospieszalski model

Different from gate and drain noise current representation, another widely accepted noise
model in the GaAs community is the Pospieszalski model, which is based on the hybrid repre-
sentation, as shown in Fig. 1.14 [27]. While the gate current noise in the van der Ziel model is
frequency dependent and correlated to drain current noise, the Pospieszalski model uses an input
voltage noise source .Sy, v+, which is frequency independent. An output noise current i, is used
in Pospieszalski model. S, ,: is proportional to the non-quasi-statistic channel resistance Rg;.
Si,.i; 1s proportional to the output conductance gqs. Gate temperature Ty and drain temperature

T, are used in the model, function as coefficients as in van der Ziel model. Further, this model
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assumes that two noise sources have negligible correlation

Svh,v;"l' = 4kTgRgs) (1.98)
Si,,,i;; = 4kTyg4s. (1.99)
Sy,ir = 0. (1.100)

Further investigations showed that this assumption is well satisfied in GaAs devices. However,
no study has shown that it is valid for MOSFET devices. In this dissertation, Pospieszalski model

is successfully applied to MOSFET devices in chapter 6.

1.4.3 Role of Gate Resistance

The gate resistance R, is associated with a thermal noise voltage of 4kT' R,. This gate
thermal noise voltage is equivalent to an input noise current, an output noise current and a cor-

relation, as shown in Fig. 1.15,

it = 4kTRg|Y11]* = 4kT Rg(wCyy), (1.101)
Siyit = 4kT Rg|Ya | = 4kT Rygy,, (1.102)
Sigit, = JAkT RgwgmCys, (1.103)
Sig.iy .
c=——=Jl. (1.104)

\/Sig,i;Sid,iz

(1.101) shows that the gate resistance leads to a gate noise current that proportional to f2, and
behaves like the induced gate noise. This gate resistance related gate noise current overwhelms
the induced gate noise for short channel devices. (1.102) shows that the gate resistance also leads

to a drain noise current. The gate resistance related gate and drain noise currents are correlated
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as shown in (1.103). This indicates that reduction of the gate resistance R; is really important

for obtain low noise in MOSFET.

Sy = 4kgT-Rg

Figure 1.15: Role of gate resistance noise to gate noise current, drain noise current, and their
correlation.

Although a metal silicide is added to the polysilicon gate to decrease its resistance, wide
devices with short channels might still show a significant gate resistance. The gate resistance
R, consists of several parts: the resistance of the vias between metall and silicided polysilicon,
the effective resistance of the silicide, and the contact resistance between silicide and polysilicon

[28]. For a single polysilicon gate finger connected with both sides [6],

1 W 1 I/Vext 1Rvia pcon
R,= —Ry;,— + =R - , 1.105
TR R R S & VL 1757 ( )

where Rg is the silicide sheet resistance, R,;, is the resistance of the metall-to-polysilicon via,
N, iq 1s the number of such vias, p.,, is the silicide-to-polysilicon specific contact resistance. W,
L, and W,,; are depicted in Fig. 1.16. The factor 12 accounts for the distributed nature of the

gate resistance and the use of contacts on both sides of the gate.
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drain

source

Figure 1.16: Schematic layout of a single gate finger, showing the meaning of W, W,,;, and L
in (1.105) [6].

Narrow fingers, double-sided contacting, guard ring and abundant contacting lead to reduc-
tion in R,. Using multiple devices in parallel to obtain larger devices is also a way to reduce
R, [4]. The width of finger, however, is optimized at 1 gm for 90 nm technology node tran-
sistor [29]. Further reduction in the width of finger does not further reduce R,. It is generally
accepted that the drain current noise and the gate resistance thermal noise are the dominant RF
noise sources of interest in scaled CMOS [30]. Since R, is important especially for short channel
devices, accurate extraction of R, plays a big role in compact noise modeling of modern CMOS,
which will be detailed addressed in chapter 7.

Fukui first proposed a set of empirical NF ;,, R, and Y,, equations for FETs based on
his observation of experimental data on MESFETs [31] [32] [33], which involve an empirical
Fukui’s noise figure coefficient K¢, and other “constants,” and transistor gate resistance R, and
transconductance g,,. The noise figure coefficient has since been frequently used as a figure-of-
merit for comparing different technologies [34] [35] [36] [37] [38]. Recently, various equations
of NF pin, R, and Y, have been derived for CMOS with varying assumptions, by neglecting gate
resistance noise and/or induced gate noise [39] [40] [41], and by assuming a bias independent

ratio of yg,, to y,,, Which is problematic as detailed in chapter 8.

32



1.5 Dissertation Contributions

The following chapters provide detailed information about RF bipolar and CMOS noise in
terms of device physics. To achieve these goals, this dissertation tackles various areas including
microscopic noise simulation, Ge profile optimization in SiGe HBT device, noise characteriza-
tion, and compact noise modeling.

Chapter 1 gives an introduction of definitions and classifications of RF device noise and
noise parameters. Review of RF bipolar and CMOS noise models and the intrinsic noise sources
in RF bipolar and CMOS devices is also given in chapter 1.

Chapter 2 introduces different noise representations for a linear noisy two-port network.
The transformation matrices to other noise representations are given. Techniques of adding or
de-embedding a passive component to a linear two-port network are discussed. Noise sources
de-embedding for both MOSFET and SiGe HBT are given as examples which are repeatedly
used later in this dissertation.

Chapter 3 presents a new technique of simulating the spatial distribution of microscopic
noise contribution to the input noise current, voltage, and their correlation. The technique is first
demonstrated on a 50 GHz SiGe HBT. The spatial distributions by base majority holes, base
minority electrons, and emitter minority holes are analyzed, and compared to the compact noise
model. This technique is also applied to a 120 GHz MOSFET transistor. The spatial distribution
of drain noise current, gate noise current, and their correlation are analyzed.

Chapter 4 examines bipolar transistor noise modeling and noise physics using microscopic
noise simulation. Transistor terminal current and voltage noises resulting from velocity fluctu-
ations of electrons and holes in the base, emitter, collector, and substrate are simulated using

a new technique proposed in chapter 3, and compared with modeling results. Major physics
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noise sources in bipolar transistor are qualitatively identified. The relevant importance as well
as model-simulation discrepancy is analyzed for each physical noise source.

Chapter 5 explores the RF noise physics and SiGe profile optimization for low noise using
microscopic noise simulation. A higher Ge gradient in a noise critical region near the EB junc-
tion reduces impedance field and hence minimum noise figure. A higher Ge gradient near the EB
junction, together with an unconventional Ge retrograding in the base to keep total Ge content
below stability, when optimized, can lead to significant noise improvement without sacrificing
peak fr and without any significant high injection fr rolloff degradation.

In chapter 6, RF noise of 50 nm L.y CMOS is simulated using hydrodynamic noise simula-
tion. Intrinsic noise sources for the Y- and H- noise representations are examined and models of
intrinsic noise sources are proposed. The relations between the Y- and H- noise representations
for MOSFETs are examined, and the importance of correlation for both representations is quan-
tified. The theoretical values of H- noise representation model parameters are derived for the first
time for long channel devices. The H- noise representation correlation is shown theoretically to
have a zero imaginary part. The H- noise representation has the inherent advantage of a more
negligible correlation, which makes circuit design and simulation easier. Chapter 6 also exper-
imentally extracts the H-representation noise sources using noise parameters measured on 0.25
um RF CMOS devices. A simple yet effective model is proposed to model the H-representation
noise sources as a function of bias. Excellent modeling results are achieved for all of the noise
parameters up to 26 GHz, at all biases.

The gate resistance is important as well as the drain noise current for noise modeling of
scaled MOSFET. Accurately extract the gate resistance becomes an important issue. Chapter 7

explains the frequency and bias dependence of the effective gate resistance by considering the
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effect of gate-to-body capacitance, gate to source/drain overlap capacitances, fringing capac-
itances, and Non-Quasi-Static (NQS) effect. A new method of separating the physical gate
resistance and the NQS channel resistance is proposed. Separating the gate-to-source parasitic
capacitances from the gate-to-source inversion capacitance is found to be necessary for accurate
modeling of all of the Y-parameters.

Chapter 8 examines the differences between the g,0 and g,, referenced drain current excess
noise factors in CMOS transistors as a function of channel length and bias. The technology
scaling are discussed for 0.25 ym process, 0.18 ym process and 0.12 ym process. Using standard
linear noisy two-port theory, a simple derivation of noise parameters is presented. The results
are compared with the well known Fukui’s empirical FET noise equations. Experimental data
on a 0.18 yum CMOS process are measured and used to evaluate the simple model equations.
New figures-of-merit for minimum noise figure is proposed. The amount of drain current noise
produced to achieve one GHz f7 is shown to fundamentally determine the noise capability of
the intrinsic transistor.

Finally Chapter 9 concludes the work in this dissertation.
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CHAPTER 2

NOISE NETWORK ANALYSIS AND DE-EMBEDDING

This chapter introduces different noise representations for a linear noisy two-port network.
The transformation matrices to other noise representations are given. Techniques of adding or
de-embedding passive components to a linear two-port network are discussed. For example,
the open-short de-embedding procedure is needed for measurement data to move the reference
plane to the device terminals. Noise sources de-embedding for both MOSFET and SiGe HBT

are given as examples which are repeatedly used later in this dissertation.

2.1 Noise Representations

A noisy two-port network can be described by a noiseless two-port network with input
noise voltages or currents, and output noise voltages or currents. In general, there are four
noise representations, including chain noise representation, Y- noise representation, Z- noise

representation, and H- noise representation.

2.1.1 Chain Noise Representation (ABCD- Noise Representation)

Chain noise representation, or ABCD- noise representation, describes the noise of a two-
port network with an input noise voltage v,, an input noise current i,, and their correlation, as

shown in Fig. 2.1. The power spectral densities (PSD) of v,, i,, and their correlation are S, :,
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,and S, ,, respectively. The chain noise matrix is defined as

Siai
S Va,Va S Va,iy
Cy= (2.1)
Sigvs Siai
I, Y 1,
O— —0 O <O
Noisy + Noiseless +
Two-Port _ Two-Port
— VY i, (v v,
®|
o— —O0 O —O

Figure 2.1: The chain noise representation of a linear noisy two-port network.

Chain noise representation is the most convenient because it is directly related to the noise

parameters NF,, R, and Y,,; = G,pi+j B,y by [11]. The noise factor for a noisy linear two-port

as shown in Fig. 2.2 is [42] [43]

N,

, (2.2)
N;+ N;|
— (2.3)

(2.4)

]
—_
+
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where G, = S,/ is the power gain of the two-port, N; is the input noise power delivered to the

noisy two-port due to source noise current is, and N’ is the noise power delivered to the noisy

two-port due to v, and i,.

O 51 O -
4 +< )_
+ Noiseless +
is Two-Port
v W@, | w3
Z

i

Figure 2.2: Noisy linear two-port network.

If Z; denotes the input admittance of the two-port shown in Fig. 2.2, the noise current

delivered by the source to the noise free two-port is

Z
= , 2.5
In Lg 7.+ Z, (2.5)
and
N; =<ip, i, > R(Z)), (2.6)
2
=<y it > > R(Z), 2.7
is 1> | 5| R(Z) @7
_ |Z,?
= 4kTGS—2§R(Z,-)Af, (2.8)
|Zi sl

where Z; is the source impedance, and Y; = 1/Z; is the source admittance with a real part of

G, and an imaginary part of B,;. The noise current delivered to the noise free two-port by the
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correlated noise voltage and noise current of the noisy two-port is

g _ s 2.9
= Ve Tl 7 2.9)
and
N/ =<il, i’ >R(Z), (2.10)
2 4
= | <V Vi> ———— <y it > - +2R (<igvi>—"— || R(Z),
CTNZi+ Z @ Zi+ Z; ( o |Zi+ZS|2>] )
(2.11)
=[Sy + Sigisl Zsl* + 2R (S, Zs) ] Z Zsler(zl)A f. (2.12)
Substituting (2.8) and (2.12) in (2.4),
F=1+ Swoi Si“'izlzslz 2R (Sia'V§ZS), (2.13)
AkT G| Z,|?
=1+ Sropi Yo+ Sigis + 2R (i ) , (2.14)
4kTG,
Let S;, ,; = G, + jBy,, we have
F=1+ Sva,vles +.st|2 + Sia,ij + 2R (G, + jBu)(Gs — st))’ (2.15)
4kTG,
14 Sy,v: (G2 + B2 + Si, iz +2(G,Gs + BuBs)' 2.16)
4kTG,
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To find out the optimum B; to minimize noise factor F, (% =0,

28, Bs + 2B,
4kT G, o

hence the optimum source susceptance B, is

B,
Sy, v

Bopt = -
To find out the optimum Gy to minimize noise factor F, g—& =0,
-8, i +G2S,, ,; — B2S,,,: —2B,B; = 0,
Substituting B; = B, in,

B?
S 2 u
- ,‘a’,‘Z + Gs L!SVa’vZ + = 0,

Sva,vj

hence the optimum source conductance G, is

Gopt =

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)

Substituting G and By using their optimum values G,,; and B, in (2.16), the minimum noise

factor F,;, 18

2
Sva,vZSia,iZ - Bu + Gy

Fpin =1+ kT
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Note that G, = R(S;, ), and B, = I(S;, ), the noise parameters NF i, Ry, Gopr, and

B, finally are [43]

VSt Si iz = [S(Si, v )12 + R(S;, )

Fpin=1+ kT
RS, vz
=14 2R,  Gopt + — 22’ )
Sva,v;‘
NFmin = IOIOglo(Fmin)’
Sy, v
R — ava ,
" 4kT
G = Sia,ij _ %(Sia,vj) 2
o Sva,v;‘ Sva,vj ,
S(Si,vz)
B, = ———taval
opt Sva,vZ

where R and & stand for the real and the imaginary parts of a factor, respectively.

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

Solved from (2.24), (8.17), 8.18, and (8.19), the chain noise representation parameters

Sy, i Si, ix, and S, ,x, can be obtained using the noise parameters NF;,, R, and Y, by [11],

Sy, v: =4kTR,,

it = 4T R, | Yop |

la)lg

Sia,vz =2kT (Fmin - 1) - 4kTRn),0pI:

or in the format of noise matrix,

Frin—1 *
R, Fas=t — RyY,

Cy =4kT
FWTH_I - RnYopt RnlYopt|2
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(2.30)

(2.31)

(2.32)



2.1.2 Y- Noise Representation

The Y- noise representation describes the noise of a two-port network with an input noise
current i1, an output noise current i, and their correlation, as shown in Fig. 2.3. The PSD’s of iy,

ip, and their correlation are S,-lflk, S and S,~2,,-T, respectively. The Y- noise matrix is defined

z,i;a
as
Si],iT Si],l;

Cy = (2.33)
Siz,i* SiQ,I;

1

The output of microscopic noise simulation tool TAURUS are Y- noise representation parameters
[44]. Y- noise representation is also commonly used in compact noise modeling of both RF

bipolar and MOSFET transistors, as detailed later in section 1.3.2 and 1.4.1.

I, I

O— —0 O> <O

Noisy + +
Two-Port _ ; Noiseless )

— VvV, GD Two‘-(Port GD LV,

O— —O O O

Figure 2.3: The Y- noise representation of a linear noisy two-port network.

Conversions between the chain noise representation parameters and the Y- noise represen-

tation parameters can be derived as follows. We denote Y as total admittance matrix. The ac
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1 — V relations including noise for the representations shown in Fig. 2.1 and Fig. 2.3 are

Il_ia\_ —Yll le_ /I/]_Va (2.34)
I } i Y21 Y | \ W
Il_il\ _Y11 le_ (Vl
- : . (2.35)
I —i ) REEReN \ 12}

Equating the noise terms of the two representations for both I; and I, we find the relations

between (i1, i2) and (v, iy),

i =i, =Yg, (2.36)
ir = =Y21vg, (2.37)
and
L, (2.38)
Vg = ——1>, .
a Y21 2
Y1
i, =01 — —I», 2.39
iq =10 Yz112 (2.39)

where Y1) and Y| are elements of Y matrix. Therefore, the Y- noise representation parameters

Sil,i}"’ Siz,,-;, and Siz,if, can be derived using the chain noise representation parameters .S, *,
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Si,iz,and S; ,x as

asla

Siv it = Sigi + Y1112 Sy, ;= 2R} Siv), (2.40)
Siis = V211> Sy, vz (2.41)
Sipit = Y21 Y] Sy, v — YZIS;;,V;“ (2.42)

Alternatively, the chain noise representation parameters S, ,*, S; ;x, and S, ,*, can be derived

ala®

using the Y- noise representation parameters S;, ;+, Si, iz, and Sj, ;+ as

1
Svu’v;‘ = m‘g"%’;’ (243)
2
Y1 Y
Sia,i:j = O i + E S,‘z,,'; - 2R <Y—215,2,T> , (244)
Y 1
Sivyt = —— 8y — — S | (2.45)

2.1.3 Z- Noise Representation

The Z- noise representation describes the noise of a two-port network with an input noise
voltage v, an output noise voltage v,, and their correlation, as shown in Fig. 2.4. The PSD’s
of v{, vo, and their correlation are SVI,VT, sz,v;, and Svl,v;, respectively. The Z- noise matrix is
defined as

Svl,vf Svl,v;‘
Cy = (2.46)

sz,vf SVQ,V;

The output of microscopic noise simulation tool DESSIS are Z- noise representation parameters

[45]. The simulation results in this work are done using DESSIS.
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I, Vi V2 I,
O— —0 0> —(C)—<0
Noisy + +
Two-Port _ Noiseless
— v, Two-Port v,
Y
O— —O0 O—— ——oO

Figure 2.4: The Z- noise representation of a linear noisy two-port network.

Conversions between the chain noise representation parameters and the Z- noise represen-
tation parameters can be derived as follows. The ac I — V relations including noise for the

representations shown in Fig. 2.1 and Fig. 2.4 are

Il_ia\ _ _Y11 Y12_ (Vl_Va\ 2.47)
I ) REEREN \ Vi)
11\ _Yll le_ (Vl—vl\

- : . (2.48)
12) REEREN \Vz—vzj

Equating the noise terms of the two representations for both I; and I, we find the relations

between (v, v2) and (v, i),

3 Y2 .
Y11 Yo = YioYo @

_ Y2, ;

C YuYe - YiYa ©

Vi = Vg

(2.49)

V2 (2.50)
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and

Y
Va = V14 —=v), 2.51)
Y2
Y11 Y — Y12 Y;
j= 22 TR, (2.52)
Y2

Therefore, the Z- noise representation parameters .Sy, v, Sy, v;, and Sy, y:, can be derived using

the chain noise representation parameters S, ,:, S;, ;:, and S;, ,* as

Y2 : Y2
Syvr = Syt + | | Sii 2R [ ——F—510 ), 2.53
e Yava Y11 Y — Y12Y1 farta <Y11Y22 =YY I”’V”> (2.53)

2
Y2
Spyi=|——2 | S 2.54
PR YuYn = YoYa | 39
Y Y Y

Syt = 21 * 21 S (2.55)

Pl N 2
YY), = YR, % Y)Y — YioYail

Alternatively, the chain noise representation parameters S, ,*, S;_ ;#, and S;, y*, can be derived

using the Z- noise representation parameters Svl,vi‘v Sw;, and Svl,v; as

Yo | Y5
Syvp = Svl.vi‘ + Y_21 sz,v; + 2R <Y_2*1Sv1,v;) , (2.56)
2
YiYn - Yl
Siuis = | T | S (2.57)
_ Y;Z(YIIYZZ - Y12Y21) Y11Y22 - Y12Y21 «
Sigv; = oyt —————— 8" . (2.58)
[Y21? : Y21 VLY

2.14 H- Noise Representation

The H- noise representation describes a noisy two-port network with an input noise voltage

Vi, an output noise current iy, and their correlation, as shown in Fig. 2.5. The PSD’s of vy, i,
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and their correlation are Sv,,,v;;, S,-h,,-;, and Svh,,-;, respectively. The H- noise matrix is defined as

Sy vt Sy,
cy=| "o (2.59)

Sih,vZ Si

o3k
i,

H- noise representation is popular for compact noise modeling of GaAs MESFETs and HEMTs.
As we will show in chapter 6, the H- noise representation is also advantageous for CMOS tran-
sistors. Therefore we are more concerned with the conversions between Y- noise representation

parameters and H- noise representation parameters.

I, Vi I,
O— —O0 O <O
Noisy + Noiseless +
Two-Port _ Two-Port
- V1 Y i h V2
)
O— —0 00— O

Figure 2.5: The H- noise representation of a linear noisy two-port network.

The I — V relations including noise in Fig. 2.3 and Fig. 2.5 are given by:

(Il_il\ _Yn le_ (Vl

= . ) (2.60)
\Iz—izj REEREN \Vz
( I, \ _Y11 Y12_ (Vl_vh

= . . (2.61)
\Iz—ih) REEREN \ V
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Solving (2.60) and (2.61), i; and i, are related to v;, and i, as

i1 ==Y (2.62)
ir =ip—Y21vp, (2.63)
and

L (2.64)
Vv, = ——1| .
h v

Yo .

ih = ir — —Liy. (2.65)
n=i2 =y

Therefore, the Y- noise representation parameters S,-,,,-T, Sl-z,,-;, and Sil,i;, can be derived

using the H- noise representation parameters Sy, v+, S;, i¢, and S, v+ as

Sil,if = |Yll|2Sv;,,vZ; (2.66)
Siiy = Sipit + V21> Sy, — 2R(V21.Sy,.10), (2.67)
Si1,i; = Yllyz*lsvh,vz - YIISvh,iZ- (2.68)

Alternatively, the H- noise representation parameters Sy, v+, Si and Sj, ,+, can be derived

+3%
h,lh’

using the Y- noise representation parameters S, iz, Si, is, and S, iz as

1

Svh,v;: = WSZ'N'T, (269)
2
Y, Y2
Sipin = Sipiz + Y—li Siyit — 2‘R(ES,-1,,~;), (2.70)
Y 1
_ 21 % ¢
Syt = v oS- (2.71)
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2.2 Transformation to Other Noise Representations

The ABCD-, Y-, Z-, and H- noise representations can be transformed to another by the

matrix operation:

C'=T-C-TT, (2.72)

where C and C’ are the original and resulting noise correlation matrices respectively, T is the
transformation matrix given in Table 2.1, and T is the transpose conjugate of T. The ABCD, Y,
Z and H two-port network parameters are used in Table 2.1. The conversion of ABCD, Y, Z and

H parameters are given in Table 2.2.

Original Representation
Cy \ Cz \ Ca \ Cu

c I 0 Yu Y Y 1] Y11 0]
Y 01 Y21 Y -1 0| =Y 1]

1 -Zy | 1 —Zp |
0 -2y | 0 —Zpn |

Zy Zin
C/
z [ 2y Zn ]

c, [0 Au]

1 —Ar ] 1 0 1 A
1 Az 0 —Ay | 0 1 0 Axn

—h;p O 1 —hyp | 1 —hyy 1 0
H —h21 1 0 —hzz_ 0 —h21 0 1

Table 2.1: Transformation matrices to calculate other noise representations
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Y 2 A e =Sy 4Sp-as
3 A o 0351 %52, FAs
le 7 _AA —hi2 Y 2512
2 N AT OTFST17S02+As
Y21 -7 = hay Yo —257]
Az Al hyy 1+511 +522+Ag
Zn A1l AH Y 1+511*S§2*As
Y2 iz A 11 VTS 50 Has
Y Z“ An Ag 0 1511 =522 —As
£y Az 7] =811 ~Sn+Ag
“Yio 7z A4 h2 __251;
A 12 o) Ty 20 T=57, —523 785
- 71 T ) o 251
Ay A21 T T-S11-S+As
Y Z A2 ﬁ Z 1*511+5%2*As
Ay 22 A1 5 0T=511-5+As
-szz ? 1 A 11 —hAH 1+5] 12;522%5
2 92
2 v A iy IRERITES METVY
21 Z 7 2551
Ay 1 A iy Yo 1SU=Sia+as
Y21 V43l 21 !12]] 0 251
—i 22 =1L 1=S11+522-As
21 221 A22 ) 2571
S AZ A2 /’11 1 0 SIS0 +AS
Y);l Zn A 1=511+522-As
R4V Z15 A4 h 28
43! Zn Azlz 12 1=5] 12?22%5
21 - =
i 2221 Ay h21 =5 +A2‘] A
4 £ A21 h Y. M
"1 22 A 22 0T=511+522-45
Yo(Yo-Y11+Y20)-Ay Zo(Z11-222-Zp)+Az Al1+A12/Z0—A21/Zg—A2) hi1—hp—1+AH Sl 1
YU(Y11+2)%22+YY())+AY 70<711;Z7«]222;070>+AZ A|1+A|2/ZQXA21/ZO+A22 h11+h%+1+AH S
< _ 12
Yo 1j2)’%22]+ygo)+Ay ZU(Z“-Zv»ZZzzly_EOZoHAZ A“+A12/7_0-§A21 /Zo+A22 "11”‘}2%:;}*AH 12
Yo (Y11 +Y20+Y0)+Ay Z0(Z11+202+20)+A7 Al1+A12/Z+A21 [ Zg+A2) T+ +1FA S21
Yo(Yo+Y11-Y23)-Ay Z0(Z32-Z11-Zp)+A7 —A+A12/Z0—- 421 /Zo+A2) hi1—hp-1-Ag S
Yo(Y11+122+Y0)+Ay Z0(Z11+222+Z0)+A7 A11+A12/20+A21/Z0+A22 h+hp+1+Ag 22

Ay =YuYn — Yo, Az = Z11Zn — Z12Z51, Ay = hithy — hiohy, Ay = A1 A — ApAsg.

If the noise of the intrinsic two-port network is known, in order to calculate the noise of

Table 2.2: Conversions between two-port network parameters.
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2.3 Adding Noisy Passive Components to a Noisy Two-Port Network

a complex network, one needs to start from the noise of the intrinsic two-port network, then
procedurally add the noise of other noisy passive components to the intrinsic, which is called
the “adding” procedure. Reversely speaking, if the noise of a complex network is known, one
needs to remove the noise of each noisy passive component to calculate the noise of the intrinsic
network, which is called the “de-embedding” procedure. Both the two-port network parameters
and noise parameters are involved in either the adding procedure or the de-embedding procedure.

Here only the adding procedure is discussed. The de-embedding procedure is just a reverse




process. Basically, there are two kinds of cases to add noisy passive components to a noisy
two-port network.

In transistor noise modeling, the raw data measured includes pad and interconnect. One
common case is to add noisy passive components in parallel with a two-port network, as shown
in Fig. 2.6. The added noisy passive components are denoted as Yi, Y>, and Y3, with thermal

noise current of 4kTR (Y1), 4kTR(Y;), and 4kTR(Y3), respectively.

| 4kTReY, ,~ 1

I \ |

[ v, ] I
7 | L2 | I
1 | 2
o> <O
+ |4kTReYI Noiseless 4kTReY3| +
v, | GD |E/Z| L GD Two‘-(Port GD [ E/EI 6D | v,

I

o Lo

Figure 2.6: Adding noisy passive components parallel to a linear noisy two-port network.

The Y-parameter matrix of the noisy two-port network is denoted as Y. The Y-parameter

matrix of after adding the passive components is

total Yl + Y2 _Y2
y'oal =y 4 (2.73)

-, Y+h
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Denote the input and output noise currents of the Y- noise representation after adding the passive

components as i} and i,. The I — V relations including noise is Fig. 2.6 are given by:

L =i, ="Vi—iy, —a(V2 = V1) — iy, \ Yiu Y 4
= : , (2.74)
L= =Y —iy+HL(Va=Vi) +iy, ) Yo1 Y» Vs
Il _ l/l \ Ylli)tal Yltgtal I/I
= . , (2.75)
L-iy, | | n v v
(2.76)
where
Siy, iy, = 4kTR(), (2.77)
Siy, iy, = 4kTR(Y2), (2.78)
Siyy iy, = 4KTR(Y3). (2.79)

Equating the noise terms for both I and I, we find the relations between (i, i») and (i’l, i’z),

il1 =i+ iy, +iy,, (2.80)

i/2 =iy +iy; — iy, (2.81)
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and

Si e = Sipir + 4kTR(Y1) + 4kTR(Y2), (2.82)
Si/z,i'z* = Siz,i; 4+ 4kTR(Y3) + 4kTR(Y>), (2.83)
Si i = Si iy — 4kTR(Y2), (2.84)

or in the format of noise matrix

; Y1+ Y, -Y,
Cy'™ = Cy +4kT -R : (2.85)

-, Y+h

where Cy is the Y- noise matrix for the noisy two-port, and C;’”‘” is the Y- noise matrix after
adding the passive components to the noisy two-port.

The other common case is to add noisy passive components in series with the two-port
network terminals, as shown in Fig. 2.7. The added noisy passive components are denoted as Z1,

Z5, and Z3, with thermal noise voltage of 4kTR(Z1), 4kTR(Z>), and 4kT'R(Z3), respectively.

The Z-parameter matrix of the noisy two-port network is denoted as Z. The Z-parameter

matrix of after adding the passive components is

total Zl + Z2 Zz
zal = 7 4 (2.86)

Z> Z3+ 7>
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Figure 2.7: Adding noisy passive components in series with a linear noisy two-port network.

Denote the input and output noise currents of the Z- noise representation after adding the passive

components as v| and v,. The I — V relations including noise is Fig. 2.7 are given by:

Vi-w—Zi111—=vz, —Zy(I1 + 1) — vz,

Vo—vy—Z3ly —vz, + Zr(I1 + 1) + vz,

Vi—v

N——— N—

'
I/Z_vz
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Zn Zn / I,

s

Ly Zxn \ I,

total total

Zi Zis iy
total total

Z,] Zy | I

(2.87)

(2.88)

(2.89)



where

Svz vy, = 4kTR(Zy), (2.90)
Svz, vy, = 4kTR(Z>), (2.91)
Svzy vy, = 4AKTR(Z3). (2.92)

Equating the noise terms for both V; and V,, we find the relations between (v, v») and (v’l, vé),

Vi=vi4+vz +vz, (2.93)
Vy =t vz +vz, (2.94)
and
S"iv"/u* = SV1,VT +4kTR(Zy) + 4kTR(Z>), (2.95)
Suyvr = Svyuz +4kTR(Z3) + 4kTR(Z2), (2.96)
Sy v = Sy v +4kTR(Z,), (2.97)

or in the format of noise matrix

co = C, +4kT - R air 2 2
ol = Cy + : , (2.98)

Z> VA VA

where C7 is the Z- noise matrix for the noisy two-port, and C’Z‘” al'is the Z- noise matrix after

adding the passive components to the noisy two-port.
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2.4 Open/Short De-embedding

The equivalent circuit diagram used for open-short de-embedding method is shown in
Fig. 2.8, including both the parallel parasitics Y1, Y2, Y)3, and the series parasitics Zy, Z1»
and Z3 surrounding the transistor [7]. Denote the S-parameters of the measurement as Speqs,
the S-parameters of the open de-embedding structure as Sypeq, and the S-parameters of the short
de-embedding structure as Sy;,. Using the relations between Y- and S- parameters in Table 2.2,
the Y-parameters of the measurement, the open and short de-embedding structure, Yyeqs, Yopen
and Yy, are obtained. Open and short de-embedding are performed for both Y-parameters and
noise parameters to move the reference plane to the device terminals. The resulting Y-parameters
and noise parameters are for the transistor. The MATLAB programming for Y-parameters and

noise parameters open-short de-embedding is given in Appendix A.

Yp1 [] ~ trans. u [] sz
43

Figure 2.8: Equivalent circuit diagram used for open-short de-embedding method, including
both the parallel parasitics Y1, Y2, Y)3, and the series parasitics Z11, Z» and Z ;3 surrounding
the transistor [7].
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2.4.1 Open De-embedding of Y-parameters and Noise Parameters

The Y-parameter for the open de-embedded transistor Y, is [7]

Yoa = Yimeas — Yopen- (2.99)

The short de-embedding structure also needs to be open de-embedded. The Y-parameter for the

open de-embedded short de-embedding structure Y,; is [7]

Yos = Ysport — Yopen~ (2.100)

Denote the noise parameters for measurement as NF,, R, and y,,,, where

YO - Yopt
=—° 2.101
YOpt YO _ Yopl‘ ( )
Y, can be thus obtained by y,,: as
Yo = Yoo Tort (2.102)
I+ Yopt

The chain noise representation matrix of the measurement Cy4 peqs can be thus obtained using
(2.32). To perform open-short de-embedding, C 4 meqs Needs to be transformed to the Y-noise

representation matrix Cy,eqs USing (2.72),

Cy.meas = Ta-y - Cameas * TZ—Y’ (2.103)
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and T4—y is given by Table 2.1:

_errlleas 1
Tay = , (2.104)
_an;eas 0

where Y|*** and Y;|°“* are elements of Y,,,; matrix. Therefore, the Y- noise representation

matrix for open de-embedded transistor Cy .4 is

Cvod = Cymeas — 4kTR[Yoa]. (2.105)

2.4.2 Short De-embedding of Y-parameters and Noise Parameters

The Z-parameter for the short de-embedded transistor Z is [7]
Z =2y — Zys, (2.106)

where Z,; and Z,, are Z-parameter matrices of the open de-embedded transistor and the short
de-embedding structure, respectively. Z,4 and Z,; are obtained from Y, and Y, using Table 2.2.
For short de-embedding of the noise parameters, we need to start with the Z-noise repre-

sentation matrix of the open de-embedded transistor Cz ,q4,

Czoa=Ty-z - Cyoa- T;_Z, (2.107)
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and Ty_z is given by Table 2.1:

ZOd ZOd

Ty_,=| """ "2, (2.108)
d d
Zy Zy

where Z f‘f, Z i"zj , Zg‘f, and Zgg are elements of Z,; matrix. The Z-noise representation matrix

of the open-short de-embedded transistor C is thus obtained,

Cy = Czoq — 4kTR[ Z,]. (2.109)

Fig. 2.9 — Fig. 2.16 show the bias and frequency dependence of the noise parameters NF;,,
R, and Y,,; of raw measurement data, open de-embedding, and open-short de-embedding data.
The results show that the short de-embedding is important for noise parameters de-embedding,

and cannot be neglected.

2.4.3 Problems Encountered in MATLAB Programming for Open-Short De-embedding

The open-short de-embedding process is realized in MATLAB. The conversions of differ-
ent noise representations can be accomplished using MATLAB matrices operation. However,
unexpected imaginary part are obtained for some elements in the matrix which should be real
numbers theoretically. Here, measurement data of 0.12 ym process measured in IBM is used as

an example. Vg =0.685V, Vs = 1.5 V. At f = 28 GHz, C A for raw data is

0.39291636000000 0.01285241162005 — 0.02039784627097i
CA =
0.01285241162005 + 0.02039784627097i 0.00166866364322

(2.110)
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Ips = 148 pA/um
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—e— open de-embeded
—A&— open-short de—embeded

4 6 8 10 12 14 16 18 20
Frequency (GHz)

Figure 2.9: NF,;;,, v.s. frequency. Ips = 148 yA/um. Vps =1 V.

The very first step is to transform chain noise representation matrix C A to Y- noise representation

matrix CY using (2.103). The transform matrice T is

—0.02092695425297 — 0.06129572408422i 1
T= . (2.111)

—0.06717448393087 + 0.14736069526087i 0

When realizing (2.103) in MATLAB, if the following code is used,

CA = [Sva, Siava’; Siava, Sial;

T = [-Y11, 1; -Y21, 0]; T_conjtrans = T’;
CY =T * CA *x T_conjtrans;
Si1 = CY(1,1); Si2 = CY(2,2); Si1i2 = CY(1,2);

60



—8— raw data
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DS

Figure 2.10: NF,,;, v.s. Ips normalized by size of device. f = 10 GHz. Vps =1 V.

the resulting Si1 is (0.00278463150577 - 0.00000000000000i), with neglegible imaginary part,
which is theoretically wrong. The origin of the problem lies in the complex number operation
in MATLAB. Let x be a complex number, and y be a real number. In MATLAB programming,
x*x’*y gives a real number. However, x*y*x’ gives a complex number with an imaginary part.
Although the produced imaginary part is negligible for one step of calculation, the induced error
cannot be neglected after multiple steps of similar operations. For example, the resulting the
open-short de-embedded NF,,;, for the transistor using matrix operation is (1.45838190834363
+ 0.01511935061286i1), which has considerable imaginary part. Therefore MATLAB matrix
operation cannot be directly used. Instead, detailed operations for each element of a matrix are

applied:

CA = [Sva, Siava’; Siava, Sial;

T = [-Y11, 1; -Y21, 0]; T_conjtrans = T’;
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0.2f —6— open de-embeded
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Figure 2.11: R, v.s. frequency. Ips = 148 yuA/um. Vps =1V.

CY(1,1) = (abs(T(1,1)))"2*CA(1,1) + (abs(T(1,2)))"2*CA(2,2)...

+ 2*real(T_conjtrans(1,1)*T(1,2)*CA(2,1));

CY(1,2) = T(1,1)*T_conjtrans(1,2)*CA(1,1)+T(1,2)*T_conjtrans(1,2)*CA(2,1)...

+T(1,1)*T_conjtrans(2,2)*CA(1,2)+T(1,2)*T_conjtrans(2,2)*CA(2,2);

CY(2,1) = CY(1,2)’;

CY(2,2) (abs(T(2,1)))"2%CA(1,1) + (abs(T(2,2)))"2%CA(2,2)...
+ 2*xreal(T_conjtrans(2,2)*T(2,1)*CA(1,2));

Si1 = CY(1,1); Si2 = CY(2,2); Si1i2 = CY(1,2);

The resulting Si1 is 0.00278463150577, which has no imaginary part. After multiple steps, the
open-short de-embedded NF,;;, for the transistor is 1.45574769257762, which is slightly lower

than the real part of the result using matrix operation.
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Figure 2.12: R, v.s. Ips normalized by size of device. f = 10 GHz. Vps =1 V.

2.5 Transistor Internal Noise De-embedding

MOSFET transistor i, and iy noise de-embedding procedure and SiGe HBT transistor i,
and i. noise de-embedding procedure are discussed in this section. The techniques are repeatedly

used in later chapters of this dissertation.

2.5.1 MOSFET Transistor i, and iy Noise De-embedding

The equivalent circuit of the transistor is shown in Fig. 2.17. Here R, is the gate electrode
resistance, and R, and Ry are the source and drain series resistances. Rg, R and Ry all have
the usual 4kT R thermal noise voltage. R, is the non-quasi-static (NQS) channel resistances.
ga4s 1s the output conductance. g, is transconductance. Cgs and Cyy are the gate to source and

gate to drain capacitances. Cy, is the drain to body junction capacitance, and Ry is the body
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Figure 2.13: G, v.s. frequency. Ips = 148 yA/pum. Vps =1 V.

resistance of the drain to body junction. Ry, has the usual 4kT R thermal noise. The equivalent
circuit parameters are extracted using the method described in [9]. Note that Rg, and g4s do not
have the usual 4kT R thermal noise. Instead, iy and iy, the Y-noise representation parameters,
are used to describe all of the noise from the intrinsic transistor.

Here we choose to define i, and iy as the Y-representation input and output noise current
for the level II block shown in Fig. 2.17. The level II block consists of Rg, Cy,, the g, controlled
source and ggs, and is the core part for noise modeling. The level I block is defined as the
combination of the level II block with the branch of Cgy, and the branch of Cy, and Rg,. Next

we need to extract the power spectral densities (PSD) of i,, i4, and their correlation, which we
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denote as S’ - st +, and S T They can also be written using matrix notation as:
ig,i ig,i ig,i
8'g d 8°d

SH Il
Cy, 2| el il 2112
Y= 1l Il , ( . )
Sid,iz id,ij

where Cy,, is also referred to as the Y-representation noise matrix for the level II block.
Firstly, the thermal resistances outside of the level I block, R,, R, and Ry, need to be

removed. Denote the Z-parameters of the level I block as Z;, which is related to Z as

Zi=7Z-27, (2.113)
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where

R+ R, R,
Z = . (2.114)

Ry R+ Ry

Using the open-short de-embedded transistor Z- noise representation matrix Cz, the Z- noise

representation matrix of the level I block Cz, is

Cz, =Cz —4kTR[Z,]. (2.115)

The next step is to remove the branch of Cgy, and the branch of Cy, and Ryj to obtain the
Y- noise representation matrix of the level II block Cy,. Y-parameters matrix of the level I block

Y7 can be obtained from Z; using Table 2.2. Therefore Y-parameters matrix of the level II block
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Yy is,

Yu=Y -V, (2.116)

ja)ng —ja)ng
Y = . (2.117)

. . JjoCgp
JoCqeq  joCgeq + TS aCy R

The Y-representation noise matrix for the level I block, Cy, can be obtained from Cz, as,

Cy,=Tzy -Cz, -TzyT, (2.113)
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Figure 2.17: The small signal equivalent circuit model used with Y-representation noise sources.

and Tz_y is given by Table 2.1:

vl vl

T,y=| " 2, (2.119)
1 1
Y21 Y22

where Ylll, Yllz, Y2]1’ and YZI2 are elements of Y7 matrix. Therefore the Y- noise representation

matrix of the level II Cy,, is

Cy, = Cy, — 4kTR[Y]]. (2.120)
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Thus, the ig and iy noise currents of MOSFET transistor are finally de-embedded from

measurement data,

ST =Cy,(1,1), (2.121)
ig,ig
7/

i = Cri(2.2), (2.122)

S =Cy,(1,2). (2.123)
gla

Fig. 2.18 — Fig. 2.20 shows the bias dependence of Y- noise current sources for the whole
transistor and the intrinsic transistor for 0.24 ym gate length MOSFET transistor. W = 4 um,
number of finger N f is 128. The gate resistance R, is extracted using the advanced parameter
extraction method in chapter 7. R, = 0.6 Q. Both the input and output Y- noise representa-
tion currents decreases after deembedding to the intrinsic device. The imaginary part of their

correlation is also less for the intrinsic device.

2.5.2 SiGe HBT Transistor i, and i, Noise De-embedding

The process of SiGe HBT transistor i, and i, noise de-embedding is similar to the pro-
cedures in section 2.5.1. The thermal noise of a SiGe HBT transistor is simulated using 2-D
DESSIS v9.0 simulation tool [45]. The output of DESSIS simulation tool is the Y- parame-
ter and the Z- noise representation parameters Sv],v;«, sz,v; and SVz,vi‘ (SV1,V§ for DESSIS v7.0).
Firstly we are interested in calculating the noise parameters NF,,;,, R, and Y,,,, which inevitably
involves the calculation of chain noise representation parameters S, *, S;, iz, and S;, * from Z-

noise representation parameters.
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Figure 2.18: Y- noise representation input noise current for the whole and the intrinsic MOSFET

transistor.

Denote Y- parameters of the output of DESSIS simulation as Y, the Z- noise representation

matrix of the output of DESSIS simulation as Cz. The chain noise representation matrix Cy is

Ca=Tz-a-Cz-T)_,. (2.124)

and Tz_4 is given by Table 2.1:

1 —Ap
Ty 4= , (2.125)
0 —Ay
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Figure 2.19: Y- noise representation output noise current for the whole and the intrinsic MOS-
FET transistor.

where A, and A, are elements of ABCD matrix A, which can be converted from Y using
Table 2.2. The noise parameters NF,;,, R, and Y,, can then be obtained using (2.24) — (8.19)

directly.

Secondly, we are interested in i, and i, noise currents of SiGe HBT transistor. The equiv-
alent circuit for the simulated SiGe HBT transistor is the same as Fig. 1.2 in chapter 1, which
includes base resistance r, with usual 4kT R thermal noise voltage, and the intrinsic transistor

whose noise is described using Y- noise representation parameters .Sj, i+, S, i and .Sj_ ;.
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Figure 2.20: Y- noise representation correlation for the whole and the intrinsic MOSFET tran-

sistor.

Through circuit analysis, Fig. 1.2 and Fig. 2.1 show

(1,
\Iz—ic
(1,
\

)

/
)

/

Ylilft Yligt Vi—vy—I1rp
Yint Yi}’lt V
| 21 22 2
Y Yoo Vi—v,
Y21 Yn V2

(2.126)

(2.127)

Y11, Y12, Y21 and Y, are Y- parameters for the whole transistor Y that includes both r, and the

intrinsic transistor. Y{}", Y3,

Y,}" and Y,)" are elements of the intrinsic transistor Y- parameters

matrix Y, . The intrinsic Y- parameters Y;,, relates to whole Y- parameters Y as,

int __
Yll -
int __
Y12 -
int __
Y21 -

int __
Y22 -

Y1

1- Yllrb’

Y2

1 - Y11rb’

Y21

I—Y]]rb,

Y2

_ rp(Y11 Y — Y12Y3y)

I =Yury

1 =Yury

72

(2.128)

(2.129)
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From (2.126), we have,

I =iy + YH”(Vl — ) — Il”bY]i?t + Y{glVL

ip

int
11

int int
1+Yll;l rp 1+Yll;l rp

ip
int
L+7Y),

and

int
Vi — vp) + —=

+ Y11 (V1 =) + Yo 2,

I =i+ Yzl;lt(Vl —vp— I1rp) + Yzi;tVz.

Substituting (2.134) in (2.135),

int ;
Y21 Iprp

L=i,+Y"™V—v) - ——
¢ 21 1+ Yll;ltrb

=ic+ Y5} (1 = Yury)(Vi = vp) = Yaiipry + Va(Yyy' = YiaYy('rs),

=i.+ Yo1(V1 —vp) — Yoriprp + V2

Y2

rp(Y11Y2o — Y12Y21)

— W
1+ Ylliltrb

=Yo7 Y1 (Vi = vo)ry = Yy YiaVary + Y55 Vi,

YioYo1r

=ic+ Y21(V1 = vp) — Yaripry + Y22 V5.
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(2.132)

(2.133)

(2.134)

(2.135)

(2.136)

(2.137)

(2.138)
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From (2.127), we have,

I =ig+ Y1 (V1 —ve) + Y22, (2.140)
I = Y21(Vi = va) + Y2 2. (2.141)
(2.141)-(2.139), we have
Vo = Vp— =5 + iyrs. (2.142)
Y2

(2.140)-(2.134), and using the result of (2.142), we have

ip

ig = — + Yi1(vg — wvp), (2.143)
1+ Yllf rp
ip Yii, .
= ———— — —i.+ Y11ipry, (2.144)
1+Y'r, Yo ¢
T
=1p — Elc. (2145)

Finally, Fig. 1.2 can be transformed to the form of the chain noise representation Fig. 2.1,

1
Vg = Vp +iprp — Y—Zlic, (2.146)
Y
i, = ip — —i,, 2.147
g =1lp A e ( )
. ic
=ij,—- —, (2.148)
"7
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where

int
oy = Y Yy int
Yiiooyly 21

The resulting S, ,;, i,z and S, ,* are

[lllia

r'p

2
Sy, vy = Sy + —|Y21|25i¢.,i:‘ + Siyisry — 2SR(—Y21 Sicit)s
2
Y11 Y
S =S8 s4|—| S s =2R[—5, + ).
lg,lq Ip.1y Y2] le,de <Y21 ey
Y Q- b
Sigv; = l),z—lleic,i: + Siyry — Y Sic,iZ - h—ZISic,ij'

(2.149)

(2.150)

(2.151)

(2.152)

On the contrary, Fig. 1.2 can be transformed from the form of the chain noise representation

Fig. 2.1,

. internal .
le = _Y21 (Va = vp — ialp),
Yol (vg — vy —igrp)
= T~V —Vp — b)s
1- anb “ “
. . internal .
lb=la_Y11 (va = vp — ialp),

1 . Y
= i, —
l—YUrba 1—Y11rb

(Va = vp).
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The resulting Sib,,-z, S,,.ix and Sic,v;« are

1

Siyiz = 15 (Sigis + [Y1112(Sy, 02 — 4kTrp) — 2R(Y; Sipvt)), (2.157)
|1 —Yi1rp]
Y
Sioit = |2 (Sy,vz — 4kTry + Si, 212 — 2R S;, 07), (2.158)
cte 1 — Yllrb a a ata a a
1 * * *
Siir = m(yﬂrb&a,ij + Y21 Y[, (Sy,v; — 4kTry) — Y21Sia,vj = Y21 Y1 76S8i,00)-

(2.159)

The base resistance rj for each bias is determined using semi-circle fitting method [46]. Plot
S(hy1) versus R(hyy), fit the data using a semi-circle, rp is determined using the high frequency
intercept with the R (A1) axis. Using (2.157) — (2.159), the iy and i, noise currents of SiGe HBT
transistor are thus obtained.

Fig. 2.21 and Fig. 2.22 shows Y- noise current sources for the whole transistor and the
intrinsic transistor for DESSIS simulation results of 8HP 0.12 x 1 ym? SiGe HBT transistor
at 40 GHz. Both the input noise current and output noise current become less for the intrinsic
device. The absolute value of Y- noise representation correlation decreases after de-embedding

to the intrinsic device.

2.6 Importance of Terminal Series Resistances to Noise parameters

The gate electrode resistance R, for MOSFET transistors, or the base resistance r;, for SiGe
HBT transistors is the input series resistance to the intrinsic device. The input series resistance
is the most important for noise parameters, since its thermal noise contribution is amplified by

the two-port network. On the contrary, the output series resistance is the least important for
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noise parameters. The drain electrode resistance R; for MOSFET transistors and the collector
resistance r. for SiGe HBT transistors are the output series resistance to the intrinsic device.

The source electrode resistance R, for MOSFET transistors, or the emitter resistance r, for
SiGe HBT transistors, contributes thermal noise to the input terminal, the output terminal, and
their correlation. Therefore they are less important for noise parameters compared to the input
series resistance.

Fig. 2.23 shows NF,,;, simulated at 5 GHz versus Ips. We find that R; is the major reason
for the increase of NF,;, compared to the intrinsic NF;,, yet it is a function of the R, and R;
values. Fig. 2.24 shows R, vs Ips, and Fig. 2.25 and Fig. 2.26 show G, and B,,; vs Ipgs at 5

GHz.

2.7 Summary

Different noise representations for a linear noisy two-port network are introduced. The
transformation matrices to other noise representations are given for ABCD-, Y-, Z-, and H-
noise representations. Techniques of adding or de-embedding a passive component to a linear
two-port network are discussed. Noise sources de-embedding for both MOSFET and SiGe HBT

are given for repeatedly use in later chapters.
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CHAPTER 3

MICROSCOPIC NOISE CONTRIBUTIONS

This chapter presents a new technique of simulating the spatial distribution of microscopic
noise contribution to the input noise current, voltage, and their correlation. The technique is
demonstrated on a 50 GHz SiGe HBT. A strong “noise crowding” effect is observed in the
spatial distribution of noise concentrations due to base majority holes. The spatial distributions
by base majority holes, base minority electrons, and emitter minority holes are analyzed, and
compared to the compact noise model. This technique is also applied to a 120 GHz MOSFET
transistor. The spatial distribution of drain noise current, gate noise current, and their correlation

are analyzed.

3.1 Introduction

One of the key concerns in optimizing SiGe HBTs is to minimize noise, which requires
methods of simulating transistor noise parameters for a given device design. One method is
to simulate transistor s-parameters, extract parameters of an equivalent circuit, and then calcu-
late the noise parameters using a circuit-level transistor noise model [47]. The accuracy of this
method is limited by the accuracy of the transistor noise model used. The other method is micro-
scopic noise simulation. The terminal voltage noise is obtained by summing the responses of the
terminal voltage to carrier velocity fluctuations, and hence current density fluctuations at each
grid cell, which is the basic element for equation solutions, using Shockley’s impedance field
approach [48], which has recently become available in TCAD tools. The results of microscopic

noise simulation are typically given by the spatial distribution of either the open circuit noise
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voltages or the short circuit noise currents. For comparison with measurements, however, the
input noise current i, and the input noise voltage v, for a chain representation shown in Fig. 2.1
in chapter 2 are the most convenient [47] [10]. The spectral densities of i,, v, and i,, v} directly
relate to circuit-level noise parameters: minimum noise figure NF,;,, noise resistance R,, and
the optimal source admittance Y, by (2.24) — (8.19) in chapter 2.

This chapter presents a new technique of simulating the spatial distribution of microscopic
noise contributions to the input noise current, voltage and their correlation, and results obtained
on a 50 GHz SiGe HBT technology [49]. The technique facilities the identification of major
noise sources within the transistor physical structure, leading to device-level optimization, such

as doping profile, Ge profile, and/or device layout, with respect to the noise parameters.

3.2 Microscopic Noise Simulation

Shockley’s impedance field approach is illustrated in Fig. 3.1 [48]. Velocity fluctuation
(thermal agitation of carriers) causes current density fluctuation 61,/,(r). Current density fluc-
tuations at each location propagate towards the contact through Z,,/,(r, rcontact)- Noise voltage
fluctuation results at each contact with 6V (rcontacr) [45].

The local noise source Cg, are proportional to carrier density and diffusivity,

Cgi =4gnD,, 3.1

C, =4qpD,, (3.2)

where superscripts " and ? denote electron and hole respectively. Cs, has a unit of A%2/Hz/cm?.
n and p are electron and hole concentrations. D, and D, are electron and hole diffusivity, re-

spectively. The impedance field Z (r, Fcontacr) from local noise source to terminal noise voltage
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6‘/ (rContact )

Zn/p (7', ¥contact )

Figure 3.1: Impedance field method
1s,

~ 1
Z,(r, rContact) = EAan(r, T Contact): (3.3)

~ 1
Zp(r’ FContact) = EAer(r: ¥ Contact)> (3.4)

where subscripts , and , denote electron and hole respectively. |Z, (F, FContact)|?* and |2 (7, FContact)|

have a unit of VZ/AZ2.

83



The terminal noise voltage power spectral density is obtained by integrating the “noise

concentration” over the device volume,

S, = J Cs,dQ, (3.5)
Q
= J Cs,d< +[ Cs,dQ (3.6)
Q Q
Cg‘v = 2,,(", rConlact)Cgi 2:(7‘, FContact)» (3.7)
Cgv = Z[)(r’ rContact)Cgt_ Z; (r, rCOnmC,), (38)

where Cg, is the “concentration,” or volume density of .S, and has a unit of V2 /Hz/cm?.

3.3 New Technique: Microscopic Noise Contribution of Chain Noise Representation Pa-

rameters

Consider the transistor as a noisy linear two port. The open circuit noise voltage parameters

are obtained by integrating the “noise concentration” over the device volume
Sy = J Cs,dQ, (3.9)
Q

where n is vy, v{, v2, v5, or v, v;. For instance, CSVlvVT is the “concentration,” or volume den-
sity of Svl,vf, and has a unit of V2 /Hz/cm3. CSvl,vf’ Csz,v; and CSvl.vz* are solved in TCAD
tools including DESSIS [45] and TAURUS [44]. In principle, the boundary conditions can be
modified to directly solve for the “concentration” of the chain representation noise parameters
Sy, vis Si,iz and S;, . This, however, has not been implemented in TCAD tools. We propose
here an alternative that uses postprocessing of Cs,, o Cs o and Cva;’ and requires no code

v )
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development by TCAD vendors. The impedance representation noise parameters Sy, v*, Sy, v¢
and Sy, v; can be transformed to the chain representation noise parameters S, ,:, S;, ;z and S;, ,;

using transformation matrix in Table 2.1 in chapter 2 [43],

Ca=Tz-n-Cz-T)_,. (3.10)
SVa,VZ SVa,iZ Svl,v]k Svl,v’z'F ¥
=Tz 4- TS, 3.11)
Sigvy  Siai; Svy vt Svp

and

Tz_4 = , (3.12)

where A1) and A are elements of the ABCD parameter matrix A.
An inspection of (3.11) shows that the transform is linear. Substituting S, x, Sy, v; and
Sy, v expressed in the integral form of (3.9) into (3.11), the concentration of the chain represen-

tation noise parameters, Cs, ., Cs. ., and Cgs . are obtained as
aVag a'tq a'Va

Cs . Cs . Cs . Cs .

va,v va.i VLY V1.V T

i O i o S (3.13)
CSig,vZ CSia,ii CSVZ.VT Csz,v;‘

Integration of CSva,vZ’ CSia,iZ’ and CSia,v,’; over the whole device gives the transistor .Sy, ,x, S;

asla

and S, ., respectively.
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3.4 Spatial Distribution of Microscopic Noise Contributions in RF SiGe HBT Transistor

The technique is applied to noise analysis of a 50 GHz SiGe HBT [49]. DESSIS from ISE
is used for noise simulation. The device structure is constructed based on device layout. The
doping and Ge profiles were determined using SIMS. A set of physical models suitable for HBT
simulation were selected, and the model coefficients were calibrated to reproduce the measured
dc I — V characteristics and high frequency s-parameters. The carrier noise temperature is
assumed to be the same as the lattice temperature. The DESSIS simulation input deck and

TECPLOT mcr file can be found in B.1 in Appendix B.

3.4.1 Input Noise Voltage S, ,:

Fig. 3.2 shows the spatial distribution of the input noise voltage concentration, Csvﬂ'v;ﬁ.. The
transistor is biased at a relatively low J¢ of 0.1 mA /um?, and the operating frequency is 2 GHz.
Observe that CSV,,,v:; is the highest in the SiGe base, indicating that transistor .S, ,+ mainly comes
from the SiGe base. This provides guidelines to development of better circuit-level transistor
noise model. That is, the noise sources originate from the EB junction.

To identify the individual contributions from electrons and holes, the spatial distributions of
the CSva,vj; due to electrons and holes are plotted in Figs. 3.3 and 3.4, respectively. It can be seen
that the electron contributions mainly come from the minority electrons in the base, and the hole
contributions mainly come from the majority holes in the base. The CSWZ due to electrons is
nearly uniform along the x-direction inside the neutral base. However, the CSWZ due to holes is

highly nonuniform along the x-direction, indicating a strong “noise crowding” effect. The Cs, .

due to holes decreases from the emitter periphery towards the emitter center. The overall Cs, .
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Figure 3.2: 2D distribution of the total noise concentration CSW* at 2 GHz. J¢=0.1 mA/ um?.

is relatively uniform along the emitter width direction, simply because the electron contribution
dominates (73%).

However, as Jc increases to 0.5 mA/um?, the hole contribution to CSW: becomes more
dominant, and counts for 60% of the total S, ,+. This results in considerable crowding of the
total Cg, , as shown in Fig. 3.5. Interestingly, the electron contribution to CSWZ remains uniform
laterally inside the neutral base, despite the higher J¢ and hence more severe dc and ac current
crowding effect. The crowding in the hole contribution becomes stronger as J¢ increases.

A logical and interesting question is how the microscopic noise simulation results compare
to circuit-level compact noise modeling results. We consider here the SPICE noise model used
in [47] and [10] as introduced in chapter 1. The base current shot noise 2¢q1p, the collector
current shot noise 2¢g/c, and the thermal noise 4kT'r, are accounted for using the equivalent

circuit shown in Fig. 1.4. The compact noise model is lumped in nature, and does not take into
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Figure 3.3: 2D distribution of electron noise concentration Cyg, . at2 GHz. J¢=0.1 mA/um?.

account distributive effects. Roughly speaking, the 2¢g ¢ collector current shot noise results from
minority electrons in the base, the 2¢q/p base current shot noise results from minority holes in
the emitters [50], and the 4kT'r;, base resistance thermal noise results from the majority holes in
the neutral base. S, ,* is then obtained by taking SPICE model equations (1.11) — (1.13) into
(2.150) derived in chapter 2 [47] [12],

2qlc
Y2, |?

Syovi = + 2qIBr§ + 4kTry, (3.14)

Qualitatively, the compact model captures the two major contributors to S, ,*, base major-
ity holes, and base minority electrons. Furthermore, the simulated majority hole contribution is
equal to 4kT'ry, provided that rp is extracted from h;; [46]. However, the electron contribution,
2qIC/|Y21|2, differs from microscopic results by 16% at J¢=0.1 mA/,umz, and 7% at J-=0.5

mA /um?. This is clearly caused by the lumped nature of the compact noise model, which cannot
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Figure 3.4: 2D distribution of hole noise concentration CSW* at 2 GHz. J¢=0.1 mA/ ,umz.

take into account 2D distributive effect. The results suggest that 2D distributive effect should be

modeled to obtain more accurate S, .

3.4.2 Input Noise Current S;_

Fig. 3.6 — Fig. 3.8 show the spatial distribution of CSia.i:;’ as well as the individual contribu-
tions from electrons and holes, respectively. Jc=0.1 mA/um?. Most of the electron contribution
comes from the base minority electrons. While for the hole contribution, both the emitter mi-
nority holes and the base majority holes are important. The hole contribution to S, ;+ increases
from 63% to 81% of the total S;, ;x as J¢ increases from 0.1 to 0.5 mA/um?. Si,.i¢ 1s given by

taking SPICE model equations (1.11) — (1.13) into (2.151) [47] [12],

2qlc

S s
’ |ha1 |2

=2qlp + (3.15)

-k
a'la
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Figure 3.5: 2D distribution of the total noise concentration CSW* at 2 GHz. J¢=0.5 mA/ um?.

Observe that the compact model does not have any contribution from the majority holes in the
base, which is significant according to noise simulation results. On the other hand, the simulated

electron contribution to S; ;+, is well predicted by 2qI¢/|ha1|?, within 5% accuracy. The hole

-
ala?

contribution to S; ;+, however, is overestimated by 2q1 by as high as 16% at J¢=0.5 mA /um?.

Sk
a'la

3.4.3 Input Noise Voltage and Current Correlation S;_

Fig. 3.9 shows the real part of CS‘_H’V; atJoc=0.1mA/ ymz. The simulation results show that
the electron contribution mainly comes from the base minority electrons, and the hole contribu-
tion mainly comes from the emitter minority holes. Fig. 3.10 shows the imaginary part of CSia,v; .
Its electron contribution also mainly comes from the base minority electrons. The hole contribu-

tion, however, mainly comes from the base majority holes and shows a strong “noise crowding”
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Figure 3.6: 2D distribution of noise concentration CS,-aA,-* at2 GHz. J¢=0.1 mA/ ,umz.

effect. However, the total CSia,VZ is dominated by the base electron contribution, which counts for
87% of the total R(S;, ;) and 95% of the total I(S;, ,:). As Jc increases to 0.5 mA/ um?, the
electron contribution for CS:,,,V: becomes less dominant, and counts for 63% of the total R(.S;, ;)
and 81% of the total I(S;, v*).

The input noise voltage and current correlation S;, ,; is predicted by taking SPICE model
equations (1.11) — (1.13) into (2.152) [47] [12],

Y

S'a, ; = 2ch
o Y212

+ 2qlpry, (3.16)

Note that the compact model does not have any hole contribution at all, which can be important
according to noise simulation. For R(SS;, ), the electron contribution predicted by (3.16) devi-
ates from noise simulation by 14% at Jc=0.1 mA/um?, and by 4% at Jc = 0.5 mA/um?. For

(S ), the deviation is 9% and 69% at J¢ = 0.1 and 0.5 mA um?, respectively. A significant
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Figure 3.7: 2D distribution of electron contribution to noise concentration Cs, . at 2 GHz.

Jc=0.1 mA/um?.

source of deviation is due to the hole contribution, which does not exist in the compact model,

but can become important at higher J¢.
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Figure 3.8: 2D distribution of hole contribution to noise concentration CS,-a » at2 GHz. J¢=0.1
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Figure 3.9: 2D distribution of the total noise concentration SR(CSia,V*) at 2 GHz. Jc=0.1
mA /um?.
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Figure 3.10: 2D distribution of the total noise concentration %(CS:-E,V*) at 2 GHz.

mA /um?.
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3.5 Spatial Distribution of Microscopic Noise Contributions in RF MOSFET Transistor

The technique is applied to noise analysis of a 50nm L,y MOSFET transistor. The device
structure is constructed based on reported 90 nm CMOS literature and the ITRS roadmap. dc
I -V, Y-parameters, and noise parameters are simulated using hydrodynamic transport models.
The simulator used is DESSIS 9.0 from ISE [45]. The Lombardi surface mobility model and the
default carrier energy relaxation time is used. The simulated I — V' and g,, characteristics are
comparable to reported data on 90 nm CMOS devices with similar structures. The transistor has
a 70 nm poly gate length, a 46 nm metallurgical channel length, and an effective oxide thickness
of 1.2 nm. The channel doping is retrograded from the surface toward the bulk, and halos are
used for suppressing short channel effect.

Different from section 3.4, the new technique is applied to obtain the noise concentration of
Y-noise representation parameters including gate noise current S, ;z, drain noise current .S;, i+,
and their correlation S;, ;». The impedance representation noise parameters Sy, r, Sy,v: and

S, v+ can be transformed to the Y -noise representation parameters .S;,_ ;*, S;, * and .S;, ;= using
272 g d &°d

ig,i

transformation matrix in Table 2.1 in chapter 2 [43],

Cy=Tzy-Cz-T)_,, (3.17)
Si i Sin Sprvi Syt
ig.ig ig.iy T,y V1LV, V1.V, ' T;_Y, (3.18)
Sid,i; Sld,iz sz,vf sz,v;
and
Yii Y2
Tz y = , (3.19)
Yor Yo
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where Y11, Y12, Y21 and Y5, are elements of the Y parameter matrix Y.
An inspection of (3.18) shows that the transform is linear. Substituting S, .+, S, ; and
Sy, 0 expressed in the integral form of (3.9) into (3.18), the concentration of the chain represen-

tation noise parameters, Csig o CSid #»and C S,y ATE obtained as
‘g ta Vd

CSAg}.; Cg.g.* Cs . Cs .

=Ty y- R I S (3.20)

CSVZ,VT CSVZ,V;

Integration of Cgig . CSid > and CSig ,~ over the whole device gives the transistor S;_ ;, S
g td Vd

,lg’ ld,ld

and S;, i+, respectively.

3.5.1 Gate Noise Current S it

Fig. 3.11 and Fig. 3.12 show the spatial distribution of CSI_L +at5GHz. Vg, =1V and Vi
1,lg
=05Vand1V. CSig » 1s the highest near the source side under the gate, and increases with
"8

increasing V.

3.5.2 Drain Noise Current .S, i

Fig. 3.13 and Fig. 3.14 show the spatial distribution of Cgid » at5 GHz. Vg3 =1V and
d
Ves = 0.5 Vand 1 V. Similar to CS,-g oo CS,-d « 18 the highest near the source side under the gate.
"8 d
Moreover, another peak value of CSid » occurs near the interface of the bulk and the source.
“d

CS,-d » increases with increasing V.
d
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Figure 3.11: 2-D gate noise current concentration Csig #atSGHz Vs =1 V.V =05 V.
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Figure 3.12: 2-D gate noise current concentration CSig s+ atSGHz. Vg =1 V. Vs =1V,
"8
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Figure 3.13: 2-D drain noise current concentration CSid +at5GHz Vs =1 V.V =05 V.
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Figure 3.14: 2-D drain noise current concentration CS‘_d #atSGHz Vs =1 V. V=1V
d
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Figure 3.15: 2-D real part of noise current correlation concentration YR(CSig +)at5 GHz. Vg, =
d
I V. Vg =05V.
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Figure 3.16: 2-D real part of noise current correlation concentration SR(CSig +)at5 GHz. Vg, =
d
IV.Vgg=1V.
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Figure 3.17: 2-D imaginary part of noise current correlation concentration %(CS,_g «) at 5 GHz.
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Figure 3.18: 2-D imaginary part of noise current correlation concentration Q(CS,.& «) at5 GHz.
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3.5.3 Drain and Gate Noise Current Correlation Sig,,-;

Fig. 3.15 — Fig. 3.18 show the spatial distribution of SR(Cng,i;;) and %(CSig,ij) at 5 GHz. Vy,
=1Vand Vg =05Vand 1 V. SR(CS,-g,i;) is quite small compared to %(CS,-g,i;;)' The overall
integration of SR(CSl_g’,_;) is negative for both Vg’. %(Csl_g'ij) is the highest near the source side
under the gate. Another peak value of %(C&g,f;) occurs near the interface of the bulk and the

source. %(CSM ) increases with increases with increasing V.
d

3.6 Summary

We have presented a new technique of simulating the spatial distribution of microscopic
noise contribution to the input noise current, voltage, as well as their cross-correlations. The
technique is first demonstrated on a 50 GHz SiGe HBT. The spatial contributions by base ma-
jority holes, base minority electrons, and emitter minority holes are analyzed, and compared to
results from a compact noise model. A strong crowding effect is observed in the spatial distribu-
tion of noise concentrations due to base majority holes. The results suggest that 2D distributive
effect needs to be taken into account in future compact noise model development.

The technique is also applied to a 46 nm L.,y MOSFET transistor. The spatial distribution
of the Y- noise representation parameters CSig.:;’ CSide’ SR(CS‘_g‘[_Z) and %(C'Sig,i;) are analyzed.
The region under the gate near the source side is the most important for all of the Y- noise

representation parameters.
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CHAPTER 4

BIPOLAR NOISE MODELING

This chapter examines bipolar transistor noise modeling and noise physics using micro-
scopic noise simulation. Transistor terminal current and voltage noises resulting from velocity
fluctuations of electrons and holes in the base, emitter, collector, and substrate are simulated us-
ing a new technique, and compared with modeling results. Major physics noise sources in bipolar
transistor are qualitatively identified. The relevant importance as well as model-simulation dis-
crepancy is analyzed for each physical noise source. The results are then used to propose a new

noise model.

4.1 Introduction

Mixed-signal and RFIC design demands compact transistor models that can accurately
model not only the dc and ac parameters, but also transistor noise parameters, including mini-
mum noise figure NF),;,, optimal source (noise matching) admittance Y,,;, and noise resistance
R,. NF i, Yo and R, are fundamentally determined by the input noise voltage and current for
the chain representation of a noisy linear two-port, as shown in Fig. 2.1 in chapter 2. Fig. 1.4 in
chapter 1 shows the essence of SPICE noise modeling in major CAD tools. The noise physics ac-
counted for include: base resistance thermal noise, base current shot noise, and collector current
shot noise, all of which are essentially macroscopic approximations of the microscopic diffusion
noise due to velocity fluctuations of electrons and holes. Fig. 4.1 shows the chain noise param-
eters comparison of measured data from IBM and compact noise model at J¢ = 0.01 mA /um?.

The compact noise modeling is good for low current density. The accuracy of such compact
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noise modeling, however, becomes worse at higher current densities required for high speed [3].
Fig. 4.2 shows the chain noise parameters comparison of measured data and compact noise
model at J¢ = 0.63 mA/um?. The compact model deviates from the measured data, and the
difference increases dramatically with increasing frequency. An improvement on the compact

noise model becomes necessary for high current density and high frequency.

"\T © compact model
I
S~
N L
3 M’
“““M
g ©
> s 23
’ "
_19 © compact model
10 5 10 15 - 5 10 15
Freq (GHz) Freq (GHz)

#* measured
© compact model

10 15
(GHz)

10

5 15 5
Freq (GHz) Freq

Figure 4.1: Chain noise parameter: measured vs compact model. Jc=0.01 mA /um?.

However, measured data itself cannot give us an efficient way to improve the compact
noise model, in the reason that the measured data cannot give us detailed information about
different noise sources in the device. Microscopic noise simulation available in recent years
makes it possible to have a close look of device noise from the structure level. By comparing

the chain noise parameters at high J¢ of 0.65 mA/um?, as shown in Fig. 4.3, we observed that

103



10
= measured J_ = 0.63 mA/um?

N = = compact model < 107 ¢ . e -
S T -’
o l s’

> N< *

N - - L4

- e -
-- .
g -_h'w @ e ’
(/) _ 2 - L * = measured
Jc = 0.63 mA/jum 1072 = = compact model
107
5 10 15 5 10 15
Freq (GHz) Freq (GHz)

’N\ ﬁ 10—20

T = measured ]l T J_.=0.63 mA/p_m2 o=
E 10°}| = =_compact model | _ .~ 2 ¢ .

-
S - =
- ~
L 4
q ,} 10—21
© © 1
) 2 = measure
% 107 Jo =0.63 mA/um % = = compact model
5 10 15 5 10 15
Freq (GHz) Freq (GHz)

Figure 4.2: Chain noise parameter: measured v.s. compact model, Jc=0.63 mA /um?.

the simulation result complies to the measured data with a much better trend, which makes it
feasible to examine the compact noise model with the microscopic noise simulation results.

By means of microscopic noise simulation and the technique in chapter 3, this chapter
examines the noise physics accounted for in the noise model. Regional contribution analysis are
performed to verify the origins of noise in the device and compared to compact noise model, and

resulted from an effort to improve bipolar transistor noise modeling.

4.2 Technical Approach

4.2.1 Microscopic Input Noise Concentration

In microscopic noise simulation, the two-port open circuit noise voltage parameters .Sy, vz,

S,, »+ and S, ,» are obtained by integrating the “noise concentration” Cs .,Cs .,and Cg
2, ) 1, 2 V]V V]V
1 2 2

vV,
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Figure 4.3: Chain noise parameter: simulation v.s. compact model, J¢=0.65 mA /um?..

over the device volume. C, Syt Cs .,andC S, ,» are solved in TCAD tools, including TAURUS
1 2 2

V),V

[44] and DESSIS [45]. Each noise concentration consists of an electron contribution and a hole

contribution, which account for electron and hole velocity fluctuations, respectively,

e e h h
CSVMT CSV],V; _ CSVI,VT CSW; + CSVI,VT CSVI,V; 4.1)
h h
Cs . Cs . Ce Cs C C
S"Zvvik S"Zv"z sz‘vik sz’vi SVQ,VT sz,v’zk

where superscripts ¢ and " stand for electron and hole contributions, respectively. The “noise

concentration” for the chain representation, Cs, ., Cs, ., and Cs, . and their electron and
alqg a-Vaq aVq

105



hold contributions can then be obtained using the technique proposed in chapter 3 [51].

h h
Cs . CS C¢ C C
Sy Sva,f(; _ Svg’vZ Smiz + SVH»VZ SVa.iZ ’ (42)
h h
C Cs. . Cs Cs C C
| Siaﬂ S"av"z i Sia,vj; Sia,i’,; Sia,vj Sia,tj
e e Ce Ce
Csvu v Sva i Svl,vi< Svl,v* T
a na =Tz_4- 1 2 . TZ—A (43)
e e Ce e
Slg vk Sia,iz . | sz,vl sz v; .
ch . ch Cs o
Sv v Sv i Vv V1 vy T
wi Swii | 21, i o (4.4)
h h Ch h
| Slg vZ Sia,iz _ | sz VT sz,v; _

where T'z_ 4 is the transform matrix from Z- noise representation to chain noise representation as
in (3.12). Integration of Cgia o CSV,, ,+» and CSi,, ,» over the whole device gives transistor S;, ;z,
ta Ya Ya

Sy, v: and S, . The electron and hole contributions of .S; Sy, v: and S;, ,+ are obtained

ala®

similarly.

4.2.2 Macroscopic Input Noise

Through noise circuit analysis, Fig. 1.4 can be transformed to the form of Fig. 2.1 by (3.14),

(3.15), and (3.16) derived in chapter 3 [12]. The resulting Sy, ,*, S;, iz and S;, ,» are

o
ala

Sy, i = ———= +2qIpr: + 4kTry, (4.5)
Y21 b
2qlc
Si,.iz =2qlp + , 4.6
A T (46)
S, =2qlc Y“2 +2q1pry, 4.7)
[Y21]

where hy; = Y,1/Y11. The Y parameters are for the whole transistor that includes both r;, and

the intrinsic transistor.
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4.2.3 Microscopic and Macroscopic Connections

Physically speaking, the 4kT'r;, terms in the model equations account for velocity fluctu-
ations of holes in the base. One can therefore compare the 4kTr; related terms in the model
equations with the integration of the hole contribution of the noise concentration in the base.
Similarly, the 2qIp terms account for emitter minority hole velocity fluctuation, and the 2ql¢
terms account for base minority electron velocity fluctuation [50]. Thus, connections between
compact noise model and microscopic noise simulation can be established for S, ,x, S;, iz and
Si, > as shown in Table 4.1. Here the superscripts ¢ and " stand for electron and hole contribu-

tions, respectively.

Model Simulation
S | 2alc/Mal | [, G5, d
S\f’a,V: 24137% Jemitter Cgvg,v; dQ

Ty | [ €5, 42
Sy | 2adc/lhalP | [y Cg,-a,,-; dQ
Si}:,iZ 2qlp Iemitter Cg",-a,,-; aQ
Sfa’vz 2q1cYi /Y21l | [pse Cg‘,-a,v; aQ
Si}:z»VZ 2q1pry Iemitter Cg,-a}v;; dQ

Table 4.1: Connections between noise modeling and simulation for S, ¢, S;, ;» and S, ,*.

4.3 Chain Representation Parameters

Noise simulation is performed for a 50 GHz SiGe HBT from 1 to 20 GHz using DESSIS
[49]. The emitter area Ap=0.5x1um>. The doping and Ge profiles were determined using
SIMS. A set of physical models suitable for HBT simulation were selected, and the model co-

efficients were calibrated to reproduce measured dc I — V characteristics and high frequency
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s-parameters. The carrier noise temperature is assumed to be the same as the lattice temperature.
The simulated C Sup CSW; , and Cva’{ are converted to CS,-G,,-:;’ CSWZ, and CSia,v;; using (3.13).
Their electron and hole contributions are converted using (4.3) and (4.4). We now examine the
modeling results using the simulation results as a reference. No attempt is made to “tune” the
noise simulation to match measured noise data, which will require careful de-embedding of par-
asitics not included in the simulated structure. The simulated bias and frequency dependences,

however, still qualitatively match measured data, for all noise parameters.

4.3.1 Sva,vj, Sia,iz and Siavvj

Fig. 4.4 (a) compares the modeled and simulated S, ,:, Sj L and Sf o for J-=0.01

mA /um?. The electron contribution Sf ,« dominates over the hole contribution S| .. Note

a>Va aVa

h

that the model slightly underestimates SS ,+» and significantly underestimates .S’ .. The sim-

a:Va

ulated S¢ , and S”

*
Va,Va Va,Va

are both frequency dependent. Despite inaccurate modeling of Sfa,v;,
the total S, ,* is well modeled, because of the dominance of Sja’vz. At a higher J¢ of 0.65
mA/,umz, howeyver, the hole contribution dominates over the electron contribution, as shown in
Fig. 4.4 (b). An inspection of Figs. 4.4 (a) and (b) immediately shows that with increasing J¢,

Si ) decreases, while Sf ,+ stays about the same. The model underestimates Si’ e and over-
aVa aVa

aVa

estimates Si L+ Observe that the simulated .S h .+ is frequency dependent, while the modeled

Va Va,

Sf L« (4kT'rp) s frequency independent.

Noise concentration contours at 2 GHz are shown for Cg , and Cg . in Figs. 4.5 and

5
va.vg va

4.6, respectively. Jc=0.65 mA/um>. Observe that both Cs , and Céi . are the highest in

the SiGe base, indicating that transistor .S, ,* mainly comes from the SiGe base. This provides

guidelines to future noise model development, that is, the transistor noise mainly originates from
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Figure 4.4: S, ., Sj e and Sf o V8 frequency at (a) J¢=0.01 mA/,umz. (b) Jc=0.65
mA/um?.

the EB junction. This contradicts the conventional wisdom that the collector current shot noise
originates from passage of electrons through the reverse biased CB junction. In the intrinsic

base, and along the x-direction, Cg .

is uniform, while Cg . 1s highly nonuniform, and shows
Va.,vg

a strong “base noise crowding” effect.

Fig. 4.7 (a) shows the integrals of Cgva . in the base, emitter, collector, and p-substrate,
together with the 2¢ /¢ related term in the model. J¢=0.65 mA/um?. Note that the model ac-
counts for only the base contribution, which is reasonable, since the simulated base electron
contribution overwhelmingly dominates over other electron contributions. The 2gI¢ descrip-

tion, however, overestimates Sf ,+» and thus a better description is required. Fig. 4.7 (b) shows

the integrals of Cg . in the base, emitter, collector, and p-substrate. Also shown are the 2¢q/p
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Figure 4.5: 2D distribution of Cgva ; at 2 GHz, J¢=0.65 mA/um?.

(emitter holes) and 4kT'r;, (base holes) related terms accounted for in the model. The collector
and substrate hole noises are indeed negligible. The noise from the base majority holes domi-
nates over the noise from the emitter minority holes. The base majority hole noise contribution
is more than predicted by 4kT'r;, and frequency dependent as well. The noise from the emitter
minority holes increases with frequency, and is underestimated by 2¢1p related term.

Fig. 4.8 (a) compares modeled and simulated S;_ ;x, Sie,,,iZ’ and SZJZ for Jc=0.01 mA /um?.
S;,iz increases with frequency and is slightly underestimated by the model. Sl.'; i increases dra-
matically with frequency, and is significantly underestimated. At a higher J¢ of 0.65 mA/um?,

however, the Sl,e ;+ discrepancy between model and simulation becomes much more pronounced,
a-ta
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va.vg

as shown in Fig. 4.8 (b). Thus, for S;_;x, 2q1c is not a good description for base minority elec-

tron noise. Like for S :’ ,+» the frequency dependence for Sl.h ;+ is not accounted for in the model.

SZ P dominates at lower frequencies, while SZJZ becomes dominant at higher frequencies.

Fig. 4.9 (a) shows the integrals of Cg;a . in the base, emitter, collector, and p-substrate.
Jc=0.65 mA/um?. The model only accounts for the base electron contribution, a 2qI¢/|ha|?
term. Like for other noise parameters, the base minority electron contribution for Siea’l.: is poorly
modeled by the 2qIc related term. Fig. 4.9 (b) shows the regional contributions of S l'; i The
model accounts for only the emitter hole contribution through the 2q1p term. Even though the
collector and substrate hole contributions are indeed negligible, the base hole contribution is not

negligible at higher frequencies. This emitter contribution constitutes the main discrepancy for

the total Sl.h ;+ between modeling and simulation, and shows frequency dependence.
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Figure 4.7: Regional contributions of Sj o (a) and Sf o (b) at J¢=0.65 mA/um?>.

Similar analysis is performed for S;, ,:. The results also show that the noise from the
base minority electrons is poorly described by the model. Similar problems exist with 4kT'r,

description of the base hole noise, and 2q ¢ description of the base minority electron noise.

4.3.2  NFpin, Yopr and R,

NF pin, Yopr and R, are obtained from S, ,*, S;, iz and S; ,: by (2.24) — (8.19) derived in
chapter 2 [11].
To compare the impact of electron and hole noise on circuit-level noise parameters, we

. B
examine NF, . and NF’

min’

defined as the NF,,;, that the transistor would have when only electron

. . . e . o ¢
velocity or only hole velocity fluctuates, respectively. NF, . is obtained by substituting Sva,v*,

a

S¢ . and S¢ , into (2.24). NF f’m.n is obtained similarly. Since NF,,;, is not a linear function

e
ig.ig iq,Vq

112



== |mpedance Field Simulation
= = Compact Noise Model
- total
10 E
—_—
N
I
N\
<
A d
o electron
g @10 contribution
[7))
ko]
c
]
0 8 . .
= contribution
- ]
© - 25 ©
= 10 1 8 ]
(/)] 2 n
- 1]
Jg = 0.01 mA/um 1 / electron

contribution

hole
contribution
== |mpedance Field Simulation
A= === mmmmmma=a= = = Compact Noise Model
10 . . I n T T
5 10 15 20 5 10 15 20
Freq (GHz) Freq (GHz)
(@ (b)

Figure 4.8: S, ;2. S¢ .. and S" , vs frequency at (a) Jc=0.01 mA/um?. (b) Jc=0.65 mA/um?.

= and S, vr, NFyin # NF;. + NF h Y, , is similarly defined and obtained from

min min® ~op

of Sy, vx, Si

al

substituting S: o Sf and Sf .- into (8.18) and (8.19). Like NFin, Yopr # Y, + YO};”.

Since R, = S, v+ /4kT, which is a linear function, R, = R;, +Rf,'. The problems with S,
modeling directly translate into R, inaccuracy as shown in Fig. 4.10 (a). At low J¢, NF,;, and

NF¢

min

are well described by the model since S, ,*, S;, .z and S;, ,: are well modeled at this
bias. At high J¢, which is shown in Fig. 4.10 (b), however, they are both overestimated, and the
discrepancies increase dramatically with frequency. NF' f,‘”.n is poorly modeled at high Jc. Note
that the frequency dependence of NF f“.n is not modeled.

Similarly, Y, is well modeled at low bias. However, at Jc=0.65 mA/um?, neither Yopt
nor Y? . or YO’;t is well modeled, as shown in Figs. 4.11 (a) and (b). The discrepancies increase

opt

with frequency. Again, the frequency dependence of Y()';t is not accounted for by the model. The
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discrepancies of R,, NF;, and Y,, are all fundamentally caused by the inaccurate modeling of

Sy, vi> Si, i and S, . In particular, the description of base minority electron noise using 2q/c

is clearly responsible for the inaccuracy of the electron contributions, and the description of base

majority hole noise using 4kT'r; is responsible for the inaccuracy of the hole contributions.

4.4 Intrinsic Base and Collector Noise

As we have discussed above, the main noise sources are from base electrons, base holes,
and emitter holes. The integrations of C;, , C; , and C; | in base region are transformed to
intrinsic transistor Si’:’li, SPE and SPL by (2.157), (2.158) and (2.159) derived in chapter 2. The

) cfe [ b

superscript BE represents the contribution from base electrons. Similarly, we obtain intrinsic
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Figure 4.10: (a) R,, and (b) NF,,;, vs frequency. J¢=0.65 mA/um?.

transistor .S, ip,its S;

erde

: and S;,;» from base holes with superscript BH and from emitter holes with

superscript EH. In the compact model, Sl_:: f’ is modeled as 2qIp, S, from base region are
“b

not counted for. SiBﬁ is modeled as 2¢ql¢, S; ;* from base and emitter holes are not modeled.

Ie)de

Sib,,-z and S;_;+ are not correlated to each other. Thus the connections between compact noise

model and microscopic noise simulation can be established for Sib,iz, S; i and S,»c,i; as shown

ole

in Table 4.2. Yff’ , Yl‘g’, Y;{" and Y2i£lt are elements of intrinsic transistor Y parameter matrix Y;;.

Siy it S Si it
SPICE model 2qlp 2qlc¢ 0

van Vliet model | 4kTRY|}" —2qlg | 4kTRY,;' +2qlc | 2kT(Y,}" + Y|5"™) — 2ql¢

Sk
cle

Table 4.2: SPICE model and van Vliet model for intrinsic transistor Sib>iZ’ S;..ix and Sic,i;j-
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Fig. 4.12 (a) shows .S;, ;» and its contributions Sfﬁ, Sf’lq and Sfff , respectively at a low
“b “b “b

Jc of 0.01 mA/um?. Si, iz 1s dominated by SfH and well modeled by 2q1p at low frequency.
"b

1

However, as frequency increases, Sl.B JIE and Sl.B ff increases dramatically and become dominant.
bty bty

Moreover, sz increases with frequency and can not be well modeled by 2qIp at high fre-
quencies. Fig. 4.12 (b) shows S;, ; and its contributions at a higher bias of J¢=0.65 mA/ um?,
Similarly, S, i+ is dominated by emitter holes at lower frequencies and by base electrons and
holes, which are not counted for in the compact noise model, at higher frequencies. This sug-

gests that the compact noise model for Sj, ;+ should be improved by grasping the frequency

dependence at high frequency range for both high and low J¢’s.
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Figure 4.12: Regional contributions of internal input noise current Sib,,-z (a) Jc=0.01 mA/um?.
(b) Jc=0.65 mA/um?.

Besides the compact noise model, the simulated intrinsic transistor input and output noise
currents are also compared with van Vliet noise model as introduced in chapter 1 [13]. The van
Vliet model equations are given in (1.14), (1.15), and (1.16).

Fig. 4.12 shows that 4kTR(YH’t ) — 2q1p grasp the frequency dependence at both low and
high J¢’s. However, it is more close to the overall hole contribution sz + Sif’g than for the

total .S;, ;». The base electron contribution Sff{ is only important at high J¢, yet there has not
“b

been a good model for it.

« and its contributions from base electrons, base holes and emitter

c:iL‘

Fig. 4.13 (a) shows .S;

holes at Jc=0.01 mA/um?. At this bias, .S i..i 1s dominated by base electrons, which is slightly
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underestimated by 2gI¢. As J¢ increases to 0.65 mA/um? as shown in Fig. 4.13 (b), contri-
bution from base holes becomes comparable to that from base electrons, and both of them are
decreasing with frequency. Contribution from emitter holes is totally negligible at both biases.
Apparently, S;_;+ which is modeled by base minority electrons complies with simulation results
well at low bias. However, at high bias, noise from majority carriers in the base plays an impor-
tant role and makes total .S;_;+ deviates from 2gIc. This deviation was also claimed at high bias
in [52]. However, [52] made the wrong comparison. It compared 2qI¢c with the output noise

current of the whole transistor, that can be expressed as,
Siyiz = 2qIc + 4kTry|Ya1|* + 2q1pry| Yoy |, (4.8)

which has already included the hole contribution as shown in Fig. 4.14. Moreover, in low in-
jection the apparent deviation from the compact model for drift diffusion noise in low bias as
claimed in [52] is not observed in our study.

Similar to S,-,],,-Z analysis, comparison of S; ;» and 4kaRY2’5" + 2ql¢ is also shown in
Fig. 4.13. the van Vliet model does not show any improvement to the frequency dependence
of ng. Further, the base hole contribution Sfff needs to be modeled at high J¢. The emitter
hole contribution Sf, g is negligible at both biases.

Fig. 4.15 and Fig. 4.16 shows the correlation term .S;_;+ at low and high Je¢, respectively.
In the compact noise model .S;_;+ and S; il have no correlation. The simulation result, however,
Fig. 4.15 shows that .S;_;» is negligible at low frequency but noneligible at high frequency at low
Jc. RS, iz 1s positive and slightly dominated by Rng over SRSf’é, which has a negative sign.
BH = gEH i

S.S;,.ix and its contributions are all negative. %SiB? slightly dominates over .S iy
ctp ctp ctp

negligible. Athigh Jc, as shown in Fig. 4.16, S;, ;» can not be neglected for the whole frequency
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Figure 4.13: Regional contributions of internal output noise current S;_;+ (a) Jc=0.01 mA/ um?.
(b) Jc=0.65 mA/um?.

span. Both R.S;_;» and S.S;,_ ;» are dominated by their base hole contribution at low frequency.
Sl_lig and Sffz are comparable at high frequencies. Sl.'i Z can still be neglected.

Comparison of S;, ;» and 2kT(Y,!" +Y5"™) — 2qIc is also shown in Fig. 4.15 and Fig. 4.16.
At low bias, the van Vliet model grasps the frequency dependence of .S;, i, yet slightly underes-
timates both the real and the imaginary part. Its imaginary part is more close to %ng. At high
bias, however, the van Vliet model deviated from S, ;+ a lot. Hence, compared to compact noise
model, [13] has its advantage of better frequency dependence description at low J¢, where mi-

nority carrier noise dominates. However, as J¢ increases, where majority carrier noise becomes

comparable to minority carrier noise, [13] does not do a better job than the compact noise model.
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4.5 Summary

We have examined bipolar transistor noise modeling for each physical noise source using
microscopic noise simulation. Regional analysis is performed for the chain representation noise
parameters. The base majority hole noise contribution is shown to be larger than modeled using
4kTrp and frequency dependent for all noise parameters. The 2q1p related terms underestimates
the emitter hole noise, especially for higher frequencies. The base minority electron contribution
is poorly modeled by the 2qI¢ related terms for all noise parameters, particularly for higher J¢
required for high speed. Further, regional analysis for intrinsic transistor input and output noise
current is performed. The input noise current consists not only the emitter hole contribution

corresponding to 2qlp, but also the base electron and hole contribution which are frequency
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ey
dependent and should be counted for especially at high frequencies. At higher J¢, the output
noise current consists not only the base electron contribution corresponding to 2q ¢, but also the
base hole contribution that not counted for in the compact noise model. Moreover, the frequency
dependence of base electron contribution is not described. The correlation term which is not
modeled in the compact noise model should be considered for higher J¢ and higher frequency.
This chapter also compared the intrinsic transistor input and output noise current with a
noise model that derived from the transport theory of density fluctuations that applies to three

dimensional device. The comparison shows that this model has a better description of frequency
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dependence than the compact noise model at low bias. However, as for higher J¢, it has no

advantage over the compact noise model.
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CHAPTER 5

S1IGE PROFILE OPTIMIZATION FOR LOW NOISE

This chapter explores the RF noise physics and SiGe profile optimization for low noise
using microscopic noise simulation. A higher Ge gradient in a noise critical region near the
EB junction reduces impedance field and hence minimum noise figure. A higher Ge gradient
near the EB junction, together with an unconventional Ge retrograding in the base to keep total
Ge content below stability, when optimized, can lead to significant noise improvement without

sacrificing peak fr and without any significant high injection fr rolloff degradation.

5.1 Introduction

RF noise is an important aspect of RF devices as it sets the sensitivity of a wireless re-
ceiver. At a given technology generation, the base resistance is primarily limited by the max-
imum amount of base dopants that can be kept in place after device fabrication, and hence
limited by thermal cycle. SiGe profile, however, can be optimized to reduce minimum noise
figure [53] [54]. In previous work, the profile optimization was made by simulating device y-
parameters, and then calculating the minimum noise figure NF,,;, using a set of approximate
noise modeling equations [54] [55]. Those equations rely on simplified equivalent circuit, and
simplified noise source description, which become less valid at higher RF frequencies [12],
particularly for scaled devices with higher speed. In some cases, unphysical noise results are
obtained, preventing a meaningful optimization.

The purpose of this work is to investigate SiGe HBT noise physics and related SiGe profile

optimization using a more physical approach — microscopic noise simulation. Using techniques
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described in chapter 3, we can calculate the transistor equivalent input noise current or voltage
as integration of their corresponding noise concentration, in the same way the total number of
electrons is calculated as integration of electron concentration. This enables us to examine how
SiGe profile affects the input noise current or voltage, the noise concentration profile, the local
noise source, as well as the propagation of local noise source towards the input, which we address
below. The results are then used to optimize SiGe profile for low noise under constant SiGe film
stability constraint. We use here a hypothetical SiGe HBT structure similar to those 200 GHz

HBT:s reported in the literature [56] [57].

5.2 SiGe Profile Impact

From the power spectral densities of the input noise current, voltage, and their correlation
as S;, ¢, Sy, v: and S;, ., the minimum noise figure NF,;,, the noise resistance R, and optimum
source admittance Y, are given (2.24) — (8.19) in chapter 2. We first examine how SiGe pro-
file affects NFpin, Sy, vz, Si,it, R(Si, ) and I(S;, v) using two “conventional” sample SiGe
profiles shown in Fig. 5.1 (a). Profile I has a constant Ge gradient in the base. Compared to
profile I, profile II has a higher Ge gradient near the EB junction, but a flat Ge fraction near the
CB junction to not create any Ge retrograding inside the base. Profile II has 33% more total Ge.
Noise simulations are then performed using DESSIS [45], from 1 to 60 GHz, across a wide bias
range. Energy balance equations are solved to account for non-equilibrium transport in these
scaled devices. The DESSIS simulation input deck and MATLAB programming are given in
B.2 and B.3 in Appendix B.

Fig. 5.1 (b) shows the Gummel curves of the two profiles. The base current density Jpg is

the same for both profiles, as expected, because of identical emitter structure. Profile II gives
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higher collector current density J¢, and hence higher f. fr is also slightly higher for profile II,
as shown in Fig. 5.2. A peak fr over 200 GHz is reached at Jc = 10 mA/um?. Fig. 5.3 shows
NF pin versus Jc at 40 GHz. A clear improvement of NF,,;,, can be observed for profile II. G,

is less for profile II. Profile I and II have similar R, and B,,.

0.3 10
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=
<
% 0.2 E
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o
Q E _,0
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(a) (b)

Figure 5.1: (a) Ge profile I and II. (b) Gummel curves for profile I and II.

5.2.1 Distributive Transit Time Analysis

Distributive transit time analysis as a function of J¢ are performed to find out the reason
of fr improvement. Details of distributive transit time analysis can be found in [10]. The
spatial distribution of the total transit time is simulated, in terms of the so called differential
transit time z4yr. In an ideal 1-D bipolar transistor, at any position x, 74 (x) - Ax represents the
local contribution to the total transit time due to minority carrier charge storage from depth x to
(x + Ax). 74y has a unit of ps/um, and its integration from emitter to collector gives the total

transit time 7. [10]. The cutoff frequency f7 is related to 7., by fr = 1/27x7,..
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Figure 5.2: fr vs J¢ for Ge profile I and II.

Fig. 5.4 shows the simulated differential transit time 74 profile for Ge profile I and II for
Jc =2 mA/um?. The 74 profile improvement of Ge profile II over profile I mainly lies in
the emitter and the base. Since the emitter of profile I and II are the same, the improvement of
7qir of profile II in the emitter is the result of improved dc current gain #, which is induced by
the additional Ge in the base of profile II. The improvement of 74y of profile II in the base is
the result of the enhanced Ge gradient of profile II near the emitter-base junction. However, this
improvement is slightly alleviated by the additional 7, induced by the Ge grading transition of

profile II [58].
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Figure 5.3: Noise parameters vs J¢ for profile I and II at 40 GHz.

5.2.2 Input Noise Voltage and Current

As NF ;y is determined by S;, ;#, Sy, v+, and the real and imaginary parts of S, ,*, as shown
in (2.24) in chapter 2, we compare S;_;*, S,,, and real and imaginary parts of .S, ,: for the
two profiles in Fig. 5.5, as a function of J¢, at 40 GHz. The comparisons are similar at other
frequencies. Note that the input noise voltage .S, ,; and the imaginary part of the correlation
&(Si,v:) are approximately the same for both profiles in the whole bias range. This explains
similar R, and B, for profile I and II from (8.17) and (8.19) in chapter 2. The input noise
current .S, ;*, and the real part of the correlation R(S;, ,:), however, are much lower for profile
II. It is not clear if the S;, ;» reduction or the R(.S;, ,») reduction, or both, is responsible for the
NF i, reduction in profile II. To find this out, we plot the two terms of F,;, — 1 in Fig. 5.6.

An inspection of (2.24) immediately shows that the first term is determined by S;_ ;, S, ,; and
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(S, v:), while the second term is determined by R(S;, ,:). The first term clearly dominates
over the second term. Because ), and I(S;, ;) are the same for both profiles, the smaller
input noise current S;, ; is the primary reason for the NF,;, reduction in profile II. Similarly, we
find S;_ ;: is the primary reason for reduction of G, in profile II from (8.18) in chapter 2. This

suggests that we can focus on ;, ;» in understanding the impact of SiGe profile on NF ;.

5.3 New Approach: Regional Electron and Hole Contributions

Fig. 5.7 shows the regional contributions of S, ,:. “base,n” and “base, p” denote base
electron and hole contributions, respectively. “emitter, n” is used to denote emitter electron

contribution. The collector contribution is negligible. .S, ,: is dominated by base electron con-

a

tribution at low J¢, and dominated by base hole contribution at J¢ higher than 2 mA /um?. The

base hole contribution is pretty much determined by the base doping, and does not change much
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Figure 5.5: S, ;*, Sy, v: and their correlation vs J¢. f =40 GHz.

with bias. The base electron contributions of S, ,x for profile I and II are approximately the
same, despite the Ge profile difference. This is qualitatively consistent with first order noise
models [54].

Fig. 5.8 shows the regional contributions of .S;, ;. At lower and moderate Jc’s where
NF i is low, S;_ ;= is dominated by the base electron contribution, which is responsible for the

» for profile II. At lower J¢, the emitter hole contribution of .S

ia’la

i.it 1s negligible

reduction of .S
because of the high g, unlike in the 50 GHz HBTs discussed in [55]. Thus, the higher § and
hence smaller 2¢1 g is not the reason for the reduced S, ;+ in profile II at lower Jc. At higher J¢
near peak fr, however, the emitter hole contribution becomes comparable to the base electron
contribution. The base hole contribution of S;, ;+ also comes into the picture at high Jc. The

base hole contributions of S, ;+ are almost the same for the two profiles. The main reason for
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the better noise performance of profile II at low J¢ of interest to low noise is thus the smaller

base electron contribution of .S;_ ;:.

5.3.1 Noise Critical Region and Ge Profile Impact

We now analyze the spatial distribution of the noise concentration for .S;, ;= due to electrons
and holes. Using techniques in chapter 3, S, ;+ is the volume integration of the input noise

current noise concentration Cg, ., which has electron contribution C”  and hole contribution
a'a

S[a,[Z
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h
S.

Ia,iz

Sy i =J Cs, .dQ, (5.1
=J Cy, .,.FdV+J Cg .dQ, (5.2)

Q ia.ig Vv iaig
Cs, » =Cs . +Cy . (5.3)

The input noise current noise concentration has a unit of A%/Hz/cm?. Fig. 5.9 (a) shows the

1-D center cut of the input noise current noise concentrations due to electrons and holes, C |

igig

and Cg .. Integration of C5. | over volume gives the total input noise current due to electrons.

igig

Similarly, the integration of Cg ., over volume gives the total input noise current due to holes.

ig.ig

Jc =2 mA/um?, frequency is 40 GHz. First, the electron contribution dominates over the hole
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contribution. It is clear that most of the input noise current comes from near the EB junction,

n
S,

igiig

where C | is highest. The primary reason for the smaller S, ;+ of profile IL is its smaller C

near the EB junction.
The noise concentration is given by the product of a local noise source which is proportional

to carrier density, and the impedance field, which describes noise propagation,

C5, . = C5lGuil” (5.4)

P
C
Sia,i:

= C41G,, I (5.5)
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where |G, |* and |G,,,,-a|2 are the electron and hole impedance field from local noise source to
input noise current concentration, respectively, with a unit of A>/A2. Fig. 5.9 (b) shows 1-D cen-
ter cut of local electron noise current source Cg’,-’ and the electron impedance field |G, ;,|*>. The
Cg , difference between the two profiles is clearly dominated by the difference in impedance

i}

« and NF pin

alq

field, rather than the local noise source. The fundamental reason for the smaller .S;
in profile II is thus the reduced base impedance field, which means less noise current produced
at the transistor input (base) for the same amount of local current density fluctuations. Observe
that the high impedance field occurs over 10 nm at the beginning of the neutral base, where Ge
ramps up for both profiles. The higher Ge gradient in profile II in this “noise critical” region
clearly has led to S, ;x and NF,,;, reduction. To not have any retrograding of Ge in the base,
Ge fraction is kept constant after the Ge peak in profile II, leading to more total Ge, which is
undesired from a SiGe film stability standpoint. A logical question is if the benefit of reduced
impedance field over the 10 nm “noise critical” region can be maintained if Ge is retrograded
after the peak to keep the total Ge content the same. This is indeed the case, and can be used for

SiGe profile optimization at constant stability.

5.4 Optimization Under Constant Stability

We now increase the Ge gradient in the noise critical region where the impedance field for
input noise current is high, while keeping the total Ge content the same to maintain SiGe film
stability. Inevitably, for sufficiently high peak Ge, we are forced to have Ge retrograding in
the base, which is usually avoided in conventional SiGe profile design, as the retrograding can
introduce a retarding field. Inspection of simulation details, however, shows that a retrograding

of Ge can indeed be used in the later part of the base, near the CB junction, without degrading

133



-9

x 10
— Profile | cn
| - - Profile Il S

EB —
Boundary

-
N

.l cB
Boundary

0.8}
Qwﬁ f = 40 GHz
o 06fy =2 mA/um?

) (A2lelcm3)

©
c
© o4}
< noise\
con | T critical regidn
0.2} °

0.15 0.155 0.16 0.165 0.17 0.175 0.18 0.185 0.19
Depth (um)
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fr if designed properly. The falloff of p-type base doping near the CB junction helps in part as
it generates an accelerating field. In this case, profile III has a slightly higher peak Ge fraction.
An optimized profile example using Ge retrograding in the base is given in Fig. 5.11 (a) — profile
II, together with the reference profile — profile L.

Fig. 5.11 (b) compares the Gummel curves of profile I, II and IIl. Jp is the same, and J¢
is higher for the optimized profile III. Despite the Ge retrograding in the later part of the base,
profile III shows a higher peak fr than profile I, as shown in Fig. 5.12. The f7 rolloff, however,
occurs at a slightly lower J¢. The rolloff slope for profile III is similar to that for profile I,
because the smaller Ge retrograding gradient partially offsets the “earlier” retrograding, an effect
different from the SiGe profile design tradeoff discussed in [55]. Fig. 5.13 shows 1-D center cut

of 74 for profile I, Il and III at Jc =2 mA/ pm?.
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Fig. 5.14 shows 1-D center cut of electron and hole noise concentrations of .S; Profile

sk
ala*

IIT shows lower C'¢

i

. than profile I in the “noise critical” region, despite the Ge retrograding in
the base required for stability, due to reduced impedance field. In terms of reducing the input
noise current, Profile III is as effective as profile II, which is over stability limit, and does not
have Ge retrograding in the base.

Fig. 5.15 shows NF;;,—J ¢ for profile I, II and III at 10 GHz and 60 GHz. Fig. 5.16 shows
NF i, versus frequency for profile I, IT and IIT at J¢ = 2 and 10 mA/ um?. The overall noise
improvement is about the same as that achieved by profile II, which has 33 % more total Ge and
is over stability limit. With profile III, we have increased fr, f and decreased NF,,;, without
sacrificing SiGe film stability. The high injection f7 rolloff degradation has been kept minimum

by minimizing the gradient of Ge retrograding.
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5.5 Summary

We have explored RF noise physics in advanced SiGe HBT's using microscopic noise simu-
lation. We have shown that SiGe profile primarily affects the minimum noise figure through the
input noise current, and identified the small region near the EB junction as where most of the
input noise current originates. A higher Ge gradient in this region helps reducing the impedance
field for the input noise current. At constant SiGe film stability, increasing the Ge gradient in
the noise critical region ultimately necessitates retrograding of Ge inside the neutral base, and
the gradient of such Ge retrograding needs to be optimized within stability limit to minimize
high injection f7 rolloff degradation. An example of successful SiGe profile optimization using

unconventional Ge retrograding inside the base has been presented.
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CHAPTER 6

MODELING OF INTRINSIC NOISE IN CMOS

In this chapter, RF noise of 50 nm L,y CMOS is simulated using hydrodynamic noise sim-
ulation. Intrinsic noise sources for the Y- and H- noise representations are examined and models
of intrinsic noise sources are proposed. The relations between the Y- and H- noise representa-
tions for MOSFETSs are examined, and the importance of correlation for both representations is
quantified. The theoretical values of H- noise representation model parameters are derived for
the first time for long channel devices. The H- noise representation correlation is shown theoret-
ically to have a zero imaginary part. The H- noise representation has the inherent advantage of a
more negligible correlation, which makes circuit design and simulation easier.

The H-representation noise sources are experimentally extracted using noise parameters
measured on 0.25 yum RF CMOS devices. A simple yet effective model is proposed to model the
H-representation noise sources as a function of bias. Excellent modeling results are achieved for

all of the noise parameters up to 26 GHz, at all biases.

6.1 Introduction

Recent CMOS scaling has led to significant RF performance improvement. One of the ma-
jor concerns is RF noise. A popular noise representation for MOSFET is the Y-representation,
which describes the short-circuit input and output noise currents, i, and iy, as shown in Fig. 1.9
in section 1.4.1. For GaAs MESFETs and HEMTs, however, the H-representation is more pop-

ular, and is represented by the Pospieszalski model [27], as shown in Fig. 1.14 in section 1.4.2.
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This chapter first investigates the RF noise performance of 50 nm L,y CMOS transistors us-
ing hydrodynamic microscopic noise simulation [59]. The simulation results are then used to
analyze the intrinsic noise sources for the Y- noise representation and the H- noise representa-
tion. This chapter will show that the Y- representation noise sources can be modeled using the
Y-parameters, and the H-representation noise sources can be modeled using the H-parameters.
We will also show that the correlation between noise sources has negligible impact on transistor
noise parameters for both noise representations. This chapter further examines the relationships
between MOSFET Y- and H- noise representations, and derives a set of theoretical equations for
conversion between the two noise models described above. The theoretical values of H- repre-
sentation model parameters are derived for the first time for long channel devices. The H- noise
representation correlation is shown theoretically to have a zero imaginary part. We further show
that the H- noise representation has the inherent advantage of a more negligible correlation for

noise parameter modeling.

6.2 Technical Approach

The device structure is constructed based on reported 90 nm CMOS literature and the ITRS
roadmap. DC I — V, y-parameters, and noise parameters are simulated using hydrodynamic
transport models. The simulator used is DESSIS 9.0 from ISE [45]. The Lombardi surface
mobility model and the default carrier energy relaxation time is used. The simulated I —V and g,
characteristics are comparable to reported data on 90 nm CMOS devices with similar structures.
The simulations are performed from 1 to 40 GHz. The transistor has a 70 nm poly gate length,
a 50 nm metallurgical channel length, and an effective oxide thickness of 1.2 nm. The channel

doping is retrograded from the surface toward the bulk, and halos are used for suppressing short
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channel effect. Due to a limitation of the simulator in handling terminal resistances during noise
simulation, only the intrinsic device is simulated. The terminal resistances are then added to
the intrinsic device through standard linear noise circuit analysis. The error introduced is quite
small when compared to self-consistent mixed-mode device and circuit simulation results. The

DESSIS simulation input deck and MATLAB Programming are given in Appendix C.

6.3 Simulation Results

6.3.1 DC I -V Curves

Fig. 6.1 shows Ipg and gy, vs Vg at Vg = 1 V. Ip 3or = 1341 pA/ym at Vs = 1 V. Fig. 6.2

shows the output curves for Vys = 0.1 — 1V, with step of 0.1 V.

6.3.2 Noise Parameters

Fig. 6.3 shows NF,,;, simulated at 5 GHz versus Ips. The simulation is performed for a 2
um wide finger. The r, value is estimated assuming double side gate contact, and a gate sheet
resistance of 16 Q/[], which gives 40 Q lateral resistance. We assume an additional 80 Q for
other gate resistance components. r;=ry;=45 Q for W =2 um is from the ITRS roadmap for 90
nm CMOS (which have L.z between 50 and 70 nm) [60]. Experimental measurement of deep
submicron CMOS noise has proven challenging, which is certainly the case for 90 nm CMOS
processes with below 1 dB NF,,;,. The measured NF,,;, for an experimental 90 nm CMOS [8]
is plotted for comparison. The simulated NF,,;, is still below measurement data. The electrical
channel length difference between the simulated and experimental structures, models of mobility
and microscopic noise source density, uncertainty in terminal resistances and other parasitics in

the test structure could all contribute to the simulation-data discrepancy. We note
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that the measured NF,,;, is dependent on the number of gate fingers [8], which is not the case for
an ideal transistor. This may be another source of data-simulation discrepancy.

According to Fig. 6.3, the minimum of NF,,;, occurs when Ipg is 100-200 uA/um, which
corresponds to moderate inversion operation, where the cutoff frequency fr is rising rapidly and
near the peak (Fig. 6.4). The overall Ipg dependence of NF,,;, is weak once moderate inversion
occurs. For low-noise amplifiers, the combination of a low NF,,;, and a high fr at low Ipg is
desirable from a power consumption standpoint. Fig. 6.5 and Fig. 6.6 shows G, and B, at 5
GHz vs Ips and Fig. 6.7 shows R, at 5 GHz vs Ips. Scaling enables high fr in the moderate

inversion region, and thus lower power CMOS LNA design.
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6.4 Intrinsic Noise Sources and Modeling

In general, two correlated noise sources are required to fully describe the noise behavior of
any linear noisy two port. For each linear two port parameter set (e.g. Y, Z, H, and ABCD),
there is a corresponding set of noise sources. The two noise sources (voltages, currents or a

combination) are in general frequency and bias dependent.

6.4.1 Y-representation Noise Sources

We first consider the noise sources for the Y-parameter set, the gate and drain current noises.
Fig. 6.8 shows S, ;+ versus frequency. Sj, ;+ is normalized by 4kT'g,, as opposed to 4kT'gqp, as it
is more relevant for circuit design. .S;, ;% is nearly frequency independent for frequencies below
fr. At low Ips where LNAs are biased, S; iy /4kTg,, is not too much greater than its long

channel theoretical value (2/3).
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Fig. 6.9 shows S,-g,,-; normalized by 4kTR(Y11) versus frequency. Sig,,-;/ [4kTR(Y11)] 1s
frequency independent, as found in long channel devices. The value of S[g,,; J[4kTR(Y11)] is
close to 4 at lower Ipg of interest to LNAs.

The normalized correlation ¢ = S;, ;= / Sig.i7 shows a negligible real part, as found in

Slg,lg

long channel devices (Fig. 6.10). The imaginary part of c is nearly frequency independent.
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Figure 6.10: Normalized correlation ¢ vs frequency.

A simplified yet accurate model for noise sources is desired for circuit design and circuit
simulation. We have shown that .S; iy and Sig,,-:, can be readily modeled using g,, and Y7, in these
50 nm L. devices, with simple coefficients that are constant for a given bias. The remaining
question is the correlation, which cannot be handled by certain simulators like SPICE. This
correlation can not be neglected for practical purposes in 50 nm L.y CMOS. Figs. 6.11 and 6.12

show the NFin, R, and Y,,; simulated with and without the correlation. From 10 — 20 GHz, for
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all biases of interest, the difference between the noise parameters obtained with and without the

correlation is noticeable except for R,,.
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Figure 6.11: NF,,;, and R, vs frequency, with and without correlation.

6.4.2 H-representation Noise Sources

A linear noisy two port can also be described using the H-parameter set, which involves an
input noise voltage and an output noise current, which are denoted as v, and i;. Note that iy, is dif-
ferent from the iy discussed above (the output noise current for Y-representation). Even though
the H-representation was not given in the original noise representation standards [43], it has been
successfully used for noise modeling of GaAs MESFETs and HEMTs. The Pospieszalski noise
model [27] falls into this category, which further assumed that v, and i, are uncorrelated.

Through circuit analysis, we convert the noise sources from Y- noise representation to H-

noise representation. Fig. 6.13 shows .Sy, ,+ versus frequency. In Pospieszalski’s model, it was
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Figure 6.12: Y, vs frequency, with and without correlation.

assumed that .Sy, ,+ 1s proportional to the NQS channel resistance r,qs, and therefore frequency
independent. Note that .Sy, ,» is frequency independent as shown in Fig. 6.13, which complies
with the assumption in Pospieszalski’s model.

Sy, v: normalized by 4kTR(h;) is shown in Fig. 6.14. This provides a natural way of
modeling Sy, v+ as long as the small signal model can correctly model /1. We only need to
model the Svh,vz/[4kT$R(h11)] ratio, which is a constant for a given bias. Svh,vz/[4kT$R(h11)] o~
5 at lower Ipg, and decreases with increasing I pg as shown in Fig. 6.15.

Fig. 6.16 shows S, i /[4kTR(gm)] vs frequency, which is nearly frequency independent.
Fig. 6.17 shows the correlation between v, and i,. Compared to the Y-representation, the cor-

relation for the H-representation is much weaker for all of the biases and frequencies. In this
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Figure 6.13: S, ,» vs frequency.

sense, the H-representation is a better choice, comparing to the correlation for Y-representation
is large and non-negligible.

The NFin, R, and Y, are calculated with and without the correlation for comparison. For
all practical purposes, the impact of the correlation on NF,;,, R, and S(Y,,,) is negligible, as
shown in Figs. 6.18. The R(Y,,/) shows a visible but small sensitivity to the correlation. This
suggests a new path to compact modeling of noise sources in 50 nm L.y based on hy; and g,.

Only two parameters are needed for modeling noise at each bias, the ratio of Sy, v+ /[4kTR (h11)].
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6.5 Relations Between Y- and H- Noise Representations in MOSFETSs

As discussed above, the widely used van der Ziel model [15] describes ig, iy and their

correlation for a MOSFET operated in the saturation region as:

Si it = 4kTa; R(Y1), 6.1)
Sig iy = 4kTYi,8m, (6.2)
S, =
oy 2y, (6.3)
Stz Sig it

where a;,, 7i,, and normalized correlation term cy are model parameters. Depending on pref-
erence, the zero Vy; output conductance ggo is sometimes used instead of g, in (6.2). For long
channel devices, a;, = 4/3, vi, = 2/3, and ¢y = j0.4 (y = 0, x = 0.4). For short channel de-
vices, these parameters become bias dependent and deviate from their long channel values, and
there do not exist general expressions for these parameters. However, these parameters remain
frequency independent, and the correlation ¢y remains imaginary only, or y = 0, because of the
capacitive nature of the channel to gate coupling.

The H- noise representation describe the transistor noise with the An input noise voltage vy,
and an output noise current i;,. Note that iy, is different from the i; discussed above. Even though
it has been argued in [61] and [62] that the H- noise representation is inherently unsuitable for
MOSFETs, H- noise representation has been successfully applied the H-representation to noise
modeling in 50 nm MOSFETs using DESSIS simulation, as discussed in previous section in this
chapter [63]. The H- noise representation was further shown to have the advantage of having a

negligible correlation term, which is significant for circuit design [63]. A model for v, and iy
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was also proposed [63]:

Sv;,,v;: = 4kT(thSR(h11) (6.4)

Sih,iz =4kTyi,8m (6.5)
Sy, i+

eg 2 — gy b, (6.6)

\V Svh,vZSih,iZ

where a,,, 7;,, and cy are bias dependent but frequency independent model parameters in gen-
eral. It was also observed that cy is largely real, and more negligible than cy for noise parame-

ters. The reasons for the observations, however, were not understood.

6.5.1 Relations Between Y- and H- Noise Representation Coefficients

Consider the simplified small signal equivalent circuit in Fig. 6.19 for a MOSFET operating
in saturation region. R, is the Non-Quasi-Static (NQS) channel resistance, which can be related
to g, through Rys = 1/(wgm). w = 5 for long channel. An inspection of Fig. 6.19 shows

R(h11) = Rgs, where R stands for taking the real part. The Y-parameter matrix is given by

202
.a)CgS @ Cgngs

J +—— 0
Y = A A , 6.7)
&m 0
where
o \2
_ 2,2 p2 _
A=14+w Cgngs =1+ (E) s (68)
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here wr = gp/Cgs. In practice, @ << yor, thus A ~ 1 and

Y11 & @°CgyRys + jwCs. (6.9)

2

i
=
N NN

O
+

||
I
<

VsV,

8 8S

v,
O O

Figure 6.19: Small signal equivalent circuit for intrinsic MOSFET.

Substituting (6.9) into (6.1),

2
Siy iz = 4kT0, g (%) , (6.10)

where 6;, = a;, /y. With Rgs = 1/(ygm), (6.4) becomes:

1 1
Sy = 4KTay, o = 4KTO,, —. 6.11)

m gm

where 6,, = a,, /y.
Using two port noise circuit analysis, we have derived equations for conversions between

the two representations. Substituting (6.7), and (6.1) — (6.3) into (2.69) — (2.71) in section 2.1.4,
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we have

1
Sy = 4KTO—.
m

Sinic = 4kTg, (9 +yi, = 2x 9y,-d> ,

= 4kTyi,&m.

Syt = 4kT (0 — x+/0yi,) + jy - 4kT+/0y;,.

The normalized H-representation correlation ¢/ is defined by,

c A Svh,iz
H= —F7—/———
\V Svh,vZSih,iZ
=a+jb
and a and b are obtained by,
Ny
a=Ren) = L
\/0 + yld QY:d
b=S(ch) = 2

\/9 + yld 971,1

(6.12)

(6.13)

(6.14)

(6.15)

(6.16)

(6.17)

(6.18)

Therefore given Y- noise representation model parameters «;,, y;, and cy = y + jx, the H- noise

representation model parameters are obtained as:

Ay, = aig’

Yip, = eig + Yig — 2x \/ eigyid’
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Vi, = X/7s,

a= , (6.21)
\/Gig +%ig — 2x4/0i, i,
b Vi (6.22)

\/Qig + vi, — 2x4/0:, 71,

Since y, the real part of cy, is 0 physically due to capacitive gate to channel coupling, b = 0,
meaning that the corresponding H- noise representation correlation is purely real. As a;, = ay,,
we have 0;, = 0,,. From now on, we will use « and 6 for convenience.

For long channel device, a,, = 4/3, y;, = 0.6, which is less than y;, = 2/3, a = 0.2458,
which is smaller than x = 0.4, and b = 0.

Similarly, substituting (6.7), and (6.4) — (6.6) into (2.66) — (2.68) in section 2.1.4, we have,

2
Siy i = <ﬂ> - 4kTOg, (6.23)
or
Sigit, = 4kT g (m + 0 —2ay/ me) : (6.24)
= 4kTJ/idgm,

N ja% 4kTOgm [<1 —a %) —Jjby/ %] : (6.25)

The normalized correlation cy is obtained by,

S. Lk
- ol (6.26)
SigizSigit
=y + jx, (6.27)
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and x and y are obtained by

\/@ _ ih
X = S(ey) = vy , (6.28)
\/y’h + 0 —2a+\/y"0
yih
y=R(cy) = : (6.29)

Therefore, given H- noise representation parameters, Y- noise representation parameters can be

obtained by

&, = ay,, (6.30)

Yie = Vi + 0 = 2a+/7,0, (6.31)

X = VO — aviiy , (6.32)
\/y,-h +6-— ZaW

y ia'ldr (6.33)

\/y,-,, + 60 —2a+/y,0

Even if cy = 0 (a = 0, b = 0), meaning zero correlation for the H- noise representation, cy still

has an imaginary part according to (6.32) and (6.33)

0
0=y+jx= "/ . 6.34
CYley=0 =y +jx = 7 (6.34)

We now examine the importance of correlation for noise parameter modeling, for Y- and

6.5.2 Noise Parameters

H- noise representations. The minimum noise figure NF,,;,, the noise resistance R, the real

and imaginary part of the optimal source admittance G, and B, are directly determined by
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the chain noise representation parameters S, ,:, S;, ;= and S;_,* [11]. We now derive the chain
noise parameters S, ,x, S;, ;» and S;, ,* using Y- and H- noise representation model parameters.
Substituting (6.1) - (6.3) into (2.43), (2.44), and (2.45) in section 2.1.2, the chain noise

parameters Sy, *, S;, iz and S;, ,* can be obtained using Y-representation model parameters by

1
Sy, v = wsid,i:;: (6.35)
1
= 4kT—vi,, (6.36)
m
2 *
Y Y,
Sia,iz = Sig,iE + a Sidviz - 2R (ﬁSig’ij s (637)
2
— 4kTg, <wﬂ> (y,-d +0- 2x\/y,-d9) , (6.38)
T
Sigvi = msidi; - ﬁsig,ij» (6.39)
w
= ]4kTa)—T <}’id — X\ yidﬁ) . (640)

Substituting (6.30) - (6.33) into (6.36), (6.38), and (6.40), the chain noise parameters .S, ,;,

Si,.ix and S, ,* can be obtained using H-representation model parameters as well

a;ia

1
Sy,vy = 4kT — (m +0 - 2a\/m9> : (6.41)
&m
2
(O]
Sigiy = 4kTgm <—> Yins (6.42)
(%
w
Siav; = j4kTw—T (m - a\/m9) : (6.43)

Substituting (6.36), (6.38), and (6.40) in (2.24) — (8.19) in section 2.1.1, the minimum

noise figure NF,,;,, the noise resistance R,, the real and imaginary part of the optimal source
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admittance G, and B, are derived using Y- noise representation coefficients 6, y;,, and x,

NEpin = 101og, <1 + 23,/(1 - xz)y,-ﬁ) , (6.44)
T

R, = & (6.45)
Em

0] 0

Gopt =gn—1 /(1 — x2)_’ (6.46)
wTr Yig
y. — x ay.

Bopt = gmild—,dld. (6.47)

T y!

Substituting (6.41), (6.42), and (6.43) in (2.24) — (8.19) in section 2.1.1, NFyin, Ry, Gopt

and B, are also derived using H- noise representation coefficients 0, y;,, and a,

NFin = 10log;, <1 + 22\/(1 - az)yih9> ) (6.48)
wr
Vi + 60 —2a+/7:,0

R, , (6.49)
&m

w ({1 -a»y,b

" or yih 49 — 2ar/7,0
Vi, — ay/0vi

Bopt = —gn—— - (6.51)

o1 yih + 0 —2a4/y;,0

Gopr = 8 (6.50)

6.6 Importance of Correlations

We now examine the importance of Y- and H- noise representation correlations to noise

parameters NF i, R,, Gopr and B, By neglecting ¢y or ¢y, (6.44) and (6.48) reduce to

w

NFminle:O = 101Og10 <1 + Zw—T vV yid0> , (652)
w

NF minle, 0 = 101og,q <1 + za)_T‘/yih9> . (6.53)
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Neglecting the correlation term will cause overestimation of NF,;;, for both Y- and H-representation.

Since

X*y,0 — a*vi,0 = iy — 14,)0, (6.54)

and y;, is normally greater than y;,, cg is more negligible than cy for NF;,.

By neglecting cy or cg, (6.45) and (6.49) reduce to

RnlcY:O = R,, (655)
v, + 0
Ryley=0 = ‘“g : (6.56)

R,, does not change when neglecting cy, i.e., R,|x=0 = Ry. An inspection of (6.31) shows that
Yi, + 6 — vi, = 2a4/yin0. Normally a > 0, hence Ry|.,=0 > R,, therefore neglecting cy will
overestimate R,,.

By neglecting cy or cy, (6.46) and (6.50) reduce to

0] / 0
Gopt|x=0 =8m—1/ —> (6.57)
T Yig

0] Yin0
Gooiloco = 2, — . 6.58
optla_O 8m T Vi, +0 ( )
Gopilx=0 overestimates G,,;. Since
Goptlx:O _ Yip T 0 (6.59)

= ,
optla=0 \/Vih(yih + 0 —2a+/v,0)
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and,

(i, + 0% = [ri, (7, + 0 — 2a7/7,,0)] = 6> + Oy, + 2ayi, \/7:,0. (6.60)

>0, (6.61)

we conclude that Gop|x=0 > Gopila=0. However, it is hard to determine the relationship between
Gopila=0 and G, theoretically.

By neglecting cy or cg, (6.47) and (6.51) reduce to

w
Boptlx:O = _gmw_T: (662)
@ Vi
Buplomo =~ (663
in

An inspection of (6.47), (6.62) shows that B,|<—o underestimates B,,;. Moreover, an inspection

of (6.62) and (6.63) shows that By|x=0 < Bop|a=0. Comparing (6.51) and (6.63), we found that

a()’ih —-0) vV 7ih9
(vi, + O (i, + 0 —2a4/7:,0)

Boptla:O - Bopt = (664)

Therefore the difference between B|,=0 and B, determined by y;, — 6.

It is sufficient to simply define the induced errors by neglecting ¢y and cy for NF i, Ry,
G, and B, to discuss the importance of Y- and H- noise representation correlations to the
noise parameters. Since NF,,;, is already in dB, we define the induced error of neglecting Y- and

H- noise presentation correlations cy and cg for NF,,;, as

ANFminlcY/HZO = NFminlcY/H:O - NFmin~ (665)
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ANF,;, is both frequency and bias dependent. AR, the induced error of neglecting cy and cgy

for R, is defined as,

ARiley;n=0 = Ruleyyu=0 — Ra. (6.66)

An inspection of (6.45), (6.49) and (6.66) shows that the error percentage term AR, /R, does
not depend on frequency. Similarly, AG,,, and AB,,, the induced errors of neglecting cy and

cy for Gop and By, are defined as,

AGoptlc;//H:O = GopllcY/H=0 - Gopt» (667)

ABOleCy/H=0 = Boptlc'y/H:O - Bopt- (668)

An inspection of (6.46) and (6.47) shows that the error percentage terms AGp /Gop and ABop / By
do not depend on frequency, although G,,; and B, are proportional to frequency.

We now consider the 50 nm L,y NMOS intrinsic device used in this chapter [63]. The
small signal MOSFET model parameters are extracted, and used for deembedding to obtain
the noise parameters of the intrinsic MOSFET shown in Fig. 6.19. Model parameters for both
representations are extracted and used to verify the analytical conversion equations derived.

Fig. 6.20 quantifies the importance of ¢y and cy to NF,,;,by plotting ANF,;, vs frequency
for both representations. Ipg =41, 134, 275 and 1341 uA/um are used, which covers the whole
bias range of interest. With increasing Ips, a decreases from 4.83 to 4.07, y decreases from 6.81
to 4.76, 0 increases from 0.71 to 0.86, and y;, increases from 0.86 to 2.86. The correlation term

x ranges from 0.52 to 0.63. Accordingly, a decreases from 0.4 to 0.04, indicating ¢y becomes
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more negligible as bias increases. y;, increases from 0.70 to 2.08. For all biases and frequencies

of interest, neglecting cy results in little error in NF,,;, for all the biases and frequencies.

0.1

— 1,.=41 uAjum, 19=0.86, 0=4.83, y=6.81,6=0.71, ¢ =j0.55 | .
- = 1,c=134 uA/jum, v9=1.2, 0=4.23, y=5.70, 6=0.74, =062 |.~
0.08H 1,s=275 WA/um, Y9=1.5, 0=4.06, y=5.13, 6=0.79, c,=i0.63 o~
(=1 1,=1341 uAlum, Y°=2.86, 0=4.07, y=4.76, 6=0.86, ¢ =j0.52 [

0.02f

frequency (GHz)

Figure 6.20: Importance of H- and Y- noise representation correlations: ANF,,;, vs frequency
for 50nm NMOS.

Since R, does not change with frequency, Fig. 6.21 quantifies the importance of ¢y and cy
to R, by plotting the error percentage term AR, /R, vs Ipgs for both representations at 5 GHz.
An inspection of (6.45) shows that neglecting ¢y has no change on R, i.e., ARy|¢,=0/Ry = 0,
as shown Fig. 6.21. Therefore, Y-noise representation is a better choice for R,,. AR,|¢,,=0/ R, >
1, indicates that neglecting cy overestimates R,. Moreover AR,|., =0/ R, decreases as bias
increases. It shows that cy is still negligible at higher biases for R,,.

Similarly, Fig. 6.22 and Fig. 6.23 quantify the importance of ¢y and cy to G, and B, by

plotting the error percentage terms AG,,/Gop and AB,p, / B,y vs Ips for both representations.
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Figure 6.21: Importance of H- and Y- noise representation correlations: AR,/R, vs Ips for
50nm NMOS.

Frequency is 5 GHz. Fig. 6.22 shows that cy is not negligible for all biases for G,,. cy be-
comes negligible as bias increases. At bias of interest Ips = 400 uA/um, the induced error for
neglecting cy is around 10%. Therefore, H- noise representation is still a good choice at higher
biases for G,,. Fig. 6.23 shows that the induced error for neglecting cy is practically zero for

all biases. Therefore H- noise representation is a better choice for B,;.

6.7 Extraction and Modeling of H-Representation RF Noise Sources in CMOS

It has been shown using microscopic noise simulation and simple equivalent circuit deriva-
tion that the H-representation provides certain advantages such as frequency independent noise
sources and negligible correlation [63], thus making easier noise analysis for circuit designers

and noise modeling for device modelers. In this section, we present experimental extraction and
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Figure 6.22: Importance of H- and Y- noise representation correlations: AG,, /G,y Vs Ips for
50nm NMOS.

modeling of the H-representation noise sources in a 0.25 ym RF CMOS process. This section
will show that the extracted input noise voltage and output noise current can be successfully
modeled as simple functions of the channel resistance and transconductance respectively. The
parameters of these functions can be related to the biasing current and voltage in a straightfor-
ward manner. The new model yields excellent agreement with measured noise data, for all of

the noise parameters, including NF s, Y,pr, and R, from 2 — 26 GHz, across a wide bias range.

6.7.1 Experimental Extraction

Noise parameters are measured on wafer from 2-26 GHz, using an ATN NP5 system. Open

and short de-embedding are performed for both Y-parameters and noise parameters to move
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Figure 6.23: Importance of H- and Y- noise representation correlations: A B,y /B,y vs Ips for
50nm NMOS.

the reference plane to the device terminals using techniques in section 2.4. The resulting Y-
parameters and noise parameters are for the transistor, the equivalent circuit of which is shown
in Fig. 6.24. The equivalent circuit parameters are extracted using the method described in [9].
Here we choose to define v, and i, as the H-representation input noise voltage and output noise
current for the level II block shown in Fig. 6.24. The level II block consists of Rgs, Cyy, the g,
controlled source and g4s, and is the core part for noise modeling. The level I block is defined
as the combination of the level II block with Cg4, Rgq, Cygp and Rgp,. Next we need to extract the
power spectral densities (PSD) of vy, ij, and their correlation, which we denote as .S ii e st .,

n ol

and Si ;+- They can also be written using matrix notation as:
"“h

11 11
A VpvE Vit
Chy = e (6.69)
SH 11
ih,VZ ih,iz
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G Rg Rgx 8,.€ K ergs Rd D
0—C - ST Lc O-C
4kTR < S {I/ 0 + %L> “wa g @ 4kTR,
Cgs _vgs ds Rdb
“» 4kTR,,
R,
4kTR,
S/B S/B
O O

Figure 6.24: The small signal equivalent circuit model used with H-representation noise sources.

where Cg, is also referred to as the H-representation noise matrix for the level II block.
The Y- noise representation parameters matrix for block II, Cy;,, with elements SiH . SZ e
878 d

and S l.” ;+» are obtained using techniques in section 2.5.1. Next, we transform Y- noise represen-
8°d

tation matrix Cy, to H- noise representation matrix Cp,, using transform matrix in Table 2.1:

Chy=Ty-u-Cy,-Ty_ (6.70)
_hII 0
Ty_y = 8 . (6.71)
11
—hll 1

6.7.2 Noise Source Modeling

The above extraction is applied to a 128 finger device from a 0.25 ym RF CMOS process
measured in IBM. The designed length is 0.24 ym. The device width is W = 4 ym to minimize

gate resistance. Fig. 6.25 shows the measured and modeled Y-parameters versus frequency at
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Figure 6.25: Data-model comparison of Y-parameter vs frequency at Vgs = 1.2 V. Vps = 1.2 V.

Vs = 1.2 Vand Vps = 1.2 V. All of the Y-parameters are well modeled. Fig. 6.26 shows the
Y-parameters at 10 GHz as a function of Vg. The biasing current dependence is well modeled
too.

Using the equivalent circuit parameters extracted, the Y-parameters and H-parameters for all
the blocks can be calculated using straightforward linear circuit analysis. The H-representation
noise matrix is then extracted using the procedures described in section 6.7.1. Fig. 6.27 shows
the extracted Svh,v; and S,-h,,-z as a function of frequency. Vgs = 1.2V, and Vpgs = 1.2 V. For
modeling purpose, we have normalized S:: i by 4kT R, and normalized SI.IZ’I_; by 4kTg,,.
Observe that Sy, ,» and S, ;» are both frequency independent, which simplifies modeling. Thus,

for a given bias, we can define two coefficients a and g as follows:
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Figure 6.26: Data-model comparison of Y-parameter at f = 10 GHz. Vps =12 V.

7/ AN
SI . 2 4kTaRy;, (6.72)
st £ 4kTyi, g, (6.73)
*h

where we express Svh,v;« using R, and S,-h,,; using g,. The a and y;, coefficients can then be
extracted for each bias, and modeled as a function of bias, as detailed below.

Fig. 6.28 shows real and imaginary parts of the correlation. The normalized correlation co-

A
2y [sT sT
Vhip,

efficient is plotted. The normalized correlation coefficient is defined by C”! NI
*"h “h

Vh,ip*

Overall, the correlation is small. We have compared the noise parameters calculated with and
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Figure 6.27: SZ ,+/(4kT Ry,) and S{: +/(4kTg,,) (symbols) vs frequency. Vgs = 1.2 V. Vpg =
*h *“h
12 V.

without the correlation, and observed negligible difference. This is consistent with previous mi-
croscopic noise simulation results [63]. We will thus neglect the correlation in the discussions
that follow.

Fig. 6.29 (a) shows the modeled and extracted NF,;, and R, at Vgs = 1.2 V and Vpg =1.2
V. Fig. 6.29 (b) shows the corresponding real and imaginary parts of Y,,;. The correlation SZ i
is assumed to be zero in the modeling. R,, NF,;,, both real and imaginary parts of Y, are well
fitted up to 26 GHz.

Fig. 6.30 shows extracted a and y;, as a function of Vgg. For device modeling, we need

to model & and y;, as a function of bias. An inspection of experimental extraction data shows

that the bias dependence of « and y;, can be modeled through Vi s and Ips using the following
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Figure 6.28: CZ s VS frequency, Vgs =12 V. Vps =12 V.
*“h

proposed equations:
a=ay+a; - Ips, (6.74)
and
Yin = Vino + Vig1 * Vas + vi,2 - Vas® (6.75)

where ag, a1, ¥i,.0, 7i,,1 and y;, 2 are technology dependent parameters and can be easily deter-
mined once noise parameters are extracted. Ipgs has a unit of gA/um. From noise physics, we
expect these parameters to be independent of channel width, but dependent on channel length

and oxide thickness. For the device used at V43 = 1.2V, ap = 0.4068, a; = 0.0011, y;, 0 = 0.1774,
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Figure 6.30: a = Sﬁi,v;/(élkTRgS) and y;, = Sl.lz,i:/(4kTgm) vs Vgs. Symbols are extracted

values, lines are model results.

i1 = 1.2974, and y;, 2 = 0. The a and y;, calculated using (6.74) and (6.75) fit the extracted
data well, as shown in Fig. 6.30.

Note that «, the S:i i /(4kT Ry;) ratio, is nearly flat at Vs slightly above V;;, then in-
creases with increasing V5. However, the SZ o /(4kT Rg;) ratio is less than 1 for most biases.
This is different from noise simulation results using Shockley’s impedance field theory [63],
which show that « is larger than 1. On the other hand, y;,, the Sl’: i /(4kTg,,) ratio, increases
with increasing bias, which agrees with simulation [63].

Fig. 6.31 (a) shows the measured and modeled NF,,;, and R, versus Ips at 10 GHz.
Fig. 6.31 (b) shows real and imaginary parts of Y,, versus Ipgs at 10 GHz. Vpg = 1.2 V.
The correlation Sﬁ i is neglected. Excellent fitting is achieved for all of the noise parameters

across the whole biasing current range.
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A logical question is if the a and y;, equations proposed apply to all of the Vps. In our
measurements, Vg is swept at Vps = 0.2 and 1.2 V. The resulting agp, a1, 7,0, ¥i,,1 and yi, 2
from the two different Vps are different for the devices used. It is possible that the « and y;,
equations proposed here may be less valid for another RF CMOS process, and new equations
will need to be developed using extracted data.

Fig. 6.32 (a) shows data-model comparison of NF,;;, and R,, vs Ips at 10 GHz fora Vps =
0.2 V. Fig. 6.32 (b) shows real and imaginary parts of Y, vs Ips. The ap = 0.4068, a1 = 0,
Yi,0 = 8.0535, 7i,1 = —19.5941 and y;,» = 13.9161 are extracted from V4, = 0.2 V. y;, o and
7i,2 increases with decreasing Vy,, while y;, | decreases with decreasing V. The model fits the

data very well without introducing additional equations.

6.8 Summary

We have presented microscopic RF noise simulation results on 50 nm L.y CMOS devices,
and examined the compact modeling of intrinsic noise sources for both the Y-representation and
the H-representation. The correlation is shown to be smaller for the H-representation than for
the Y-representation. For practical biasing currents and frequencies, the correlation is negligible
for H-representation. Models for the noise sources are suggested.

Furthermore, we have examined the relations between the Y- and H-noise representations
for MOSFETs, and quantified the importance of correlation for both representations. The theo-
retical values of a,,, y;, and cy are derived for the first time for long channel devices, a,, = 4/3,
vi, = 0.6, a = 0.2458, and b = 0. cy is shown theoretically to have a zero imaginary part.

We further show that Y-representation is a better choice for R, and the H-representation has the
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inherent advantage of a more negligible correlation for NF,;,, Gop, and B,,;. Overall, the im-
portance of correlation is much more negligible for H-representation than for Y-representation.
This makes circuit design and simulation easier.

We have presented experimental extraction and modeling of H-representation noise sources
in a 0.25 ym RF CMOS process. Excellent agreement is achieved between modeled and mea-
sured noise data, including all noise parameters, for V;; = 0.2 and 1.2 V, from 2 to 26 GHz. The

results suggest a new path to RF CMOS noise modeling.
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CHAPTER 7

EFFECTIVE GATE RESISTANCE MODELING

Since R, is important especially for short channel devices, accurate extraction of R, plays
a big role in compact noise modeling of modern CMOS. This chapter explains the frequency
and bias dependence of the effective gate resistance (real part of /#11) by considering the effect of
gate-to-body capacitance, gate to source/drain overlap capacitances, fringing capacitances, and
Non-Quasi-Static (NQS) effect. A new method of separating the physical gate resistance and the
NQS channel resistance is proposed. Separating the gate-to-source parasitic capacitances from
the gate-to-source inversion capacitance is found to be necessary for accurate modeling of all of

the Y-parameters.

7.1 Introduction

Accurate extraction of effective gate resistance Ry .4 is important for RF CMOS modeling,
particularly in noise modeling [64] [65] [66]. The effective gate resistance Ry .y often refers to
the sum of the gate electrode resistance R; and the Non-Quasi-Static (NQS) channel resistance
Ry, as shown in the small signal equivalent circuit in Fig. 7.1. R, does not depend on bias or
frequency, while R, s depends on bias [67].

Using the equivalent circuit in Fig. 7.1 , Ry o = Ry + Ryys s often extracted from the real
part of h;; (= 1/Y11) [64], which we denote as R(h;;). Here R stands for the real part. The
source and drain series resistances Ry and R, can be de-embedded using values determined from
dc I-V data. The extracted R, .4 should be independent of frequency, and decrease with increas-

ing Vgs. However, as we show below, measured R (k1) can be strongly frequency dependent,
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Figure 7.1: MOSFET small signal equivalent circuit model.

and does not decrease with V. This was also observed in [68], where R (k1) of experimental
data is strongly frequency dependent from 1 to 4 GHz, particularly at Vi slightly above thresh-
old voltage, where low-noise amplifiers are biased. Interestingly, the frequency dependence of
R (h11) is much weaker at both V values well below V;;, and Vi values well above V;;,. Further-
more, R(h1) is lowest at Vi values well below V3, and well above V;;, but highest at moderate
V,s values. These abnormal bias and frequency dependences of R(/411) cannot be explained by
the simple small signal equivalent circuit model in Fig. 7.1.

Fig. 7.2 shows the measured frequency dependence of R(k;;) for a 0.18um single-ended
gate contact CMOS device. Standard open/short de-embedding are performed on the S-parameters
measured using an HP8510C vector network analyzer from 2-20 GHz for a wide bias range. The
standard open/short de-embedding is a sufficient de-embedding method for a frequency range
of 2-20 GHz [69]. The channel width W is 10 yum. The number of fingers Nf is 8. Fig. 7.3
shows the bias dependence of R(A11). R(h1;) increases with Ipg at lower biases, but decreases
with Ipg at higher biases. Moreover, the frequency dependence of R(41) is the strongest at the
bias corresponding to the R(4;1) peaks in Fig. 7.2 . This abnormal bias frequency dependence

of R(h11) has also been observed for devices with Nf = 16 and 32. However, only the device
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with Nf = 8 is shown in this chapter as an example. The physical R, extracted decreases with

increasing Nf, as expected.

100

W=10pum m—E
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Figure 7.2: R(h;1) vs frequency for 0.18 ym CMOS device, W = 10um, Nf = 8. V=1 V.

Using the small signal model described in Fig. 7.1, we cannot obtain decent data-model
fitting, since the real part of /1, is independent of frequency. One possible way of producing
a frequency dependent ‘R(h11) is to separate R, and R, using the small signal equivalent cir-
cuit model in [9], which is shown in Fig. 7.4. However, the data-model comparison using the
extraction method in [9], as shown in Fig. 7.5, shows that this model cannot yield a good fit of
the data either. The main difficulty is that C,4 is the primary reason for the frequency depen-
dence of R(hy1), while the value of C,, is determined mainly by Yi,, where Y, is an element of
Y-parameter matrix for the whole device.

This chapter explains the above anomalous frequency and bias dependence of R(k11) in

saturation region where Vy; > V4 by including gate-to-body capacitance Cyp, the gate to
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Figure 7.3: R(h11) vs Ips for 0.18 yum CMOS device, W = 10um, Nf = 8. V=1 V.

source/drain overlap capacitance C,, ; and C,, 4, and the gate to source/drain fringing capaci-
tance Cy; and Cyy according to the equivalent circuit shown in Fig. 7.6. Note that R4, is part of
the intrinsic transistor, and R4 can also be used to model gate induced noise [63]. From a noise
standpoint, R, has the noise power spectral density of 4kT R, while the noise associated with
R, is described by the induced gate noise current. The bulk resistance component in series
with Cg; becomes important only when C,;, well dominates over other parasitic capacitances,
which is not the case from our extraction. Furthermore, this substrate resistance component is
fairly independent of gate biases, and thus cannot explain the observed behavior. Based on these
considerations, we will neglect the Ry, component in series with Cgp, and will only consider the
substrate resistance component in series with the drain-substrate junction. This method of de-
scribing gate resistance is similar to but different from the gate resistance option 3 in BSIM4 [5].

The key difference is that the gate to body capacitance is placed directly between the G and B, as
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Figure 7.4: CMOS small signal model in [9].

opposed to between G’ and B. The gate-to-body capacitance charging occurs through movement
of majority carriers in the bulk, and thus does not experience the non-quasi-static delay due to
inversion charge formation in the channel. Another difference is that the controling voltage of
the transconductance is the total voltage across the R4, and Cy;, and the transconductance term
is gn/(1 + jot), which accounts for output NQS and charge partition effects [18]. Cy, is the

drain-to-body junction capacitance , and Cy,;, is the substrate capacitance.

7.2  hi; model

Fig. 7.7 shows the equivalent circuit for the h;; derivation, which is obtained by short-
ing the output of the circuit in Fig. 7.6. R,44 is negligible for the device used. R4, which
is used to describe the NQS effect in the channel, decreases with increasing V. Cgy is the
inversion charge capacitance that increases with Vs normally, and slightly decreases with Vg
due to the polysilicon-gate depletion effect [70] [71]. C, is the combination of the source side

peripheral capacitance Cp,; s and the drain side peripheral capacitance Cpeyi 4. Cperis includes
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Figure 7.5: Data-model comparison of R(411) vs Ips for 0.18um CMOS device, W = 10um,
Nf = 8, using the small signal model in Fig. 7.4. V=1 V.

gate-to-body capacitance Cgp, gate-to-source overlap capacitance C,, ;, and gate-to-source fring-
ing capacitance Cg. Cperi g includes gate-to-drain overlap capacitance C,y 4, and gate-to-drain

fringing capacitance Cyy,

Cp = Cperi,s + Cperi,d’ (71)
Cperi,s =Cgp+ Covs + Cfs» (7.2)
Cperi,d = Coya + Cfd- (7.3)

The gate-to-drain capacitance Cgq is negligible in the saturation region. The source/drain series
resistances R; and Ry can be extracted from dc I-V data, and de-embedded. R and R, are

negligible for the devices used.
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Figure 7.6: A more complete MOSFET small signal model.

An inspection of Fig. 7.7 gives the intrinsic hj; as

intr __
hiy = Rugs + ———

, (7.4)
JoCs

the real part of which is simply a frequency independent R, at least to first order, which

decreases with increasing V.

— h,, H hli‘l‘“
R
ngs

M

C =

8s

A
I
|

Figure 7.7: hy; derivation illustration.
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hy1 is given by

1
hi1 = Rg + P 1
w
TP T Rt ToCes
The real and imaginary parts of h;; are
ans

R(hi1) = Rg + 2 ,

(1 +é> + (@CpRpys)?
C

(1 + C—) + 0?CyyC, R

nqs 1
S(hi) = — .

2
C
(14+&) +e2CiRY,

For convenience, we define a threshold frequency w; as

) 1
Wy = 3 >
10R;145(Cp/ [ Cys)
and another threshold frequency w; as
wy = 10w;.

If w < wy, or a)zR,%qSCI% << (1+ CC_:S)z, (7.6) reduces to

R(h) = Rg +
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where (R(h11) — R,) is independent of frequency. Here we denote the (R(h11) — R,) value at

zero frequency as Rj,

ans
Ry = (R(h11) = Ry)lw=0 = ———— (7.11)

If 0*R;, Ch >> (1 + Ci;)z, or w > w, (7.6) and (7.7) reduce to

1
R(h1) = Ry + ————, (7.12)
@?Cpy Rygs

where (R(h11) — Ry) is proportional to 1/w?.

Since R; is independent of frequency and bias, the frequency dependence of R (k1) directly
comes from the term (R(h11) — R,). However, the frequency dependence of R(41) depends
not only on the frequency dependence of (R(h11) — Rg), but also on the relative importance of
(‘R(h11) — Rg) compared to Rg. If R, is much greater than the change of (R(h11) — R,) over
the used frequency range, a relatively constant R(41;) can still be obtained.

The frequency dependence of (R(h11) — R,) is illustrated in Fig. 7.8 and Fig. 7.9 in loga-
rithm and linear scales for both x and y axes, respectively. If the working frequency range lies
below w1, (R(h11) — Rg) is nearly a constant equal to R; according to (7.10), and independent
of frequency. If the working frequency range lies between w; and w,, the frequency dependence
of (R(h11) — Ryg) is the most obvious on a linear scale, decreasing from 0.9R; at w; to 0.1 R; at
. If the working frequency range lies above w>, (R(h11) — Rg) becomes inversely proportional
to w?, and decreases rapidly from 0.1 R; at w, towards zero. When the working frequency range

is fixed, the decrease of w; to | will result in more frequencies lying between ) and w), as
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shown in Fig. 7.10. At the same time, (7.11) can be rewritten in terms of @ as,

1 2
R = o C2Rygs. (7.13)

Compared to C]%an . 10#2 is the dominant term for R;. Hence, R; can be considered inversely
@)

proportional to the threshold frequency a)f Therefore, as w; decreases to @), R; increases as

shown in Fig. 7.10. As a result, in the working frequency range, (R(h11) — R;) becomes more

frequency dependent, and vice versa.

10 T 1 T
1 1
P~ 11 ans
g 10 fR = —=—,
= T (+c /Cc )
o p gs
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] 1) | = e———
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Figure 7.8: Frequency dependence of (R(411) — R,) in logarithm scale.
If R,45(Cp//Cgs) increases with increasing Vg, w1 will decrease with increasing Vg,. As

a result, (R(h11) — R,) becomes more frequency dependent with increasing V,,. On the other

hand, if R,45(C,//Cqs) decreases with increasing Vi, w1 will increase with increasing V. As
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Figure 7.9: Frequency dependence of (R(h11) — R,) in linear scale.

aresult, (R(h11) — R,) becomes less frequency dependent with increasing V. Next, we extract

equivalent parameters, and use the extraction results to understand the observed ‘R (%) behavior.

7.3 Parameter Extraction
We extract Rq, Cp, Ryys and Cy through the following steps.

1. Determine an initial guess of R, using semi-circle fitting.

Plot S(hy1) versus R(hyp), fit the data using a semi-circle, the high frequency intercept
with the R(A11) axis is used as an initial guess of R,. This is the same as the extraction of

base resistance in bipolar devices [46].

2. Determine initial guesses of C,, Cgs and R, as follows.
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Figure 7.10: Influence of w; on the frequency dependence of (R(h11) — Ry).

From (7.6), we have,

1 2
— = p+a®pi, (7.14)
NUDE
p1 = CaRugs. (7.15)
2
(1+&)
P2 = . (7.16)
ans
Moreover, from (7.6) and (7.7), we have,
@0S(h11) 2
__est) . 7.17
R(i1) - R, @t -q (7.17)
q1 = CpRyqs, (7.18)
C
L C_; (7.19)
@ = .
27 CysRugs
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p1 and p, can be extracted using W Vs @? plot, and ¢g; and ¢, can be extracted using
4

—SR?%% vs w? plot at each bias, as shown in Fig. 7.11.

v x 10
= Vv T 15
g 0.1 Vgs ~o
d o«
Et» ,L‘_ 10
A Slope: p, £ Slope: q
F0.05 = -4
= o] £ 5
& 2 -~ d,
= O data =i Oo data
— fitting || & — fitting
0 8 0
0 5 10 15 | 0 5 10 15
o? (1/s%) x10” o? (1/s%) x10”

Figure 7.11: Extraction of pi1, p2, g1 and ¢, at Vo = 0.5 V for 0.18 ym device, W =10 ym,
Nf = 8.

From (7.15), (7.16), (7.18), and (7.19), we can solve for C,, R4 and Cy; as,

p1

C, ==, (7.20)
q1
2
q
Rygs = —, (7.21)
P1
1+ \/1 + 4q1q2
Cos=—5— 11 (7.22)
2qiq2

These are our initial guesses of C),, R,;4s and Cg;.

3. The Cp, R,y and Cy values are refined by fitting R(h11) and S(hy1) versus frequency for

each bias. Here the least mean square error method is used for numerical optimization.
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4. (Cyyq + Cpy) is estimated from the intrinsic Y, Y5, by

o intr
S(Y,

Covd + Cry = ———2—. (7.23)
w
(Cgp + Cyy s + Cyy) is then determined using (7.1) as

(Cgb + Cov,s + Cfs) = Cp - (Cov,d + Cfd)- (7.24)

Fig. 7.12 shows the extracted capacitances for the same device used in Fig. 7.2 including
Cp, Cgs, Cperis, and Cperi g versus V. The gate electrode resistance Ry is 25 Q. For the Nf =
16 and 32 devices, Ry = 13 and 7 Q. Fig. 7.12 also shows the extracted R,,s versus Vgs. Cgg
increases with increasing Vg at first, then decreases with increasing Vs after 0.8 V due to the
polysilicon-gate depletion effect [70] [71]. C, increases with increasing V. Cperig 18 almost
independent of bias, while C),; ; increases with increasing bias. R,,s decreases with increasing
Vgs, as expected. Assuming the drain and source-side overlap and fringing capacitances are
approximately symmetric, C,; can be roughly estimated by (Cperis — Cperia). Cgp is much
smaller than Cp,; ¢ at lower Vj,, increases with Vg, and saturates at high Vg, as expected.

Fig. 7.13 shows w1, w2 and Ry vs Vg calculated using (7.8), (7.9) and (7.11). For most
biases, the measured frequency range of 2-20 GHz lies between w; and w;. As Vg, increases,
w; begins to decrease first, at the same time, R; begins to increase, for reasons detailed in
Section 7.2, indicating that (R(h11) — Rg) becomes more frequency dependent. w; reaches
the lowest point at Vy; = 0.6 V, corresponding to the most frequency dependent R (k1) curve
in Fig. 7.2. After that, w; begins to increase while R; begins to decrease as Vj, increases.

Correspondingly, (R(h11) — Rg) becomes less frequency dependent again at higher biases.
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Figure 7.12: Extracted capacitances Cp, Cperi s, Cperia» and Cgg, and extracted Ry vs Vg for
0.18 um device, W =10 ym, Nf = 8.

Frequency (GHz)

Figure 7.13: w1, w2 and Ry vs Vg, for 0.18 pum device. W = 10 ym, Nf = 8.
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7.4 Results and Discussion

Fig. 7.14 compares the modeled and measured ‘R(k;;) at several biases as a function of
frequency. The model captures the frequency dependence of the measured R(411) quite well. At
lower Vo = 0.4V, Ry = 1178 Q, the inversion capacitance Cqs = 7.4 fF is much smaller than
C, =73 fF ie. Cg << C,. The threshold frequency w; = 6.4 GHz, w, = 64 GHz and R =
10 Q. Hence, for a frequency range of 2 GHz to 20 GHz, most of the frequencies lie between
1 and wy, but close to w1. Accordingly, (R(h11) — R,) decreases from 9 Q at 4 GHz to 5 Q at
20 GHz, as shown in Fig. 7.15. Compared to R, = 25 €, the 4 Q decrease of (R(h11) — Rg) is

negligible. R(h11) shows only a slight decrease with increasing frequency as can be seen from

Fig. 7.14.
70
60 . .
increasing IDS
50
)
40t
.:: |
= 30
20}
symbol: data 9 L=0.18 um
10} solidline: model V (S06V Nf=8
dashline: model V°. > 0.6 V V. =1V
0 . ] gs . . ds .
4 6 8 10 12 14 16 18

Figure 7.14: R(h11) vs frequency. Symbols are measurement data. Lines are modeling results.

Frequency (GHz)
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Figure 7.15: Modeled ('R(h11) — Ry) vs frequency for 0.18 pym device. W = 10 ym, Nf = 8.
Ves =0.4,0.6,and 0.9 V.

At medium Vg3 = 0.6 V, R,ys = 1116 Q, C, = 83 fF, and Cgy = 20 fF, Cy4 is comparable
to Cp. Compared to Vg = 0.4 V, w; decreases to 2.8 GHz, w, decreases to 28 GHz, while R,
increases to 41 Q. Hence, for a frequency range of 2 GHz to 20 GHz, most of the frequencies lie
between w; and w,, and the frequency dependence is the most obvious. (R(h11) — R,) decreases
from 40 Q at 4 GHz, to 7 Q at 20 GHz, as shown in Fig. 7.15. As R, = 25 Q, the overall R(h)
shows an obvious decrease from 65 Q at 4 GHz to 32 Q at 20 GHz as can be seen from Fig. 7.14.

At a higher Vg of 0.9V, R,4s =703 Q, C, =94 fF, and Cgs = 15 fF, Cgy is comparable
to C,. Compared to Vs = 0.6 V, w; increases to 5.5 GHz, w, increases to 55 GHz, and R
decreases to 13.5 Q. Hence, most of the frequencies (2-20 GHz) lie close to w1. (R(h11) — Ry)

becomes less frequency dependent, and decreases from 13 Q at 4 GHz to 6 Q at 20 GHz, as
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shown in Fig. 7.15. As R, = 25 Q, R(hy1) slightly decreases from 38 Q at 4 GHz to 31 € at 20
GHz as can be seen from Fig. 7.14.

Fig. 7.16 compares the modeled and measured R(4;) at several frequencies as a function
of Ips. The model captures the bias dependence of the measured R (A1) quite well. At 3 GHz,
which is close to the w; for most biases, (7.10) holds. At lower V,, where C, >> Cys, (7.10)
reduces to

2
RygsCy

G

R(hyy) = Rg +

(7.25)

The bias dependence of R(hi1) is complicated and not necessarily monotonic, because Ry,
Cgs and C,, are all functions of V. R,y decreases with increasing Vi as shown in Fig. 7.12.
C,, increases with increasing Vg at lower biases, does not change much with V,, at medium
biases, and slightly decreases with increasing V,; at higher biases. C, slightly increases with
increasing Vgs. From (7.25), we observe that both the bias dependence of R,,s and the bias
dependence of the C,,/C, ratio contribute to the bias dependence of R(h11). Fig. 7.17 shows
the bias dependence of the C,,/C, ratio for the device used. Cgs/C), ratio increases with bias at
low Vg, since the increase of Cy is faster than the increase of C,. At medium Vi, the Cqs/C),
ratio changes slightly, since the increases of C, and C,, are about the same. At high Vg, while
C,, decreases slightly and C, increases slightly, the C,,/C, ratio decreases with increasing bias.

At lower Vi, if R,4s is the dominant changing parameter, R(h11) will decrease as Vg
increases. If the C,/C, ratio is the dominant changing parameter, ‘R(h1;) will increase with
Ves. At medium Vg, e.g. 0.6 to 0.8 V, where the C,,/C,, ratio does not change much, and R4,

decreases with Vg, R(h11) begins to decrease slightly with V. At higher Vi, e.g. 0.9V, (7.25)
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Figure 7.16: ‘R(h11) vs Ips. Symbols are measurement data. Lines are modeling results.

holds. R,y as well as the C,,/C), ratio decreases as Vg, increases. Therefore R(hy;) is expected
to decrease as Vg, increases at higher V.

Fig. 7.18 and Fig. 7.19 shows the data-model comparison for the Y-parameters at 3 GHz, 5
GHz, 10 GHz, 15 GHz and 20 GHz. R, and (Cgp, + C,, s + Cy;) are de-embedded to obtain the Y-
parameters of the intrinsic circuit. The parameters of the intrinsic circuit are then extracted using
the method described in [9], with modifications to account for the differences in the transcon-
ductance term. The Y-parameters fit quite well using the proposed method over all biases and at
all frequencies. This suggests that it is necessary to separately consider the (Cgp + C,y s + Cp)
and the inversion capacitance Cy; in order to accurately model all of the Y-parameters over all

biases.
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Figure 7.17: C,4,/C) ratio vs Vg for 0.18 ym device. W = 10 ym, Nf = 8.

7.5 Length and Width Effects

The anomalous frequency and bias dependence of R(h;;) also exist in devices with differ-
ent channel length, as shown in Fig. 7.20. Theoretically, as channel length L decreases, R, s
decreases, C,; decreases, the sum of peripheral capacitances C, does not change with L, result-
ing in a decrease of R; and an increase of w1, and hence less frequency dependence in the R4
related term of R(A;1). On the other hand, R, has one component that increases with decreas-
ing L, and another component that decreases with decreasing L. Therefore, the corresponding
change in R, with decreasing L depends on which component of R, dominates. For the devices
shown in Fig. 7.20, R, is slightly lower for the device with larger L. Therefore, R(h11) is less
frequency dependent for the device with smaller L in Fig. 7.20.

As device width W decreases, theoretically R, increases, however Cgs and C, decrease,

leading to an increase in R; but no change in w;, and hence more frequency dependence in
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Figure 7.18: The real and imaginary parts of Y11 and Y15 vs Vg, for 0.18um CMOS device. W
= 10 ym, Nf = 8. Symbols are measurement data. Lines are modeling results.

the R,y related term of R(hy1). On the other hand, with decreasing W, one component of
R, decreases, while another component of R, increases. Therefore, the net change in R; with
decreasing W depends on which component of R, dominates. If the R, increase is less than the
increase of R; with decreasing W, or if R, decreases with decreasing W, a stronger frequency
dependence in R(411) can be expected.

As the number of fingers Nf decreases, both R, and R, increase, and both C,s and C,
decrease, leading to an increase in R; but no change in w, and hence a stronger frequency
dependence in the R, related term of ‘R(h11). However, theoretically R, and R; increase by
the same percentage with decreasing Nf, resulting in no change in the frequency dependence of

R(h11).
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Figure 7.19: The real and imaginary parts of Y21 and Y25 vs Vg, for 0.18um CMOS device. W
= 10 ym, Nf = 8. Symbols are measurement data. Lines are modeling results.
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Figure 7.20: R(h11) vs Vg for 0.5 ym and 1 ym CMOS device. W = 10 ym, Nf = 1.
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7.6 Summary

An anomalous frequency dependence and bias dependence of ‘R(h;;) is observed. R(h;)
decreases with frequency, and increases with Vg, at low biases. We have shown that both the
frequency dependence and bias dependence can be understood by considering the gate-to-body
capacitance and the parasitic gate-to-source capacitances as capacitances in parallel with the
series combination of the NQS resistance and inversion capacitance Cgs. A new parameter ex-
traction method is developed to separate the physical gate resistance and the NQS channel resis-
tance. The modeling results show excellent agreement with data, and suggest the importance of
modeling NQS effect for RF CMOS even at frequencies well below fr of the technology. The
proposed model parameter extraction method can be used to facilitate MOSFET noise modeling

and more accurate Y-parameter modeling over a wide bias range.
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CHAPTER 8

EXCESS NOISE FACTORS AND NOISE PARAMETER EQUATIONS FOR RF CMOS

This chapter examines the differences between the g0 and g, referenced drain current ex-
cess noise factors in CMOS transistors as a function of channel length and bias. The technology
scaling are discussed for 0.25 ym process measured in IBM, 0.18 ym process measured in Geor-
gia Institute of Technology and 0.12 ym process measured in IBM. Using standard linear noisy
two-port theory, a simple derivation of noise parameters is presented. The results are compared
with the well known Fukui’s empirical FET noise equations. Experimental data on a 0.18 ym
CMOS process are measured and used to evaluate the simple model equations. New figures-
of-merit for minimum noise figure is proposed. The amount of drain current noise produced to
achieve one GHz fr is shown to fundamentally determine the noise capability of the intrinsic

transistor.

8.1 Introduction

CMOS has recently become a technology for implementing lost cost RF system due to
its economy of scale and ability to integrate analog, digital and RF functions. For analog and
RF circuits, a deeper understanding of the drain current thermal noise at both the device and
circuit level is required. A primary figure-of-merit used is the so-called drain noise excess noise
factor, defined as S; iy /4kT gq0, with ggo being the output conductance at Vs = 0V, and .S; iy
being the power spectral density (PSD) of drain current noise. As ggo is used as a reference,
we will refer to this as the g0 referenced excess noise factor, and denote it as y,,,. For circuit

designers, however, the transconductance at the operating bias, g, is a better reference for
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defining excess noise factor, and we will refer to this as the g, referenced excess noise factor,
Yeu = Siyit,/4kTgm. Here we examine the relationship between y,, and y,,, using experimental
data, particular its bias and channel length dependence.

Ultimately, from a circuit perspective, we need to establish exactly how circuit level noise
parameters relate to device level parameters, including the minimum noise figure NF,,;,, the
noise resistance R,, and the noise matching source admittance Y,,. Fukui’s equations have
been widely used in interpretation, understanding and modeling of noise properties of field-
effect transistors (FETSs), first in GaAs FETs and more recently in RF CMOS [34] [35] [36]
[37] [38]. Based on observation of experimental noise parameter data obtained on MESFETs
[31] [32] [33], Fukui first proposed a set of empirical equations for NF,;,, Ry, and Z,,;. These
equations involve an empirical Fukui’s noise figure coefficient K¢, and other “constants.” Ky
has since been frequently used as a figure-of-merit for comparing the intrinsic noise performance
of different technologies [34] [36]. Recently, various equations of NF,;,, R, and Y,, have been
derived based on linear two-port theories and small signal equivalent circuits [40]. In this chapter,
the noise parameter equations from small signal equivalent circuit derivation are compared with
empirical Fukui’s equations to better understand the physical meanings of the various constants.
Noise measurements are then made on a 0.18um CMOS process for model evaluation. The
results show that there does not exist a bias or channel length independent Fukui’s noise figure
coefficient for CMOS. The results are then used to develop new figures-of-merit for NF ;.

Experimental data are used to demonstrate the new NF,;, figures-of-merit.
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8.2 Excess Noise Factors

The PSD of drain current noise iy can be expressed using either yg,, Or ygm

_(iai)

Sid,iz - Af

=4kTyg, gm = 4kTyq, 840 (8.1)

The two excess noise factors are related by

8do
Yem = Ve - (8.2)
8m

In device modeling, y,,, is often preferred because it is less bias dependent [72]. Another perhaps
more important reason is that an analytical expression of y,, is straightforward to derive using a
drift-diffusion based noise source model, as was done in [15]. Given the weak bias dependence
of y,,, the bias dependence of y,,, should primarily come from the ratio of g40/gm.

Fig. 8.1 shows the measured gq40/gm ratio versus Vg, for different channel length from a
0.13 um process. Similar results are obtained on 0.18 um process. Vy; is chosen at 1.5 V to bias
the device in saturation. Observe in Fig. 8.1 that for long channel devices, g40 = g in strong
inversion (high Vi), vg,, = 7s,.» and differentiating y,,, or y,, does not make a difference.

For short channel lengths of interest, however, the g40/gx ratio increases linearly with V.
If we assume a bias independent y,,,, which remains to be verified, we should expect a strong
increase of y,, with V. Optimal biasing and sizing for low-noise amplifier optimization under
the assumption of a bias independent y,,, [40] is thus problematic.

With decreasing channel length, velocity saturation makes g,, increasingly smaller than its
“long channel” behavior value, while g49 does not suffer from velocity saturation and remains

close to its long channel behavior, because Vs = 0 V. The gy0/gn ratio thus increases with
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Figure 8.1: Measured ratio of g40/gm Vs Vy, for different channel lengths from a 0.13 ym CMOS
process. Vg =1.5V.

decreasing channel length. A calculation of gu9/gn, using the BSIM3v3 model equation with
and without velocity saturation confirms the above intuitive explanation.

Fig. 8.2 shows yg,, and y,, extracted from noise parameter measurements for a 0.18 ym
process. S-parameters and noise parameters were measured using a ATN NP-5B system on wafer
from 2 to 20 GHz, using open short de-embedding. V,;; = 1 V. Gate resistance was extracted
from s-parameters, and further de-embedded for calculation of S, ;. &n is extracted from y-
parameters (converted from s-parameters), and verified to be consistent with that obtained from
derivatives of Iy — Vgs. gqo 1s extracted from I, — V4 data, with a small Vg, step of 0.05 V.
Devices with 8, 16 and 32 fingers were measured, and the resulting .Sj, ;» is proportional to the
number of fingers. Note that yg, decreases slightly with increasing bias, while y,, increases

with increasing bias at a larger slope.
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Figure 8.2: Measured yg,, and y,, for a 0.18 yum CMOS process. Vg5 =1 V.
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Figure 8.3: Ipg vs Vg, in saturation region for gate length of 0.24 ym, 0.18 ym, and 0.12 ym
devices.
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8.3 Technology Discussion of Excess Noise Factor

Fig. 8.3 shows Ipg vs V in saturation region for gate length of 0.24 ym, 0.18 pm, and

0.12 ym devices. Ipg increases with scaling. Fig. 8.4 show cutoff frequency f7 vs Ips and Vi,

respectively. fr increases with decreasing gate length.
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Figure 8.4: fr vs (a) Ips, and (b) Vg, for gate length of 0.24 ym, 0.18 ym, and 0.12 pm devices.

Fig. 8.5 (a) shows S,-d,,»: normalized by (W - N f) vs Ips and Sid,,-; vs Vs for gate length

of 0.24 ym, 0.18 ym, and 0.12 um devices, respectively. .S;
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the highest. The normalized .S;, ;» increases with scaling. g, normalized by (W - N f) vs Ips is
shown in Fig. 8.5 (b) for gate length of 0.24 ym, 0.18 um, and 0.12 ym devices. The normalized

gm increases with scaling.
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Figure 8.5: (a) S,-d,,;, and (b) g, normalized by (W - N f) vs Ipg for gate length of 0.24 ym,
0.18 pym, and 0.12 pum devices.
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Fig. 8.6 shows y,, and y,, vs Ips for gate length of 0.24 ym, 0.18 ym, and 0.12 ym

devices. y,, and yg, do not necessarily increase or decrease with scaling, although normalized
Si,in and g, increase with scaling as shown in Fig. 8.5.
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Figure 8.6: v, and y,,, vs Ipg for gate length of 0.24 ym, 0.18 pm, and 0.12 ym devices.

8.4 V,;; Dependence of Excess Noise Factor

Due to the limitation of measurement data, only gate length of 0.12 ym device and 0.24 ym
device are discussed here.
8.4.1 0.24 ym device, W =4 ym, N f = 128.
Fig. 8.7 (a) shows y;, and y;, vs Ips and Vg at V4, = 0.2 V and 1.2 V for 0.24 ym device.
W =4 ym, N f = 128. y;, is similar to but higher than y;, for all biases. As V;, increases, both

7i, and y;, decrease. In section 6.7.1, modeling of y;, is discussed for Vs = 0.2 and 1.2 V. y;, can
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be similarly modeled.

yid = Vid,o + Vid,l . I/gs + yl'd,2 : I/gsz: (83)

Yigo = 8.1166, y;,1 = —19.5604 and y;,» = 13.7592 for V4 = 0.2 V, and y;,0 = 0.0810,
Yig1 = 1.4981 and y;,» = 0 for V4 = 1.2 V. Similar to analysis for y;,, i, 0 and y;, > increases

with decreasing Vy, while y;, | decreases with decreasing V.
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Figure 8.7: y;, and y;, (a) vs Ips, and (b) vs Vs at V4, = 0.2 Vand 1.2V for 0.24 ym device.
W =4 uym, N f = 128.
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8.4.2 0.12 ym Device, W =5 ym, N f = 30.

Fig. 8.8 shows Ips vs Vgs at Vyg =1 Vand 1.5V for 0.12 ym device. W =5 ym, N f =
30. Ips slightly increases with increasing Vy,. Fig. 8.9 shows Ipg vs Vg, at Vs = 0.7, 1.0 and

1.5 V. Ips does not increase much with increasing Vps for Vs = 0.7 and 1.0 V. For Vs = 1.5

V, Ips increases at lower Vpg, then saturates at higher Vpg.

€
=
<
3
2 ol IBM 8rf: L = 0.12 um, W = 5um, Nf = 30
— V, =10V
. -- V=15V
10
0.4 0.6 0.8 1 1.2 1.4 1.6
vV (V)

gs

Figure 8.8: Ips vs Vysat Vyg =1V and 1.5V for 0.12 ym device. W =5 uym, N f = 30.

Data: L = 0.12 um, W = 5um, Nf = 30

L ———" v =10V
200f gs

V =07V
gs

1.5
v ds V)

Figure 8.9: Ips vs Vys at Vg = 0.7, 1.0 and 1.5 V for gate length of 0.12 pm device.
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Fig. 8.10 shows the S,-d,i;, Ye,, and yg,, Vs Vgs at Vgg =1V and 1.5 V. Fig. 8.11 shows the

Sid,iZ’ Ye, and yg,, vs Ips at Vg =1V and 1.5 V.

x107

IBM 8rf: L = 0.12 um, W = 5um, Nf = 30 -

(A%MHz)

Si,id

1r —Vds=1.0V.
-=- V, =15V
ds

0.4 0.6 0.8 1 1.2 14 1.6
v V) (a)

gs

0.5} —Vds=1.0V_
--V, =15V
ds
0 . . . . T
0.4 0.6 0.8 1 1.2 1.4 1.6
v V
s V) (b)

Figure 8.10: (a) S,-d,,;, and (b)yg, and yg,, vs Vgsat Vg =1V and 1.5V for 0.12 ym device. W
=5 um, N f = 30.

Fig. 8.12 (a) shows Sid,,-; vs Vygat Vog =0.7,1.0and 1.5 V. Sid,,-; is almost flat over Vy; at
Ves = 0.7 V. For Vg = 1.0 and 1.5 V, however, S; iy increases with increasing V. Higher the
Vs, higher the slope of Sid,,-; — Vs curve. Fig. 8.12 (b) shows y,,, vs Vys at Vg = 0.7, 1.0 and

1.5 V for gate length of 0.12 ym device. y,,, slightly increases with increasing Vg, and is the
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Figure 8.11: (a) S,-d,,-:, and (b)yg, and yg,, vs Ips at V4 =1V and 1.5V for 0.12 ym device. W
=5 um, N f = 30.

lowest for Vo = 1 V. Fig. 8.12 (c) shows yg, vs Vys at Voo = 0.7, 1.0 and 1.5 V for gate length
of 0.12 ym device. y,, is almost flat over Vy, at Vo3 = 0.7 and 1.0 V. For V,; = 1.5V, however,

Ys,, decreases in the linear region, then becomes flat in the saturation region.
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Figure 8.12: (a) Sid,,-;, (b) ¥g4» and (¢) yg, Vs Vg5 at Vg = 0.7, 1.0 and 1.5 V for gate length of
0.12 pym device.
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8.4.3 Simulation Results on 50 nm L.; CMOS

In order to further investigate V;; dependence of Sj, %, v¢,9, and 7g,,, 50 nm Ley gate length

CMOS simulation results in chapter 6 are used. Fig. 8.13 shows .S;, i=, 7g,e. and yg,, vs Vs at Vg

=0.1 Vto 1.0 V with step of 0.1 V. .S; ol and y,,, increases with increasing Vys. v, decreases

with increasing V;.

Simulation results: L = 50 nm

V _=01to1V
ds
step=0.1V

01 02 03 04 Q5 06 07 08 09 1
s V) (a)

Simulation results: L = 50 nm

V. _=01tol1V
ds
step=0.1V

)

Simulation results: L = 50 nm

Vds=0.1 to1V
step=0.1V

01 02 03 04 %5 &.6 07 08 09 1

s M (C)

Figure 8.13: (a) S,-d,,;, (b) Yg40, and () yg,, VS Ves at Vgg = 0.1 V to 1.0 V with step of 0.1 V for

50 nm L.y CMOS simulation.
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Fig. 8.14 shows S,-d,i;, Yeu»> and y,, Vs Ips at Vg = 0.1 V to 1.0 V with step of 0.1 V. Sid,,-;

vs Ips almost does not change for V;; above 0.3 V.

Simulation results: L = 50 nm

V =01to1V
ds

N 24| =Vu.
g 1072} step=0.1V ]
7]
1077} 1
—26|
10 - :
107 10° 10° 10*
lye  (WA/um) (a)
7
Simulation results: L = 50 nm
6
5
V, _=01to1V
4 ds
3 step = 0.
o p=0.1V
3
2
1
0
0 200 400 600 800 1000 1200 1400
lye  (WAmM) (b)
15
Simulation results: L = 50 nm
10
V., =01to1V
ds
o step=0.1V
5
0
0 200 400 600 800 1000 1200 1400

lye  (WA/um) (C)

Figure 8.14: (a) Sid,,-:, (b) v¢,> and (¢) yg, Vs Ips at Vys = 0.1 V to 1.0 V with step of 0.1 V for
50 nm Ly CMOS simulation.
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Fig. 8.15 shows simulation-model comparison of y,, vs Ips and vs Vg at Vs = 0.1 V to
1.0 V with step of 0.1 V. y,, is modeled using (8.3). Excellent simulation-model agreement are

obtained. The V;; dependence of the model parameters y;, o, 7i,,1 and y;, 2 are shown in Fig. 8.16.

7i,0 and y;, » decreases as Vy increases. y;, 1 increases as Vy; increases. The simulation results

complies with the measurement data analysis for the above 0.24 ym device.

15 T T T T
Simulation results: L =50 nm

V, =01to1V
ds

step=0.1V

10f

symbols: simulation

o8
lines: model
5 L
0 ; ; ; ; ; ;
0 200 400 600 800 1000 1200 1400
Ids (nA/um) (a)
15
Simulation results: L = 50 nm
10f V. =0.1to1V ]
ds
o step=0.1V
>

symbols: simulation
lines: model

0 0.2 0.4 .6 0.8 1
)

(b)

Figure 8.15: y,,, (a) vs Ips, and (b) vs Vg at Ve = 0.1 V to 1.0 V with step of 0.1 V for 50 nm
Ley CMOS simulation.
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Yis2» Yig1, and y;, o can be further modeled as function of V;.

Via = 101=0:4475(log, Vis)*=1.7225(log Vas)®—2.5302(log o Vus)>—2.8588(log, o Vis)—0.3274]
ds s

(8.4)
yioq = 107015520081 Vas)*~0.3067(log g Vas)*~0.2801(logyq Vas)*~0.0093(logyp Var)+1.50631 _ 3 (g 5)
g, 1 — ’ .
Yino = 101=0-0698(log, Vi5)2—0.6374(logy, Vas)=0.5782] (8.6)

The calulations using model equations (8.4) — (8.6) are compared to model parameters y;, 2, 7i,.1
and y;, 0 in Fig. 8.16. Excellent agreement has been achieved. Therefore, y,,, at certain V;; and

Vs can be modeled using 14 constant coefficients in (8.4) — (8.6), together with (8.3).

80 L] L] L] L]
. ) 8 Va2
Simulation results: L =50 nm O Vg4
60 o 1
id,0

aob symbols: Va2 Yiar’ and Vid,0’

lines: model

Yid,2’ Yid,1 and yid,O

Figure 8.16: y;, 0, 7i,1 and y;, 2 vs Vyg for 50 nm Ly CMOS simulation.
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8.5 Noise Parameter Equations

Fig. 8.17 shows a simplified MOSFET equivalent circuit including gate resistance noise and
drain current noise. The Y matrix of the intrinsic device is denoted by Y™ We first consider

only the intrinsic MOSFET without Rg, and consider only the drain current noise iy.

Yintr
|
re————— Weeccccccccaa—
I, 4kTRg Rg ; ng
O>+—(O)—WA\— |
.|.

o1 = +3N-<

Figure 8.17: MOSFET equivalent circuit with drain current noise and gate resistance noise.

We first convert iy into v, and i,, input voltage and current,

ig

=t )
21

. iq

iy = S (8.8)
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For the dashed box in Fig. 8.17,

Y, & g, (8.9)
Y = jwC, (8.10)
intr
- g L fr
prr = 2 - 2B o (8.11)

Sy joCjof

where C; = Cy5 + Cgq, and f7 is cutoff frequency. The PSDs of v,, i, and their correlation are

then obtained as

< Vg, Vi> Sid,i; Sid,i;
Svavi = A = —ma X T (8.12)
f |Y21 | 8m
<igit> S 1\’
Sia,,';k = ar‘q = imrd ~ (—) Sid,[:;: (813)
Af |h5 |2 Jr
<iove> _ Sy Ly [ Sui
S'ia,v;k = = intryn 11 N byl . (814)
A fr gm

Now we add the gate resistance as shown in Fig. 8.17. The primary effect is an increase in

Sva,vja
i N 4 AKT Ry % —2% + 4KTR,. (8.15)
|Y21 | m
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Sy, vi> Si,iz, and S; ,» can then be used to calculate NF,;,, R, and Y,, using standard

equations in [11] as

[ | Siaiy
NFmin = 1010g10 1 + E kT Rg » (816)
S, i+ /4kT
Rn=@+Rg=Wd—2+Rg, (8.17)
8m &
G f V7e.8mRq (8.18)
=gm— :
opt m fT ng + &m Rg
f Vam
Byt = —gm—— + ——————. (8.19)
opt m fT ng + &m Rg
Zopt = Ropr + jXopt s also calculated from 1/Y,,; as
fr R, gm 4kT
Ropr = — = -v/R,, (8.20)
T Yeu8m  27fCi Siyi &
1 1/2
Xop = r. 1. ﬁ, (8.21)
[ gm fCi

Note that y,, appears directly in the R,, R, and X, expressions. We can also write the NF,;,

expression (8.16) by replacing S; iy with 4kTy,, &m,

NFpin = 10l0g,g <1 + 2,/yng{—T\/ngg) . (8.22)
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8.6 Comparison with Fukui’s Equations

Based on experimental data in GaAs MESFETs, Fukui proposed the following empirical

equations [31] [32]

NFin = 1010g;, <1 + Kffi\/ngg) , (8.23)
T
K
R, = =2, (8.24)
2
8m
1
Ropt = K3 E + Rg B (825)
Ky
Xopt = —, 8.26
opt ngS ( )

where K¢, K>, K3 and K4 were proposed to be bias independent and channel length independent

[31]. R, was later modified in [33] as

R, = —2, (8.27)

where K = 0.8.

An inspection of (8.23) and (8.22) immediately shows:

K;=2/re. (8.28)

which gives a meaning to Fukui’s noise figure coefficient. For long channel device operating in
saturation region (strong inversion), yg, = ¥q,, = 2/3 [15], and Ky = 1.633. This is close to the
empirical K; = 2 in [31] and [32], which was also proposed to be channel length independent

at the minimum NF,,;, bias point [31]. This is not the case for short channel CMOS, in which
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K; = 2,/7,, becomes strongly bias dependent, as shown in Fig. 8.2. The bias dependence of
Ye, 18 primarily due to the strong bias dependence of gq0/gn in short channel devices, as was
shown in Fig. 8.1. This indicates that there does not exist a bias independent or channel length
independent universal Fukui’s noise figure coefficient for RF CMOS. We therefore cannot use
(8.23) for low-noise optimization, as was done in [31] and [40].

Comparing (8.24), (8.27) and (8.17),

K, = Stad =Y &m (8.29)
4kT — TEOT
K" = ity _ v (8.30)
2 4kTg,

for g, related terms. The R, term was not included in Fukui’s R, equation because of the low

R, due to the use of metal gate in MESFETS, but is important for CMOS. Clearly neither S;,

nor yg,, is a constant. Instead, both S, ;» and y,,, should be bias and channel length dependent.
A comparison of (8.25) and (8.20) shows that the inverse frequency dependence is not

considered in Fukui’s R,,; equation. A comparison of (8.26) and (8.21) shows

Ki=1/2x, (8.31)

which is indeed a constant. Note that Cyy was not included in (8.26). Table I summarizes the

“physical meanings” of K| — Kj.

8.7 Model Validation

For validation, we compare measured and simulated noise parameters. Here we use the 8

finger device as an example. S-parameters and noise parameters are measured from 2 to 20 GHz.
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Table 8.1: Comparison of Fukui empirical constants with our derivation.

Empirical equations [31] [32] | Our derivation
NF,in Kf =2 2%
NI
R, K> BT = Yen&m
K3 =0.8[33] Yem
(Rg not included) (R, included)
4g2 /Ry
Ropt K3 2727 Citam (1+jgm Ry)
(f independent) (f dependent)
Zopt K4 1/2717
(Cqq not included) (Cqq included)

Vs 1s fixed at 1.5V, and Vy; is swept. Rg, g, and f7 are extracted from y-parameters. The Rj
and R, extracted from dc measurements are negligibly small. .S;, ;» is extracted from measured
NF in, Ry, and Y, through standard noise de-embedding [43] [11].

For each parameter, comparisons are shown in Fig. 8.18 as a function of frequency at a fixed
Vg5 of 0.7 V, and then in Fig. 8.19 as a function of bias at a fixed frequency of 5 GHz. Good
model-data correlation is achieved for both bias and frequency dependence of NF,;,. A fairly
good correlation between model and data is observed for both bias and frequency dependence
of R,. R, is flat over frequency. With increasing V,,, R, decreases first and then stays nearly
constant, as expected from (8.17). Fairly good model-data correlation is observed for both bias
and frequency dependence of G,,. G, is positive and linearly increases with frequency, as
expected from (8.18). G, is only weakly dependent on Vj; after g, and fr reach their peaks.
A larger discrepancy is observed at higher frequencies, which is related to the use of a simplified
equivalent circuit model. For frequencies below 5 GHz, the intended RF design frequencies for

a 0.18 um process, the model still works reasonably well over all biases.
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Figure 8.18: Model-data comparison of noise parameters vs frequency. Vg = 0.7V, Vg =1 V.
8.8 Figure-of-Merit for NF,;,

An inspection of (8.16) shows that it is the absolute value of the drain current noise .S; ol
that fundamentally determines NF,;,. The Fukui’s noise figure coefficient, the K ; factor, which
is historically used as a figure-of-merit for comparing the noise figure capability of different
technologies, is less applicable to CMOS, as it is strongly bias dependent through y,, .

Similarly, the y,, excess noise factor cannot be used as a figure-of-merit for measuring the
minimum noise figure capability of a technology, even though it appears in (8.22). The product
of y,, and g, simply leads us back to .S;, ;. One can also decompose .S;, ;» into the product of

Yeu and gq0, however, it is the Sj,, i value that matters.
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Figure 8.19: Model-data comparison of noise parameters vs Vg, f =5 GHz, V4, =1 V.

To propose a figure-of-merit for measuring the intrinsic transistor low noise capability, we
rewrite (8.16) as

I/I/Iotal : Rg

T (8.32)

Fpin—1=f-KnF-

where Ky r is the proposed new figure-of-merit for NF

\/ Sid,ij/u/total
_ (8.33)

Ir

KnF =

and Wyq s the total device width, Wyp = W x Ny. The normalization to W, is made to

make Ky r device width independent. The y/W;ya R, term can be minimized through layout
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techniques, while the Ky p factor represents the noise capability of the intrinsic device, and

essentially represents the amount of noise current generated in order to achieve one GHz fr.

Fig. 8.20 show \/Sid,ij/(W “Ny¢), fr, and the KyF factor vs log scale Ipg and linear

scale Ips respectively for the 0.18 ym process. Similarly, Fig. 8.21 show 4/.S;, /(W - Ny),

fr, and the Ky F factor vs Ipg for the 0.25 ym process, the 0.18 ym process, and the 0.12
um process. Different normalizations are used to plot all quantities on the same scale. The
same noise measurements were made on the 0.25 ym process and 0.12 ym process, from which
S; i Was extracted. Observe that with increasing Ipg, both fr and S; oy increase, as expected.
The K factor, which is a direct indicator of NF,,;,, decreases rapidly first as the device turns
on, reaches a minimum at a moderate Ipgs when Vj; is slightly above threshold voltage. This
corresponds to the bias for minimum NF;,, at which the lowest amount of noise is generated
for one GHz fr, or the same amount of f7 is achieved with the least amount of noise.

With technology scaling, both S, ;+ and fr increase as shown in Fig. 8.22 (a) and (b).
Only when the fr increase dominates over the .S; iy increase, NF,,;, improves (decreases) with
scaling. This differs from the conventional wisdom that a higher f7 in scaled device directly
leads to improved NF ,;,,, a result from Fukui’s empirical NF ,;;,, equation. Fig. 8.22 (c) compares
the Ky factor of the 0.25 um process, 0.18 yum process and 0.12 um process. Indeed, the Ky ¢
factor, which directly determines intrinsic device NF,,;,, decreases (improves) with technology
scaling from 0.25 pym, 0.18 um to 0.12 um, because the fr increase with scaling dominates the
drain current noise increase with scaling. The Ky ¢ factor does not include the R - Wy effect
by design to measure only intrinsic device noise figure. The R, - Wiy term in (8.32), however,
can increase with scaling in a silicided poly gate process, which may ultimately limit overall

device NF,;,, as detailed below. In order to compare technologies with different gate material
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or devices with different layout, we define another noise figure-of-merit to include the effect of

Rg : I/Vtotal,
1 Sid,l'* RgVVtotal
KnFRr, = I k_Td ¢ = KnF T (8.34)
and
Fyin = 1+f'KNF,Rg~ (835)

Fig. 8.23 compares the Ky g, of three devices, one from the 0.18 ym process with W = 10
um, Ny = 8, and the other two from the 0.25 ym process with W = 4 ym, Ny = 128, and
the 0.12 pum process with W =5 ym, Ny = 30. Note that the gate finger width is much larger
for the 0.18 um device. Rg - Wigar is 2000 Qum for the 0.18 pm device, 307.2 Qum for the
0.25 pum device, and 780 Qum for the 0.12 uym device. Even though Ky, a measure of the
intrinsic device noise, is smaller in the 0.18 ym device, Ky, R, and hence NF,,;, are higher in
the 0.18 um device, because of the much smaller R, - Wi4. The combination of a smaller gate
length L and a larger gate finger width W results in the higher R - W4 in the 0.18 ym device,
despite reduced gate sheet resistance (10.8 Q/0O for 0.18um processes, 13.8 Q/0 for 0.25 ym
processes, and 11.2 Q/0 for 0.12 um processes). A smaller finger gate width, e.g. 2 ym, should

be used to decrease Ky R, and hence NF,;, of the 0.18 ym device.
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Figure 8.20: /S,-d_,;/(W “Ny), fr,and KnF vs (a) log scale Ipgs, and (b) linear scale Ips for

the 0.18 um process

, with ,S; oy in unit of A%2/Hz, W in unit of um, fr in unit of GHz, and Ky r

in unit of A/+/umH z3.
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Figure 8.22: (a)

process, a 0.18 ym process, and a 0.12 ym process.
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Figure 8.23: Ky F R, Vs Ips comparison between a 0.18 um process device with W = 10 ym, a
0.25 pum process device with W =4 ym, and a 0.12 ym process device with W =5 ym.

8.9 Summary

The difference between g4 and g, referenced excess noise factors in CMOS transistors is
examined. The technology scaling are discussed for 0.25 um process, 0.18 um process and 0.12
um process. A simple set of analytical equations for NF,;,, R, and Y, (or Z,,) is derived.
The equations are compared with Fukui’s empirical noise equations to identify the physical
meanings of various Fukui “constants,” and validated using experimental data. The results show
that there does not exist a bias independent or channel length independent Fukui’s coefficient for
the well known NF,,;, equation. Instead, the amount of drain current noise produced to achieve
one GHz fr fundamentally determines the NF,,;, of the intrinsic device, and can be used as

a figure-of-merit to better measure the intrinsic noise figure capability of a technology. With
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technology scaling from 0.25 ym to 0.18 ym, both f7 and drain current noise increase. The fr
increase, however, dominates over the drain current noise increase, thus improving the minimum
noise figure of the intrinsic device. Another figure-of-merit is proposed to include the effect of
gate resistance which facilitates layout optimization for low noise and evaluation of the relevant

importance of gate resistance noise with respect to drain current noise in determining NF ;.
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CHAPTER 9

CONCLUSIONS

In this dissertation, detailed information about RF bipolar and CMOS noise in terms of
device physics were provided. To achieve these goals, this dissertation has tackled various areas
including microscopic noise simulation, Ge profile optimization in SiGe HBT device, noise
characterization, and compact noise modeling.

Chapter 1 gave an introduction of definitions and classifications of RF device noise and
noise parameters. Review of RF bipolar and CMOS noise models and the intrinsic noise sources
in RF bipolar and CMOS devices was also given in chapter 1. Different noise representations
for a linear noisy two-port network were introduced in chapter 2. The transformation matri-
ces to other noise representations were given for ABCD-, Y-, Z-, and H- noise representations.
Techniques of adding or de-embedding a passive component to a linear two-port network were
discussed. Noise sources de-embedding for both MOSFET and SiGe HBT were given for re-
peatedly use in later chapters.

In chapter 3, a new technique of simulating the spatial distribution of microscopic noise
contribution to the input noise current, voltage, as well as their cross-correlations were presented.
The technique was first demonstrated on a 50 GHz SiGe HBT. The spatial contributions by base
majority holes, base minority electrons, and emitter minority holes were analyzed, and compared
to results from a compact noise model. A strong crowding effect was observed in the spatial
distribution of noise concentrations due to base majority holes. The results suggest that 2D
distributive effect needs to be taken into account in future compact noise model development.

The technique was also applied to a 46 nm L,y MOSFET transistor. The spatial distribution of
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the Y- noise representation parameters CSig,i;;’ C Sigit> SR(CS,»g,i;) and %(Csig,iz) were analyzed.
The region under the gate near the source side is the most important for all of the Y- noise
representation parameters.

Bipolar transistor noise modeling for each physical noise source using microscopic noise
simulation were examined in chapter 4. Regional analysis was performed for the chain repre-
sentation noise parameters. The base majority hole noise contribution was shown to be larger
than modeled using 4kT'r, and frequency dependent for all noise parameters. The 2q 1 related
terms underestimates the emitter hole noise, especially for higher frequencies. The base minor-
ity electron contribution is poorly modeled by the 2¢I¢ related terms for all noise parameters,
particularly for higher J¢ required for high speed. Further, regional analysis for intrinsic transis-
tor input and output noise current was performed. The input noise current consists not only the
emitter hole contribution corresponding to 2¢1p, but also the base electron and hole contribution
which are frequency dependent and should be counted for especially at high frequencies. At
higher J¢, the output noise current consists not only the base electron contribution correspond-
ing to 2q ¢, but also the base hole contribution that not counted for in the compact noise model.
Moreover, the frequency dependence of base electron contribution is not described. The corre-
lation term which is not modeled in the compact noise model should be considered for higher
Jc and higher frequency. Chapter 4 also compared the intrinsic transistor input and output noise
current with a noise model that derived from the transport theory of density fluctuations that
applied to three dimensional device. The comparison showed that this model has a better de-
scription of frequency dependence than the compact noise model at low bias. However, as for

higher J¢, it has no advantage over the compact noise model.
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RF noise physics in advanced SiGe HBTs using microscopic noise simulation was explored
in chapter 5. SiGe profile primarily affects the minimum noise figure through the input noise
current, and identified the small region near the EB junction as where most of the input noise
current originates. A higher Ge gradient in this region helps reducing the impedance field for
the input noise current. At constant SiGe film stability, increasing the Ge gradient in the noise
critical region ultimately necessitates retrograding of Ge inside the neutral base, and the gradient
of such Ge retrograding needs to be optimized within stability limit to minimize high injection
S rolloff degradation. An example of successful SiGe profile optimization using unconventional
Ge retrograding inside the base was presented.

In chapter 6, microscopic RF noise simulation results on 50 nm L,z CMOS devices were
presented, and the compact modeling of intrinsic noise sources for both the Y-representation
and the H-representation were examined. The correlation was shown to be smaller for the H-
representation than for the Y-representation. For practical biasing currents and frequencies, the
correlation is negligible for H-representation. Models for the noise sources were suggested. Fur-
thermore, the relations between the Y- and H-noise representations for MOSFETs were exam-
ined , and the importance of correlation for both representations were quantified. The theoretical
values of a,,, 7;, and cy were derived for the first time for long channel devices, a,, = 4/3,
7i, = 0.6, a = 0.2458, and b = 0. cy is shown theoretically to have a zero imaginary part. It was
further shown that Y-representation is a better choice for R,,, and the H-representation has the
inherent advantage of a more negligible correlation for NF,;,, Gop, and B,,;. Overall, the im-
portance of correlation is much more negligible for H-representation than for Y-representation.
This makes circuit design and simulation easier. Chapter 6 also presented experimental extrac-

tion and modeling of H-representation noise sources in a 0.25 ym RF CMOS process. Excellent
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agreement was achieved between modeled and measured noise data, including all noise param-
eters, for the whole bias range, from 2 to 26 GHz. The results suggest a new path to RF CMOS
noise modeling.

An anomalous frequency dependence and bias dependence of R (h;;) was observed in chap-
ter 7. R(h11) decreases with frequency, and increases with Vi at low biases. It was shown that
both the frequency dependence and bias dependence can be understood by considering the gate-
to-body capacitance and the parasitic gate-to-source capacitances as capacitances in parallel with
the series combination of the NQS resistance and inversion capacitance Cy;. A new parameter
extraction method was developed to separate the physical gate resistance and the NQS channel
resistance. The modeling results showed excellent agreement with data, and suggest the impor-
tance of modeling NQS effect for RF CMOS even at frequencies well below f7 of the technol-
ogy. The proposed model parameter extraction method can be used to facilitate MOSFET noise
modeling and more accurate Y-parameter modeling over a wide bias range.

The difference between ggo and g, referenced excess noise factors in CMOS transistors
was examined in chapter 8. The technology scaling were discussed for 0.25 ym process, 0.18
um process and 0.12 ym process. A simple set of analytical equations for NF;,, R, and Y,
(or Z,,) was derived. The equations were compared with Fukui’s empirical noise equations to
identify the physical meanings of various Fukui “constants,” and validated using experimental
data. The results showed that there does not exist a bias independent or channel length indepen-
dent Fukui’s coefficient for the well known NF,,;, equation. Instead, the amount of drain current
noise produced to achieve one GHz f7 fundamentally determines the NF,,;, of the intrinsic de-
vice, and can be used as a figure-of-merit to better measure the intrinsic noise figure capability

of a technology. With technology scaling from 0.25 ym to 0.18 um, both fr and drain current

240



noise increase. The fr increase, however, dominates over the drain current noise increase, thus
improving the minimum noise figure of the intrinsic device. Another figure-of-merit is proposed
to include the effect of gate resistance which facilitates layout optimization for low noise and
evaluation of the relevant importance of gate resistance noise with respect to drain current noise

in determining NF ;.
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APPENDIX A
MATLAB PROGRAMMING FOR OPEN-SHORT DEEMBEDDING IN CHAPTER 2

correction = 1; % correction = 0: matrix operation; 1: correction

k=1.38e-23;

To=290;

T=295;

dut = load(’DUT_Vgp685_Vd1lp5_Fswp_DELSP’) ;
noise = load(’DUT_Vgp685_Vdlp5_Fswp_DELNP’) ;
open = load(’DUT_OPEN_840step2_SP.s2p’);
short = load(’DUT_SHORT_840step2_SP.s2p’);

for i=1:17
% S-parameters of the device:
fre(i)=dut(i,1);
mag=dut (i,2);
deg=dut (i,3)/180%*pi;
s(1,1)=mag*(cos(deg)+j*sin(deg)) ;
mag=dut (i,4);
deg=dut (i,5)/180%*pi;
s(2,1)=mag* (cos(deg)+j*sin(deg)) ;
mag=dut (i,6);
deg=dut (i,7)/180%*pi;
s(1,2)=mag*(cos(deg)+j*sin(deg));
mag=dut (i,8);
deg=dut (i,9)/180%pi;
s(2,2)=mag* (cos(deg)+j*sin(deg)) ;
% convert s-parameter to Y parameters
temp=50* ((1+s(1,1))*(1+s(2,2))-s(1,2)*s(2,1));
y(1,1)=((1-s(1,1))*(1+s(2,2))+s(1,2)*s(2,1)) /temp;
y(1,2)=-2*s(1,2)/temp;
y(2,1)=-2xs(2,1) /temp;
y(2,2)=((1+s(1,1))*(1-s5(2,2))+s(1,2)*s(2,1)) /temp;
% S-parameters of the open:
mag=open(i,2);
deg=open(i,3)/180*pi;
s(1,1)=mag*(cos(deg)+j*sin(deg));
mag=open(i,4);
deg=open(i,5)/180*pi;
s(2,1)=mag* (cos(deg)+j*sin(deg)) ;
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mag=open(i,6);
deg=open(i,7)/180*pi;
s(1,2)=mag*(cos(deg)+j*sin(deg));
mag=open(i,8);
deg=open(i,9)/180*pi;
s(2,2)=mag* (cos(deg)+j*sin(deg)) ;
% convert s-parameter to Y parameters
temp=50% ((1+s(1,1))*(1+s(2,2))-5(1,2)*s(2,1));
y_open(1,1)=((1-s(1,1))*(1+s(2,2))+s(1,2)*s(2,1)) /temp;
y_open(1,2)=-2*s(1,2)/temp;
y_open(2,1)=-2%s(2,1) /temp;
y_open(2,2)=((1+s(1,1))*(1-s(2,2))+s(1,2)*s(2,1)) /temp;
% S-parameters of the Short:
mag=short(i,2);
deg=short (i,3)/180%*pi;
s(1,1)=mag*(cos(deg)+j*sin(deg));
mag=short (i,4);
deg=short (i,5)/180%pi;
s(2,1)=mag* (cos(deg)+j*sin(deg)) ;
mag=short(i,6);
deg=short(i,7)/180%*pi;
s(1,2)=mag*(cos(deg)+j*sin(deg));
mag=short(i,8);
deg=short (i,9)/180*pi;
s(2,2)=mag* (cos(deg)+j*sin(deg)) ;
% convert s-parameter to Y parameters
temp=50* ((1+s(1,1))*(1+s(2,2))-s(1,2)*s(2,1));
y_short(1,1)=((1-s(1,1))*(1+s(2,2))+s(1,2)*s(2,1)) /temp;
y_short(1,2)=-2xs(1,2) /temp;
y_short(2,1)=-2%s(2,1) /temp;
y_short(2,2)=((1+s(1,1))*(1-s(2,2))+s(1,2)*s(2,1) ) /temp;
% 2. read in noise parameters of DUT
NFmin=noise(i,2);
NFmin_o0l1d(i)=NFmin;
NFmin=10"(NFmin/10.);
Rn=noise(i,5)*50;
Rn_o01d(i)=Rn;
mag=noise(i,3);
deg=noise(i,4)/180%*pi;
Gama_opt=mag* (cos(deg)+j*sin(deg));
% convert the Gama_opt to Y_opt
Zopt=50%* (1+Gama_opt)/(1.-Gama_opt) ;
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Yopt=1./Zopt;
re_Yopt_old(i)=real(Yopt);
im_Yopt_old(i)=imag(Yopt);

% 3. Caluculate correlation matrix
Ca_dut(1,1)=Rn;
Ca_dut (1,2)=(NFmin-1)/2-Rn*conj (Yopt) ;
Ca_dut(2,1)=(NFmin-1)/2-Rn*Yopt;
Ca_dut (2,2)=Rn*abs(Yopt)*abs(Yopt) ;
Ca_dut=Ca_dut*2*kxTo;

% 4. convert the Ca matrix into its Cy correlation matrix
T_dut=[-y(1,1) , 1; -y(2,1), 0];

switch correction
case O
Cy_dut=T_dut*Ca_dut*(T_dut’);
case 1
% Yan’s correction
T_dut_conj_trans = T_dut’;
Cy_dut(1,1) = (abs(T_dut(1,1))) " 2*Ca_dut(1,1)
+ (abs(T_dut(1,2))) " 2*Ca_dut(2,2)...
+ 2*real (T_dut_conj_trans(1,1)*T_dut(1,2)*Ca_dut(2,1));
Cy_dut(1,2) = T_dut(1,1)*T_dut_conj_trans(1l,2)*Ca_dut(1,1)...
+T_dut (1,2)*T_dut_conj_trans(1,2)*Ca_dut(2,1)...
+T_dut(1,1)*T_dut_conj_trans(2,2)*Ca_dut(1,2)...
+T_dut (1,2)*T_dut_conj_trans(2,2)*Ca_dut(2,2);
Cy_dut(2,1) = Cy_dut(1,2)’;
Cy_dut(2,2) = (abs(T_dut(2,1)))"2*Ca_dut(1,1)
+ (abs(T_dut(2,2))) " 2*Ca_dut(2,2)...
+ 2*xreal (T_dut_conj_trans(2,2)*T_dut(2,1)*Ca_dut(1,2));
end

% 5. calculate the correlation matrix [Cy_open] of the open dummy structure
Cy_open=2xk*T*real (y_open) ;

% 6. subtract parallel parasitics from the Y_dut and Y_short
yi_dut=y-y_open;
yi_short=y_short-y_open;

% 7. deembed Cy_DUT from the parallel parasitic
Cyi_dut=Cy_dut-Cy_open;

% 8. convert the yi_dut to Zi_dut and Yi_short to Zi_short
temp=yi_dut(l,1)*yi_dut(2,2)-yi_dut(1,2)*yi_dut(2,1);
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Zi_dut=[yi_dut(2,2), -yi_dut(1,2); -yi_dut(2,1), yi_dut(1,1)];
Zi_dut=Zi_dut/temp;

temp=yi_short(1,1)*yi_short(2,2)-yi_short(1,2)*yi_short(2,1);
Zi_short=[yi_short(2,2),-yi_short(1,2);-yi_short(2,1),yi_short(1,1)];
Zi_short=Zi_short/temp;

switch correction
case O
Czi_dut=Zi_dut*Cyi_dut*(Zi_dut’);
case 1
%Yan’s correction
Zi_dut_conj_trans = Zi_dut’;
Czi_dut(1,1) = (abs(Zi_dut(1,1)))"2xCyi_dut(1,1)
+ (abs(Zi_dut(1,2))) 2*Cyi_dut(2,2)...
+2*xreal (Zi_dut_conj_trans(1,1)*Zi_dut(1,2)*Cyi_dut(2,1));
Czi_dut(1,2) = Zi_dut(1,1)*Zi_dut_conj_trans(1,2)*Cyi_dut(1,1)...
+Zi_dut(1,2)*Zi_dut_conj_trans(1,2)*Cyi_dut(2,1)...
+Zi_dut(1,1)*Zi_dut_conj_trans(2,2)*Cyi_dut(1,2)...
+Zi_dut(1,2)*Zi_dut_conj_trans(2,2)*Cyi_dut(2,2);
Czi_dut(2,1) = Czi_dut(1,2)’;
Czi_dut(2,2) (abs(Zi_dut(2,1))) "2*Cyi_dut(1,1)
+ (abs(Zi_dut(2,2))) " 2#Cyi_dut(2,2)...
+ 2*xreal (Zi_dut_conj_trans(2,2)*Zi_dut(2,1)*Cyi_dut(1,2));

end

%10. calculate correlation matrix Czi_short after

yA deembedding parallel parasitic
Czi_short=2%k*T*real (Zi_short);

%11. subtract series parasitics from Zi_dut to get

yA Z parameter of the intrimnsic transistor
Ztran=Zi_dut-Zi_short;

%12. De-embed Czi_dut from series parasitics to get

% the correlation matrix Cz of the intrinsic transistor
Cz=Czi_dut-Czi_short;

%13. convert the Ztran to its chain matrix Atrans
Atran=[Ztran(1,1), Ztran(1l,1)*Ztran(2,2)-Ztran(1,2)*Ztran(2,1);

1, Ztran(2,2)];

Atran=Atran/Ztran(2,1);
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%14. Transform Cz to Ca
Ta=[1, -Atran(1,1); 0, -Atran(2,1)];

switch correction
case O

Ca=Ta*xCz*(Ta’);
case 1

% Yan’s correction

Ta_conj_trans = Ta’;

Ca(1,1) = (abs(Ta(1,1)))"2xCz(1,1) + (abs(Ta(1,2)))"2xCz(2,2)...
+ 2*real(Ta_conj_trans(1,1)*Ta(1,2)*Cz(2,1));

Ca(1,2) = Ta(1l,1)*Ta_conj_trans(1,2)*Cz(1,1)...
+Ta(1,2)*Ta_conj_trans(1,2)*Cz(2,1)...
+Ta(1,1)*Ta_conj_trans(2,2)*Cz(1,2)...
+Ta(1,2)*Ta_conj_trans(2,2)*Cz(2,2);

Ca(2,1) = Ca(1,2)’;

Ca(2,2) = (abs(Ta(2,1)))"2xCz(1,1) + (abs(Ta(2,2))) 2xCz(2,2)...
+ 2*real(Ta_conj_trans(2,2)*Ta(2,1)*Cz(1,2));

%15. calculate the open-short deembedded NFmin, Yopt and Rn
temp=sqrt ((Ca(1l,1)*Ca(2,2)-(imag(Ca(1,2))"2)));
NFmin_new(i)=1logl0(1+1/k/T*((real(Ca(l,2)))+temp))*10;
im_NFmin_new(i)=imag(NFmin_new(i));
Yopt_new=(temp+j*imag(Ca(1,2)))/Ca(l,1);
re_Yopt_new(i)=real(Yopt_new) ;
im_Yopt_new(i)=imag(Yopt_new) ;

Zopt_new=1./Yopt_new;
mag_Gama_new(i)=abs (- (50-Zopt_new)/(50+Zopt_new)) ;
ang_Gama_new (i)=angle (- (50-Zopt_new)/(50+Zopt_new))/pi*180;
Rn_new(i)=real(Ca(1,1)/2/k/T);

%16. Yan: Calculate Sig, Sid, and correlation
temp=Ztran(1l,1)*Ztran(2,2)-Ztran(1,2)*Ztran(2,1);
Ytran=[Ztran(2,2),-Ztran(1,2);-Ztran(2,1),Ztran(1,1)];
Ytran=Ytran/temp;

Ytran_conj_trans = Ytran’;
Cy(1,1) = (abs(Ytran(1,1))) 2*Cz(1,1)
+ (abs(Ytran(1,2)))"2xCz(2,2)...
+2xreal (Ytran_conj_trans(1l,1)*Ytran(1,2)*Cz(2,1));
Cy(1,2) = Ytran(1l,1)*Ytran_conj_trans(1,2)*Cz(1,1)...
+Ytran(1,2)*Ytran_conj_trans(1,2)*Cz(2,1)...
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+Ytran(l,1)*Ytran_conj_trans(2,2)*Cz(1,2)...
+Ytran(1,2)*Ytran_conj_trans(2,2)*Cz(2,2);
Cy(2,1) = Cy(1,2)7;
Cy(2,2) = (abs(Ytran(2,1)))"2xCz(1,1)
+ (abs(Ytran(2,2)))"2%Cz(2,2)...
+ 2xreal (Ytran_conj_trans(2,2)*Ytran(2,1)*Cz(1,2));
Sig(i) = 2%Cy(1,1);
Sid(i) = 2*Cy(2,2);
Sigid(i) = 2*Cy(1,2);
Cigid(i) = Sigid(i)./sqrt(Sig(i).*Sid(i));

%17. Yan: Calculate Svh, Sih, and correlation
Svh(i) = Sig(i)./(abs(Ytran(1,1)))."2;
Sih(i)= Sid(i) + Sig(i).*(abs(Ytran(2,1)./Ytran(1,1))).72-...
2.xreal(Ytran(2,1)./Ytran(1,1).*Sigid(i));
Svhih(i) = conj(Ytran(2,1))./(abs(Ytran(1,1))).72.xSig(i) -...
Sigid(i)./Ytran(1,1);
Cvhih(i) = Svhih(i)./sqrt(Svh(i).*Sih(i));

end

254



APPENDIX B
DESSIS INPUT DECK AND MATLAB PROGRAMMING FOR SIGE HBT NOISE
SIMULATION

B.1 S5HP SiGe HBT

B.1.1 Maesh files
BND file

Oxide "DT" {rectangle[(2.3, 0.648) (2.8, 4.598)]1}

Oxide "STI" {rectangle[(2.2, 0.248) (2.8, 0.648)]1}

Oxide "STI2" {rectangle[(0.5, 0.248) (1.2, 0.648)]1%}

PolySi "PolySi" {polygon[(1.25, 0) (1.25, 0.068) (1.45, 0.068) (1.45, 0.148)

(1.95, 0.148) (1.95, 0.068) (2.15, 0.068) (2.15, 001}

Oxide "spacerl" {rectangle[(1.25, 0.068) (1.45,0.148)]}

Oxide "spacer2" {rectangle[(1.95, 0.068) (2.15, 0.148)]1}

Silicon "Siliconl" {polygon[(0, 0.248) (0, 4.598) (2.3, 4.598) (2.3, 0.648)
(2.2, 0.648) (2.2, 0.248) (2.6, 0.248) (2.6, 0.24)
(0.8, 0.24) (0.8, 0.248) (1.2, 0.248) (1.2, 0.648)
(0.5, 0.648) (0.5, 0.248)]1%

Silicon "Silicon2" {rectangle[(0.8, 0.148) (2.6, 0.1646)]1%}

SiliconGermanium "SiGe" {rectangle[(0.8, 0.1646) (2.6, 0.24)]1}

Contact "Collector" {line[(0, 0.248) (0.47, 0.248)]1}

Contact "Basel" {1ine[(0.8, 0.148) (1.2, 0.148)]1}

Contact "Base2" {line[(2.2, 0.148) (2.6, 0.148)1}

Contact "Emitter" {line[(1.45, 0) (1.95, 0)]1}

Contact "Psubstrate" {line[(0, 4.598) (2.3, 4.598)]1}

CMD file
Title "BJT"
Definitions {

# Refinement regions
Refinement "all region"

{

MaxElementSize = (0.2 0.5)

MinElementSize = (0.05 0.05)

RefineFunction = MaxTransDiff (Variable="DopingConcentration" Value=1)
b

Refinement "sige"
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{
MaxElementSize = (0.05 0.005)
MinElementSize (0.02 0.002)
RefineFunction = MaxTransDiff (Variable="xMoleFraction" Value=0.01)
}
Refinement "substrate regionl"
{
MaxElementSize
MinElementSize

(0.15 0.15)
(0.08 0.08)
RefineFunction = MaxTransDiff (Variable="DopingConcentration" Value=1)
b
Refinement "substrate region2"
{
MaxElementSize
MinElementSize

(0.08 0.1)
(0.03 0.005)

RefineFunction = MaxTransDiff (Variable="DopingConcentration" Value=1)
}
Refinement "substrate region3"
{

MaxElementSize = (0.1 0.05)

MinElementSize = (0.05 0.005)

RefineFunction = MaxTransDiff(Variable="DopingConcentration" Value=1)
b

Refinement "Oxide_shallow"

{
MaxElementSize = (0.05 0.05)
MinElementSize = (0.02 0.02)
}
Refinement "Oxide_DT"
{
MaxElementSize = (0.1 0.1)
MinElementSize = (0.05 0.05)
}
Refinement "Oxide_spacer"
{
MaxElementSize = (0.04 0.04)
MinElementSize = (0.02 0.01)
+
Refinement "Emitter"
{
MaxElementSize = (0.05 0.02)
MinElementSize = (0.01 0.005)
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RefineFunction = MaxTransDiff (Variable="DopingConcentration" Value=1)
b

Refinement "eb_junction"

{
MaxElementSize = (0.05 0.02)
MinElementSize = (0.025 0.002)
RefineFunction = MaxTransDiff (Variable="DopingConcentration" Value=1)
}
Refinement "cb_junctionup"
{
MaxElementSize = (0.05 0.05)
MinElementSize = (0.01 0.01)
RefineFunction = MaxTransDiff (Variable="DopingConcentration" Value=1)
b
# Profiles
Constant "psubstrate"
{
Species = "BoronActiveConcentration"
Value = 2e+15
b
Constant "n_epi"
{
Species = "PhosphorusActiveConcentration"
Value = 5e+16
}
AnalyticalProfile "emitter"
{
Function = subMeshiD(datafile = "as.dat"
, Scale =1,
Range = line[(0 0), (0.598 0)]
)
LateralFunction = Erf(Factor = 0)
}
AnalyticalProfile "collector"
{
Function = subMeshiD(datafile = "phos.xy"
, Scale = 1,
Range = line[(0 0), (0.598 7.6364e+17)]
)
LateralFunction = Erf(Factor = 0)
X
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AnalyticalProfile "n_buried layer"

{

Function = subMeshlD(datafile = "bu_asyan.xy"
, Scale = 1, Range = line[(4.446e-1 1.5363805e+16), (2.720176 1.5363805e+16)]
)

LateralFunction = Erf(Factor=0)

X
AnalyticalProfile "intrinsic base"
{
Function = subMeshlD(datafile = "sims.dat"
, Scale = 1,
Range = line[(0 0), (0.598 0)]
)
LateralFunction = Erf(Factor = 0)
}
Constant "cc"
{ Species = "ArsenicActiveConcentration"
Value = 1e+20
}
Constant "base"
{
Species = "BoronActiveConcentration"
Value = le+16
X
Constant "extrinsic base"
{
Species = "BoronActiveConcentration"
Value = 1.5e+19
3
AnalyticalProfile "xMoleBase"
{
Function = subMeshiD(datafile = "xMol10.xy"
, Scale =1,
Range = 1line[(0.1646 0), (0.2774 0)]
)
LateralFunction = Erf(Factor = 0)
b

Placements {
# Refinement regions
Refinement "all region"
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{
Reference = "all region"
RefineWindow = rectangle [(0 0), (2.6 4.598)]
}
Refinement "substrate regionl"
{
Reference = "substrate regionl"
RefineWindow = rectangle [(0 0.248), (2.3 4.598)]
X
Refinement "emitter region"
{
Reference = "Emitter"
RefineWindow = rectangle [(1.25 0) (2.15 0.08)]
b
Refinement "sige region"
{
Reference = '"sige"
RefineWindow = rectangle [(0.8 0.1646) (2.6 0.2774)]
}
Refinement "eb_junction"
{
Reference = "eb_junction"
RefineWindow = rectangle [(1.2 0.06), (2.6 0.16)]
X
Refinement "cb_junctionup"
{
Reference = "cb_junctionup"
RefineWindow = rectangle [(0 0.14), (2.35 1)]
3
Refinement "substrate region2"
{
Reference = "substrate region2"
RefineWindow = rectangle [(0 0.9), (2.6 1.2)]
}
Refinement "ST1"
{
Reference = "Oxide_shallow"
RefineWindow = rectangle [(0.5 0.24) (1.2 0.69)]
}
Refinement "ST2"
{

Reference = "Oxide_shallow"
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RefineWindow = rectangle [(2.25 0.24) (2.6 0.69)]
}
Refinement "DT"
{
Reference = "Oxide_DT"
RefineWindow = rectangle[(2.3 0.248) (2.6 4.598)]
X
Refinement "spacerl"
{
Reference = "Oxide_spacer"
RefineWindow = rectangle [(1.25 0.068) (1.45 0.148)]
b
Refinement "spacer2"
{
Reference = "Oxide_spacer"
RefineWindow = rectangle [(1.95 0.068) (2.15 0.148)]
}
Refinement "substrate region3"
{
Reference = "substrate region3"
RefineWindow = rectangle [(0 2.5), (2.6 2.65)]
X
Refinement "patch"

{

Reference = "sige"

RefineWindow = rectangle [(0 0.248) (0.8 0.2774)]
}

# Profiles
Constant "psubstrate instance"
{
Reference = "psubstrate"
EvaluateWindow
{
Element = rectangle [(0 2.58), (2.3 4.598)]
DecayLength = 0
b
}
AnalyticalProfile "intrinsic base instance"
{

Reference = "intrinsic base"
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ReferenceElement
{
Element = line [(0.8 0), (2.6 0)]
}
EvaluateWindow
{
Element = rectangle[(0.8 0), (2.6 0.598)]
}
}
Constant "collectorwhole instance"
{
Reference = "n_epi"
EvaluateWindow
{
Element = rectangle [(0 0), (2.8 2.598)]
DecayLength = 0
}
}
AnalyticalProfile "emitter instance"
{
Reference = "emitter"
ReferenceElement
{
Element = line [(1.25 0), (2.15 0)]
}
EvaluateWindow
{
Element = polygon[(1.25 0) (1.25 0.068) (1.45 0.068)
(1.45 0.598) (1.95 0.598) (1.95 0.068)
(2.15 0.068) (2.15 0)]
}
}
AnalyticalProfile "n_buried layer instance"
{
Reference = "n_buried layer"
ReferenceElement
{
Element = 1ine[(0.5 0.4446) (2.3 0.4446)]
}
EvaluateWindow
{
Element = rectangle [(0.5 0.4446)(2.3 2.720176)]
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DecayLength = 0

}
}
AnalyticalProfile "collector instance"
{
Reference = "collector"
ReferenceElement
{
Element = line [(1.35 0), (2.05 0)]
}
EvaluateWindow
{
Element = rectangle[(1.35 0)(2.05 0.598)]
}
}
Constant "extrinsic base left instance"
{
Reference = "extrinsic base"
EvaluateWindow
{
Element = rectangle [(0.8 0.148), (1.35 0.258)]
DecayLength = 0.010
}
}

Constant "extrinsic base right instance"

{

Reference = "extrinsic base"
EvaluateWindow

Element = rectangle [(2.05 0.148), (2.6 0.258)]
DecayLength = 0.010
}
}
Constant "Collector contact instance"
{
Reference = "cc"
EvaluateWindow
{
Element=rectangle[(0 0.248) (0.5 2.598)]
}
}

AnalyticalProfile "xMolBase instance"
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Reference = "xMoleBase"
ReferenceElement
{

Element = 1ine[(0.8 0.1646) (2.6 0.1646)]
Direction = positive
}
EvaluateWindow
{
Element = polygon[(0.8 0.1646) (0.8 0.248) (1.2 0.248)
(1.2 0.598) (2.2 0.598) (2.2 0.248)
(2.6 0.248) (2.6 0.1646)]

B.1.2 Noise Simulation CMD file

Device BJT {

Electrode {
{ Name="Emitter" Voltage=0 }
{ Name="Basel" Voltage=0 }
{ Name = "Base2" Voltage = 0}
{ Name="Collector" Voltage=0 }
{ Name = "Psubstrate" Voltage = 0}

b

File {
Grid = "msh10_msh.grd"
Doping = "msh10_msh.dat"
Current = "acl0Oddall_des.plt"
Plot = "ac10ddall_des.dat"

}

Physics{

Areafactor= 1
EffectiveIntrinsicDensity(BandgapNarrowing( Slotboom) )
Mobility(

PhuMob

Highfieldsaturation
)
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Fermi
Noise ( DiffusionNoise )

}
Physics (material = "Silicon") {
Recombination(
SRH( DopingDependence )
Auger
)
}
Physics (material = "PolySi") {
Recombination(
SRH( DopingDependence )
Auger
)
}
}
B e e
x—-End of Device{}
A e
Plot {

eDensity hDensity
TotalCurrent/Vector eCurrent/Vector hCurrent/Vector

ElectricField Potential SpaceCharge
Doping DonorConcentration AcceptorConcentration

SRH Auger
eQuasiFermi hQuasiFermi
eEparal hEparal

eMobility hMobility
eVelocity hVelocity

xMoleFraction
BandGap BandGapNarrowing

Affinity
ConductionBand ValenceBand
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}
#NoisePlot {
# A11LNS A11LNVSD A11LNVXVSD GreenFunctions

#}

Math {
Extrapolate
NotDamped=200
Iterations=20

NewDiscretization
Derivatives
RelerrControl
Digits=6
}
File {
Output = "aclOddall"
ACExtract="ac10ddall"
3
System {
BJT bjt (Basel=1 Base2 = 1 Collector=2 Emitter=0 Psubstrate=0)
Vsource_pset vb (1 0){ dc = 0 }
Vsource_pset vc (2 0){ dc = 0 }
3
Solve {

Coupled{Poisson Electron Hole }
Quasistationary (
InitialStep=0.1 Increment=1.4
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.75}
Goal {Parameter=vb.dc Voltage=0.75}
A
Coupled{Poisson Electron Hole 1}
b
save(fileprefix = "17510d44")

newcurrent = "aclOddbias"

load(fileprefix = "17510dd")
Quasistationary (
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InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.76}
Goal {Parameter=vb.dc Voltage=0.76}
){
Coupled{Poisson Electron Hole 1}
}
save(fileprefix = "17610d4")
Quasistationary (
InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.77}
Goal {Parameter=vb.dc Voltage=0.77}
){
Coupled{Poisson Electron Hole 1}
}
save(fileprefix = "17710dd")
Quasistationary (
InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.78}
Goal {Parameter=vb.dc Voltage=0.78}
){
Coupled{Poisson Electron Hole 1}
}
save(fileprefix = "17810dd")
Quasistationary (
InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.79}
Goal {Parameter=vb.dc Voltage=0.79}
){
Coupled{Poisson Electron Hole 1}
}
save(fileprefix = "17910dd")
Quasistationary (
InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.80}
Goal {Parameter=vb.dc Voltage=0.80}
){
Coupled{Poisson Electron Hole }
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}

save(fileprefix = "18010dd")
Quasistationary (

)4

}

InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1

Goal {Parameter=vc.dc Voltage=1.81}
Goal {Parameter=vb.dc Voltage=0.81}

Coupled{Poisson Electron Hole 1}

save(fileprefix = "18110d4d")
Quasistationary (

){

}

InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1

Goal {Parameter=vc.dc Voltage=1.82}
Goal {Parameter=vb.dc Voltage=0.82}

Coupled{Poisson Electron Hole }

save(fileprefix = "18210d44")
Quasistationary (

)4

}

InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1

Goal {Parameter=vc.dc Voltage=1.83}
Goal {Parameter=vb.dc Voltage=0.83}

Coupled{Poisson Electron Hole 1}

save(fileprefix = "18310dd")
Quasistationary (

)4

¥

InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1

Goal {Parameter=vc.dc Voltage=1.84}
Goal {Parameter=vb.dc Voltage=0.84}

Coupled{Poisson Electron Hole 1}

save(fileprefix = "18410d44")
Quasistationary (

InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.85}
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Goal {Parameter=vb.dc Voltage=0.85}
)4
Coupled{Poisson Electron Hole 1}
}
save(fileprefix = "18510dd4")
Quasistationary (
InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.86}
Goal {Parameter=vb.dc Voltage=0.86}
)4
Coupled{Poisson Electron Hole 1}
}
save(fileprefix = "18610d4")
Quasistationary (
InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.87}
Goal {Parameter=vb.dc Voltage=0.87}
)4
Coupled{Poisson Electron Hole 1}
3
save(fileprefix = "18710d44")
Quasistationary (
InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.88}
Goal {Parameter=vb.dc Voltage=0.88}
)4
Coupled{Poisson Electron Hole 1}
}
save(fileprefix = "18810d4")
Quasistationary (
InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.89}
Goal {Parameter=vb.dc Voltage=0.89}
){
Coupled{Poisson Electron Hole 1}
}
save(fileprefix = "18910dd")
Quasistationary (
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InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.90}
Goal {Parameter=vb.dc Voltage=0.90}

){
Coupled{Poisson Electron Hole 1}

}

save(fileprefix = "19010dd")

newcurrent = "acl10ddall"
load(fileprefix = "17510d4d")
ACCoupled (
StartFrequency = 1e9 EndFrequency = 20e9
NumberofPoints =20 linear
Node(1 2) Exclude(vb vc)
ObservationNode(1 2)
ACExtraction = "acl0Oddall"
NoiseExtraction = "acl10ddall"
NoisePlot = "acl10ddall"
)
{Poisson Electron Hole }
load(fileprefix = "17610d44")
ACCoupled (
StartFrequency = 1e9 EndFrequency = 20e9
NumberofPoints 20 1linear
Node(1 2) Exclude(vb vc)
ObservationNode(1 2)
ACExtraction = "acl0Oddall"
NoiseExtraction = "acl10ddall"
NoisePlot = "acl10ddall"
)
{Poisson Electron Hole }
load(fileprefix = "1771044")
ACCoupled (
StartFrequency = 1e9 EndFrequency = 20e9
NumberofPoints = 20 1linear
Node(1 2) Exclude(vb vc)
ObservationNode(1 2)
ACExtraction = "acl0Oddall"
NoiseExtraction = "ac10ddall"
NoisePlot = "acl10ddall"

269



{Poisson Electron Hole }
load(fileprefix = "17810dd")
ACCoupled (
StartFrequency = 1e9 EndFrequency = 20e9
NumberofPoints = 20 1linear
Node(1 2) Exclude(vb vc)
ObservationNode(1 2)
ACExtraction = "acl10Oddall"
NoiseExtraction = "acl10ddall"
NoisePlot = "acl10ddall"
)
{Poisson Electron Hole }
load(fileprefix = "17910dd")
ACCoupled (
StartFrequency = 1e9 EndFrequency = 20e9
NumberofPoints 20 1linear
Node(1 2) Exclude(vb vc)
ObservationNode(1 2)
ACExtraction = "acl0Oddall"
NoiseExtraction = "acl10ddall"
NoisePlot = "acl10ddall"
)
{Poisson Electron Hole }
load(fileprefix = "18010dd")
ACCoupled (
StartFrequency = 1e9 EndFrequency = 20e9
NumberofPoints 20 1linear
Node(1 2) Exclude(vb vc)
ObservationNode(1 2)
ACExtraction = "acl0ddall"
NoiseExtraction = "acl10ddall"
NoisePlot = "acl10ddall"
)
{Poisson Electron Hole }
load(fileprefix = "18110dd")
ACCoupled (
StartFrequency = 1e9 EndFrequency = 20e9
NumberofPoints 20 1linear
Node(1 2) Exclude(vb vc)
ObservationNode(1 2)
ACExtraction = "acl0ddall"
NoiseExtraction = "acl10ddall"
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NoisePlot = "acl10ddall"
)
{Poisson Electron Hole 7}
load(fileprefix = "18210dd")
ACCoupled (
StartFrequency = 1e9 EndFrequency = 20e9
NumberofPoints 20 1linear
Node(1 2) Exclude(vb vc)
ObservationNode(1 2)
ACExtraction = "acl0ddall"
NoiseExtraction = "acl10ddall"
NoisePlot = "acl10ddall"
)
{Poisson Electron Hole 1}
load(fileprefix = "18310dd")
ACCoupled (
StartFrequency = 1e9 EndFrequency = 20e9
NumberofPoints 20 1linear
Node(1 2) Exclude(vb vc)
ObservationNode(1 2)
ACExtraction = "acl10ddall"
NoiseExtraction = "acl10ddall"
NoisePlot = "acl10ddall"
)
{Poisson Electron Hole }
load(fileprefix = "18410dd")
ACCoupled (
StartFrequency = 1e9 EndFrequency = 20e9
NumberofPoints 20 1linear
Node(1 2) Exclude(vb vc)
ObservationNode(1 2)
ACExtraction = "acl0ddall"
NoiseExtraction = "acl10ddall"
NoisePlot = "acl10ddall"
)
{Poisson Electron Hole }
load(fileprefix = "18510dd")
ACCoupled (
StartFrequency = 1e9 EndFrequency = 20e9
NumberofPoints 20 1linear
Node(1 2) Exclude(vb vc)
ObservationNode(1 2)
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ACExtraction = "acl10ddall"
NoiseExtraction = "acl0Oddall"
NoisePlot = "ac10ddall"
)
{Poisson Electron Hole }
load(fileprefix = "18610dd")
ACCoupled (
StartFrequency = 1e9 EndFrequency = 20e9
NumberofPoints 20 1linear
Node(1 2) Exclude(vb vc)
ObservationNode(1 2)
ACExtraction = "acl0Oddall"
NoiseExtraction = "acl0Oddall"
NoisePlot = "ac10ddall"
)
{Poisson Electron Hole 1}
load(fileprefix = "18710dd")
ACCoupled (
StartFrequency = 1e9 EndFrequency = 20e9
NumberofPoints 20 1linear
Node(1 2) Exclude(vb vc)
ObservationNode(1 2)
ACExtraction = "acl0ddall"
NoiseExtraction = "acl10ddall"
NoisePlot = "acl10ddall"
)
{Poisson Electron Hole 1}
load(fileprefix = "18810dd")
ACCoupled (
StartFrequency = 1e9 EndFrequency = 20e9
NumberofPoints 20 1linear
Node(1 2) Exclude(vb vc)
ObservationNode(1 2)
ACExtraction = "acl0ddall"
NoiseExtraction = "acl10ddall"
NoisePlot = "acl10ddall"
)
{Poisson Electron Hole 1}
load(fileprefix = "18910dd")
ACCoupled (
StartFrequency = 1e9 EndFrequency = 20e9
NumberofPoints 20 1linear

272



Node(1 2) Exclude(vb vc)
ObservationNode (1 2)
ACExtraction = "ac10ddall"
NoiseExtraction = "acl10ddall"
NoisePlot = "acl10ddall"

)

{Poisson Electron Hole }

load(fileprefix = "19010d4")
ACCoupled (

StartFrequency = 1e9 EndFrequency = 20e9
NumberofPoints 20 1linear
Node(1 2) Exclude(vb vc)
ObservationNode (1 2)
ACExtraction = "acl10ddall"
NoiseExtraction = "acl0Oddall"
NoisePlot = "ac10ddall"

)

{Poisson Electron Hole 1}

B.1.3 Tecplot MCR file

Y parameters in this MCR file should be changed according to each bias and frequency.

#!MC 800

$!VarSet |MFBD| = ’/home/tcad2/cuiyanl/cuiyan/Dessis/5hpdop/pmisimu’
$!VarSet |MFBD1| = ’/home/tcad2/cuiyanl/cuiyan/Dessis/5hpdop/mesh’
$!Varset |fsell = ’10d4d10g’

$!Varset [f| = ’jcp25’

#p = total(t), ee, hh

$!Varset Ipl = ’t’

$!Varset |num| = ’00’

#other noise model calculation
$!Varset [freql = 2.00000000000000E+09
$!Varset |omegal| =(2*PIx|freql)

$!Varset |ReY11|
$!Varset |ImY11]

5.30793553232469E-05
(lomega|*2.40555589212422E-14 )

-1.14676737756815E-06
(-2.13716228513946E-15% | omega | )

$!Varset |ReY12]|
$!Varset |ImY12]|

$!Varset |ReY21| 4.08080901277576E-03
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$!Varset |ImY21| = (-3.39993575257787E-14%|omegal)

4.04802562859283E-06
( 3.90143182411877E-15%|omegal)

$!Varset |ReY22|
$!Varset |ImY22]|

#create 1.plt for Svi
$!Newlayout
$!READDATASET ’"-ise:lay" "-ise:1c" "|MFBD1|/msh10_msh.grd"
"|MFBD|/ac|fsell| |f|_bjt_1_00|num|_acgf_des.dat.gz"’
DATASETREADER = °’DF-ISE Loader’
$ ! ALTERDATA
EQUATION = ’{tLNVSD} = {LNVSD}’
$ ! ALTERDATA
EQUATION = ’{Svi} = {|p|LNVSD}’
$!WRITEDATASET " |MFBD|/1.dat"
INCLUDEGEOM = NO
INCLUDECUSTOMLABELS = NO
VARPOSITIONLIST = [1-2,29]
BINARY = No
USEPOINTFORMAT = Yes
PRECISION = 9

#create 2.plt for Sv2
$!Newlayout
$|READDATASET ’"-ise:lay" "-ise:1c" "|MFBD1|/msh10_msh.grd"
"|IMFBD|/ac|fsell| |f|_bjt_2_00|num|_acgf_des.dat.gz"’
DATASETREADER = ’DF-ISE Loader’
$ ! ALTERDATA
EQUATION = >{tLNVSD} = {LNVSD}’
$ ! ALTERDATA
EQUATION = ’{Sv2} = {|p|LNVSD}’
$!'WRITEDATASET "|MFBD|/2.dat"
INCLUDEGEOM = NO
INCLUDECUSTOMLABELS = NO
VARPOSITIONLIST = [1-2,29]
BINARY = No
USEPOINTFORMAT = Yes
PRECISION = 9

#create 1_2.plt for ReSv12 and ImSvi2
$!Newlayout
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$!'READDATASET °’"-ise:lay" "-ise:1c" "|MFBD1|/msh10_msh.grd"
"|MFBD|/ac|fsell |f|_bjt_1_2_00|num|_acgf_des.dat.gz"’

DATASETREADER = ’DF-ISE Loader’
$! ALTERDATA

EQUATION = ’{RetLNVXVSD} = {ReLNVXVSD}’
$ ! ALTERDATA
EQUATION = ’{ImtLNVXVSD} = {ImLNVXVSD}’

$ ! ALTERDATA

EQUATION = ’{ReSv12}
$ ! ALTERDATA

EQUATION = ’{ImSv12} = -{Im|p|LNVXVSD}’
$!WRITEDATASET "|MFBD|/1_2.dat"

INCLUDEGEOM = NO

INCLUDECUSTOMLABELS = NO

VARPOSITIONLIST = [1-2,15-16]

BINARY = No

USEPOINTFORMAT = Yes

PRECISION = 9

{Re | p|LNVXVSD}’

#combine Sv1, Sv2, Sviv2 together

$ ' NEWLAYOUT
$'READDATASET °’"|MFBD|/1.dat" "|MFBD|/2.dat" "|MFBD|/1_2.dat" ’
READDATAOPTION = NEW
RESETSTYLE = YES
INCLUDEGEOM = NO
INCLUDECUSTOMLABELS = NO
VARLOADMODE = BYNAME
INITIALFRAMEMODE = TWOD
VARNAMELIST = ’>"X" "Y" "Svi" "Sv2" "ReSvi2" "ImSvi2"’

$!Varset |Dataset| = |Numzones|
$!Varset |Dataset| /= 3

$'!alterdata equation = "{h2} = O"
$'alterdata equation = "{rh12} = O"
$'!alterdata equation = "{ih12} = 0"
$!Loop |datasetl|

$!Varset |Sourcel| = |Loopl|

$!Varset |Sourcel| += |dataset|
$!Varset |Source2] | Sourcel]
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$!Varset |Source2| += |dataset|

$!Alterdata [|Loopl] equation = "{h2} = v4[|Sourcell]"

$!Alterdata [|Loopl] equation = "{rh12} = v5[|Source2|]"

$!Alterdata [|Loopl|] equation = "{ih12} = v6[|Source2|]"
$'!endloop

$!varset |Deletezone| = |Dataset]
$!Varset |deletezone| += 1

$!Deletezones [|Deletezone| - |numzones]|]
$'!alterdata equation = "{Sv2} = {h2}"
$!'Alterdata equation = "{ReSv12} = {rh12}"
$!Alterdata equation = "{ImSv12} = {ih12}"

$!WRITEDATASET "|MFBD|/all.dat"
INCLUDEGEOM = NO
INCLUDECUSTOMLABELS = NO
VARPOSITIONLIST = [1-6]
BINARY = no
USEPOINTFORMAT = yes
PRECISION = 9

$!NEWLAYOUT
$!READDATASET °’"|MFBD|/all.dat" ’
READDATAQOPTION = NEW
RESETSTYLE = YES
INCLUDEGEOM = NO
INCLUDECUSTOMLABELS = NO
VARLOADMODE = BYNAME
VARNAMELIST = ’>"X" "Y" "Svi" "Sv2" "ReSv12" "ImSv12"’

$!Varset |abs2Y21| (IReY21|*|ReY21| + |ImY21|*|ImY21])

$!Varset |abs2Y22| (|ReY22|*|ReY22| + [ImY22|*|ImY22])

$!'Varset |RedeltaO| = (|ReY11l|*|ReY22|-|ImY11|*|ImY22|-|ReY12|*|ReY21|+|ImY12|*|ImY21])
$!Varset |ImdeltaO| = (|ReY11l|*|ImY22|+|ReY22|*|ImY11|-|ReY12|*|ImY21|-|ReY21|*|ImY12])
$!Varset |abs2deltalO| = (|RedeltaO|*|RedeltaO| + |Imdeltal|*|Imdeltal])

$!Varset |x| = (|Redeltal|*|ReY21|+|Imdeltal|*|ImY21])

$!Varset |Redeltall = (Ix|/labs2Y21])

$!Varset x| = (|Imdeltal|*|ReY21|-|Redeltal|*|ImY21])

$!Varset |Imdeltall| = (Ixl|/labs2Y21])

$!Varset |abs2deltal| = (|Redeltall|*|Redeltall|+|Imdeltal|*|Imdeltall)
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$!Varset

$!Varset |Redelta2| = (Ix|/labs2Y21])
$!'Varset Ix| = (|ImY22|*|ReY21|-|ReY22|*|ImY21|)
$!Varset |Imdelta2| = (Ix|/labs2Y21])
$!Varset |abs2delta2| = (|Redelta2|*|Redelta2|+|Imdelta2|*|Imdelta2l)
$!Varset |x| = (IRedeltal|*|ReY22|+|Imdeltal|*|ImY22])
$!Varset |Redelta3| = (|x|/|abs2Y21]|)
$!Varset Ix| = (IImdeltal|*|ReY22|-|Redeltal|*|ImY22])
$!Varset |Imdelta3| = (|x|/|abs2Y21]|)
#Sva, Sia
$lalterdata

equation = "{Sva} =
$lalterdata

equation = "{Sia} = {Sv2}x|abs2deltall"
$lalterdata

equation = "{ReSiava} =
$lalterdata

equation = "{ImSiava} =
#Sinl, Sin2
$!Varset |abs2Y11| = (|ReY11l|*|ReY11l| + |ImY11l|x*|ImY11])
$!Varset |abs2Y12| = (|ReY12|*|ReY12| + [ImY12|*|ImY12]|)
$!'Varset |Rex| = (|ReY11|*|ReY12|+|ImY11]|*|ImY12])
$!'Varset |Imx| = (|ImY11l|*|ReY12|-|ReY11l|x*|ImY12]|)
$!Varset |Reyl = (|ReY21|*|ReY22|+|ImY21|*|ImY22])
$!Varset |Imy| = (|ImY21|*|ReY22|-|ReY21|*|ImY22])
$!'Varset |Rez| = (|ReY21|*|ReY11l|+|ImY21|*|ImY11])
$!Varset |Imz| = (|ImY21|*|ReY11l|-|ReY21|*|ImY11])
$!Varset |Rew| = (|ReY22|*|ReY12|+|ImY22|*|ImY12]|)
$!'Varset |Imw| = (|ImY22|*|ReY12|-|ReY22|*|ImY12]|)
$!Varset |Reul = (|ReY22|*|ReY11l|+|ImY22|*|ImY11])
$!'Varset |Imul = (|ImY22|*|ReY11l|-|ReY22]|*|ImY11])
$!'Varset |Rev| = (|ReY21|*|ReY12|+|ImY21|*|ImY12])
$!Varset |[Imv| = (|ImY21|*|ReY12|-|ReY21|*|ImY12]|)

x| = (IReY22|*|ReY21|+|ImY22|*|ImY21])
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$!alterdata

equation = "{Sinl}
$!alterdata

equation = "{Sin2}
$!alterdata

equation = "{ReSi2il}
$lalterdata

equation = "{ImSi2il}

[abs2Y11 | *x{Sv1i}+|abs2Y12|*{Sv2} + 2x(|Rex|*{ReSv12}-|Imx|*{ImSv1

labs2Y21|*{Sv1i} + |abs2Y22|*{Sv2} + 2x(|Rey|*{ReSv12}-|Imy|*{ImS

|[Rez | *{Sv1} + |Rew|*{Sv2} + |Reul|*{ReSv12}+|Imu|*{ImSvi2} + |

| Imz | *{Sv1} + |Imw|*{Sv2} + |Imul|*{ReSv12} -|Reu|*{ImSvi12}+|1I

$!'WRITEDATASET "|MFBD|/finall|fsell|f||p||num|.dat"
INCLUDEGEOM = NO
INCLUDECUSTOMLABELS = NO
VARPOSITIONLIST = [1-14]
BINARY = no
USEPOINTFORMAT = yes
PRECISION = 9

$!FIELDLAYERS SHOWMESH = NO

$!Fieldlayers showcontour = Yes

$!TWODAXIS YDETAIL{ISREVERSED = YES}
$!GLOBALCONTOUR LEGEND{SHOW = YES}

$!FIELD [1-18] CONTOUR{CONTOURTYPE = FLOOD}

$ ! ADDONCOMMAND
ADDONID = ’ISE TCAD ADD-on’
COMMAND = ’ORTHOSLICE X 1.75 Frame 001’

$!WRITEDATASET " |MFBD|/1dcut|fsell|f||p||num|.dat"
INCLUDEGEOM = NO
INCLUDECUSTOMLABELS = NO
BINARY = no
USEPOINTFORMAT = yes
PRECISION = 9

$!'RemoveVar |MFBD|
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B.2 8HP SiGe HBT

B.2.1 Mesh files
BND file

#8hp 2D structure

Oxide "DT1" {polygon[(2.05, 0.19) (2.05, 0.53) (2.17, 0.53)
(2.17, 4.30) (2.39, 4.30) (2.39, 0.19)1%}
Oxide "DT2" {polygon[(-2.05, 0.19) (-2.05, 0.53) (-2.17, 0.53)
(-2.17, 4.30) (-2.39, 4.30) (-2.39, 0.19)1}
Oxide "STI1" {rectangle[(0.35, 0.19) (1.35, 0.53)]1}
Oxide "STI2"{rectangle[(-0.35, 0.19) (-1.35, 0.53)]1}
Oxide "spacerl" {polygon[(0.06, 0.15) (0.06, 0) (0.36, 0) (0.36, 0.05)
(0.12, 0.05) (0.12, 0.15)]1}
Oxide "spacer2" {polygon[(-0.06, 0.15) (-0.06, 0) (-0.36, 0) (-0.36, 0.05)
(-0.12, 0.05) (-0.12, 0.15)]}
PolySi "PolySi" {rectangle[(-0.06, 0.15) (0.06, 0.04)]
}
PolySi "basesil" {rectangle[(0.12, 0.15) (1.1, 0.05)]}
PolySi "basesi2" {rectangle[(-0.12, 0.15) (-1.1, 0.05)]1%}
Silicon "Siliconl" {polygon[(0.35, 0.19) (0.35, 0.53) (1.35, 0.53)
(1.35, 0.19) (2.05, 0.19) (2.05, 0.53)
(2.17, 0.53) (2.17, 4.30)
(-2.17, 4.30) (-2.17, 0.53)
(-2.05, 0.53) (-2.05, 0.19) (-1.35, 0.19)
(-1.35, 0.53) (-0.35, 0.53) (-0.35, 0.19)]
}
SiliconGermanium "SiGe" {rectanglel[
(1.1, 0.15) (-1.1 0.19) 1}
Contact "Collectorl" {line[(1.35, 0.19) (2.05, 0.19)1}
Contact "Collector2" {line[(-1.35, 0.19) (-2.05, 0.19)1}
Contact "Basel" {1ine[(0.36, 0.05) (1.1, 0.05)]1}
Contact "Base2" {line[(-0.36, 0.05) (-1.1, 0.05)]%}
Contact "Emitter" {line[(-0.06, 0.04) (0.06, 0.04)]}
Contact "Psubstrate" {line[(2.39, 4.3) (-2.39, 4.3)]1}

CMD file

Title "BJT"

Definitions {
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Refinement regions

Refinement "all region"

{

MaxElementSize = (0.4 0.25)

MinElementSize = (0.2 0.05)

RefineFunction = MaxTransDiff (Variable="DopingConcentration"
}
Refinement "ccontact"
{

MaxElementSize = (0.15 0.1)

MinElementSize = (0.15 0.05)

RefineFunction = MaxTransDiff (Variable="DopingConcentration"
}
Refinement "cbl"
{

MaxElementSize = (0.05 0.02)

MinElementSize = (0.025 0.005)

RefineFunction = MaxTransDiff(Variable="DopingConcentration"
+

Refinement "sige"
{
MaxElementSize
MinElementSize
RefineFunction
}
Refinement "sige2"
{
MaxElementSize
MinElementSize
RefineFunction
}
Refinement "sige3"
{
MaxElementSize
MinElementSize
RefineFunction
}
Refinement "sige4"
{
MaxElementSize
MinElementSize
RefineFunction

(0.004 0.002)
(0.002 0.001)
MaxTransDiff (Variable="DopingConcentration"

(0.004 0.004)
(0.002 0.002)
MaxTransDiff (Variable="DopingConcentration"

(0.008 0.008)
(0.004 0.004)
MaxTransDiff (Variable="DopingConcentration"

(0.016 0.016)
(0.008 0.008)
MaxTransDiff (Variable="DopingConcentration"
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}

Refinement "sigeb"

{
MaxElementSize = (0.032 0.032)
MinElementSize = (0.016 0.016)
RefineFunction = MaxTransDiff (Variable="DopingConcentration"
X
Refinement "sige6"
{
MaxElementSize = (0.064 0.064)
MinElementSize = (0.032 0.032)
RefineFunction = MaxTransDiff (Variable="DopingConcentration"
X
Refinement "substrate regionl"
{
MaxElementSize = (0.3 0.3)
MinElementSize = (0.15 0.15)
RefineFunction = MaxTransDiff(Variable="DopingConcentration"
}
Refinement "substrate region2"
{
MaxElementSize = (0.15 0.1)
MinElementSize = (0.075 0.04)
RefineFunction = MaxTransDiff (Variable="DopingConcentration"
+
Refinement "Oxide_shallow"
{
MaxElementSize = (0.1 0.1)
MinElementSize = (0.05 0.01)
}
Refinement "Oxide_DT"
{
MaxElementSize = (0.2 0.2)
MinElementSize = (0.025 0.01)
b
Refinement "Oxide_spacer"
{
MaxElementSize = (0.015 0.01)
MinElementSize = (0.005 0.01)
+
Refinement "Emitter0O"
{
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MaxElementSize
MinElementSize
RefineFunction

}
Refinement

{
MaxElementSize
MinElementSize
RefineFunction

}
Refinement

{
MaxElementSize
MinElementSize
RefineFunction

}
Refinement

{
MaxElementSize
MinElementSize

"Emitte

"Emitte

"Emitte

RefineFunction

3

Profiles
Constant "psubstrat
{
Species
Value
}
Constant "n_epi"
{
Species
Value
+
AnalyticalProfile "
{
Function subMes
, Scale = 1,
Range = line[(0
)
LateralFunction

}

"BoronA
le+15

"Phosph
le+16

(0.01 0.02)
(0.002 0.01)
MaxTransDiff (Variable="DopingConcentration"

rlll

(0.02 0.02)
(0.01 0.01)
MaxTransDiff (Variable="DopingConcentration"

r2 n

(0.02 0.02)
(0.02 0.01)
MaxTransDiff (Variable="DopingConcentration"

r3"

(0.08 0.04)
(0.04 0.01)
MaxTransDiff (Variable="DopingConcentration"

ell

ctiveConcentration"

orusActiveConcentration"

collector"

hiD(datafile = "phos.dat"

2.7940971e+15), (3.0 1.1610737e-195)]

Erf (Factor = 0)
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AnalyticalProfile "n_buri"
{
Function = subMeshiD(datafile = "asBuri.dat"
, Scale =1,
Range = line[(0 2.2166889e+8), (3.0 2.4945547e+1)]
)

LateralFunction = Erf(Factor = 0)

}
AnalyticalProfile "emitter"
{
Function = subMeshiD(datafile = "as.dat"
, Scale =1,
Range = line[(0 1le+21), (3.0 0)]
)
LateralFunction = Erf(Factor = 0)
}
AnalyticalProfile "intrinsic base"
{
Function = subMeshiD(datafile = "boron.dat"
, Scale = 1,

Range = line[(0 9.3631897e-224), (3.0 0)]
)
LateralFunction = Erf(Factor = 0)
X
Constant "cc"
{ Species = "ArsenicActiveConcentration"
Value = 1le21
}
Constant "extrinsic base"
{
Species = "BoronActiveConcentration"
Value = 5e20
X
AnalyticalProfile "xMoleBase"
{
Function = subMeshiD(datafile = "xmolgO1l.xy"
, Scale =1,
Range = line[(0 0), (1.18 0)]
)

LateralFunction = Erf(Factor = 0)
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Placements {
# Refinement regions
Refinement "all region"
{
Reference = "all region"
RefineWindow = rectangle [(-2.39 0), (2.39 4.30)]
X
Refinement "substrate regionl"
{
Reference = "substrate regionl"
RefineWindow = rectangle [(-2.17 2.30), (2.17 4.30)]
b
Refinement "base regionl"
{
Reference = "cbl"
RefineWindow = polygon [(0.12 0.15), (0.12 0.05), (1.1 0.05),
(1.1 0.19), (-1.1 0.19), (-1.1 0.05),
(-0.12 0.05), (-0.12 0.15)]

}
Refinement "emitter region up"
{

Reference = "Emitter2"

RefineWindow = rectangle [(-0.06 0.04), (0.06 0.12)]
X
Refinement "emitter region middle"
{

Reference = "Emitterl"

RefineWindow = rectangle [(-0.06 0.12), (0.06 0.14)]
3
Refinement "emitter region down"
{

Reference = "EmitterO"

RefineWindow = rectangle [(-0.06 0.15), (0.06 0.14)]
+
Refinement "ccontactl"
{

Reference = '"ccontact"

RefineWindow = rectangle [(-2.05 0.30)(-1.35 0.53)]
}
Refinement "ccontact2"
{

Reference = '"ccontact"
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RefineWindow = rectangle
}
Refinement "sige region6"
{
Reference = 'sige6"
RefineWindow = rectangle
X
Refinement "sige regionb"
{
Reference = "sigeb"
RefineWindow = rectangle
b
Refinement "sige region4"
{
Reference = '"sige4"
RefineWindow = rectangle
}
Refinement "sige region3"
{
Reference = '"sige3"
RefineWindow = rectangle
b
Refinement "sige region2"
{
Reference = '"sige2"
RefineWindow = rectangle
b
Refinement "sige region"
{
Reference = '"sige"
RefineWindow = rectangle

[(2.05 0.30)(1.35 0.53)]

[(0.5 0.5)(-0.5 0.6)]

[(0.4 0.15)(-0.4 0.50)]

£co.

[co.

[co.

£co.

Refinement "substrate region2"

{

36

14

12

08

Reference = "substrate region2"
RefineWindow = rectangle [(2.17

b
Refinement "spacerl"

{

Reference = "Oxide_spacer"

RefineWindow = polygon [(0.36, 0)
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.15)(-0.36 0.4)]

.15)(-0.14 0.3)]

.15)(-0.12 0.21)]

.15)(-0.08 0.19)]

.3), (-2.17 2.7)]

(0.06, 0) (0.06 0.15) (0.12 0.15)



(0.12 0.05) (0.36 0)]
}
Refinement "spacer2"
{
Reference = "Oxide_spacer"
RefineWindow = polygon [(-0.36, 0) (-0.06, 0) (-0.06 0.15) (-0.12 0.15)
(-0.12 0.05) (-0.36 0)]
}
Refinement "ST1"
{
Reference = "(Oxide_shallow"
RefineWindow = rectangle [(0.35, 0.19) (1.35, 0.53)]
}
Refinement "ST2"
{
Reference = "Oxide_shallow"
RefineWindow = rectangle [(-0.35, 0.19) (-1.35, 0.53)]
}
Refinement "DT1"
{
Reference = "Oxide_DT"
RefineWindow = polygon[(2.05, 0.19) (2.05, 0.53) (2.17, 0.53)
(2.17, 4.30) (2.39, 4.30) (2.39, 0.19)]
}
Refinement "DT2"
{
Reference = "Oxide_DT"
RefineWindow = polygon[(-2.05, 0.19) (-2.05, 0.53) (-2.17, 0.53)
(-2.17, 4.30) (-2.39, 4.30) (-2.39, 0.19)]

# Profiles
Constant "psubstrate instance"
{
Reference = "psubstrate"
EvaluateWindow
{
Element = rectangle [(2.17 2.30), (-2.17 4.30)]
DecayLength = 0
b
}

Constant "n_epi instance"

286



{

Reference = "n_epi"
EvaluateWindow
{

Element = polygon[(0.35, 0.19) (0.35, 0.53) (1.35, 0.53)
(1.35, 0.19) (2.05, 0.19) (2.05, 0.53)
(2.17, 0.53) (2.17, 2.30)
(-2.17, 2.30) (-2.17, 0.53)
(-2.05, 0.53) (-2.05, 0.19) (-1.35, 0.19)
(-1.35, 0.53) (-0.35, 0.53) (-0.35, 0.19)]
DecayLength = 0
}
}
AnalyticalProfile "collector instance"
{
Reference = "collector"
ReferenceElement
{
Element = line [(-0.12 0.04), (0.12 0.04)]
}
EvaluateWindow
{
Element = rectangle[(-0.12 0.04)(0.12 2.30)]
}
}
AnalyticalProfile "emitter instance"
{
Reference = "emitter"
ReferenceElement
{
Element = line [(-0.06 0.04), (0.06 0.04)]
}
EvaluateWindow
{
Element = rectangle[(-0.06, 0.53) (0.06, 0.04)]
DecayLength = 0
}
}
AnalyticalProfile "intrinsic base instance"
{
Reference = "intrinsic base"
ReferenceElement
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Element = line [(-1.1 0.04), (1.1 0.04)]
}
EvaluateWindow
{
Element = rectangle[(-1.1 0.04), (1.1 0.53)]
}
}
Constant "extrinsic base left instance"
{
Reference = "extrinsic base"
EvaluateWindow
{
Element = rectangle [(-0.12 0.05), (-1.1 0.15)]
DecayLength = 0.005
}
}
Constant "extrinsic base right instance"
{
Reference = "extrinsic base"
EvaluateWindow
{
Element = rectangle [(0.12 0.05), (1.1 0.15)]
DecayLength = 0.005
}
}
AnalyticalProfile "n_buried layer instance"
{
Reference = "n_buri"
ReferenceElement
{
Element = line [(-2.17 0.04), (2.17 0.04)]
}
EvaluateWindow
{
Element = polygon[(0.35, 0.04) (0.35, 0.53) (1.35, 0.53)
(1.35, 0.19) (2.05, 0.19) (2.05, 0.53)
(2.17, 0.53) (2.17, 3)
(-2.17, 3) (-2.17, 0.53)
(-2.05, 0.53) (-2.05, 0.19) (-1.35, 0.19)
(-1.35, 0.53) (-0.35, 0.53) (-0.35, 0.04)]
DecayLength = 0

288



}

}
Constant "Collector contact instance left"
{
Reference = "cc"
EvaluateWindow
{
Element=rectangle[(-1.35 0.19)(-2.17 1)]
}
}

Constant "Collector contact instance right"
{
Reference = "cc"
EvaluateWindow
{
Element=rectangle[(1.35 0.19)(2.17 1)]
}
X
AnalyticalProfile "xMolBase instance"

{

Reference = "xMoleBase"
ReferenceElement
{

Element = line[(-1.1 0.04) (1.1 0.04)]
Direction = positive

}
EvaluateWindow
{
Element = rectangle[(-1.1 0.04) (1.1 0.19)]
}

B.2.2 Noise Simulation CMD file

Device BJT {

Electrode {
{ Name="Emitter" Voltage=0 }
{ Name="Basel" Voltage=0 }
{ Name = "Base2" Voltage = 0}
{ Name="Collectorl" Voltage=0 }
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{ Name="Collector2" Voltage=0 }
{ Name = "Psubstrate" Voltage = 0}
}

File {
Grid
Doping
Current
Plot

"msh_msh.grd"
"msh_msh.dat"
"achdet40g_des.plt"
"achdet40g_des.dat"

Physics{
Areafactor= 1
EffectiveIntrinsicDensity(BandgapNarrowing( Slotboom) )
Mobility(
PhuMob
Highfieldsaturation(CarrierTempDrive)
)
Fermi
Hydrodynamic (eTemp)
Noise ( DiffusionNoise(eTemperature) )

Physics (material = "Silicon") {
Recombination(
SRH( DopingDependence )
Auger

Physics (material = "PolySi") {
Recombination(
SRH( DopingDependence )
Auger
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Plot {
eDensity hDensity
TotalCurrent/Vector eCurrent/Vector hCurrent/Vector

ElectricField Potential SpaceCharge
Doping DonorConcentration AcceptorConcentration

SRH Auger
eQuasiFermi hQuasiFermi
eEparal hEparal

eMobility hMobility
eVelocity hVelocity

xMoleFraction

BandGap BandGapNarrowing
Affinity
ConductionBand ValenceBand
}
#NoisePlot {
# A11LNS A11LNVSD A11LNVXVSD GreenFunctions
#}

Math {
Extrapolate
NotDamped=200
Iterations=20

NewDiscretization
Derivatives
RelerrControl
Digits=6

}

File {
Output = "achdet40g"
ACExtract="achdet40g"

}

System {
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BJT bjt (Basel=1 Base2 = 1 Collector1=2 Collector2=2 Emitter=0 Psubstrate=0)

Vsource_pset vb (1 0){ dc = 0 }
Vsource_pset vc (2 0){ dc = 0 }
}
Solve {

Coupled (Iterations=50) {Poisson }
Coupled { Poisson Electron Hole }
Coupled { Poisson Electron Hole ElectronTemperature}
Quasistationary (
InitialStep=0.025 Increment= 1.4
MinStep=1e-3 MaxStep=0.1
Goal {Parameter=vc.dc Voltage=1.75}
Goal {Parameter=vb.dc Voltage=0.75}
){
Coupled {Poisson Electron Hole ElectronTemperature}
}
save(fileprefix = "175hd")

newcurrent = "achdetbias"
load(fileprefix = "175hd")
Quasistationary (
InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.76}
Goal {Parameter=vb.dc Voltage=0.76}
)4
Coupled{Poisson Electron Hole ElectronTemperature}
}
save(fileprefix = "176hd")
Quasistationary (
InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.77}
Goal {Parameter=vb.dc Voltage=0.77}
A
Coupled{Poisson Electron Hole ElectronTemperature}
}
save(fileprefix = "177hd")
Quasistationary (
InitialStep=1 Increment=1
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MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.78}
Goal {Parameter=vb.dc Voltage=0.78}
){
Coupled{Poisson Electron Hole ElectronTemperature}
}
save(fileprefix = "178hd")
Quasistationary (
InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.79}
Goal {Parameter=vb.dc Voltage=0.79}
)4
Coupled{Poisson Electron Hole ElectronTemperature}
}
save(fileprefix = "179hd")
Quasistationary (
InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.80}
Goal {Parameter=vb.dc Voltage=0.80}
)4
Coupled{Poisson Electron Hole ElectronTemperature}
}
save(fileprefix = "180hd")
Quasistationary (
InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.81}
Goal {Parameter=vb.dc Voltage=0.81}
)4
Coupled{Poisson Electron Hole ElectronTemperature}
}
save(fileprefix = "181hd")
Quasistationary (
InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.82}
Goal {Parameter=vb.dc Voltage=0.82}
){
Coupled{Poisson Electron Hole ElectronTemperature}

3
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save(fileprefix = "182hd")
Quasistationary (
InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.83}
Goal {Parameter=vb.dc Voltage=0.83}
A
Coupled{Poisson Electron Hole ElectronTemperature}
X
save(fileprefix = "183hd")
Quasistationary (
InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.84}
Goal {Parameter=vb.dc Voltage=0.84}
){
Coupled{Poisson Electron Hole ElectronTemperature}
X
save(fileprefix = "184hd")
Quasistationary (
InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.85}
Goal {Parameter=vb.dc Voltage=0.85}
)4
Coupled{Poisson Electron Hole ElectronTemperature}
+
save(fileprefix = "185hd")
Quasistationary (
InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.86}
Goal {Parameter=vb.dc Voltage=0.86}
)4
Coupled{Poisson Electron Hole ElectronTemperature}
+
save(fileprefix = "186hd")
Quasistationary (
InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.87}
Goal {Parameter=vb.dc Voltage=0.87}
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A
Coupled{Poisson Electron Hole ElectronTemperature}
b
save(fileprefix = "187hd")
Quasistationary (
InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.88}
Goal {Parameter=vb.dc Voltage=0.88}
A
Coupled{Poisson Electron Hole ElectronTemperature}
b
save(fileprefix = "188hd")
Quasistationary (
InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.89}
Goal {Parameter=vb.dc Voltage=0.89}
A
Coupled{Poisson Electron Hole ElectronTemperature}
b
save(fileprefix = "189hd")
Quasistationary (
InitialStep=1 Increment=1
MinStep=1e-3 MaxStep=1
Goal {Parameter=vc.dc Voltage=1.90}
Goal {Parameter=vb.dc Voltage=0.90}
)4
Coupled{Poisson Electron Hole ElectronTemperature}
}
save(fileprefix = "190hd")

newcurrent = "achdet40g"
load(fileprefix = "175hd")
ACCoupled (

StartFrequency = 40e9 EndFrequency = 40e9
NumberofPoints 1 1linear
Node(1 2) Exclude(vb vc)
ObservationNode (1 2)
ACExtraction = "achdet40g"
NoiseExtraction = "achdet40g"
NoisePlot = "achdet40gl75"

295



)

{Poisson Electron Hole ElectronTemperature}
load(fileprefix = "176hd")
ACCoupled (

)

StartFrequency = 40e9 EndFrequency = 40e9
NumberofPoints 1 1linear

Node(1 2) Exclude(vb vc)
ObservationNode(1 2)

ACExtraction = "achdet40g"
NoiseExtraction = "achdet40g"

NoisePlot = "achdet40gl76"

{Poisson Electron Hole ElectronTemperature}
load(fileprefix = "177hd")
ACCoupled (

)

StartFrequency = 40e9 EndFrequency = 40e9
NumberofPoints 1 1linear

Node(1 2) Exclude(vb vc)
ObservationNode (1 2)

ACExtraction = "achdet40g"
NoiseExtraction = "achdet40g"

NoisePlot = "achdet40gl77"

{Poisson Electron Hole ElectronTemperature}
load(fileprefix = "178hd")
ACCoupled (

)

StartFrequency = 40e9 EndFrequency = 40e9
NumberofPoints 1 linear

Node(1 2) Exclude(vb vc)
ObservationNode (1 2)

ACExtraction = "achdet40g"
NoiseExtraction = "achdet40g"

NoisePlot = "achdet40gl78"

{Poisson Electron Hole ElectronTemperature}
load(fileprefix = "179hd")
ACCoupled (

StartFrequency = 40e9 EndFrequency = 40e9
NumberofPoints 1 1linear

Node(1 2) Exclude(vb vc)
ObservationNode (1 2)

ACExtraction = "achdet40g"
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NoiseExtraction = "achdet40g"
NoisePlot = "achdet40gl79"
)
{Poisson Electron Hole ElectronTemperature}
load(fileprefix = "180hd")
ACCoupled (
StartFrequency = 40e9 EndFrequency = 40e9
NumberofPoints = 1 linear
Node(1 2) Exclude(vb vc)
ObservationNode (1 2)
ACExtraction = "achdet40g"
NoiseExtraction = "achdet40g"
NoisePlot = "achdet40gl180"
)
{Poisson Electron Hole ElectronTemperature}
load(fileprefix = "181hd")
ACCoupled (
StartFrequency = 40e9 EndFrequency = 40e9
NumberofPoints 1 linear
Node(1 2) Exclude(vb vc)
ObservationNode (1 2)
ACExtraction = "achdet40Og"
NoiseExtraction = "achdet40g"
NoisePlot = "achdet40gl81"
)
{Poisson Electron Hole ElectronTemperature}
load(fileprefix = "182hd")
ACCoupled (
StartFrequency = 40e9 EndFrequency = 40e9
NumberofPoints 1 linear
Node(1 2) Exclude(vb vc)
ObservationNode (1 2)
ACExtraction = "achdet40g"
NoiseExtraction = "achdet40g"
NoisePlot = "achdet40gl182"
)
{Poisson Electron Hole ElectronTemperature}
load(fileprefix = "183hd")
ACCoupled (
StartFrequency = 40e9 EndFrequency = 40e9
NumberofPoints = 1 linear
Node(1 2) Exclude(vb vc)
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)

ObservationNode (1 2)
ACExtraction = "achdet40g"
NoiseExtraction = "achdet40g"
NoisePlot = "achdet40g183"

{Poisson Electron Hole ElectronTemperature}
load(fileprefix = "184hd")
ACCoupled (

)

StartFrequency = 40e9 EndFrequency = 40e9
NumberofPoints = 1 1linear

Node(1 2) Exclude(vb vc)
ObservationNode (1 2)

ACExtraction = "achdet40g"
NoiseExtraction = "achdet40g"

NoisePlot = "achdet40gl184"

{Poisson Electron Hole ElectronTemperature}
load(fileprefix = "185hd")
ACCoupled (

)

StartFrequency = 40e9 EndFrequency = 40e9
NumberofPoints 1 1linear

Node(1 2) Exclude(vb vc)
ObservationNode (1 2)

ACExtraction = "achdet40Og"
NoiseExtraction = "achdet40g"

NoisePlot = "achdet40gl85"

{Poisson Electron Hole ElectronTemperature}
load(fileprefix = "186hd")
ACCoupled (

)

StartFrequency = 40e9 EndFrequency = 40e9
NumberofPoints 1 linear

Node(1 2) Exclude(vb vc)
ObservationNode (1 2)

ACExtraction = "achdet40Og"
NoiseExtraction = "achdet40g"

NoisePlot = "achdet40gl86"

{Poisson Electron Hole ElectronTemperature}
load(fileprefix = "187hd")
ACCoupled (

StartFrequency = 40e9 EndFrequency = 40e9
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)

NumberofPoints = 1 1linear
Node(1 2) Exclude(vb vc)
ObservationNode(1 2)
ACExtraction = "achdet40g"
NoiseExtraction = "achdet40g"
NoisePlot = "achdet40gl87"

{Poisson Electron Hole ElectronTemperature}
load(fileprefix = "188hd")
ACCoupled (

)

StartFrequency = 40e9 EndFrequency = 40e9
NumberofPoints 1 1linear

Node(1 2) Exclude(vb vc)
ObservationNode (1 2)

ACExtraction = "achdet40g"
NoiseExtraction = "achdet40g"

NoisePlot = "achdet40g188"

{Poisson Electron Hole ElectronTemperature}
load(fileprefix = "189hd")
ACCoupled (

)

StartFrequency = 40e9 EndFrequency = 40e9
NumberofPoints = 1 1linear

Node(1 2) Exclude(vb vc)
ObservationNode (1 2)

ACExtraction = "achdet40g"
NoiseExtraction = "achdet40g"

NoisePlot = "achdet40gl189"

{Poisson Electron Hole ElectronTemperature}
load(fileprefix = "190hd")
ACCoupled (

)

StartFrequency = 40e9 EndFrequency = 40e9
NumberofPoints 1 1linear

Node(1 2) Exclude(vb vc)
ObservationNode (1 2)

ACExtraction = "achdet40g"
NoiseExtraction = "achdet40g"

NoisePlot = "achdet40gl190"

{Poisson Electron Hole ElectronTemperature}
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B.3 MATLAB Programming for Simulation Results

This is MATLAB Programming for SHP DESSIS simulation results. The MATLAB pro-
gramming is similar for SHP SiGe HBT DESSIS simulation results.

B.3.1 Main file

close all; clear all; clc;

q = 1.6e-19;

kt = 0.0259%q;

datapath = ’D:\Yan\research\8hp\noisedata’;
cd(datapath) ;

filename = {’hdetall’,’hd2etall’,’gO5hdetall’};

legname = {’design I’, ’design II’, ’design III’};

x1 = 20;

fileNumber=length(filename) ;

datasel =1; %1: bias dependence, 2: frequency dependence

for filsel = [1:3],
load(filename{filsel});
rbrange = (num_of_freq-5) :num_of_freq;
Jc = Ic./0.12.%1e3; Jb = Ib./0.12.%1e3;
nx = x1;
for n = nx;
switch datasel
case 1 %bias dependence
svli2x = conj(sv12); svli2eex = conj(svli2ee); svi2hhx = conj(sv12hh);
SV = [sv1(:,n) svi2x(:,n) conj(svi2x(:,n)) sv2(:,n)];
SVee = [svlee(:,n) svi2eex(:,n) conj(svi2eex(:,n)) sv2ee(:,n)];
SVhh = [svihh(:,n) sv12hhx(:,n) conj(svi2hhx(:,n)) sv2hh(:,n)];
Y = [Y11(:,n) Y12(:,n) Y21(:,n) Y22(:,n)]; Z = z_from_Y(Y);
for x = 1: num_of_bias,
Y11f = Y11(x,:); Y12f = Y12(x,:);Y21f = Y21(x,:);Y22f = Y22(x,:);
hiif 1./Y11f;
Yf = [conj(Y11f’) conj(Y12f’) conj(¥Y21f’) conj(¥Y22f’)];
Zf = Z_from_Y(Yf);
Z11f = Zf(:,1); Z12f = Zf(:,2); Z21f = Zf(:,3); Z22f = Zf(:,4);
rbh(x) = rb_from_h11(h11f(rbrange));
rb(x) = rbh(x); re(x) = 0; rc(x) = 0;
end

numend = num_of_bias;
case 2 Yfrequency dependence
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svl2x = conj(svl2); svli2eex = conj(svi2ee); svi2hhx = conj(svi2hh);
SV = [conj(svi(n,:)’) conj(svi2x(n,:)’) svi2x(n,:)’ conj(sv2(n,:)’)];
SVee = [conj(sviee(n,:)’) conj(svi2eex(n,:)’)
svi2eex(n,:)’ conj(sv2ee(n,:)’)];
[conj(svihh(n,:)’) conj(svi2hhx(n,:)’)
sv12hhx(n,:)’ conj(sv2hh(n,:)’)];
Y = [conj(Y11(n,:)’) conj(Y12(n,:)’) conj(¥21(n,:)’) conj(¥22(n,:)’)];
Z = z_from_Y(Y);
hi11 = 1./Y(:,1); rbh(n) = rb_from_h1l1(hll(rbrange));
Z11f = Z(:,1); Z12f = Z2(:,2); Z21f = Z(:,3); Z22f = Z(:,4);
rb(n) = rbh(n); re(n) = 0; rc(n) = 0;
numend = num_of_freq;

SVhh

y = Y(x,:); z=2(x,:); a=a_from_y(y);

cz = 0.5.%3V(x,:); ca = c_from_z_to_a(cz, a); cy = c_from_a_to_y(ca, y);

nf = nf_from_ca(ca, 50);

svb(x) = 2xcz(1); svc(x) = 2xcz(4);

svbver(x) = 2*xreal(cz(2)); svbvci(x) = 2*imag(cz(2));
cvbver (x) svbvcr (x)/sqrt (svc(x) *svb(x));

cvbvci (x) svbvci(x)/sqrt(sve(x) *svb(x));

sva(x) = 2*ca(1l); sia(x) = 2*ca(4);

siavar(x) 2xreal(ca(3)); siavai(x) = 2*imag(ca(3));
ciavar(x) = siavar(x)/sqrt(sia(x)*sva(x));

ciavai(x) = siavai(x)/sqrt(sia(x)*sva(x));

sib(x) = 2xcy(1); sic(x) = 2xcy(4);

sicibr(x) = 2*real(cy(3)); sicibi(x) = 2ximag(cy(3));
cicibr(x) = sicibr(x)/sqrt(sib(x)*sic(x));
cicibi(x) = sicibi(x)/sqrt(sib(x)*sic(x));

nfmin(x) = nf(1); rn(x) = nf(2); Yopt(x) = nf(3);

0.5.%SVee(x,:); caee = c_from_z_to_a(czee, a);

cyee = c_from_a_to_y(caee, y); nfee = nf_from_ca(caee, 50);
svbee(x) = 2*czee(1l); svcee(x) = 2*czee(4);

svbvcree(x) = 2*real(czee(2)); svbvciee(x) = 2*imag(czee(2));
cvbvcree(x) = svbvcree(x)/sqrt(svcee(x)*svbee(x));
cvbvciee(x) = svbvciee(x)/sqrt(svcee(x)*svbee(x));

svaee(x) = 2*caee(1); siaee(x) = 2xcaee(4);

siavaree(x) 2xreal(caee(3)); siavaiee(x) = 2*imag(caee(3));
ciavaree(x) = siavaree(x)/sqrt(siaee(x)*svaee(x));
ciavaiee(x) = siavaiee(x)/sqrt(siaee(x)*svaee(x));

czee
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end
for

sibee(x) = 2xcyee(1); sicee(x) = 2xcyee(4);

sicibree(x) = 2xreal(cyee(3)); sicibiee(x) = 2x*imag(cyee(3));
cicibree(x) = sicibree(x)/sqrt(sibee(x)*sicee(x));

cicibiee(x) = sicibiee(x)/sqrt(sibee(x)*sicee(x));

nfminee(x) = nfee(l); rnee(x) = nfee(2); Yoptee(x) = nfee(3);

czhh 0.5.%SVhh(x,:); cahh = c_from_z_to_a(czhh, a);

cyhh = c_from_a_to_y(cahh, y); nfhh = nf_from_ca(cahh, 50);
svbhh(x) = 2*czhh(1); svchh(x) = 2*czhh(4);

svbvcrhh(x) = 2xreal(czhh(2)); svbvcihh(x) = 2*imag(czhh(2));
cvbvcrhh(x) = svbverhh(x)/sqrt(svchh(x)*svbhh(x));
cvbvcihh(x) = svbvcihh(x)/sqrt(svchh(x)*svbhh(x));

svahh(x) = 2*cahh(1); siahh(x) = 2*cahh(4);

siavarhh(x) = 2*real(cahh(3)); siavaihh(x) = 2*imag(cahh(3));
ciavarhh(x) = siavarhh(x)/sqrt(siahh(x)*svahh(x));
ciavaihh(x) = siavaihh(x)/sqrt(siahh(x)*svahh(x));

sibhh(x) = 2*cyhh(1); sichh(x) = 2*cyhh(4);

sicibrhh(x) = 2*real(cyhh(3)); sicibihh(x) = 2+*imag(cyhh(3));
cicibrhh(x) = sicibrhh(x)/sqrt(sibhh(x)*sichh(x));
cicibihh(x) = sicibihh(x)/sqrt(sibhh(x)*sichh(x));

nfminhh(x) = nfhh(1); rnhh(x) = nfhh(2); Yopthh(x) = nfhh(3);

x = 1:numend,
y = Y(x,:); z=2(x,:);, a=a_from_y(y);
switch datasel
case 1
rbx = rb(x); Ibx = Ib(x); Icx = Ic(x);
rex = re(x); rcx = rc(x);
case 2
rbx = rb(n); Ibx = Ib(n); Icx = Ic(n);
rex = re(n); rcx = rc(n);

end

zb = [rbx+rex rex rex rex+rcx]; czb = 2xkt.*zb;
zi = z-zb; yi y_from_z(zi); ai = a_from_y(yi);
if x ==1, yix = yi(3); end

cz = 0.5.%8V(x,:); ca = c_from_z_to_a(cz, a);

cy = c_from_a_to_y(ca, y);

czi = ¢z - czb; cai = c_from_z_to_a(czi, ai);

cyi = c_from_a_to_y(cai, yi);

sibi(x) = 2*cyi(1); sici(x) = 2xcyi(4);

sicibri(x) = 2*real(cyi(3)); sicibii(x) = 2*imag(cyi(3));
cicibri(x) = sicibri(x)./sqrt(sibi(x).*sici(x));
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cicibii(x) = sicibii(x)./sqrt(sibi(x).*sici(x));

czhh 0.5.*%SVhh(x,:); cahh = c_from_z_to_a(czhh, a);

cyhh = c_from_a_to_y(cahh, y);

czihh = czhh - czb; caihh = c_from_z_to_a(czihh, ai);

cyihh = c_from_a_to_y(caihh, yi);

sibihh(x) = 2%cyihh(1); sicihh(x) = 2*cyihh(4);

sicibrihh(x) = 2*real(cyihh(3)); sicibiihh(x) = 2*imag(cyihh(3));
cicibrihh(x) = sicibrihh(x)./sqrt(sibihh(x) .*sicihh(x));
cicibiihh(x) sicibiihh(x)./sqrt(sibihh(x) .*sicihh(x));

czee 0.5.%SVee(x,:); caee = c_from_z_to_a(czee, a);

cyee = c_from_a_to_y(caee, y);

cziee = czee; caiee = c_from_z_to_a(cziee, ai);

cyiee = c_from_a_to_y(caiee, yi);

sibiee(x) = 2xcyiee(l); siciee(x) = 2*cyiee(4);

sicibriee(x) = 2*real(cyiee(3)); sicibiiee(x) = 2*imag(cyiee(3));
cicibriee(x) = sicibriee(x)./sqrt(sibiee(x).*siciee(x));
cicibiiee(x) = sicibiiee(x)./sqrt(sibiee(x).*siciee(x));

sibs(x) = 2xq*Ibx; sics(x) = 2*xg*Icx; sicibrs(x) = 0; sicibis(x) = 0;
cysi = 0.5%[sibs(x), sicibrs(x) - j*sicibis(x),
sicibrs(x) + j*sicibis(x), sics(x)];
casi = c_from_y_to_a(cysi, ai);
czsi = c_from_a_to_z(casi, zi); czs = czsi + czb;
cas = c_from_z_to_a(czs, a); nfs = nf_from_ca(cas, 50);
svas(x) = 2*cas(1l); sias(x) = 2*cas(4);
siavars(x) = real(2*cas(3)); siavais(x) = imag(2*cas(3));
nfmins(x) = nfs(1); rns(x) nfs(2); Yopts(x) = nfs(3);

sibv(x) = 4xkt*real(yi(1)) - 2*xq*Ibx;
sicv(x) = 4xkt*real(yi(4)) + 2xqg*Icx;
sicibrv(x) = 2xkt*real(yi(3)+y(2)’-yix);
sicibiv(x) = 2*kt*imag(yi(3)+y(2)’);
cyvi = 0.5%[sibv(x), sicibrv(x) - j*sicibiv(x),
sicibrv(x) + j*sicibiv(x), sicv(x)];
cavi = c_from_y_to_a(cyvi, ai); czvi = c_from_a_to_z(cavi, zi);

czv = czvi + czb;

cav = c_from_z_to_a(czv, a); nfv = nf_from_ca(cav, 50);
svav(x) = 2*cav(l); siav(x) = 2*cav(4);

siavarv(x) = real(2*cav(3)); siavaiv(x) = imag(2*cav(3));
nfminv(x) = nfv(l); rnv(x) = nfv(2); Yoptv(x) = nfv(3);
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end
end
end

B.3.2 Z from_Y.m

function Z = Z_from_Y(Y)
%Z = Z_from_Y(Y)

z0 = 50;

Y11 = Y(:,1);
Y12 = Y(:,2);
Y21 = Y(:,3);
Y22 = Y(:,4);

Y_delta = Y11.%Y22 - Y12.x*Y21;
Z11 Y22./Y_delta;

Z12 = -Y12./Y_delta;

Z21 = -Y21./Y_delta;

722 = Y11./Y_delta;

Z = [Z211, 712, Z21, Z22];

B.3.3 rb_from_hll.m

function rb=rb_from_h11(h11)
%rb=rb_from_hi1(hi1)
rb=circle(hll);

B.3.4 circlem

function rb=circle(h11)

%hrb=circle(h1l)

ydata=imag(hl1); ydata=ydata(:);

xdata=real(hll); xdata=xdata(:);

[ymin, y_ind]=min(ydata);

nsize=size(ydata);

para0=[xdata(y_ind), abs(ymin)];
newPara=fminsearch(’myCostFunc’, para0, [], [xdata ydatal)
rb=newPara(1) -newPara(2);

B.3.5 myCostFunc.m

function cost=myCostFunc(para, data)
hpara(l) is x0, para(2) is r
cost=sum((sqrt(data(:,2) . 2+(data(:,1)-para(l)). 2)-para(2))."2);
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B.3.6 c_from_z to_a.m

function C_A = C_from_Z_to_A(C_Z, A)
%C_A = C_from_Z_to_A(C_Z, A)

k = size(A, 1);

for i = 1:k;

cz = [C_Z(i,1), C_Z(i,2); C_Z(i,3), C_Z(i,4)];

A_temp = [A(i,1), A(i,2); A(i,3), A(L,4)];

Trans = [1, -A_temp(1,1); 0, -A_temp(2,1)];

Trans_conj_trans = [Trans(1,1)’, Trans(2,1)’; Trans(1,2)’, Trans(2,2)’];

CA = Trans*CZ*Trans_conj_trans;

C_A(i,1) = (abs(Trans(1,1)))"2xCZ(1,1) + (abs(Trans(1,2)))"2%CZ(2,2)...
+ 2*real (Trans_conj_trans(1,1)*Trans(1,2)*CZ(2,1));

C_A(i,2) = Trans(1,1)*Trans_conj_trans(1,2)*CZ(1,1)...
+Trans(1,2)*Trans_conj_trans(1,2)*CZ(2,1) ...
+Trans(1,1)*Trans_conj_trans(2,2)*CZ(1,2)...
+Trans(1,2)*Trans_conj_trans(2,2)*CZ(2,2);

C_A(i,3) = C_A(i,2)’;

C_A(i,4) = (abs(Trans(2,1)))"2xCZ(1,1) + (abs(Trans(2,2)))"2%CZ(2,2)...
+ 2*real(Trans_conj_trans(2,2)*Trans(2,1)*CZ(1,2));

end

B.3.7 c_from_a_to_y.m

function C_Y = C_from_A_to_Y(C_A, Y)
%C_Y = C_from_A_to_Y(C_A, Y)

k = size(Y, 1);

for i = 1:k;

CA = [C_A(i,1), C_A(i,2); C_A(i,3), C_A(i,4)];

Y_temp = [Y(i,1), Y(i,2); Y(i,3), Y(i,4)];

Trans = [-Y_temp(1,1),1; -Y_temp(2,1),0];

Trans_conj_trans = [Trans(1,1)’, Trans(2,1)’; Trans(1,2)’, Trans(2,2)°’];

CY = Trans*CA*xTrans_conj_trans;

C_Y(i,1) = (abs(Trans(1,1)))"2*CA(1,1) + (abs(Trans(1,2))) 2xCA(2,2)...
+ 2*real(Trans_conj_trans(1l,1)*Trans(1,2)*CA(2,1));

C_Y(i,2) = Trans(1,1)*Trans_conj_trans(1,2)*CA(1,1)...
+Trans(1,2)*Trans_conj_trans(1,2)*CA(2,1)...
+Trans(1,1)*Trans_conj_trans(2,2)*CA(1,2)...
+Trans(1,2)*Trans_conj_trans(2,2)*CA(2,2);

C_Y(i,3) = C_Y(i,2)’;

C_Y(i,4) (abs(Trans(2,1)))"2*CA(1,1) + (abs(Trans(2,2)))"2*xCA(2,2)...
+ 2xreal (Trans_conj_trans(2,2)*Trans(2,1)*CA(1,2));
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end

B.3.8 nf from_ca.m

%function nf = nf_from_ca(ca,Z0);
function nf = nf_from_ca(ca,Z0);
k=1.38066e-023;

T=300;

kt = kxT;

sia = 2xca(:,4);

siava = 2*ca(:,3);

sva = 2xca(:,1);

gval = 4xkt/sva;

rnl = 1/gval/Z0;

gial = sia/(4xkt);

ycl = siava/sva;

gcl = real(ycl);

bcl = imag(ycl);

gsol = sqrt(gval*gial-bcl1~2);
bsol = -bcil;

yoptl = gsol+j*bsol;

gammaoptl = (1-yopt1*Z0)/(1+yopt1*50);
fminl = 1+2*(gsol+gcl)/gval;
nfminl = 10%1logl0(fminl);

nf = [nfminl rnl yoptil];

B.3.9 y_from_z.m

function Y = Y_from_Z(Z)
%Y = Y_from_Z(Z)

Z11 = Z(:,1);

712 = 7Z(:,2);

721 = 2(:,3);

722 = Z(:,4);

delta = Z11.%Z22 - Z12.%Z21;
Y11 = Z22./delta;

Y12 = -Z12./delta;
Y21 = -Z21./delta;
Y22 = Z11./delta;
Y = [Y11, Y12, Y21, Y22];

306



B.3.10 a_from_y.m

function A = A_from_Y(Y);
%from Y parameter to ABCD = [A B C D], A = A_from_Y(Y)
z0 = 50;

Y11 = Y(:,1);
Y12 = Y(:,2);
Y21 = Y(:,3);
Y22 = Y(:,4);

Y_delta = Y11.%Y22 - Y12.%Y21;
A1l = -Y22./Y21;

A12 = -1./Y21;

A21 -Y_delta./Y21;

A22 = -Y11./Y21;

A = [A11, A12, A21, A22];
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APPENDIX C

DESSIS INPUT DECK AND MATLAB PROGRAMMING FOR 50 NM L, MOSFET NOISE

SIMULATION

C.1 Mesh files

C.1.1 BND file

Oxide "leftox" {rectangle[(-0.081,-0.15 ) (-0.025, 0)]}

PolySi "gatepoly" {rectangle[(-0.025, -0.001) (0.025, -0.15)1%}
Oxide "rightox" {rectangle[(0.025, -0.15) (0.081, 0)]1}

Oxide "gateox" {rectangle[(-0.025, 0) (0.025, -0.001)]}
Silicon "chanelsi" {rectangle[(-0.525, 0) (0.525, 1)1}

Contact
Contact
Contact
Contact

"drain" {1ine[(0.081, 0) (0.525, 0)]1%}

"gate" {line[(-0.022, -0.15) (0.022, -0.15)1}
"source" {line[(-0.525, 0) (-0.081, 0)1}
"bulk" {line[(-0.525, 1) (0.525, 1)1}

C.1.2 CMD file

Title "nmos"

Definitions {
Refinement "all region"

{
MaxElementSize = (0.05 0.1)
MinElementSize = (0.0025 0.01)
RefineFunction = MaxTransDiff (Variable="DopingConcentration" Value=0.1)

}

Refinement "oxide"

{
MaxElementSize = (0.04 0.04)
MinElementSize = (0.005 0.01)

}

Refinement "source"

{
MaxElementSize = (0.05 0.005)
MinElementSize = (0.025 0.0025)

RefineFunction = MaxTransDiff (Variable="DopingConcentration" Value=0.01)

3

Refinement "sourcel"

{

308



MaxElementSize = (0.1 0.01)

MinElementSize = (0.05 0.005)

RefineFunction = MaxTransDiff(Variable="DopingConcentration" Value=0.1)
}
Refinement "gate"
{

MaxElementSize = (0.04 0.04)

MinElementSize = (0.005 0.01)

RefineFunction = MaxTransDiff(Variable="DopingConcentration" Value=0.1)

}

Refinement '"gateoxide"

{
MaxElementSize = (0.001 0.00025)
MinElementSize = (0.001 0.00025)

}

Refinement "drain"

{
MaxElementSize = (0.0025 0.005)
MinElementSize = (0.001 0.001)

RefineFunction = MaxTransDiff(Variable="DopingConcentration" Value=0.001)
+
Refinement "refine"
{

MaxElementSize = (0.001 0.001)

MinElementSize = (0.0005 0.0005)

RefineFunction = MaxTransDiff (Variable="DopingConcentration" Value=0.001)
3

Refinement "interface"

{
MaxElementSize = (0.01 0.005)
MinElementSize = (0.0025 0.005)

}

# Profiles

Constant "bulkboron'"

{
Species = "BoronActiveConcentration"
Value =1le+15

}

Constant "bulkarsen"

{
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Species = "ArsenicActiveConcentration"

Value =le+b

b

Constant "npoly"

{
Species = "ArsenicActiveConcentration"
Value =le+21

}

Constant "channeln"

{
Species = "ArsenicActiveConcentration"
Value =le+12

X

Constant "channelp"

{
Species = "BoronActiveConcentration"
Value =1lel7

X

Constant "channelp2"

{
Species = "BoronActiveConcentration"
Value =1e+18

b

AnalyticalProfile "bulkn"

{
Species = "ArsenicActiveConcentration"

Function = gauss(peakpos=0, PeakVal =1.5e21,
ValatDepth = 1e20,
depth = 0.015
)
lateralfunction = gauss(standarddeviation = 0.002)
}
AnalyticalProfile "bulknl"
{
Species = "ArsenicActiveConcentration"
Function = gauss(peakpos=0, PeakVal =1.5e21,
ValatDepth = 1e20,
depth = 0.043
)
lateralfunction = gauss(standarddeviation = 0.0095) #0.00613758)
}
AnalyticalProfile "bulkpg"
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{
Species = "BoronActiveConcentration"
Function = gauss(peakpos=0, PeakVal =1el9,
ValatDepth = 1lel8,
depth = 0.015
)
lateralfunction = gauss(standarddeviation = 0.002)
}
AnalyticalProfile "bulkpgl"
{
Species = "BoronActiveConcentration"
Function = gauss(peakpos=0, PeakVal =1el9,
ValatDepth = 1lel8,
depth = 0.043
)
lateralfunction = gauss(standarddeviation = 0.0095) #0.00613758)
}
AnalyticalProfile "bulkp"
{
Species = "BoronActiveConcentration"
Function = gauss(peakpos=0, PeakVal=6.5e+18,
ValatDepth = 3el8
depth = 0.005700
)
lateralfunction = gauss(standarddeviation = 0.006)
}
AnalyticalProfile "bulkp2"
{
Species = "BoronActiveConcentration"
Function = gauss(peakpos=0, PeakVal =1e18,
ValatDepth = 1lel5,
depth = 0.4
)
lateralfunction = gauss(standarddeviation = 0.002)
b
AnalyticalProfile "bulkpl"
{
Species = "BoronActiveConcentration"
Function = gauss(peakpos=0, PeakVal=1.35e18,
ValatDepth = 1.2e18
depth = 0.030
)
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lateralfunction = gauss(standarddeviation = 0.06)

Placements {
# Refinement regions
Refinement "all region"
{
Reference = "all region"
RefineWindow = rectangle [(-0.525 -0.15), (0.525 1)]
+
Refinement "leftoxide"
{
Reference = "oxide"
RefineWindow = rectangle [(-0.081 0), (-0.025 -0.15)]
+
Refinement "rightoxide"
{
Reference = "oxide"
RefineWindow = rectangle [(0.025 0), (0.081 -0.15)]
X
Refinement "sourcel instant"
{
Reference = "sourcel"
RefineWindow = rectangle [(-0.525 0), (0.525 0.045)]
+
Refinement "source instant"
{
Reference = "source"
RefineWindow = rectangle [(-0.102 0), (0.102 0.045)]
+
Refinement "gate"
{
Reference = 'gate"
RefineWindow = rectangle [(-0.025 -0.15) (0.025 -0.001)]
b
Refinement "gaterefine"
{
Reference = 'gateoxide"
RefineWindow = rectangle [(-0.025 0) (0.025 -0.001)]
X
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Refinement "undergate"
{
Reference = "drain"
RefineWindow = rectangle [(-0.052 0) (0.052 0.045)]
}
Refinement "interfacel"
{
Reference = "interface"
RefineWindow = rectangle [(-0.525 0.044), (0.525 0.047)]
}
Refinement "interface2"
{
Reference = "interface"
RefineWindow = rectangle [(-0.081 0.001), (0.081 -0.002)]
}
Refinement "underrefine"
{
Reference = "refine"
RefineWindow = rectangle [(-0.025 0) (0.025 0.025)]
}
# Profiles
Constant "bulkarsen instance"
{
Reference = "bulkarsen"
EvaluateWindow
{
Element = rectangle [(-0.525 0), (0.525 1)]
DecayLength = 0
}
}
Constant "bulkboron instance"
{
Reference = "bulkboron"
EvaluateWindow
{
Element = rectangle [(-0.525 0), (0.525 1)]
DecayLength = 0
}
}
Constant "channelboron instance"
{

Reference = "channelp"

313



EvaluateWindow
{
Element = rectangle [(-0.525 0.045), (0.525 0.05)]
# direction = positive
DecayLength = 0.20
b
X
Constant "npoly instance"
{
Reference = '"npoly"
EvaluateWindow
{
Element = rectangle [(-0.025 -0.15), (0.025 -0.001)]
DecayLength = 0
}
b
AnalyticalProfile "sourcen"
{
Reference = "bulkn"
ReferenceElement
{
Element = 1line[(-0.525 0) (-0.025 0)]
Direction =positive
3
EvaluateWindow
{
Element = rectangle[(-0.525 0) (0 0.045)
]
3
}
AnalyticalProfile "drain"
{
Reference = "bulkn"
ReferenceElement
{
Element = 1ine[(0.025 0) (0.525 0)]
Direction =positive
b
EvaluateWindow
{
Element = rectangle[(0 0) (0.525 0.045)
]
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b
}
AnalyticalProfile "sourcep"
{
Reference = "bulkpg"
ReferenceElement
{
Element = line[(-0.525 0) (-0.025 0)]
Direction =positive
b
EvaluateWindow
{
Element = rectangle[(-0.525 0) (0O 0.045)
]

+
AnalyticalProfile "drainp"
{
Reference = "bulkpg"
ReferenceElement
{
Element = 1ine[(0.025 0) (0.525 0)]
Direction =positive
X
EvaluateWindow
{
Element = rectangle[(0 0) (0.525 0.045)
]
3
}
AnalyticalProfile "sourcenl"
{
Reference = "bulknl"
ReferenceElement
{
Element = line[(-0.525 0) (-0.081 0)]
Direction =positive
}
EvaluateWindow
{
Element = rectangle[(-0.525 0)
(-0.025 0.045) ]
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}
}
AnalyticalProfile "drainl"
{
Reference = "bulknl"
ReferenceElement
{
Element = 1line[(0.081 0) (0.525 0)]
Direction =positive
}
EvaluateWindow
{
Element = rectangle[(0.025 0) (0.525 0.045)
]

b
AnalyticalProfile "sourcepl"
{
Reference = "bulkpgl"
ReferenceElement
{
Element = 1line[(-0.525 0) (-0.081 0)]
Direction =positive
3
EvaluateWindow
{
Element = rectangle[(-0.525 0)
(-0.025 0.045) 1]
3
}
AnalyticalProfile "draipl"
{
Reference = "bulkpgl"
ReferenceElement
{
Element = 1ine[(0.081 0) (0.525 0)]
Direction =positive
b
EvaluateWindow
{
Element = rectangle[(0.025 0) (0.525 0.045)
]
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b
}
AnalyticalProfile "undergateboronl"
{
Reference = "bulkp"
ReferenceElement
{
Element = line[(-0.008 0) (-0.006 0)]
Direction =positive

b
EvaluateWindow
{
Element = rectangle[(-0.525 0)(0.525 1)
]
}
b
AnalyticalProfile "undergateboron2"
{
Reference = "bulkp"
ReferenceElement
{
Element = 1ine[(0.006 0) (0.008 0)]
Direction =positive
3
EvaluateWindow
{
Element = rectangle[(-0.525 0)(0.525 1)
]
3
}
AnalyticalProfile "undergateboronl_1"
{
Reference = "bulkpl"
ReferenceElement
{
Element = line[(-0.025 0.045) (-0.024 0.045)]
X
EvaluateWindow
{
Element = rectangle[(-0.525 0)(0.525 1)
]
3
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}

AnalyticalProfile "undergateboron2_1"

{
Reference = "bulkpl"

ReferenceElement
{
Element = 1ine[(0.024 0.045) (0.025 0.045)]

}
EvaluateWindow

{

Element = rectangle[(-0.525 0)(0.525 1)
]

}

}

C.2 Noise Simulation CMD file

Device nmos {

Electrode {
{ Name="drain" Voltage=0 }

{ Name="source" Voltage=0 }
{ Name = "gate" Voltage = 0 }
{ Name="bulk" Voltage=0 }
b
File {
Grid = "msh_msh.grd"
Doping = "msh_msh.dat"
Current = "noiseqmhdetvdswp_des.plt"
Plot = "noiseqmhdetvdswp_des.dat"
}
Physics{

Areafactor= 1
EffectiveIntrinsicDensity( Slotboom )
Hydrodynamic (eTemp)

Mobility(

dopingdependence (Masetti)
enormal (Lombardi)
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Highfieldsaturation(CarrierTempDrive)
)
eQCvanDort
Fermi
Noise ( DiffusionNoise ( eTemperature ))

Plot {
eDensity hDensity
TotalCurrent/Vector eCurrent/Vector hCurrent/Vector

ElectricField Potential SpaceCharge
Doping DonorConcentration AcceptorConcentration

SRH Auger
eQuasiFermi hQuasiFermi
eEparal hEparal

eMobility hMobility
eVelocity hVelocity

xMoleFraction

BandGap BandGapNarrowing
Affinity
ConductionBand ValenceBand

Math {
Extrapolate
NotDamped=200
Iterations=20
NewDiscretization
Derivatives
RelerrControl
Digits=6
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File {
Output = "noiseqmhdetvdswp"
ACExtract="noisegmhdetvdswp"

}

System {
nmos NMOS (drain=2 gate=1 source=0 bulk=0)
Vsource_pset vg (1 0){ dc = 0 }
Vsource_pset vd (2 0){ dc = 0 }

}

Solve {

Coupled (Iterations=50) {poisson}
Coupled { poisson Electron }
Coupled {poisson Electron ElectronTemperature}
Quasistationary (
initialstep = 0.2 MinStep=le-1 MaxStep=1
Goal {Parameter=vd.dc Voltage=0}
Goal {Parameter=vg.dc Voltage=0.1}
){
Coupled {poisson Electron ElectronTemperature}
}
save(fileprefix = "vdOvgO.lacqmhd")
load(fileprefix = "vdOvg0.lacqmhd")
Quasistationary (
initialstep = 0.5 MinStep=le-1 MaxStep=1
Goal {Parameter=vg.dc Voltage=0.2}
)4
Coupled {poisson Electron ElectronTemperature}
}
save(fileprefix = "vdOvg0.2acqmhd")
Quasistationary (
initialstep = 0.5 MinStep=le-1 MaxStep=1
Goal {Parameter=vg.dc Voltage=0.3}
){
Coupled {poisson Electron ElectronTemperature}
}
save(fileprefix = "vdOvg0O.3acqmhd")
Quasistationary (
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initialstep = 0.5 MinStep=le-1 MaxStep=1
Goal {Parameter=vg.dc Voltage=0.4}
){
Coupled {poisson Electron ElectronTemperature}
}
save(fileprefix = "vdOvg0.4acqmhd")
Quasistationary (
initialstep = 0.5 MinStep=le-1 MaxStep=1
Goal {Parameter=vg.dc Voltage=0.5}
){
Coupled {poisson Electron ElectronTemperature}
}
save(fileprefix = "vdOvg0O.5acqmhd")
Quasistationary (
initialstep = 0.5 MinStep=le-1 MaxStep=1
Goal {Parameter=vg.dc Voltage=0.6}
){
Coupled {poisson Electron ElectronTemperature}
}
save(fileprefix = "vdOvg0.6acqmhd")
Quasistationary (
initialstep = 0.5 MinStep=le-1 MaxStep=1
Goal {Parameter=vg.dc Voltage=0.7}
)4
Coupled {poisson Electron ElectronTemperature}
}
save(fileprefix = "vdOvg0.7acqmhd")
Quasistationary (
initialstep = 0.5 MinStep=le-1 MaxStep=1
Goal {Parameter=vg.dc Voltage=0.8}
)4
Coupled {poisson Electron ElectronTemperature}
}
save(fileprefix = "vdOvg0.8acqmhd")
Quasistationary (
initialstep = 0.5 MinStep=le-1 MaxStep=1
Goal {Parameter=vg.dc Voltage=0.9}
){
Coupled {poisson Electron ElectronTemperature}
}
save(fileprefix = "vdOvg0O.9acqmhd")
Quasistationary (
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initialstep = 0.5 MinStep=le-1 MaxStep=1
Goal {Parameter=vg.dc Voltage=1}

){

Coupled {poisson Electron ElectronTemperature}

}
save(fileprefix = "vdOvglacqmhd")

newcurrent = "vdOvgOplacqmhd_"
Coupled {poisson Electron ElectronTemperature}
load(fileprefix = "vdOvg0.lacqmhd")
Quasistationary (
initialstep = 0.05 Increment = 1 MinStep=1le-2 MaxStep=0.1
Goal {Parameter=vd.dc Voltage=1}
A
ACCoupled (
StartFrequency = 1e9 EndFrequency =4e10
NumberOfPoints 10 linear
Node(1 2) Exclude(vd vg)
ObservationNode (1 2)
ACExtraction = "acqmhdetvdswp"
NoiseExtraction = "acqmhdetvdswp"
NoisePlot = "acqmhdetvdswp"
) {Poisson Electron ElectronTemperature}
X
newcurrent = "vdOvgOp2acqmhd_"
load(fileprefix = "vdOvg0O.2acqmhd")
Quasistationary (
initialstep = 0.05 Increment = 1 MinStep=le-2 MaxStep=0.1
Goal {Parameter=vd.dc Voltage=1}
)4
ACCoupled (
StartFrequency = 1e9 EndFrequency =4e10
NumberOfPoints 10 linear
Node(1 2) Exclude(vd vg)
ObservationNode (1 2)
ACExtraction = "acgqmhdetvdswp"
NoiseExtraction = "acqmhdetvdswp"
NoisePlot = "acqmhdetvdswp"
) {Poisson Electron ElectronTemperature}
b
newcurrent = "vdOvgOp3acqmhd_"
load(fileprefix = "vdOvg0.3acqmhd")
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Quasistationary (
initialstep = 0.05 Increment = 1 MinStep=le-2 MaxStep=0.1
Goal {Parameter=vd.dc Voltage=1}
)4
ACCoupled (
StartFrequency = 1e9 EndFrequency =4e10
NumberOfPoints 10 1linear
Node(1 2) Exclude(vd vg)
ObservationNode (1 2)
ACExtraction = "acqmhdetvdswp"
NoiseExtraction = "acqmhdetvdswp"
NoisePlot = "acqmhdetvdswp"
) {Poisson Electron ElectronTemperature}
b
newcurrent = "vdOvgOp4acqmhd_"
load(fileprefix = "vdOvg0.4acqmhd")
Quasistationary (
initialstep = 0.05 Increment = 1 MinStep=le-2 MaxStep=0.1
Goal {Parameter=vd.dc Voltage=1}
A
ACCoupled (
StartFrequency = 1e9 EndFrequency =4e10
NumberOfPoints = 10 linear
Node(1 2) Exclude(vd vg)
ObservationNode (1 2)
ACExtraction = "acqmhdetvdswp"
NoiseExtraction = "acqmhdetvdswp"
NoisePlot = "acqmhdetvdswp"
) {Poisson Electron ElectronTemperature}
}
newcurrent = "vdOvgOpSacqmhd_"
load(fileprefix = "vdOvg0.5acqmhd")
Quasistationary (
initialstep = 0.05 Increment = 1 MinStep=le-2 MaxStep=0.1
Goal {Parameter=vd.dc Voltage=1}
A
ACCoupled (
StartFrequency = 1e9 EndFrequency =4e10
NumberOfPoints 10 linear
Node(1 2) Exclude(vd vg)
ObservationNode (1 2)
ACExtraction = "acqgmhdetvdswp"
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NoiseExtraction = "acgmhdetvdswp"
NoisePlot = "acqmhdetvdswp"
) {Poisson Electron ElectronTemperature}
}
newcurrent = "vdOvgOp6acqmhd_"
load(fileprefix = "vdOvg0.6acqmhd")
Quasistationary (
initialstep = 0.05 Increment = 1 MinStep=le-2 MaxStep=0.1
Goal {Parameter=vd.dc Voltage=1}
A
ACCoupled (
StartFrequency = 1e9 EndFrequency =4e10
NumberOfPoints 10 1linear
Node(1 2) Exclude(vd vg)
ObservationNode(1 2)
ACExtraction = "acqmhdetvdswp"
NoiseExtraction = "acqmhdetvdswp"
NoisePlot = "acqmhdetvdswp"
) {Poisson Electron ElectronTemperature}
X
newcurrent = "vdOvgOp7acqmhd_"
load(fileprefix = "vdOvg0.7acqmhd")
Quasistationary (
initialstep = 0.05 Increment = 1 MinStep=le-2 MaxStep=0.1
Goal {Parameter=vd.dc Voltage=1}
A
ACCoupled (
StartFrequency = 1e9 EndFrequency =4e10
NumberOfPoints 10 1linear
Node(1 2) Exclude(vd vg)
ObservationNode (1 2)
ACExtraction = "acqmhdetvdswp"
NoiseExtraction = "acqmhdetvdswp"
NoisePlot = "acqmhdetvdswp"
) {Poisson Electron ElectronTemperature}
b
newcurrent = "vdOvgOp8acqmhd_"
load(fileprefix = "vdOvg0.8acqmhd")
Quasistationary (
initialstep = 0.05 Increment = 1 MinStep=le-2 MaxStep=0.1
Goal {Parameter=vd.dc Voltage=1}
A
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ACCoupled (
StartFrequency = 1e9 EndFrequency =4e10
NumberOfPoints 10 1linear
Node(1 2) Exclude(vd vg)
ObservationNode(1 2)
ACExtraction = "acqmhdetvdswp"
NoiseExtraction = "acqmhdetvdswp"
NoisePlot = "acqmhdetvdswp"
) {Poisson Electron ElectronTemperature}
b
newcurrent = "vdOvgOp9acqmhd_"
load(fileprefix = "vdOvg0.9acqmhd")
Quasistationary (
initialstep = 0.05 Increment = 1 MinStep=le-2 MaxStep=0.1
Goal {Parameter=vd.dc Voltage=1}
A
ACCoupled (
StartFrequency = 1e9 EndFrequency =4e10
NumberOfPoints 10 linear
Node(1 2) Exclude(vd vg)
ObservationNode (1 2)
ACExtraction = "acqmhdetvdswp"
NoiseExtraction = "acgmhdetvdswp"
NoisePlot = "acqmhdetvdswp"
) {Poisson Electron ElectronTemperature}
}
newcurrent = "vdOvglacgqmhd_"
load(fileprefix = "vdOvglacqmhd")
Quasistationary (
initialstep = 0.05 Increment = 1 MinStep=le-2 MaxStep=0.1
Goal {Parameter=vd.dc Voltage=1}

A

ACCoupled (
StartFrequency = 1e9 EndFrequency =4e10
NumberOfPoints = 10 linear

Node(1 2) Exclude(vd vg)
ObservationNode (1 2)

ACExtraction = "acqmhdetvdswp"
NoiseExtraction = "acqmhdetvdswp"
NoisePlot = "acqmhdetvdswp"

) {Poisson Electron ElectronTemperature}

3
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C.3 MATLAB Programming for Simulation Results

C.3.1 Main file

close all; clear all; clc;
q = 1.6e-19;
kt = 0.0259%q;
datapath = ’D:\Yan\research\nmos\50nm\vdswpdata’;
cd(datapath) ;
filename = {’vdswpvgOpl’, ’vdswpvgOp2’, ’vdswpvgOp3’,...
’vdswpvgOp4’, ’vdswpvgOp5’, ’vdswpvglOp6’,...
’vdswpvgOp7°’, ’vdswpvgOp8’, ’vdswpvgOp9’, ’vdswpvgl’l};
x1 = 1;
Vdtmp = [0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2 0.225...
0.25 0.275 0.3 0.325 0.35 0.375 0.4 0.425 0.45...
0.475 0.5 0.525 0.55 0.575 0.6 0.625 0.65 0.675...
0.7 0.725 0.75 0.775 0.8 0.825 0.85 0.875 0.9...
0.925 0.95 0.975 1.0];
for vdsel = [1:length(Vdtmp)],
Vdx = Vdtmp(vdsel);
fileNumber=length(filename) ;
datasel = 1; %1: bias dependence, 2: frequency dependence

for filsel = [1:10],
load(filename{filsel});
Jd = Id./Area.*1e6; Jg = Ig./Area.x*1e6;
nx = x1;
for n = [nx]; %frequency or bias point selection.
switch datasel
case 1 %bias dependence
svl2x = conj(sv12); svli2eex = conj(svli2ee); svi2hhx = conj(sv12hh);
SV = [sv1(:,n) svi2x(:,n) conj(svi2x(:,n)) sv2(:,n)];
SVee = [svlee(:,n) svi2eex(:,n) conj(svi2eex(:,n)) sv2ee(:,n)];
SVhh [svihh(:,n) svi2hhx(:,n) conj(svi2hhx(:,n)) sv2hh(:,n)];
Y = [Y11(:,n) Y12(:,n) Y21(:,n) Y22(:,n)]; Z = z_from_Y(Y);
numend = num_of_bias;
case 2 %frequency dependence
svli2x = conj(sv12); svli2eex = conj(svli2ee); svi2hhx = conj(sv1i2hh);
SV = [conj(svi(n,:)’) conj(svi2x(n,:)’) svi2x(n,:)’ conj(sv2(n,:)’)];
SVee = [conj(svliee(n,:)’) conj(svi2eex(n,:)’) svli2eex(n,:)’ conj(sv2ee(n,:)’)];
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SVhh = [conj(svihh(n,:)’) conj(svi2hhx(n,:)’) sv12hhx(n,:)’ conj(sv2hh(n,:)’)];
Y [conj(Y11(n,:)’) conj(Y12(n,:)’) conj(¥Y21(n,:)’) conj(¥Y22(n,:)’)];

Z z_from_Y(Y); S = s_from_y(Y);

numend = num_of_freq;

Igx = Ig(x1);Idx = Id(x1);

clear Ig; clear Id;

Ig = Igx; Id = Idx;

end
for x = 1:numend,
y = Y(x,:); z = 2(x,:); a=a_from_y(y);
cz = 0.5.%8V(x,:); ca = c_from_z_to_a(cz, a);
cy = c_from_a_to_y(ca, y);
nf = nf_from_ca(ca, 50);

ch = c_from_y_to_h(cy, y);
svb(x) = 2xcz(1); svc(x) = 2%cz(4);

svbver(x) = 2*real(cz(2)); svbvci(x) = 2*imag(cz(2));
cvbver(x) = svbvcr(x)/sqrt(sve(x)*svb(x));
cvbvei(x) = svbvci(x)/sqrt(sve(x)*svb(x));

sva(x) = 2*ca(l); sia(x) = 2*ca(4);

siavar(x) = 2#real(ca(3)); siavai(x) = 2ximag(ca(3));
ciavar(x) = siavar(x)/sqrt(sia(x)*sva(x));

ciavai(x) = siavai(x)/sqrt(sia(x)*sva(x));

sib(x) = 2*cy(1); sic(x) = 2xcy(4);

sicibr(x) = 2#real(cy(3)); sicibi(x) = 2ximag(cy(3));
cicibr(x) = sicibr(x)/sqrt(sib(x)*sic(x));

cicibi(x) sicibi(x)/sqrt(sib(x)*sic(x));

svh(x) = 2*ch(1); sih(x) = 2xch(4);

svhihr(x) = 2%real(ch(2)); svhihi(x) = 2ximag(ch(2));
cvhihr(x) = svhihr(x)/sqrt(svh(x)*sih(x));

cvhihi(x) = svhihi(x)/sqrt(svh(x)*sih(x));

nfmin(x) = nf(1); rn(x) = nf(2); Yopt(x) = nf(3);

0.5.%SVee(x,:); caee = c_from_z_to_a(czee, a);

cyee = c_from_a_to_y(caee, y); nfee = nf_from_ca(caee, 50);
svbee(x) = 2*czee(l); svcee(x) = 2*czee(4);

svbvcree(x) = 2xreal(czee(2)); svbvciee(x) = 2ximag(czee(2));
cvbvcree(x) = svbvcree(x)/sqrt(svcee(x)*svbee(x));
cvbvciee(x) = svbvciee(x)/sqrt(svcee(x)*svbee(x));

svaee(x) = 2*caee(l); siaee(x) = 2*caee(4);

siavaree(x) 2xreal(caee(3)); siavaiee(x) = 2*imag(caee(3));
ciavaree(x) = siavaree(x)/sqrt(siaee(x)*svaee(x));

Czee
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ciavaiee(x) = siavaiee(x)/sqrt(siaee(x)*svaee(x));

sibee(x) = 2*cyee(1); sicee(x) = 2*cyee(4);

sicibree(x) = 2*real(cyee(3)); sicibiee(x) = 2*imag(cyee(3));
cicibree(x) = sicibree(x)/sqrt(sibee(x)*sicee(x));

cicibiee(x) = sicibiee(x)/sqrt(sibee(x)*sicee(x));

nfminee(x) = nfee(1); rnee(x) = nfee(2); Yoptee(x) = nfee(3);

czhh = 0.5.%SVhh(x,:); cahh = c_from_z_to_a(czhh, a);

cyhh = c_from_a_to_y(cahh, y); nfhh = nf_from_ca(cahh, 50);
svbhh(x) = 2*czhh(1); svchh(x) = 2*czhh(4);

svbvcrhh(x) = 2xreal(czhh(2)); svbvcihh(x) = 2ximag(czhh(2));
cvbverhh (x) svbverhh (x) /sqrt (svchh(x) *svbhh(x)) ;
cvbvcihh(x) = svbvcihh(x)/sqrt(svchh(x)*svbhh(x));

svahh(x) = 2*cahh(1); siahh(x) = 2*cahh(4);

siavarhh(x) = 2x*real(cahh(3)); siavaihh(x) = 2*imag(cahh(3));
ciavarhh(x) = siavarhh(x)/sqrt(siahh(x)*svahh(x));
ciavaihh(x) = siavaihh(x)/sqrt(siahh(x)*svahh(x));

sibhh(x) = 2*cyhh(1); sichh(x) = 2*cyhh(4);
sicibrhh(x) = 2x*real(cyhh(3)); sicibihh(x) = 2*imag(cyhh(3));
cicibrhh(x) = sicibrhh(x)/sqrt(sibhh(x)*sichh(x));
cicibihh(x) = sicibihh(x)/sqrt(sibhh(x)*sichh(x));
nfminhh(x) = nfhh(1); rnhh(x) = nfhh(2); Yopthh(x) = nfhh(3);
end
end
end

C.3.2 c_from_y_to_h.m

function x = c_from_y_to_h(cy, Y);
%function x = c_from_y_to_h(cy, Y);
Y11 = Y(1); Y21 = Y(3);
sinl = cy(1); sin2 = cy(4); sinlin2 = cy(2); sin2inl = cy(3);
sv = sinl./(abs(Y11))."2;
si= sin2 + sinl.*(abs(Y21./Y11)).72-...
2.xreal(Y21./Y11.*sin1in2);
svi = conj(Y21)./(abs(Y11)). 2.*sinl -...
sinlin2./Y11;
x = [sv svi conj(svi) sil;
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