Lecture#11: LNA (Low Noise Amplifier) Design
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1. Introduction

o0 Importance of LNA in a communication system

*  Sensitivity of areceiver ismainly determined by the noise figure of LNA
Linearity

| solation

AGC (AtomaticGain Conrol)

o Topics

Typical design procedure
Improve of linearity
Cascodel NA

AGC

0 A great challenge: Smultaneously to get G, and NF .,
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1. Single-ended single device LNA

0 Specification

o Size of Device
Restriction of W/L dueto the consideration of Vgs
Optimum Width, Wopt, of Device due to consideration of NF .,

0 Raw device setup and testing
“Zero” capacitorsand “infinitive “ inductors
Tested parameters:S 5, Iy, Sy, Sy, 1y NF and G circles

0 A great challenge: Smultaneously to get G, and NF

Tradictionalstatus : Trade-off between G, and NF

min

Keylssue: | Sy = ot

0 Threeway to get Gmax and NFmin Simultaneously
Degeneration inductor
Variation of current drain
Variation of device size

o Example
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oSpecification
The main goalsfor the design example are

Vcc =3.0V,
lcc <3.0mA,
Frequency range = 850 to 940 MHz,
NF < 2.5dB,
Gain > 10dB,
| P3 >0dBm,
| P2 > 40 dBm.
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0 Sizeof Device

* Restriction of W/L dueto the consideration of Vgs

- rT]1(:ox W (\/ -V )2
d — gs th .
2 L Example:
""""""" W e, =3.45x10-13F/cm,
= - - t =23.3A°=23.3x108 cm,
Om = rn]Cox (Vgs Vth) o x=mam
L u, =170 cm2/V-sec,
1 ( ) C,, = 14.81 fF/ u?,
| d — E O \4 V V,, =0.49 V,
u, Coy= 251.72 uAIV?.
eOX
Cox - t
OX
gm - \/chox o
_ | d
Vgs =2— +Vth
On
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Table 11.1 Restriction of W/L dueto the consideration of Vgs

ety t, C,, u, 1,Cy, I w L WIL 9, R, V, Vi
(Flom)  (A) ©m  ({F?) CMPI(V.9 WAV (mA)  m) () MmAN)  (kQ) V) V)
3.45E-13 233 2.33E-07 14.81 170.0 251.72 1.00 09 0.09 10.00 2.24 1.00 0.49 1.38
3.45E-13 233 2.33E-07 14.81 170.0 251.72 1.00 9 0.09 100.00 7.10 1.00 0.49 0.77
3.45E-13 23.3 2.33E-07 14.81 170.0 251.72 1.00 20 0.09 1000.00 22.44 1.00 0.49 0.58
3.45E-13 23.3 2.33E-07 14.81 170.0 251.72 1.00 204 0.09 2268.33 33.79 1.00 0.49 0.55
3.45E-13 233 2.33E-07 14.81 170.0 251.72 1.00 450 0.09 5000.00 50.17 1.00 0.49 0.53
3.45E-13 233 2.33E-07 14.81 170.0 251.72 1.00 900 0.09 10000.00 70.95 1.00 0.49 0.52
3.45E-13 233 2.33E-07 14.81 170.0 251.72 1.00 1800 0.09 20000.00 100.34 1.00 0.49 0.51
3.45E-13 233 2.33E-07 14.81 170.0 251.72 2.00 09 0.09 10.00 3.17 1.00 0.49 175
3.45E-13 233 2.33E-07 14.81 170.0 251.72 2.00 9 0.09 100.00 10.03 1.00 0.49 0.89
3.45E-13 23.3 2.33E-07 14.81 170.0 251.72 2.00 20 0.09 1000.00 31.73 1.00 0.49 0.62
3.45E-13 23.3 2.33E-07 14.81 170.0 251.72 2.00 204 0.09 2268.33 47.79 1.00 0.49 0.57
3.45E-13 23.3 2.33E-07 14.81 170.0 251.72 2.00 450 0.09 5000.00 70.95 1.00 0.49 0.55
3.45E-13 233 2.33E-07 14.81 170.0 251.72 2.00 900 0.09 10000.00 100.34 1.00 0.49 0.53
3.45E-13 23.3 2.33E-07 14.81 170.0 251.72 2.00 1800 0.09 20000.00 141.91 1.00 0.49 0.52
3.45E-13 23.3 2.33E-07 14.81 170.0 251.72 5.00 09 0.09 10.00 5.02 1.00 0.49 248
3.45E-13 23.3 2.33E-07 14.81 170.0 251.72 5.00 9 0.09 100.00 15.87 1.00 0.49 112
3.45E-13 23.3 2.33E-07 14.81 170.0 251.72 5.00 20 0.09 1000.00 50.17 1.00 0.49 0.69
3.45E-13 233 2.33E-07 14.81 170.0 251.72 5.00 204 0.09 2268.33 75.56 1.00 0.49 0.62
3.45E-13 233 2.33E-07 14.81 170.0 251.72 5.00 450 0.09 5000.00 112.19 1.00 0.49 0.58
3.45E-13 23.3 2.33E-07 14.81 170.0 251.72 5.00 900 0.09 10000.00 158.66 1.00 0.49 0.55
3.45E-13 23.3 2.33E-07 14.81 170.0 251.72 5.00 1800 0.09 20000.00 224.37 1.00 0.49 0.53
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€ ox tox tox Cox Hn u ncox Id W L WiL gm Rd th Vgs
(Flom)  (A) ©m  ({F?) CMPI(V.9 WAV (mA)  m) () MmAN)  (kQ) V) V)
3.45E-13 23.3 2.33E-07 14.81 170.0 251.72 10.00 09 0.09 10.00 7.10 1.00 0.49 331
3.45E-13 233 2.33E-07 14.81 170.0 251.72 10.00 9 0.09 100.00 22.44 1.00 0.49 1.38
3.45E-13 23.3 2.33E-07 14.81 170.0 251.72 10.00 20 0.09 1000.00 70.95 1.00 0.49 0.77
3.45E-13 233 2.33E-07 14.81 170.0 251.72 10.00 204 0.09 2268.33 106.86 1.00 0.49 0.68
3.45E-13 233 2.33E-07 14.81 170.0 251.72 10.00 450 0.09 5000.00 158.66 1.00 0.49 0.62
3.45E-13 23.3 2.33E-07 14.81 170.0 251.72 10.00 900 0.09 10000.00 224.37 1.00 0.49 0.58
3.45E-13 23.3 2.33E-07 14.81 170.0 251.72 10.00 1800 0.09 20000.00 317.31 1.00 0.49 0.55
3.45E-13 23.3 2.33E-07 14.81 170.0 251.72 20.00 09 0.09 10.00 10.03 1.00 0.49 4.48
3.45E-13 233 2.33E-07 14.81 170.0 251.72 20.00 9 0.09 100.00 31.73 1.00 0.49 175
3.45E-13 23.3 2.33E-07 14.81 170.0 251.72 20.00 20 0.09 1000.00 100.34 1.00 0.49 0.89
3.45E-13 233 2.33E-07 14.81 170.0 251.72 20.00 204 0.09 2268.33 151.13 1.00 0.49 0.75
3.45E-13 23.3 2.33E-07 14.81 170.0 251.72 20.00 450 0.09 5000.00 224.37 1.00 0.49 0.67
3.45E-13 23.3 2.33E-07 14.81 170.0 251.72 20.00 900 0.09 10000.00 317.31 1.00 0.49 0.62
3.45E-13 23.3 2.33E-07 14.81 170.0 251.72 20.00 1800 0.09 20000.00 448.75 1.00 0.49 0.58
3.45E-13 233 2.33E-07 14.81 170.0 251.72 50.00 09 0.09 10.00 15.87 1.00 0.49 6.79
3.45E-13 23.3 2.33E-07 14.81 170.0 251.72 50.00 9 0.09 100.00 50.17 1.00 0.49 2.48
3.45E-13 233 2.33E-07 14.81 170.0 251.72 50.00 20 0.09 1000.00 158.66 1.00 0.49 112
3.45E-13 23.3 2.33E-07 14.81 170.0 251.72 50.00 204 0.09 2268.33 238.95 1.00 0.49 0.91
3.45E-13 23.3 2.33E-07 14.81 170.0 251.72 50.00 450 0.09 5000.00 354.77 1.00 0.49 0.77
3.45E-13 23.3 2.33E-07 14.81 170.0 251.72 50.00 900 0.09 10000.00 501.71 1.00 0.49 0.69
3.45E-13 233 2.33E-07 14.81 170.0 251.72 50.00 1800 0.09 20000.00 709.53 1.00 0.49 0.63
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Restriction of W/L dueto the consideration of Vgs

The underlined values of V in the most right columnin Table 4.1
are unacceptabl e because they are higher than 0.7V, which is
considered as a highest value of V

when the DC power supply islow, say, 1.0to 1.8V.

Therefore, the rows with the underlined values of V in Table 4.1
must be abandoned in the selection of the ratio WIL.

It impliesthat the ratio of W/L isrestricted for the given values of |
and gy, due to the limitation on Vg

Therest rowsin Table 4.1 are acceptable and are the candidates.

They will be furthermore selected with the consideration of so-called
“power-constrained noise optimization.”

Richard Li, 2007
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*  Optimum Width W, of Device

— 1 Example:
opt
P 3wWLC  Rq £ ., =3.45x10-13F/cm,
tx = 23.3 A°=23.3x10® cm,

u, =170 cm2/V-sec,
C,, = 14.81 fF/ u?,

where
W= Optimum width of device (MOSFET transistor); Vin =049V,
; ® = Operation angular frequency; | e
L = Length of device (MOSFET transistor);
u,, C,,.= 251.72 uAIV2.

C,« = Capacitance per unit area of the gate oxide;
Rs = Sourceresistance.
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1
Wopt =
3wWLC , Rq

Optimum of Length L,

pt

andOptimum ofWidth

W Of Device

— rT]‘1(:ox WO t 2
d = 2 Lp (Vgs B Vth)
_ _ m,
L= opt — 6\N|—dR56/gs_Vth)
W = WOpt = L
3wl CRs
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0 Raw Device Set-up and Testing

*  Thepurpose of raw devicetesting istwofold:

. To seeif thisraw device can approach a good L NA design or not.

. To create a starting point for impedance matching so asto continue
the next design step.

LI
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*  Set-up for raw devicetesting

Bias Vaa
0 9
Ly
Lbias é
Cout Zout
%0 out
Zin Cin l I_D 2
In ¢>—|_> |—— E Iq
M
S11
V Raw
device

Figure 11.1 Setup for raw device testing, f =850 to 940 MHz, 1,=2.6 mA

C. Cot :“Zero” capacitor,
Lyias Lo Lg - “Infinitive” inductor.
Df _ 940- 850
= =10.05%
f 895
Lecture #11 Richard Li, 2007
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*  Raw devicetesting
Main tested parameters: S11, I'opt

S;» dB
125
\Y
10.0
l—" 75
(¢
5.0
W 1 %1
25 I
S,
00 1| \2
-25
S11
-5.0 =
840 860 880 900 920 940 960
Frequency, MHz
a , and I on Smith Chat b) Magnitudeof S;, dB
1 2 S,opt g ]

Figure11.2  Sparametersfrom raw devicetesting, f =850 to 940 MHz, |,=2.6 mA
(Theintermediate frequency 895MHzis marked with dot on each trace.)
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*  Haus’ Theory

(H. A. Hauset. al., “Representation of Noisein Linear Twoports,” Proceedings of the I RE,
Vol. 48, pp. 69-74, January, 1960.)

NF = NF,, +%S[(GS - Gs,opt )2 + (BS i BS’Opt )2]

Where NF = Noisefigure of the noisy block;
NF in = Minimum of noise figure of the noisy block;
R, = Equivalent noise resistance;
Y¢ = Admittance of input sour ce;
G¢ = Conductance of input sour ce;
Bs = Subceptanceof input sour ce.
Ysopt = Optimum admitttanceof input sour ce;
Gg opt = Optimum conductance of input sour ce;
Bsopt = Optimum subceptanceof input sour ce.

Ys =Gg + |Bg
YSfopt :G'Sbopt-l-J %opt
G = GS,opt
Lecture #11 Richard Li, 2007
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*  Raw devicetesting
NF, Gain and NF circles

Atpoint G, G=Gmax=3.0dB,and NF =8.7dB,
At pointN, G=-48dB, and NF =NFmin=5dB.
r Vv
S,opt . .
Point N Noisefigure,
N dB
3 Gt
S 9.0
> e —
Q3 5 85
W 0 E 8.0
R S S 70
Sy 65
S Point G 840 860 880 900 920 940 960
Frequency. MHz
Input reflection coefficient I' g plane
Figure11.3  Noise Figurefrom 850t0 940 MHz, |, =2.6 mANF =8.7 dB when f = 895 MHz

Figure11.3 Constant gain circlesand constant noisefigurecircles
when f =895 MHz
Gaincircles: G, =3.0dB at point G, step =-1.0dB,
* Noisefigurecircles: NF_; =5dB at point N, step = 0.5dB.

Lecture #11 Richard Li, 2007 15
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* I mpedance matching

Isit possibleto pull the point G and N together
after input impedance matching network is build?

=p | INput

impedance
s matching
1 networ k

Bias

_________________

; L !
: | t Zout
| Inpu -
| impedance O Out
l I 1| matching s
la | network 2
=N
V' Raw device

Figure11.4 Input and output impedance matched networks are added
to theraw device.

f =850 t0 940 MHz, 1,=2.6 mA

Cn C

n? out

. “Zer0” capacitor;

Lyias Lo Lyt “Infinitive” inductor.

Lecture #11
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*  Theanswer is
| mpedance matching isnot a good assistant to theNF ;!
Trade-off must be taken!

v At point N,
G=8.2dB,
NF,,, = 1.8dB,
2 At point P,
G=11.30B,
: NF =2.3dB,
E
U
At point G,
G =G, =13dB, 2
NF = 3.0 dB, >

Input reflection coefficient I" plane

Figure1l.5 Constant gain circlesand constant noisefigure circleswhen f =895 MHz
o Gaincircles: G, =13 dB at point G, step = 1.0dB,
o Noisefigurecircles: NF;, = 1.8 dB at point N, step = 0.5dB,
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o Challengefor agood LNA design

* Optimum of Sour ce Reflection coefficient, I'opt

* Inorder to enabletheraw device approaching to the minimumof noisefigure,
I'S,opt isarequired optimum of source reflection coefficient, I'S, looked
from the raw device toward the sour ce.

« Ontheother hand, in order to enable the raw device approaching to the maximum
of gain, Gmax, S11* isarequired value of sourcereflection coefficient, I'S, looked
from the raw device toward the sour ce since the actual reflection coefficient looked
from the sour ce toward theraw deviceis S11.

Bias Vag
______ o 9
i i L oad
I L Ly
| | Output
! Lbiasg COIUt ! impedance
! ' matching
Source r S0 ! I ! netwo:k
Input pt ' (S, Z
impedance i i 2
tchi : | | Fo D
g A5 1\
Zs Sy Sy )i :
r. /i i
Vg n | i
< ) PP,
Y. Raw
YS v device

Figure11.6 Directionsof I r,and I ,,,S;and S;;" in the schematic for theraw device testing

S,opt?
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* Key lssue

C%,opt = Sll*

Lecture #11 Richard Li, 2007
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¥ Schemesto satisfy the condition: G, = S.

1) Increaseor decreaseof current drain, I,
The Sparametersaswell asthevaluesof I'S,opt will be changed asthecurrent drainisvaried.

The condition, I'S,opt = S11*, could be reached at an appropriate amount of current drain.

2) Change of device size,
The Sparametersaswell asthevaluesof I'Sopt will be changed asthe devicesizeisvaried.

The condition, I'g,, = S,;", could bereached at an appropriate device size.
Of course, thisschemeisonly possibleto the IC designerbut not to the designer

who implementsthe circuits by discrete parts.

3) Addition of degeneration part,
Up to the design experiencein the practical design, thisisan easy way to get success.

4) And soon.

Lecture #11 Richard Li, 2007 20

PDF Ui “pdfFactory Pro™ iR RRAG)E ww. Fineprint.cn



http://www.fineprint.cn

*  Addition of degeneration inductor

Modified raw device

Figure1l.7 Setup for modified raw device testing by adding of degeneration inductor
L degen : Degeneration inductor.
C Cot : “Zero” capacitor,

n?

Lyias Lo Lyt “Infinitive” inductor.

Lecture #11 Richard Li, 2007
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*

Sy; and Iy, adjusted by degener ation inductor

S;» dB
125
V
r S.opt N 811_* 10.0
Point N Point M
75
50 Sy
w SN =5
U
25
S»
0.0 ay
25
S11_ S Szz_ B3 3 g
Point G Point T EART 11
-5.0 1 ——t

840 860 880 900 920 940 960
Frequency, MHz

(@ Sy Spand I'g,, on Smith (b) Magnitude of S;, dB
Chat

Figure11.8 Sparametersfrom modified raw devicetesting, f =850-940 MHz, |,=2.6 mA
(Theintermediate frequency 895MHzis marked with dot on each trace.)

Lecture #11 Richard Li, 2007

PDF Ui “pdfFactory Pro" iR RRAG)E ww. Fineprint.cn



http://www.fineprint.cn

* Variation of Input Impedance due to Degeneration I nductor

1) MOSFET
Vi, =1 ae_LW+ 9+(i +iy)iLggaW = 'ael_w 1 9+(i +0,.V )'L \
in inéj g JCgSWB in d J degen inJ g CgSWB in gm gs J degen
. .aeL 1 0 & . G.L
Vin == Iinjé gW - —Z+§Iin T Omlin = ZllggenW
Cgswg ngSWg
1, On,
w C

(& Input stage (b) Equivalent of input stage

Figure11l9  Theinput stage of MOSFET transistor with common sour ce configur ation
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2) Bipolar

2
r r . Cowr
r1IC, =——F = P
1+jCwr, 1+(Cowr,)* 1+(Cwr,)
Vin = Iin(rb +rp //Cp )+(|in +|c)LdegenW ic = ngbe = gmiin(rp //Cp)
Vi,
Z, =" =1, +r /IC, + j[1+(r, //C, )gm]LigeV
I
¢ ® ¢ 0O
e O, - r=r
2 > m p-—p y
— Ldengpwzgmrp ' é Ldege” u
L =Tyt + 1+ (C )2 + ng"" 1+ (C ) l]Ldeng
oW é oW, U
& v
rb |In rb
- A B O SR -
RS " Rs Zin Vbe: Cc rﬂ 1= 9mVbe
Vs Ldegeni Vs Ldegen
(8) Schematic of input stage (b) Equivalent of input stage
Figure11.10  Theinput stage of a bipolar transistor with a degeneration inductor
Lecture#11 Richard Li, 2007 24
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* |Input and output impedance matching

Input impedance
atching network

A\

Bias  __ ¥ o ______ "
() ! . 1
! Output impedance
! Matching network
1

1
: !
Lpas :

1
--------------- - g !
! 1
: 1

1

1

Modified raw device

Figure11.11 Impedance matching of modified raw device by parts:
Atinput :Cg,,=1pF, Lp;,=20nH, Coiin = 39 pF.
At output : Lp, = 15nH, Ry, = 1500 2, and Cg,,, = 1.6 pF

Prout Prout
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15.0 T
Sy
10.0
Vv
N 5.0
0.0
s -5.0
o .:
W 2 4. E il
5 -
29 U -10.0 S11 -
S0 i REIC MY 1T
,111,,9 A
pt -15.0 | g r
Y| S0
o it
'200 T L
S P SZ"
L]
-25.0 \.J |
920 940 960

840 860 880 900
Frequency, GHz
(@ Sy Spand ', on Smith Chat (b) Magnitude of S;, dB

Figure11.12 Sparametersof thedesign example, f =850-940 MHz, 1,=2.6 mA
(Theintermediate frequency 895MHzis marked with dot on each trace.)

Theinput and output impedances are matched by parts:
Atinput: Cg,, = 1pF. Lpin=20nH,  Cg,,=39pF.
At output: Ly, = 15nH Rpiou =1500 @, Cg,,;= 1.6 pF

26
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Noise figure, (Tested results) Noise figure, (Simulated results) N n
dB w_Q e Py g
40 3.15 e s iy
35 2.65 %
3.0 215 G-
w ® lo HE
25 1.65 0 U
20 — 1.15 :
15 0.65 :
1.0 0.15 S
840 860 880 900 920 940 960
Frequency. MHz . i . i

Figure11.13  Noise Figureof the design example, Figure 11.14 %ﬁ?g;‘lﬁgn circlesand constant noise

f =850t0 940 MHz 1,=2.6 mA when f =895 MHz

_ _ Gain circles: G, =12 dB at point G, step = 1.0dB,
NF =15dB whenT =895 GHz NF circles: NF,,;, = 1.5dB at point N, step = 0.5 dB.
L ecture #11 Richard Li, 2007 27
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n=11>1
G=12dB

NF=15dB

Lecture #11 Richard Li, 2007
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o Stability

Sy
Source z. - Zoui L oad
«
Two-port
% r I Block 1:0 r z
s “ ¢ L
Vs Si Sy
$ _ &
S].2

Figure11.15 Different reflection coefficientsand S parameters
in atwo-port block

Gl<t K=l 1- [mag(S,
G|<1 K >1 " mag[s,, - Deonj(S,,)]+ mag(S,,S,)
G,|<1 0 =SS, - S5,
m>1
Gu| <1 pj<1
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dB,

out’ m
% J 895 MHz, -38.0dB,,
-50
-75 2| 1790 MHz -80.7 dB,,
-100
M 2685 MHz, -112.6 dB,,
-125
-150 ‘ ‘ ‘
0 1 2 3 4 5 6 7 8
Frequency, GHz
Figure11.16 Spectrum at L NA output , f,=895 MHz P,,=-50 dB,,
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Figure11.17 1dB compression point when f, =895 MHz
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Lecture #11
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Figure11.18 3'9order input intercept point when f =895 MHz
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Figure11.19 2" order input intercept point when f, =895 MHz
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Specification or Goals
v
Selection of Device Size < A
: > ! : < || Flag#3=1 ||
| Raw Device Criaper |——
Fy " TeStlng <

Option#1: Addition
of L degen

No
No
@ IsFlaghl=1? > —»
Yes Yes
No ; .
Input & Output s Flag#o=17 N Option#2: Change R
of Iygor I

£ ' Impedance Matching
Option#3: Change

Change of Topology
of DevicSize

\ 4

o0 Gain, NF, & theircircles
0 Harmonics, P, g, 1P, 1P,

o DC: I/branch; V/node;

Test for:
0 Sy, Sy Spy,

Change of No Do all of them
Topology ch goals? Figure11.20 Flow chat
Yes of LNA design procedures
Final Testing
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0 Other examples

*  LNA Design for VHF radio

Specification Final tested result
Frequency range 130 MHzto 180 MHz
Device BFQ67 (Manufactured by Siemens)
DC power supply 3 \Y
Current drain <4 mA 347 mA
Gain >10 dB 15.0 dB
Noise Figure <2 dB 1.75 dB
[1P3 >0 dBm 25 dBm
Input return <-10 dB -40.0 dB
Output return <-10 dB -12.2 dB

Part list
(Purchased from MuRata)
C, 13 pF
C, 1500 pF
C, 1500 pF
Cs 1500 pF
C, 6.2 pF
c, L, 92 nH
n L, 92 nH
_>° I|_ L, 33nH
5 1 R, 3.3kQ
0 R, 3.3kQ
— _ R, 390 @
Modified raw device Rs 100 Q@
Q, BFQ67

Figure11.21 LNA designed for VHF radio

Lecture #11 Richard Li, 2007
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Figure11.22 Constant gain circlesand constant noise figurecircleswhen f =150 MHz
0

Gain circles: G, = 15dB at point G, step = 1.0 dB,
o] Noisefigurecircles: NF,, = 1.75dB at point N, step = 0.25 dB,
L ecture #11 Richard Li, 2007
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0 Other examples

*  LNA Design for UHF radio

Specification Final tested result
Frequency range 400 MHzto 470 MHz
Device BFQ67 (Manufactured by Siemens)
DC power supply 3 \Y
Current drain <4 mA 343 mA
Gain >10 dB 12.0 dB
Noise Figure <2 dB 15 dB
11P3 >0 dBm 5.0 dBm
Input return <-10 dB -17.8 dB
Output return <-10 dB -16.0 dB
Part list
(Purchased from MuRata)
C, 10 pF
out C, 150 pF
- C, 150 pF
50 Q Cs 150 pF
C, 1.5 pF
In | L, 33 nH
—_ L, 5.6 nH
50 Q Ll L4 33nH
R, 33kQ
R, 33kQ
Modified raw device R, 390 Q
R, 390 Q
Q, BFQ67
Figure11.23 LNA designed for UHF radio
Lecture#11 Richard Li, 2007
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Figure11.24 Constant gain circlesand constant noisefigure circleswhen f =450 MHz

0 Gain circles: G, =12 dB at point G, step = 1.0dB,
o] Noisefigurecircles: NF;, = 1.5dB at point N, step = 0.25 dB,
L ecture #11 Richard Li, 2007
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0 Other examples
*  LNA Design for 800/900 MHzradio

Frequency range
Device

DC power supply
Current drain
Gain

Noise Figure
[1P3

Input return
Output return

Specification Final tested result
850 MHzto 940 MHz

BFQ67 (Manufactured by Siemens)

3 \Y

<4 mA 3.48 mA
>10 dB 11.0 dB
<2 dB 1.8 dB
>0 dBm 8.6 dBm
<-10 dB -11.7 dB
<-10 dB -17.0 dB

Cl

n o—|
—
50 Q

Modified raw device

Part list

(Purchased from
MuRata)

C, 150 pF
C, 39 pF
Cs 39 pF
L, 33 nH
L, 4.7 nH
R, 33kQ
R, 33kQ
R, 390 Q
R 390 Q
Q, BFQ67

Figure11.25 LNA designed for 800/900 MHz radio

Lecture #11 Richard Li, 2007
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Figure11.26 Constant gain circles and constant noise figure circleswhen f =850 MHz
- Gain circles: G, =11 dB at point G, step = 1.0dB,
Noisefigurecircles: NF;, = 1.8 dB at point N, step = 0.25 dB.
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0 Single-ended Cascodel. NA

*  Bipolar CE-CB cascodedevices

1 r
=R, =T - =T = = »p_2
RI Rll pl Rz e2 1 1+b2 p2 b2
1 ol ée p2 9
Om2lar =+
R, = rp Lt —T2 7 R, » b,r,,
1+ gmzrol _
g bz g r.>b,>1
if Om2loa 2
Vcce
Bias1 %
Rc
VO
RF choke ¢

I
C
Rs \i Zero g RF choke

Vg
Bias 2

Figure11.27 A bipolar cascodeamplifier

Lecture #11 Richard Li, 2007
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Bipolar transistor

1

1

1

i Mo
i —~M—~
:

1

1

1

Iy C |
B W»—#Zﬂ—" fy c v
1 (o)
[ —0

Figure11.28 Equivalent circuit of bipolar cascodeamplifier with CE-CB configur ation

Lecture #11 Richard Li, 2007
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Figure11.29 Equivalent circuit of bipolar cascodeamplifier with CE-CB configur ation
at low frequencies and theresistors, ry, r,, and r., are neglected

Lecture #11 Richard Li, 2007
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r
AL =9l /R, »- gmlbp—2
2

Assume that Then,
gml - gm2 A\/l =-1
b, =b,
G = Om
A, =D
Lecture #11 Richard Li, 2007
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* MOSFET CS-CG cascodedevices

R ® ¥

— 1 + RLI L= — Rd
Re ™ (0 * 9mma) (O * G RO=RAR &+RRL

1
R, »
(gm2 +gmb2)
G, »0n
R, =rg, +r, + (ng + gmbz)rolroz » (ng + gmbz)rolroz
Vdd
Bias1

VO
RF choke
R
Rs Zefo RF choke
Vs
Bias2

Figure11.30 A MOSFET cascodeamplifier

Lecture #11 Richard Li, 2007 45
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B o r_"_(i I | transistor |

(@]
&

______________________________

T,

Figure11.31 Equivalent circuit of MOSFET cascodeamplifier with CS-CG configuration

Lecture #11 Richard Li, 2007
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Figure11.32 Equivalent circuit of MOSFET cascodeamplifier with CS-CG configuration
at low frequencies.

Lecture #11 Richard Li, 2007 47
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I

Ar=-Omfa TRy » -9 R » -
gm2 + gmb2

gmlzgmz
Ap»-1

A® ¥
A, »1

VO
A = v » -G, R, »- gml(ng + gme)roerZ

Lecture #11 Richard Li, 2007
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o Why Cascode

1) It increasesthe output impedance,

2) It alleviatesthe Miller effect on a voltage amplifier.

- oo r r
Ar=-guRL TR, =- 9 R, //bp—2 » - gmlbp_Z »1

2 2
gnﬂ = gnﬁ
C:Lnﬂna' = C:nwtl-+'£3n1F2L'))> C:n1
— Om — I
W - A 1\ - W. -
b Cpl +le(1+ Im R ) b Cpl + le

3) Better isolation

4) 1t could magnify the signal not only voltage
but also the power of signal aswell.

Lecture #11 Richard Li, 2007
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o Example

Thisisan LNA RFIC design example, which isdesigned for group #1, Band #2 of UWB

DC power supply: Vdd =12V,
Current drain: Itotal <5mA,
Operating frequency range: f = 3.696 to 4. 4224 GHz,
Gain: G>12dB,

Input return loss: S11 <-10 dB,

Output return loss: S22 <-10 dB,

Noisefigure: NF <2.5dB

3rd order input intercept point: 11P3>5dBm,
2nd order input intercept point: 11P2 > 35 dBm

Df _ 4224- 3696 _ 528
f  (4224+3696)/2 3960

L =130 nm
W=125um
Witotal=10 um
Fingers=8
Multiplier =32
Mtotal= 256

=13.3%

Lecture #11 Richard Li, 2007
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*

Raw device testing

(a8) Photo of setup for raw device testing taken from simulation screen

Raw device

(b) Schematic of set-up for raw device testing re-drawn from the screen

photo.

o G, C,C,,: “Zero’ capacitor,
0 Ly Lg: “Infinitive” inductor.

Figure11.33 Setup for raw devicetesting 14 =4.54 mA (Bias= 0.482 V)

Lecture #11 Richard Li, 2007
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10.0
75
5.0
Su
25 =HES Ll
00 Sy
-25 bl
S11
5.0 s man
36 37 38 39 40 41 42 43

(& S;;and S,, on Smith Chat

Figure11.34 Sparametersfrom raw devicetesting
(Theintermediate frequency f =3.96 GHzis marked by a dot on each trace.)

Frequency, GHz

f, GHz 3.696 3.960 4.224
S, dB 2.45 250 258

S, dB -2.75 -2.50 -2.20
S,,.dB -0.19 -0.18 -0.17

Lecture #11

PDF Ui “pdfFactory Pro" iR RRAG)E ww. Fineprint.cn
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(b) Magnitude of S;, dB
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C Zout

Bias QT I 0 Out
C - T N

Modified raw device

Figure11.35 Schematic of set-up for modified raw device testing
. C., Coi Cop & “Zero” capacitor;

in" ~out* ~zero - = .
Lyias Lg - “Infinitive” inductor.

Lecture #11 Richard Li, 2007 53
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Lgegen = 0.45 nH, which satisfiesthe condition of  I'g, =S
But m=0.95<1

S;» dB
125
F_S,opt
Point N 10.0
75
50 S21
w = S
25
00 B B P
HHH
S 25 S
11 : il L 22 1777 1
Point Point T |
G -5.0
36 37 38 39 40 41 42 43
Frequency, GHz
(a) S, and S,, on Smith Chat (b) Magnitude of 5, dB

Figure11.36 Sparametersfrom modified raw device testing
(Theintermediate frequency f =3.96 GHzis marked by a dot on each trace.)

Lecture #11 Richard Li, 2007
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*  Galn and Bandwidth

« The 1% try of theimpedance matching work

In input impedance network: Lg;,=4nH, Cg;,=10 pF,

In output impedance network: Ly, ,=10nH , R, =50 £,
CS,out =1 pF'

Lecture #11 Richard Li, 2007
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« Thel% try toimplement impedance matching networks

<

dd

Figure1l. 37

Impedance matching by parts:

)
LP,OUtg RP,out

CS’ out out

|—<_o Out
Cz

Modified raw device

1
!
1
’
’
/,
'z\

Atinput :Lg;, =4nH, Cg,;,=10pF.
At output : Lp,,, = 10 nH, Rp,,,; =500 2, and Cg,,,; = 1 pF

Lecture #11
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Richard Li, 2007

56


http://www.fineprint.cn

m=1.23>1, it isstable!
However, G=8.0dB, at f=3.960GHz Thegain istoo low!

S;» dB
10.0
50 Sx
\Y
0.0
-5.0
-10.0
W
-15.0
S11 p p
-20.0 k! L o .
i s Jeenn EEl
-25.0 5 *T7. S,
-30.0
36 37 38 39 40 41 42 43
Frequency, GHz
(&S ,; and S,, on Smith Chat (b) Magnitudeof S;, dB

17

Figure11.38 S parametersafter input and output impedances are matched by parts:
(Theintermediate frequency f =3.96 GHz ismarked by a dot on each trace.)
Atinput: Lg;,=4nH, Cg,;,=10pF.
At output: Lp,,; =10nHand R, =500 Q, Cg,,. = 1 pF

Lecture #11 Richard L1, 200/ 57
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« The2"try tore-build impedance matching networks

TR M odified raw device

Figure11.39 Modified impedance matching by parts:
Atinput: Cp;, =0.3pF, Lg;,=3.3nH.
At output : Ly, =5nH, Cg,, =0.13pF,
Cpiout = 0.3 pF

Lecture #11 Richard Li, 2007
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S;» dB

30.0

\V/ 20.0 i S,

10.0

-10.0 \ nBar

|
'.:(/)
[
11

-20.0

T =011

-30.0

-40.0

-50.0

36 37 38 39 40 41 42 43
Frequency, GHz

(@S ;; and S,, on Smith Chat (b) Magnitude of S;, dB

Figure11.40 Sparametersafter input and output impedances are matched by parts:
(Theintermediate frequency f =3.96 GHz ismarked by a dot on each trace.)

Atinput: Cp;, =0.3pF, Lg,;,=3.3nH.
At output : Lp,,, =5nH, Cg,=0.13pF, and Cy,, = 0.3 pF

Lecture #11 Richard Li, 2007 59
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f, GHz 3.696 3.960 4.224
S, dB 20.8 255 255
S, dB -13.8 -13.6 -6.2
S,.dB -28.8 -25.0 -1.8

I n the entirefrequency range, the gain, S,;> 20.8 dB, is satisfied!
Unfortunately, the bandwidth becomes narrow and is unable to cover
thedesired frequency range: 3.696 GHz < f < 4.224 GHZ

Lecture #11 Richard Li, 2007
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« The39try to modify impedance matching networks

Modified raw device

Figure4.41 Re-Modified impedance matching by parts:
Atinput: Lg;,=3.8nH,Cg,,= 5pF,
At output : Rp,, =200Q, Lp,o=2nH, Cp,,=0.97 pF,
Csiout = 10pF, Lgq,=3.3nH

Lecture #11 Richard Li, 2007
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S”-, dB

30.0

20.0 %1

10.0

-10.0

-20.0

-30.0

-

i4

-40.0

-50.0

36 37 38 39 40 41 42 43
Frequency, GHz

(@ S;; and S,, on Smith Chat (b) Magnitude of S;, dB

Figure4.42 Sparametersafter input and output impedances are matched by parts:
(Theintermediate frequency f =3.96 GHzis marked by a dot on each trace.)

Atinput: Lg;, =3.8nH, Cg;, =5pF,
At output : Rp,q,, =200 Q, Lp,o=2nH, Cp,,=0.97 pF,
Coiout= 10pF, Lgg,=3.3nH.

Lecture #11 Richard Li, 2007
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f, GHz 3.696 3.960 4.224
S, dB 13.0 14.0 14.3

S, dB -26.2 -25.5 -15.9
S,.dB -33.2 -33.1 -11.9

I n the entirefrequency range, the gain, S,;> 13.0 dB, is satisfied!
And the bandwidth becomeswide and is able to cover the
desired bandwidth: 3.696 GHz < f < 4.224 GHZ!

Lecture #11 Richard Li, 2007
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* Noise

\%
N
Noisefigure,
dB il
3.0
25 I AR N, 2
2.0
w e/0 E
- =T 1 U
15
1.0
0.5 332
. sraiii '.;‘.-
3.6 3.7 3.8 39 4.0 41 4.2 4.3
Frequency. GHz
Figure11.43  NoiseFigurefrom 3.696 to 4.224 GHz Figure4.44 Constant gain circlesand constant noise figure
NF = 1.8 dB when f = 3.960 GHz circleswhen f =3.96 GHz
o Gaincircles: G, = 14 dB at point G, step = 1.0 dB,
o Noisefigurecircles: NF,;, = 1.8 dB at point N, step = 0.5dB,
Lecture#11 Richard Li, 2007 64
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*  Non-Linearity

« Output Spectrum

Pyt 9B,

% ‘J/ 3.96 GHz, -35.9dB,,

-50

-75

7.92 GHz,-91.7 dB,,
A/
-100
11.78 GHz, -119.1 dB,,
A/
-125
-150 ‘ ‘ ‘ |
0 5 10 15 20 25 30 35 40

Frequency, GHz

Figure11.45 Spectrum at LNA output , f,=3.96GHz P;,,=-50 dB,

Lecture #11 Richard Li, 2007
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« 1dB Compression Point

Pout’ dBm
30
I I N N I
" 1 dB compression point =-3.64 dB,,
116 '_‘_‘_‘_‘_‘_‘_‘_‘_‘_‘_‘_‘_‘_‘_‘_‘_‘_‘.'_‘_‘_‘_‘_‘_‘_‘_‘_‘{_‘_‘ r-----] ::_‘::_‘_‘_‘::_‘%;—’
4 10 A Cea
100 1 — |
1dB l,//’// !
’ P s
-~ E
-10 // :
-20 // :
-30 :
45 40 35 <30 25 20 -15 ST 0
Pin’ dBm -3.64
Figure11.46 1dB compression point when f, = 3.96 GHz
Lecture #11 Richard Li, 2007
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Lecture #11

3'd order Intercept Point

-10

-30

-50

-70

-90

-110

Figure 1147 3'9order input intercept point when f,=3.96 GHz

Richard Li, 2007
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dB,,
39 order intercept point
IIP3=3.74dB, |
“" /;b ’ : P*
- pd :
n=1 // / :
— Kd |
/ 2 :
o~ |
n=3 e E
-40 -30 -20 -10 0 374
P, dB_
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« 2"dorder Intercept Point

P

out’ m

80
2" order intercept point |

oo qrmzm=zofooooc ----| 11P2=4754dB,, Tt

40

20 n

-20

N

-80 /

-100
-30 -20 -10 0 10 20 30 40
P. dB 475

Figure4.48 2" order input intercept point when f,=3.96 GHz
Lecture#11 Richard Li, 2007
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0 LNA with AGC (Automatic Gain Control)

* Variation of Field Strength around Antenna

* Q: What doesthe 90 dB variation of thefield strength
around the antennamean?

« A: It meansthat thefield strength isvaried so many times, that is,

90

23 =1073.741.824

Lecture #11 Richard Li, 2007
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* Implication of AGC

. Receiver ! _
i Miver E Output power of signal
: LNA | v De- o IF .. | Ps out
| with AGC ' (: ) modulator Amplifier : T
: VQN :
i PS,out E
Vagc
| RSS 5
: Comparator [< LPF rDetecto %'
i i Receivedinput signal, V, V1 V., —>»
_______________________________________ AGC control signal, V.. Vage. min Vage.max — »
VR
Figure11.49 An AGC control loop in thereceiver Figure11.50 Expected Characteristicsof AGC control
of a communication system —_— | deal
Actual performance
Lecture #11 Richard Li, 2007 70
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*  TradictionalL NA with AGC

RZ
Output
s Matching —o out

G, Network

Ve © M, M, — % O Bias
Va g C,

Input
In o0—— Matching M,

Network

Figure11.51 Traditional LNA with AGC

Lecture #11 Richard Li, 2007
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0L

1

1» M, -Cascodeddevices;
1, C, -ac short-circuited capacitor;

-Load inductor;
-Stability resistor;
-Degeneration inductor;
-AGC effective device;
-Current control resistor.
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* Increase of AGC Dynamic Range

» Diode Clamping

Rl
Output
Matching —o oOut
Network
Vage ?O Bias
v <
Input
In o—— Matching M,
Network

Figure11.52 LNA with large dynamic range of
AGC

Lecture #11 Richard Li, 2007
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. To avoid RSSI operated asa current sink or source

Addition of R; and M,

Lecture #11 Richard Li, 2007
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Lecture #11

Selection of big device M,

Ids’
A

2.0

18

16

14

12

1.0

0.8

0.6

0.4

0.2

Vo V

Figure11.53 DC characteristicsof transistor M,
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Table11.2 Part list of LNA with AGC

Value

g

Fingers=8
Fingers=16
Fingers=100
Fingers=16
700 Q

1kQ

10k Q

20 pF

40 pF

50 nH

30 nH

=

mzZz=Z=ZXZ
A WN

N

o0 o000
L = A

W, =128 um

total

W,,,,= 256 #m

t

Whota = 1600 m
W, = 1256 um

t
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Table11.3 Goals, smulation, and performance of a LNA with AGC

Goal Simulation Performance

DC power supply, V 3.0 3.0 30 V

Frequency, f 460to0 470 460to 470 460t0470 MHz

RSSI Control voltage, Vagc 1.2t01.9 1.2 to 19 12to 19 V

AGC dynamicrange, DRagc 0.00to-40 0.00 to-43.7 0.0 to -42 dB

Current drain, lds 20 to * 1.87 to 148 20 to 1.4 mA

Gain, G 12.0 to-28 12.6 to -31.1 15.0t0-27.0dB

Noise Figure, NF 20 to * 1.26 to 294 27to* dB

3rd order intercept point, 11P3-15.0to * -10.2 to-7.5 -10.5t0-8.0dBm

Input Return Loss, S11 * 1o * -153to -104 * to * dB

Output Return L oss, S22 * to * -23.2 to -11.7 * to * dB
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Discussion

0 Key pointsto approach G, and NF ;.
0 Advantages and disadvantages of CS-CG or CE-CB cascodel NA
o Why AGC?

o Why differential?
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