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

noise and induced gate noise in MOS devices. A new analytical formulafor noisefigureisproposed. Based on thisfor-

mula,the impacts of distributed gate res stance and intrinsc channel res stance on noise performance are discussed.

Two kinds of noise optimization approaches are performed and applied to the desgn of a5 2GHz CMOSLNA.
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1 Introduction

The progressin CMOS process makesit possi-
ble to integrate more functions on one chip ,inclu-
ding radio frequency front-end and digital sgna
processng back-end. WLAN (wireless local area
network) transceiver is one of these digital com-
munication systems, which connects laptops and
other backbone
through AP (accesspoint) . As MAC (media access

mobile terminals to ethernet

control) part of WLAN transceiver isimplemented
in CMOS technology ,it is appealing to implement
the RF front-end circuit in the same technology. It
is promisng to integrate the whole system on a
single chip.

As thefirst critical component of the receiver ,
low noise amplifier (LNA) should sufficiently am-
plify the weak RF sgnal coming from antenna and
duplexer with as less distortion and noi se as poss-
ble. From the Friis noise equation” ,the noise fig-
ure of the receiving system is dominated by the
noi se contribution of thefirst stage or two.

The source inductive degeneration configura
tion is widely used for LNA due to its superior
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noise performance’”. This LNA architecture has
been analyzed™® especially on noise performance.
There are three main noise sources,which should
be taken into consideration to fully appreciate the
noi se performance. One is the noi se associated with
the distributed gate redstance and other losses in
series with the gate;the others are induced gate
noi se and channel noise in submicron MOS devices
due to hot electron effects. The analyssin Ref.[3]
dealt with the contribution of each noise source
separately ,thus the interactions among these com-
ponents were neglected. The correlation between
induced gate noise and channel noise was not trea
ted rigidly in mathematics. The induced gate noise
was smply split into two components ,one of which
isfully correlated with the channel noise and the
other is uncorrelated with the channel noise!® . Al-
though thistechnique smplified the analysis it was
just a conjecture without proof. Only the amplitude
of the correlation coefficient ,which is a complex
number ,was considered. As frequency approaching
cut-off frequency fr,the gate impedance of the
MOS device exhibits a sgnificant phase shift from
its purely capacitive value at lower frequencies. In
the RF applications ,the channel of MOSFET must
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be viewed as a hias dependent RC distributed
transmission line!* . To model the finite time nee-
ded to build up the channel charge,one way is to
insert a noiseless equivalent resistors Rs in series
with the gate capacitors Cys and Cy ,respectively'™ .
The existence of Ra was verified through smula
tion and measurement!® . Meanwhile Rn compli-
cates the analyss of noise figure,and its effect on
noise performance was dropped out'®. This was
noted in Ref.[7] ,but the analyssthereisa smple
extenson of the resultsin Ref.[3] andis not accu-
rate and rigor in mathematics.

To fully appreciate the noise performance of
CMOSLNA ,acomprehensve analyssis presented
in this paper. The noise performance of source in-
ductive degeneration CMOSLNA isanalyzed and a
new analytical formula for noise figure is derived.
Two approaches of noise optimization are per-
formed with respect to fixed transconductance gain
Gn and fixed power disspation Po ,respectively,
and they are applied in the desgn of a 5 2GHz
CMOSLNA.

2 CMOSL NA nois analysis

The CMOS LNA analyzed here is the source
inductive degeneration architecture (Fig. 1) for its
superior noise performance and prevalence.

o—200—

Fg.1 Sourceinductive degeneration L NA architecture

To perform a comprehensive noise analys s of
the LNA with a systematic approach, a generic
small-signal model of source inductive degeneration
LNA is used. The small-sgna model is shown in

Fig. 2. The parastic components between gate and
drain are not shown in Fig. 2 ,as there are methods
(such as cascode configuration) to improve re-
verse-isolation. Z; denotes the impedance in series
with the gate. Zs is the impedance between the
gate and the source including parastic Cgs and
channel resstance Ra. Zsand Z are the source de-
generation and load impedances of the LNA ,re
spectively. gnm is the transconductance of the MOS
device.
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Fg.2 Generic small-sgna model for LNA noise anal-

ysis

ins IS the noise current source associated with
source resstance Rs. Three main noise sources are
fully consdered here. vy is the noise voltage source
associated with gate impedance Zz which includes
distributed gate redstance and other paradgtic los
ses. In RF CMOS circuits,trand stors are common-
ly implemented with multi-finger gate layout. The
PSD (power spectral density) of v is given by

Vi = 4kT B o (1)

where the factor of 1/3 is due to the distributed
effect of the gate resstance,assuming the fingers
are only contacted at one end® . If both ends are
contacted ,the factor is reduced to 1/ 12. ina i s chan-
nel noise source, which is the dominant noise
source in MOS device. ing is white noise ,the PSD of
which is given by

2 = AKTY gl f (2)
wherey is a bias dependent factor ,and gw is the
zero-bias drain conductance of the MOS device. ing
is induced gate noise source,the PSD of whichis

given by
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-5 0)2 . . .
2 = kD fﬂ f (3) gate impedance of MOS device from its purely ca
d0

whered is the coefficient of gate noise. This equar
tion is valid when the device is operated in satura
tion. ing isinduced by the fluctuations in the chan-
nel charge due to capacitive coupling when MOS
device is biased s that the channel is inverted.
Thus ing and ina are partially correlated, and the
correlation coefficient is given by

¢ = —lel (4)
where asterisk ( *) indicates the conjugate of com-
plex number. It is worth noting that the choice of
directions of correlated noise sources has effect on
the phase of the correlation coefficient c. The value
of cfor long-channel devicesis 0. 395.

Applying the noisy two-port network based a
nalyssoutlined in Ref. [10] ,the input impedance
and noise factor Fof the source degeneration LNA
are given by

Zn:Zg+ng+L+nggsZ; (5)
F:1+—7“°——+| A|ZE
RS i%s ins
Re(AB  ingind)
| B|2%+2R6ABTI i
Ins Ins (6)
_ Ly + Zs
A=1+ R
1 Ly + Zgs + s
B = 1+
nggs[ Rs J

where it isassumed that v is uncorrelated with ing
and ing. It is worth noting that the load i mpedance
Z does not appear in the noise factor expresson,
because the reverse path between gate and drain
has been disregarded.

For the source inductive degeneration LNA
consdered here, the explicit expressons for Z,
Zys ,and Zs are

Zy = WLy + Ry

_ 1
ng - Rch +j(k)Cgs (7)
Zs :_-p)l_s

where Ry includes the distributed gate redstance
and loss of inductor Lg. Ren is the noiseless equivar
lent channel resstance to model the deviation of

pacitive val ue at lower frequencies as operating fre-
quency approachingwsr. The expresson of Ruis

Ren = 5 gm0

assuming that operating frequency Wo satisfies
SIVN

Wo <~ (9)
with the definition that
a == (10)
Jao

Note thata is always less than one.

From Eg. (5) ,the impedance matching input
and the corresponding resonant frequency Wo are
determined by

L
Ro + R+ gn
1 (11

[SEnET)

The impact of neglecting Ra on input imped-
ance matching and intended operating frequency
can be appreciated from Eq. (11) .

Substituting Egs. (1) (4) and (7) into Eq.
(6) ,the noisefactor Fof sourceinductive degener-

Rs

(,Oo:

ation LNA can be explicitly given by
F=1+RhR+R+RK+HR

_ R
R " 3Rs
Fo=| 25“9“‘“—2[(Rw Ro)? + Wi (Lg + Ls)?]
Wr 5Rs g s
Wl 2 2
A (FG+Rg+Rch)2+(,0%L§C;_5
= X
i 14| @ 722 Rs
(V35 25
Wo 292
— W1 " 2 2 2
Fa = ——— [ (Re+ Ry) % +603 (Lg + L) 7] -
1 Wy a“
wTJ 25
Lg + Ls 1+€ n

F. is due to the distributed gate resstance only
where the noise contribution of lossin Lg has been
disregarded. 2 and Fs are attributed to induced
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gate noise and channel noise,respectively. F: is due
to the correlation between induced gate noise and
channel noise. During the derivation ,some assump-
tions have been made
W= =&
Cos (13)
c=|d]j
From the explicit noise factor expresson ,it is
clear that gate resstance Ry increases noise factor
through =, Fs ,and Fsin addition to its direct con-
tribution to F. This has been ignored in the previ-
ous work™® " . where the noise sources are treated
individually for amplicity. Multi-finger gate layout
and salicide CMOS process can alleviate this plague
without power penalty. Another conclusion is that
Lg should be implemented with bond wire and ex-
ternal high- Q inductor instead of on-chip spiral in-
ductor if lower NF is desrable ,because the loss of
on-chip spira inductor is larger. Even if on-chip
spiral inductor is used for higher integration,the
AC coupling capacitor at the RF input should be
implemented with external component. R a0 in-
creases the noise factor only through F. It isclear
that improvement of wr of MOS devices will im-
prove the noise performance. The negative term in
the braces of Fsis due to the impact of inductance
(Lg and Ls) on the correlation between induced
gate noise and channel noise. This can not be over-
looked in this complicated case for accurate estimar
tion of F,which has not been predicted in the pre-
vious literatures™>"" .

3 Optimization of CMOS L NA noise
perfor mance

To smplify the expresson for F and gain
more ins ght on noise optimization ,Ry in Fisomit-
ted except for R and a new variable Qis defined as

Q_(M)L(Lu"'_Ls.)_:(ML(Lu"'_Ls).:_]_
T R+ Ry Rs o Cgs Rs
(14)

After tedious algebraic manipulations, noise factor
F can be denoted as

y %mf
swa} gnRs N5 (15

Based on the new expresson for F,noise per-
formance of CMOSL NA can be optimized. The op-
timization presented here is different from the con-
ventional procedure detailed in Ref. [11], which
based on the parameters of a fixed device the
source impedance is trandormed to a noise opti-
mum impedance by an impedance matching net-
work. Thus the input power matching and noise
matching may not occur at the same time. For
CMOSLNA desgn,the sze and bias of device are
under the control of desgners. Noise performance
can be optimized by seeking optimum device size or
bias to minimize noise factor for a desgn parame-
ter ,such as power or gain,under the condition of
perfect input power matching.

A smple second-order model of MOS tran-
dstor is used to optimize the noise performance,
which accountsfor high-field effectsin short-chan-
nel devices™ .

2

_ Vod
|d - Wcoszal Vod +IE - (16)

where Vo is the overdrive voltage, G is the gate
oxide capacitance per unit area,vs iSthe saturation
velocity, €« is the velocity saturation field
strength,and W and L are channel width and
length ,respectively. The definition of Vodis

Vod = Vgs -Vt (17)
where Vristhe threshold voltage of the trans stor.
Thus the device transconductance gm is given by

_ 0Ola _ 3vapa

9" = N T WoLRsQ (18)
with the definition that

Mo
€ s (19)

Substituting Eq. (18) into (15) ,noisefactor F
can be rewritten as

p:
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F= 1+ 3Rs OOT Q[B 3vapa rjg+

fofrd

To optimize the noise performance of the
LNA it is useful to formulize the quantitiesd wr ,
and Q.

__2+p
T 2(1 +p)? (21)
_ On _ 3Va p_(,2_p_l
Or= e T2l (1 p)? (22)
- -3
Q= ZooWL Co Re (23)

It isclear that all quantitiesin Eqg. (20) except
for Q depend on bias voltage. Q depends on device
width. The input circuit of the LNA takestheform
of a seriesresonant network and the output current
is proportional to the voltage on Zgs. At the reso-
nant frequency o ,the input power matching is a
chieved and the transconductance gain Gn of the
LNA is

Gn = gmQn (1 +j(Do Rcths)
_ 1 + joo Ren Cys
Wo Cys Rs+Rg+Rch+ngj
Cs
_ _Wr LW A
- zooRs[1+‘wT 8 5J (24)

where Qn is the effective quality factor of the LNA
input circuit. Here the influence of channel red st-
ance R on the transconductance gain G has been
consdered ,which was ignored in Ref. [7]. It is
clear that to fix the value of transconductance gain
Gn P (or Voa) should be assigned a constant val ue.
Oncep is determined, G» is determined and noise
factor F can be minimized for fixed Gn by choosng
the appropriate device width. The optimum noise

factor for fixed Gn optimizationis

Fmin,sz 1+ @ X
L ' J * xw}
a 5 Wr

3
(25)

3Rs Wr
The corresponding Qupt for Fmin,g, is determined by

2| d Loy
3vap O

d LWt

Qopt = (26)
PQ] 3vaPp O ,}7«5

Further ,the device width corresponding to Fuin.g,
can be obtained through Egs. (23) and (26) .

From the expresson of |4 ,the power disspa
tion of the LNA isformulated as

2
Po :Vddld:%xp_%

3V Vef s
2% Rs

where Vw is the power supply voltage for the
LNA. It isworth noting that Poisaconstant deter-
mined by intended design specs (Vaw 0o ,and Rs)
and physica technologica parameters (va and
€w). disspation for
Frin,g, can be determined from Egs. (26) and (27) .

An alternative of fixed Gn noise performance
optimization fixes the power disspation P> and ad-
justs bias @ or Vo) to find the minimum noise fac-
tor. It isinstructive to recast the noise factor in Po

andp.
e 1+J2g.+(£a|:£ax o [ 2ol .
3R, il R Tp+1 3vap 5

B p+tl Ay, W
Po p[+]+5 (JL)T} (28)

The noisefactor Fis minimized for afixed Po

(27)
P =

The corresponding power

when

JF _
® =0 (29)

The solution to thisequation is too complex to
be givenin aclosed form for fixed Po noise optimi-
zation.But in a specific design,the optimum bias
point can be determined numerically.

4 Results

The noise performance of a CMOS LNA
working at 5 2GHz frequency band is investigated
applying the work presented in the previous sec
tions. The technology used is TSMC 0. 2% m 3 3V
mixed-sgnal CMOS process. The physical techno-
logical parameters of this process are that L =
0.33m,\Vr=055V,C=486x10 °F/ m’ ,va =



492

1 05%x10°m/s,and Mer = 0. 03m°/ (V - s). Power
supply Ve =3 3V and source resistance Rs =502 .
Parameters cy ,andd are bias dependent ,whiled/y
=24 Here the assumption that ¢ =0 395 and
Y =1 3 is reaonable. As Ry can be reduced by
multi-finger gate layout and salicide process, its
effect has not been included in the results below.
For fixed Gn optimization,the curve of opti-
mum NF versusp is shownin Fig. 3. In the design
process of LNA ,bias voltage (@ or Vo) of the de
vice can be determined from the noise requirement.
The corresponding device width isfound from Eg.
(26) . As usually power is another important con-
cern ,to appreciate the tradeoffs among NF p ,and
Po ,the corresponding Po isa so shownin the same
figure. It makes sense that the optimum NF decrea
ses with theincreasngp at the cost of more power
disspation. In practical desgn,only the portion
wherep <0. 3is useful.

s 120
4} 90
m 3 =
= 1 £
2F R
) 430
1+ ]
P o T A B R
01 02 03 04 05
p

Fig.3 Optimum NFfor fixed Gy optimization and cor-
responding Po versusp

Fixed Po optimizationis more useful in practi-
cal LNA desgn. The contours of constant noise
figure relatingp and Po are useful to revea the de-
sign tradeoff s among gate overdrive ,power disspa
tion and noise figure ,which are shownin Fig.4. In
the practical desgn process of L NA ,the bias volt-
age and device width can be determined from the
requirements of both noise and power graphically.

5 Conclusion

The noise performance of LNA is crucia for

the sendtivity of receiver. All kinds of noise

26
20
b ; 2.0dB
16+
EIZF 258" 5045
N

Fg.4 Contoursof constant NF relatingp and Po for
fixed Po optimization

sources and components complicate the analys s of
noi se performance. A systematic approach based on
noi sy two-port network theory to analyze the noise
performance of CMOSL NA ispresentedin thispa
per. A new analytical noise figure formulais pro-
posed. Channel noise and induced gate noise in
MOS devices are rigidly treated in mathematics.

Investigating the new noise figure formula re-
veals that distributed gate red stance and other los
sesin series with the gate have both direct and in-
direct contributions to the noise figure ,which was
not obtained in the previous work™ " . The impact
of channel resstance Ru is evaluated fully for fre-
quency approaching wWr. Both the input impedance
matching and the intended operating frequency are
affected by this regstance. This redstance also in-
creases the noise contribution of channel noise to
noi se figure. The correlation between induced gate
noi se and channel noisein MOS devicesis manipu-
lated rigidly to result in a negative term in the
noise figure. This negative term is due to the im-
pact of inductors on the correlation between in-
duced gate noise and channel noi se.

For a second-order model of MOS trans stor
that accountsfor high-field effectsin short-channel
devices,noise optimization of CMOS LNA is per-
formed. The optimization is to minimize the noise
figure by seeking the appropriate bias voltage or
device width for a desgn parameter ,such as power
or transconductance gain, under the condition of

© 1995-2005 Tsinghua Tongfang Optical Disc Co., Ltd. All rights reserved.
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perfect input impedance matching. The results of
fixed Gn optimization and fixed Pp optimization are
applied to the desgn of a5 2GHz CMOS LNA u-
sng the TSMC 0 23 m 3 3V mixed-sgna CMOS
process.

The comprehensive analyss and optimization
of CMOSLNA noise performance presentedin this
paper will benefit the desgn of high performance
L NA ,as the design tradeoffs among noise figure,
power disspation and overdrive voltage are re
vealed quantificationally and visually.
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