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A B S T R A C T   

This paper presents a novel structure to enhance the power gain (S21) of the conventional cascode common- 
source (CS) low-noise amplifier (LNA) with inductive source degeneration. The proposed LNA has an extra 
transistor and a capacitor in comparison with the conventional structure. The additive transistor significantly 
increases the S21 of the conventional cascode CS LNA with inductive source degeneration with the same DC 
power consumption (PDC), third-order input intercept point (IIP3), area, and slightly lower noise figure (NF). The 
utilized capacitor is used to improve the IIP3 of the proposed LNA. The power gain improvement of the proposed 
LNA has been validated by both theoretical analysis and extensive post-layout simulation results. The proposed 
and conventional LNAs have been designed in TSMC 180 nm CMOS technology. The post-layout simulation 
results of the proposed LNA are 2.42 dB NF, S21 of 15.55 dB, and 0.84 dBm IIP3 while consuming 3.2 mW from 
1.2 V power supply. The simulated S21 of the proposed LNA is about 2.55 dB (34.2 %) larger than the con
ventional cascode LNA with the same other performance parameters. Also, the achieved figure-of-merit (FoM) of 
the proposed LNA is substantially larger than the conventional cascode CS LNA with inductive source 
degeneration.   

1. Introduction 

Low-noise amplifiers (LNAs) play a dominant role as the first stage in 
radio frequency (RF) receivers [1,2]. They must have sufficient voltage 
gain in order to reduce the input-referred noise of the following stages, 
and they also must have a low noise figure (NF) [3–12]. Moreover, they 
need to have low DC power consumption (PDC). The cascode common- 
source (CS) topology with inductive source degeneration has been 
widely used in LNA implementations in previous works due to its suit
able features [13–21]. It can provide input impedance matching with 
low NF. Its power consumption is also acceptable, and it is almost stable 
[22]. 

State-of-the-art papers in literature demonstrate a variety of tech
niques to enhance the performance of cascode CS LNA in different terms, 
such as DC power consumption, gain, linearity, and noise. In [14], the 
third-order input intercept point (IIP3) of a sub-threshold biased cascode 
CS LNA is improved by using an inductor between the power supply and 
the gate of the cascode transistor. Also, a digitally controlled capacitor is 
utilized between the drain and gate terminals of the cascode transistor. 
Several techniques including the forward body biasing, current reuse, 

and input feedback capacitor have been utilized in [15] to improve the 
performance of the cascode CS LNA with inductive degeneration. In 
[16,17], the simultaneous and balanced optimization of input matching 
and NF is investigated in cascode CS LNA with consideration for sub
strate and metal loss effects of inductors. 

In [23], a balun has been combined with dual-path noise and 
nonlinearity cancellation techniques to reduce the NF and improve the 
gain with low power consumption. However, compared to the conven
tional CS inductively degenerated LNA, the achieved IIP3 is deteriorated 
by 2.7 dB mainly due to the passive voltage gain of the balun. In [24], 
the dual feedback, current-reuse, and forward body biasing schemes are 
utilized in the cascode CS LNA to realize a reconfigurable multi-band 
LNA with low power dissipation. The body self-biasing scheme is also 
employed in [19] in a differential multi-band cascode CS structure to 
reduce the noise contribution caused by the body effect of MOS tran
sistors. A low-power variable-gain cascode LNA has been proposed in 
[25] using several design optimization techniques. In [26], the impact of 
source-bulk and drain-bulk capacitors is neutralized by using the bulk 
isolation technique. To do so, a large resistor is added between the bulk 
and ground nodes of each transistor. By this way, the power gain of each 
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transistor is enhanced. Using the bulk isolation technique, a two-stage 
cascode LNA has been realized in 65 nm CMOS for mm-wave fre
quencies in [26]. 

In this paper, the main focus is to enhance the power gain (S21) of the 
conventional cascode CS LNA with inductive source degeneration 
without any deterioration in other parameters. By adding a transistor 
and using an extra capacitor in the conventional structure, a significant 
improvement in the power gain is obtained in comparison with the 
conventional cascode CS LNA with almost the same other performance 
metrics, power consumption, and area. The proposed technique can be 
also utilized in all inductively source degenerated CS LNAs as well to 
further enhance the power gain, and hence, the overall performance. 

The rest of the paper is organized as follows. Section 2 describes the 
structure of the proposed LNA and provides an extensive gain, noise, and 
linearity analysis. Section 3 provides the post-layout simulation results 
and also a comprehensive comparison with several state-of-the-art 
LNAs. Finally, conclusions are given in Section 4. 

2. Structure of the proposed LNA 

The schematic of the proposed LNA is depicted in Fig. 1, where the 
M3 transistor is added to the conventional cascode CS LNA with induc
tive source degeneration. Transistor Mb and resistors Rb1 and Rb2 are 
used to define the bias current of the main M1, M2, and M3 transistors. Cn 
is a bypass capacitor which is used to cancel the thermal noise effect of 
the biasing circuit. LP is the bondwire inductor, and CP is used to model 
the capacitance of the input pad and input pin to the ground. Ca is an 
added parallel capacitor to Cgs of the M1 transistor in order to achieve a 
realizable value for the on-chip LS inductor. Also, Cb is an added parallel 
capacitor to Cgs of the M3 transistor in order to improve the value of IIP3 
in the proposed LNA. Indeed, using Cb adds one degree of freedom to 
increase the value of IIP3 as will be discussed more in Section 3. In 
addition to Cb, the difference between the structure of the proposed LNA 
and the conventional cascode LNA is in using the M3 transistor, which is 
highlighted with blue color in Fig. 1. To be more specific, the suggested 
circuit has two M1 and M3 transistors, which play the role of M1 tran
sistor in the conventional circuit. In the proposed LNA, the size of M1 and 
M3 transistors is the same and it is half the size of M1 transistor in the 
conventional cascode CS LNA. This is needed to have the same current 
density in all transistors at both structures, and hence, to provide a fair 
comparison between them. 

2.1. Gain analysis 

In order to separate the parameters in the following analysis, sub
scripts p and c are used for the proposed and conventional LNAs, 
respectively. In the proposed LNA, the small-signal gate-source voltage 
of M3 transistor is more than that of M1 transistor since it is equal to the 
summation of the gate-source voltage of M1 transistor and the voltage 
across the LS inductor. Therefore, in the proposed LNA, the ac voltage 

drop across LS is used to increase the small-signal current of M3. On the 
other hand, the DC overdrive voltage of M1 and M3 transistors is almost 
the same since the DC voltage drop across the inductor LS is negligible 
and the transistors M1 and M3 have the same aspect ratio. Therefore, gm3, 

p is very close to gm1,p. So, based on this technique, although the size of 
M1 and M3 transistors is the same and it is half of the M1 transistor in the 
conventional LNA, the overall small-signal current is larger than the 
conventional LNA which results in higher power gain. 

As illustrated in Fig. 2(a), by denoting the transconductance of M1 
transistor in the conventional cascode CS LNA by gm1,c, its voltage gain 
at the same resonance frequency of the input matching and output load 
networks is given by [22]: 

Av,conv. = Qc gm1,cRL (1)  

where 

Qc =
1

2RSCgs1,cω0,c
, ω0,c =

1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(LS + LG + LP)Cgs1,c

√ (2) 

In relation (1), RL is the resistance of LD due to its finite quality factor 
and Cgs1,c = Cgs,M1 + Ca, where Cgs,M1 is the gate-source capacitance of 
M1 transistor. 

It is worth mentioning that Cb is small (45 fF in the designed LNA). 
So, to find the gain of the proposed LNA, the Cgs3,p = Cgs,M3 + Cb is 
neglected for simplicity. By writing KCL at the gate of M1 transistor in 
Fig. 2(b), we have: 

Vgs1 = QpVin =>
Vin −

(
V1 + QpVin

)

RS + s LGT
= sCgs1,p Qp Vin (3)  

where 

Qp =
1

2RSCgs1,pω0,p
, ω0,p =

1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(LS + LG + LP)Cgs1,p

√ (4) 

In relation (4), Cgs1,p = Cgs,M1 + Ca. At the resonance frequency of the 
input matching network of the LNA, Cgs1,p (LGT + LS)s2 + 1 = 0 and since 
LGT = LP + LG is normally much larger than LS to reduce the NF [22], as it 
is also used in the designed LNA, the approximation of Cgs1,p (LGT + LS) ≈
Cgs1,p LGT ≈ ω0,p

− 2 is considered. Based on this approximation, V1 is 
simplified as: 

V1 ≈ Vin
(
1 − sCgs1,pQp RS

)
(5) 

By writing KCL at the drain of M1 transistor in Fig. 2(b), we have: 

Iout = gm1,pQpVin + gm3,p
(
V1 + Qp Vin

)
(6) 

So, by substituting the relation (5) into the relation (6), Iout is ob
tained as: 

Iout = Vin
[
Qp
(
gm1,p + gm3,p

)
+ gm3,p − jQpgm3,pCgs1,pRSω0,p

]
(7) 

As it was mentioned before, since the size and drain current of M1 

Fig. 1. Schematic of the proposed LNA with simulated device parameters.  
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and M3 transistors is half that of the transistor M1 in the conventional 
cascode LNA (i.e., gm1,p = gm1,c/2) and assuming that gm1,p is almost 
equal to gm3,p, the relation (7) is simplified as below: 

Iout = Vin

[

Qpgm1,c +
1
2
gm1,c −

1
2

jQpgm1,cCgs1,pRSω0,p

]

(8) 

By inserting the amount of Qp in the imaginary part in relation (8), it 
becomes equal to gm1,c/4 that is smaller than the real part in (8). So, to 
reveal a simpler equation, the imaginary part can be neglected in 
comparison to the real part, and the gain of the proposed LNA is almost 
given by: 

Av,prop. =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(

Qpgm1,cRL +
1
2
gm1,cRL

)2

+

(
1
4
gm1,cRL

)2
√

≈ Qpgm1,cRL +
1
2
gm1,cRL

(9) 

It is worth mentioning that since the size of M1 transistor in the 
proposed LNA is half that of M1 transistor in the conventional LNA, Cgs, 

M1 in the proposed LNA is half that of Cgs,M1 in the conventional LNA. 
However, since Ca is larger than Cgs,M1, Cgs1,c and Cgs1,p are mostly 
determined by Ca (Cgs1,p is a little smaller than Cgs1,c). So, as long as the 
conventional circuit and the suggested LNA have similar Ca, Qp is almost 
equal to Qc, that results in: 

Av,prop. ≈ Qcgm1,cRL +
1
2
gm1,cRL (10) 

According to the relations (1) and (10), the gain of the proposed LNA 
is greater than the conventional cascode CS LNA since it has an addi
tional term which is equal to (1/2) gm1,c RL. 

The gain of a cascode CS LNA with inductive source degeneration is 
enhanced by reducing the value of source degeneration inductor [22]. 
This is because, by reducing the value of LS, the value of Cgs1,c should be 
similarly reduced to maintain the input impedance matching condition. 

So, according to the relation (2), the value of Qc is increased resulting in 
enhanced gain which is given by (1). However, the value of source 
degeneration inductor cannot be selected very small due to several 
limitations. Firstly, the degeneration inductor is often realized as a bond 
wire since it cannot be avoided in a packaged LNA. Therefore, even with 
a down-bond, the value of degeneration inductor is in the range of 0.5 to 
1 nH [22]. Due to this reason, the value of ωt (ωt ≈ gm/Cgs) of advanced 
CMOS technologies is artificially reduced by adding an explicit capacitor 
between the gate and source terminals of a transistor in order to have a 
reasonable value for degeneration inductor [22]. Secondly, the value of 
on-chip spiral inductors is usually in the range of 1 to 10 nH and the 
value control of the small on-chip spiral inductors is difficult due to the 
parasitic elements. 

In the proposed LNA, according to the relation (5), the ac voltage 
drop across LS (V1) is almost independent of the value of LS when LS ≪ 
LGT since Cgs1,pQp is constant for a given value of LS owing to the input 
impedance matching condition similar to the conventional LNA. 
Therefore, according to the relations (6) and (9), the overall gain of the 
proposed LNA is also increased by reducing the value of LS. However, the 
contribution of the added gain term in the proposed LNA will be less 
since it is almost constant by reducing the value of LS. So, the usefulness 
of the proposed gain enhancement technique will be reduced when the 
value of LS is reduced. Nonetheless, the value of LS is in the range of 1 nH 
and beyond due to its implementation issues. According to the simula
tion results, with LS = 1 nH, the power gain improvement of the pro
posed LNA is about 2.55 dB in comparison with the conventional LNA 
which is almost a worst case scenario. In other words, the power gain 
improvement of the proposed LNA can be also more than the reported 
value if a larger source inductor has been utilized. 

2.2. Noise analysis 

In the conventional cascode CS LNA, the thermal noise of M2 

Fig. 2. Equivalent circuit and small-signal model for gain and linearity analysis. (a) conventional LNA, and (b) proposed LNA.  
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transistor can be neglected as it circulates in itself. As a result, M1 
transistor plays the dominant role at the output noise [22]. The NF of the 
conventional cascode CS LNA with inductive source degeneration due to 
M1 and RL is given by [22]: 

NFconv. = 1+
γRSCgs1,c

gm1,cLGT
+

4RSCgs1,c

g2
m1,cRLLGT

(11)  

where γ is the excess noise factor. In the proposed LNA, the thermal noise 
of both M1 and M3 transistors should be considered. The circuit shown in 
Fig. 3 is considered for calculating the noise effect of M1 transistor at the 
output. By writing KVL and KCL equations at the gate, drain, and source 
terminals of transistor M1, and assuming gmrds ≫ 1, we have: 

V1 + Vgs1

RS + sLGT
= − sCgs1,pVgs1,

In,out = gm1,pVgs1 + In1 + gm3,p
(
Vgs1 + V1

)
,

V1 = sLS
[
sCgs1,pVgs1 + In,out − gm3,p

(
Vgs1 + V1

) ]

(12) 

Owing to the input impedance matching condition, RS is equal to gm1, 

p LS / Cgs1,p [22]. Based on this fact, In,out is obtained as follows: 

In,out ≈ In1 ×
1 − Cgs1,pLGT ω2

0,p + jCgs1,pRSω0,p

2

= In1 ×

(
1 − Cgs1,pLGT ω2

0,p

2
+

j
4Qp

) (13) 

In relation (13), Cgs1,p LGT ω0,p
2 is a little smaller than 1. Also, Qp is 

larger than 1. Therefore, both real and imaginary parts of the relation 
(13) are small and only a fraction of the drain thermal noise of M1 
transistor will appear at the output node and it can be neglected in 
comparison with the noise contribution of M3 transistor. Actually, the 
thermal noise current of M1 transistor creates a noise voltage at the gate 
of transistor M3. Then, this noise voltage is converted to the noise cur
rent by M3 which is in an opposite direction with the noise current of M1 
transistor. Hence, the overall noise current due to the thermal noise of 
transistor M1 is reduced at the output node. However, the drain current 
noise of M3 transistor directly goes to the output node. So, if the noise 
effect of M1 transistor is neglected, the NF of the proposed LNA due to M3 
and RL is approximately given by: 

NFProp. ≈ 1+
4kTγgm3,pR2

L + 4kTRL

4kTRS
(
2Qp + 1

)2g2
m3,pR2

L

= 1+

(
γRSCgs1,p

gm1,cLGT
× β

)

+

(
4RSCgs1,p

g2
m1,cRLLGT

×
β
2

)

(14)  

where 

β =
2

(
1 + RS

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Cgs1,p
/

LGT

√ )2
(15) 

As mentioned before, Cgs1,p is slightly smaller than Cgs1,c. Further
more, β is a little larger than 1. So, the 2nd terms in relations (11) and 
(14) are almost equal. However, the 3rd term of relation (14) has β/2 
coefficient that is smaller than 1. So, the noise effect of RL on the NF of 
the proposed LNA is less than the conventional one, which causes the NF 
to improve slightly. 

2.3. Linearity analysis 

The schematic of Fig. 2 has been used for linearity analysis as well. 
The drain current of M1 and M3 transistors, denoted as ia and ib, can be 
modeled by the following equations: 

ia = gm1,pva +
g’

m1,p

2
v2

a +
g’’

m1,p

6
v3

a

ib = gm3,pvb +
g’

m3,p

2
v2

b +
g’’

m3,p

6
v3

b

(16)  

where g′m and g′′m are the first- and second-order derivatives of the 
transistor transconductance (gm), respectively. The gate-source voltages 
of M1 and M3, i.e. Va and Vb, and the output current Iout can be expressed 
by the Volterra series in terms of the excitation voltage Vin as (17), and 
(18), respectively [27–32]: 

Va = A1(ω)◦Vin + A2(ω1,ω2)
◦V2

in + A3(ω1,ω2,ω3)
◦V3

in

Vb = B1(ω)◦Vin + B2(ω1,ω2)
◦V2

in + B3(ω1,ω2,ω3)
◦V3

in

(17)  

Iout = E1(ω)◦Vin +E2(ω1,ω2)
◦V2

in +E3(ω1,ω2,ω3)
◦V3

in (18) 

Moreover, the IIP3 can be stated as: 

IIP3( ± 2ωb ∓ ωa) =
1

6Re(Z1(ωa) )

⃒
⃒
⃒
⃒

E1(ωa)

E3( ± ωb,±ωb,∓ωa)

⃒
⃒
⃒
⃒ (19)  

where ω1 = ω2 = ±ωb, and ω3 = ∓ ωa. Assuming that these frequencies 
are closely spaced, i.e. ωa ≈ ωb ≈ ω, the 1st and 3rd order Volterra kernels 
of the output current, E1 and E3, for the proposed and conventional LNAs 
will be derived by solving the KCL equations at the gate and source 
nodes of M1 as (20), and (21), respectively, 

E1(ωa) = A1(ωa)
[
gm1,p + jωaLsγ(ωa)gm3,p

]
,

E3( ± ωb,±ωb,∓ωa) =
1
6

A1( ∓ ωa)A2
1( ± ωb)

×

⎧
⎪⎨

⎪⎩

[
g˝

m1,p − ζg’2
m1,pβ( ± 2ωb)λ( ± 2ωb)

]
α( ± ω)

+
[
ω2L2

s γ( ∓ ωa)
][

2g’
m1,3λ( ± 2ωb) + jωbLsg˝

m3,pγ2( ± ωb)
]

⎫
⎪⎬

⎪⎭

(20)  

E1(ωa) = gm1,cA1(ωa),

E3( ± ωb,±ωb,∓ωa) =
1
6

A1( ∓ ωa)A2
1( ± ωb)

×
[
g˝

m1,c − ζg’2
m1,cβ( ± 2ωb)λ( ± 2ωb)

]
α( ± ω)

(21)  

where g′m1,3 = g′m1,p × g′m3,p. The parameters given in the above- 
mentioned kernels are defined as follows: 

α(ω) =
[
1 − ζ

(
gm1β(ω) − jωCgs1gm3,p

)
λ(ω)

]
,

ζ = Ls
/

Cgs1,

β(ω) = Z− 1
1 (ω) + jωCgs3,p,

β(2ωb) = Z− 1
1 (2ωb) + 2jωbCgs3,p,

γ(ω) = jωCgs1 + (jωLs)
− 1

+ gm1,

λ(ω) = (1 + ζγ(ω)β(ω) )
− 1
,

A1(ω ) =
(
jω Z1Cgs1 + jω Ls

(
1 + jω Z1Cgs3,p

)
γ(ω)

)− 1

(22)  

where gm1 = gm1,p, Cgs1 = Cgs1,p for the proposed LNA, and gm1 = gm1,c, 
Cgs1 = Cgs1,c for the conventional LNA. Moreover, the gm3,p, g′m3,p, g′′m3,p Fig. 3. Equivalent circuit of the proposed LNA used in noise analysis.  
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and Cgs3,p parameters are zero for the conventional LNA. The detailed 
linearity analysis is provided in Appendix A. To compare the linearity, it 
is important to note that the IIP3 is inversely proportional to |A1(±ωb)|2, 
and A1(±ωb) is inversely proportional to the Cgs3,p. Accordingly, the Cb 
capacitor placed across the gate-source of M3 transistor is employed to 
improve the linearity in the proposed LNA. Actually, the IIP3 of the 
proposed LNA is degraded in comparison with the conventional LNA and 
Cb is utilized to compensate the IIP3 degradation. The effect of the added 
Cb capacitor on the linearity and gain will be more explained in Section 3 
using the simulation results. 

3. Post-layout simulation results 

To examine the effectiveness of the proposed LNA, the circuit shown 
in Fig. 1 has been simulated in Cadence Spectre-RF using TSMC 180 nm 
CMOS process along with the conventional cascode CS LNA with 
inductive source degeneration. It has been designed for 2.4 GHz input 
signal frequency with 100 MHz bandwidth and 1.2 V power supply. The 
value of designed device components is also shown in Fig. 1. Spiral in
ductors, metal–insulator-metal (MIM) capacitors and poly resistors are 
utilized as the passive device components. It is worth mentioning that in 
the conventional LNA, the size of M1 transistor is twice that of M1 which 
is used in the proposed LNA. For a fair comparison, both LNAs have been 
designed with the same power consumption. So, the effect of adding M3 
transistor can be seen well. The layout of the proposed and conventional 
LNAs is illustrated in Fig. 4. 

Fig. 5(a) shows the simulated power gain (S21) of the proposed and 
conventional LNAs over the frequency range of 2.2–2.6 GHz. The 
maximum S21 occurs at 2.45 GHz which is equal to 15.55 dB and 13 dB 
for the proposed and conventional LNAs, respectively. In other words, 
the absolute value of power gain in the proposed LNA is 6 while it is 4.47 
in the conventional structure showing 34.2 % power gain improvement. 
In order to represent the accuracy of the input matching network, the 
input reflection coefficient (S11) of the LNAs is simulated and the results 
are illustrated in Fig. 5(b). Over the frequency bandwidth of 2.4–2.5 
GHz, S11 of the proposed and conventional LNAs is less than − 12.7 dB 
and − 15.15 dB, respectively. 

Fig. 6 presents the simulated noise figure of the proposed LNA in 
comparison with the conventional cascode CS LNA with inductive 
source degeneration. The proposed LNA achieves a low NF of 2.42 dB at 
2.45 GHz which is 0.06 dB smaller than the NF of the conventional LNA. 
The minimum achieved NF is 2.16 dB and 2.31 dB for the proposed and 
conventional LNAs, respectively. 

In order to simulate the linearity behavior of the proposed and 
conventional LNAs, a two-tone RF input signal is applied at 2.449 GHz 
and 2.451 GHz frequencies with 2 MHz frequency offset to extract the 
value of in-band IIP3. As mentioned in Section 2.3, the capacitor Cb 

which is in parallel with Cgs of the M3 transistor, is added for the sake of 
IIP3 improvement. Fig. 7 illustrates the simulated IIP3 as well as S21 of 
the proposed LNA versus the capacitor Cb. According to this figure, 
without Cb, the IIP3 of the proposed LNA is − 0.23 dBm. The value of 
IIP3 is enhanced by increasing the value of Cb capacitor as theoretically 
estimated in linearity analysis. However, the value of S21 is slightly 
reduced when the value of Cb capacitor is increased. Therefore, there is a 
trade-off between the linearity and power gain, and the value of Cb 
capacitor can be selected accordingly. In this design, the value of Cb 
capacitor has been selected as 45 fF in order to have the same 0.84 dBm 
IIP3 in both proposed and conventional LNAs. 

Fig. 8(a) and Fig. 8(b) show the output power against the input 
power for the both fundamental and third-order intermodulation (IM3) 
components in the conventional and proposed LNAs, respectively. The 
achieved IIP3 for both proposed and conventional LNAs is 0.84 dBm. 
Here, a two-tone RF input signal has been also applied at 2.449 GHz and 
2.451 GHz frequencies with 2 MHz frequency offset. 

Considering process corner cases, voltage, and temperature (PVT) 
variations, the operation of the proposed and conventional cascode CS 
LNAs have been simulated in different states of TT at 27 ◦C and VDD, SS 
at 85 ◦C and 0.9VDD, and FF at − 40 ◦C and 1.1VDD. The simulation re
sults are summarized in Table 1 confirming a robust performance over 
PVT variations. 

The stability of the proposed LNA is almost the same as the con
ventional cascode CS LNA. As well-known [22], the most popular 
technique to improve the stability of a CS amplifier with an inductive 
load is the cascode configuration. In cascode structure, the reverse 
isolation is enhanced and the Miller effect of Cgd of the input CS tran
sistor, which is the main instability issue, is highly reduced. In the 
proposed LNA, the added transistor is placed in parallel with the input 
transistor of the conventional cascode LNA which is forming only a 
feedforward path. Therefore, the structure of the proposed LNA is also 
cascode, and hence, it is inherently stable. To examine the stability, the 
following factors are mainly utilized [22]: 

K =
1 + |Δ|2 − |S11|

2
− |S22|

2

2|S21||S12|

Δ = S11S22 − S12S21

(23) 

If K > 1 and Δ < 1, then the LNA is unconditionally stable [22]. 
Stability factors of the simulated LNAs over wide frequency range of 
0.001–50 GHz are illustrated in Fig. 9. At 2.45 GHz, K is 16.6 and 24 for 
the proposed and conventional LNAs, respectively. Also, at 2.45 GHz, Δ 
is 0.015 and 0.008 for the proposed and conventional LNAs, respec
tively. Therefore, the stability condition is established for both struc
tures as well in wide frequency range. Indeed, according to Fig. 9, the 
plots of K and Δ are almost identical for both LNAs, indicating almost the 

0.974 mm

0.
81

8
m

m

0.974 mm

0.
81

8
m

m

(a) (b)

Fig. 4. Layout of the (a) proposed, and (b) conventional LNAs.  
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same stability performance for both LNAs. 
In order to examine the effects of process variations and device 

mismatches on the operation of the proposed LNA, some Monte Carlo 
simulations have been performed for the S21 at 2.45 GHz and IIP3, and 
the results are illustrated in Fig. 10. The mean value of the power gain in 
the proposed LNA is 15.52 dB with 0.396 dB standard deviation which 
means that S21 has little changes with the process variations and device 
mismatches. Also, the mean value of the IIP3 is 0.8 dBm with a standard 
deviation of 0.261 dBm. 

Table 2 summarizes the simulation results of the proposed LNA and 
compares it with the conventional cascode CS LNA with inductive source 
degeneration and several published state-of-the-art works. The 

following figure of merit (FoM) is also used to compare the proposed 
LNA with several published LNAs [33,34]: 

FoM[GHz] =
10

Power Gain [dB]
20 × 10

IIP3[dBm]

10 × f0[GHz]
(

10
NF[dB]

10 − 1
)
× PDC[mW]

(24)  

where f0 is the central frequency of LNA. As it is clear, in equal PDC, IIP3, 
and area, the absolute amount of the power gain in the proposed LNA is 
6 while it is 4.47 in conventional structure showing 34.2 % power gain 
improvement. The NF of the proposed LNA is slightly lower than the 
conventional one. The achieved FoM of the proposed LNA is substan
tially greater than the conventional cascode LNA. In other words, the 
FoM has been improved by 38.4 % in comparison to the conventional 
cascode CS LNA with inductive source degeneration. 

In [14,15,38], several additional techniques have been used in the CS 
LNA to improve the overall performance resulting in larger FoM in 
comparison with other LNAs listed in Table 2. In [14], the linearity of a 
sub-threshold cascode CS LNA with inductive source degeneration has 
been improved by reducing the third-order distortion. The tunable 
negative feedback capacitor, forward body biasing, input feedback 
capacitor, multiple-gate, and current reuse techniques have been 
employed in the basic CS LNA with inductive source degeneration in 
[15] to realize a variable gain LNA. In [38], a push–pull CS LNA struc
ture with inductive source degeneration has been utilized for passive 
gain boosting with preserved good linearity at low power consumption. 

It is worth mentioning that the proposed idea has been employed in 
the basic structure of the conventional cascode CS LNA with inductive 
source degeneration. It can be also utilized in all improved CS LNAs with 
inductive source degeneration like [14,15,38] to further improve the 

Fig. 5. Simulated (a) S21, and (b) S11 of the proposed and conventional LNAs.  

Fig. 6. Simulated NF of the proposed and conventional LNAs.  

Fig. 7. Simulated IIP3 and S21 of the proposed LNA as a function of Cb capacitor.  
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Fig. 8. Simulated IIP3 of (a) conventional, and (b) proposed LNAs.  

Table 1 
Simulated performance of the LNAs over PVT variations.  

Parameter SS @ 85 ◦C & 0.9VDD TT @ 27 ◦C & VDD FF @ − 40 ◦C & 1.1VDD 

Proposed LNA Conventional LNA Proposed LNA Conventional LNA Proposed LNA Conventional LNA 

PDC [mW] 2.52 2.53 3.2 3.2 3.92 3.92 
S21 [dB] 13.54 11.4 15.55 13 17.9 14.88 
NF [dB] 3.08 3.17 2.42 2.48 1.71 1.74 
S11 [dB] <− 12.1 <− 15.93 <− 12.7 <− 15.15 <− 12.38 <− 13.46 
IIP3 [dBm] − 0.04 0.22 0.84 0.84 0.51 1.13  

Fig. 9. Simulated (a) Stern stability factor K, and (b) Δ for the proposed and conventional LNAs.  

Fig. 10. Monte Carlo simulation results of the proposed LNA for (a) S21, and (b) IIP3.  
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achieved FoM since it increases the power gain with almost the same 
other performance parameters. 

4. Conclusion 

By adding an extra transistor to the conventional cascode CS LNA 
with inductive source degeneration, a new LNA structure is proposed to 
improve the power gain substantially almost with the same other per
formance parameters. Also, an additional capacitor is placed between 
the gate-source of the added transistor to avoid the IIP3 reduction in 
comparison with the conventional LNA. Detailed post-layout simulation 
results confirm that the power gain of the proposed LNA is increased 
34.2 % compared to the conventional cascode CS LNA with the same 
power consumption, IIP3, and area. The proposed technique can be 
utilized in all recently improved CS LNAs with inductive source 
degeneration to further enhance the power gain without needing addi
tional power consumption and area and also degradation in IIP3 and 

other performance metrics. 
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Appendix A. Linearity analysis by means of the Volterra series method 

As it mentioned before, the schematic of Fig. 2 is used for linearity analysis. In this analysis, Cgs1 = Cgs,M1 + Ca, and Cgs3 = Cgs,M3 + Cb, where Ca and 
Cb are the added capacitors in parallel with the gate-source of M1 and M3 transistors, and, Cgs,M1 and Cgs,M3 are the gate-source capacitances of M1 and 
M3 transistors, respectively. 

According to Fig. 2, the output current can be written as: 

iout = ia + ib = gm1va +
g′

m1

2
v2

a +
g′′

m1

6
v3

a + gm3vb +
g′

m3

2
v2

b +
g′′

m3

6
v3

b

Iout≜E1(ω)◦Vin + E2(ω1,ω2)
◦V2

in + E3(ω1,ω2,ω3)
◦V3

in

(A.1)  

where E1, E2, and E3 are 1st, 2nd, and 3rd order Volterra series kernels of the output current. By substituting the relation (17) into (A.1) and neglecting 
the terms V4

in and beyond, we have: 

E1(ω) = gm1A1(ω)+ gm3B1(ω) (A.2)  

E2(ω1,ω2) = gm1A2(ω1,ω2)+
g′

m1

2
A1(ω1)A1(ω2)+ gm3B2(ω1,ω2)+

g′

m3

2
B1(ω1)B1(ω2) (A.3) 

Table 2 
Performance comparison with several narrow-band CMOS LNAs.  

Reference Tech. [nm] Freq. [GHz] NF [dB] S21 [dB] S11 [dB] IIP3 [dBm] PDC [mW] Area [mm2] FoM [GHz] 

Proposed LNA* 180 2.45 2.42 15.55 <− 12.7 0.84 3.2 0.796d 7.46  

Cascode CS LNA* 180 2.45 2.48 13 <− 15.15 0.84 3.2 0.796d 5.39  

ISCAS’20 [13]* 180 1.8 4 13 − 55 5.5 10.8 – 1.75 
TCAS-I’18 [14] 110 1.8 3.7 14.8 <− 10 − 3.7 0.336 0.623e 9.34 
TCAS-II’20 [15] 180 2.8 4 10a − 9 0 0.6 0.9d 9.76 
TCAS-I’19 [16] 180 2.4 3.25 10.8 − 15 4.5 11.7 1.034d 1.8 
IA’17 [17]* 130 2.4 3.2 19.3 − 16.8 − 20.1 2.4 – 0.08 
TMTT’17 [18] 130 3 2.5b 21.2a − 10.4c − 12.5 7.2 – 0.35 
IA’19 [19]* 55 2.45 2.6 16.78 − 16.37 − 12.66 3.75 0.83e 0.3 
JSSC’18 [23] 65 2.4 2.8 17.4 <− 13.5 − 10.7 0.475 0.42e 3.52 
AEUE’20 [24]* 180 2.4 3.1 10.6 − 6.9 − 2.7 16.5 1.767e 0.25 
TCAS-II’19 [35] 180 2.4 3.46 10.4 − 9.2 − 8.4 1.31 1.63d 0.72 
NewCAS’18 [36] 130 2.4 5.05 13.8 <− 10 − 13 0.08 – 3.35 
ISCAS’20 [37] 180 2.6 3 16.5 – − 16 0.6 1.2d 0.73 
JSSC’20 [38] 65 2.4 6.8 11 <− 20 − 2.2 0.174 – 7.79 
AEUE’09 [39]** 250 2 4 25.67 − 14.6 – 5.13 – – 
AEUE’21 [40]* 180 2.4 3.45 14 <− 11 − 8 0.98 0.375e 1.6  

* Post-layout simulation results. 
** Schematic-level simulation results. 
a Maximum power gain. 
b Minimum NF. 
c Minimum S11. 
d Including pads. 
e Excluding pads. 
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E3(ω1,ω2,ω3) = gm1A3(ω1,ω2,ω3) + g′

m1A1(ω1)A2(ω2,ω3) +
g′′

m1

6
A1(ω1)A1(ω2)A1(ω3)

+gm3B3(ω1,ω2,ω3) + g
′

m3B1(ω1)B2(ω2,ω3) +
g′′

m3

6
B1(ω1)B1(ω2)B1(ω3)

(A.4)  

where the bar indicates the averaging function which is defined as follows: 

A1(ω1)A2(ω2,ω3) =
1
3
[A1(ω1)A2(ω2,ω3) + A1(ω2)A2(ω1,ω3) + A1(ω3)A2(ω1,ω2) ] (A.5) 

Assuming that the fundamental response is placed at ωa, and defining vin = A(cos(ωat) + cos(ωbt) ) for a two-tone excitation, the input tone 
amplitude at the intercept point of the IM3 response at ±2ωb ∓ ωa can be formulated as: 

AIP3( ± 2ωb ∓ ωa) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4
3

⃒
⃒
⃒
⃒

E1(ωa)

E3( ± ωb,±ωb,∓ωa)

⃒
⃒
⃒
⃒

√

(A.6) 

Moreover, the IIP3, the available power at the 3rd order intercept point, can be stated as: 

IIP3( ± 2ωb ∓ ωa) =
A2

IP3( ± 2ωb ∓ ωa)

8Re(Z1(ωa) )
=

1
6Re(Z1(ωa) )

⃒
⃒
⃒
⃒

E1(ωa)

E3( ± ωb,±ωb,∓ωa)

⃒
⃒
⃒
⃒ (A.7)  

where ω1 = ω2 = ±ωb, and ω3 = ∓ωa. The method for achieving A1, A2, A3, as well as B1, B2, and B3 parameters is by solving the Kirchhoff’s law 
equations, in the frequency domain, at the gate and source terminals of transistor M1 in Fig. 2. These equations are given in the relations (A.8) and 
(A.9) as: 

Vb − Vin

Z1
+ jω VbCgs3 + jω VaCgs1 = 0 (A.8)  

− jω VaCgs1 +
Vb − Va

jωLs
− gm1Va −

g′

m1

2
V2

a −
g′′

m1

6
V3

a = 0 (A.9) 

Substituting Eq. (17) into Eq. (A.8) and Eq. (A.9), the B1 and A1 regarding the first order term of the excitation voltage are calculated as Eq. (A.10) 
and Eq. (A.11), respectively. 

B1(ω) = jω Ls

[

gm1 +
1

jω Ls
+ jω Cgs1

]

A1(ω) (A.10)  

A1(ω ) =

(

jω Z1Cgs1 + jω Ls
(
1 + jω Z1Cgs3

)
[

gm1 +
1

jω Ls
+ jω Cgs1

])− 1

(A.11) 

In the same manner, the B2 and A2 are calculated as Eq. (A.12) and Eq. (A.13), respectively. 

B2(ω1,ω2) =
1
2 [j(ω1 + ω2)Ls][g

′

m1A1(ω1)A1(ω2)]

1 +
[{

gm1 +
1

j(ω1+ω2)Ls
+ j(ω1 + ω2)Cgs1

}(
1

Z1(ω1 ,ω2)
+ j(ω1 + ω2)Cgs3

)]
Ls

Cgs1

(A.12)  

A2(ω1,ω2) =
−
(

1
Z1(ω1 ,ω2)

+ j(ω1 + ω2)Cgs3

)

j(ω1 + ω2)Cgs1
B2(ω1,ω2) (A.13) 

Likewise, the expressions for the 3rd order terms, B3 and A3, are calculated as: 

B3(ω1,ω2,ω3) =
jω1,2,3Ls

[
g′

m1A1(ω1)A2(ω2,ω3) +
g′′m1

6 A1(ω1)A1(ω2)A1(ω3)
]

1 +
{

gm1 +
1

jω1,2,3Ls
+ jω1,2,3Cgs1

}{
1

Z1(ω1 ,ω2 ,ω3)
+ jω1,2,3Cgs3

}
Ls

Cgs1

(A.14)  

A3(ω1,ω2,ω3) =
−
(

1
Z1(ω1 ,ω2 ,ω3)

+ jω1,2,3Cgs3

)

jω1,2,3Cgs1
B3(ω1,ω2,ω3) (A.15)  

where ω1,2,3 means ω1 + ω2 + ω3. With the assumption that these frequencies are closely spaced, i.e. ωa ≈ ωb ≈ ω, we can write ω1 + ω2 + ω3 =

ω1,2,3 = ±2ωb ∓ ωa ≈ ±ω. In this manner, from Eq. (A.12), B2 and A2 can be rewritten as Eq. (A.16). 

B2( ± ωb,∓ωa) =

1
2
[jΔωLs]

[
g
′

m1A1( ± ωb)A1( ∓ ωa)
]

1 +
[{

gm1 +
1

jΔωLs
+ jΔωCgs1

}(
1

Z1( ± ωb,∓ωa)
+ jΔωCgs3

)]
Ls

Cgs1

B2( ± ωb,±ωb) =

1
2
[ ± 2jωbLs]

[
g′

m1A1( ± ωb)A1( ± ωb)
]

1 +
[{

gm1 ±
1

2jωbLs
± 2jωbCgs1

}(
1

Z1( ± ωb,±ωb)
± 2jωbCgs3

)]
Ls

Cgs1

(A.16) 

As we have assumed that frequencies are closely spaced, we have Δω = ±ωb ∓ ωa ≈ 0. As a result,B2(ωb, − ωa) ≈ 0. In addition, based on Eq. 
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(A.13), we can say A2(ωb, − ωa) ≈ 0 as well. In continuation of calculating the B2 parameters, A2 is calculated as Eq. (A.17) by combining Eq. (A.12) 
and Eq. (A.13). 

A2( ± ωb,±ωb) =
−
(

1
Z1(±ωb ,±ωb)

± 2jωbCgs3

)

±2jωbCgs1
B2( ± ωb,±ωb) =

− 1
2

[
Ls

Cgs1

][
g’

m1A1( ± ωb)A1( ± ωb)
](

1
Z1(±ωb ,±ωb)

± 2jωbCgs3

)

1 + Ls
Cgs1

[{
gm1 ±

1
2jωbLs

± 2jωbCgs1

}(
1

Z1(±ωb ,±ωb)
± 2jωbCgs3

) ] (A.17) 

By combining Eq. (A.5) and Eq. (A.17), we have: 

A1( ± ωb)A2( ± ωb,∓ωa) =
1
3
A1( ∓ ωa)A2( ± ωb,±ωb) =

− 1
6A1( ∓ jωa)

[
Ls

Cgs1

][
g’

m1A1( ± ωb)A1( ± ωb)
](

1
Z1(±ωb ,±ωb)

± 2jωbCgs3

)

1 + Ls
Cgs1

[{
gm1 ±

1
2jωbLs

± 2jωbCgs1

}(
1

Z1(±ωb ,±ωb)
± 2jωbCgs3

) ] (A.18) 

At this point, we make some definitions given in Eq. (A.19) – Eq. (A.24). 

γ(ω) = jωCgs1 +(jωLs)
− 1

+ gm1 (A.19)  

β(ω) = Z− 1
1 (ω) + jωCgs3

β( ± ω) = 1
Z1( ± ωb,±ωb,∓ωa)

± j( ± ωb ± ωb ∓ ωa)Cgs3 = Z− 1
1 ( ± ωb,±ωb,∓ωa) ± jωCgs3

(A.20)  

ζ = Ls
/

Cgs1 (A.21)  

λ(ω) = (1 + ζγ(ω)β(ω) )− 1

λ( ± 2ωb) = (1 + ζγ( ± 2ωb)β( ± 2ωb) )
− 1 (A.22)  

γ(2ωb)≜γ(2ω) = 2jωbCgs1 +(2jωbLs)
− 1

+ gm1 (A.23)  

β(2ωb)≜β(2ω) = Z− 1
1 (2ωb)+ 2jωbCgs3 (A.24) 

From Eq. (A.14), and Eq. (A.18) – Eq. (A.21), B3 is calculated as Eq. (A.25). 

B3( ± ωb,±ωb,∓ωa) =
±jωLs

[
−

ζ
6g′2m1A1(∓ωa)A2

1(±ωb)β(±2ωb)

1+ζγ(±2ωb)β(±2ωb)
+

g˝m1
6 A2

1( ± ωb)A1( ∓ ωa)
]

1 + ζβ( ± ω)γ( ± ω) (A.25) 

In addition, using Eq. (A.15), A3 is calculated from Eq. (A.26) as: 

A3( ± ωb,±ωb,∓ωa) =
− ζ
/

6β( ± ω)
[
− ζg′2 m1A1(∓ωa)A2

1(±ωb)β(±2ωb)

1+ζγ(±2ωb)β(±2ωb)
+ g˝

m1A2
1( ± ωb)A1( ∓ ωa)

]

1 + ζβ( ± ω)γ( ± ω)
(A.26) 

Considering Eq. (A.10) and Eq. (A.16), we have: 

B1( ± ωb)B2( ± ωb,∓ωa) =
1
3 γ( ∓ ωa)g

′

m1ωaωbL2
s

1 + ζβ( ± 2ωb)γ( ± 2ωb)
A1( ∓ ωa)A2

1( ± ωb) (A.27) 

In addition, based on Eq. (A.10), the term B2
1( ± ωb)B1( ∓ ωa) can be simplified as Eq. (A.28). 

B1(ω) = jωLsγ(ω)A1(ω) ⇒B2
1( ± ωb)B1( ∓ ωa) = jωaω2

bL3
s γ2( ± ωb)γ( ∓ ωa)A2

1( ± ωb)A1( ∓ ωa) (A.28) 

By combining the equations (A.18), (A.25), and (A.26-A.28), and with the assumption of ωa ≈ ωb ≈ ω, the 1st and 3rd order Volterra series kernels 
of the output current, E1 and E3 are calculated as Eq. (A.29). 

E3( ± ωb,±ωb,∓ωa) =
1
6

A1( ∓ ωa)A2
1( ± ωb)

⎧
⎪⎪⎨

⎪⎪⎩

ζ
[
− ζg’2

m1β( ± 2ωb)λ( ± 2ωb) + g˝
m1
](

± jωgm3Cgs1 − gm1β( ± ω)
)
λ( ± ω)

− ζg’
m1λ( ± 2ωb)

[
g’

m1β( ± 2ωb) − 2g’
m3ωaωbCgs1Lsγ( ∓ ωa)

]

+g˝
m1 + jωaωb

2g˝
m3L3

s γ2( ± ωb)γ( ∓ ωa)

⎫
⎪⎪⎬

⎪⎪⎭

(A.29) 

This expression can be further simplified by assuming ωa ≈ ωb ≈ ω as: 

E3( ± ωb,±ωb,∓ωa) =
1
6

A1( ∓ ωa)A2
1( ± ωb)

{[
g˝

m1 − ζg’2
m1β( ± 2ωb)λ( ± 2ωb)

][
1 − ζ

(
gm1β( ± ω) ∓ jωCgs1gm3

)
λ( ± ω)

]

+
[
ω2L2

s γ( ∓ ωa)
][

2g’
m1g’

m3λ( ± 2ωb) + jωbLsg˝
m3γ2( ± ωb)

]

}

(A.30) 

For calculating E1, we can use Eq. (A.2) in combination with Eq. (A.10), which is given in Eq. (A.31). 

E1(ωa) = gm1A1(ωa)+ gm3B1(ωa) = A1(ωa)(gm1 + jωaLsγ(ωa)gm3 ) (A.31) 

Finally, using equations (A.7), (A.30), and (A.31), the value of IIP3 is calculated as Eq. (A.32). 
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IIP3( ± 2ωb ∓ ωa) =
1

6Re(Z1(ωa) )

⃒
⃒
⃒
⃒

E1(ωa)

E3( ± ωb,±ωb,∓ωa)

⃒
⃒
⃒
⃒ =

1
6Re(Z1(ωa) )

⃒
⃒
⃒
⃒

A1(ωa)

A1( ∓ ωa)A2
1( ± ωb)

⃒
⃒
⃒
⃒

×

⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒

(gm1 + jωaLsγ(ωa)gm3 )
⎧
⎨

⎩

[
g˝

m1 − ζg’2
m1β( ± 2ωb)λ( ± 2ωb)

][
1 − ζ

(
gm1β( ± ω) ∓ jωCgs1gm3

)
λ( ± ω)

]

+
[
ωaωbL2

s γ( ∓ ωa)
][

2g’
m1g’

m3λ( ± 2ωb) + jωbLsg˝
m3γ2( ± ωb)

]

⎫
⎬

⎭

⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒

(A.32) 

It is worth mentioning that Eq. (A.32) can be used to achieve corresponding IIP3 equations for the proposed and conventional LNAs. Indeed, the 
following substitutions should be applied to Eqs. (A.19)–(A.24), as well as Eq. (A.32): gm1 = gm1,p, gm3 = gm3,p, Cgs1 = Cgs1,p, Cgs3 = Cgs3,p for the 
proposed LNA, and gm1 = gm1,c, Cgs1 = Cgs1,c for the conventional LNA. Moreover, the gm3, g′m3, g′′m3 and Cgs3 parameters are zero for the conventional 
LNA. 

Accordingly, the IIP3 for the proposed and conventional LNAs are finalized as Eq. (A.33) and Eq. (A.34), respectively. 

IIP3( ± 2ωb ∓ ωa) =
1

6Re(Z1(ωa) )

⃒
⃒
⃒
⃒

E1(ωa)

E3( ± ωb,±ωb,∓ωa)

⃒
⃒
⃒
⃒ =

1
Re(Z1(ωa) )

⃒
⃒
⃒
⃒

A1(ωa)

A1( ∓ ωa)A2
1( ± ωb)

⃒
⃒
⃒
⃒

×

⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒

(
gm1,p + jωaLsγ(ωa)gm3,p

)

⎧
⎨

⎩

[
g˝

m1,p − ζg’2
m1,pβ( ± 2ωb)λ( ± 2ωb)

][
1 − ζ

(
gm1,pβ( ± ω) ∓ jωCgs1,pgm3,p

)
λ( ± ω)

]

+
[
ω2L2

s γ( ∓ ωa)
][

2g’
m1,pg’

m3,pλ( ± 2ωb) + jωbLsg˝
m3,pγ2( ± ωb)

]

⎫
⎬

⎭

⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒

(A.33)  

IIP3( ± 2ωb ∓ ωa) =
1

6Re(Z1(ωa) )

⃒
⃒
⃒
⃒

E1(ωa)

E3( ± ωb,±ωb,∓ωa)

⃒
⃒
⃒
⃒ =

1
Re(Z1(ωa) )

⃒
⃒
⃒
⃒

A1(ωa)

A1( ∓ ωa)A2
1( ± ωb)

⃒
⃒
⃒
⃒

×

⃒
⃒
⃒
⃒
⃒

gm1,c
{[

g˝
m1,c − ζg’2

m1,cβ( ± 2ωb)λ( ± 2ωb)
][

1 − ζgm1,cβ( ± ω)λ( ± ω)
] }

⃒
⃒
⃒
⃒
⃒

(A.34)  
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