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Abstract—We describe the design and analysis of 3D-MAPS, a 64- Tezzaron 2-tier 3D IC & Amkor Package
core 3D-stacked memory-on-processor running at 277 MHz with 3 GB/s
memory bandwidth, sent for fabrication using Tezzaron’s 3D stacking
technology. We also describe the design flow used to implenteih using
industrial 2D tools and custom add-ons to handle 3D specifics
thermal interface material

I. INTRODUCTION

The potential of 3D IC stacking has been examined by researchers
for many years. Only recently has the increasing cost of continuing
process technology shrinks and the incredible memory-bandwidth
demand of multi- and many-core systems brought 3D technology to
the forefront of commercial interest. Many universities and companie
are actively investigating and investing in 3D stacking technologies
for its promise to deliver this extreme bandwidth.

In this work we demonstrate our methodology for designing and
analyzing 3D-MAPS (3D MAssively Parallel processor with Stacked
memory), a 64-core 3D-stacked memory-on-processor systet thg 1 side view of the final stacked dies based on Tezzai@F and
demonstrates nearly an order of magnitude higher memory bandwi stacking technology and Amkor’s wirebond packaging
at lower operating frequencies compared to previous efforts [1], [2
This processor is designed to demonstrate the extreme memory band-
width available using 3D interconnects above and beyond previous ing. We provide sign-off 3D timing, power, thermal, IR-drop,

endeavors. o _ _ signal integrity, and clock waveform analysis results based on
In addition, we address the specific issues that 3D designers will DRC/LVS-passed 3D-GDSI! layouts.

encounter dealing with tools that are not specifically designed
9 P y 9 -MAPS was taped-out in March 2010 using 130nm Global

meet their needs. There are several works presented in the literafure " .
P undries’ technology and Tezzaron’s TSV/3D technology. Once the

that describe various 3D architecture design options and physi . . ;
design algorithms for 3D ICs, but very few in the area of 3D desi %ncatlon gnd pgckage/boarq deS|gn.§re co.mpleted in September
010, our simulation results will be verified using measurements.

demonstration and methodology. Thorolfssral. [3] described the
design of an FFT processor with 3D stacked memory. However, they
do not discuss cross-talk or power-noise analysis in 3D systems and ) . . )
do not include a thermal analysis. The contributions of this paper are! "€ 3D-MAPS processor will be fabricated using a six-metal
as follows: 130nm process provided by Global Foundries that is modified to
. ' jpclude through-silicon vias (TSVs) according to the specification of

« This paper presents 3D-MAPS, arguably the first many-core 3’15

. : . ezzaron Semiconductor. The TSVs are manufactured in a via-first
processor in academia. Our 3D processor contains 64 5-sta$9e

molding
wire bond

various add-ons we developed to handle TSVs and 3D stack-

Il. 3D STACKING TECHNOLOGY

L . . .process. Trenches are etched into the silicon and filled with Tungsten.
pipelined, 2-way in-order VLIW cores. Two dies are stacked i . ;

. . hen devices and metal layers are patterned. Next, wafers are flipped

3D-MAPS, one 64-core die and one SRAM die. Each core owns . . ) .

. . - and bonded. Finally, one wafer is thinned until the trenched TSVs are

a dedicated 4KB SRAM tile, which is stacked above the core and . .

connected using face-to-face 3D vias. Our architecture is verifir%Vealecl from the backside. This produces a two-layer face-to-face

9 ' %onded stack that uses TSVs for 10. Because the wafers are bonded

Vn\:'g;ncs)fvgﬁ dwilg:;cggv:fgg%mBa/rskzés?’e%gﬂfgj Vi?ir;;:g?::;%‘féfore thinning, there is never a need to handle a thinned wafer.
Y }éigure 1 shows a diagram of the completed die stack. With metal

core benchmark simulations. lavers, the thinned die is2;m thick and the thick die i§65m.

« This paper describes in detail how to construct the physic
layouts of 3D-MAPS processor and how to perform various The Tezzaron process produces very small TSVs that are approx-

. - ) imately 1.2pm wide with 2.5um minimum pitch and6pm height.

3D analysis. Our tool-flow is based on commercial tools fro . N 2
Cadence, Mentor Graphics, and Synopsys and enhanced W.{he face-to-face (F2F) connection, which is used for the main die-to-

' ' die communication, uses4um Metal 6 pads with5um pitch. The

This material is based upon work supported by the US Department 1SVS have a parasitic resistance of arowdm( and a parasitic
Defence. capacitance of about5fF. The F2F connection has negligible



resistance and capacitance, about the same as a local via. The { single core data MEM tile

MAPS die footprint is5 x 5mm.* Therefore, the maximum face-to- | 1.area estimation 1. layout (memory compiler)
face connection count is one million. The 130nm Global Foundrig _ 9tes* macros whitespace b
. N . . 2. P/G routing (manual) 2. characterization (encounter)
standard cell library provided to us includes only peripheral-styl¢ 3. placement g5
I0. For that reason, we include functional TSVs only underneath th ~ £2F ves(menuel
ummy TSVs for DFM (manual) o .
10-cell pads. register file (manual) 3D sign-off analysis
instruction memory (compiler) .
gates (encounter) 1. merge GDSII (virtuoso)
I1l. 3D-MAPS ARCHITECTURE 4. pre-CTS timing (encounter) Ly | 2. parasitic extraction (calibre, QRC)
buffer insertion, gate sizing 3. timing analysis (encounter, primetime)
. 5. clock tree routing (encounter) 4. power analysis (modelsim, encounter)
A. Core Architecture 6. post-CTS timing (encounter) 5. clock skew/slew analysis (SPICE)
. . ;.| 7.routing (encounter) 6. IR-d lysi It t
The goal of our 3D-MAPS architecture is to demonstrate the ricl (50 €O o repanEls (eliEgEsioi)

; A . o S : 7. coupli i lysis (celti
bandwidth made possible by the high-density die-to-die vias whe  gates2ffvias s fﬁ:ﬂ;ﬁa:g;sii?:nf': (C;:::.)t,ﬂ ent)
. e . . A 8. post-route timing (encounter) 5 WA (BB CRlmleRgilY

running data-parallel applications. Given that our design is are¢ 9. LVS and DRC (virtuoso, calibre)
and power-constrained, we also want to make cores and inter-core
communication highly power-efficient [4] by eliminating unnecessaryig. 2. Our flow for the design and analysis of single-core single-memory
large, complex structures during the architectural planning stage. tile stack.

Under this design philosophy, for the single core we first defined

a custom two-way VLIW architecture to eliminate area- and wird3. Architecture Verification

dominated components such as complex decoder, dynamic instrudn the verification process, we developed a multi-level framework
tion scheduler, reorder buffer, data disambiguation mechanism, atrigorously verify each stage of the design. Our baseline reference
Instead, we offload these functionalities to the software. In our twenodels are simply the outputs generated by an x86 machine running
way instruction format, one slot is dedicated to a memory instructigyr benchmarks written in a high-level language. We then rewrote the
to consume memory bandwidth every cycle from the 3D-stackeg@nchmark using pseudo-assembly language at register-tranafer le
memory while the other slot is tailored for an ALU instruction. Wheimn C, e.g, declaring an array of variables to emulate the register file
the memory instruction is absent, our ISA allows certain commonf our architecture, and test the benchmark on an x86 machine. Our
used ALU instructions to be executed in the memory pipeline. Opfseudo_assembw codes were then ported using our 3D-MAPS ISA,
ISA supports auto-increment to further increase memory bandwidfisembled and optimized by our assembler, and simulated on our
utilization by improving the memory-to-ALU instruction ratio. architectural simulator. The simulation output was verified at cycle-
To cope with control hazards without any impact on our limievel in lock-step with that of the pseudo-assembly reference model.
ited area, we employed delay slots for change-of-flow instructiongp to this point, we have an architectural simulator that conforms
Nonetheless, they are made completely transparent to the progragncorrect functional behavior and predicts the performance of the
mers as our assembler’s optimizer will reschedule and ensure Behchmarks for 3D-MAPS. Finally, we verify the RTL design against
correctness of the final binary. With assistance from the systesur architectural simulator using pipeline traces.
software, the implementation can be relieved from those power- )
and area-consuming units such as branch predictor, branch tafgetCff-chip Interface
buffer, and pipeline squashing mechanism for mis-speculation whileThe primary design goal for the off-chip interface was to minimize
maintaining similar execution efficiency of being speculative. the pin count. Therefore, the interface was modeled after the IEEE
The design of inter-core communication in a many-core processki49.1 test access port with two key deviations. First, we us a custom
can lead to numerous implications for power, performance, atebt control state machin@ CSM), which has complete control of the
routing area. To minimize power consumed by the interconnechip, managing functional test, memory initialization, and program
we employed a point-to-point 2D mesh communication paradigexecution. Second, we have four pairgest data inandtest data out
controlled by explicit communication and synchronization instrud¢TDI and TDO) pins, instead of the standard one pair. Internally, the
tions. In particular, we found a 2D mesh network addresses sosigty-four cores are grouped into four groups of sixteen cores.each
issues of two other alternatives: 2D torus and folded-torus netwofke chains in each bank connect serially to one pair of I/O pins.
topology. First, a simple 2D mesh eliminates the long wires that
connect two cores on the boundaries of the same row or column in a
2D torus. Second, it halves the wire routing space required over theFigure 2 shows the overall physical design flow used to produce
core-to-core boundary of a folded torus. Although such an expligiingle-core plus single-memory tile layouts in 3D-MAPS. The phys-
communication model could reduce programmers’ productivity, it céal design flow begins with an RTL description of the processor
provide higher performance, yet reduce dynamic power at the sagfge written in VHDL. Our top-level module contains a single core
time. In particular, we argue that a network-on-chip router would d&ottom-die), four data memory banks (top), one instruction memory
overkill, since most of the data-parallel applications targeted for obank (bottom), and a custom-designed register file (bottom). We then
processor demonstrate stable, predictable, and regular communicati®® Synopsys Design Compiler to compile VHDL into structural
patterns among cores when properly partitioned. Each of our 3Merilog for each die. The compiled Verilog is then input into Cadence
MAPS cores features four buffers for sending or receiving datm fr Encounter to perform the automated physical design steps. We use
its north, south, east, or west neighbor. Synchronization among cofgdence Encounter to perform gate placement, sizing and buffering
is achieved by a global barrier, whose implementation was laid o@ptimization, signal routing, clock routing, and power and ground
as an H-tree on the core layer. network generation. We also use many of the tools integrated into
Encounter to perform early analysis on the design to ensure reason-
1This is the space assigned to us as part of the 2009 DARPA/Tezzafbleness before sign-off analysis is undertaken. However, Cadenc
multi-project wafer run. Encounter and its integrated point-tools do not understand F2F vias,

IV. PHYSICAL DESIGNMETHODOLOGY



TSVs, and 3D stacking, i.e., multiple die definitions. Thus, we havkhis pin is annotated with the capacitance of the routing inside the
developed several add-ons that directly manipulate LEF/DEF amemory layer as well as the gate capacitance of the clock pin on
other intermediate files to manage F2F vias, TSV, and 3D stackirige memory bank itself. This minimizes the clock skew for both the
The instruction and data memory bank, tile, and die designs are damggle core and memory tile stack. At the many-core level, each core
with a memory compiler provided by Artisan. has a single input clock pin.

A. 3D Power Ground Network Generation V. 3D SIGN-OFF ANALYSIS

The power and ground distribution networks are mainly generatedrhe existing Cadence, Synopsys, and Mentor Graphics tools are
using the stripe and ring generation commands in Cadence Encounigkigned for 2D ICs and do not handle 3D designs and TSVs. The

The goal is to have the rings on both the core layer and memory laygfiowing sections describe our strategy to extend these tools to
line up. By lining up these rings we can connect them using the Vafialyze and verify 3D-MAPS.

array of face-to-face (F2F) connections. This allows the creation of a
very low resistance connection for the power and ground distributidn 3D Timing and Signal Integrity Analysis

to the memory layer. Decoupling capacito.rs.(decaps) are inserted int@yyr 3D timing analysis is based on Synopsys PrimeTime. First,
the design using Cadence Encounter. This is done prior to placemggt prepare the Verilog netlist files of both dies and the SPEF files
to provide an even distribution of capacitance. In the memory lay@pntaining extracted parasitic values for all the nets of the dies. Then,
we insert a large number of decaps on the power rings in the blagk create a top-level Verilog netlist that instantiates the design of each
space around the memory banks. This allows the memory layerd and connects the 3D nets using F2F connections. We also create
provide large amounts of on-demand current to the cores. an SPEF file that has a parasitic model of the F2F connections. After
B. F2F Via and TSV Placement that, we run F?rimeTime.with all the Verilog files and the SPEF files
L . to, get the timing analysis results.
Communication between the core and memory dies occurs throug . . : - .
D signal integrity analysis must also contain a 3D component

the face-to-face (F2F) vias as shown in Figure 1. Any net that . ) )

. L S cause nets may have enough coupling capacitance to be considered

connects to a F2F via, and thus circuitry on the other die, is calle . . .

L . a problem only when all dies are considered simultaneously. For

a 3D net. The individual design for each wafer therefore must . . . . ;
L Signal integrity analysis, we use Cadence CeltIC. Again, we input

contain pins for all nets that cross the F2F boundary. The mema f . . : :

: ; ._an SPEF file that contains the information for both dies and the
layer contains only the data memory banks and their connections

Accordingly, we first fix the location of the memory banks, the';%)arasltlcs from the F2F connections. Then with the merged Verilog

we manually place pins in both dies directly above the pins 0nnetllst, CeltiC finds all the paths with noise violations.

the memory banks. The TSVs are used only for off-chip 10 ang. 3D Power Noise Analysis

power/ground connections in our current version of 3D-MAPS. The . . .
. . ) ) We perform 3D power noise analysis using Cadence VoltageStorm.
foundry-supplied 10 cell library is peripheral-style only. Thereforer

the only electrically active TSVs are placed inside the 10 ceIIshe stand alpng VgltaggStorm takes in a DEF file, technology files,
and power dissipation files to generate both peak and average power
underneath the bond-pad. . . . . L
. . . noise values. Performing this analysis for a 3D design is a challenge.
One unique requirement that the Tezzaron TSV process imposes | . . o
O . . or our design, we perform true 3D power noise analysis with
on mandatory minimum TSV pitch af50um throughout the entire . . . )
S VoltageStorm. To accomplish this, we compile a technology file that
wafer. Thus, there needs to be at least one TSV inside @&ym . . ! . .
. . . - L . contains all of the 3D layers. This technology file contains multiple
window. This requirement is to maintain the planarity of the Wafer0 ies of each metal laver. one for each laver in the 3D stack
during chemical and mechanical polishing (CMP). Because the 3 P yer, y )

MAPS cores aré60 x 560m and we do not use TSVs inside the hen, 3D DEF fll_es are constructed from the design of_ ea(_:h layer.
. s A separate LEF file must also be constructed that contains instances
core region, we must place3ax 3 array of dummy TSVs inside each

core to meet this maximum pitch requirement. We manually insertga.ecmC to each layer. Finally, VoltageStorm produces true 3D power

these dummy TSVs before placement. noise values.

C. 3D Placement and Routing C. 3D Thermal Analysis

Cadence Encounter is used to perform placement and routing afD designs have the potential to suffer from significant thermal
both the many-core level and the single-core level. The 3D connectigfpPlems due to the higher thermal resistance between active silicon
information is propagated to the placer through the use of fixed pil@y/ers and the heatsink. We use ANSYS Gambit and Fluent for our
on Metal 6 representing the F2F connections. These pins constidirmal analysis. Gambit is a meshing and model generation software
the placement to correctly optimize for the full 3D system. that sets up thermal analysis _pro.bler_ns. Fluentis f[he simulation engine

Cadence Encounter is also used to perform sizing and bufferi{tt calculates the thermal distribution of the chip.
optimizations, and NanoRoute is used to perform routing. The 3p Gambit is used to model the 3D chip-stack and includes both core
connection information is propagated to the optimizer and routBPd memory layers, as well as a model of the rest of the package
through back-annotation of capacitance and arrival time requiremefifid @5mm tall heatsink. The stack is first divided into numerous
on the fixed pins. These constraints force the optimization engine dA§rmal layers such as gates, poly, Metals 1-6, via, dieleeitic,To

the router to correctly account for both sides of the 3D nets. determine the material properties for each mesh volume, the GDSII
. file is parsed to determine the correct ratio between the various
D. 3D Clock Routing materials of each layer at each particular grid point.

We perform clock routing using the clock tree synthesis functions This ratio is used to calculate the weighted average of the material
of Cadence Encounter. The clock network is contained mainly withproperties and to determine the effective thermal conductivity of that
the core layer. Each memory bank in the memory layer has a cloghd point. Power sources are then inserted into some mesh volumes.
pin that is propagated to the core layer using a fixed F2F connectiéinally, Fluent is used to calculate the steady-state thermal map.



core tier (64 cores)

memory tier (SRAM)

single core layout single memory tile layout

Fig. 3. Various layout views of the 3D-MAPS processor.

TABLE | TABLE Il
ARCHITECTURAL PERFORMANCE METRICS PHYSICAL DESIGN SUMMARY.
Benchmark Memory Bandwidth| IPC BIPS Process technology Global Foundries 130nm
(GBI/s) per core Die size 5 X 5mm
string_search 8.9 0.65 | 11.52 Core footprint 560 x 560um
matrix_multiply 13.8 0.32 5.67 Core-to-core pitch 570um
median 63.8 1.62 | 28.72 PG 3D connections/core 668
aes encrypt 49.5 0.97 17.20 Total PG 3D connectiions 42,752
motion estimation 24.1 1.20 | 21.27 Data 3D connections/core 116
histogram 30.3 0.90 | 15.96 Total data 3D connections 7,424
edge detection 15.6 0.95 | 16.84 TSVs/IO pad 204
k-means 40.6 0.94 | 16.66 Total 10 TSVs 47,940
Dummy TSVs 6,540
Total maximum IR-drop 78mV
VI. SIMULATION AND LAYOUT RESULTS Maximum operating frequency 277 M H z

Table | shows the results from our many-core architectural sim-
ulations of the 3D-MAPS processor. Using our optimized multi277M Hz. The timing critical path runs through the double-pumped,
core benchmark suite aimed for our sponsor’s applications, the tafigr-ported register file. The longest delay for a 3D net is for the
reports their respective memory bandwidth in gigabytes per secoagdress bus, which has a sink in each of the four memory banks and
(GBYJs), performance in both instructions per cycle per core (IPGhus has large wirelength. The maximum crosstalk noise value on
and billions of instructions per second (BIPS). Depending on eatite worst net i5i74mV, which is very close to the noise limit. The
application’s behavior, 3D-MAPS achieves memory bandwidth upext highest noise value is much lower #2mV. The maximum
to 63.8 GB/s, which is higher than that of a modern Intel Core ifemperature from simulation i7°C.
processor anq comparab.le to the memory baljdwidth of a high-end VIl. CONCLUSIONS
GPGPU running at four times the frequency with much larger area. ) ]

Table Il shows the summary of 3D-MAPS layout. Figure 3 shows W& have presented the design, layout, and analysis of 3D-MAPS,
various layout views of the 3D-MAPS processor. The core footprift 64-Core memory on processor 3D stacked system. It was built
is 560 x 560um. The layout of one tile of SRAM memory is a|sofro_m the ground_up to demonstrate extreme memory bandW|d_th
shown. A single tile contains 4 banks of 1KB data memory. Thu¥Sing 3D connections. The layout and analysis was performed using

the total SRAM data memory capacity of 3D-MAPS processor gommercial tools with several custom add-ons to enable full 3D
4K B x 64 = 256K B. The full many-core layout of the core layer@Wareness. 3D-MAPS simulates correctly at 277 MHz and verified

has dimension ob x 5mm. Each core is arrayed in @hx 8 grid architectural simulations show that it achieves memory bandwidth

and core-to-core communication occurs using short wires. The cof@0ve 63 GB/s on selected benchmarks.
to-core pitch is570um. REFERENCES

Figure 3 shows the F2F connections used for the 3D commu: ) ) o i i
L= . K. N. et al. An inductive-coupling link for 3D integratioof a 90nm
nication (red) and power and ground network distribution (oran e] CMOS processor and a 65nm CMOS SRAM. IEEE Int. Solid-State

and green). There aré68 power and ground F2F connections per Circuits Conf, pages 480-481,481a, feb. 2009.

core, and42, 752 power and ground F2F connections over the entif@] U. K. et al. 8Gb 3-D DDR3 DRAM Using Through-Silicon-Via
die. Each core also usd46 F2F connections for signals and clock, ~ réchnology. IEEE Journal of Solid-State Circuitst5(1):111-119, jan.
for a total 0f7,424 F2F connections over the gnt.ire die_. 'Ifher.e arﬁ] '|2'.0'1|'?1.orolfsson, K. Gonsalves, and P. Franzon. Desigoraation for a
1,784 TSVs used for |0 and76 dummy TSVs. Timing optimization 3dic fft processor for synthetic aperture radar: A case)stud Proc.
inserted970 buffers. ACM Design Automation Confpages 51-56, 2009.

The supply voltage for 3D-MAPS is 1.5V. The total IR-drop insidé4] D. H. Woo and H.-H. S. Lee. Extending Amdahl's Law for Engrg
a single core is about3mV inside one core. The total IR-drop inside Ef“:é%%tgcompu“"g in the Many-Core Er#EEE Computer41(12):24-
a single memory tile is aboutOmV. These values include true 3D- ' '
aware |IR-drop analysis using sign-off-level Cadence VoltageStorm.

3D timing analysis reports that the maximum frequency is



