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Abstract—Based on an active transmission line concept and two- practical application has been limited to one-dimensional (1-D)
dimensional (2-D) device simulations, an accurate and computa- devices [9]. The 1-D simulation conveys simple and insightful
tionally efficient simulation technique for high frequency noise per- results at reasonable computational cost; unfortunately, its

formance of MOSFETSs is demonstrated. Using a Langevin sto- is limited. R fl It tive techni .
chastic source term model and small-signal equivalent circuit of accuracy Is fimited. recently an aliernalive technique, using

the MOSFET, three intrinsic noise parameters ¢, 8, and ¢) for @ 1-D Boltzmann transport equation, has been proposed to
the drain noise and induced gate noise are calculated. Validity and improve model accuracy for short channel MOSFETs [10].

error analysis for the simulation are discussed by comparing the Nevertheless, the primary weakness involves incorporation of
simulation results with theoretical results as well as measured data. two-dimensional (2-D) dependencies. This problem is particu-
Index Terms—MOSFETSs, semiconductor device modeling, larly acute for state-of-the-art MOSFET technologies because

semiconductor device noise, simulation. of various second-order effects caused by complex processing
such as new drain structures, gate overlap effects, nonuniform
I. INTRODUCTION doping profiles in the substrate, etc. Hence, in conjunction with

o ~ process simulation, the capability to exploit multidimensional
T HE IMPORTANCE of CMOS technology is increasinggevice simulations to extract physical dependencies of noise is
in radio frequency (RF) design applications owing to thgjgnly attractive.

promise of integrating electronic systems on a single siliconRecently several studies have reported full 2-D noise simula-
chip. Recent work has demonstrated the viability of CMOS loyipn results implementing the IFMin a drift-diffusion (DD) based
noise amplifiers (LNAs) [1] and mixers [2]; RF designs are ingevice simulator [11]-[13]. However, the unsatisfactory agree-
creasingly taking advantage of CMOS technology. ment with experimental data implies that the noise modeling of

Several studies have claimed that the fundamental noise R§&ep submicron MOSFETS requires not only multidimensional
formance of CMOS amplifiers would be limited by the noisgeatures but also higher order transport models to capture essen-
sources of thermal origin, such as the excessive drain noisg;i) dispersive nonequilibrium effects [9], [13]. The problem is
the saturation region [3], [4] and the induced gate noise [1], [5] #fat the expansion to higher order moments in 2-D noise simula-
radio frequencies. While complete broad band characterizatigsy requires substantially increased cost both forimplementation
and accurate modeling of the MOSFET noise are indispensagify simulation. For example, the hydrodynamic (HD) formula-
for future RF circuit designs, the noise behavior in short channgly, involves at least four times larger matrices [11] and to date
MOSFETS is not well understood. has not been used for 2-D noise analysis.
~ Simulation of MOSFET noise can play an important role fortunately, the nature of the MOSFET provides an important
in realizing optimal CMOS RF circuit design by providirg cjye that reconciles the tough requirements of MOSFET noise
priori noise performance metrics of devices and underlyingmuylation with limited computational resources. The primary
technology issues. A very popular technique in device noi§ge in understanding noise performance of FETS is the knowl-
simulation is theimpedance field methodiFM) [6] with  eqge of the small-signal behavior [14]. Based on Shockley’s
Langevin stochastic noise sourdéven though the IFM was theory [15], van der Ziel and Ero [16] have proposed a modeling
theoretically extended up to three dimensions [7], [8], it§pproach that considers the FET as an active, distributed,
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the noise simulation of MOSFETS. Thus the transmission line L 4

analogy can incorporate the required second-order effects in ) T )

noise analysis if accurate local information for the inversion L ‘ Gate \ td q
layer is provided by multi-dimensional device simulators. T

This paper presents a mixed approach for MOSFET noise Source ‘ -+ Aw Drain
modeling that combines a 1-D active transmission line model seg(r)rll?e)rllt
with a 2-D device simulation. Since this approach utilizes only
a limited number of local solutions imported from the device @
simulator, it imposes neither extra simulation time nor more Ly ig
complexity in implementation, regardless of the carrier trans-

port model. ’ _ i_% ’ Gjte ‘id%j_

This paper is constructed as follows: Section Il offers the

basig concept of the_IFM and Langevin stochast_ic noise source Source a1 Drain
and introduces practical concerns related to the implementation /fslgggleists N
such as the impedance field formulation and device segmenta-
tion error. Then Section Il explains how the noise simulation S
is actually implemented using a commercial device simulator.
Finally, Section IV demonstrates noise simulation results for in
MOSFETSs as well as comparisons to measured data using an ()
industrial technology. g iy
[I. BASIC THEORY FORNOISE CALCULATION l_% G id n

A. Impedance Field Method ‘I s l‘ T

Fromthe microscopicpointofview, noiseisduetolocalrandom Source /noisegf e+ Az \  Drain
events of the carriers, which produce fluctuations of carrier ve- segment
locity or in their number. These local fluctuations can be mod- in in
eled by a_angevin stochastic source teguperimposed on the

dccurrentorbias voltage. The resulting fluctuations propagate to == -
the electrodes and produce noise at the terminal electrodes. The ©

ropagation is called thienpedance field9]. Usually the local
propag P (ﬂ ] Y Basic concept of the impedance field method. (a) Original device

noisesourceis represented byacurremsource othermsetheryg% Esentation with a noisy segment. (b) Modified device representation based
voltage sources across different sections are correlated [8]. Th@tthe Langevin method. (c) Another modified device representation adopting

depending ontermination ofthe electrodes, theimpedance fieléigimpedance field method.

given either by animpedancgor a dimensionless factar[14].

Since the primary interest of this paper is current representations AA, 2 Lﬂ = [A,(z) — Ay(z + Az)] (5)

for the drain and gate noise, the respective two electrodes should in

be short-circuited for ac analysis and the impedance fields shotlence the total noise power spectral density and cross correla-

become dimensionless factors. tion coefficient for the entire MOSFET become simply the sum
The basic concept of the IFM [8] is illustrated in Fig. 1. Th@f the components for all segments.

current source, is the local noise sourc€; and:,, are short-cir-

cuited currents induced by, at the drain and gate electrodesB. Microscopic Noise Source

respectively. The noisy segment of a MOSFET in Fig. 1(a) canThe dominant noise in MOSFETSs is the velocity fluctuation

be modeled as a noiseless segment with a Norton generator fgfise and its local spectral density is given by [18]:

resenting the local fluctuation as shown in Fig. 1(b). Againit can

be reconf?gur_ed as Fig. _1(c). If the spectra_l density of a noisy . = i — 4¢%nD,, AyAz
segment is given by, , its subsequent noise power spectral Af Az
density at two electrodes and their cross correlation coefficient —ALT qnprac AyAz ©6)
are given by: " Az
) where
« = |AAq|"S;, (1) A denotes a differential amount;
Si, =|AAGS:, () f  operating frequency;
S; i =AA,AALS; 3) q electronic charge;
gt g n  carrier density;
wheres denotes a complex conjugate; and, D, real _part_ of th_e noise diffusion coefficient;
x longitudinal dimension;
A i4 y transverse dimension;
Adg = = = [Aq(w) — Ag(z + Az)] ) z  azimuthal dimension;

tn
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divided into two subdevice blocks that are represented by two-port networks.
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Fig. 3. Small-signal equivalent representation for a MOSFET at high

frequency in a common-gate configuration. of the MOSFET can be represented by its localized small-signal
circuit, which is commonly used in SPICE, where the following
k Boltzmann’s constant; parameters are applicable.
T,  noise temperature; Cys
fac  ac mobility. gate-to-source capacitance;
In comparison to the spreading diffusion coefficieht§, D,, Cya
has the same value at thermal equilibrium while its fiefdl ( gate-to-drain capacitance;
or energy £) dependancy is different in general. Although Ty
may be used as an approximationiaf [9], it would be ques- output resistance;
tionable for MOSFETSs beyond O:dm where the ballistic trans- g,
port assumes an important role. transconductance.
Then simple transformation (see Appendix, Section B) and
C. Impedance Field Formulation matrix multiplication yield desired network parameters for the

One of the key issues in our approach is how to formulat&pedance field calculation.
the dimensionless impedance field Fig. 2 shows a two-port _ _
network representing the MOSFET in a common-gate configh- Device Segmentation

ration and with a current sourég added atr. AnalySiS for the An important question to be considered is how dense the seg-

given network gives (see the Appendix, Section A): mentation should be. Although the MOSFET is a nonuniform
NE? Yo (z, L) transmission line under actual operating conditions, a uniform

Aa(z) = P Y22(0, ) + Yi1(z, L) (") transmission line analysis can provide a crude idea about the

A ,L.n ’Y12(0 ) +’Y21($ L) segmentation issue. The MOSFET can be considered as a uni-

Ayzy= L =-1 : . (8) formtransmission line only under zero drain bias. In such a case,

tn ¥22(0, #) + Yuu (2, L) we can derive the noise characteristic foaasumption-free un-

segmentedransmission line.

Fig. 4 shows the calculated noise power spectra fareeg-

To derive the network parameteis;s at x, suppose a menteduniform transmission line (see Appendix, Section C).
MOSFET is divided intar segments like Fig. 3. Each segmen€Contrasted to common circuit design assumptions [1], at very

D. Network Analysis
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10 I1l. N OISE SIMULATOR IMPLEMENTATION
o 01 um

A. Two-Dimensional Device Simulator

The proposed noise simulation method has been imple-
mented as a postprocessor of MEDICI [19], a commercial
2-D numerical device simulator. MEDICI is in conjunction
with TSUPREMA4 [20], a commercial 2-D numerical process

Error in Drain Current Noise [%]
o

10 simulator, and equipped with field-dependent mobility models
& [21], [22]. The simulator also provides self-consistent solutions
10718 ’ of carrier density, mobility, and carrier temperature based on
10" 107" 107° 10° the carrier-temperature-dependent mobility model, thermal
Segment Lengh - Device Length [ 111 diffusion current model, and carrier-temperature-based impact
Wave Length ionization model when the HD model [23] is selected.
(@
10t B. Two-Dimensional to 1-D Transformation
® O 0.1um The noise analysis of devices is based on ac sensitivity anal-
2 102 | X 10wm | ysis. To take advantage of the 1-D transmission line analogy, we
2z thus need to extract the 1-D ac equivalent circuit using 2-D so-
g ) lutions. Assuming local small-signal parameters are frequency
g 10 independent, we mimicked the ac behavior using local pertur-
% bations of dc quantities acquired from three bias conditions: the
8 1 desired bias {{ps, Vas]) and two adjacent biasesWps +
8 AVps, Vas] and [Vps, Vas + AVes]). The same technique
5 has been adopted in HELENA [25] and is known to be valid up
£ 10 . . .y
S T 107" 107 10° to2f;, which sets the applicable frequency limit of the proposed
Segment L\;ngth[: Device Length ['um] mlxed approa(_:h' . . .
ave Length The small-signal parameters associated with Fig. 3 are de-
(b) duced as follows:
Fig.5. Noise calculation error by segmentation for a uniform transmission line AQny
case. The MOSFETS are divided into 20 segments. (a) Error involved in drain Cgs + ng = T ()]
current noise calculation. (b) Error involved in gate current noise calculation. gs,local
_ A‘/ds, local
To = T (10)
high frequencies, the drain noise has frequency dependence and Algz
the gate noise is not proportional to the square of the frequency. In =Xy (11)
Obviously the correlation between drain noise and gate noise gs;tocal
will also differ across this frequency range. Nevertheless, thihere
would not be important in most practical situations becauseA denotes a differential quantity for different sets
these changes take place in a range above the cutoff frequency of bias;
(). Qinv sum of inversion charge in the channel,
To examine the segmentation limit, a segmented case ha¥/, ;,..;  difference between the gate electrode potential
been compared with unsegmented results of Fig. 4. Fig. 5(a) and and the local source potential;
(b) respectively show the error in drain and gate noise calcula-Vy; .. potential difference between the local drain po-
tion caused by segmentation for different sizes and frequencies. tential and source potential;
Itis obvious that the smaller error is achieved by the denser segips current at the drain electrode.

mentation and the smaller ratio of the device length to the wavgete that changind/ps affects not onlyVys i.cq: but also
length. For example, to maintain an error of less than 1 perceW, ;..,; and vice versa.

(AxL/)) should be less thatD—> um, which corresponds to  Fig. 6 illustrates how those local quantities are determined.
an upper frequency limit of 280 GHz for a 0.2%n device di- The local potential has been obtained from the nodal quasi-
vided into 20 segments. If the numbers of segment are 4 and E&rmi level along the Si/SiQinterface; the inversion charge
the lower limits of error are 6.2% and 1.0% respectively. Noteas been calculated by summing up the product of the nodal
that the number of segments imposes a lower limit on the ericarrier density and its associated area alongtftrection.

of gate noise calculation in Fig. 5(b) due to the distributed nMEDICI uses the finite-box discretization method [24] with a
ture of the device. By comparing these indices to the averag@ngular mesh structure. While MEDICI allows the irregular
meshing distance of device simulators and the cutoff frequeniciangular mesh, only right-angled one was used in our imple-
of the 0.25:m MOSFET (about 30 GHz in the actual operatiomentation to simplify the summing up procedure for the inver-
region), we can conclude that the segmentation itself practicadlipn charge. The extracted 1-D small-signal equivalent circuit
would not impose any limit. has been verified by comparing terminal characteristics of the
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S 06
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C. Microscopic Noise Source Calculation S o \
. 5 Y

The local noise source has been approximated using the g
spreading diffusion coefficient. Since MEDICI implicitly S 02
assumes the Einstein relationship, the local noise spectrum can o
be obtained as follows: 107! 10° 10'

Gate Length [pm]
N AYyAz
;. ~ 4ch% (12) (b)
1 Ips Fig. 7. Gate length dependence of noise parameters comparing HD and DD
R 4/€TCR— = 4/€TCV7 (13)  model results. (a) andé. (b) The imaginary part of.
dc ds, local
where current noise, and their cross correlation coefficient are given

1.  carrier temperature; by [26]

fde  dc mobility; .

Rge dc resistance of a segment. i3 = 4kTAfyga0 (14)
We have assumed that a segmentis a homoggneous rgsistor with g E 4KTAf6g, (15)
the carrier temperature at the Si/Siterface since the inver- T
sion layer has only tens of angstroms in thickness and its tem- c2 —d (16)
perature distribution is almost homogeneous. For a piece of sil- i2 i2

icon, this approximation successfully depicted the reported field
dependence of diffusion coefficient [9]. For more precise simvhere
ulation, D,, needs to be acquired through either Monte Carlo v andé bias-dependent factors;

simulations [25] or experiments [9], as a function of the electric gy drain output conductance under zero drain bias;
field or energy. Nevertheless, the above approximation causes a, real part of the gate-to-source admittance; and
negligible error in the MOSFET noise calculation because, as toc cross correlation coefficient.

be discussed in Section 1V, the actual contribution to the draior long channel MOSFETS; satisfies the inequalitg/3 <
or gate noise is dominated by the source junction side whgre ~ < 1. The value of 2/3 holds when the MOSFET is in the satu-
is about the same t®,. ration region, and the value of one is valid when the drain bias is
zero [18]. Also for long channel MOSFETS in saturatiéand
c are reportedly 4/3 angD.395 [5]. As shown in Fig. 7(a) and
(b), the long channel simulation results exhibit good agreement
We have performed noise simulations of NMOSFETSs fromith the classical values, regardless of the transport model used
an industrial 0.25:m CMOS process. No optimization wasin device simulation. Jindal [3] and Abidi [4] have reported in-
done except for the doping profile calibration process. Theeased values of in submicron NMOSFETSs. As the channel
structure and doping of the device were directly imported frotength decreases, only the HD simulation results show gradual
TSUPREM4 and all model parameters were kept at the defamitreases ofy andé in Fig. 7(a). Both models yield increased
values in MEDICI simulations. Simulated dc characteristiasorrelation factor in Fig. 7(b) and it suggests that this would
showed good agreement with measured results for both the Diltigate the impact of largey andé on the noise figure. Some
and HD transport models. oscillatory behavior was observed in the bias dependence of HD
Using a classical noise theory as applied to circuit desigresults and may be caused by the numerical stability problem re-
the white spectrum of drain current noise, blue spectrum of gdéted to the HD model implemented in MEDICI.

IV. RESULTS
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Fig. 8. Noise spectral density distribution of the local noise source (circlesid- 9- Comparison of de-embedded measurement data (circles) to the

and the its actual contribution to the drain noise (triangles) along the chanrfdmulated equivalent noise resistance (dots) for a @.26nMOSFET. Solid
The HD model was used. lines refer to smoothed simulation results of the HD model.

_The HD simulation results in Fig. 8 compare the spectral depschnology. Although the distributed resistance of the gate elec-
sity distribution of the local noise source with its actual contriz4e [33] can cause increasesif;, andR,,, this contribution
bution to the drain noise along the channel. Because the drgify peen neglected because the gate electrode of the MOSFET
and gate noise are highly correlated, contributions to the ggigs jlicided and divided intoam-width-fingers during layout.
noise show a similar distribution. The drain noise dlstr|but|0|3ina"y the simulation results are transformed (see Appendix
justifies the approximated noise source given by (13) and alga(ion p) from the noise power spectral density and their cross
suggests that the increaseshoéndé in short channel MOS- ¢4 re|ation coefficient based on the equivalent circuit in Fig. 3.
FETs are not due to carrier heating near the drain junction Bte transformed intrinsic data for the DD model largely under-
due to the impedance field near the source junction. Namelyiimates the noise performance, achieving less than half that

even if the local noise source is kept to the DD value, the HQ HD model inF.-... andR.. The HD case also shows some

impedance field still yields the same results. This contradicts r(ﬂ'screpancy i, andY,,., while R,, is in good agreement
min opty n

cent MOSFET noise modeling approachgs that have explair[gg] as shown in Fig. 9. Sinck,,,, is mainly determined by the

the t_)eha_\wor of ands ba_sed on the hot carrier effects [27], [28] g signal equivalent circuit of the MOSFET, which is verified

Their primary problem is that voltage sources are used {0 IqRsjng the current and capacitance of the device, a large discrep-

resent the local fluctuations, assumed to be uncorrelated SYeRy inY,,, implies that the de-embedding procedure was not
op

though the local noise voltage sources are correlated, unlike g?ﬁisfactory. Large size MOSFETS inherently incluaeni-in-

noise current sources [29], [30]. _ trinsic components, also showing a dependence on the layout
The approximated impedance field formulation suggests that,o e employed. Becaug,, is closely related t67,,,, cor-

the local ac resistance.) is primarily responsible for the dif- o tion ofG,,+ may improve agreement of simulatég,,. In

fere_nce between two transport models |n the impedance fie'l_qg_ 10(a) and (b), an increasedh, by a factor of 1.7 is used in
While the DD model determines the mobility based on the elegye ransformation to fit model results with the measugg;

tric field, the HD mod_el determ!nes it based on the carrier egyellent agreement df,,,, is then observed in both bias and
ergy whose changes in the device are not spatially synchrongus, ,ency dependencies. The accuracy of intrinsic noise simu-
with changes of the electric field. This phenomenon is callggiio, is thus clearly satisfactory and it is possible to estimate

nonlocalnature of carrier transport and causes mobility devjs. it level noise performance, based on technology parame-
ating from the classical model. Unlike near the drain junctiof s contained in the simulation model

the electric variation near the source junction is small enough
that the HD model gives almost the same value of mobility but,
due to the spatial nonlocal effect, the HD model exhibits a much
smaller differential mobility and subsequently causes a higherAn accurate and computationally efficient simulation tech-
local ac resistance and larger impedance field. nigue for high frequency noise performance of deep submicron
A 0.25 ym nMOSFET withW = 200 xm was measured MOSFETSs is proposed. This technique is based on an active
using the ATN NP5B system [31] to examine the validity ofransmission line concept but uses 2-D device simulation.
the noise simulation. To compare the intrinsic part only, the pddhe Langevin stochastic source term is introduced as a local
loss [34] has been properly de-embedded by removing the paoise source and the small-signal behavior of the MOSFET
asitic components of the noise correlation admittance matiscrepresented by a cascaded two-port network characterized
from that of the total matrix as proposed by Morifgfial.[35]. in a common gate configuration. Since the local static quan-
The de-embedding procedure is critical in performance me#ies required for noise calculation are imported from a 2-D
surements of intrinsic noise since the ac current path from themerical device simulator using advanced transport models,
bonding pad, via the conductive substrate to the ground, caués technique is able to capture dispersive nonequilibrium
a significant influence on measuréd,;,,, especially for silicon effects and incorporate second-order effects caused by complex

V. CONCLUSION
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3 node),:,. (current flows from the left to right blocks), and three
8 o5l short-circuited electrode currents, (<q, and<,). Basic KCL
- conditions governing the network are
-
g 27 ) ) )
.E) Iy = tpy + ln, a7
2 15
25
g 1 ) - I, +ig+is+i, =0 (18)
é 0.5+ - iny, +24— 15 =0. (29)
=
= o , , , , Simple two-port network analysis for the left block yields
0 0.5 1 1.5 2 25 i
Uy = ———— (20)
Gate to Source Voltage [V] Y22(0, x)
(a) is :Y12(07 .’L’)Ux (21)
2.5 o1ty where th&’;; (0, «)s are admittance parameters of the subdevice
Gs = 1.

located between the source and equipotential line passirg by
Also, network analysis for the right block gives

in
S 22
Y Yil(xv L) ( )
ig :Yél(xv L)Uaz (23)

whereY;;(z, L)s are admittance parameters of the subdevice
located between the equipotential line passingzbsnd the
drain. Then, combining (17)-(23) leads to impedance fields (7)
0 : ; and (8).

Minimum Noise Figure [dB]

Frequency [GHz] B. ABCD Matrix of the MOSFET
() For a common-gate configuration

minimum noise figures (dots) with correction for the loss dué'ty, for a 0.25 14+ gmo
p#m NMOSFET. Solid lines refer to smoothed simulation results of HD model.

Fig. 10. Comparison of de-embedded measurement data (circles) to simulated _ 1+ jwroCya (24)

! 7o

(a) Gate bias dependence. (b) Frequency dependence. = T (25)
grnTo

_ _ C— w?r,CysCyq
processing. Background of the proposed approach includes T 1t g
details of the impedance field formulation. Segmentation itself re: O

e . . . - Jw[ gs +(1+9m70) gd]

does not cause significant error in the noise calculations within Tt or (26)
a practical range of frequencies and meshing elements. The L+ aur. + ,wf"'c"
long channel noise simulation results are in good agreement D= g"l’ 2 J) ° g2 27
with classical values; short channel results based on the HD T gmTo

model successfully describe the reported excess noise in shdrerej = /—1 andw = 2xf.
channel MOSFETSs. The transformed simulation results of the )
HD model show excellent agreement with the de-embedded Unsegmented MOSFET Noise Spectra

measurement data, both in bias and frequency dependencie$Vhen L is the channel lengttf.;,anne: is the channel resis-

while the DD model largely underestimates the experimentaince, and’, x is the total oxide capacitance, the characteristic
results. This paper demonstrates and explains the importapesperties are
of advanced (i.e., HD) transport models for 2-D noise analysis

and also verifies the use of the model based on noise simulation vp = (14 )y /M
results for deep submicron MOSFETs. The proposed simu- 2L
lation technique is accurate and fast enough for practical RF 2 a +38 (28)
noise performance analysis of deep submicron MOSFETSs. Retvarmel
Zo=(1—jn—~— (29)
wCox
APPENDIX where
ropagation constant whose real and imaginar

A. Impedance Field Formulation T gar?s,'g ginaty

As illustrated in Fig. 2, all electrodes are short-circuited to « and3 attenuation constant and phase constant of the line,
ground. The noise current, is divided into:,, andé,,, and respectively;

subsequently induces. (voltage across the local node and gate 7, characteristic impedance of the line.
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Then the required network parameters for the impedance field D= Y+ Yoo +1. (48)
calculation are easily derived, as follows: Yo1 + Yoo

v (0 B 1 30 Note thatABC D parameters are for a common source con-

12(0, 2) = — Zo sinh y,x (30) figuration whileY;;s are for a common gate one.
_ cosh v,
Y22(0, z) = Zo sinh 1,7 (31) ACKNOWLEDGMENT
Yii(e, L) = cosh v, (L — ) (32) The authors would like to thank Prof. M. Lundstrom and Prof.
’ Zy sinh v,(L — z) A. Abramo for helpful discussions concerning transport models.
1 Special thanks go to Dr. M. Mierzwinski of Hewlett-Packard
Ya(e, L) = (33) b J

 Zo sinh V(L —z)

Thus the terminal noise power spectral density terms and their

cross correlation coefficient are

S, = KoKy
Sig =KoK,
Siiq = KoKga
where
L ~ ?
Ko =4kT, td
0 Rchannel sinh rYpL

L
Ky :/ | cosh y,z|? dx
0

_asin 281 + 3 sinh 2al
B 4a3

L
K, :/ | cosh v, — cosh v, (L — 2)|* da
0

(cos L — cosh aL)( e sin BL — (3 sinh «LL)
af

L
Ky = / [cosh .z — cosh 7, (L — )] cosh v,z dz
0

2a3

D. Transformation of Noise Parameters

Fmin =1+ 2Rn(Gopt + Gc)
2 i3
B =8| AKTASf
G,
Gopt = R_n + Gz
Bopt = - Bc
where
D
Y=o
B +
G.=(1

(cos L — cosh aL)(« sin BL — (3 sinh «L)

(34)
(39)
(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)
(44)

(45)

(46)

(47)

EEsof for promoting and mentoring this project.
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