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Abstract:

Noise and linearity performances are critical characteristics for radio frequency integrated circuits

(RFICs), especially for low noise amplifiers (LNAs) . In this paper> a detailed analysis of noise and linearity

for the cascode architecture, a widely used circuit structure in LNA designs, is presented. The noise and the

linearity improvement techniques for cascode structures are also developed and have been proven by computer

simulating experiments. Theoretical analysis and simulation results showed that, for cascode structure LNAs,

the first metallic oxide semiconductor field effect transistor (MOSFET) dominates the noise performance of the
LNA, while the second MOSFET contributes more to the linearity. A conclusion is thus obtained that the first
and second MOSFET of the LNA can be designed to optimize the noise performance and the linearity perfor-
mance separately, without trade-offs. The 1.9GHz Complementary Metal-Oxide-Semiconductor (CMOS) LNA
simulation results are also given as an application of the developed theory.
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INTRODUCTION

Recently, the high frequency performance of
CMOS have been improved significantly in the
low gigahertz frequency bands, making it a good
candidate for the integration of both digital and
analog chips. However, performances, such as
noise and linearity characteristics> must be ana-
lyzed and designed carefully, so as to overcome
the drawbacks of CMOS technologies in RFIC
applications.

The cascode architecture shown in Fig. 1 is
widely used in CMOS LNA circuits. With source
degeneration, the input impedance of this struc-
ture is given by (Shaeffer et al ., 1997) as

. 1
Zi= wilot jol L+ L)+ - ~

Xl,)h
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The noise performances of the first MOSFET
M in the cascode architecture (Fig.1) had been
extensively studied ( Shaeffer et al., 1997;
Lee, 1998). Eq. (1) shows that, with the de-
generation inductor L, at the source of M, the
cascode structure can simultaneously achieve in-
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CLC number:
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Fig.1 The cascode architecture

put impedance match and avoid thermal noise
generated by a real input resistor at the gate of
M, . Many papers (Park et al., 2001; Tinella
et al.» 2001; Jin et al ., 2001) discussed qual-
itatively the noise and linearity performance of
MOSFET M,, but few papers focused on the re-
lationships between the noise and linearity of
MOSFETs M; and M,, and give the choice of
device sizes of M,. In this work, a quantitative
analysis of the cascode architecture was conduct-
ed and yielded exact expressions of the noise and
linearity performances. It can be seen from these
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expressions that the MOSFET M; dominates the
noise performance while M, contributes mainly to
the linearity performance; and these two MOS-
FETs have little effects on each other. Thus the
low noise and high linearity performances can be
achieved by the optimization of M and M, sepa-
rately, with almost no trade-offs.

NOISE ANALYSIS

The noise contribution of the second MOS-

FET M, can be considered as a noise current at
the output port of the first MOSFET M,(Van der
Ziel, 1986), as shown in Fig.2. In order to ac-
commodate possibilities of the correlation be-
tween the drain noise current 1,4 and the gate

noise current i,,, we describe i,, as a combina-

ng
tion of two terms: the 7,4 dependant term i, and
the 1,4 independent term i:,g:

"
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Fig.2

(a)The noise model of the cascode architecture; (b) The equivalent circuit for calculating the noise

figure of the circuit; (c¢) The equivalent circuit for calculating the contribution of the second MOSFET

In Fig. 2b, the noise contribution of M, is
represented by an equivalent current source i, at
the output of M;. The inter-stage network can
then be short-circuited for the calculation of the
noise figure for the whole circuit. Moreover;
since the drain noise current and the gate noise
current were given by Van der Ziel (1986) as

indz = 4kT’yng

(3
in, = 4kT0g,

the noise figure of the cascode architecture can
be calculated from Fig.2b as follows:

S1g(1+1¢l®)
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Where vy, is the source admittance, g, is the

source conductance, ¢ is the correlation coeffi-
cient for the drain noise current and the gate
noise current> R, is the equivalent noise resis-
tance generated by the drain noise current of

M, and equals to

_ V18doi

R, ="£ (5)
&ml

Representing the noise contribution of M2,
R, in Eq.(4) is the equivalent noise resistance
generated by i, . Neglecting the gate noise cur-
rent,> it can be obtained, from Fig.2c, that

' _72g1102(w061)2 (6)

Rn] - 2
Eml gm2
where C; represents the overall capacitance at
M, drain, including the parasitic capacitance at

M, drain and the gate-to-source capacitance of
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M,.

Substituting Eq. (6) and Eq. (5) into Eq.
(4) and neglecting the gate noise current and the
gate-to-drain capacitance of M, yields

CUOCI)Z( ngdoz) )
g2 Y1840
7

Eq.(7) represents the overall noise figure of
the cascode architecture with the source degener-
ation structure of the first MOSFET M, neglect-
ed. Taking this source degeneration structure in-

2
NF =1+ ylgdmRs(@) (1 + (
wT

to account> the equivalent circuit for calculating
the structure noise figure shown in Fig. 2b be-
comes the circuit shown in Fig.3.

,|Lc,.. OO OI

Fig.3 The equivalent circuit for calculating the noise
figure of the cascode architecture taking the source
degeneration into account

Comparing Fig.2(b) and 3, we find the only
difference between them is the position of 4>
the drain noise current of M;. Applying the same
method as used above and considering the new
position of i.y> the cascode architecture noise
figure can be obtained as follows:

wy 2
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(e () s

- 2
@1 h) ) (8)
&2 Y18 w1

R,

The result shown in Eq. (8) is analogous
with that shown in (Floyd et al., 1999). From
Eq.(8), it can be seen that the noise contribu-
tion of the second MOSFET M, is

)
* R, wr

D)

wOC] 2
NFyp = V284 R, P 1

m2

Eq.(9) indicates that the noise contribution
of M, decreases with C;, the parasitic capaci-
tance at M, drain, which, in turn, can be re-

duced by properly designed layout. In general,
C, is in the same order of magnitude as that of

the gate-to-source capacitor> thus

2 2
(=G (=) o
gm @
and the noise contribution of M, becomes
wq 2 CU']‘LS 2 wq 2
NF =~ 7,8m R, wr 1+TS wr] =
wrL\?[ wg)?
NFM] 1 + - ( 11 )
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where NFy; is the noise contribution of M;. In
practice; usually we have wy << w7p> so the
noise contribution of M, is much less than that of
M. Therefore the first MOSFET dominates the
noise performance of the cascode structure LNA
and it must be optimized for noise performance.

LINEARITY ANALYSIS

The cascode architecture shown in Fig. 1
can be considered as two cascaded nonlinear
stages shown in Fig.4.

0 [ 120 ] »(1)
— L]

11P3, 11P3,

Fig.4 Equivalent cascaded nonlinear stages

Neglecting harmonic terms higher than the
third-order and the DC term in the transfer func-
tion of these two nonlinear stages> we get the in-
put-output characteristics of M; and M, in Taylor

series
yl(t)=a]x(t)+azxz(t)+a3x3(t) 12>
y2Ct) = By Ced + BoyiCed + BayiCed (13D

where a and (3 are the Taylor series coefficients.
Substituting Eq. (13) into Eq.(12) yields

20t = a BiaCe) + CayBy + aif)a*(e) +
Cazfy + 2a 1,8 + aifBs)x*Ce) (14
According to Lee (1998), the input-referred

third-order intercept point ( IIP3) of the cascode
structure can be written as

=% a1y

3l asf +2a1a23 + 04753

15
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In Eq.(15), the three terms in the denominator
may all be negative or positive. To estimate the
worst-case, they are all set to positive. Thus

1 3 |afi+2aa56 + ai s
1Ip3* 4 a1
3 2028, | aifs
4 B Bi
1 3a,3 04%
>+ + >
11P33 23 1IP335

where [IIP3; and [IP3, are the input-referred
third-order intercept points of the first and sec-

as

(16>

ond stage respectively .

If the gain of the circuit, «;> is greater then
unity, it can be seen from Eq.(16), that the
second stage plays a more important role than the
first stage in /IP3. Therefore, in the cascode ar-
chitecture, M, contributes more to the linearity
of the circuit than M, and should be designed
for linearity optimization .

Below, we will give a detailed analysis of the
linearity behavior of M,.

The transfer function, for a short channel
MOSFET; can be expressed as ( Van der Ziel,
1986)

17
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Y
where Vs> the threshold voltage Vi subtracted
from the gate-to-source DC voltage, is the net
DC bias voltage between the gate and the source
v(t) is the input voltage, and s is the effec-
tive mobility, which equals to

0
1+8(V(J5+U(t))

Meft = (18>
where ¢ is the low-field mobility, and the nor-
mal field mobility degradation factor @ has a typi-
cal value in the range of 0.1 — 1V~!. Substitut-
ing Eq.(18) into Eq.(17) and letting
K=pC,W/2L,
we have
(Vs + v(2))?

1+ 0V + v(2))

i = K 19

Expanding Eq.(19) in Taylor series and ne-
glecting the DC component and harmonics higher
than the third-order> we get the coefficients of
the transfer function expressed in Eq.(13),

 KVs(2+ OVs)
Br= T s v
K
Po= s vy
_ 0K
B = s ov

’
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The input-referred third-order intercept point of
M, is, therefore, equal to

1IP33 =

(2 + 01/95)(1+0V%) D

’ﬁ
B
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As shown in Eq. (21D, the input-referred
third-order intercept point of M, increases with
the DC bias. Increasing the supply voltage will
increase the DC bias, but will lead a rise in the
power consumption of the chip. Since the second
MOSFET contributes more to the linearity than
the first one, the DC bias voltage of the second
MOSFET can be optimized in term of its gate
width with a suitable bias voltage, while keeping
the DC bias voltage of the first MOSFET as low
as possible so as to reduce the power consump-
tion of the chip.

In the section below, a 1.9GHz LNA simu-
lation is given to validate the theory developed in
the above sections.

LNA SIMULATION

In this section, the results of simulation of a
1.9GHz cascode architecture LNA are present-
ed. It was conducted by the Agilent Advanced
Design System (ADS) with 0.35pm CMOS pro-
The first MOSFET was designed to get the
optimum noise performance, while the second

cess.

MOSFET was designed to optimize the linearity .
The key point here is to find the best gate width
of these two MOSFETs.

As shown in Fig.5a> the minimum noise fig-
ure of the cascode architecture occurs when the
gate width of the first MOSFET is equal to 250
pm. We can see from Fig.5b that the minimum
noise figure changes significantly if the gate
width of the second MOSFET is less then 100
pms but changes little when the gate width is
greater than 100 pm. When the gate width of M,
is smaller than 100pm; its output resistance will
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be much larger than that of M. Thus the bias
voltage of M, will be much higher than the bias
voltage of M, making M; unworkable in the sat-
uration region. Since all MOSFETs must work in
the saturation region in a practical LNA, this sit-
uation will not be discussed hereafter. If the gate

width of M, is greater than 100 pms> both M| and
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Fig.5 The minimum noise figure vs (a) gate width
of M, and (b) gate width of M,

Fig. 6a shows that the output-referred third-
order intercept point (OIP3) peak occurs when
the gate width of the second MOSFET is equal to
150 pm. In Fig. 6bs the OIP3 changes within
8.5 dBm and 10 dBm along with the width of
M5 less than 8% of the central value of OIP3
and is negligible. A conclusion is thus obtained
that the gate width of M, has little effect on the
linearity performance of the cascode architec-
ture, showing a good agreement with the analysis
developed in Section Three.

According to the simulation results shown in
Fig. 5 and Fig. 6, the optimum gate widths of
M, and M, are chosen to be 250pm and 150 pm

respectively. Thereby, the optimum noise and

M, will work in the saturation region. In this
case, the gate width of M, has little effect on the
minimum noise figure of the cascode architecture
shown in Fig.5b, indicating that the noise con-
tributions of M, are negligible. This conclusion
agrees well with the theoretical analysis discussed
in Section Two.
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Fig. 6 The output-referred third-order intercept
point vs (a) gate width of M, and (b) gate
width of M,
linearity performances of the LNA can be

achieved simultaneously without any trade-offs
between the device parameters of M, and M,.

Finally, the simulation results of S-parameter
and the optimized characteristics of this LNA are
given in Fig.7 and Table 1. The noise figure we
chose is 1.6 dB, slightly greater than the mini-
mum noise figure NF ;> which is 1.13dB. This
is because the optimum input impedance required
by the minimum noise figure is different from 50
Q. In order to satisfy the 50 Q) input impedance
match, the noise figure has to be increased. It
should be pointed out that the 1.6 dB noise fig-
ure is still a very low value for CMOS process-
es.
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Fig.7 Simulation results of S-parameters
(a) Reverse transmission SI12; (b) Forward transinission S21

Table 1 LNA perfformance summary

Parameter Value
Frequency 1.9 GHz
Noise Figure 1.6 dB
S21 17.5 dB
OIP3 9.5 dBm
Supply Voltage 1.5V
Power dissipation 9 mW

Technology 0.35 pm CMOS

CONCLUSIONS

In this paper, the quantitative expressions of

the noise contribution of the first MOSFET and

the linearity contribution of the second MOSFET
in a cascode structure LNA are presented. As an
application of the results, the noise and linearity
optimization methods are developed for a 1.9GHz
CMOS LNA. According to our expressions, Eq.
(8) and Eq.(16), in the cascode architecture,
the first MOSFET is the dominant contributor to
the noise while the second MOSFET contributes

mainly to the linearity. Furthermore, these two
MOSFETs have little effects on each other.
Therefore; the device parameters of these two

MOSFETs can be designed separately, with al-
most no trade-offs, so that low noise and high lin-
earity performances can be obtained simultaneous-
ly. These optimization methods and the analysis
results were implemented in a 1. 9GHz CMOS
LNA design yielding very good circuit characteris-
tics. The simulating experimental results have
proved the validity of the theoretical analysis.
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