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1.1

(LSI: Large Scale Integration)

A/D (Analog to digital converter:ADC)

IoT(Internet of Things)

ADC

LAN LSI

ADC

1.1 LAN(Local Area

Network) 1999 IEEE 802.11a/b 11a

54Mbps 600Mbps 11n 2009 2013

2014 IEEE802.11ac IEEE802.11ad

11ac 11n 5GHz 160MHz

256QAM 8 8 MIMO(Multiple-input and

multiple-output) 6.93Gbps

LAN 11ad 60GHz

2.16GHz OFDM(Orthogonal Frequency Division Multiplexing)

64QAM 6.8Gbps 11ad GHz

MIMO

11a 1999 14

2

ADC

5



1.1

1.1:

(

) ADC

IEEE 802.11ac LSI ADC

ADC

ADC ( )

ΔΣ( ) (SuccessiveApproximation Regis-

tor: SAR) 4

1.2 2007 2011 ADC

ADC

4 ADC [1]

ADC

ΔΣ ADC 9 13

2
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1.1

1.2: ADC

100kHz MHz

GSM

SAR ADC ADC

A/D

SAR ADC 2

ADC

ADC

ADC 1GHz

ADC ADC
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1.1

ADC

N

2N

6

ADC ADC

A/D

N bit A/D

N N

DC ADC

ADC

ADC

(TI) ADC

ADC

ADC

60GHz LAN IEEE 802.11ad

2GHz ADC 2GHz

6 [2] 1.2

SAR

11n GHz 256QAM

IEEE 802.11ac

80MHz 160MHz ADC

80MHz 160MHz 256QAM

10 [3]
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1.2

1.2

LSI

1974 IBM Dennard

(Scaling Law) [4]

1/k k

1/k 1/k2 k2

Intel

GordonMoore [5]

18 2

(ITRS: International Technology Roadmap for Semiconductors)

10 [6]

1.3 2009 2021 ITRS MOSFET

(Gate Length) (VDD)

ADC

ADC

IEEE 802.11ac ADC (Oper-

ational Amplifier:OPAMP) OPAMP

ADC OPAMP

ADC

1.4 IEEE802.11a/b ADC

OPAMP [7]
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Year
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1.3: ITRS

S/N

S/N

ADC kT/C C [8]

1/4 kT/C 1/4

4

4 OPAMP

OPAMP

OPAMP

[8]

[9] ADC

ADC

[10]

ADC
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1.3

1.4: IEEE 802.11a/b ADC OPAMP [7]

IEEE 802.11ac

LSI ADC

ADC

1.3

1 2

ADC ADC

ADC ADC

ADC

ADC A/D

1 IEEE 802.11ac

ADC OPAMP

OPAMP ADC OPAMP

ADC OPAMP

11



1.3

OPAMP

OPAMP

OPAMP

ADC

ADC

OPAMP

OPAMP

2

ADC

ADC

A/D

3 ADC 1 ADC

ADC OPAMP ADC

OPAMP

1 OPAMP

OPAMP

OPAMP OPAMP

OPAMP

OPAMP

OPAMP OPAMP

65nm

OPAMP

OPAMP 40dB 3

11dB 26dB

13dB ADC

8.5 11

4 ADC 1 ADC

ADC

ADC
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1.3

ADC

ADC

LUT(Look Up Table) ADC

ADC

10 4 ADC 65nm

3.6

5 ADC 1 ADC

OPAMP ADC ADC

ADC

13



2 A/D

2.1

ADC

ADC ADC ADC

ADC

ADC OPAMP

ADC

ADC

ADC A/D

2.2 A/D

2.1 ADC N

2N − 1 2N R

N

Vrefp Vrefm 2N − 1

k ”1” (k+1)

”0” k (k+1)

2N − 1

(1,1,1,,,1,1,0,0,,,0,0)
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2.2 A/D

2.1: ADC

N 2

ADC Vclk

1 N A/D

ADC

1.2 1GHz

GHz IEEE 802.11ad

1.2

6

2 1

ADC

1
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2.3 A/D

SAR ADC

A/D

1

2.3 A/D

2.3.1

2.2 ADC

ADC 1 n A/D

( )

(S/H) 1 4 ADC

MDAC(Multiplying Digital-to-Analog Converter) MDAC

S/H ADC D/A

2.2: ADC
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2.3 A/D

2.3: ADC

Di (Digital

Correction Logic) 1

n N

N × n

2.3 ADC

CLK=High S/H

CLK=Low S/H

( ) ADC A/D

MDAC A/D D/A S/H

D/A

S/H

A/D (Most
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2.3 A/D

Significant Bit :MSB) (Least Significant Bit

:LSB) 2 ADC 1

N A/D D = [D0, D1, ..., DN−1]

D0 DN−1

ADC 1 A/D

( )

ADC A/D

ADC

ADC 1

ADC

[11] ADC DC

ADC

ADC

ADC

ADC

1 2

2.4 2 ADC

−Vref +Vref

2.4: 1bit 2 MDAC
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2.3 A/D

Vin 1 ADC MDAC S/H

1 ADC D 1bit/stage

2 Vin

D =

{
0, (if Vin < 0)

1, (if Vin ≥ 0)
(2.1)

Vin

ADC MSB Vin 2

ADC D DAC

D/A ADC 1 −Vref 0

Vref Vout

Vout =

{
2Vin − Vref , (if D = 1)

2Vin + Vref . (if D = 0)
(2.2)

2.5: 1bit/stage
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2.3 A/D

�

�

� �

�

�

�

�

2.6: 1bit/stage MDAC

2.5

2 Vref

2 Vref

A/D

2.6 1bit/stage MDAC

MDAC OPAMP

φ1 φ2

High

2.6 1=High

Vin Cs Cf

2=High Cs

+Vref −Vref ADC D

D = 1 Cs +Vref D = 0

Cs −Vref ADC

D/A Cf OPAMP
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2.3 A/D

Vout =

⎧⎪⎪⎨
⎪⎪⎩

Cf + Cs

Cf
Vin − Cs

Cf
Vref , (if D = 1)

Cf + Cs

Cf
Vin +

Cs
Cf

Vref . (if D = 0)
(2.3)

β = Cf/(Cs + Cf )

Vout =

⎧⎪⎨
⎪⎩

1
β (Vin − (1− β)Vref ) , (if D = 1)

1
β (Vin + (1− β)Vref ) , (if D = 0)

(2.4)

β = 1/2 (2.2)

2.3.2

ADC

ADC

OPAMP

OPAMP

OPAMP ADC

2.3.2.1 A/D

OPAMP

OPAMP A (2.4) Vout

Vout =
1

β
· 1

1 +
1

βA

(Vin ∓ (1− β)Vref ) . (2.5)

1/β OPAMP A

2.7 OPAMP 1bit/stage MDAC

OPAMP

Vout ±Vref
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2.3 A/D

2.7: 1bit/stage MDAC

ADC OPAMP A

ADC

OPAMP (2.5) Vout = ±Vref

Vin = 0, ±Vref

Vin = Vref (2.5)

Vout =
1

1 +
1

βA

Vref ≈
(
1− 1

βA

)
Vref , (2.6)

1 Vref 2 Vref/(βA)

ADC LSB 2X 1

ADC N MDAC M

1

βA
Vref ≤ 2Vref

2N−M+X
,
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2.3 A/D

→ A[dB] ≥ 6(N −M +X − 1)− 20logβ, (2.7)

ADC N = 10 MDAC M = 1

β = 1/2 1/2LSB MDAC

OPAMP A = 60dB

2.3.2.2

OPAMP

2.8 2.6 MDAC

0 1=Low 2=High

2.8(a) OPAMP Vx

Vx0 OPAMP

Vx 2.8(b) Vout (2.4)

Vof ADC 1/2 ts
OPAMP

OPAMP

2.8(c)

Vserr ADC

OPAMP

ADC OPAMP

OPAMP

OPAMP A0 ωp1

1

A(s) =
A0

1 + s
ωp1

. (2.8)

1 OPAMP β

Aclosed(s) =
A(s)

1 + βA(s)
=

1

β
· 1

1 + 1
βA0

· 1

1 +
s

A0ωp(β + 1/A0)

, (2.9)

ωBW = A0ωp OPAMP A0 = ∞
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2.3 A/D

2.8: MDAC (a)OPAMP (b)OPAMP

MDAC (c)OPAMP

MDAC

Aclosed(s) =
1

β
· 1

1 + s
βωBW

. (2.10)

Vin
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2.3 A/D

(2.10)

Vout =
1

β

(
1− e−βωBW t

)
Vin, (2.11)

1 2 Vin/β =

Vref ADC LSB 2X 1

−Vref · e−βωBW t ≤ 2Vref

2N−M+X
,

→ ωBW >
ln(2)(N −M +X − 1)

βt
, (2.12)

N ADC M MDAC

ADC N=10 MDAC M=1 β = 1/2

1/2LSB 500MHz 1/2

fBW 2.0GHz

2.3.3

OPAMP

ADC

ADC

MOSFET

OPAMP 2 MOSFET

[12]

gmro =
2ID
Vov

· VA

ID
=

2VA

Vov

∝ 1

L
, (2.13)

gm MOSFET ID MOSFET

Vov = Vgs − Vth Vgs

Vth VA Vov

MOSFET Vth

MOSFET

VA MOSFET L [12]

L
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2.3 A/D

OPAMP OPAMP

VDD VSS OPAMP

OPAMP

OPAMP

1.3

2.9 OPAMP

OPAMP

S/N

S/N

ADC kT/C [8]

1/4 kT/C 1/4

4

2.9: OPAMP
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2.3 A/D

4

OPAMP 4 Vov

4 MOSFET W

W MOS

OPAMP OPAMP

2.10 OPAMP

Cpi Cpo

2

GBWclosed =
gm
2π

· β

CL

=
Id

πVov

· β

CL

, (2.14)

CL OPAMP Id OPAMP

2.10 2 2N

β

β =
Cf

(2N − 1)Cs + Cpi + Cf

, (2.15)

CL

CL = Co + Cpo +
Cf

(
(2N − 1)Cs + Cpi

)
(2N − 1)Cs + Cpi + Cf

. (2.16)

�

�

�

�

�

�

2.10: 2
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2.3 A/D

OPAMP Cpi β

(2.15) (2.16) (2.14)

GBWclosed =
Id

πVov

· 1

(2N − 1)(Cs + αpiId) +
Co + αpoId

β

, (2.17)

Cpi = αpiId Cpo = αpoId 65nmCMOS

Vov = 200mV api = 5e−11 apo = 1.0e−10

Cs = Cf = Co = 1pF ID GBW 2.11

GBW

10mA GBW

20mA GBW2.9GHz

GBW OPAMP

ADC

2.11: GBW
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2.4 A/D

2.4 A/D

(TI) ADC

ADC

ADC [13]

ADC

ADC

ADC

[1] ADC

SAR ADC ADC

ADC

2.4.1

2.12 M TI(MTI)-ADC M ADC

ADC ADC

CKMUX

ADC

MTI-ADC ADC

2.12: M TI-ADC
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2.4 A/D

2.13: 4TI-ADC

ADC M

2.13 4TI-ADC ADC

TAD ADC2 ADC1

TMUX ADC

TMUX

4TI-ADC 1/TMUX

ADC A/D

TI-ADC
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2.4 A/D

2.14: 2TI-ADC

2.4.2 A/D

2.14 2TI-ADC

Hk(jω)(k = 0, 1) −π < ω ≤ π

z−1 = e−jω

H0(jω) H1(jω)

H0(jω) = (1 + Δg0)e
jωΔt0 ,

H1(jω) = (1 + Δg1)e
jω(1+Δt1), (2.18)

Δgk Δtk k

(Δg0 +Δg1) = (Δt0 +Δt1) = 0 vk(2n)

(DFT)

[
V0(j2ω)

V1(j2ω)

]
=
1

2

[
H0(jω) H0(j(ω − π))

H1(jω) H1(j(ω − π))

][
X(jω)

X(j(ω − π))

]
, (2.19)

X(jω) x(n) DFT( 2.15(a)) X(j(ω − π))

[10] x̂(n) DFT

X̂(jω) = Z0(jω) + Z1(jω) = V0(j2ω) + e−jωV1(j2ω)

=
1

2
{(1 + Δg0)e

jωΔt0 + (1 + Δg1)e
jωΔt1}X(jω)

+
1

2
{(1 + Δg0)e

j(ω−π)Δt0 − (1 + Δg1)e
j(ω−π)Δt1}

X(j(ω − π)), (2.20)
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2.4 A/D

(a) x(n)

(b) z0(n)

(c) z1(n)

(d) x̂(n)

(e) x̂e(n)

2.15: x(n), z0(n), z1(n), x̂(n) x̂e(n)
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2.4 A/D

Zi(jω)(i = 0, 1) Δg0 = Δg1

Δt0 = Δt1 2.15(b)-(c) Z0(jω)

Z1(jω)

Δg0 	= Δg1 Δt0 	= Δt1 2.15(d)

ADC Δgk

Δtk 1 (2.20)

X̂(jω) ≈ X(jω) +
1

2
{(Δg0 −Δg1) + j(ω − π)(Δt0 −Δt1)}X(j(ω − π)), (2.21)

2 3

j(ω−π)

1 (Δg0 −Δg1) = 0.01

20log10(|(Δg0 −Δg1)/2|) = −46dB

8 10

0.15

2.4.3 A/D

2.1 MOSFET (ITRS )
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2.4 A/D

2.16:

2.1 ITRS MOSFET

Lmin 3 L

3

μ± 3σ 99.7 μ± 3σ

Lmin=65nm 3 L

4.46nm

ADC MOSFET L

ADC

ADC ADC

[14] 2.16

Vout

Vin

=
1

1 + 1/(gmro)
≈ 1− 1

gmro
, (2.22)

gm NMOS ro NMOS

gmro Vout/Vin 1

ro L 2.1

Lmin=65nm L 3 4.46/65*100=6.9

(2.22) 2 3 6.9

10
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2.5

0.15

ADC

1.2 ADC ADC

ADC

1

2.5

ADC

ADC ADC

IEEE

802.11ac A/D

OPAMP ADC

OPAMP

ADC ADC

10 ADC

1bit/stage MDAC OPAMP 60dB OPAMP

OPAMP

OPAMP

ADC 10 500MS/s ADC

1bit/stage MDAC OPAMP 2.0GHz

OPAMP

OPAMP

S/N S/N

OPAMP OPAMP

OPAMP

ADC

ADC
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2.5

ADC

A/D

65nm

10

(1) ADC

OPAMP (2) ADC

2 3 (1)

OPAMP OPAMP

ADC

(2)

4 ADC

ADC
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3 A/D

3.1

ADC OPAMP

2 OPAMP SN

OPAMP

OPAMP

S/N S/N

ADC kT/C C

1/4 kT/C

1/4 C 4

4 OPAMP

OPAMP

OPAMP 2 2 OPAMP

1 2

OPAMP

Correlated double sampling(CDS) [15] Correlated levelshifting(CLS)

[16]

2

37



3.1

CDS CLS OPAMP

[17]- [19] OPAMP OPAMP

OPAMP

OPAMP

OPAMP

OPAMP OPAMP

OPAMP OPAMP

OPAMP OPAMP

OPAMP

2 OPAMP OPAMP

OPAMP

OPAMP

OPAMP OPAMP

65nmCMOS
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3.2 OPAMP

3.2 OPAMP

3.1 OPAMP [17]

Zi

Zf gm ro1 ro2
OPAMP

β = Zi/Zf

ro1

Zi Zf

2

Vut = −Zf

Zi

(
1− Zi + Zf

Zi

(
1

gmro1
− 1

gmro2

)
−
(
Zi + Zf

Zi

)2 1

g2mro1ro2

)
Vin

= −Vin

β

⎛
⎝1−

(
1 +

1

β

)(
1

A1

− 1

A2

)
−
(
1 +

1

β

)2
1

A1 · A2

⎞
⎠

= −Vin

β
(1− (ε1 − ε2)− ε1ε2) , (3.1)

A1 = gmro1 A2 = gmro2 (3.1)

A1 A2 ε1 ε2

ε1 =
1 + 1/β

A1

, (3.2)

ε2 =
1 + 1/β

A2

. (3.3)
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3.2 OPAMP

3.1: OPAMP [17]

(3.1) A1 A2 ε1 − ε2
2

OPAMP A1

A2

ro1 ro2
ro1

ro2
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3.3 OPAMP

3.3 OPAMP

3.3.1 OPAMP

OPAMP 3.2 [20]

Vm1 Vm2

3.3.2.

OPAMP OPAMP

3.2: OPAMP
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3.3 OPAMP

Zf

Vm1 Vm2

Vm1 = −Zf

Zi

(
1− Zi + Zf

ZiA1

+
(
Zi + Zf

ZiA1

)2
)
Vin

= −Vin

β

⎛
⎝1−

(
1 +

1

β

)
1

A1

+

(
1 +

1

β

)2
1

A2
1

⎞
⎠

= −Vin

β

(
1− ε1 + ε21

)
, (3.4)

Vm2

= −Zf

Zi

(
Zi + Zf

ZiA1

−
(
Zi + Zf

ZiA1

)2

− (Zi + Zf )(2Zi + Zf )

Z2
i A1A2

)
Vin

= −Vin

β

⎛
⎝(1 + 1

β

)
1

A1

−
(
1 +

1

β

)2
1

A2
1

−
(
1 +

1

β

)(
2 +

1

β

)
1

A1A2

⎞
⎠

= −Vin

β

(
ε1 − ε21 − ε1ε

′
2

)
, (3.5)

ε′2 = (2 + 1/β) /A2 (3.4) (ε1 − ε21)

(3.5)

Vout = −Vin

β
(1− ε1ε

′
2) . (3.6)

(3.1) (3.6)

(ε1 − ε2)

3.3

40dB

25dB
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3.3 OPAMP
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3.3:

5 OPAMP

0.45dB

20 25dB

65nmCMOS ( 3.12(a)) 40dB

OPAMP 1 8.5

3 25.5

11dB 26dB 13dB

ADC (2.7) 1

6dB 2

8.5

11

OPAMP

OPAMP OPAMP

2 OPAMP
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3.3 OPAMP

2 OPAMP

OPAMP

OPAMP

OPAMP

3.3.2

3.4 2

2.6 ±Vref

Vref Cf = Cs 2

CL 2.3.1

φ1 =High Vin 2

Cs φ2 =High

OPAMP

OPAMP CL

2 2Vin

ADC

φ1 =High

3.5 OPAMP 2

3.4

2 Cs

Cs/2

3.4: 2
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3.3 OPAMP

3.5: 2

Cs/2 OPAMP OPAMP

OPAMP

OPAMP OPAMP CL

[21] OPAMP

3.6

OPAMP ( )
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3.3 OPAMP

3.6: 3.5
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3.3 OPAMP

3.3.3

3.5 2

OPAMP MOS

[8] 3.7

V 2
out,in2 = i2n2

∫ ∞

f=0
|Hin2(f)|2 df, (3.7)

i2n2 |Hin2(f)|
Vout MOS

(PSD: Power Spectrum Density)

i2n2 =
8

3
kTgm2, (3.8)

k T gm2 MOS

Hin2(s) =
9sCs + 6gm1

11s2C2
s + (8gm1 + 3gm2)sCs + 2gm1gm2

,

3.7: (φ2 = High)
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3.3 OPAMP

3.8: (φ2 = High)

∫ ∞

f=0
|Hin2(f)|2 df ≈ 0.576

gm2Cs

, (3.9)

gm1 = gm2 CL = Cs (3.7) (3.8) (3.9)

V 2
out,in2 ≈

8

3
kTgm2

0.576

gm2Cs

≈ 1.537
kT

Cs

. (3.10)

1 3.4

OPAMP 8kT/(9Cs) [8]

Vg/Vout = 1/3(Vg
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3.3 OPAMP
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]

Capacitance Cs[pF]

proposed(Cal. for in2)
single loop(Cal. for in1)

proposed(Sim. for total noise)
single loop(Sim. for total noise)

3.9:

gm2 )

SN

3.8 SPICE

MOS

v2nx = 4kTRon, (3.11)

Ron MOS 3.9

Cs CL = Cs gm1 = gm2 roi = ∞

Cs = 1pF

6.73e−9V 2 5.06e−9V 2

3.10(b) OPAMP

1.2V 150mV

900mV
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3.4

3.10(a)

OPAMP 1.5V

SN 72.4dB

69.7dB

OPAMP

SN

3.4

65nmCMOS

1.2V

OPAMP 2 OPAMP

3.10 3.11 1.5pF

600uA OPAMP

2 OPAMP 501.2MHz 432.5MHz

165.5MHz 92.5 86.8 59.5 2

OPAMP

1 OPAMP

3.12 2

100 OPAMP

(a) 3.4 2 OAMP

OPAMP (

) (b) 3.6 OPAMP

2

OPAMP

OPAMP Cs = CL =1pF

OPAMP 600uA

OPAMP 300uA

600uA 3.11

3.12 (a) OPAMP (b)

3.11dB 3.42dB

3.13 OPAMP

OPAMP 600uA
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3.4

(a) (b)

(c)

3.10: OPAMP (a) (b)

OPAMP (c)2 OPAMP
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3.4
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(b)

3.11: (a) (b)

OPAMP 2 OPAMP

3.4 2

OPAMP (telescopic opamp)

2 2 OPAMP (2-stage opamp)

3.6 2 OPAMP

OPAMP OPAMP

(proposed(common-source+telescopic)) OPAMP OPAMP

OPAMP (proposed(telescopic+telescopic))

OPAMP 2 OPAMP OPAMP

OPAMP (proposed(2-stage+telescopic))

2 OPAMP

OPAMP OPAMP

OPAMP
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3.4
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3.12: 100 (a)

OPAMP (b) OPAMP( OPAMP

OPAMP OPAMP )
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1bit

OPAMP (proposed(tele-
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3.14

OPAMP OPAMP

OPAMP 200mV
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3.4
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3.4
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3.16: OPAMP gm1 OPAMP

gm2

3.15 OPAMP

OPAMP (telescopic opamp) 2

OPAMP (2-stage opamp) OPAMP

OPAMP OPAMP
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3.4

(proposed(common-source + telescopic)) OPAMP

OPAMP (proposed(telescopic + telescopic))

0.1 5.36ns 8.0ns 6.6ns

7.0ns 20 30 2

OPAMP

1/2 OPAMP OPAMP

OPAMP OPAMP 1/6.6ns/2=

80MHz

3.16 OPAMP gm1

OPAMP gm2 OPAMP

40dB (gm1, gm2)=(4

mS, 6 mS), (5 mS, 5 mS) (6 mS, 7 mS)

gm1 ≈ gm2 0.1 %

gm1=4 mS 2.17 ns gm1=5 mS 2.1 ns gm1=6

mS 2.35 ns +/- 20 %

12% 3.0 %
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3.5

3.5

OPAMP OPAMP

ADC 1 ADC OPAMP

OPAMP

2

MOSFET

OPAMP

OPAMP OPAMP

OPAMP OPAMP

OPAMP

OPAMP

OPAMP OPAMP

OPAMP

65nm OPAMP

OPAMP OPAMP

OPAMP

OPAMP

15.5dB 2.6

20 30 80MHz

OPAMP 40dB

3

11dB 26dB 13dB

ADC

8.5 11

OPAMP

ADC ADC
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4 A/D

4.1

ADC OPAMP

OPAMP OPAMP

OPAMP

OPAMP ADC

ADC

[13] M ADC M

ADC(TI-ADC)

2 ADC

A/D TI-ADC

[10]

[22]- [24] ADC

ADC

CMOS

[25]- [27]

LUT(Look Up Table)
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4.2

ADC

4.2

4.1 2TI-ADC [28]

zo(n)

z1(n) 2.14 ADC

x̂e(n)

y(n) α

TI-ADC x̂(n) α

αx̂e(n) TI-ADC x̂(n)

+
z0(n)

z1(n)

x̂(n)

x̂e(n)Pseudo
Aliasing

Generator

y(n)

αx̂e(n) Mismatch
Estimation

4.1:
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4.2

Z0(jω)

Hadamard transform

n

nZ1(jω)

+
++

X̂(jω)

X̂e(jω)

n

n

4.2:

4.2.1

4.2

1 -1

x̂e(n) ADC

ADC

x̂e(n) 2.15(e) TI-ADC

x̂(n) x̂e(n)

[
X̂(jω)

X̂e(jω)

]
= F

[
Z0(jω)

Z1(jω)

]
,F =

[
1 1

1 −1

]
, (4.1)

F 2 2 2.15

xe(n) X̂e(jω) N N

N TI-ADC

4.2.2

y(n) TI-ADC x̂(n) α

x̂e(n)

Y (jω) = X̂(jω)− αX̂e(jω)

=
1

2
{(1 + Δg0)e

jωΔt0 + (1 + Δg1)e
jωΔt1
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4.2

−α(1 + Δg0)e
jωΔt0 + α(1 + Δg1)e

jωΔt1}X(jω)

+
1

2
{(1 + Δg0)e

j(ω−π)Δt0 − (1 + Δg1)e
j(ω−π)Δt1

−α(1 + Δg0)e
j(ω−π)Δt0 − α(1 + Δg1)e

j(ω−π)Δt1}
X(j(ω − π)). (4.2)

X(j(ω − π)) α

(1 + Δg0)e
j(ω−π)Δt0 − (1 + Δg1)e

j(ω−π)Δt1

−α(1 + Δg0)e
j(ω−π)Δt0 − α(1 + Δg1)e

j(ω−π)Δt1 = 0

⇒ α = −(1 + Δg0)e
j(ω−π)Δt0 − (1 + Δg1)e

j(ω−π)Δt1

(1 + Δg0)ej(ω−π)Δt0 + (1 + Δg1)ej(ω−π)Δt1
. (4.3)

α (4.3)

ADC Δgk Δtk (k = 0, 1) 1

X̂e(jω)

α ≈ 1

2
{(Δg0 −Δg1) + j(ω − π)(Δt0 −Δt1)},

X̂e(jω) ≈ X(j(ω − π)). (4.4)

αX̂e(jω) (2.21) 2 3 j(ω−π)

FIR αX̂e(jω)

αX̂e(jω) ≈ 1

2
{(Δg0 −Δg1) + j(ω − π)(Δt0 −Δt1)}X̂e(jω)

=
1

2
(Δg0 −Δg1)X̂e(jω) +

1

2
(Δt0 −Δt1)X̂

′
e(jω)

= ωg1X̂e(jω) + ωt1X̂
′
e(jω), (4.5)

X̂ ′
e(jω) = j(ω − π)X̂e(jω),

ωg1 = (Δg0 −Δg1)/2,

ωt1 = (Δt0 −Δt1)/2, (4.6)
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4.2

+
z0(n)

z1(n)

x̂(n)

ωg1

ωt1

y(n)

(−1)n

(−1)n

x̂
′(n)

hd(n)

x̂e(n)

x̂
′

e
(n)

M
is

m
at

ch
 E

st
im

at
io

n

Pseudo Aliasing Generator

4.3: 2 ADC

(4.5) ωg1X̂e(jω) ωt1X̂
′
e(jω)

4.3 (4.5) 2TI-ADC

x̂(n) x̂e(n) 4.2

x̂e(n) = (−1)nx̂(n) 4.3

j(ω− π) (−1)n Hd(jω) = jω

hd(n) =

⎧⎨
⎩

cos(nπ)
n , (n 	= 0)

0. (n = 0)
(4.7)

ωg1 ωt1

FIR

FIR LUT

LUT ADC

4.2.3
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4.2

ADC ADC

X̂(jω)

α X̂e(jω)

∣∣∣∣∣αX̂e(jω)

X̂(jω)

∣∣∣∣∣ ≈ |α| = 1

2
(Δt0 −Δt1) |ω − π| , (4.8)

Δtk (k = 0, 1) 1

X̂(jω) X̂e(jω)

(|X̂(jω)| ≈ |X̂e(jω)|) α

FIR

(Δt0 −Δt1) = 0.01 ω = 0( ((4.8))

) α

20log10(|(ω − π)(Δt0 − Δt1)/2|) = −36.1dB

FIR 5.0

∣∣∣∣∣αX̂e(jω)

X̂(jω)

∣∣∣∣∣ ≈ 1

2
(Δg0 −Δg1). (4.9)

(Δg0 −Δg1) = 0.01 α

20log10((Δg0−Δg1)/2) = −46.0dB 7.0

4.2.4 M A/D

ADC

M

FIR 1

[8] (M − 1) FIR

4.4 4TI-ADC
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4.2

X̂(jω)

X̂
′(jω)

Z0(jω)

Z1(jω)

Z2(jω)

Z3(jω)

T1

T2

T3

jω T1

T2

T3

+

M
is

m
at

ch
 E

st
im

at
io

n

Y (jω)

ωg1

ωg2

ωg3

ωt1

ωt2

ωt3

Pseudo Aliasing Generator

4.4: 4 ADC

T1 T2 T3

T1 =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

1, (n = 4i)

−1, (n = 4i+ 1)

1, (n = 4i+ 2)

−1, (n = 4i+ 3)

T2 =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

1, (n = 4i)

1, (n = 4i+ 1)

−1, (n = 4i+ 2)

−1, (n = 4i+ 3)

T3 =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

1, (n = 4i)

−1, (n = 4i+ 1)

−1, (n = 4i+ 2)

1, (n = 4i+ 3)

(4.10)
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4.2

i T1 T2 T3 T0 = (1, 1, 1, 1)

M

(2.18)

Hk(jω) = (1 + Δgk)e
jω(k+Δtk), (4.11)

k = 0, ...,M − 1 (2.19)

DFT

Vk(jMω) =
1

M

M−1∑
i=0

Hk(j(ω − 2πi

M
))X(j(ω − 2πi

M
)). (4.12)

(2.20) DFT

X̂(jω) =
M−1∑
k=0

Zk(jω) =
M−1∑
k=0

e−jkωVk(jMω). (4.13)

M ADC

⎡
⎢⎢⎢⎢⎢⎣

X̂(jω)

X̂e1(jω)
...

X̂e(M−1)(jω)

⎤
⎥⎥⎥⎥⎥⎦ = F

⎡
⎢⎢⎢⎢⎢⎣

Z0(jω)

Z1(jω)
...

ZM−1(jω)

⎤
⎥⎥⎥⎥⎥⎦ , (4.14)

F M (4.14)

⎡
⎢⎢⎢⎢⎢⎣

X̂ ′(jω)
X̂ ′

e1(jω)
...

X̂ ′
e(M−1)(jω)

⎤
⎥⎥⎥⎥⎥⎦ = F

⎡
⎢⎢⎢⎢⎢⎣

Z ′
0(jω)

Z ′
1(jω)
...

Z ′
M−1(jω)

⎤
⎥⎥⎥⎥⎥⎦ , (4.15)

,
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4.2

Z ′
k(jω) =

1

M
e−jkω

M−1∑
i=0

ejk(ω−
2πi
M

)j(ω − 2πi

M
)X̂(j(ω − 2πi

M
)). (4.16)

Y (jω) = X̂(jω)−
M−1∑
i=1

wgiX̂ei(jω)−
M−1∑
i=1

wtiX̂
′
ei(jω). (4.17)

Δgk Δtk(k = 0, ...,M − 1) 1

wgi wti

⎡
⎢⎢⎢⎢⎢⎣

wg0

wg1

...

wg(M−1)

⎤
⎥⎥⎥⎥⎥⎦ ≈ 1

M
F

⎡
⎢⎢⎢⎢⎢⎣

Δg0

Δg1

...

Δg(M−1)

⎤
⎥⎥⎥⎥⎥⎦ , (4.18)

⎡
⎢⎢⎢⎢⎢⎣

wt0

wt1

...

wt(M−1)

⎤
⎥⎥⎥⎥⎥⎦ ≈ 1

M
F

⎡
⎢⎢⎢⎢⎢⎣

Δt0

Δt1

...

Δt(M−1)

⎤
⎥⎥⎥⎥⎥⎦ , (4.19)

ωg0 = ωt0 = 0

4 ADC

ωg1 =
1

4
(Δg0 −Δg1 +Δg2 −Δg3),

ωg2 =
1

4
(Δg0 +Δg1 −Δg2 −Δg3),

ωg3 =
1

4
(Δg0 −Δg1 −Δg2 +Δg3),

ωt1 =
1

4
(Δt0 −Δt1 +Δt2 −Δt3),

ωt2 =
1

4
(Δt0 +Δt1 −Δt2 −Δt3),

ωt3 =
1

4
(Δt0 −Δt1 −Δt2 +Δt3). (4.20)
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4.2

Notch
Filter

Pseudo
Aliasing

Generator

ŷ
e(M−1)(n)

ŷ
′

e1
(n)

ŷ
′

e(M−1)
(n)

Correlator

ωg1

ωt1

ω
g(M−1)

ω
t(M−1)

y(n)

ŷe1(n)

yn(n)

4.5: M ADC

4.6:

4.2.5

ADC y(n) y(n)

ŷe(n)

ADC

4.5

[25]

kπ/M

k = 1, ...,M − 1

yek(n) y′ek(n) y′ek(n) yek(n)
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4.2

4.6 yn(n)

yek(n) y′ek(n)
DC DC

(4.18) (4.19)

wgk(n+ 1) = wgk(n) + μgk(yn(n)ŷek(n)), (4.21)

wtk(n+ 1) = wtk(n) + μtk(yn(n)ŷ
′
ek(n)), (4.22)

k = 1, ...,M − 1 μg μt wg wt

4.2.6

ADC Ts

Ts M

ADC

4.7 2TI-ADC Hd(jω)

4.7 (a)-(c) X̂ ′(jω)
Hd(jω) =

∑∞
n=−∞ hd(n)e

−jωn

Hd(jω) = E0(j2ω) + e−jωE1(j2ω),

E0(j2ω) =
∞∑

n=−∞
hd(2n)e

−j2ωn,

E1(j2ω) =
∞∑

n=−∞
hd(2n+ 1)e−j2ωn. (4.23)

ADC e−jω

e−jωV0(j2ω) = F [v0(2n− 1)] = F [x(2n− 1)]

= F [v1(2n− 2)] = e−j2ωV1(j2ω), (4.24)
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4.2

↓ 2

↓ 2

↑ 2

↑ 2 z
−1

+
+

V0(j2ω)

V1(j2ω)

Z0(jω)

Z1(jω)

X̂(jω)
Hd(jω) X̂

′(jω)

(a)

↓ 2

↓ 2

↑ 2

↑ 2 z
−1

+
+

V0(j2ω)

V1(j2ω)

Hd(jω)

X̂
′(jω)

Hd(jω)

S0(j2ω)

S1(j2ω)

(b)

↓ 2

↓ 2

↑ 2

↑ 2 z
−1

+
+

V0(j2ω)

V1(j2ω)

X̂
′(jω)

z
−2

+
+

+
+

E0(j2ω)

E0(j2ω)

E1(j2ω)

E1(j2ω)

E(j2ω)

S0(j2ω)

S1(j2ω)

(c)

4.7: 2 ADC Hd(jω)
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4.2

↓ 2

↓ 2

+
V0(j2ω)

V1(j2ω)

Fixed
Delay

E(j2ω)

-1

+

Mismatch
Estimation

ωt1

Y0(j2ω)

Y1(j2ω)

4.8: 2 ADC

Fixed
Delay

E(j2ω)

-1

Y0(j2ω)

Y1(j2ω)

+

+
μ

∫
ωt

4.9: 2 ADC

e−jωV1(j2ω) = F [v1(2n− 1)] = F [x(2n)]

= F [v0(2n)] = V0(j2ω), (4.25)

v0(2n) = x(2n),

v1(2n) = x(2n+ 1), (4.26)

4.7(b) (c) Sk(jω) (k = 0, 1)

S0(j2ω) = V0(j2ω)Hd(jω)

= V0(j2ω){E0(j2ω) + e−jωE1(j2ω)}
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4.3

= V0(j2ω)E0(j2ω) + e−j2ωV1(j2ω)E1(j2ω), (4.27)

S1(j2ω) = V1(j2ω)Hd(jω)

= V1(j2ω)E0(j2ω) + V0(j2ω)E1(j2ω). (4.28)

4.8 2TI-ADC

E(j2ω) 4.7 4.9

2TI-ADC

4.3

C ADC 10

31 FIR

4.10 2TI-ADC ω1 = 0.05fs,ω2 = 0.18fs,ω3 =

0.29fs,ω4 = 0.405fs
Δg0 Δg0 Δt0 Δt1 0 -0.008

0 0.01 μg = μt = 2−12 4.10(a) (b)

4.11 wg wt wg

wt 0.004 -0.005 4.6

4.12 8TI-ADC

Δgk

Δtk (k = 0, ..., 7) 0, 0.01, 0.03, -0.01,

0.02, 0, -0.02, 0.04 0, 0.01, 0.02, 0, 0.03, 0.02, 0, 0.01 (a)

(b)

4.13 (a) (b) wgk wtk(k = 1, ..., 7)

8TI-ADC 2TI-ADC

2TI-ADC FIR

2

1 FIR Δt = 0.01
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4.3

(a)

(b)

4.10: 2TI-ADC

-0.006

-0.004

-0.002

 0

 0.002

 0.004

 0.006

 0  10000  20000  30000  40000  50000  60000

ω
g,

ω
t

Samples

ωg

ωt

4.11: 2TI-ADC wg wt
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4.3

(a)

(b)

4.12: 8TI-ADC

SNDR 0.5dB FIR

ω = 0.45fs ADC 10 4.14

SNDR 4.1

FIR

10 5 50

1

LUT

4.1 FIR

4.2 (DFF Adder

Multipler) 2

NAND 1 DFF 6 9.5 11

65nm 1

1.5um2 FIR
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4.3

-0.005

 0

 0.005

 0.01

 0.015

 0  10000  20000  30000  40000  50000  60000

ω
g

Samples

(a) wg

-0.006
-0.004
-0.002

 0
 0.002
 0.004
 0.006
 0.008

 0.01

 0  10000  20000  30000  40000  50000  60000

ω
t

Samples

(b) wt

4.13: 8TI-ADC wg wt

0.047mm2 0.02mm2 4

3 FIR 0.047*3=1.4mm2

1 0.02mm2 4.3 65nm

4 FIR

85 ADC

ADC

65nm IEEE 802.11a/b ADC [7]

0.06mm2 ADC ADC
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4.3

(a) SNDR

(b) SNDR

(c) SNDR

4.14: SNDR
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4.3

4.1

4.2 4.1

4.3

4.4 4TI-ADC (ENOB)

4.4

4TI-ADC 0.02mm2

(Effective Number Of Bits :ENOB)

ENOB 6.4

ENOB 10

3.6

76



4.4

4.4

ADC

ADC

ADC

ADC

ADC

LUT

ADC

M FIR

M-1

1 10

2TI-ADC FIR

LUT 50

4TI-ADC 65nmCMOS

FIR 1.4mm2

0.02mm2 85 4TI-ADC

0.02mm2

3.6

ADC

ADC
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5

MOSFET

LSI

ADC ADC

OPAMP ADC ADC

1 ADC

ADC ADC

LSI

ADC ADC ADC

ADC

2 ADC

ADC ADC ADC

ADC

ADC A/D

2

ADC

ADC

A/D
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3 OPAMP

ADC 1 ADC OPAMP

OPAMP

2

MOSFET

OPAMP

OPAMP OPAMP

OPAMP

OPAMP

65nm OPAMP

OPAMP

15.5dB 2.6

ADC 10

20 30

80MHz

OPAMP 40dB

3

11dB 26dB 13dB

ADC 8.5 11

2

OPAMP

ADC

ADC

4 ADC

ADC

ADC

LUT ADC

ADC
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LUT ADC

10

2TI-ADC FIR

LUT 50

M

FIR M-1

1

4 65nmCMOS

FIR 1.4mm2

0.02mm2 85 4TI-ADC

0.02mm2

3.6 10

ADC

3 ADC OPAMP

4 ADC

65nm 4 ADC

ADC 3 10

320MHz ADC

LAN IEEE802.11ac

ADC

ADC
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