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In this paper, a highly linear CMOS low noise amplifier (LNA) for ultra-wideband applications is presented.
The proposed LNA improves both input second- and third-order intercept points (IIP2 and IIP3) by canceling
the common-mode part of all intermodulation components from the output current. The proposed LNA
structure creates equal common-mode currents with the opposite sign by cascading two differential pairs
with a cross-connected output. These currents eliminate each other at the output and improve the linearity.
Also, the proposed LNA improves the noise performance by canceling the thermal noise of the input and

KE,VWOTC?SI auxiliary transistors at the output. Detailed analysis is provided to show the effectiveness of the proposed
Ultra-wideband CMOS LNA LNA structure. Post-layout circuit level simulation results using a 90 nm RF CMOS process with Spectre-RF
Egies aent%ure reveal 9.5 dB power gain, -3 dB bandwidth (BW _ 345) of 8 GHz from 2.4 GHz to 10.4 GHz, and mean IIP3 and

[IP2 of +13.1 dBm and +42.8 dBm, respectively. The simulated Sy; is less than — 11 dB in whole frequency
range while the LNA consumes 14.8 mW from a single 1.2 V power supply.
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1. Introduction

The demand for high-speed wireless communication systems
increases the interest to the ultra-wideband (UWB) standard which
emerges as a new technology to transmit high data rate (up to 1 Gb/s)
in short distances ( < 10 m) with low power [1]. As the first block of a
multi-purpose/multi-standard radio-frequency front-end, the realiza-
tion of broadband low-noise amplifiers (LNAs) are highly required.
Broadband LNAs have to provide several requirements such as the
broadband input impedance matching, high linearity, and low noise
figure (NF) over a multi-GHz bandwidth which make the LNA design
very critical and challenging.

The capability of CMOS technology to further reduce the circuit
implementation area makes the realization of RF systems on chip
more feasible. On the other hand, while the noise performance and
bandwidth of CMOS LNAs improve with technology scaling, unfortu-
nately the gain and linearity deteriorates mainly due to the high-field
mobility degradation and power supply reduction [2]. Also, due to the
presence of large number of in-band interferers and intermodulations
(IMs) produced by blockers or transmitter leakage at the LNA input,
the stringent linearity requirement over a wide frequency range is a
big design challenge for UWB LNAs. Thus, some linearization techni-
ques are necessary to satisfy the linearity requirements of UWB
CMOS LNAs.
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In broadband applications, both input second-order intercept
point (IIP2) and input third-order intercept point (IIP3) are important.
A high IIP2 ensures that the LNA stays linear in the presence of large
interferences far from the fundamental tone which create a second-
order intermodulation (IM2) component in the desired bandwidth.
Most of the previously reported linearization techniques have been
focused on IIP3 enhancement and there are a few ones improving
both 1IP2 and IIP3 such as the complementary derivative super-
position method [3,4].

The negative feedback linearization for LNAs is not as effective as
for base-band circuits, and hence, it is not so popular in high frequency
applications [5]. The optimum biasing of the transistor overdrive
voltage makes a linearity boost for narrowband input signals [6], but
it is sensitive to the process variations. The feedforward is another
method which is widely used in the circuit linearization. Derivative
superposition [7,8], IM2 injection [9], noise and distortion cancellation
[3,4,10], and the post distortion [11] are some categories of the
feedforward scheme. The derivative superposition method uses an
additional transistor's nonlinearity to cancel that of the main device,
and involves MOS transistors working in triode [12] or in weak
inversion region [13,14]. The common problem existing in all reported
derivative superposition methods is the difficulty to match the
transistors working at the different regions. The post distortion scheme
uses all transistors in saturation and avoids the input matching
degradation [3,15].

Caprio's cross-quad and Quinn's cascomp techniques are used
widely in differential circuit linearization [16-18], but have some
problems such as the stability and NF degradation. The cascomp


www.sciencedirect.com/science/journal/00262692
www.elsevier.com/locate/mejo
http://dx.doi.org/10.1016/j.mejo.2014.12.007
http://dx.doi.org/10.1016/j.mejo.2014.12.007
http://dx.doi.org/10.1016/j.mejo.2014.12.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mejo.2014.12.007&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mejo.2014.12.007&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mejo.2014.12.007&domain=pdf
mailto:myavari@aut.ac.ir
http://dx.doi.org/10.1016/j.mejo.2014.12.007

B. Mazhab Jafari, M. Yavari / Microelectronics Journal 46 (2015) 198-206 199

implementation degrades the NF because not only the noise of the
auxiliary transistors is added to the output directly, but also these
transistors amplify the noise of the input transistors at the output.

In this paper, a new structure is introduced which improves both
the linearity and noise performance of CMOS LNAs simultaneously.
The linearity is improved by reducing the IM components of the
output currents. To do so, two auxiliary pairs as the cascomp structure
are utilized to cancel the common-mode currents at the output.
Furthermore, in the proposed LNA, the auxiliary paths eliminate the
IM3 component of each other resulting in simultaneous improvement
of 1IP2 and IIP3. Also, the proposed LNA structure improves the noise
performance of the cascomp technique by canceling the noise of the
input and auxiliary transistors at the output.

The paper is organized as follows. The structure of the proposed
LNA is presented in Section 2. Section 3 provides a detailed analysis
of the proposed LNA including input matching, gain, linearity, and
noise. The circuit level simulation results are presented in Section 4.
Finally, Section 5 concludes the paper.

2. Structure of the proposed LNA

Fig. 1 shows the proposed UWB LNA structure where transistors
Ms-Mg are added to the differential structure of conventional cascode
common-gate (CG) LNA [11,16,19—-21]. M; and M, are the common-
gate input transistors and designed to provide the broadband input
impedance matching. M3 and M, are utilized as cascode transistors to
improve both the gain and reverse isolation. Transistors Ms and Mg
are used as an auxiliary pair to cancel the common-mode parts of IM
components at the output. These transistors provide a common-
mode current equal to the input pair (M; and M,) but with the
opposite sign. Using only these transistors (Ms and Mg) increases the
NF because their noise is directly added at the output and also the
noise of M, and M, appeared at the source of M3 and M, is amplified
by these transistors. Thus, transistors M, and Mg are utilized to create
a noise cancellation path to improve the noise performance. Accord-
ing to the simulation results, the total output noise added by M, and
Mg transistors is smaller than the removed noise of My, and Msg by
the noise cancellation path. Therefore, the overall NF of the proposed
LNA is reduced compared to the conventional LNA. The resistor R; in
parallel with Lp and the output parasitic capacitance forms a passive
RLC Load. The inductors Ls are used to resonate with the input
parasitic capacitances. An RF MOS process with a separated and
surrounded bulk with a guard ring is used to realize the proposed
LNA. The resistors, inductors, and capacitors are implemented with

RL é LD I—D RL
Vout

Fig. 1. Proposed UWB CMOS LNA.

the poly resistors, spiral inductors, and metal-isolator-metal (MIM)
capacitors, respectively. A proper constant current biasing circuit is
used to generate the bias voltages in the proposed LNA which is not
shown in Fig. 1 for simplicity.

Unlike the previous reported LNAs using the cascomp linear-
ization technique, which usually degrades the NF, in the proposed
structure the transistors M, and Mg are used besides of the M5 and
Mg transistors to improve the NF by canceling the noise of the
input and auxiliary transistors. Also, these transistors are biased in
strong and weak inversion regions, respectively, to create an equal
g”» but with an opposite phase resulting in a small-signal current
without any IM3 distortion. Hence, not only the additional
transistors (Ms—Mg) attenuate the IM2 and IM3 currents of input
transistors significantly, but also eliminate the third-order non-
linear current of each other. It results in a significant enhancement
in both IIP2 and IIP3 besides reducing the overall NF of the
proposed LNA. Although using auxiliary transistors with different
operating regions make their matching more challenging, but this
is the expense of significant linearity improvement achieved with
the proposed IM cancellation technique.

3. Analysis of the proposed LNA

In this section, the proposed LNA is analyzed in details. The
required conditions to improve the linearity and reduce the noise
figure are obtained. To consider the body effect in common-gate
transistors, the total transconductance of the ith transistor is
assumed as gme,i=gmi+ gmbi-

3.1. Input matching

The common-gate configuration is chosen to provide the
broadband input impedance matching. By assuming g,,r4s>1, the
input impedance of the proposed LNA is obtained as follows:

29~ (- tslsli ) M
where g, is the total transconductance of M; in which the body
effect is also included, and Cp; = Cgs1 + Cgs7+ (1 +8m71Zour!Caa7) + Csp1
is the total parasitic capacitance at the source of M.

To have a broadband input matching from 3.1 GHz to 10.6 GHz,
the inductor Ls is designed to resonate with parasitic capacitance
of Cp; at the center frequency of the bandwidth. Hence, the input
matching condition is simplified as:

1/8mi1 =Rs )

3.2. Gain

When the input matching condition is satisfied, the differential
voltage gain of the proposed LNA is derived as:

1
Ay = 5 (8me1 +&me +8&ms) |Zout| 3

where Z,,, is the output impedance of the proposed LNA at the
output resonance frequency, @wo=1/y/(CpsLp), and it can be
approximately written as:

“1
1 1 1 1

Zou ™ | —+—+ o 4)

out <Tds6 Tass  Tas3+Ro1 (14 8meaTas3) RL> :

where Rp1=Rpll[1gs1+(1+gmeTas1)Rs] and Cps is the output para-
sitic capacitance including Cyps6, Cap7s, Capza and Cggza. As it is
clear, due to the increased total transconductance, the differential
voltage gain of the proposed LNA is increased compared to the
conventional LNA at the cost of more power consumption.
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3.3. Linearity

In a differential pair, the small-signal drain current of transis-
tors can be decomposed into the common-mode and differential
mode components as ig=icm+igr Thus, the intermodulation
currents can be written as ijn;=1imgjcm~+imvjdige Where ipy; is the
jth-order intermodulation current of an MOS transistor. The
common-mode part, which is produced due to the nonlinearity
and mismatch between the input transistors, degrades the circuit
performance specially the linearity. Therefore, canceling the
common-mode part of output current, which is the main idea of
the proposed structure, improves the linearity specially IIP2
because the common-mode is the dominant part in the IM2
current [22]. Since the interaction between IM2 components at
the frequency of f; + f> and f, + f;, with fundamental tones (f; and
f>), introduces an IM3 component at the frequency of 2f; + f> and
2f> + f1, respectively, the proposed common-mode canceling struc-
ture improves IIP3 by two ways. Firstly, it attenuates the IM3
component of output current. Secondly, it reduces the second-
order interaction due to the significant IM2 attenuation.

In the following subsections, the effect of the proposed LNA
structure on the linearity is analyzed in details.

3.3.1. IIP2 improvement analysis

According to Fig. 2(a), the output current of each branch (igy..
and iy, ) is formed by the current of three paths. Two pairs (M;>
and M5g) make a positive common-mode current, iqy,, and one pair
(Ms and M) creates an i, equal to them but with an opposite sign.
By summing these currents, the common-mode parts are subtracted
from each other in the output current, but the differential currents
are added together due to the same sign. So, it makes the small-
signal gain of the proposed LNA to be increased and IM currents to be
reduced compared to the conventional counterpart.

a

iout- ¢

* iout+

* v NL *"MS,NL

ngVgsgb JILM?’Q @”M&G @ meVgs6

Fig. 2. Equivalent circuits used in linearity analysis: (a) equivalent circuit and
(b) single-ended equivalent model of (a) used in IM3 distortion cancellation analysis.

By assuming ij, iour+, and io,.— to be the small-signal part of the
drain current of M;, and the output current of the right and left
branches, respectively, in Fig. 2(a), we can write

. . . —1i . .
1= ldiff+lfm = 15 = ]ng = (gm5 ) (—ldiff—lcm) (5)
Emt3 Emt3
. . . . =1 : .
Iy = —lgiff +lem = lg = —zgma = <gﬂ> (ldiff—lcm) (6)
Emta Emta

The current of M, and Mg transistors can be derived similar to is
and ig, respectively. Thus, the output currents are obtained as
follows:

; : : : : Eme ng) : ( 8Emé ng)
i =i +ig+ig =lgif | 1+ -7 ) +iem | 1 -2+ 7
o ! ¢ ¢ dlff( Emta  Emr2 o Emta  Emr2 ( )

: : : : : Ems 8Em7 : 8ms Em7
lout— =l +is+i; = —ig <1+———>+1 (1——+—>
o N Emes Emn o Emts Emn

®)

According to (7) and (8), the common-mode part of the output
currents can be canceled if the following condition is satisfied:

gm5,6 = gmt3,4 (1 + gm7,8> (9)
Emr12

This condition can be well satisfied by an appropriate choice of
the transistors aspect ratio (W/L). If it is assumed that gp;34=
Zme12, the common-mode current cancellation condition is sim-
plified to gms6=8mr12+8m7s. At this condition, the first term of
relations (7) and (8) is equal to iy and the second term is
canceled. Hence, the proposed LNA structure increases the small-
signal gain and reduces the IM2 part of the output currents
significantly resulting in an increased IIP2.

3.3.2. 1IP3 improvement analysis

As mentioned before, the proposed IM canceling structure
improves IIP3 by attenuating the IM3 component of output current.
Furthermore, the auxiliary transistors (Msg and Mg) cancel the IM3
components of each other by biasing them in different operating
regions. The following analysis confirms that the proposed structure
cancels the third-order distortion generated by the input and auxiliary
transistors. In this analysis, the current of transistors is divided into
linear and nonlinear parts. This analysis calculates the output third-
order nonlinear voltage created by i3 to derive the distortion
cancellation condition. The second-order nonlinearity is ignored here
due to its intensive attenuation as explained in Section 3.3.1.

Fig. 2(b) shows the equivalent circuit to calculate the nonlinear
output voltage. The nonlinear small-signal current of each aux-
iliary transistor contains its intrinsic third-order intermodulation
current and a nonlinear current created according to IM3 current
of input transistors denoted by ips; and gmiVes, respectively.
According to Fig. 2(b), the nonlinear voltage of node A, vajus,
due to ijps31, when the input impedance is fully matched to the
antenna, is obtained as

2

i i
M31 o Um3ip, (10)

v, = K K
'A,IM3 T8, Rs s 5 Rs

According to (10), i1 is equally divided between the input
impedance and Rs. Also the nonlinear current of Mg and Mg (iys,
n and iyg ) transistors are obtained as:

—ims2 _ Iim3

. gm6 . .
Vs = = =1 = i +1 (11)
956 M6.NL 3,1 +1M3.6
28mia 28mia 28mea
L VER . —8ms: ;
Vgss = —VaIM3 =5, = lusNL =7 ™iim31 +iv3.s (12)
Emt2 mt2
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Thus, the positive part of the output third-order nonlinear
voltage is approximately given by:

iiv3,1
Vout +.IM3 = — <T 1

According to (13), the required condition to cancel the third-order
intermodulation distortion of the input transistors (M; and M,) at the
output is obtained as:

+ﬁ—gﬂ> +i1M3,6+i1M3,8>RL (13)
Emta  Emt2

Em7.8 =8mr12 (] + 8ms,6 > (14)
Eme34

As it is seen from the relations (9) and (14), the IM2 and IM3
cancellation conditions are different. Thus, the proposed technique
can cancel only one of IM2 or IM3 components at one time or
reduce both of them by a proper design to improve both IIP2 and
[IP3 in comparison with the traditional LNA. Also, v, yvm3 can be
calculated similarly. So, regardless to the mismatch between the
corresponding transistors, i3 and ips» are canceled out from
the output voltages (Vouryms and Voue vz). As a result, the
nonlinear output voltage is given by the following relation when
the condition expressed in (14) is satisfied

Vout,M3 = Vour+ M3 — Vour — im3 = — 2R (i3 6 +ims s) (15)

where i,M3J:(g”mJ-v§5j)/6. According to (15), the third-order non-
linearity of the proposed LNA is dominated by IM3 currents of Ms ¢
and Mg transistors. In the proposed LNA structure, the related
auxiliary transistors (Msg and Mzg) are biased in the strong and
weak inversion regions, respectively, and designed properly to
have an equal g”, but with the opposite sign. As a result, the
remained IM3 components of the output current eliminate each
other, and hence, a significant [IP3 improvement is achieved.

3.4. Noise figure

Fig. 3 illustrates the noise contribution of the input transistors
at the output. According to this figure, the channel noise of M; has
opposite polarities at its drain and source terminals. Therefore, by
an appropriate choice size of Ms and M; transistors, this noise can
be canceled at the output node. The noise canceling condition is
derived by analyzing the circuit when the input is fully matched to
the antenna. Under this condition, the noise current of M; is
divided between Rs and the input impedance by a factor of
1/(1+gmeiRs). So, the output noise voltage due to the thermal
noise of M, is given by:

Vn,out,diff _ Vn,out+ - Vn,out— _ 1 (
In,M1 In,M1 1 +gmt1RS

-l+gm5 7gm7>RL (16)
Emez Eme1

Fig. 3. Contribution of I, v at the output.

where V;, ousaiir Tepresents the fully-differential output noise vol-
tage, and I,n7 is the thermal channel noise current of M.
According to (16), the cancellation condition of the thermal noise
of My, transistors is carried out similar to the IM3 distortion
cancellation condition which is given in (14). According to the
relation (14), by considering gme12=8me3.4, the noise and IM3
cancellation condition is simplified as gm78=8mr12+8ms.6 Which
can be well satisfied by a proper design of the corresponding
transistors aspect ratio. At this condition, the output noise of the
proposed LNA is dominated by the noise of R;, Msg and Mg
transistors. The noise contribution of cascode transistors, Ms 4, is
neglected because their thermal noise passes through itself since
1/gme3.4<Rp1. Using the half-circuit of the proposed LNA shown in
Fig. 4, when the simplified noise cancellation condition is satisfied,
the circuit's noise factors due to the thermal noise of M5 and M5
transistors and load resistance, R;, are obtained as follows:

e AKTg s _ ¥ 8ms8mui
YT ay a4kt /R (1 2Ta g2
/ ( / S)( +(grn5/gmt3)+(gm7/gmtl)) m7
17)
g 4kTg 7 —V8ma (qg)
X1 /4(4KT/Rs) (14 (@5 /Gmes) + @7 /&mer))” X
. 4KT/R,  &mn (19)

" 1/4(AKT/Rs) (1+ @ /Emes)+ @7 [Zne1)) Ri827

where a=gn/g40 and y is the excess thermal noise coefficient in
MOS transistors. Hence, the total noise factor of the proposed LNA
is approximately given by:

Emer (¥ 1
FProposed =2 (1 JFg%mj (a(gms Jrgm7) JFRL)> (20)
According to the (20) and assuming that g,;12=8msgs, the
overall NF of the proposed LNA is also simplified resulting in:
3 Y RS
FProposM:2<1 +ZE+4_RL> (21)
On the other hand, the simplified noise factor of the conven-
tional differential cascode CG LNA is given by [23]:

4R
Feony =2 <] +£+R—LS> (22)

An analytical comparison with the same value of device
parameters shows that the proposed LNA structure reduces the
noise factor about 22% compared to the conventional LNA. In this
comparison, the value of components of Rs=50£2, R; =10 KL,
y=2 and a=1 are considered.

Fig. 4. Equivalent half circuit of the proposed LNA for NF calculation.
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4. Simulation results

To evaluate the performance of the proposed LNA and validate
the aforementioned analytical results, several simulation results
are provided using a 90 nm RF-CMOS process with Spectre-RF. A
differential cascode CG LNA is also designed and simulated to
provide a fair comparison. The main purpose of the proposed LNA
design was to improve the NF and IIP3. So, the IM2 cancellation
condition is not satisfied. The device values of the simulated LNAs
and the bias current of transistors are summarized in Table 1. As is
seen, the input transistors of the proposed LNA have smaller bias
current than the conventional one, because of using auxiliary
transistors to have the similar gain. But the total output current of
the proposed LNA is greater than the conventional LNA owing to
auxiliary transistors which should have large bias currents to

Table 1
Device parameters of the proposed and conventinal LNAs.

Parameter  Proposed LNA Conventional LNA
W/L Ip (mA)  WJL Ip (MA)
M5 16 x 4.5 um/0.2 um 1.7 16 x 6.1 pm/0.36 pm 5.5
Ms4 16 x 4 um/0.2 pm 1.7 16 x 5.9 um/0.36 um 5.5
Mse 6 x 4 pm/0.1 pm 1.6 -
Mzg 24 x 5 um/0.1 pm 2.9 -
Lp 2.5nH 12.25 nH
Ls 5nH 2.5nH
Ry 10 kQ 10 kQ
Rg 10 kQ 10 kQ
Cp 1pF 1pF

100 150 AL 250
P

632 um

satisfy the NF and linearity improvement conditions. According
to the relations (9) and (14), the transistors Msg or Mg consume
large bias currents for IIP2 or NF and IIP3 improvements, respec-
tively. In the design of the proposed LNA, it is preferred to have a
lower NF and higher linearity at the cost of about only 1.5 mW
higher power consumption compared to the conventional LNA.

To confirm the schematic performances of the proposed LNA
and its capability for implementation, the complete layout of the
proposed LNA is carried out which is illustrated in Fig. 5 and
occupies 632 um x 692 um silicon die area. The post layout simu-
lation results are also provided besides the schematic simulations.

To examine the stability of the proposed LNA, the pre and post
layout simulated Krand A over a wide frequency range is shown in
Fig. 6. It shows that the Stern stability conditions (K; >1 and
A =S11S55—S12521 < 1[21]) are provided over the whole bandwidth.
Thus, although the stability of the proposed LNA can be degraded
due to the Miller effect of Cgq75, but according to Fig. 6, the proposed
LNA is unconditionally stable over the targeted bandwidth.

Fig. 7 shows the scattering parameters (S;; and S;;) of the
simulated amplifiers before and after the post layout simulations.
The Sq; < —11 dB over 2-11 GHz bandwidth expresses that the
input impedance is well matched to the antenna. The simulated
power gain (S,1) is also shown in Fig. 7. Fig. 7(a) shows that Sy; of
the proposed LNA is about 2 dB greater than that of conventional
one. Therefore, the proposed structure improves the gain as
theoretically expected. Although the S,; and —3 dB BW of the
proposed LNA reduced in the post layout simulation and it is about
9.5 dB and 8 GHz, respectively, the post layout simulation results
show that the voltage gain of the core amplifier is about 12.2
which is about 3 dB higher than S,;. So, the proposed LNA is
suitable for UWB applications.

100 150 500 550
|

wn 69

Fig. 5. Layout of the proposed LNA.



B. Mazhab Jafari, M. Yavari / Microelectronics Journal 46 (2015) 198-206 203

16 T T
14 -\ Kf Pre Layout
12 " == === A Pre Layout [
§ 10 “‘ ===== A Post Layout | |
17} ’ ==« == K Post Layout
e 8 \.\ ! I
R \ T~
% S ~ .
- 4 = bl
‘n LE LN N e
2
sEsESEEYEEEENEEEEENEEEEEENNENEEEEnEEEnEE
0 -— -— - - N -
-2
2 3 4 5 6 7 8 9 10 11
Frequency (GHz)
Fig. 6. Stern stability factors (Krand A) of the proposed LNA.
a
10 T I T
4“’ - - -.-----.-.-.-..
— 0 * == == = 511(Proposed)
Q ====2 §11(Conventional)
§ = $21(Proposed)
2 W= —_———— == === 521(Conventional)
5 ", al e -
o ., ~ ey
s h s Tasntt
-20 e, S e
[} 0,. N“-!’
0." ““‘
-30 0..-‘$
2 3 4 5 6 7 8 9 10 1
Frequency (GHz)
10 LT
'—— ---..~-
g N ———
5
o
§ 0 - §11 T
[
s
s -
a
%]
-10
N.-._._._-_"__,_,_._._-—-— o
-15

3 4 5 6 7 8 9 10 1"
Frequency (GHz)

Fig. 7. S-parameters of the simulated LNAs: (a) conventional and proposed LNAs
pre layout simulation and (b) proposed LNA post layout simulation.

The pre and post layout simulated NF of the designed LNAs is
shown in Fig. 8. According to Fig. 8(a), which shows the NF of
schematic simulated LNAs, the proposed LNA improves the NF about
1.3 dB at the worst case. As it is seen in Fig. 8(b), the proposed LNA
achieves a minimum NF about 3.5 dB over the —3 dB bandwidth
after the post layout simulation. Also the efficiency of proposed
structure in noise canceling is verified by turning M; and Mg
transistors on and off. The dash and dash-dotted lines in
Fig. 8(b) shows that the NF when the noise canceling transistors
are off and on, respectively. As it is clear, the NF is improved as large
as 3 dB at the worst case in both pre and post layout simulations by
using the noise cancellation technique. The simulation results show
that the contribution of I,, 5y and I, > in the total NF changes from
16.9% to 0.88% when M; and Mg are turned on. The noise contribu-
tion of the auxiliary pair (Msg) and R; are also reduced from 11.24%
and 5.4% to 3.96% and 0.46%, respectively, by satisfying the noise
cancellation condition. Also, the noise contribution of transistors
Mg in the total noise figure is about 13.6%. Thus, as mentioned
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Fig. 8. NF of simulated LNAs: (a) conventional and proposed LNAs pre layout
simulation and (b) proposed LNA post layout simulation.
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Fig. 9. 1IP3 with 20 MHz two-tone spacing versus input frequency.

before, the total noise added by M, and Mg transistors is much
smaller than the removed noise of M, ; and Ms g transistors from the
output.

To examine the efficiency of the proposed technique on IIP3
improvement, a two-tone test at 5.5 GHz, which is the frequency
of maximum gain, with 20 MHz frequency spacing is used in both
simulated LNAs. According to the schematic simulation results, the
average IIP3 of the proposed and conventional LNAs is about
+10.4 dBm and —5.5dBm, respectively over 8 GHz bandwidth.
Also, the post layout simulation results show that the average IIP3
of the proposed LNA is about + 13.1 dBm which is increased due to
the gain reduction. The frequency dependency of IIP3 in pre and
post layout simulations is tested by sweeping the input two tones
frequency over 3-11 GHz and the results are shown in Fig. 9.
Fig. 10 shows the IIP3 of the simulated LNAs at the worst case
frequency (5.5 GHz) versus the two-tone frequency spacing. The
dash dotted line in both Figs. 9 and 10 is the IIP3 of the proposed
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LNA after the post layout simulation. According to these figures,
the post layout simulation results indicate that the IIP3 of the
proposed LNA is robust against the input and two-tone spacing
frequency.

To test the effect of the proposed LNA structure on the second-
order nonlinearity, a two-tone test at frequencies of 4.5 GHz and
4.52 GHz, which creates an IM2 term at 9.02 GHz, is performed to
calculate the IIP2. To do this, an intentional 2% mismatch is
considered in resistors and inductors and for transistors a random
mismatch is given by the Gaussian distribution with a standard
deviation (AW/W) equal to 0.187/+/(WsL#M), where W, L and M,
are the width, length and number of multipliers in each transistor,
respectively. A Monte-Carlo simulation is performed to show the
effectiveness of the proposed IM2 cancellation technique. As
shown in Fig. 11, the IIP2 of the proposed LNA is higher than
55.5 dBm while the maximum IIP2 of the conventional LNA is
33.1 dBm, which corresponds to about 22.4 dB improvement at the
worst case in schematic simulation. Also, Fig. 12 shows that the
minimum I[IP2 of the proposed LNA is 41.3 dBm after the post
layout simulation which is a great achievement for UWB
applications.

The results of pre and post layout simulations for different
process corner cases and temperature variations spanning from
—40 °C to 85 °C are summarized in Table 2. This table shows that
the performances of the proposed LNA have small variations in
corner cases and consequently, the proposed LNA is robust against
PVT variations.

The achieved performance of the simulated LNAs is summar-
ized in Table 3 and the comparison with several recently reported
UWB CMOS LNAs is performed using the following figure of merit

15
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Fig. 10. [IP3 of simulated LNAs at 5.5 GHz versus two-tone frequency spacing.
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Sop1[abs] x IP3[mW] x BW[GHz]

Fol = (F—1) x Py mW]

(23)

where S,; represents the maximum absolute power gain (IS;11), F is
the minimum noise factor over the frequency range, BW represents
the —3dB bandwidth, IIP3 denotes the average input-referred
intercept point, and P4 is the power consumption. As is seen, by
using the proposed LNA structure an outstanding FoM is achieved
compared to the previously reported UWB LNAs listed in Table 3.
However, this is not a fair comparison since the results presented
here are based on schematic and post layout simulations while most
of the references listed in Table 3 are reporting the measured results.
Nonetheless, the post-layout simulation results of the proposed LNA
in different process corner cases and temperature variations and its
outstanding FoM verify the efficiency of the proposed structure in
the design of UWB CMOS LNAs as well.

5. Conclusions

In this paper, a UWB CMOS LNA with linearity and noise
improvement techniques is presented. Two differential pairs with
a cross-connected output are cascaded in the proposed structure.
By canceling the common-mode part of all IM currents, both IIP3
and IIP2 of the proposed LNA are improved. According to the
simulation results, average IIP3 and IIP2 are about +13.1 dB and
+42.8 dB, respectively, at the worst case. Also, the proposed
structure creates a noise cancellation path to reduce the overall NF.
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Fig. 12. Monte-Carlo post layout simulation results of I[P2 at 4.5 GHz with 20 MHz
two-tone spacing.
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Fig. 11. Monte-Carlo pre layout simulation results of 1IP2 at 4.5 GHz with 20 MHz two-tone spacing: (a) conventional LNA and (b) proposed LNA.



B. Mazhab Jafari, M. Yavari / Microelectronics Journal 46 (2015) 198-206 205

Table 2

Simulated performance summary of the proposed LNA in different process corner cases.
Process Corner Case TT @ 27 °C FF @ -40 °C SS@ 85 °C

Post layout Pre layout Post layout Pre layout Post layout Pre layout

—3dB BW (GHz) 2.4-10.4 2.5-10.9 2.3-10.5 2.5-10.8 2.5-10 1.2-11.8
S11 (dB) <112 < -1 < —10.6 < -10.8 < -94 < —10
S»1 (dB) 9.5 103 114 11.7 7.8 9
NF (dB) 3.5 2.6 3 1.9 43 34
1IP3 (dBm) +13.1 +10.4 +12.5 +8.4 +133 +11.3
1IP2 (dBm) +42.8 +69.2 +49.4 +67.3 +50.6 +713
Power (mW) 14.8 15.6 171 15.6 121 154

Table 3

Performance comparison of the proposed LNA with several recently reported state-of-the-art UWB CMOS LNAs.
References CMOS Process (nm)  —3dB BW (GHz)  Sy; (dB) S;1 (dB)  NF (dB) 1IP3 (dBm) IIP2 (dBm) Supply (V) Power (mW) FoM
JSSC'07 [23] 180 1.2-11.9 < -1 9.7 4.5 —-6.2 +9.7 18 20 0.7
JSSC'04 (STD) [24] 180 2.3-9.2 < -99 9.3 4 —6.7 +3 1.8 9 0.9
JSSC'04 (TW) [24] 180 2.4-9.5 < -94 104 4.2 -8.8 —45 1.8 9 0.7
JSSC'06 [25] 180 1.3-123 < —10 8.2 4.6 +9.1 - - 4.5 69.7
IEICE Elex'08 [26]* 130 2.6-10.7 < -1 13.5 2.7 +5 - 1.2 13.5 49.3
CTA'09 [27] 130 2.7-8.8 < —10 12 4 +12 - 1.2 14 58.5
ISCAS'09 [28] * 130 4.7-11.7 < -119 124 2.9 -3 - 1.2 13.5 4.8
IEICE Elex'10 [29] * 180 2-6.5 < —10 1 2.7 +44 - 1.8 7.6 21
ISCAS'11 [30] * 130 2-76 < -10 13.8 19 -15.2 - 11 2.2 34
TMTT'11 [31] 90 2.6-10.2 < -9 12.5 3 -24 - 1.2 7.2 10.9
Elec. Lett.'11 [32] 130 3.1-10.6 < —10 14.5 45 —48 - 1.0 7 5.5
Elec. Lett.'12 [33] 180 3.2-9.7 < —10 9.3 4.8 -7 - 1.2 4.7 1.2
Mejo.'12 [34] * 90 1-16.1 < —10 10.7 31 -3.2 - 1.2 3.2 253
Mejo'13 [35] # 180 3.1-10.6 < —10 12.6 2.9 -4.6 - 18 15.2 23
Jcsci3 [36] 180 3.1-10.6 < =55 12.8 2.5 -8.2 - 1.2 121 23
Elec. Lett."13 [37] 130 0.1-5 < —10 183 1.8 -95 - 1.5 14 52
T'MTT'13 [38] 130 2.2-12.2 < —10 13 19 +1 +46 1.8 74 61.8
JSSC'13 [39] 65 0.1-10 < —11.7 24 2.6 —-135 +5 12 8.6 15.8
MWC. Lett.'14 [40] 180 1-12.5 < —10 15.2 2.2 -0.2 - 1.8 18 30.6
Mejo'14 [41] 180 2.9-12.7 < —85 17.8 4.8 —11.5 - 12 9.67 21
TCAS I'14 [42] 90 3.5-9.25 < -8 15 24 -12 - 0.8 9.6 1.6
Conventional LNA * 90 3.2-8.9 < —-15 8.7 39 -55 +32.8 1.2 13.2 0.6
Proposed LNA® 90 2.4-104 < —-112 95 35 +13.1 +42.8 1.2 14.8 79.4

¢ Simulation results.
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