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This paper presents a novel structure to enhance the power gain (Sz;) 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 Sp; of the conventional cascode CS LNA with inductive source degeneration with the same DC
power consumption (Ppc), 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, Sy; of 15.55 dB, and 0.84 dBm IIP3 while consuming 3.2 mW from
1.2 V power supply. The simulated Sy; 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 (Ppc). 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,
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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 (Sz;) 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
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drop across Lg is used to increase the small-signal current of M3. On the
other hand, the DC overdrive voltage of M; and M3 transistors is almost
the same since the DC voltage drop across the inductor Lg is negligible
and the transistors M; and M3 have the same aspect ratio. Therefore, g3,
p is very close to gn1 p. So, based on this technique, although the size of
M and M3 transistors is the same and it is half of the M; 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 M;
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]:

. . . . A, com. = R 1
structure of the proposed LNA and provides an extensive gain, noise, and veonr. = Qe &t Re M
linearity analysis. Section 3 provides the post-layout simulation results where
and also a comprehensive comparison with several state-of-the-art

. . . . o 1 1
LNAs. Finally, conclusions are given in Section 4. 0. w0, = 2

2. Structure of the proposed LNA

The schematic of the proposed LNA is depicted in Fig. 1, where the
Mj3 transistor is added to the conventional cascode CS LNA with induc-
tive source degeneration. Transistor My, and resistors Rp; and Rpy are
used to define the bias current of the main My, M, and M3 transistors. Cy,
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. C, is an

B 2R5Cgsl.rw0.r’ (Ls + LG + LP)CgslAc

In relation (1), Ry, is the resistance of L due to its finite quality factor
and Cgs1,c = Cgsm1 + Ca, where Cgs \1 is the gate-source capacitance of
M, transistor.

It is worth mentioning that Cy, is small (45 fF in the designed LNA).
So, to find the gain of the proposed LNA, the Cgs3, = Cgsm3 + Cp is
neglected for simplicity. By writing KCL at the gate of M; transistor in
Fig. 2(b), we have:

Vin — (Vl + vain)

added parallel capacitor to Cg, of the M; transistor in order to achieve a Ver = QpVin  => Ry + 5 Lor = 5Ce1 Op Vi ®)
realizable value for the on-chip Lg inductor. Also, Cy, is an added parallel

capacitor to Cgs of the M3 transistor in order to improve the value of IIP3 where

in the proposed LNA. Indeed, using C}, adds one degree of freedom to 1 1

increase the value of IIP3 as will be discussed more in Section 3. In 0O, o, = @

addition to Cp, 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 M; and Mj transistors, which play the role of M; tran-
sistor in the conventional circuit. In the proposed LNA, the size of M; and
M3 transistors is the same and it is half the size of M; 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 M; transistor since it is equal to the
summation of the gate-source voltage of M; transistor and the voltage
across the Lg inductor. Therefore, in the proposed LNA, the ac voltage

B 2RSCgSl,pa)U.[)’ (LS + LG + LP)Cgslip

In relation (4), Cgs1,p = Cgs,m1 + Ca. At the resonance frequency of the
input matching network of the LNA, Cgs1 p (LgT + Lg)s> +1 = 0 and since
Lgr = Lp + Lg is normally much larger than Lg to reduce the NF [22], as it
is also used in the designed LNA, the approximation of Cgs1 p (LgT + Ls) =
Cgs1,p Lo = o, % is considered. Based on this approximation, V; is
simplified as:

Vl ~ Vin (1 - SCng,pr RS) (5)
By writing KCL at the drain of M; transistor in Fig. 2(b), we have:
Lw = 8m1 pOpVin +gms,p(V1 +0, Vin) (6)

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

Iom = Vin [Qp (gml,p + gm3,p) + gmB.p 7jngln3.ng:l.pR.S'w0,p} (7)

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

Parameter Value Parameter | Value
(WIL)13 12x7.2 um / 0.18 um Co 0.5 pF
(WIL), 24x7.2 um /0.18 um C, 220 fF
(WIL)y 4.44 ym/0.18 um Cn 1 pF

Rp1 33 kQ Co 45 fF
Rov2 11 kQ Ls 1nH
C 2 pF Lp 1nH
Cp 50 fF Lg 8.16 nH
CL 235 fF Lp 4.07 nH

Fig. 1. Schematic of the proposed LNA with simulated device parameters.
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(b)
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—Vgs2+

Fig. 2. Equivalent circuit and small-signal model for gain and linearity analysis. (a) conventional LNA, and (b) proposed LNA.

and M3 transistors is half that of the transistor M; in the conventional
cascode LNA (i.e., gn1,p = gm1,c/2) and assuming that gm1,, is almost
equal to gm3p, the relation (7) is simplified as below:
1 1,

Lo = Vin | Qp&mi e + Egml,ﬁ - EJngml,('Cg.\'l‘pRSw(P.p ®

By inserting the amount of Q,, 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:
1 N :
Ayprop. = \/(ngml.cRL + Egml.(-RL> + (ngl,erL>
1
~8mi.Re

~ Qp8miRL + >

9

It is worth mentioning that since the size of M; transistor in the
proposed LNA is half that of M transistor in the conventional LNA, Cgs,
M1 in the proposed LNA is half that of Cg v in the conventional LNA.
However, since C, is larger than Cgsmi, Cgs1,c and Cgs1p are mostly
determined by Cj (Cgs1,p is a little smaller than Cg (). So, as long as the
conventional circuit and the suggested LNA have similar C,, Q is almost
equal to Q, that results in:
Ay prop. = Qc8mRe +%gm].L'RL (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 Ri.

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 Cgg . should be
similarly reduced to maintain the input impedance matching condition.

So, according to the relation (2), the value of Q. 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 w; (w; ~ gn/Cys) 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 Lg (V1) is almost independent of the value of Lg when Lg <«
Lgr 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 Lg. So, the usefulness
of the proposed gain enhancement technique will be reduced when the
value of Lg is reduced. Nonetheless, the value of Lg 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 My
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transistor can be neglected as it circulates in itself. As a result, M,
transistor plays the dominant role at the output noise [22]. The NF of the
conventional cascode CS LNA with inductive source degeneration due to
M; and Ry, is given by [22]:

}/RS ngl ra
8micLor

4RS Cgsl N

NF oy, = 1+
& RiLor

11

where y is the excess noise factor. In the proposed LNA, the thermal noise
of both M7 and M35 transistors should be considered. The circuit shown in
Fig. 3 is considered for calculating the noise effect of M; transistor at the
output. By writing KVL and KCL equations at the gate, drain, and source
terminals of transistor My, and assuming g rqs > 1, we have:

Vi+ Vea
Rs + SLGT
Lyow = gml.pvgsl + 1+ Em3p (ngl + Vl)a

Vi =sLs [ch.\-l,pvg.\l + Lhowr — 8m3p (Vg.v] + Vl) ]

= _SCg.\].p Vg.m
(12)

Owing to the input impedance matching condition, Rs is equal to gm1,
p Ls / Cgs1,p [22]. Based on this fact, I oyt is obtained as follows:
1- Cg.\l,pLGTa)?)_p + jCos1 pRso,,
2

(13)
(1 Gt
- 2 40,

In‘aut Ay X

In relation (13), Cgs1,p LT w%)p 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 M;
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 M; 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 M
transistor. Hence, the overall noise current due to the thermal noise of
transistor M; 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 M transistor is neglected, the NF of the proposed LNA due to M3
and Ry, is approximately given by:

AkTygus pR: + 4kTR,,

NFpgp. = 1 +
’ AKTRg(20, + 1)’ g% K2
YRsCesip 4RCy1p P
—pg [ sCete gy [ 25Cws P a4
(gml.z‘LGT ﬁ gzmle‘RLLGT 2
where
2
- 15)

(1 + Rsy/ Cg.xl,p/LGT )2

L]

1
A
Wy
X

-
~
o
c
-

Fig. 3. Equivalent circuit of the proposed LNA used in noise analysis.
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As mentioned before, Cgs1 p is slightly smaller than Cgg . Further-
more, f is a little larger than 1. So, the 2" terms in relations (11) and
(14) are almost equal. However, the 3" term of relation (14) has p/2
coefficient that is smaller than 1. So, the noise effect of Ry, 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 M; and M3 transistors, denoted as i, and i}, can be
modeled by the following equations:

. 8ty 2 | Bmlp
la = 8mipVa + ;‘l’pvg + ’”61/ f/
. . ae)
, 8m3, 8m3p
iy = GuapVy + m;pvi + 6“ v

where g, and g’y are the first- and second-order derivatives of the
transistor transconductance (gp), respectively. The gate-source voltages
of M; and Mg, i.e. V, and V}, and the output current I, can be expressed
by the Volterra series in terms of the excitation voltage Vi, as (17), and
(18), respectively [27-32]:

Vo = A1(0) Vi + As(@1,0)°VE + As (@1, 02, @3)°V},

mn l,;l (17)
V, = Bi(0)"Viy + By (@1, 0)°Vy, + B3 (w1, 03, 3)°V},
Lt = E1(@0)°Viu + By (01, 02)° V, + Es (01, 0, 3)°V, (18)
Moreover, the IIP3 can be stated as:
1 | Ei(w,)
IIP3( £ 2 u 19
(200 F o) = e o)) |Bs (£ o0, Ly, F0r) (19)

where w1 = wp = twp, and w3 = F w,. Assuming that these frequencies
are closely spaced, i.e. w, = wp = o, the 1% and 3" order Volterra kernels
of the output current, E; and Ej3, for the proposed and conventional LNAs
will be derived by solving the KCL equations at the gate and source
nodes of M; as (20), and (21), respectively,

El (wa) = Al (wa) [gml.p +jwaL:y(wa)gm}.p ] B

1
Es( £ @y, 2oy, Fo,) = <A ( F 0,)AT (£ wy)

6
(20)
[, = €82, B 2004 % 20) | a( £ @)
X
@ Ly ( F 0a) | [28 s £200) + jouLsg 7 (£ 03) ]
El (wa) = gml.fAl (wa)7
1
Es( £ wp, T, F0,) :gAl(q:wa)A%(iwb) 21

X[ e = o B 200)( £ 203) |l £ )

where gm1,3 = &m1,p X §m3p The parameters given in the above-
mentioned kernels are defined as follows:

(w) = [1=L(gmP(@) = joChrignsp )A®) |,

R

=L,/ ngh
ﬂ(w) ( ) +jwCosp,
BRwy) = 77 (2w,) + ZJwa s (22)

7(@) = joCe1 + (jwLy) ™" + gui,
M) = (1 + Lr(w)p(w))™
Aj(@) = (jo Z)Cop1 + jo Ly (1 + jo Z;Cyy3,) y() )71

where gm1 = gm1,p» Cgs1 = Cys1,p for the proposed LNA, and gm1 = gm1,c
Cgs1 = Cgs1,¢ for the conventional LNA. Moreover, the gn3,p, £'m3,p, 8 'm3,p
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and Cg3 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 |A;(+ap)|?,
and A1(+wp) is inversely proportional to the Cgs3 . Accordingly, the Cp
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
Cp is utilized to compensate the IIP3 degradation. The effect of the added
Cp 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 M; transistor is twice that of M; 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 (S2;) of the proposed and
conventional LNAs over the frequency range of 2.2-2.6 GHz. The
maximum Sp; 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 (S;1) of the LNAs is simulated and the results
are illustrated in Fig. 5(b). Over the frequency bandwidth of 2.4-2.5
GHz, Sy 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 C},

0.974 mm

0.818 mm

(a)
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which is in parallel with Cg of the M3 transistor, is added for the sake of
ITIP3 improvement. Fig. 7 illustrates the simulated IIP3 as well as Sy; of
the proposed LNA versus the capacitor Cp. According to this figure,
without Cp, the IIP3 of the proposed LNA is —0.23 dBm. The value of
IIP3 is enhanced by increasing the value of Cy, capacitor as theoretically
estimated in linearity analysis. However, the value of Sy; is slightly
reduced when the value of C}, capacitor is increased. Therefore, there is a
trade-off between the linearity and power gain, and the value of C},
capacitor can be selected accordingly. In this design, the value of Cy
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 Vpp, SS
at 85 °C and 0.9Vpp, and FF at —40 °C and 1.1Vpp. 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 Cgq 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]:

s AP = |Sul® = [Saf’
2|851|[812] (23)
A =81182 — S8

If K> 1 and A < 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, A
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 A are almost identical for both LNAs, indicating almost the

0.974 mm

0.818 mm

(b)

Fig. 4. Layout of the (a) proposed, and (b) conventional LNAs.



F. Gozalpour et al.

AEUE - International Journal of Electronics and Communications 156 (2022) 154406

-8 T T
===Proposed
===:Conventional

s,, [dB]

Frequency [GHz]

(b)

Fig. 5. Simulated (a) S»;, and (b) S;; of the proposed and conventional LNAs.
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Fig. 6. Simulated NF of the proposed and conventional LNAs.

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 Sy; 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 Sy; 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]:

Power_Gain_[dB) 11P3[dBm)

1075 % 1075 % f,[GHz)
NF(dB]
(10—.0 - 1) X Ppc[mW]

FoM[GHz) = (24)

where fj is the central frequency of LNA. As it is clear, in equal Ppc, 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

1-5 T T T T T T T 16
g, =4=11P3 (Prop.)
e, .
1+ "o, eS,, (Prop.) 15.8
.‘.,
—_ C, = )
[ b
o 1IP3 (Prop.) = -0.23 dBm )
2,05 01s, . (Prop.) = 15.92 dB 1156 5
e -
o 2 " N
= C, =45fF ity ®
0r b rel. 415.4
IIP3 (Prop.) = 1IP3 (Conv.) = 0.84 dBm Ve,
S,, (Prop.) = 15.55 dB ¢
0.5 ' . ' ' ' ' . 15.2
0 10 20 30 40 50 60 70
c, [fF]

Fig. 7. Simulated IIP3 and Sy, of the proposed LNA as a function of Cy, capacitor.
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Input Power [dBm]

(a)

Input Power [dBm]

(b)

Fig. 8. Simulated IIP3 of (a) conventional, and (b) proposed LNAs.

Simulated performance of the LNAs over PVT variations.

Parameter SS @ 85 °C & 0.9Vpp TT @ 27 °C & Vpp FF @ —40 °C & 1.1Vpp
Proposed LNA Conventional LNA Proposed LNA Conventional LNA Proposed LNA Conventional LNA
Ppc [mW] 2.52 2.53 3.2 3.2 3.92 3.92
S»; [dB] 13.54 11.4 15.55 13 179 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
1IP3 [dBm] —0.04 0.22 0.84 0.84 0.51 1.13
10000 ; : . . 1 : : .
X:2.45|25 ] ten —Proposed
8000 - Y:24 |5 ] L8t N e Conventional| |
6000 - —Proposefj 15 \_/ | osl |
v |l Conventional a
9 2 2.5 3 0.4 0.1
4000 | . Ar - i
V- 000822
2000F NI 0.2 - 0 & ]
L" T O BB b | / 2.3 25 26
0 ] * o \ 7 1 1 1 L
o~ 10 20 30 40 50 0 10 20 30 40 50
Frequency [GHz] Frequency [GHz]
(a) (b)
Fig. 9. Simulated (a) Stern stability factor K, and (b) A for the proposed and conventional LNAs.
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Fig. 10. Monte Carlo simulation results of the proposed LNA for (a) Sz, and (b) IIP3.
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Table 2

Performance comparison with several narrow-band CMOS LNAs.
Reference Tech. [nm] Freq. [GHz] NF [dB] So1 [dB] S11 [dB] 1IP3 [dBm] Ppc [mW] Area [mm?] FoM [GHz]
Proposed LNA* 180 2.45 2.42 15.55 <-12.7 0.84 3.2 0.796 7.46
Cascode CS LNA* 180 2.45 2.48 13 <-15.15 0.84 3.2 0.796 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 0.623° 9.34
TCAS-II’20 [15] 180 2.8 4 10" -9 0 0.6 0.9¢ 9.76
TCAS-I'19 [16] 180 2.4 3.25 10.8 -15 4.5 11.7 1.034¢ 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 2.5" 21.2°% —10.4¢ -125 7.2 - 0.35
IA’19 [19]* 55 2.45 2.6 16.78 -16.37 —12.66 3.75 0.83° 0.3
JSSC’18 [23] 65 2.4 2.8 17.4 <-13.5 -10.7 0.475 0.42¢ 3.52
AEUE’20 [24]* 180 2.4 3.1 10.6 —-6.9 —-2.7 16.5 1.767¢ 0.25
TCAS-II'19 [35] 180 2.4 3.46 10.4 -9.2 -8.4 1.31 1.63¢ 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 1.2¢ 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 0.375° 1.6

" Post-layout simulation results.

" Schematic-level simulation results.
# Maximum power gain.

b Minimum NF.

Minimum Sy;.

4 Including pads.

¢ Excluding pads.

c

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 Cge3 = Cgs M3 + Cp, where C, and
Cyp are the added capacitors in parallel with the gate-source of M and M3 transistors, and, Cgs M1 and Cgs w13 are the gate-source capacitances of M; and

M3 transistors, respectively.
According to Fig. 2, the output current can be written as:

! " ! "
. . . 8 & 8, 8
low = lg +1p = 8m1Va + glvi + glvi + 8m3Vh + 7;31)37 + 723\);3

Lu2E1 (@) Viy + Ex (01, 02)° Vi, + Es (01, 02, 03)°V;

in in

(A1)

where Ej, E, and E5 are 1%, 2“d, and 3" order Volterra series kernels of the output current. By substituting the relation (17) into (A.1) and neglecting

the terms V;, and beyond, we have:
El ((1)) = gmlAl (Cl)) + gnx3Bl (Cl))

’ ’

8mi
2

Ar(@0)A (@) + gn3Ba(01, 02) +522

Ey(w1,02) = gmAz(wy, 02) + 2

3Bl (wl)Bl (wz)

(A.2)

(A.3)
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"

MAl(CUl)A](ﬂl)z)Al(wz)

E3(w), 05, 03) = gmA; (01,0, 03) +gl/nlAl(wl)A2(w2\,w3) + 6

" (A.4)
+8naB3 (01,02, 03) + 8,5B1 (01) B (02, 03) + %Bl (@1)B1(@2)B) (w3)
where the bar indicates the averaging function which is defined as follows:
— 1
A (01)Ar (0, @3) = 5 [A1(01)Az (@2, @3) + Ay (02)Az (@1, 03) + Ay (@3)Ar (@1, @1) ] (A.5)

3

Assuming that the fundamental response is placed at w,, and defining v;;, = A(cos(w,t) + cos(wpt) ) for a two-tone excitation, the input tone
amplitude at the intercept point of the IM3 response at +2w, F @, can be formulated as:

4 Ei(w,)
Aps(£2 ) =5 |l A.6
1.v3( wp F O, ) \/3 E;(:I:a)b,:twb,¢coa) ( )
Moreover, the IIP3, the available power at the 3rd order intercept point, can be stated as:
A2 (£2 a 1 E (0,
1IP3( 4+ 20, T w,) = A E200 F @) | (@) A7)

8Re(Zi(w,)) B 6Re(Z,(w,)) |E3( + Wy, Ty, FW,)

where w1 = wy = twp, and w3 = Fw,. The method for achieving Ay, Ay, As, as well as By, By, and B3 parameters is by solving the Kirchhoff’s law
equations, in the frequency domain, at the gate and source terminals of transistor M; in Fig. 2. These equations are given in the relations (A.8) and
(A.9) as:

Vo=V . .
— "4 jo Vi Cos +j0 VaCont =0 (A8)
1
. Vo —Va g,] 2 8mivs
—jo V,Cy —gmVe—"5"V, =22V =0 A.9
Jo sl + ]U)Lx 8mi D a 6 ¢ ( )

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

Bi(w) = jo L {gml + +jw Cgsl}Al(w) (A.10)

jo L,

~1
A(w) = (jw ZCy1 + jo L:(l + jo Z, ngg) {gml + + jo Cgsl} ) (A11)

Jjo Ly
In the same manner, the B, and A, are calculated as Eq. (A.12) and Eq. (A.13), respectively.

i + 02) L] (g A1 (@1)A; (@2)]

Bl @) = 1 : 1 . L (A.12)
1+ [{gml +m +J(wl + wZ)CgSI } (m +J(w1 + wZ)CL’x3>] CS’“I
1 .
—<—+J(w1 +@,)Cy3
Zi (01,072) g
e e A.13
2 (01, w2) J(@1 + @2)Cyal 2 (@1, ;) ( )
Likewise, the expressions for the 3™ order terms, B3 and A are calculated as:
0125Ls 6121 (@1 s (@2, @3 -+ 14, (1) Ay (2)A, (0
Bi(wy, 0y, 03) = Jo123L, [8"“ 1(@1)A2 (02, 03) +=2A (@1)A1 (02)A 3)}L e
1+ {gml “Fm JFJCUI.Z.}Cgsl } {m +J601.2_3ng3} ?:I
_<m +Jj0123C,s )
As(@1, 0,,03) = B3 (0, wy, @3) (A.15)

Jw123C4s1
where w1 23 means 1 + @2 + w3. With the assumption that these frequencies are closely spaced, i.e. ¥, ~ @, ~ @, we can write ©1 + w3 + @3 =

w123 = +2wp F wq = tw. In this manner, from Eq. (A.12), By and A; can be rewritten as Eq. (A.16).

0L g (£ )1 (7 0,)]

1 1 L
o e e, )|
Lt jaer, A gl}(ZAiwb,:Fwa)ﬂ “ HC

1 ,
3 [+ 2jos L) [g,1 A1 ( £ @)A1 (£ @) ]

1 1 i3
1 [{ - + 20y Cot Y+ 2jw,C.s g
s 2jwy Ly S0 gl}(zl(iwbviwb) S “)} Cest

As we have assumed that frequencies are closely spaced, we have Aw = +w, F w, ~ 0. As a result,B;(w,, —®,) ~ 0. In addition, based on Eq.

By( £+ wp, Fw,) =

(A.16)

By( £ wp, W) =
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(A.13), we can say Az (wp, —@,) ~ 0 as well. In continuation of calculating the By parameters, A is calculated as Eq. (A.17) by combining Eq. (A.12)
and Eq. (A.13).

- (Zl(imt,,iw,,) + ijngS3 ) 7% [ﬁ] [g;nlAl( + wb)Al( + wb)] (z (iru,, Fwy) + ZJwaL'S‘ )

Az(:I:a)b,:I:(ub) = 2w, C Bz(:twb,:l:a)b) = . . ; ; (A.17)
0 C st I+zs [{gml + 5 £ 20 Cn } (Zl(ia);,.imh) +2j0pCosy ) }
By combining Eq. (A.5) and Eq. (A.17), we have:
(o) [ ] (g1 (£ 00)A (£ 00) ] (7 & 200 )
1 1 JWq 8m b b JWpLgs3
Al(:tﬂ)b)Az( j:wlm-T-wa) :§A1(¢wa)A2(:|:a)b,:|:a)b) = ! ST £ (A.18)
1+& [{gml zjth + 20, Cya1 } (m £ 2jw,Cys ) }
At this point, we make some definitions given in Eq. (A.19) — Eq. (A.24).
7((‘)) :ijgu + (ij.x)il +gml (A19)

B@) = Z; (0) + joCes
1 (A.20)

pltw) = AETREE . (L wp £ 0, F0,)Cops = Z;' (£ 0y, £y, F,) £ joCyy;
C = Lx/cgsl (A.21)
_ -1
Ao) = (L4 Grlopp@) *22)
M £ 20) = (14 Cr( £ 2w,)p( £ 2mp) )
7(205)27(20) = 20y Cyp1 + (2L, )+ g (A.23)
B2ay)Ep20) = Z' (2w,) + 2jwyCys (A.24)
From Eq. (A.14), and Eq. (A.18) — Eq. (A.21), Bs is calculated as Eq. (A.25).
ol [*%g,mzlm(¥w112)Af(iwh2)ﬂ(i2mh) 4 g"?m,A%( + ) (Fo )]
s 1+y (£2wp ) f(20 a
B3( + ®p, :I:a)b, :Fa)a) = e P20 (A.25)
1+ (L w)r(+w)
In addition, using Eq. (A.15), A3 is calculated from Eq. (A.26) as:
—{; /Qm A (Fwa)A? (£wp)f(£20) "
A ( + o tw . ) _ 74‘/6/}( + w)[ £ l‘+15}’(i20)h)‘ﬂ(i2lwh) : +8 mlA%( + (D[,)A]( + (l)g)] (A 26)
3 by b a) — .
1+ {p(+o)(+o)
Considering Eq. (A.10) and Eq. (A.16), we have:
1 ! 2
Y( F ©4)8, @a®sL 5
Bi(+wy)By(+ 3 o * A AZ(+ A.2
(£@y)Bo( £ 0y, Fo0a) = 5 O 2 )y 20 1(F 0 )AT (£ o) (A.27)
In addition, based on Eq. (A.10), the term B%( =+ wy)B;( F w,) can be simplified as Eq. (A.28).
B (w) = joLyy(w)A,(w) =>Bf( + wp)B i (Fw,) = /wawa3 r(+w)y(F a)a)Af( + wp)A ( F w,) (A.28)

By combining the equations (A.18), (A.25), and (A.26-A.28), and with the assumption of w, ~ @, ~ ®, the 1%t and 39 order Volterra series kernels
of the output current, E; and E3 are calculated as Eq. (A.29).

1 ([ 8% B(£ 20 £204) + 8 1 | (£jOZm3Cont — gmB( £ 0) ) A £ 0)
Es( £ 0y, 0, F0,) = 6Al( F 0, )AX(+ o) =88 M £ 20p) [ B £ 203) — 28 300, Co1 Lyy ( F @) | (A.29)
g 1 005’8 3Ly (£ )y ( F @)

This expression can be further simplified by assuming w, ~ w, ~ o as:

(8 = C87 B £ 20,)A( £ 20) | [1 — £ (gmB( £ ©) F jCo18n3 )A( £ @) ] }

o ST (A.30)
+HO Ly (F 04) ] 28 8 wsd( £ 203) + jonLsg a7’ (£ @3)]

1
E3( £ 0y, 20y, Fo,) = EAI( T wa)AT (£ w,,){

For calculating E7, we can use Eq. (A.2) in combination with Eq. (A.10), which is given in Eq. (A.31).
El (wa) = gmlAl (a)a) +gmBBl ((0,1) = Al (wu)(gml +jwuLs}’(mn)gm3 ) (A31)
Finally, using equations (A.7), (A.30), and (A.31), the value of IIP3 is calculated as Eq. (A.32).

10
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B 1 E\(w,) . 1 | Al (@)
HIP3(£200 F 00) = Gpo 7 () |Ex( £ o 2aop ) | 6Re(Zs(@3)) |Ar (T w0)A2(£ )

. (A.32)
(gml +./wuny(wa)gm3 )

[g"ml - ég‘zmlﬂ( + 20);,)/1( + 2(0,,)] {1 - g(gmlﬂ( + w) FjoCys18m3 )’1( + w)}
+[0a@ L2y ( F ©a) ] [28 & wad( £ 200) + jaLsg a7 (£ @) |

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 Eqgs. (A.19)—(A.24), as well as Eq. (A.32): gm1 = &m1,p> §m3 = &m3,p» Cgs1 = Cgs1,p» Cgs3 = Cgs3,p for the
proposed LNA, and gm1 = gm1,c, Cgs1 = Cygs1,c for the conventional LNA. Moreover, the gm3, 'm3, §'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.

o 1 E] (a)a) - 1 | A](a)a)
- 6Re(Z,(w,)) |Es( £ wp, @y, Fo,) B Re(Z,(w,)) |A1( + wa)A%( + )

IIP3( £ 2w, F w,)

i (A.33)
% (gml,p +jwaL:7(a)a)gm3,p )
. b .
[g mip — 68 ml,pﬁ( +2w;)A( £ za)b” [1 - g(gml.)hﬁ( + @) F joCys1 p8ms )l( + w)]
272 ’ ’ . " 2
@ L3y (F @) ][28 1,8 w3 pA £ 200) +joLsg 3,7 (£ 01) ]
1 Ei (o, 1 A (o
1IP3( £ 2w, F 0,) = 1) = | il ;’)
6Re(Zi(0,)) |Es( £ wp, £wp, F0,) | Re(Zi(@.)) |Ar (T 0a)A2 (£ @)
(A.34)
x gml,c
" 2
{18 me =87 m B £ 20)2( £20,) [ [1 = Lgm S @)U £ @) ] }
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