1164

1EEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 43, NO, 5, MAY 2008

A Highly Linear Broadband CMOS LNA Employing
Noise and Distortion Cancellation

Wei-Hung Chen, Student Member, IEEE, Gang Liu, Member, IEEE, Boos Zdravko, and
Ali M. Niknejad, Member, IEEE

"Abstract—A broadband inductorless Iow-noise amplifier (LNA)
design that utilizes simultaneous noise and distortion cancellation
is presented. Concurrent cancellation of the intrinsic third-order
distortion from individual stages is exhibited with the common-
gate and common-source cascade. The LNA 1IP; is then limitfed
by the second-order interaction between the common source and
common gate stages, which is common in all cascade amplifiers.
Further removal of this third-order distortion is achieved by in-
corporating a second-order-distortion-free circuit technique in the
common gate stage. Implemented in 0.13 gm CMOS technology,
this LNA achieved 416 dBm IIP; in both the 900 MHz and 2 GHz
bands. Measurements demonstrate that the LNA has a minimum
internal gain of 14.5 dB, noise figure of 2.6 dB from 800 MHz to
2.1 GHz while drawing 11.6 mA from 1.5 V supply voltage.

Index Terms—Broadband LNA, distortion cancellation, noise
cancellation, volterra series analysis.

I. INTRODUCTION

HE emerging 4G telecom system envisages ubiqui-
Ttous' wireless connectivity that supports nultiple radio
standards across multiple frequency bands and features re-
configurability for agile service switching and adaptive power
consumption in response to radio dynamics [1]. One key
challenge in bringing out a multistandard multimode front-end
resides in fulfilling the high linearity and low noise over a
wide frequency range [2]. Even in a “digital” receiver appli-
cation, employing discrete-time signal processing, a linear
front-end amplifier is required to reject the noise and relax the
performance of the subsequent samplers [3]-[5]. The straight
solution for multistandard multimede front-ends employs par-
allel narrowband receiving paths at cost of die and board area,
high pin count, and lack of reconfigurability. Much research
activity has focused on the design of a tunable or broadband
front-end amplifier. For instance [6] used multiband feedback
in conjunction with a common-gate input stage to realize a
tunable narrowband amplifier, so that the input pin can be
shared. As opposed to the multiple narrowband approach,
recent demonstration of ultra-wideband low-noise amplifiers
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(LNAs) ranging from hundreds of MHz up to 10 GHz suggests
an altérnative that uses single LNA for contiguons broadband
signal receiving [7]-[10]. The inductorless resistive feedback
LNA in [10] achieved below 3 dB noise figure (NF) and other
performances comparable to its narrowband counterparts by
exploiting high fr/ fmax transistors available from nanoscale
CMOS. In {8] and [9] another broadband topology, i.e., the
common-gate amplifier, was incorporated and achieved low
noise figure with the aid of the noise cancellation scheme.

While the noise and bandwidth of nanoscale CMOS improve
with scaling, unfortunately the linearity deteriorates with supply
voltage and high-field mobility effects [12], [13]. Contrary to
the diminishing device linearity, the multimode front-ends re-
quire high linearity to suppress the cross-modulation/inter-mod-
ulation due to the increased co-existence of adjacent blockers or
transmitter on-chip leakage [14]. The required LNA out-of-band
IIP; in current CDMA and WCDMA 3GPP systems is at least
+7.6[15] and 40 dBm [2], respectively and expected to grow in
the multimode scenario. State-of-the-art broadband LNAs rely
on non-baseline technology options, such as thick-oxide high V;
transistor {8] or elevated supply voltage [10], to deliver an appre-
ciable IIP3. A prior-art MOSFET linearization scheme manip-
ulates the different polarity of the second-order g,,, derivative
from weak to strong inversion region and has achieved extra-
ordinary [IP5 in narrowband applications {16], [17]. Since the
transconductance of the multi-gate transistor (MGTR) is inher-
ently broadband, it is a good starting point in the pursuit for
broadband linearization scheme.

Given the multiple tasks to be fulfilled in multimode L.NAs,
in this paper we demonstrate that a wideband LNA with high
dynamic range can be realized if we incorporate the intrinsic
device properties together with noise and distortion cancella-
tion. An LNA topology suitable for performing both cancel-
lations is presented. Design tradeoffs for optimum LNA noise
cancellation are derived. The lowest achievable NF by noise
cancellation is predicted by taking the LNA power consumption
into consideration, We also show that for distortion cancellation,
since a cascade amplifier is used in the noise cancellation tech-
nique to subtract the dominant amplifier noise, another source of
third-order distortion originating from the second-order interac-
tion dominates the residual distortion of the amplifier after the
MGTR scheme is applied. By proper care in the transconductor
design, we present an amplifier that highlights both noise and
distortion cancellation. The target application for this design is
for current multimode 3GPP systems, while the techniques are
generally applicable to many wireless communication systems.

This paper is organized as follows. Section II begins with
noise analysis of the proposed LNA. Section IIT continues

0018-9200/$25.00 © 2008 IEEE
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Fig. 1. Simplified small-signal schematic of the proposed LNA.

with Volterra series distortion analysis and explains muitiple
linearization techniques used for distortion cancellation. The
implementation and measurement results are provided in
Sections [V and V. ~

II. BROADBAND NOISE CANCELLATION DESIGN

Noise cancellation is known as an effective technique to
improve the inferior NF in conventional broadband LNAs
[18]. Fig. 1 shows the simplified small-signal schematic of the
noise-canceling common-gate LNA. A similar implementa-
tion targeting UWB application was presented by [9] without
focusing on the linearity, which is highlighted in this paper.
Despite the design and publication of many noise-canceling
LNAs, one unanswered question is the ultimate achievable
LNA NEF by this scheme. This is addressed in this section by
extending the existing noise analysis techniques and taking
applicable design practices into consideration [19]. Tt should be
noted that in a narrowband application, the minimum achiev-
able noise figure is simply the NF.,;, of the transistor. But
since the optimum source impedance for a noise match varies
with frequency, it is difficult in practice to realize a broadband
low noise amplifier with a good power match. Moreover, the
possibility to also cancel the distortion of an amplifier is an
exciting opportunity which motivated this research.

The principle of noise cancellation in Fig. 1 can be briefly
explained as follows. The input signal, say, a current denoted
by solid line, undergoes feed-forward voltage amplification by
transistors My and M, whereas the channel thermal noise of
transistor M, the dotted signal, undergoes subtraction at output
node due to two correlated but out-of-phase noise voltages at V,
and V). At frequencies well below fr, the input resistance Ry,
and voltage gain 4, are given by

R o
Rin e &
1+ gmimo1

A, =- (Q"mA + gm3 (

(

))xﬁm @

1 + miTol
1+ 5%t
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In (2), the output conductance of transistor Mz and My is ig-
nored, while it is important to consider the output conductance
of M;. Assuming only thermal noise caused by resistors and
MOSFET channel current, the LNA noise factor F is derived
and expressed in terms of A,,, Ri, and device values

F=
2
G aRi+(v/a) (gml-R%" (gms%; -—-gm,;) +gm3+gm4) +~RLL

1
" B2 (B, || R)? - AZ

3

where -y is the MOSFET noise patameter, & = g, /gd0, and

To1 1

fir = R R TR o

The terms in the numerator of (3) refer to the output noise dne
to By, My, M3, My, and By, respectively. M;’s noise, conven-
tionally as large as the one caused by the source resistance B, in
a non-cancellation case, now becomes a residual result of g3
and g,,4 subtraction. A residual factor

B, gma
ot @
B3 gma

defines the degree of cancellation of M; noise. § = —1 repre-

sents disabling My and no cancellation while é = 0 represents
full cancellation of M; noise. é can be any value greater than
—1. To capture the required input match, we introduce another
error factor

E; 28
frp = —2 — 1= 21 (5)
B, 1-— 51
For instance, £, = .22 corresponds to S1; = —20 dB. Incor-

porating .. and §, we derive the relative noise factor of each de-
vice by dividing the individual output noise by that of the source
resistance R,

Fry = 35 X O, 5) ®
Fu, = %’M X O(erm, ) )
Py, = ;Ziz)i >< % X Oepe, §) (8)
fig, = WL 6,0 ©
Fr, = m X % X O(gyr, 6) (10}
2

Oermd) =17 +s(r2,.;21€?:)5) T an
F =1+ Fn, + Fu, + B, + Pu, + Fr, (12)

The normalization factor ©(e,,§) is derived from the de-
nominator of (3) and reflects the change of R, output noise as
the condition of input match and M; noise cancellation vary.
Notice that Fyg, /v, = (1 + §)(Ry/Rs), and vsing (4) re-
sults in P, /P, = Gmy [ Gms- PRy, is a fraction of Fy, by an
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Fig.2. NF contour plot with different ¢,n3 and gmas at gm1 = 25 mA/V, Ry =
464 Q, gm?s = 22, v/ = 2.5.

amount of {y/«) /g3y, which is a consequence of the cas-
cade effect of noise suppression. The dependency of Fiy, on §2
implies noise cancellation by proper design choice. Assuming
Gm1Te1 > 1 and v, » R,, Ry in (7) can be simplified as

N R, _ R,
1+ (Ri/ro1) + gmiBRe  gm1 X (Rin + Rs)

Ry (13)

and Fy, is rewritten as

_ (/8% Olem, )
FM[ B gmle % (2+6??T)2

From (6) and (14}, if both S1; and §é are held unchanged,
the LNA NF improves due to reduced Fp,, Fy,, and Fyy, by
simultaneously increasing g.,1 and £, L. Therefore, larger g1
is always favored for lower NF in all cases of §. The maximum
§m1, however, is bound by the available voltage headroom. For
instance, iy = 464 Q is paired with gn,1 = 25 mS given e, =
0.22 and gp,171 = 22. This results in Fj voltage drop as large
as 1.16 V assuming the transistor overdrive voltage is 0.2 V and
gm/Ip = 2/V,q. For nanoscale CMOS technologies, this is
more than the available headroom since the supply is around
1v. : ‘

Fig. 2 plots the noise figure contour by varying g3 and gma
given that g,,1 and F; are maximized. The dash line in Fig, 2
corresponds 1o a constant current consumption of 10 mA for

. M3+M, if the same V4 assumption applies. The dash line inter-
cepts the contour at different NF values as g3, or equivalently
the residual canceilation ratio §, is swept. An optimum ratio,
dopt, Occurs when the dash line intercepts the turn-around of the
contour curves and the LNA NF reaches its Iocal minimum for a -
given current consumption, defined as NF,p¢ . In other words, for
-agiven NF, biasing M3 and M, at the turn-around of the contour
curve results in the lowest current consumption. By moving the
dash line up and down and checking its contour interception, the

(14)

n this case gy is made smaller for constant & but the product of g3 By
remains unchanged,
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Normalized oufput noise

Residual factor &

Fig. 3. Relative output noise with different 6 and fixed LNA transconductor
current efficiency = 12.5 mA/V.

NF.p¢ at different levels of current consumption can also be de-
termined. There exists an analytical solution for 8, by taking

OFp, | P, 0P,  0Fu, , Fn, 0
8 "85 86 85 86 Jlyms,
(15)

but the result does not present obvious circuit design insight. On
the other hand, the implications of (6)-(10) are easier to perceive
by referring to the graphic results of Fig. 3 as we traverse the
dash line in Fig. 2, First, notice that Iy, and F, are small and
show less variation as compared to Fy, in most regions of in-
terest because in practice Fisa/Farq = 1/(1 + 6){Rs/R1) and
Frrs/Frr = 1/gma Ry are usually small. The determination
of NF g is simplified by neglecting Fyr, and Fg, and focusing
on Fu,, Fr,, and £y, alone. Starting with the non-cancellation
case, i.e.,, My off and § = ~1, the LNA NF is dominated by M;
and partly by R; due to the presumed practice that R; /R, is
large.? As M4 gradually turns on, My amplifies the B noise but
cancels M1 s, causing decrease in both Fyy, and Fr, . Moreover,
since only M; noise experiences cancellation, Fy, decreases
more rapidly than F'z, with a ratio of

vy, (v/@)gmiRa R 52
FRI R.g

until § approaches 0 and Fyy; becomes 0. Beyond 6§ = 0, Fg,
maintains the same trend of decline but £y, rebounds from 0
because M noise deviates from full cancellation in the oppo-
site direction. Contrary to the parabolic Fyr, and decaying F,
Fy1, shows a monotonic increase with §. The reason for Fy,
to keep increasing is that, given the assumption of constant g,,
in Fig. 3, g,,3 decreases by the same amount equal to the in-
crease of gmq as & varies. With equal change in g,,,4, the loss of
9m3, however, is magnified by R,/R, when referring back to
the LNA input. Therefore the total output noise by R, decreases
while at the same time the My noise current increases. The up-
watd Fyy, and downward F'g, coupled with the noise-canceling

(16)

2Substitling g1 & 1/ R, and £, 2 0 in (6} and (7), Fu, is greater than
Fu, i By /R, > 4/(v/a).
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Fig. 4. NF and &, at different LNA current levels.

P, then give rise to an unique J,,4 that produces the smallest
Fu, + Fr, + Fu,. If alower NF ¢ is to be pursued, the only
degree of freedom in Fig. 3 is by reshaping Fy, through allo-
cating larger g3 and gimq since Fip, and Fyy, are already fixed.
For instance, by scaling up M3 and My current with the same
ratio, the curve of F\;, moves lower across the full range of 4.
This shifts 6op¢ to the right and causes a lower NFp,.

The factor of LNA current consumption, or equivalently
the total transconductance . g, = gmi1 + Gms + Gma, IS
taken into consideration by using (4) and replacing g,,3 with
3. 9m — 9m1/1+ (1 + 8){R1/Rs). For instance, (9) can be
rewritten as

_ (/) (A +6) + (By/Ry)(1 +6)%)
tT (22 gm — gm1) x R ’ @(Em?l?)

Taking the zero sum of &F g, /88, 8F /86, and F /86,
we can derive fop, as a function of LNA current consumption

Fayi

cgop'c =

R
Q(V/Q)leRZI : ?’yﬁ‘a! ] (2 _ _
Rs (2 + ETT) + Rl( gm_gml) —E:L 67‘1" 1)

Although (18) neglects the effect of Fg, and Fyy,, a com-
parison of (18) with the simulation result of (15) shows good
agreement in Fig. 4. Furthermore, NF,,;,. as a function of total
transconductance can be found by substituting &y, in (12)

Rs (7/0‘)ng R%égpt

Fooe=1 —
opt +(R1+ Rs

(7/0) (14 Bops + B (1 + 8ope)”)
+
Rl(zgm - gml)

y (1+55L (1+ —lu))
Ri1+6 (v/e)gmaRy
X @(61»1-, 50131;)

(19)
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A, Power-Efficient Noise Cancellation Design

In a mobile environment, it is desirable to minimize both
LNA NF and its bias current at the same time. For conven-
tional common-gate LNAs, e.g., NFs~_; in Fig. 4, the noise
figure barely changes with the overall LNA current because
gm1 18 constrained by input match and limits the NF3. With
noise cancellation, this LNA NF is made smaller by reducing
the value of Fuy, and Fr, while maintaining the same input
match and can be further reduced if more current consumption
in the common-soucre stage is dissipated. The bias current-NF
tradeoff of (19) is evaluated in Fig. 4. To the first order it shows
an inverse relationship with current consumption, similar to the
conventional 1/g,, dependency. Fig. 4 also indicates that de-
signs at extreme & values fail to fulfill low power and low noise
simultaneously. In order to facilitate a power-efficient noise can-
cellation, recall in Fig. 3 that Fy, starts out more prominent
than Fg, at§ = —1 then gradually diminishes until § = 0. The
cross-over of Fyy, and Ff, indicates that the otherwise domi-
nant M; noise is suppressed below the noise of R;, manifesting
the onset of appreciable Mj noise cancellation, §; is found by
equating Fyy, and Fp,

R, 1

— | = ~0.526
Ry (v/o)gmi By

61 =— (20

The corresponding 3 g., is 67 mA/V by substituting ¢, in (18).
For designs with § beyond &1, Fi, and Fi, continues to de-
crease with the increasing Mg and My bias current. This is also
true for their first derivative. 8Fg, /86 and 9Fyy, /88, i.e., the
NF reduction per delta or bias current change, are diminishing.
In other words the power efficiency of the noise cancellation
scheme deteriorates. The power efficiency becomes worst after
& exceeds 0. This happens because of the plus sign of 8 Fyy, /0.
The Fui, and Fg, reduction per bias current increase is coun-
teracted by the progressively increasing Fy, . Therefore, this re-
gion of operation should be avoided.

B. Low Noise Design Without Power Constraint

I the constraint on power efficiency is lifted, Mg and M, cur-
rent continues increasing and eventually reaches the point where
;. Py, and Fr, become negligible, The ultimate LNA NF
is then limited by R; and M; exclusively. An estimate of § for
this lowest NF is found by neglecting Fyy,, Fm,, and Fg, in
(15) and making 8Fy, /06 + 8FR, /06 = 0

R, 5 1+e.,
(v/)gmiFaR: 24 e,

Although in Fig. 4 the corresponding NF at 6,1;mate appears
to be less than 1 dB, in practice it is unfeasible because the re-
quired voltage headroom is too high. Let us consider a practical
bias current, say, 20 mA, and sets the upper limit in Fig. 4. With
this modification, the lowest NF with simultaneous breadband
input match achieves sub 2 dB and is comparable to its narrow-
band counterpart of common-source stage with source inductor
degeneration.

=+0.15 1)

6ultimate =

3From (14), Fur, = (v/o).
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IIE. WIDEBAND DISTORTION CANCELLlATION DESIGN

In the circuit of Fig. I, the distortion of the LNA output
voltage is caused by the nonlinear transistor drain cusrent since
the on-chip passive resistors By and Ry are ideally linear.
The nonlinearity of MOSFET drain current comes from the
nonlinear transconductance g,, as well as the nonlinear drain
conductance g4, By designing small resistance value in shunt
with the nonlinear transistor output resistance, the distortion
by nonlinear g4 is less noticeable and can be neglected in
order to simplify the LNA design. For small signal operation,
the nonlinear transconductance of NMOS is represented by a
power series

i

q:n 2 9m 3
xvgs+-é~!—-xvgs+-~-

o (22)

z.ci'/s = gm X Vs +
The PMOS has the same g,,, characteristics but the subscript
notation in (22) should be interchanged to reflect its opposite
carrier type. The third-order nonlinear ceefficient, g7/,, features
a well-known linearity sweet spot where the ¢, value crosses
zero as the transistor changes bias from weak to moderate in-
version. Exploiting g}/ sign inversion around the sweet spot,
zero g/ can also be realized by biasing a transistor pair, one
of which at weak inversion with positive g/, and the other at
moderate inversion with negative gJ,. Although no such sweet
spot exists for g/, the second-order nonlinear current is usu-
ally neutralized by employing the differential pair configura-
tion such that the g,-induced current of each transistor appears
common-mode and is rejected by taking the cutput differen-
tially. Similar action is taken in the transistor pair composed
of one NMOS and one PMOS transistor, both common-source
configured and sharing the drain output, to achieve very good
second-order linearity [20]. Consider the well-known inverter-
type amplifier with single-ended input v;,, applied to the gate of
both PMOS and NMOS. As (23) shows, the single-ended output
cuirent 4oy is free from second-order distortion if g, of PMOS
and NMOS is well matched ‘

éOut = ids,?z + ids,p

ql gH
N (gm,wxviﬁ'm’” x vl 4 Tl 3)
I
- (gm.,P X (_'vin) - '*“""é','l—j'
qH P
X (=i )? + "é X { ’Uiu)3)
(Gm,n = G, p)

(gm,N + gm,P) X Vin +

it G
Xl + (9. ! Im,p) el

(23)
In narrowband applications the second-order nonlinearity is
usually not of primary concern because it results in distortion
that is outside the frequency of interest. However, due to the
cascade/feedback configuration in noise-canceling LNAs, the
second-order nonlinearity also contributes third-order dis-
tortion and that overpowers the residual distortion after the
lineartsation techniques on intrinsic third-order distortion are
applied. In order to achieve very low third-order distortion, it is
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Fig. 5. Common-gate schematic for distortion analysis.

then equally important to lincarize both second- and third-order
noniinearities.

A. Simplified Distortion Analysis

The schematic of the common-gate amplifier for distortion
analysis is shown in Fig. 5. C} and C,, are the parasitic capac-
itance associated at the drain and source of transistor M. C,
models the input coupling capacitor and can be generalized to
the series network between R, and V... We focus on the output
current of the nonlinear transconductance and limit the analysis
up to the third order. The nonlinearity of the output conductance
is ignored assuming that i, and Ry, are relatively small. To cap-
ture memory effects at high frequency, we absorb the bandwidth
limiting capacitance into C' and C,, and apply the Volterra se-
ries around the common-gate stage. For the common-source
stage with cascode transistor, the memoryless Taylor series is
applied to reduce the analysis complexity, an assumption that
will be checked later. By denoting :

Ve = A1(s) o Vi + As(s1, 89) 0 Vsz

-+ A3(31a 52,33) c ng (24)
Vi = Bi(s) o Vi + By(s1,82) o V2
+ Ba(s1,82,83) 0 V2 (25)

and solving for the KCL equations, the first, second,
and third-order Volterra series kernels are derived as
shown in (26)—(32) on the next page, where Z,(s)=R, +
{1/sCs), Zu(s) = (1/s€;) and Z1(s) = Ry|[(1/sCh).
Aq(s1)Az(82, 83) represents the second-order interaction oper-
ator. Details of the derivation-of (26)—(32) are presented in the
Appendix. V] and V,, are then amplified at the common-source
stage by

Jm3 In
V('Ju('.: ((gm3xﬂ+%xm2+"§'ﬂi“§xv13)

glﬁ 2, Gma 3
+ [ gma x Vo + xVy+ 22 x Vs

2! 3!
X Z(s) (33)
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Z1.(s) is the impedance at the LNA output. The fundamental
and third-order 1%, expressions are given by

Vout,fund .
= ((A1(s) 0 Vs) X gma + (B1(s) © Vi) X gms) .
X ZL(S)

out 3rd

=(((4
+(

(34)

3(51,52,83) 0 V) X gs
-B 51,32733)0V ) Xng)
gm4

gm3)

6
((Al 31 A2(52:33)° VS) X qmti
+ (B Balea o)

31(31)32 82,83) o Vg) X gm3)) X ZL(S)
(35)

( Ar(s) o V3)?

+ (Bu(s) o V3)* x

In order to deconvolve (35), first consider low frequen-
cies, ‘the ratio of A:(s)/B1{s), Aa(s1,s2)/B2(s1,52) and
As(81,89,83)/B3(s1, s2,83) reduces to Rin/Ri, ~Rs:/R;
_ and —R,/Ri, respectively. Each of these terms contributes

to the third-order V,,,; distortion, The first term in (35) is due
to M;i’s third-order distortion and cancels out in the same
vein as the mechanism that cancels Mj’s channel noise. The
second term is due to M3 and My s third-order distortion and is
canceled by properly biasing M3 and M, with different g/, po-
larity. The criteria of these two cancellation can be formulated
as ‘

Gmd Ry 9' 4 R Ry 1
0% = 2 and md _ Al {4 16
Gm3 RS g‘:;?,?: Rin RS 1 “+ Epp ( )

By propetly choosing Mz and My’s bias voltage and tran-
sistor size, the criteria of (36} can be met. Up until this point,
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the optimuim size and bias voltage of M3 and M, are already set
to allow the aforementioned noise and distortion canceilation to
take effect.

The third expression in (35) plays the role of second-order
interaction which mixes the first- and second-order voltages at
V, and V1 by ¢%,5 and g/ _,. Despite the reverse polarity between
Ai(s1)As(s2, s3) and By(sy1)B2(s2, s3), and the same polarity
of g4 and g.,,, the residual value of the third term in (35)
can still be substantial because g/, and g7, , are fixed once My
and M, are designed to satisfy the criteria of (36). To achieve
complete cancellation of (35), given the first two cancellations
need to remain valid, NMOS M; can be replaced with a PMOS/
NMOS pair such that Az(sl, s2) and Ba{sy, 82) becomes null
by a zeroed equivalent ¢, ;.

The values of g¢,, and its derivatives for dlfferent transis-
tors are extracted from Spectre simulation using the foundry’s
BSIM4 model. A calculation on IIP3 versus second-order in-
teraction is performed by substituting the g,,, information into
(35) and varying the value of g}, of the common-gate transistor.
The original single NMOS common-gate transistor in the noise
cancellation design has g/,; of 42 mA/V2. Adding the PMOS
together with the NMOS transistor allows the equivalent g/, to
be altered to reshape the LNA IIP; drastically in Fig. 6. Com-
paring (4) and (36), the (gma/ gim3) Tequirement in noise cancel-
lation is different from that in distortion cancellation by 1 + 4.
Because a nonzero & is chosen, the peak IIP; in Fig. 6 occurs
off the center.

As far as the frequency dependency of (30)-(32)

“is concerned, to the first degree, (Zin(s)/Z1(s)) and
(Z1(8)/ Zs(s) || Zz(s)), the ratio for transistors Mz and My
in distortion cancellation, is insensitive to frequency change,
which enlarges the bandwidth of the distortion cancellations
scheme.

B. Complete Distortion Analysis

The LNA full schematic is shown in Fig. 7 which incorpo-
rates PMOS M, with NMOS M; in the common-gate stage to
realize the cancellation of second-order distortion. The DC bias

Z o
Aoy = 2T 6)
Lyt ro1 Za(sy + 52) Ar(s1) A
As(s1,52) = 3 9170l S?(;; 1212)1(61) 1(s2) o7
M —Zs(sT + 52+ $3}ro1 (mg;nlAl(sl)Ag(sz, 53) + égﬁllAl(sl)Al(sz)Al(s;;))
3(31: 321 33) - . H(Sl _%‘ 52 + 33) (28)
‘ Z,
H(s) = Z,(8)(1 + gm17o1) + (Z1(5) + 7o) (1 +5 EZ;) 29)
and
Z 1 m1'o
Bu(s) = l(s)zf(i) o) 4, (30)
—Z1(s81 + s3)
Ba(s1,82) = 7o )l Z, (sl+82)A2(81,32) (31)
Bj(s1, 82,83) = ~Z1(n1 + 83 + ) As(s1,52,83) (32)

Zp(s1+ 82+ 83) || Zs(s1 + 55 + 83)
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current of the PMOS-NMOS cascode is reused and the bias volt-
ages are resolved by placing the NMOS transistor on the top
of the PMOS transistor. AC equivalence of the drain node of
M; and My at signal frequency is achieved by the coupling ca-
pacitor . Transistors Mg and M, are sized for the noise and
intrinsic third-order distortion cancellations. Referring the pre-
vious distortion analysis to the new schematic, at RF signal fre-
quency and beyond, C'2 shorts out two drain nodes, making
the equivalent circuit no different from the one shown in Fig. 5.
On the other hand, for frequencies much lower than RF, Cis
presents a high impedance path between two drain nodes and
breaks the LNA into two standing-alone common-gate ampli-
fiers. This change of scenario leads the low frequency portion
of the g,-induced current to deviate apart from the designed
path in the previous simplified distortion analysis. Assuming
two tones at wy and wy in an I1Py test, at higher /M2 frequency
w1 + wa, Mz distortion current goes across 12 and loops back
through My — (12 —M; — M. Since My g/, current is absorbed
into My, there will be no second-order distortion current flowing
across Rj and Ry, if both transistors’ g/, is matched. Contrarily,
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at lower IM; frequency w; — wa, the impedance of Cy is large
enough so the current through 15 is hindered. Instead, the My
and M, distortion current flows through R; and Ry and causes
distortion voltage of V; and V. A full Volterra series analysis
taking C'j2 into account is conducted and also presented in the
Appendix. It verifies a non-canceled second-order distortion in
Ba(s1, 82) and Ch(sy, s2) if the impedance of Cy» is not neg-
ligible. To reduce the IIP; impairment due to insufficient g,
cancellation, the frequency difference w; ~ wy or the capaci-
tance of C'5 needs to be large. For instance, 15 pF was picked
for €12 in this implementation. The drawback of using large ca-
pacitor is the bandwidth reduction due to the parasitics associ-
ated with the capacitor. Fortunately the most stringent LNA ITP3
is usually governed by the out-of-band blockers, which usually
resides away from the desired receiving band by several tens
to hundreds of MHz. This wide frequency spacing, instead of
KHz-apart in-band blockers, substantially reduces the required
capacitance value for Ca.

The above 2-tone property is checked in the simulation by
replacing all coupling capacitors with ideal ones of very large
capacitance. Fig. 8 shows a flat IIP; with infinite Cy2 whereas’
the IIP3 with finite (5 losses as much as 15 dB and the TM?2

“voltage of V) increases by 18 dB as the tone spacing shrinks.

There is yet another second-order interaction that is not ac-
counted for in the previous simplified analysis. Instead of the
unilateral assumption in (33), the M3 and M, second-order non-
linear current may flow back to the gate through overlap capac-
itor Cyq and mix with the linear voltage of V3 and V, to produce
third-order distortion at V,,,,;. Accounting for this second-order
interaction, the 1IP; of the common-source stage alone is mod-
ified by an offset from g.r,,

1

U0 & S Gr = 52), (1 + 22)) G7)
&((s1 = 52), (51 + 83)) _
2
=gl = B (95 (s — 9) + K(s1 4 82)  (38)

3

where K (w) is the network function depending on the source
and drain impedances [21]. From Fig. 8 this effect is much less
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Y

Fig. 9. Chip microphotograph.

TABLE 1
DEVICE DIMENSION
My (8.52pm/0.12mm)x 6 Ry 4500
Me | (6.52um/0.12um)x 17 Ry 25002
My | (6.524mi0.121m)x 30 R 559
My | (6.52pm/0.12um)x50 | Ch21324 | 15 pF
Ms | (6.52pm/0.12p:m) % 30 s 25 pF

noticeable as only little variation of IIP; is observed after (9
is replaced with ideal capacitor.

IV. IMPLEMENTATION

A 0.8-2.1 GHz LNA for multimode multiband 3GPP system
based on the above noise and distortion cancellations was de-
signed and fabricated in 0.13 sm CMOS technology. It was built
on standard-V; transistors and metal-insnlator—metal (MIM) ca-
pacitors. Device sizes are summarized in Table I. For better de-
vice matching, transistors M1—M3s were duplicated from the unit
transistor of identical dimension and layout. The capacitance of
the MIM capacitors was chosen large enough to minimize the
second-order distortion. Due to the intrinsic high linearity of this
LNA, adding an on-chip output buffer for measurement would
degrade the linearity performance to be observed. Therefore re-
sistor Ky, was sized close to 50 Q so that direct measurement
by placing the probe tip on the output pad is feasible. Because
of the low value of Ry, simulation shows negligible IIPs dif-
ference when the output is checked as it is without 50 (¥ probe
resistance. The LNA gain measured with 50 £ probe resistance
is 6 dB smaller than otherwise available on-chip. The chip mi-
crophotograph, shown in Fig, 9, occupied an area of 830 x 790
pim? while the circuit core was only 320 x 310 im? including
the MIM capacitors.

V. MEASUREMENT RESULTS

The chip was measured by on-wafer probing. The two-port
S-parameters shown in Fig, 10 are in good agreement with the
simulation, The gain roll-off is atfributed to the large parasitics,
roughly 500 fF, associated with the MIM capacitors. The gain
roll-off can be mitigated by introducing inductive compensation
as demonstrated in [9]. The S at 2.1 GHz is —8.5 dB and can
be improved with the addition of a 1.5-2.5 nH inductor at the
LNA input, which can be absorbed into the package/board bond-
wires. In simulation adding this bond-wire has only a minor
impact on NF and IIPs,
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The measured noise figure of the LNA was about 2.6 dB for
frequencies below 2.1 GHz. Noise cancellation was verified in
Fig. 11 by turning off one of the common source transistors.
Noise figure reduction as large as 3 dB was observed in the
measurement. It should be noted that turning off one common
source stage also changed the LNA gain. The IIP; of the LNA
was measured with a WCDMA compliant blocker test. Two si-
nusoidal tones located at 1.76 GHz and 1.95 GHz modeled a
strong AM blocker and transmitter on-chip leakage. They re-
sulted in an IMj; product at 2.14 GHz, which fell in the re-
ceiver band. Although there is no corresponding blocker test at
500 MHz band, the same two-tone spacing was kept for IIP;
test at 300 MHz band in order to examine the IM3 cancellation
over a wide frequency range. The measured result in Fig. 12
shows very close IM3 behavior in both bands which confirms
the cancellation scheme is effective over wide frequency range,
Both tests achieved a high [1P3 of +16 dBm. The IM; cancella-
tion scheme holds effective for blocker power level as large as
—20 dBm. This relaxes the stringent isolation requirement im-
posed on the duplexer ahead of the LNA. The measured LNA
P gp was —12 dBm, as higher order terms, e.g., IMs, IM~, also
contributed to P gp and were not exploited in this scheme.
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It is important to examine the sensitivity of the distortion
and noise cancellation schemes. One way to emulate the effects
of matching and threshold variation is to vary the bias point
Vb3. Fig. 13 compares the measured IIPg sensitivity versus the
post-layout simulation. Discrepancy of NF in the lower Vb re-
gion is noticed. A lower Vb3 biases transistor Mg into deep sub-
threshold region and drives the NF contour to the left border in
Fig. 2 where it becomes more susceptible to parameter varia-
tions. Taking process and bias variations into consideration, an
ITP; greater than +5 dBm and NF below 2.6 dB was achieved
within a Vb3 bias window of 50 mV. Furthermore, the varia-
tions in the common-gate stage are expected to cause less per-
formance change since mainly the third cancellation criteria in
(35) is affected. This was examined in Fig. 14 by varying Vb,
and Vby separately.
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The IIP3 dependency on two-tone frequencies is demon-
strated in Fig. 154. As previously mentioned, the cancellation
of the second-order distortion degenerates as the frequency
spacing between two tones narrows. For small tone spacing,
only the cancellation of the transistors’ intrinsic third-order
distortion is effective, In that scenario the measured LNA IIP;
is around O dBm and suffices most in-band IIP; specifications.
The LNA behaves much more linearly for out-of-band blocker
testing where the more stringent linearity is usually required.
The LNA draws 11.6 mA from 1.5 V supply in high linearity
and low noise mode. In the end, Table I summarizes the
measured performances and compares this design to recently
published wideband LNAs.

VI. CONCLUSION

A broadband very low IMj distortion LNA exploiting
simultaneous noise and distortion cancellations was pre-
sented. Design tradeoffs in a noise-canceling commion-gate

4The IIP; was calculated based on 1IP; = input signal power+0.5 X IM3
at one input level and showed slight difference from the graphical extraction
result in Fig. 12.
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TABLE 1

PERFORMANCE COMPARISON OF BROADBAND LNA

£173

Technology Bandwidth Gain NF 1P S11 Supply voltage Power
[8] 0.13m CMOS 0.4 — 5GHz 19 dB 3dB +1 dBm ~10 dB 1.8v 11.7 mW
9] 0.18um CMOS | 1.2 -11.9GHz | 9.7 dB 4.5 dB —6.2 dBm —11 dB 1.2V 20 mW
(101 0.09um CMOS .5 —8.2CGHz 25 dB 19-26dB | —4dBm -10 dB 27V 41.85mW
[11] 0.13um CMOS | 3.1 —10.6GHz | 15.1 dB 2.5 dB ~51dBm | —-9.9dB 1.2V 9mW
{187 0.25pm CMOS 2—1600MHz | 13.7 dB 2.5 dB 0 dBm 10 2.5V 35mW
[22] 0.13pm CMOS 2-52GHz 16 dB 4.7 - 5.7 dB —6 dBm —-9dB 2V 38mW
[23] 0.065pm CMOS | 0.2-52GHz | 156 dB < 3.5dB >0dBm | < -104dB 1.2V 21 mwW
This work | 0.13pm CMOS 0.8—-21CHz | 145dB 2.6 dB +16 dBm —8.53dB 1.5V 174 mW

comimen-source cascade was investigated with and without
a power constraint. A minimum noise figure below 2 dB for
broadband common-gate LNA was predicted by maximaily
utilizing the available voltage headroom in a given technology.
Full Volterra series analysis of the proposed LNA was con-
ducted. It indicated that after cancellation of the intrinsic
third-order distortions, second-order distortion dominates the
restdual IM3 through second-order interaction. An inverter-like
PMOS-NMOS pair was adopted to mitigate this effect. This
LNA achieved a peak IIP; of +16 dBm over a wide bandwidth
from 800-2100 MHz, while maintaining a noise figure below
2.6 dB. A prototype fabricated in a 0.13 gm CMOS technology
without utilizing high-V,; or thick-oxide transistors confirmed
the amplifier linearity and noise cancellations.

APPENDIX A
EXPANDED VOLTERRA SERIES ANALYSIS

Derivation of the Volterra series kemels for the circuit in
Fig. 7 is presenied below. The Volterra series kemels for the
simplified schematic in Fig. 1 is deduced from the derived re-
sults by assuming Z12(s) = 0. Referring to Fig. 7 and repeating
(24)-(25) for 'V, V1 and V5,

Ve = A1{81) o V; + Aa(s1,89) o V2

+ As(s1,82,83) 0 V2 (AD
Vi = Bi(s1) o Vs + Ba(s1,82) 0 V2
+ Bs(s1, 52, 53) 0 V2 (A2)
Vo = C1(s1) o Vs + Cols1, 82) o V2
+ C(s1, 2, 83) 0 V7 (A.3)
the following KCL equations are established:
2=, eV Ve
™1 Tol ™2 To2 Z;,;(S)
T/s - Vw
= A4
Za(5) (A4)
. Ve W1 Vi -V
3 ».*. = A.S
™l To1 Z1(s) | Z1a(s) A3)
) Ve — Vs Vo Vo -1y
tma + = AD
2 To2 ZQ(S) Z]_z(S) ( )

where 1,1 and ¢,,,2 are the small signal current flowing into the
source of the transistors.

o _ Gt _yry2 Imig
il = gml( V:I:)'I' 9 ( m) + ('”Vx)

6
(A7)
’ "
— Im2y2 | Gm2ys3
im2 = gm2 Ve + —2“*Vw + -—é—Vac (A.8)

Substituting ¢m1 and ¢,,2 with their g,, polynomial, we set up
the following for the first-order Volterra kernel.

Ai(s) = Bals)

gmlAl(s) + o1 + gm2A1(3)
A1(s) = Ci(s) | Ai(s)  1—Ai(s)
+= Toz Z,(s) Zs'(;) 4 A%
Ai(s) ~ Bi(s) _ Bi(s) = Bi(s) — Ci(s)
gm1A1(3)+ . To1 - Zl(S) + : 212(3)
(A.10)
gm2A1(S) + AI(S)TZQCI(%) — g;gj; + 01(21;(51(3)
(A1)

At the frequency of interest, Z1»(s) is negligible such that

Bi(s) = C1(s). The last two KCL equations can be combined
and result in a concise answer for A;(s) and B;(s).
_ (&) | Za(s)) + (ro1 |i 7o)
Ai(s) = = HS) (A.12)
_ Z1(s) || Za{s)
Buls) = (zl (21 Z2(s)+(ror || m)) 1(#) @13)
L+{gm1+gmz) (o1 [ 7o2)
H(s) = Z5(8)(1 + (gm1 + gm2)(To1 || T02))
+ ((Z1(5) [ 22(s)) + (ro1 [ 7o2))
' Z(s)
X (1 + Zx(s)) (A.14)

Next, consider the following equations for the second-order
Volterra series kernel.

!

gmlAZ(Sla 32) - %ml'Al{Sl)Al(S2)
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- Az(s1,82) — Ba(s1, 82)
Tol
- I
+ gmaAa(s1,82) + 9—312-41(81)A1(82)
As(sy,82) — Ca(s1,82)  As(s1,82)
To2 Zm(81 + 32)
_ —A2(81,82)
Zs(sl + 32)

/

gm1A2(31332) - gzilAl(Sl)Al(Sg)
n A2(31,82) —32(51,32) _ Bo(sy, s2)
Tol Z1(s1 4 82)

Ba(s1,82) — Co(s1,82)
Z13(s1 + s2)

AH(81,82)

Zs(51,82) I
Z1(81,82) + Z3(81,89) To, + To2
% ((Tol + Z1(81 4 52)) (1o + Za(s1 + 82))

Zo(s1+ 52) || Zs{51 + 32)
+ ((1 + gmi"'oi)("'ﬂ + 22(81 + 32)) )

+ (1 + gmaro2)(To1 + Z1(s1 + 32)))) (A.22)

= Z12(s1 + s2)

+

(A.15)

Ca(s1,87) is found by interchanging the element nota-
tion in Bj(s1,s2) because of the circuit duality. Notice
that AAs(sy, s2), ADa(s1,50) and AH(sy,s2) drop out
if Z12{s1 + s2) is zero. The second-order distortion then is

(A.16)  canceled if g,; is matched to g),,,.

!
maAa(s1,82) + 9212241(81)A1(82)
. As(s1,82) — Cols1,82)  Ca{s1,82)
Ta2 Za(s1 + 82)
Ca(s1, 82) — Ba(s1,82)
Z1g(s1 + 82)

-+

As(sy, s2) and Ba(sy, 52) are found as shown in (A.18)-(A.19)

at the bottom of the page, where

| AAy(s1,89)
1
= -ﬁle(sl + SZ)AI(SI)AI(Sz)

% Zs(sl + 32)
Z{s1+82) + Za(s1 + s2)

x ((g:nl ) (ron | a2)

Trn1To1 Z2(81 + 83) — GhaoTosZ1(81 + 82)
Tol + To2

+

(A.17)

Continue with the third-order Volterra analysis
H

9m1Aa(81,80,83) + g?gl A1(s1)A1(s2)A1(s3)

— g1 A{s1) Az(s2, 53)
+ As(s1,82,83) — Ba{s1, 82, 93)

Tot .
s

+ gmaAa(s, 52,80} + 22 41 (51) Ar (32) A1 (s5)
+ gmoA1(s1)A2(s2, 83)
N Aa(s1,52,83) — Ca(s1,52,83)

Toz

A
- _ 3(31)52;53) (A23)

Zs(81 + 82 + 83)

/.

, _
GmiAa(s1, s2,83) + g“%"l"ﬂl(sl)Al(Sz)Ai(SS)

— g1 Aa{s1)A2(52, 53)
+ Az(s1,82,83) — Ba(s1, 82, 83)
Tol
_ Ba(s1,2,33)
T Zy(s1 4 s2 + 83)

(A.20) B3(s1,82,83) — C3(s1,82,53)
(A.24)
ABs(s1,52) Z12(s1 + 52 + 83)
1 N
= m§Z12(31 + S2)A1(81)A1(82) gm2A3(81, 89, 83) +,Q’,§2 Al(sl)Al(Sz)A1 (33)

S Zils1ts2) 1 + grmadi(s1)As(s2, 83)

Zn(s1 + s2) + Zals1 + 82) 01 + To2 + A3(s1, 82, 83) — C3(31, 52, 53)

: Zs(81+ s
g (ginerl(ZQ(Sl + 52) + To2) (1 + ﬁ Cs(s1 8:113)
& o s 3
+ Zs(s1+ 52) (gmaroa{l + gm17o1) AR sz + 83)
Cs{s1,82,83) — Bs{s1, 89,

+ griror(l +gm27~02))) - _ (A21) 3{ 12122(331)4. — 3_.53;3)52 3) (A25)

As(s1, 82) = 3(0m1 = gn2)(ro1 | 701) Zs(s1 + s2) A (51)Ax(52) + AAa(s1, 82) A.18)

ne H(sy + 82) + AH(s1, 52) ‘
_Zil{si+sa) || Za(sitsa) (170 ¢ z
s1+s g‘rn. gm T 7 3+3A3A32 +AB 81,58
B2(-5'1,32) — Zy(s1+s2) || Ze(s1-Fs2) (2( 1 2)( ol ” 01) 3( 3 2)_ 1( 1) 1( )) 2( 1 2) (A.19)

H(Sl + 82) + AH(S]_, 32)
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o Zo (701 [|702) (= (Gny + Ghna) A1 (51) A2 (52, 83) + 3¢y + 9ha)A1(31) Ar(s2) A1 (53))

A3(51782>83) =

‘—Zl(sl 4 82 + .5’3)

H(sy + 82+ s3)

B3(Sl, 82, 33) =

T Ze(s1+ 82+ sa) || Zs(s1 + 82 + 83)

A3(Sl732:s3)

Assume again that Z713(s1 -+ 2+ 3 is negligible then we arrive
at the equation shown at the top of the page.
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