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Abstract : A systematic approach is used to analyze the noise in CMOS low noise amplifier (LNA) ,including channel

noise and induced gate noise in MOS devices. A new analytical formula for noise figure is p roposed. Based on this for2
mula ,the impact s of dist ributed gate resistance and int rinsic channel resistance on noise performance are discussed.

Two kinds of noise optimization approaches are performed and applied to the design of a 512 GHz CMOS LNA.
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1　Introduction

The progress in CMOS process makes it possi2
ble to integrate more f unctions on one chip ,inclu2
ding radio f requency f ront2end and digital signal

p rocessing back2end. WLAN ( wireless local area

network) t ransceiver is one of t hese digital com2
munication systems , which connect s laptop s and

ot her mobile terminals to et hernet backbone

t hrough A P (access point) . As MAC (media access

cont rol) part of WL AN transceiver is implemented

in CMOS technology ,it is appealing to implement

t he RF f ront2end circuit in t he same technology. It

is p romising to integrate the whole system on a

single chip .

As the first critical component of t he receiver ,

low noise amplifier (L NA) should sufficiently am2
plify the weak RF signal coming f rom antenna and

duplexer with as less distortion and noise as possi2
ble. From the Friis noise equation[1 ] ,t he noise fig2
ure of the receiving system is dominated by the

noise cont ribution of t he first stage or two .

The source inductive degeneration configura2
tion is widely used for L NA due to it s superior

noise performance[ 2 ] . This L NA architect ure has

been analyzed[ 3 ] especially on noise performance.

There are t hree main noise sources , which should

be taken into consideration to f ully appreciate t he

noise performance. One is the noise associated wit h

t he dist ributed gate resistance and other losses in

series with t he gate ; t he others are induced gate

noise and channel noise in submicron MOS devices

due to hot elect ron effect s. The analysis in Ref . [ 3 ]

dealt with t he cont ribution of each noise source

separately ,t hus t he interactions among these com2
ponent s were neglected. The correlation between

induced gate noise and channel noise was not t rea2
ted rigidly in mat hematics. The induced gate noise

was simply split into two component s ,one of which

is f ully correlated with t he channel noise and t he

ot her is uncorrelated wit h t he channel noise[3 ] . Al2
t hough t his technique simplified t he analysis ,it was

just a conject ure wit hout p roof . Only t he amplit ude

of t he correlation coefficient , which is a complex

number ,was considered. As f requency approaching

cut2off f requency f T , t he gate impedance of t he

MOS device exhibit s a significant p hase shif t f rom

it s p urely capacitive value at lower f requencies. In

t he RF applications ,t he channel of MOSFET must
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be viewed as a bias dependent RC dist ributed

t ransmission line[ 4 ] . To model the finite time nee2
ded to build up t he channel charge ,one way is to

insert a noiseless equivalent resistors Rch in series

with the gate capacitors Cgs and Cgd ,respectively[5 ] .

The existence of Rch was verified t hrough simula2
tion and measurement [6 ] . Meanwhile Rch compli2
cates t he analysis of noise figure ,and it s effect on

noise performance was dropped out [3 ] . This was

noted in Ref . [ 7 ] ,but t he analysis t here is a simple

extension of t he result s in Ref . [3 ] and is not accu2
rate and rigor in mat hematics.

To f ully appreciate t he noise performance of

CMOS L NA ,a comprehensive analysis is p resented

in t his paper . The noise performance of source in2
ductive degeneration CMOS LNA is analyzed and a

new analytical formula for noise figure is derived.

Two approaches of noise optimization are per2
formed wit h respect to fixed t ransconductance gain

Gm and fixed power dissipation PD , respectively ,

and they are applied in the design of a 512 GHz

CMOS LNA.

2　CMOS L NA noise analysis

The CMOS L NA analyzed here is t he source

inductive degeneration architect ure ( Fig. 1) for it s

superior noise performance and prevalence.

Fig. 1　Source inductive degeneration LNA architecture

To perform a comprehensive noise analysis of

t he L NA with a systematic approach , a generic

small2signal model of source inductive degeneration

L NA is used. The small2signal model is shown in

Fig. 2. The parasitic component s between gate and

drain are not shown in Fig. 2 ,as t here are met hods

( such as cascode configuration ) to improve re2
verse2isolation. Zg denotes t he impedance in series

with t he gate. Zgs is t he impedance between t he

gate and the source including parasitic Cgs and

channel resistance Rch . Zs and ZL are t he source de2
generation and load impedances of t he L NA , re2
spectively. gm is t he t ransconductance of t he MOS

device.

Fig. 2　Generic small2signal model for LNA noise anal2
ysis

ins is t he noise current source associated wit h

source resistance Rs . Three main noise sources are

f ully considered here. vng is t he noise voltage source

associated wit h gate impedance Zg which includes

dist ributed gate resistance and ot her parasitic los2
ses. In RF CMOS circuit s ,t ransistors are common2
ly implemented wit h multi2finger gate layout . The

PSD (power spect ral density) of vng is given by

v2
ng = 4 k T

R g

3
Δf (1)

where t he factor of 1/ 3 is due to t he dist ributed

effect of t he gate resistance , assuming the fingers

are only contacted at one end[8 ] . If both ends are

contacted ,t he factor is reduced to 1/ 12. ind is chan2
nel noise source , which is t he dominant noise

source in MOS device. ind is white noise ,t he PSD of

which is given by

i2
nd = 4 k Tγgd0Δf (2)

whereγ is a bias2dependent factor , and gd0 is t he

zero2bias drain conductance of t he MOS device. ing

is induced gate noise source , t he PSD of which is

given by[9 ]
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i2
ng = 4 k Tδ

ω2 C2
gs

5 gd0
Δf (3)

whereδis t he coefficient of gate noise. This equa2
tion is valid when t he device is operated in sat ura2
tion. ing is induced by t he fluctuations in the chan2
nel charge due to capacitive coupling when MOS

device is biased so t hat t he channel is inverted.

Thus ing and ind are partially correlated , and the

correlation coefficient is given by[9 ]

c =
ing i 3

nd

i2
ng i2

nd

(4)

where asterisk ( 3 ) indicates t he conjugate of com2
plex number . It is wort h noting t hat t he choice of

directions of correlated noise sources has effect on

t he p hase of t he correlation coefficient c. The value

of c for long2channel devices is 01395j.

Applying the noisy two2port network based a2
nalysis outlined in Ref . [ 10 ] , t he inp ut impedance

and noise factor F of t he source degeneration LNA

are given by

Zin = Zg + Zgs + Zs + gm Zgs Zs (5)

F = 1 +
v2

ng

R2
s i2

ns

+| A | 2 i2
ng

i2
ns

+

　　| B | 2 i2
nd

i2
ns

+ 2
Re ( AB 3 ing i 3

nd )

i2
ns

A = 1 +
Zg + Zs

Rs

B =
1

gm Zgs
1 +

Zg + Zgs + Zs

Rs

(6)

where it is assumed t hat vng is uncorrelated wit h ind

and ing . It is wort h noting that t he load impedance

ZL does not appear in t he noise factor exp ression ,

because t he reverse path between gate and drain

has been disregarded.

For t he source inductive degeneration LNA

considered here , t he explicit expressions for Zg ,

Zgs ,and Zs are

Zg = jωL g + Rg

Zgs = Rch +
1

jωCgs

Zs = jωL s

(7)

where Rg includes the dist ributed gate resistance

and loss of inductor L g . Rch is t he noiseless equiva2
lent channel resistance to model t he deviation of

gate impedance of MOS device f rom it s p urely ca2
pacitive value at lower f requencies as operating f re2
quency approachingωT . The expression of Rch is

Rch =
1

5 gd0
(8)

assuming t hat operating f requencyω0 satisfies

ω0 ν 5ωT

α
(9)

with the definition t hat

α =
gm

gd0
(10)

Note t hatαis always less t han one.

From Eq. (5) , t he impedance matching inp ut

and the corresponding resonant f requency ω0 are

determined by

Rs = Rg + Rch + gm
L s

Cgs

ω0 =
1

Cgs L g + L s 1 +
α
5

(11)

　　The impact of neglecting Rch on inp ut imped2
ance matching and intended operating f requency

can be appreciated f rom Eq. (11) .

Substit uting Eqs. (1)～ (4) and (7) into Eq.

(6) ,t he noise factor F of source inductive degener2
ation L NA can be explicitly given by

F = 1 + F1 + F2 + F3 + F4

F1 =
Rg

3 Rs

F2 =
ω0

ωT

2δgd0α2

5 Rs
[ ( Rs + Rg ) 2 +ω2

0 ( L g + L s ) 2 ]

F3 =
γgd0
ω0

ωT

2

1 +
ω0

ωT

2

×
α2

25

×
( Rs + Rg + Rch ) 2 +ω2

0 L 2
s
α2

25
Rs

F4 =

ω0

ωT

2

g2
m

1 +
ω0

ωT

2

×
α2

25

[ ( Rs + Rg ) 2 +ω2
0 ( L g + L s ) 2 ] -

　　 L g + L s

L g + L s 1 +
α
5

×2 | c|
gm Rs

γδ
5
　　　(12)

F1 is due to t he dist ributed gate resistance only

where the noise cont ribution of loss in L g has been

disregarded. F2 and F3 are at t ributed to induced
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gate noise and channel noise ,respectively. F4 is due

to t he correlation between induced gate noise and

channel noise. During t he derivation ,some assump2
tions have been made

ωT ≈
gm

Cgs

c = | c| j

(13)

　　From t he explicit noise factor expression ,it is

clear t hat gate resistance Rg increases noise factor

t hrough F2 , F3 ,and F4 in addition to it s direct con2
t ribution to F. This has been ignored in t he previ2
ous work [3 ,7 ] , where t he noise sources are t reated

individually for simplicity. Multi2finger gate layout

and salicide CMOS process can alleviate t his plague

without power penalty. Another conclusion is t hat

L g should be implemented wit h bond wire and ex2
ternal high2Q inductor instead of on2chip spiral in2
ductor if lower N F is desirable ,because t he loss of

on2chip spiral inductor is larger . Even if on2chip

spiral inductor is used for higher integration , the

AC coupling capacitor at t he RF inp ut should be

implemented wit h external component . Rch also in2
creases t he noise factor only t hrough F3 . It is clear

t hat improvement of ωT of MOS devices will im2
prove t he noise performance. The negative term in

t he braces of F4 is due to t he impact of inductance

( L g and L s ) on t he correlation between induced

gate noise and channel noise. This can not be over2
looked in t his complicated case for accurate estima2
tion of F ,which has not been predicted in the pre2
vious literatures[3 ,7 ] .

3 　Optimization of CMOS L NA noise

performance

　　To simplify t he expression for F and gain

more insight on noise optimization , Rg in F is omit2
ted except for F1 and a new variable Q is defined as

Q =
ω0 ( L g + L s )

Rs + Rg
≈
ω0 ( L g + L s )

Rs
≈ 1
ω0 Cgs Rs

(14)

After tedious algebraic manip ulations , noise factor

F can be denoted as

F≈ 1 +
Rg

3 Rs
+
ω0

ωT
Qβ+

1
Q
β+
γ
α +

2γ
5
×
ω0

ωT
-

2 | c|
gm Rs

γδ
5

β=
δα
5

+
ω0

ωT

2

×
αγ
25

+ 2 | c|
γδ
5

(15)

　　Based on t he new expression for F ,noise per2
formance of CMOS L NA can be optimized. The op2
timization presented here is different f rom t he con2
ventional p rocedure detailed in Ref . [ 11 ] , which

based on t he parameters of a fixed device t he

source impedance is t ransformed to a noise opti2
mum impedance by an impedance matching net2
work. Thus t he inp ut power matching and noise

matching may not occur at t he same time. For

CMOS L NA design ,t he size and bias of device are

under t he cont rol of designers. Noise performance

can be optimized by seeking optimum device size or

bias to minimize noise factor for a design parame2
ter ,such as power or gain , under t he condition of

perfect inp ut power matching.

A simple second2order model of MOS t ran2
sistor is used to optimize t he noise performance ,

which account s for high2field effect s in short2chan2
nel devices[12 ] .

Id = W Cox vsat
V 2

od

V od + Lεsat
(16)

where V od is t he overdrive voltage , Cox is t he gate

oxide capacitance per unit area , vsat is t he sat uration

velocity , εsat is t he velocity saturation field

st rengt h , and W and L are channel widt h and

lengt h ,respectively. The definition of V od is

V od = V gs - V T (17)

where V T is t he t hreshold voltage of the t ransistor .

Thus t he device t ransconductance gm is given by

gm =
5 Id

5V gs
=

3 vsatρα
ω0 L R s Q

(18)

with the definition t hat

ρ=
V od

Lεsat
(19)

　　Substit uting Eq. (18) into (15) ,noise factor F

can be rewrit ten as
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F≈ 1 +
Rg

3 Rs
+
ω0

ωT
Q β-

2 | c| LωT

3 vsatρα
γδ

5
+

1
Q
β+
γ
α +

2γ
5
×
ω0

ωT
(20)

　　To optimize the noise performance of the

L NA ,it is usef ul to formulize the quantitiesα,ωT ,

and Q.

α =
2 +ρ

2 (1 +ρ) 2 (21)

ωT ≈
gm

Cgs
=

3 vsat

2L
×
ρ(2 +ρ)
(1 +ρ) 2 (22)

Q≈ 3
2ω0 WL Cox Rs

(23)

　　It is clear t hat all quantities in Eq. (20) except

for Q depend on bias voltage. Q depends on device

widt h. The inp ut circuit of t he L NA takes t he form

of a series2resonant network and t he outp ut current

is p roportional to t he voltage on Zgs . At t he reso2
nant f requencyω0 , t he inp ut power matching is a2
chieved and t he t ransconductance gain Gm of the

L NA is

Gm = gm Qin (1 + jω0 Rch Cgs ) 　　　　　

= gm
1 + jω0 Rch Cgs

ω0 Cgs Rs + Rg + Rch + gm
L s

Cgs

=
ωT

2ω0 Rs
1 + j
ω0

ωT
×
α
5

(24)

where Qin is t he effective quality factor of the LNA

inp ut circuit . Here t he influence of channel resist2
ance Rch on t he t ransconductance gain Gm has been

considered , which was ignored in Ref . [ 7 ] . It is

clear t hat to fix t he value of t ransconductance gain

Gm ,ρ(or V od ) should be assigned a constant value.

Onceρ is determined , Gm is determined and noise

factor F can be minimized for fixed Gm by choosing

t he appropriate device widt h. The optimum noise

factor for fixed Gm optimization is

Fmin , Gm ≈ 1 +
Rg

3 Rs
+
ω0

ωT
×　　　　　　　　　

2 β-
2 | c| LωT

3 vsatρα
γδ

5
β+
γ
α +

2γ
5
×
ω0

ωT

(25)

The corresponding Qopt for Fmin , Gm is determined by

Qopt =
β+
γ
α

β -
2 | c| LωT

3 vsatρα
γδ

5

(26)

Furt her ,t he device widt h corresponding to Fmin , Gm

can be obtained through Eqs. (23) and (26) .

From t he expression of Id , t he power dissipa2
tion of t he LNA is formulated as

PD = V dd Id =
P0

Q
×
ρ2

ρ+ 1

P0 =
3V dd vsatεsat

2ω0 Rs

(27)

where V dd is t he power supply voltage for t he

L NA. It is worth noting t hat P0 is a constant deter2
mined by intended design specs (V dd ,ω0 , and Rs )

and p hysical technological parameters ( vsat and

εsat ) . The corresponding power dissipation for

Fmin , Gm can be determined f rom Eqs. (26) and (27) .

An alternative of fixed Gm noise performance

optimization fixes the power dissipation PD and ad2
just s bias (ρor V od ) to find the minimum noise fac2
tor . It is inst ructive to recast t he noise factor in PD

andρ.

F≈ 1 +
Rg

3 Rs
+
ω0

ωT

P0

PD
×
ρ2

ρ+ 1
β-

2 | c | LωT

3 vsatρα
γδ

5
+

PD

P0
×
ρ+ 1
ρ2
β+
γ
α +

2γ
5
×
ω0

ωT
(28)

　　The noise factor F is minimized for a fixed PD

when

5 F
5ρ = 0 (29)

　　The solution to t his equation is too complex to

be given in a clo sed form for fixed PD noise optimi2
zation. But in a specific design , t he optimum bias

point can be determined numerically.

4　Results

The noise performance of a CMOS LNA

working at 512 GHz f requency band is investigated

applying t he work presented in t he previous sec2
tions. The technology used is TSMC 0125μm 313V

mixed2signal CMOS process. The p hysical techno2
logical parameters of t his p rocess are t hat L =

0135μm ,V T = 0155V , Cox = 4186 ×10 - 3 F/ m2 , vsat =

194
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1105×105 m/ s , andμeff = 0103m2 / ( V ·s) . Power

supply V dd = 313V and source resistance Rs = 50Ω.

Parameters c ,γ,andδare bias dependent ,whileδ/γ

= 2[13 ,14 ] . Here t he assumption t hat c = 01395j and

γ= 113 is reasonable. As Rg can be reduced by

multi2finger gate layout and salicide p rocess , it s

effect has not been included in the result s below.

For fixed Gm optimization , t he curve of opti2
mum N F versusρis shown in Fig. 3. In the design

process of L NA ,bias voltage (ρor V od ) of t he de2
vice can be determined f rom the noise requirement .

The corresponding device width is found f rom Eq.

(26) . As usually power is anot her important con2
cern ,to app reciate t he t radeoff s among N F ,ρ, and

PD ,t he corresponding PD is also shown in t he same

figure . It makes sense t hat t he optimum N F decrea2
ses wit h t he increasingρat t he cost of more power

dissipation. In p ractical design , only the portion

whereρ< 013 is usef ul .

Fig. 3　Optimum N F for fixed Gm optimization and cor2
responding PD versusρ

Fixed PD optimization is more usef ul in p racti2
cal L NA design. The contours of constant noise

figure relatingρand PD are usef ul to reveal t he de2
sign t radeoff s among gate overdrive ,power dissipa2
tion and noise figure ,which are shown in Fig. 4. In

t he p ractical design process of L NA ,t he bias volt2
age and device widt h can be determined f rom the

requirement s of bot h noise and power grap hically.

5　Conclusion

The noise performance of L NA is crucial for

t he sensitivity of receiver . All kinds of noise

Fig. 4　Contours of constant N F relatingρand PD for

fixed PD optimization

sources and component s complicate t he analysis of

noise performance. A systematic approach based on

noisy two2port network t heory to analyze t he noise

performance of CMOS LNA is presented in t his pa2
per . A new analytical noise figure formula is p ro2
posed. Channel noise and induced gate noise in

MOS devices are rigidly t reated in mathematics.

Investigating the new noise figure formula re2
veals t hat dist ributed gate resistance and ot her los2
ses in series wit h t he gate have bot h direct and in2
direct cont ributions to the noise figure ,which was

not obtained in the previous work[3 ,7 ] . The impact

of channel resistance Rch is evaluated f ully for f re2
quency approachingωT . Bot h t he inp ut impedance

matching and t he intended operating f requency are

affected by this resistance. This resistance also in2
creases t he noise cont ribution of channel noise to

noise figure. The correlation between induced gate

noise and channel noise in MOS devices is manip u2
lated rigidly to result in a negative term in t he

noise figure. This negative term is due to t he im2
pact of inductors on t he correlation between in2
duced gate noise and channel noise.

For a second2order model of MOS t ransistor

t hat account s for high2field effect s in short2channel

devices ,noise optimization of CMOS L NA is per2
formed. The optimization is to minimize t he noise

figure by seeking t he approp riate bias voltage or

device width for a design parameter ,such as power

or t ransconductance gain , under the condition of
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perfect inp ut impedance matching. The result s of

fixed Gm optimization and fixed PD optimization are

applied to t he design of a 512 GHz CMOS LNA u2
sing t he TSMC 0125μm 313V mixed2signal CMOS

process.

The comprehensive analysis and optimization

of CMOS L NA noise performance presented in this

paper will benefit t he design of high performance

L NA ,as t he design t radeoff s among noise figure ,

power dissipation and overdrive voltage are re2
vealed quantificationally and visually.
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CMOS低噪声放大器中噪声的系统研究方法

冯　东　石秉学

(清华大学微电子学研究所 , 北京　100084)

摘要 : 采用系统研究方法来分析包括 MOS器件的沟道噪声和感应栅噪声在内的 CMOS低噪声放大器中的噪声 ,

并提出了一个新的噪声系数解析式.基于此解析式 ,讨论了分布栅电阻和内部沟道电阻对噪声性能的影响.对噪声

性能进行了两种不同的优化 ,并应用于 512 GHz CMOS低噪声放大器的设计 .
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