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X-Archltectu re Clock Routing Synthesis Associated with Design for Manufacturability to the
Application of Multi-Voltage Island Environment (1)
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Abstract: As the VLSI technology advances into the nanometer era, power consumption becomes a critical issue of
evaluating a chip system performance. Voltage-island design methodology uses multiple supplying voltages is one of
efficient ways to reduce overall power consumption. This work proposes an algorithm to complete an X-clock tree that
connects several voltage-islands. We first construct the X-clock tree for each voltage-island and then combine these
X-clock trees based on a well-defined connection with inserted level-shifters to reduce power consumption.
Experimental results show that two- and three-voltage-island-based X-clock trees can save 11.1% and 19.6% in power
consumption, respectively.

Keywords: X-clock Tree, Multi-voltage Island, Level Shifter, Power Consumption.

I. INTRODUCTION

Due to the advanced VLSI fabrication technologies, a lot of devices can be implemented on a single chip. Hence,
power consumption becomes an important issue in nanometer chip design. Nowadays, a system-on-chip (SoC) usually
has multiple operation frequencies because the required performances of all functional blocks are not the same [1]. The
voltage-island design methodologies [2-4] assign different supplying voltages to individual functional blocks in a
system for reducing power consumption. For instance, the performance-critical block (e.g., processor) requires the
highest supplying voltage and other blocks (e.g., control logics and peripheral units) can operate at lower voltages. For
transmitting a signal on the different voltage islands, a level-shifter (LS) has to be inserted into the interconnection that
transmits a signal from a low-voltage island to a high one because a circuit may suffer from excessive leakage energy
when low voltage gates directly drive high voltage ones [1, 4].

Many works addressed the floorplan and placement [8-9] issues of multi-voltage-based designs. However,
constructing a clock tree that connects all the clock sinks of voltage-islands is a new challenge and has not been
discussed more. Generally, there are two straight approaches. The first approach is to complete the whole clock tree
routing, then insert level-shifters for post refinement and compensate clock skew to be zero. Figure 1(a) shows a clock
tree that connects three voltage-islands (e.g., Islands 1, 2, and 3 respectively operate at 1.0V, 1.1V, and 1.2V).
Therefore, level-shifters are required for the interconnections from the low-voltage island (Island 1) to other two
high-voltage islands (Islands 2 and 3). Notably, the clock skew has been refined to be zero.

Another approach is to route the subclock tree for each voltage-island, then combine all the subclock tree routings to
be a complete one with level-shifter insertion. Figure 1(b) shows that a clock tree routing combines three subclocks
(CLK|, CLK,, and CLKj) with two level-shifters those respectively connect Island 1 (1.0V) to Island 2 (1.1V) and
Island 3 (1.2V). Compared with the first approach shown in Fig. 1(a), the second one can save four level-shifters.

In this work, we apply the second approach to complete the clock routing on multi-voltage islands. As shown in Fig.
1(b), the system clock source adopts the voltage of 1.0V of Island 1 and two level-shifters are required for driving
Islands 2 and 3. That is, two subclocks CLK, and CLK; are first combined and then CLK; is integrated with two
level-shifters and them. On the other hand, we may select the voltage of 1.1 V of Island 2 as the system clock source,
such that the subclocks CLK; and CLKj are first combined and a level-shifter is inserted when CLK, is integrated with
them. Based on the above discussion, we can get that different combinations of subclocks may cause another
whole-chip clock routing with distinct inserted level-shifters, clock delay, and power consumption. However, delay and



power consumption are always the trade-off part. The problem of clock routing on multi-voltage islands is defined as
follows.

Given a set of clock sinks on a set of voltage-islands, the objective is to construct a multi-voltage-island-based
zero-skew clock tree with minimum power consumption.

system clock source
1 ©Island2 . lv

system
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(a) (b)
Fig. 1. Clock routings on three voltage-islands constructed from (a) approach A with six LSs and (b) approach B with two LSs.

For the above problem, our solution is that the PMXF [5] algorithm is first applied to construct the subclock tree of
each voltage-island with X-architecture routing scheme due to X-architecture performs better than
Manhattan-architecture in delay, wirelength, and power consumption. Then, we combine all the subclocks according to
different combinations of voltage-islands and obtain an integrated X-clock tree by inserting the required level-shifters
for achieving minimum power consumption.

II. WIRE AND LEVEL-SHIFTER MODELS FOR DELAY AND POWER CALCULATION
Fitted Elmore delay (FED) model [6] is widely used for wire delay calculation in clock tree synthesis. A wire wire;
with the width w; and length [; based on the FED model is shown in Fig. 2(a), where r, C,, and C; are the sheet resistance,
unit area capacitance, and fringing capacitance, respectively. The delay of the wire wire; with a loading capacitance Cy
at sink; is formulated as follows.
Delay(i) = (rl, /w,)[0.5(De,w, + Ec, ), + FC, ] (1

where the coefficients D, E, and F are obtained by using the curve fitting techniques [6].
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Fig. 2. Equivalent circuits of (a) a wire and (b) a level-shifter.

Level-shifter (LS) is a key component in multiple voltage-island design. A LS is inserted into the interface from a
low-voltage island to a high-voltage island. As reported in [1], a level-shifter acts like a conventional buffer to consume
power and affect delay. Figure 2(b) shows that the equivalent circuit of a level-shifter contains the intrinsic delay Ts,
input capacitance Cis, and output resistance r.s. When a level-shifter drives the wire wire; with a loading capacitance
C_i shown in Fig. 2(a), the delay is formulated as follows.

Delay(i) = T,s + (15 +rl, /w)[0.5(De,w, + Ec)l, + FC, 2

Power consumption is applied to measure one of chip performances. For a voltage-island-based clock tree, the
calculation of total power consumption Py, should include the equivalent wire capacitances of interconnections, input

capacitances of inserted level-shifters, and loading capacitances of multi-voltage islands. Thus, Py is formulated as
follows.

Pota = Z Cload,i FaxVaa ’ 3
Ve,

where Cjoaqi» Fe, and Vyq are the capacitance of sink; (or node;), clock frequency, and supplying voltage, respectively.

III. MULTI-VOLTAGE ISLAND X-CLOCK TREE FOR POWER MINIMIZATION
Depending on different functional requirements, each island can operate at a specified supplying voltage, such that
the total power consumption of a chip can be reduced. This work proposes a multi-voltage-island-based X-clock tree
construction (MuVIX) algorithm to minimize the power consumption. Figure 3 shows the proposed MuVIX algorithm.



Algorithm: MuVIX (Multi-voltage island-based X-clock tree construction)
Input: A set of voltage-islands VI and a set of supplying voltages SV
Output: A multi-voltage island-based X-clock tree with minimum power
consumption.
SVgs ¢ Determine the supplying voltage for system clock source.
PMXF(VI); /*construct an X-clock tree for each voltage island €VI.*/
Let each constructed X-clock tree be a leaf-node.
CS(VI) <« Obtain the connection sequences of VI.
for each vi € CS(VI)
{ CS(LS) <« Obtain the connection sequences for level shifter insertion.
do
{ Make combination for each Is € CS(LS) }
while (power is improved)
0}

— O 00 IO\ L A WM —

Fig. 3. The proposed MuVIX algorithm.

In the algorithm, for a given set of voltage-islands, denoted as VI, and a set of supplying voltages, denoted as SV, the
supplying voltage for the system clock source, denoted as SV, is first determined. Then, the PMXF [5] algorithm
constructs the X-clock tree for each voltage-island belonging to VI and marks these constructed X-clock trees to be leaf
nodes. To connect the leaf nodes for minimum power consumption of integrating these island-based X-clock trees, all
the connection sequences of voltage-islands with different combinations, denoted as CS(VI), can be obtained. For a
connection sequence Vi € CS(VI) associated with the SV, of these islands, level-shifters are required to insert into the
interface from low-to-high voltage islands. The combination of connection sequences with level-shifter insertion is
denoted as CS(LS). After that, we combine all the leaf-nodes of island-based X-clock trees and calculate the power
consumption for each connection sequence Is € CS(LS). Finally, we can get a multi-voltage-island-based X-clock tree
with the well-defined connection sequence for minimum power consumption.

A. Determine Supplying Voltage for System Clock Source
Before constructing the system clock tree that connects all the island-based subclock trees, we define the supplying
voltage for system clock source SVsys as follows.

SV,,, = min SV, “4)

Y Vi
For each voltage-island vix € VI, Vig can operate at several supplying voltages SV = {svy, SV,, ...}. In this work, we
set the lowest supplying voltage of all the islands as the SV for the expectation of minimum power consumption, but
some level-shifters should be required for the interfaces from low-to-high voltage islands.

B. Construct X-clock Tree for a Voltage-Island

To construct the X-clock tree for each voltage-island, we apply the PMXF algorithm [5] for it. Given a chip with
several voltage-islands, as shown in Fig. 4(a), PMXF connects all the clock sinks in one of multi-voltage islands with
X-architecture routing scheme to complete a subclock tree. Figure 4(b) shows the sub-X-clock tree for Island 2. A
system clock source enters the clock source of Island 2, denoted as CLK,, to drive all the clock sinks synchronously.
Here, we let its clock source CLK, be a leaf-node, denoted as Leaf-node,, and present its supplying voltages as SV, =
{svy, SV, ...}. Similarly, Leaf-node; and SV; respectively represent the clock source and supplying voltage of Island 3.

T | Qsink Island2
Island 2
¢)
- |Leaf-node,
6CLK,
Island 1 SV, = {sv}, SV,, ...}
) p sink,

Island 3 sink, sink, O

a b c
Fig. 4. (a) Given three voltagé-i)slands and (b) PMXF constructs tile) X-clock tree of Island 2 al’(ld)(C) labels it as a leaf node.

C. Connection Sequences of Voltage-Islands

To construct a multi-voltage island-based X-clock tree, we should know how to connect these islands with different
supplying voltages to achieve minimum power consumption. Because the construction of X-clock tree is based on
binary tree structure, the combination of connection sequences is k! if there are Kk leaf-nodes. For the three
voltage-islands shown in Fig. 4(a), they are labelled as Leaf-node, for Island 1, Leaf-node, for Island 2, and Leaf-node;
for Island 3 with three supplying voltages 1.0V, 1,1V, and 1.2V, respectively. Hence, there are six connection
sequences (i.e, 3!), denoted as CS(VI) = {viy, Viy, Vis, Vig, Vis, Vig}. For vi; € CS(VI) shown in Fig. 5(a), Leaf-node; and
Leaf-node, are connected first and then they are connected with Leaf-node; to complete the voltage-island-based
X-clock tree. Figure 5(b) shows the other connection sequence vig € CS(VI).
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vi; = { Leaf-node,,
Leaf-node,,
Leaf-node; }
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Leaf-node;

SV, = {1.0, 1.1, 1.2}
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Leaf-node,

/

Leaf-node,

SV, ={1.0,1.1,12} SV,={1.0, 1.1,1.2}
(a)

system clock source

vig = { Leaf-node,, )
Leaf-node,,
Leaf-node; }

Leaf-node,

SV, = {1.0, 1.1, 1.2}
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e Leaf-node,

SV,={1.0,1.1,12} SV,={1.0,1.1,1.2}
(b)

Fig. 5. (a) The first connection sequence Vi; and (b) the sixth one Vis.

After determining the supplying voltage for system clock SV, and the supplying voltage for each island, denoted as
Vg, such as SVg,i=1.0V, Vyg1=1.0V, Vq2=1.1V, and V43=1.2V, we can integrate a multi-voltage-island-based X-clock
tree with combining three leaf-nodes and inserting the required level-shifters. For vi; € CS(VI) shown in Fig. 6(a), the
SVys is 1.0V due to Islands 1-3 respectively operate at 1.0V, 1.1V, and 1.2V. The inserted level-shifters LS, and LS,
deliver the system clock source at 1.0V to Leaf-node; and Leaf-node, at 1.2V and 1.1V, respectively. This is the
connection sequence for vi; with level-shifter insertion. On the other hand, Figs. 6(b) and 6(c) show the other two
connection sequences for Vvig with different level-shifter insertions. In Fig. 6(c), LS, delivers the system clock source at
1.0V to Leaf-node;, at 1.1V and LS, that converts the clock signal from 1.1V to 1.2V. Hence, we can get that each
connection sequence of voltage-islands has at least one connection sequence with level-shifter insertion. Then, different
connection sequences with inserted level-shifter result different clock delay and power consumption.

vi; = { Leaf-node,
Leaf-node,,
Leaf-node; }

/

7

Leaf-node|

SV, = 1.0V
(a)

D. Delay Calculation with Inserted Level-Shifters

system clock source SVge=1.0V

N\

Leaf-node,

vig = { Leaf-node;,
Leaf-node,,
Leaf-node, }

SV, = 1.0V

hS

Leaf-node,

SV, =12V SV, =11V
(b)
system clock source SVys=1.0V
vig = { Leaf-node;,
Leaf-node,, \O
Leaf-node, } Leaf-node,
SV, =1.0V

Leaf-node,

SV, = 1.1V

(c)
Fig. 6. The connection sequences with inserted level-shifters for (a) viy, as well as, (b) and (c) for Vi

When the clock signal is delivered from a voltage-island operating at SV to another island which supplying voltage
is higher than SV, a level-shifter has to be inserted. Figure 7(a) shows that Islands 1 and 2 operate at 1.0V and 1.1V,
respectively. When two islands are connected, a level-shifter is inserted and delivers the clock signal from the system
clock source to the Leaf-node, of Island 2. To respectively calculate the clock delay from the system clock source to
Leaf-node; and Leaf-node, with (1) and (2), Fig. 7(b) shows the equivalent model of Fig. 7(a) based on FED model.

system clock source
O

Level shifter

Leaf-node, -------

Island 2 ;

| rl, /w, | 3

— c,2 I, caI;w2 Icaléw2 % :[CLZ

shifter [0 = 0= = 7= 7= |

(Ls) | Leaf-node, Island 2

SV, = 1.1V A Leaf-node, Q_'L

Leaf-node, System + J_rll/WIJ_ -
il Jedw clwlelie !

SV, = 1.0V clock — e —— 1 [
Island 1 source 242 < = 2=2 =

(a) (b) Island 1

Fig. 7. (a) Two connected voltage-islands with level-shifter insertion and (b) their equivalent circuit for delay calculation.



E. Time Complexity Analysis

For given a set of n clock sinks in a set of m voltage-islands, the proposed MuVIX algorithm shown in Fig. 3 can
complete the design of multi-voltage-island-based X-clock tree. PMXF [5] constructs the X-clock tree for each
voltage-island in O(nlogn). For each connection sequence, it takes O(mlogm) to combine m leaf-nodes with inserted
level-shifters. Because we always determine the lowest supplying voltage as the supplying voltage for system clock
source, the combination of connection sequences for searching the minimum power consumption is less than m!.
Moreover, m << n. Hence, the time complexity of MuVIX algorithm is O(nlogn).

IV.EXPERIMENTAL RESULTS

The proposed MuVIX algorithm has been implemented by using the C++ programming language and performed on
a Windows machine with 2.5GHz Intel processor and 2GB memory. The fabrication parameters of FED delay model [7]
and level-shifter (LS) under 130nm process are listed in Table I for delay and power calculation. For comparative study,
the adopted benchmarks contain IBM r1-r5 [10], MCNC Primary1-2 [11], and ISCAS89 s1423, s5378, and s15850
[12].

TABLE I TECHNOLOGY PARAMETERS OF FED DELAY MODEL AND LEVEL-SHIFTER UNDER 130NM PROCESS.

r (Q/pm) 0.623 D 1.12673In2 s (Q) 250

Ca (fF/um) 0.00598 E 1.104631n2 Cis (fF) 235

¢ (fF/um) 0.043 F 1.04836In2 Tis (ps) 54.4
Fou (Hz) 100M

In the experiments, the X-clock tree of a given benchmark with single voltage-island is first constructed by using
PMXEF. To design a multi-voltage-island-based X-clock tree, the benchmark is partitioned into several voltage-islands.
Here, we respectively perform two and three voltage-islands, as shown in Fig. 8. The width (w) and height (h) of
benchmarks are listed in the second column of Table II. After partitioning, we use PMXF to connect the clock sinks in
each voltage-island and to construct the island-based sub-X-clock trees. Then, we determine the connection sequence of
islands associated with the different supplying voltages to achieve minimum power consumption. Finally, all the
island-based sub-X-clock trees are merged to a new one and the level-shifters are inserted if the clock signal is
delivered from a low-voltage island to a high-voltage island.

| W |

| W |
| | [ [
12w 12w
Island 2
Island 2

h Island 1 Island 1 h

1/3h

Island 3

1/4h
(a) (b)

Fig. 8. The partition of (a) two and (b) three voltage-islands.

Table II lists the power, delay, and wirelength of single- and two-voltage-island-based X-clock tree. Here, “ratio” is
defined as the ratio of two-voltage island to single-voltage island in experimental results. As listed in Table II,
two-voltage-island-based X-clock tree averagely achieves reductions of 11.1% and 7.4% in power consumption and
delay, respectively, but more wirelength by 2.9% is required.

TABLE Il COMPARISON OF SINGLE- AND TWO-VOLTAGE ISLAND-BASED X-CLOCK TREES IN POWER, DELAY, AND WIRELENGTH.

Power (W) Delay (us) Wirelength (um)
Benchmark W h (pm) Single-island | Two-island  (ratio) | Single-island | Two-island (ratio) | Single-island | Two-island (ratio)
rl 7000 x 69984 0.078951 0.074122  (0.939)| 0.309829 0.332149  (1.072)| 1419028 1448706  (1.020)
r2 93134 x 94016 0.194193 0.171951 (0.885)| 1.122692 0.873511 (0.778)| 2911773 2858025  (0.981)
r3 98500 x 97000 0.259581 0.239897  (0.924) 1.799442 1.710492  (0.950) | 3658510 3732397 (1.020)
r4 126988 x 126970 0.599519 0.585885  (0.977)] 4.792344 3.899586  (0.813)| 7230327 7597801  (1.050)
rs5 145224 x 142920 0.993228 0.931658  (0.938)| 8.564433 9.635292  (1.125)] 10837358 | 11177321 (1.031)
Primary1 6000 x 6000 0.175772 0.128923  (0.733)| 0.058590 0.051669  (0.881) 146514 137207 (0.936)
Primary2 10500 x 10500 0.416336 0.294377  (0.707) | 0.236469 0.177393  (0.750) 321887 333225  (1.035)
51423 11000 x 14000 0.006842 0.005257  (0.768) | 0.007418 0.007006  (0.944) 113406 117452 (1.035)
$5378 13000 x 13000 0.017297 0.014881  (0.860)| 0.017287 0.015403  (0.891) 194411 234776 (1.207)
s15850 15000 x 16000 0.064583 0.047912  (0.741) | 0.049490 0.052300  (1.056) 477166 478488  (1.002)
Average - - - (0.889) - - (0.926) - - (1.029)

Moreover, we construct the three-voltage-island-based X-clock trees and compare the results with single-voltage
ones, as listed in Table III. When a benchmark is partitioned into three voltage-islands, there are six (i.e., 3!) connection
sequences for these islands. Therefore, the best and worst results in power consumption, delay, and wirelength are
reported. Compared with single-voltage-island-based X-clock trees, the worst case of three-voltage-island-based
X-clock trees averagely achieves the improvements of 14.3% and 19% in power consumption and delay, respectively,
but more wirelength by 4.5% is required. For the best result of three-voltage-island-based X-clock trees, it averagely
saves up to 19.6% in power consumption, but more delay and wirelength by 2.7% and 2.6% are respectively required.



Comparing the best and worst results, the power consumption is reduced by 5.3% (19.6%—14.3%), but the delay is
increased by 21.7% (19%+2.7%). Therefore, the trade-off of power and delay can be approved.

TABLE IIT COMPARISON OF SINGLE- AND THREE-VOLTAGE ISLAND-BASED X-CLOCK TREES IN POWER, DELAY, AND WIRELENGTH.
Power (W) Delay (us) Wirelength (um)

Benchmark|| Single- Three-island Single- Three-island Single- Three-island

island Worst _ (ratio) Best (ratio) || island Worst  (ratio) Best (ratio) Island Worst  (ratio) | Best (ratio)

rl 0.078951 [ 0.066076 (0.836) | 0.060118 (0.761) || 0.309829 | 0.280666 (0.905) | 0.357672 (1.154) | 1419028 | 1560785 (1.099)[ 1530900 (1.078)
r2 0.194193]0.187952 (0.967) | 0.177705 (0.915) | 1.122692 | 0.813500 (0.724) | 1.062546 (0.946) | 2911773 | 2973264 (1.021)| 2947478 (1.012)

r3 0.259581]0.252201 (0.971) | 0.241556 (0.930) | 1.799442 | 1.299613 (0.722) | 1.574203 (0.874) | 3658510 | 3747365 (1.024)| 3704503 (1.012)

r4 0.59951910.497435 (0.829) | 0.471943 (0.787) |[4.792344 | 3.875012 (0.808) | 4.292754 (0.895) | 7230327 | 7542628 (1.043) | 7429623 (1.027)

rs 0.9932280.974362 (0.981) | 0.935441 (0.941) | 8.564433 | 7.478526 (0.873) | 8.328679 (0.972) 1083735 11251663 (1.038) “03715 (1.023)

Primaryl [0.175772[0.131632 (0.748) | 0.124627 (0.709) || 0.058590 | 0.048759 (0.832) | 0.065411 (1.116) || 146514 | 133745 (0.912)| 132401 (0.903)

Primary2 [0.416336|0.327933 (0.787) | 0.308303 (0.740) || 0.236469 | 0.175433 (0.741) | 0.220812 (0.933) || 321887 | 336035 (1.043)| 329151 (1.022)

51423 [ 0.006842]0.005860 (0.856) | 0.005341 (0.780) | 0.007418 | 0.006769 (0.912) |0.009779 (1.318) | 113406 | 131571 (1.160)] 128554 (1.133)
55378 [0.0172970.013909 (0.804) [ 0.012722_(0.735) || 0.017287 | 0.012638_(0.731) | 0.017695 (1.023) | 194411 | 202862 (1.043)] 195655 (1.006)

515850 | 0.064583 [0.051700 (0.800) | 0.047998 (0.743) | 0.049490 [ 0.042637 (0.861) [0.051666 (1.043) || 477166 | 509537 (1.067)| 498418 (1.044)
Average - 0857 - (0.804) - - (0.810) - (1.027) - - (L0435 - (1.026)

Figure 9 presents the three-voltage-island-based X-clock tree of Primaryl.

Island 2 ) |-
SV1.1V | [EE T
Island 1 Vg ‘,——:
SV,=1.0V S ==y
Island 3 by Aol ey
SV,=1.2v £ | ’: o = il
(@ )

Fig. 9. (a) The benchmark Primaryl is partitioned into three voltage-islands and (b) the integrated X-clock tree is constructed by using the proposed
MuVIX algorithm.

V. CONCLUSION
Constructing a clock tree with multi-voltage islands in a chip can efficiently reduce power consumption.
Experimental results on benchmarks have shown that two- and three-voltage-island-based X-clock tree consume less
power than single one. Expanded work is to partition a chip with different-shape voltage-islands and how to integrate
them to be a well-defined X-clock tree under control in delay and power. Moreover, the DFM issues such as the
insertion of jumpers and redundant vias for antenna- and via-effect avoidances can be considered during the integration
of voltage-island-based X-clock tree.
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