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Ú˜Ñ3b-Z, âÚ¼í£Å�[b%øÚ®V^kÀ�šûñ•-Ä”Ú9íŠÅ�[bÔ4�

âk¼MÚ¼ŸÚ˜5Ú�ñu	TÊÿ¥ó–, Ä¤cñÚ˜FÛí¾�Š0Ý�ü,7/¤Ú˜

ªorÍTkQÚÄÚ9� ¤Ú˜Ý��À, ÉÛ 6 _jK,4 _Ú�ñ£ 2 _Ú®� …�d1J«

	Ú 0.35 µm 3P3M SiGe BiCMOS `˙VõÛ¤¡5Ú9Ú˜�%(¨_Ò!‹ (Post-Sim),

…Ú˜5|ü	TÚ9Ñ 1.4 V, �|Ú9MÑ 710 mV, Å�[bÑ 17 ppm/◦C , |×¾�Š0

u 6.68 µW , ÚÄÚ9Æm{„ªÊ1MHz vÑ −84 dB�

ÉœÈ: ¼MÚ¼ŸÚ˜, ÿ¥ó–�

i



A Low-Voltage Low-Power 17 ppm/◦C Voltage

Reference Using Simple Peaking Current Mirror

Circuit
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Abstract

This thesis presents a new and extremely simple low-voltage low-power voltage reference

circuit. The voltage reference circuit uses the peaking current mirror circuit to extract the

current with PTAT (proportional to absolute temperature), and then the current, through

a resistor, is used to compensate for the gate-source voltage with the negative temperature

coefficient. Since the transistors in the peaking current mirror circuit are operated in weak

inversion (subthreshold region), both the power consumption and the required working

supply voltage of the reference circuit are all low. The circuit only requires six elements,

four transistors and two resistors. The proposed circuit is implemented using the TSMC

0.35um 3P3M SiGe BiCMOS technology. The design IC, after post simulation, attains the

minimum supply voltage 1.4 V, output reference voltage 705 mv, temperature coefficient

of 17 ppm/◦C, power consumption 6.68 µW, and power supply noise rejection ratio -84

dB at 1MHz.

Keywords: peaking current mirror, weak inversion
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1.1 ¡5Ú9Ú˜!…�Ü

ÊéªÚ˜¸bPÚ˜íä�2, ¡5Ú9ÄÚ˜í@àuÝ�í�˜, Wà: p[ñ� bP-é

ª�²Â (digital-analog converter)� éª-bP�²Â (digital-analog converter)� ’eR¦Í

$ (Data acquisition system)� �N�>¿Â (smart sensors) �Ú˜� âk IC `¨xXBV

B�ò�ü, Ä¤ÚÄÚ9BVBQ, â5V ±B3.3V £B1.8V� ¤ÕàS±QÚ˜Š0¾�Ê¤

Ì(¦mBVB�£ÿB$½b� Ä¤ê�øQÚ9Q¾�Š0í¡5Ú9Ú˜, uñ‡ø½bû˝

{æ�

1.2 d.�èDû˝�œ

A* R. J. Widlar [1] T|?¦¡5Ú9Ú˜5(, D¤Ú˜óÉ5û˝d.'Ö� Ê P. R.

Gray z [2]2í�ûı, 6‡ú¤Ú˜5-Z, 4?¡b, £Ô4�óçêcízp·H� ql¡

5Ú9ÄÚ˜íxXª}Ñsé,�øé3bubçÕqlÅ�^kÂ, ±Q�|Ú9úÅ�íÑÜ

�, wÅ�[b�Ñb ppm/◦C, Ouóú6Ó‹7Ú˜í¾�Š0� µÆ�¸±QFÛíÚÄÚ

9ªÍTí¸ˇ� WàÊd. [3]uSàùŸ�V^kÚ�ñ!-¦”Ú9íÝ(4á, U�|Ú9

úÅ�íÉ[?Ê/Å�?�|üí‰�, wFàd. [13]Sà .ŒÚ˜ßÞ IPTAT ¸ INL (¡

NDÅ�.óÉíÚ¼) Ê%â PTAT N ßÞÂßÞ PTAT 3 + PTAT 4 V^kÝ(4á� d.

[11]uSà MOS 	Tkñ¸–1ø -Ä”Ú9¡NA dVDS/dT = AT−α − BT−1 + C , à¤

ªø^kÂíò¼á^k!-¦”Ú9íÝ(4á� d. [4]†uSàNbƒb (exponential) j�

V^k, 7Nbáu‚àÚ�ñí β ¸Å�ANbÉ[ β = β∞ exp(−4EG

kT
) , ÇÕd. [5]uS

àøÅ�}–7®–JÒ¨(4 (piecewise linear) V^k� 6�UàÚ®jKÓÅ�‰“íò¼

Ô4V^kàd. [6]� d. [10]� J,®j¶Êz [7]2Ì�F�Ü� �ùé2àd. [8]� d.

[9], ¥øé3bu‚à MOS 	Tkÿ¥ó– (weak inversion) ªJTXøüÚ¼íÔ4, w3b

íñ™ÿuTXø_'QíÚÄÚ9, /	TÚ¼ü, BkwFíd�1.i�, WàÅ�[b®b

�ppm/◦C�

1



� 1 ı é�

Êql¡5Ú9ÄÚ˜2, Ñ7±Q�|Ú9úÚÄÚ9íÑÜ�·}SàABR9, �ú�

óÉíxXÊ P. R. Gray z [2]2\�Ü, Wà:Vt-¡5Ú¼ÄÚ˜àÇ2.1Fý� Q, Ú¼Ä

(Widlar Current Source) àÇ2.2Fý, ¸¼MÚ¼Ÿ (Peaking Current Source) àÇ2.3F

ý� àÇ2.12 Vt-¡5Ú˜u‚àÚ® R øVt�²AÚ¼� Í7Ñ7fn	Tk.Ûbí	Tõ,

àÇ2.22Q, Ú¼Ä, ¸àÇ2.3¼MÚ¼ÄíÓÜÔ4Ý�óN, ·u‚àså MOS í•-Ä

”íÚ9Ï%âøå×Ú®�²AÚ¼� âÇ.2-4Fý Vt-¡5Ú¼Ä.âÊÚÄÚ9òk2V vn

?�|ø_ ìí�|Ú9 âàÇ2.5FýQ, Ú¼ÄFÛ|üíÚÄÚ9�Ñ1V, âàÇ2.6

Fý ¼MÚ¼ÄFÛ|üíÚÄÚ96�Ñ1V�

1.3 û˝ñí

��kt�í¡5Ú9Ú˜íql, …¹uJÚ˜q¶íÔ4VdÅ�^k� ^kíj�u‚

àså MOS í•-Ä”Ú9Ï, ¤Ú9ÏúÅ�uø_øŸ(4íÉ[, à¤Zª.Û�Õql^

kÂV^kÅ�[b� …¹�duO½kQÚ9QŠ0¡5Ú9Ú˜/Ý��À, ÊQÍTÚ9jÞ

uSà¼MÚ¼Äx�QÍTÚ9íÔ4, ¤Üâ}Ê�ùı�Ì�í�Ü� ÊQ¾�Š0jÞu‚

à MOS 	Tkÿ¥ó– (weak inversion) x�QÚ¼íÔ4y‹,.ÛçÕqlÅ�^kÂ, F

J¤Ú˜ÊÍTvÈjÞx�iæíÔ4�

1.4 �d-Z

…¹�du}üıVn�, Î7�øıJÕ, cø®ıíqñ�Ük-: �ùı2, ÄÑ¤Ú˜

-Z¨ÖÚ¼Ä¶}, FJBb*z [2]2Tƒ‡úú�t�íÚ¼ÄT�Ü1T�ÀíÅ�}&¸

ÍTÚÄÚ9}&, 6}‡úABR9Ú˜íŠà¸Ô4�Ì�í�Ü, àŸ�Z|êcíQÚ9Q

Š0¡5Ú9Ú˜í-Z��úı2, Bbl‡úQÚ9QŠ0¡5Ú9Ú˜TÅ�}&, Q-V�

ÜàS‚àbM}&¶ql^kjKíjKM� �ûı2, Bbø‡úQÚ9QŠ0¡5Ú9Ú˜T

‡0õð (Pre-Sim) ¸(«õð (Post-Sim) , /6‡ú-ZéNíd. [8]Tªœ, BbF×Û

í_Ò!‹��|Ú9DÅ�íÉ[��|Ú9DÚÄÚ9íÉ[�(�ÚÄÚ9{„ª� ¸Ú˜0

�Ç� �üı, !�, úk…�dí!‹Tøêcízp�

2
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2.1 ú�!…ABR9Ú¼Ä

ABR9xXí°2ÿuÚ˜ªJAÐßÞø_ ìí¡5Ä, /.ÛçÕ‹R9� Ê¡5Ä

Ú˜2à‹³�@àABR9íxX, w�|ÄúÚÄÚ9}×Û(4É[, ²Æuz, ÿuw�|

Ú¼úÚÄÚ9íÑÜ��kø

Ê¤ıø�Üú�t�í¡5ÄßÞÂ, àVt-¡5Ú¼Ä� Q, Ú¼Ä� ¼MÚ¼Ä, Bb

øJMOS õÛ¥ú�Ú˜àÇ2.1� Ç2.2� Ç2.3, 1T}&¥ú�Ú˜íÔ4, �¤zpBbFq

lí-Z�

2.1.1 Vt-¡5Ú¼Ä

Vt-¡5Ú¼ÄàÇ2.1í3bÔHuø MOS í•-Ä”1:øåÚ®7ßÞÚ¼Ä, M1	T

kñ¸–/ÄÑ M3¸ M4 Aø_Ú¼Ÿ, FJID2�kID1 , /ªø ”Ú¼[ýA:

ID1 = ID2 =
1

2
µnCOX(

W

L
)1(VGS1 − Vt1)

2 (2.1)

Ä¤

VGS1 = Vt1 +

√

√

√

√

2ID1

µnCOX(W
L

)1

(2.2)

w2IDu¼%MOS í ”Ú¼,Vt1u M1@äÚ9 (threshold voltage), ÄÑID1�ID2'ü, /(W
L

)1

'×, FJ

ID1 = ID2
∼=

Vt

R
(2.3)

¤Ú˜ÄÑuJ#Lí��ql, FJFÛ|üíÚÄÚ96}Ó‹, âÇ2.1� Ç2.5ªøVt-¡5

Ú¼Ä.âÊÚÄÚ9\VGS1� VGS2�VSD3FÌ„, FJÚÄÚ9.âòk3V vn?�|ø_ 

ìí�|Ú9, ,Hÿõ˛Ã½Ì„Vt-¡5Ú¼ÄÊQÍTÚ9í@à�

3
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 M1


M2

M3 M4

R


VCC


Ç 2.1: Vt-¡5Ú¼Ä

2.1.2 Q ,   Ú ¼ Ä (Widlar Current Source)

Q, Ú¼ÄàÇ2.2í M1¸ M2í(W
L

)íªM.ªJó°, ÄÑ¤Ú˜u‚àså.°d�

í MOS FßÞíÚ9Ï, yø¤Ú9Ï‹kÚ®,FßÞíÚ¼ ID2, %¬ø Ú¼Ÿ M3�M4,

U)ID1 = ID2/ M1¸ M2u	Tkÿ¥ó–, FJªøID1 ¸ID2 íÉ[�[ýA:

ID = IESK exp(
VGS

NVT

) (2.4)

VGS1 = NVT ln(
ID1

IESK1
) (2.5)

VGS2 = NVT ln(
ID2

IESK2
) (2.6)

4
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VCC


M1 M2

M3 M4

R


Ç 2.2: Q ,   ¡ 5 Ú ¼ Ä

, w2 IES = µnCoxN(VT )2 exp[ q
NKT

(−Vt −
NKT

q
)], VT = κT

q
uÏÚ9 κ ušc��b

κ = 1.38 × 10−23, NuŸ@ä�b N = 2 ∼ 3 ,K u MOS í�÷ªW K = (W
L

)�

∆V = VGS1 − VGS2 = NVT ln(
ID1K2

ID2K1
) (2.7)

ID1 = ID2 =
∆V

R
=

VGS1 − VGS2

R
=

NVT

R
ln(

K2

K1
) (2.8)

VGS1 = NVT ln(
NVT ln(K2

K1

)

IESK1R
) (2.9)

Ç2.6uQ, í�|Ú9DÚÄÚ9íÉ[�(� BkQ, Ú¼ÄíÿõuâÇ2.22ªø M3

ÄÑ§ƒ¦−Å�|‰)	à, U)úÚÄÚ9}�ø_×íÑÜ��

5
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VCC


R


M1 M2

M3 M4

Ç 2.3: ¼M¡5Ú¼Ä

2.1.3 ¼MÚ¼Ä (Peaking Current Source)

¼MÚ¼ÄíÚ˜, àÇ2.3, Ô4¸Q, Ú¼ÄÝ�óN� ¥s�Ú˜·u‚àså	Tkÿ¥

ó– (weak inversion)NMOSí•-Ä”5ÈíÚ9Ï%âøåÚ®�²AÚ¼, FJ;W MOS

	Tkÿ¥ó– (weak inversion) v,  ”Ú¼D•-Ä”Ú9íÉ[�:

ID =
W

L
µCoxN(VT )2[(1 − exp(−

qVDS

κT
))][exp[

q

NκT
(VGS − VON)]] (2.10)

VON = VT + N
κT

q
(2.11)

cà -Ä”Ú9 VDS ≥ 3κT
q

,(2.8) �ª�“A

ID = KIES exp[
VGS

NVT

] (2.12)

6
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1 1.5 2 2.5 3 3.5 4 4.5 5
0.3864

0.3865

0.3866

0.3867

0.3868

0.3869

0.387

V
CC

  (Volt)

V
O

U
T  (

V
ol

t)
 

Ç 2.4: ¼M¡5Ú¼Äí�|Ú9úÚÄÚ9íÉ[�(

VGS = NVT ln(
ID

IESK
) (2.13)

IES = µCoxN(VT )2 exp[
q

NκT
(−Vt −

NκT

q
)] (2.14)

w2VT = κT
q

uÏÚ9,N uŸ@ä�b N=2 ∼ 3,K = W
L

� FJ

ID2 = K2IES exp(
VGS2

NVT

) (2.15)

= K2IES exp(
VGS2 − ID1R

NVT

) (2.16)

= K2IES exp(
VGS1

NVT

) exp(−
ID1R

NVT

) (2.17)

=
K2

K1

K2IES exp(
VGS1

NVT

) exp(−
ID1R

NVT

) (2.18)

=
K2

K1

ID1 exp(−
ID1R

NVT

) (2.19)

/ÄÑ M3¸ M4uøúÚ¼Ÿ , FJ

ID1 = ID2 (2.20)

7
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1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

V
CC

  (Volt)

V
G

1  (
V

ol
t)

Ç 2.5: Vt-¡5Ú¼Äí�|Ú9úÚÄÚ9íÉ[�(

ø (2.18) Hp (2.17), %cÜ(ª)

ID1 = N
VT

R
ln(

K2

K1
) (2.21)

ø (2.19) �Hp (2.10) ª)

VGS2 = NVT ln(
NVT ln(K2

K1

)

IES2K2R
) (2.22)

Fýu¼MÚ¼Äí�|Ú9úÚÄÚ9íÉ[�(� âÇ2.4Fý¤Ú˜FÛí|üÚÄÚ9ük

1V� Ç2.4Ç2.5Ç2.6âõðí!‹ª)øJ,ú�Ú¼Ä·�ø_u°íÿõÿçÅ�‰“v, �

|Ú9}ßÞ—Ëí‰“� Wà: Ç2.7í¼MÚ¼Ä�|Ú9úÅ�íÉ[�(, ¸Ç2.8íQ, 

Ú¼Äí�|Ú9úÅ�íÉ[�(� â (2.7) �¸ (2.20) �ªøçÅ�‰“v¥s�Ú¼Äí�

|Ú9}ÄÏÚ9VT ¸`˙¡bIESDÅ�óÉ7‰�, ¤h1Ê¤l×Ií�Ü, Ì�íRûD

}&}Ê-øı�‹J�Ü�

2.1.4 A B R 9 Ú ˜ (Self-Biasing Circuit)

Ê¡5ÄÚ˜2ABR9Ú˜í3bŠàu±Q¡5Ú˜í�|úÚÄÚ9íÑÜ�àÇ2.9(b) ¦

Ho‚‚àøåÚ®òQQƒÚÄÚ9àÇ fig2.9(a)� 7ABR9Ú˜íh1àÇ2.10, ABR9
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Ç 2.6: Q, Ú¼Äí�|Ú9úÚÄÚ9íÉ[�(

Ú˜´�øáÔHÿu…�s_ÍTõ, FJ.âçÕqló�Ú˜JZUÚ˜	Tk_çíÍT

õ� J-BJbçuVõ|ABR9íi�4�ílªœÇ fig2.9(a) ¸Ç fig2.9(b) í�|ÄúÚ

ÄÚ9íÑÜ�, *Ç fig2.9(a) ªRû|w�|ÄúÚÄÚ9íÑÜ�}�Ñ (16) �

IOUT =
VBE2

R1

(2.23)

VBE2 = VT ln(
IIN

IS1
) (2.24)

SIOUT

VCC
=

VCC

IOUT

∂

∂VCC

VT

R1

(ln(IIN) − ln(IS1)) (2.25)

=
VCC

IOUT

∂

∂VCC

(
VT

R1

ln(
IIN

IS1

)) (2.26)

=
VCC

IOUT
∂

∂VCC

VT

R1

(ln(IIN) − ln(IS1)) (2.27)

=
VT

IOUT R1

SIIN

VCC
(2.28)
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Ç 2.7: ¼MÚ¼Äí�|Ú9úÅ�íÉ[�(

càVCC � 2VBE(ON), †IIN ≈ VCC

R1

/SIOUT

VCC
= 1, FJ

SIOUT

VCC
=

VT

IOUT R1
(2.29)

*Ç fig2.9(b) 26ªRû|w�|ÄúÚÄÚ9íÑÜ� (2.28) �/IIN = IOUT FJª)�|

ÄúÚÄÚ9íÑÜ�ÑÉ�

SIOUT

VCC
= 0 (2.30)

SIIN

VCC
= 0 (2.31)

FJ* (2.28) ��(2.30) �� ¸ (2.31) �2ªøABR9Ú˜ª××±QÚÄÚ9ú�|Äí	

à�

2.2 !…?[¡5Ú9Ú˜5«n

Ê¡5Ú9Ú˜íä�2J?¦¡5Ú9Ñ3bxX, …�BbøâÓÜ�ÞVRû„p?¼

Ï¡5Ú9ßÞÚ˜ (Bandgap Reference Voltage Generator) 5	TŸÜ£ªW4� íl¡5
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Ç 2.8: Q, Ú¼Äí�|Ú9úÅ�íÉ[�(

Ç2.12Ú˜,�|Ú9uVBE(ON)‹,NIíVT ; Ñ7²ì N MÛbÖý, Bb.âl)|VBE(ON)í

Å�[b, �I!”Ú¼, BJT 5VBE(ON)úÅ�5É[�, Êd. [2]Ñ:

VBE(ON) = VT ln(
I1

IS

) (2.32)

7Êd. [2]í�øı2)øñ¸Ú¼ DjK!ZíÉ[Ñ

IS =
qAn2

i Dn

QB

= Bn2
i Dn = B

′

n2
i Tµn (2.33)

w2 ni uÓMýb-ñë� (intrinsic minority-carrier concentration)�QBu©ÀPÞ	!”

¡Æ¾ (total base doping per unit area)�µnu!”�ÌÚäd�0 (average electron mobility

in the base)�B¸B
′

u�b, Ê(2.33) �2, Hp=Äg�É[�µn = ( q
κT

)Dnª) (2.33) �2

DÅ��óÉí¾}�[ýà-:

µn = CT−n (2.34)
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R1

Iout

Q2

VCC


Q1

R2

Iin


(a)


Iout

VCC


Q1

Q2

Q3 Q4

Iin


(b)


R1

Ç 2.9: (a) !¦”¡5Ú¼Ä (b) ABR9!¦”¡5Ú¼Ä

n2
i = DT 3 exp(−

VG0

VT

) (2.35)

w2VG0u¦Ê0◦Kví?¦Ú9(bandgap voltage of silicon extrapolated to),C�Du�b,

úµn7k,n †D!”íEÆ˙��É� ø (2.32) ��(2.33) ��(2.34) ��(2.35) �*hcÜª

)|:

VBE(ON) = VT ln(I1T
−γE exp(

VG0

VT

)) (2.36)

w2Eu�b,γ=4− nÊõÒí?¦Ú˜2, Ú¼I1uÓÅ�‰“7ÝìM, ªJ[ýà-�:

I1 = GT α (2.37)

w2Gu�b, â (2.36) ��(2.37) �ª):

VBE(ON) = VG0 − VT [(γ − α) ln(T ) − ln(EG)] (2.38)

Ç2.122, �|Ú9Ñ:

VOUT = VBE(ON) + NVT (2.39)
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Current Mirror

OUT
 IN

Current Source

OUT
IN

VCC


Iout
Iin


Ç 2.10: ABR9íj)Ç

ø (2.38) �Hp (2.39) �ª):

VOUT = VG0 − VT (γ − α) ln(T ) + VT [N + ln(EG)] (2.40)
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Iout

Iin


Current  mirror   Iin=Iout

Current source

Desired operating point


Undesired operating point


Ç 2.11: ²ìÍTõ

(2.40) �uJÚ˜¡bG�α�N¸jK¡bE�γ[ýíÅ�ƒ�, ª)|�|Ú9� Êql?¦¡5

Ú9Ú˜2, Bb|3bíh1uı�Å�í‰“ú�|Ú9êr³�	à; Ä¤, BbI�|Ú9

úÅ�T�}í�}MÑÉ, 6ÿu TCF (Temperature coefficient) ÑÉ, Q-Vª°)BbF

ÛbíG�α�N�„øb� �}�à-�:

0 =
dVOUT

dT
|T=T0

=
VT0

T0
[N + ln(EG)] −

VT0

T0
(γ − α) lnT0 −

VT0

T0
(γ − (α)) (2.41)

w2T0ÊVOUT íTCF ÑÉvíÅ�,VT0ÏÚ9 (thermal voltage) ÊT = T0víM� (2.41) �

½hcÜ(ª):

[N + ln(EG)] = (γ − α) lnT0 + (γ − α) (2.42)

¤j˙�ªøBbFÛbíMG�α�NJjK¡bE�γV[ý� Q-V, Bbªø (2.42) �Hp (2.40)

�!‹à-:

VOUT = VG0 + VT (γ − α)(1 + ln
T0

T
) (2.43)

Ä¤, Å�‰“ú�|Ú9í	àªâÀø¡bT0V·H, 7T0íM†âN�E�GV²ì� ç�|Ú

9ÊTCF�kÉ(T = T0)và-�:

VOUT |T=T0
= VG0 + VT0(γ − α) (2.44)
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ÔWVz, JBbÊ25◦cvíTCF�kÉ, cqγ = 3.2�α = 1, ª)-�:

VOUT |T=T0=25◦c = VG0 + 2.2VT0 (2.45)

¦í?¦Ú9VG0=1.205, FJ:

VOUT |T=T0=25◦c = 1.205V + 2.2(0.026V ) = 1.262V (2.46)

â¤!‹ªJõ|,�|Ú9ÊÅ�[b�kÉv(íM'Q¡¦í?¦Ú9M,¥6£u?¦¡5

Ú9Ú˜±˚ííâ�
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Ç 2.12: !…?[¡5Ú9Ú˜h1
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QÚ9QŠ0¡5Ú9Ú˜}&Dql

3.1 Ü�}&
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Ç 3.1: ¼MÚ¼Ä�|Ú¼D�pÚ¼íÉ[�(

¤¹�døÿõ[kQÚ9QŠ0¡5Ú9Ú˜, %¬�ùı}&ú�Ú¼ÄÊÍTÚ9íÌ

„, FJBSà¼MÚ¼ÄdÑÚ¼Ä, JZ¯¯QÍTÚ9íÔ4, /SàABR9Ú˜JZ±Q

�|Ú9úÚÄÚ9íÑÜ�� ÊQŠ0jÞ, u‚à MOS 	Tkÿ¥ó–x�QÚ¼íÔ4, /

Ê^kÅ�[bv6Zk}&¸ql�
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Ç 3.2: MOS•-Ä”Ú9DÅ�íÉ[�(

íl}&Ç2.3¼MÚ¼Ä

ID2 = K2IES exp(
VGS2

NVT

) (3.1)

ID3 = K3IES exp(
VGS3

NVT

) (3.2)

w2IES = µnCoxN(VT )2 exp[ q

NκT
(−Vt −

NκT
q

)], VtuMOS@äÚ9,VT = κT
q

uÏÚ9κuš

c��bκ = 1.38 × 10−23,N uŸ@ä�bN = 2 ∼ 3,K u MOS í�÷ªWK = (W
L

)�

(3-1) �ÎJ (3-2) �, ª)

ID2

ID3

=
K2

K3

exp(
ID2R

NVT

) (3.3)

(3-3) �%cÜ(ª)

ID3 =
ID2K3

K2

exp(−
ID2R

NVT

) (3.4)

w2²Ï

ID3 = [
K3

K2

exp(−1)]ID2 (3.5)
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VCC


R


M2 M3

M0 M1

R1

VOUT

Ç 3.3: QÚ9QŠ0¡5Ú9Ú˜

R =
NVT

ID2
(3.6)

fnU)R9Ú¼ID2Ä§ƒÚÄÚ9¸ÕÊ=1í	à7ßÞ‰�, FJ²Ï_çíRM, 1²Ï

M2¸ M3í(W
L

) , U)ÍTõ£ßu¼MÚ¼Äí¼MÚ¼, àÇ3.1Fý�

ÊÅ�^kjÞ, íl}&¼MÚ¼ÄíÅ�Ô4,

VGS = NVT ln(
ID2

K2IES

) (3.7)
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Ç 3.4: ID2DÅ�íÉ[�(

= NVT ln[
ID2

K2µCOXN(VT )2 exp( −Vt

NVT

− 1)
] (3.8)

= NVT ln[
ID2R

K2µCOXN(VT )2 exp( −Vt

NVT
− 1)R

] (3.9)

ø (3.6) �Hp (3.8) �, ª)ø (3-5) �Hp (3-6) �, ª)

VGS = NVT ln[
NVT

K2µCOXN(VT )2 exp( −Vt

NVT
− 1)R

] (3.10)

= NVT ln[
1

K2µCOXNVT exp( −Vt

NVT
− 1)R

] (3.11)

= NVT ln[
exp( Vt

NVT
)

K2µCOX
κ
q
exp(−1)R

T (α − 1)] (3.12)

= NVT ln[
1

K2µRCOX
κ
q

exp(−1)
] + NVT (α − 1) lnT + Vt (3.13)

ID2 =
VGS2 − VGS3

R
=

NVT

R
ln(

K3

K2
) (3.14)
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âÇ3.2¸ (3-13) �ª)ø MOS í•-Ä”Ú9uø_ŠÅ�[b/uø_Ë��bá� Å�í

øŸá� ¸Ý(4á� FJÊÅ�^kjÞ.âßÞø£Å�[bjKV^k•-Ä”íŠÅ�Ô4�

àÇ3.3QÚ9QŠ0¡5Ú9Ú˜u¤¹�dFqlí¡5Ú9Ú˜, Sà7¼MÚ¼Äx

�QÍTÚ9Q¾�Š0íÔ4� ÊÅ�^kjÞ, â (3-14) �2ªøwõÚ˜…™x� �^k

vFÛí£Å�[bjKID2àÇ3.4, .ÛçÕqlÅ�^kÂ, ÉÛ�QÚ®R1, |cR1Ú®M

Uw®ƒÅ�^kí^‹, w�|Ú9‰Ñ

VOUT = ID2R1 + VGS2 (3.15)

ø (3.13) �¸ (3.14) uHp (3.15) �ª)

VOUT =
R1

R
NVT + NVT ln(

1

K2RµCOX
κ
q
exp(−1)

) + NVT (α − 1) lnT + Vt (3.16)

= Vt + [
R1

R
+ ln(

1

K2RµCOX
κ
q
exp(−1)

)](
κN

q
)T + (

κN

q
(α − 1))T ln T (3.17)
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Ç 3.5: R1 = 154.602kí�|Ú9DÅ�íÉ[�(
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[b [bM

A0 0.8247192351846
A1 -0.0031156571531
A2 0.00038551813486
B0 0.01040873530519
B1 0.00048336389671

[ 3.1: â�(¡N¶¦)í[b�[

jK±˚ jKM ÀP

R1 140 KOhm
R 50 KOhm

M0 4um/16um
M1 4um/16um
M2 32um/16um
M3 79.04um/16um
M4 4um/12um
M5 4um/12um
M6 4um/12um

[ 3.2: ®jKM�[

3.2 Uà�}¶,¿^kÚ®íjKM

Êd.�è2�Tƒ¡5Ú9Ú˜íÅ��0^k2w2øéu`TPTAT 2�ò¼áà [5]^

kÝ(4á,7^kÂíqlYWu‚àÊ/øÅ�Ë¡U�|Ú9‰“|ü, 6ÿué�|Ú9Ê

/øÅ�Ë¡ø¼�}ÑÉ� ù¼�}ÑÉ, é�|Ú9Ê/øÔìÅ�Ë¡uœÑ ì�

∂VOUT

∂T
=

∂ID2

∂T
R2 +

∂VGS2

∂T
(3.18)

=
κN

q
[
R1

R
+ ln(

1

K2RµCox
κN
q

exp(−1)
)] +

κN

q
(α − 1)(1 + lnT ) (3.19)

íl�âbç�íRûª°) VGS2(T )¸ID2(T )í��, ÄÑÌ¶Äüí`˙¡b, FJªÛSà

bM}&¶6ŒBdÄüí}&¸,¿� * (3.13) ��(3.14) �2ªêÛà‹;dÅ�^kªuº

Ì¶)ø`˙¡b, FJ‚àbM}&¶�(¡N¶¡NVGS2¸ID2, )ƒVGS2(T )�ID2(T )� �(

¡N¶uøJ5íb_õàø‘�(¡N¥b_õ, wbç[ýÑ

MIN
N

∑

i=1

[Gi − (A + BTi + CTi ln(Ti))]
2 (3.20)

w2A + BT + CT lnTu;b¡Níƒb%, â,�íÆ�¶Bªø˛)øíMHp, 1ª)ƒø

_A + BT + CT ln(T )íƒbV¡NHpíM� …¹�døÔWð„¤¶íªW4, Ê[3.12F
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�Ôíu�â�(¡N¶F×)í[b, Ê[3.22F�ÔíuÊ¤W2®jK¡b, y‚à�}¶

Zª,¿|àÇ3.5Fýçb°T = 25◦c, Å�‰“b°|ü, %�}¶,¿|íR = 154.602K

7õÒ,, çT = 25◦c, �}ÑÉFÛí154.602K w�|Ú9DÅ�íÉ[àÇ3.5Fý�
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Ç 3.6: õÒÚ9MD¡Nƒb5ªœ

âÇ3.6¸Ç3.7ªø‚à�(¡N¶, F¡NíƒbDõÒ�<�íÏæ, w2¨A,¿M¸õÒM

�<�ÏÏw3bŸÄuÌ¶)øõÒÚ®DÅ�íƒb, FJl�vÉ?JÜ;Ú®d}&, Ä¤

}¨A<�ÏÏ, O¤¶TX7ql6£üíj², 7.uÔñí#ìjKM
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Ç 3.7: õÒÚ¼MD¡Nƒb5ªœ
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õð!‹Dªœ

Êõð2, …Ú˜¸d. [8]íÚ˜jKÌSà TSMC 0.35um 3P3M SiGe BiCMOS`˙,

Ç4.1uÚ˜0�Ç, [??FýuQÚ9QŠ0Dd. [8]ªœ5d��[, âÇ[2ªø¤Ú˜F

Ûb|üíÚÄÚ9u1.4V � �|Ú9u0.71� |×	TÚ¼u2.23uA, Å�[bu16.8ppm/◦c�

Ç 4.1: Ú˜0�Ç

ÊÇ[2ªøÊÚ˜¾�Š0�ü1.5I, X@Ú¼�˛øš� 7ÚÄÚ9jÞd. [8]ÍT¸

ˇ�˛ó¡� ÊÅ�jÞ…Ú˜œi¡4I� Ê4.62ÚÄÚ9{„ªíòä¶}ªy�|«1Qø

_ÚñZª××ZªÚÄÚ9{„ª�
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¡b d. [8] QÚ9QŠ0¡5Ú9Ú˜ ÀP

X@Ú¼ 2.163 2.23 µA
¾�Š0 10.221 6.68 µW

�p¡5Æmò� 758.045 15.6 µV
Hz0.5

�|Ú9 0.72 0.71 V
ÚÄÚ9{„ª -70(1 Hz) -109(1 Hz) dB

-70(1KHz) -109(1 kHz)
-67(1 MHz) -84.05(1MHz)

(4�Ä -1.76(◦c) 4.3(◦c) mv
v

-0.6(70◦c) 3.7(70◦c)
Å�[b 43.3 16.8 ppm/◦C

[ 4.1: ¡5Ú9Ú˜Dd.[8]5d��[
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Ç 4.2: ¡5Ú9Ú˜5Pre-Sim Ê.°Å�í�|Ú9
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Ç 4.3: ¡5Ú9Ú˜5Post-Sim Ê.°Å�í�|Ú9
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Ç 4.4: d.[8]5�|Ú9DÅ�íÉ[�(
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Ç 4.6: ¡5Ú9Ú˜5Post-Sim Ê.°ÚÄÚ9í�|Ú9
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5.1 !�

Ê¤¹�d2FT|ø�Ý��À7/QÚ9QŠ0¡5Ú9Ú˜� ¤Ú˜%‡0_Ò (Pre-

Sim) ¸(«_Ò (Post-Sim) w!‹uÅ�[bÑ 16.8ppm/◦c� ÚÄÚ9{„ª -84 dB� |×

¾�Š0Ñ 6.68uW, FÛí|üÚÄÚ9Ñ1.4V. Bb65?ƒÚ9Ä‰�ú�|Ú9í‰“, â

k.Û5?ƒ¤Ú˜ÊQÚÄÚ9E?	T, Bb[JUà Wilson Ú¼ŸÚ˜VTò¤Ú˜í(

4�Ä� âk¤^@3bŸÄuâk¦−Å�|‰ (Channel length modulation) 5^@, Ä¤B

bql M0, £ M1vuUwÑÅ¦−� 1Áü R1, J±Q�|Ú9í‰“, *5‡í}&ªêÛ

R1Áü, cñí¾�Š0}óúÓ‹, FJ¥uBb@G|íHg� Ñ7±Q¦−Å�|‰^@7

�Lø Ú¼ŸCÓ‹¦−Å�, ø}Ó‹FÛ|üíÚÄÚ9� ÊÚ˜}&í¬˙2Ì¶)øÌ�

í`˙¡bFJBb«àbM}&2í�(¡N¶UBbíÊqlí¬˙2y‹Z¡/Äü�

5.2 „V��

Ê…�d2J¼MÚ¼ÄÑ!�‚àABR9xXê�|ø�ÀíQÚ9QŠ0¡5Ú9Ä,

1«àÚ˜q¶så MOS 	Tkÿ¥ó–í•Ä”Ú9Ïx�DÅ��øŸáíÉ[V^kÅ�

[b, à¤Z.ÛçÕqlÅ�^kÂ, â¤cñíÚ˜-Z‰AÝ��À, 7/¾�Š0ü, Ou

Ú˜2í(4|c´�Zªí˛È, ÄÑÊÚ˜2ÍTÚ9¸(4|cíÔ4}�ó§½, FJ¥j

Þ@vuM)Êû˝íËj�
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