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Abstract

Designing a novel clock network is facing increasing challenges,
particularly in Three Dimensional Integrated Circuits (3D ICs)
where the clock signal traverses a complex interconnect path con-
sisting of bumps, Through Silicon Vias (TSVs) and multi-layer metal
wires. During the analysis in 3D Clock Network Synthesis (CNS)
process, previous works overlook 1) the impact of inductance on
delay and 2) the hierarchical interconnect structures in 3D ICs,
which can result in significant deviations between the ideal delay-
balanced design produced by algorithms and real-world scenarios.
Consequently, clock skew, which represents the balance of the clock
network, experiences considerable increases and finally affects sys-
tem performance. In this work, the inductance of every interconnect
hierarchy is considered and the RLC delay model is applied in the
analysis to present different interconnect delay characteristics in a
3D clock network. Some algorithms are also developed and modi-
fied in 3D CNS to adapt to the proposed models in order to keep
the skew as small as possible. Then an inductance-aware strategy is
applied in topology generation to further improve the 3D clock net-
work. The results demonstrate comparable quality with prior works
with regard to TSV numbers and wire length, etc. The proposed
method outperforms prior works - it can catch the characteristics
in 3D CNS and reduce the average clock skew from 364ps to 90ps on
3D-ISPD09 benchmarks. Besides, the skew can be further reduced
by the improved topology generation method.
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1 Introduction

Three Dimensional (3D) Integration technologies have already been
proposed and applied in commercial products, like ‘3D V-cache’
from AMD [29]. Through Silicon Vias (TSVs) and chip-stacking
bumps are key cross-tier interconnect components for vertical con-
nections within a single chip package [11, 13]. Composed of simple
interconnect wires and buffers, the clock distribution network con-
sumes not only substantial routing and driver resources, but also a
significant fraction of power in a synchronous digital system due to
continuous clock signal switching [19]. Therefore, the planning and
physical design of the on-chip clock network, completed through
Clock Network Synthesis (CNS) step in chip design flow [25], are
crucial for designing a high-performance and low-power 3D chip.

The basic constraint for CNS is to find a balanced clock distribu-
tion network that can minimize clock skew among all sinks [3, 6].
In addition, given the limited routing resources, CNS algorithms
also minimize the wirelength and power consumption of the clock
network [5, 6]. However, transitioning from 2D to 3D chips intro-
duces new challenges and necessitates additional constraints. As
shown in Figure 1, the clock sinks of a 3D chip are not gathered
on one die but are distributed over multiple dies sharing a single
clock network, which means the physical transmission path of a
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Figure 1: An example of a clock signal transmission path in
the TSV-based face to back 3D IC interconnect hierarchy: one
tier — TSV — bump — global metal — local metal layers in
another tier.

clock signal becomes complex with the existence of bumps, TSVs
and multi-level metal wires [11]. Therefore, 3D CNS becomes more
challenging than that in 2D case.

In the literature, several pioneering works have proposed com-
plete CNS flow for 3D ICs with the objective of minimizing the clock
skew. Method of Means and Medians (MMM) [31] follows top-down
topology generation principle, and Kim [9] proposes a bottom-up
flow based on Nearest Neighbor (NN) selection to recursively select
pairs of sub-trees with the lowest merging cost and then merge them
with zero skew through the Deferred-Merge Embedding (DME [3])
method. NN-based strategy has shown better performance than
MMM in terms of clock skew and routing resources [9]. Due to
its effectiveness, in the past decade, NN-based method has been
actively adopted in 3D CNS works [10, 12, 17, 27, 30]. Besides, re-
searchers have looked into other issues in the 3D CNS topic like
electromigration [14], low-power [15], buffer insertion [21], etc.

However, previous works overlook two crucial aspects:

o The impact of inductance on 3D interconnect delay. The inductance
impact of TSVs has been discussed by researchers on 3D IC de-
sign topics such as delay analysis [2] and power delivery network
design [20]. In CNS flow, one critical step is the delay calcula-
tion of each net in the clock network. However, inductance is
ignored by previous works on 3D CNS. Instead, RC model (see
Figure 2(b)) is used for delay calculation due to its simplicity and
efficiency. Also, to the best of our knowledge, the latest EDA
tool Integrity 3D-IC [1] is still not mature enough to support
inductance-aware 3D CNS in physical design step. However,
bumps, TSVs and high-level metal layers in advanced 3D ICs
typically possess relatively large sizes (in um), resulting in signifi-
cant parasitic inductance. It is accepted that inductance can have
large impact on signal delays [7, 26] in long interconnects, and
it is critical to carefully choose an appropriate interconnection
model for RLC delay analysis in CNS [4]. Furthermore, advanced
circuits operate at high frequencies (GHz), exacerbating the im-
pact of inductance on delay. As demonstrated by the example
in Figure 3, even if the resistance and capacitance are almost
identical, the inductance induced by 3D vertical interconnect
components brings considerable impact on delay. Then this delay
difference can accumulate with the increasing depth of clock
network. Besides, after introducing inductance, solving delay
balance equation becomes difficult. Therefore, the inductance
effects must be considered and efficient algorithms are required.
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Figure 3: A simplified case about the inductance effect in
3D interconnect. Delayno—n2(RC) =~ 0.2ps, Delayno—n1(RLC) =~
10ps. (Parameters are from Section 4.1. Metal level is ‘Global’
and the length is 50um. R1 = 0.587Q, C1 = 30.66fF, L1 =
0.609nH, R2 = 0.585Q, C2 = 29.63fF.)

o The hierarchical interconnect structures in 3D ICs. As shown in
Figure 1, the clock transmission paths consist of heterogeneous
components including bumps and TSVs (for cross-tier transmis-
sion) and hierarchical metal layers (inside one tier). However,
metal layers with different width/spacing/thickness exhibit dif-
ferent parasitic parameters, but they are often indiscriminately
treated as a simplified and identical interconnect type (see Fig-
ure 2(b)) in all prior works. In view of that the practice scenario
deviates from ideal assumptions in those works and that the
vertical interconnect and global metal with large sizes bring non-
negligible inductance, the delay analysis of 3D clock networks
must be more accurate and meticulous.

In this work, we consider the inductance impact on clock delay,
establish more practical models and optimize the algorithms in 3D
CNS to further improve the quality of the 3D clock network. Our
contributions can be summarized as:

e We consider the inductance components in the 3D interconnect
hierarchy and adopt the RLC delay models in analysis. An ap-
proximation algorithm is implemented to efficiently find the
position of the merging node.

e We develop an inductance-aware topology generation method
to achieve better topologies and control vertical interconnect
consumptions.

e We introduce a hierarchical interconnect model for the analysis
of 3D clock networks, including the bumps and TSVs, as well as
distinct metal interconnects.



Inductance-aware Clock Network Synthesis Considering Hierarchical Interconnects in 3D ICs

e Our approaches are evaluated on modified ISPD09 benchmark
set. Results show that our method outperforms previous NN-
based 3D CNS flows - it can reduce the average clock skew from
364ps to 90ps, with comparable quality in routing resources and
power. The clock topology can be further optimized for smaller
clock skew.

2 Preliminary

Generally, the 3D CNS process comprises a sequence of steps [25]
(see Figure 4): (1) abstract clock topology generation; (2) layer em-
bedding of internal nodes; (3) network routing; and (4) buffer inser-
tion. The topology generation constructs an abstract interconnect
topology to connect all clock sinks. Note that in this topic it only
considers a clock network with one clock source and numerous
sinks distributed at multiple tiers all over the 3D IC. The layer em-
bedding step assigns a 3D chip tier ID to each internal node of the
topology. Then, clock routing determines the precise position of
each internal node to balance the delay between its two branches.
Buffer insertion is often performed simultaneously to minimize the
total wire length and buffer number. Some basics of the related
algorithms [3, 5, 9] are not elaborated on in this article.

The objective of CNS is to ensure a uniform distribution of clock
signals throughout the entire chip, that is, zero clock skew. Skew is
the difference in arrival times of a clock signal at two clock sinks.
Typically, the skew of one design is the maximal value among all
sink pairs. In practical scenario, it cannot achieve the ideal zero.
Hence, minimizing the maximal skew is preferable. In addition,
other metrics are also used to assess the quality of a 3D clock
network design, such as total wire length, TSV count, buffer count
and power consumption.

[ Topology Generation

Abstract Topology

[ Layer Embedding ]

1 Inductance-aware |
| Topology Generation |
1 (Section 3.2)

)«

RLC Delay Balancing
(Section 3.1)

[ Routing / Buffer Insertion ]< .

|
|
|
1
|
3D Clock Network :

Figure 4: The 3D clock network synthesis flow and our pro-
posed approaches in corresponding steps.

Hierarchy Mapping
(Section 3.3)

3 Proposed Approachs

In this work, firstly, we use the RLC delay model, instead of the
Elmore delay model, in order to get close to practical situation
in our 3D CNS flow. Considering that it is too complex to solve
the RLC delay balance equation directly, we propose an efficient
algorithm to find a proper position of the merging node in the
routing step. Secondly, in the topology generation step, we design
an inductance-aware strategy to generate an optimized topology. It
also has the ability to control the routing resource consumptions.
Thirdly, we employ hierarchical interconnect models and utilize
the corresponding electrical parameters for the nodes and their
interconnects in the 3D clock network.

3.1 RLC Delay Balancing in 3D CNS

In 3D CNS, once the layer embedding step assigns the tier ID of
nodes within the clock tree, the routing step using DME [3] method
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« nodes a, b: the child nodes of the merging node v in a
clock tree topology.

leal. |es], Lap: the 2D Manhattan distance between node
v&a, v&b and a&eb , thus |e,| + |es| = Las.

tp(v,a), tp(v,b): the interconnect delays for the signal
to propagate from node v to nodes a and b.

tq, tp: the delay from the root node a and b to the leaf
node (i.e. clock sink) in the sub-trees 7S, and T'S),.
tpWire: the propagation delay of the metal wire between
two nodes based on the 2D Manhattan distance.
tpT'SV: the delay of a vertical interconnect path.

@ o1 =
.

€ = =P d
ea
TsﬂT eb

Figure 5: Notations in the CNS problem. A sub-tree can be a
sink like node b in the illustration and t;, = 0.

determines the coordinates of every node to balance the delay and
minimize clock skew from bottom to up in the topology. At each
step of the DME algorithm, the positions of node a, b have been
determined, then the sub-problem is to determine the position of
the merging node v based on the edge e, €. It is shown in Figure 5
with notations listed.

The total signal delay from every merging node v through node
a to clock sinks is: T, = t4 + tp (v, a). If nodes v and a do not belong
to the same chip tier, TSVs should be inserted and tp (v, a) becomes
tpTSVs + tpWire(v, a). Note that, for convenience, the term “TSV’
in this article refers to a combination of a TSV and a bump, which are
treated as a lumped RLC model in delay calculation. To find tp (v, a)
and tp (v, b) with RLC models exhibiting non-monotonic responses,
we adopt an efficient second-order approximation method [7] to
characterize the signal propagation delay:

gi
tpai = (1.047€7035) [op; +0.695 > iRy, 1)
x
1 Yk CeR: 1
fi=< 2 CicRi Wni = —=———. 2
VZk CiLik

2 Xk CiLik
k is the index of downstream nodes of node i. Note that a small ;
reflects a relatively large inductance.

So the sub-problem is to merge the two sub-trees while satisfying
zero clock skew, which is to make the following equation hold:

ta +tp(v,a) =ty +tp(v, b) (3)

To find the position of node v (merging segment), we need to
solve equation (3) to get |ey| and |ep|. However, it is extremely
difficult since the origin RLC delay formula contains exponential
and square root calculations and TSV delay may exist. Luckily,
we observe that the primary component of the interconnection
delay is the RC delay. So instead of solving equation (3) directly, we
use an approximation strategy to find a proper position of node v
accurately and efficiently. The schematic diagram of the method is
illustrated in Figure 6. The Elmore delay model is first adopted to get
a solution (vp) because it is just a simple quadratic equation which

Initial position
from Elmore delay

Zero skew point
of RLC delay

a-- =V VZ._. Vi= + o -

|ea] |eb| —=— b
s D >
t,+ tpWire(v,a) tpWire(v,b) + tp TSV + ty,

Figure 6: To find the position of merging node v to balance
the RLC delay.
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is easy to solve. Then based on this initial position or the so-called
merging segment of node v, T, and T}, are calculated in RLC delay
model. If T, < T, then increase |e,| by a displacement dq = |ep|/2
to find a new solution node ;. This process iterates with a dynamic
displacement distance d; until the delay difference between two
branches is under an extremely small threshold (6). Following the
idea of the binary search, the direction of the displacement is based
on the sign of T, — T;, and the distance is halved with iterations
until 1 nm. The pseudo code is shown in Algorithm 1.

Algorithm 1 Tuning |ey|,|ep| for RLC delay balance.

Input: |e4l,|ep| solutions based on Elmore delay model
Output: |e4|,|ep| for balancing the RLC delay
1: Calculate tp (v, a) and tp (v, b) using RLC delay model;
2: while |T, — T,| > 6 do
3 if T, < T, then
Tune |eq|,|ep| by a dynamic displacement;
if |ep| = 0 then
Increase |e,4| only to enlarge the TRR of node g;

Operate in opposite ways;
Re-calculate tp (v, a), tp (v, b) with updated |eq]|, |ep|;
*: Details are described in the origin DME [3] algorithm.

4
5
6
7. else
8
9

3.2 Inductance-aware Topology Generation

As mentioned in Section 1, the widely adopted topology genera-
tion strategy is a bottom-up approach: nearest neighbor selection
because it can generate 3D clock networks with less resource and
power consumptions and smaller skew. Firstly in NN-based meth-
ods, the cost of edges in a nearest neighbor graph of all sub-trees
and sinks are calculated and sorted in increasing order. Then the
first pair in the order is merged to form a new node and the cost
of merging this new node with all other remaining nodes should
be updated. The process repeats until one tree is left. Prior works
use capacitance value when estimating the merging cost. However,
capacitance alone can not accurately reflect the practical RLC delay,
leading to a sub-optimal clock topology. Incorporating inductance
information into the merging cost can generate a clock topology
that better fits the RLC practice and leads to a better 3D clock net-
work. In fact, the quality of the generated abstract clock topology
can significantly affect the resources consumed. Figure 7 shows an
example. While it just contains eight sinks, it underscores the vast
solution space in 3D CNS problem.

Obviously, there is potential for optimization in 3D clock network
by generating an appropriate topology, especially when considering
the parasitic inductance. We estimate the merging cost with RLC
delay information by the following proposed formulas:

C(a,b) = testW(a, b) + atpTSVs(a, b) + Max(tg, tp,), (4)
testW(a,b) = VeI’ +0.695r"¢’, (5)

where the last term in formula (4) is the downstream delay set to
merge sub-trees with smaller delay earlier. The cost of merging
node a and b is based on the estimated metal wire delay and whether
there exists TSVs between them. Formula (5) is simplified from the
origin RLC delay formula (1)&(2). The (+’,1’,¢’) are only based on
L,p and the parasitic parameters are the ones of the ‘Local’ metal
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level temporarily (described in Section 3.3). Besides, one weight
parameter « is added to represent the importance of the TSV delay.
For instance, if setting a high «, which enlarges the merging cost
of the node pairs requiring TSVs, the algorithm will not tend to
choose these pairs. As a result, the final clock network consumes
fewer TSVs but potentially more metal wire resources.

Our strategy, by catching inductance factors and determining
the 3D clock topology, has the ability to constrain routing resources,
particularly TSVs, and has the potential to improve the final clock
network performance in terms of skew.

3.3 Hierarchy Mapping Considering Inductance

As shown in Figure 1, clock signals can traverse through bumps and
TSVs across multiple tiers. For a single die, the clock signals prop-
agate throughout the die via metal interconnects. In inductance-
aware delay analysis, explicit definition of electrical parameters is
required for each interconnect hierarchy, especially for the bumps,
TSVs and global metal wires (see Figure 2(c)) because they induce
relatively large inductance than their resistance and capacitance.
Particularly in the routing step, the clock topology needs to be
mapped to a certain interconnect hierarchy.

The generated abstract clock topology consists of multiple lay-
ers from the sub-tree root to the leaves in one tier. Those topology
layers can be divided into several portions. Meanwhile, the metal
layers can be broadly categorized into two levels: global and lo-
cal according to their significant size differences. We map the top
topology portions to ‘Global’ metal level and the bottom ones to
‘Local’. Thus, we can use RLC delay model to calculate the delay
through TSVs, bumps and high level metal wires for the accurate
inductance-aware delay, while use Elmore delay model to calculate
the delay through lower metal wires efficiently because the induc-
tance effect can be neglected in this case. The proposed strategy
takes into account the size differences as well as parasitic charac-
teristic differences among metal layers without delving into the
detailed parameters of each individual metal layer. The number of
the portions and the metal levels is not fixed and can be adjusted
according to the specific process used. If needed for an extremely
accurate analysis, our method can be easily extended to every metal
layer in detail together with complete RLC delay calculations.

Tierl

®
Topo.a \ . 4
AAAN || 1
(@) ! Tier0
Tierl
Topo.b A ‘ 4
|
3
Addde || [T,
® hd : P Tierg

Figure 7: An eight-sink clock network example with two
different abstract clock topologies. In final clock networks,
Case.a and Case.b leverage 1 and 2 TSVs while consume 21
and 18 units of wire, respectively.
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Figure 8: (a) Cross section schematic of metal layers of 45nm
process; (b) Illustration of clock network topology mapping.

Taking the 45nm case (FreePDK45 [16]) in Figure 8(a) as an ex-
ample, there are ten metal layers, which can be classified into two
levels: ‘Global’ (M7-10) and ‘Local’ (M1-6). Supposing there is an
abstract clock topology shown in Figure 8(b). Some nodes in “Tier0’
form a tree with six topology layers, and the clock signal is trans-
mitted into this sub-tree. The first two topology layer is mapped to
‘Global’ and the others are ‘Local’ (presented by different colors).

4 Experiment Results

4.1 Experimental Setup

Our 3D CNS algorithm is implemented using C++ and runs on
a Linux OS with a 3.4GHz Intel 4-core processor. Following the
related works [9, 14, 15], we evaluate the performance of our 3D
CNS flow on eleven benchmarks adapted from the ISPD09 clock
network synthesis contest [24]. Each benchmark features a unique
die size and varies in the number of clock sinks, ranging from
91 to 440. Each sink has its own location and load capacitance
information. Since these benchmarks are originally designed for
2D CNS, we transform them into 2-layer 3D circuits as done in
the references [9, 14, 15]: The die footprint is reduced by a factor
of V2, and the tier IDs of sinks are assigned randomly. Note that
the location and tier ID of the sinks can also be determined by
designers in practice, and we believe our method also works in that
case. It should also be pointed out that the random assignment of
sinks in the experiments also reflects the trend of full logic on logic
instance level 3D integration, which has already been discussed in
prior academic works [13, 25] and has been proposed by AMD [22].
The benchmarks exclusively focus on the clock network, so all
evaluation metrics are only about the corresponding clock network.

In our work, the 45nm technology process serves as the illus-
trative case and the resistance, capacitance and inductance values
of the metal levels are calculated based on the analytical mod-
els [18, 28] and the interconnect sizes are from FreePDK45 [16],
which are listed in Table 1. Note that if a wire is longer than 50um,
it should be divided into multiple segments in delay analysis in case
of the inaccuracy of the lumped RLC circuit model.

The parasitic parameters of bumps and TSVs are obtained from [8,
9] and the resistance, capacitance and inductance per unit of bump

Table 1: Parameters of metal levels in 45nm.

Metal | Wid.&Spac. Thick. ILDT. Resist. Capacit. Induct.
Level (nm) (nm) (nm)  (Q/um) (fF/um) (pH/um)
Global 800 2000 2000 0.011 0.283 11.883
Local 70 140 120 1.714 0.267 12.128
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/ TSV are 2/35mQ, 1.03/15.48 fF and 1.39/13.83pH. The buffer char-
acteristics are: input capacitance: 35fF, output capacitance: 80fF
and output driving resistance: 61.2Q. The supply voltage is set to
1.2V. All metrics of the 3D clock network are evaluated by SPICE
simulation. All evaluations in this work are under the same afore-
mentioned practical RLC delay model and parameters to maintain
the consistency and comparability of the results.

4.2 Clock Skew Reduction by the Proposed 3D
CNS Flow

The baseline results (Base) are evaluated according to the NN-based
flow, which is widely adopted [9, 10, 12, 17, 27, 30]. The resource
consumption results are basically consistent with the original liter-
ature, except for power because of the different parameters used.
To demonstrate the effectiveness of our proposed approaches, we
compare the baseline with our three progressive 3D CNS flows:
1) L is based on the origin flow considering parasitic inductance,
2) L&H. further considers the proposed hierarchical interconnect
model, and 3) L,H.&TO. is our complete flow with simple (a = 1)
inductance-aware topology generation. The results are summarized
in Table 2. The last column ratio represents the average of all ratio
values for the respective benchmarks compared to the baseline.
Regarding the identical abstract network topology generated
by the same algorithm in the first three flows, when considering
the parasitic inductance in the algorithms (method: L), the clock
skew can be reduced by nearly 30%, which shows the necessity of
considering the parasitic inductance in 3D CNS algorithms to help
balance the clock delay. When the hierarchical interconnect model
is applied (method: L&H.), it can effectively reduce the average
clock skew from the baseline of 364ps to 98ps, which proves the
importance of the proposed inductance-aware hierarchical inter-
connect model in the analysis. The results show an increase of
about 2.02% in wire length and an increase of 1.69% in buffer num-
ber, which finally causes a 1.69% increase in power. The baseline
(method: Base) encounters unfavorable skew results due to the
absence of models that cover parasitic inductance and hierarchical
interconnect information. Thus, the imbalance delay errors accumu-
late remarkably in the bottom-up algorithm and ultimately result in
unsatisfactory skew results in the evaluation. Our flows can capture
these characteristics, yielding more balanced clock networks.

4.3 Further Skew Reduction by
Inductance-aware Topology

As shown in the last row of each metric in Table 2, by applying
the proposed inductance-aware topology generation strategy (Sec-
tion 3.2), our complete 3D CNS flow (method: L,H.&TO.) can further
reduce the average skew to 90ps with almost the same routing re-
source and power consumption albeit using a few more TSVs. The
quality of the abstract topology generated in the first step in 3D
CNS is critical to the final clock network metrics, which means it is
better to optimize the 3D clock network design in early stages and
consider some factors like the non-negligible inductance informa-
tion in advance. The results of fnb1 and fnb2 are greatly affected in
this method that the wire length decreases while the TSV number
increases substantially.
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Table 2: Performance evaluations on eleven ISPD09 benchmarks modified for 3D CNS under the RLC delay model.

| Methods | f11  f12 f21  f22 f31 32 f33 f34 f35 fnbl fnb2] ratio

Base 321 274 408 218 555 659 487 434 449 79 123 | 1.000

Skew L 204 204 268 180 375 563 316 398 308 44 71 | 0.707
(ps) L&H. 88 109 81 66 116 153 191 79 92 42 69 | 0.317
LH.&TO. | 66 58 77 75 138 142 87 123 102 58 68 | 0.308

Wire Base 126.9 112.6 1316 734 2685 203.2 2049 171.0 1948 288 71.0 | 1.000
Length L 126.8 113.6 1305 727 270.7 2055 207.3 169.9 196.6 285 727 | 1.003
(mm) L&H. 127.7 1152 1325 732 2742 217.7 209.6 172.6 2037 285 728 | 1.020
LH&TO. | 1328 118.1 136.1 789 2769 211.8 2125 1854 201.1 27.9 723 | 1.038

Base 33 36 31 27 84 61 65 47 61 53 109 | 1.000

#TSVs L 33 36 31 27 84 61 65 47 61 53 109 | 1.000
L&H. 33 36 31 27 84 61 65 47 61 53 109 | 1.000

LH&TO. | 41 41 35 27 90 65 72 48 66 109 140 | 1.199

Base 163 145 155 105 329 251 255 199 233 81 159 | 1.000

#Bufs L 165 151 155 103 331 249 251 199 239 79 161 | 1.003
L&H. 167 151 159 107 331 251 257 201 245 79 163 | 1.017

LH&TO. | 159 147 161 111 333 257 259 205 245 81 159 | 1.020

Base 854 768 852 532 1780 1356 137.0 111.8 1280 348 68.6 | 1.000

Power L 858 782 846 526 179.0 1354 137.0 1114 130.0 344 69.4 | 1.002
(mw) L&H. 86.8 788 864 538 180.0 140.4 1388 112.8 1340 344 69.8 | 1.017
LH&TO. | 87.2 79.2 884 566 181.8 1394 1404 1188 1328 358 69.6 | 1.034

Max Slew Base 476 485 668 458 705 2163 643 917 680 211 298 | 1.000
(ps) LH&TO. | 267 222 312 431 443 456 384 265 387 197 211 | 0.578
Max Frequency Base 042 041 030 044 028 009 031 022 029 095 0.67 | 1.000
(GHz) LH&TO. | 075 090 0.64 046 045 044 052 075 0.52 102 0.95 | 2.080
Latency Base 135 132 149 110 207 214 184 189 172 048 0.75 | 1.000
(ns) LH&TO. | 132 127 143 1.08 189 192 172 182 171 049 0.73 | 0.962

However, the skew results of some benchmarks (like f35 and
fnb1I) fall short of expectations because they acquire the sink and
TSV densities several tens of times greater than others. More sinks
enlarge the network topology depth and more TSVs enlarge the
asymmetry of the clock networks, so the delay is different from the
ideal balance and errors accumulate [7]. To solve this problem, one
strategy is to adjust the abstract topology to reduce the TSV usage
to mitigate the asymmetry. Increasing the weight («) in Formula (4)
can achieve this goal (Section 3.2). The improved results of five
unsatisfying cases (using method: L,H.&TO. with o = 1) by tuning
a are shown in Table 3. Ratio represents the average of all ratio
values compared to the simple one.Based on better clock topologies,
the skew can be reduced from an average of 99ps to 72ps. At the
same time, the consumption of routing resources also decreases, in
particular by a 10% reduction in TSV usage. These results as well as
the ones in Table 2 prove the effectiveness of the inductance-aware
clock topology generation strategy.

By choosing proper a, the 3D clock topology has the potential
to be optimized. Different values of @ in Equation (4) are set to
generate different topologies to investigate the trade-offs of routing
resources and to evaluate the clock network performances. The
benchmark 3D-ISPD09-fnb1 is chosen and the results are listed in
Table 4. The results are consistent with the analysis in Section 3.2.

Table 3: Performance evaluations on unsatisfactory cases.

f22  f31 f34 f35 fnbl | ratio

tuned « 15k 50k 64k 45k 200 -
Skew (ps) 54 104 85 67 53 0.747
Wire L. (mm) | 77.0 272.0 176.6 198.8 29.2 | 0.989
#TSVs 26 80 42 56 98 0.895
#Bufs 109 329 201 237 85 0.993
P. (mW) 55.2 178.6 113.8 130.8 36.8 | 0.987
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If enlarging the weight () for TSV delay in the merging cost, the
number of TSVs can decrease until one with an increase of wire
length, which is a kind of routing resource utilization trade-off. The
skew results can validate the previous analysis that fewer TSVs can
mitigate the asymmetry of 3D clock networks and lead to smaller
clock skew. Besides, the parameter a offers control over the number
of TSVs used. Previous topology generation algorithm can not effec-
tively choose where to insert the TSV when inductance influences
exist, probably consuming the TSV budget too early to find an opti-
mal topology. From the perspective of TSV resource constraints and
3D clock network performance, our strategy provides preferable
solutions in topology generation process considering inductance.

Since ISPD09 benchmarks have a maximum of 440 sinks, to fur-
ther validate the generality of our proposed 3D CNS flow, three
cases with far more sinks from the ISPD10 benchmark [23] are
adapted and modified to 3D scenarios similarly. As listed in Table 5,
the skew results being consistent with former ones prove the scal-
ability of our entire proposed 3D CNS flow. In addition, our flow
incurs only a slight increase in runtime compared to the baseline
when we include inductance in the delay calculation.

4.4 Slew and Latency Reduction
Clock slew and latency are two other crucial metrics for clock
network. The slew time of each sink node in a given circuit is

Table 4: Performance evaluations on different clock topolo-
gies of 3D-ISPD09-fnb1 with varying parameter a.

a 200 800 2k 10k 40k 200k
Skew (ps) 53 65 61 56 49 48

Wire L. (mm) | 29.2 289 302 349 356 38.2
#TSVs 98 76 53 16 6 1
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Table 5: Evaluations on benchmarks with more sinks.

Methods | 09fnb2 10c06 10c08 10c02
#Sink - 440 981 1134 2249
Skew Base 123 69 87 454
(ps) LH.&TO. 68 60 69 78
Wire L. Base 71.0 44.1 50.8 537.3
(mm) LH.&TO. 72.3 36.7 42.8 532.7
Base 109 55 82 621
#ISVS | 1 H&TO. | 140 325 350 759
#Bufs Base 159 205 239 1393
LH.&TO. 159 225 251 1409
Power Base 68.6 68.8 80.2 510.1
(mw) LH.&TO. 69.6 75.3 85.3 514.1
Runtime Base 2.4 2.6 3 5.6
(s) LH&TO. | 24 2.8 33 6.7

evaluated across all benchmarks and the maximum slew values are
recorded. Also, based on the constraint specified in ISPD09 contest
that the slew time should not exceed 20% of the clock period, the
theoretical maximum operating frequency of each clock network
is calculated. Previous works seldom discuss the slew performance
of 3D clock networks, as the constraint can be easily met when
only considering parasitic resistance and capacitance. However, the
incorporation of parasitic inductance worsens the slew of the clock
signal, particularly in 3D ICs where large inductance is presented.
As shown in Table 2, the maximum slew time is reduced by 42%
compared to the baseline. Thus the clock network generated can
operate at about twice the speed. Our proposed flow has the ability
to capture the inductance characteristics of the 3D clock networks
and produces better buffer assignments, thereby reducing the slew.
Besides, clock latency is slightly reduced by 3.8% on average due to
improved buffer assignments.

5 Conclusion

This work introduces an inductance-aware clock network synthesis
flow for 3D ICs with the hierarchical 3D interconnects. The flow
incorporates parasitic inductance, utilizes the RLC delay model,
employs a hierarchical interconnect model and optimizes the clock
topology generation. Several strategies and optimizations are im-
plemented in different steps of the 3D CNS flow. Experiment results
demonstrate the significant influence of inductance on 3D clock
network, and the proposed approaches are proved to be effective.
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