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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 transis-
tors. In this work, an inductor connected at the gate of the cas-
code transistor and capacitive cross-coupling are strategically com-
bined to reduce the noise and the nonlinearity influences of the cas-
code 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 2.2 GHz inductively degenerated CS-LNA was fabricated using
TSMC 0.35 m CMOS technology. The resulting LNA achieves
1.92 dB noise figure, 8.4 dB power gain, better than 13 dB S11,
more than 30 dB isolation (S12), and —2.55 dBm IIP3, with the
core fully differential LNA consuming 9 mA from a 1.8 V power

supply.
Index Terms—Low-noise amplifier (LNA), capacitive cross-cou-

pling, noise figure, noise reduction, linearity improvement, RF cir-
cuit.

. INTRODUCTION

UE to the low cost and easy integration, CMOS is widely
Dused to design wireless systems especially in the radio fre-
quency 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 dis-
tortion. The noise performance of the LNA dramatically influ-
ences the overall system noise performance. The inductively de-
generated 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
sistor 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 typ-
ical 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

ACKGROUND AND PREVIOUS WORK

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

A. Inductively Degenerated CS-LNA

The typical inductively degenerated CS-LNA is shown
in Fig. 1, where all parasitic capacitances other than the
gate-source capacitances of M; and M are ignored for sim-
plicity. It uses an inductor L, to generate the real impedance
to match the input impedance to 50 €2, 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 is
the transconductance of M;.
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Section 1l describes the basic inductively degenerated
CS-LNA, analyzes the noise influence of the cascode tran-
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Fig. 1. Inductively degenerated cascode CS-LNA.

The small-signal model of the inductively degenerated cas-
code CS-LNA is shown in Fig. 2, where C; and g ; of the
transistors are ignored for simplicity. The capacitor C,. repre-
sents all the parasitic capacitances at node X. It is estimated as

Oz ~ Cgs + Csb + c bl (2)

If the noise contribution from the cascode stage is ignored,
the noise factor of the cascode CS-LNA becomes [1]-[4]
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where R, is the input voltage source resistance, R; represents
the series resistance of the inductor L, R, is the gate resistance
of M1, w, isthe operating frequency, and «v, v, and are bias-de-
pendant parameters [1]-[4]. The existence of the parasitic ca-
pacitance C,. reduces the gain of the first stage, which makes
the noise contribution from the cascode stage (F) larger. Thus,
the noise factor of the cascode CS-LNA [11] becomes

F:E+Ezﬂ+ﬂ@go<%@> )
wrg

where wr =g 1 Cys1,9 o 1S the zero-bias drain conductance
of M and v is the bias-dependent factor. Same as in [11], the
noise 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 C,, increases the noise factor of the LNA.

B. Existing Solution to Reduce Noise

The parasitic capacitance C,. can be reduced by merging the
main transistor and the cascode transistor in the layout [13].
In [10]-[12], an additional inductor L.q4q Was added to cancel
the effect of C,, at the frequency of interest. As a result, if the
ro1 and r, of M,y and M are large enough, the noise current
generated by the cascode transistor M adds negligible noise
current to the output.
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Fig. 2. Small-signal model of cascode CS-LNA for noise analysis.

The large area requirement of on-chip inductor is a big con-
cern for on-chip integration. For a typical 0.35 ym CMOS tech-
nology, the parasitic capacitance for a 200 4m/0.4 um nMOS
transistor is nearly 0.3 pF. Thus, it requires an inductor around
14 nH to resonate at 2 GHz. In the advanced CMOS technology,
it requires even larger inductor values. In addition, the poor
quality factor of the on-chip inductor increases the overall noise
figure of the LNA.

In this paper, we propose a technique to significantly reduce
the noise and nonlinearity contribution of the cascode transistors
as well as the value of L,q4.

I1l. LNA Noise REDUCTION WITH THE PROPOSED TECHNIQUE

The CG-LNA can achieve wideband input impedance
matching, but suffers from poor noise performance. To alle-
viate this problem, a capacitive cross-coupling technique was
proposed in [7]-[9] for CG-LNA. It can boost the transistor
transconductance with passive capacitors, as shown in Fig. 3.
If the gate-bulk and gate-drain capacitances are ignored, the
effective transconductance and input capacitance of the LNA
are here derived as:

2C,
G oep= —— 8
= e el (8)
4Cc G eff
Cin = Cys =2 —Cls- 9
Cgs+cc g g 1 g ()

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 consid-
ered 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-
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 L.qq combined with the capacitive
cross-coupling technique is applied to the cascode transistors of
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Fig. 6. Simulated NF of the differential cascode CS-LNA with the inductor
L ,qa value varied from 3 to 5 nH.

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 operating frequency, we obtain that the
variations of G' ¢, (g and I can be approximated as

AG/ eff — G/ ,eff(Ladd + ALadd)

-G 5(Laqa) =0 (15)
A g = eg(Lada + ALaga) —  eg(Lada)
1 AL,qq
~ 16
wWolaga X Lada (16)

AF" = F'(Laaa + ALaaa) — F'(Lada)
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=~ 4R —
oo (550)
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From (15)—(17), as an example, with 10% variation in L,4q
value, the proposed technique can still achieve around 96%
noise reduction for the cascode device, assuming the ideal L,qq
can entirely eliminate the cascode transistor noise contribution.
The noise performance of the LNA with varied inductor L,qq
value (from 3 nH to 5 nH) is shown in Fig. 6. The NF varied
from 1.87 dB to 1.95 dB, that is 4.2% variation for a 67%
variation of L,q4q.

The LNA NF varies with temperature. The noise reduction
with the proposed technique through temperature variation is
summarized in Table I. Since the noise of the transistor increases
with the increasing temperature, the absolute value of the cas-
code transistor noise contribution also increases. Thus, if it is
ideally eliminated, the absolute noise reduction value becomes
larger at higher temperature.

(1)

TABLE |
NF IMPROVEMENT VERSUS TEMPERATURE

27°C
2.22dB

-45°C
1.59dB

85°C
3.22dB

NF without
proposed technique
NF with proposed
technique

NF improvement

1.42dB | 1.87dB | 2.4dB

0.17dB | 0.35dB | 0.82dB

"+J_
1
i— N

Fig. 7. Analyzed CS stage of cascode CS-LNA equivalent circuit.

IV. LNA LINEARITY IMPROVEMENT
WITH THE PROPOSED TECHNIQUE

The LNA linearity is normally dominated by the voltage to
current conversion transistor in CS stage. If the voltage gain
of the first stage is greater than one, the second stage linearity
plays a more important role [14]. Since the cascode CS-LNA
can be treated as a CS-CG two stage amplifier, the linearity of
the proposed topology is analyzed in two parts: 1) the linearity
of the first voltage to current conversion stage; 2) the linearity
of the cascode stage.

The linearity of the common source MOS transistor or
common emitter bipolar transistor is well reported in the lit-
erature [17]-[22]. The linearity of the first voltage to current
conversion stage is analyzed based on Fig. 7.

The drain currents of M1 and M2 in Fig. 4 can be expressed
as follows up to third order:

s ~ DC + q Vgs + q Vgs + g3vgs' (18)

The third-order input intercept point (11P3) of the first voltage
to current conversion stage can be derived using Volterra series
[17]-[19] as shown in (19)—(23):

1

P = G TH@) L@ | (Aw.20) 19)
(Aw,20) = g3 — gos (20)
2 2 1
998 =39 |9 1+ 9(dw) T g 1+ 9(2w) (1)
14 wCy [Z2()+ Za(@)] 4 jwCe Z2(0) 4 Za(w)]
g(w) - ZT((U)

22)

Zo(w) = 7 (@) + juCy [Z2(0)7 ()
+21(w)Zs(w) + Z (w)Zs(w)] (23
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Fig. 9. 1IP3 of the differential cascode CS-LNA with and without L.qq4 and
C..

TABLE Il
IIP3 VERSUS L .44

Typical | Proposed LNA with varied L,dq
LNA 3nH 3.15nH 3.3nH
(0%) (5%) (10%)
1IP3(dBm) -4.4 -2.05 -2.3 -2.5

with the parasitic capacitance at node X and therefore elimi-
nates the nonlinearity and noise contribution from the cascode
stage.

V. EFFECTS OF THE TECHNIQUE ON THE LNA S11,
VOLTAGE GAIN, AND LNA STABILITY
A. Effect on the LNA S11

For the typical cascode CS-LNA, C, ; of the transistor M;
reflects Miller impedance at the gate of M;. However, it is not
purely capacitive and its susceptance yields

mill (Jw) = (1 + Av(jw)) x sCy 1

_ ijg 19 1
1+qu 1?11 _Lngsl
1
X ————— 37
9 +jwC 57

where Av(jw) is the voltage gain from the gate to the drain
of M1, and C, is defined in (2). For the proposed LNA, it
changes to
mit (jw) = (1 + Av'(jw)) x sCy 1
jwcg 19 1
1 +ng ITZI - Lngsl

1
X (38)
G gt o

where G’ 5 and /g are defined in (10)—(12). According to
(37)-(38), since the effective transconductance of the cascode
stage increases, the gain of the first stage reduces, which leads to
a reduced Miller effect of C, ; of transistor M, . Therefore, the

Input matching S11
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Fig. 10. Simulated S11 of the differential cascode CS-LNA with the inductor
L .aa value varied from 3 nH to 5 nH.

input matching is not very sensitive to the variations of the in-
ductor L,qq. According to Fig. 10, the input resonant frequency
varied less than 1% for the L.qq value varied 66%, which is
from 3 nH to 5 nH.

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.

. 1 g
A, (jw) = ! 7z,
(jw)=9g 1 2 RywoCyr G ) + (@)
=9 lQinZO J (39)

(9 ) +(woCs)

where Qin = 1 2R,w,Cys1 is the quality factor of the LNA
input network and Z, is the overall output impedance. With
the proposed technique, the cascode CS-LNA gain of Fig. 4 be-
comes

et . (40)
VG ) +( L)

G g and g are defined in (10)-(12).

The gain of the designed fully differential CS-LNA is shown
in Fig. 11, where the LNA drives a 50 €2 resistor. According to
(39)—(40) and simulation results in Fig. 11, the proposed tech-
nique increases the overall LNA gain by around 2 dB.

In most of the wireless transceivers, the following stage of the
LNA is a mixer. It is a capacitive load rather than a 50 Q2 load,
which is the case in this simulation. The source-follower can
drive the off-chip 50 2 with the voltage gain around 1. A source-
follower buffer is added after the LNA to drive a 50 2 load. This
testing setup of the LNA voltage gain is shown in Fig. 12 where
LNA drives a buffer. Fig. 13 is the simulated LNA voltage gain.
The LNA is simulated with a source-follower to drive the off-
chip 50 © and the voltage gain of interest is investigated before
the source-follower. We used an ideal balun in the simulation.
In practice, the LNA directly drives a practical balun without
the source-follower buffer. The noise and gain influence of the
balun is de-embedded. In this way, we can estimate the LNA

AL(J“)) =g lQinZo
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Fig. 11. Voltage gain simulation results of the fully differential cascode
CS-LNA with and without L .44 and C..
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Fig. 12. \oltage gain testing setup of the fully differential cascode CS-LNA
when driving the on-chip buffer.

voltage gain while driving the mixer in the wireless receiver.
Since the buffer provides a 250 fF capacitive load rather than a
50 2 resistive load, the LNA voltage gain increases to 20.4 dB
as shown in Fig. 13.

C. Effect on the LNA Stability
The stability factor [4] of the LNA is defined as

C14|A] —[S11] — S22

K
2[S21[|S12|

(41)

where A = S11522 — S12S521.

The unconditional stability requirement of LNA is K > 1and
|A| < 1.Whenthe inputand output of the LNA are matchedto the
source and load impedance, S11 and S22 are almost 0. With the
decreasing of S12, |A| reduces, which means better stability of
the LNA. The S12 reflects the input—output isolation of the LNA.
Compared with the typical LNA, the added inductor L ,qq at the
gate of the cascode transistor M2 along with the inherent capaci-
tances provides a low impedance path for the output signal feed-
back to the input, which helps to improve the input—output isola-
tion (S12) [23]. The cross-coupling capacitor C. forms a signal
path from the gate of the cascode transistor M2 to the source of
M2, which reduces the isolation effect of the transistor M2. The
proposed technique presents an overall comparable isolation ef-
fectwiththe typical LNA with around 3dB worse S12 value inthe
simulation. From simulation, the K value of the LNA is 52.5 at
2.2 GHz without L,qq and C... K becomes 30.5 at 2.2 GHz with
L.qq and C.. The difference of the K value is partly due to the
2 dB S21 difference and 3 dB S12 difference with/without L. 44
and C.. The LNA is stable in both cases.
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Fig. 13. \oltage gain simulation results of the fully differential cascode
CS-LNA when driving an on-chip buffer.

VI. DESIGN AND MEASUREMENT RESULTS

A fully differential cascode CS-LNA was designed and
fabricated using a proposed inclusive noise reduction and lin-
earity improvement technique. The inductor L, is an off-chip
inductor. The added inductor L,q4 (around 3 nH) is a bonding
wire inductor. The inductors L (0.5 nH) and L (3 nH)
are on-chip spiral inductors, with Q =~ 3. The design was
implemented using TSMC 0.35 um CMOS technology. The
chip microphotograph is shown in Fig. 14. The LNA occupies
1300 pum x 1000 pm active area, with the LNA core using
850 um x 850 pm active area.

L value is adjusted in the measurement to achieve the input
impedance matching at the desired frequency. Fig. 15 shows the
measured S11, S21, and S12. The LNA power gain is 8.4 dB at
2.2 GHz. If followed by a buffer, the LNA output impedance
is larger than 50 © and the LNA gain increases up to 20.4 dB
in simulation. S11 is less than —13 dB, and S12 is less than
—30dB. Fig. 16 shows the measured NF of the LNA. The LNA
has 1.92 dB NF. The 11P3 was measured using a two-tone test:
2.2 GHz and 2.22 GHz. It is shown in Fig. 17. The 1IP3 is
—2.55 dBm. The core LNA draws 9 mA from a 1.8 V power
supply. Due to the mismatch of the gate inductor L. 4q, the noise
of the power supply can inject into the LNA output. The power
supply rejection ratio (PSRR) of the LNA with 5% and 10%
L,qq mismatches is shown in Fig. 18. The LNA has better than
—24 dB PSRR at 2.2 GHz with 10% L ,qq mismatch.

The comparison of this LNA with the published literatures is
summarized in Table I11. Although the designed LNA is a fully
differential structure in 0.35 pum process, it provides the best
noise performance. The published LNAs consume less bias cur-
rent because of the single-ended structure and more advanced
technology. The linearity in [24] is higher due to the larger bias
current and more voltage headroom for the transistors. Although
the current source of the designed fully differential LNA reduces
the voltage headroom, it still achieves comparable linearity with
respect to [25]. The LNA gain is proportional to the inductor
quality factor and the inductor value as shown below [25]:

Gin xRyxQ R xw,Q L (42)
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Fig. 14. Chip micrograph of the differential cascode CS-LNA.

Fig. 15. Measured S11, S12 and S21 of the differential cascode CS-LNA.

where R is the series resistance of L , R, is the parallel re-
sistance of L. obtained from the series to parallel transforma-
tion, and @@ is the quality factor of L . The LNA is designed
in 0.35 um process with a low @ on-chip inductor, which re-
sults in a smaller gain. After adding a buffer (with similar input
impedance of a typical CMOS Gilbert cell) after the LNA, the
LNA can achieve around 20.4 dB voltage gain, which is suffi-
cient for a number of wireless applications.

In the deep-submicron process, the parasitic capacitance of
the devices is smaller, thus its effect explained in this paper be-
comes less significant at the lower operating frequency, but as
the operating frequency increases to such as 10 GHz or higher,
the same effect will appear even in the advanced process. On
the other hand, the output impedance of the transistor is smaller
in the advanced process, which increases the noise contribution
of the cascode transistor. This effect combined with the par-
asitic capacitance makes the cascode transistor to be still an
important noise contributor. The proposed technique can still
be effective under these conditions, and the theoretical anal-
ysis is also valid. The proposed solution applies the capacitive
cross-coupling technique to the cascode transistor of the LNA,

Fig. 16. Measured NF of the differential cascode CS-LNA.

Fig. 17. Measured 11P3 of the differential cascode CS-LNA, with two tones at
2.2 GHz and 2.22 GHz.
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Fig. 18. PSRR of the LNA with 5% and 10% L .qq mismatches.

which can increase the effective transconductance of the cas-
code transistor and improve the linearity of the common source
stage of the LNA. The gate inductor effectively combined with
the cross-coupling capacitor can reduce the noise and the non-
linearity influence of the cascode transistor with a smaller in-
ductor value as proved in Sections Il and IV. To verify our pro-
posed technique in the deep-submicron process, the LNA is de-
signed in UMC 0.13 um CMOS process and simulated based
on the noise model provided by UMC. At 10 GHz, the pro-
posed technique reduces the differential cascode CS-LNA NF
from 1.55 dB to 0.95 dB, with L,4q value as 0.5 nH.
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TABLE 111
PERFORMANCES COMPARED WITH PRIOR PUBLISHED CASCODE CS-LNAS

Parameters [24] [25] [26] [27] This work
Simulated Measured
Frequency 2.45 2.46 2.4 0.95 2.2 2.2
(GHz)
S11(dB) <-14.2 <-18.4 <-33 <-14 <-13 <-13
S21(dB) 15.17 14 6 17 10 (20.4)' 8.6
NF(dB) 2.88 2.36 4.8 34 1.87 1.92
11P3 2.2 2.2 0.55 -5.1 -2.05 -2.55
(dBm)
Bias current 8.1 3.1 N/A 5.6 4.5x2 4.5%2
(mA)
Power supply(V) 3 1.5 33 2.3 1.8 1.8
Topology Single- Single- | Single- | Single- Fully- Fully-
ended ended ended ended differential differential
CMOS Process 0.25um 0.15um | 0.35um | 0.35um 0.35um 0.35um

" In fact in [24] they reported the transducer gain.

*:20.4 dB is obtained when an output buffer is used instead of 50Q2 load.

VII. CONCLUSION

In this paper, a noise reduction and linearity improvement
technique for a differential cascode CS-LNA was proposed. The
inductor connected at the gate of the cascode transistor and the
capacitive cross-coupling are strategically combined to reduce
the noise and nonlinearity contributions of the cascode transis-
tors. It is the first time that the capacitive cross-coupling tech-
nique is applied to the cascode transistors of the CS-LNA. Itin-
creases the effective transconductance of the cascode transistor,
reduces the impedance seen out by the drain of the main tran-
sistor, and thus improving the linearity of the CS stage in the
LNA. The inductor L.qq resonates with the effective capaci-
tance at the drain node of the main transistor with smaller in-
ductance value compared with the typical inductor based tech-
nique. 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 simula-
tion results in TSMC 0.35 pum CMOS process, it reduces the
LNA NF by 0.35 dB at 2.2 GHz, and improves the LNA [1P3
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 um 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.

APPENDIX A
NOISE ANALYSIS OF THE PROPOSED LNA

For the typical CS-LNA in Fig. 1, the noise factor can be
calculated using the small-signal model in Fig. 2. Following the
procedure in [1]-[4], when ignoring the cascode transistor, the
noise factor of the CS LNA is derived as

Rg
+E+

Ry
R,

7 W

a@ wr
are defined in (5)—(6).

=1+

(A1)

where and Q

Due to the existence of the parasitic capacitance C,, in Figs. 1
and 2, the noise factor of the CS-LNA is influenced by the cas-
code transistor M .

The drain noise current of the cascode transistor M is

 =4KTy g, A . (A.2)

The input-referred noise at the source of the cascode tran-

sistor is

v woCy

- <(wo(7z+gn )9 )

The voltage gain from the input to the source of the cascode
transistor is

(A3)

g 1 1

A, =
! 2“‘)ocvgsl-Rs wocm + g

(A4)

The CS-LNA can be treated as a CS-CG two stage amplifier.
Following the cascode network noise calculation theory [4], the
noise factor of the CS-LNA is derived as

\%
FeFit—— =P
V,RS(AL‘I)

Substituting (A.2), (A.3), and (A.4) into (A.5), we can get

(A.5)

e
AKTR, (Ay)

C.
F=F+F.=F +4Ry g , <“’—> (A6)

wryg

The C,, plays an important role in the LNA noise performance
especially at the higher frequency.

After applying the proposed technique, the cascode transistor
provides an equivalent transconductance, G’ g, and suscep-
tance, /4. ’

w !
F'=F+F =F +4Rx g, (7ﬁ> (A7)
UJTGI off
where G s and g are defined in (10) and (11).

By reducing the value of ( ’; G’ ), the LNA can obtain
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