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A 0.2 ppm/◦C Curvature-Compensated Bandgap
Voltage Reference by NMOS Resistance

Student: Li-Feng Lai Advisor: Dr. Mu-Huo Cheng

Institute of Electrical and Control Engineering

National Chiao-Tung University

Abstract

In the bandgap reference circuit, applying the curvature-compensated technique to

reduce the effect of the nonlinear dependence of the base-emitter voltage with tempera-

ture is an important research topic in recent years. Several approaches using high-order

temperature-dependent resistors or the temperature characteristics of the current gain

β of a bipolar transistor have been proposed. This thesis presents a new curvature-

compensated bandgap voltage reference; the circuit uses the voltage control resistance of

an NMOS operated in the triode region to generate a nonlinear dependence with posi-

tive temperature coefficients because the electron mobility decreases as the temperature

increases. This nonlinear dependence is used to compensate for the nonlinearity of the

base-emitter voltage with temperature. The proposed circuit is implemented using the

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

attains the output reference voltage 1.15 V, temperature coefficient of 0.2 ppm/◦C, power

consumption 1.5 mW, and power supply noise rejection ratio -59 dB at 100 Hz.

Keywords: bandgap voltage reference, curvature-compensated.
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1.1 ?¦¡5Ú9Ú˜!…h1Dû˝�œ
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Ç 1.1: ?¦¡5Ú9Ú˜!…-Z

ÊéªÚ˜@à,��Ûbø_ ì¡5Ú9Ä, wÚ9M.}ÄÚÄÚ9C=1Å�í

‰“7ßÞØ×‰�� ¤¡5Ú9u%�u‚àVßÞ ìíRÚ9 (bias voltage) CRÚ¼ (bias

current), JUc_Ú˜Í$?Ê£ü	TõÍT� FJ¤ø¡5Ú9ÄqlíG8��u	àcñ

Ú˜í�ü�, ªÔ�£G0� ñ‡ ì¡5Ú9Äíql�˛·uJÚ˜VøÚ�ñ?¦ (Bandgap)
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� 1 ı é�

M¾¦Ñ�|M, ]¤Ú˜˚Ñ?¦¡5Ú9ßÞÂ (Bandgap Reference Voltage Generator)�

¤Ú˜í!…	TŸÜu`¨ø_£Å�[bDøŠÅ�[bíÓÜ¾, øsÓÜ¾TÜó‹¹ª

UwÅ�^@ó�J�¹)ƒø.ÓÅ�‰“í¡5M� t�í?¼Ï¡5Ú9ßÞÚ˜ (Bandgap

Reference Voltage Generator) ~¡5Ç 1.1, …u‚àÂ-äQÞÚ�ñ (Bipolar Junction

Transister, BJT) 2í VBE ÑøŠÅ�[bíÓÜ¾ (�Ñ −2 mV/◦C), 7y‚àâÏ�Fß

Þ5Ú¼wDÓÜ¾ VT = kT/q A£ª, Ä¤UàÑFÛí£Å�[b5¾� âk VT wúÅ�

í‰“[b�Ñ k/q = 0.8617 × 10−4 V/◦C� ø VT 
,_çíªW[b M ¹ªJ� VBE 5

ŠÅ�[b5^@� w�|Ú9Ñ:

Vout = VBE + MVT (1.1)

w2Ml�(Ñ2/(0.8617 ×10−4)�

1.2 d.�è

Êqlhí?¦¡5Ú9Ú˜5‡, Bb¡57rÖíd., J‚ü
û˝íj²� ?¦¡5Ú

9Ú˜|3bí¡b5øÿuÅ�‰“ú�|¡5Ú9í	à, kuÊ½©d.Vûèí½-, ÿ[

ÊÅ�[bTCF , 6u¤¹�dí½-� J-, ø�Üû¹±QÅ�[bíd.�

1.2.1 J.°Å�[bíÚ®ßÞò¼áVJ¾Ý(4áí^@ [8]

¤¹d.T|ø_hí-Z, àÇ1.2, ªø BJT Transistor VEB(T )íÝ(4áí^@‹Á,

UÅ�‰“ú�|Ú9í	àyü� …løVEB(T )Jœ �b�Ç:

VEB(T ) = a0 + a1T + a2T
2 + a3T

3 + · · ·+ anT n (1.2)

w2a0, a1, · · · , anÑ�b; 7Ç1.22ªRû|:

VREF = VEB2 + VT

[

R2

R1

· ln N
]

+ VT

[

R3

R1

· ln N
]

(1.3)

w2R1�R2í‡”uó°í, FJVT

[

R2

R1

· ln N
]

ÑÅ�íøŸá, 7R3DR1‡”.°, Ä¤Å�[

b.°,VT

[

R3

R1

· ln N
]

ªJßÞÅ�TíòŸá, �â|cR3í®MZª‹Á VEB(T )íòŸá,

J;‹ VEB(T )yÖíòŸá, ªy‹p.°Å�[bíÚ®� |()ƒí�|Ú9ZuúÅ�‰

“íÜ>�yQí!‹�

1.2.2 J PTAT £ìÚ¼ (úÅ�) ¼% BJT ßÞ.°Å�[bíVBE(T ),[10]

¡5Ç1.3d.2·HVBE(T )íbç�:

VBE(T ) = VBG − (VBG − VBE0)
T

T0

− (η − α)VT ln
T

T0

(1.4)

2
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Ç 1.2: d.[8]T|í�(^k?¦¡5Ú9Ú˜

7 PTAT £ìÚ¼íαM}�Ñ1�0, wF¼%í BJT íVBE(T )}�Ñ:

VBE,Q1,2
(T ) = VBG − (VBG − VBE0)

T

T0
− (η − 1)VT ln

T

T0
(1.5)

VBE,Q3
(T ) = VBG − (VBG − VBE0)

T

T0
− (η)VT ln

T

T0
(1.6)

s�óÁ(:

VNL
∼= VBE,Q3

(T ) − VBE,Q1,2
(T ) = VT ln

T

T0

(1.7)

|(ª)Vout:

Vout = VT

(

R3 ln N

R0

)

+ VBE

(

R3

R1

)

+ VNL

(

R3

R4,5

)

=
R3

R1

(

R1 lnN

R0
VT + VBE +

R1

R4,5
VNL

)

(1.8)

w2R4,5 = R1

η−1
; â (1.5) �£ (1.6) �Bbªø, ¤¹d.Js.°Ú¼¼% BJT ßÞ.°

íVBE(T )óÁ()ƒø[bÑ£íÝ(4áT ln T , yJ|cR4,5VJ¾VBE(T )[bÑŠíÝ(

4á, ®ƒ�(^kí^‹, ±QÅ�‰“ú�|Ú9í	à�

3
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V
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Ç 1.3: d.[10]T|í�(^k?¦¡5Ú9Ú˜

1.2.3 ‚à BJT β(T )í�(^k?¦¡5Ú9Ú˜,[4]

¤d.T|ø_ª‚àβ(T )V®ƒ�(^k^‹í-Z, âÇ1.4ªŸ|VREFà-:

VREF ≈ VBE(T ) + c1RT +
c2RT

β(T )
(1.9)

7β(T )íbç�à-:

β(T ) = β∞ exp
(

−
∆EG

KT

)

(1.10)

w2∆EGÑ¦”?�&�ÄäD¦”EÆ¾íªM (the bandgap narrowing factor og emitter

proportional to the emitter doping level), ø (1.10) �Hp (1.9) �, †VREF :

VREF ≈ VBE(T ) + c1RT +
c2RT

β∞

exp
(

∆EG

KT

)

(1.11)

|(, øVBE(T )� c2RT
β∞

exp
(

∆EG

KT

)

Jœ �b[ýAa0 + a1T + a2T
2, y|c[b, ÿªêA�(

^kí�T�

4
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Ç 1.4: d.[4]T|í�(^k?¦¡5Ú9Ú˜

1.2.4 J~²ÚñÚ˜ÑÇÉ¦)_çT0Mí�(^k?¦¡5Ú9Ú˜,[12]

¤d.T|í;¶u, ÊŸlí�¦?¦¡5Ú9Ú˜ (àÇ1.5�1.6), ‹p�_ÇÉÚ˜

V
REF


T
0

T


Ç 1.5: �¦?¦¡5Ú9Ú˜�|Ú9úÅ�‰“�(

©Q.°×üíÚ®(, ©_ÇÉ}Ê.°íÅ�¸ˇ-©QÚ˜, U).°íÅ�¸ˇq�®A

íT0(¹
∂Vout

∂T

∣

∣

∣

T=T0

= 0), àÇ1.7�1.8; �¦?¦¡5Ú9Ú˜bç�à-:

VREF = VBE(T ) + K∆VBE (1.12)

¤d.í–1ÿÊkøŸ…íÅ�–È}Ab_, Ê.°í–È, ßÞ.°íK
(

= R3

R1+R10,11,12,13

)

M,

†�.°íT0� w!‹àÇ1.7�

5
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Ç 1.6: �¦?¦¡5Ú9Ú˜

V
REF


T
M

T


T
0i T
0ii
T
L


V
2


V
1A V
1B

variance2


variance1


Ç 1.7: d.[12]í?¦¡5Ú9Ú˜�|Ú9úÅ�‰“�(

1.3 û˝ñí

?¦¡5Ú9Ú˜ÊéªÚ˜,uUc_Í$?Ê£üí	Tõ	T, ku¡5Ú9Bu ì,

c_Í$í^?�[Û6ÿ� ì, Ê�Ä�íb°nïÃ�-, ¡5Ú9 ì�íb°6Ó5Tò;

âkŸlí�¦?¦¡5Ú9Ú˜É?¾Î Bipolar transistor VBEí(4á, ºÌ‰¾ÎwÝ(

4áT ln TF¨Aí	à, 7¥	àí˙�˛ÚÚ.?y\�I� ku, bZªíj¶�ù�, øu

Zª`˙, U Bipolar transistor VBEíÝ(4áT ln Tí[b?Dy�ü, U5ú�|Ú9ÓÅ
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Ç 1.8: d.[12]í?¦¡5Ú9Ú˜

�‰“í	ày�ÿ; Çøj¶†uZªÚ˜-ZV±QÝB¾ÎÝ(4áí	à, é�|¡5Ú9

ÓÅ�‰“í‰�Áý�

1.4 û˝j¶

Ñ°…�dx�óç5Ãã4Dêc4, Êû˝j¶,.â�‘.9Ëc�	ìû˝_�, à¤

øV.cÁýû˝j²˜ÏíêÞœ0, ?ª‚�Ü�}&D_Ò!‹�kø_, J®ƒs6ó�ð

„� ó.óA5^‹� ¹U|�!‹�.¸ã‚6, ??J�çj¶Ñ!�, M¥¿À½æFÊ1‹

Jj²� Zª� Êc_û˝¬˙2FSà5j¶¥	ª}ÑJ-�õ:

1. û˝?¦¡5Ú9Ú˜í!…Ü�, pëc_Ú˜^àÑS, àS	T, 5š[Ûnußí^

?�

2. ½ÕcÜ?¦¡5Ú9Ú˜5óÉ�dDÛ�ß¹’e, JÇ,¯¯ÛbÍ$-ZDd��

3. ílûèjKí`˙’e, yø!…í?¦¡5Ú9Ú˜dSPICE Simulation, pë®_)

�-ZÊÚ˜2rÆíiH, jKúÅ�‰“í¥@, u´¯Ü�íbç_�Q¡,J.u, u

7



� 1 ı é�

BówFŸÄ¨A�

4. ®jKíbç_��
(, yqlhíÚ˜, 1J®jKíbç_�VRûhÚ˜íqlÜ��

5. hÚ˜êcíbçÜ�êA(, yJSPICE -Z–hÚ˜V_Ò, J_Ò!‹DbçRûí

!‹Ý�Q¡, ZªÇáªW‡¨_Ò (Pre-Simulation) í	T; J.uÝ�Q¡, †.â

pnw2íÏÏ|kST; JÏÝ±, _Òí!‹¸bçRû!‹í�‘;…œ_”`, .â

½�,ø¥, �eujKíbç_��Zí.Dêc, ´uêcÚ˜íÜ�Rû˜Ï�

6. yøÚ®� ÚñõÒí`˙’e[p_Ò (‡¨_Ò), ÄÑõÒíÚ®� ÚñÔ4DÜ;Ú

®� ÚñÔ4�<�.°, FJ´.âªW��í|c, J˜Ïþt¶ÚÚV¡5‡_Òí!

‹�

7. |(øwõÛB¦�Ò,, Ñü\ IC A¹?D_Òvø_, y0� (Layout) !!(.âÏ

W(¨_Ò (Post-Simulation), Jø0�F-Óí•Þ^@�p5?�

1.5 �d-Z

…�døu}Ñýı: �øıl�Üc_�dû˝í!…h1D�œ, 1ú?¦¡5Ú9Ú˜

ê�*�£@à–”‹J�Ü, 1õ|¤é�Ú˜Fx�íÔõ, QO�è¬ d.û˝õÛ?¦¡

5Ú9Ú˜FSWíj¶, 1J�(^k (Curvature-Compensated) Ñ3b«nñ™, |(‡ú

û˝ñ™DFS¦5û˝j¶D¥	Tøzp� �ùı†‡ú�¦?¦¡5Ú9Ú˜í!…Ü�‹

JÌ�n�, 1T|w§ÌíŸÄ� �úı†‡ú�¦?¦¡5Ú9Ú˜F§ÌíËj, JÜ�}&

Zªíj¶, QOJÜ�Ñ!�qløhí�(^k?¦¡5Ú9Ú˜, QO}&wÚ˜íªW4,

²ìÚ˜2®jKM, |(��J|ü�jÏÏ¶í�(¡N� �ûıÇá‡úøO?¦Ú9Ú˜

Fb5?ƒí^?[Û, ¨�7úÅ�� R9� `˙�‰�í}&, £ÚÄÚ9mU§½ª� �|Æ

mí}&��üı†Ñ0�!‹£d��[��ýıúû˝A‹T|,!, 1T|„Ví��D�‡�
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� 2 ı

�¦í?¦¡5Ú9Ú˜ (Conventional Bandgap
Voltage Reference)

2.1 !…Ü�

…�BbøâÓÜ�ÞVRû„p?¼Ï¡5Ú9ßÞÚ˜ (Bandgap Reference Voltage

Generator) 5	TŸÜ£ªW4� íl¡51.1Ú˜, �|Ú9VBE(on)u‹,MIíVT ; Ñ7²

ìMMÛbÖý, Bb.âl)|VBE(on)íÅ�[b, �I!”Ú¼,BJT 5VBE(on)úÅ�5É[

� [2]Ñ:

VBE(on) = VT ln
I1

IS

(2.1)

7Ê [2]í�øı2)øñ¸Ú¼ISDjK!ZíÉ[Ñ:

IS =
qAn2

i Dn

QB
= Bn2

i TDn = B
′

n2
i Tµn (2.2)

w2niÑÓMýb-ñë� (intrinsic minority-carrier concentration), QBÑ©ÀPÞ	!”E

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

in the base),B¸BÑ�b; Ê (2.2) �2, *=Äg�É[�µn = (q/kT )DnªøISJµn£n2
i s

áV[ý� (2.2) �2DÅ��óÉí¾}�[ýà-:

µn = CT−n (2.3)

n2
i = DT 3 exp(−

VG0

VT
) (2.4)

w2VG0Ñ¦Ê0◦Kví?¦Ú9(bandgap voltage of silicon extrapolated to 0◦K), C�DÑ�

9



� 2 ı �¦í?¦¡5Ú9Ú˜ (Conventional Bandgap Voltage Reference)

b; úµn7k,n †D!”íEÆ˙��É� Q-V, â (2.1)� (2.2)�(2.3)�(2.4) �ª)|:

VBE(on) = VT ln(I1T
−γE exp

VG0

VT
) (2.5)

w2EÑ�b,γ = 4 − n; ÊõÒí?¦Ú˜2, Ú¼I1uÓÅ�‰“7ÝìM, ªJ[ýà-�:

I1 = GT α (2.6)

w2GÑ�b; â (2.5)�(2.6) �ª):

VBE(on) = VG0 − VT [(γ − α) lnT − ln(EG)] (2.7)

âÇ 1.12, �|Ú9Ñ:

Vout = VBE(on) + MVT (2.8)

ø (2.7) �p (2.8) 2ª):

Vout = VG0 − VT (γ − α) ln T + VT [M + ln(EG)] (2.9)

(2.9) �uJÚ˜¡bG�α�M¸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, 6ÿuTCF (Fractional Temperature coefficient) ÑÉ, Q-Vª

°)BbFÛbíG�α�M�„øb� �}�à-�:

0 =
dVout

dT

∣

∣

∣

∣

T=T0

=
VT0

T0

[M + ln(EG)] −
VT0

T0

(γ − α) lnT0 −
VT0

T0

(γ − α) (2.10)

w2,T0ÑVoutíTCFÑÉvíÅ�,VT0ÑÏÚ9 (thermal voltage)VT ÊT = T0víM; (2.10)

�Ê½hé§-ª):

[M + ln(EG)] = (γ − α) ln T0 + (γ − α) (2.11)

10



� 2 ı �¦í?¦¡5Ú9Ú˜ (Conventional Bandgap Voltage Reference)

¤j˙�ªøBbFÛbíMG�α�MJjK¡bE�γV[ý� Q-V, Bbªø (2.11) ��p (2.9)

�Vú?¦Ú9Ú˜�y¡ø¥í7j, !‹à-:

Vout = VG0 + VT (γ − α)
(

1 + ln
T0

T

)

(2.12)

Ä¤, Å�‰“ú�|Ú9í	àªâÀø¡bT0V·H, 7T0íM†âG�α�MV²ì� ç�

|Ú9ÊTCF�kÉ (T = T0) và-�:

Vout

∣

∣

∣

∣

T=T0

= VG0 + VT0(γ − α) (2.13)

ÔWVz, JBbÊ25◦CvíTCF�kÉ, cqγ = 3.2�α = 1, ª)-�:

Vout

∣

∣

∣

∣

T=T0=25◦C
= VG0 + 2.2VT0 (2.14)

¦í?¦Ú9VG0 = 1.205 V , FJ:

Vout

∣

∣

∣

∣

T=T0=25◦C
= 1.205 V + 2.2(0.026 V ) = 1.262 V (2.15)

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

Ú9Ú˜±˚ííâ�

2.2 Ý(4á¨AíÌ„

QO, Bbø (2.12) �úÅ��}, ª):

dVout

dT
=

1

T

[

VT (γ − α)
(

1 + ln
T0

T

)]

−
VT

T
(γ − α)

= (γ − α)
VT

T

(

ln
T0

T

)

(2.16)

(2.16) �u[ýÚ9úÅ�Tíé0� Ç2.1uÊα = 0/I1úÅ�ÌÉíÔy8”-, å|�

|Ú9Ê.°íT0-úÅ�‰“í�(; ©‘�(íé0ÊT = T0íõ·ÑÉ, ÊT < T0v, Ä

Ñlogƒb³íM×k1, é0u£M; ¥5,T < T0v, é0ÑŠ� çT ≈ T0v,

ln
T0

T
= ln

(

1 +
T0 − T

T

)

≈
T0 − T

T
(2.17)
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� 2 ı �¦í?¦¡5Ú9Ú˜ (Conventional Bandgap Voltage Reference)

( )����
�

( )�� °

�� °= ���
�

�=
∂

∂
�

�
���

�=
∂

∂
�

�
���

�� °= ���
�

�� °= ���
�

�=
∂

∂
�

�
���

Ç 2.1: ?¦¡5Ú9Ú˜�|Ú9úÅ�í‰�

BbªJ)ƒ:

dVout

dT
≈ (γ − α)

VT

T

(

T0 − T

T

)

(2.18)

â (2.17) �¸ (2.18) �, BbªJø−, Å�[bÉ�ÊT = T0ÑÉ; Bb*Çáí (1.1)(à

Ç1.1) RûB¤, âkVBEíÅ�[b1Ýêru�b, ÉuQ¡�bíø_Å�Tíƒb,7MVT í

Å�[b†Ñ�b
(

M × k
q

)

, Ä¤, Bbªqlø_MVT , UVBE + MVT ÊT = T0víÅ�[b

ÑÉ, ºÌ¶UÅ�[bÊF�Å�(for all T) vÑÉ, 6ÿuÌ¶U�|Ú9.§Å�‰“í	

à, ŸÄÿuMVT Ì¶¾ÎVBEúÅ�íÝ(4áT ln T ; Ñ7bUÅ�‰“ú?¦¡5Ú9Ú˜

�|Ú9í	à±íyQ, Bb.âq¶¾ÎVBEíÝ(4áF�Ví	à; ku, ^k¤Ý(4á

í?¦¡5Ú9Ú˜Bb˚5Ñ ��(^k(Curvature Compensated)��
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� 3 ı

J NMOS jKT�(^k5?¦¡5Ú9Ú˜

3.1 Ü�}&

wQ2.2�5–1, ¤–1ÿuBbFbqlí?¦¡5Ú9Ú˜í3bñí5FÊ: �±QC

¾ÎVBEÝ(4á5	à, U)Å�‰“ú?¦¡5Ú9Ú˜�|Ú9Mí	àyüÝB.¨AL

S	à��

ÊóÉí�(^k?¦¡5Ú9Ú˜í�d2,b^kVBEÝ(4áT ln Tí–1�s�: øu

q¶)|øªJ¾íÝ(4áT ln T , |c[bJJ¾VBE5T ln Tá; ù†uql|ø ò¼á,

âkªøT ln TJœ �b�ÇAJò¼á Aíƒb, ku?¾Îíáb�Ö,Ý(4áT ln TF

	àí^@Z��ü� QO, J,Hís�–1, Çó7¤¹�dû˝� qlíj²£ñ™�

ÊÇ1.1£ (1.1) �, Bbªø�¦?¦¡5Ú9Ú˜í�|Ú9Ñ:

Vout = VBE + MVT (3.1)

7ÊÇ3.12, âkBbøI1�I2JÚ¼Ÿíj��|, 6ÿuI1 = I2, Ä¤ªø:

Vout = VBE2 +
R2

R1
∆VBE (3.2)

w2

∆VBE = VT ln
I2

IS2
− VT ln

I1

IS1

= VT ln
(

I2

IS2

I1

IS1

)

≈ VT ln
(

A1

A2

)

= VT ln
(

NA2

A2

)

= VT lnN (3.3)

Hp (3.2) �(ª):

Vout ≈ VBE2 +
R2

R1

VT ln N (3.4)
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� 3 ı J NMOS jKT�(^k5?¦¡5Ú9Ú˜

��

�
��

�

����

	�

	�

����

�������	
�����

Ç 3.1: �¦?¦¡5Ú9Ú˜-Z

(3.4) �âhôª)ø:

M =
R2

R1

ln N (3.5)

Q-V, Bbbqløhí?¦¡5Ú9Ú˜, 6ÿu�(^k?¦¡5Ú9Ú˜, àÇ3.2, w

�|Ú9Ñ:

Vout = VBE + MVT + LV (T ) (3.6)

w2LÑ�b,V (T )ÑJÅ�ÑƒbíÚ9ƒ�; Ü�,, Bb;bql¤Ú˜�|Ú9úÅ�í�

}Ñ:

∂Vout

∂T

∣

∣

∣

∣

for all T
=

[

∂VBE

∂T
+ M

∂VT

∂T
+ L

∂V (T )

∂T

]

∣

∣

∣

∣

for all T
= 0 (3.7)

6ÿuÅ�í‰“ú�|Ú9Mêr³�	à:

Vout(T ) = const. (3.8)
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� 3 ı J NMOS jKT�(^k5?¦¡5Ú9Ú˜

��

�
��

�

����

	�

	�

����

����

��		
���
�		�	

Ç 3.2: �(^k?¦¡5Ú9Ú˜

Ê2.1�2, Bb˛ø (2.7) �à-:

VBE(on) = VG0 − VT [(γ − α) lnT − ln(EG)] (3.9)

Ä¤qlø_ªJßÞV (T )Ú˜,D�¦?¦¡5Ú9Ú˜!¯ÑøhíÚ˜, U)VBEÝ(4T ln Tá

5	à?\V (T )J¾¥, kuBbı�V (T )Ñ:

V (T ) = C1T + C2T lnT (3.10)

w2C1Ñ�b/C1 < − k
qL

ln(EG),C2Ñ�b/.ÑÉ; /

LC2T ln T − (γ − α)VT ln(T ) = 0 (3.11)

J£

LC1T + VT ln(EG) + MVT = 0 (3.12)

(3.11) �£ (3.12) �%¬cÜ(à-:

L = (γ − α)
k

qC2
(3.13)

M = −
[

ln(EG) +
qLC1

k

]

(3.14)
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� 3 ı J NMOS jKT�(^k5?¦¡5Ú9Ú˜

â (3.13) �£ (3.14) �2BbªJêÛ, ÊøhíÚ˜!¯7�¦?¦¡5Ú9Ú˜(, Bbª

JlâÝ(4áT ln Tí¾Î, )ƒBbFÛbíLM, yâ(4áTí¾Î, )ƒBbFbíMM;

w2,Lí|cÑhÚ˜qlíbõ, 7M†ªâR1CR2V|c� |cê(, �|Ú9Ñ:

Vout(T ) = const. ≈ VG0 (3.15)

ñ™®A, àÇ3.3�

270 280 290 300 310 320 330 340 350
0

0

0

0

0

1.1V

0

0

0

0

0

Temperature (°K)

V ou
t (V

)

Ç 3.3: Ü;�(^k?¦¡5Ú9Ú˜5�|Ú9

3.2 Ú˜ql

Ü�}&êA5(, ZbÇáql�(^k?¦¡5Ú9Ú˜� Êd.í�è2, BbêÛÝ

(4áT ln TªJœ �b�ÇAò¼áV[ý, rÖlª� ‡2ql?ßÞò¼áíÚ˜, V±

QT ln TFßÞí	à, wA‹Ý�±�� ku, J¤–1Ñ‡T, BbÇá251qlø_hí�

(^k?¦¡5Ú9Ú˜� âÇ3.22, BbêÛÚ¼I1:

I1 =
∆VBE

R1

=

(

k

qR1

lnN

)

T (3.16)

ku, ^kíÚ9V (T ):

V (T ) = I1R(T )

=

(

k

qR1
ln N

)

T × R(T ) (3.17)
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� 3 ı J NMOS jKT�(^k5?¦¡5Ú9Ú˜

â (3.17) �2Bb)ƒø_!�: qlø_R(T ), ¤R(T )úÅ�T.Ñ�b/¼b×kÉ, Bb

Z�œ}^kVBEíÝ(4áT ln TF¨Aí	à, U)Å�í‰“ú�|Ú9í	àyü�

íl, Êd.2 [9], {T£ MOS jKíµn(Úäd�0,electron mobility) £Vtn(@äÚ9,

Threshold Voltage) úÅ�‰“íÉ[:

µn(T ) = µn0T
−αµ (3.18)

Vtn(T ) = Vtn(T0) − αV T (T − T0) (3.19)

w2,µnoÑ�b,αµ�αV T Ñ�b/wMÑ£; Bbâ [2]ø− NMOS jKÊú”�– (Triode Re-

gion) íÚ¼-Ú9É[�Ñ:

I =
1

2
µnCox

W

L
[2(VGS − Vtn)VDS − V 2

DS] (3.20)

âkVDSÊú”�–íM'ü, FJ (3.20) �ª¡NÑ:

I ≈ µnCox
W

L
(VGS − Vtn)VDS (3.21)

Ä¤ NMOS Êú”�–íÔ4¡Nø9− (VGS) Ú®, à-�:

rds =
VDS

I
≈

1

µnCox
W
L

(VGS − Vtn)
(3.22)

ø (3.18) �£ (3.19) �Hp (3.22) �, ª):

rds ≈
T αµ

µn0Cox
W
L

(VGS − Vtn(T0) + αV T (T − T0))
(3.23)

w2, øOVz,αµ�:1.5 ∼ 2.5,αV T�:1 ∼ 4 mV/◦C, ÛÊ, Bb˛)ø7rdsÊú”�–úÅ�

íÉ[�, QO, ZªOGø NMOS jK¤øÔ4@àÊ?¦¡5Ú9Ú˜2, ílBbqlÚ˜

àÇ3.4:

Q-V, Bb´ÛbqlVGS, âÇ3.4ªø:

VGS = VG − VBE2 (3.24)

ku, BbqløÚ˜VßÞVG, àÇ3.5:

ql¼˙à-:

1. BblqløÚ˜w,juÚ¼Ÿ, -juÏ�Ú˜, Vø¦�|Ú9Vout�

2. ø¦|í�|Ú9õ, QøÚ®QË, ßÞÚ¼Ä�

3. QøÚ�ñQ3, w�÷DQ2ó°, øw!”«Ú9QBVG�
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� 3 ı J NMOS jKT�(^k5?¦¡5Ú9Ú˜

Q2

1


Q1

N


Vout


R1


R2


VCC


I
1
 I
2


Vout


+


-


Vds
V
G


Current-Mirror


Ç 3.4: ‹pNMOS(rds,Triode Region) qlí�(^k?¦¡5Ú9Ú˜

qlÜâà-:

1. Bbı�VGíÚ9âAÐ…™íÚ˜ßÞ, 7ÝJÇø¡5Ú9ÄVßÞ; JâÇø¡5Ú9

ÄVßÞ, øV}¨AÞ	¬×, y6, ø?¦¡5Ú9Ú˜�T£�D´.@´§Çø¡5

Ú9ÄV²ì, Ê‹,ÚÄÚ9v, Ú˜…™ÿ@ßÞø¡5Ú9, ku, Bbqlø�¤Ú

˜VßÞVG�

2. âkVBE2Ý(4áT ln T5[bÑŠ,VDSíÅ�[bÛbÑ£Mnª^k, Ä¤, Ê}‚á

³í(VGS − Vtn)ÓÅ��×7Ó‹í�‘�ü, †VDS5Å�[bÑ£Mí�‘�#, Q3í

qlÿuÑ7±Q(VGS − Vtn)ÓÅ��×7Ó‹í�‘, ÄVGS:

VGS = Vout + I3R4 + VBE3 − VBE2 (3.25)

Ä¤BbqlQ3í�÷DQ2ó°, /¼¬Q3íÚ¼MD¼¬Q2íÚ¼MQ¡, ÖÍ¼¬Q3

DQ2íÚ¼§Å�‰“í	à}�Ñ�bDPTAT(Proportional to Absolute Tempera-
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� 3 ı J NMOS jKT�(^k5?¦¡5Ú9Ú˜

Q2

1


Q1

N


Vout


VCC


I
1
 I
2


Vout


+


-


Vds

V
G


Current-Mirror


+

-


Q3

1


VCC


I
3
R
3


R
4


R
1


R
2


M
res


R
13


Ç 3.5: Ú9VGíqlÚ˜

ture), OVBE3DVBE2ÓÅ�‰“	àíÏ�óç�ü, Rûà-:

I2 = GT α, α = 1 (3.26)

I3 =
Vout

R3
= G1

= GT0 = I2|T=T0
(3.27)

ø (3.26)�(3.27) �}�Hp (3.9) �, ª):

VBE3 = VG0 + VT ln(EG1) − γVT lnT

= VG0 + VT ln(EGT0) − γVT ln T (3.28)

VBE2 = VG0 + VT ln(EG) − (γ − 1)VT lnT (3.29)

ø (3.28) �£ (3.29) �óÁª):

VBE3 − VBE2 = VT ln
(

T0

T

)

(3.30)
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� 3 ı J NMOS jKT�(^k5?¦¡5Ú9Ú˜

‡Þ{Tƒ,αV T ×�1 mV/◦C ∼ 4 mV/◦C, /−∆Vtn

∆T
= αV T ; 7

∆VGS

∆T
=

∆(VBE3 − VBE2)

∆T

=
k

q

[

(T + ∆T ) ln
(

T0

T+∆T

)

− T ln T0

T

]

∆T

≈
k

q

∆T ln T0

T

∆T
=

k

q
ln

T0

T
(3.31)

w2k
q

= 0.8617 × 10−4 V/◦C; JT0 = 25◦C = 298◦K, T = 70◦C = 343◦K, ∆VGS

∆T
≈

−1.2 × 10−5 V/◦CD∆Vtn

∆T
ªœ–Vbüí'Ö, ªøVtnDVGSúÅ�í‰“Ï7×�80 ∼

300I, ku, ‹pQ3íÚ˜ªUBbøÅ�úVGSí^@�I, yjZBbql, ¥ÿu‹

pQ3íÜâ, Ä¤Vout¡N(í!‹à (3.32), ¡5Ç3.5�

Vout = VBE2 + Vds + VR2

= VBE2 + I1rds + I1R2

= VBE2 +
∆VBE

R1

(

T αµ

µn0Cox
W
L

(Vout + I3R4 + VBE3 − VBE2 − Vtn(T0) + αV T (T − T0))

)

+

∆VBE

R1

R2

= (VG0 + VT ln(EG) − (γ − 1)VT ln T ) +




(

k

qR1
ln N

)

T





T αµ

µn0Cox
W
L

(

Vout + I3R4 + VT ln T0

T
− Vtn(T0) + αV T (T − T0)

)







 +

(

kR2

qR1
lnN

)

T

≈ (VG0 + VT ln(EG) − (γ − 1)VT ln T ) +
[(

k

qR1
ln N

)

T

(

T αµ

µn0Cox
W
L

(Vout + I3R4 − Vtn(T0) + αV T (T − T0))

)]

+

(

kR2

qR1
lnN

)

T (3.32)

�|VGÚ9íÚ˜²ì(, ZªJÇá²ìc_Ú˜|½bí�_jKM�

½b¡bíql¼˙à-:

1. ²ìN�R1� Bbílqì∆VBE5Å�[b
(

= k
q
ln N

)

V²ìN , yâªQ§íŠ0¾�¸

ˇ²ìI1Ú¼M,R1

(

= k
qI1

ln N
)

íM6ÿ\²ì7, àÇ3.6�

2. ²ìR3�R4�
(

W
L

)

� âk«É	ñÚ˜t−TXí`˙’e.Dêc, �à Bipolar transis-

tor 5C�D�E�γ, MOS transistor 5µn0�αµ�αV T �Cox�½b¡b„TX, ¨Aql,�ó
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Q2

1


Q1

N


R1


VCC


I
1
 I
2


Current-Mirror


Ç 3.6: Q1�Q2Þ	íªM£R1í®M²ì(íÚ˜Ç

ØW, BbÉ?R)rds�ò¼á5Ô4, Ì¶)øü~íbçƒ�, ¡bí²ìj�6ÿÜ 

j², ku, Bb«à �|ü�jÏÏ¶ (Least Square Error Algorithm, -�2}Tƒ)�

V¡N�(; BbøVBE2�VdsJ¤¶¡NAà-íƒ�:

F (T ) = C0 + C1T + C2T ln T (3.33)

w2C0�C1�C2Ñ�b, ‚à¤ƒ�V¡NíÜâ�ùõ: øu Bipolar transistor 5VBE(T )b

çƒ�D¤�ó°, ªÄüË°)VBE(T )5T 0�T �T ln Túá5[b, ¡N(àÇ3.7; ù,

ÊVds(T )5�(¡N,,¡N(í�(DŸ �(�˛½LÊø–,¡N)óçËÄü, àÇ3.8,

âk
∂(T ln T )

∂T
ƒ�ÊÅ��òv,¯íÙ��M,7BbÊ (3.32) �í}‚á2, ø−7(αV T T )

ÊVds(T )Ú9ÓÅ�,¯7Óòíb²³6�<�{„í^‹; Ä¤, Êø¨Å�–Èq (B

bFqlí¸ˇÑ0◦C ∼ 70◦C), ¤ù‘�(úÅ�í‰“�‘'Q¡, ¡Nƒ�ªJ¡

NVds(T )õÒƒ�5à¤�ü, uªJÜjí�
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V
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Ç 3.7: VBE(T )�(DVBE(T )5¡N�(

BbløVBE2(T1) ∼ VBE2(Tn)í nõÚ9M¦|, J|ü�jÏÏ¶¡N; QOb¡NVds(T ),

âk
(

W
L

)

´„ø, Bbªl¡N
(

W
L

)

Vds(T ), â (3.32) �ª):

(

W

L

)

Vds(T ) ≈
(

W

L

)

I1(T )rds(T )

≈
(

W

L

)

(

k

qR1
ln N

)

T

(

T αµ

µn0Cox
W
L

(Vout + I3R4 − Vtn(T0) + αV T (T − T0))

)

=

(

k

qR1

ln N

)

T

(

T αµ

µn0Cox (Vout + I3R4 − Vtn(T0) + αV T (T − T0))

)

(3.34)

w2

I3 =
Vout

R3
= G1 = GT0 = I1

∣

∣

∣

∣

T=T0

(3.35)
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V
ds

 (
V
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Ç 3.8: Vds(T )�(DVds(T )5¡N�(

Ü�,:

Vout = VBE2 + Vds + VR2 = const.

= (VBE2 + I1rds + I1R2)
∣

∣

∣

∣

T=T0

= VG0 (3.36)

FJ:

R3 =
VG0

I1

∣

∣

∣

∣

T=T0

(3.37)

7R4í‹puÑ7^k`˙‰� (TT�FF�SS) í	à (4.3�), Éb.	àÚ˜£�	TÊ

|QíÚÄÚ9, wMí²ÏB×ú`˙‰�í^kBß, Ä¤R4ªAW²Ïø_çí®M;
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ø (3.36) �Hp (3.34) �, ª):
(

W

L

)

rds(T ) ≈
T αµ

µn0Cox (VG0 + I3R4 − Vtn(T0) + αV T (T − T0))
(3.38)

âkrds(T )DI1(T )ÌÉ, *Ç3.6Ú˜˛ªl)øI1(T1) ∼ I1(Tn), yqløÚ˜V°)Vds1(T1) ∼

Vds1(Tn)� n õÚ9y
J (W/L)
I3

(ª)
(

W
L

)

rds(T1) ∼
(

W
L

)

rds(Tn)� n õM, àÇ3.9:

|(, øI1(T1) ∼ I1(Tn)� n  Ú¼M}�
ú@í
(

W
L

)

rds(T1) ∼
(

W
L

)

rds(Tn)� n  

VCC


I=I
3

(Constant Current)


V
G0
+I
3
R
4
 W/L


+


-

V
ds1


Ç 3.9: qløÚ˜°)
(

W
L

)

rds(T1) ∼
(

W
L

)

rds(Tn)

®MZª)ø
(

W
L

)

Vds(T1) ∼
(

W
L

)

Vds(Tn)� n õÚ9M, y½µ¡NVBE(T )�(5¥	,

°)
(

W
L

)

Vds(T )5¡N�(� ku, Bbâ¡N(í�(}�)ƒVBE(T )�
(

W
L

)

Vds(T )5¡

Nƒ�:

VBE(T ) = A0 + A1T + A2T lnT (3.39)
(

W

L

)

Vds(T ) = C0 + C1T + C2T lnT (3.40)

(3.40) �%¬cÜ(ª):

Vds(T ) =
C0 + C1T + C2T ln T

(W/L)
(3.41)

â (3.39) �£ (3.41) �2ªõ|, b¾ÎVBE(T )5Ý(4áT ln T , ²ìk
(

W
L

)

í²Ï:

A2 +
C2

(W/L)
= 0 (3.42)

W

L
= −

C2

A2
(3.43)
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3. ²ìR2� Ê²ì7
(

W
L

)

(,R26Ó¹â (3.36)�(3.39)� (3.41)� £ (3.43) �cÜ()ƒ:

VR2 =

(

kR2

qR1
ln N

)

T = −

(

A1 +
C1

W/L

)

T (3.44)

R2 = −

(

k

qR1
ln N

)

−1 (

A1 +
C1

W/L

)

(3.45)

%¬¥ú_¥	(, Ú˜23bíjKM·˛ü
, qlêA, êcíÚ˜à-:

Q2

1


Q1

N


Vout


VCC


I
1
 I
2


Vout


+


-


Vds

V
G


Current-Mirror


+



-



Q3

1


VCC


I
3
R
3


R
4


R
1


R
2


M
res


Startup

Circuit


Curvature-Compensated

Bandgap Voltage Reference


R
13


Ç 3.10: �(^k?¦¡5Ú9Ú˜

3.3 Uà|ü�jÏÏ¶ (Least Square Error) í�(¡N

cq� n _JTÑ‰bíMgi(Ti), i = 1 ∼ n, Bb;Jøbçƒ�f(C0, C1, C2, · · · , T )V·

HC¡Ngi(Ti)íM, w2C0, C1, C2, · · ·„ø, .°íC0, C1, C2, · · · ¯}ßÞ.°í�(� ƒ�,

|ü�jÏÏ¶í°2ÿuÊ¥ÌÌÖ C0, C1, C2, · · ·í ¯2, v|ø C0, C1, C2, · · ·wßÞ

í�(,©_ú@TiíMDgi(Ti)_�óÁ, à-�:

error(C0, C1, C2, · · · , Ti) = f(C0, C1, C2, · · · , T ) − gi(Ti) (3.46)
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werror(Ti)_�¦�j(yó‹íMEóœwF C0, C1, C2, · · ·FßÞí!‹·bü, 6ÿu:

min(E(C0, C1, C2, · · ·)) = min

[

n
∑

i=1

(error(C0, C1, C2, · · · , Ti))
2

]

(3.47)

BbZJ¥ C0, C1, C2, · · ·FßÞíƒ�f(C0, C1, C2, · · · , T )Ñ|¡Ngi(Ti)�(íƒ��

QO, Ñ7v|¥ C0, C1, C2, · · ·, Bbø|ü�jÏÏE(C0, C1, C2, · · ·)}�úC0, C1, C2, · · ·�

}, wÜâÑE(C0), E(C1), E(C2), · · ·uÏÏí�j(error(C0, C1, C2, · · · , Ti))
2íŸÄ, FJî

ÑÇ¨²,íùŸ�(, 6ÿuç:

∂E(C0, C1, C2, · · ·)

∂C0

∣

∣

∣

∣

C0=C′

0

= 0

∂E(C0, C1, C2, · · ·)

∂C1

∣

∣

∣

∣

C1=C′

1

= 0

∂E(C0, C1, C2, · · ·)

∂C2

∣

∣

∣

∣

C2=C′

2

= 0

... (3.48)

†E(C ′

0), E(C
′

1), E(C ′

2), · · ·îÑ|üM, FJ

min(E(C0, C1, C2, · · ·)) = E (C ′

0, C
′

1, C
′

2, · · ·) (3.49)

JBbíÚ˜ÑW,gi(Ti)ÑBbJTÑ‰bb¡NÚ9õ, f(C0, C1, C2, T ) = C0 + C1T +

C2T ln TÑb¡Ngi(Ti)íƒ�, Rûà-: ƒ�³©_ú@TiíMDgi(Ti)_�óÁ)ƒíÏÏM:

εi(C0, C1, C2, Ti) = f(C0, C1, C2, Ti) − gi(Ti) (3.50)

|ü�jÏÏÑ:

min(E(C0, C1, C2)) = min

[

n
∑

i=1

(εi(C0, C1, C2, Ti))
2

]

(3.51)

�jÏÏ}�úC0, C1, C2R�

∂E(C0, C1, C2)

∂C0

∣

∣

∣

∣

C0=C′

0

=
n
∑

i=1

2 (C ′

0 + C ′

1Ti + C ′

2Ti ln Ti − gi(Ti)) = 0

∂E(C0, C1, C2)

∂C1

∣

∣

∣

∣

C1=C′

1

=
n
∑

i=1

2
(

C ′

0Ti + C ′

1T
2
i + C ′

2T
2
i ln Ti − gi(Ti)Ti

)

= 0

∂E(C0, C1, C2)

∂C2

∣

∣

∣

∣

C2=C′

2

=
n
∑

i=1

2
(

C ′

0Ti lnTi + C ′

1T
2
i ln Ti + C ′

2T
2
i (ln Ti)

2 − gi(Ti)Ti ln Ti

)

= 0

(3.52)

ªŸAä³$�à-:






n
∑n

i=1 Ti
∑n

i=1 Ti ln Ti
∑n

i=1 Ti
∑n

i=1 T 2
i

∑n
i=1 T 2

i ln Ti
∑n

i=1 Ti ln Ti
∑n

i=1 T 2
i ln Ti

∑n
i=1 T 2

i (ln Ti)
2













C ′

0

C ′

1

C ′

2





 =







∑n
i=1 gi(Ti)

∑n
i=1 gi(Ti)

∑n
i=1 gi(Ti)Ti ln Ti





 (3.53)
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|¡Níø C ′

0, C
′

1, C
′

2ª°)à-:







C ′

0

C ′

1

C ′

2





 =
(

X XT
)

−1
X d (3.54)

w2

X =







1 1 1 · · · 1
T1 T2 T3 · · · Tn

T1 ln T1 T2 ln T2 T3 ln T3 · · · Tn ln Tn







3×n

d =

















g1(T1)
g2(T2)
g3(T3)
· · ·

gn(Tn)

















n×1

7f(C ′

0, C
′

1, C
′

2, T )†Ñ|¡Ngi(Ti)�(íø ƒ��
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� 4 ı

Ú˜_Ò!‹D}&

Ú˜qlêA(, ÇáªWÚ˜í_ÒD}&� BbJ�¦?¦¡5Ú9Ú˜D�(^k?¦¡

5Ú9Ú˜Vd-��áÚ˜¡b5ªœD}&,%âD�¦?¦¡5Ú9Ú˜íªœ(, Bbn?

yÀU�(^k?¦¡5Ú9Ú˜íiÿõFÊ� J-Bb}û_ü�}�«nÅ�‰“� ÚÄÚ

9‰“� `˙‰�ú�|Ú9í	à, £ªœÚ˜í�|Ú9íÚÄÚ9mU§½ª¸�|Æm�

4.1 Å�‰“}&

øOàV}&¡5Ú9§Å�‰“í	àí¡bÑTCF (effective temperature coefficient),

[2]:

TCF (eff) =
1

Vout

(

VMAX − VMIN

TMAX − TMIN

)

(4.1)

BbJøO�àíÅ�–È (0◦C ∼ 70◦C) Vªœ�¦?¦¡5Ú9Ú˜D�(^k?¦¡5Ú

9Ú˜TCF (eff)íiš, wM�ü, H[w�|Ú9§Å�‰“í	à�ü�cÇ4.1� Ç4.2:

Ç4.1�4.2}�Ñ�¦?¦¡5Ú9Ú˜D�(^k?¦¡5Ú9Ú˜,%âÇ2l�ªø:

TCF (Conventional) =
1

1.16061 V

(

1.1607 V − 1.16052 V

70◦C − 0◦C

)

= 2.22 ppm/◦C

TCF (Curvature) =
1

1.158003 V

(

1.1580095 V − 1.1579955 V

70◦C − 0◦C

)

= 0.17 ppm/◦C

ªœl�|V(íÅ�[bBbªø, ‹p7�(^kÚ˜(, Å�‰“ú?¦¡5Ú9Ú˜�|

Ú9í	à××Ë±Q7� âÇ4.22Bb´ªêÛ, ÊÅ�Q¡66◦Cv, �(^k?¦¡5Ú9Ú

˜�|Ú9�,¯í�‘, 7�¦?¦¡5Ú9Ú˜�|Ú9º³�, ªc, çÅ�‰“¸ˇ‰×

v(ex:0◦C ∼ 90◦C), �(^k?¦¡5Ú9Ú˜FéÛí^?ª–�¦?¦¡5Ú9Ú˜}�7,

àÇ4.3�4.4�

4.2 ÚÄÚ9‰“}&

âk?¦¡5Ú9Ú˜u�|ø¡5Ú9, ¤�|¡5Ú9í ìD´,DÛb¤¡5Ú9Äí

Ú˜?´	T£�, �óç×íÉ[, Î7,ø�FT, .ı�§Å�‰“í	à, ´�Çø½b¡
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Ç 4.1: �¦?¦¡5Ú9Ú˜�|Ú9(Vout)úÅ�T‰“É[
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Ç 4.2: �(^k?¦¡5Ú9Ú˜�|Ú9(Vout)úÅ�T‰“É[
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Vo
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Ç 4.3: 0◦C ∼ 90◦C, �¦?¦¡5Ú9Ú˜�|Ú9(Vout)úÅ�T‰“É[
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n)
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Ç 4.4: 0◦C ∼ 90◦C, �(^k?¦¡5Ú9Ú˜�|Ú9(Vout)úÅ�T‰“É[
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b, ÿuÚÄÚ9‰“í	à; Bb.ı�Bbí¡5Ú9Ú˜í�|Ú9}§ÚÄÚ9í‰“7	

à, ÊTXíÚ9¸ˇq, UwFÛb¤¡5Ú9íÚ˜î?	T£�� Bb_ÒÚ˜ÊÚÄÚ9*

3V∼5V í‰�¸ˇ, w^?¡bøOUàLine Regulation:

LineRegulation = ±
Vout(MAX) − Vout(MIN)

2(V ccMAX − V ccMIN)
(4.2)

�¦£�(^k?¦¡5Ú9Ú˜úÚÄÚ9‰“(í	à_Ò!‹}�à-, w2s"Ç2íû

‘�(u�|Ú9}�Ê0◦C�25◦C�50◦C�70◦CíÅ�‘K-, úÚÄÚ9Få|í�(: â

Vo
lt

ag
es

 (
li

n)

1.168

1.1685

1.169

1.1695

1.17

1.1705

1.171

Voltage X (lin) (VOLTS)

3 3.5 4 4.5 5

Vout (V)

Vcc (V)

Panel 1

Ç 4.5: �¦?¦¡5Ú9Ú˜�|Ú9úÚÄÚ9‰“íÉ[

Ç4.5�4.62, Bbªl�|s.°Ú˜íLine Regulation:

LineRegulation(Conventional) = ±
1.1708 V − 1.1682 V

2(5 V − 3 V )
= ±0.65 mV/V

LineRegulation(Curvature) = ±
1.1606 V − 1.1576 V

2(5 V − 3 V )
= ±0.75 mV/V

âl�|VíM2BbªêÛ, �(^k?¦¡5Ú9Ú˜íLine Regulation bª�¦?¦¡5

Ú9Ú˜íLine Regulation š�Ïøõ��|Ú9}ÓÚÄÚ9‰“,¯íŸÄÅHà-: çV ccÓ

‹,Vds2(Ú¼ŸíÄ 9±) 6ÓOÓ‹,I2ZÓ‹7øõ, ÄÑÚ¼ŸíÉ[I16}�O,¯øõ,

Bb½µ (3.3) �:

∆VBE = VT ln
I2

IS2

− VT ln
I1

IS1
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Vo
lt
ag
es
 (
li
n)
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Voltage X (lin) (VOLTS)

3 3.5 4 4.5 5

Vcc (V)

Vout (V)

Panel 1

Ç 4.6: �(^k?¦¡5Ú9Ú˜�|Ú9úÚÄÚ9‰“íÉ[

= VT ln
(

I2

IS2

I1

IS1

)

= I1R1 (4.3)

FJ∆VBEÓ‹; ÄÑI1Ó‹,VR2 = I2R2Ó‹,VBE2Ó‹, |(Vout = VBE2 + VR2Ó‹� 7‹7

NMOS jKí^kÚ˜^‹œÏuÄÑ,^kÚ˜uø_Š�¤Ú˜,V cc¯òv, rds¥7øQ, ¨

AR2 + rds-±7DR13.®º, ¨AI1�I2·Ó‹íyÖ, ÖÍVdsu-±7, OZAVoutís_3b

9±VBE2�VR2º××ËTò7, ¥ÿuÑS�(^k?¦¡5Ú9Ú˜�|Ú9§ÚÄÚ9‰“	

àœ×íŸÄ�

4.3 `˙‰�}&

Ú˜ÊqlßêA(, Z£p�Æ�dA	ñÚ˜, ¦�, BbíÚ˜ÊøÒ�Æ,É2øü

¶M, 7ó°íjKÊ�Æ,.°íËj\`¨|V, wjK¡b}�FÏ�, ¨AÚ˜	ñ“(í

^?.ø; øO�Æ�}TXû�”«£ø_t�íWä#ql6Ê SPICE _ÒvUà, }�u

ií_� (Corner Model)FF�FS�SF�SS £t� TT, UBbªJÊ Pre-Simulation £ Post-

Simulation 5?ƒ|”«í8$, ü\	ñ“(íÚ˜?\UàÊøìí¸ˇ� «É	ñÚ˜t−

Ê0.35µm Sige BiCMOS `˙’e2, ÉTX7 SS�FF £ TT �_�V_Ò, J-ÿuBbø

sÚ˜-ZJ SS�FF }�úÅ�‰“£ÚÄÚ9‰“í_Ò!‹:
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[ 4.1: ùÚ˜�|Ú9ÊSS D FF í_�-‡úÅ�£R9‰“í_Ò!‹

�¦?¦¡5Ú9Ú˜ �(^k?¦¡5Ú9Ú˜

model SS FF SS FF

0◦C ∼ 70◦C 12.8ppm/◦C 2.7ppm/◦C 20.8ppm/◦C 9.12ppm/◦C

3 V ∼ 5 V ±0.58 mV/V ±0.9 mV/V ±0.7 mV/V ±1.0 mV/V

âÇ4.7∼4.14£[4.12ªœªø, `˙í‰�ú�(^k?¦¡5Ú9Ú˜í	àœ×, ÄÑ

NMOS jKÊ SS�FF _�-}‹½Ÿ…�¦?¦¡5Ú9Ú˜Ê SS�FF _�-ÿ˛æÊíR

Ï, ÄÑú¤�(^k?¦¡5Ú9Ú˜…™7k, ÿu�¦?¦¡5Ú9Ú˜y‹pø NMOS j

K7A, 7 NMOS jK…™Ê SS�FF _�-F¨AíRÏî�7ppm/◦C�

3.2�{T£ uÑ7^k`˙‰�í	à7qlí, ÄÑÚ®Ê SS Model v®M}Ó‹+10%,

Bbø (3.38) �yŸøŸ:
(

W

L

)

rds(T ) ≈
T αµ

µn0Cox (VG0 + I3R4 − Vtn(T0) + αV T (T − T0))
(4.4)

ªøJ³�‹pR4, `˙â TT ‰�ƒ SS,NMOS íVG1.}Ó‹, OJ�R4í‹p,NMOS

íVGZ}Ó‹0.1I3R4 V , Vov (= (VGS − Vtn))D³�‹pR4í8”ªœ, Ó‹7rÖ,VdsíÅ�

[bÿÓO±Q, Ÿ…‰×í�|Ú9Å�[b6ÓO±Q; ó¥Ë, Ú®Ê FF Model v®M}

Áý-10%, Ÿ…}‰üí�|Ú9Å�[bÿ}Ó‹ø<�

4.4 ÚÄÚ9mU§½ª¸�|Æm5}&

°šË, Ñ7b° ìí�|¡5Ú9, Bbı�ÚÄÚ9ímUú�|Ú9í	à£Ú˜…™

®jKúÚ˜ßÞí�|Æm6?�ü�ß� ÚÄÚ9.É�ò¼íA}, w26¨Ö7>¼ümU

íA}, Ê?¦¡5Ú9Ú˜£�	TíÕG-, Ú˜…™ú>¼ümU7kuø[×Â, Bbı�

ÓïM'ü, ±QÚÄÚ9í>¼ümU[×(ú�|Ú9í	à, BbJÚÄÚ9mU§½ªÑ¡

bVÇ‡w	àí˙�, ÚÄÚ9§½ªÑ:

PSRR = 20 log

∣

∣

∣

∣

vout

vcc

∣

∣

∣

∣

dB (4.5)

çPSRR íM�üv, H[ÚÄÚ9mUú�|Ú9í	à�ü� °Ü, Bbı�Ú˜jKFßÞ

í�|Æm6?�ü�ß, U)�|í¡5Ú9?Dy ì�

ÊÚÄÚ9mU§½ªjÞ, *Ç4.15�4.162ª)ø, ç�¦?¦¡5Ú9Ú˜‹7ø_ NMOS

jK(A7�(^k?¦¡5Ú9Ú˜, NMOSjKúc_Ú˜íÚÄÚ9mU§½ª1³�Ø×

í	à, �(^k?¦¡5Ú9Ú˜íÚÄÚ9mU§½ªí^?´uóçËiG�

7Ê�|ÆmjÞ6u, àÇ4.17�4.18,NMOS jKu�ßÞ7õ�|Æm, O1.éO, �(

^k?¦¡5Ú9Ú˜í�|Æm´uóçËü�
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�(^k?¦¡5Ú9Ú˜50�!‹

5.1 Í$0�!‹

…�dFqlí�(^k?¦¡5Ú9Ú˜4u%â TSMC 0.35µm 3P3M SiGe BiCMOS

`˙êA-(�T, cñÚ˜0�àÇ5.1Fý, �-Ú˜‹,™Ä I/O Pad (,u2àí�ÒÞ

	×�0.476× 0.394mm2, 1J Side Braze 18Pin ¨_j�êA�Ò¥_�

Ç 5.1: �(^k?¦¡5Ú9Ú˜0�Ç
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5.2 d��[

¤�(^k?¦¡5Ú9Ú˜®½b¡b�[à-:

[ 5.1: �(^k?¦¡5Ú9Ú˜d��[

¡b ¿t‘K |üM t�M |×M ÀP

ÚÄÚ9 25◦C 3.0 3.3 5.0 V
X@Ú¼ 25◦C 443.6 µA

TCF 0◦C ∼ 70◦C 0.2 ppm/◦C
Line Regulation 25◦C ±0.75 mV/V

PSRR 100Hz -59 dB
100k Hz -59 dB
1M Hz -52 dB

Output Noise 100Hz 400n V/sqrtHz
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!�D„V��

6.1 !�

…dT|øhí-Z, 3bÊÁý?¦¡5Ú9Ú˜§Å�‰“í	à, w^kVBEÝ(4áí

–1Ô�\˚Ñ�(^k (Curvature-Compensated)� íl‡ú NMOS jK, }&wúÅ�‰“

íÔ4, JR¿w‹p1^k�¦?¦¡5Ú9Ú˜íª?4; QOql…‹pŸÚ˜íj�, Rû

wbçÜ�, üwwªW4, ¥ç26��O SPICE í.Œ, ¥ºËªW_ÒV°„, 6‚à7|

ü�jÏÏ¶í�(¡NVÓ‹Bb}&víZ‚4, Ê.iíþtD•Ý52, úŸ….7jí�

�6ÚÚ�7–1, |(�Z–øêcíÚ˜-Z£}&í¥	� õÛ|V(íhÚ˜Ê‡úÅ�‰

“í^@,üõ�7'×íZª, ª�¦?¦¡5Ú9Ú˜íÅ�[b±Q�I˝¬ (0.2 ppm/◦C

), OÊÚÄÚ9‰“£`˙‰�jÞí[Ûºš�‰Ï7� |(1˛‚àÅð�Ò2-(CIC) FT

Xí TSMC 0.35µm 3P3M SiGe BiCMOS `˙êA-(�

6.2 „V��D�‡

Ê¤�(^k?¦¡5Ú9Ú˜2, Å�‰“ú�|¡5Ú9í	à˛×Ù±Q, ª<íuÊÚ

ÄÚ9‰“£`˙‰�ú�|¡5Ú9í	àjÞ, º6‰Ï7ø<, ÖÍTrade-off Êéª IC q

l2u.ªfní, Ébè< �-¦¸vÈql, CuÊÚ˜2 �wFœ.½bí¡b, CY˝

`˙xX� h‡eíêÛ, b°vT¯¥<½bí¡buªJd)ƒí� ÉkÚÄÚ9‰“, ªtO

ÊQ2¸R13qlø_DMres(cÇ3.10) ®ºí NMOS jK, U)siÊÅ�‰“(í®MEÍ®

º, à¤I2n.}ÄÑµ<rí.®º×¾íÓ‹7U)I1�ÓO×¾Ó‹,�|¡5Ú9ÓOÚÄ

Ú9í‰�6ÿ±Q7�7Ék`˙‰�, âkÊûèd.2, {èƒd.2qløÍ�®M.°í

Ú®}�Qƒb_ I/O PAD, Bb6ª•à¥ql, çBb`˙‰�v, ªJ�©Q I/O PAD V

Uà¥<Ú®DR1�R2�:C1:, J^k`˙‰�í	à� J,ÿuBíø<Ä»í�‡�
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