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Abstract

The rapidly progress on wireless-communication and CMOS technology
makes more and more radio frequency (RF) systems integrated in a
System-On-a-Chip (SOC) to be possible. One of them is the RF TV tuner for
digital High-Definition Television (HDTV). With the development of digital TV
industry, the TV tuner system has gained widely attention and deeply research.

Low-Noise Amplifier (LNA) is one of the most important modules in TV
tuner system. The main function of a LNA is to pre-process the weak RF signal
received by the antenna and increase the signal-to-noise ratio of the TV signal.
This work focuses on the wide-band CMOS LNA design for TV tuner
application, including circuit theory analysis, parameters calculation, chip
implement and measurement.

Firstly, a double-conversion low-IF TV tuner system architecture is
presented, from which the LNA specification is derived. And the MOS
transistor noise is researched, including the noise source and noise model, the
non-linear device model and |IP3 calculation. Based on these theory analysis,
several kinds of narrow-band LNA circuits are presented, the circuit topology,
impedance, noise are deeply studied. The design, noise analysis and optimize
of a source-degeneration narrow-band LNA are presented in detailed.

Secondly, the wide-band LNA design and optimize methodology is
presented. A wide-band single-ended LNA exploiting a noise-canceling
technique is introduced. Including the circuit design, parameters calculate and
devices choose.

The fully-differential variable-gain LNA design is the principal part of this
paper. The circuit bases on a capacitor-cross-coupled common-gate amplifier,
a balun for DC path and noise-canceling is proposed. And two NMOS
transistors are used as load to reduce noise figure, stabilize the DC output
voltage and improve the linearity.

Finally, the chip design and measurement results are presented. The chip
achieves good performance in the required frequency band, and can be satisfy
the TV tuner application.

Key Words: CMOS IC Design, TV Tuner, Wide-Band Low-Noise Amplifier,

Noise Figure, Linearity
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M55 Vac M1 B RUHALARIEL, 7T Av IR MELE v o B v g TEEEAHTE],  JUKE B
AU C R ARIN S, 7E% i vo 4 AT LLE T BR My VAE R A TR Dk, (A
A T AR R T

Kl 4-2 W T SR B A

5

B 4-3 M R ORI LI S
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JBOR HL R -Ay A 5 AN A B REE R 4> NMOS & it LLSiZBL, i 4-3 Fir
o Mo BB Ma B2 Mo B 1A IR G0 2, (] IR AR YA BR B 45 (1 4
¥ B s SAdmEim i, IS4 My BIKE R SHEN: R4 50Q
iR

B\ MOS & My [FI7R 8 FARE 75 B i w] LUK R

if_w =4KT y9,,,- (4-2)
ZHLRAE B RN A fU™ AR RIS LS Vi g AT Vi a 23000
Vog ==l (Rs +R:), (4-3)
Voa = —hhmiRs- (4-4)
M ME S B 2438 B 555 RN
Vog = (1-9miRe ) V- (4-5)

BB My Mo A1 M (0 FLRH ro #9040 55 K, Tl /IME -5 HL s 20 B vl LAAS

3 e % 10 B A BEL TR g EH BT 20501 4
R =10, (4-6)

R, 19, - (4-7)
Hrh gms A Ms EMES. ML 50Q BHHTIL R4 1 B (Rs=Ri=50Q,
RO=RL=5OQ)7 ﬁ

O =93 = 1/RS . (4-8)
25 Mo RS TS S0 Qo WA B SO S 10 Fit 18254
A, =90, (RYGs) = ~92Rs /2. (4-9)
2% M 5 [ RABORE , T AR S50 M B 5% s A 10 FhL 8 25
Az = 9aR /(14 9,5R.) = 1/2. (4-10)

IXAE, Moy TR 7 HE 0 i ) i o R 1) e 5 R R
Vn,o :Vn,A (_A\/ ) +Vn,B 'A\/3 = _in,M1 '[Rs '(_gmst/2)+(RF + Rs )/2] - (4'11)
P M RN E, B v =0, NI

Umz = (1+R: /Rs)/Rs . (4-12)
FR(4-12)3 0 “M 75 HRIH 45 BTG A e K S 1R, (4-9)a AT aR
-A, :—(1+RF/RS)/2, (4-13)
RO EREA VA
Vs,o = Vs,A (_A\/ ) +Vs,B ’ A\/3
=V . [(1+R/Rg)/2—-(1-9R: ) /2] (4-14)
=—Vea- RF/RS
DR I L6 A B s 18 25
A/F =V, /Vs,A = _RF/RS . (4'15)
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42 BEARHITE

TR S AR BN, AT LASG 0 3 v S50 PR B mh g ol N7 7 A e Y i (1 1
HLU Dok, R AR X LM P K JE O, RE AT LA AT A 21 ) s A 1) e 75
HL DA, P25 003 A\ i AT A5 1) HL B PR P 2R K3 18] 4-3 FRLBR IR 75 R
B LRI N

2 2 2 2
Vn,o,total Vn,M1 +Vn,RF +Vn,M2,M3

TAZ4KTR, AL -4KTR
Va0 Vi s Va e IV 2P My B, HIB Res M2 Al M 5L S
BH Ry 7r%m HH S o ik R e P o s D) 2
1) MOS % Mq [ 75 DTk

K(@4-11)E MOS & My 75t s AR 75 U s o0 F o 7R A T P IRV 2 A
(4-12)TE LT, My 8 IR 75 1 58 IR0, BRIt
vZ,, =0. (4-17)

n,M1

2

Vore (4-16)

NF

2) HiPH Re [P0 RS DTk
FHLFHL R R A FL ] LR S A
i2 = 4kT/RF . (4_18)

n,RF
MR T A RN B A WA B O HL S My B R R e RS
RIS, AEME PRI 25 A ) DA e 4l DI R RH BN A RUR e S
HAEH] . ZHIE Rs BIM, 78 A R A AR P L TR D) 30

Vr?,RF,A = ir?,RF 'Ré = 4kTR§/RF ’ (4-19)
DRIt Re 6%t i ok K 5 H s R
Vr?,RF = Vrf,RF,A 'A?F =4kTR; . (4-20)

3) MOS % My Fll Mg (1)1 7 5 ik

MOS % Mz Fll Mg ¥ 75 H 3t 1 2 DUk 7E i Hh o, 550 ) i P 45 R LA ofe
By 3 1A (g M 5 R o 1 i H ity B R S8 BE BT R, = R[] 1/ Qs = Rs /25
i Mo F Mg P9 /B9 i i Do R 1 e 75 1L P D 236

Vr?,MZ,M(S = 4kT7(gm2 + ng)'(Ro* )2 = kTy(ng + gm3)R§ - (4_21)
RN (4-8)F1(4-12), W14
Vams = kT;/[(1+ R: /R )/Rs +1/RS]R§ =kTy(2Rs +R;). (4-22)

4) HIFH Ry M S DR
FLREL Ry £ b H i D R 1) 1 75 L Ty % 0l
Vi, =4KTR,. (4-23)

KT (4-16), (4-20), (4-22), (4-23)LLJ%(4-15)fC AR T (4-16), HfLLFE%
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FEI AL P VLA PRI 25 PHIG D0 1 P R 7 R K0
R: +7(2Rs +R: ) /4 + R,

(RF/RS )2 RS

2
1&1&(3“&}
R 4R.| R, Re

F=1+

(4-24)

4.3 RHEE ST
HE B MOS B SV 7 —Br kg tt, 7E595 BT, My Fl Mo 1)
VATEF L] LA B3R R A
id1 =0 Vot 91,2Vi + 91,3\/}?\’ (4'25)
id2 =0,Va Tt gz,zv/zx + gz,svf\
=n (91,1VA +gyVa + 91,3Vi)
X HZ2NG T =Fr P BRI, gij(i=1,2,j=1,2,3)% 2~ MOS & M 1Y j
Bk E, n=gw/gm1=1+Re/Rs. W7 B [T ] PAER7R N

(4-26)

Vg = (1 - 91,1RF )VA - ngFvi — g1,3RFVZ- (4_27)
P LR PE R V5~ 03], U My 2511 IP3 HE R ] o
4\1-g9,.R 4|9 1
Apsmi = 4|7 C F| = —| M : (4-28)
3‘ 9:sRe ‘ 3‘91’3 gmsRF‘

AR S I IR ETH My SIANIARLNE, s — 0 R B LR Re 51
NI 3B ZE My R AR T 1,5<0, BIIEER T Re (195N 3= A
FEATHT R B
H1T M3 (I XN L BEE AR K (Vgss>1V), AL M3 B ST ARZ L T LA
B, IXFEERE My A Mo I ARZR RS, A R R R
V, = —[(nRng +R:0,, — 1)V, +(NRg +R.)g, Vi +(nRs + R, )g1’3vf\]/2. (4-29)

M) DAFS 21 R B K = B A2 s

_ £|nng1,1+RFg1,1_1|: £|g1,1_ 1 | 4-30
Araion \/3\ (PR +R;)g,; | \/3\91,3 (R +2R.)g,, (4-0)

4.4 BSHERNERR

H15X(4-15), (4-24)R1(4-30)rTLIE 2], BRI a0, M RACH 1IP3 #2
HAGE R B HLE Re IR . AR Re UELAEWE R, I R] AR N5k i i o, (IR
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PR ER . (R FHEER, WR Re BUEIR, TUIh T 95 2 e A G 4%
PH(4-12), THFEE Mo [FE5'T gme IR, XFES FECRBEIIFERL K. PRI SEr i i
VT DA 2012 L& Dy FEFN HL I P e 2 ] (W AUAT G R (trade-off),  EHUE 1 Re {H.
K 4-5 ¢ THRAE SMIC 0.18um  S45 T 2047 FAS B A LI S50 I BB Re
(15 & th £ [4].

20 x x x 80
o
KSJ
>
< 15} 160 2
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© =
e o
o 10f —40%
= o
& [
= o
o 5t 20+
S
L [S<<
z NF

0 : : : 0
100 200 300 400 500
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Kl 4-4 WS RABTHIFHOC R

MiZ e n LUE 3, S5 Re B 300Q I, 1 LA#S35)] 16dB [r11# 35, 4dBm
(1) 1IP3 Hi/NT- 3dB [FME A &L, AR FEI FLUAE 25mA DL E, 3 DA 2 SE R
T2 A BAR B I IE 75 2 — AU S A S8 2 M DG &R, S E T
HIW L &I %

SEH
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FLE ESAEBE LNA &t

XS I P FLAL RS 45 11 98 717 IR P FBOR A B 1 SR AT AR 1 1
RELISN, AR LN . L DR AR Ze P AR it kA5 5 R
MBS 515 5 Bon BUERIFRAR. 5386, m T sails S is E i AR ke
i 22 LNA HATH 20 nl A2 T g, AL ya Rl ZERAE 20dB LA F.

VU A AR T LR R LNA HATRAR I 75, SR 1T 2 1 ¥ LAAS
PSR e, 1o HLAE o ] 2R D RE RSB B2R[1]. DA SE i RATPERERE
Ry AT, K EEAGIET RO G 4 [2, 3] M 2 Ml A2 i LNA

il

51 HEX XA LNA EAREH

T T Ve

Vdd
]% RL1 RLZ ]lg RL1 RLZ
+V _— + Vo_

[0]

i

C C

o+ V, —o—— ——o+v, —o——
Kl 5-1 42203 FhOR 2% K 5-2 AT A LNA

5-1 by T FLR 42 22 03 SO L o AN TIPS 3 A D 25 B, FEHL

13

A =0.R,. (5-1)
LBV el K Kk AN UM RS S 6 o N N Sl (s
Fx1+y. (5-2)

AT AEANR R DAR IR DU N a1 1A 805 3 S 1) SRS A0 P 6 P O 3R
I 8-2 Prosify i mAZ SO & G5 K0 o« SXPh Sl M R A8 4 22 0 FEMIDBOR v i 1) 2 it
B, B RE G HE Co AT Co = BT 5 0 R 2 Mo AT My IR,
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XFE, U AR 2N AR A I BURE, WINTERs S48 B IME S s AR LR 5-1 38
T, AT 205 SN T — 5. Fifa s vk S s i 2 24
1) PP
5% My R Mo (995 2388 Oms  E B THIRI 20 M7 25 50 S0, st N BT A
z,,=1/2g,, (5-3)
DRI 22 73 B A LA 0
z =1/g,. (5-4)

2) HiHgaa 5
ATHIME SRR AN 5-3. KA 515 2

op on

gm(_zv) gm -2V

\% -V

[ 5-3 TR R 1 /ME T A RO RS

v, =20 R Vv
op gm L1 (5_5)
Von = _zngLZV
DRI LG s 34 2
Vop ~Von
A = ~2g,R,,. (56)

V—(-V)
3) W ARE
7 18 MOS A5 V8) 38 FAM: PR A7 3 R BH VA TE AR 7, L S P T P R 0N

2
4, 2:4KTyg,R? +2 4k2TRL T 1 | (5.7)
4kTRS (zngL) ngRS 2ngS .ngL
TEMINLBLIC R R, g, Ry =1, Bl
T AN B 4 (5-8)
2 29 R, 2

AU B, SR AL SOR 5 G5 A6 1R 7 2 0 L 30 22 0 SRR HL e g e 7
A 52 THRIFFT.
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5.2 AT

FESZ IR FEL R e, 1] 5-1 RN 5-2 FL I (103 A\ i 7 25— LU % 2 b,
[ IS EEORAUEAZ AE 5 IR o 6 T2 17 L, G0 AR R 2R 220 AN
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T AETTEO Balun (R PRG54 o
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- ity o2 4 L Cioiv oz o
i
+ +
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K 5-4 g N ] 3B 7 %

5.3 848 Balun %

PrigeiAl Balun JEARAESS 5L R i BT AE & 1 BE N Al 1% 12 214
I I G RE G X T AL AR G 0 Balun, ME—ANAR [R5 2 28 T s P i
R b AR g Bl Lo nit, IS B €00 ni1[6,7]. 1M A2 e % K LR
R A5 S B T G AR G 2045 5 YA B s Rl 2 23 i Y - mOA P A 22 B [
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i Single .4 Diff,
—©0 : I
I *iz,
2] a
: -« 2w
— n: : I
= "1 o,

¥ 5-5 Balun J5i B ]

1) A5 A Fd B 22 7 s AR N, 22 23 SO R s L
AR s R I EC b O net vl %0, el ERa IS EE o nit. fEx Balun Jofig il
M, DR RE RS E R, AT

S (5-9)

2, =2, =20 (5-10)

X LI 1:1 Balun(— /% Balun [RERS 5 _ERsiE 1 LG SR FLpTLE, BRI
B B 2 oy i R BEAT),  JLERREILL N 2:1(n=2), B Z, =27, « B Ui TIX
Fft Balun, 45251 AN FHHTILHAC, 922 70 b Pl 4 S a8 i 2R AR BT — 2, 4
HEAE A3 A B 5 A R BELT - SR TR ]

2) 155 M 243 1 — v (Diffp) #ir N, M\ — 2= 43 i (Diffn ) A1 5355 (Single ) i Hi )
P15 O o
[ FEAR 4 e B SP e e i, A
1 1 n?
—_— =t —.
ZP ZLN ZO
WERZEE 1:1 1) Balun, FFAR$E i N PHTIC AT ESRoKs 2 i i sn ki Bk 2,12
I ]\ Diffp B AIBHPT A

(5-11)

N N 7
3n> 6

P - (5-12)
74_7
27, Z,
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HIV I 75 22 Diffp (ORI Z,, =2, /6, A7 AL Diffp S (155 A\ BHTIC A 41«

PRI TR SR 55— 229 b Diffn (OBLPTIE UL, 75 2R IE 5-6 Ft
/R Balun FEESSEROBIRRHET[8], Bt Balun (15 b i R AN HLEK ) T 2
AR 23 #T o

(@) HAHY (b) ZRESERL LR
K| 5-6 Balun Hi g fis

& 5-6(a) Fi7r Balun By GBI & HUBE SR N: L=nL,, L =L,
WA U AR RS (RS R k=1), WIAHTLZ 8] R TR
M =LL, =nL,, (5-13)

M'=LL, =L,. (5-14)

1 AT BAA3 2 Balun (LSS50 B WA 5-6(b)Firs o H B wI LS 21 55 55 4>
S i 4 [ 8% 5 Rk
joLi, + joMi, — joMi, = nv
joMi, + joL,i, — joM'i; =V (5-15)
—JjoMi, — joM'i, + jol,i, = v
HTL =L, M'=JLL, =L,, BEt(5-15) 1)a Py U S0 .
AR B b s Rl A S R nv =21, Bli, =-nv/Z, . fRAK(5-15)
CIEGEL
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{ja)Miz — joMiy =nv + joLnv/Z, (5-16)

joLji, — joM'i, =v + joMnv /Z,
FARA M AT MR IE R (5-13)F1(5-14) J5 B R T, (5-16) A A2 20t J2 2548
(K. ] LA7S5)

; 2
i ook Ze (1 0T (5-17)
JoM joL, Z,

X AR Balun, HUEEYTESTR, NIESE(5-17)2E — T4 0, MM
R B P 2E 2)  F) FRLR DR R N

SELRVE (5-18)

ST RETHE A 1:1 [ Balun, n=2, KHittf
4

=V (5-19)
0

i2
FRATK(5-12), R LAAGRIBEI M 55— 2273 Diffn B ARIFHTA

7,--%.
2
2(5-12)A1(5-20) £ H 1A BHATREME S5 18 5 T I T 43 A B % 1R e 7 e g LA
EE X

(5-20)

5.4 gt

HH T8 LNA SRS A B, 2 A 2 i BRLRE 8 e KB 1 TH 1Y
FEAR L. XS T RAARSCAR LNA &, — 7 e 28N (N T
300Q)KAF 238G 2 (¥ i, 1m0 55— Jyifd, oA LA, A R L AR v s
AFITH T4 Mixer HL#EM G, JF HERse bbb O i i Seia i g
B, AT ZVE R IR A BEAR. DI, ACHLER BV 5 R A ] NMOS 4%

HL TR R M NMOS A il 0 380 3 my e M RE I — Bl 0T i, e /e
1GHz LA R, Wil 8-7 P, B A L a] DUE AR AN AR v 8K,
B A2 A i Hs- LR (VIR deds D3 — AN H - S (V) e s o
VI BRI RN, = (V) IV B e ROV, =F7(1,)
TR B N 2 i ) A 328 pR KICRE S — NP RR S, n] DUTR] F PR B O 7 R R IR
THIANG AR IXH0E Tl I JE A I B AR[9]
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lowe =f(Vin) vV, =f7(,)
&l 5-7 SN ORI PRI Y

WKl 5-8, KW Deep N-well NMOS % M3 Fil Mg {E 0 14k, M3 Fil My
(UM B 9 R A PRI PR, DT E 3 i B R SR 1/ Oma.as R AN
AR LY Co Ml Ca NS 5 ACTRE A 2 Mg 1 My MR, IR B 42 0
Uigo 51N Cg Fll Cq IEWOE B IGAR piAE T2 —J7 T v LA it 2, FRARE DL Lk
A7 IE0E B B 3G 25K 15 55— J7 T A] LRI 23 5 545 My Rl Mo [R5 [10]

e TV

K] 5-8 11K H NMOS (1] LNA %

5.5 BESHITHE
5.5.1 Hif

AL 5 B AT R AT A3 2 HLER OIS 2 o SN TR Ca-Ra F Ca-Ry i R I A
HMEGHEEE, Z270 TBOR SR ) F IS 3 74
A= 2gm1/gm3 : (5-21)

Il C3-R3 Al C4-Ry RN 5 HALM S 2] M3 A1 My (IR, A5 FE M3 AT Mg (1)
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FWRN, B AAGS B 2, DR S F s G 25 0
A =1+A,,=1+2d,./d,,. (5-22)

ML /NME T 2 A R] DA B R0 5 2R o SR ) 4 2R 7 B3 1) 14dB 3 7
Bl Av=5, Hifi2ig,, =0, /20 MFHE L Mg Al My AN B AEAFAERT, ¥
PR ERBE B 28 /T 1, PrEAESERRBEVEI gma BNAZIUF AT N — 28

5.5.2 IBE AL
1) #5325 Mq Hl My (K]0 75 TR

WA 5-9 g iH 5 M 89 T8 FANE P57 A H o DR 00 /MBS A 0B . BRI
(B e gniid, xHF—ABEPTEE A 1:1 1 Balun, 24155 250 10— S B
TEARZE Gy S M g — 2293 Sin (R 3 N BT 30 A Zol6 1 —Zo/2, Hor Zo & o T %
M, EX B 75Q.

R, ERIAT RV R R

R e VR AV S— (5-23)
Z,/6 6/Z,+29,,
T AET H Y 2 Vop AT Vo LR T FE N
\Y; (1 6 jv
Vv oo =| 1-
V-V = 7
el Ve)=7 78 S, I (5-24)
Oma(V =Von) = 20,V Von :_(1+_29m2 Jv
gm4

A (5-23), FF% NSRS g Z, =0, ,Z, =1, B
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(5-25)

AT ULE R, T IEBOER IS, 55 7R M R A P i 1) P P (R
LT o IXHE AT LA 2] My AT Mo [/ 75 TRk

2
— 2 (Z 1
Vn2,M1,M2 = (Vop _Von) = [_0 - 9 j 4KT V9m1- (5'26)

2) HEE M Fl My [ 75 DTk
T S 38 M3 T My R P H s B R R A i, DR L Dk Ay

Vn2,M3,M4 = 4kT7’/gm3 . (5-27)

3) LB R
)R 2), AT LU B 75 R HON
Vnz,o ut

(A) - 4KTZ,
2 (5-28)
R
4 29, N 2.4KTylg, .,
(1429, /Gs )’ -4KTZy  (1429,,/ 9,5 ) - 4KTZ,
F BB N HHTC A& 9,2, =1, JF HARB a0 14dB, Hig,, =9,,/2,
CIES:

=1+

Z 2
2'(40_Z°j Y7 2.4.27 9 4
0 + 0 =1+ y+—y. (5-29)

F=1+ 5 5
5°-Z, 5°-Z, 200" 25

iy =413, WMFHAEBNF ~1+0.2y =1.27, 1% 1dB.

5.5.3 Z4E
LI S = AR bE, wg AL R AR R N
| =0,01(—2V)+ Gis(—2V)°, (6-30)

X gmis s My R =Rt &=
M T3 Ma F My 3 BR 5 LR AR K (Ve = 400mV ), RIE AL AT L
R . IXFE, AEHH G vop I FRIRTTRE R
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ng(V _Vop) = gm1,1(_2V)+ gm1,3 (_2\/ )3 ) (5-31)
KR £3
Vo, = (1 + 29m; jv + 89ms ve. (5-32)
gm3 gm3

M =i AR L

(5-33)

5.6 AL LNA &t
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