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A Variable Gain Amplifier Based on 55 nm CMOS Process

AN Wenxing', TONG Ling', LIU Yaxuan',ZHANG Na*

(1. School of Microelectronics, Tianjin University, Tianjin 300072, China;
2. College of Information Science and Engineering, Ocean University of China,Qingdao 266100, China )

Abstract:To achieve the demanding of high data transmission and meet large dynamic range under wideband
conditions, a wide—band and high dynamic range variable gain amplifier with dB-linear characteristic based on the
Global Foundries 55 nm CMOS process is presented. In this variable gain amplifier, a modified Cherry—Hooper ampli-
fier gain cell is adopted to expand the dynamic range and the bandwidth of circuit, and the tunable characteristics of
the transistor are used to make the dynamic range more linear and solve the problem that the amplifier’s gain variation
is nonlinear with the control voltage in the CMOS circuit without any additional exponential circuit. Meanwhile, a
high—pass filter with a low cut—off frequency is added to eliminate the DC offset of the variable gain amplifier and re—
duce its bit error rate. The layout simulation results show that the variable gain amplifier achieves a ultra gain range of
-33.4~46.9 dB with dB-linear characteristic, the 3—dB bandwidth is 1.89 GHz which is from 0.000 12 to 1.9 GHz,
and the area of the variable gain amplifier chip (core area, excluding PAD) is only 0.006 mm®. All indicators in vari—
able gain amplifier are suitable for the 5G wide—band wireless communication system totally.

Key words : amplifier ; Complementary Metal Oxide Semiconductor(CMOS ) ; wideband ; gain control

* Wi A #:2019-07-06
ESTE : {5 [ AFFHAIEAYEB H (61701462) , National Natural Science Foundation of China(61701462) ; I A& 45 1 G1T QUIY
[A1BAI5 H (2016YT04G420) , Guangdong Yangfan Plans to Introduce Innovative Entrepreneurship Team Project(2016YT04G420)
PEBEIN L CE(1984—), 53 TR JAl 1N, KR 2RI
+ i TAEEZE A, E-mail : baiquanbaiquan@126.com



104 IR RS A4 (A AR B R)

2020 4F

UEAERE , 5G 38 17 Xof Bl Hhe A% i A A ) e oK, il
13 IO AR R G AR 1B 98 SO BIEFE i BB AR AR
1M A AR 18 25 R %% (Variable Gain Amplifielr,VGA)f/]E
AR AL (R B e ny B, HA Sy
P B 5 e EHE A% B i) RS FERR IO, VGA BB
Xof A [) i B i A AR AN TR B S 2, MG R
PR SISTE RN, 2 Tl 2 56 lAE R Bt
i, BT 5G 1 VGA 1 3—dB 417 SE U AE 5 2%
PLE B TR UETE S RGP0 A8 1y A S I TE]
VGA WAUHA M G AR R, e, HATHS 45
SRR TEH VA 58] T T 2.

VGA FEZL3 RT3 5P FRM A, by X L SE B
R A T Y IS S AR L AL ER VGA (3 S
32 B RBRA , AR JLA-IRBR 221, B 5 T35
Tk SR 78 B #h 4 8 AR TR (SiGe Bipolar
Complementary Metal Oxide Semiconductor,SiGe BiC—
MOS) T- 2 H M & Ak~ 24K ( Complementary
Metal Oxide Semiconductor,CMOS) T. 75 Faty Hh i
BT VGA Z2 4 T BREE AR e i 7 X 3n) o3
Ry B A ) AU AR R . T EA RS B A
PERFPERYTET VA, BTl VGA 5 1 S
A2 A 55 A8 Ak Sy s R, 7 E R TN H
Tk BPIPEHIY VGA 3 25 BAR RS 22 ik
2 JLIAIR I £ T 9 ) ) A2 £ BATTARIBG , X
IR TIFE BUAR G IN EEAR VGA Lot TR S5 [n]
JL. 9 an SCHR7) 42 AR 65 nm CMOS T 225K
B — ML L AR I B VGA i 95353 4 GHz,{H
HIpRp# I 25 mW, ke e, AH T R, 1E
B b HA —E SR BRI ZEH] T R G R CMOS
T, St M A HAT PR, SCR9) 98
TEARTIAE T SE L T S R, (3 2 B A AR,
ANidE T RS E ST TR R G,

AR 55 nm CMOS 1.2 23 1 — Fhs 41
CENARE A 1 E ol SRS B 3 E i N
TEA BB IGINIIFE ) Bl b, SC T X80 o5 BE 4%
il L 2 Atk RVE B A2 4k, B 3-dB 47 JE X
IO A A 1K 3] 1.89 GHz.

1 EBEE&IT
1.1 A& BT aigit

x5 RO — 2 1 Sl A BB T8 75 oKk A
WK — el AU A Cherry—Hooper R AT , X FF

A B2 A P v AT DS A e B AR RS 1) T
BRFAA I ity 9, I HAN 2l 25 3 FRAIL.

& 5.1 Cherry—Hooper U R ES A 1 (a) BT
AN L (A iR SN P N el | = s (T ST 2N
TR DI AR, R H He 2 38 s THAE 5 He
U, Ry BRI T OB e/ N 25, BRI T O
BRI . B, AR SOWHE SRR Cherry—Hooper
R AFHEAT T WG, (AR DA O T, B
A FE S 25 I R, Qi 1(b) B, bl T
VEAE = A8 X1 PMOS & My M, SR AU 2 15t v BHL
Ri,Ci 2 Ms Mg FOAERCAF A2 2SI HTIEANTE Ms M
W b LR Ve 2 Abofe S AT A L BEL R Bl e,
A CMOS dib A5 HB R I I {8 F A B R 22 ik DI FE
1. A il R A PMOS RIS M, M 435145
Ry Ry JFHR, LhGAR R /NI 2, AT 38 T (A 4 5 74
I HEL A, NMOS & M, M, 3531 i R R,
R, P&t Bt AL . e 20075 B & i AR I 28K
k1 .

VI)I)

(b) B Cherry—Hooper BUi K 7%
B 1 TR ATt
Fig.1 Design of variable gain cell

111 EHe
FU NV 2B, ] 2 4 T AT ARG 25 UK



%6

RS FET 55 nm CMOS L 2L A] 28 48 25 Tk 2% 105

B/ ME SRR, R Gm Z0F1 T1 Z000 B 45
AR AR DR ()77 7E X

R.(Ry+R))

A = M A = : 1

¥0,6m = &l Ry+ Ry + R+ gsR\Ry, )
o gwRi-1

Aon= VR, (2)

1 AR ALK BT R E RO SE A E
Tab.l1 Gate width and gate length values of transistors

in the variable gain amplifier cell

LN B 5/ pum M mm
M, M,, M;, M, 24
M;, Mg 6 60
M; M; 20
C
"
Vi A % B Vo
+ +
R; d
i S ==
Dzt "z
8mi* Via &u3* Va -

B2 TN AR
Fig.2 Half small-signal model of variable gain cell

ML Cherry—Hooper il R #5348 #i 5.0 W] K
P55 Gm GRS BHBT TI A9, DAY 25 PR oY B
Tt AT Ay M

Ap=AypemAwn=guRx

(1-1/gsRO)N1+(R\+Rs+R)/gsR Ryl (3)
g Fl g 209000 M, A1 M, BOES S5 R, T Ry R
FAT A TN B AR % LR ; st HLBE Ry S M Mg
FS5 R B 123 fi BT AR SR AL (s ) -

A(s) = Ay A 9GRS gaRa= 1) (4)
as®+bs + 1

A GOl My M ISR HEHLZS. o T b IR IR R
A .

a= R;\RBRf( C;\C{ + CBCf + C;\CB) (5)
Ra + RB + Rf"l'gm}R;\RB

b= ZuRRRC; + RRy(Cy + C) +
Ry + Ry + Ri + gR ARy

RR,(Cy+Cy) + R\Ry(Cy+ Cy) (6)
Ry + Ry + Ri + gR iR

T Cy R A LAY R A AR HLAE 5 Gy S TR
B A B4 S AR A T8 2 C L, LR AR AR
M, AR Ry F Ry [AE, T R\>>R, Al Ry>>R;, W5
AT B AL N g6/ (Cy+ g RiCo) 1 g/

(CB+gm3 Rfcf) ,ﬁ#ﬂ:‘ﬂﬁﬁ%‘ gm3/C‘—\ il gm3/CB-

ATLAR IR T3 HAY €y Gy, 1T A5 25 50T
B 5 K g RAE , 5 g OO, IEFPBETTHAYOL AR
TR AT, AT LGRS T g. KPR 5.
H T 220 BRI, 5 —2FR g A C D
[FH AT A5 Bk s A B MR 458, BIAT3E i
P 5 g FHXT IR g0 R AT FE.

TEE 'S —E R, B A M M,
AR S R T LAk s He s (L. 18 3 4 Hh A [l
Vi, My M, B R A8 08 85 B A AR 7T LA LR Al
Pk KA aF A LA AR R, 15 5 g, AT 32
VER, T2 884 45 BRCIE A P 1 4 HH RS0 . DR e A Al
SRR R IERE M; F M, BH SR 24 wm. AEEIROR
B, T XA XA Cherry—Hooper U KA AE
i ST GE T B

20
'..‘A!A‘.‘Attwﬁi—iﬁi‘
Totee,, A\
g ST
st o A
‘:% —=— 20 pm 3
.Kg 10 | ¢ 22 pm
«E I “— 24 pm N
m —Y 26 um |
5 - »- 28 me \““
\ 30 pm ‘%‘
0 . . A
10° 107 108 10° 10"
PR/ Hz

B3 RREAME MM, 89T 238 B8R B F4%
Fig.3 Frequency responses of the variable gain amplifier

with different gate widths of M;, M,

112 3 a2 bhay il

R T S BRAEE PR A 1) 1 538 3 L i 9
T, VGA ESR AR EOE ta e, AT ) S0 £ 2k
PEAZ AL A H A AR A8 EORR e 1 DU B o A4
(Bipolar Junction Transistor, BJT) #4485 55 i 2% X%
KR4S (Heterojunction Bipolar Transistor, HBT) AJ
B RN 1 S IR T A M A5 TR 2 4 08 A ek
MI7E MOS &b, iy T ¥ i U5 M P T 1)~ D7 7
KE, MELITBUR Bt eItk 5 I8 DhAR &, A
SCH FRTH 3 MOS 48 AR TR LA X R i S B
a2t

Cherry—Hooper BUR AR BLICH ELIRIG 25 A, 7T
fajfe Ry Ay = guR: H I, R, 5 Ay HAELMEXR s
RIRTAZF B Ry HATHE BURRPES | {5 0] S £ 4k

k.



106 IR R A4 (A AR B2

2020 4F

E 1(b)FrR , 762 Y Cherry—Hooper UK
PRHLER R RS2 TR PMOS 4 My M, SEELEY, 24
PMOS & TAEAELANEX BT, 7T LIS 81 FRA5K(7), Horp
Ve F1 Vs 43 3R AR H R R AR H .

Ri= I
| V=l Va |)

. 1
W 1=Ve/(Vs=|Viy
MCOX(T (Vs | TH |)

(7)
RGN R AR, YRTF—EREMER,
e=1/(1-x), |x | <1, BH EBITH Ve BEUE RN 0~
HLR L, Vs ZEARBITHN 1.1V, R &0 [« | <
1,V BUEEL/NT 0.691 V, IR 7) T B A
1 Ve
'eXp( V| Vi )

wCol = | Ver Vi )

Rf:

(8)
F2 (8) FBE i X B T 15
Rf(dB) :K] +K2Vc (9)
. B 1 . 3
A K =20 0g v e K
20-lg e
(Vs =V |)

AR LK TN K, S HR R AR THR F Ve Bl
BERRARVERI R, RIS A SRR Ve B 2R

WA ST AR, R AT E
BH R; (AT I35 PMOS 48 S 50M TAE X, SREfi
BEAIXT RO a5 B I R Ve SRR .
1.2 Bk VGA R 5HMXBEEHRAIZIT
1.2.1 4R VGA A

& 4 A SCHR ) VGA RGHME . A SR I
VGA RGARIREEH , REFe /2 08 101G £ e iR H%
RN SR R AT AR 45 BTN 3—dB 4l i
H B, Hat5 R Ac, BRIk RGEH 3-dB W N B, Witk
H AU FERKXIO) R, Hd o CRHEN
A IR B EEGE R H I, AR VGA T5i e
Ji KT 1 GHz i it BbR, UAEAUE n 5 00
R BIMFIEZ )5, 85 n = 3.

i DCOC
=
Ry
——
V«lul

A VGA  VGA  VGA
Gehds  Hot Mot U

B4 FriRhed VCA A%ER
Fig.4 Overall block diagram of proposed VGA

.

Atot:nAv (10)

B =B N2 - 1 (11)

A VGA B3 25 A8 AL b P thl LR Ve s, =
K VGA FITHAH R EE RS Cherry—Hooper HUR %%
A P B L A0 A v 8 U U A i A i
TR A RO T R IRAS. A T 1R SEPRIFEE T
Bt 50 Q BIBHHT, 7EH H5 A R SR A0 1 g% vh
%, BENS A RO T R 2 R B FH BT PR B AR .
1.22 AABAB N R I

B IRSR BT Ry 1 25 O AR B 200 7% 1 1]
L, AV — RN A LR AT L e, it 2 9k
KJE v REME A AR, 3L VGA Hiy oA 2 B
SEPRAf, — ORI 2R A B L 25 TR T I P R
R AR T 2 181 L . G o i A S A T 5 A
FER AN 2 (A R R ST B L 25 P B, feak fi
WA S E B AR i, X RO A A L TR
AN FH . LR P B AR VR R LR il A A RC
JFRATE D5 A A4 BN AR R S BB HH B 2 R e
JE 4 S0 B 2 A s , 25 7R A IE ELI
J R L RS0 AR A R AR S 5 AR
e , AR T AR BET

S R IS I bR, R AR AR
Fr v R I B KL Ry FIKHLZR €y, 75 AR R,
SO I R WA N O 117 A A o s 93 =B 11
WA PR TUR AR IR, IR T ] AR 1 35
FRAR T # R A3R , AT DA RO THEE A4 i %
R ARAL .

//L N
%’/\_TI'_/
R
+ éN T qr
V. VGA (- v
07 M N // o

B 5 i AR KRR R

Fig.5 Feed—forward DC offset cancellation circuit

123 WAZyE5mbBEyE

N7 AR SE BRI Fh EA TN, VA RS
N 3 o3-S i G vh s kiR A% R Ao e i, T
UK SR BT 07 2. Fiw Ayt 2 o A D T
6 FIT7R . i A G2 th s R A B SE AR TR 2548,
Hihg ARHST N Rs/(1 + gngs) » & Rs E/‘Jﬁﬁﬁd\, ]z
AT i D S i R T A AR Bt L B A SRR
R it 45 1) 45 A4 10, HC A Y BEA R Z, = (Ugas) | (1
gm]6);M15\M]6 %ﬁ”ﬁ% VGA E"J%ﬁﬂj [LEEE %{q:'%g@%



%56 18 R LT 55 nm CMOS T 25 (1 ] 2814 25 5k o 107

FROCHE M SRR 2. T4 1.89 GHz(0.000 12~1.9 GHz) , 47 PF-H BEHR 4.
‘f.'-"’ GND Va V.

L R0

out+ thlll*
o——¢ +—0

I M, M, Oj 'J
Vi Vi
o—+1 —o0

i R;s Rs
V'¢~Hﬁw

NS o . s
(Y AT 2 MG TERINE I
Vi B 7T A Ak 5 i

3

Vi

Fig.7 Layout of the variable gain amplifier
e—ihv e % VGA %P 25 B A 5 e 8
R, R (D) 7R, BRI Ve 0 0~0.6 VI, HL B A X 4L
[t B2 SRR Ve RIS AP RO X R LA
. " y A 5 A AR B AV D -33.4~46.9 dB, 3
14 15 16 ;Q,gﬂ}n = S E‘ é > b TR .
V..,¢~°—|I_JW rjl V‘_||:1 Fi 5 Jbzoﬂx“dtzlllil LR
- V=06V
- 40 E
(b) i b 2% 5
A6 AR e%E g Of
Fig.6 Buffer circuit 2 of
ﬁ;
%2 ErhEE RSO MER K E = 20
Tab.2 Gate width and gate length values 40 } VooV
of transistors in the buffer circuit o
~60 }
lﬁ]ﬁiﬁé W}j—‘s/l—bm W}K/nm ul al al
10° 10° 107 10 10° 10"
My, My, 20
B Hz,
Mp, Mj3 30 o (a ) ] 728 18 25 RS 14 50 3 1 i
My, 10 60
Mis, M 200 45 ¢ - L)
8
F 30r
2 BRE5HH 2 st
=R
# K
ARSCETTET VCGA RRIENIE 7 frs , Tt ik w st
T AR AS AR AT H 3, B0Es A ARV VR AR AR,
AT 0.006 mmeCls %0 KBRS, A 4 e A
SRED), HIMIIAER 19.68 mW. fifi {5 HL AR AF 3T 0 or 02 03 04 05 06 07
Global Foundries 55 nm CMOS T. 2 A8 &I %} 1% Se 7 By

()25 SR R R
B8 TR HMKE R

Fig.8 Performance of the variable gain amplifier

VGA AT G E. I 8(a)Zh i T1% VGA BYXF
BOE SR ARSI A B 25 38 2k 3-dB 47



108

R R AR (A AR BE R

2020 4F

3 3 NARTCR VGA 48R 5 B kR I IFIZER
FH CMOS T 5 ] AR 3 25 THOR A% R RE L. A8 3¢
B4 L B 45 A S B 1.89 GHz (0.000 12 ~1.9 GHz )
3—dB i %, I HA 535 80.3 dB(-33.4~46.9 dB) Y
T MRS 25 I AR S R VGA
PERER) FoM A a0 (12) fir s, 7] 28 th 787 58
BW. 175 Gain Range, Z#E Power, [HFR Core
Avea 5577 TH OB, SCHR[9]) FoM B sy FAS S
1 VGA, HB8 25 HIR B dB £RMERGERAE , AT
AV AT AN T A 2 s R g b, 7ESLks
o FH B LA
BW(GHz) x Gain Range(dB)

FoM = Power(mW ) x Core Area(mm?) (12)
3 AT MARRMEE RS ST
Tab.3 Summary and comparison of the variable
gain amplifier performance
CMOS T2 Hzighds w98 ke 1
k FoM {&
Rsfmm  JEE/MB - /GHz  /mW /mm’
AL 55 80.3 1.89 19.68  0.006 1292
[9] 90 60* 2.20 2.50 0.010 5 280%*
[3] 65 22 2.00 3.48 0.010 1 201
[15] 180 67 1.00 9.60 0.190 36.73
[6] 130 41 0.57 4.98 0.100 46.93

T IR AN B e B FE L, BR AR SCONE AR 4
3 & &

ARCBEH T —Fh CMOS T H5 n] A8 18 35 HOR 2%
TZHRAR R =R LE ), Y 25 BRI HE T G Y
Cherry—Hooper UK #F , AT 34 FHF 58 , 3 i 7 R4
gt TR AR R I AT RS A PMOS b AR I 15
RHL, [] B} ARAIE T 5 A 9 348 £ R ES VI L. b4, R
AR AR TAEAE I B X B RAAE, R
Ak T B S A dB . iR, P ETR
R ERFEARAAL T LS TERE. VCA A3 25 Y [
H1-33.4~46.9 dB, A KE#H A dB ZeME5EE , 3-dB ¥
$54 1.89 GHz(0.000 12 ~1.9 GHz), Wil 2 T 5G {5
RGREK, [FRF VGA HLER 5 H 0.006 mm? [HIFH,
1.2V AU FE 16.4 mA HLUL, 7 VGA I {ZiE
i) FoM Bk 1292, & F H AT R, S8 1k
INRGHRUR IR, 3 T 56 el fs Rger.

S 3k

[1] WANGBD,GAO H,RAINIER V D, et al. 60-~GHz low—noise VGA

(2]

[3]

(4]

[5]

(6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

and interpolation—based gain cell in a 40-nm CMOS technology[ ] ].
IEEE Transactions on Microwave Theory and Techniques,2019,67
(2):518—532.

KODAK U,GABRIEL M R. A 5G 28-GHz commonleg T/R front—
end in 45-nm CMOS SOI with 3.7-dB NF and —30-dBc EVM with
64-QAM/500-MBaud modulation [J]. IEEE Transactions on Mi—
crowave Theory and Techniques,2019,67(1):318—331.

LIU H,BOON C C,HE X F,et al. A wideband analog—controlled
variable —gain amplifier with dB-linear characteristic for high—fre—
quency applications [J]. IEEE Transactions on Microwave Theory
and Techniques,2016,64(12):1363—1373.

HASSAN E,AHMET T,KENNETH P. A differential-ramp based 65
dB-linear VGA technique in 65 nm CMOS!J]. IEEE Journal of Sol—
id—State Circuits,2009,44(9):2503—2514.

BAI CF,WU J H,CHEN C,et al. A 35-dBm OIP3 CMOS constant
bandwidth PGA with extended input range and improved common-—
mode rejection [J]. IEEE Transactions on Circuits and Systems—I1:
Express Briefs,2017, 64(8):922—926.

SONG X,LU Z H,YU X P. An accurate dB -linear CMOS VGA
based on double duplicate biasing technique [J]. IEEE Journal of
Latex Class Files,2018,14(8):1—4.

KUMART B,MA KX,YEO K S. A 4 GHz 60 dB variable gain am—
plifier with tunable DC offset cancellation in 65 nm CMOS [J].
IEEE Microwave and Wireless Components Letters,2015,25(1):
37—39.

KONG L S,CHEN Y,CHIRN C B,et al. A wideband inductorless
dB -linear automatic gain control amplifier using a single —branch
negative exponential generator for wireline applications [J]. IEEE
Transactions on Circuits and Systems,2018,65(10) :3196—3206.
WANG Y J,AFSHAR B,CHENG T Y, et al. A 2.5 mW inductorless
wideband VGA with dual feedback DC —offset correction in 90 nm
CMOS technology [ C ] // Proceedings of the IEEE Radio Frequency
Integrated Circuits Symposium. Atlanta, Georgia :IEEE,2008:91—
94.

KUMAR T B,MA K X,YEO K S. Temperature —compensated dB-
linear digitally controlled variable gain amplifier with dc offset can—
cellation [J]. IEEE Transactions on Microwave Theory and Tech—
niques,2013,61(7):2648—2661.

SAWSSEN L,SAMIR B S,MOURAD L. Low power CMOS digital
variable gain amplifier design for WiMAX/LTE receiver [C ] // Pro—
ceedings of the 2018 30th International Conference on Microelec—
tronics. Sousse, Tunisia: IEEE,2018:204—207.

LIQ Q,MA SL,YE F,et a. A low power PGA with DC—offset can—
cellation in 65 nm CMOS process [ C] // Proceedings of the 13th
IEEE International Conference on Solid —State and Integrated Cir—
cuit Technology. Hangzhou : IEEE,2016:946—948.

B -, BERT BARARRT, 45 LT T R A 5 G ) P e 7 i
HWORAS [J] W RE2 4 (ASRBIEMD),2017,44(8): 113—
116.

ZENG ] P,FAN M,CHEN C Y, et al. Design of low—noise preampli—
fier for application of intraocular pressure signal —detection [J].
Journal of Hunan University (Natural Sciences),2017,44 (8):
113—116.(In Chinese )

LIU H,ZHU X,BOON C C,et al. Cell-based variable gain ampli—
fiers with accurate dB-linear characteristic in 0.18 pm CMOS tech—
nology [J]. IEEE Journal of Solid —State Circuits,2015,50 (2):
586—596.

LI J,HUANG F Y,HU X R,et al. A 1 GHz 68 dB CMOS variable
gain amplifier with an exponential-function circuit [C ] // Proceed—
ings of International Symposium on Signals, Systems and Electron—

ics. lasi, Romania :IEEE,2010:17—20.



