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ABSTRACT posed in the traditional 2D mixed-signal ICs by separating digital
gand analog circuits onto different dies as shown in Figure 1. The

as a promising technology to provide small footprint, reduced wire- 2dvantages of 3D stacking of mixed-signal ICs can be summarized

length, and the capability of heterogeneous integration. In particu- as: 1) ideally elimina_ting the switching noise disturbar_lc_e due to
lar, 3D IC is a good candidate to address the design issues in con-the shared substrate in the 2D case, and therefore avoiding the un-

ventional analog/digital mixed-signal IC designs. In this work, we N€cessary guard rings or deep well process; 2) elevating the per-
mainly focus on modeling and analyzing the impacts of through forma_nce e_md reducing the power consumptlc_)n_ of digital circuit by
silicon vias (TSVs) on mixed-signal ICs. Based on the analysis, applylng dlffer.ent process technollogles to .d'g'tal and analog d?'
a set of design methodologies for 3D mixed-signal ICs are pro- signs, respectively (_e.g., a3anm d|g_|tal_de3|gn can be stacked W'th
posed. The design methodologies are veri ed with a case study, in a 90nm ana_log design); 3) also sh_rlnklng the concerned footprint
which a 12-bit successive approximation register analog-to-digital @"d shortening the length of global interconnects.

converter (SAR ADC) is re-designed by partitioning it into three  pigital zone

Three-dimensional (3D) integration technology has been propose

stacked layers for 3D integration. The experimental results show E Global Digital Die
that, compared to the traditional 2D counterpart, our 3D SAR ADC MCU Drt [ o Tterconnect T
with optimized TSV placement can achieve signi cant area and [ |7 F———— ]‘7 q> ~ 7 OsP R
power reduction, and performance improvement. Speci cally, due \ — \ —tr
to the isolation of substrate noise disturbance in our 3D design, re H band H Fiter 5o 3o 1 Fiter”
the signal-to-noise-plus-distortion ratio (SNDR) is improved from | [LAnolog [ 2y
68.74 dB to 72.50 dB. Analog Zone (Guard Ring) /" Analog Die

(a) Conventional 2D mixed-signal ASIC (b) 3D mixed-signal ASIC
1. INTRODUCTION Figure 1: 2D and 3D mixed-signal ASIC architectures

Three-dimensional (3D) ICs have been proposed as a promis-  Even though 3D ICs are able to provide great bene ts for mixed-
ing technology to enable “More Moore's Law” and “More Than  sjgnal applications, there are still several challenges in this area.
Moore's Law”. For a 3D chip, multiple dies can be stacked together Speci cally, in order to fully exploit the potential of 3D hetero-
with various vertical interconnect techniques, such as through-silicogreneous integration, the impact of vertical carriers (TSVs in this
via (TSV), inductive or capacitive coupling, and wire-bonding. Con- work) on the mixed-signal system should be carefully evaluated.
sequently, 3D ICs show signi cant advantages over traditional two- |n addition, it is unclear how to optimize the TSVs for the mixed-
dimensional (2D) designs, which include and are not limited to: 1) sjgnal design to achieve proper trade-offs among performance, power,
reduced wire length on global interconnects; 2) smaller footprint gnd area.
due to the increasing cell density; and 3) heterogeneous integration |n this work, we focus on modeling and analyzing the impact of
of mixed-technology dies [1]. TSVs on mixed-signal ICs. Based on the analysis, a set of design

The characteristics of 3D stacking in Shortening the global in- guide"nes for 3D mixed_signa| ICs are proposed. The proposed de-
terconnects, increasing the bandwidth between dies, and shrinkingsign methodologies are veri ed with a case study, in which a 12-bit
the footprint have been well studied in previous works [1, 2, 3], successive approximation register analog-to-digital converter (SAR
which mainly focus on digital IC design. Meanwhile, another ad-  ADC) is re-designed by partitioning it into three stacked layers for

vantage of 3D stacking, heterogeneous integration, has not beemp integration. In general, the contributions of this work can be
fully exploited. Especially, 3D heterogeneous die-stacking tech- symmarized as follows.

nology provides a promising solution to alleviate many issues ex- We analyze and model three types of TSV-induced effects on
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The rest of the paper is organized as follows. Section 2 shows 3.1 TSV-to-metal layer coupling effect
the related work. Section 3 presents the three kinds of TSV impact |5 analog/mixed-signal IC design, there are great amounts of
models and analyzes the sensitivity of these impacts to analog/mixegrassive devices, such as resistors, capacitors, and inductors, which
signal modules. The design methodologies about how to optimize gre ysually designed with top metal layers. Simultaneously, due to
the TSVs in mixes-signal ICs are described in Section 4. Section 5 the pjg size of TSVs, a bottom metal layer (M1) with much larger
shows our 3D SAR ADC design and the corresponding evaluation re width than the traditional metal layer is bonded to the top of

results. Finally, the paper is concluded in Section 6. TSVs. When the passive devices located on the analog die are con-
trolled by some digital logic on the other die through TSVs, it will
2. RELATED WORK introduce extra parasitic capacitance and resistance between M1

) ) and the passive devices as shown in Figure 2. Note that compared
Related Work on 3D IC Design. Recently, fruitful work has  with the parasitic capacitance between M1 and top metal layers,

been done to explore 3D IC design methodologies and several 3Dthe direct capacitive coupling between the TSVs and the top metal
prototype chips have been unveiled as the demonstration. Most of|ayers is negligible.

these 3D IC designs [2, 3, 4, 5, 6, 7, 8] can be classi ed into two

categories: 1) 3D digital IC designs [2, 3, 4, 5] by stacking memory Metal 6 (Top plate)
or logic onto several layers and 2) 3D sensor node designs by stack- Metal 5
ing a sensor layer onto the processor layer [6, 7, 8]. Little work, ot c (Bottom plate)
however, has been done for 3D analog or mixed-signal design. : Cs Cot

Related Work on TSV Modeling and 2D Mixed-signal IC De- T Metal 1

sign. There are also several works being done to analyze the TSV-
induced impacts on 3D ICs. Ref. [9, 10, 11] focus on the TSV-to-

TSV coupling effects in device or full-chip level. Ref. [12] studies Silicon Substrate
the TSV to active circuit noise coupling effect. Those studies, how-
ever, only address an individual TSV-induced coupling impact, and
only in digital circuits. Compared with digital circuit, analog circuit

behaves differently with respect to various TSV-induced coupling. Figure 2: The Coupling effect among TSVs and metal layers:
A much more comprehensive analysis, therefore, is necessary anchs an example, a capacitor array with 2C capacitance, which is
essential for TSV-based 3D mixed-signal ICs. consisted of two parallel-connected unit capacitor with capaci-

In this work, a SAR ADC is re-designed as a representative of tance of C, is controlled through TSVs for charging/discharging
mixed-signal circuitry. The SAR ADC is mainly suitable for ap- ) .
plications with moderate speed/resolution, exible recon gurabil-  When two different metal layers are not via-connected and have
ity, and very low power consumption. Two kinds of low-power overlap areas, there is parasitic capacitance between these two metal

SAR ADCs (3.8UW at 1V and 11.5uW at 1.8V) are presented in layers. In general, the capacitor consisted of M1 and the top metal
Ref. [13]. An ultra low power (25uW at 1V) 12-bit rate-resolution layers is lled with multiple different dielectric materials. The par-
scalable SAR ADC is proposed in Ref. [14]. All of these de- asitic capacitance (reS|st§1nce) between the top metal Iayer_and M1
signs can achieve very low power but with undesirable SNDR and ¢&" be modeled as a ;erles-connected capacitors (metalllwas) [16].
effective number of bits (ENOB). In contrast, a 12-bit 0.1MS/s We can use the following formulas to calculate the parasitic capac-

SAR ADC with on-chip self-calibration is proposed in Ref. [15], itance and resistance between the top metal layers and M1:

L L
TSV TSV TSV

which can achieve high spurious free dynamic range (SFDR), high 1 _ 1 + 1 + + 1 (1
ENOB, and linearity, but suffers from the relatively high power Cm; M, " Cm,m; Cwmswm, Cv, ™M, ; (@)
consumption. In this work, we leverage the architecture proposed "l " Acver
in Ref. [15] as the baseline to evaluate the performance improve- Cwm, M, , = —= a e 2
ment and power reduction of 3D mixed-signal IC design. ) i
RMi_Ml = RV|aM2_M1 + RVIB.,\/|3_M2 +
+ RViaMi_Mi 19 3

3. MODELING OF TSV-INDUCED IMPACT . . :
where"; ; 1 andd; ; 1 are the dielectric constant and thickness of

ON MIXED-SIGNAL IC the insulator between metal layieand metal layer 1, respec-

Compared with the traditional 2D mixed-signal ICs, the ma- tively; Rviam, m,; , is the parasitic resistance of the via connect-
jor difference of 3D stacked mixed-signal circuits is the impact ing metal layei and metal layer 1. Ageriap de nes the overlap
of vertical interconnects, TSVs in this work. Although fruitful  area between M1 and top metal layers.
work [9, 10, 11] has been done to model the behavior of TSVs in .
the di[gital case], the TSV-induced impacts on analog/mixed-signal 3-2  1SV-t0-TSV coupling effect
ICs have not been fully explored. The components in the TSV-  In 3D ICs, the coupling effect between two adjacent TSVs could
based 3D analog/mixed-signal ICs can be classi ed into three cat- be signi cant because of the big size of TSVs. For digital ICs,
egories:1) the interconnects and the passive devices designed wittthis TSV-to-TSV coupling effect could lead to logic and timing
the metal layers, such as resistors, inductors, and capacitors; 2) theviolation and extra power consumption [17]. For analog/mixed-
TSVs; 3) active devices fabricated on the substrate, such as thesignal ICs, the TSV-to-TSV coupling effect, however, has not been
transistors and diodes. Therefore, the TSV-induced impacts on thefully evaluated, which could cause coupling noise disturbance and
analog/mixed-signal ICs mainly involve the TSV-to-metal layers, degrade the performance of sensitive analog devices. Generally,
the TSV-to-TSV, and the TSV-to-active devices couplings. In this the noise-sensitive devices or interconnects need to be shielded by
section, we will model the impact of TSV-to-metal layer in detail, ground in the traditional analog/mixed-signal IC designs, which
and simplify the models of the latter two impacts proposed in [9, easily leads to one signal TSV surrounded by several grounded
10, 12]. TSVs as shown in Figure 3.
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Figure 3: The Coupling effect between TSVs
In this work, we model the two coupled TSVs according to the Rews = 1 Psub : (12)
lumped circuit model proposed in Ref. [9, 10]. We use the fol- si Wsup  lsub

lowing simpli ed formulas to calculate the capacitances and the
resistances:
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whererrsy andlrsy are the TSV radius and height respectively,

roum  andlsum are the radius and height of a bungy is the gg/l:éz: Modelling the coupling effect among TSVs and active
thickness of the insulatoty and" are the dielectric constant of
\ézct:vl;grennat\:vg ?_HSI(\);)SH is the scaling factor, and is the distance 4. ANALYSIS OF TSV-INDUCED IMPACTS

_ _ _ AND OPTIMIZATION OF TSV PLACE-
3.3 TSV-to-active device coupling effect MENT

As Figure 4 shows, &iO- insulation layer is formed between
the TSV and the highly conductive silicon substrate [12] to isolate
the DC leakage, which results in large parasitic capacitance. There-
fore, there will be a transmission path for the high frequency cou-
pling noise between the substrate and TSV, which degrades circuit4 ] Analysis of TSV-to-metal layer coupling
performance. As illustrated in Figure 4, the TSV-to-active device effect
coupling effect should be carefully modeled to evaluate this impact . . . . . .
in 3D mixed-signal IC designs. As illustrated in _Sectlon 3.1, the Iar_ge bo_ndmg r_netal (M1)

In this work, we simplify the TSV-to-active device coupling model C2USes extrg coupllng effect tq the passive devices or |ntgrconnects
proposed in Ref. [12], which mainly consists of two parts: 1) the I analog/mixed-signal IC designs. In_order to explore this _effect,
model of an isolated TSV, and 2) the model of substrate. The pa- € aPply the TSV-to-metal layer coupling model presented in Sec-
rameters of an isolated TSZrsy : Rrsy have been described in tion 3._1 into a prac_tlcal small design case: a capacnc_)r array Wlth 2_C
Subsection 3.2. The substrate can be divided into several cubes a§2Pacitance consisted of two parallel-connected unit capacitor with
proposed in Ref. [12]Wsu , lsus , andhsys represent the width, capacitance (_)f Cas shov_vn in Flgure 2. The top and bottom plates
length, and height of a substrate cube, respectively. In this way, of this capacitor are designed with metal layer 6 (M6) and metal
the detailed parameters of the TSV-to-active device model shown [2Y€r 5 (M5), respectively. One TSV is utilized to connect the top
in Figure 4 can be calculated according to the following equations: Plate, and other two TSVs are utilized to connect the bottom plate.

Assigning different signals to these TSVs can control the charging

In this section, the three kinds of TSV coupling models described
in Section 3 are applied to design cases to explore design method-
ologies for 3D mixed-signal ICs.

- —w hsu s and discharging pattern of this capacitor.
Csubl - csubz = siT (9) . . .
Wsub Placing the TSVs far away from the passive devices can reduce
1 Weub the coupling effect between M1 and the top metal layers (M5, M6),
Rsub1 = Rsw2 = Cho 1 (10) which however can lead to area overhead. Figure 5 shows the cal-
st Tlsub - Tsub culated trade-off between the mismatch of the capacitor array and
_ w Wsup lsup the area overhead.
Cobz = si———; (11)

hsub Design Guideline (I): For the applications of placing TSVs

under passive devices with larger area, reducing the overlap area
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Figure 5: The trade-off between mismatch of the capacitor ar-
ray and the area overhead

between M1 and passive device layers can well alleviate the mis-

match issue ( C) for the passive devices, such as the mismatch-
sensitive capacitor array in the sampling circuits. Meanwhile, the
area overhead (Area) needs to be balanced in the area limited

analog/mixed-signal IC designs.

4.2 Analysis of TSV-to-TSV coupling effect

The structure shown in Figure 3 is used as an example to analyze

the coupling effect between adjacent TSVs in mixed-signal ICs. In
this structure, one signal TSV is surrounded by six victim ground
TSVs. In the digital case, Ref. [17] claims that the latency of a

signal through the TSV can be reduced by 65% if the distance be-

tween two adjacent TSVs is increased fronufilto 10Qum. For
analog/mixed-signal ICs, we mainly focus on the noise induced by
the TSV-to-TSV coupling effect.
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Figure 7: The impact of frequency for one signal TSV with six
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We apply a 1 GHz square wave source at the signal TSV input
port as shown in Figure 3. By varying the output impedance of
the signal TSV, we can nd that the voltage amplitude across the
TSV is inversely proportional to its output impedance, as shown in
Figure 6 (a). when the output impedance of one signal TSV is 10

, the voltage division due to the TSV-to-TSV coupling effect is
negligible. The coupling noise in the ground TSVs, however, be-
comes much more severe with increasing output impedance of the
signal TSV as shown in Figure 6(b), which means that the ground is
not an ideal "0". In order to explore the frequency characteristic of
the TSV-to-TSV coupling effect, we change the frequency of input
signal from 1 Mhz to 10 Ghz while xing the output impedance of
the signal TSV at 2 . The simulation result is shown in Figure 7.
For the high-frequency signal, the input and output voltages of the
signal TSV have little variation. However, the coupling noise in
the ground TSVs is aggravated rapidly with the increase of signal
frequency.

Design Guideline (Il): For the applications of placing ground
wires with multiple ground TSVs as the shielder, when the mixed-
signal ICs are sensitive to the voltage variation, the voltage division
effect induced by TSVs coupling can be alleviated by enlarging the
output impedance of signal TSVs. While for the ground noise-
sensitive circuits, the output impedance of signal TSVs should be
downsized.

Design Guideline (l11): For the high-frequency signal, when the
analog/mixed-signal ICs are sensitive to the ground noise, the TSVs
coupling induced ground noise should be alleviated by increasing
the distance between the signal TSV and victim ground TSVs.
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Figure 8: The coupling effect between TSVs and a comparator

4.3 Analysis of TSV-to-active device coupling
effect

As stated in Section 3.3, there will be a high frequency noise
transmission path between the TSVs and the grounded substrate
if a signal TSV is placed close to the sensitive analog device as
shown in Figure 4. The substrate therefore is no longer ideal '0'
and may degrade the circuit performance. In this work, we take a
comparator [15] as an example to analyze the impact of TSV-to-
active device coupling effect on the analog/mixed-signal ICs. The
original comparator has ve input ports: the signal sampling port,
the reference voltage port, the clock p@tK , the power source
VDD, and the ground5ND . Besides, there is also one output
port that is for generating the comparing result. In this case, we
supply the input signals through TSVs, and the TSV-to-active de-
vice coupling model presented in Section 3.3 is implemented. As
shown in Figure 8, the peak coupling noise in the ground port of
the comparator is 8 mV, which appears at the rising/falling edge of
the comparator output signal.



Design Guideline (1V): For the applications of feeding signals  devices, the three-layer SAR ADC is organized such that the bot-
through TSVs to the noise-sensitive active device, the coupling ef- tom die is for the main DAC (Analog: capacitor array), the middle
fect between a higher frequency signal TSV and the active device die is for the sub-DAC, self-calibration DAC, and the comparator,
dominates the coupling noise in the ground. Therefore, the dis- whereas the top die is for the digital control logic and switch ar-
tance between the higher frequency TSVs and the noise-sensitiveray. Figure 9 shows the 3D partitioning schematic and Figure 10
devices should be carefully designed to make trade-off among ac-presents the vertical stacking schematic of our 3D chip.
curacy, area, and speed. The TSV technology we used in our design is from Tezzaron,
with TSV size of 1.2um 1.2um [4]. Dummy TSVs are inserted
in order to guarantee adequate TSV density. The maximum TSV
spacing is 250um. The 3D design rule check is implemented ac-
cording to HJTC 0.18um design rules and Tezzaron 3D stacking
design rules.

Figure 11 shows the layouts of the three stacked dies: two analog
dies and one digital die. All of the analog and digital dies are de-
signed with HITC 0.18um six-metal one polysilicon (6M1P) stan-
dard CMOS process with metal-insulator-metal (MIM) capacitors.
‘The 1/O pads are placed on the digital die.

5. CASE STUDY

We implemented a 12-bit SAR ADC as a case study. The archi-
tecture and 3D physical implementation are shown in this section.

5.1 12-bit SAR ADC Architecture

Figure 9 shows the schematic of the 12-bit SAR ADC that con-
sists of a binary-weighted capacitor array, a novel time-domain
comparator, a digital SAR control unit, and bunches of switches [15]
Besides, this design contains the on-chip self-calibration digital-
to-analog converter (DAC) and control logic, which dominates the
power consumption. In this work, in order to take full advantages of
3D heterogeneous integration, we re-design the 12-bit SAR ADC
by partitioning it into several stacked dies. With the proposed de-
sign methodologies described in Section 4, we expect to achieve
power reduction and performance improvement as compared with
the traditional 2D design case.
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g = 1 5.3 Experimental Results and Discussion

The netlist of the system is created by merging the sub-circuits of
analog dies, digital die, and TSVs. With the device model libraries
(HJTC 180nm digital/analog model libraries and TSV model li-
brary), the simulation is done with APS simulator which features
high task parallelism to reduce the simulation time.

In order to simulate the performance of the 3D SAR ADC, the
transient simulation is run for more than 1000 sampling cycles. To
evaluate the ef ciency of our 3D SAR ADC, we calculate the gure
of merit (FOM) as below:

Figure 9: 12 bit SAR ADC architecture and 3D partitioning
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Figure 10: The three-layer F2B stacked 3D chip

5.2 3D Physical Implementation

In this work, the 3D SAR ADC is implemented with a three-layer
face-to-back (F2B) stacked chip. During the fabrication, plenty of
TSVs will be inserted to the top die and middle die. The top die -150, I 5 3 7 5
and middle die are then thinned to tens of micrometers to expose Input frequency (Hz) 10"
the TSV. In order to minimize the adverse impact on the analog Figure 12: The dynamic performance spectrum of our designed
3D 12-bit SAR ADC

Amplitude (dB)
iR
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Firstly, according to our proposed design guidelines for 3D mixed-SAR ADC chip design demonstrates the advantages of 3D inte-
signal IC design, we optimize the TSV placement to minimize the gration for mixed-signal IC design as compared to the counterpart
negative impacts of TSVs on the 12-bit SAR ADC. From the exper- implemented in traditional 2D technology.
imental results shown in Table 1, compared with the traditional 2D 7 ACKNOWLEDGEMENT
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