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A Low Temperature Coefficient High Order Compensation
Voltage Reference Design

ZHANG Tao,QIU Yunfei’, LIU Jin
(School of Information Science and Engineering , Wuhan University of Science and Technology, Wuhan 430081, China)

Abstract: Voliage reference plays a crucial role in influencing the performance and accuracy of analog systems.
General curvature compensation techniques focus solely on eliminating second—order temperature—related terms,
making it hard to meet the high precision requirements of certain circuits. The existing circuit has a high—
temperature coefficient issue that requires urgent compensation for higher—order terms. This paper proposes a novel
high—order curvature compensation method, successfully implementing a low—temperature coefficient voltage
reference circuit by leveraging the subthreshold characteristics of CMOS transistors. Initially, two currents with

different temperature coefficients flow through the same subthreshold CMOS transistor, generating two gate—source
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voltages with unique temperature characteristics. Subsequently, the subtraction of these voltages produces a
logarithmic voltage, and the logarithmic voltage is weighted and superimposed with the first—order compensation
voltage to realize the high—order compensation. To enhance the power supply rejection ratio (PSRR) , the circuit
employs a high—gain negative feedback loop, eliminating the need for an amplifier in traditional voltage reference
circuits and further reducing power consumption. This design is based on the 0.18 wm CMOS process and is
implemented using Cadence software for circuit design, layout, and simulation verification. Simulation results
indicate that the circuit operates within a normal voltage range of 1.6 V~3 V, with a reference voltage output of
295 mV at 2 V operating voltage. The temperature coefficient within the range of =45 “C to 125 “C is 1.26 ppm/C,
and the PSRR is 51.1 dB@1 kHz, with a maximum static current of 8.9 wA. These results show that the voltage
reference circuit can meet the needs of high—precision integrated circuit systems.

Key words: low temperature coefficient ; subthreshold ; voltage reference ; high—order curvature compensation

H, B A FL B R P s TP Iy TR E L A
@, 7 N TR EORTIR A 4 A H B, 491 4
AD 4525 , LDO . DC-DC 54 5 AL s R 50 . Sk
P P RS 2 A B 2 52 ) X 6 i JE ) P e o, i
T L A R PR A 35 AR e Mk R B AIRMR S AIRDFE
B 1 U B2 Y0 FEL N AR U B2 &R 2L (Temperature Coeffi-
cient, TC) . &= HL I 410 i Lt (Power Supply Rejection
Ratio, PSRR) L L2/Ney i AR L SR 1, [) Ie S2 B i A7 Y
i LR BR R TR RDGERY) . PRI, SRy 1 P S o 1oz HH A
PRI LR, 3 L8 bR 255000 LB N 32 AR 0 S s 1) i
FH#EA TR 7

551 5 TC O 1 B H FE ARV 2 A0 L B 2
AT S AR T OR B B A S R IR B T
I, PRIk i 8 0 DG R v, 3 i Tl e 4 S
Fh B A AH SR B ZR B (TC) FRPE A | R B A7 8 ™
Az 1964 4RIl AR B Y Hibliber WS P> —
B A FEAS [F] A FRL AL 5% BT 1 LR A el DA = A S
J TG B LR B L 1965 4F Widlar B b 3iE B 1
TE A 5] B 3k 25 2T, P A AU Pk & AR 48 (Bipolar
Junction Transistor, BJT) i3 - & S A —A~5 4
X L BAE He (Proportional To Absolute Temperature,
PTAT) (% H R 251 TEAR e i Al B S vfiz i 1 Fh , BIT
R 3R A - R B AR A 0] i B R RS G R Y
(Complementary to Absolute Temperature, CTAT) H,
JE (Vi) R PTAT HL AR 25 5 LA ARAS — Bir il 302
SR, 3k ol — By M 14 2l o0 5 o s 050 UL 3R

TE 10~100 ppm/°C., QN HEZLARAT TG 19 T B R B0 5
BEEATIR R BRI . SUER Ry AR A5 1) 3 o 35k o v
SEEMREN R ZE AL, 200 1.25 V, BT LIASAE R
PRV R B T EL AR . O T v Rk S e if
FH SAE X 1 MOSFET 7= A o i H 3T A R g K
RS, AP 3K S e offe Fi P 119 3R B R U o, TR
TR/ . BB B 2R G Bl A B ARG 2 1 B 5, 38
1 — B R M R E AN AR R X S TR L BHETE
28 9% JE& Y BJT A13F (. MOSFET M HLAME > 1, — 1k
T B2 AR 20 R R B R ik SR R R
BEA G B AT RMES B AT SR AR AE S R
S 1 1R A T, A 194 5 o b RS A R i T T
Gy BOAME S B2 M i R AE IE A FL BH b
PESEIR M D I, AR AT LS A TR R 48, 0
7L S Lt T8 2% L AR R R MOSFET 7648
[Fi) 2 8 J22 o Y 1 AR AR [ 2 4 7 M2 1T AR A 3
o RO R T AR T R o,

AR SCHR H— B0 F ] MOSFET 37 R {5 51 7 A 3
YA FL H 1 R %, R R 2o A (] (0 F e NMLOS i 44
5 T W P A 1 TR AR AR ) Ofe S A AR L P 3R
REPEZE S, 38 A PRI AS ] L R R ) P A D8 A
X B HL 5 — B M L IS s A 7 125 B 1 2R b
B R SCRY ARG AN < 5 — B R TAELE W B (B
X MOSFET By TAE I 3 ; 55 — B A T4 B 1 R 48
BT JE S ST B 4 = BUE B A0 LA R e

—BonEsit.



180 PN S QRS )

1 FHERX MOSFET BB E T/EEIE

24 MOSFET FA) A5 FL He ARG B3 1B H 1 (V) S
PR IS e R R, T TAEAE T R X AR
A X A e TR L AL (1,0) 7 2 R LS Ry

W V= V.
Is = pCo(n = 1)Vi eXp((nVTTH) x

-]

TFP AR IR R T, € o B T R AR AL )2

SRR, p RAEEA TR AL V2
MOSFETE’JIﬂfEEEJ— Vs FEMHE L, Vs 2 MOSFET
(R FL P, WYL 2 b AR B K B . 76 I 1 X3
MV, 24V, LT PAE R

(1)

14 2 Vis = Vi
Ips :/LC(‘XT(TI - 1)VT eXp(nVT) (2)
A2 (2) A LAAS A R R (V)
Ips

Ves = Vi + mViIn (3)

wC, (W/L)(n - 1)V2

Hi 22 f(3)‘fu%tﬂﬂ’ﬁszlﬂ{ﬁzé’mos
MR LT 5 Vi Bk, RS Vi Ve A G, X
SO R 5 R O S E ATV, iR A T L
R

Vi (T) = Vo = ks T (4)
T Vi B 7E 0 KR EE T B BIEH I, ko2 —
B, THRAKHEE , R Vi, B2 TR 38 i i vk 2 .

ERBRu SIRERNXRTLIE N .

/J’:/-'Lo(;:) (5)

V VCTAT

T

2024 4
AP w, =S HIRE T, F TR, m SRk
FEFREL, 1 <m < 2.
T
V(T) = kq (6)

Ak RBIRZE 2 H R, TR, ¢ 2T &
i 2t 20 (3) ~(6) , MR L (V) 7T DLk
B -
Vis = Vino =
Hl I[)Sq2 (7)
n n
¢ Ty C(WIL)(m = 1)RT>
XFF m=2 , M (V) X TR A S5O

EY k Lysq’
— =+ —] ; (8)
or " g " 2C, (WIL) (n - DR

kT +

K IDqu

<1, Bt AR B,
woT2C, (WIL)(n = 1)k

(V) %t T i1y G Vs ‘WGS BAGUE L H I, V. R
FETF Enm A, B CTAT%‘@.

2 AXETRH R EE R E R R

2.1 EAERRE TR

AR SO 4 H A o L BT S AN R 1 R,
T 56, AT MOSFET 9 V. 15 (i X A= B L 3, 4351
R Lo P TTEFIT L pp FEL A . 308 203X PP Y 38 A 7 AR B
JJu?ﬁJEB,BEL SEIL T R TR A — R s LU,

T — B MZ2 S5 B EE U 1 R U O A R [R] B A AR
(4 /E'@JTTW/\EHTHK FEREME I LR Vs B3 PG
A Vo WU AR, 75 30 62 2 55 T B O B0OC £ B9 H
5 B e P I A HL s 5 — B 1 i i v R 2R AT
T IR ARAG i B Az

v
)
=
N VA
VCTAT2
VPTAT]

H1 prizs é’M]\

Fig.1 The proposed compensation idea mentioned



5 6 3

2.2 Iy BRI, BREEE

AR SCHE BN 1) 5 HL IR TC O L FE TR Ly FELTAE
FEAE R HL AN 2 T, B e M ~M T BE R, LR,
R . Horp M ~M, TAEFE S RE X, M~M,, TAEFE 1
FNDC, M fif T AR S A RS P2 T R B 1 M
{6 L B RE AR SRR FURE IR TAE Ly FR SR 2
i AR M~ M, Mg~M, K80 R B B2 157 20 % 77 A 1Y, FL g
SRR RS TN N Sl B2 N I I BN | WS |
rp Y YR R T X R T R, Y S R
REAR L Y 5 R R AR B Q U R T iy, E T B X
SRR REAR , PR L 7 SOt PR FE BRI T b, 2 X
SHETEE, Q ASH R Bl Q o5 H R AR, X A%
NS o =TI P 12 S 7 | Nl ek 719 ol 10 57
(PR B3 5 KT IE R0 . PR3 25, S Ak T LA
PR a5 B MM, S K F R A B O
M, AT M LI AH A5 AT PR UE Q r AT Y A5 AR S5 . Ik
Gh, AT ETE B T s SR AR R A, Ak T4
FIFREAR T DIFE.

T

| ]

— My II: \I/IZ:/CTAT
14 M,
v

b

0 ¥

:“—'—I M,

Ry

—T=

b S

AAA

>
> R,
<)

B2 Ly Ao Ly IR~ A 34

Fig.2 [, and Iy, current generating circuits

HR A5 &1 2 60 M, R M, R H R Vi, 55 Vs, 9 OR
ESSR

Vo = Voo + IR, (9)

B 2 2 (3) W HI IR LR Vi, 5 Vs, T RL R
N

1
Vesi = Vi + MV In L (10)
sl m T NVy ,LLCM(W/L)]('Y] B 1)VT2
Vi = Vi + mVyIn d (11)

pC (WIL),(m = 1)Vi
30 (9)~a (1) T LUASH L 1, 3k 50 R -

25— o (I UL R R el e P e B 181
nVT (W/L)l
="y 12
R, (WL, (12)

Kb (WL, FUCWIL) , 53 3 3R i AR M, R M, 1Y 58
K AT LB L 1, 5 3 R VOSE e, JF H S

KAL), 5 — A AR M, M~M,, R R, #4) B
T AU A IR B R PR A L LI, 24 R TR R B
B Lopy PR TR AL 2SI 00, 3K S 0 S AT AY HL R 17 S
SR EL T S BV B LR R R Al S ALY
FL R RALG . PRI, o FRL TS DA /D 3 L R A9 A8 1k
AT LA S o f R A SRR RS . DA BT 2 AT HTHL 3 1, AT
AR A«

VGSZ
R, (13)

M T AR LA T M, b A AR A B
DX AR L I
CRVSCE VA VISP

Iy, =((W/L)8)[1 (14)

I, =

(WIL),

FH (WIL) FNWIL) 2 SRS M FITM A 58 K L
a8 (6)~2(14) ] LUK LR N

1

1, = RZ(VTHO - kT + %lnoz1 -(1- m)n%lnT

(15)
(WIL),
(WIL),
RouoT3Co(m - 1) k(WIL) (WIL),
WL L SR AR e AR b ARk B R

(I_Rﬂln oI .
2q

23 RIANSHEHRIMESEBE

AL DIEER], B3R FE L FL TR 1 FELIR P22
FEME L e HLRE AT B R — B I, 1T R R AT AR AR
SR AT K B B TR A, A SR A TR AE Y R
X MOSFET (1) Js 5 H 9 () 1 B R EAFAE 22 5%, W LU
FEAE TR R AR Ve BT Vi 480 B 0K R T X6
B, HUE AR O B Ay i, A RS A A A5 (AT S A
J, BT SRS A S B S H B N 3 TR ]
W R 43R 5 T 3 W SCRT IR, P AR S L i
TR JC K B LI 1, P00 L. 55 T 40 72 A WS TRL B A
ANTA Y Vg, - 12 H BH R, A1 R, 5 by 37T )RR

nq(WIL), In

Ao, = Al LA



182

PN S QRS )

2024 4F

T AR R REFE A H R R IR A, M, R M, fif
FHFE R SRS T M, M, TAETE T B X 4 1T
T3 S — ANV L B 5 2 3 o e A TR R RS

[5] Fr) P IR D 285 IV 9002 i 14 Pl 6, 36 2o AN [ ] it
JEE 2R 500 P A e T AN [R] /0N vy e L A5 380 e
HMEZAT LR Vi

I I I H TVDD | “
| Il |
T el B Dl |
: 8 7 |—1 S (:} l— . 27 2% 22 l_l |_1T‘|_< 191" 16" 11" 11 :
I | n

] vy B \
N R Jl s
\ 1 ‘ o I |
‘ Ii=lprar :‘ - | !
‘ -/, ! ‘ 4o W rer I N Iy
: LIZ_[(ATAT l H :ER7 H 4 Ly ! }
™ ] I M M | ‘
‘ '; ’ M; |—|;z |—EM I E:Rs P Mys Il lﬂl Bl |
| Il > M,s | ‘
‘ < ! b3 My, Il < < ‘
| SR RIH 3Ry 1 3Ry 3Ry :
| !
\ I T N GNDT [ I 0 }

B3 pritdied e m IR R

Fig.3 Schematic of the proposed reference voltage

FER 3 Yk M, LR 1 2 i M, AT M, Y
HL AN, Hodb 1, il ik M A M, B2 A5 3), 5 T,
LA MR B T RE 2 8T 1, i 1k ML, A M, B 1%
1550, 5 LA H R AL REC B S R HL B R, FI R,
BRI, AT LAAS S0 A — B i B S0 A R 1, T
ik Mg O H I i ML SR A PTAT FL U . 1l T
M, F1 M 1 V5 R 308 1) T B R BN ), 7= A T IR R
BRI V. 8 5 B BH R, A0 R, 72 A 3R R B[R] 1Y
LI 1,5 R Lo, I FEAHDR , 55 Ve, 7 HE 0 55 B 30 1R
S MEAEATAME , TS 2] Ve FL

2 (12) ATt (13) v DLAS 2] 3 1, 19 3 1K
KH:

— (W/L)ll LVT] (W/L)l (W/L)IZ Ve (16)
R,

T (wiL), R (wiL),  (WIL),

KA (WL, (WIL) o (WIL) . (WIL) 53 )2 AR
M, Mg M, M, B FE 1 . 38 2 9 55 3 88 b R4S Y 5
K ATHLBE R, (R, B BEAE AT LAAS 21— B ifs 3 R 500
L IRAL AT AR A

1

14

kT (Z—m)ﬂlnT

IlszRi V'I‘H14+Tlna2_ q
3
(17)
KA o, 7T VLA
2
a, = l.q - (18)
T Co(m = 1) R(WIL) |

A 1 R — B AMES S R R e B T AR KR

AR/ FEIX AT L2, o, W] LA B — > SR TE 6

WL
[RIAEH 17T AR R
(WiL), v, (WIL)
"7 (wiw), R, (WIL), (19)

A LA 1o 5 240 B A E FE R LA IR A

LT LAZRIR Ny
I, = 1 Vi + ﬂlncg -(1- m)ﬂlnT
R, q q

(20)

o, T ARIR A

nq(W/L)m n(W/L)1
WIL WIL
), " ), o)

R, T5C(m = 1) k(W/L)
A LUA Y o o —A 5 i B TC G 4.
PEFE R, 5 R, BEAE AR, M, A1 M, T4 FEAR TR R
HLL 1,5 5 Lo AHTR AT DAAS 2]

1 ( kT kT

—1In
q

o,

Ii—1,= In T (22)

Ry\ ¢

AT 2 8 L RAR N, Sy 1l SR AR M, TAETE

LRI IX, AT LAY BpRE AL 1, R L 57 R N AR, AT A5 3
m=NV”m%

Iz4ygi
R\ ¢ Qo )

i 3 PR AIE M, FT M, AH [6], M, A1 M, AH [F] 7] LA
155

I,=1, (24)

B Ly L P Lo AT AR S I 4 M2 H T v

o

nkT

—-—InT (23)
q



5 6 3

S PR - — R IR AR s R i L T v T 183

(W/L), N (W/L),,
C(w), T (WL,

I(R, + Ry) +

(25)

M (12) (K (15) K (23) ¥ 1, LA L ARA
NT(25)715 .
(WIL) R

& kT
(W/L)ZQRS (VT”“ * 77qr e, -
2

10

Vier =

(2 - m)ﬂln T) +
q

(WIL),(Rs + R,)
(WIL) R,

q (WIL),
In2 - Wlnr) (26)
q

q a5

N(R; + Ry + R,) ( gkT
R,

ﬁ(%)qj’é(W/L)mRz(m 1)= R, :

] PASE 41 bR 5 IR A S ) B . A 2 (26) 7T X
IR N

R T
Vi = 295<V1‘uo - kT + ﬂln a, +
q

102

(m - l)nlenaz) +
q e}
(WIL) (Rs + Ry)

(WiL), R, (27)

n
q (WIL),

| (W/L)])

XFAF(27) R TRE ToR = Al 15

oV —kT(WIL) R, (WIL)_R,
REF - 29 + 29 X
aT (wiL) R,  (WIL) R,

”r]k(lrlotl +(m - l)lnaz) +
q

3

(WIL) (Rs + R) [ (WIL),
—1in
(WIL) R, q (WIL),
RS Mzg\Mm\M%\MGE@ﬁJ&LE/FHEE,ISERZ\RS\Rb
%m%ﬁ%%%=mﬂu%ﬂﬁ&ﬁ%%@%

JEH

) (28)

(WIL),, R

" (WIL) R,

it AT (29) APAHZ A FRIE BR T 5 B AH G

T, 3RA5 T 5 IREE TGS B FEE LR Vg, SEBR T JEUE
P 114 e B M

V’l‘UO ( 29 )

REF

3 FEER

B T T HE 0 v B R I R M R
K BSIM3V3 180 nm CMOS T- 25, ¥l 3.3 V Ay ik
B AR R TS BOR B BEAE a0 3R 1 s L 7R
Cadence virtuoso f L35 1 ¥R 8% i kA 7 hit 1 i3t 5 075
BB E AR A 4 BT R, A R P T AR
0.037 4 mm®. Rk /b i 115 1100 B6 o L R A s, fE
RELRE 21 A0 MOS 48 % A B 4548 , 10 T 2 A8 4k 5 | i
HAVERL .

x1 BESHFENRITSH

Tab.1 The design parameters of circuit devices

aeft 24 aefh S8 At 28

M, 2%(5 um/5 pm) M, 1x(8 wm /5 um) M, 1X(2 wm/5 pm)
M, 2x(1 wm/4 pm) M, 1X(7 pm/5 pm) M, 1x(10 pwm/10 pm)
M, 10%(1 pm/4 wm) M, 1x(10 pm/10 wm) M,, 1x(10 pm/10 wm)
M, 1xX(8 um/5 pm) M, 2x(8 wm/10 pm) M, 5%(8 um/10 pm)
M, 1x(8 wm/10 pm) M,, 1X(8 wm/5 pm) M,, 5%(10 wm/10 pm)
M, 1X(8 wm/10 pm) M, 1X(7 /S pm) R, 800/k)

M, 5x(8 /10 wm) M, 1x(10 pm/10 pm) R, 3.46/MQ

M, 2x(8 /10 m) M, 5%(10 pm/10 pm) R, 1.5/MQ

M, 1X(8 pm/5 pm) M, 1%(2 /5 pm) R, 1.5/MQ

M, 1X(10 pm/10 pm) M, 5x(10 pm/10 pm) R, 100 kO

M, 2x(8 pm/10 pm) M, 1%(2 /5 pm) R, 115.2/kQ

M, 1x(10 /10 pm) M, 1X(2 pm/5 pm) R, 554.6/kQ2

P 5 S ek AL O 2 VIS S R W B IR
JEAR A R M2, NI AT U IR AE & IR (27 °C) I

i R 295.3 mV, I H7E 4 i i BB b R
Fe KM 295.36 mV. [HIEAR 45 A 2K (30) AT L4521 36
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Tab.2 Performance comparison between proposed reference voltage and other similar reference voltages
ZH SCHk[21] SCHRTS ] SCHk[22 ] 3CHkL16] AL
T.Z/pm 0.35 0.18 0.09 0.13 0.18
i AHE/NV 3.3 1.2~2.0 0.8~1.68 1.0~2.3 1.6~3.0
VeV 0.903 0.321 0.281 0.781 0.295
TR C 40 ~125 40~120 0~85 0~100 -45~125
TRLEE R AU (ppm/C) 5.533 6.8 125 48 1.26
PSRR/dB @100 Hz 62 52 48 -51.4 =51.1
FRAFLTI/ A 8.89 2.83 14.14 8.1 8.90
implementation of a fast set-up and low—noise bandgap reference
4 % -L/[é [J]. Acta Electronica Sinica, 2021, 49 (11) : 2195-2201. (in

ARICAE0.18 wm T2 F &I T —FIRTEEE R4
PR R v TR YR, O3l 2 PRI G 28 238 E T T 4R
PR AT AR TR G SR L A B B
LSBT AR TR R A, TR FRAIE T i A F RS
PRI FEL B ) T AE . O LS SR B, 76 2 V i AR 15 10
T, BEfE 0 R R AR E 7E 295.3 mV, HAE-45 C#
125 “CIR BEJE I, 1R R %R 1.26 ppm/C. 7E %
41 100 Hz F1 10 kHz B}, HL 2% 19 PSRR 43 il ik 2] T
51.1 dB F148.5 dB. A LI I B (B 8.9 AL JE 1)
SRERIE A PTIRUE T B Y R A i, R T %
FL B R A A2 e B T L R AR
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