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Abstract

This work presents analytical models of SiGe HBT and LNA noise parameters accounting
for high frequency noise correlation. The models are veribPed using measurement data and circuit
simulation. The impact of noise correlation is shown to be a strong function of base resigtance
which acts as both a noise source and an impedance. Correlatiepamonpedance have oppo-
site éfects on minimum noise PguréF,,;,, which explains why a widely useNF,,;, model that
neglects correlation ang as impedance agreed with measurements. The agreement, however,
does not hold for noise matching source resistaRge an important parameter for LNAs. With

correlation, noise matching condition is better met for impedance matched LNAs.
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Chapter 1

Introduction

1.1 Motivation

High frequency noise correlation has been shown to be important for accurate modelling of
transistor noise parameters, in particular, minimum noise Py, is smaller with correlation
[11[2][3][41[5][6][7]1[8][9]. Recently the impact of noise correlation on LNA design was investi-
gated using ADS simulation [10]. However, accurate analytical equations that express transistor
and LNA noise parameters in terms of small signal equivalent circuit parameters likéf -0
quencyfr, transconductancg,, and base resistaneghave yet to be developed using correlated
noise model.

The most used analytical transistor noise parameter expressions [11][12][13] are derived
with varying degree of approximations using the so-called SPICE noise model, which models
base and collector current noises as uncorrelated shot noises. These equations have been widely
used in both device technology development [14][15][16] and circuit design [12][17]. Transistor
noise parameter expressions were derived in [1] and [7] by introducing correlation. However, the
base current noise was still assumed to be shot like, while more recent experimental extractions
[6][18][19] and impedance Peld based analysis of modern SiGe HBTs [20] show a strong and
clear frequency dependence in base current noise. §hg shot noise component is a result
of emitter minority hole velocity Buctuations, and is not correlated to the collector current noise
[21][22]. It is the frequency dependent component of base current noise that correlates with
collector current noise.

This work aims to develop new expressions using a recent transistor correlation noise model

[8][23] that accounts for frequency dependent base current noise. As the primary application is



low-noise amplibper (LNA) design, derivation is made directly on a LNA as shown in Fig. 1.1.
Transistor results are then obtained as a special case by setting the matching inductances to zero.
This allows an easier inspection of the relationship between transistor and LNA noise parameters,
as well as how it is fiected by noise correlation.

In particular, the new expressions will be used to investigate how correldtiectsatran-
sistor noise parameters and the nice transistor property of being able to approximately achieve
simultaneous LNA noise and impedance matching, which was obtained using the SPICE noise
model [12][24]. TheZ, in Fig. 1.1 is in general equal tR,, 502, with a reactanc&;=0. Tran-
sistor size can be optimized for noise matching source resisiRpece50Q, or real part noise
matching. Emitter and base inductdts and L, can then be adjusted fa&;,=50Q, X;,=0, or
real part and imaginary part impedance matching. The resulting noise matching source reactance
X.»$ X, =0, orimaginary part noise matching. A logical question is if such property still holds

with correlation, and if so, how transistor size and LNA noise bgureféeetad.
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o

Figure 1.1: Simplibed schematic of the LNA consisting of a single SiGe HBT.

1.2 SiGe HBT fundamental

SiGe heterojuction bipolar transistor (HBT) technology is extensively used to develop elec-

tronics for low noise operation due to its excellent analog and RF performance. The SiGe HBT



technology is the prst practical bandgap engineering device realized in silicon and can be inte-
grated with the modern CMOS technology. As a result of introducing the graded Ge layer into
the base of bipolar junction transistor (BJT), SiGe HBT technology has better performance than
traditional Si BJT in DC, RF, and noise performance [25][13]. To illustrate tfferéince be-
tween the SiGe HBT and the Si BJT, Fig. 1.2 shows the energy-band diagrams for both the the
SiGe HBT and the Si BJT biased identically in forward-active mode. The Ge proble linearly
increases from zero near emitter-base (EB) junction to some maximum value near collector-base
(CB) junction, and then rapidly ramps down to zero. This graded-Ge results in an extra drift
Peld in the neutral base. The induced drift Peld accelerates minority carrier transportation, thus
it minimizes transit time and increases ctif-frequency [26]. Because of this advantage and
low noise performance, SiGe HBTs have been widely used in commercial and military wireless

communication applications.
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Figure 1.2: Energy band diagrams of a graded-base SiGe HBT and an Si BJT [25][27].



1.3 Thesis Structure

The work is organized as follows. Chapter 1 gives the motivation of this work as well as an
overview of SiGe HBT technology. Chapter 2 presents thermal noise and intrinsic current noises
in semiconductor. Derivations of noise parameters are made in Chapter 3. Small signal equivalent
circuit analysis is used instead of linear noise two port analysis to better track how each noise
source or equivalent circuit parameter, e.g.enters the Pnal noise parameter expressions. While
r, as a thermal noise source is well appreciated, its role as an impedance is often neglected, e.g. in
[12][13][28]. In Chapter 4, we verify the model equations with measurement and simulation, and
examine how correlationfi@cts transistor noise parameters, as well as the two rolgs dihe
role of r, as impedance is shown to be important. Chapter 5 discusses LNA design implications,

followed by technology scaling discussions in Chapter 6. Chapter 7 concludes the work.



Chapter 2

Noise in Semiconductor

The operation of semiconductor devices is based on free carriers transportation [29]. From
the equivalent circuit and compact modeling stand point, the velocity Buctuation caused by major-
ity carrier thermal motion can be expressed by the thermal noises of resistance, and the velocity
Buctuation caused by minority carrier thermal motion can be equivalently expressed by the in-
trinsic terminal current noises [26][30]. Fig. 2.1 shows the thermal noise sources of resistances
at base, emitter and collector terminals respectively as well as the terminal current noises of base

and collector.

Vb
O
+ "AVA' .
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Figure 2.1: RF noise sources of a transistor.



2.1 Thermal Noise

As described by the Nyquist theorem, the power spectral density (PSD) of thermal noise

voltage source of a resistance R is usually given by

Syt = 4KTR, (2.1)

and the PSD of thermal noise current source is

Sirirt = 4KT» (22)
' R

where K is the Boltzmann constant and T is the standardized noise source temperature 290 K.

2.2 Terminal Current Noise
2.2.1 SPICE Noise Model
The base and collector terminal noises are debPned as shot noise with the PSDs,

ii Sic,ic# = 26]IC,

#
n Sipir = 2q1p, (2.3)
% Sic,ib# = O;

wherelz andI. are base and collector DC currents.

2.2.2 Correlation Noise Model

Considering various noise physics mechanisms, a correlation noise model was developed in
[8]. Fig. 2.2 illustrates the model including terminal current noises due to minority carrier velocity
Ructuation and due to additional noises from the collector-base space charge region (CB SCR)
transport é&ect. i, is the base noise current resulting from minority hole velocity Buctuation at
emitter, with a PSD of 2I3. i.; is the collector noise current resulting from minority electron

velocity Buctuation at base, with a PSD @fI2. Both of them are independent with frequency

6



Figure 2.2: 1-D bipolar transistor with collector-base space charge region (CB $€E&)[8].

and uncorrelated with each other. noise current transfer through the CB SCR becomesnd
leads to an extra base current nQigesi. 1-i.

Through a series of derivation, the bPnal PSDs of correlation model are [8]:
|

Sicz,icz# =2qlc,

" Sibz,ibz# = ZqIB + ZqICCUzT}%, (24)

$ Sinit = Jj2qlcwt,,
where w=2z f, 7, IS noise transit time which approximately equals to collector transit time
[23][8].
Fig. 2.3 shows calculated PSDs igfandi. versus frequency using correlation and SPICE
model. It illustrates that PSDs ¢f andi. using SPICE model are constant over frequency, while
correlation leads ta5;,,+ increase with frequency, and imaginary part%f;,» decrease with

frequency.
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Chapter 3

Analytical Derivation of Noise Parameters

To obtain insight into device and LNA noise performance for design and optimization, ana-
lytical expressions of noise parameters are required. We develope analytical expressions of noise
parameters for the LNA in Fig. 1.1Z; is source impedance that consists of resistaRcand
reactanceX;. In general,R,=50Q and X,;=0 Q. However, to examine how close noise match-
ing is to impedance matching, we need to includen Z; to Pnd optimal noise reactandg,,.

For general applicability, arbitrary, and L, are used. Setting.,=0 and L.=0 leads to noise

parameters of the transistor.

3.1 Noise Parameters of LNA

Fig. 3.1 shows a small signal equivalent circuit of Fig. 1.1. Base-collector capacitgnce
andr, between base and emitter are neglected for simplicity. This circuit includes two main kinds
of RF noise sources of bipolar transistor pointed in the previous chapter, e.g. the terminal resis-
tance thermal noise and the intrinsic terminal current noigeandv,, are thermal noise voltage
sources due t®; andr,, respectivelyi, andi. are intrinsic terminal current noise sources due to
base current and collector current, respectivély.is capacitance between base and emiggr.
is transconductance,,; is output noise current due to all noise sourogs; v,», i,, andi..

LNA noise factor,FLN4, is given by:

+ Noise output due to LN A
Noise output due to source

FLNA — 1 (3.1)

The LNA has noise sources including the thermal noise soygcdue tor,, and the terminal

noise currents, andi.. The power source has a noise sowgewhose source impedance4s.
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Figure 3.1: SimplibPed small signal equivalent circuit of LNA.

The noise currents, andi, are assumed to be correlated with each other, and no correlation is a
special condition when,i* andicij’;E terms are zero. The thermal noiggs independent tg, and

i.. Therefore, (3.1) is rewritten as:

0 . '
/(ELIC &IC #( ) .rb 'rb#*
out + lout 4 lout + lout + lvut’ lout
FINA 14 \ ‘ (3.2)
7 .Rs .Rs# ’
lout’ lout
a=1" a)sze(Lb + L,) + joCp(Z; +rp) + joognLe, (3.3)
out = V agm + e = .]a)gmche a; + le, (34)
b j 1 X 3.5
P2 =V 8gm =" guis [(Zs + 1) + jo(Ly + L,)] a;: (3.5)
rb rb z l
out = V agm - gmvrb a;; (36)
Rs 4 1
out I/be agm = &mVRs a_ (37)
o
wherei , i i andi® are output noise currents dueitQi,, r, (v.;), andR; (vg,), respec-

tively, and can be obtained using circuit analysis. The detailed analysis is discussed in Appendix

A. Noise PgureNF relates to noise factaf by NF=10logF.

10



The output noise power produced hyandi, is:

& & Lt
) i it i i o D%, i &(wCho)?| Zs + 1|2
+ 1
+ D %D, ib"&2 (Rs +ry)? + (X, + - )2
+ Cj i (3.8)
" D%, ib"&g,0Ch (Z;+rp)*" [(Zs + )]
+ (X)Cbe
+ D%b, ic*8g,0Cy (Zy + 1) + —— [i(Zs + )]
G)Cbe
where
1 1
@ 2
D — ( Cbe) (39)

aa® | Zs + 1|2 + 207 L. (Rs + 1) + w%L?
wherewr=g,/Cs. =2x f7, fr IS cut-df frequency.
%, ic* &St Af, Ub, ib* & Sy Af, Y, ib* & S Af, andup, ic* & SysAf. Af is a
very narrow bandwidth, in which the noise spectral component have a mean square value [13].
Sicict, Sivints Sicint, and S+ are PSDs of, andi.. Substitutingfc, ic*& %b, ib*& %, ib*& and
%b, ic*&into (3.8):

] 1T %
)&iic 4 it &-ic + jib #
out out out out

= DSt A f (0C)?| Z, + 1
+

)2,
@Che (3.10)

+ DSibib#Afgs, (R + "b)z + (X, +

" ngmAfl (Sicib#)(RS + rb)
+ D2gmAf( (Sicib#) -wcbelzs + rblz + Xs. s
where' stands for real part, and stands for imaginary part.

The output noise power produced hyis:

*

)i"b i = g2 D4kTr,Af, (3.11)

out’ “out

wherek is Boltzmann constant, arild is temperature, which is assumed to be equal to standard-
ized noise source temperature 290 K here for simplicity.

The output noise power produced Ry is:
% (
it iR = g2 DAKTR,AS. (3.12)

out’ “out

11



Substituting (3.10), (3.11), and (3.12) into (3.2), we get noise bgure of an LNA:

FLNA _q . T
"R 1 2
< / 0,/ 0,
iCiC# () a)T n 2
— —" @ R,
4kTR, w7 WEm + (R, + 1)
Sipist - 2 2 3.13
R (3.13)
TR, Rty +e
I Sici
" 2 (kT[;;) (RS + rb)
(g('g )S/ 0+ / 0,
icib# @ 2n wr
— R, + e —" @
2kTR, owr ( rs) WEm

where¢=X,+w(L, + L,.). In both SPICE model and correlation modekS;.;,#)=0, thus we set

" (Siirr)=0 in below.

To Pnd out the optimunX,, X-"* to minimize the noise Pgure, we solR€“"¥4/0X = O:
/ 0,/ 0
aFLNA —_n SiCiC# w 2 a)T n g
0X, 2kTR,
: o P8 gy 0 (3.14)
Sivivt o w (((Sicirr) @ or _
— —"2¢ =0,
2kTR, skTR, owr g

1 /0, / 02 / 0 (Siom)

€ Sipivt + Sicict +2( (Sipirr) — + Sicict @ " LA 0, (3.15)
T wr W18m 8m

wherewr=g,,/Cp.. Substituting?=X,+w(L+ L.) in (3.15), we obtain the expressionkf,~*:

3
LNA _ 1 wr

opt

"N g2

where

N = Sicict + Sipint

icict + ( (Sicib#)

4 56

" a)(Lb +Le) ,

(3.16)

4_ 5, 4 5

+ 2 (Sie) — (3.17)

To bnd the optimunR, that minimizesF*N4, REN4 we solved FLN4 /oR, = 0. The result

opt

) 4

RLNA _ _ 2
N

opt

(3.18)

12



5;

wTr

A=r;N*+ — 4kTr,N
72 89 :
4 v, contribution (3 19)
1 4& '
+— or SicictSipint " ( (Sicib#)z
gn @

Substituting (3.16) and (3.18) into (3.13) leads to the minimum noise factor of YA

& "2 0
LNA 2
LNA I'p Rop " +1p @
Foin” =1+ ~na T INA

R 4KTRE) wr

v, contribution

&
1 1 460 52 SICIC#Slblb# ( (Slclb#)

TMTRI 2 N

opt Em

N

(3.20)

where therb/RoLpI,“ term is due tov,, which represents theffect of r, as a noise source. The
remaining terms of (3.20) are dueig i,, andvg,, and depend on, because, affects howi,,
iy, andvg, are transferred tq,,,. Herer,Os #ect is manifested as an impedance element. While
r, @S a noise source is generally understood to be imporaas, an impedance element is much
more important in fiecting F,,;,, as detailed below in Chapter 4.

Noise resistanc&-"4 could be obtained the following equation which is from linear noisy

two-port theory [13][31]:

Sy, v
Rn — aVa ,
4KT

(3.21)

wheres,_,# is chain representation equivalent input noise voltage [26][31], and could be calcu-

lated by:
) fout, I )
R e ] (3.22)
|Y21]2
) *
whereY, is the forward transfer admittance with output short circuit, anRg, zou, R is the total
output noise power without power source, as shown in Fig. 3.2:
) . . * ) .ic ) Ny rpft *
Lout lfut Rn = (lout,Rn out Rn) (lout Rn out Rn)# 01;11 Rn’ lobut,Rn ' (323)
We bnd out!c, . . i . i" . using equivalent circuitin Fig. 3.2:
agn = 1" 0?Cyo(Ly + L) + jChery + jwrgmLe, (3.24)

13
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Figure 3.2: Equivalent circuit of simpliped LNA without power source.

e

Lour,Rn = . 1" @2Cpe(Le + Ly) + joChory . (3.25)
mi _
o =" 22 [y 4 oLy + L) (3.26)
i gy =", (3.27)
(09:3%

The output noise power produced hyandi, is:
(i + Fo)s (e + i) g,
# & 2 "2 2,2 26
= Dg, %, ic"& 1" @°Cy (L. + Ly) ~+ 0°C, 1}

+ Dy %D, ib*8g2 12+ w? (L + Ly)? (3.28)
) ZI)RI’IAfI (Sicib#)gmrb

- & "
+ 2D o A f( (Sicis?)gm " COCbe"i +w(L.+L;) 1" @*Che (L.+ L) .

whereDyg, is:
Dg, = = > ) (3.29)
1" C02C’be (Le + Lb) + a)2 (Cberb + gmLe)z
The output noise power produced hyis:
) .I'p .rb#* _ 2
fouts lowt = 8o Drn #AKTr,Af. (3.30)

14
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Figure 3.3: Equivalent small signal circuit of simpliPed LNA without noise sources.

Y,1 is calculated using Fig. 3.3:

iout iC
Yor=— = — , P — ,
I/s Fple + I/be + ]a)Lblb + .]a)(lb + lc)Le

(3.31)

1 rp 1 ]CO
oD L)+ oL, 3.32
Yo1 Prr  &nm .HRF( ’ ) / ( )

wherefgr=-22-=22 Therefore,

JoCpe _jCU '
+ o 0
1 1, 2 0] 2
5= —" —(Ly+L) + rp—+oL,
| Y] gm OT 7
13 , 6
= 1" a)zcbe (Le + Lb) + a)2 (Cberb + gmLe)2 (333)
1
gr%zDRn.
From (3.21)-(3.33), we obtain the noise resistance of LRAY4:
2 2 2
ri +o“(L.+ L
Rr]fNA =ry + - ( 2 ibib*
j 4KT
N 1" @2Cy (L, + Lp) g a)ZCferlf
2 icic?
rp
I Sici
* ok, (S 2 .
a)C,,erb "w (Le + L[,) 1" a)ZCbe (Le + Lb)
+ ( (Sicis#)-
2KTg,

15



Setting' (S;.i»#)=0 in (3.34), the noise resistance of LNA is:

ri + 602 (Le + Lb)z

RLNA _ »
o T AKT bit*
1" w?Cy, (L, + L .2+w2C2r2
+ ’ ( b) ke bSicic# (335)
4KTg? 2 ,
oCry" o (L. + Ly) 1" @?Cp, (Lo + Ly)
+ ( (Sicivt).
2KTg,

3.2 Device Noise Parameters and Relations to LNA Noise Parameters

An inspection of (3.16), (3.18), and (3.20) shows thatand L, only enter (3.16), expres-

XLNA

sion of X,

, and 3.35, expression &."4. Therefore, transistoR,,, and F,,;, are as the same

as LNAR,,, and F,;,:

RDeviee = RLNA, (3.36)
FPevice = pLNA, (3.37)

SettingL, and L, to zero in (3.16), we obtain transistaf :"':

xXpeviee = XV + w (Ly + Le)

1 o 4 56 (3.38)

wT
= Na)_gm eict + ( (Sicip) Py

SettingL, and L, zero in (3.35), we obtain noise resistance of deR¢e’<:

X 4 5, > 4 5
w 2 [ 2
2 — r - T
, r < 1 or b9 or b
RDevtce — + b Sipivt + = + @Sicict + ————( (Sicis#). 3.39
" Nt AKT O Y S gk | AKT @0t kT ( (Stear) (3.39)

These relations between device and LNA noise parameters can also be obtained using two-

port combining techniques [13][31], and hold with or without correlation.
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Chapter 4

Impact of Correlation on Device Noise Parameters

In the SPICE model,, andi. noise currents are described as shot noise of majority carriers
passing through the EB and CB junction, which relate to the corresponding DC currents.by 2
At higher frequencyi, increases with frequency and is correlated wjtlllue to both base and CB
SCR transport, with the later dominant in modern HBTs [23]. For analytical analysis, we use the
correlation model in [8]. Table 4.1 show$%,;#, Sicic#, Sicir#, aNdSi,;+ Of correlation model in [8]
and SPICE noise modet,, is noise transit time which approximately equals to collector transit
time [23][8]. Substituting expressions 8fys#, Sicic#, and( (S;.i»#) into (3.36), (3.37), (3.38), and

(3.39), we obtain device noise parameters with and without correlation, i.e. the SPICE model.

Table 4.1:S:i#, Sicicts Sicirt, andSi» of Correlation model and SPICE model

| | SPICE]| Correlation |

Sicic# 2611(7 quC

St | 2q1p | 2915 + 2q1c(wT,)*
Sicipt 0 " j2qlc(wt,)
Sipict 0 j2qlc(wt,)

4.1 Analytical Model Veribcation

Fig. 4.1 compares analytical model, Agilent ADS simulation and measuremenf<f°,
R}, and X ¢ versusJc at 5 GHz. The device used is from a commercial SiGe HBT
BiCMOS technology, with an emitter aret: of 0.8 20! 3 um?, a peakf; of 36 GHz, and a
peak f,... of 65 GHz. Measurement data were obtained using a commercial system, and have
been de-embedded. A modiPed HICUM model with correlation is usedz[8F extracted by

ptting measured noise parameters [19]. Other compact model parameters are extracted by btting
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DC I-V curves and Y-parameters. For calculatiofn,i., r», g, @r, andz, are generated from

operation point information using th&/x operator in the Verilog-A device model. The Matlab

codes for noise parameters calculation are shown in Appendix B.
15
10

8
3 £
DLLE 5
P4
* (a)

(b)
0 0.5 ) 1.5
Jc(mA/um®)
100 - -
Analytical,correlation
£ Analytical,SPICE
< = = = Simulation,correlation
g~ 50 Simulation,SPICE
g g K * Measurement
>
0
1.5

0 0.5 5
Jc(mA/um®)
Analytical, simulated and measured noise parameters of SiGe HBT with

Figure 4.1:
AE:O8! 200 3 ,umz VeI’SUSJC at VCE:33 V, f=5 GHz.

Analytical model agrees fairly well with simulation. Correlation model is much closer to

measured data than SPICE [10], especially at higherCorrelation leads to smalléy F,,;, and

largerR,,; as detailed below.
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4.2 CorrelationOs Impact orR ¢

Since emitter length is Prst decided in LNA design Rﬁ,’,‘;“ce=50 Q, and N F,,;, requires

Devi ;
o With cor-

R, We discuss the impact of correlation &, brst. In Fig. 4.1 (b), thek
relation is larger. To see if this can be generalized, we further simﬂljﬁ"“ by substituting
expressions of PSDs from Table 4.1 into (3.36), and approximgtingith (¢1c)/(kT). The N

in (3.17) can be rewritten ag;2. M, with M being:
!

; &
# Mspiee =143 2 °, SPICE

M=, s (4.1)
$ M., = 1+% L 4 (wr,)?" wrt,, Correlation

wherep=I¢/1p, Mg, andMc,, are M for SPICE model and correlation model. Then,

P

Device 2 4 wr 52 E 21’1, 1 1 4 T 523
Ry " =Rry+ — = t5 o, @ (4.2)
W 7%,91\/[ M<gtp @

v, contribution

Device with and without correlation is factavr .

(4.2) shows that the only fierence betweeR,

As fr<1/(2zts), andz,<t;, with 7, being the forward transit timey;z,<1. In M,,,, (wrt,)*
wr7,<0, thusM,,,<Ms,... M appeared in (4.2) as "M", thus correlation noise leads to a larger
R, for given emitter length.

r, Shows up in two places in (4.2). An inspection of the derivation details shows that term
2ry/(gnM) is due tov,,, and termrlf is due tor, as an impedance.rg/(g,M) shows that, as
noise source inBuences the weightifin R)<"*, and then the impact of correlation &)

Roles ofr, will be further discussed in section 4.6.

4.3 CorrelationOs Impact orF2evice

min

In Fig. 4.1 (a), N F2¢"*¢ using correlation model is smaller thawiF2¢** using SPICE

min min

model, especially at higheli-. Substituting expressions 6%+, S;.i#, and( (S;.#) from Table
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4.1 into (3.37) and using,$ (¢1¢)/(kT) lead to simplibed? ¢

Device __ I'p
me =1 + RDevice
789 :
vy coOntribution E
/ 0, 2
&m @ b Device (43)
+ 7 a)_T 1+ RDevice ROP’ M

opt

1 1 44021

o .
26, RO @ M

Difference betweeR > with and without correlation lies inf anng,‘;”'“. The last term

min

in (4.3) is small and negligible. SincR):"c>R)*" , the second term,/Rp:"" is smaller

with correlation. SinceM.,, R2: <M., R’ in the third term, correlation noise leads to a

opt,cor opt,Spice

smaller FPevice,

min

Device

4.4 CorrelationOs Impact 0]5) G

Substituting expressions ®;;;#, Sicic#, and( (S;.i»#») from Table 4.1 into (3.38) leads to

Devi H H H Devi Device.
X, with and without correlationX | <™ and X, ;%"

opt opt,Spice
Device __ iﬂ 1 (4 4)
opt,Spice — & 2’ '
w 1 or
&m 1+ 7 o
. low 1" wrt
D T i Ttn
Xop?,vclocre = - (45)

& .
Em @ 1+% 27" wrt, (2" orty)

wherewrt,<1, thuswrz, is smaller thanw;z,(2-wrt,) In Xjf,f}’ff . Therefore, correlation results
in an increase ix2¢"*¢, Observe thaX ?¢** remains positive with correlation, indicating an

opt opt

inductive source is required.
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4.5 CorrelationOs Impact orRPevice

Substituting expressions o+, Si.ic#, and( (S;.i»#) from Table 4.1 into (3.39) leads to

RPe'e with and without correlationR, ¢ and RP¢i:

rl?gml_l_ 1 +r§gm w
2 6 2g, 2

Device __
Rn,Spice =ry+

2 2 / O 2
. rygml 1 r.g )
b m b m n
Ry =r+ L2 b s+ 28— o,
' 2 f 2g. 2 wr
35
—— Analytical, correlation
3 — Analytical, SPICE
- - = Simulation, correlation
25 - - = Simulation, SPICE
] * Measurement
8 21 2
3 Ag = 3x20x0.8um
>
80:: 15 Freq: 5 GHz
1
0.5f ="
- —_’_’ __*

0 0.2 0.4 0.6 0.8 1 1.2
Jc(mA/umz)

Figure 4.2: Device noise resistankg normalized by 5@.

(4.6)

4.7)

Fig. 4.2 shows device noise resistance normalized b@5@rsusJ-. Analytical models

agree with simulationR,/50 with and without correlation noise are very close except at liigh

Because of additional termz, in (4.7), R, with correlation is slightly smaller than that without

correlation. Since, increases with/, this difference is more obvious at high&r at a given

frequency.
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Figure 4.3: Analytical and measured noise parameters of SiGe HBT device versus frequency at
Vee=3.3V, 1,=3.47 mA.

4.6 Two Roles ofr,

In (4.2) and (4.3)r, plays two roles: 1), generates thermal noise, i.e. thgin Fig. 3.1;

2) r, affects calculation of,, i’ | andi® as an impedance, i.e. thgin Fig. 3.1. To examine

out’ “out?

the roles ofr,, we show in Fig. 4.3, R0, and X 0¢"° versus frequency at.=3.47mA

obtained with:
1. r,=0:allr,in (4.2) and (4.3) are set to zero;

2. noiseless,: r, only acts as an impedance; the termg/2g,, M) in (4.2) andrb/Rziv’ce in

(4.3) are set to zero;
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3. noisyr,: r, acts as both impedance and noise source.

The diference between=0 and noiseless, curves indicates,Os importance as impedance.

The diference between noiselessand noisyr, curves indicates,Os importance as noise source.

6l noisy rb e

5 /2 4 noiseless rb

I
T

(dB)

Correlation,noisy rb

= = =SPICE,noisy rb
Correlation,rb=0

= = = SPICE,rb=0

Correlation,noiseless rb

rb=0, correlation & SPICE | = ~ = SPICE,noiseless rb
;\4 —e— Measurement

NFDewce
min
w

0 5 10 15 20 25 30
Frequency (GHz)

Figure 4.4:r,0s impact oV F,,;,, of device versus frequency Bt=3.3 V, I.=3.47 mA.

Fig. 4.3 shows that, affects N F,,;, most. From Fig. 4.4r,0s impact oN F,,;, can be
observed:

1. Atr,=0, NF,;, with and without correlation are the same:

F_

| 1
N FDPeviee — 1 4 5 (4.8)

Therefore, the impact of correlation aviF,,;, depends om,. Noise correlation does not
necessarily reduc&'r,,;,. In addition, N F,,;, with r,=0 is much lower than that with,,
especially at high frequency. This suggests,,;, can be decreased by reducinpat given

device size in modern technology.

2. TheNF,,;, with noiseless, is closer to noisy, than tor,=0, thusr, as an impedance plays

a much more important role thapas a noise source.
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3. The dtference betweel F,,;, using SPICE model and correlation model becomes larger

at higher frequency, which means thieets ofr, on noise correlationOs impact are more

obvious at higher frequency.

100} Correlatlop,nmsy rb
= = = SPICE,noisy rb
\ ) Correlation,rb=0
80 noisy rb - - - SPICE,tb=0
€ Correlation,noiseless rb
S 6ol - = = SPICE,noiseless rb
g —e— Measurement
g
Qo
Dn:o 40+
20
O L L — o
0 5 10 15 20 25

Frequency (GHz)

Figure 4.5:r,0s impact OR,, of device versus frequency Btz=3.3 V, I.=3.47 mA.

Fig. 4.5 shows,Os impact OR,,. R,, With noiseless, are closer ta,=0 than to noisy,,

indicating thatr, as noise source plays a slightly more important role thas an impedance.

80
601
E correlation ; ;
S Correlation,noisy rb
o 40} - = = SPICE,noisy rb
2
3B N SPICE Correlation,rb=0
a3 Measurememt
x A SPICE,rb=0
20t Correlation,noiseless rb
- = = SPICE,noiseless rb
== —e— Measurement
O L L J
0 10 20 30

Frequency (GHz))

Figure 4.6:r,0Os impact oX,,, of device versus frequency Btz=3.3 V, 1,=3.47 mA.
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Fig. 4.6 shows-,Os impact oX,,. Noisyr,, r,=0, and noiseless, overlay together, thus
only three curves are shown: using SPICE model curve, using correlation model curve, and mea-

surement curveX 2 js independent from, in (4.4) and (4.5).

opt

4.7 Correlation and r, Interaction

In [12][13][14][15][16][17][24][32], a very popularly used >*" equation based on SPICE

model was used:

G i 1 fo2
Frzf’vice = 1 + ngl‘b E + E (49)

— SPICE+rb
10| = SPICE+norb "
Correlation+rb

a 8 Correlation+no rb
8" *  Measurement
g _

aE

LL

z

0.5 1
Je(mA/um?)

0 0.5 1 0
Jc (mAlum?)

Figure 4.7: (aNF, " versus/c at 5 GHz; (bR,""* versusJc at 5 GHz.

min

A detailed analysis of its derivation shows that (4.9) also neglg@s role as impedance.
(4.9) can be obtained from (4.3) using SPICE model, includjdg role as noise source, but ne-
glectingr,Os role as impedance. (4.9) is popular as it gives good agreement with measurement.
The reason why (4.9) "agrees” with measurement is the oppdteteof noise correlation and

r,Os role as impedance NiF,,,, as illustrated in Fig. 4.7(a), whemF"Zf;”"“ versusJ¢ is calcu-

lated with and without consideringOs role as impedance, for both SPICE and correlation models.
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r,Os role as noise source is included for all curveg: and"no r," stand for with and with-
out impedance,, respectively. Without impedanesg, for both correlation and SPICE models,
NFEPe s smaller. With correlationNF2¢"* is smaller with or without impedancg. Cor-

relation decreaseNF2¢**, while impedance, increasesNF2%. (4.9) does not account for

correlation, and neglects impedanggi.e. the'SPICE+nor,". The resultingVF2¢"*, however,
is close td'Correlation+r," and measurement. This coincidence makes (4.9) seem reasonable. It
is worth noting that although (4.9) agrees with measurement, it is inaccurate compared to SPICE
model circuit simulations which normally incluagOs impedance role.

This coincidence, however, doesnOt happdiﬁwce, sincer, plays less important role as
impedance than as noise sourceiff". In Fig. 4.7(b), at whichRL¢"" versusJc is calculated,
Rﬁ,ﬁ”ce is close to measurement only when correlation noise is considered. In LNA design, emitter

length L is directly decided byR?"*, as detailed in chapter 5.

opt

2r .
—— SPICE+no rb L
= = =Correlation+rb ,'

’,
r ’,
15 f =200GHz L’
J =6.62mA/um? .
& .

=

3

,0>_J - 1

o€

(iR

0.5r

0 20 40 60 80 100
Frequency (GHz)

Figure 4.8:F,,;," 1 versus frequency a-=6.62 mAjum?.

Another implication of (4.9) is thaF,,;, " 1 increases with frequency linearly, and this was
used to extrapolate measurement below 26GHz to 60GHz [15]. Fig. 4.8 dhpws 1 versus
frequency. F,, " 1 is linear withoutr, as an impedancer,Os impedance role makes, " 1

versus frequency less linear, which predicts the noise performance more precisely.
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Chapter 5
LNA Design Implication

At a bPxedJ¢, the following transistor scaling rules of emitter lendth exist: r,* 1/Lg,
Ic* Lg, andC,* L [16][33]. Substituting them into expressionsRf,*, X4, and F,.\*

opt min ?

we obtain thatR)"* * 1/Lg, Xp¥* * 1/Lg, andF, ;Y is independent of. at a givenJc.

To examine how frequency dependent noise correlatitatis LNA design, we design LNA

using correlation model and SPICE model as following steps. At a glven
1. chooseL;=(R.%/ L'¥")/50Q, where "ref" stands for reference;

opt

2. setL, andL, for input impedance matching:

(5.1)

Then we will examine how correlatiorfactsX ., which is supposed to approximately be zero

using SPICE model [12][24].

Fig. 5.1 shows analyticaR-N4, XLNA NFLNA and NFLN4 of impedance matched LNA

opt opt min !

versusL at Jo=0.158mApm?, f=5GHz. REN4 X EN4 ‘and NFEN4 are plotted by substituting

opt opt min

(5.1) into (3.16), (3.18), and (3.20) that impedance matches at EachNFLN4 are plotted

by settingR,=50Q and X,=0 in (3.13). The markers oR:Y* curves are brstly decided &t;

opt

PN¥A=50Q. ThenX YA, NF N4

opt opt min

required forR andI. at correspondind.x are also marked.

At Lg required forRLY4=50 Q, X_¥* equals to -2.9242 for correlation model and -
8.286Q for SPICE model. The closeness betweféﬁt“ and zero is better with correlation.
Even thoughx N4 slightly deviates from zeroN FN4 is very close toN F:N4 . Also, noise

opt min
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Figure 5.1: RENA W XLNA® N FLNA and N FLN4 of impedance matched LNA versusg at

opt opt min

Jc=0.158 mAlm?, f=5 GHz

correlation provides smaller distance betweé“¥4 and N F:N4. In this case, correlation

leads to more closeness between noise and impedance matching.
A larger L required using correlation model results in a higher8.202mA for correlation

model versus 5.344mA for SPICE model. To constrain power consumgitiprioes not have

LNA
opt

LNA

b barely increase®F:N4, so

to be chosen exactly &, *=50Q, since slight deviation ok o

doesRoLpﬂVA. One can choose a smalleg, like 50um using correlation model for loweli.

&ﬂ' 1 &ﬂ 2
INA _uw ® B o
XOpt,Spice - 3 & 26: (52)
SO T
f o
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Figure 5.2:N F,;,, NF, Ry, X,,, and correspondind.; and I of LNAs using SPICE model
and correlation model versus at 5GHz.

2 n
INA _ n o a % o + (0r7,)*" (r7s) A
Xopt.cor = 2 1 1% 2 N 6. (5.3)
" 1+E 2L "+ (orT,)™" 2(0rTs)

Then we repeat LNA design atftérentJc (V). Fig. 5.2 showsVF,'4, NFENA, R4,

and X", and corresponding. and I with and without correlation versug at 5GHz. The
simulation data are generated using a cascode LNA [10][34]. The analytical curves agree well
with simulation. In Fig. 5.2 X4 with correlation is relatively closer to zerox¥* without

correlation is negative, i.e. (5.2), whilg.¥* with correlation is positive at smallc, which

agrees with analytical expressions, i.e. (5.3).
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At every J¢ bias, L is required to be rescaled. Althoudh: could be chosen by optimizer

in some simulator like Agilent ADS, it takes a plenty of time to generate one curve. By contrast,

LNA

the Lg can be easily scaled fa,,’“=50Q in calculation. Thus, analytical approach improves

the dficiency of LNA design.
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Chapter 6
Technology Scaling

To investigate ffect of technology scaling, we compare three lithography nodes).5

0.24um, and 0.13m. Parameters of the reference device are given in Table 6.1.

Table 6.1: Main Features of Three Technologies

| Lithography Nodegm) | 050 | 024 | 013 |
Peakf; (GHz) 36 60 212
Peakf ... (GHz) 100 120 265
Working f (GHZz) 6 10 35
Normalizedr,* Ly (Qum) 412.9 341.4 210.8
Emitter aread g (um) 0820030242001 |0.121221

With increasing frequency, the contribution %)in (4.2) and (4.3) is small [11]. (4.2) and

(4.3) are simplibed by neglecting contribution%,oéxcept that in M:

F
4 5
: 2 wT 2
RDevtce — 1 ) 61
o " * rbgmM w ( )
: >
/o0, F 7 5
Device w = 2 wr 2
F" =1+rg,M — =14+ 1+ — @ (6.2)
T rygmM @

where ternr,g,, is independent ol ;; for a givenJ, because,* 1/Ly andg,* Lg.

Fig. 6.1 showsf;, NF2¢ andr,! g, versusJc of three technologies. Because of dif-

ferent fr, for a fair comparision, thdc at which f7=fr .. /2 in each technology is used. Since
working frequencyf is chosen agr ye. /6, wr/w=3 in (6.1) and (6.2).
Fig. 6.2 showsVF2¢ and R2*"" 4L versusr,g,.. The trends ofNF2¢** are consistent

min opt min

with r,g,,: smallerr,g, leads to smalleNF2¢. In (6.1), R 4L is related with not only

min opt
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Figure 6.1:f7, NF,,’,),.ZV”“, andr,! g, versus/c of three technology devices.
rygm, but alsor, aLg. The 0.13m technology has much smallﬂg,jw'“’ aL g than the others,
which will lead to smaller ¢ in LNA design.

Fig. 6.3 showd.; for noise matching and correspondifgandJ versus lithography node
in LNA design. AlthoughJc is highest at 0.1@m node, its smalleL ; requested foR_,'*=500Q
and smallei/;; lead to lesd¢ sincel-=LWgJc. Despite the increasing- required to enable
higher frequency design, the smaller andW; required for noise matching help keeping power

consumption of LNA low.
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min opt
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Figure 6.3: In LNA designLg, I, andJ¢ versus lithography node.
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Chapter 7

Conclusion

The general analytical expressions of SiGe HBT and LNA noise parameters have been de-
veloped using small signal circuit analysis and veribed by simulation and measurement data.
The analytical expressions show that correlation leads to sniéligy, and largerr,,, at a bxed
emitter size. This impact depends on base resistanaehich plays more important role as an
impedance than as a noise source Mf,,;,. Thus,r, as impedance could not be neglected in
analytical models. In LNA design, noise correlation leads to smallgy;,, and NF at a given
bias, and better closeness of noise matching and impedance matching. Although &/grger
using correlation model leads to a larger for LNA design, and a relatively highdg, L can
be slightly adjusted for a good tradéthat provides low power consumption, as well as low noise
Pgure. Scaling of technology suggests thd,;, depends om,g, at the samefr/f. Despite
technology scaling required highdg for higher working frequency, shrunkéiz and Ly of

transistor for noise matching kedp of LNA low.
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Appendix A
Derivation of Intrinsic Noise Sources® Contributions,to

.C .b .rb -Rs
lout’ loul’ lout’ andlaut

Zin | Vrs rb

jout

A

_|_

Zs=Rs+jXs Gb arvee ®© @

ib ~ gmVbe ic

VRSQ\J) 3 Le
1

Figure A.1: Simplibed small signal equivalent circuit of LNA

Fig. A.1is small signal equivalent circuit of LNA with all noise sources. The transistor noise
sources include the terminal current noisesndi,, and the thermal noises of r,. Power source
has a noise sourog of Z,. i, i’,, i">., andi® are denoted as contributionsigf i,, v, andv,

to total output noise curreny,,, respectively. Each could be calculated using circuit analysis by

removing the other noise sources in Fig. A.1.

A.0.1 i

out*

C

ic,, could be calculated by circuit analysis using Fig. A.2, which includes only one noise

source, i.ei..
Vy ajwCpe [Z; + 1y + jo(Ly + L)) + V,, + jo(ic + g.V,,) L. = 0. (A.1)

Then,
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Zs=Rs+jXs

lout,ic

S OXe

gmVbé

.
Il

Figure A.2: SimpliPed small signal equivalent circuit of LNA with intrinsic current noise source

.

,1
Vie =" joicLc 8-, (A.2)
a
where
a=1" 0?Ch(Ly+ L.) + joCh(Zs + rp) + jowrgmLe. (A.3)
Therefore,
, J1
iy =V 88 +ic =" jogui.L, 8=+ i., (A.4)
a
A0.2 i,
Lb b .
aa N Lout,lb
_|_
Zs=Rs+jXs Gbcbf:Vbe GD

gmVbe

.
L

Figure A.3: Simpliped small signal equivalent circuit of LNA with intrinsic current noise source

lp.
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could be calculated by circuit analysis using Fig. A.3, which includes only one noise

out

source, i.ei:

1
Vie="1[(Z; + 1) + jo(Ly + Lo)] &, (A.5)
1
out = Vb agm - gmib [(Zs + rb) +ja)(Lb + Le)] a;. (A6)
A.0.3 i":

out*

iout,rb

Zs=Rs+jX4 Cl:;_zbe GD

Figure A.4: Simplibed small signal equivalent circuit of LNA with thermal noise souce

could be calculated by circuit analysis using Fig. A.4, which includes only one noise

out

source, i.ev,.
" £q 1
V=", a, (A7)

it = V’b ag, =" guvep a—. (A.8)
a

Ollt

A.0.4 il

out

° could be calculated by circuit analysis using Fig. A.2, which includes only one noise

out

source, i.evg,:

1
Vie' = vrs &=, (A.9)
a

. L1
out V'b1:S agm 8mVRs a;- (AlO)
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|out,Rs
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Figure A.5: Simplibed small signal equivalent circuit of LNA with thermal noise souggce
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Appendix B

Matlab Code for Noise Parameters of Device Calculation
close all;

clear all;

format long;

datapath =
'C:\Users\Xiaojia\Documents\Iccap\Noise\Noise5PAE Hicum\7WLNoise wrk\export d
ata\';

OPinfo = sprintf ('%s7WL p24 OPinfo.csv',datapath);
OPinfo wt = sprintf('%s7WL p24 OPinfo wt.csv',datapath);

[OP] = textread(OPinfo,'',6 'delimiter',',"', '"headerlines',46);
$'Vpbe','0Hz','1','OP betadc','OP ib','OP_ic','OP rb', 'OP Cbe', 'OP taun'

[OP_wt] = textread(OPinfo wt,'','delimiter',',', "headerlines',36);

oe

ll,ll,ll,lwt_gml,ll,ll,lwt_le

[Ic] = OP(:,6)";
[rb] = OP(:,7)";
[Cbe] = OP(:,8)";
[beta]l = OP(:,4)";
[taun] = OP(:,9)"';
[wt] = OP wt(:,7)";

freq = 10e9;

Length e0 = 1 * 20;
Width e = 0.24;
Ae = Width e * Length e0;

g =1.60218%e-19;
twog = 2 * g;

w =2 * pi * freq;
Temp = 290;
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k = 1.380662e-23;
kt = k * Temp;

m = size(Ic,2);
for n = 1:m
Cbe bc(n) = Cbe(n);
Ib(n) = Ic(n)/beta(n);
gm(n) = wt(n)*Cbe bc(n);
wCbe inv(n) = 1/(w * Cbe bc(n));
wt w(n) = wt(n)/w;
Jc(n) = Ic(n)/Ae;

fgl = 0.757;

T(n) = taun(n)*fgl;

R R bbb bbb correlation---—-—----=-—==-———————————————

Sib(n) = twog * Ib(n) + twog * Ic(n) * (w * T(n))."2;

Sic(n) = twog * Ic(n);

Bu(n) = -twog * Ic(n) * w * T(n);

AA(n) = Sic(n) + Sib(n) * wt w(n).”2 + 2 * Bu(n) * wt w(n);

Xopt (n) = wCbe inv(n) * (Sic(n) + Bu(n) * wt_w(n))/AA(n);% - wCbe inv(n);
% "- wCbe inv(n)" for LNA

Ropt2(n) = 4*kt * rb(n) * wt_w(n).AZ/AA(n) + rb(n).”2 + wCbe inv(n)."2 *
Sic(n)/AA(n) - wCbe inv(n).”2 * (Sic(n) + Bu(n) * wt w(n))."2/(ARA(n)."2);

Ropt (n) = sqgrt (Ropt2(n));

Fmin(n) = 1 + rb(n)/Ropt(n) + 1/(4 * kt * Ropt(n)) * (1/wt w(n))."2 *

(Ropt (n) + rb(n)).”2 * AA(n) + 1/(4 * kt * Ropt(n)) * wCbe inv(n)."2 *
(Sic(n) * Sib(n) - Bu(n).”2) / AA(n) ;

NFmin(n) = 10*1loglO (Fmin(n));
R(n) = (50+rb(n))."2+0."2;
F(n) = l+4rb(n)/50+Sic(n)* (1+(w*Cbe bc(n)).”2*R(n) -

2*w*Cbe bc(n)*0)/ (gm(n) ."2*4*kt*50) +Sib (n) *R(n)/ (4*kt*50) -
2*Bu(n) *0/ (gm(n) *4*kt*50) +2*Bu (n) *w*Cbe_bc (n) *R(n) / (gm(n) *4*kt*50) ;
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NF(n) = 10*1ogl0(F(n));

C(n) =1 + (w * Cbe bc(n) * rb(n))."2;
Iout icib(n) = twog * Ic(n) + (twog * Ib(n) + twog * Ic(n) * (w *
T(n)).”2) * gm(n).”2 * rb(n).”2/C(n) + 2 * Bu(n) * gm(n) * w * Cbe bc(n) *

rb(n) ."2/C(n);

Iout rb(n) = 4*kt * rb(n) *gm(n) .”2/C(n) ;

Iout(n) = Iout icib(n) + Iout rb(n);

Y21 inv(n) = (1 + j * w * Cbe bc(n) * rb(n))/gm(n);

Sva(n) = Iout(n)*(abs (Y21 inv(n)))."2;

Rn(n) = Sva(n)/ (4*kt);

e R spice-———=———————————————————

Sib spice(n) = twog * Ib(n);

Sic_spice(n) = twog * Ic(n);

Bu spice(n) = 0;

AA spice(n) = Sic spice(n) + Sib spice(n) * wt w(n).”2 + 2 * Bu spice(n)

* wt_w(n);

Xopt spice(n) = wCbe inv(n) * (Sic_spice(n) + Bu spice(n) *
wt _w(n))/AA spice(n);% - wCbe inv(n); % "- wCbe inv(n)" for LNA

Ropt2 spice(n) = 4*kt * rb(n) * wt w(n).”2/AA spice(n) + rb(n)."2 +
wCbe inv(n).”2 * Sic spice(n)/AA spice(n) - wCbe inv(n).”2 * (Sic spice(n) +
Bu spice(n) * wt w(n)).”2/(AA spice(n).”2);

Ropt spice(n) = sqgrt(Ropt2 spice(n));

Fmin spice(n) = 1 + rb(n)/Ropt spice(n) + 1/(4 * kt * Ropt spice(n)) *

(1/wt_w(n)).”2 * (Ropt _spice(n) + rb(n)).”2 * AA spice(n) + 1/(4 * kt *
Ropt spice(n)) * wCbe inv(n).”2 * (Sic_spice(n) * Sib spice(n) -
Bu spice(n).”2) / AA spice(n) ;

NFmin spice(n) = 10*1loglO (Fmin_spice(n));

R spice(n) = (50+rb(n))."2+40.72;
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F spice(n) = 1l+rb(n)/50+Sic_spice(n)* (1+(w*Cbe bc(n)).”2*R_spice (n)-
2*w*Cbe bc(n)*0)/ (gm(n)."2*4*kt*50)+Sib spice(n)*R_spice(n)/ (4*kt*50) -
2*Bu_spice(n)*0/ (gm(n) *4*kt*50)+2*Bu_spice (n) *w*Cbe bc(n)*R_spice(n)/(gm(n)*4

*kt*50) ;
NF spice(n) = 10*1loglO(F _spice(n)):;
C(n) =1+ (w * Cbe bc(n) * rb(n))."2;
Iout icib spice(n) = twog * Ic(n) + (twog * Ib(n)) * gm(n)."2 *

rb(n).”2/C(n) + 2 * Bu _spice(n) * gm(n) * w * Cbe bc(n) * rb(n).”2/C(n);

Iout rb(n) = 4*kt * rb(n) *gm(n) ."2/C(n) ;

Iout spice(n) = Iout icib spice(n) + Iout rb(n);
Y21 inv(n) = (1 + j * w * Cbe bc(n) * rb(n))/gm(n) ;
Sva_spice(n) = Iout spice(n)* (abs (Y21 inv(n)))."2;
Rn _spice(n) = Sva spice(n)/ (4*kt);

end

figure(1l);

subplot(4,1,1); hold on;

plot (Jc*1e3,NFmin, 'r-", 'LineWidth', 2) ;

plot (Jc*le3,NFmin spice, 'r--', 'LineWidth',2);
xlabel('Jc(mA/umAZ)');ylabel('NFA{DeVice}i{min} (dB) ') ;

subplot(4,1,2); hold on;

plot (Jc*le3,Ropt, 'r-", 'LineWidth',2);

plot (Jc*le3,Ropt spice, 'r--', 'LineWidth',2);

xlabel ('Jc (mA/um”2) ') ;ylabel ('R"{Device} {opt} (ohm)");

subplot(4,1,3); hold on;

plot (Jc*le3,Xopt, 'r-", 'LineWidth', 2);

plot (Jc*le3, Xopt spice, 'r--', 'LineWidth',2);

xlabel ('Jc(mA/um”2) ') ;ylabel ('X"{Device} {opt} (ohm)");

subplot(4,1,4); hold on;
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plot (Jc*1e3,Rn./50, 'r-"', 'LineWidth',2);
plot (Jc*le3,Rn_spice./50, 'r--"', 'LineWidth',2);
xlabel ('Jc (mA/um”2) ') ;ylabel ('R"{Device} {n}/50");
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Appendix B
Matlab Code for Noise Parameters of Matched LNA

close all;

clear all;

format long;
datapath =
'C:\Users\Xiaojia\Documents\Iccap\Noise\Noise5PAE Hicum\7WLNoise wrk\export d

ata\';

OPinfo = sprintf ('%s7WL p24 OPinfo.csv',datapath);
OPinfo wt = sprintf('%s7WL p24 OPinfo wt.csv',datapath);

[OP] = textread(OPinfo,'','delimiter',', ', '"headerlines',46);
$'Vpbe','0Hz','1','OP betadc','OP ib','OP_ic','OP rb', 'OP Cbe', 'OP taun'

[OP_wt] = textread(OPinfo wt,'','delimiter',',', "headerlines',36);

oe

ll,ll,ll,lwt_gml,ll,ll,lwt_le

[Ic] = OP(:,06)";
[rb] = OP(:,7)";
[Cbe] = OP(:,8)";
[beta]l = OP(:,4)";
[taun] = OP(:,9)';
[wt] = OP wt(:,7)";
freq = 10e9;

Length e0 =1 * 20;
Width e = 0.24;
Ae = Width e * Length eO0;

g = 1.602189%e-19;
twog = 2 * g;

w =2 * pi * freq;
290;
1.380662e-23;

-
Il
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rb_per um rb * Length e0;
Ic per um = Ic/Length eO0;

Cbe per um = Cbe/Length eO0;

m = size(Ic,2);

for n = 1:m
Jc(n) = Ic(n)/Ae;
Ropt (n) = 100;
Length e(n) = 1;

while (Ropt(n) >= 50)

Length e(n) = Length e(n) + 0.01;

rb 2(n) = rb per um(n) / Length e(n);

Ic 2(n) = Ic per um(n) * Length e(n);

Cbe 2(n) = Cbe per um(n) * Length e(n);

Ae 2(n) = Length e(n) * Width e;

Ib(n) = Ic_2(n)/beta(n);

gm(n) = wt(n)*Cbe 2(n);

wCbe inv(n) = 1/(w * Cbe 2(n));

wt_w(n) = wt(n)/w;

fgl = 0.757;

T(n) = taun(n)*fgl;

Sib(n) = twog * Ib(n) + twog * Ic 2(n) * (w * T(n))."2;
Sic(n) = twog * Ic 2(n);

Sicib(n) = -j * twog * Ic 2(n) * w * T(n);
Bu(n) = -twog * Ic 2(n) * w * T(n);
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AA(n) = Sic(n) + Sib(n) * wt w(n).”2 + 2 * Bu(n) * wt _w(n);

Ropt2(n) = 4*kt * rb 2(n) * wt w(n).”2/AA(n) + rb 2(n)."2 +
wCbe inv(n).”2 * Sic(n)/AA(n) - wCbe inv(n).”2 * (Sic(n) + Bu(n) *
wt w(n))."2/(AA(n)."2);

Ropt (n) = sqgrt (Ropt2(n));

end

Xopt (n) = wCbe inv(n) * (Sic(n) + Bu(n) * wt w(n))/AA(n) - wCbe inv(n);

Fmin(n) = 1 + rb 2(n)/Ropt(n) + 1/(4 * kt * Ropt(n)) * (1/wt w(n)).”2 *
(Ropt(n) + rb 2(n)).”2 * AA(n) + 1/(4 * kt * Ropt(n)) * wCbe inv(n)."2 *

(Sic(n) * Sib(n) - Bu(n).”2) / AA(n) ;
NFmin(n) = 10*1loglO(Fmin(n));

2s)
o]
Il

(50+rb_2(n))."2+0.72;
1+rb 2 (n)/50+Sic(n)* (1+ (w*Cbe_2(n)) ."2*R(n) -
2*w*Cbe 2(n)*0)/ (gm(n) ."2*4*kt*50)+Sib (n) *R(n) / (4*kt*50) -

T
3
Il

2*Bu(n)*O/(gm(n)*4*kt*50)+2*Bu(n)*w*Cbe_Z(n)*R(n)/(gm(n)*4*kt*50);
NF(n) = 10*1oglO(F(n));

C(n) =1+ (w * Cbe 2(n) * rb 2(n))."2;

Iout icib(n) = twog * Ic 2(n) + (twog * Ib(n) + twog * Ic(n) * (w *
T(n)).”2) * gm(n).”2 * rb 2(n)."2/C(n) + 2 * Bu(n) * gm(n) * w * Cbe 2(n) *
rb 2(n).”2/C(n);

Iout rb(n) = 4*kt * rb 2(n) *gm(n)."2/C(n);

Iout (n) = Iout icib(n) + Iout rb(n);

Y21 inv(n) = (1 + j * w * Cbe 2(n) * rb 2(n))/gm(n);
Sva(n) = Iout(n)*(abs (Y21 inv(n)))."2;

Rn(n) = Sva(n)/ (4*kt);

end
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figure (1) ;

subplot(2,2,1); hold on;
plot (Jc*1le3,NFmin, 'r-", 'LineWidth', 2);
xlabel ('Jc (mA/um”™2) ") ;ylabel ('NFmin (dB) ') ;

subplot (2,2,2); hold on;
plot (Jc*1le3,NF, 'r-', 'LineWidth',2);
xlabel ('Jc (mA/um”~2) ") ;ylabel ('NF (dB) ") ;

subplot(2,2,3); hold on;
plot (Jc*1le3,Ropt, 'r-"', 'LinewWidth', 2);
xlabel ('Jc (mA/um”~2) ") ;ylabel ('Ropt (ohm) ') ;

subplot(2,2,4); hold on;
plot (Jc*1le3,Xopt, 'r-", 'LineWidth',2);
xlabel ('Jc (mA/um”~2) ") ;ylabel ('Xopt (ohm) ') ;
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