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Synthesis of Clock Networks with a Mode-Reconfigurable

Topology

NECATI UYSAL and RICKARD EWETZ, University of Central Florida, Orlando, FL

Modern digital circuits are often required to operate in multiple modes to cater to variable frequency and

power requirements. Consequently, the clock networks for such circuits must be synthesized, meeting dif-

ferent timing constraints in different operational modes. The overall power consumption and robustness to

variations of a clock network are determined by the topology. However, state-of-the-art clock networks use

the same topology in every mode, despite that timing constraints in low- and high-performance modes can

be very different. In this article, we propose a clock network with a mode-reconfigurable topology (MRT)

for circuits with positive-edge-triggered sequential elements. In high-performance modes, the MRT structure

is reconfigured into a near-tree to provide the required robustness to variations. In low-performance modes,

the MRT structure is reconfigured into a tree to save power. Non-tree (or near-tree) structures provide robust-

ness to variations by appropriately constructing multiple alternative paths from the clock source to the clock

sinks, which neutralizes the negative impact of variations. In MRT structures, OR-gates are used to join mul-

tiple alternative paths into a single path. Hence, the MRT structures consume no short-circuit power because

there is only one gate driving each net. Moreover, it is straightforward to reconfigure an MRT structure into

a tree topology using a single clock gate. In high-performance modes, the experimental results demonstrate

that MRT structures have 25% lower power consumption than state-of-the-art near-tree structures. In low-

performance modes, the power consumption of the MRT structure is similar to the power consumption of a

clock tree.

CCS Concepts: • Hardware→ Clock-network synthesis;

Additional Key Words and Phrases: Clock network synthesis, robustness to variations, near-tree topology,

non-tree topology

ACM Reference format:

Necati Uysal and Rickard Ewetz. 2022. Synthesis of Clock Networks with a Mode-Reconfigurable Topology.

ACM Trans. Des. Autom. Electron. Syst. 27, 4, Article 38 (March 2022), 22 pages.

https://doi.org/10.1145/3503538

1 INTRODUCTION

Modern VLSI circuits are required to operate in low- and high-performance modes to deliver con-
figurable frequency and power consumption. Synchronous VLSI circuits are synchronized by a
clock network that delivers a clock signal from a clock source to the sequential elements or clock
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sinks. Clock skew is the difference in the arrival time between a pair of clock sinks. There is a
timing constraint in the form of a skew constraint between each pair of clock sinks that are only
separated by combinational logic in the data and control paths. In each mode of operation, the
skew constraints must be satisfied under variations to guarantee the functional correctness.

Constructing clock networks with small nominal skews is not too difficult [2, 4, 24, 25]. However,
it is very challenging to meet tight skew constraints while a clock network is under the influence of
process, voltage, and temperature (PVT) variations [3, 22, 23]. This is particularly challenging
for circuits that are required to operate in low- and high-performance modes. Many recent studies
are focused on constructing clock trees that utilize a combination of guardbands and useful skew to
satisfy timing constraints under the variations in multiple modes [11]. However, for circuits with
strict requirements on the clock frequency (in the high-performance modes), it may be impossible
to satisfy the timing constraints using a clock network with a tree topology.

The overall power consumption and robustness to variations of a clock network are determined
by the topology, which can be in the form of a tree, near-tree, or non-tree. Clock trees consume the
least power but are vulnerable to variations. Clock networks with a non-tree or near-tree topol-
ogy have multiple paths from the clock source to the clock sinks. When inserted appropriately, the
alternative paths neutralize the negative impact of variations. However, clock networks with a non-
tree topology (as clock meshes) may consume 3X−5X more power than a clock tree [20, 27, 30]. In
the past decade, clock networks with near-tree topologies have been investigated, which promise
significant improvements in robustness while the power consumption is similar to that of a clock
tree [9, 12, 14, 16, 17, 28]. In [14, 16], and [28], near-tree structures were constructed by inserting
cross-links. In [12], multiple tree structures were fused together in order to create a multilevel
fusion tree. In [9], a locally merged structure was formed by fusing subtrees at internal nodes of a
clock tree. The fusion was performed at internal nodes instead of at the clock sinks to reduce hard-
ware overheads. A drawback of all near-tree structures is that there are multiple gates driving the
same net of wires, which may result in short circuit current. Moreover, the same topology is used
in every operational mode, despite that the robustness provided by a near-tree is only required
in the high-performance modes. It is easy to understand that a clock network with a tree topol-
ogy could easily meet the timing constraints with much smaller power in the low-performance
modes.

In this article, a clock network with a mode-reconfigurable topology (MRT) is proposed for
circuits that only have positive-edge-triggered sequential elements and are required to operate in
the low-performance mode and high-performance mode. The main contributions of this article are
summarized, as follows:

• Reconfigurable Topology. The proposed MRT structure can reconfigure the topology of the
clock network based on the operational mode. In the high-performance mode, the MRT struc-
ture delivers the clock signal using a near-tree topology to provide robustness to variations.
In the low-performance mode, power is saved by reconfiguring the clock network to deliver
the clock signal using a tree topology.
• Circuit Innovations. The reconfiguration of the topology of an MRT structure is facilitated

by OR-gates and a single clock gate. The OR-gates are used to construct alternative paths
to each clock sink, which improves the robustness to variations. The advantage of using
OR-gates to construct redundant paths is that no short circuit current is introduced, as there
is only a single gate driving each net of wires.
• Automated Synthesis Methodology. We propose an automated synthesis methodology to con-

struct MRT structures. The methodology balances hardware overhead and robustness to
variations.
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• Experimental Validation. The experimental results show that MRT structures provide higher
robustness to variations and up to 25% lower power consumption than state-of-the-art near-
tree structures in the high-performance mode. In the low-performance mode, the power
consumption is 35% lower due to the ability of reconfiguring the topology into a tree.

The remainder of the article is organized as follows: Preliminaries are detailed in Section 2.
Problem formulation is given in Section 3. Previous studies are reviewed in Section 4. The proposed
MRT structure is given in Section 5 and the methodology is given in Section 6. The experimental
results are presented in Section 7. The article is concluded in Section 8.

2 PRELIMINARIES

Timing Constraints. Synchronous circuits are synchronized by delivering a clock signal from a
clock source to flip-flops (or clock sinks). There is a setup and hold time constraint between any
pair of flip-flops (FFs) that are only separated by combinational logic in the data and control paths.
The clock signal must be delivered, meeting setup and hold time constraints for the functional
correctness of the circuit. The setup and hold time constraints between the launching flip-flop FFi

and the capturing flip-flop FFj are formulated, as follows:

ti + t
CQ
i + tmax

i j + tS
j + δ

i j
i ≤ tj +T − δ i j

j , (1)

ti + t
CQ
i + tmin

i j − δ i j
i ≥ tj + t

H
j + δ

i j
j , (2)

where ti and tj are the arrival times of the clock signal to the FFi and FFj , respectively. t
CQ
i is

the clock to output delay of the launching flip-flop; T is the clock period; tS
j and tH

j are the setup

time and hold time of FFj , respectively. tmax
i j (tmin

i j ) is the maximum (minimum) delay through

the combinational logic between FFi and FFj . δ
i j
i and δ i j

j are the timing deteriorations introduced

between FFi and FFj by variations. The magnitude of the timing deteriorations is correlated with
the distance between the clock sinks in the topology of the clock network [18]. For circuits with
multiple operational modes, the timing constraints in Equations (1) and (2) are required to be
satisfied in all modes. The terms in Equations (1) and (2) have different values at each operational
mode due to different clock frequencies and supply voltages used.

The clock skew between the pair of clock sinks is defined to be equal to skewi j = ti − tj . Let δ i j

be the total magnitude of the timing deteriorations that are introduced between FFi and FFj , i.e.,

δ i j = δ i j
i +δ

i j
j . Usingubi j = T − tCQ

i − tmax
i j − tS

j and lbi j = tH
j − t

CQ
i − tmin

i j , the setup and hold time

constraints in Equations (1) and (2) can be reformulated as explicit skew constraints, as follows:

lbi j + δ
i j ≤ skewi j ≤ ubi j − δ i j (3)

Let B be a lower bound on |lbi j | and |ubi j |. Note that lbi j is negative and ubi j is positive for
the circuits that are focused on this paper. Similarly, let D be an upper bound of the timing dete-
riorations δ i j for a clock network with a tree topology. D is determined after the clock network
is constructed and the timing deteriorations δ i j are known. This can be achieved by performing
timing analysis for each operational mode while applying various forms of variations and record-
ing the maximum δ i j . Consequently, the skew constraints in Equation (3) can be reformulated, as
follows:

D − B ≤ skewi j ≤ B − D. (4)

Meeting the explicit skew constraints under the nominal conditions is easy (D = 0). WhenD < B,
it is typically possible to construct a clock tree that satisfies the timing constraints under variations.
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When D > B, it is in general necessary to construct a clock network with a near-tree topology.1

Near-tree clock networks have a tighter upper bound on δ i j . The bound is tighter because all
pairs of clock sinks with timing constraints are located closer in the near-tree topology [12]. The
near-tree structures are commonly synthesized with zero skew to maximize the robustness to
variations [22, 23].

Dynamic Voltage and Frequency Scaling (DVFS). Circuits with multiple modes utilize a lower
clock frequency in the low performance modes. The scaled down clock frequency allows the supply
voltage to be scaled down to save power without introducing any timing violations. The dynamic
power consumption P is calculated, as follows [29]:

P = αsw ·CL ·V 2
DD · f , (5)

where αsw is the activity factor, CL is the switching capacitance, VDD is the supply voltage, and f
is the clock frequency.

When the clock frequency is reduced in the low-performance modes, timing margins are in-
troduced in the limiting setup and hold time constraints. These timing margins allow the supply
voltage to be scaled down until the maximum propagation delay through the combinational logic
becomes too long. The relationship between the supply voltage and the propagation delay can be
formulated as follows [21]:

tpd ∝
Vdd

(Vdd −Vt )2
, (6)

where tpd is the propagation delay of the combinational logic,Vt is the threshold voltage. It can also
be understood from the Equation (6) that scaling up the supply voltage reduces the propagation
delay, which introduces timing margins in the setup and hold time constraints. Consequently, the
supply voltage can be scaled up to meet the timing constraints in Equations (1) and (2), which re-
sults in increasing the power consumption. Furthermore, several recent studies attempt to squeeze
out additional power savings by performing clock tree optimization, where multiple modes are si-
multaneously optimized to improve both timing and power [7, 18].

3 PROBLEM FORMULATION

In this article, we solve the problem of constructing clock networks that connect a clock source
to a set of clock sinks (with specified xy-locations) using wires, buffers, clock gates, and OR-gates
from a given technology library. This article is focused on constructing clock networks for circuits
that only have positive-edge triggered sequential elements and are required to operate either in a
low-performance mode or in a high-performance mode.

The clock frequency and the timing constraints are different for each operational mode. Con-
sequently, clock networks must meet the setup and hold time constraints in Equations (1) and (2)
under PVT variations for each mode of operation. Moreover, the transition time constraints are
required to be satisfied. The objective is to minimize the weighted clock power (PT ) using the cost
metric as follows:

PT = βPH + γPL, (7)

where PH and PL are the power consumption in high-performance mode and low-performance
mode, respectively. β and γ are user defined parameters, which are used to balance PH and PL in
Equation (7).

1Useful skew can be leveraged to enable clock trees to be constructed when D is only slightly larger than B [10].

ACM Transactions on Design Automation of Electronic Systems, Vol. 27, No. 4, Article 38. Publication date: March 2022.



Synthesis of Clock Networks with a Mode Reconfigurable Topology 38:5

Fig. 1. Clock networks with different topologies.

4 PREVIOUS STUDIES

The topology of a clock network can be in the form of a tree [2, 4, 5, 24, 25], a near-tree [9, 14, 16],
or a non-tree [20, 27, 30], as illustrated in Figure 1. Near-tree structures can be in the form of
clock trees with cross-links, clock spines [19], multilevel fusion trees [12], and locally merged
structures [9]. In Table 1, we compare the properties of clock networks with different topologies.

The tradeoff between robustness and power consumption for tree and non-tree (or near-tree)
topologies is well known [9, 12, 14, 16, 20, 30]. The non-tree (or near-tree) structures have multiple
alternative paths from the clock source to each clock sink, which neutralizes the negative impact of
variations. Naturally, the multiple paths introduce hardware overheads with respect to a tree topol-
ogy. The current trend is to insert the redundancy at internal nodes of a tree structure to balance
the robustness improvements with the hardware overheads [9, 12]. Clearly, near-tree structures
seem advantageous to non-tree structures as clock meshes. Nevertheless, near-tree structures are
not widely (or at all) adopted in the industry. This is due to that (i) near-tree structures introduce
short circuit current and (ii) near-tree structures cannot be constructed using the tree construc-
tion algorithms that are integrated into the EDA tools. These challenges stem from that near-tree
structures have multiple gates driving the same net of wires, as shown in Figure 1. One of the
reasons why clock meshes have been successfully adopted in the industry is that symmetric clock
trees are traditionally used to drive the mesh grid, which is easy to construct. Moreover, there
have already been substantial investments in specialized EDA tools for the synthesis and anal-
ysis of such mesh structures. Nevertheless, the concept of sink-splitting was recently proposed
to allow near-tree structures to be constructed using tree construction algorithms [12]. The tech-
nique involves splitting sinks (or the input pins to buffers) into multiple virtual sinks (or pins).
Next, after a tree structure has been constructed to deliver the clock signal to each of the virtual
sinks, the virtual sinks are fused to form a near-tree structure. An intuitive idea to reduce the
power consumption in the low-performance modes is to turn-off part of the non-tree (or near-
tree) structure using clock gates while still guaranteeing that the clock signal is delivered using
at least one path from the clock source to each clock sink. However, this is impossible to perform
using state-of-the-art non-tree (or near-tree) structures because it would create static short circuit
current.
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Table 1. Comparison between Clock Networks with Tree, Near-Tree, and Non-Tree Topologies

Topology Work Robustness Power Based on Compatible with
to tree Voltage Reconfig-

variations structure scaling uration

Tree [2, 4, 25] low small Yes Yes No
Near-tree [9, 12, 16] high medium No Yes No
Non-tree [20, 27, 30] high very large No Yes No

MRT (near-tree) This work high medium Yes Yes Yes

In this article, we propose a clock network with a mode reconfigurable topology (MRT) with
properties as labeled in Table 1. The MRT structure has similar performance as near-tree structures
in earlier studies but multiple paths are joined using OR-gates instead of wires. Consequently,
there is only one gate driving each net of wires. Therefore, it is easy to understand that the MRT
structure can be reconfigured into a tree topology by gating the clock signal in part of the structure.
Moreover, the MRT structures can be constructed using the tree construction algorithms that are
adopted in the EDA tools. Consequently, the MRT structure is based on tree structures.

5 PROPOSED MRT STRUCTURE

In this section, we introduce the properties of the proposed MRT structure. The overview of the
MRT structure is given in Section 5.1. In Section 5.2, it is explained how MRT structure in the form
of near-tree topology improves robustness to variations. In Section 5.3, we explained how MRT
structures save power in the low-performance mode.

5.1 Overview of the MRT Structure

In this section, the proposed MRT structure is explained using the Figure 2. The MRT structure is
constructed to operate in two modes using buffers, wires, OR-gates and a clock gate. The structure
consists of two top-level trees that are joined using OR-gates to drive the bottom-most subtrees.
The input to the MRT structure is a mode control signal and the clock signal from the clock source.
The mode control signal specifies the mode that the circuit should operate. In the high-performance
mode 1, the clock gate is transparent and the entire MRT structure is used to deliver the clock signal
to the clock sinks, i.e., the topology is in the form of a near-tree. In the low-performance mode 2,
the clock signal is gated and the part of the MRT structure that is used to deliver the clock signal
to the clock sinks is in the form of a tree topology. In Figure 2, a few gates and subtrees are labeled
‘1’ and ‘1 2’ to indicate the modes where the respective components are used to deliver the clock
signal.

5.2 Improving the Robustness in High-Performance Modes

In the high-performance mode, the robustness to variations is improved by the two top-level trees
that are joined together using the OR-gates. However, OR-gates only improve the robustness of the
positive-edge of the clock signal. Nevertheless, positive-edge triggered sequential elements have
loose timing constraints on the negative-edge of the clock signal. Therefore, it can be concluded
that the MRT structure improves the overall robustness to variations.

The robustness of the positive-edge is improved because the OR-gates are implemented by
NAND-gates with one INV-gate connected to each their inputs, as illustrated in the bottom right
part of Figure 2. The two-input NAND-gate has two parallel PMOS transistors that may charge
the net attached to the output of the NAND-gate. Under nominal conditions, the MRT structure
is designed such that the clock signal arrives at the same time to the separate input pins of each
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Fig. 2. The arrival time distributions (for the positive-edge of the clock signal) at different points with respect

to an OR-gate are shown in (a), (b), and (c). The variance of the arrival time distribution at the output of the

OR-gate is tighter than that of the variance at the inputs, which demonstrates that OR-gates improve the

robustness to variations. (d) The proposed MRT structure is constructed using OR-gates to provide robustness

to variations.

OR-gate. Hence, both PMOS transistors in the NAND-gate will equally contribute to charging the
downstream net. Under variations, it is expected that the arrival time of the clock signal to the
separate input pins will be different. The end-result is that the PMOS transistor that is turned-on
first (last) will charge the net more (less) compared within the nominal case. A simple but effec-
tive model to estimate the robustness improvement of an OR-gate is to approximate the effective
arrival time of the clock signal to the OR-gate with the mean of the two separate arrival times,
i.e., an OR-gate will improve the robustness to variations by averaging out the negative effect
of the variations. Of course, the model only holds when the last PMOS transistor to be turned-
on is activated before the net downstream of the OR-gate is completely charged by the other
PMOS transistor. Therefore, the proposed OR-gate is preferred to the traditional OR-gate consist-
ing of a NOR-gate connected in series with an INV-gate. The explanation is that the capacitance
of the internal node in the traditional OR-gate is smaller than the capacitance of the downstream
subtree, which means that the internal node will be charged faster, and fewer variations can be
neutralized.

To confirm that OR-gates improve the robustness of the delivery of the positive-edge of the
clock signal, the structure in the figure is simulated using NGSPICE [15] while applying various
forms of correlated variations such as wire width, channel length, supply voltage, and temperature
variations using the Monte Carlo framework in [9]. More details about the variations are provided
in Section 7. The arrival time distributions at the inputs of an OR-gate are shown in (a) and (b)
of Figure 2. It is concluded that the OR-gates improve the robustness to variations because the
variance of the arrival time distribution at the output of the OR-gate is close to half of the variance
of the distribution above the OR-gate, which is shown in Figure 2(c).

In terms of the negative-edge of the clock signal, it can be understood that the OR-gates act
as a max operator using the same simple model. Although we are targeting designs with only
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Table 2. Comparison between DVFS and Topology Reconfiguration

Combined with DVFS

Technique Vdd Cclk Power

DVFS very small full small

DVFS + Reconfiguration small reduced very small

positive-edge triggered sequential elements in this article, we experimentally observed that the
MRT structures also deliver the negative-edge of the clock signal with higher robustness than a
clock tree (see Section 7.1.4). The explanation is that the max operator effectively slows down the
clock signal on paths where the propagation delay has been sped-up by variations more than it
further slows down the propagation delay of paths that have become slower due to variations.
Nevertheless, we intend to perform further analyses of the impact on the setup and hold times for
circuits with negative-edge and dual-edge triggered sequential elements in our future work.

5.3 Reducing Power in Low-Performance Modes

To save power in the low-performance mode, the MRT structure can be reconfigured from near-
tree topology to a tree topology based on the active mode. The reconfiguration can be performed
without introducing any short-circuit current because each net of wires is connected to only a
single driving gate. In fact, this is the first near-tree (or non-tree) structure that can be configured
based on the active mode. However, the reconfiguration introduces a tradeoff between supply
voltage scaling and clock network switching capacitance, which is shown in Table 2.

The dynamic power consumption of a VLSI circuit is calculated, as follows:

P = Ccomb ·V 2
DD · f · αcomb +Cclk ·V 2

DD · f · αclk , (8)

where f is the clock frequency;Ccomb andCclk are the total capacitance of the combinational logic
and the clock network, respectively; αcomb and αclk are the activity factors of the combinational
logic and clock network, respectively; and VDD is the supply voltage.

Traditional DVFS technique is performed by scaling down the supply voltage to the minimum
possible value that the timing constraints are guaranteed to be satisfied. For MRT structures, we
propose to combine topology reconfiguration with DVFS in the low-performance mode. First, the
MRT structure is reconfigured into a tree topology. Second, DVFS is applied to the MRT structure.

The reconfiguration of the topology into a clock tree reduces the clock tree switching capac-
itance (Cclk ) by turning off a large portion of the clock network. However, the reconfiguration
may introduce small nominal skews between pairs of clock sinks because the MRT structure has
OR-gates with a different number of inputs, which have different propagation delays. Therefore,
the timing margins available for voltage scaling are reduced by the reconfiguration. Consequently,
the supply voltage will be slightly higher compared with only applying voltage scaling. Neverthe-
less, the overall power is expected to be significantly lower. The explanation is that the propagation
delay of any gate is proportional to Equation (6). Therefore, large timing margins are required to
only slightly reduce the supply voltage when the supply voltage VDD is close to the Vt . Conse-
quently, the reduction in the Cclk is expected to translate into large power savings than reducing
VDD slightly more.

6 METHODOLOGY

The flow for constructing the proposed MRT structures is shown in Figure 3. The flow is illustrated
with an example in Figure 4. MRT structures are constructed bottom-up stage-by-stage using a
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Fig. 3. (a) Flow for constructing MRT structures. (b) Flow for construction of the core top-level tree. (c) Flow

for construction of the N − 1 subsequent top-level trees.

modification of the classic zero-skew Deferred-Merge Embedding (DME) paradigm [3, 5, 6].
A stage consists of a device (a buffer or an OR-gate) driving a subtree of wires connected to the
stage-sinks. The stage-sinks of the first stage are the clock sinks. The stage-sinks of any other stage
are the input pins of the devices driving the previous stage. The bottom-up construction phase is
followed by a top-down embedding of internal nodes using the DME paradigm.

MRT structures consist of first-stage subtrees that are driven byN top-level trees, whereN ≥ 2 is
a user-specified parameter. The first top-level tree is constructed with the objective of minimizing
wirelength while connecting each clock sink to the clock source. The first top-level tree is referred
to as the core top-level tree. The remaining N -1 top-level trees are constructed to improve the
robustness (see details in Section 6.3). The N top-level trees are joined to drive the first-stage
subtrees using OR-gates. We choose to insert OR-gates to drive the subtrees of the first stage
because such procedure is known to balance robustness and capacitive cost [9]. The robustness
provided by inserting redundancy is higher when placed closer to the clock sinks. At the same
time, inserting redundancy closer to the clock sinks introduces larger hardware and performance
overheads. The roots of the N top-level trees are connected together using a clock gate in order to
enable the topology reconfiguration.

The flow in Figure 3 shows that the first stage of an MRT is constructed by merging subtrees (see
Section 6.1.1) and inserting OR-gates to drive the subtrees (see Section 6.2). Next, the construction
of the core top-level tree step is performed. This is followed by performing the construction of N -1
subsequent top-level trees step (see Section 6.3). The top-level trees are subsequently joined, gated,
and routed to the clock source (see Section 6.4). After constructing the reconfigurable topology,
the nominal skew of the MRT is tuned close to zero using a clock network optimization step (see
Section 6.5). Last, DVFS is applied to determine the supply voltage for both modes of operation
(see Section 6.6).
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Fig. 4. Example flow for the construction of an MRT structure when N = 2. (a) First-stage subtrees. (b) Driver

devices are inserted. (c) Core top-level clock tree is constructed. The driver devices used to construct the core-

top level tree are colored in green. (d) The Topology Relation Graph (TRG) is constructed with respect to the

topology. (e) The TRG after edge pruning is applied. (f) The second top-level clock tree is constructed using

TRG. (g) The clock network after the construction of top-level trees shown in (c) and (f). (h) The clock network

after constructing the reconfigurable topology.

6.1 Zero-Skew Tree Construction [2, 4, 24, 25]

In this section, it is explained how a zero-skew tree (ZST) with buffers can be constructed based
on iteratively performing a merging of subtrees phase and an insertion of buffers phase, which is
shown in Figure 3(b). The method is based on techniques proposed in [2, 5, 24], and [25].

6.1.1 Merging of Subtrees. The merging of subtrees step is used to construct a set of zero skew
subtrees from a set of stage-sinks using the DME algorithm. The construction is based on iteratively
merging pairs of smaller subtrees into a larger subtree using zero-skew merges. A zero-skew merge
joins a pair of subtrees with the smallest possible wirelength while ensuring that the delay to all
the sinks in the formed subtree are equal under the Elmore delay model. The merging process
is facilitated by a nearest neighbor graph (NNG) [6]. An NNG is used to capture the subtrees
(or stage sinks) and the wirelength distances between the pairs of subtrees. Iteratively, the pair
of subtrees that require minimum amount of wirelength to be joined is selected to be merged.
After a pair of subtrees have been joined, the transition time is evaluated. If the transition time
constraint is violated, the subtree pair is unmerged and both subtrees are locked from further
merging. Otherwise, the newly formed subtree is allowed to be joined with additional subtrees. The
process is repeated until all subtrees are locked from further merging. Please refer to [2, 4, 5, 24],
and [25] for further technical details.

6.1.2 Insertion of Buffers. The input to the buffer insertion is a set of locked subtrees from the
merging of subtrees step. For each subtree, the minimum-sized buffer that can drive the locked
subtree (without violating the transition-time constraint) is selected to be inserted at the root.
Next, a piece of stem wire is inserted between the subtree and the buffer [5].

6.2 Insertion of OR-Gates

In this section, we explain the insertion of OR-gates step. The input to this step are the first-stage
subtrees. For each subtree, the minimum sized OR-gate (with N input pins) that can drive the
subtree without violating the transition time constraint is inserted at the root. The parameter N
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is limited to 4 in order to limit the size of the NMOS transistors within each NAND-gate (inside
each OR-gate). A set of first stage subtrees are shown in Figure 4(a). After the OR-gate insertion
step, the resulting subtrees are shown in Figure 4(b).

6.3 Construction of Top-Level Clock Trees

In this section, we explained how the N top-level trees in an MRT structure are constructed. The
core top-level tree is constructed using the traditional zero-skew clock tree construction algorithm,
which involves iteratively merging subtrees with the objective of minimizing wirelength. Next,
the remaining N -1 top-level trees are constructed with the goal of improving the robustness to
variations. This is achieved by constructing the subsequent N -1 top-level trees with the following
two objectives:

(i) Clock sinks (with skew constraints between them) that are distant in the base (first) top-level
tree should be placed close in at least one of the subsequent top-level trees.

(ii) Subtrees that are close (topology-wise) in the core top-level tree should not be close in any
subsequent top-level tree.

The motivation for the first objective is that larger variations are introduced in skew constraints
between clock sinks that are distant in the topology. Therefore, the robustness can be significantly
improved by placing such clock sinks (or subtrees) close in a subsequent top-level tree. The moti-
vation for the second objective is that clock sinks that are close in the initial tree topology have
no need of improving the robustness to variations. Therefore, the construction of such top-level
trees should be avoided in order to minimize hardware overheads. Moreover, the construction
of clock networks that are larger than necessary may actually degrade the overall robustness, as
larger clock networks are more vulnerable to variations [9]. We propose to achieve the two afore-
mentioned objectives by introducing a topology relation graph (TRG). Next, the TRG is used
to guide the construction of the last N -1 top-level trees. The TRG is used to capture both skew
constraints and the distance between pairs of subtrees in the tree topology. The first objective
is achieved by encouraging subtree pairs with large-edge weights in the TRG to be joined. The
second objective is achieved by pruning edges in the TRG.

The details of the TRG construction are explained in Section 6.3.1. The edge pruning step is
given in Section 6.3.2. The TRG-guided clock tree construction is provided in Section 6.3.3. These
steps are performed iteratively to construct the last N -1 top-level trees.

6.3.1 Construction of Topology Relation Graph. A TRG G = (V ,E) is constructed with respect
to the first-stage subtrees. The verticesV represent the first-stage subtrees. The weighted edges E
represent the distance in the topology between pairs of subtrees that are sequentially related. A
pair of clock sinks are sequentially related if there is a skew constraint between them. A pair of
subtrees are called sequentially related if they correspondingly contain a pair of sequentially related
clock sinks. The edge weight between sequentially related subtrees is defined to be equal to the
minimum number of buffers that must be traversed to find the closest common ancestor (CCA)

of the subtree pair. For example, in Figure 4(d), the edge weight between s2 and s3 is one because
only one CCA buffer is required to be traversed. On the other hand, the edge weight between s2

and s5 is 2 because two buffers are required to be traversed. The arrows in the Figure 4(a) illustrate
that the corresponding first-stage subtree pairs are sequentially related. The TRG with respect to
the topology of the core top-level tree in Figure 4(c) is illustrated in Figure 4(d).

After multiple top-level trees have been constructed, it can be understood that each subtree
pair may have multiple CCAs. When forming the TRG for the construction of the third or fourth
top-level tree, a candidate edge-weight value is computed with respect to each of the previous
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top-level trees. Next, the weight for each edge in the TRG is set to the minimum of the candidate
values.

6.3.2 Edge Pruning. In this section, the edge pruning technique is explained. The edge pruning
is performed by removing all edges in a TRG with a weight less than or equal to one. This corre-
sponds to avoiding joining subtrees that are joined in the second stage of the initial tree topology.
Figure 4(e) shows the resulting TRG after performing edge pruning in the TRG of Figure 4(d). After
pruning the edges, there may exist vertices without any incident edges, which means that the clock
signal is already delivered with sufficient robustness. Consequently, there is no need for the cor-
responding subtree to participate in the subsequent top-level tree construction. This is facilitated
by reducing the number of input pins of the corresponding OR-gate by one.

6.3.3 TRG Guided Tree Construction. In this section, we explained how the TRG is used to guide
the construction of the top-level trees. The input to the TRG-guided clock tree construction step is
one input pin from each OR-gate that has been inserted to drive the first-stage subtrees. The output
is a top-level tree driving the input pins. The top-level tree is constructed by iteratively performing
the merging of subtrees and the insertion of buffers steps, which is shown in Figure 3(c). However,
when selecting subtrees to be merged in the NNG, both the required wirelength and topology
distance are considered (see details below). Moreover, if no edge exists between a pair of vertices in
the TRG, the corresponding subtrees in the NNG cannot be merged. The top-level tree constructed
by the TRG guided tree construction is shown in Figure 4(f). The clock network structure that is
obtained after the construction of two top-level trees are shown in Figure 4(g).

The conventional zero-skew tree construction methodology is based on joining the subtrees that
require the minimum wirelength to be merged. In the TRG-guided top-level tree construction, the
merging of the subtrees is based on a cost function that accounts for both wirelength and distance
in the topology. Let the cost of merging a subtrees i and j be denoted ci j and defined, as follows:

ci j = αdi j − (1 − α )pi j (9)

where di j is the wirelength required to join the subtrees i and j using a zero-skew merge. pi j is the
corresponding edge weight in the TRG. α is a user defined parameter to balance the importance of
the two objectives. It can be understood that setting α to 1 would result in constructing a top-level
tree using the traditional zero-skew metric. In our framework, we set α to be small (0.01) such
that the cost metric always prioritizes topological distance over the wirelength. The wirelength
component is used as a tie-breaker when there exist multiple edges with the same weight (pi j ).

Note that when two subtrees are merged, the corresponding vertices in the TRG must be merged
into a single vertex. The incident edges of the two vertices are inserted between the newly formed
vertex and the corresponding adjacent vertices (without modifying the edge weights). This may
result in two parallel edges with different edge weights that are introduced between the newly
formed vertex and a single adjacent vertex. For such cases, the parallel edges are replaced with a
single edge with a weight equal to the minimum of the two edge weights.

6.4 Construction of the Reconfigurable Topology

In this section, we explained how the N constructed top-level trees are joined into an MRT struc-
ture. The top-level trees must be joined such that the MRT structure can be reconfigured between
a tree and a near-tree topology. The reconfiguration is performed by gating the clock signal in
part of the structure using a clock gate. In contrast with traditional clock gating that aims to com-
pletely turn off a portion of the clock network, the reconfiguration based clock gating is performed
such that there still exists at least one path from the clock source to each clock sink. Let the con-
structed top-level trees be denoted t1 to tN . To facilitate the reconfiguration between the tree and
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Fig. 5. The reconfigurable topology.

near-tree topology, we proposed to connect the top-level trees as illustrated in Figure 5. In the
high-performance mode, the MRT structure has a near-tree topology and all the top-level trees t1
to tN deliver the clock signal to clock sinks. When the clock signal is gated in the low-performance
mode, the top-level trees t2 to tN are turned off and only the core top-level tree t1 delivers the clock
signal to all clock sinks. Note that t1 is the only top-level tree that is guaranteed to have a path to
all the first-stage subtrees.

The structure in the figure is constructed by joining t2 to tN using zero-skew merges. Next, we
insert a clock gate to drive the resulting tree before merging the clock gate with the core top-level
tree t1 using a zero skew merge. Finally, we connect the resulting structure to the clock source. Of
course, the buffers are inserted to balance delay if a zero-skew merge cannot be performed without
violating the transition time constraints. This results in the MRT structure in Figure 4(h) which
is formed from the two top-level trees in Figure 4(g). Next, a clock network optimization step in
Section 6.5 is performed to balance the skew in the structure.

6.5 Clock Network Optimization

Clock network optimization (CNO) is performed to minimize the nominal skew in a clock
network. It is typically very difficult to construct large clock networks with small nominal skew
without utilizing CNO. For MRT structures, clock network optimization is performed with the
objectives of: (i) minimizing the nominal skew close to zero and (ii) minimizing the skew between
input pins of the same OR-gate, which improves the robustness to variations.

State-of-the-art clock tree optimization techniques are based on specifying and realizing delay
adjustments to remove the timing violations, which is also essential to meet the useful skew con-
straints [13]. The specified delay adjustments are realized by inserting delay buffers and detour
wires. For MRT structures, clock network optimization is performed using a two-phase approach.
In the first phase, the input pins of the OR-gates are viewed as the clock sinks and the skew between
pins of the same OR-gate is minimized by specifying and realizing delay adjustments, which im-
proves the robustness of the MRT structures to variations. In the second phase, the nominal skew
is minimized by specifying and realizing delay adjustment below the OR-gates. Note that it is easy
to adapt clock-tree optimization algorithms to the MRT structure because there is only a single
gate driving each net, which enables conventional EDA algorithms and tools to be used.

6.6 Supply Voltage Selection

In this section, it is explained how the supply voltage is determined at each operational mode.
The objective is to select the supply voltage that meets the timing constraints with the minimum
possible power consumption while operating with the specified clock frequency for the operational
mode.

After applying CNO to the MRT structure, 250 Monte Carlo simulations are performed to obtain
the upper bound on the timing deteriorations (D) that the MRT structure achieves. Next, we tighten
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Table 3. Benchmarks in [8]

Circuit Sinks Skew constraints Clock period (ps) Clock cycle for guardbands
(name) (num) (num) TH TL (%)

s1423 74 78 200 1,000 10
usbf 1,765 33,438 200 1,000 10
dma 2,092 132,834 200 1,000 10

pci bridge32 3,582 141,074 200 1,000 10
ecg 7.674 63,440 200 1,000 10

des peft 8,808 17,152 200 1,000 10
aes 13,216 53,382 200 1,000 10

Table 4. The Properties of the Structures

Structure Redundancy insertion Synthesis is Topology
using guided by

Tree [2, 5, 25] ‘-’ NNG Tree
Near-Tree-SS [9] Sink splitting NNG + Local merges Near-tree

Near-Tree-OR OR-gates NNG + Local merges Near-tree
MRT OR-gates NNG + TRG Near-tree

the timing margins by the amount of D to provide guardbands to variations. Finally, we perform
DVFS by applying a binary search to determine the minimum supply voltage that meets the timing
constraints. In our framework, the supply voltage is allowed to be specified in the range of Vt to
1.02V . Note that the supply voltage can never be scaled down too close to the threshold voltage
because there are no excessive timing margins available in the evaluated designs.

7 EXPERIMENTAL RESULTS

The proposed methodology was implemented in C++ and experimental evaluation was performed
on a quad-core 3.4-GHz Linux machine with 32 GB of memory. The properties of the buffers, the
OR-gates, and the wires were obtained from a 45-nm technology library [22]. The benchmarks
in [8] were used to synthesize our clock networks. The details about benchmark circuits (number
of clock sinks, number of skew constraints, and clock period) are shown in Table 3. The transition
time constraint for all the structures was set to 100 ps. The clock periods correspond to a clock
frequency of 5GHz and 1GHz in the high- and low-performance modes, respectively. In each mode
of operation, a portion of the clock cycle was reserved for guardbands to variations, which is shown
in the “Clock cycle for guardbands” column in Table 3.

To demonstrate the effectiveness of the proposed framework, four different structures are con-
structed and evaluated. The properties of each structure are summarized in Table 4. For each struc-
ture, the techniques used to insert redundancy and guide the synthesis process are reported along
with the topology. Specifically, we construct one tree structure (labeled “Tree” ), two near-tree
structures (labeled “Near-tree-SS” and “Near-Tree-OR” ), and the proposed MRT structure (labeled
“MRT” ). The tree structures were constructed using the methodology in Section 6.1, which is sim-
ilar to that for the zero-skew clock trees in [2, 5], and [25]. The Near-Tree-SS structures were
constructed to mimic the locally-merged structures in [9], which are illustrated in Figure 1(c). The
locally merged structures were selected because they were reported to outperform clock trees with
cross-links and clock meshes in [9]. The Near-Tree-OR structures were constructed to mimic the
Near-Tree-SS structures. However, alternative redundant paths were joined using OR-gates instead
of using sink-splitting. The MRT structures were constructed using the proposed flow in Figure 3(a).
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Fig. 6. Evaluation of MRT structures with different number of top-level trees on the circuits (a) dma and

(b) aes . The performance is evaluated in terms of power and robustness to variations. The clock network

structure with 1 top-level tree is equivalent to the traditional clock tree.

Based on the experiments performed in Section 7.1, the MRT structures were constructed using
two top-level trees, i.e., the MRT structures were obtained using N = 2.

The structures are evaluated in terms of power consumption, supply voltage, and timing qual-
ity that are obtained in high- and low-performance modes. The power consumption is evaluated
using circuit simulations. The timing quality of the structures are evaluated by performing Monte
Carlo simulations using NGSPICE. Each structure is simulated with 250 Monte Carlo simulations
while applying wire width variations (±5%), voltage variations (±7.5%), channel length variations
(±5%) and temperature variations (±15%) around the nominal values. The variations are spatially
correlated and generated using a five-level quad-tree where equal magnitudes of variations are
specified for each level of the constructed quad-tree [1, 9]. In each simulation, skew and tran-
sient time constraints are evaluated. If the chip meets timing constraints, the chip is classified as
good. Otherwise, the chip is classified as defective. For all structures, no yield loss is obtained from
the transition time constraints. The proposed setup overcomes the well-known deficiencies of the
ISPD 2010 contest, which have been discussed at length in [3, 9], and [12]. Therefore, we have not
reported extensive comparisons with the contest results.

The MRT design configurations are evaluated in Section 7.1. The performance of the MRT struc-
tures are evaluated in Section 7.2.

7.1 Evaluation of MRT Design Configurations

In this section, we evaluate the impact of the MRT design configurations. The selection of the num-
ber of top-level trees is evaluated in Section 7.1.1. The TRG guided the top-level tree construction
is evaluated in Section 7.1.2. The use of topology reconfiguration is evaluated in Section 7.1.3. The
delivery of the negative-edge of the clock signal is evaluated in Section 7.1.4.

7.1.1 Selection of the Number of Top-Level Trees. The selection of the number of top-level trees
(N ) is evaluated in Figure 6. The figure shows the performance of the MRT structure for different
numbers of top-level trees on the circuits dma and aes . The performance is evaluated in terms of
power and robustness to variations. The values presented in Figure 6 are normalized with respect
to an MRT structure with N = 1, i.e., a clock network in the form of a clock tree. The robustness
to variations is evaluated using D. The figure shows that D is improved when N is increased until
a turning point from where the robustness is degraded. This is because each additional top-level
tree improves the robustness to variations by placing clock sinks that are distant in the initial tree
topology close in at least one of the subsequent top-level tree topology. However, with each top-
level tree that is constructed, the clock network becomes larger and more vulnerable to variations.
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Fig. 7. Evaluation of guiding the top-level tree construction using different cost metrics. The evaluation is

performed in terms of normalized power and normalized robustness (D).

Therefore, the robustness to variations is typically saturated when N is equal to three. Intuitively,
the power consumption is increased with the number of top-level clock trees that are constructed,
which can easily be observed in the figure.

Clearly, a fundamental problem for MRT structures becomes that of selecting N such that the
minimum constraint on D is satisfied using the minimum amount of power consumption. This
could potentially be solved using static timing analysis [12]. However, we consider this problem
as being out of the scope of this article, as this article is focused on the concept and synthesis of
MRT structures. Instead, we choose to evaluate the MRT structure with the two top-level trees
on all circuits because it provides the best tradeoff between robustness and power consumption.
Moreover, the MRT structures with more than two top-level trees introduce undesirable overheads
in terms of both power consumption and runtime. Hence, the MRT structure with two top-level
trees is selected to be the baseline for the proposed framework. In the remaining of this article, the
MRT structure refers to the MRT structure that is obtained by constructing two top-level trees.

7.1.2 Evaluation of the TRG-Guided Top-Level Tree Construction. The TRG-guided top-level tree
construction is evaluated in Figure 7. In the figure, we compare constructing the top-level trees
with the objective of minimizing wirelength and using the proposed metric in Equation (9). The
comparison is performed in terms of average power consumption and average robustness to vari-
ations (D) over all the benchmarks in Table 3.

Compared with minimizing wirelength, the figure shows that the proposed metric improves D
with 4% for the MRT structures. The robustness improvements stem from the proposed cost metric
that encourages clock sinks (with skew constraints) that are distant in the initial tree topology to
be placed close in the subsequent tree topology. The robustness improvements come at the expense
of a 2% overhead in power consumption. This is expected because subtrees that are distant in the
initial tree topology are typically also distant spatially. Consequently, more wirelength is required
to merge such subtrees, which intuitively increases power consumption.

Clearly, the proposed cost metric introduces a tradeoff between robustness and power consump-
tion. We consider the small overheads in power consumption to be acceptable for the slight im-
provements in robustness. Consequently, we choose to guide the construction of the top-level
trees using the proposed cost metric. Note that the tradeoff between robustness (D) and power
consumption is regulated by the parameter α . In our implementation, we set α to prioritize topol-
ogy distance over wirelength, i.e., α is set close to zero (α = 0.01).

7.1.3 Evaluation of Topology Reconfiguration. In this section, we evaluate the effectiveness of
saving power using topology reconfiguration combined with DVFS. In Figure 8(a), we compare the
proposed technique with only applying DVFS in terms of supply voltage and clock network switch-
ing capacitance. The figure shows that the proposed technique results in 1% higher supply voltage
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Fig. 8. Evaluation of DVFS vs reconfiguration combined with DVFS in terms of average (a) supply voltage

and switching capacitance and (b) total circuit power for different ratios ofCcomb andCclk . The experimental

results shown in the figure are the average values for the benchmarks in Table 3.

and 12% lower clock network switching capacitance. This is because the topology reconfiguration
introduces small nominal skews, which reduces the available timing margins by 2%. The smaller
timing margins translate to requiring a 1% higher supply voltage to be used. Compared with only
applying DVFS, it is not surprising that the proposed technique results in only marginally higher
supply voltage, as large timing margins are required to slightly reduce VDD , when VDD is close to
Vt , as discussed in Section 5.3.

In Figure 8(b), we compare the proposed technique with DVFS in terms of total circuit power.
The total circuit power is computed using Equation (8) for different ratios of switching capacitance
between the combinational logic (Ccomb ) and the clock network (Cclk ). The figure shows that the
proposed technique reduces the total circuit power by about 11%. The power saving is relatively
independent of the ratio between the capacitance of the combinational logic and the clock network.
The power saving is obtained due to the lower clock network switching capacitance. Consequently,
we conclude that topology reconfiguration combined with DVFS is advantageous to only applying
DVFS. The only drawback of the reconfiguration is that a mode control signal is required to be
delivered to the clock gates. Nevertheless, the overhead is limited because there is only one clock
gate in the MRT structures. Moreover, the wirelength used to deliver the mode control signal does
not contribute significantly to the dynamic power consumption. The results in the figure were
obtained using αcomb and αclk respectively set to 0.1 and 1. Vt for the technology is 0.4V [22].

7.1.4 Evaluation of the Negative-Edge of the Clock Signal. In this section, we evaluate the robust-
ness in the delivery of the positive-edge and negative-edge of the clock signal. The comparison
is performed in terms of D in Figure 9. The results shown in the figure are the average values
obtained from the MRT structures for the benchmarks in Table 3.

The figure shows that MRT structure delivers both the positive-edge and negative-edge of the
clock signal with higher robustness to variations than a Tree structure. However, the robustness
improvements are higher for the positive-edge of the clock signal than for the negative-edge of
the clock signal. As it is shown in Figure 9, the MRT structure delivers the positive-edge of the
clock signal with 39% lower D while the negative-edge is only delivered with 24% lower D. The
difference in the robustness improvements stem from that the OR-gates act as average opera-
tors and max operators for the positive-edge and negative-edge of the clock signal, respectively.
This was discussed and analyzed in Section 5.2. Consequently, the MRT structures are ideal for
circuits with only positive-edge triggered sequential elements. However, they can also be used for
circuits with both positive-edge and negative-edge triggered sequential elements. Nevertheless, a
slightly lower clock frequency will be required to be used.
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Fig. 9. Evaluation of the MRT structure for the negative-edge and the positive-edge of the clock signal.

7.2 Evaluation of MRT Structures

In Table 5, we evaluate the performance of MRT structures in both high-performance mode and
low-performance mode. The structures are evaluated in terms of supply voltage, power consump-
tion and the timing quality under variations. Recall that the MRT structures are obtained by per-
forming the flow in Figure 3(a) using N = 2.

The supply voltage and power consumption of the structures are listed in the columns as “S
upply Voltage” and “Power”, respectively. The timing quality of the structures are evaluated based
on the timing constraints in Equations (1) and (2) in both modes of operation. The timing quality
is reported as “Yes” or ‘No” in the column labeled “Timing Constraints Satisfied?”. The weighted
clock power in Equation (7) is reported in the column labeled as ‘PT ’. The runtime of each structure
is reported in minutes in the column labeled as ‘Runtime’. In the experimental setup, β and γ are
set to be 0.8 and 0.2, respectively. The normalized results are shown in the bottom of the table and
the best results in each column are shown in bold. The normalized results for the timing quality
are reported as the total number of benchmarks that each structure meets the timing constraints.

Compared with the Tree structures, the Near-Tree-SS structures meet the timing constraints
on three more benchmarks in both modes of operation. This is easy to understand because the
Near-Tree-SS structures have alternative paths from clock source to clock sinks, which improves
the robustness to variations. The Near-Tree-SS structures operate in 2% lower supply voltage in
the high-performance mode, when compared to the Tree structures. The reason is that the Near-
Tree-SS structures have more timing margins available due to the alternative paths from clock
source to clock sinks, which enables the supply voltage to be scaled down slightly more when
compared to the Tree structures. However, the supply voltage for the Tree structures and the
Near-Tree-SS structures are similar in the low-performance mode because the timing constraints
are significantly looser in the low-performance mode due to the lower operating frequency. The
power consumption of the Near-Tree-SS structures is 37% higher than the Tree structures in both
modes of operation, which results in a 37% higher PT . The explanation for this is that the Near-
Tree-SS structures have alternative paths from the clock source to the clock sinks, which introduce
significant capacitive overheads. The runtime of the Near-Tree-SS structures are 10% shorter. The
explanation is that clock tree optimization using SPICE simulations is more time consuming for
Tree structures than for Near-Tree-SS structures.

The Near-Tree-SS structures meet the timing constraints on six benchmarks while the
Near-Tree-OR structures meet the timing constraints on five benchmarks. This stems mainly from
that OR-gates are slightly more vulnerable to variations than clock buffers. Recall that the only dif-
ference between the two structures is that OR-gates are used to join alternative redundant paths
instead of sink-splitting. The Near-Tree-SS structures operate in 1% and 2% lower supply voltage
than the Near-Tree-OR structures in the high-performance mode and the low-performance mode,
respectively. This is because the Near-Tree-SS structures have more timing margins available than
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Table 5. Evaluation of Structures in Terms of Power Consumption, Supply Voltage and Timing Quality

Bencmark Structure High Performance Mode Low Performance Mode Timing PT Runtime
Supply Power Supply Power Constraints in Equation (7)
Voltage Voltage Satisfied?

(name) (name) (V) (mW) (V) (mW) (Yes/No) (mW) (mins)

Tree [2, 5, 25] 1.02 35.97 0.61 2.25 No 29.23 2.1
Near-tree-SS [9] 1.02 48.18 0.61 2.99 No 39.14 1.4

s1423 Near-tree-OR 0.99 38.06 0.61 2.40 Yes 30.93 0.9
MRT 0.99 36.27 0.61 2.06 Yes 29.43 0.9

Tree [2, 5, 25] 1.01 38.00 0.61 2.53 Yes 30.91 6.6
Near-tree-SS [9] 0.98 55.66 0.61 3.65 Yes 45.25 5.4

usbf Near-tree-OR 0.98 48.06 0.62 3.24 Yes 39.10 3.6
MRT 0.98 42.24 0.61 2.57 Yes 34.31 3.2

Tree [2, 5, 25] 1.00 48.44 0.61 3.20 Yes 39.39 10.0
Near-tree-SS [9] 0.98 71.02 0.61 4.80 Yes 57.78 7.3

dma Near-tree-OR 0.99 70.68 0.64 4.76 Yes 57.49 7.5
MRT 0.98 54.47 0.62 3.33 Yes 44.24 5.6

Tree [2, 5, 25] 1.01 72.97 0.61 4.84 Yes 59.35 13.2
Near-tree-SS [9] 0.98 98.53 0.61 6.65 Yes 80.15 16.8

pci_bridge32 Near-tree-OR 0.99 120.16 0.63 7.92 Yes 97.71 18.3
MRT 0.99 83.54 0.62 5.04 Yes 67.84 10.1

Tree [2, 5, 25] 1.02 175.10 0.61 11.35 No 142.35 62.0
Near-tree-SS [9] 0.99 227.66 0.61 15.06 Yes 185.14 86.5

ecg Near-tree-OR 1.02 257.65 0.63 15.65 No 209.25 85.7
MRT 1.02 220.18 0.62 12.07 Yes 178.56 49.1

Tree [2, 5, 25] 1.02 176.36 0.61 11.43 No 143.37 133.0
Near-tree-SS [9] 1.01 228.75 0.61 14.32 Yes 185.86 89.4

des Near-tree-OR 0.99 196.65 0.62 12.91 Yes 159.90 53.8
MRT 0.99 177.76 0.61 11.08 Yes 144.42 53.5

Tree [2, 5, 25] 1.02 334.18 0.62 21.62 No 271.67 300.0
Near-tree-SS [9] 1.01 466.89 0.61 29.72 Yes 379.45 293.2

aes Near-tree-OR 1.02 527.13 0.64 31.43 No 427.99 283.5
MRT 1.01 386.55 0.62 21.01 Yes 313.44 213.0

Tree [2, 5, 25] 1.00 1.00 1.00 1.00 3 1.00 1.00
Near-tree-SS [9] 0.98 1.37 1.00 1.37 6 1.37 0.90

Norm Near-tree-OR 0.99 1.37 1.02 1.35 5 1.37 0.80
MRT 0.98 1.12 1.00 1.00 7 1.11 0.60

that of the Near-Tree-OR structures, which enables the supply voltage to be scaled down slightly
more. The power consumption of the Near-Tree-OR structure is similar to the Near-Tree-SS struc-
tures in the high-performance mode. In the low-performance mode, the Near-Tree-OR structures
have 2% lower power consumption than the Near-Tree-SS structures. The lower power consump-
tion in the low-performance mode is a result of the Near-Tree-OR structures consume no short
circuit power as there is only one gate driving each net. PT is similar for both structures. The
runtime of the Near-Tree-OR structures is 10% shorter than the Near-Tree-SS structures.

The MRT structures meet timing constraints on all benchmarks while the Near-Tree-OR struc-
tures fail to meet timing constraints on aes and ecд. The improvements in timing quality stem
from that redundancy are inserted using top-level trees instead of using local-merges. The local-
merges technique only considers if pairs of subtrees are sequentially related while the proposed
TRG-guided top-level tree construction attempts to place every pair of clock sinks with timing
constraints close in at least one tree topology. The supply voltage for the MRT structures is respec-
tively 1% and 2% lower, as compared to the supply voltage for the Near-Tree-OR structures in the
high-performance mode and the low-performance mode. The MRT structures have 25% and 35%
lower power consumption than the Near-Tree-OR structures in the high-performance mode and
the low-performance mode, respectively. Thus, the MRT structures have 26% lower PT than the
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Fig. 10. Histogram of skews from Monte Carlo simulations of (a) Tree and (b) MRT structures on usb f .

Near-Tree-OR structures. The improvement in PT is a result of that the Near-Tree-OR structures
have an excessive amount of redundant paths, which translates into larger clock networks with
higher power consumption. Moreover, the MRT structures reconfigure the topology into a tree by
turning off the redundant paths, which results in significant power savings in the low-performance
mode. The MRT structures have similar power consumption with the Tree structures in the low-
performance mode, which validates the effectiveness of the reconfiguration of the topology. The
runtime of the MRT structures is 20% shorter than the runtime of the Near-Tree-OR structures.

To illustrate the robustness improvements of the MRT structures over the Tree structures, we
show a histogram of the skew introduced by variations for both the Tree structure and the MRT
structure on the circuit usb f in Figure 10. As it can be observed, the MRT structure has a tighter
skew distribution than the Tree structure, i.e., higher robustness to variations.

Intuitively, a clock tree is always the best clock network solution if it can satisfy the timing
constraints without excessive guardbands. In this article, we focus on circuits where a higher ro-
bustness to variations is required. For such circuits, we have observed that the MRT structures
are capable of providing higher robustness to variations when compared to the state-of-the-art
Near-Tree-SS structures. Moreover, the MRT structures can provide significantly lower power
consumption in both modes of operation. Consequently, we conclude that the proposed MRT struc-
tures are advantageous to the Near-Tree structures [9], which have been demonstrated to outper-
form clock trees with cross-links. Recall that clock meshes have 3X−5X high-power consumption
than a clock tree. Therefore, the MRT structures are also advantageous to non-tree structures as
the power overhead is as low as 12% in the high-performance mode. Furthermore, the topology of
the MRT structure can be reconfigured to save additional power in the low-performance mode.

8 SUMMARY AND FUTURE WORK

In this article, we proposed the construction of clock networks with a mode reconfigurable topol-
ogy for positive-edge triggered sequential elements. In high-performance modes, the proposed
MRT structure is reconfigured into a near-tree to provide the required robustness to variations. In
low-performance modes, power is saved by reconfiguring the MRT structure into a tree topology
using a single clock gate. To the best of the authors’ knowledge, this is the first clock network
that can be reconfigured from a near-tree into a tree topology. Compared to the state-of-the-art
near-tree structures, the experimental results demonstrate improvements in power consumption
and robustness to variations. In the future, the authors plan to explore inserting OR-gates in mul-
tiple stages of the topology and integrating the use of useful skew. Moreover, we plan to target
handling the delivery of the clock signal for both negative-edge and dual-edge triggered sequential
elements and analyze the impact on the setup and hold times.
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