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Abstract

The gigahertz frequency regime together with the rising
delay of on-chip interconnect and increased device densi-
ties, has resulted in aggravating clock skew problem. Skew
and power dissipation of clock distribution networks are
key factors in determining the maximum attainable clock
frequency as well as the chip power consumption. The
traditional skew balancing schemes incur additional cost
of increased area and power. In this paper, we propose
a novel skew reduction mechanism using dissimilar inter-
connect materials for balancing the non-uniform loads in
a clock network. Single walled carbon nanotube (SWCNT)
bundles have been shown to have high electrical conduc-
tivity for future process technology nodes. We design a H-
tree clock network made up of both SWCNT bundles and
copper interconnect at 22nm technology node. Our exper-
iments show that such a network saves an average of 65%
in area and 22% of power over a pure copper distribution
network.

1. Introduction

Rapid scaling of transistor dimensions facilitates system-
on-chip integration of multiple subsystems causing large
load disparity across the chip. The urge for improv-
ing circuit performance has caused super-linear scaling of
clock frequency reducing the clock period to a fraction of
nanosecond. Realizing chip clock distribution at low skew
margins, given the chip complexity and the large load im-
balance, is a challenging task. The skew due to load imbal-
ance is counted as cycle time penalty and hence directly af-
fects the performance by limiting the clock frequency. The
clock distribution delay does not explicitly hinder the at-
tainable clock frequency [29]. Yet minimizing the latency
is required to meet the area and power budgets.

Wire sizing and buffer sizing are standard techniques
used to reduce the clock skew. However, these techniques

increase the overall area and power consumption of the
clock tree. Clock power dissipation accounts for 40% of
the chip power consumption [9]. Increase in the clock net-
work area has an adverse impact on cross talk [2]. Conse-
quently, building area and power efficient clock distribution
networks while building a zero skew/useful skew clock net-
work is an important goal in the current generation of tech-
nology and will grow in importance for future generations.

Clock distribution network architectures impact the dis-
tribution delay, clock skew, power dissipation, and area.
Typically clock networks are hierarchical in nature and can
be classified into mesh-based, tree-based, or hybrid net-
works. Balanced clock tree networks (such as H-tree or
X-tree) are used as global clock distribution networks in
high performance designs and these structures are known
to produce low skew values [27], [28]. Global clock tree
architectures need to cope with large clock skew because of
disparate loads due to different on-chip subsystems. Wire
sizing, buffer sizing, buffer insertion, and clock routing are
some of the parameters that are adjusted to achieve zero
clock skew. Symmetrical H-tree structures use wire width
sizing and buffer sizing for balancing the clock skew.

Interconnect delay has a major impact on clock skew and
clock distribution delay. Standard copper interconnect is
predicted to have high electrical resistivity in technology
nodes beyond 45nm. As a result, significant research ef-
forts have focused on exploring newer interconnect solu-
tions. One of the probable solution to address this intercon-
nect problem is Single Walled Carbon Nanotube (SWCNT).
SWCNT are rolled graphitic sheets with diameters typically
ranging from 0.4 nm to 4 nm that can either be metallic
or semi-conducting depending on its chirality [30]. Metal-
lic SWCNT have higher current carrying density of about
109A/cm2 where as copper has current density value ap-
proximately equal to 105A/cm2 [1]. Bundles of SWCNT
in parallel have been demonstrated as a possible intercon-
nect medium.

In this paper, we use SWCNT bundles to build a zero-
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skew hybrid clock tree structure that gives significant area
and power savings over a traditional copper network at
22nm technology node. Results show that such a clock tree
can yield on an average 65% of area and 22% of power im-
provement for a zero clock skew network. Further, we show
that the proposed balancing technique is viable in the pres-
ence of process variations.

The rest of the paper is organized as follows. Section 2
provides the modeling of SWCNT and manufacturing is-
sues. Section 3 provides the motivation, methodology, and
the experimental results. The effect of process variations
on the proposed solution is discussed in Section 4. The re-
lated work is presented in Section 5. Section 6 concludes
the paper.

2. CNT Modeling

2.1 Modeling SWCNT Bundles

Even though SWCNTs have desirable electrical proper-
ties, individual carbon nanotubes have very high contact
resistance which is independent of the length [31]. To
overcome this limitation, bundles of SWCNT in parallel
have been physically demonstrated as a possible intercon-
nect medium [16]. We utilize the circuit model in [15] that
can characterize their behavior in a scalable manner. Each
SWCNT has lumped ballistic (Ri ≈ 6.5 kΩ) and contact
(Rc) resistances. The contact resistance is due to imperfect
SWCNT-metal contacts, which are typically constructed us-
ing Gold, Palladium, or Rhodium [10]. The nanotubes also
have a distributed ohmic resistance (Ro), which is deter-
mined by the length lb and mean free path of acoustic-
phonon scattering (λap) in the individual nanotubes. Since
the individual SWCNTs have a maximum saturation current
(Io), the overall resistance also depends on the applied bias
voltage (Rhb = Vbias/Io) [31]. The total resistance of a
nanotube bundle (Rb) is Rt/nb where Rt is the resistance
of an individual nanotube and nb is the total number of nan-
otubes in the bundle.

The capacitance of a nanotube bundle consists of both
a quantum capacitance and an electrostatic capacitance,
which can be modeled using the techniques presented
in [15]. The inductance of an SWCNT bundle can be mod-
eled using the scalable inductance model presented in [20].
The inductance can have a relatively large impact for global
interconnect, the magnetic inductance being the dominant
source [14, 22].

2.2 Manufacturing Challenges for
SWCNT Bundles

SWCNT manufacturing technology will play a crucial
role in determining the viability and performance of nan-
otube bundles in future integrated circuits [11]. SWCNT

Table 1. SWCNT technology assumptions.
Property Symbol Assumption

Metallic Probability Pm 0.6
Length ind. resistance Ri + Rc 10.0kΩ

Proportionality constant Cλ 889
Saturation current Io(μA) 25

Diameter dt (nm) 0.8

bundles have metallic nanotubes that are randomly dis-
tributed within the bundle. With no special separation tech-
niques, the metallic nanotubes are distributed with proba-
bility Pm = 1/3 since approximately one-third of possible
SWCNT chiralities are metallic [30]. However, techniques
such as alternating current (AC) dielectrophoresis [25] and
ion-exchange chromatography [13] have the potential to in-
crease the proportion of metallic nanotubes. The interface
between copper interconnect and SWCNT bundle intercon-
nect is modeled as metal contacts. Consequently, the in-
creased lumped resistance due to imperfect metal contacts
to the nanotubes was significant for local and intermediate
interconnect applications [15]. A recent work has demon-
strated the growth of aligned CNT arrays on commonly
used metal substrates such as Al, Si [24]. Previously, the
growth of CNT was restricted to non-conductive substrates
owing to significant catalyst-metal interactions. This new
growth process yields significantly low contact resistance
for Au, Ag, and Al metals. The ability to grow CNT directly
on copper eliminates the metal contact interface that results
in seamless integration for SWCNT-Cu interconnect in the
future. For global interconnect, the ohmic resistance domi-
nates over the contact resistance making the impact of vari-
ation in bonding techniques negligible. In addition fanout
in SWCNT interconnect has been conservatively modeled
through metal contacts due to lack of known manufactur-
ing techniques. A recent work explored the applicability
of SWCNT bundles as interconnect in the routing fabric
of Field Programmable Gate Arrays (FPGA) [5]. SWCNT
bundle interconnect were faster for long lengths and cop-
per wires were faster at small lengths due to the relatively
high contact resistance of SWCNT bundles. Based on the
current and predicted SWCNT fabrication technology, max-
imum performance benefit can be achieved by utilizing both
SWCNT bundle and copper wires as interconnect. We uti-
lize the conservative technology assumptions as presented
in Table 1 for evaluating the applicability of SWCNT in
clock tree network.

3. Hybrid copper and SWCNT clock distribu-
tion network

SWCNT bundle interconnect yields significant benefits
for long length wires [5]. Consequently, using SWCNT in-
terconnect in a H-tree shown in Figure 1 gives a delay im-
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Figure 2. One node example where CA > CB

and each vertex has a buffer (a) Case1: Cu
only (b) Case2: SWCNT only and (c) Hybrid
with SWCNT on larger load side.

provement of as high as 60% for a 0.5pF and 30% for 8pF
value of maximum lumped load capacitance. As the load
value increases the improvement due to SWCNT intercon-
nect decreases since the proportion of the delay contributed
by the load capacitance to the total delay increases.

3.1. Motivating Example

In this section, we theoretically provide the intuition be-
hind the hybrid tree using a 1-level node with lumped load
capacitances as its children. For the sake of this example,
we make some simplifying assumptions. We consider only
wire-sizing and assume that increasing the wire width by a
factor of w changes the resistance and capacitance of wire
according to the following relations:

r(w) =
Rx

w
;

c(w) = Cx ∗ w; (1)

where Rx is either RCu or RCNT and Cx is either CCu

or CCNT depending on whether it is a copper wire or an
equivalent SWCNT wire. Note that in reality, the resistivity
is a function of the width and the capacitance also has a
non-linear function of the width. The interconnect model
described in Section 2.1 takes this into consideration. We
also assume that there are buffers at every node and all the
buffers identically sized. Given that:

• Rb, Ci, Co: Output buffer resistance, input and output
buffer capacitances.

• CA, CB : Left load and right load capacitance

• Rl, Cl, wl: Left wire resistance, capacitance and width
respectively.

• Rr, Cr, wr: Right wire resistance, capacitance and
width respectively.

We assume that the following relations are true:

RCNT < RCu; CCNT < CCu; CA > CB ; (2)

The skew between the sinks A and B are given by:

SkewA−B = Rb ∗ (CA − CB) + Rl ∗ (
Cl

2
+ Ci) −

Rr ∗ (
Cr

2
+ Ci) (3)

From the above equation, for a symmetric tree where the all
the wires are of same length and made up of same material it
is easy to see that the skew depends on the buffer resistance
and load difference. Thus, replacing copper entirely with
SWCNT has no effect on clock skew.

We assume we can only increase the wire width as is the
usual case. As a result in order to reduce skew, wire-sizing
occurs on the larger load side as seen from equation 3. Wire-
sizing for zero skew yields

wl =
Rl ∗ Ci

Rr ∗ (Cr

2
+ Ci) −

Rl∗Cl

2
− Rb ∗ (CA − CB)

(4)

We compare the wire-sizing for the three cases shown in
figure 2. Substituting

Rl = Rr = RCu, Cl = Cr = CCu; (5)

in equation 4 yields the wire-sizing for Case1(w1). From
equations 2, 4 it can be seen that 1

w1

> 1

w2

where w2

corresponds to the wire-sizing in Case2 (both wires are
SWCNT). Thus, the wire-sizing in the pure SWCNT case
is larger than the wire-sizing for pure copper case. Simi-
larly, the wire sizing in Case3 (w3) is smaller than w1. Con-
sequently, the hybrid case can help in providing zero skew
solutions with lesser area and power overhead.
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3.2. Methodology

We adapt the problem formulation in [33] for global 1-
level H-tree and assume that buffer-width sizing increases
the geometric ratio of the inverter chain. We use the MAT-
LAB optimization toolbox for solving the non-linear op-
timization problem. We statically calculate the cross-over
wire width of copper for which the delay of copper wire
and a minimum width SWCNT wire are equal in line 1.
The sizing techniques are then performed in two phases as
described in Procedure 1. In phase 1, we run the optimiza-
tion process once and obtain an all-copper solution shown
in line 2. Using this solution, we determine which of the
wires have sizing larger than the cross-over point and build
the starting point for phase 2 as shown in line 3-9. In the
phase 2, the optimization process is executed with the solu-
tion obtained in the previous step.

3.3. Experimental Setup and Results

We apply our balancing technique to the top-most global
1-level H-tree at 22nm technology node. The CMOS de-
vice parameters are obtained from [8] and the interconnect
models described in Section 2.1 are used for estimating the
resistance and capacitance values. We assume that wire-
sizing does not affect the height of the wire or the center-to-
center spacing. The lengths of the H-tree segments are fixed
at all times and initially all buffers are identically sized as
shown in Figure 1. The local clock network that distributes
the clock from the leaf of the global distribution tree to the
individual components are accumulated into a single load
capacitance.

The power dissipation of the H-tree is approximated to
P = fCtotVdd

2 where f is the clock frequency, Ctot is
the total capacitance of the tree [33]. It should be noted
that the hybridization technique is not limited to one-level
H-tree. The level of H-tree that a Cu wire can be replaced
with SWCNT will be primarily influenced by the contact
resistance properties of Cu-SWCNT interfacing.

We perform experiments for two different load configu-
rations. The chip is divided into four quadrants as shown in
Figure 1. The load capacitances are obtained from [7] and
scaled to 22nm technology. To understand the influence of
buffer sizing on the benefits from our scheme, we use two
different types of clock drivers, a 2-stage and a 4-stage in-
verter chain obtained from [17]. We evaluate the area and
power benefits for different load values and compare the hy-
brid solution with the all-copper solution. The superiority
of the all-copper solution over the all-SWCNT solution is
also calculated and the results are shown in Figure 3.

As seen from the figure 3(a), the hybrid solution saves
an average of 65% in area for a decrease of 22% in power
consumption. The decrease in area and power primarily
stem from lesser wire sizing required to balance the skew
in the hybrid case. We observe that the hybrid tree gives

Procedure 1 Proposed balancing technique
1: Calculate thresholdW /*Width of a Cu wire when

Cudelay = CNTdelay for a minimum width SWCNT
wire*/

2: Phase 1: Run optimization for all-Cu network. Solu-
tion: WCu

3: for i: All wires /* Generating a mix of copper and
SWCNT wires*/ do

4: if WCu > thresholdW then
5: initialW (i) = min width Cu wires
6: else
7: initialiW (i) = min width SWCNT wires
8: end if
9: end for

10: Phase 2: Run optimization with initialW as the initial
solution.

11: return Hybrid Result.

diminishing returns for large load values. This is explained
by noting that large load values lead to larger wire sizing.
For large widths the performance gap between SWCNT and
copper narrows down as the standard copper resistivity de-
creases with increase in width. Further, if the initial buffer
size is large, the buffer sizing granularity is coarse resulting
in larger wire-sizing. Figure 3(b) shows the area and power
savings of an all-copper network over an all-SWCNT net-
work. The pure SWCNT solution requires more wire-sizing
as is demonstrated in Section 3.1. However, the distribution
delay is significantly lower for a SWCNT network than a
copper network as expected(shown in figure 3(b) as nega-
tive delay decrease).

4. Influence of Process Variations

Process variations(PV) are known to affect both copper
and SWCNT interconnect. SWCNT has been predicted to
have larger number of sources of variation when compared
to copper. The statistical variations in RC parameters can
have a large effect on the skew variability in a clock net-
work. Thus, any solution proposed using SWCNT bundles
can be impractical under the impact of PV. Consequently, it
is imperative to evaluate the proposed skew balancing tech-
nique under PV.

For standard copper interconnect, multi-conductor pat-
tern erosion and dishing within individual conductors due
to chemical-mechanical polishing can have a significant im-
pact on conductor thickness with 3-sigma variations of up
to 35% for current and future process technologies [8, 18].
This can also lead to variations in inter-layer dielectric
thickness. Conductor line width may also vary due to sub-
wavelength lithographic distortions [18]. These sources of
process variation affect the resistance of the conductors, the
coupling capacitance between adjacent conductors, and the
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Figure 3. Area, power and delay savings for 2-stage and 4-stage inverter chain (a) Hybrid over copper
(b) Copper over SWCNT. LoadA and LoadB are as shown in figure 1.

Table 2. Predicted variations in SWCNT bun-
dle process parameters, resistance (R), ca-
pacitance (C), and delay [21].

Variation Geometric 3σ percentage variation
type variation R C Delay

Metallic probability (Pm) Pm = 1/3 13.42 0.14 12.55
SWCNT spacing (st) 3σ = 23% 7.76 0.08 7.25

SWCNT diameter (dt) 3σ = 50% 32.33 0.87 29.71
Contact resistance (Rc) 3σ = 50% 19.03 0 7.40
Dielectric thickness (ht) 3σ = 32% 0 13.25 12.61

Bundle width (wb) 3σ = 32% 34.12 7.83 24.46
Bundle height (hb) 3σ = 32% 33.40 6.20 25.39

capacitance between conductors on different metal layers.
Nieuwoudt et al. [21]looked into the sources of process

variations in SWCNT bundles and have quantified their im-
pact on the performance of SWCNT wires. Their work
shows that SWCNT bundles have larger sources of variation
than the copper interconnect. We consider the seven signif-
icant sources of variations listed in Table 2. The last three
sources of variation are also present in copper interconnect.
The statistical variations in resistance and capacitance fol-
low a log-normal distribution [21]. We assume 15% varia-
tion in driver resistance, capacitance, and load capacitance
values [26]. Log-normal samples are generated for every
wire in the network. Monte carlo simulations (100000)
were performed on the clock tree obtained after optimiza-
tion, for all the three scenarios of pure copper, hybrid, and
pure SWCNT.

The skew distribution obtained from monte carlo simu-
lations fit a log-normal distribution with 1% error. We re-
port the percentage variation (3σ percentage variation) of
the corresponding gaussian distribution. As seen from the
Figure 4, we observe that the variability of the SWCNT net-
work is largest and the hybrid network skew variability is
only slightly higher than that of all-copper solution.
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Figure 4. 3σ percentage variation in clock
skew

5. Related Work

Early clock tree routing works focused on delay mini-
mization as the primary goal. Chu [3] exploited buffer in-
sertion, buffer sizing, and wire-sizing (width and length)
simultaneously for delay minimization. The delay mini-
mization has been formulated into an optimization problem
and identified as a convex geometric programming prob-
lem [4]. Over the last decade, several methods have been
developed to address the load mismatch problem. The DME
algorithm was extended to simultaneously perform rout-
ing, wire-sizing, and buffer insertion for skew minimization
called the Integrated Deferred Merge Embedding (IDME)
algorithm [12]. Tsai [29] recognized that the solution to a
zero-skew problem can be found only for a range of load
capacitances and proposed a recursive algorithm that finds
an optimal solution in a region formed by delay and ca-
pacitance values. The skew minimization by wire-sizing
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and buffer-sizing was also formulated into a non-linear pro-
gramming (NLP) model. Lee [33] solves a multiple objec-
tive NLP problem based on Lagrangian relaxation.

As the architecture of clock distribution network has
a significant impact on each of delay, skew, area, and
power [32] conducted a survey on the clock architectures.
The study compared mesh-based, tree-based, and hybrid ar-
chitectures (hierarchical structures) with respect to skew,
timing uncertainty, latency, and power. They concluded
that hierarchical global H-tree with mesh structure and local
routing performs best in terms of minimizing the skew and
timing uncertainty.

As the standard copper interconnect is predicted to be
a hindrance to the system performance due to the its high
resistivity at small wire-widths, SWCNT is emerging as
a possible replacement to copper. Significant research ef-
fort has been devoted to modeling resistance, capacitance,
and inductance of SWCNT bundle interconnects [15, 19].
SWCNT bundles have been demonstrated to yield maxi-
mum benefit in terms of RC delay for long lengths. Apart
from interconnect , SWCNT is also emerging as a building
block in electro-mechanical switches (NEMS) [23], [6].

6. Conclusion

In this paper we demonstrate a novel skew balanc-
ing technique utilizing SWCNT and copper for global
clock network. Given that copper has high resistivity
and SWCNT has higher conductivity at future technology
nodes, this disparity can be exploited for skew reduction.
We analytically establish the intuition behind building a hy-
brid clock tree and show that even though a clock tree made
of pure SWCNT network can yield significant improvement
in delay, it is detrimental for skew reduction. For the load
configurations considered a hybrid 1-level H-tree gave an
average area improvement obtained was 65% and an aver-
age power improvement of 22%.

Process variations have been predicted to have a large
impact in future technology nodes. Clock tree network is
prone to several sources of variation as it spans the entire
chip. We evaluate our technique’s feasibility under pro-
cess variations and found that the skew variability of the
hybrid solution is of the same order as that of an all-copper
network. In the future, we plan to study the effect of our
scheme on industrial benchmarks and also address cross-
talk effects in the hybrid tree.
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