MICRO-461
Low-power Radio Design for the loT

8. Low Noise Amplifiers (LNAs)

Christian Enz
Integrated Circuits Lab (ICLAB), Institute of Microengineering (IMT), School of Engineering (STI)

Swiss Federal Institute of Technology, Lausanne (EPFL), Switzerland

=P-L



Outline

= Low-Noise Amplifiers

= |Low-power LNA Design

EPFI: © C. Enz | 2022 Low-power radio design for the lIoT (MICRO-461) Slide 1 ICLAB



Low-noise amplifiers

General Considerations

= Since the LNA is the 15t-gain stage in the Rx path, its NF directly adds to the
system NF

= The typical Rx noise figure ranges from 6 to 8 dB, it is expected that the antenna
switch or duplexer contributes about 0.5 to 1.5 dB, the LNA about 2 to 3 dB, and
the remainder of the chain about 2.5 t0 3.5 dB

= The equivalent noise PSD at the input is given by S;,c, = 4kT Ry, the NF of a

common-source LNA (neglecting the induced gate noise and the contributions of
the following stages) is then simply

F—R"eq ~14_2nD

Ry G, - Rg

= Assuming the MOST is biased in strong inversion G,,, = 21/ (Vs — Virg)

= With NF = 2dB and Ry = 50Q, Ry., = 294. Neglecting the induced gate
noise and assuming V; — Vo = 400mV the bias current is then 4.5 mA
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Low-noise amplifiers

General Considerations

= |n addition to noise requirements, the LNA should also offer sufficient gain in order
to reduce the noise contribution of the following stages

= |t should have a sufficiently high IIP3 to avoid any intermodulation at the input

= Most of the time a 50Q) input (sometimes also output) impedance is (are) required

= The return input (output) loss should be small, the reverse isolation should be
large and the LNA should be stable
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Low-noise amplifiers

Input Matching - Common Source Amplifier

= Several circuit configurations can be used to create a 50Q2 input resistance

Gin =R{Y;,} =" RpCr

Y.

in =

Cp+G,Rp(CL+Cp)

1+ (02R12) (CL + CF )2

1+ GmRD + a)lez)CL (CL + CF)

1+ Q)ZR% (CL + CF )2

= Assuming G,,Rp » 1,C;, » Crand w = 1/(RpC;)

G, C
Gin_ER{Y;'n}ETmC_i
G, R
B, =3{Y;,} = wCp —2—L

= Proper choice of 2C; /(G,,,Cr) can yield 50Q input resistance

= Low voltage gain at high frequencies due to bandwidth limitation at the output node
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Low-noise amplifiers

Common Source LNA (without matching network-LNA1)

= Aresistor Rp can be added in parallel with the input and capacitance Cs can be
tuned out with an external inductor

v | D

at resonance frequency

Iout
J Cgs tuned out by Lg

> W[

Ls RprE =Cocs

Rs
—MW—o———

-
>
-
>
b
-

Iout

L

1

= The equivalent transconductance (at resonance frequency) can be calculated from

AAAAA

llll

AVmiC) RP 5;

Alout -
Gm'AVG G
| ave

L

A.-S. Porret, PhD Thesis, No. 2542, EPFL, 2002.

for

RP :RS
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Low-noise amplifiers

Common Source LNA (without matching network-LNA1)

= The thermal noise at the output (at resonance frequency) is given by

2
R¢R 1 1
Gnout:GnD+[GmR 2 ; j (R +R ]
s t&p s Itp

The input-referred equivalent noise resistance (including R noise) is given by

2 2 ) 2
R R
R G_RSR_s@R_s] Gup _ g S+(l+ Sj Yab
G RP RP Gm RP RP G

meq m

Finally the noise factor is obtained as

2
R R R 4
F=—"9_-1+=5 +[1+ SJ 'nD_ _9 4 2D for R, =Ry

Rg Rp Rp ) G, Rg G, Rs

Termination resistance R, adds noise and lowers the gain by 6dB

CS amplifier without termination Rp (Rp — oo in above expression)

F=1+-2nD_
GmRS
A.-S. Porret, PhD Thesis, No. 2542, EPFL, 2002.
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Low-noise amplifiers

Common Source LNA (with matching network-LNA2)

= Resistance Rp can be made larger to reduce its noise current contribution

= An impedance matching network has then to be added in order to reduce the
impedance seen from the source so it matches the source resistance

(ToooTTTTTTTT Iou I u
Rs | Cs 3 ’_T t Cs "
I | . 1 o |
Vin i() 3 % Ls 5; Rp % Le _j:/'CGS Vini() Ls EE Re
impedance Resonate Cos - ' :
matching with Lp
network
X R R R 1
0=">="L= "L  Xp=amplg=-L Xg= = ORs RP:(HQz)RS
R Xp \Rg 0 @)Cs

= \oltage gain, equivalent transconductance and noise factor are then given by

AU:AVG:HJQ GmeqéMouf:Ama:(HjQ)G_m F=2+ 4§”D
AVs 2 AV, 2 (1+Q )GmRS

A.-S. Porret, PhD Thesis, No. 2542, EPFL, 2002.
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Low-noise amplifiers

Common Gate LNA (without matching network-LNA3)

Ihrs Iho
DO
RS GmSAVS AIOUt RS Gms'AVS Alnout
A\/ini() Avsl AV
v
1 1
- 1
= |nput impedance: Z, =—
GI’I’IS
. Al G G
= Equivalent transconductance: G, = —25 = ———% __Yms
AV 1+G,,Rg Ryl 2
- - G, o)
= |nput-referred noise resistance: Rn =Rg + 2D = Rg + nD
G, G
R S
= Noise factor: F=""4_14,_"nD =145,

A.-S. Porret, PhD Thesis, No. 2542, EPFL, 2002.
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Low-noise amplifiers

Common Gate LNA (with matching network-LNA4)

I out

s

Rs Alin RS CS

———] o ——]
Vmi() CS LS AVlni() AVSl LS Gms

= |f R is too small it will lead to a high value of G, for having Z;,, = 1/G,s = R,
which results in a high power consumption

= An input impedance matching network is required, with the following parameters:

_Xs _Rp _ |Rp _ _ 1 __ b
Ry Xp \Rs Lo ArTants OG s s wpCs el
= The real part of the input impedance is then given by
A 1
Ry =R Zjy 5 =
Zin} Gms(1+Q2)
= |nput matching is then obtained by setting R;,, = R, which leads to
G, = : forwhich R, =Rg and X;,=3{Z,}=0

2
(1 +0 )RS
E P .- I © C. Enz | 2022 Low-power radio design for the lIoT (MICRO-461) Slide 9 ICLAB




Low-noise amplifiers

Common Gate LNA (with matching network-LNA4)

= The voltage gain from AV}, to AVs under impedance matching is given by

AVS _1+jQ

b, 2

124

matched

= Which leads to an equivalent transconductance given by

Al

out

matched AV

mn

. Gms
2

=4, -Gy =(1+jQ)

matched

meq

Vars |

= The total input noise resistance and noise factor under the above matched
condition are then given by

=Rg+RsS,p F]

neq matched —

R
"9 14 5n D
matched Ryg

A.-S. Porret, PhD Thesis, No. 2542, EPFL, 2002.
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Low-noise amplifiers

Common Source Inductively Degenerated LNA (LNA5S)

= Another method of creating a resistive input impedance without degrading the
noise performance is to use inductive source degeneration

oﬁ,"”_ Al
lout ou
I GS = G CGS SCGS
AVin A
2 —
BLs LsE|AVs z, =Smls ;@ LsCas~1
v Cas oCgg
1 1

= Z.., purely resistive at the resonant frequency set by C¢ and L

= However, L is actually chosen to match the source resistance Rs and hence
cannot be used to tune out Cgs

= Additional degree of freedom is required to eliminate the remaining imaginary part

= (Can be done by adding a series inductor L at the gate
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Low-noise amplifiers

Common Source Inductively Degenerated LNA (LNA5S)

I out

Vin l() Ls AVin ic

L

= The remaining imaginary part can be tuned out thanks to a series inductor L

= The voltage gain from the input to the gate is then given by

AV 1 1
AVip  1+(G,,Lg + RsCgs)s +(Lg + Lg)Cgss LS ( s j

+ +

@0 \ @
with @y = ! and QO= !
J(Lg +Lg)Cqs (GpLs +RsCqs)ay
= The maximum voltage is reached for w = w and is simply equal to Q
1 1 1
=A,(w=wy)=0= = with =
Avmax Av( 0) Q (GmLS + RSCGS)COO Gma)OLS +1/ QL QL Rsa)()CGS
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Low-noise amplifiers

Common Source Inductively Degenerated LNA (LNA5S)

I out

Vin i() Ls

= The equivalent transconductance Gy, = Al / AV, at resonance is now
boosted by the Q of the series resonant circuit
G

m

(G Ls + RsCgs)ay

Gmer = Gmeq (@=0y) = Aymax Gy, =

= The input impedance is then given by
G,L 1 G Lo @ (Lg+L:)Cog—1
=1 S+S(LS-|-LG)+ Zin: m S+j ( N G) GS ii’l|a):a)0

7. -
Cas sCgs Cis oCgg

mn

= Forimpedance matching Rg = G,,,Ls/C¢s and hence

G , G
G Li=RCr¢ = G ,0= m___ -1 with o ="
m*=S S~GS meq( 5 RS CGS @ ) RS @ t CGS
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Low-noise amplifiers

Common Source Inductively Degenerated LNA (LNA5S)

= The noise factor F at w = w is then calculated from the circuit below

Rs Lg Lout Lyour = GmqunRS + (1 - GmeqSLS )InD
—WW—o—00,
Gm'AVg 1 ! !
Ces lAVG Mooy Vieq = C;wut =Vars ‘{ _SLS]InD
meq meq
Vv l |
"RS @@ _ " 1+ RScGSS + (LG +Ls)CGS,S2 ]

R C 0)0
_T_ Vneq (@) =V,gs + J&InD

m

= From which we get the input referred noise resistance R,

G

m m m

= And the noise factor F

2 2 2
Flag) = Rpeq(@0) _ 14 YnpRsCGs® _ YupRsCos® _ | YuDP0 i 0, = 1
RS G Wy QLa)t G)ORSCGS

m
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Low-noise amplifiers

LNA Comparison

Remark LNAT LNA2 LNA3 LNA4 LNAS
..... ] e ] o o ’ e j
@ """ EL RE T o E L iR %Lp 01 w) ) @Ls Vol Ls
Rp 1 1 GLg
Ri‘n RP 2 2
1+ Q Gms Gms(1 + Q ) CGS
G G G G Wt
G matched _m 1+ i0) 2 _Ims 14 ms
meq 5 (1+jQ) 5 5 (1+;,0Q) > 2Rsw,
4Ynp 4Ynp YnpWo
tched 2 + 2 + 1+
F matche G R A+ 02)G Ry 1+ 6,p 14+ 6,p 0,0,
minimum obtained
.wif[ho.ut any current
NFmin oo el 3dB 3dB 1.8 dB 1.8 dB 0dB!
under matched
conditions
Value obtained for
Q < 7,Rs =500
NFsy |andGyorGpgset|  12.8 dB 3.7dB (Q=7) 55 dB 1.8 dB .
by a bias current
I, = 100uA

TP oc e
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Low-noise amplifiers

Resistive Feedback Wideband LNA

. Vbp
R Rs

f Alin Rf
RS ! . Gm1'AVG l
IR S ol e
Vlnl() VGl ) 'l-
' ' . ' ' A AVG 1
= The small-signal input impedance Z;,, is givenby 7. = =
AIin Gml

Impedance matching is therefore obtained by setting G,,,; = 1/Rs

The small-signal voltage gain is given by

AﬂéAVout:_ mi Ry —1 A :_Rf/RS—l
AV, G, Rg+1 Ulmatched )
= Inpractice R >> Rg for which the gain reduces to
Ay = G Re+l Av|matched = IR«
ml S S
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Low-noise amplifiers

Resistive Feedback Wideband LNA

Gm1'AVG Xl
VnRsl@@ AVg l lA Vout

O

It can be shown that the input-referred thermal noise resistance is R, given by

2
“Ro+1 R,+R

PN o g KL R U O A

Gy Ry 1 Gy Ry 1

where G,,p1 = Ynp1 * Gm1. The noise factor is then given by

2 2

. R R,+R

F:1+ Gml RS+1 . f + f S GnDl El+4ﬁ+7/nDl
Gy Ry =1) Rg | Gy -Ry—1

2
2R 9
] -G,p1 = Rg J{R—S] -Rf +R5-G,p
A

Assuming again that Ry >> Rg the noise factor further simplifies to
F=1+y,p

= which again illustrates the importance of the transistor noise excess factor y,,p1
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Low-noise amplifiers

Current Reuse LNA
‘I Vbp Rs Aly, R
b —WW—o———MWW—e * o
h AV, i() AV, i o ave lAV
_rl y in G —sz'AVG out
—d| M, o 1 °
Rf =
oo, a| A
W g M out GmAV
° ) L

= As shown in the above small-signal schematics, the pMOS and nMOS
transconductance come in parallel adding into a total transconductance G,,, =
G1 + Gopp. Since M1 and M2 share the same bias current, G,,, is about twice
that obtained by a single transistor for the same bias current (particularly if both M1
and M2 are biased in WI)

= Merging the two transconductances results in the same schematic as the resistive
feedback LNA. The input impedance Z;,, and voltage gain are therefore given by

7z 88 _ 1 _ I y 8 Moy _ Om Ryl
v AIin Gm Gml + Gm2 ’ AVin Gm 'RS +1
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Low-noise amplifiers

Current Reuse LNA

VnRs Van

«— Rs Al +— Ry

AV‘”KD AVGl Gy = Gp1 + G2

Gm'AVG InD
AVout

L
= The above noise schematic is identical to the resistive feedback LNA except for
the transconductance and the noise current source I,,, which accounts for both
the noise from M1 and M2

= Assuming again that R > Rg, the input-referred noise resistance is given by
2

2R ARZ

Ryey = Ry J{—st ‘R, +R§-G,p =Ry +R—S+R§-7-Gm
f S

= where Gup £ Gup1tGnp2 ¥ £ (Vnp1 * Gm1 + Vapz * Gm2)/(Gmy + Go)

which is approximately ¥ = ¥np1 = VYap2 if Yup1 = Vb2

= The noise factor under impedance matched condition G,,, = 1/Rs is then given by

4R
F=l+—2>+y=l+y for R;> Rg

R
A
The noise factor is identical to the resistive feedback LNA, but requires about half
the current to achieve the same input impedance
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Low-noise amplifiers

Wide-band (WB) LNA with Noise Cancellation

= The noise of an LNA can be reduced by using feed-forward noise cancellation

~a
I Va |—>A AV
R + +
uufl VD + V RS Rf
R - A —( %)—» AVoy
—\NWSV‘—O—<_||: AV l<> AVl Gm'AVg @lm lAV t
in G D
Vo (D
L
= (Gain is constructive for the input signal V;,,
AV _l—Gme :_R_f
AD_AVin_1+GmRS_ Rg A _AVOL{Z‘ — A+ A _l_A_Gme :_A+Gme
PP Cav, P4 14G,Ry T 1+G,Rg

T AV, 1+G,Rg
whereas it is destructive for the transistor noise source I,

AV o Rf + Rg

Zyp = =
InD 1+GmRS —
oI AV, AR (Rf +RS)
A S Zm_ _ZmD+ZmA_
" o 14G, R 1,p 1+G,,Rg

F. Bruccoleri, E. A. M. Klumperink and B. Nauta, JSSC, Feb. 2004.
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Low-noise amplifiers

WB LNA with Noise Cancellation — Optimum Gain
% AV % AV

Al R I/ e R R I/ e
——o——\\W—o GAV AVout —WW—o—e—MWW—¢ G.AV Vout
N0 % e lAvD Vo D AVGl %m ° lAvD

L L

= There is an optimum value of A for which the transistor noise is cancelled at the
output (or equivalently Z,,, = 0)

Ry o . Ry
Ao :1+E which leads to: 4, = _E
= The input impedance is easily calculated as
Ly = e = :
A[in Gm
= For input matching condition (Z;,, = Rs), the optimum voltage gain A, is then
iven b
given by R,
Avopt = _R_ = _Gme
S

F. Bruccoleri, E. A. M. Klumperink and B. Nauta, JSSC, Feb. 2004.
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Low-noise amplifiers

WB LNA with Noise Cancellation — Noise Figure

AV

™
R ViRrs R A

&/ +
MM’ o g 'A'l'l':'l o I ° ;é_» Vnout SVA - 4kTRnA Wlth RnA = 7—A
~ %Gm'AVG @InD l v " G
AVp
L

A
VnRSl@ AVGl "

= The noise figure can be calculated accounting for the noise added by the amplifier
and the resistances

F=1+Fg +FRf +rp

2 2 2R

o 1+ R, /Rg— 4 G op F - A+ GuRs) | Ry o _| _1+GuRs 1
Gup ~ R VR Re "\ 4-1+G. R, | R
A-1+G,R; A-1+G,R; | Ry Tombty ) Rs

= Imposing A = Ay = 1+ Rf/Rg results in Fg,p = 0 and hence

2 2

R R R R R
Fopt=1+—S+ AN 7 S DA IO [ DA ) B &
Ry \ Ry) Rs Ry ( Ry} GuRs

F. Bruccoleri, E. A. M. Klumperink and B. Nauta, JSSC, Feb. 2004.
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Low-noise amplifiers

WB LNA with Noise Cancellation — Implementation

VDD
R . . .
e ,E M Bias circuit not shown
RS M i
1 B M2 Vout §§ RL AVGQ

Vin

1 AVG 2 AVG 4
AVin l() AVe or AVp1 o AVOUt 2R
Gms AVGz

= Same result as before with A = G,,,»/ G,z and assuming G,,,3R; > 1

sl
]

4 :AVout _ Gm2/Gm3+Gm1Rf_1 R :_Gm2/Gm3+Gm1Rf_1:_GmZ/Gm?)—i_GmlRf
° AV;’n (1 + Gm3RL )(1 + GmlRS ) LT 1+ GmlRS - 1+ GmlRS
= The noise contributed by M1 is cancelled for
R, R
A= G2 =4, —1+—L =" o Ry > Rg
Gus 7 Rg  Rg
= The voltage gain then becomes
R R
Apopt == /LY A Pt B N 3R, > 1

1+Gm3RL RS B RS "

F. Bruccoleri, E. A. M. Klumperink and B. Nauta, JSSC, Feb. 2004.
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Low-noise amplifiers

WB LNA with Noise Cancellation — Implementation

VnRS an

""" Gm1 ‘AVg nD1 sz AVg nD2+InD3 - i
A\/in l() A\/D1 ERL
Gm3 AVcaz

= The optimum noise factor obtained for G,,,, /Gpy3 = Agpe = 1 + Re/Rg is then
given by

Fopt 14 Rg +(GnD2 +GnD32)RS 1. Rg +7nD2(1+RS/Rf)+7nD3 RS/Rf
Rf (Gm3Rf) Rf Gm3Rf

= Since Rs/Rr =1/ |A,,Opt| « 1, the noise of M3 can be neglected compared to
the one of M2, resulting in

R
Fop =1+ S _/nD2
Ry GpsR;

F. Bruccoleri, E. A. M. Klumperink and B. Nauta, JSSC, Feb. 2004.
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Low-power LNA design

Current Optimization in a CS Stage (without VS)

/—Self-loading capacitance

/ Cro l
— Vout

W-Cu

= The voltage gain at high frequency (w >» w, /A4 = Gg4s/Cy) is given by

AU:AVout: Gm :a)u
AV, oC; o

= where w, = G,,/C; is the gain-bandwidth product

= We would like to find the minimum current for achieving a given voltage gain A,
at a given frequency w

= This optimization of the bias current requires to include the self-loading

capacitance that scales with W in the load capacitance C; = C;o + W - C,,
T. Melly, EPFL PhD Thesis No. 2231, 2000.
A.-S. Porret, EPFL PhD Thesis No. 2542, 2002.
A. Mangla, M. A. Chalkiadaki, F. Fadhuile, T. Taris, Y. Deval, and C. C. Enz, Microelectronics Journal, vol. 44, pp. 570-575, July 2013.
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Low-power LNA design

Current Optimization in a CS Stage (without VS)

= The bias current can be written in terms of the inversion coefficient IC and
transistor aspect ratio W /L as
w

I = ]Sp€CD 'T'IC

= The gain A,, or gain-bandwidth product w,, is given by w,, = G,,,/C; Where the
transconductance can also be written in terms of IC and W /L as

o _Lypeca W (IC) it i C)_\/4IC+1—1_ 2IC
" aUp L Ems Ems 2 VA4IC +1+1

= The above equations can be solved for I, and W /L, giving the following
normalized equations

I, 1 IC G 1
. a_1p _ A W, A A _ “speco
D e @ Es - O Vel 4T, ETuupc
specO Ems ~ wy, L nur-Lro
w1 1 o 1
ap2 1 oL 4 . n__Twen
L Q g,-0 Dtspec nUp-Cy - L
. C. Enz and A. Pezzotta, MIXDES 2016.

. Enz, F. Chicco, and A. Pezzotta, IEEE Solid-State Circuits Magazine, vol. 9, no. 4, pp. 73-81, Autumn 2017.

E P .- I © C. Enz | 2022 Low-power radio design for the loT (MICRO-461) Slide 27 I ol .Y :]




Low-power LNA design

Minimum Bias Current (without VS)

100 ¢ 100

Q -
= ho=0 3°
C 4 da
9 2t :2 = ® 2 Ou
5 ) a)tS ec
O 10 F~ 10 § P
n 6F 16 G
g 2F 12 8 CL
GNJ TE — 1 S o A Ispecu
«© oF 16 = tspec — . .
5 B ]

2r 2
= 0.1 ”’l’ Ll Lol Lol 0.1

0.01 0.1 1 10 100

Inversion Coefficient IC

= Self-loading cannot be ignored and introduces a minimum bias current for
achieving a given gain-bandwidth product

= For reasonable values of the gain, the minimum current is achieved for an
inversion coefficient in the moderate inversion region

. C. Enz and A. Pezzotta, MIXDES 2016.
. Enz, F. Chicco, and A. Pezzotta, IEEE Solid-State Circuits Magazine, vol. 9, no. 4, pp. 73-81, Autumn 2017.
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Low-power LNA design

Optimum IC for Minimum Bias Current (without VS)

= The optimum IC, assuming no VS, for which the bias current is minimum is given by
IC,, =20-(1+0)+(1+20)-/0-(1+0) =20 +/6 since © <1

= There is a minimum IC below which the specified gain-bandwidth w,, can no more
be achieved (assuming no VS)

1Cy,, =0-(0+1)= 0
= This value corresponds to the vertical lines in the previous plot

= The normalized gain-bandwidth can be written as
C

W
A L
Q= /LW -gmszg’"s for z>>1 Where x=—*%
1+K"A K L CLO

= The above condition on IC also corresponds to the maximum gain-bandwidth that
can be reached for a given IC (again assuming no VS)

o _NAC+1-1

max
2K
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Low-power LNA design

Constant Gain-Bandwidth Product w,, (with VS)

100 ¢ ;
.—-Q GE ]
= af :
o i :
= 2r . Z
> ! o)
O 10 E~ . ! -
n 6F  C~o. g
.© ar Tl =

- ~i N
m I | N
g | =
N - =
® 6F : -
e 4 L i
(- i~ o g
O 2— ’/” 1
p | A.=0 .

01 bl 1 1111111 1 Ll 1 L1 111t 1 L1111 01
0.01 0.1 1 10 100

Inversion Coefficient IC

= The current saving is even greater when accounting for VS

= The optimum IC is slightly reduced due to VS and the minimum bias current is
slightly increased

C. C. Enz and A. Pezzotta, MIXDES 2016.
C. Enz, F. Chicco, and A. Pezzotta, IEEE Solid-State Circuits Magazine, vol. 9, no. 4, pp. 73-81, Autumn 2017.
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Low-power LNA design

Example: 24GHz Amplifier in 40nm

= Target: A,=15dB at ®=24GHz with C,=18.5 fF gives 2=0.83

= ForL=L;,=40nm (£=1) we have IC,,=6.3, i,,,=8.78 and w,,=1.41

opt

m18
freq=23.99GHz
dB(Gain_tension)=13.948

= Denormalizing for the given 40nm 2:'(:0: .
technology parameters and plugging o
the values in the BSIM6 model leads & "] L
to a simulated gain of 14dB at 24GHz & "]
= Verification with ADS and BSIMG6 % 8:5712
4.000 | I I I

freq, Hz

A. Mangla, M. A. Chalkiadaki, F. Fadhuile, T. Taris, Y. Deval, and C. C. Enz, Microelectronics Journal, vol. 44, pp. 570-575, July 2013.
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Low-power LNA design

Low-power LNA Design

I—poly [nm]
50 40 33.3 28.6 25 5 A N —
SO =W omen ' 0 - - ITRS 2006
. Rel pitch - ¢ Published |]
& i o ) ; 2 O This work |
400f © Int. Min. pitch = b L g ]
—_ o r 4
N ®
S 350] Bulk 8 ) %g& .
s ) ”,
g 10°} {00 QO =
300} | S | % o Q
V4s=1.0V, Vy4=1.2V L I
g oc | >
0.938umx60, POS i R
25 " 1 1 1 1 1 I !
30 25 30 35 40 10 20 3040 1 200
1/Lpoly (1/um) L, (m)

= High-f, of deep-submicron CMOS process can be traded against power
consumption by moving operating point to moderate or even weak inversion

= Similar to low-frequency analog design, the power consumption of RF LNA can be
optimized using the normalized current efficiency factor

m.n.UT

Ip

current efficiency =

Hongmei Li, et al., VLSI Symposium 2007
Sungjae Lee, et al., IEDM 2007

EPFI: © C. Enz | 2022 Low-power radio design for the loT (MICRO-461) Slide 32 I ol .Y :]




Low-power LNA design

Figure-of-Merit for Low Power RF

= The voltage gain and noise factor of a common-source stage loaded by a similar
stage (i.e. having a fan-out FO equal to 1 and hence C; = Cs) are given by

AVout i Gm ~ Gm _ja)u
v AV, Gy + joCp joCy @
G G :
where @, =—"=—"L=¢@, assumng FO=1
€L Cgs
= C
© F=140nD
G, R

(assuming thermal noise from transistor M1 and resistance Rg only)
= AFoM can be defmed in order to maximize the gain-bandwidth product and
minimize the noise factor at a given current
0)

FoM & u o Rs |G
(F_l)'lb VnD Ib

= This FoM is proportional to the G,,, /I, - w; ratio, which is an important FoM for low-
power RF |C design

A. Shameli and P. Heydari, ISLPED 2006
T. Taris, et al., RFIC 2011
A. Mangla, J.-M. Sallese and C. Enz, MIXDES 2011
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Low-power LNA design

The G,,,/Ip - F, FOM is Maximum in Moderate Inversion

10 E 1 LI IIIIII 1 LI IIIII’1\ 1 LI II;I/VI 1 1 ILLU: 1
o= T o T A=
- — k=113 K ] 3
2r /::’Jllsr\\ ) 1 _3
1 :_'"'_'_'""'_'_','7?1‘//'"':"}_'\T':_:';_: 7_
= ; T TN ‘
@) 4: :@‘// /’// ] : : : \\Oe'/ . L =9
S PN R N9} 22
P 7 | [ | \\
0.1 ¢ 2 o !
- P | b . N—— =
2 | [ | _
001 L 1l [ |||||i ] ! |!||||!| IR R FOMOptzFOM(ICOPt):O'AI.?’
0.0 0.1 1 1 100
Inversion Coeéfficient |
1 1 1
e Q3 % (
2
IC WI ICx1
g -Q  gZ 1 \/(ﬂc-IC+1)2+4IC—1 .
FoM pp =S8 —1L —2ms — . =1 Sl without VS IC>1and 4. =0
IC IC IC | Z.+(A.-IC+1)+2 |
5 Sl with VS 1IC>1
s - IC

C. Enz and M. A. Chalkiadaki, APMC 2015.
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Low-power LNA design

The G,,,/Ip - F; FOM vs. IC for 40nm and 28nm Bulk CMOS

1 - 7 Ay p= 1 - 7 < p=
E W=108pum i i N 3 E W=108um / i N E
sp-L=40om o LA 2 L aF L=31nm I ;
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e 4 | e 4 | ~
| |
0.01 ¢ | 1A=2.05 G 0.01 F ' 1=153 3
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IC IC IC| 2 -(A-IC+1)+2

(&

C. Enz and M. A. Chalkiadaki, APMC 2015.
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Low-power LNA design

Combined FoMs vs. IC for 40nm and 28nm Bulk CMOS

~

L1 lllllll

1 lllllllll

1 _________
E W=108um
o - L=40nm
~» - n=1.48
£ 0.1 £ lspecsg=690nA
o = 1gpec=2.1MA
- L,=19.5nm
" 2..=0.4875
0.01
10
fisa=1/1c=2.05
1 ______________________
- 01 -
w0 -
0.01
0.001
1
__®__measurements ____-7 .
— - BSIM6
= 0.1 &— theory
S
L
0.01
0001 1 llllllll 1 llllllll L1 11111l

0.001 0.01 0.1

Inversion Coefficient IC

C. Enz and M. A. Chalkiadaki, APMC 2015.
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Low-power LNA design

Ultra Low Power LNA - Maximize G,,,/Ip - F; FoM in Ml

2.4 GHz LNA - CMOS 0.13um

0.6V 15
15dB gain g

4.8dB NF

100pW@0.5V

45

freq (GHz)

ND O, D VDA N A

T T

\. \. \. ('1/. ('1/. ('1/. (b. {b. {b.

—o—NF@0.6V —8—NF@0.5V —&—NF@0.4V

g ~
v 55 ™ A7

o (I I 5, 5 g
L. 4

LNA core buffer %,. ny y
§ .
. . . . .. fi GH
Transistors are biased in Ml region to maximise FoM 4 ) 21222324 252627 28 29 req (GHz)

T. Taris, et al., RFIC 2011

Courtesy T. Taris, Univ. of Bordeaux, France
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Low-power LNA design

Ultra Low Power LNA - Maximize G,,,/Ip - F; FoM in Ml

2.4 GHz LNA - CMOS 0.13um

100pW@0.5V
0.6V
vce Gain & NF vs Power Consumption
0.4V |d 16 _i ______ -
14 em===T
M, 12<l - S, ®NF

o )

[dB]
» o o
=

| cons[MW]
60 90
o [ I
LNA core buffer Still 13.4dB@60uW!
Transistors are biased in Ml region to maximise FoM
T. Taris, et al., RFIC 2011 Courtesy T. Taris, Univ. of Bordeaux, France
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Low-power LNA design

Ultra Low Power LNA - Comparison with SOTA

v This work = SBI m This work = Cascode
A
30 + Dedicated Circut
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