Low Noise Amplifier
Optimization
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A Few Notes on Notation

Note on Mathcad Notation: X = X, the conjugate of X.

Note on Gains: A,y = Gain from Base Resistance Noise to Output with Zs=0.

Apo = Gain from Base Current Noise to Output with Zs=0.

Aco = Gain from Collector Current Noise to Output with Z=0.

Ay = Gain from Input Voltage to Output with Z =0.

Arint = Gain from Base Resistance Noise to Output with Zs=Infinity.
Apint = Gain from Base Current Noise to Output with Zs=Infinity.
Acinf = Gain from Collector Current Noise to Output with Z_=Inf.

A, = Gain from Input Current to Output with Z=Infinity.

Varb - = Thermal Voltage Noise from Base Resistance

InB = Shot Current Noise from Base Current

Inc = Shot Current Noise from Collector Current
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Input-Referred Voltage Noise Source

v, \
&)
~ Zs=0
v ~
Vo = VirhAr0 + IncAco * InBAb0
neq =
€d Ay
—. ~—=. ~~. ~~. ~—=. . 1

Vneq¥neg = ggnrb Xnrp ’ArOArO + Vnrbdnc ’Ar0>AC0 + Vnrb’*nB Ar0Apo - P —

. ~~. ~—=. i AV)AV

Q"‘ Inc¥nrb ’ACO’ArO + InC’*nC”A\cO”A\cO + InC’*nB”A\CO”A\bO .
—. ~
+ InB ¥ nrb ’AbO’ArO + InB"nC’fa\bO”B\cO + InB’{nB”Q\bO’AbO g

Take Expected Value: Cross Correlation Terms are Zero.
kAo |Arg] ) + 2204c{[Aco| ) + 2004 | Abol )

(Iav])?

Equivalent Noise Resistance

Eé(Vneq\)z'L\‘ =

Eé(Vneq\)ZE

R~ =
. AT
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Input-Referred Current Noise Source
Noi sel ess

D

g =¥
| _ Virb Arinf + IncAcinf *+ InBApinf
neq =
eq A
~—=. ~—=. —. ~. —=. . —. . 1

Inegdneq = ggnrb ¥nrb Arinf Arinf + Varb Anc Arinf Acinf + Vorb Ang Arinf Abinf ... 9%—

—. — —. —. —. — T ADA
Q"‘ InC ¥nrbAcinf Arinf + InC"nC”A\cmf Acinf + IncAnBAcinf Abinf ...~

—=. ——=. =

—. — ~.
+ InB ¥ nrb Abinf Arinf + InB’*nC”D\blnf Acinf + InBAnBApinf Abinf g

Take Expected Value: Cross Correlation Terms are Zero.
45k x| Arint| )* + 2504 [Acint| )* + 25048 X |Apinf| )

Eé(lneCl‘)zE = (‘A,)z
I
E[Ineq )t : :
On = Equivalent Noise Conductance
4K
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Voltage and Current Noise Correlation

~—.
Vnegney  Correlation Coefficient:

g =
Jvneqzxneqz |g|=1: 100% correlated
|g=0: 0% correlelated
~—=. ~—=. ~—=. —. . —. . 1
Vhnegineq = ggnrb XnroAr0Arinf + Vnrb >*nC”A\rOX‘A\cmf * Vnrb >*nB”A\rO”Q\blnf  Ox—
e N Nl o APA

Q"‘ InC¥nrbAco™Arinf + InC’*nC”Q\c0>’°\C|nf + InC’*nB”Q\COXQ\bmf .
. —=. -—. ~. -—=.
+ InB ¥ nrb AboArinf + InB’*nC"’S\bO’fs\clnf + InBAnBAb0Abinf g

Take Expected Value: Cross Correlation Terms are Zero.

E( ~7) _ AKAER A Arinf T 2504 Ao Acinf + 2X04B Abo Abinf

Vneq ’*neq 7
AVA|
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Correlation Admittance

Noi sel ess Noi sel ess Noi sel ess
X X X

Vﬂ

o o o

S 0] .00 D o
N N N N N

HOW dO we flnd Ycorr (|n1Nneq) |n2 = Ycoraneq

S = ~—
In2%neq = Yecorr ¥ neg ¥ neg

E¢{in - in2) Vet = Yoorr € (Vineg Ve

_ EfinVo) - Elim¥o) _ E(Veeqtneg)
Yecorr = 5

£ (Ve /o) Vnes

Substitute the following: E(Vneq x;;) = g>§/vneqz>ineq2

, [E4 12
Ycorr = Q/JX\/ FE( neq)zl;\ Georr = Re(Ycorr) Beorr = |m(Ycorr)
EE |Vnea| )T
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Correlation Impedance

Vn \ an Vn2 \ an VnZ:Zcorr* I neq\
O—. O—O—. >

HaE: 3
O Y- O

N N \V N

How do we find Z__,? E(Vn1%neq) = O

V2 = Zeorr Aneg

. .
Vn2Xneq = Zeorr #neqdneq

E&(Vneg - Vi) *;;E = Zcorr’E('neq ’*:1:&)

-— -—

£ (Vnegirca) - Elin¥nea) _ E(Vinegnes

Zeorr =

E(Ineq x::Q) Ineq2
Substitute the following: E(vneq x:,;) _ gﬁ/Vnquﬂneqz
; 2
7 = gx\/ EE( Vneq)z,‘L Reorr = Re(ZCO”) Xcorr = |m(zcorr)
E& |Ineq| ) T
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Uncorrelated Noise Voltage

I, IS the noise resistance representing the portion of
Vieq® Which is uncorrelated with 1,2 It is always less
than R,,, and in the case where the noise is 100%

correlated, it is equal to O.
Ve >‘\/neq (an + Vn2 ’(an + Vnz)

E4 Vneg| )3 = E(VniVia) + E(VaaVing) + E(Vio¥ing) + E(Vio i)

E|vna/)t = (Vneq ‘) (1Zeore] )£ ("neq )
h = (4:::;-) = Rn - gn’(‘zcorr‘) h = Rn’él' (Q)ZE

Note: Rn<> rn!
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Uncorrelated Noise Current

G, Is the noise conductance representing the portion of
lheq® Which is uncorrelated with V2. It is always less

than g,, and in the case where the noise is 100%
correlated, it is equal to O.

InegXneq = ('nl + |n2) In1 + |n2)
v ~ ~

EE( ‘lneq‘ )2{ = E(inlﬁ‘rﬁ) + E(inlﬁ‘r:Z) + E(in2>ini) + E(inZ*né)
= im )% = B vl )2 - ([Yeorr| )£ Vi3

AL
Gp = ng:iT) L - On - Rn’(‘zcorr)2

Gp = gn’él' (‘9‘)212.

Note: G <>g.!
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Noise Figure

Output-referred noise voltage with arbitrary source impedance Z¢

V —(V +Vnpo +V )A%Hxﬂﬁ
o~ nl n2 sn Zin + Zs nzin"‘ZS

Input-referred noise voltage with arbitrary source impedance Z.
Vseq = V1 + Vn2 + Van + Ineg2s = Vn1 + Inegcorr + Van + Ineq2s
—=. ) 4 . ~. ~~=. (7. - . N
Veeq¥seq = €Vn1 + Van * Ineg ’(ZS + Zcorr) L€Vn1+ Ven + Ineg ’(ZS + Zcorr)[
Input-referred noise power (normalized to 1 ohm)
/ 2I\ _ / 2I\ / 2I\ / 2I\ 2
EE Ve )t = E&[Vim|) T + E& [Van| )T + E& Ineg| ) TA |25 + Zeorr|)

Noise figure = (Input-referred noise power)/(Source noise power)

EY [Veeq| )% Vit lneg
F = E(‘ Seq)a} =1+ n12+ neq2>(‘ZS+Zcorr‘)2
EL [Van )T Ve'©  Van
Substitute the following: Van” = HHOTRs  Ineg” = 4kTogn  Ving” = 44,
r g
F = 1+R_”S +R—r;>(\zs+zco”\)2
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Optimal Noise Source Impedance

Set Derivatives of F with Respect to Xg and Rg equal to
zero and solve for X and Rq.

rn gn 7 2 2\
F=1+_—+—%(Rs+R +(Xs+ X t
Rs Rs’é( S corr) ( S corr) L
d - _
——F =0 = Xsopt + Xcorr Xsopt = - Xcorr
dXg
] ae 20
d 'n Reorr™ = 'n 2
—F = +gn>£1- =0 Rspt = [— *+Reorr
dRg R 2 £ Reuy? On
Sopt e Sopt @

'n 2 .
Znopt = |— t Rcorr™ - 1 Xcorr
n
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Optimal Noise Figure

Plug Optimal Noise Source Impedance, Z,,,,, Into Noise
Figure Equation and Solve for F_. .

.2

e U

' On €& In 2 o) oU

Fmin =1+ -+ =—%C|— *+Rcorr + Reorr* + (' Xcorr + Xcorr) 1
Rs Rs @&/ 9n @ a

Fmin =1+ 2>g'gn’Rcorr i \/gn’fn i (gn’Rcorr)ZE
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Example (Simplified BJT)

p ;= 10W Base Resistance
M
b := 100 DC Beta 7 |
Ic = 1ImA Collector Current |
. Vs o In O Vp len R

RL := 1kW Load Resistance
T := 300K Temperature
Constants
k= 1.380610° Bx)  Boltzman's Constant
q:= 1.60240 e Charge on an Electron
Small Signal Parameters

k XT
V7= Tx V1 = 25.854mV Thermal Voltage

lc mA .
Om = Om = 38.679T Device Transconductance

T

Ic
g := m Ig = 10mA Base Current
rp = gi rp = 2.585kW Base Emitter Resistance

m
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Gain Calculations for Example

Aro = o+ 1p oM RL Aro = 38.53 Base Resistance Gain with Z =0
Apo = — - ImRL Apo = 385.2980hm  Base Current Gain with Z=0
p
Aco = RL Aco = 1kW Collector Current Gain with Z<=0
p
AV iy IR Ay = 38.53 Input Voltage Gain with Z=0
Arinf =0 Arinf =0 Base Resistance Gain with Z=inf.
Abinf = Tp gmRL Apinf = 100kW Base Current Gain with Zg=inf.
Acinf = RL Acinf = 1kW Collector Current Gain with Zs=inf.
Aj = TpgmRL Aj = 100kW Input Current Gain with Z=inf.
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Input Noise Calculations

Equivalent Input Noise Voltage

.2 .
2 el o 'p ¥ b | O nV
Vneq = \/4*XT>fb+2>q>{B>fb +2>q>{c>f'_— a = Vneq = 0.618—
edmg el p |g \Hz
Equivalent Input Noise Resistance
2
Rp = Rph = 23.046 W
T oAk "
Equivalent Input Noise Current
2XA4¢c PA
Ineq = 2>q>{B + Ineq =1.799 —
2 [Hz
] (lom>¥p]) Hz
Equivalent Input Noise Conductance
2
| 1
On = — ~ = 512kW
A5 XT On
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Noise Correlation

~ 2>q>lc>(rp + rb)

Lo _ wW
conj = 2 T2 Vigonj = 1.152° 10" %=
(‘gm*p‘) Hz
. Vlcon
97 2, 2 g = 0.104 Correlation Coefficient
Vheq neq
Qguess = ﬁ Oguess = 0.1 Correlation Guess
(9, *rp<<l, b>>1)

= 3.314kwWw Correlation Conductance

YCOI’I’

Zeorr = 35.598W  Correlation Impedance

M = 22.799W Correlation Resistance

1 i
ren = 5.175kW Correlation Conductance
n
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Optimal Noise Figure
and Source Impedance

Optimal Source Impedance for Minimal Noise Figure

_ n 2 .
Znopt = | — + Re(Zeorr)“ - i4m(Zcorr) Znoot = 343.4950hm
On p

Optimal Noise Figure

NFm|n = 10>{Ogél + 2>£"gn>Re(Zcorr) + \/gn fn + (gn Re(ZCorr))ZEE NFm|n = 0.6dB
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Noise Figure Plots

NF(Zg) := 10>togéé1+ " on X |Zs+ Zeorr|) lLJ
& Re(zg) Re(ZS) 0
I:=1.. 20
Rs 1= 2—O>6000hm Zs = Rs + iAm(Znopt) Sweeping Rg
XSI = 2—O>4000hm - 2000hm Zszi = Re(Znopt) + j>§>(3I Sweeping XS
3 0.7
- 0.68
0.66
2
NF(ZSI) NF(ZSZI)
0.64
NFmin L5 NFmin
0.62
1 0.6
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