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I. INTRODUCTION

The first stage of a receiver is typically an LNA (Low Noise
Amplifier) which needs to provide sufficient gain while intro- ¢
ducing as little noise as possible. The classical noise optimiza- - 2
tion technique for LNA design presumes that a device is given

W/L = 200/0.25
] =4GHz

W/ L = 200/0.25
1= acHz

-

with fixed characteristics, and thus offers no explicit guidance o @ s 2
on how to best exercise the IC designer’s freedom in tailoring IbsIAl A InslA] A
device geometries [1].

Recently proposed noise optimization techniques for @ (b)

CMOS RF circuits permit greater flexibility in selection of

device geometries as well as matching elements and biasing
conditions to minimize the noise figure for a specified gain  °*
or power dissipation [1]. Nevertheless such approaches still  *
have ambiguity because intrinsic noise is assumed to be bias+ '

[ms]

gm

independent. To utilize the new degrees of freedom in noise Lz i ol

figure optimization, more complete intrinsic noise informa- : — 2 P rar . N
tion of MOSFETSs across the entire bias range is needed. A osIAl N Ins [A] 1
recent study has reported extensive experimental noise results

of the 0.75um SOl MOSFET technology [2] but it provided (© (d)

limited guidance for actual LNA design. _ o _ _
A physical noise simulator has been developed using tWELq' 1. Intrinsic noise _parameters for the entire 0perat|_ng range ofyth25
dimensional device simulation; successful noise simulation NMOSFET. (@) Drain noise parameten){ (b) Gate noise parametan)(
! ] (c) Cross correlation between the drain and the gate noise (the imaginary
results have been reported for MOSFETSs with channel lengths part ofc). (d) Transconductance.,).
down to 0.25.m for the first time [3]. Based on intrinsic high
frequency noise simulation results, this paper presents explicit

design guidelines for a CMOS tuned LNA with power conchannel nMOSFETSs in the saturation region exhibit consider-

straints. ably larger broadband RF noise than predicted by long chan-
nel theory [5]. This observation has led to speculation that

Il. HIGH FREQUENCY NOISE PERFORMANCE OF unacceptably poor noise performance might accompany scal-
MOSFETs ing to smaller dimensions. Fig. 1 shows simulated intrinsic

The thermally noisy channel charge produces effects thRPise parameters across the entire operating range. These re-
are modeled by drain and gate current noise generators [8}llts have shown good agreement with measured noise perfor-
These currents are partially correlated with each other becaugance of an industrial 0.2&m nMOSFET [3].
they share a common origin, and possess spectral power giverT he noise performance of a linear circuit is usually charac-

by the following equations: terized by four noise parameters [6] as follows:
& AkTAfvga (1) NF — NE o Y= Youl* B "
i2 2 4kTAfdg, ) Gs

where NF,,;, is the best performance that the circuit can
= (3)  achieve with the optimum source admittance conditibn=£
252; i Yopt), @andR,, determines the sensitivity of F whenY dif-

] ) fers fromY,,;. Fig. 2 shows the intrinsic noise performance
wheregqo is the drain output conductance under zero draig the MOSFET for the entire operating range using the four
bias andg, = ¢ % is the real part of input admittance. noise parameters. Those characteristics are directly trans-
For long-channel MOSFETS, noise parametersd( ¢, and formed from noise factors in Fig. 1 by combining them with
¢) in saturation are 2/3, 4/30.395, and 1/5, respectively [1]. network parameters that are secondary outputs of the noise
For quite some time, however, it has been known that shogimulator.
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Fig. 2. Intrinsic noise performance for the entire operating range of a 0.25
pwm NMOSFET. (a) Minimum noise figuré\ F’,,;», [dB]). (b) Equivalent
noise resistancel, [2]). (c) Optimum source conductancé {,: [S]). (©
(d) Optimum source susceptand@qf: [S]).

Wi =328um
Wa = 265um 5
Ipp =5mA

Wi =328um
Wa = 265:m

Ipp =5mA
f =4GHz

Fig. 2 (a) and (b) show drastic increases\of,,,;,, andR,,
in the linear region{ps < Vpsat); @ Similar increase oR,,
is observed for low gate bia¥{s ~ V). Such results are
mainly attributed to lowy,,, as well as a poor correlation factor
(¢), and suggest that those bias ranges are highly undesirabl i e - o 05 - =3 o
for circuit implementation. Even in the saturation region, de- Real Part oz, [0] Real Part otZ, [$)]
spite good values aWV F,,,;,, (below 1dB), actual circuit noise
performance can easily be degraded due to stigll (cor- (d) (e)
respondingT’,,:| is nearly 1) as well as larg&,, (three to
ten times Iarger than HEMTs [2]) Another observation is thaftig- 3. (a) Tuned LNA archit_e‘ctu’re emplqying inductive source dggeneration.
N Fovi i Fig. 2 (2) shows negligible drain bias dependence %) Dependence o ampifiers e fouegn e souce aomiance 461
while Y andd in Flg 1 exhibit substantial drain bias depen— circuit. (d) Dependence of output noise power componentg[éfy . (e)
dence. Noise figure of the LNA as a function &[Z 4].

In the saturation region for MOSFETS, the four noise pa-
rameters can be approximated as:

Noise Figure [dB]

(Butput Noise Power [AHz]

long channel case, down to 0.26n. The small drain bias
NF,., ~ 1+ ~6C(1 = [c?) (5) dependence aV i, also can be explained by (5) since in-
wr creases ofy andd are mitigated by increasing,, andc.

R, ~ 1% (6)
Im 1. N OISE PERFORMANCE OF ATUNED AMPLIFIER
2
Gopt =~ gmt2Cos |90 ~ |e) (7)  A. Amplifier Architecture
gdo Y
g \/E The tuned amplifier iIIustra_ted in Fig. 3 (a) is_ one of the
Bopt = —wCys (1 + || == —) (8) most broadly used LNA architectures because it offers great
gdo potential for achieving the best noise performance. The input

Equation (5) suggests that the shorter devices yield bett'énrpe‘jamce of the amplifier in Fig. 3 (a) is:

noise figures becauser is proportional tol/L?, . while 1
) e/ Zin = s(Ly+ L)+ +wrlL 9)
v/70¢(1 —|c|?) becomes at most 6.5 times larger than the o g o 80y s
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By choosingL, and L, independently, the desired input
impedance can be obtained for a narrowband. Assuming the
intrinsic noise parameters to be constant, Shaeffed. [1]
presented an analytical noise optimization of this architecture
that fully utilized design flexibility in the selection of device
geometries and bias conditions. Circuit designers might want
to understand the noise behavior of the LNA based on the

eal Part ofZ.4 [Q]
Noise Figure [dB]
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four noise parameters. Unfortunately, as shown in Fig. 3 Gate Bias o1y [V] Gate Bias ot [V]
(b), the noise figure of this architecture exhibits a complex
dependence on the source admittance that cannot be simply (@ (b)

described by the classicél,,;, — R, — Yo, representation.
It is known that the source inductance controls the nois@d- 4. (a) OptimuniR[Z 4] yielding the best noise figure of the given bias.
performance of the given architecture [7]. To understand this (%) Power constrained noise figure of the LNA with opimiiZ., .
phenomenon, an off-chip tuner is introduced as shown in Fig.
3 (c). In fact, the off-chip tuner may be required in many prac-
tical situations because of poorly controlled elements such as e
bondwire inductors. When the tuner transforffys such that foe memA
Zc = R, the input stage gaity,,, is affected only by the
source inductol ;. Then the noise figure of the amplifier is:

NFp,

—— wlo Approx.

Noise Figure [dB]

. — Wi Approx.

SRS + SMl + SM2

NF = (10) T s
SRS ate Bias ofM; [V]
Sk, = 4kTR|Gnm,[*|As]? (11) @ ®)
SM1 = 4kT719d01X|Ai2|2/4 (12)
Sm, = 4kT7v2940,€ (13) o
wT (14) 10 Vlfh =2£V
G| = g g
| m1| 20‘]0 wTLSRS % o " NFp,, (LNA) %
A1'2 - iout2 /ioutl (15) ET j ET B
X 2 1—2wLsgm|cls+ (1 —I—nggg?nz)HQ (16) s, N E -
0 0
A ]' 51 gg1 °? Cl%ate Biafoﬂ[J [\/]2 ° °? Cl%ate Biafoﬂ[; [\/]2 *
k= 20 L (17)
Wolgs; Lis Y19do,
d
& 2 nlga, +wiChy) +0Per+0m>  (18) © @
n AL 1 (19) Fig. 5. Power constrained noise figur€ £'p,, [dB]) of the tuned amplifier
(gdsy + gm»)?> + WECE, whenRs = Z;n = 508, L = 0.25um, and the current is fixed to 5mA.
A 9 2 (a) For the entire operating range. (b) Comparison to the approximation.
p = 2w0Ciotgm,lc|[(gas; + gm,)” + w5Cip[20) The solid line is the actual noise figure; the dashed line is the approxi-
mated results using (23). (c) Comparison to the intrid€i&, ;, of the
;2 g 52992 (21) MOSFET. (d)N F'p,, for different current specifications.
- 2
\/ Y29do,
Ctot é C(dbl + Csb2 + 0952 (22)

condition can be easily calculated from the current density.
As shown in Fig. 4 (a), the optimuil is bias dependent and

In Fig. 3 (d), as the real part df, increases, the output les linearly with the specified current. However, the noise
noise contributions from the source resistance and the induc?.%a y P ) ’

gate noise ofh, monotonically decrease becausey,, (e HeUSSHEERE Y R T RERLL B TSPETTEN
while other contributions from the FETs are constants. Hen P

the LNA vyields the best noise figure where thg-dependent Frmin as shown in Fig. 4 (b). Therefore, employing a tuner

term andL,-independent term give equal contributions aran arbitrary value oR; allows great flexibility in amplifier
shown in Fisg 3(e) " “design. However, allowing a large range bof is often im-

practical; in this case choosing an appropriate bias condition
becomes critical.
Fig. 5 (a) shows the power constrained noise performance
When the supply voltage and power consumption are fixedf the LNA for the entire operating conditions with a per-
the device width of the input stage corresponding to each bisctly matched input impedance of G0 It exhibits a deep

B. Power Constrained Design
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the operating condition and changes slightly the sizé/of

§ ™ [ Von1ov (W1). WhenCy, andCy,, are ignored, Fig. 6 suggests that
5 0 o 15 1 e the optimal choice oV, is about equal td¥; and the noise

% 02 ? ; X%M// contribution ofM5 is not significant for a wide range &7,.

s e 2 Note that the gate noise contribution is extremely small com-
s 2 e pared with the drain noise contribution in the cascode stage.

S W w0 o' % W 0 ' Although Fig. 6 (b) shows that/, adds at least 0.1dB of
Wdth of Mz [ Wdth of Mz [ noise toM;, the noise figure of the cascoded design is not
worse than the actual non-cascoded case becaisero-
@ ®) duces more noise under the same power supply voltage due

_ , L o to the increased drain bias.
Fig. 6. (a) Output noise contribution of each transistor in the cascoded

IE;\JSAC\:.O(CE)e)dJ'VFpD of the cascoded amplifier in comparison with the non- IV. CONCLUSION
Based on extensive high-frequency noise simulations for a
L , 0.25 um NnMOSFET for the entire operating range, this pa-
vaIIey-shap_ed noise f|gure.prof.|l-e, and suggests that choomagr presents explicit design guidelines for a CMOS tuned
an appropriate gate bias is critical; somewhat betéfy, LNA, given a power constraint. The noise behavior of the

can be achieved by reducing drain bias. If we can ignore tWﬁ‘\lA cannot simply be described based on the conventional

;grprrecii}r?]it%%rgcs)r;t;lrl]os\}?’ the amplifier noise figure can b%mm — R, — Y,,: representation. The best noise figure is

achieved by optimizing the source inductance and its value is
2 much lower thanV F,,,;,,, regardless of the current specifica-

NF ~ 14 1% <ﬂ> + (;55—C (23) tion. When the choice of the source inductance is restricted,

Gs \wr gdo the simultaneous choice of gate bias and device width is very

The comparison in Fig. 5 (b) shows that the approximate fop_ritical. Nonetheless noise figure lower thart,,;, can still

mula replicates the original noise characteristics. This foR® achlevgd. qually, for $Dinput match, the best noise fig-
mula explains the valley-shaped noise behavior using two i{f€ iS realized in a bias range of 8.0.3V above the threshold
dependent noise contributions. One originates from the draYf!t2ge. depending on the power specification. The noise con-
noise and is dominant when the gate bias is low. The oth,[arrlbum,)n of a caspodmg device is usually no.t S|gn|f|cgnt and
contribution originates from the induced gate noise and b&S Optimal width is about equal to that of the input device.

comes dominant at higher gate bias. When the currentis fixed,
these two components have the opposite gate bias dependence . o
to each other; the noise figure thus has minima where they This project was initiated by DARPA under contract Army-
contribute equally to the noise figure. This fact highlights th®ABT63-94-C-0055 and then supported by Texas Instru-
importance of accurate gate noise modeling for circuit desighents through customized research under SRC contract 99-

Despite the large gate bias dependence, Fig. 5 (c) demdil-695.
strates that for a given tuned amplifier architecture, noise per-
formance better thaiv F,,,;,, can be achieved for a narrow 1] D. K. Shaeft 4T H. LedEEE J | of Solid.State Circuisol

H : s —1 . K. aerier an . HA. Le ournal or Solid-state Circuits/ol.
range of gate blas: Although optimu@, = (woRsClys) 32, 10, 5, p. 745, May. 1997.
and its correspondinig; s decrease as the given power budggp] G. Dambrine et al[EEE Trans. Electron Devicesol. 46, no. 8, p. 1733,
becomes smaller, Fig. 5 (d) shows that the achievable noise JAUéJ-é999- | i fhe S _ VLS| Technols
figure stays about the same regardless of the current spedi- oib,'aaggne,t; fgg’cgﬁnf”fgsgglt € Sympositm on echnoigy
fication. It also suggests that the b@ét'p, is acquired in  [4] A.van der ZielSolid State Physical Electronicthird edition, Prentice-
the range of 0.4.0.3V above the threshold voltage, depend-  Hall, Englewood Cliffs, NJ, Chapter 18, 1976.
. e - Lo . ] A. A. Abidi, IEEE Trans. Electron Devicesol. 33, no. 11, p. 1801, Nov.
ing on the power specification. Achieving an exact optlma{F 1086,
bias point requires accurate noise modeling or measuremet, H. Rothe and W. DahlkeRroceedings of the Institute of Radio Engineers
i i vol. 44, no. 6, p. 811, Jun. 1956.

esp_emally for ultra low powe_r deSIQn' The 'OW pOV\_/er LNAILZ]L.- Y. Imai et al., [IEEE Trans. Microwave Theory and Techniquesl. 39,
design becomes a compromise between the linearity and no. 2, p. 209, Feb, 1991.

noise performance.
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CORRECTION

C. Cascode Stage Figure 3 (b) and its interpretation in the first paragraph in p.

Adding a cascode stage is a common practice in amplifi@71 are wrong. The noise performance of the LNA also can
design because it improves the stability by shielding the ibe described by the classich),;, — R, — Yo, representa-
put device from voltage variations at the output. For a fixetlon. The mathematical derivations are correct but there was a
current, the size of the cascoding devide (1W5) determines minor error in the actual calculations.



