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Design of a Bandgap Voltage Reference with a Low
Temperature Coefficient
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Telecommunications , Nanjing 210046 , China)

Abstract: The reference voltage source is an important part of the integrated circuit system,and it has a direct impact on the stability and
robustness of the system. The temperature coefficient is one of the important performances of the reference voltage source,and the high—
order temperature compensation technology is an effective way to reduce the temperature coefficient. A bandgap voltage reference with a
low temperature coefficient is designed based on standard 0. 18 um Complementary Metal Oxide Semiconductor (CMOS) process. The
current mode structure is used to make the circuit working under the low power supply voltage,and the linear compensation technology is
applied to complete the high order temperature compensation. The designed voltage reference gives a good low temperature coefficient of
6.855 ppm/ T in the temperature range from —40 to 125 degree,and provides a good Power Supply Rejection Ratio (PSRR) of -95 dB
in the low frequency band. The voltage linear regulation of the bandgap voltage reference is only 0.2% while the supply voltage changes

from 0.6 V to 1.8 V. The simulation results show that the circuit structure can improve the temperature performance of the bandgap refer-
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ence voltage source effectively.

Key words: bandgap reference ; temperature coefficient;current mode ; power supply rejection ratio

0 51 &

S PR YA A A L K 2R e I A A
Sy HAPERE TR0 R GE MR T PR B e, SRR
FRIE T 43 Ay FhL SRS A B o e R U T L RS R
SR PR TR U L A B R e T A L, A
7 B PR3 i P 0 B A I T T AR 4
FGE R AT I W] A RS I MG R R S 1 TR
K,

K HEA.2015-05-18 &5 H #§:2015-08-20

Wit (o 495 | 2 55 0 ) R G IR R IR D #E 11
BURANWIHR =, (7570 B i o F I 109 T Pl et i ofe
G, B2 YN David C. W. Ng S53EH T —Mir BRILHE R
W ZEERREEE 1.0 V LE N T/E, ThAE R4 26
wW AT LR AR R 22 46 e R 28 7P ™' . Mahesh Ku-
mar Adimulam 54 H T — BT 78 45 1) 19 77 B 56 0 H
B BEAR T/ R TR A0 TR I e TR R B,
Edward K. F. Lee il it XJ 1% 4t (1) B i A2ty Bt S I 1

[ 2& H kiR B 18] :2016-01-26

HETH . FHF ARBEIEE I H (61106021 ) ; VLI A% HARBHAF9E 1E 35 H (15KJB510020)
EEE v 9k BE(1980-) , 55, it B, R 58 5 1] g S0 55 ol 4 o s B3
[ & tH AR bk - hitp : //www. enki. net/kems/ detail/61. 1450. TP. 20160126. 1520. 052. html



552 1]

5 BEAE  — R R R R R T PR BT - 151 -

et BZ L S R PT LAAE 1.0 V LR TAE™ .
AbF B X A MOS 48 U B JE v i) PNP 5 i
iz B A A AL RT DA 8 AT P B DD #E, B8 4 Cama-
cho Galeano 555+ T A/EAE W 3 {8 X (#5113 i
IR S HWET , BeAh, R PRk i i T2 DT 3K
FHRIFE B8 1, o mT LA S BRAR ThRE A0 5 60 Fl R i v
=1 Bhupendra %55 1 7F M CMOS B3t T —Ff moks
B ZHEE A 500 nA AYHF B L R 3L e

TR ZR RO T B o H R R ) ) — T 2R R A
T, T B 3 v L 5 v A R o T e 4 A s PR AT
FEMETR IR B R B A RO . — B IR R
1.5 ~5 mV/C, X5 B i IR 1T — B 8 B M 2
Je, HARE 2 80T UK 2] 50 ~ 100 ppm/°C, 111 2K H &
M S s 0] T LA K A B AIG A TELBE R 8. VBE
LEME AL F AR A [6) T 204504 1) i BHLELAT B9 A [ 3
FBO L BT IR FEAME . BRI Feiyan Mu 553 i 4%
PERMEE LB AEAZ O v B T 5 ) AR R %, B
-55°C £ 125 °C{EHNIRIERECH 5. 8 ppm/°C 1)
FYEE i Abhisek Dey 4538 13k % B B v U5 RS 2
HA I I O D R BOCRMES | 1 AE-20 °C & 100 °C
0 B RS R 5.5 ppm/°C RYFEMETE |

P EETARME 0. 18 wum CMOS T. 25, i%it 17 —Fb
R TELIE 2R 50047 B 5 v PR VR 30 o R FH R A 5 A
1 VBE eV b A A ST 7 {1 A VR R T 1) 1
Wil B Mz, {F ELSC R 45 SRR 7E-40 ~ 125 CHER
P Bt S PR D 1 T B R (R 6. 855 ppm/ T,
ARCATT ST FiL V5 R R B0 46 L SR —95 dB, FELIB R R AE 0. 6 ~
1.8 V Ju Bl N A AL R PE TR 0.2% |,

1 HHREEEBFEEREERFE

BRI VR 1 S A A i B IR R R
B v, MR R RO R Vo IR
L Ve TR

Vi =V, + BV_ (1)

Horpr, o f1 g RFEIE WIS 8L W A I
B o F1 B Hi1S V,,, HUIRIE RECHZE  J

a-dV, /9T +B-aV_/0T =0 (2)

AR A R AR B IE SR R
1.1 RERERHFBE

XU R A S A L 1, 5 e — & S A LR
Vi ZIIFSER AT RIRA .

I, =1exp(Vy/V,) (3)

Hodr 1 JR RO A SRS B AT s V, = kT/q
k RBRGE SR, ¢ HHEFRA,

MRS AT 1, A A R TSR] v, iR
P R A

Wy Vig— (4 +m)V, —E/

ar = T : 4)

Hrh 28 m BR-1.5; E, =1.12 eV ERERHBR
2L 18

MV, =750 mV, T =300 K i}, oV, /0T =~ 1.5
mV/C |

M (4) T, vy, BRI IR B R A (H A2 3
T AR AR AT I B i o R — il 8
PAFEIER R R A, oAb, Ol R i R 2
FEAE—AN SR R H ( Contrary To Absolute Tempera-
ture, CTAT) A HE IR o
1.2 ERERHBE

B ) T 20 B0 A4 0 2R A A Al 3 20 3ol o
nl, Fl 1, JF 20 EA TR AR R IR A e AT 3R - &
AN R T B ZE (B T 7R

nl, I
AV =V = Vi = Vyln TO - V,In 7; =V,Inn

0 nil,
(5)
Kt v, B2E R T IE R Rk D
BV _kyn s 0 6
or - ? nn > (6)

MRE(6) AT, 336 A~ il BE 7R 20 T BE A B LA K B
MR FL R TE G . TR TR A O S 257 A S TR U E T
( Proportional To Absolute Temperature , PTAT) [ HL i .

2 HEIEIT
b FIE [ TAE B =M 45, Tsividis 7E 1980 4E #fE 5
oV, IR K T 2 A 2oy e,

Vae(T) =V = [V = Ve T 1 () =

(1= @)VIn(;) (1)

Hor, Vo J2AE 0 K IRk R B L T 5 T J2 48 X i
s p e — N SIERETTXM S T 2S5, HEX
NTE3.6 ~4 ZI[A); o J&— U — B e o L A P it
FEMCH S8, 2 R I — > PTAT B3t B BU(E
1, 2 s 5 HL 35 TR TE SR 0,

B2 (7) s pAE
Ve(T)=a, - a,T - a,TInT (8)
Vo =Vl T.)  k(n -«
/H\:EF', a, = Vg()’al = &0 Tfh _ ("ﬂq )
InT,,a, = FN =)
q

HRIE(8) AT, Vi A R B, IR (38 i —
9 LA AR AT 21 3L 38 2R BRI Ay ot B R v, Oy b
TR BT R B IR AME . XV, R R R A
A PRI SR A Bl v 00 28 28 20 e B o



- 152 - HEMBARS ERE

06 &

TinT 677 T, 445 3 o, 3 50 199 7 240 05 B
S5 R Rt BEOSHEI T TInT ) B
S5 TinT IR A REORRLAY  Bs, AT 2 2 A0
XESEHERA R, UTH KO A o, R
FRAS R T

P83 04 B P, L b i S A 1
o Bl SRS Q, AT RS RIRE HUIE L
L PURERE0 o 1, T Q, 3 B Tty
el LX) @ 0,

HUESR(7) , 0, F 0, MR~ 5B F T 435
HRH

Vi(T) = Vg = (V= Voo (T.)) (Tl) -

T
(n = 1D¥yin( ) (9)

T
VBEZ(T) = VgO - (Vb@ - VBE(T,->) (?) -

nVTln(Tl) (10)

Vi Fl Vi, BIRRZE AR AN R,y | 2%
FEAE—AEA TInT WA 1, B

Vi Vi, Vo T
o= =] (—) 11
N R, R, " T (11)

iy B L V., A LR N
er = (11 +1, + [\'I.)R4 =

[VTlnN @ N V,In(T/T)) ] R, =
R, R, R,

I

R4[ R, R
- |V —V,1 2V In(T/T ] 12
R, EB1+R1 TnN+R3 An(T/T.) (12)

E(9) . (10) ((12) A, M R,/R, BIH R 0 -1
B, kAT AT BR Vi, AR LRET, ARG LA S i
SARAC 1 R R, ~ R, BIBUEST 5K :5. 4 kQ,
44 k0 ,16.6 kQ 147 kQ.,

.
Tt ——

Mis

b, v wtD
: A

3 | e

1,
j Vi | M5 \ Ry T R
R, R, I
My
R,
2 — o 0
N I !

B R 6 b R T
Pl 1 P32 MK S T AT e K TR 2 e

(RS Pk, PRLIHCR T T B K M 1Y) PR 00K e 45
F R SRR G ] 2 TR, B3 Sk as B OR AR A R
FRPEINZE, T LUE A 45 2974 101. 9 dB, 07 1 45
HWE R 17. 72 MHz, MHAOLHE BE 298 93, 6°, TR RE i 2

oA

+
M2 ZHAREGERREHE

500 {] ]

1f7/Deg

-50.0 (1757 Hz,-86.39dcg)

Z -1000
#1500

2000

20—

100.0 2.278Hz.101.

7.0
£ s
-;: 250 M (17.72MHz.95.92mdB)
£
= 250

-50.0

750

0 0" 10° ¢ w0 T

Wi Hz
B3 EFAK BRI &

=W Q, M Q, M AW BIEL B N R N
KRN IR AT PR UESEE PR 51230 B 2R, H B 2%
SXORAE, 33067 7 20r B o7 P 2 v ol i e T ) i B 2
AR URE N R, R 2 AR B = A0 4 o 9 2 vfE
R AR AR, ks v BOh 8, I B =4
9 R A SR PG B i, I A T LA T A /A
TS LR a9 A R B SR R LR P A
HSMEAET 2 Eve2e/IN DEECRELS . AN, L i A
TR A SR T AR L R F 3 B, 8/ T R B
AR 9 K TBC DL KAt i 2500 %ok ri 3 5 150 VA A 2 Y

B
5 urﬁj o

3 (FE&R

JETFHRUEO0. 18 um CMOS T 2%, 528 1 KI5 J¥
FB T BRI R R A BT R B, R R
AR EAR WK 4 PR, ATLVE S YRR E
IREN0.8 VA HL K RIAT I % T AR, U6 B A A IR
JETAEZRAT . 4 AR, iR HL e 1V I i
JER701.96 mV ,7E 1.8 V By H HL %k 700. 1 mV, N
AR 2 SCAT LS4 i T F 5 R o 5



%2 1 B BEAF  — IR R B P R S153 -
S AVigrr (AVn) s R, 72 (9735 A v R P PR ORI, 2043 b
W, = Ay V2%

AV,
TE-40 ~ 85 °C (1) $8 IR VO B N HEA TR B 4, 15
N5 R IR 5 FTs . ARETRE R B
AT DA A 2 H R R IR R B0 .
P P
Vmin< Tmux - Tmin)

700+

x 10° = 6.855(ppm/C)

500 - |'|I

400 o .'II

Vref/mv

304
2004 |

1004/

| | Vd(i/V
B4 4w ER R R AL 6 o

Vref/mv
8§

T00.40
T00.35 -
700.30
700,25

700 10 F—m——————————r———————————————
40 30 20 10 O 10 20 30 40 50 60 70 80

Temperature/C
SRR R R Y&

&l 6 Shy Bt Jek v R He IR A% L JR D) B ( Power Sup-
ply Rejection Ratio, PSRR) #h£k, Hi[&l 6 7] A1, i #§ 7E
IR (9 PSRR 53] T -95 dB, F 8 H K 4 1 4 il ey
PR,

PSRR/dB
&

10° 10! 10° 10 ;gﬁ%/l]_[z 10 10* 10 10?
6 ikah R A Ak

M TAETE T 2 BE L 3 55 — SR a] $i i iy A
AU O T B s R s R A 2, T
A R BE P AR R 25, DR T BB R A R BE R, ~

FLRHL R, BEL{ELR AR AR B R D5t BE AR M 227
A=A N 7 iR

25

20

SR B (ppm/C)

10

15 15.5 16 16.5 17 17.5 18

R3(kQ)
B 7 KEAMER LR, 6915 £ 54 & R 6 R

mIE 7 WA SR R, BIFEAE N 16.66 kQ I
FEL B Y LR AR B R BIGA B BN T R, R AL
I 2 R s 2R A8 K BRI 7R A T R P s T I
T LI KR R D FR S5 H LA K30 dummy HL BHL
ST R W /N HE B B T AR L B R, T R R AR Y
2

4 LEFRIF

FEUEHL RS 5 B B R G T ) T A R
T ARME 0. 18 wm CMOS T. 2% 1T —F K IR &
FEA BRI R R, D7 FUIC IR 25 R SR, rik it
f) R R Y5 F B E — 40 ~ 125 C 78 1B P9 L B 2R 500
6. 855 ppm/°C , (AT L Y5 FEL AR S LE 3K 21 -95 dB, 3F
HEFEBEELE 0.6 ~ 1.8 V A fb ik 28 1 i 2% % ol
0.2% ,KI T RIFBIERGTERE,

S 3k

(1] PG E AR, —Fh i AL CMOS H LA HY Bk e 58 14 15
HELI). AR 2205 5 R ,2010,30(4) :554-558.

(2] Z=ilibk AL, —Fh RS B BICMOS H L A6 B 2 o R
[J]. AR FHAR ,2010,33(16) :202-204.

(3] Wi, RGER, 2 B —FhoRE T I R e T AT Rk v v
JEIRRTT[T]. S H 27,2014 ,44(3) :293-296.

[4] NegD C W,Kwong D K K,Wong A N. A sub-1V,26W ,low—
output—impedance CMOS bandgap reference with a low drop-
out or source follower mode[ J]. IEEE Transactions on Very
Large Scale Integration Systems,2011,19(7) :1305-1309.

[5] Adimulam M K,Movva K K. A low power CMOS current mode
bandgap reference circuit with low temperature coefficient of
output voltage[ C]//Proc of Asia Pacific conference on post-
graduate research in microelectronic and electronics. [s. 1. ]
[s.n.],2012.144-149.

(TF#:% 160 1)



- 160 - HEMBARS R R

06 &

IR B/ INTE G g I L 4R S B B A
JR RSB T WPF 1R, OB g N DL BB i Bt
T A7 JR 32 5 v o A e HE ke, DT T DA BN 4 v T 4%
oMb A5 AR BT, X TR 7 I e 850% P A4 56 Ay 4
FHHA RIS

4 HERIE

HRAE Farnsworth — Munsell 8 AH M2 2 48 559 {6
FF a5 B R FRAF A JE =22 4, SO T 3T WPF
A A F 5 B H R %, %R F A
. Net YT Bt 1 O 3, 25 G ds FARKH 100 @ 1 | ik &
8 WeH AR 2RI Net 1 WPF (0032, BAT FLim
AR SRR | T 3T S P i B AR 1 )2 ORI
05 FLHE P 2 V8 2l | 55 43 9 56 T8 O 1 BT 38 I 46 i
5505 JRy R SR R X B B i) S R R AT T AN
el A Win32 I FHZ W v A0, A M Ak | & A AL
F-5 0 H H 2R URE K 5T, A 1. Net fE4L
TR WPE AHOCHAR 3 EUE AL A 5 A P38 5251
NLFHFE R4 — 2 SR X, SCH R BIFE Windows
XP % 4 Visual Studio 2010 C#JF & ¥ 85 F % P, Win
XP Win 8 #FE R Geill izl ot

SE ik

[1] Troelsen A. C#5j. Net 4 %ﬁ*%J?&”[M] R %, B,k
BB, 451 55 5 AR dbnt . AN RMIEH H it 2011,

[2] MacDonald M. WPF #if5 H—C#2010 JR[ M]. E4EA4 3% Jb

BRI A, 2011

[3] Petzold C. Windows Presentation Foundation ﬁ?ﬁlﬂ‘éﬁc—i[ M].
LA, PR AR T Tl Ak, 2008.

(4] £ M6, 48 & B HEBAR WPF R4 LRI T]. 1%
YU LB R ,2011,28(1) :18-20.

[51 skutdl, & EE, sk, . BRI ik 528 B THEE & IR
[J]. M ETA,2012,31(10) :10-11.

[6] Z Hi T WPFMIREF EZEH ARG 5E)]. P
HHHARLA,2011(24) :85-87.

(7] Eznz,AZR T WPF B EITH B 5H R LT].
BFFAR SR A ,2012(2) :132-132.

[8] ZEWWI, S #r ik ¥ 5T WPF MR EXLERZEHIT L
[J]. AR5 BT ,2011,30(6) :50-52.

[9] Macdonald M. Pro WPF in C# 2008 ; Windows Presentation Foun-
dation with . NET 3.5[ M ]. New York ;: Apress,2008.

[10] Farnsworth D. The Farnsworth—Munsell 100 hue and Dichotomous
tests for color vision[ J]. Journal of the Optical Society of America
B-optical Physics,1943,33.568-578.

[11] Hidajat R R,Hidayat J R,McLay J L, et al. A fast system for repor-
ting the Farnsworth — Munsell 100 —hue colour vision test[ J].
Documenta Ophthalmologica,2004,109(2) :109-114.

[12] Ghose S, Parmar T, Dada T,et al. A new computer—based Farn-
sworth—Munsell 100-hue test for evaluation of color vision[ J]. In-
ternational Ophthalmology,2014,34(4) .747-751.

[13] Melamud A ,Simpson E,Traboulsi E L. Introducing a new computer
—based test for the clinical evaluation of color discrimination[ J].
American Journal of Ophthalmology,2006,142(6) :953-960.

[14] kit HLME. FT Expression Blend 4 130 WPF Fl Silver-
light 351 H B3l M. Jbat AR A= L, 2011,

e se e se e se e se oo se e ea e on e sa e so e so e so e so e se o an a0 a0 s0——so——ss e se s as——on a0 s0 10— so——s0 e se——ss——on 10— s0—f—s0—p—s0—p—so s s

(E#% 153 W)

[6] Lee E K. A low voltage low output impedance CMOS bandgap
voltage reference[ C]//Proc of IEEE international symposium
on circuits & systems. [ s. 1. | .IEEE,2013.1482-1483.

[7] Camacho-Galeano E M, Galup—Montoro C,Schneider M C. A
2nW 1.1V self-biased current reference in CMOS technology
[J]. IEEE Transactions on Circuits and Systems II,2005,52
(2).61-65.

[8] Ahuja B K,Vu H,Laber C A,et al. A very high precision 500
—-nA CMOS floating—gate analog voltage reference[ J]. IEEE
Journal of Solid—state Circuits,2005,40(12) :2364-2372.

(97 KM, Hpkii. A7 il 32 22 0 pesoR R A 0 o L T U
BOTI]. SRR ,2014,39(1) :14-18.

[10] RBtRE, A B, ZHE, 45 3l B i R Bt e
HLR IR T ], i -2%,2010,40(2) :204-208.

[U1] SRS, M B, 3 oK, 55 —Fh B i Sabh 22 09 i A
B IR IR [ ], VU2 i TR R 4l A SRR

#2,2010,37(5) :911-915.

[12] BRESML, BORR KR 14 — Tk — i s AR M2 B B ol v TR
L. o722 5L, 2012,29(5) :15-19.

(13] # ME,RA&EW, B IR 5% —F B AMERY IR CMOS
APBRAEME R IR T ] SR T2 ,2007,37(6) :891-894.

[14] DuF M A M. A 5.8ppm/°C bandgap reference with a prereg-
ulator[ C]//Proc of ICEE. [s.1. ]:[s.n. ],2011.

[15] Dey A, Bhattacharyya T K. A CMOS bandgap reference with
high PSRR and improved temperature stability for system—on—
chip applications [ C ]//Proc of EDSSC. [s. . J:[s. n. ],
2011:17-21.

[16] Khan Q A,Wadhwa S K, Misri K. A low voltage switched—ca-
pacitor current reference circuit with low dependence on
process, voltage and temperature [ C ]//Proceedings of the

16th international conference on VLSI design. [s. 1. ]: [s.

n. ],2003.504-506.



— P R B o PRV [H DR

T SRBE, L8, JHYLL,  ZHANG Ying, WANG Jian, ZHOU Hong-min
(A PO IR W R 5 TR B, Y195 1 AL, 210046

Rk LA S R R(ISTIC]

44

SR NG OF 2016(2)

FURHASCK . TKBE T8 3 ZHANG Ying. WANG Jian. ZHOU Hong—min —7Hi ikl /S A8 Sy B v i Rt ik vl
HFIe S - SN 5 JE 2016 (2)



http://d.wanfangdata.com.cn/Periodical_wjfz201602035.aspx
http://www.wanfangdata.com.cn/
http://s.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e5%bc%a0%e7%91%9b%22+DBID%3aWF_QK
http://s.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e7%8e%8b%e5%89%91%22+DBID%3aWF_QK
http://s.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e5%91%a8%e6%b4%aa%e6%95%8f%22+DBID%3aWF_QK
http://s.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22ZHANG+Ying%22+DBID%3aWF_QK
http://s.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22WANG+Jian%22+DBID%3aWF_QK
http://s.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22ZHOU+Hong-min%22+DBID%3aWF_QK
http://s.wanfangdata.com.cn/Paper.aspx?q=Organization%3a%22%e5%8d%97%e4%ba%ac%e9%82%ae%e7%94%b5%e5%a4%a7%e5%ad%a6+%e7%94%b5%e5%ad%90%e7%a7%91%e5%ad%a6%e4%b8%8e%e5%b7%a5%e7%a8%8b%e5%ad%a6%e9%99%a2%2c%e6%b1%9f%e8%8b%8f+%e5%8d%97%e4%ba%ac%2c210046%22+DBID%3aWF_QK
http://c.wanfangdata.com.cn/periodical-wjfz.aspx
http://s.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e5%bc%a0%e7%91%9b%22+DBID%3aWF_QK
http://s.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e7%8e%8b%e5%89%91%22+DBID%3aWF_QK
http://s.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22%e5%91%a8%e6%b4%aa%e6%95%8f%22+DBID%3aWF_QK
http://s.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22ZHANG+Ying%22+DBID%3aWF_QK
http://s.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22WANG+Jian%22+DBID%3aWF_QK
http://s.wanfangdata.com.cn/Paper.aspx?q=Creator%3a%22ZHOU+Hong-min%22+DBID%3aWF_QK
http://d.wanfangdata.com.cn/Periodical_wjfz201602035.aspx
http://c.wanfangdata.com.cn/periodical-wjfz.aspx

