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Abstract: In light of advancing technology, the conventional clock network architecture has become

inadequate for addressing the intricacies inherent in modern System-on-Chip (SoC) designs. While

clock mesh topology offers resilience against On-Chip Variation (OCV) fluctuations, it still necessitates

manual intervention. Therefore, substantial scope exists for methodological enhancements and the

refinement of rapid analytical techniques. This paper introduces a novel clock mesh synthesis

approach, underpinned by dynamic programming algorithms, that guarantees latency constraints.

Our experimental findings demonstrate that our algorithm achieves an additional 26.6% reduction in

power consumption compared to the baseline methodology. Furthermore, it substantially reduces

runtime by an average of 78.0% when contrasted with traditional simulation methods. These results

highlight the potential of our methodology for enhancing the efficiency and power management of

clock mesh.

Keywords: SoC; clock network; clock mesh; combinatorial optimization; methodology

1. Introduction

Multiple PVT corners, clock domains, and low power requirements have made the design of

clock distribution network (CDN) a challenging problem. Except for affecting the frequency of SoC,

CDN can even contribute more than 40% among the overall chip power consumption [1–5]. As the

technology of semiconductor process is scaling down to 10nm and below, clock mesh has structural

advantage against On-Chip Variation (OCV) effects.

To explore the improvement space in this research field, we review the existing works on clock

mesh network. In the early 2000s, IBM proposed its clock distribution strategy implemented on

several microprocessor chips [1,6–10]. The works of [11–13] also applied custom or semi-custom

mesh design like the work of [1], and did not address the problem of automatic mesh synthesis or

optimization. To address these drawbacks above, David Z. Pan et al. [14–16] proposed their clock

mesh synthesis framework. In this work, they first discussed the mesh window planning problem

and concluded how the wire length changes with different mesh sizes without physical information

based on linear programming. To save power consumption, this paper et al. also discussed the

possibility of deleting some mesh edges which has little effect on final performance. So there is a trend

to build non-uniform clock mesh in recent research works, not only for power saving but handling the

distribution of unbalanced loads. This paper [17] proposed a non-uniform clock mesh by using an

efficient graph-theoretic and geometric quasi-linear algorithm, and this algorithm can reduce mesh

wires more aggressively. Unluckily, constraint graph extraction is computationally expensive, and it is

not easy to prove the reliability in physical design. This research also lacks considering load balancing

and wire width variation. Another research work on non-uniform clock mesh is presented in the

paper of [16], they have proposed two phases to finish the clock mesh synthesis based on a binary

linear programming algorithm. The first phase explores various (both regular and irregular) clock

mesh configurations. Once a clock mesh configuration is determined, the second phase includes the

binary linear programming which is applied to assign each sink to the least-load mesh segment to

improve slew and skew. Although they have solved the trade-off between capacitance and skew and

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 September 2023                   doi:10.20944/preprints202309.0664.v1

©  2023 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202309.0664.v1
http://creativecommons.org/licenses/by/4.0/


2 of 14

targeted for more uniform load capacitance distribution, the wire width variation of clock mesh is

still unmentioned and the local clock quality of mesh window is difficult to control. The work of [18]

presented the first non-greedy buffer placement and sizing technique using linear programming (LP)

and iterative buffer removal. This work [18] considered non-uniform mesh placement by moving edge

locations directly. However, the benchmarks they used were very simple to prove their effectiveness in

some large designs, and the wire width parameter is also not studied. Baris et al. proposed their work

of clock mesh and synthesis with incremental register placement [19–22]. Feasible moving regions

are built based on timing slack constraints, and this work combines incremental register placement

with non-uniform clock mesh generation. But the number of registers increasing, the computational

complexity may not be controlled easily. Detailed parameters, like the wire width, are also not

mentioned. By reviewing the above work, we find that it is necessary to optimize the methodological

flow of clock mesh to avoid an excessive design iteration process. Design goals can be based on latency

metrics, and appropriate design slack can lead to wire length optimization. Additionally, local design

rules are easier to analyze and control the output quality.

The major contributions of this paper are highlighted as follows. We propose a novel methodology

that can greatly improve the efficiency of clock mesh synthesis with latency-bounded constraints.

Based on a dynamic programming algorithm, we can automate mesh topology design for complex

layout scenarios after the placement stage. We modified the mesh window modeling with wire width

consideration. Based on the benchmark circuits, we verify the effectiveness of the methodology. In

addition, we also performed layout verification.

The rest of this paper is organized as follows. Section 2 introduces the preliminaries of this work.

Section 3 presents details of our methodology and algorithm details. Section 4 demonstrated the

experimental results. Finally, Section 5 concludes the paper.

2. Preliminaries

This section will review the background and problem formulation. The primary clock mesh

structure is shown in Figure 1. From the clock source, the global clock trees which are also called the

pre-mesh trees are used to drive the clock mesh with tap-cells. The tap-cells are the buffer divers to

control the drive capability and provide isolation. The local clock clusters, also called the post-mesh

trees, are made to drive all sinks (registers).

Figure 1. The clock mesh structure.

Key result parameters for CDNs include performance and power consumption. Performance is

expressed in clock skew and clock slew, and designers want precise control. The clock skew means the

latency difference between clock sinks according to the same clock source. We also consider the slew

constraint which represents the transition rate of the clock signal from 0 to 1. The power dissipation

can be calculated statistically based on the capacitance value since the design frequency and voltage

usually do not change. We can see that many research works only count the wire length of the CDN,
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and the wire width parameter is not taken into account. At present, the global clock tree structure and

local clock tree based on H-tree have appeared, and can accurately control the delay [23,24], but it has

not been seen in the design of the mesh itself. On the other hand, the power consumption overhead

of mesh needs to be further controlled. To build the mesh formulation, we need to split the CDN’s

resulting impact composition.

We formulate the power consumption overhead as the sum of the power consumption of the

various parts, which is defined in the formula (1). The power value includes the sum of static and

dynamic power consumption. PCDN denotes the power value of CDN. The PGlobal , PMesh, and PLocal

represent the power consumption values of global clock trees, clock mesh, and local clock clusters,

respectively. In the formula (2), SkewCDN denotes the worst clock skew combination value of the whole

CDN. The SkewGlobal , SkewMesh, and SkewLocal represent the clock skew values of global clock trees,

clock mesh, and local clock clusters, respectively. In recent years, some clock tree synthesis methods for

latency constraints have been proposed, which are easier to model than clock skew in some situations.

Therefore, we modify formula (2) into formula (3). The |LGH − LGL|means the absolute value of the

difference between the highest latency value and the lowest latency value in the global clock trees. The

|LMH − LML| means the absolute value of the difference between the highest latency value and the

lowest latency value in the clock mesh. The |LLH − LLL| means the absolute value of the difference

between the highest latency value and the lowest latency value in the local clock clusters. In this way,

we have converted the clock skew calculation into clock latency calculation.

PCDN = PGlobal + PMesh + PLocal (1)

SkewCDN = SkewGlobal + SkewMesh + SkewLocal (2)

SkewCDN = |LGH − LGL|+ |LMH − LML|+ |LLH − LLL| (3)

A series of studies in the past is based on the overall mesh planning method, which is only carried

out for the main mesh lines, and the scale of the circuit is not large. Traditional planning algorithms are

extremely inaccurate when the circuit size increases substantially. Routing tracks are the most fine-grained

routing resources in the layout, and using them as the starting state of a mesh network is an ideal problem

model. The mesh itself becomes dense, resulting in more redundancy. With the continuous development

of algorithms and computing power, we can consider the routing track of clock mesh in more detail, as

shown in Figure 2. Tvm denotes the routing track in mth vertical space. Thn denotes the routing track in

the nth horizontal space. Each mesh window is formed by the intersection of tracks in different directions.

In other words, each mesh window affects the state of the associated tracks.

Figure 2. The clock mesh track details.
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We consider the problem of constructing the clock mesh under the PVT variations. We assume

that global clock trees and local clock clusters can be designed and controlled well. Without any circuit

information between sinks, we describe this mesh problem as followings.

Inputs: Given a placed design with a set of N clock fixed sinks S = {s1, s2, ..., sn}, the clock source

location, the layout region, clock constraints and PVT parameters.

Outputs: A clock mesh with appropriate planning, topology generation, and routing resources

such that the given design constraints are likely to be satisfied.

3. Approach

3.1. Proposed Methodology

To solve the clock mesh problem, we propose a latency-bounded clock mesh synthesis flow as

shown in Figure 3. Given the design information, we firstly focus on the mesh planning process which

includes the mesh window pre-define, decision scoring calculation, and mesh window merging. After

finishing mesh planning, clock grid zone removal can be applied. Next, fast analysis is integrated

to determine whether the mesh topology design is complete. If the design constraints are not met,

the design process can be backtracked to the previous stage. After the mesh topology is solidified,

basic mesh routing can be carried out. After this stage is completed, we can extract circuit parameters

and perform the Monte Carlo SPICE analysis. Based on the analysis results, we can iteratively correct

the decision scoring calculation process factors. Eventually, we can reach an offline clock mesh

synthesis model.

Figure 3. The proposed clock mesh synthesis methodology.

3.2. Mesh Planning

For saving runtime, there exists a need to have a fast analysis for clock mesh analytically. The

clock skew value is the biggest concern among all timing constraints. For clock mesh, we assume that

the clock skew is the difference in latency values for mesh buffers from the same clock source. The

worst case for this value is when one sink is just located on the mesh node which connects with the

driving buffer while the other sink locates on the diagonal position, as shown in Figure 4. Thus, the

clock mesh window method is considered for solving the skew model for clock mesh [25]. In the paper

of [14], they only proposed the skew model by using a simplified RC network which aims to solve the

grid sizing problem without consideration of the wire width parameter.
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Figure 4. The mesh window model to estimate the latency.

To make the analytical method integrated with the wire parameters possible, we have introduced

the interconnect model for the clock mesh window. Given an interconnect of length l with the

loading capacitance CL and driver resistance Rd, as shown in Figure 5. The interconnect problem is

to determine the best uniform width that minimizes the source-to-sink delay. The r represents the

sheet resistance,ca represents the unit area capacitance, and c f represents the unit effective-fringing

capacitance. To compute the distributed Elmore delay, the original wire is often divided into many

small wire segments and each wire segment is modeled as a π-type model, it can be shown that the

Elmore delay is the same no matter how the wire is divided into shorter wire segments. Therefore, we

can just use the one-segment π-type model as in Figure 6, where Rw denotes the total wire resistance

and Cw denotes the total wire capacitance. The Elmore delay from the driver to the load in Figure 4

can then be written as follows:

T (w, l) = Rdc f l + RdCL +
1

2
rca · l

2 + Rdcal · w +

(

1

2
rc f l2 + rlCL

)

·
1

w
(4)

Figure 5. An interconnect of length l with the uniform width w.

Figure 6. The one-segment RC model for the interconnect.

For the example of Figure 4, the distance l is the sum of x and y, and the latency value can be

computed. With the fixed buffer type, we only care about the value of l which reflects the Manhattan

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 September 2023                   doi:10.20944/preprints202309.0664.v1

https://doi.org/10.20944/preprints202309.0664.v1


6 of 14

distance from the mesh node to potential sinks. Parameters for wire can be selected from basic

technology files. Additionally, another constraint for the evaluation of wire area A is listed as follows.

A = w∗ (l) ∗ l (5)

Based on formula (3), the estimated delay can be converted into the skew value calculation. Thus,

hard constraints include latency and skew value. We also have introduced some soft constraints and

parameters for consideration that can reflect the mesh topology quality. Given an index set I = {1, 2, ...,

i} of potential mesh topology, the penalty score formula is defined as follows. For each clock mesh,

the WLi represents the whole wire length which includes the mesh and stub (the sum value of the

Manhattan distance from mesh wire to all sinks) wire resource, the Ai represents the wire area value

including mesh and stub resource. In formula (7), we introduce σi parameter which is the variance

of clock delay to reflect the resistance to OCV effects. The Lst represents the latency value from each

mesh window, which is noted in Figure 7. The Lst is the mean value from collected Lst data. With

consideration of PVT conditions, we set the margin 15% up and down for Lst calculation. The variable

factor weights are represented by α, β, and γ, respectively. We set these weight values to indicate the

importance of a certain factor to balance different terms in the score function.

scorei = α ·WLi + β · Ai + γ · σi, i ∈ I (6)

δi =
∑
(

Lst − Lst

)2

s ∗ t
(7)

s ∗ t, s, t ∈ {Tvm, Thn} (8)

Next, we need to solve the topological set I of the clock mesh. To compress the solution space, we

provide a numerical range interface based on engineering experience guidance s ∗ t, such as 5*5 to

30*30, and the general expression for its application is shown in the formula (8). In Figure 7 (this

figure strictly follows the model of Figure 2), the mesh planning state is described with a potential

merging pattern. With the Mpattern 〈2, 3〉, the dotted line is removed from the original clock mesh

model in Figure 2. In order to reduce computational complexity, each window selects the most critical

sink based on the skew value of the maximum and minimum distance from mesh buffers, and the

figure identifies the longest and shortest Manhattan distances for each sink by blue arrows. Since there

are redundant areas in the layout segmentation, such as the blue rectangles in Figure 7, the window

is calculated or not calculated based on the sink distribution. For mesh planning phase, the input

physical information includes layout size information {W, H}, track information {Tvm, Thn}, sinks

set S, physical library and engineering experience guidance s ∗ t. The mesh window merging pattern

set Mpattern can be computed based on {W, H}, {Tvm, Thn} and s ∗ t. The latency-bounded value Lb

can also be defined by designers. In this work, only regularized clock mesh generation is considered.

We compute and store the scorei and Mpattern for each mesh planning state, and return the optimal

strategy with the minimal scorei value.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 September 2023                   doi:10.20944/preprints202309.0664.v1

https://doi.org/10.20944/preprints202309.0664.v1


7 of 14

Figure 7. The mesh planning state example. The orange rectangle represents the mesh window with

Mpattern 〈2, 3〉 which is 2 rows and 3 columns. The blue rectangle represents the redundant area of the

layout. Grey lines represent mesh routing tracks, and grey triangles represent clocks buffers. Green

rectangles represent the key sink for each mesh window. The blue arrows indicate the maximum and

minimum latency values in Manhattan space.

In Algorithm 1, the mesh planning phase is done based on dynamic programming with different

mesh planning states. The first step is the mesh window pre-define which is mentioned in Figure 3.

Given the input information, we collect the merging pattern set Mpattern for the clock mesh in line

2 (△s and△t represent stepping strategy values in different directions, respectively), and topological

set I can also be obtained. Additionally, we round up to preserve integer data in a pair data structure

like in the Figure 7 example. The second step is decision scoring calculation. Based on all potential

mesh planning states, we calculate the score penalty score value scorei based on Mpattern, mesh wire

width optional information Rwidth, and the set S of key sinks. During this procedure, the multi-thread

technology can be applied due to no data coupling. Data that does not meet key constraints are

not retained to optimize data structure space which is described between lines 6 and 9. Then we

can easily find the minimal value in the vector〈store〉 and return the corresponding mesh planning

strategy MESHtop, which means the mesh window merging strategy in Figure 3. The above algorithm

is efficiently implemented with the help of the analytical latency model, and optimized mesh planning

can be obtained.

Algorithm 1 The mesh planning phase

Input: The layout size information {W, H}, track information {Tvm, Thn}, the set S of key sinks, engineering

experience guidance s ∗ t, latency-bounded value Lb, and physical library.

Output: The clock mesh topology MESHtop.

1: for s0, t0,△s,△t do

2: I ←− Mpattern ←− (
⌈

Thm
s0+△s

⌉

,
⌈

Tvm
t0+△t

⌉

);
3: end for

4: for all Mpattern, Rwidth, S do

5: Calculate each scorei value with multi-threads;

6: if MAX(Ls,t) <Lb then

7: Push back scorei into vector〈score〉;
8: elseContinue;

9: end if

10: end for

11: for vector〈score〉 with topological set I in hash table do

12: Find the minimal value and return MESHtop

13: end for
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3.3. Mesh Synthesis

In our proposed methodology, we have integrated the clock grid zone removal procedure and

simulation methodology. An example is shown in Figure 8, and dotted lines identify the wire to be

deleted. To minimize the mesh wire length without significantly affecting the variation tolerance,

the mesh segments that are not critical should be removed. After that, a quick Monte Carlo analysis

(maximum clock skew and slew can be checked) can be performed on the related windows to determine

whether the necessary constraints are met. In the clock mesh routing stage, detailed routing is done

according to the clock mesh topology. After the sink point, direct connection topology, and clock routing

are completed, an accurate Monte Carlo simulation can be performed to evaluate the experimental

results, correct the weights and strategies to ensure the consistency of the results under specific process

conditions, and finally form a methodology that can be applied offline.

Figure 8. The clock grid zone removal.

4. Experimental Results

The proposed algorithms are implemented in Python with the PyMP library and experiments

are performed on a quad-core 3.50 GHz Linux machine with 128 GB of memory. In Table 1, we use

the technical data from ISPD2010 benchmarks (BM.) [26], and we have updated the wire parameters

to fit this problem formulation without buffer problem consideration, which is similar to advanced

process nodes. The baseline experiment [27] is performed on our workstation which is Run.0. We

set the latency value (LAT.) to be the constrain, and the mesh grid (M*N) results are based on the

score computed. The results of penalty score (SC.) and area reduction percentage are listed as follows,

which reflect the wire resource saving. The running results of our runtime (Run.1) are listed in Table 1.

Compared with the baseline, the evaluation speedup ratio has reached 2.17X on average.

To be more consistent with clock mesh synthesis, we have also implemented our experiments

with open-source benchmarks which have been synthesized by TSMC65nm in commercial EDA flow.

Our design flow is developed in Python and Tcl language which can be integrated into current EDA

tools. We have shown the results of ISCAS’89 and some VTR (Verilog To Routing) benchmarks in

Table 2. The timing constraints of placed circuits are set according to the main frequency of 1.2GHz.

For some comparisons, we have referenced some results from the work of [22] which used the same

benchmarks as the original flow in Table 1. For experiments of the original flow, we select mesh

grid sizing by iterations from a range which is from 4*4 to 200*200 based on engineering experience.

Then, we use a larger selection scale of mesh width parameters from 2X to 6X to find the minimal

penalty score which can satisfy hard constraints. Detailed SPICE simulations are applied to verify

results. The slew constraint is 100ps for transition computation, and the skew constraint we have set
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is depending on the circuit scale. Finally, we can get the skew, power, and runtime values. For our

proposed methodology, we have listed the optimal results for power consumption. The fine-tuning

flow is able to converge to a low-skew solution within 2 to 3 iterations. The skew results are kept at

the same level as the results of the original flow. The power consumption can be reduced up to an

average 26.6% since the reduction of wire resources. The runtime measured by hours is also saved up

to an average 78.0% because of the reduction of iterations. A layout example for benchmark circuit

s35932 is shown in Figure 9 and Figure 10. Figure 9 is the clock mesh architecture designed, and

Figure 10 is its routing graph including the pre-mesh tree, mesh wire resources, and post-mesh tree.

The clock output response curve in Figure 11 also verifies the consistency of results, satisfying the

100ps slew constraint (α = 50, β = 200, γ = 100). With tuning γ weight of the penalty score, a better

skew result can also be achieved which is shown in Figure 12. This group of experiments corresponds

to the data in Table 2 (α = 50, β = 200, γ = 1000). Therefore, we can set weight values for different

emphasis requirements, and the physical layout process also verifies the feasibility of the proposed

methodology.

Table 1. Results for ISPD2010 benchmarks.

BM. Sinks
LAT.
(ps)

Grid
(M*N)

SC
Area
RD.

Run.0
(min)

Run.1
(min)

01 1107 20 27*18 12.5 8.3% 56 27

02 2249 20 38*21 27.9 12.5% 101 50

03 1200 20 16*12 16.2 9.7% 9 4

04 1845 20 17*18 25.1 10.3% 31 14

05 1016 10 14*12 8.3 9.2% 18 8

06 981 10 13*12 7.2 7.8% 15 6

07 1915 20 22*13 24.6 11.2% 27 13

08 1134 10 14*15 9.1 8.9 % 8 4

Figure 9. The clock mesh layout.
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Figure 10. The clock mesh layout after routing.

Figure 11. The clock mesh output response curve with γ = 100.

In order to further verify the effectiveness of the design method applied to the physical layout (IP

modules that have been taped) [28–30], we conducted an experimental comparison with a commercial

EDA tool flow, where the commercial EDA tool flow is a fully automatic clock tree synthesis method.

Based on the proposed clock mesh design method, we optimized the experimental results through a

fine-tuning hierarchical clock network. In Table 3, APE represents the name of the IP module, column C

represents the commercial CTS(Clock Tree Synthesis) process, and column O represents the hierarchical

clock network with optimized mesh methodology. The statistical results include the number of clock

tree levels, the total number of buffers, WNS (Worst Negative Slack), TNS (Total Negative Slack), clock

network latency, and power consumption. It should be pointed out that the OCV condition is 0.96/1.04

(representing the earliest and the latest delay attenuation rate). Under the worst corner condition, the

clock buffer can be reduced by 61.1%, since the driving capability of the clock network is improved,

and clock tree levels are reduced. The WNS can be increased by 240ps because of simpler buffer tree

paths, and the TNS is also optimized. The clock network latency can be effectively controlled, and the
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power consumption can be optimized by 51.9%. In general, the clock mesh based on optimal design

can combine effective hierarchical clock networks.

Figure 12. The clock mesh output response curve with γ = 1000.

Table 2. Comparison between the original flow and our proposed methodology.

The original flow The proposed methodology

Benchmarks
Grid
(M*N)

Wire width
(3X-5X)

Skew
(ps)

Power
(mW)

Runtime
(h)

Grid
(M*N)

Wire width
(2X-6X)

Skew
(ps)

Power
(mW)

Runtime
(h)

s13207 7*7 3X 8.3 49.3 1.2 6*6 4X 7.7 32.4 0.25

s15850 7*7 3X 4.2 42.2 1.8 5*5 4X 3.1 30.5 0.29

s35932 14*14 3X 19.3 137.2 2.2 10*10 4X 8.5 77.3 0.36

s38417 14*14 4X 16.7 127.3 2.5 11*7 5X 15.2 78.6 0.42

s38584 11*11 4X 15.2 118.3 1.9 8*6 5X 13.9 78.2 0.38

blob_merge 20*20 4X 22.1 253.7 3.5 18*14 5X 20.3 247.8 0.65

bmg 85*85 4X 27.5 425.6 5.3 64*54 5X 25.9 382.1 1.38

sha 16*16 4X 18.1 165.2 2.1 14*8 5X 17.3 93.6 0.51

stero2 120*120 4X 56.4 586.1 4.2 86*72 6X 46.5 421.6 1.67

ucsb 24*24 4X 25.5 279.4 2.8 19*16 5X 21.7 266.3 0.58

1664 microprocessor 155*135 4X 78.4 956.3 15.1 122*96 6X 66.1 718.6 3.2

8051 core 145*125 4X 69.4 853.1 14.2 118*92 6X 53.5 633.4 3.4

microprocessor za208 140*130 4X 62.3 821.1 13.9 101*82 5X 49.3 650.6 3.15

DarkRISCV 170*150 5X 87.9 962.7 21.5 158*126 6X 83.6 702.7 4.78

Neptune Core 185*140 5X 92.4 1075.1 26.0 172*120 6X 89.7 818.2 5.61
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Table 3. Physical design experiments.

IP Module APE

Experiments C O

Clock tree levels 36 23

Total number of buffers 8952 3478

WNS(ns) -0.36 -0.12

TNS(ns) -925.7 -425.6

Clock network latency(ns) 1.85 1.64

Power consumption(mW) 1036.2 682.3

5. Conclusions

In this paper, we introduced a novel methodology for latency-bounded clock mesh synthesis,

leveraging dynamic programming. Our experimental findings demonstrated the efficacy of our

approach. We achieved a substantial reduction in power consumption, realizing an additional 26.6%

reduction compared to the baseline. Furthermore, our methodology significantly improved runtime

efficiency, saving an average of 78.0% compared to traditional simulation methods. As part of our

future work, we aim to expand this framework to encompass irregular clock mesh designs, further

advancing the applicability and versatility of our approach in addressing complex clock distribution

challenges.
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