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Abstract—Heterogeneous integration of disparate device planes
is a benefit of through-silicon-via based 3-D integrated circuits
(ICs). Clock delivery for heterogeneous 3-D ICs requires novel
circuit techniques and algorithms as compared to 2-D and even
homogeneous 3-D ICs. Novel algorithms for topology generation
(heterogeneous 3-D balanced bipartitioning) and for embedding
of a clock tree in a heterogeneous 3-D stack (heterogeneous 3-D
deferred merge and embedding) are described. The algorithms
are applied to a two-tiered heterogeneous stack of dies with
configurations using the 28 nm, 40 nm, and 65 nm technology
nodes. The results are analyzed against existing process agnostic
clock tree synthesis algorithms for 3-D ICs, showing a reduction
of 7% in power consumption, 6% in delay, 4% in buffer count
and 4% in wirelength.

I. I NTRODUCTION
Through-silicon-via (TSV) based 3-D ICs provide a means
to increase transistor density beyond scaling. In addition, 3-D
integration addresses the limitations of traditional 2-D ICs due
to increasing global interconnect wirelength, which impacts
circuit area, power, and delay. Furthermore, TSV based 3-D
ICs allow for heterogeneous integration in a 3-D stack. Dies
from disparate process nodes and with different functions such
as logic, RF, and memory are vertically integrated to form a
stacked system, as shown in Figure 1. The general use of TSV
based 3-D ICs requires: 1) physical design tools that account
for the third dimension [1], 2) methods to address the thermal
constraints of the stacked circuits, and 3) improvements in the
yield of the stacked die.
Clock tree synthesis (CTS) is a primary step in physical
design. Restricting the global skew of a clock distribution
network (CDN) is a primary objective since it directly impacts
the performance of the circuit. CDNs consume a large portion
of the dynamic power of a circuit. Minimizing the power
consumption of a CDN is, therefore, an important design
objective. CTS is composed of three primary steps: 1) topology
generation, 2) embedding or clock tree routing, and 3) buffer
insertion. Modern CTS algorithms for 2-D ICs are primarily
based on the deferred merge and embedding (DME) algorithm
[3]–[7]. The DME takes a topology as an input and embeds
(finds locations for internal nodes) the clock tree in two phases:
1) a bottom up phase where the zero skew merging segments
of the parent of each pair of nodes are determined, and 2) a
top down phase where the exact location for the child node

is determined based on the minimum wirelength from the
parent to the child. The loci of points that are a specific
Manhattan distance away from each child, described as a
Tilted Rectangular Region (TRR), are generated to construct
a merging segment in a Manhattan plane. The intersection of
two TRRs are chosen as the merging segment that can either
be a Manhattan arc (a line segment with slope 1 or -1) or
a point. The majority of the current CTS algorithms use the
Elmore delay [8] to calculate the zero skew merging segments.
Existing literature on CTS for 3-D ICs and CDN Design
[9]–[14] address homogeneous dies in the 3-D stack. Pavlidis
et. al [13], [14] considered different topologies in a fabricated
3-D IC. Minz et. al [9] proposed a thermal aware CTS
algorithm called BURITO that accounts for the increased
thermal density of 3-D ICs. BURITO expanded the Method
of Means and Medians (MMM) proposed by Jackson et. al
[15] to 3-D ICs, generating a topology for the 3-D clock tree.
In [10], Kim and Kim proposed an optimal layer assignment
algorithm for internal nodes of a topology, which is described
as Deferred Layer Embedding (DLE-3D). In [11], the Nearest
Neighbor algorithm proposed by Edahiro [16] is used to
generate a topology that results in a CDN with less TSVs,
reduced wirelength, and reduced delay than the one generated

Fig. 1: A heterogeneous 3-D IC that includes dies from
differing process technologies [2].

by the 3D-MMM algorithm. All of the described 3-D CTS
algorithms are based on homogeneous dies using the 45nm
Predictive Technology Model (PTM) [17].
The contributions of this work are summarized as follows:
• The first to propose CTS algorithms for heterogeneous
dies with disparate process nodes. Two algorithms are
proposed:
1) Heterogeneous 3-D balanced bipartitioning (H3DBB) for topology generation, and
2) Heterogeneous 3-D deferred merge and embedding
(H3D-DME) for embedding (physical placement of
internal nodes) of a given topology
• The proposed algorithm is the first to consider the TSV
location when embedding a node in a heterogeneous 3-D
stack during CTS. In the existing literature, the location
of a TSV between a parent and a child was ignored since
the parasitic impedances of both dies are equivalent.

Subproblem - Heterogeneous clock tree topology embedding: Given 1) a set of sinks S = {s1 , s2 , ..., sn } ⊂ R3 , 2) a
source s0 in a heterogeneous 3-D stack with interconnect per
unit length resistance rw,li and capacitance cw,li for each tier
li , 3) TSV resistance rT SV and capacitance cT SV , and 4) an
input abstract tree topology G(S), embed the internal nodes
of the topology such that the power and number of TSVs of the
stack are minimized while meeting the zero skew constraint.
When embedding a node in a heterogeneous die stack, the
layer position significantly impacts the clock tree. As will be
discussed, there are multiple zero skew locations for a parent.
In a homogeneous stack, moving a zero skew location to a
separate tier potentially increases the delay from the parent to
each child. However, in a heterogeneous die stack, selecting a
zero skew location on another tier can potentially reduce the
delay from the parent to each child.

II. P ROBLEM FORMULATION

The primary objective of heterogeneous 3-D CTS is to
determine the optimal route of the clock tree while accounting
for the impedance mismatches between the device planes. Two
potential interplane routing configurations are shown in Figure
2. Node s0 is the source on die l1 , which has a significantly
lower impedance as compared to die l0 , on which sinks s1
and s2 are located. In Figure 2(a), the majority of the clock
tree is routed on the high impedance tier l0 with one TSV
used to route the signal from l1 to l0 . In Figure 2(b), however,
the majority of the clock is routed on the low impedance tier
l1 and two TSVs route the signal from l0 to l1 . Although the
source to sink wirelengths are similar, as shown in Figure 2(b),
the delay from source to each sink is shorter. The decrease in
delay, however, requires an additional TSV, which potentially
leads to an increase in power consumption as compared to
a single TSV between a parent and the two children. The
decision to move a node to the low impedance tier depends
on if the move decreases the overall capacitance of the circuit.

The problem of heterogeneous clock tree synthesis is defined as follows:
Problem - Heterogeneous clock tree synthesis: Given 1)
a set of sinks S = {s1 , s2 , ..., sn } ⊂ R3 , 2) a source s0 in a
heterogeneous 3-D stack with per unit length wire resistance
and capacitance values of, respectively, rw,li and cw,li for
each die i, and 3) TSV resistance and capacitance values
of, respectively, rT SV and cT SV , construct an abstract tree
topology G(S) and an embedded clock tree T (G(S)) that
minimizes the cost function
Cost = ∑(αli · ∑ |exli |) + β · nv(Tx ) + ∑ γli · bu f f ersli , (1)
∀li

∀xli

∀li

while satisfying the zero skew constraint, where nv(Tx ) is the
number of TSVs in a binary tree with root node x and |exli | is
the edge length from x to the parent node. The cost due to the
total number of buffers on each tier, li , is given by the third
term in (1). The cost function given by (1) is based on work
described in [10]. The α, β , and γ parameters are weights
associated with, respectively, the relative cost of a wire, TSV,
and a buffer. Both the wire weight αli and buffer weight γli
are determined for each device tier li .
Subproblem - Construction of heterogeneous clock tree
topology: Given 1) a set of sinks S = {s1 , s2 , ..., sn } ⊂ R3 , 2)
a source s0 in a heterogeneous 3-D stack with per unit length
wire resistance rw,li and capacitance cw,li for each tier li , and
3) TSV resistance rT SV and capacitance cT SV , construct an
abstract tree topology G(S).
The topology generation algorithm must consider the
impedance mismatches between dies. In a topology, all node
locations except that of the leafs (sinks) are unknown. Therefore, when trying to find the parent of two non-leaf nodes,
it is difficult to determine the layer each node belongs to.
The problem of layer assignment is further exasperated in
a heterogeneous stack since the layer position of each node
impacts heuristics that are used to determine the tree topology.

III. H ETEROGENEOUS 3-D C LOCK T REE S YNTHESIS

A. Heterogeneous 3-D Topology Generation
In order to account for impedance mismatches between
tiers, a binary tree topology is created that favors routing
on the lower impedance tiers. Determining the nodes that
share a parent during the execution of the topology generation
algorithm becomes more complex in a heterogeneous stack.
In [11], the tier of the parent node is tentatively set to the
intermediate tier of the children, which is permissible as the
impedance characteristics of each tier are equal. However,
with impedance mismatches on each tier, the device plane
on which a node is placed significantly impacts the heuristic
used to generate a topology. A novel topology generation
algorithm, Heterogeneous 3-D Balanced Bipartitioning (H3DBB), is therefore proposed to account for the impedance
mismatches as well as the delay through a TSV. H3D-BB is
based on the 2-D Balanced Bipartitioning(BB) algorithm from
[6].
A visual representation of the topology generation for both
2-D and 3-D ICs is shown in Figure 3. The traditional
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Fig. 2: Multiple ways to route a clock signal in 3-D stack with heterogeneous dies. Clock tree generated with a majority of
the path routed on layer (a) l0 and (b) l1 .
2-D BB algorithm is shown in Figure 3(a). In H3D-BB,
an octagonal bounding box is generated similar to the 2-D
algorithm, projecting all sinks from all device planes onto
a single x, y plane. The sinks on tier 0 are depicted in blue
and black, while the sinks in tier 1 are depicted in red and
orange. The sinks that contribute to the octagonal boundary are
depicted in red and black. The BB algorithm is modified for
heterogeneous ICs (H3D-BB), where the H3D-BB algorithm
accounts for impedance mismatches between layers and the
routing cost through TSVs. A non-uniform octagonal prism
is used to represent the topology generated by the H3D-BB
algorithm, as shown in Figure 3(c). The octagonal bases of
the prism are scaled up or down to represent the impedance
mismatches between layers. The height of the prism is equal
to the capacitance through the TSV multiplied by a constant
k where k > 1. The constant k represents the weight of the
capacitance of a TSV with respect to that of an interconnect.
A k equal to 1 corresponds to the clock tree with the largest
number of TSVs. The differences between H3D-BB and the
2-D implementation in [6] include the weight wr and the
distance metric d for two nodes. When two sinks are on two
different dies, calculating d accounts for the TSV capacitance,
capacitances of each tier, and the 2-D Manhattan distance x
between the two nodes p and r, as given by (2). When the
two sinks are on the same device tier, only the 2-D Manhattan
distance x and the capacitance of the given tier are used for
the calculation of the distance metric.
d(p, r) = (Cl p · x +Clr · x)/2 + k ·CT SV

(2)

d(p, r) = (Cl p · x +Clr · x)/2

(3)

B. Heterogenous 3-D Embedding
The DLE-3D algorithm described in [11] is used to assign
temporary tiers for internal nodes of the topology. In order

to exploit the differences in impedance between tiers, the
bottom up phase of DME-3D [11] is modified, as described
by Algorithm 1.
Execution of the algorithm that moves a node to a low
impedance layer is shown in Figures 4 and 5. When both
children are on the same device plane, there are multiple zero
skew points. If the children are on a higher impedance plane
as compared to the other device planes, the node x, which
is the parent of the children, is a candidate to move to a
low impedance plane. The node is moved depending on two
factors:
1) Is the parent of x (the grandparent of the children to
merge) on the same tier as the children? If yes, then
moving the node to the low impedance plane costs two
TSVs. If not, the node is a candidate for moving.
2) Are the two children far enough apart such that the
benefits of a move to the low impedance tier outweigh
the increase in delay and power due to the TSV? If the
Manhattan distance between the children exceeds a value
g, the node is a candidate to move to a lower impedance
tier.
If both factors are met, the node is moved to the tier with
lower impedance, as shown in Figure 4.
When the children are on two different device planes, there
are multiple zero skew points. The one on the lower impedance
device plane has a lower delay from the parent to the children.
The lower impedance plane is chosen if the grandparent is also
on the same plane.
The modifications to the bottom up portion of the 3D-DME
algorithm are described by Algorithm 1. Merging segments
of nodes are moved to low impedance tiers as previously
described. The top down portion of DME-3D is applied without any change in H3D-DME. The implementation of H3DBB for topology generation and H3D-DME for embedding is
described as H3D-CTS.
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Fig. 3: H3D-BB algorithm. The partitioning of nodes into sink subsets is shown in (a) for the 2-D BB algorithm [6]. The sink
sets are recursively partitioned based on the minimum partition cost, which depends on the sum of the Manhattan diameters
of each partition. The initial octagon with sinks from different device planes used in H3D-BB is shown in (b). The sinks from
each tier are denoted by different colors. The two device planes are separated and scaled to construct a non-uniform octagonal
prism as shown in (c).

Fig. 4: Moving a parent node to a low impedance layer if both children are on a higher impedance layer. Since there are
multiple zero skew points, the node is moved if additional TSVs are not inserted or the distance between the children is
large enough that the impact of an additional TSV on power and delay is compensated by the gains from routing on a lower
impedance plane.

IV. S IMULATION R ESULTS
A. Simulation Setup
The developed algorithms were implemented in C++14/STL
and were run on a Linux server with a 3.0 GHz Intel Xeon
E5-2690 processor and 64 GB of memory. The technology
parameters for the wires and buffers used are listed in Table
I. In addition to the technology parameters, a TSV with a
resistance rT SV of 0.05 Ω and a capacitance cT SV of 15 fF
was also included in the simulations.
An evaluation of the algorithms was completed using the
benchmark circuits from the 2009 ISPD clock network synthesis contest [18]. Since the benchmarks were composed of
2-D circuits, a conversion to a 3-D stack with two dies √
was
performed by scaling the dimensions by a factor of 1/ 2,
positioning sinks in each die randomly, and removing layout
obstacles that block certain areas of the die from clock tree

TABLE I: Interconnect and buffer technology parameters used
for simulation.
Parameter
rw (Ω/µm)
Wire
cw ( f F/µm)
td (ps)
Buffer rb (Ω)
Cin ( f F)

28nm
0.21
0.29
12
64
6

Technology
40nm
65nm
0.12
0.04
0.22
0.11
16
22
70
94
9
10

placement. Six circuit configurations were evaluated by using
the first three ISPD 2009 circuits and assigning each die to
different process nodes. The 3-D stack containing 40 nm and
65 nm dies for the benchmark circuits includes the suffix a,
and the stack with 28 nm and 40 nm dies with the suffix
b. SPICE simulations were completed to determine the delay
(skew) and quantify power when VDD was set to 1.1 V and

Algorithm 1 Bottom up algorithm to build a tree of segments in DME
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:

procedure B UILD T REE OF S EGMENTS(G(S),CT SV ,Cli )
for all Nodes n ∈ G(S) in bottom-up order do
if n is a sink then
ms(n) = PL(V )
. ms= Merging Segment, PL= Physical Location
else
(a, b) = CHILDREN(n)
if a and b on the same layer then
if If a and b are on the lower impedance layer then
Find ms(n) in the same layer as a and b
else
if d(a, b) > g and if the parent of n is lower impedance layer then
Find ms(n) in lower impedance layer
end if
end if
else
if Parent of n is on lower impedance layer then
Find ms(n) on lower impedance layer
else
Find ms(n) on the same layer as parent of n
end if
end if
end if
end for
end procedure

Fig. 5: Choosing a correct tier for a parent when the children are on different tiers. There are two zero skew points. The zero
skew point in the low impedance plane is chosen if the grandparent of the merging nodes is also on the low impedance tier.
the frequency to 1 GHz. Since it is not possible to directly
extend the topology generation algorithm NN-3D [11] to a
heterogeneous stack, the proposed flow is compared with that
of a flow comprised of 3D-MMM [9] for topology generation
and both DLE-3D and DME-3D from [11] for embedding.
The latter flow is labeled as ‘base’ in Tables II and III. Results
from a comparison of TSV count and wirelength are listed in
Table II. The bounded number of TSVs for 3D-MMM is set
to 100%. The value of k is set to 1 in (2), which corresponds
to the highest TSV bound.
In order to account for slew, buffers were inserted when the
loading capacitance of the wires exceeded 300 fF, similar to
[11]. The delay, skew, power, and buffer count are compared
with the base flow in Table III.

TABLE II: Comparison of the number of TSVs and wirelength
between the base (3D-MMM) and H3D-CTS algorithms.
Benchmark
ispd09f11a
ispd09f11b
ispd09f12a
ispd09f12b
ispd09f21a
ispd09f21b
Ratio

Base
46
46
45
45
42
42
1.00

#TSVs
H3D-DME
47
46
45
44
44
43
1.01

Wirelength
Base
H3D-DME
134480
127494
134480
127494
126627
123834
126630
123834
139258
134587
139258
134587
1.00
0.96

B. Discussion of Results
The results listed in Table II indicate that the H3D-CTS
algorithm outperforms the combination of the 3D-MMM and

TABLE III: Comparison of delay, power, skew, and buffer count between the base (3D-MMM and 3D-DME) and H3D-CTS
algorithm.
Benchmark
ispd09f11a
ispd09f11b
ispd09f12a
ispd09f12b
ispd09f21a
ispd09f21b
Ratio

Base
0.36
0.44
0.35
0.41
0.38
0.46
1.00

Delay
H3D-DME
0.33
0.42
0.33
0.39
0.36
0.43
0.94

Base
25
26
24
25
26
26
1.00

Skew
H3D-DME
26
26
25
25
27
27
1.03

3D-DME (base) algorithms in wirelength while the TSV
counts remain approximately the same. The improved reduction in wirelength of H3D-CTS is attributed to the efficacy
of the H3D-BB topology generation algorithm as compared
to the 3D-MMM algorithm. The optimizations for stacked
heterogeneous dies lead to an increase in the number of
TSVs as compared to the base algorithm since nodes are
assigned to lower impedance tiers, which requires routing
between planes. By assigning nodes to low-impedance tiers,
the total power consumption of the 3-D IC is reduced, as
indicated by the results listed in Table III. On average, the
power consumption is reduced by 7%, the number of buffers
is reduced by 4%, and the source to sink delay is decreased by
6%, while increasing the total number of TSVs by a negligible
margin (~1%). The average clock skew increased by 3%, with
a maximum skew of 27 ps, below the set skew bound of
30 ps. The overall wirelength is reduced by 4%, which is
primarily due to the proposed topology generation algorithm
H3D-BB outperforming the 3D-MMM algorithm. Although
the proposed algorithms and simulations were executed for a
two die 3-D stack, both can be extended to a 3-D stack with
any number of tiers.
V. C ONCLUSION
Current CTS algorithms for 3-D ICs do not account for
heterogeneous device planes. CTS algorithms for a 3-D stack
with heterogeneous device planes are required to fully benefit
from TSV based 3-D ICs. Two key algorithms for synthesizing
clock trees in heterogeneous TSV-based ICs have been proposed: 1) Heterogeneous 3-D balanced bipartitioning (H3DBB), which is a fast and effective (in terms of wirelength,
power, and delay) top down topology generation algorithm,
and 2) heterogeneous 3-D deferred merging and embedding
(H3D-DME), which embeds internal nodes of a topology. The
H3D-DME algorithm includes key optimizations made to the
DME-3D algorithm proposed in [11] for heterogeneous device
planes. Through simulation results, it has been shown that the
proposed algorithms produce cost effective clock trees for 3-D
ICs with heterogeneous device planes as compared to existing
algorithms which do not account for the heterogeneity in a
die stack. The proposed algorithms produce clock trees that
consume 6% less power, reduce delay by 4%, and require 4%
fewer buffers.

Base
58.64
61.78
55.56
58.68
61.27
67.78
1.00

Power
H3D-DME
53.23
58.66
51.59
54.45
57.34
65.44
0.93

Base
158
161
159
161
164
165
1.00

Buffers
H3D-DME
149
151
152
156
165
166
0.96
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