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1. Introduction 31 IntroductionWhile IC density is doubling roughly every 18 months, conventional single chip packagesand printed circuit board technology have become the limiting factor for high performancesystem. To close the gap, multi-chip modules (MCM) have emerged. An MCM has severalbare chips or dice mounted and interconnected on a multilayer substrate, which functionsas a single IC (see Figure 1.1(a)). The substrate of the MCM provides high routing densitybetween 200 and 1000 cm=cm2. The most promising assembly technique for MCM is ip-chip attachment. In ip chip, mounting dice are attached with pads facing down andattached via solder bumps which form the mechanical and electrical connections, as shownin Figure 1.1(b). The ip-chip technology provides area pads through solder bumps whichare distributed over the entire chip surface rather than being con�ned to the periphery as inwire bonding and most TAB assembly technologies. This technology increases the maximumnumber of I/O pads available for a given die size, such that it may liberate the current I/Opads constrained VLSI design. This form of die attachment also o�ers advantages such aslow lead inductance, low signal delay, good thermal connectivity, very close proximity andrework exibility.
(a) (b)Figure 1.1: (a) A multichip module with IC chips (dice) attached directly on asubstrate. The clock source of the module is a pin at the packaging. (b) A typicalthin �lm MCM with ip chip assembly.Clock skew has been identi�ed as one of major limiting factors for high speed syn-chronous VLSI systems. There are two major concerns in high-performance clock routing:minimizing clock skew and routability. For optimal system performance, clock signals mustreach each register at exactly (or almost exactly) the same time. Clock skew is due to thevariations in the time of arrival of a clock signal at clocked elements in a digital system. Theclock net is a global net which is over the whole chip. Due to the performance requirement,this net is usually pre-routed before other signal nets. When a chip becomes more denseand employs more circuits, clock net takes a large amount of routing area over the chip thatresults in the hard routing of other nets.The clock skew becomes more serious when the operating frequency raises to enhancesystem performance. For example, Intel 80486(1989) { fmax = 25 � 33 MHZ; Motorala68030(1987) { fmax = 16:7 � 33 MHZ; Intel 80386(1985) { fmax = 12 � 16 MHZ; SUNSparc-10 (1992) { fmax = 100 MHZ. Recently, DEC company has announced the Alphachip which is operated at 150 � 200MHZ. It can be expected the clock frequency will beincreased to 200 � 400 MHZ in few years to accommodate the need of high-performancemicroprocessors. It is normally accepted if the clock skew is less than �ve percent of the



4 2. Two-Level Clock Distribution Scheme by Using Area Padsclock period Tc. So, to achieve the frequency higher than 200MHZ, the clock skew shouldbe controlled under 0:25ns. This small skew should also be maintained for a digital systemwith several chips and multiple clock phases such as in multi-chip modules.The \H" clock tree has been used in IC industry [3]. However, it is only applicablefor symmetric arrays of logic elements. Some research work has been done involving theconstruction of a clock tree based on the general distribution of clock terminals. Algorithmspresented in [12, 13, 21] try to construct a clock tree with equal path length from the sourceto terminals. An improved algorithm in [19] considers Elmore delay balance instead ofgeometric length balance. Another algorithm in [5] improves the Elmore delay matchingmethod by considering the minimization of the total wire length. But this algorithm yieldsminimal wire length of a given clock tree topology based on linear delay model.An concept of isochronal region was introduced in [15, 2]. In a isochronal region, circuitmay be readily clocked without careful clock distribution. Anceau [2] uses the di�usionequation to estimate the approximate physical dimension D of a isochronal region. It isestimated in [2] that D is typically 7mm, 1:16mm and 0:35mm for 6�m, 1�m and 0:3�mNMOS technologies respectively. There are several problems existed in this estimation. (1)Even a moderate sized VLSI chip will be larger than these dimensions, resulting in di�cultyin real application. (2) The estimation in [2] is not based on the real clock tree, but usinga di�usion equation. This estimation usually over-estimates the dimension of a isochronalregion, such that the actual required dimension for a isochronal region is even smaller thanthese estimated values.However, if we can extend clock signal from the packaging to a ip chip on multiple sitesthrough area pads. The concept of isochronal region can be made practical. In this paper,we propose a two level clock distribution scheme for a MCM-packaged VLSI system bymaking use of area pads of the ip chips and the high connectivity of MCM substrate. Thedie is partitioned into several small isochronal bins with a clock area pad assigned for eachbin. We realize the distribution of the clock network in two levels to achieve a controlled(reliable) clock skew of the whole MCM. A global clock network with longer wires is routedon the MCM substrate which connects the clock source of the module to all clock area padsof dice. Inside every isochronal bin of a die, a delay-bounded clock tree distributes theclock signal from the clock pad to clocked elements. A new algorithm has been proposedin [22, 23] to construct a delay bounded Steiner tree. Experimental results show this clockdistribution scheme dramatically reduces the total wire length of clock net and the wholeMCM system clocking performance is well guaranteed.2 Two-Level Clock Distribution Scheme by Using Area PadsWe proposes a two level clock distribution scheme for a MCM-packaged VLSI systemby making use of area pads of the ip chips and the high connectivity of MCM substrate.The global clock network with long clock wires is routed on the MCM substrate where theelectrical parameters are uniform. Dice are partitioned into several small regions calledisochronal bins. An isochronal bin is a rectangle region of a VLSI chip, inside which thelargest clock delay tmax from the area pad to clock terminals is kept below a given fraction� of the clock period Tc. i.e.: tmax � �Tc. tmax or � is decided by the tolerable clockskew of the digital system. In the practice, the clock skew is tolerable without harm tologic functions if the skew can be controlled under 5% � 10% of the clock period Tc. Forexample, a digital system with a maximum clock frequency 100MHZ has a minimum clock



2. Two-Level Clock Distribution Scheme by Using Area Pads 5cycle 10ns, then the tolerable clock skew will be under 1:0� 0:5ns. Figure 2.1(a) shows anexample of a multi-chip module with four chips. In general, clock terminals are distributedrandomly across chips. Some analog IC chips on the module have no clock net. Shown in�gure 2.1(b), each chip on the MCM is partitioned into isochronal bins according to thedistribution of clock terminals. Some area without clock terminals are not partitioned. Aclock area pad is set at every isochronous bin to connect the local clock net inside the dieand the global clock net on the substrate. Bins can have variable sizes according to clockterminal distribution.

(a)(b)

Figure 2.1: (a) A multi-chip module with four dice. The clock terminals (indarken dots) are shown to be distributed across these dice. Note that one ofdice is asynchronous chip and it has no clock terminal. (b) dice are partitionedinto isochronous bins according to the distribution of clock terminals. Some areawithout clock terminals are not partitioned. A clock area pad is set at eachisochronous bin to connect the local clock net inside the die and the global net onthe substrate.Clock bu�ers can be set at the area pads . The clock bu�ers of area pads augmentthe clock signal when it is actually fed to clocked elements in dice. Since the augmentedclock signal is distributed to fewer loading terminals inside a isochronous bin with shorterconnections, the rise time is signi�cantly reduced. Figure 2.2 shows a two level clock treewith bu�ers at area pads. C1 is the global clock tree on the substrate, while C2; : : : ; C7 arelocal clock trees in isochronous bins of dice. Bu�ers b1, b2; : : : ; b6 are set at area pads topower up local clock trees.Our scheme employs two level clock routing to realize the global net on the substrateand the local net in dice. The module clock source is a clock pin on the packaging. Forthe global net connecting the module clock source to clock area pads of dice, we route it asa planar clock tree implemented on one layer of the MCM substrate. The clock terminalsinside each bin together with the area pad form a local clock network. The topology of thelocal clock net is based on a special Steiner trees called delay-bounded minimum Steiner
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Figure 2.2: Two level clock tree bu�ered at area padstrees where the path delays from the area pad to clock terminals is bounded. If multiplephases exist in a bin, we construct a delay-bounded minimum Steiner tree for each phaseof the clock net.The partition of die and the local clock routing make use of the close layout proximity ofclocked elements distribution. It is expected that most connections in the local clock routingare direct and short connections of terminals located in a small size bin. The clock networkimplemented inside the die becomes a set of forest rooted at area pads of isochronous bins.A large size clock tree which goes through whole chip is decomposed into a set of forest withmostly short connections of neighboring terminals. So, the routing area in dice occupied bythe clock net is greatly reduced, which is also showed in experimental results.The timing performance will also be enhanced by our scheme. The global clock netis implemented on one layer on the substrate with the uniform electrical parameters andlarge structures. An MCM may consists of dice with di�erent processes. Traditional clockrouting methods have di�culties to achieve very small and stable skew for such a system.Our scheme routes the clock net on the substrate with the uniform process and electricalparameters. For the routing of local clock nets in di�erent dice, the path delay of the localclock net can always be guaranteed under a prescribed skew by the partition of isochronousbins with di�erent sizes for di�erent dice.Clock nets with multiple phases are more di�cult to be implemented than single phaseclock, since it needs the balance not only single phase clock routing, but also among phases.Multiple phases clock routing consumes more routing area than single phase clock. Ourhierarchical scheme can also handle multiple phases clock routing as follows. The globalclock net on the MCM substrate has only single phase. This clock phase is turned intotwo or multiple phases according to circuits in each isochronal bin. A phase-shift circuit isconnected to the clock area pad which generates multiple phases based on the global phase.Then these multiple phases are distributed to logic elements in the bin. Each phase formsa local clock subnet inside the bin, and a delay bounded clock tree is constructed for this



3. Global Clock Routing on Substrate 7phase. The routing of these subnets can be performed independently, only the path delaysare bounded. So, it is eliminated to balance the skew among multiple phases. So, thismethodology for multiple phase clock distribution takes few increase of routing area whilethe timing is surely guaranteed.A VLSI system probably has dice with di�erent types or processes. Traditional clockrouting methods including "H" tree have trouble achieving very small and stable skew forsuch a VLSI system. Our scheme routes the clock net on the substrate with the uniformprocess and electrical parameters. For the routing of local clock nets in di�erent dice, thepath delay of the local clock net can be always guaranteed under a prescribed skew by thepartition of isochronous bins with variable sizes for di�erent dice.3 Global Clock Routing on SubstrateThe global clock routing on the substrate connects the clock source of the module to allclock pads of dice. This can be accomplished by constructing a planar equal path lengthclock tree using an algorithm developed in [21]. The clock tree constructed by this algorithmhas the following properties.� No crossing between di�erent branches (planar);� Exactly equal path lengths from the clock source to area pads;� Minimum path lengths from the clock source to area pads;� Arbitrary locations of clock source and area pads.The last property provides the exible locations of the clock source on MCM and unevendistribution of area pads on dice. This planar clock tree can be implemented on a single layerof the substrate. Since it is easier to achieve uniform electrical parameters on a single layerthan when switching layers, it is easier to adjust a one-layer clock tree for minimum skew.For high-speed application of multi-chip module or packaging, the one-layer clock routingbecomes necessary to obtain a high-quality clock distribution. Also, the cost increase ofadding a clock layer on substrate is not as serious as in chip, especially when we use ceramicor plastic packaging. This clock layer can also share routing with other nets if more roomexists.The skew of the clock tree on the substrate can be further minimized by assigning theclock wires with variable widths. Since one layer of the substrate is used for global clockrouting without any obstructions, we have larger range of variable widths can be assignedon clock wires compared to inside chip. So, clock sizing on substrate provides a very e�cientmeasure to reduce the clock skew.The sizing is guided by the interconnect modeling of the global clock tree on MCMsubstrate and the skew timing evaluation. Lumped RC circuit models [19, 5] are inaccuratefor long wires of the global clock tree on the substrate at high frequency. The interconnectreally exhibits transmission line e�ects. The reective noise of the clock network becomesserious in high speed circuits. However, on the state-of-art MCM substrate, the resistivee�ect still dominates the inductive phenomena such that the interconnect on the substratefunctions as a lossy transmission line.Given a branch with width wi, we get the resistance R and capacitance C of a unit lengthline [3] as R = =wi; C = �wi (3:1)



8 3. Global Clock Routing on Substratewhere  is the wire sheet resistance and � is the wire unit area capacitance. For the lossyRLC transmission line model of a branch, the inductance L of a unit length line is obtainedbased on the semiconductor substrate [20], which can be expressed asL = �2� ln(8hwi + wi4h) (3:2)where � is the magnetic permeability of the insulator, and h is the interval between twoadjacent layers. If we enlarge the width of a branch, based on (3.1) and (3.2), the resistanceand inductance are decreased but the capacitance is increased.We approximate the clock signal sent out of the module clock source as a ramp voltage(see �gure 3.1(a)). The clock source signal on MCM is obtained from the outside world visa clock pin at the packaging. Unlike the step voltage as shown in �gure 3.1(b), ramp voltageis a one-order approximation of the real voltage waveform. In reality, the signal sent out ofthe clock source should have some rise time. As shown in Figure 3.1, ramp voltage is moreaccurate to approximate this rise time compared with step voltage.
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Figure 3.1: Approximations of the clock signal sent out of the clock source. (a)ramp voltage; (b) step voltage.We can construct the electrical model of the whole clock network based on using themodeling of clock source, branches and area pads. A area pad is modeled as a loadingcapacitance of the global clock tree. Note that vias are eliminated because of single layerimplementation of a planar clock tree.By adjusting widths of clock wires, the electrical parameters of resistance, inductanceand capacitance associated with a clock wire will be changed. According to circuit theory,the voltage waveforms at the terminals of a clock network will be changed. Skew maybe reduced if we update the wire widths in such a way that the waveforms at the clockterminals have less di�erence in rise/fall time. In [24], the optimal sizing of a general clocknetwork can be formulated as a constrained optimization problem which minimizes theclock skew in a feasible set of widths. This feasible set of branch widths is decided by



4. Local Clock Routing in Die 9the fabrication technology and routing resource. By turning skew minimization probleminto a least-squares estimation problem, a modi�ed Gauss-Marquardt's method proposedin [24] is used to determine the optimal widths of clock wires. An e�cient algorithm is alsoproposed that assigns the good initial widths for a clock tree which let the later iterativeoptimization process converge more quickly. We apply the sizing optimization method onthe global clock tree based on lossy transmission line interconnect model as expressed on(3.1) and (3.2). The sizing method combines internally a delay macromodel to evaluate thetiming of the clock network during the optimization process [24]. This delay macromodel[14] is based on scattering parameters which provide a very convenient means for describingdistributed RC or lossy transmission line behaviors at high frequency. The major objectiveof the global clock tree sizing is to minimize clock skew, but in most cases the largest pathdelay from source to area pads is also reduced. The resultant widths of clock wires satisfythe lower and upper bounds and the minimum increments which are imposed by routingresources and the fabrication technology.4 Local Clock Routing in DieInside each isochronous bin of dice, the clock terminals together with the area pad forma local clock network. The local clock network can be routed as a delay-bounded minimumSteiner tree.Delay-Bounded Minimum Steiner Tree Problem: Given a net consisting of asource (o), a set of sinks, and a delay bound D, construct a Steiner tree T , in which thedelay from o to every sink in T is less than D and the sum of the edge lengths of the treeis minimized.The delay bound D for a local clock tree inside a bin is decided by the deduction of atolerable system clock skew to the skew on the substrate.The path delay evaluation depends on the delay model used. Some previous workshave been done in constructing zeroth-order delay (path length) bounded Steiner tree [11][6]. Cong et al. [6] proposed an algorithm to construct radius-bounded Steiner trees withtotal wire length within a constant factors of optimal. Recently, Boese et al. [4] proposedmethods to generate a class of Elmore delay routing tree constructions, which iterativelyadd tree edges to minimize Elmore delay from source to sinks.We propose a method of constructing the Elmore delay bounded minimum Steiner treebased on the trade-o� of two special trees minimum path delay Steiner tree and minimumedge length Steiner tree. For the local clock routing in a isochronous bin, the source is anarea pad, and sinks are clock terminals located in the bin. Since an IC die is partitionedinto a set of isochronous bins, the local clock tree can be modeled as an RC tree. Alsobu�ers are usually inserted to drive clock input at the area pad as shown in Figure 2.2,resulting in short rise time of the clock input. Therefore, Elmore delay model is accurateenough to evaluate the delay of a local clock tree. So, we construct the local clock tree asan Elmore delay bounded Steiner tree while minimizing the total edge length.Since the local clock trees in dice are usually constructed in Manhattan wirings, we useHanan grid [10] to construct rectilinear Steiner trees. Hanan grid is derived by extendinga horizontal line and a vertical line through each sink and the source, as shown in Figure4.1. A node in Hanan grid is the intersection of a vertical line and a horizontal line; a edgeintervenes two nodes. Some of the nodes are the locations of source and sinks.
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Figure 4.1: Hanan grid of source o and 10 sinksA routing tree T in a Hanan grid can be modeled as an RC tree. Every edge in therouting tree is modeled as an RC line as shown in Figure 4.2(a). For an edge ei, we have edgeresistance ri = rsli, and edge capacitance ci = csli, where rs is unit length resistance and csthe unit length capacitance, and li the edge length. Each sink has a loading capacitance asshown in Figure 4.2(b). The signal input at source o is sent out by a driver with an outputresistance rd and an output capacitance cd as shown in Figure 4.2(c). The Elmore delayt(sj) from source o to a sink sj can be calculated as follows [17, 4].t(sj) = rd(cd + C0) + Xei2path(o;sj) ri(ci=2 + Ci) (4:1)where ei is the edge from node ni to its parent. C0 is the total capacitance of sinks andedges of the routing tree T . Ci is the total capacitance of sinks and edges in the subtree ofT rooted at ni.
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Figure 4.2: model of a RC tree in chip. (a) an RC line. (b) load capacitance of aterminal. (c) a source.Notations of three kinds of interested Steiner trees are listed as follows.



5. Experiment Results 11� Tb: delay-bounded minimum Steiner tree, i.e. the local clock tree we try to construct.� Td: minimum path delay Steiner tree� Tc: minimum edge length Steiner treeSince Tc minimizes the edge lengths while Td minimizes the path delays, Tb is a trade-o� between Tc and Td in terms of the largest path delay and total edge length, taking intoaccount of a delay bound D. A new algorithm of constructing Tb based on the above conceptis presented in [22, 23].5 Experiment ResultsThe delay bounded Steiner tree algorithm for local clock routing has been implementedin ANSI C. This algorithm has been tested both on random sink distribution and largebenchmarks. We take the electrical parameters of chip in [4], and electrical parametersof a advanced thin-�lm MCM substrate in [24]. These parameters are listed in Table 5.1.We size the driver at clock area pad resulting in two output resistances Rd = 100
 andRd = 50
 to test the e�ect of driver sizing on the Steiner tree construction.Rb(m
=�m) Cb(fF=�m) Lb(pH=�m) Rd(
) Ct(pF )Chip 30 0:352 0 100; 50 0.0153MCM 8 0:06 0:38 25 0:2Table 5.1: Electrical parameters. Rb, Cb and Lb are resistance, capacitance andinductance of unit length wire. Rd is the driver output resistance, and Ct is theloading capacitance of a terminal. The clock driver in chip (die) is sized with twooutput resistances.Table 5.2 and Table 5.3 show the comparison of three kinds of Steiner trees Td; Tc andTb for the examples of random distribution of 8, 16, 32 and 64 sinks. In these two tables,td; tb; tc are the largest path delays of Td; Tb and Tc respectively, while lc, lb and ld are thetotal edge lengths of Tc; Tb and Td respectively . D is the delay bound for Tb, which isselected between td and tc. Table 5.2 is obtained based on Rd = 100
, and Table 5.3 basedon Rd = 50
. The largest path delays are obviously shortened in Table 5.3 because of thesmaller Rd compared to Table 5.2.On the average, the minimum length Steiner tree Tc is 30% less total edge length thanminimum path delay Steiner tree Td, while Td is 78% less largest path delay than Tc. IfTc and Td are optimum, Tb should have less total edge length than Td and more total edgelength than Tc. But, since Tc is obtained based on a approximation algorithm [16], it isshowed in Table 5.2 and Table 5.3 that lb is less than lc in most examples. For all theseexamples, tb � D is satis�ed.We apply the hierarchical clock distribution scheme on a case of multi-chip module(testMCM). This module contains 6 ip dice in PGA packaging, as shown in Figure 5.1(a).The module size is 210 x 270 mm with a clock pin (source) at the center of PGA. Die E andF are analog dice without clock terminals. Each of die A and B has 120 clock terminalswith die size 50 x 50 mm. Each of die C and D has 60 clock terminals with die size 30 x30 mm. The MCM substrate is taken the electrical parameters shown in Table 5.1. TheMCM is supposed to work up to 200MHZ requiring tolerable clock skew 0:25ns. Each ofdie A and B is partitioned to 4 bins, and each of die C and D partitioned to 2 bins. The



12 5. Experiment ResultsLargest Path Delay (ns) Total Edge Length (mm)td tb tc lc lb ld8 sinks 4.8 4.8 (D = 5.5ns) 7.0 61.8 63.9 (D = 5.5ns) 79.816 sinks 5.05 5.06 (D = 5.06ns) 5.07 70.4 58.6 (D = 5.06ns) 83.732 sinks 6.8 6.86 (D = 6.9ns) 7.0 91.0 71.1 (D = 6.9ns) 131.064 sinks 8.2 10.97 (D = 13.4ns) 23.7 122.5 114.1 (D = 13.4ns) 163.2Table 5.2: Comparison of Steiner tree results on random distribution of 8, 16, 32and 64 sinks. The driver output resistance Rd = 100
. td; tb and tc are the largestpath delays of Td, Tb and Tc respectively . lc; lb and ld are the total wire lengthsof Tc, Tb and Td respectively . Sinks are randomly distributed in a chip size of 20x 20 mm. Largest Path Delay (ns) Total Edge Length (mm)td tb tc lc lb ld8 sinks 3.5 3.6 (D = 4.3ns) 5.9 61.8 58.3 (D = 4.3ns) 75.016 sinks 3.6 3.66 (D = 3.7ns) 3.9 70.4 59.5 (D = 3.7ns) 82.632 sinks 4.0 4.23 (D = 4.4ns) 5.2 91.0 89.4 (D = 4.4ns) 127.564 sinks 5.2 5.4 (D = 10.7ns) 21.8 122.5 117.7 (D = 10.7ns) 171.6Table 5.3: Comparison of Steiner tree results when the driver output resistanceRd = 50(
).area pad assignment is shown in Figure 5.1(a). The local clock routing inside each bin isaccomplished by using our delay bounded Steiner tree algorithm. These clock area padsare connected to the clock source at the center of the PGA via a substrate layer. This canbe realized by using the planar clock routing algorithm in [21] which results in exact equalpath lengths from the clock source to clock area pads. The planar clock tree toplogy on theMCM substrate is shown in dash lines in Figure 5.1(a). The clock skew on the substratecan be further reduced by assigning variable wire widths. We apply the sizing optimizationmethod in [24] to size the clock wires on the substrate bounded between 10�m � 50�m.The �nal skew is reduced to 0:07ns. Figure 5.2(a) shows the simulation voltage waveformsat clock area pads of the global clock tree on the substrate. The result is summarized inTable 5.4. The sum of clock skew on substrate and dice is 0:22ns, less than the tolerableskew 0:25ns.The clock distribution scheme can also be used for single chip packaging. The testedbenchmark Primary1 [12] has 256 clock terminals and the chip size is taken 60 x 60 mm. Aclock pin (source) is set at the center of the packaging. The chip is supposed to work up to100MHZ with a tolerable skew 0:5ns. The result is shown in Table 5.4 with a total skew0:3ns of substrate and chip. Figure 5.1(b) shows results of the partition of 8 isochronousbins with 8 area pads for Primary1. The global clock tree topology is shown in dash linesin Figure 5.1(b). The simulation voltage waveforms at area pads of the global clock tree onthe substrate are shown in Figure 5.2(b).We also compare with the traditional method for Primary1 which sets only one clockpad at the die side, and all clock terminals are connected to this pad with a planar equalpath length clock tree as in [21]. The result is shown in Figure 5.3, which has the total wirelength 7973mm. Compared with the result shown in Table 5.4, by using the two-level clock
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Figure 5.1: (a) testMCM: a multi-chip module with 6 ip dice in PGA packaging.Die A, B, C and D have clock terminals and Die E nad F are analog dice withoutclock terminals. The clock pin (source) is set at the center of the module. Clockarea pads are assigned on Die A, B, C and D. The dash lines shows the planarclock tree topology with equal path length which connects from the clock sourceto area pads. (b) Primary1: isochronous bin partition and global clock tree.distribution scheme, the wire length of clock net of Primary1 inside chip is dramaticallyreduced six times. Even we sum up both wire lengths in die and on substrate, the totalwire length of the clock net is still reduced by two times.fmax St Pad Wire Length Path Delay Wire Length Skew(MHZ) Number (die) (die) (substare) (substrate)testMCM 200 0.25(ns) 12 1250(mm) 0.15(ns) 5943(mm) 0.07(ns)Primary1 100 0.5(ns) 8 1110(mm) 0.27(ns) 1711(mm) 0.03(ns)Table 5.4: Result of two benchmarks. fmax is the normal maximum workingfrequency, and St is the system tolerable skew. St = 0:05=fmax. Pad number isthe total clock area pads needed for each example.6 ConclusionsA two level clock distribution scheme is presented for a MCM-packaged VLSI system bymaking use of area pads of the ip dice and the high connectivity of the substrate of MCM.The die is partitioned into several small regions called isochronal bins. A clock area pad isset at each isochronal bin. The clock distribution is implemented by a global clock routingon the substrate and a local clock routing inside die. The global clock net with longer wiresis routed on the substrate, while the local clock net with shorter wires is routed in each
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(a) (b)Figure 5.2: (a) testMcm: simulation voltage waveforms at inputs of area padsafter sizing the global clock tree on substrate. (b) Primary1: simulation voltagewaveforms at area pads.

Figure 5.3: Primary1: Result of the clock routing when set one clock pad at theside of the die.
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