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Abstract various packaging choicesThe appropriate evaluation
Optimization of a microelectronic system is a difficulshould be made at thsystem level byconsidering the
task involving a number of different disciplines. Often, apackagingeffects atvarious stages of the desigycle. As a
optimization in one discipline will result in a sub-optimaldesigner makes this design paradigm shift, he wilabed
solution in other areas and the overall system. This papefith a different set of issueand constraints. Thipaper
looks into the optimization of a microelectronics system @ddresses these issuasd outlines the approacthat we
concurrent consideration of the micro-architecturehave adopted in an attempt to solve this problem.
package, and logic partitioning. This approach will attempt
to identify an optimized design by helping the designer foase Study
explore the multi-dimensional solution space and evaluate Today’s high performance microprocessoase highly
the design candidates based on their system-levetegrated to achievethe best cost/performance. The
cost/performance. As a demonstration vehicle, we hadesigners aréequently facedvith selectionand trade-offs
evaluated the SUN MicroSpai€PU for possible MCM of various architectural issues [2]. As MCldiszbecoming
packaging based on sets of smaller dies using thigore available, the design architects are tempted to split a
approach. Cost/performance figure-of-merits are presentéudghly integrated “large” monolithic die into a set of
for various cache sizes using cost-optimized partitioning f@maller dies to achieve a better cost/performance [3][4].
flip-chip MCM-D packaging.. This requires the designer tmclude cost/performance
trade-offs betweethe IC and théViCM in the traditional
analysis. As a demonstration vehicle, we haveen
Introduction evaluatingand re-designing aMCM version ofthe SUN
Sub-micron IC technologies have low-latendgvice MicroSparc CPU based on a set sihaller dies. The
characteristics promoting highetock speedghan in the monolithic baseline design is a 40 MHz RISBUwith 2K
past.Hence, interconnectiodelaysare now becoming as of data cacheand 4K of instructioncache as shown in
important as thedevice delays. Microelectronisystem Figure 1. The designonsists of 750K transisto@nd the
designers have bee¢aking advantage of thesggherclock die measures 15 mm by 15 mm.
speeds to achiev@gher performingsystems byntegrating
as much functionality ggossibleinto a single IC taeduce
the interconnection penaltiesdowever,the manufacturing —1
yields of the resulting largerdies have been imposing s
constraints on the integratidevel. These constraints force —] U
the designers to perform various cost/performance trade-offs 1; 1\ 1;
on the possible design candidates. A A
Advanced microelectronic packaging technology such as [ s je—sf wmo ja—s] os |
the multichipmodule (MCM) offershigher wiring density Y [YY) L
and shorterinterconnectdelaysthen themore traditional | * |"_'_N v
technologies such agrinted circuit boards (PCBSs).
Conventionally, package technology is utilized by the
package designer towartt®e end of the desigaycle. Our
previous workhasshownthat thepackaging-related issues Figure 1. The MicroSparc CPU Block Diagram.
need to be considered throughout the desigrie by the
system, IC, and package designers [1]. As we start to |n this paper, we havextended our previoustudy by
consider the packagingssues at an early stage of theconsidering various sizes of first-level cache. We have
design, we need to understaadd evaluate the impact of evaluated a cost/performance figurenogrit to assess the
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best designcandidates. Ourefforts have focused on interconnections on th&CM-Ds are characterized with
answering the following issues: wider traces, less resistiand lower dielectric constant as
compared to the IC technologies. hiasbeen arguedhat
1) What is the near-optimum partition size (given a desigtelays orthe MCM interconnectiongire comparable to the
and a packaging choice)? IC andeven better for longer nef8]. The delay model is
2) What is the content of each partition? shown in Figure 3@nd is similar to thenes in [9]. In
3) What cache size will result in best cost/performance ? order to manage properithe testingcomplexity for the
4) Should the ICs be fabricated using ambined final MCM, we have assumedll the dies have JTAG
logic/memory process or separate logied memory capabilities. The JTAG l/@ells add at least one 2-1 mux

processes? on each 1/O pins which adds to tMCM crossing delay.
5) How should all of theabove issues beonsidered Therefore theminimumdelay for apartitioned-net across
concurrently for a near-optimum design? the MCM is:

We have usedearly-analysis methods to evaluate T
various design choices by predictitigeir cost/performance
as shown in Figure 2. Previous works such as [5] haveetbreaking™ 2*Titag + Toutter + Tmem(minyt Tmem(1+02)
looked at cache-analysis for MCM-based CPUs at a
conceptual stage (pre-netlist phase of the design) usiwghere D, is the minimumassemblyspacingbetween the
estimation-based models. Othveork such as [6] evaluated diesand D and B are distancéetweenthe 1/0 pad and
the impact of dielectriand bonding technologies on GaAs the edge of the die. The first three termsfixed overhead
MCM-based CPU for a fixegartitioning. Our approach (¢, 5 given MCMand ICtechnologies) associated with the

also uses estimation-based models of [7] to preadetdie . ; - ;

and the package cost and performance in conjunction witr,s)r:a? a(l;_mg pfanysllgnal net %n(:;h&gsﬂt Ee”;: |5f|met|0nT(r)]f
cost-optimized partition. This approach permits us to e die size, placemenan € echno 99?/-_ €
evaluate various designs quickipd toexplorethe solution [ net-breakingdelay penaltycan bereduced by optimizing the
space for a globally optimizedesign. We are perfoming I/O buffers to reducethe Tpuser [10]. The timing

detailed designs to validate the estimations models. simulations in this paper abased orhe 1/0Obuffer similar

to one used in [11].
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where T is thecycletime (nS) andCP! is clockcycles per Figure 3. MCM Crossing Penalty.

instruction. T can be impacted if the criticghath is

partitioned across multiple dies (as compared to tHfdesults

monolithic case). Figure 3and 3bshowthe penalty for We have evaluated 2K/4K, 4K/8K, 8K/16K, and

breaking a net androssing theMCM substrate. The 16K/32K data/instruction cache sizes fite MicroSparc.
We evaluated both thHeombined logic/ memory” (LM) as



well as “separate logic/ memory processes” (L/M)ecost difference between MCMsising combinedand separate
of thewaferandaccesgime is assumed to be the same foprocesses (although they resulted in different partitions).
both processesnd the memory optimized process has The relative cost of the MCM CPWseshown in Figure
doublethe density for SRAMimplementation. Therevere a 5 whereall the costsare normalized to theost of the
total of 8 different design candidates whiglrepartitioned monolithic MicroSparc. AllMCM-CPUs have amuch
onto a MCM-D using flip-chip bondingThe partitioning lower costthan themonolithic CPU (eventhe one with
stage was instructed tesult in thelowest-cost set of dies 16K/32K cache is 24% theost ofthe monolithic CPU).
for boththe LM andL/M processes. Fathe LM process, Interestingly, the LMMCM-CPUs show a lower cost as
the partitionewas allowed tanix or separate thiegic and compared to the L/IMMCM-CPUs for 2K/4K and 4K/8K
memory in ordetthe reducethe cost (whileusing the LM cache sizes. The L/M 2K/4EKnd 4K/8K MCM CPUs have
cost model and density). For the L/M process, the the sameost.This isbecause ofthe highl/O connection to
partitioner was instructed to keethe logic and memory the cache units as compared to its small die size. Therefore,
separate from each other (using both logitd memory the die sizewas dominated bythe I/Osrather than the
cost modelsaand densities). The partitioned resulisd the cache sizqwe used a250 micron pitchfor the flip-chip
partition contents are shown in Table 1. bonding). Thissuggeststhat a more aggressive flip-chip

The resultdor the LM process showhat the partitioner technology (i.e. less than 250 micron) should be
tends to separate the caamemory fromthe logic as the investigated since inay result in a lowercost system. We
cache sizebecomedarger (to reducethe complete system have also assumethat the /O pads can beplaced
cost: die + substrate + testing). Interestinghis is also throughout the area of trmemory diesThis may also not
true for the 8K/16K and 16K/32K partitionsbased on the be a goodpractice because dhe soft error due ¢ a
LM process in whichlthe LM cost models were used (cacheemissionand regulaSRAM layout. Therefore, the 1/0O pads
units are separatdtbm logic). We decidedhot to consider may have to be placed dhe perimeter of the die causing
16K/32K LM becausghe partition result is the same as thehe size of the dies to be determined by the number of 1/O
L/M andone canalways useéhe separatenemory process rather than the memory cells for smaller cache memories.
for the stand-alone cache units. Figure 6 shows the cost/performance figure-of-merit (i.e.

The performance is measured in terms ofgghecessor costper MIPS) wherall the figures are normalized to the
speed and CPI (cycle per instruction). The CPI monolithic MicroSparc. The LMprocess shows a
measurements were provided BN using their trace monotonic trend as the cache size increasks suggests
simulator. Theprocessor speed was calculated based on ttieat the cost/performance gets worse for a combined
delaywhich would occur if the critical pathwere broken. logic/memory process agu increase the cache size. The
The MicroSparcCPUhas dfive-stage pipeline in which the L/M process reveals a curve where the minimum Igweest
critical path isbetweenthe cacheand theTLB (translation costper MIPS) is at 8K/16K cache size. Interestingly the
lookaside buffer). We decided to take a pessimistic approagobst and worst figure-of-merit is for 2K/4Kand 8K/16K
by consideringeverystage of the pipeline to be the criticalcombined logic/memory CPUs respectively. Based on a
path. Wehave also assumed tlielay ofthe monolithic given application requirement, ongay select one of these
case iqll due to logic ( a pessimistic assumption this is MCM CPUs. For example, for a cost-sensitive application,
done for sake of simplicitand tooffset any noise-related the 2K/4K combined logic/memory process will be the
delays fothe MCM cases). Therefore, a break in any of thehoice. For highest performancihe 16K/32K based on
pipeline stages (due to partitioning) will result in a longeseparate logic/memory will be selected. For moderate
machine cycle. The delay calculationsare based on the cost/performance, the 8K/16K using sepatatgc/memory
estimated die-set size and their anticipated placement on thé be the choice.
substrate. The die-set placements for allcéesareshown
in Figure 3 along with the critical path representations.  Conclusions

The relative performance is shown in Figure 4 where all As microelectronics packagingasbeen becoming the
the figures of performance are normalized to thbottleneck of most high-performance systems, usage of
performance othe monolithic MicroSparcSomeimportant advanced packaging such as MCMs is becoming inevitable.
observations can be made frdinis analysis. The maximum The packagingchoices and their impactneed to be
clock frequencies inall the casesare lower than the considerechindevaluatedat an early stage tifie design for
monolithicCPU due tdhe substrate crossing penalBpice the best system cost/performance.
simulationshowsthat theworst-case delay is about 1 nS for The results of thisvork suggestthat an MCM-based
the longest criticapath on thesubstrate. For th@K/4K  CPU mayresult in acomparableperformanceand better
MCM, both LM and L/M MCM-CPUs have 4% less cost as compared the monolithicCPU. Physical design of
performance (i.e. MIPSthan themonolithic design due to the substrateand optimized 1/O drivers are thé&ey to
the substrate/buffer penalty. Fail othercasesthe MCM achieve cycle times comparable to the monolithic
versionsare higher performing by factor of 3%, 7% and implementation. Signal integritissues such as crosalk
12% for the 4k/8K, 8K/16K,and 16K/32K designs. The and groundbounce have to be evaluated carefully since
performance results also point dbit there is not much partitioning results in more I/Oand interconnections on

the substrate as shown in Figure 7.



Testing continues to be an important issue WiBMs  [4]
in general. In this paper, the testiomst was modeled as a
function of the I/Os. A more appropriate model will include
the testcoverage as well athe number of requiredest
vectors. MCM-based spl€PUswith JTAG diesmay result [5]
in a better “controllability” and “observability” making
testing costomparableto the monolithic ones.

A separate memory process seemsegult in alower
cost forlarger cache sizes fothis design. Anoptimized [6]
memory process results insenaller die for a givememory
size than the combined logic/memory process. As the
feature size is scaled down, a small cache size will have a
smaller footprint in amemory optimized process. lithat [7]
case, the size of thmemory die may bealriven by the
number of 1/Os instead of the memory size.
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Cache Size Logic/memory combined process (LM) Logic/memory separate process (L/M)
Perf. Perf.
Contents Cost Contents Cost
Cost/Perf. Cost/Perf.
2K/4K D$/I$ 1 die(monolithic): 1.000 MIPS
(D$, 1$, MMU, FU, U, 1.000 $ N/A
MEM-INT, SBC, CLK, MISC) | 1.000 $/MIPS
2K/4K D$/I$ 3dies: 3 dies:
D$, I1$, MMU 0.961 MIPS D$, I$ 0.960 MIPS
FU, IU 0.144 $ FU, IU, MMU 0.204 $
MEM-INT, SBC, CLK, MISC 0.150 $/MIPS | MEM-INT, SBC, CLK, MISC | 0.212 $/MIPS
4K/8K D$/I$ 3dies: 3 dies:
D$, I1$, MMU 1.025 MIPS D$, I$ 1.024 MIPS
FU, IU 0.178 $ FU, IU, MMU 0.204 $
MEM-INT, SBC, CLK, MISC 0.173 $/MIPS | MEM-INT, SBC, CLK, MISC | 0.199 $/MIPS
8K/16K D$/I$ 4dies: 3 dies:
D$ 1.069 MIPS D$, I$ 1.071 MIPS
I$ 0.238 $ FU, IU, MMU 0.213 $
MMU, FU, IU 0.223 $/MIPS | MEM-INT, SBC, CLK, MISC | 0.198 $/MIPS
MEM-INT, SBC, CLK, MISC
16K/32K D$/1$ 4dies: 4 dies
D$ D$ 1.115 MIPS
I$ N/A 1$ 0.238 $
MMU, FU, IU FU, IU, MMU 0.214 $/MIPS
MEM-INT, SBC, CLK, MISC MEM-INT, SBC, CLK, MISC

Table 1. The Results of The Partitioned CPUs (All Values Are Normalized to the Monolithic CPU).
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Figure 3. The Tentative Die-Set Placement on the MCM Substrate (Not to Scale).
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CPI Computation

CPI = CPleyecuiont Misses / Instruction * Miss Penalty

PERFORMANCE CALCULATIONS WORK-SHEET

CPI = CPlesecuiont Memory access / Instruction * Miss rate * Miss Penalty

Average Memory-access time = Hit time + Miss rate * Miss Penalty

Based on the information provided on the “Tsunami Specification” and trace results from SUN:

Data Instruction Average Average Overall

Cache Cache Miss rate Memory cycle CPI
2K 4 K 6.5 % 33nS 2.07
4K 8 K 4.8 % 29.6 nS 1.92
8 K 16 K 3.6 % 27.2nS 1.82
16 K 32K 2.6 % 25.2 nS 1.73

! Computation is based on 50 % of all the memory reference are to data and 50% to instructions.
“Miss penalty = (11 + 5) / 2 = 8 cycles first term is for I$ and second term is for D$

*Memory access / Instruction = 1.1

4CPIexecution: 15

®Hit time = 1 cycle = 25 nS , 40 MHz.

Maximum possible improvement due to the cache increase is 28%.

Cycle Time Computation

The critical path is most probably during the “execute” or “Result” stages of the pipeline:
TLB unit ---> cache ---> IU/FU

For the base design (2k/4k), the cycle time is 25 nS for the 40 MHz. MicroSparc. As we increase the
cache size, we assume memory access times varies. We assume an increase of 0.25 nS in the memory
access time for each additional 6K due to the increase in the size of the memory. We also assume that the
cycle time is not impacted much due to the extra logic for larger cache (since we have a direct map
cache). Therefore, the effective cycle time is computed as follows:

Tnew design— Tbase design+ Textra cachet Tjtag + z (breaks in critical path per p'pe StagebﬁffIHmcm)
Thewdesign= 25 NS+ 0.25 * (D$+I$ - 6K) + 0.5 nSt(breaks in critical path per pipe stageptd; + mem



Cache Size | Cost Max. Net-Length #1/0 Cycle Time
D$/I1$ %) (mm) (nS)
and delay (nS)
2K/4K LM 57.45 21.3 0.53 1197 26.03
4K/8K LM 71.08 23.9 0.55 1197 26.30
8K/16K LM 95.34 28.2 0.59 1167 26.59
16K/32K LM | 136.15 n/a n/a 1171 n/a
2K/4K L/IM 81.48 23.5 054 1142 26.04
4K/8K L/IM 81.48 23,5 054 1146 26.31
8K/16K L/M 85.02 25.1 0.56 1150 26.56
16K/32K L/IM 95.34 28.2 0.59 1171 26.84
The overall performance is computed as:
MIPS = 1525,
Cache Size | Cycle Time CPI MIPS Cost Cost/MIPS
D$/1$ (nS) %
2K/4K MONO 25.00 2.07 19.32 400.05 20.71
2K/4K LM 26.03 2.07 18.56 57.45 3.]0
4K/8K LM 26.30 1.92 19.8( 71.08 3.59
8K/16K LM 26.59 1.82 20.66 95.34 4.61
16K/32K LM n/a n/a n/g n/a n/a
2K/4K LIM 26.04 2.07 18.55 81.48 4.39
4K/8K L/IM 26.31 1.92 19.79 81.48 4.2
8K/16K L/M 26.56 1.82 20.69 85.0R 4.10
16K/32K L/M 26.84 1.73 21.54 95.34 4.43




