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Abstract—Based on measured four-noise parameters and formance of the LNA differs from that of the intrinsic device;

two-port noise theory, guidelines for integrated LNA (low
noise amplifier) design are presented. If arbitrary values
of source impedance are allowed, an optimal LNA design is
obtained by adjusting the source degeneration inductance.
Even for a fixed source impedance, the integrated LNA can
achieve nearN F,,,;,, by choosing an appropriate device ge-
ometry along with an optimal bias condition. An 800MHz
LNA has been implemented in a standard 0.24m CMOS

explicit design guidelinesfor a CMOS tuned LNA with power
constraints are presented. Finally Section IV presents experi-
mental results for an implementation using integrated CMOS
technology to realize an LNA.

Il. HIGH FREQUENCY INTRINSIC NOISE PERFORMANCE
OF MOSFETSs

technology. The amplifier possesses a 0.9dB noise figure Inthecaseof the MOSFET, thethermal fluctuationsof chan-

while drawing 7.5mW from a 2.0V power supply, demon-
strating that the proposed methodology can accurately pre-
dict noise performance of integrated LNA designs.

|. INTRODUCTION

The first stage of a receiver is typicaly an LNA (low noise
amplifier) which needs to provide sufficient gain while intro-
ducing the least noise possible. The traditional noise optimiza-
tion technique for LNA design starts with a given device with
fixed characteristics; the optimum bias condition and source
impedance are then determined. By contrast, in full custom
ICs, the designer can choose the desired device geometries,
which offers an important degree of freedom. Nevertheless
most designers still rely on classical optimization techniques
[1],[2], [3] because no explicit guidanceis generally available
on how to best exercise the IC designer’s freedom in tailoring
device geometries. Achieving agood noise figure often results
in poor gain, a bad input match, or unacceptably high power
consumption. It is possible to achieve an optimum noise fig-
ure with acceptable input mismatching (typica s1; ~ -10dB)
but the potential of integrated LNAs s not fully exploited. Re-
cently proposed noise optimization techniques for CMOS RF
circuits permit greater flexibility in the selection of device ge-
ometries as well as matching elements and biasing conditions
to minimizethe noise figure for a specified gain or power dissi-
pation[4], [5]. However, they use ssimplified small-signal mod-
els as well as constant noise characteristics. These techniques
also rely heavily on mathematical derivationsthat providelim-
ited intuitive design guidance.

This paper presents explicit guidelines for LNA design
based directly on measured noise parameters and two-port
noise theory; the approach requires neither sophisticated noise
modeling nor circuit simulation to be used. All theanalysesare
based on MOSFET designs but the same methodology can be
applied to other I1C technologies as well, for example, design
using more advanced HBT technology [6]. Section |1 reviews
theintrinsic noise model of the MOSFET and considersitsre-
lation to LNA design. Section |11 explains how the noise per-

nel charge produce effects that are modeled by drain and gate
current noise generators [7]. These currents are partially cor-
related with each other because they share a common origin,
and possess a spectral power given by the following equations:
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where v, §, and ¢ are bias dependent factors; g4¢ is the drain

output conductance under zero drain bias; and g, = ngcg* is
the real part of gate-to-source admittance. These expressions
imply that the spectral power density scales with the device
width (W).

The noise performance of a circuit is usually characterized
by a parameter called noise factor (F) or noise figure (NF =
10 log F), that represents how much the given system degrades
the signal-to-noiseratio [8]:
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Output Noise Power by Source Impedance

At one frequency, the noise factor of a linear circuit shows
a parabolic dependence on the source admittance driving the
given circuit. Thisbehavior resultsin constant noise circles on
a Smith chart and can be characterized in terms of the four-
noise parameters[9] asfollows:

|Y; - K}ptlz Rn

+ G.

(6)
where Fy,,;,, isthe minimum noisefactor, Y,,: = Gopt + j Bopt
is the optimum source admittance (also known as the noise
matching condition), and R,, isthe equivalent noise resistance.
When the source admittance (Y5) is equal to Y, the circuit
yields the best achievable noise performance F,;,,. If Ys dif-
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Fig. 1. Intrinsic noise performance for the entire operating range of a 0.25
wm NMOSFET. (a) Minimum noise figure (N Fyy,ir, [dB]) (b) Equivalent
noise resistance (R, [€2]).

fers from Y, its impact on F' is amplified by R,,. Even if
Fonin is sufficiently low, large R,, and a poor proximity be-
tween Y; and Y,,; result in an unacceptably large noise figure
in the actual circuit.

The intrinsic noise parameters of a MOSFET are shown in
Fig. 1 for the entire operating range: the x — y plane spans
the I — V operating characteristic curves and z axis gives the
noise parameter at the respective bias points. These character-
istics are transformed from simulated noise factors by combin-
ing them with network parameters that are secondary outputs
of the noise simulator. In the linear region (Vps < Vpsat),
NF,,, and R,, show drastic increases; a similar increase of
R,, is observed for low gate bias (Vgs =~ Vi1,). Such results
are mainly attributed to the low g,,, as well as a poor correla-
tion factor (c) in thisregime, and suggest that those bias condi-
tions are highly undesirable for circuit implementation. Even
in the saturation region, despite a good value for N F,,,;,, (be-
low 1dB), actual circuit noise performance can easily be de-
graded due to small G, (corresponding |T',p¢| is nearly 1) as
well as large R,, (three to ten times larger than that observed
for HEMT devices[10]). Another observation is that N F,,;n
in Fig. 1 (&) shows negligible drain bias dependence while -
and ¢ usually exhibit substantial drain bias dependence.

The four noise parameters can be derived! from current
noise spectral power, givenin Eq. (1) — (3), asfollows:
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Equation (7) suggests that shorter devices yield better
noise figures because wr is proportional to 1/L.¢y while

LExact expressions can be derived based on the two-port theory presented
in Appendix |. The approximated Eq. (7) — (10) neglect the distributed and
Miller effects and their derivations are found in [11].
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Fig. 2. Noise power of the MOSFET in a common-gate configuration. (&)
Original (b) Equivalent

v/70¢(1 — |c|?) becomesat most 6.5 timeslarger than thelong
channel case, downto 0.25 um [5]. Likewise, Eq. (8) also sug-
gests that shorter devices improve R,,. The small drain bias
dependence of N F,,,;,, aso can be explained by Eq. (7) since
increases of v and § are mitigated by increasing g,,, and c.

A. Scaling of the Noise Parameters

In realizing a custom I1C design of the LNA, one of the key
issues is to understand the device scaling effects on the noise
parameters. The prior discussion suggests that the selection of
device geometries for the LNA design requires width scaling
of the device, consistent with the shortest channel length that
can berealized. InEq. (7) —(10), g40 — gm — Cys scalelinearly
with the device width (W) while noisefactorsy —§ — ( — care
width-independent. These results thus suggest the dependence
of the four-noise parameters with respect to device width as
follows:

NF,in no width dependence (12)
R, x 1/W (12
Gopt x W (13)
Bopt o< W (14)

B. Conversion of Noise Characteristics into Common-Gate
Mode

Adding a cascode stage is a common practice in amplifier
design because it improves the stability by shielding the input
device from voltage variations at the output. The four-noise
parameters of the cascode stage can be directly obtained by
measuring the common-gate mode MOSFET. The equivalent
1/0 noise power also can be obtained from characteristics of
the common-source model, using Fig. 2 as areference for the
parameters.

B = @iy +iag + 1] (15)
Wiy = —igiy— i3 (16)
g = 3 (17)

The four-noise parameters of the cascode stage in turn can be
obtained using the two-port noise theory [12], described in Ap-
pendix I. Note that the body effect is not taken into account in
these calculations.
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Fig. 3. (a) Tuned LNA architecture employing inductive source degeneration.
(b) Dependence of output noise power components on R[Z 4] where Z 4
is the input impedance at the gate electrode of Mj .
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Fig. 4. The noise performance of the LNA for varying Ls. The noise con-
tributions of M7 substrate and M are excluded and C,=0. (8) Optimum
source impedance (b) Noise figure.

I1l. DESIGN GUIDELINES FOR A TUNED AMPLIFIER

The four-noise parameters and s-parameters were measured
from a0.24 ym NMOSFET with W = 100 pm, using the ATN
NP5B system [13]. The resulting data were then smoothed for
the frequency aswell as the bias dependences, and in turn used
in the following analyses.

A. Basic Architecture

Thetuned amplifierillustrated in Fig. 3 (a) isoneof the most
broadly used LNA architectures because it offers the potential
of achieving the best noise performance. The desired input
impedance? of the amplifier is obtained for anarrow frequency
band by choosing L, and L, independently. It is known that
the source degeneration inductance (L) controlsthe noise per-
formance of a given architecture [14] yet the reasons are not
well understood. Figure 3 (b) shows that each component®
contributing output noise has adifferent dependenceon thereal
part of the input impedance (R[Z 4] ~ wr L) when the source
impedance offersa conjugate power match. Since the feedback
of L, reducesthecurrent gain, as L, increases, the output noise
contributionsfrom the source resistance (S, ) and theinduced

2The input impedance calculation is explained in Appendix I1-A.
3Derivations for each component are found in Appendix 11-B.
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Fig. 5. (8) Optimum L yielding the best noise figure of the LNA for the given
bias condition under the power constraint. (b) The best noise figure of the
LNA with optimum L. The noise contributions of M; substrate and M2
are excluded and C,=0.

gate noise of M; (S;,, a,) monotonicaly decrease but their
slopes are different due to different feedback effects. On the
other hand, the contribution from the induced gate noise of M,
(Si,,m) is negligibly small; the contributions from drain cur-
rent noise (S;, ar, and S;, ar,) have amost unity gain thus re-
sultin an L-independent term. Hencethe LNA yieldsthe best
noise figure when the L ;-dependent term and L ,-independent
term give equal contributions, as shown in Fig. 3 (b).

Figures 4 (a) and (b) graphically explain how L, changes
the performance of the LNA“. As L, increases, the optimum
noise matching condition (Z,,;) and the power matching con-
dition (Z.on; = Z;;,) exhibitindependent trajectories as shown
inFig. 4 (a). Therefore, when L brings Z,,,; and Z..n; to the
point where they are in the closest proximity, the best achiev-
able noise figure with a power match is obtained as shown in
Fig. 4 (b). Thisfact implies that an accurate calculation of the
input impedance is critical in the noise optimization process;
approximate values are of limited use. Another beneficial im-
pact of using a source inductanceis the resulting improvement
of NF,,;, and R,,. Thusthe LNA can in principle achieve a
better noise figure than N F},,;,, of the MOSFET aloneif Z,,;
coincideswith Z,y, ;.

B. Power Constrained Design

The power budget is usualy constrained for integrated cir-
cuit implementations, thus a design approach oriented toward
low power is very important. When the supply voltage and
power consumption are fixed, the device width of the input
stage corresponding to each bias condition can be easily calcu-
lated from the current density. Since the measured four-noise
parameters are valid only for one device size, they need to be
properly scaled based on the width dependences as noted in
Eqg. (11) — (14). Figure 5 (a) demonstrates the optimum L,
is bias dependent and it scales linearly with the specified cur-
rent. However, the noise figure achieved by optimizing L; is
independent of the current specification and very close to the
intrinsic N F,,,;, asshowninFig. 5(b). Therefore, an arbitrary
value of the source impedance, in conjunction with the proper

4The analysis procedure is described in Appendix 11-C.
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Fig. 6. Theimpact of the cascode transistor on the overall noise figure under
the power constraint. Rs = Z;,, = 50Q.
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Fig. 7. Power constrained noise figure of the tuned amplifier when R; =
Zin, = 50Q. The solid line is the actua noise figure; the dashed line is
the approximated results using Eq. (18).

choice of inductance used for source degeneration, offers the
possibility of simultaneously achieving a good noise figure as
well as a perfect power match.

C. Cascode Stage Design

While it is known that increasing the width of the cascode
device monotonically improves shielding from the output, its
impact on the noise performanceis not well understood. Asthe
width of the cascode stageincreases, the generated noi se power
from the cascode stage also increases, but the required L for a
specific Z;,, decreases. Thus, the different width of the cascode
stage consequently yields a different noise match condition as
well as different value of noise resistance; an optimal width
exists as shown in Fig. 6. For the given topology, with Wy =
3W71, the cascode stage introduces 40% extra noise power to
the input stage, which in turn increases N F' by about 0.5dB.

D. Design with A Fixed Source Impedance

In many RF applications, the source impedance has a fixed
value of 5012, thus N F5qq, is considered to be a more reason-
able parameter than N F,,,;,,. Even if the source impedanceis
5092, however, N F5qq does not represent the power-matched
noise performance unless the input impedance is a so adjusted
to 50€2. In this section, the MOSFET sizes are adjusted to sat-
isfy the given power constraint and the inductors L, and L,
are chosen to provide a 50f2 input impedance for the LNA.

Figure 7 is calculated analyticaly using formulae in Ap-
pendix 11-B. It exhibits a deep valley-shaped noise figure pro-
file, and suggests that choosing an appropriate gate biasis crit-
ical. If we can ignore the correlated portion in Eq. (43), the

397

Wa =Wy/2
Vpp =2.0V
f  =800MHz

Zopt

Z eom; =500 Ipp=2mA

Zopt

2mA

5mA

Z conj=50Q

10mA

Wy =Wh
Vbp =25V
Ipp=20mA [ =4GHz
8 =
300 Wy =Wy/2 _
W2 =Wi/2 Voo =20V .
2o -
T 250 VDD =20V 4 o gl f =800MHz P
= f =800MHz Ipp=2mA 7 k=2 7 Ipp=2mA
S 200 L, ©
3 ’ 3
g 150 T 4
.
14 ]
@ 100 i 5mA_ - 5
2 B - Zz 2
Z 50 g -7
P 10mA

Gate Biasof M, [V] Gate Bias of M; [V]

(© (d)

Fig. 8. The power constrained noise performance of the LNA when Rs =
Zin = 50Q. The noise contributions of M; substrate and M are in-
cluded and C;,=0. (a) Optimum source impedance at f=4GHz (b) Opti-
mum source impedance at f=800MHz (c) Equivalent noise resistance (d)
Noise figure.

amplifier noise figure can be approximated as follows:

wo \° ]
1+M<—O) +Go—

F =
Gs \wr 9do

(18)

The comparisonin Fig. 7 shows that the approximate formula
replicates the original noise characteristics. This formula ex-
plainsthe valley-shaped noise behavior using two independent
noise contributions. One originates from the drain noise and
is dominant when the gate bias is low. The other contribution
originates from the induced gate noise and becomes dominant
at higher gate bias. When the current is fixed, these two com-
ponents have the opposite gate bias dependence to each other;
the noise figure thus has minimawhere they contribute equally
to the noise figure. This fact highlights the importance of ac-
curate gate noise modeling for circuit design.

Figure 8 (a) demonstrates that Z,,; of the LNA is almost
purely real at 4GHz, unliketheintrinsic MOSFET. It also sug-
gests that a proper choice of the width makes Z,,; so close to
500 that a simultaneous matching of the impedance and noise
can be achieved. Another Z,,,,; for adifferent topology, shown
in Fig. 8 (b), exhibits larger deviation from the power match
condition, which is caused not by the operating frequency but
by the poorly optimized cascode stage. Nevertheless, this de-
viation does not substantially degrade the noise figure since the
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Fig. 9. The power constrained noise performance of the LNA when Ry =
Zin = 508 for different pad capacitance. The noise contributions of M7
substrate and M> are included. (&) Noise figure (b) Gain.

noise resistance of the LNA shown in Fig. 8 (c) is reduced by
afactor of as much as 5, in comparison to the MOSFET by it-
self. Asaresult, noisefigurescloseto N F,,,;, can be achieved
asshownin Fig. 8 (d). The achievable noisefigureis primarily
limited by the extra noise contribution from the cascode stage
which is aso subject to the given power constraint.

E. Secondary Considerations

In the process of practical LNA design, as illustrated in
Fig. 3, the bonding pad introduces an extra ac current path to
ground. In silicon technology, this can deteriorate severely the
noise figure if the path contains a resistive component, such
as the conductive substrate [15]. If the resistive component
is suppressed, however, the bonding capacitance simply in-
creases the required inductance value for the designated input
impedance. This consequently brings the noise match condi-
tion closer to 50¢2 and also makes the noise resistance smaller.
Figures9 (a) — (b) demonstrate that a proper choice of bonding
pad size can be utilized to improve the gate bias dependence
by trading-off the noise figure with the gain.

IV. EXPERIMENTAL RESULTS

To evaluate the LNA performance, a single-ended LNA tar-
geting sub-1.0dB of noise figure was designed using a0.24um
silicide CMOS technology. The die photo of the LNA is given
in Fig. 10. The LNA was designed based on the characteristic
inFig. 9 (a). First, the supply voltage and power consumption
were chosen to 2.0V and 7.5mW, respectively. The gate bias
was set to 0.7V to achieve the best noise figure based on the
characteristic in Fig. 9 (@); its corresponding size of M; was
90/0.24 for the given power budget. At the time of design, the
cascode stage was not fully optimized; the sizes of My was
chosen to be 45/0.24. For the given topology, it is expected to
improve the noise figure by 0.1dB with W5 = 80um. To min-
imize the distributed gate resistance, the MOSFETs were seg-
mented into 5um-long gate fingers and each of the fingers was
contacted at both ends[16]. The spiral inductor L, wasimple-
mented using the metal-5 layer and its value was chosen to be
1.1nH to provide 5092 of real part of the input impedance, in
combinationwith C;,. Theinductor was designed based on the
compact model presented by [17]; a patterned ground shield

s

Fig. 10. Die photo of the LNA

f‘q’(‘{

Fig. 11. Wire-bonding illustration of the LLP package

was employed to reduce the substrate parasitics of the spiral
inductor [18]. To suppress extra noise, the pad capacitor was
implemented using metal-5 and metal-1 layers, giving 47fF of
capacitance. Since the required gate inductor L, to cancel out
theimaginary part of the input impedance was 36nH, which is
too large to be integrated, an external inductor was used along
with a bondwire inductor. Finaly, to control the parasitic in-
ductance from L to ground, the die was mounted on a special
LLP package[19], that allows direct downbonding to the large
ground plane as shown in Fig. 11.

Thereal term of the input impedance of the fabricated LNA
was 5402 and was adjusted to 502 using an off-chip tuner. The
following table summarizes the performance of the LNA:

Parameters Measured Value
Frequency 800 MHz
Supply Voltage 20V
Power Consumption 7.5 mw
Noise Figure 0.9+0.2dB
Available Gain 8.8dB

S11 -38.1dB
11P3 7.1dBm
DieArea 0.19 mm?

With 3.75mA of bias current, the LNA achieves about 0.9dB
of noisefigure, which isthe lowest reported noise figure with a
perfect power match for a CMOS LNA and adds just 0.3dB
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to the NF,,;, of the intrinsic MOSFET device. The mea-
sured noise figure is al'so quite close to the expected value and
demonstrates that the proposed methodology accurately pre-
dictsthe noise performance of custom integrated LNA designs.
Since the threshold voltage is relatively high in the given tech-
nology, further process adjustments can potentially reduce the
supply voltage as well as the power consumption.

V. CONCLUSION

Based on the measured noise parameters of the 0.24um
MOSFET, and on the results derived from two-port noise the-
ory, explicit guidelines for a integrated LNA design are pre-
sented. The measured noise parameters can be scaled di-
rectly with the device width; device sizing can be utilized for
power-constrained design. The noise performance of the tuned
LNA isprimarily controlled by the source degeneration induc-
tance, which determinesboth the power matching and the noise
matching conditions. Therefore, if arbitrary values of source
impedance are allowed, the optimal LNA design can be ob-
tained by adjusting the source inductance. Even if the source
impedanceis fixed, the integrated LNA can achieve noise per-
formance near N F,,,;,, by choosing an appropriate device ge-
ometry and optimizing the bias conditions. The cascode stage
usually introduces at least 40% extra noise power to the input
stage; thus its width needs to be optimized.

Although the demonstrated LNA uses a single-ended archi-
tecture, future LNA designs will require differential operation
since further scaling of the device sizes requires smaller values
of sourceinductance. Fully integrated inductorswith large val-
ues and high Q-factors, required for L, are an ongoing chal-
lenge. The results demonstrate that CM OS can be a good can-
didate for high performance LNA designs, competitive with
GaAsand bipolar LNAS.

ACKNOWLEDGMENTS

The authors would like to thank Texas Instruments for pro-
moting and mentoring this project. Specia thanks go to Na-
tional Semiconductor for fabricating the chip and accommo-
dating test equipment.

APPENDIX | : NoISY TwWO-PORT

Two-port theory provides a means to represent a noisy two-
port in terms of a noisel ess two-port and its corresponding two
noise sources [20]. Depending on the type of noise sources,
many representations can be derived but the following three
representations are particularly useful: admittance for parallel
connections, impedance for series connections, and ABCD for
cascade [12]. Each of these cases are now considered.
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A. Admittance Representation

Thisrepresentationis useful whentwo networksY; andY
are connected in parallel:

Cy = Cy,+Cy, (19)
C’i F C’L 1%
cy N 14} 145
Ciyir  Cigiz

= 2kT§R[Y] (20)

where Cy denotes the correlation matrix of the admittance
representation, inwhich C; ;- isthe self- or cross-power spec-
tral densities of the input and output current noise sources, and
Y isthe admittance matrix.

B. Impedance Representation

This representation is useful when two networks Z; and Z
are connected in series:

Cy; = Cgz +Cg (22)
C'ul'u’f Cvlvg
C; =
Cvzv’{ Cvzvg
= 2kTR[Z] (22)

where C'z denotes the correlation matrix of the impedance
representation, in which C,, .- is the self- or cross-power
spectral densities of the input and output voltage noise sources,
and Z isthe impedance matrix.

C. ABCD (Chain) Representation

Thisrepresentation is useful when two networks A; and A-
are cascaded:

Cyh = A1CA2AJ{ +Ca, =9
CUW,U:(L Cvni:
c, 2 (24)
Civz Ciir
R, Fug=t = R
Busg=d — R\You  RulYop|?

where C 4 denotes the correlation matrix of the ABCD rep-
resentation, in which C,, ;- is the self- or cross-power spec-
tral densities of the input referred noise sources, and A is the
ABCD matrix.

D. Transformation to Other Representations
Each representation can be transformed into another by the

matrix operation:

c = Tott (26)
where C and C’ are the noise correlation matrices of the ori o-

inal and resulting representations respectively, T is the trans-
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Fig. 12. Schematic diagram for input impedance calculation of the LNA

formation matrix given in the following table, and T'' is the
transpose conjugate of T'.

Origina Representation
Admittance | Impedance ABCD

o _ -
= 10 Y11 Y12 —ynn 1
£ 01 Y21 Yo2 | —Yy21 0]
<

c

=

8| o - 1

‘%’ % 211 212 10 1 —zn

P — -8

g | 2| Lo 22 0 1 [0 —221]

x | =

2
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APPENDIX Il : LNA ANALYSIS METHOD
A. Input Impedance

The simplified circuit diagram for input impedance calcula-
tionsisillustrated in Fig. 12. Note that the output admittance
has been divided into two components since the source elec-
trode of the MOSFET is not grounded while the substrate is
still grounded. Then the input impedanceis:

Th+ T+ T3
G =TT 0
T = 1-Y27p (28)
Ty, = Zr,[Yi+Ye —Y12Zp (Y1 +Ya1)] (29)
Ts = gas(Zp+Zp, +Y112171,) (30)
Ty = —YiuYu(Zr+271,) (31)
Ts = Yu[l+ (9as — Y12)(Zr + Z1,)] (32)

where

Youo = Y12+ Y22 —gus (33)
Yinvt, ~ Yiiam, + Yoi,u, (34)
Zr 2 1/(Yeus + Yin ) (35)
Zr, = jwkLg (36)

Ly

- M2 o)
@JWT{ M,
cpI L.
1st 2nd  3rd

Fig. 13. Noise performance evaluation sequence for the LNA

B. Analytical Calculation of Noise Figure

When an off-chip tuner performs a power match by trans-
forming the input impedance of the LNA to 50f2, the noise
figure of the amplifier is:

Sr. + Sm, + S,

F = 37
Sn. (37)
Sk, = AKTR,|Gm,|?|Asl? (39)
Svy = 4kTy1ga0, x| A, |* /4 (39)
Su, = 4kTv2g940,€ (40)
wr

G = — 41
Gl = VLR, @
Ai2 = ioutz /ioutl (42)
X = 1=2woLgmlels + (1 +wjLigh,)s* (43)

A 1 51991
K = \/ 44
wgcgles Y1940, ( )
& 2 nlgls, +wiCly) +n’pr +n7° (45)

A 1
= 46
! (9dsy + gms)? + WGCR, (40)
P £ 2W00totgm2|cl[(gd31 + gm2)2 + wgc?ot](“'?)
1)
TR gy | (48)
Y29d0-

Ctot = Cdb1 + CSb2 + Cgsz (49)

In these derivations, the overlap capacitance Cyq is neglected
for the sake of simplicity. Despite the use of a cascoded stage,
thissimplificationintroduceserrors. Nevertheless, thisanalyti-
cal approach hel ps understanding the behind noise contribution
mechanism of the LNA.

C. Noise Analysis Based on Two-Port Theory

Asillustrated in Fig. 13, the LNA consists of three cascad-
ing stages. The noise matrix of the first stage (C 4,15¢) can be
easily found based on the network parameters. In the second
stage, using Eq. (26), the four-noise parameters of the MOS-
FET (M;) need to be transformed into the impedance noise
meatrix form (C'z,a, ) first and then added to the source induc-
tor component (C z,1.,). Finally the noise matrix of the third
stage (C a,3-4) Can be obtained using (15) — (17). Note that
the noise contribution from Y,,; needs to be subtracted from



the second stage and added to the third stage. Finally the noise
performance of the entire LNA is given by cascading the three

stages using (23):
Cana = AlstCA,Qnd+3rdAIst + C 4,15t (50)
CAond+srd = A2ndCA,3rdA;nd +Ca2na (51
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