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1.3. 3 7

1.3.3.1

(Fig. 1.3(a)) 2

1 1

[3][4]

3

1. TSV

2. TSV

1. 1 1

2. 3

3.

1.3.3.2 TSV 2.5D

2.5 (Fig. 1.3(b)) TSV

( )

[5] 2D 3D

1.

2. TSV KOZ(Keep Out Zone

)

3

3. ESR(Equivalent

Series Resistance) ESL(Equivalent Series Inductance)

[6]

[7]

1.



8 1

1.3.3.3 TSV 3D

3 (Fig. 1.3(c)) TSV

TSV

C2C(Chip to Chip),COW(Chip on

Wafer),W2W Wafer to Wafer)[8]

[9]

1.

2. 3 DRAM[10]

1.

2.

3.

1.4

3

TSV μ-

1.4.1 3

3

(Power Integrity, PI)

I/O

TSV

TSV [11][12]



1.4. 9

Tier 1

Tier 1b 

Tier 2 

(b)

(a)

Tier 1a

Tier 1b 

Intp. 

Tier 1a

TSV 

(c)

Tier 2

Tier 3 

TSV 

TSV 

Figure 1.3: (a)flipchip bonding, (b) 2.5D ingegration, (c) 3D integration.



10 1

PI TSV [13] TSV

[14]

TSV [15] Divide & Conquer

[16] ANSOFT Synopsys IR

[17]

[18] 1

1.4.2 3

3 3

3

[19]

[20]

[21][22]

[23][24],

DFF [25] [26]

[27][28][29]

TSV

/

KGD(Known Good Die)

TSV [30][31]

[32]

TSV

[33][34] ADC [35]



1.5. 11

1.4.3

3

TSV

DC

DAC

[36][37]

[38][39]

[40][41]

[42] SoC SoC

[43]

[44] TSV Eye

[5]

1.5

3 LSI



12 1

2 4 3 2

3 3

4 3



13

2

2.1

SoC(System on a Chip)

SoC 1

I/O

SoC

[38] I/O

DC

[45][46] -

[36][37] ( [40] [41])

SoC



14 2

65 nm CMOS

2.2

2.2.1

2.2.1.1

Fig. 2.1

(Probing Front End : PFE) PFE

(Data Processing

Unit : DPU) PFE

PFE

(Latched Comparator : LC)

(Tsmp) (Vref)

Tsmp Vref

PFE 2.5 V DPU 1.2 V

2 DPU RTL(Register Transfer

Level)

Tsmp PPG(Pulse Pattern Generator)

Vref DAC(Digital to Analog Converter)

PFE SG(Signal Generator)

2.2.1.2

PFE

Vref Tsmp LC Fig.

2.2 PFE

p SF(Source Follower) n SF

LC GND



2.2. 15

Input
Stage LC

DPU

PS 2.5 V
PS 1.2 V

DAC

PPG

FPGA

Tsmp

Vref

PFE

GPIB I/F

PC

Captured waveform
Volt

time

SGExternal in

Figure 2.1: On-chip monitoring system overview.

PFE

LC (Vis) Vref

0 1 (Dout)

(Tsmp)

Tsmp 1 1

Vref Ncomp Vref Vis 1

Pout (2.1) DPU

Pout =
ΣDout

Ncomp

(2.1)

Fig. 2.3(a) Pout Vref Pout

Vis > Vref Pout = 0 Vis < Vref Pout = 1 Vis � Vref

0 < Pout < 1 Vref Vis

Vis Tsmp

Vref Ncomp Vis Pout = 0.5

Vref

Vis DC

Fig. 2.3(b) PFE



16 2

LC

Vis

Tsmp Vis Tsmp ΔT

Vis PFE

ΔT ΔV (Vref )

Tsmp

Signal of
interest

Vref
Dout

Vis

Signal of
interest Dout

pSF-LC nSF-LC

Signal of
interest

Dout

unity BF-LC

Tsmp

Vref

Vis

Tsmp

Vref

Vis

Figure 2.2: Schematic diagrams of PFEs.

800

900

1000

1100

1200

1300

1400

-500 0 500 1000 1500 2000 2500 3000

M
ea

su
re

d 
vo

lta
ge

 (m
V)

Input voltage (mV)

MeasuredpSF

unity BF nSF
0

0.2

0.4

0.6

0.8

1

-20 -15 -10 -5 0 5 10 15 20

P 
ou

t=Σ
D

ou
t�

�
�
�
�
�
�
�

V
ref 

- V
is 

(mV)

Measured

(a) (b)

Figure 2.3: I/O characteristics of (a) LC and (b) PFE.



2.2. 17

2.2.1.3

DPU (2.1) Pout

DPU Fig. 2.4(a) DPU Tsmp

Tsmp 11 bit PFE

Dout 1

(Shift Register : SR) 2

DPU 2

11 bit Ncomp

SR ΣDout

Ncomp 11 bit

DPU Fig. 2.4(b)

13 bit ΣDout

Ncomp 10 bit 8 bit 6 bit 4 bit

bit SR

11 bit

7 10 bit 8 bit 6 bit 4 bit

Ncomp 1017 249 57 9

2.2.2

2.2.2.1 FPGA

FPGA FPGA

PC

PC

I/O

FPGA Xilinx Spartan3AN

SX-Card3/14C4

FPGA USB

PC ’0’ ’1’

/

ΣDout 10 bit

ΣDout ΣDout DAC

DAC Fig. 2.5 FPGA



18 2

10 bit Counter / SR

11 bit Counter 

ΣDout

11 b
8 b

Tsmp

Dout

reset

Header

3-bit header 10-bit dataV

T

(a)

(b)

Figure 2.4: (a)Block diagram of DPU and (b) data output from DPU.

FPGA

USB USB PC

PC

USB FPGA

FPGA

bit

FPGA

FPGA GUI

FPGA-PC

Ack(Acknowledgement)



2.2. 19

FPGA FPGA

SX-Card3/14C4 36 bit × 512k word SRAM

GUI

/

/ / FPGA

PFE

ΣDout ”010”

10 bit

DAC DAC

DAC DAC

DAC

DAC

FPGA

FPGA

PC

DAC PC



20 2

Data
Logger

FPGA
ΣDout

Algorithm
Block

DAC
Controller

Binary
to Signal

Memory
Register
Controller

Registers

USB
Control
Core

Memory

Vref

Control

Setup
Signals

write/read

write/read

Data

Configuration,
Parameter

Data

DUT PC

Figure 2.5: Block diagram of FPGA integrated controller.



2.2. 21

2.2.2.2

Fig. 2.6 FPGA

DPU PC PFE

PC Vref Tsmp PC

GPIB(IEEE488) FPGA

FPGA

ΣDout PC

ΔVref

ΔTsmp

Fig. 2.6

Agilent Pulse Pattern Generator 81130A

DAC Agilent Universal Source 3245A Ag-

ilent Signal Generator E8267D TTE Q70T-

10M-1.5M-50-720A Bias Tee

2.2.3

PFE

PC

PC PC

FPGA FPGA

Vref Tsmp

Ruby

FPGA FPGA

FPGA



22 2

PFEPFE

FPGA

PC

PPG

DAC

enable

DPU

Tsmp

Vref

IEEE 488
GPIB bus

Dout ΣDout

USB ctrl.

Clock

On-chip Off-chip
Waveform capturing setup

SGBPFBias T

PS
Sinusoid
DC voltage

Performance evaluation setup

10 MHz Ref. Clock

Figure 2.6: Block diagram of waveform capturing setup.



2.3. 23

1. PC

2. PC

3. PC FPGA

4. FPGA / PFE

5. PC Tsmp

6. PC Vref

7. PFE Tsmp

Vis Vref

8. FPGA ΣDout PC

9. PC ΣDout Vref

10. 6-9 Tsmp

11. 5-10

2.3

5-10 Fig. 2.7

3

LC Pout Vref

P = 0.5 Tsmp

Vref



24 2

Comparison
with LC 

Setting
DAC

Setting
PPG

Calculation
of Pout

Storing
wvfm. data

Iteration
Vref update

Tsmp update

Tsmp Vref

Tsmp

Vref

Figure 2.7: Digitization flow.

2.3.1

Fig. 2.8

Tsmp ΔVref

Vref Pout = 0.5 Vref V out V out(Tn)

ΣDout

Vref

ΔVref

2.3.2

Fig. 2.9[47]

Vref

Vref ΣDout

2 2

ΔVref V out(Tn)

ΔTsmp

Vout(Tn) Vout(Tn+1)

Vout(Tn+1) Vref Vrefinit(Tn+1) 2.2



2.3. 25

Voltage

Time

Figure 2.8: Brute force search.



26 2

Vrefinit(Tn+1) = Vout(Tn) (2.2)

Time

Voltage

Vref

Step

1st scan 2nd scan

3rd scan

Detect

Figure 2.9: Neighborhood multi-step algorithm.

2.3.3 IG2P+SS

Fig. 2.10[47] IG2P+SS(Initial Guess by previous 2 Point with

Scaling Steps)

Vref

Vrefinit(Tn+1) 2 Vout(Tn) Vout(Tn−1)

Vrefinit(Tn+1) 2.3

Vrefinit(Tn+1) = Vout(Tn) + (Vout(Tn)− Vout(Tn−1)) (2.3)

Vout(Tn) Vout(Tn−1)



2.4. 27

Time

Voltage
1st step 2nd step

3rd step

Estimation from 
previous 2 point

Vref

Step

Figure 2.10: IG2P+SS algorithm.

2.4

2.4.1

65 nm CMOS

PFE DPU 3 PFE DPU

Fig. 2.11 Fig. 2.11(a) PFE 3

55μm× 138μm

Fig. 2.11(b) DPU 30μm× 30μm

PFE 2.5V 0.28 μm

CMOS DPU 1.2V 65 nm CMOS

2.4.2

Fig. 2.12 PFE pSF unity-

BF nSF 200 mV 1150 mV 2350 mV 500

mV 9 bit (512 step) INL(Integral Non

Linearity ) ±1

8 bit



28 2

55 μm

138 μm 30 μm

30 μm

p-ch SF unity-BF n-ch SF

(a) (b)

Figure 2.11: Physical layout of (a) PFEs and (b) DPU.

2.4.3

Fig. 2.13 PFE 10 MHz

100 mVpp PFE 100 μV (ΔVref) 1

ns (ΔTsmp) Fig. 2.13(a)

500 MHz Fig. 2.13(b)

SNDR(Signal to Noise and Distortion Ratio) SNR(Signal to Noise

Ratio) SFDR(Spurious Free Dynamic Range) Tab.2.1

1 bit(6.02 dB) pSF-ch

SNDR 9.0 bit

Table 2.1: SNDR, SNR, SFDR of the waveforms in Fig. 2.13.
SNDR (dB) SNR (dB) SFDR (dB)

pSF-ch 56.07 60.51 60.74

unity-BF-ch 53.26 57.34 57.96

nSF-ch 50.16 52.68 55.99

unity-BF-ch PFE SNDR SNR

SFDR Fig. 2.14 SNR SFDR

2



2.4. 29

0

10

20

30

40

50

0 200 400 600 800 1000

V sp
re

ad
 (m

V)

Frequency (MHz)

Measured Vspread

Estimated Vspread
σT=12 ps 

Tsmp=
Tsin
100

Figure 2.12: I/O characteristics of (a) pSF-ch, (b)unity-BF-ch, and

(c)nSF-ch PFE.



30 2

Fig. 2.13(b)

[42]

-150

-100

-50

0

106 107 108

Am
pl

itu
de

(d
BV

)

Frequency(Hz)

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0 50 100 150 200 250 300 350 400

Am
pl

itu
de

(V
)

Time(ns)

(a) (b)

pSF-ch

unity-BF-ch
nSF-ch

pSF-ch
unity-BF-ch

nSF-ch

Figure 2.13: PFE dynamic responce of PFE in sinusoidal waveform cap-

turing. (a)Measured waveshape and (b)frequency components.

2.4.4

Fig. 2.15 IG2P+SS

Fig. 2.13 THP(system through-

put 1 ) 6.56

1000

(100 mV / 100 μV) 99.34%

[42]



2.4. 31

35

40

45

50

55

60

65

10 100

SN
D

R,
 S

N
R

, S
FD

R
 (d

B)

Peak-to-peak voltage (mV)

SNDR

SNR
SFDR

Measured at  unity-BF-ch

Figure 2.14: Dynamic range of waveform acquisition.



32 2

1000THP
Transaction

/point

Brute-forth
Algorithm

6.56

IG2P + SS *
Algorithm

* Initial guess  by previous 2 points and step scaling

99.34% reduction

Figure 2.15: Throughput of waveform acquisition with different algo-

rithm.



2.5. 33

2.5

Vref

LC 2 Vref Vis

(Fig. 2.16(a))

Tsmp Vis

(Fig. 2.16(b))

(a) (b)

V

TTsmp

V

TTsmp

Figure 2.16: Voltage variation from (a)voltage variation and (b)timing

variation.

2.5.1



34 2

Vis

DC

Tsmp

Tsmp

Vref Vref

ΣDout Vref Vis ΣDout

Ruby

Fig. 2.17

Fig. 2.17 4

4

Tsmp Tsmp

Vref

Vref − Vis Tsmp Vis Vis

Vref Vis

Tsmp



2.5. 35

Setting
Vref

Setting
Tsmp

Determination
of Pout

Storing
wvfm. data

Vref update

Tsmp update

Tsmp

Vref

Tsmp Vref

Volt

time

Volt

time

Volt

timeVrefVout

Pout

P P

time Volt

Vref – Vis GeneratorTsmp Generator Waveform storageAlgorithm part

Figure 2.17: Behavioral model flow.

2.5.2

PFE (Fig. 2.3(a))

Fig. 2.18 Vref Vis

σP σP = 3.0 mV

Tsmp

140 140 100

MHz, 100 mVpp Fig. 2.19(a)

(Vmax − Vmin) Fig. 2.19(b)

ΔV/ΔT

Vmax − Vmin 1

Vmax − Vmin Vspread ( 2.4)

1 GHz Fig. 2.19(c)

Fig. 2.19(d) 100 MHz 1 GHz

ΔV/ΔT Vspread



36 2

Vspread Fig. 2.20 Vspread

σT=12 ps

Vspread = max×ΔV/ΔT (2.4)

2.5.3

σV σT Fig. 2.17

Fig. 2.21 2 3

10 MHz 200 mVpp 100 MHz

100 mVpp 100 MHz 200 mVpp SN

Fig. 2.22

SNR

100MHz SN

Fig. 2.23 Transaction/point

Transaction

Transaction

1

(Ncomp LC 100 1 LC

)



2.5. 37

0

0.2

0.4

0.6

0.8

1

-4 -2 0 2 4

P ou
t

V
ref

 - V
is
 (mV)

σP = 1.0 mV
σP = 2.0 mV
σP = 3.0 mV
σP = 4.0 mV

Measured

Pout = 50 %
(ΔP/ΔV = Max)

Figure 2.18: Capturing static response of PFE in behavioral expression

with σP.



38 2

1.04

1.06

1.08

1.1

1.12

1.14

1.16

0 2 4 6 8 10

Vo
lta

ge
(V

)

Time (ns)

0

10

20

30

40

0 2 4 6 8 10

V m
ax

�

- V
m

in
 (m

V)

Time (ns)

Vspread

Vmax - Vmin

(a) (b)

(c) (d)

100 MHz
100 mVpp

100 MHz
100 mVpp

0

10

20

30

40

0 0.2 0.4 0.6 0.8 1

V m
ax

�

- V
m

in
 (m

V)

Cycle

1 GHz
100 mVpp

1.04

1.06

1.08

1.1

1.12

1.14

1.16

0 0.2 0.4 0.6 0.8 1

Vo
lta

ge
(V

)

Time (ns)

1 GHz
100 mVpp

1.04

1.06

1.08

1.1

1.12

1.14

1.16

1.04

1.06

1.08

1.1

1.12

1.14

1.16

1.04

1.06

1.08

1.1

1.12

1.14

1.16

1.04

1.06

1.08

1.1

1.12

1.14

1.16

Figure 2.19: (a) Superposition of sinusoidal waveforms after acquisition

for 140 cycles @100 MHz 100 mVpp. (b) Derived voltage variation at

each sample timing @ 100 MHz 100 mVpp. (c) Superposition of sinusoidal

waveforms after acquisition for 140 cycles @1 GHz 100 mVpp. (d) Derived

voltage variation at each sample timing @ 1 GHz 100 mVpp.



2.5. 39

0

10

20

30

40

50

0 200 400 600 800 1000

V sp
re

ad
 (m

V)

Frequency (MHz)

Measured Vspread

Estimated Vspread
σT=12 ps 

Tsmp=
Tsin
100

Figure 2.20: Capturing AC response of PFE in behavioral expression with

σT.



40 2

-150

-100

-50

0

106 107 108

Am
pl

itu
de

(d
BV

)

Frequency(Hz)

3.0 dBMeasured
Simulated
(Sim1)

10 MHz, 100 mVpp

Figure 2.21: 10 MHz, 100 mVpp simulated and measured AC respoinse.



2.5. 41

30

40

50

60

70

80

SN
R

, S
N

D
R

, S
FD

R
 (d

B)

���

Meas

Sim 2
Sim 1

10
 M

Hz, 
10

0 m
V pp

Meas

Sim 2
Sim 1

Meas

Sim 2
Sim 1

Meas

Sim 2
Sim 1

SNDR

SFDR

SNR

SNDR

SFDR

SNR

10
 M

Hz, 
20

0 m
V pp

10
0 M

Hz, 
10

0 m
V pp

10
0 M

Hz, 
20

0 m
V pp

Sim. 1 :
σV = 0.27 mV, σT = 12 ps

Sim. 2 :
σV = 0.0 mV, σT = 0.0 ps

Figure 2.22: Simulated and measured AC dynamic range.



42 2

4

6

8

10

12

14

16

18

�

# 
of

 tr
an

sa
ct

io
ns

 / 
po

in
t

Meas

Sim 2
Sim 1

Meas

Sim 2
Sim 1

Meas

Sim 2
Sim 1

Meas

Sim 2
Sim 1

20 x trial
Average

10
 M

Hz, 
10

0 m
V pp

10
 M

Hz, 
20

0 m
V pp

10
0 M

Hz, 
10

0 m
V pp

10
0 M

Hz, 
20

0 m
V pp

Sim. 1 :
σV = 0.27 mV, σT = 12 ps

Sim. 2 :
σV = 0.0 mV, σT = 0.0 ps

Figure 2.23: Simulated and measured throughput of waveform acquisi-

tion.



2.6. 43

2.6

PFE DPU

SNDR 56.1 dB SFDR 60.7 dB

9 bit

99.34%



44



45

3

3

3.1

LSI

[48][49]

RF [50][51]

TSV 3

[52][53][5]

[54]

[55]

[56] [57]

LSI

3 LSI

LSI

2 3



46 3 3

3

4 3

5

3.2

Fig. 3.1 3

TSV

μ-

[42] PFE

(Vdd) (Vss)

PDN

3

(Electromagnetic Compatibility, EMC)

PFE DPU

DPU

TSV TSV 1 2

(

) TSV

μ-

PCB

3.2.1 PFE

2 PFE PFE

(Fig. 3.2(a)) (Fig. 3.2(b))

2 I/O

1



3.2. 47

PFE PFE PFE DPU

PFE PFE PFE DPU

Top tier
Data out

Bottom tier
Data out

Top reset
Bottom reset

Common

TSVs & μ-bumps

Top tier

Bottom tier

Top tier

Bottom tier

Figure 3.1: Embedding OCM system in 3D chip stack.

TSV

1 2

1 TSV

PFE

(Known Good Die, KGD)

TSV

Fig. 3.2(c)

TSV

(

TSV )

Fig.

3.2(d) TSV

5%

3.2.2

VG DAC(Digital to Analog Converter) Vref

VG 10 bit Iout



48 3 3

Lowest area overhead
(serial)

Dependable
(pallarel)

Lowest area overhead

Dependable(worst case)

Estimated Failure ratio plot

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

2 4 6 8 10

Fa
ilu

re
 ra

tio

# of stacks

������ ��������

� 	
	��
 	
		����

� 	
��
��� 	
		����

� 	
����	� 	
	���	�


 	
���
� 	
	�����

� 	
�	���� 	
	�����

� 	
�
��� 	
	��
��

� 	

����
 	
	�����

� 	


���� 	
	���
�

�	 	
�	���� 	
	��	
�

(a) (b)

(c) (d)

PFEs

DPUPFEs

PFEs

PFEs

DPUPFEs

PFEs

DPUPFEs

DPUPFEs

DPUPFEs

DPUPFEs

DPUPFEs

DPUPFEs

*TSV failure ratio : 5%

Estimated Failure ratio

Figure 3.2: (a)Serial configuration of PFEs, (b) pallarel configuration, (c)

Data path failure ratio, and (d)table of failure ratio.



3.2. 49

Iout Vout

VG Fig. 3.3(a)

10 bit 1024

Iout
Rrange Iout Vout Roffset

Vout VG

Fig. 3.3(b)

VG 10 bit

VG

10bit

VG 10 bit

TG

Figure 3.3: Voltage generator (a) schematic diagram and (b) output im-

age.

3.2.3

TG Mclk PFE

Tsmp

TG VG



50 3 3

VG

TG Fig. 3.4(a) VG 10 bit

Vvg TG

Vtg Vvg Vtg

Vtg Vvg TG

Vtg Vvg Vvg

TG TG

ΔTsmp Vvg Vvg Vtg

Fig. 3.4(b)

TG VG 10 bit

VG

Figure 3.4: Timing generator (a) schematic diagram and (b) output im-

age.

3.3

OCM Fig. 3.5

Fig. 3.5(a) FPGA(Field Programmable Gate Array) PFE

DPU DAC

(Tsmp) (Vref)

(PPG) DAC PFE

Fig. 3.5(b) Tsmp Vref

TG VG PFE



3.4. 51

TG

PC PPG General Purpose Interface

Bus(GPIB IEEE488) PC FPGA USB

DAC VG TG FPGA

PPG FPGA Fig. 3.5(b)

Tsmp ( TG ) Fig. 3.5(a)

Tsmp

(Fig. 2.9)[42] PC

FPGA FPGA DAC

DAC VG

3.4

3.4.1

Fig. 3.6 65 nm CMOS

2 PFE DPU VG TG

DPU 1.2V

2.5V 0.28 μm

2 PFE VG TG

3.4.2

(3.1) Signal to Noise

and Distortion Ratio(SNDR) dB (3.2)

(Effective Number of Bits, ENOB)

Spurious Free Dynamic Range (SFDR)

OCM



52 3 3

PFE

FPGA

PC

PPG

DAC

enable

DPU

Tsmp

Vref

IEEE 488
GPIB bus

Dout Pout

USB ctrl.

Clock

On-chip Off-chip

PFE

FPGA

PCenable

DPU

Tsmp

Vref

IEEE 488
GPIB bus

Dout Pout

USB ctrl.

ctrl.

Clock

TG

VG

PPG

On-chip Off-chip

(a)

(b)

Vin*

Vin*

SF
LC

SF
LC

* Probing point of interest

Figure 3.5: System diagram of OCM including in-stack and off-chip sub-

systems. (a) PFE and DPU are only embedded circuit blocks. (b) PFE

and DPU are integrated with TG and VG.



3.4. 53

12
5.

4 
μm

62.2 μm

Vss PFE Signal PFE

PFE VG/TG

21
5.

0 
μm VG

TG

362.0 μm

420.5 μm

PFE PFE PFEPFE

Tsmp

Data Out

TGVG

DPU

Vref

PFE PFE PFEPFE

Tsmp

Data Out

TGVG

DPU

Vref

Figure 3.6: Chip floor plan and physical layout of OCM system in each

tier.

SNDR =
Psignal

Pnoise + Pdistortion

(3.1)

Fig. 3.7 3.8 0.1 V 1.15 V

DAC PPG Fig. 3.5(a)

SNDR SFDR (a) SNDR

(c) VG

TG Fig. 3.5(b) SNDR SFDR (b)

(d) 0.94 mV 1.0 ns

VG TG ENOB 7.6 bit

DAC PPG SN

3.4.3

1

(THP) Fig. 3.9 Fig. 3.7 Fig.



54 3 3

0
10
20
30
40
50
60

1 10 100

SN
D

R
,S

FD
R

(d
B)

Amplitude(mV)

External DAC/PPG

SNDR

SFDR

SNDR

SFDR

On-chip VG/TG

-40
-20

0
20
40
60

1 10 100

Am
pl

itu
de

 (d
BV

)

Frequency (MHz)

-40
-20

0
20
40
60

1 10 100

Am
pl

itu
de

 (d
BV

)

Frequency (MHz)

(a) (b)

(c) (d)

External DAC/PPG On-chip VG/TG
Voffset : 0.10 V

Amp. : 244 mV
SNDR : 47.0 dB
SFDR : 55.9 dB

Voffset : 0.10 V
Amp. : 136 mV
SNDR : 46.1 dB
SFDR : 50.4 dB

Res.
1.0 ns
1.0 mV

Res.
1.0 ns

0.94 mV

0
10
20
30
40
50
60

1 10 100

SN
D

R
,S

FD
R

(d
B)

Amplitude(mV)

Figure 3.7: Dynamic performance of Vss PFE using (a) external

DAC/PPG and (b) on-chip VG/TG. The frequency components for the

highest SNDR in respective measurements are also shown in (c) and (d).



3.4. 55

0
10
20
30
40
50
60

1 10 100

SN
D

R
,S

FD
R

(d
B)

Amplitude(mV)

External DAC/PPG On-chip VG/TG

SNDR

SFDR

SNDR

SFDR

-40
-20

0
20
40
60

1 10 100

Am
pl

itu
de

 (d
BV

)

Frequency (MHz)

(a) (b)

(c) (d)

Voffset : 1.15 V
Amp. : 380 mV
SNDR : 46.4 dB
SFDR : 51.2 dB

Voffset : 1.15 V
Amp. : 138 mV
SNDR : 47.4 dB
SFDR : 57.5 dB

External DAC/PPG On-chip VG/TG
Res.

1.0 ns
1.0 mV

Res.
1.0 ns

0.94 mV

0
10
20
30
40
50
60

1 10 100

SN
D

R
,S

FD
R

(d
B)

Amplitude(mV)

-40
-20

0
20
40
60

1 10 100

Am
pl

itu
de

 (d
BV

)

Frequency (MHz)

Figure 3.8: Dynamic performance of Signal PFE using (a) external

DAC/PPG and (b) on-chip VG/TG. The frequency components for the

highest SNDR in respective measurements are also shown in (c) and (d).



56 3 3

3.8 THP

VG/TG

THP 5.8 VG/TG

PC GPIB (1 ms)

External
DAC/PPG

(1.0 mV, 1.0 ns)

On-chip
VG/TG

(0.94 mV, 1.0 ns)

66.14

1.70

0.291

THP
time / point(s)

Brute force
External

DAC/PPG
(1.0 mV, 1.0 ns)

Figure 3.9: Test structure of in-stack waveform monitoring in 3D chip

stack.

3.5 3

Fig. 3.10

PDN p+

Vss PFE

Vsub PDN

0 V Vss

OCM

PFE

PFE



3.6. 57

PFE Fig. 3.11

PFE

Fig. 3.11(a)

Fig. 3.11(b) Vss

TSV Vsub TSV

Noise propagation from top tier

Noise injection to bottom tier
Monitoring on bottom tier

Figure 3.10: Test structure of in-stack waveform monitoring in 3D chip

stack.

3.6

3 LSI

PC

5.8

3 IC



58 3 3

10 MHz

20 MHz

50 MHz

100 MHz
PFE

probe

P+

P+

-150

-100

-50

0

50

100

150

0 0.5 1 1.5 2

Vo
lta

ge
(m

V)

Cycle

10 MHz

20 MHz

50 MHz

100 MHz
PFE

probe

P+

P+

-30

-20

-10

0

10

20

30

0 0.5 1 1.5 2

Vo
lta

ge
(m

V)

Cycle

(a)

(b)

Figure 3.11: Sinusoidal waveforms monitored on bottom chip. Sinusoids

are input to (a) bottom and (b) top Vss networks.



3.6. 59

3 LSI

3

3



60



61

4

LSI

4.1

1

LSI 3

[58][59]

[60] TSV

[61]

[62]

LSI 3

/RF DSP(Digital Signal Processing;

)

1

PDN(Power Derivery Network)

PDN

[63]

3

LSI

3

3 LSI

3 LSI



62 4 LSI

3

[42]

3

TSV

2 3

3

4

5

6

4.2 3

4.2.1

Fig. 4.1

PDN PDN

CMOS p+

AC

3

3

3 LSI

PDN



4.2. 3 63

TSV 2

4.2.2 3

Fig. 4.2 3D 2

TSV

Fig. 4.3

TSV (μ-bump)

FEOL

(Front End Of the Line) TSV

BEOL(Back End Of the Line) [64] 130

nm FEOL CMOS (Cu/SiO2 BEOL) 200 mm

TSV 5 μm 25 μm TSV

BEOL TSV

TSV 23 μm

CuSnμ-bump

TSV (μ-bump

) die-to-die Fig. 4.2

PDN

[53]

Fig. 4.4 FR-4 CoB(Chip on Board)

TSV

Fig. 4.5 TSV μ-bump

(No-flow Underfill,

NUF)



64 4 LSI

FEOL
Transistor

BEOL
Metal
stack

Zoff Zoff Zoff Zoff

Top tier

Bottom tier

TSVs

Zoff Zoff Zoff Zoff

(a)

(b)

Figure 4.1: Substrate noise coupling in silicon chips of (a) 2D structure

and (b) 3D structure.



4.2. 3 65

Bottom Tier

NS3

NS4
PFE

DPU

PFE

Top Tier

NS1

TSVs

NS2
PFE

DPU

PFE

μ-bumps

μ-bumps

Reset Top
Reset Bottom

Dout Top
Dout Bottom

Common Inputs

VSNS2

VDNS2

VSNS1
VDNS1

Common Inputs

VSNS3

VDNS3

VSNS4

VDNS4

VDPFEVSPFE

Figure 4.2: Structural view of 3D PDN test vehicle.

4.2.2.1

Fig. 4.6 3

PFE DPU

Fig. 4.6(b)

TSV 1

2

4.2.2.2

(NS) Fig. 4.7

32 LSR(Loop Shift Registers) 16 LSR

LSR

LSR

LSR

Fig. 4.2 2 NS

NS 2

(Common inputs) NS



66 4 LSI

NS1
PFE

NS2

DPU

PFE
TSV

for VDNS4

TSVs for PFE

NS3 PFE NS4
DPU

PFE

μ-bumps for PFE

Top tier

Bottom tier

1550 μm

1070 μm

1550 μm

975 μm

TSV
for VSNS4

TSV
for VDNS3

TSV
for VSNS3

μ-bump
for VDNS4

μ-bump
for VSNS4

μ-bump
for VDNS3

μ-bump
for VSNS3

(a)

(b)

Figure 4.3: Physical layout view of (a) top tier and (b) bottom tier.



4.2. 3 67

Figure 4.4: Die photo of two-tier 3D PDN test vehicle assembled on

evaluation board.

NUF
TSV

Cu μ bump

Cu μ bump
IMC

Top BEOL

Top FEOL

Bottom BEOL

Bottom FEOL

NUF

Figure 4.5: Cross-sectional view and diagram of vertical interconnect.



68 4 LSI

PFE

PFE

PFE

PFE

PFE

PFE Din

Dout 

Faulty tier

PFE

PFE

DPU

��������������������	������


PFE

Tsmp

Vref

Dout

Vsfo

* Target signal

PFE

PFE

DPU

PFE

PFE

DPU

PFE

PFE

DPU

Reset #1
Reset #2

Dout #1
Dout #2

Dout #4

Common Din, Vdd, Vss
With multi-line, multi-via

PFE

PFE

DPU

Reset #4
Reset #3

Dout #3

Tier #1Tier #2Tier #3Tier #4

(a)

(b)

Vin*

Figure 4.6: Vertically integrated waveform capturer array of PFEs. (a)

Cascading PFEs in series (conventional), and (b) locating PFE subset in

each tier (proposed).



4.2. 3 69

NS / 1.2 V 0.0 V

32 bitsLoop Shift Register(LSR)

Operation clock mode
Selection clock

16 LSRs

Selection 
data &
clock

Figure 4.7: Noise source circuits (NS).

4.2.3

NS Fig. 4.8

Vref Tsmp

2 (Pulse Pattern Generator)

NS PFE (Tsmp)

Vref 16-bit

DAC DAC FPGA

Vis Vref

PFE NS

FPGA / DAC

PC

/ PC



70 4 LSI

Fig. 4.9 CoB

FPGA DAC FPGA

1

PC

DAC

FPGA
(Spartan 3AN)

controller

Data timing 
generator
(81130A)

PFEs DPUNSTop Tier

Bottom Tier

probe

PFEs DPUNS
probe

Tsmp Vref

DPU
Output

GPIB I/F
Timing control

USB I/F
Configuration
DataVoltage

control

����

Test vehicle Monitor
system
control
signals

SRA 
clock

Figure 4.8: Block diagram of evaluation system of 3D PDN test vehicle.

4.3

4.3.1

Fclk NS Fig. 4.10 LSR

0 8 16 NS Fig. 4.10(a)

Fig. 4.10(b) NS

TSV

NS4 NS3 NS2 NS4 PFE

Fig. 4.11 Fig. 4.12 Fig. 4.13

Fig. 4.11 NS Fig. 4.12



4.3. 71

PCFPGABuffersDUT

Pulse/Pattern
Generator DAC

Figure 4.9: Evaluation system photo.



72 4 LSI

Fig. 4.13

Fclk = {10, 100, and 500 MHz} Vref

24 μV Tsmp {10 ns, 1 ns, and 200 ps}
Vsub Fig. 4.11

NS4 PDN

DC NS4

NS3 DC PFE

NS2 DC

Fig. 4.12 Fig. 4.13

16 LSRs
8 LSRs
0 LSR

16 LSRs
8 LSRs
0 LSR

0

0.5

1

1.5

2

2.5

3

3.5

4

0 50 100 150 200 250 300 350

ID

�
�
�

 (m
A)

F
clk

 
NS2

 (MHz)

0

0.5

1

1.5

2

2.5

3

3.5

4

0 50 100 150 200 250 300 350

ID

�
�
�

(m
A)

F
clk

 
NS3

 (MHz)

(a) NS 2 Top tier(b) NS3 Bottom tier

Figure 4.10: Average power consumption current vs Fclk.

4.3.2

NS PDN PFE

DC NS PFE

V SNSx { x=1, 2, 3, 4 } V SPFE 2 100 mV

Fig. 4.2

Table.4.1



4.3. 73

0

0.02

0.04

0.06

0 20 40 60 80 100

Vo
lta

ge
 (V

)

Time (ns)

0

0.02

0.04

0.06

0 2 4 6 8 10

Vo
lta

ge
 (V

)

Time (ns)

0

0.02

0.04

0.06

0 2 4 6 8 10

Vo
lta

ge
 (V

)

Time (ns)

(a)  Measured at Psub of NS4
Fclk of NS4 = 10 MHz

NS 1 NS 2

NS 3 PFE

PFE

NS 4

(a)  Measured at Psub of NS4
Fclk of NS4 = 100 MHz

(a)  Measured at Psub of NS4
Fclk of NS4 = 500 MHz

Figure 4.11: AC substrate noise waveforms measured at NS4 during NS4

operation.

0

0.02

0.04

0.06

0 2 4 6 8 10

Vo
lta

ge
 (V

)

Time (ns)

0

0.02

0.04

0.06

0 2 4 6 8 10

Vo
lta

ge
 (V

)

Time (ns)

0

0.02

0.04

0.06

0 20 40 60 80 100

Vo
lta

ge
 (V

)

Time (ns)

NS 1

NS 4

NS 2

PFE

PFE

NS 3

(a)  Measured at Psub of NS4
Fclk of NS3 = 10 MHz

(a)  Measured at Psub of NS4
Fclk of NS3 = 100 MHz

(a)  Measured at Psub of NS4
Fclk of NS3 = 500 MHz

Figure 4.12: AC substrate noise waveforms measured at NS4 during NS3

operation.



74 4 LSI

0

0.02

0.04

0.06

0 20 40 60 80 100

Vo
lta

ge
 (V

)

Time (ns)

0

0.02

0.04

0.06

0 2 4 6 8 10

Vo
lta

ge
 (V

)

Time (ns)

0

0.02

0.04

0.06

0 2 4 6 8 10

Vo
lta

ge
 (V

)

Time (ns)

NS 1

NS 4NS 3 PFE

PFE NS 2

(a)  Measured at Psub of NS4
Fclk of NS2 = 10 MHz

(a)  Measured at Psub of NS4
Fclk of NS2 = 100 MHz

(a)  Measured at Psub of NS4
Fclk of NS2 = 500 MHz

Figure 4.13: AC substrate noise waveforms measured at NS4 during NS2

operation.

[65][66]

25 μm 1 700 μm

3 3

2

Table 4.1

2

DPU NS2(NS4)

PFE NS2(NS4) PFE NS1(NS2)



4.4. 75

Table 4.1: Resistance from measurement or simulation.
Measured Simulated
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NS1-NS2 (Ω) 1391 1182

NS3-NS4 (Ω) 751 590
Resistance ratio

(Rsub bottom/Rsub top) 0.53 0.49

Rsub top/� (provided by foundary) 4000

Rs bottom/� 2400
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4.6 Appendix
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Zj =
Zg · ZTSV NS

Zh + Zg + ZTSV NS

≈ Zg

Zg = RCL + Zd

= RCL +
Zb · Za

REK + Zb + Za

= RCL +
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=
Zl · Zm + Zl ·REK + Zm ·REK
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(4.12) Zx RCL Zy

Zz ZTSV PFE +RFL RDL



94 4 LSI

Zx =
Zu · Zw

Zu + Zv + Zw

=
Zaa

RDL
· Zaa

Zb

Zaa

RCL
+ Zaa
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=
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