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Abstract
A typical common source cascode low-noise amplifier (CS-LNA) can be treated as a CS-CG
two stage amplifier. In the published literature, an inductor is added at the drain of the main
transistor to reduce the noise contribution of the cascode transistors. In this work, an
inductor connected at the gate of the cascode transistor and capacitive cross-coupling are
strategically combined to reduce the noise and the nonlinearity influences of the cascode
transistors in a differential cascode CS-LNA. It uses a smaller noise reduction inductor
compared with the conventional inductor based technique. It can reduce the noise, improve
the linearity and also increase the voltage gain of the LNA. The proposed technique is
theoretically formulated. Furthermore, as a proof of concept, a 2.4 GHz inductively
degenerated CS-LNA was fabricated using TSMC 0.18 m CMOS technology. The resulting
LNA achieves 1.92 dB noise-figures with the core fully differential LNA at 1.8 V power

supply.

Keywords:Low noise amplifier (LNA), capacitive cross-coupling, noise figure, noise

reduction, linearity improvement, RF circuit.

INTRODUCTION

Due to the low cost and easy integration,
CMOS is widely used to design wireless
systems especially in the radio frequency
region. The low noise amplifier (LNA)
serves as the first building block of the

wireless receiver. It needs to amplify the
incoming wireless signal without adding
much noise and distortion. Thenoise
performance of the LNA dramatically
influences the overall system noise

performance. The inductively de-generated
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CS-LNA [1]-[5] is widely used due to its
superior noise performance. A common
gate LNA (CG-LNA) can easily achieve
the input impedance matching, but suffers
from poor noise performance [6]. The
capacitive cross-coupling technique for
CG-LNA [7]-[9] partially cancels the
noise contribution of the common gate
transistor at the output, which improves
the noise performance of the CG-LNA. On
the other hand, due to the existence of the
parasitic capacitance at the source of the
cascode transistor, the cascode transistor’s
noise influences the overall noise
performance of the CS-LNA [10]-[14]. In
[13], a layout technique to merge the main
transistor and the cascode transistor can
reduce the cascode transistor noise
contribution. Additional inductors can be
added at the drain of the main transistor to
cancel the effect of the parasitic
capacitance, thus im-proving the noise
performance of the LNA [10]-[12] at the
cost of larger area for the on-chip
inductors.

In this paper, a noise reduction inductor
combined with the capacitive cross-
coupling technique is proposed to improve
the noise and linearity performance of the
differential cascode LNA. It can reduce the
noise and nonlinearity contributions of the
cas-code transistors with a smaller

inductor compared with the typical

inductor based technique [10]-[12]. The
capacitive cross-coupling technique used
in the cascode transistors increases the
effective transconductance of the cascode
transistors, further improves the linearity
of the LNA, and also reduces the Miller
effect of the gate-drain capacitance of the

main transistor.

Section 1l describes the basic inductively
degenerated CS-LNA, analyzes the noise
influence of the cascode transistors, and
shows the conventional inductor based
noise improvement technique. Section Il
discusses the original capacitive cross-
coupling technique [7]-[9] for CG-LNA,
and proposes its application combined
with inductor in the cascode transistors of
the differential cascode CS-LNA. It also
gives the theoretical foundations of the
LNA noise reduction with the proposed

technique.

BACKGROUND AND PREVIOUS
WORK

The LNA noise performance dominates
the overall noise performance of the
receiver. The inductively degenerated CS-
LNA is widely used due to its superior

noise performance.

A. Inductively Degenerated CS-LNA
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The typical inductively degenerated CS-
LNA is shown in Fig. 1, where all parasitic
capacitances other than the gate-source
capacitances of ¥ and ? are ignored for
simplicity. It uses an inductor L. to
generate the real impedance to match the
input impedance to 50 @, which results in
good noise performance [1]-[4]. If the
resistive losses in the signal path, the gate
resistance, and the parasitic capacitances
ex-cept gate-source capacitances are
ignored, the overall input impedance of
CS-LNA can be simplified to (1), where g

=1 1S the transconductance of M.

Zin(S) = SL, + SL, + +9g, 1 (D

Cgs1

SCys1

Vop

Fig. 1 Inductively degenerated cascode
CS-LNA

The small-signal model of the inducgtively
degenerated cascode CS-LNA is shown in
Fig. 2, where ¢4 and 9., of the transistors
are ignored for simplicity. The capacitor
T represents all the parasitic capacitances
at node X. It is estimated as

Cy = Cys2 + Csp2 + Cap @)

ZL a]rnz GDl_dé JD -gmz\[x

Fig. 2.Small-signal model of cascode CS-LNA for noise analysis

If the noise contribution from the cascode
stage is ignored, the noise factor of the
cascade CS-LNA becomes [1]

Rl Ry v x w,

3
Rs Rs aQL wrT ( )
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2 2

=1-2 a+a(1+ 2 4
X = CSy 5y Q1 %)

1
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©)

sources of the first stage include the gate
induced noise and drain noise sources, but
only the drain noise of the second stage is
modeled [7]-[11]. From (2) and (7), it can be
observed that €' increases the noise factor of
the LNA.

C= = 0.395; (6)

where # is the input voltage source
resistance, R represents the series
resistance of the inductor and R, is the
gate resistance of M w, is the operating
frequency, and o7, and 6§ are bias-de-
pendant parameters [1]-[4]. The existence
of the parasitic ca-pacitance ¢' reduces the
gain of the first stage, which makes the
noise contribution from the cascode stage (
# ) larger. Thus, the noise factor of the
cascode CS-LNA [11] becomes

2
a)O Cx
F=F +F=s F +4R;Y29402 <a) g > (7)

TYm?2

g

where wr—9m1/Cs19402 is the zero-bias
drain conductanceof & and 72 is the bias-
dependent factor. Same as in [11], the noise

and drain noise sources, but only the drain

noise of the second stage is modeled [7]-[11].
From (2) and (7), it can be observed that €

increases the noise factor of the LNA.

LNA NOISE REDUCTION WITH THE
PROPOSED TECHNIQUE

The CG-LNA can achieve wideband input
impedance matching, but suffers from
poor noise performance. To alleviate this
problem, a capacitive cross-coupling
technique was proposed in for CG-LNA. It
can boost the transistor transconductance
with passive capacitors. If the gate-bulk
and gate-drain capacitances are ignored,
the effective transconductance and input
capacitance of the LNA are here derived

as.

c _ 2C, g
meff — Cgs _I_CC Im1 ( )

4C . _ 2mess
Cgs + Cc 9 Im1

Cin = Cgs (9)

When C>> C, the effective transconductance
is doubled, and the input capacitance is

increased by four times.

The inductively degenerated cascode CS-
LNA can be considered as a CS-CG two
stage LNA. The CS stage is designed to
achieve the input impedance matching and
also to obtain best noise performance. The

input voltage signal is converted to cur-
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rent through the CS transistor. The cascode
transistor works as a CG stage. It is
designed mainly to reduce the Miller effect
of the parasitic gate-drain overlap
capacitance in the CS transistor. It also
helps to increase the output impedance and

to improve the input—output isolation.

An additional inductor La.aa combined

with  the capacitive  cross-coupling
technique is applied to the cascode
transistors of the differential LNA to

reduce the noise.

K
]

Vie ™1 Ces N @

C. C
2

n-

Ly

Fig 3 Capacitor cross-coupled differential
CG-LNA

The proposed topology is implemented in
a fully differential inductively degenerated
CS-LNA as shown in Fig. 4. The input

admittance at node X is G (w) +
jBLg (jw) where the effective
transconductance of the cascode transistor

IS expressed as

1

2wC, —
Ladd

G, = g (10)
melt wC + wCysy — r_Imz

®Ladq

Note that in our proposed approach, the
cross-coupled capacitors are applied to the
cascode transistors. The equivalent input
susceptance at node X is not purely
capacitive, which can be derived as
Bess
4wC,

= 1 ngsz
wC; + wlysy —

wLagq

1
(a)CC + ngsz) X (— — dd)
+ 1 = + debl

wC, + wCyr —
c gs2 Laga

+ (lJngl + wCgy(11)

where other parasitic capacitances are

ignored. From (10), if wC. >

1
wLadq

wCysyandwCe > wCysy — ( ) the

effective transconductance is doubled and

the equivalent susceptance from (11)

becomes
wC, (4wC !
, c gs2 — wlyg
Borr = =+ wCgpo
wC;. + wlysy — oloms

+ ngdl + deb1 (12)

At w = w, when (12) equals to zero, the
capacitive effect at node X is mainly
eliminated, which leads to
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Ladd shown in (11)—(13), the noise of the
1 (13) cascode transistors F_c”V, is negligible.

B (1)3 (4CgSZ + Cst + ngl + Cdbl)

The inductor L.aa can be implemented

Using the small-signal model, the noise with either on-chip Inductor or bonding

figure of the cascode LNA yields wire inductor. Its value is reduced by a

F=htk ) factor of 4 with respect to the typical
B

=F; +4R,¥2940> <%> (14) inductor based technique [10]-[12].
m,eff

Since the effect of the parasitic

capacitance at node X is can-celled as

Voo
T
Ly L 4
L add g vV vV § Ladd
. M, M,
Cgs]é — Il(ljc —

:
Vh_‘ﬂMh

Fig.4. The inductor combined with capacitive cross-coupling technique in a fully differential
cascode CS-LNA

Here Laaa 1S implemented as a bonding bonding wire inductor, it is desired to add
wire inductor. Since now the gates of A/ ESD protection structures for these pads.
are connected out of the chip using the In this design, to verify the -posed pro
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concept and to get the optimal results,
there are no ESD protection structures for
these pads. If the ESD protection circuit is
used, it can be modeled in first order as a
grounded capacitor parallel with the
bonding wire inductor. The parallel LC
network should be used to replace the Laa

a In the analysis used in this paper.
g9

The proposed LNA topology shown in
Fig. 4 is designed with TSMC 0.35 #m
CMOS

performance is shown in Fig. 5. L is an

technology and the noise

ideal inductor, while . and L. are on-
chip spiral inductors, which are modeled
as pi model using ASITIC software [15],
[16].The proposed technique reduces the
differential cascode CS-LNA noise figure
(NF) by 15.8%, that is from 2.22 dB to
1.87 dB at 2.2 GHz. It will be more
significant for the LNAs working at higher

frequency.

At the lower frequency, Laaa short
circuited the gates of the cascode
transistors to ¥ o supply (AC ground). In
that case, the total capacitive effects at
node X in Fig. 4 are not zero and the LNA
has worse noise performance. The bonding
wire inductance has different PVT values.
From (10)-(14), at the
frequency, we obtain that the variations of

operating

G/B, and F can be approximated as

AGm,eff = Gm,eff (Ladd + ALadd)

~Gn e £ (Lada)
=0 (15)

B = Begf (Laga + Blaaa) = Begs (Lada)

1 AL
x add

WoLlgqq  Ladd

(16)

AF =F (Logg + ALggg) — F (Laga) =

Wy (4Cg52 + Cst + ngl + Cdbl

)2

4R;¥2gq02( .
wTGm,eff

17

From (15)—(17), as an example, with 10%
variation in L.aa Vvalue, the proposed
technique can still achieve around 96%
noise reduction for the cascode device,
assuming the ideal L.aa can entirely
eliminate the cascode transistor noise
contribution. The noise performance of the
LNA with varied inductor La.aa Vvalue
(from 3nH to 5nH) is shown in Fig. 6.The
NF varied from 1.87 dB to 1.95dB that is
4.2% variation for a 67% variation of La aa

The simulation iterations are performed on
the capacitor cross-coupled with source
degenerated differential LNA circuit to
meet design requirements. The simulation
wave forms of capacitor cross-coupled

with inductively source degenerated
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differential LNA operating at 2.4 GHz meet design requirements. The simulation

frequency with supply voltage 1.8 V.

(See Figure:-5)

wave forms of capacitor cross-coupled
without inductively source degenerated
differential LNA operating at 2.4 GHz

The simulation iterations are performed on frequency with supply voltage 1.8 V.

the capacitor cross-coupled without source (See Figure:-6)

degenerated differential LNA circuit to

S-Parameter Response
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Fig 6: Noise figure at 1.8 V supply voltage

EFFECTS OF THE TECHNIQUE ON
THE LNA S11 AND VOLTAGE GAIN
A. Effect on the LNA S11
For the typical cascade CS-LNA C_gd1 of
the transistor M_1 reflects miller
impedance at the gate ofM_1. However it
is not purely capacitive and its susceptance
yields

Bpi1(w) = (1 + 4,(jw)) X SCa1

— ijgdlgml
1'i'ngml L_S_LSCgsl

Cgs1

1
X —(18)
Im2+jw C,

Where A v (jo) is the voltage gain from
the gate to drain of M_1. For the proposed
LNA, it changes to

B (@) = (1 + 4,(w)) X SChq

JjwCya19m1

= ; Ls
1 +jwGm1 @ - Lngsl

1
xﬁ
Gmle f +-]B€ff

(19)

Where Gy, . and B, are defined, Since
the effective transconductance of the
Cascade stage increases, the gain of the
first stage reduces, Which leads to a

reduced Miller effect of Cyqq Of transistor

M;.Therefore, the input matching is not
very sensitive to the variations of the

inductor L.gq -

B. Effect on the LNA Voltage Gain
Under the input impedance matched
condition, the voltage gain of the
inductively degenerated cascode CS-LNA
can be derived from Figs. 1 and 2.

Ay (jw)

— g 1 ng 7
"™ 2R, Cys1 \[(Gmz)2 + (@0 Co)?

62 | Page 54-66 © MANTECH PUBLICATIONS 2019. All Rights Reserved



MANIECH

Publications

International Journal of Research in Electrical, Electronics and Communication

Engineering
Volume 4 Issue 2, July -December,2019

Im2
= 7 20
glem 0\/(gm2)2 n (a)DCx)Z ( )

WhereQ;, = Z;the quality factor of

RswoCgs1
the LNA is input network and Z o is the
overall output impedance with the
proposed technique the cascade CS-LNA

gain becomes

. Gr’n,eff

Av(]w) = gleinZo P 5 (21)
Gy + (B1)

Gpeir andB.; are defend in equations

(10)-(11). The

increases the overall LNA gain by around

2 dB.

proposed  technique

—511 dB20
0

-2.04 \\

YO (B
T

=6.0H \L

-10

0 1
24CHz| -9.756d4B

lll‘n

\

\ /
\u/

freq (SHz)

Figure 7: Input matching (S11-parameter) of LNA

SUMMARY OF
RESULTS

The various simulation iterations are

SIMULATION

performed on the capacitor cross-coupled

differential cascode LNA circuit to meet

design requirements. The simulation
results of  capacitor

differential cascode LNA and the

cross-coupled

simulation results of post layout capacitor

cross-coupled differential cascode LNA
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operating at 2GHz frequency and supply
voltages are 1.5 V and 1.8 V. The
performance results of simulations are

compared to some other standard circuits

reported. The proposed circuit is observed
to consume low power in comparison to

the existing circuits.

TABLE: 1Performance Comparison with prior published work

Parameters [24] [25] [26] Simulated Measured
Frequency 2.45 2.46 2.4 2.4 2.4
(GHz)
NF (dB) 2.88 2.36 4.8 1.98 2.2
S11(dB) <-14.2 <-18.4 <-33 <-13 <-13
Power gain(dB) 12.6 18.9 15.8 21.4 21.2
Power Supply 3 1.8 3.3 1.8 1.8
Topology Single Single Single Fully Differ- | Fully
Ended Ended Ended
enial Differ-
ential
CMOS Process 250 150 350 180nm 180nm
nm nm nm
CONCLUSION capacitive cross-coupling are strategically

In this paper, a noise reduction and
linearity improvement technique for a
CS-LNA  was
proposed. The inductor connected at the

differential  cascode

gate of the cascode transistor and the

combined to reduce the noise and
nonlinearity contributions of the cascode
transistors. It is the first time that the
capacitive cross-coupling technique is

applied to the cascode transistors of the
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CS-LNA. It in-creases the effective
transconductance of the cascode transistor,
reduces the impedance seen out by the
drain of the main transistor, and thus
improving the linearity of the CS stage in
the LNA. The inductor

the effective capacitance at the drain node

resonates with

of the main transistor with smaller in-
ductance value compared with the typical
inductor based technique. It ideally
removes the noise and linearity influences
from the cascode transistor, and results in
a higher voltage gain. The proposed

technique is theoretically formulated.

From simulation results in TSMC 0.35 m
CMOS process, it reduces the LNA NF by
0.35 dB at 2.2 GHz, and improves the
LNA [1IP3 by 2.35 dBm. To illustrate the
use of the proposed approach in small-size
technology, a 10 GHz LNA is also
designed using UMC 0.13 m CMOS
process. The proposed technique reduces
the NF from 1.55 dB to 0.95 dB, which is
simulated based on the noise model
provided by UMC. This verifies the
validity of our proposed technique in the

deep-submicron process.
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