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Abstract

This paper analyzes the effect of voltage-dependent (power/ground) P/G through-silicon
vias (TSVs) on the power distribution network (PDN) impedance of high bandwidth
memory (HBM) systems. First, the voltage-dependent behavior of TSV structures is
discussed and the equivalent capacitance range of power/ground (P/G) TSV arrays with
different patterns and quantities are compared. A hierarchical PDN model for HBM
systems including printed circuit board (PCB) PDN, package, and on-chip PDN with
different P/G TSV arrays, is proposed to model the PDN impedance affected by the voltage
dependence of the P/G TSV arrays.
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Introduction

The JEDEC standards [1] [2] have specified the details of high bandwidth memory
(HBM) systems. In HBM systems, through-silicon vias (TSVs) provide short vertical
interconnections between stacks of dynamic random-access memory (DRAM) chips.
Under DC bias conditions, the metal-oxide-semiconductor (MOS) structure of the TSV can
form a depletion region between silicon oxide (Si02) and silicon (Si), resulting in a bias-
dependent capacitance of the depletion layer [3] — [8]. In power distribution networks
(PDNs), this bias-dependent capacitance will significantly affect the low-frequency
behavior (below 1 GHz) of the PDN impedance when the number of power/ground (P/G)
TSVs is sufficiently large. This situation may become worse when the power supply
voltage decreases and the power consumption of the chip increases. Therefore, voltage
dependent PDN modeling and evaluation of various P/G TSV patterns or quantities are
necessary in the design stage of the PDN in HBM systems to predict the accurate PDN
impedance and reduce the PDN impedance below the target impedance.

The modeling of the system PDN has been extensively investigated. In [9], a physics-
based approach to extract the equivalent circuit of the system PDN from PCB to the chip
was discussed. For 3D ICs and packaging, Green’s function-based method in [10] can be
used to extract the PDN impedance with multi-dielectric layers. For the P/G grids of the
interposer and on-chip PDN of 3D ICs with TSVs, the calculation of the capacitance,
inductance, and resistance on the unit cell of the P/G grid and TSVs has been discussed
and equivalent circuit models have been proposed for fast prediction of PDN impedance
[11]-[15].

In this work, the bias-dependent effect on the low-frequency capacitive behavior of a
single TSV is investigated. Furthermore, the total bias-dependent capacitance of P/G TSV
arrays with different patterns and quantities is investigated. Then, to investigate the effect
of the voltage-dependent capacitance of P/G TSVs on PDN impedance of HBM systems,
a hierarchical PDN model is developed including PCB and package, Si interposer, and on-
chip PDN with voltage-dependent P/G TSV array. Based on the system PDN model, the
influence of bias voltage on the system PDN is analyzed in both frequency and time
domains.

The following content of this paper is divided into three parts. First, an extraction method
for the bias-dependent equivalent capacitance of P/G TSVs is presented, including the
influence of patterns and the number of P/G TSVs in an array. Then, a circuit model for
hierarchical PDN from PCB to on-die PDN with P/G TSVs is developed. Finally, the
influence of the voltage-dependency effect of TSVs on the PDN impedance and voltage
ripple in the power rail is studied. The potential problems of the system PDN caused by
the voltage-dependency effect of TSVs are discussed and mitigation methods are proposed.

Equivalent capacitance extraction of P/G TSVs

P/G TSVs in HBM systems provide short vertical interconnections between the multi-
layer PDNs in the stacked dies. The MOS structure of a TSV will provide a voltage-
dependent capacitive effect due to the depletion region that forms between the oxide layer
and silicon layer when a bias voltage is applied to the TSV structure. This capacitance
significantly affects the low frequency (below 1 GHz) behavior of the PDN impedance,
especially when the number of P/G TSVs is sufficiently large. In this section, the hysteresis
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of the equivalent capacitance with the bias voltage for a TSV structure is discussed first.
Then, the total bias-dependent equivalent capacitance for P/G TSV arrays is investigated
under different patterns and numbers of the P/G TSV array according to the P/G pin maps
recommended in the JEDEC standard for the HBM system.

TSV equivalent capacitance vs. bias voltage

Fig.1 shows a TSV structure with silicon (Si) substrate and its equivalent circuit [4].
Since the TSV is a MOS structure, it should be noted that when a bias voltage is applied to
the power (PWR) TSV, a depletion region could be formed between the SiO2 layer and Si
layer. The width of the depletion region depends on the bias voltage and thus the
capacitance formed in the depletion region depends on the bias voltage. The total
capacitance caused by the SiO2 layer and depletion layer dominates the low-frequency
behavior of the coupling between TSV and other structures.

Port 1 (with bias) Port 2
| %8102
Substrate
“_ “_ ’—{ contact
Depletion
Copper 7
Si PP Si

Fig.1 TSV structure and depletion region.
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Fig.2 Measured coupling (|S2i|) between a single TSV and Si substrate contact under +3 V and —
3 V bias voltages.

For the coupling between a TSV structure and the Si substrate contact, Fig. 2 shows the
measured S21 under the bias voltage of +3 V and -3 V applied to the TSV. The dimensions
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of the TSV structure are shown in TABLE 1. Due to the short length of TSV (80 um), the
equivalent resistance and inductance show a negligible effect on S21 in the frequency below
200 MHz. According to the equivalent circuit model of the TSV-substrate structure in Fig.
1, the TSV equivalent capacitance caused by the series connection of the capacitance
between the Si02 layer and depletion layer dominates the total coupling below 200 MHz.
The resistance caused by the Si substrate dominates the total coupling in 200 MHz — 1
GHz. And the capacitance of the Si substrate dominates the total coupling above 1 GHz.

TABLE I Dimensions of the TSV structure

Parameters Description Value
Hrsy Height of TSV 80 um
tox Thickness of the SiO2 layer 0.23 um
Rrsv Radius of the TSV copper 14.65 pm
Esio2 Relative permittivity of SiO2 4.1
Esi Relative permittivity of Si 11.9
Osi Conductivity of Si 10 S/m

The hysteresis curve of the low-frequency equivalent TSV capacitance vs. bias voltage
is shown in Fig. 3 [4]. For the TSV structure studied in this paper, the equivalent TSV
capacitance varies between 1280 fF and 677 fF with the bias voltage changes between + 3
V and -3 V. The low-frequency equivalent TSV capacitance is also affected by the
thickness of the Si02 layer since it is a series connection of the Si02 layer and the depletion
layer capacitance. The bias-dependency effect is only caused by different widths of the
depletion layer corresponding to the varying bias voltages.

Capacitance-Voltage Hysteresis Modeling
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Fig. 3 Hysteresis of low-frequency equivalent TSV capacitance vs. bias voltage.

Since the voltage-dependent effect of equivalent TSV capacitance affects the low-
frequency electrical characteristics, it needs to be considered during the pre-design of an
HBM system in terms of power integrity (PI) analysis when a large number of power TSVs
are present.
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Estimation of low-frequency equivalent capacitance of TSV array
in HBM systems

HBM system

In JEDEC standards such as JESD235B, the core supply voltage (VDDC) of a HBM IC
is recommended in the range of 1.14 V — 1.26 V with a typical value of 1.2 V. The
maximum rated DC voltage of VDDC is -0.3 V — 1.5 V. Therefore, when the HBM system
is powered up or down, the TSV capacitance will change accordingly. According to the
specification in the JESD235B, 2 — 12 layers of DRAM dies/chips can be stacked in the
3D IC. From the recommended micro-bump array and the ballout footprint of the VDDC
net, it is roughly estimated that the number of P/G TSV pairs in one DRAM die can be
greater than 880.

To estimate the total capacitance induced by the TSV array in an HBM system in the
low-frequency range, the patterns and number of TSVs were investigated in estimating the
total capacitance of the TSV array.

Low-frequency equivalent capacitance of different TSV patterns

and number of TSVs

In practical applications, different P/G TSV patterns may exist for vertical connections
between different layers of P/G grids. The equivalent capacitance of different TSV patterns
is investigated, such as the P/G TSV pair, GPG TSV pair, GGPGG TSV pair, and so on.
As an example, the equivalent capacitance of the P/G TSV pattern is extracted for cross-
validation using various methods including, Q2D, circuit model from the analytical
calculation, and HFSS.

To simplify the modeling, the capacitance in the depletion region is converted to an extra
thickness of the SiO2 layer. Therefore, for the total TSV capacitance with a variation of
1280 fF — 677 {F caused by the bias voltage between -0.3 V and 1.2 V, the corresponding
equivalent thickness of Si02 layer (toxe) is 0.21 um — 0.4 um, where the TSV height, TSV
radius, SiO2 property, and Si property are shown in TABLE 1. Since a voltage of 0 V is
applied to the ground TSVs, the effective thickness of the SiO2 layer in the simulation
model is set as 0.21 pum, which provides an equivalent TSV capacitance of 1280 fF
contributed from Si02 layer without any depletion effect.

Si

Si02 with depletion
t=0.21 um (no bias) t=0.21 pm
or 0.4 um (bias)

(a)
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Fig. 4 P/G TSV pair and the corresponding equivalent circuit model. (a) PG TSV pair; (b)
Equivalent circuit model.

Fig. 4 shows an example of the equivalent capacitance extracted from a single PG TSV
pair. Since in the low-frequency range (< 200 MHz), the Si substrate exhibits only the
resistive effect (Rsi), the low-frequency equivalent capacitance of the P/G TSV pair is
formed by the series connection of the equivalent capacitance (Crsv_pwr) of the power
(PWR) TSV and the equivalent capacitance (Crsv_cnp) of the ground (GND) TSV. As the
bias voltage changes from -0.3 V to 1.2 V (corresponding toxe in the simulation model from
0.21 pm to 0.4 pum), the Crsv_pwr changes from 1280 fF to 677 fF, while the Ctsv_oND
remains constant as 1280 fF (the corresponding toxe in the simulation model remains the
same as 0.21 pm). A comparison of the low-frequency equivalent capacitance of this
structure extracted from different methods is shown in TABLE II.

TABLE II Extracted TSV capaciatnce for different single PG TSV pair
Ceq (fF) Q2D Circuit model HFSS

Not consider depletion
effect/1.2 V bias
Consider depletion
effect/1.2 V bias

641.1 640.0 642.6

4433 442.8 443 .8

To further understand the effect of bias-dependent TSV capacitance on the low-
frequency behavior of the coupling from TSV to the other structures, the E-field
distribution at 1 MHz of the TSV region is analyzed in Fig. 5. A constant E field exists
between the PWR TSV and the Si substrate, and between the GND TSV and Si substrate
in the low-frequency range. Therefore, the Si substrate shows a conductive behavior (with
very small Rsi) at low frequencies, which is consistent with the behavior of the equivalent
circuit model in Fig. 5 (b).
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(2) (b)

Fig. 5 E field in the SiO2 layer and Si substrate at 1 MHz. (a) E field distribution in PWR TSV
region; (b) E field distribution in GND TSV region

The models of the PWR and GND TSV arrays for other patterns are shown in Fig. 6.
Based on the E-field distribution between the PWR TS Vs, the Si substrate, and GND TS Vs,
the low-frequency equivalent capacitance of the TSV array in the MHz range can be
calculated from the series capacitance between the PWR TSVs and the Si substrate, and
between the GND TSVs and the Si substrate. Therefore, the locations or patterns of the
PWR and GND TSVs do not affect the total capacitance of the TSV array in low frequency,
but the number of PWR and GND TSVs will determine the total capacitance. A simple
equation to estimate the low-frequency equivalent capacitance of the P/G TSV array is
shown in (1):

C =
eqTSV 1 N 1 (1)

N, GNDTSV * CGNDTSV N, PWRTSV * CPWRTSV

Where the parameters in (1) are described in TABLE II1I.

TABLE III Description of parameters in (1)

Parameters Description
Ceqrsv Low-frequency equivalent capacitance of P/G TSV array
Nanorsv Number of GND TSVs
Cenprsv Equivalent capacitance of each GND TSV
Npwrrsvy Number of PWR TSVs
Crwrrsv Equivalent capacitance of each PWR TSV

To validate the proposed equation (1), the extracted capacitance from Q2D and (1) for
the patterns in Fig. 6 are compared in TABLE IV.
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Fig. 6 Patterns (simplified illustration) of P/G TSV array studied. (a) GPG TSVs; (b) PGP TSVs;
(c) P/G TSV array 1; (d) P/G TSV array 2; (e) P/G TSV array 3.

TABLE IV Extracted TSV capacitance for different TSV patterns

Patterns in Fig. 6 Ceqrsv Q2D Equation (1)
(a) Not consider depletion/1.2 V bias | 854.82 {F 853.33 fF
Consider depletion/1.2 V bias 535.89 {F 535.41 {F
(b) Not consider depletion/1.2 V bias | 854.83 {F 853.33 fF
Consider depletion/1.2 V bias 658.78 fF 657.98 {F
(©) Not consider depletion/1.2 V bias | 1025.80 fF 1024.00 fF
Consider depletion/1.2 V bias 598.41 {F 597.90 {F
(d) Not consider depletion/1.2 V bias 5.77 pF 5.76 pF
Consider depletion/1.2 V bias 3.99 pF 3.99 pF
(e) Not consider depletion/1.2 V bias | 17.31 pF 17.28 pF
Consider depletion/1.2 V bias 11.97 pF 11.96 pF

TABLE V Extracted TSV capaciatnce for TSV arrays in 3 D IC

Ciotarrsv (nF)
Bias of PWR TSV 2layer | 4layer | 8layer | 12 layer
Not consider depletion | Cpwrrsy = 1280 fF
effect/1.2 V bias | Conprsy = 1280 fF | 1% 3.07 6.14 9.22
. . CPWRTSV =677 fF
Consider 1.2 V bias Conprsy = 1280 fF 1.06 2.13 4.25 6.38

Therefore, for HBM 3D ICs with 2 — 12 DRAM die layers, if there are 1200 TSV
pairs per DRAM die, the total equivalent capacitance caused by the SiO2 layer of the PWR
and GND TSVs, and the depletion layer of the PWR TSVs can be estimated in TABLE V
when a bias voltage is applied. It is noted that the total low-frequency capacitance
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generated by the on-die P/G TSV array is in the nF range, which can play an important role
in on-die decoupling techniques. However, the bias voltage may shift the total capacitance
of the TSV array to a smaller value, which is unavoidable. Therefore, in the following
sections, the influence of TSV bias-dependency on the system PDN impedance is
investigated, which needs to be considered in the power integrity (PI) analysis of such
systems with 3D IC TSV technology.

PDN extraction for HBM systems with 3D IC

In this section, a hierarchical PDN model is built, including PCB and package, Si
interposer PDN, and on-die PDN with TSVs. The PCB and package PDN are extracted
from measurement on an actual graphic card with HBM2 GPU memory. The Si interposer
PDN and on-die PDN are extracted by simulation. This hierarchical PDN model is used to
evaluate the impact of bias dependence of on-die P/G TSVs on the system PDN impedance.

PCB and package PDN of a graphic card

Fig. 7 shows a commercial graphic card including AMD Radeon RX Vega 56 GPU with
HBM 2 memory. This graphic card is used for PDN impedance measurement. As the
impedance of the PDN is very low for a commercial product, the two-port measurement
method is used [16].

el

|
]
==
5

LIS

Fig. 7 Photo of a graphic card.

The PDN impedance of the power supply for the core (VDDC) net can be extracted from
the measured S21 using (2):

S
Zppy =25—21
DUT 1_ S21 (2)

Two on-package decoupling capacitors were removed for probe landing. Since the IC is
not removed, the measured impedance up to the 200 MHz range is used as the impedance
caused by the PCB and package. The setup is shown in Fig. 8 (a), and the equivalent circuit
model extracted from the PDN impedance is shown in Fig. 8 (b). The comparison between
the measured and simulated impedance curves is shown in Fig. 8 (c). The measured PDN
curve shows a very low value of PDN impedance which is due to a large number of
decoupling capacitors mounted on the PCB.
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Fig. 8 PDN measurement setup and results. (a) Measurement setup; (b) Equivalent circuit model;
(c) PDN impedance (Z) from measurement and equivalent circuit simulation model.

On-die and silicon interposer PDN modeling

Power and ground (P/G) grids are typically used for on-die and silicon interposer PDN.
As the integration size of the 3D IC increases, the width of the single P/G bar will keep
reducing and the metal density for the P/G grid will keep increasing, which results in much
more time and complexity when using the 3D full-wave model for PDN impedance
simulation. Therefore, the equivalent circuit model is widely applied for the simulation of
on-die and silicon interposer PDN with high density and large area.

The P/G grid is divided into repeated unit cells. The method of extracting the unit cell
parameters from the analytical equation is introduced in [14] and [17].

Fig. 9 shows the structure of a P/G grid. It contains two layers of traces with vertical
interconnections of the same net between each layer. In the top layer, the P/G traces are in
the Y direction. In the bottom layer, the P/G traces are in the X direction. The dimensions
of the P/G grid traces are shown in TABLE VI. The metal density for the PDN used is
30%.
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Fig. 9 P/G grid and unit cells

TABLE VI Dimensions of the P/G grid

Parameter | Description Value
\4 Width of the P/G trace 10 pm
L Length of the P/G trace between the near 2 nodes 60 um
T1 Thickness of the P/G trace in the top layer 0.76 um
T2 Thickness of the P/G trace in the bottom layer 0.76 ym
td Gap between the P/G trace between the top and bottom layer 0.8 um

The distributed circuit model based on the distributed equivalent circuit method is used
for the P/G grid. The segmentation for the P/G grid is shown in Fig. 9. The nodes (black
dots in Fig. 9) are defined at the crossing region between each two orthogonal P/G traces
in one layer, where equivalent capacitances are defined. A capacitance (Cpwr_GND) i
defined between the upper and lower nodes with the same position in the XY plane if they
are of different nets. Besides, a capacitance (Cself) is defined at each node, which is the
intrinsic capacitance (self-capacitance) between the trace and the ground at an infinite
distance. A branch segment is formed between the two adjacent nodes on the same plane,
where the self-inductance (Lseif) and resistance (Rs) are defined. The black dot lines in Fig.
9 describe the trace branches for segments of inductance and resistance. Moreover,
capacitance and mutual inductance are defined between two parallel traces in the same
layer. The extracted lumped terms are shown in TABLE VII for each node, trace segment,
and between the adjacent trace segments.

Modified nodal analysis (MNA) is used with MATLAB to solve the voltage at each
interconnect node and the current through each branch in the distributed equivalent circuit
model. Therefore, the impedance of the P/G grid can be solved quickly when there is a
large number of segments, which is much faster than the commercial 3D solvers.

Fig. 10 shows the PDN impedance of 20 x 20 segments (1.2 mm x 1.2 mm) extracted
from the equivalent distributed circuit model and HFSS. Good agreement with the 3D
commercial solver validates the accuracy of the distributed equivalent circuit model.

In this paper, the length of the P/G trace between the near 2 nodes (L) is set as 30 um
and other parameters are the same as TABLE V, which has the metal density as 55.6%; the
size of the on-die PDN is 3 mm x 3 mm and the size of the silicon interposer is 36 mm

x 28 mm. The extracted impedance curves for a 1-layer on-die PDN with 6 mm x 6mm
and the interposer PDN with 36 mm x 28 mm are shown in Fig. 11.
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TABLE VII Comparison of parameters extracted from analytical equation and Q3D

Parameters Ceselr CPWR?GND Lgeir Rs Crarallel Linutual
Equation 0.169+
calculation 9.4771 {F 34.92 pH 0,033 Q 1.525 {F -5.606 pH
Q3D 0.136+ )
simulation 1.6 fF 9.58 fF 33.76 pH 0.048 O 1.36 fF 5.64 pH
1()5 _____ T T 100 T T ;
Distributed circuit model |- Distributed circuit model P
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.................... S oS
— 1o
£ 10 15
e P o 12 o
— 2 0
N 107 g e §
. & .50
10 o N
100 : L L L : Y 100
1072 107! 10° 10" 102 107! 10° 10!
Frequency (GHz) Frequency (GHz)

Fig. 10 Comparison of P/G grid impedance between the distributed circuit model and HFSS.
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Fig. 11 Impedance of a 1-layer 6 mm % 6 mm on-die PDN and 36 mm x 28 mm Si interposer.

Effect of bias-dependent P/G TSV on the system PDN

and mitigation methods

Based on the extracted PDN model from PCB to the on-die P/G TSV array, the
hierarchical equivalent circuit model of system PDN is built, as shown in Fig. 10. It is
under the assumption that there are 4 layers of DRAM dies with 1200 pairs of P/G TSVs
in each layer, the on-die P/G grid size is 6 mm % 6 mm for each layer, and the P/G grid in
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the Si interposer is 36 mm x 28 mm. The hierarchical PDN circuit model built in this paper
and the system PDN impedance extracted is assumed to be extracted by looking at the PDN
from the top layer of the DRAM die into the system. It is noted that the circuit model could
be different if extracted from other DRAM layers such as the bottom DRAM layer.

18.75 pH0.0187 Q 250 pH 0.025 Q 0.839pH 0.07mQ  3.90pH 0.09 mQ
- A YN\ IV\R NYY\_NV\_
\ _ 7 W 5 WV
Lchip/Z Rchip/Z interpose: in[erp(;ser/ 0.086 fH
C bip Cchip_d‘cap Cinterposer 85.99 HF 6.34 mﬂ\_
chi _— 8 nF —— 0.23 mQ —
Crsv 280 pF | 4nF T T
3.09 uF
18.75 pH0.01 §\7 250 pH o.ozhs Q |
| \]
LChiP/z RChiP/z Lintcrposcr/ 2 Rinterposet/ 2
TSV Chip PDN and on-die decap Si interposer PDN Package + PCB

Fig. 10 Hierarchical PDN model from PCB to on-die PDN with TSV.

Impedance (ohm)

Not considering depletion effect :

Considering depletion effect
10_3 L ] i
107 1072 10° 10!
Frequency (GHz)

Fig. 11 Effect of the bias-voltage-dependent TSV capacitance on the system PDN.

The model is used to investigate the influence of bias voltage on the system PDN
impedance. As shown in Fig. 11, when no depletion effect is considered, two resonances
at 82.1 MHz and 629.1 MHz are generated by the capacitance of the TSV P/G array and
the inductance of the P/G grid of the multilayer die and the Si interposer. The first
resonance at 82.1 MHz is caused by the total inductance of the Si interposer and on-die
PDN, and the total capacitance of the TSV array and the on-chip decoupling capacitor. The
second resonance at 629.1 MHz is caused by the inductance of the on-chip PDN and the
capacitance of the TSV array.

When a bias voltage of 1.2 V is applied, the total capacitance of the P/G TSV array
changes from 3.07 nF to 2.13 nF, causing the resonance from 82.1 MHz and 629.1 MHz to
shift to 89.1 MHz and 705.1 MHz, respectively.
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These resonances caused by the capacitance of the P/G TSV array, the on-chip
decoupling capacitors, the inductance of the interposer, and the on-chip PDN can cause
severe problems to the supply voltage of the system when a signal is operating near the
resonance frequencies in the 3D IC.

Time-domain simulation

The voltage of the power supply rail in the PDN network will generate ripples due to the
transient switching current of the IC and the impedance of the PDN. In the time-domain
simulation of the PDN model as shown in Fig. 12, we investigated the voltage ripple under
a certain switching current profile. The noise in the power supply is set to 100 MHz with
the rising and falling edges are set as 200 ps and 400 ps, respectively. The maximum current
consumption is assumed as 1 A [18] [19]. The voltage ripple is simulated for the system
PDN model with 4 layers of DRAM dies (shown in Fig. 10).

18.75 pH 0.0187 Q 250 pH 0.025Q 0.89 pH 0.07 mQ 3.90 pH 0.09 mQ
\ - A\ s
Lchip/Z Rchip/z Linterposex/2 Rinterpos r/2 0.086 fH
() Cch‘p Cchip,decap Cimerposer 0.23 98599 HF 6.34 I'IlF_“_ 12V
p— S — _— 2o m _
Yic] 280 pF | 4 nF 8nF | T
18.75 pH 0.0187|Q 250 pH 0.025 Q T 3.09 uE
A A
\ N
LChip/z Rchip /2 Linterposer/ 2 Rinterposer/ 2
TSV Chip PDN and on-die decap ~ Si interposer PDN Package + PCB

Fig. 12 Circuit model for simulating the power switching noise in time domain.
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Fig. 13 Time domain waveform of the supply voltage (Vdd - Vss) in power rail considering and
not considering the 1.2 V bias effect on the total capacitance of P/G TSVs.

As shown in Fig. 13, two cases are compared: (1) without considering the bias-
dependent effect of the TSV arrays; (2) with considering the depletion/bias-dependent
effect of the TSV arrays. For the system PDN model with 4-layer DRAM and specific I/O
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current characteristics, a maximum voltage difference of 177mV can be observed between
considering and not considering the depletion/bias-dependency effect of TSV arrays.
Therefore, taking into account the bias-dependent effect of the TSV array is critical for the
PDN design of the HBM system with 3D ICs and TSVs.

Due to the noise in the power supply network, power supply induced jitter (PSIJ) can be
a potential issue. As shown in Fig. 14, an inverter model is created to investigate the
induced jitter by the power supply noise. The data rate for the input of the inverter is set as
1.60001 Gbps with 50 ps rising and falling time. The load of the output of the inverter is
set as 10 pF. Three cases were compared: 1) no power supply noise applied; 2) power
supply noise without considering the P/G TSV bias effect; 3) power supply noise
considering the P/G TSV bias effect. Fig. 15 shows the simulated eye diagrams and the
calculated parameters from the eye diagram are compared in TABLE VIII.

Therefore, when adding power supply noise, the deterministic jitter increases in the
output signal. Besides, when considering the bias effect of the P/G TSV in the PDN, the
power supply induced jitter also increases, which is non-negligible during the SI and PI

design of the HBM system.
O Noisy VDDC from PDN
PMOS j
CLK/PRBS
signal
10 pF
NMOS =

1.60001 Gbps
50 ps rising and
falling edge © Noisy VSS from PDN

Fig. 14 Inverter model for PSIJ simulation.
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Fig. 15 Eye diagram of different cases of output signal. (a) Case 1: without the power supply
noise; (b) Case 2: with power supply noise, not considering the bias effect; (c) Case 3: with

power supply noise, considering the bias effect.

TABLE VIII Parameters extracted from eye diagram

Eye height Eye width Peak-peak jitter
Casel 1.136 V 0.603 ns 5.677 ps
Case2 0.878 V 0.599 ns 22.708 ps
Case3 0.744V 0.588ns 31.223 ps

Mitigation method
Besides, the resonances of the PDN impedance caused by the capacitance of the TSV
array and the inductance of the on-die and Si interposer PDN is playing an important role
in creating the large voltage ripples in the power rail. Mitigation methods should be
considered to reduce such ripples.
To reduce the resonance on the system PDN impedance, the possible methods are:
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- Reducing the inductance of Si interposer PDN (Linterposer), which can be achieved by
reducing the size of Si interposer PDN.

- Reducing the inductance of on-chip PDN (Lchip), which can be achieved by reducing
the size of on-chip PDN or increasing the layers of on-chip PDN.

- Increasing the number or value of the on-chip decoupling capacitor. However, this
method is not efficient due to the limitation of areas in the 3D IC for on-chip
decoupling capacitors. Besides, the capacitance of on-chip capacitors only affects
the first resonance.

- Increasing the number of TSVs in the 3D IC, which is effective to reduce both
resonances in the PDN impedance.

Fig. 16 shows a comparison of the impedance of the system PDN with 4-layers dies and
8-layer dies under 1.2 V bias voltage. It can be seen when adding multiple layers of on-die
PDN, the system impedance could be reduced at the resonances due to the inductances of
Si interposer and on-die PDN, and the capacitances from the TSV array and on-die
decoupling capacitors. Correspondingly, Fig. 17 shows the voltage ripple in the power rail
from the system PDN model of 4-layer and 8-layer DRAM die. The voltage ripple in the
power rail is significantly reduced when more DRAM dies are used while keeping the
metal density the same. Similar to Fig. 15, the eye diagram of the output signal of the
inverter with the P/G noise is shown in Fig. 18, which is interfered by the P/G noise from
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Fig. 16 Effect of the number of DRAM die layers on the system PDN.
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Fig. 17 Time domain: Effect of the number of DRAM die layers on the power rail of PDN.
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Fig. 18 Eye diagram of output signal from an inverter considering the power supply noise from 8-
layer DRAM dies in an HBM system.

the HBM system with 8-layer DRAM in the 3D IC. The calculated eye height and width
are 0.983 V, 0.600 ns, respectively. The peak-peak jitter is calculated as 17.31 ps.

Discussions - How industry can benefit?

Since the equivalent capacitances of the P/G TSV array are in the nF range, they can be
considered as additional decoupling capacitors in the pre-design stage of the 3D IC or HBM
system. Assuming that the Z11 of the PDN is extracted from the top layer of the DRAM die
into the system PDN, two main effects should be considered when more layers of DRAM
die are designed in an 3D IC: 1) the number of P/G TSVs will increase, causing a larger
equivalent total capacitance of the P/G TSV array; 2) the total equivalent inductance and
resistance of the DRAM layers will decrease. Therefore, the number/value of on-chip
decoupling capacitors can be further reduced if more DRAM layers are to be stacked in the
3D IC in the future.

TABLE IX shows 3 scenarios to study the system PDN impedance curve with different
DRAM layers and values of on-chip decoupling capacitors. The corresponding PDN
impedance curve is shown in Fig. 19. When the on-chip decoupling capacitor is 4 nF and
the 4 layers of DRAM die are changed to 8 layers, the maximal PDN impedance decreases
from 1.54 Q to 1.13 Q. Moreover, the maximum PDN impedance for 8 layers of DRAM
die with the total on-chip decoupling capacitor of 1 nF reaches the same value as that for 4
layers of DRAM die with the total on-chip decoupling capacitor of 4 nF.

By taking advantage of the decoupling effect offered by the P/G TSV arrays, the
industry can significantly reduce the cost of incorporating a large number of on-chip
decoupling capacitors in a compact 3D IC. However, this method is only beneficial in PDN
design including 3D IC with power/ground TSVs and is not preferred for signal/ground
TSVs because the additional TSV capacitance causes larger RC delays for the high-speed
signal transmitted through the signal/ground TSVs, which can lead to potential signal
integrity issues.
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TABLE IX Cases of 3 D IC with different DRAM dies and on-chip decoupling capacitors

Cases Description
Case3 4 layers of DRAM die, 4 nF on-chip decap
Case3 8 layers of DRAM die, 4 nF on-chip decap
Case3 8 layers of DRAM die, 1 nF on-chip decap
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Fig. 19 Comparison of system PDN impedance curves with different number of DRAM layers
and decoupling capacitors.

Summary and conclusions

This paper presents the bias-dependent effect of power TSVs in HBM 3D ICs and
highlights the importance of considering the low-frequency bias-dependent TSV
capacitance on the system PDN during the preliminary design phase of the HBM system.
The depletion/bias effect of the TSV structure at different bias voltages is discussed. In
addition, it is found that the number of P/G TSVs instead of the pattern of the P/G TSV
array mainly affects the overall capacity of the TSV array in low frequency regions (< 200
MHz). To investigate the depletion/bias effect of the P/G TSV array on the system PDN, a
hierarchical equivalent circuit model is built for the system PDN, including the PCB,
package, Si interposer, and the on-die PDN, which are extracted from measurements and
simulations. Frequency domain and time domain simulates are performed to analyze the
PDN impedance, power supply noise and power supply induced jitter with/without
considering the depletion effect of the power TSVs. Methods to reduce the system PDN
impedance by reducing the resonances generated by the bias-dependent TSV capacitance
are discussed.

By considering the depletion effect of the P/G TSV pair in the pre-design stage, the
potential power and signal integrity risks in the system PDN can be more accurately
assessed. By considering the TSV capacitances as on-chip decoupling capacitors in the pre-
design phase, the cost of placing a large number/value of on-chip decoupling capacitors
can be significantly reduced.
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The limitations of the proposed PDN model are: 1) the impedance is extracted extracted
by looking from the top layer of the DRAM die into the system PDN; 2) the structure and
size of the on-chip PDN and Si interposer are under assumption of ideal dimensions; 3) no
actual PDN measurement validation on the 3D IC system with TSVs.

In the future, the current work can be improved in the following aspects: 1) PDN
modeling by looking from the different layers of the DRAM die into the system PDN; 2)
system PDN modeling from PCB to on-die PDNs with more realistic structures and sizes
of on-chip PDN and Si interposer and measurement validation; 3) modeling of hysteresis
behavior and analysis of TSV structures as a function of temperature, bias voltage, and
changing speed of bias voltage and temperature.

Acknowledgment

This paper is based upon work supported partially by the National Science Foundation
under Grant No. [IP-1916535.

References

[1] High Bandwidth Memory DRAM (HBM1, HBM?2), JESD 235B, 2015.

[2] High Bandwidth Memory DRAM (HBM1, HBM?2), JESD 235D, 2021.

[3] X. Sun, R. Fang, H. Liu, M. Miao and Y. Jin, “Bias-dependent high frequency
characterization of through-silicon via (TSV) for 3D integration,” 2016 I[EEE MTT-S
International Microwave Workshop Series on Advanced Materials and Processes for
RF and THz Applications (IMWS-AMP), Chengdu, China, 2016, pp. 1-3, doi:
10.1109/IMWS-AMP.2016.7588356.

[4] D. -H. Kim et al., “Through-Silicon Via Capacitance—Voltage Hysteresis Modeling for
2.5-D and 3-D IC,” in I[EEE Transactions on Components, Packaging and
Manufacturing Technology, vol. 7, no. 6, pp. 925-935, June 2017, doi:
10.1109/TCPMT.2017.2670063.

[5] S. Piersanti, F. de Paulis, A. Orlandi, J. Fan, J. Drewniak and B. Achkir, “Impact of
Voltage Bias on Through Silicon Vias (TSV) depletion and crosstalk,” 2016 IEEE 20th
Workshop on Signal and Power Integrity (SPI), Turin, Italy, 2016, pp. 1-4, doi:
10.1109/SaPIW.2016.7496255.

[6] K. J. Han, M. Swaminathan and J. Jeong, “Modeling of Through-Silicon Via (TSV)
Interposer Considering Depletion Capacitance and Substrate Layer Thickness Effects,”
in IEEE Transactions on Components, Packaging and Manufacturing Technology, vol.
5, no. 1, pp. 108-118, Jan. 2015, doi: 10.1109/TCPMT.2014.2372771.

[7] J. Cho et al., “Through-silicon via (TSV) depletion effect,” 2011 IEEE 20th Conference
on Electrical Performance of Electronic Packaging and Systems, San Jose, CA, USA,
2011, pp. 101-104, doi: 10.1109/EPEPS.2011.6100198.

[8] K. Chen, Y. Sheu, C. Cheng, J. Lin, Y. Chiou and T. Wu, “A novel TSV model
considering nonlinear MOS effect for transient analysis,” 2012 IEEE Electrical Design
of Advanced Packaging and Systems Symposium (EDAPS), Taipei, Taiwan, 2012, pp.
49-52, doi: 10.1109/EDAPS.2012.6469413.

[9] X. Zhu, “Physics-based equivalent circuit model extraction for system level PDN and
a novel PDN impedance measurement method,” ECE. Dept., Missouri S&T, 2019,

Information Classification: General



Accessed on: Sept. 30, 2019. [Online]. Available:
https://libraryguides.vu.edu.au/ieeereferencing/theses.

[10]B. Zhao, S. Pan and J. Fan, “Green's Functions in Lossy Multi-Layer Dielectrics for
3D IC/Packaging Applications,” 2018 I[EEE International Conference on
Computational Electromagnetics (ICCEM), Chengdu, China, 2018, pp. 1-3, doi:
10.1109/COMPEM.2018.8496730.

[11]J. S. Pak et al., “PDN Impedance Modeling and Analysis of 3D TSV IC by Using
Proposed P/G TSV Array Model Based on Separated P/G TSV and Chip-PDN Models,”
in IEEE Transactions on Components, Packaging and Manufacturing Technology, vol.
1, no. 2, pp. 208-219, Feb. 2011, doi: 10.1109/TCPMT.2010.2101771.

[12]J. S. Pak et al., “TSV mutual inductance effect on impedance of 3D stacked on-chip
PDN with Multi-TSV connections,” 2010 IEEE CPMT Symposium, Japan, Tokyo,
Japan, 2010, pp. 1-4, doi: 10.1109/CPMTSYMPJ.2010.5679673.

[13]H. He and J. J. Lu, “Modeling and Analysis of PDN Impedance and Switching Noise
in TSV-Based 3-D Integration,” in I[EEE Transactions on Electron Devices, vol. 62,
no. 4, pp. 1241-1247, April 2015, doi: 10.1109/TED.2015.2396914.

[14]C. Cheng et al., “An Equation-Based Circuit Model and Its Generation Tool for 3-D
IC Power Delivery Networks With an Emphasis on Coupling Effect,” in IEEE
Transactions on Components, Packaging and Manufacturing Technology, vol. 4, no.
6, pp. 1062-1070, June 2014, doi: 10.1109/TCPMT.2014.2316301.

[15]K. Salah, A. E. Rouby, H. Ragai and Y. Ismail, “TSV model linearization,” ICM 2011
Proceeding, Hammamet, Tunisia, 2011, pp. 1-4, doi: 10.1109/ICM.2011.6177394.
[16]Ultra-Low Impedance Measurements Using 2-Port Measurements, Keysight
Technologies, [Online] available: https://www.keysight.com/us/en/assets/7018-

08474/application-notes/5989-5935.pdf

[17]T. Sakurai and K. Tamaru, “Simple formulas for two- and three-dimensional
capacitances,” in IEEE Transactions on Electron Devices, vol. 30, no. 2, pp. 183-185,
Feb. 1983, doi: 10.1109/T-ED.1983.21093.

[18]HBM: Memory Solution for Bandwidth-Hungry Processors, SK Hynix, 2014

[19]Chris Angelini, Sapphire Nitro+ Radeon RX Vega 56 8GB Review: It's Time to
Challenge Turing, [Online] available:
https://www.tomshardware.com/reviews/sapphire-nitro-rx-vega-56,6152-4.html

Information Classification: General



