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Narrowband LNA Design for Wireless Systems

From Antenna  PC board L _
e O T Zo J_) i Interface > LNA

" Design Issues
= Noise Figure — impacts receiver sensitivity
= Linearity (IIP3) —impacts receiver blocking performance

= Gain — high gain reduces impact of noise from components
that follow the LNA (such as the mixer)

= Power match —want Z,, = Z, (usually = 50 Ohms)
= Power —want low power dissipation

= Bandwidth — need to pass the entire RF band for the
intended radio application (i.e., all of the relevant channels)

= Sensitivity to process/temp variations — need to make it

manufacturable in high volume
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Our Focus in This Lecture

From Antenna  PC board L _
er O T Zo J_) i Interface LNA

" Designing for low Noise Figure

" Achieving a good power match

" Hints at getting good IIP3

" |Impact of power dissipation on design
" Tradeoff in gain versus bandwidth
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Direct Input Termination of CS Amplifier

" For power match, terminate the input of CS amplifier

I:',‘L
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Vin e R Ry -l
Vbias 9

" Voltage gain is halved
® Termination resistor adds thermal noise

" More appropriate for broadband than narrowband
(maybe)
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Noise Factor (Low Frequency)

" Noise factor at low frequencies (thus ignoring gate
current noise) looking at short-circuit output current
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" Noise factor too high even at low frequencies.

" Generally not an acceptable circuit for LNA
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Common-Gate Amplifier

Offers the possibility of power match without an explicit
termination resistor

R, For power match, make
b
Voo 1
: szn —_— = RS
am
| M, —C,
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4 At low frequencies, it can be shown

1
F=1+4+-". —14 2
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Better than the CS, but noise factor degrades
significantly at high frequencies
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Noise Factor Analysis of CG Amp (Low Freq.)

" Equivalent Circuit
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Noise Factor Calculation

" Noise factor at low frequencies (thus ignoring gate current
noise) looking at short-circuit output current

First calculate the output noise due to the source resistance
only (e,) using voltage divider:

(L 2
.2 dm 2
Iy = T 29m4k:TR3Af
(Rs+ 1)
__ 9m
(1 -+ ngs)2

ARTRsAf

The next step is finding the total output noise due to e, and
I;. We can use superposition as before.
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Noise Factor Calculation, Continued

First, let’'s compute output noise due to iy only. We'll need to
use the instantaneous value of iy for now:

VUgs — —(id + gmvgs)Rs e -

F——"— -y - |

Im¥as = gmEs ZCJ P+ g Y |
™m S — T ! Vos m‘u'gs Iy i
I 14+ gmBRs ™ P |

The instantaneous value ofthe |
output noise due to i

1
i
1+ gm s

The mean-square value of
the output noise due to I
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(1 -+ QmRs)2
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Noise Factor of CG Amplifier

.2 .2 N2
ino = in1 + in(ig)

b B _ Bt inGa?
2 2
nl nl
1
F=141.
o gmBs

For power match, 1/g,,=R.
F=1+"1
84

This may be o.k. for broadband amplifiers. For
narrowband amplifiers, we can improve the noise
factor considerably while maintaining power match:

Inductors!
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Inductor Degenerated CS Amp

Source —_
. o],
R €ns L .
s : 9 Voo gTTTTTTmmmmmmmmmmmmmmmmmemmmmmmmmnms
: E ZQS Vgs_: Cgs gmvgs <> % indg
] j ®

" Same as amp in Lecture 10 except for inductor
degeneration

= Note that noise analysis in Tom Lee’s book does not include

inductor degeneration (i.e., Table 12.1 (11.1))
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Recall Small Signal Model for Noise Calculations
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Key Assumption: Design for Power Match

Zin

va|_> } J Ml lout

Vin 9
Vbias 9 Laeg

Real =
" Input impedance (from Lec 9) /

L \

me(s) — S(Ldeg + Lg) + Ldeg

sCygs Cgs

" Set to achieve pure resistance = R, at frequency o,
1 adm

= = Wo, RT p— 7Ld€g — RS

\/(Lg _I_ Ldeg)cgs Cgs

Adding L, gives additional degree of freedom to set o, and R;
|ndependenuy
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Key Assumption: Design for Power Match

|_> } Jl\j lout

L
Vbias 9 deg

" The total impedance of the RLC circuit (including the
source resistance)

7(s) = +Lg) + I Loy + Re
309 Cys \ ‘
Thus Q is then R,
- ’LUOCgs2R3 - 2RS
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Process and Topology Parameters for Noise Calculation

Source —_

......................................

®" Process parameters
= For 0.18u CMOS, we will assume the following

1
c=—j0.55,"y=3, § = 2v =6, L"‘}—"’”’:5 :>‘Xd:o.32‘

ddo
" Circuit topology parameters Z, and Z;,,
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Calculation of Z

Source —_

I—deg
 — 1 Zdeg t 29 _ 1 ij(Ldeg + Lg) + Rs
gs JngS 1 + ngdeg j’ZUngs 1 -I— gmjwoLdeg

- jwo(Laeg + Lg) + Rs
~ jwo(Laeg + Lg) + R

ij(Qdeeg + RsCys)
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Calculation of 7

Source -
inout
RS e_ﬂS Lg i ------------------------ -l --------------
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i ng VQS:—Cgs gmvgs<> CLDEQ
v
Ldeg
Z Wol
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R

1
Rs+Rs |2
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Calculation of Z,

1

" By definition
Zgsw = WwoCgsZys (Q —

B Calculation

A = woCgs—
gsw o gsj’wo(gdeeg‘l‘ Rngs)

. waCQS(LdeQ + Lg) + woCysRs
j’wO(Qdeeg + RsCys)
_ i1+1/(2Q)
ij(gdeeg + RSCQS)

_ i1+ 1/(2Q) }
ijCgS((gm/CQS)Ldeg T RS)‘

j14+1/(2Q)  _ j1+1/(2Q) _

. wO(LQ + Ldeg)

woCgs2 Rs

2Rs

_j’woCQS(Rs‘I‘Rs) Jl/Q
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Calculation of Output Current Noise

" Step 3: Plug in values to noise expression for i

.2 2
Z?’Ldg (4 2
A f = ALf (|77| + 2Re {— J|C|Xd"7 ngw} -+ xd|ngw| )

1 1 .
where n = Ea Lgsw = E(QQ —J)

> 5
'ndg _ nd (1 it Lon ol 2
=X N f(4—|—2Re{ glclxd4(2Q J)}+Xd4|2Q J|>
=%1(1—2lclxd+x (40 + 1)
Af4 d
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Compare Noise With and Without Inductor Degeneration

Source —_

......................................

" From Lecture 10, we derived for Ly, =0, o,* = 1/(L,C)

2

2
an ?'
A; Af (1 — 2|c|xq + Xd(Q ))

" We now have for (9,,/Cy¢)Lgeq = Rer @52 = L/((Ly + Lyeg)Cys)

2
v d 1
N A’”’j% (1= 2lcxq + x3(4Q% + 1))
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Derive Noise Factor for Inductor Degenerated Amp

Source —_

......................................

" Recall the alternate expression for Noise Factor derived in
Lecture 11

. 2
. total output noise power _ nout(tot)
output noise due to input source ;2 ,
nout(in)

" We now know the output noise due to the transistor noise

= We need to determine the output noise due to the source

resistance
H.-S. Lee & M.H. Perrott MIT OCW



Output Noise Due to Source Resistance

Source -1

I-deg
1 |
Zip = + JwO(Ldeg + Lg) + Ldeg = Rs
WoCgs Cygs ‘
= VUgs — ) — ; = | — ] €ns
RS _I- Z?’n jwocgg 2R3 jwocgs J
R 0
. _ .2 2
= lnout — 9m (j) €ns = tnout — (ng) e?%s
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Noise Factor for Inductor Degenerated Amplifier

Noise Factor =

(gmQ)2eRs + inag/ B _ | inay/ A
(ng)Qegs (QmQ)2e%s
4 ABTY9d0(1/4)(1 = 2le|xa + xg(4Q% + 1))
(9mQ)24KT R, \
9do 1 B 2 2 ‘
) g (gm) 20 (1= 2Jelxq + (4Q% + 1)x3)

ddo 1
gl (gm) 20 (1= 2felxa + (4Q% + 1)x3)

1

dm

|

2Q

(1 - 2Jelxg + (4Q2 + 1)x3)

Noise Factor scaling coefficient
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Noise Factor Scaling Coefficient Versus Q

Noise Factor Scaling Coefficient Versus Q for 0.18 u NMOS Device
7 T T T T T T T

Achievable values as
6.5~ afunctionof Qunder A
the constraints that

Noise Factor Scaling Coefficient

1 1'.5 2 2.5 %2 3.5 4 4.5 5
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Noise Factor Comparison

" |Inductor Degenerated CS

Noise Factor = 1—|—(wo) Y (gdo) 21@ (1 — 2|c|xq + (4Q% + ]‘)XCQi)

wt am

Noise Factor scaling coefficient

" Non degenerated (From Lecture 10)

Noise Factor = 1+ (wo) Y (gdo) 22 (1 — 2|e|xq + (Q% + 1)X§)

wt gm

Noise Factor scaling coefficient
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Noise Factor Scaling Coefficient Comparison

Noise Factor Scaling Coefficient Versus Q for 0.18 u NMOS Device

7

6.5

Noise Factor Scaling Coefficient

Achievable values as
a function of Q under
the constraints that

With degeneration

H.-S. Lee & M.H. Perrott

Noise Factor Scaling Coefficient

Noise Factor Scaling Coefficient Versus Q for 0.18 NMOS Device

Achievable values as
a function of Q under
the caonstraint that

1

=W,
J Lgcgs : °

C___pt=0 L 1
VAR Bt A \e<ioss
Note: curves Minimum across
i meet if we all values of Q and )
approximate 1 _
Lo Q%P /Lgcgs U c=-1 |
1 2 3 4 5 6 7Y 8 9 10
Q
Without degeneration
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Achievable Noise Figure in 0.18x with Power Match

" Suppose we desire to build a narrowband LNA with
center frequency of 1.8 GHz in 0.18u CMOS (c=-)0.55)
— From Hspice —at V=1V with NMOS (W=1.8u, L=0.18p)
= measured g,, =871 uS, C, = 2.9 fF
_gm _ 871x107°
T Cys  2.9x 1015
Wo 211.8e9 1 ‘

— o~

w;  2m47.8¢9  26.6

=  wy = 27w (47.8GHz)

=

= Looking at previous curve, with Q = 1.4 we achieve a
Noise Factor scaling coefficient = 3.25

1
= Noise Factorx~ 1+ ——3.2b ~ 1.1%
26.6

= Noise Figure = 1010g(1.13) ~ 0.49 dB
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Component Values for Minimum NF with Power Match

" Assume R, =500hms, Q=14,f, =18 GHz, f, =47.8

GHz
- 1
C,s calculated as Q= |
2R3r(Ungs‘
1 1
— Cgs — — — 631fF
~ Lgeq Calculated as
—Ljey = Rs = Ljo, = — = = 10.17nH
Cgs 29— 7 de9 ™ Wy T 2747.8e9
~ L, calculated as
1 1
\/(Lg + Laeg)Cys w5 Cys +

1

77 (271.8€9)2631e-15
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Vgs> 9m» and gqq Vversus Current Density for 0.181LNMOS

=
ol

—_ 4-5 T T T T

% Chosen bias

> 4 pointisVgg=1V .

>%35- rrrrr l > -

° Lower power : Higher power

= Lower fy : - Higher f;- | |
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Current Density (microAmps/micron)

" Note: IIP3is also a function of Q
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Calculation of Bias Current for Example Design

" Calculate current density from previous plot
Vos = 1V = Ijons = 17T5uA/ um
" Calculate W from HSpice simulation (assume L=0.18 um)

631fF

Cogs =29fF forWW = 1.8 = W =
gs / HT 29fF

1.8um ~ 392um

= Could also compute this based on C_, value
® Calculate bias current

Ipigs = Tjen W = (L7T5uA/um)(392um) %‘ 69MmA ‘

= Problem: this is not low power!!
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