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Abstract

Enabling Interposer-based Disintegration of Multi-core Processors

Ajaykumar Kannan
Master of Applied Science
The Edward S. Rogers Sr. Department of Electrical & Computer Engineering
University of Toronto
2015

Silicon interposers enable high-performance processors to integrate a significant amount of in-package
memory, thereby providing huge bandwidth gains while reducing the costs of accessing memory. Once
the price has been paid for the interposer, there are new opportunities to exploit it and provide other
system benefits. We consider how the routing resources afforded by the interposer can be used to im-
prove the network-on-chip’s (NoC) capabilities and use the interposer to “disintegrate” a multi-core
chip into smaller chips that individually and collectively cost less to manufacture than a large mono-
lithic chip. However, distributing a system across many pieces of silicon causes the overall NoC to
become fragmented, thereby decreasing performance as core-to-core communications between differ-
ent chips must now be routed through the interposer. We study the performance-cost trade-offs of
implementing an interposer-based, multi-chip, multi-core system and propose new interposer NoC

organizations to mitigate the performance challenges while preserving the cost benefits.
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Chapter 1

Introduction

As computers require more and more performance, it becomes imperative to design faster and cheaper
computing platforms. One of the biggest applications of computers today is their use in data-centers
and server farms. Here, they are constantly running near peak performance and improving the speed
or energy efficiency, even by a small margin, can have a large impact in the long run. Two important
factors that we would like to mention here are that these high-performance systems typically have a
large number of computing cores (on the same chip, on the same mother-board, or even on different
machines) and large amounts of memory to cater to tser demands. One evolving technology that
might be able to cater to these growing demands is the use of 3D stacking to fit more computational
logic inside a single chip. This has the advantage of occupying less area but also providing faster access
between components (the vertical distance to traverse would be much smaller than crossing the length
of the chip). However, at the moment, 3D stacking has several obstacles which prevents laying out
multiple chips on top of each other in a 3-dimensional stack, the main one being thermal issues LA
cheaper and more feasible way of approaching multi-chip integration is using a silicon interposer to
connect each of the components. This approach is known as 2.5D stacking.

A silicon interposer is essentially a large piece of silicon die with transistors and metal layers that
serves as a base for the package. Multiple chips are placed face-down (with the metal layers of the
chip facing the metal layers of the interposer) on the interposer. The chip is then connected to the
interposer through micro-bumps (¢bumps). The wiring layer on the interposer is used to make chip-
to-chip connections. Using an interposer does not prevent the use of 3D stacking. In fact, it is possible
to place a 3D stack on top of an interposer. One such use case is to place multiple 3D-stacked DRAM
on top of an mterposer and interface them with a computing core. In this work, we consider such a
baseline system: a 64-core chip with four 3D-DRAM stacks integrated using a silicon interposer.

! When multiple chips are stacked, the effective surface area does not grow at the same rate as the number of logical components. Since the
rate of heat dissipation is proportional to the surface area and the heat generated is proportional to the number of working transistors, 3D stacking,
does not scale well,
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1.1 Research Highlights

In this work:

e We make some key observations regarding silicon-interposer-based stacking. In particular, we
note that it leaves a large amount of area on the interposer under-utilized.

e We propose systems which take advantage of the unused interposer fabric to try to improve per-
formance over existing 2.5D systems.

e We consider disintegrating large monolithic chips into smaller chips and consider the interposer
as a potential candidate for integrating them. We then do a cost versus performance evaluation
of disintegrated chips on an interposer when compared against a monolithic core.

e We propose several new network topologies which can take advantage of the silicon interposer
to provide increased bandwidth and performance over more conventional network topologies.
One of the key contributions is our proposal of “misaligned” topologies which better cater to
multi-chip designs.

This work has lead to a publication in the International Symposium on Microarchitecture (MICRO-
48) [35].

1.2 Organization

This thesis is divided into seven chapters including this one. In Chapter 2, we look at the background
of networks on chip, die stacking, and silicon interposers. We then motivate the work in Chapter 3. In
Chapter 4, we show the baseline design we assumed as a starting point. We then look at other possible
topologies which could have a large positive effect on the system. In Chapter 5, we first describe the
methodology we used to evaluate our designs. We then evaluate our designs using this methodology
and provide the results and an analysis. In Chapter 6, we look at other works that related to the ideas
that we present in this thesis. Finally, Chapter 7 finally provides the closing arguments to this work as
well as future directions that this work might take us.



Chapter 2

Background

As computer architects, we are continuously seeking to create the next generation of computing plat-
forms with one or two aims: improving performance and/or power efficiency. One key trend that has
pushed computing devices forward is the scaling down of transistor sizes, allowing us to pack more
transistors and hence more logic within the same area. Industry has pushed to keep the scaling of
transistors to be in line with Moore’s law, i.e. every 18 months, chip performance would double, basically
implying that transistor scaling would allow us to pack twice as many transistors within the same chip

area.

Reducing transistor size has the added benefit of reducing the gate delay. This can lead to an in-
creased clocking frequency. According to Borkar [14], scaling a design can reduce the gate delay and
the lateral dimensions by 30% which can lead to a frequency improvement of 1.43x, with no increase in
the power dissipation. However, it does show an increase in power if we wish to take advantage of the
additional area. To scale this increase in power dissipation back down, typically the supply voltage of
the new process node is reduced by 30%. For the original design, this can show a decrease in power by
50%. Thus, this allows us to use the extra transistor logic at no energy cost. This is essentially summed
up by Dennard’s law [23] which, in essence, states that the transistor power density remains constant

with different process nodes.

However, around the years of 2005-2007, Dennard’s law started breaking down [12]. This was due
to certain assumptions that Robert Dennard made regarding MOSFET scaling which did not hold any
longer. This meant that we could no longer scale transistors down and utilize all of the additional
transistors without sacrificing an increase in power consumption. Another key result of Dennard’s pa-
per [23] was that scaled interconnect does not speed up, i.e. it provides roughly constant RC delays.
Initially, the wire delays were a fraction of the critical path. However, they have become a key com-
ponent, affecting the peak operating frequency [12, 13]. For uni-processors, frequency scaling was one
of the key factors leading to performance improvement in each generation. This, in addition to ther-
mal considerations, led to the inability to scale uni-processor core frequency past a point. To address
these issues, multi-core processor designs were proposed and they soon became the norm. Being able
to utilize the additional transistors, multi-core designs could improve upon earlier designs and show
increased net throughput, without having to increase the clocking frequency.
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2.1 Network on Chip

Modern Chip Multi-Processors (CMP) use buses to allow communication between the different cores
on chip. However, buses do not scale well to larger number of cores, due to the contention that the bus
faces when many or all cores request for it. This led the way to several new architectures to scale CMPs
to a large number of cores. One such method is to route core-to-core and core-to-memory traffic using
an interconnection network on chip [18]. A conventional Network-on-Chip is shown in Figure 2.1.

A network-on-chip (NoC) replaces dedicated point-to-point links as well as the global bus with
a single network. Network clients could be general purpose processors, GPUs, DSPs, memory con-
trollers, or any custom logic device. Each client has a Network Interface (NI) which is connected to a
network router (indicated as R in Figure 2.1). If a client wants to communicate with another, it sends
a packet into the network which subsequently gets routed to the appropriate destination router. The
router finally sends it to the destination client through the Network Interface.

NoCs offer many advantages over conventional methods of on-chip communication [18]:

e On-chip wiring resources are shared between all cores. This improves the efficiency of the area
used for wiring,

» NoCs enable better scaling of multi-core processor designs.

e The wiring has a more regular structure. This allows for better optimization of the electrical
properties which can result in less cross-talk.

¢ NoCs also promote modularity; the interfaces can be standardized. For example, we can have
a standard router design and network interface, allowing easier integration of various IP cores
(Intellectual Property Cores).

2.1.1 Network Parameters and Metrics

Before getting into the details about on-chip interconnection networks, it is imperative to define the
parameters that are used to define networks as well as a few metrics that can be used to measure the

network performance.

Flits: One technique used to improve network performance is known as wormhole flow control [2].
In this method, packets are divided into smaller segments known as flits. Flits use the same path and
move sequentially through the network. The flit width is the number of bits per each flit and is usually
equal to the width of the physical link.

Hop count: A single hop is defined as when a flit moves from one router to another. Hop count is
similarly defined on a flit-level and is the total number of hops a flit makes from the starting node to
its destination. We can define the average hop count for the entire network by considering all pairs
of sources and destinations. A lower average hop count can imply (provided other parameters are
similar) that the network is better connected and flits can reach their destinations faster.

Network Diameter: The network diameter is defined as the longest minimal-hop between any source-
destination pair in the network. For example, the network diameter of the mesh network shown in
Figure 2.1is six: the path from the north-west corner to the south-east corner.
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2.3 Silicon Interposers and Their Networks

Using 2.5D stacking to design a multi-core SoC introduces several interesting opportunities. One of the
most important opportunities (with regards to this thesis) is how to interconnect different chips. In a
monolithic chip, a network on chip could be used to interface different components on the chip such
as the different CPUs, caches and memory controllers. However, it is possible that these components
are distributed across different chips. With the wiring resources on the interposers, we now have the
chance to design a new set of networks catering specifically to multi-chip designs. We deal with this
further in Chapter 3.



Chapter 3

Motivation

The increasing core counts of multi-core (and many-core) processors demand more memory bandwidth
to keep all of the cores fed with operable data. Die stacking can address the bandwidth problem while
reducing the energy-per-bit cost of accessing memory. A key initial application of die-stacking is silicon
interposer-based integration of multiple 3D stacks of DRAM, shown in Figure 2.5 [10, 45, 24], poten-
tially providing several gigabytes of in-package memory! with bandwidths already starting at 128GB/s
{per stack) [32, 41].

The performance of a multi-core processor is not only limited by the memory bandwidth, but also
by the bandwidth and latency of its NoC. The inclusion of in-package DRAM must be accompanied
by a corresponding increase in the processor’s NoC capabilities. However, increasing the network
size, link widths, and clock speed all come with significant power, area, and/or cost overheads for
additional metal layers. The presence of an interposer to interact with other chips (which provides
“free” additional area in terms of logic and wiring) presents several opportunities which can help us
achieve increased performance on the NoC and reduce overall costs. The interposer also allows us to
integrate more resources into one package than is possible with one chip.

In this chapter, we first look at the costs and potential benefits of breaking a large chip into smatler
chips in Section 3.1. In Section 3.2, we consider how these smaller chips can be combined to replicate
the functionality of the monolithic chip (e.g. Four 16-core multi-chip system versus a 64-core chip).
Finally, in Section 3.3, we do a preliminary analysis of the costing of doing this, as well as present the
research problem that this thesis deals with.

3.1 Chip Disintegration

Manufacturing costs of integrated circuits are increasing at a dramatic rate. The cost of a chip scales
with its size. A larger chip’s high cost comes from two sources:

Geometry: The geometry of a larger chip lets fewer chips fit on a wafer. Figure 3.1 shows two 300mm
wafers. Figure 3.1(a) is filled with 297mm? chips whereas Figure 3.1(b} is filled with 148 5mm? chips.
192 larger chips can fit on a single wafer for a total area utilization of 5.70 x 10*mm?. The smaller chips

18everal gigabytes of memory is unlikely to be sufficient for high-performance systems and will likely still require tens or hundreds of giga-
bytes of conventional {e.g., DDR) memory oulside of the processar package. Management of a multi-level memary hierarchy is niot the focus of this
work.
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is performance. While breaking a large system into smaller pieces may improve overall yield, going
to a larger number of smaller chips increases the amount of chip-to-chip communication that must be
routed through the interposer. In an interposer-based multi-core system with a NoC distributed across
chips and the interposer, smaller chips create a more fragmented NoC resulting in more core-to-core
traffic routing across the interposer, which eventually becomes a performance bottleneck. Figure 3.4
shows the cost reduction for three different defect rates, all showing the relative cost benefit of disinte-
gration. The figure also shows the relative impact on performance®. So while more aggressive levels of
disintegration provide better cost savings, it is directly offset by a reduction in performance.

The problem we explore is how we can get the cost benefits of a disintegrated chip organization
while providing an NoC architecture that still behaves similarly in terms of performance to one imple-
mented on a single monolithic chip. We aim to do this by utilizing the additional resources available
on the interposer to design networks specifically for 2.5D systems instead of just using edge-to-edge
connections. These new networks will utilize resources on both the interposer and on each of the chips.
This allows for a variety of optimizations which can help reduce the average number of hops between
different cores as well as to memory. We can also route packets in such a way so as to distribute the net-
work load across the resources on and off-chip. We discuss the challenges and our proposal to address
them in Chapter 4.

3 We show the average message latency for all traffic (coherence and main memory} in a synthetic uniform-distribution workload, where CPU
chips and the interposer respectively use 2D meshes vertically connected through pbumps. See Chapter 5 for full details.



Chapter 4

NoC Architecture

4,1 Baseline Architecture

The baseline design that we serves as the starting point of our design is shown in Figure 4.1. This
architecture is a 2.5D system with four 16-core CPU chips. The interposer in this design is relatively
large but fits within an assumed reticle limit of 24mm x36mm. On the interposer are four 16-core chips
as well as four 3D DRAM stacks. Each chip is of the size 7.75mm x 7.75mm. The DRAM stacks (each
of size 8.75mm x 8.75mm) are placed on either side of the multi-core die. Each of these four stacks are
assumed to have a size similar to a JEDEC Wide-IO DRAM [33, 37]. Each stack has four channels!, with
16 channels in total. The chip-to-chip spacing is assumed to be 0.5pum for all pairs shown in the figure.

Current 2.5D designs utilize the interposer for chip-to-chip routing and for vertical connections to
the package substrate for power, ground, and I/O [53]. In current industry designs, the interposer
is used minimally. Therefore, we decided to use a passive interposer for the baseline design. In this
design, the DRAM stacks are integrated with four 16-core multi-core chips on a passive interposer.
There are only edge-to-edge connections between the multiple chips as shown in Figure 4.2a.

Qur proposal seeks to make use of the unused routing resources available on the interposer layer
to implement a system-level NoC. This concept is illustrated in Figure 4.2b. Thus, in addition to the
on-chip network, there is a secondary (logical} 10 x 8 mesh network on the interposer which connects
the various chips as well as the four DRAM stacks where each core has its own link into the interposer.
Each core in each of the four chips has a connection (fhrough pbumps) to the the interposer layer,
totalling 16 conmections per each multi-core chip and four connections for each DRAM stack (one for
each memory channel).

4.2 Routing Protocol

When a core wants to communicate off-chip (either with a core on another chip or with memory), it
has to use the interposer network or a combination of the on-chip and the interposer network to reach
its destination. There are many cases where there are multiple possible paths that a packet could take
from source to destination. The quality of a path can be measured by the number of hops required
for a packet to be routed from the source to the destination. A lower hop count implies that a packet

1 Having multiple channels for each DRAM memory stack increases the maximum bandwidth of the memory module.
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node would still require just one set of vertical interconnects- the same as the base case.

Summary

In this chapter, we described the various designs that we proposed, specifically for 2.5D multi-chip
interposer systems. In the next chapter, we explain the methodology we used to evaluate our proposed
designs and analyze the results from this methodology.



Chapter 5

Methodology and Evaluation

In this chapter, we first describe the methodology used for the evaluation of the NoC designs from
Chapter 4. We then do a extensive evaluation using multiple methods including synthetic workloads
as well as full-system simulations. We then present these results and our observations about them.

5.1 Methodology

To comprehensively evaluate our designs, we first tested the various topologies using synthetic traffic
on a cycle-level network simulator. We then tested out designs using SynFull [5] workloads. Finally,
we Jooked at Full-System simulations using a cycle-accurate multi-core processor simulator.

5.1.1 Synthetic Workloads

To evaluate the performance of various 2.5D NoC topologies for our disintegrated systems, we use
BookSim, a cycle-level network simulator [34], with the configuration parameters listed in Table 5.1.
BeokSim provides set a basic network topologies, routers, flow control, and arbiters.

Network Topologies and Routing

BookSim does not, by default, support the types of network topologies that we described in Chapter 4.
We designed a new method of specifying the various nodes and routers in the system where we can
specify the topology of the chip network as well as the interposer network. The interposer topology, in
most cases, had to be re-defined for each case as they were unique to our design. We also introduced
flags to control whether the interposer topology was to be misaligned or not. The size of the chip can
also be varied in terms of the number of nodes along the x-axis and y-axis independently. We also
enable the specification of its link latency (which is a default parameter) as well as a link priority. The
link priority is used to generate the routing table: this is done using a minimum-path algorithm. By
choosing an appropriate set of priorities for each type of link in the system, it is possible to choose be-
tween minimal-interposer routing and interposer-first routing. Additionally, we can specify the routing
algorithm for each of the two networks.

27
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corresponding nodes in the network in BookSim. With this setup, we run multi-threaded (with 64
threads) versions of the PARSEC [7] applications (simmedium dataset). The threads of the applications
are distributed across the 64 cores and they share/contend for all 16 memory channels. We use a trivial
allocation of the threads in this study where threads are allocated from the north-west corner (moving
across first, then down). Each program is executed for over one billion instructions.

Simulation Framework

These evaluation approaches cover a wide range of network utilization scenarios and exercise both
cache coherence traffic and memory traffic. With the exception of the cost-performance analysis in
Section 3.2.1, our performance results do not factor in benefits from speed binning individual chips
in a disintegrated system. Our performance comparisons across different granularities of disintegra-
tion show only the cycle-level trade-offs of the different configurations. If the binning benefits were
included, then the overall performance benefits of our proposal would be even greater.

5.2 Experimental Evaluation

In this section, we explore network performance under different chip-size assumptions and compare
latency and saturation throughput across a range of aligned and misaligned topologies. Our evaluation
uses synthetic workloads, SynFull traffic patterns, and full-system workloads. We considered the link
latency for the ybump to be similar to the link latency of the on-chip network due to the similarity
in the impedance of the gbump and on-chip wiring [29]. We also evaluate the power and area of the
proposed topologies and present a unified cost-performance analysis.

5.2.1 Performance

Figure 5.1(a) shows the average packet latency for the Mesh, CMesh, DB, FT, and ButterDonut topolo-
gies assuming uniform random traffic with 50% coherence requests and 50% memory requests at a 0.05
injection rate. At a low injection rate, latency is primarily determined by hop count; as expected, the
mesh performs the worst. As the number of cores per die decreases, the mesh performance continues
to get worse as more and more packets must pay the exira hops on to the interposer to reach their des-
tinations. For the other topologies, performance actually improves when going from a monolithic die to
disintegrated organizations. This is because the static routing algorithms keep coherence messages on
the CPU die; in a monolithic chip, the coherence messages miss out on the concentrated, low hop-count
interposer networks. DB, FT, and ButterDonut all have similar performance due to similar hop counts
and bisection bandwidths.

At low loads, the results are similar for other coherence/memory ratios as the bisection links are
not yet a bottleneck. The results show that any of these networks are probably good enough to support
a disintegrated chip at low traffic loads. Disintegrating a 64-core CP’U into four chips provides the best
performance, although further reduction in the sizes of individual chips (e.g., to 8 or even 4 cores) does
not cause a significant increase in average packet latency.

Figure 5.1(b) shows the average packet latency for Folded Torus (FT), Double Butterfly (DB), and
ButterDonut along with their misaligned variants. Note that the y-axis is scaled up to make it easier
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Figure 5.2: Average packet latency results for different multi-programmed SynFull workloads, with
each benchmark denoted by the combination of the groups they are derived from (based on average
accepted injection rate)
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low average hop counts of these NoCs keep average latency dowm, and the higher bandwidth reduces
pathological traffic jams that would otherwise result in longer tails in the distributions.

Figure 5.4 shows the full-system results for several PARSEC [7] benchmarks (with the simmedium
dataset) normalized to a mesh interposer network. These results are consistent with the network latency
results in Figure 5.1. For workloads with limited network or memory pressure, many topologies exhibit
similar network latencies which results in little full-system performance variation across topologies.

The primary characteristics of each of the benchmarks we evaluated is shown in Table 5.3. Blacksc-
holes has a small working set and little data sharing or exchange. The various threads, once they begin,
are largely independent of one another. Due to this, blackscholes puts limited pressure on the mem-
ory system and the network and therefore sees little difference across topologies. Bodytrack is also a
data-parallel model and puts a little more pressure on the network. We observe a little more variation
across the topologies. We also notice a slightly larger improvement over the baseline (interposer mesh
network). Canneal has an unstructured parallel-programming model. It performs cache-aware simu-
lated annealing. An important aspect of canneal is that it makes use of an aggressive synchronization
strategy. It promotes data race recovery instead of avoidance [8]. As such, it makes very little use of
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that our new approach of misaligned topologies improves upon the prior topologies even for a non-
disintegrated system. Our best performing topology, ButterDonut(X), provides a ~9% improvement in
average packet latency over the best prior topology (the aligned DB). Optimizing NoC designs for an
interposer-based monolithic SoC was not the goal of our work, but the additional improvements are a
welcome result.

Summary

In this chapter, we described the methodology we used to evaluate our designs in terms of power, area,
frequency, and performance. We used DSENT for power, area, and frequency analysis. For power,
we evaluated our designs using three different methods; we used synthetic traffic workloads, Synfull
workloads, and full-system simulations. Between these three types of workloads, we cover a diverse
set of test-cases. We include an analysis, comparing two different types of routing protocols and study
the effects of clock jitter between the different clocking domains of the interposer network and the on-
chip network We also compared our multi-chip design to a monolithic design. Effectively, we show the
benefits of our proposed designs as well as highlight a few of the disadvantages. In the next chapter,
we qualitatively compare our proposed design with other recent works.



Chapter 6

Related Work

In this chapter, we discuss related works in the areas of multi-die systems, hierarchical networks, 3D
NoC designs, and mult-NoC designs.

Brick and Mortar [40] integrate heterogeneous components on an individual die connected through
an interposer using a highly-reconfigurable network substrate that can accommodate different router
architectures and topologies [39]. This flexibility leads to a high A,;; which negatively impacts inter-
poser yield. Our system, with less heterogeneity, performs well with a regular topology which reduces
areas to improve yield and cost.

Through interposer-based disintegration, we have essentially constructed a set of hierarchical topolo-
gies (locally within each die, and globally on the interposer). Hierarchical NoCs have been explored
for single-chip systems. To improve latency for local references, bus-based local networks have been
employed [19, 56] with different strategies for global connections. Buses and rings [4] are effective for a
small number of nodes; although we use a mesh, alternative intra-die topologies could further reduce
complexity and improve latency.

Qur 2.5D NoCs bear some similarity to 3D die stacked NoCs [38, 42, 47, 62]. These NoCs are typ-
ically identical across all léyers and assume arbitrary or full connectivity within a layer. Our system
does not allow arbitrary connectivity within the core layer as it consists of multiple die. Considering the
system constraints for the hybrid memory cube, Kim ef al. route all traffic through a memory-centric net-
work leading to longer core-to-core latencies [36]; similarly, we route some core-to-core traffic through
the interposer but develop optimized topologies to offset negative performance impacts.

Recent work proposes leveraging multiple networks to improve performance. Multiple physi-
cal networks can obviate the need to use virtual channels to break protocol-level deadlock; it has
been shown that multiple physical networks is a more affordable solution than multiple virtual net-
works [61]. Tilera [59] has also taken this approach and separated traffic associated with coherence,
memory traffic, I/O, etc. NOC-Out [43] targets specific Cloud workloads and assumes minimal core-
to-core communication; their system is highly optimized for core-to-L3-cache (for Instruction cache
miss) performance. They use a butterfly o reach L3 slices and a different topology for the cores. Sim-
ilarly, we use a Double Butterfly to optimize memory traffic, but the traffic patterns and layout of our
system are different resulting in a new topology.

When using multiple networks to improve performance [6, 21, 24, 43, 58, 61, 59], traffic can be par-
tiioned across these networks uniformly or functionally. We take a functional partitioning approach.
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However, the presence of the interposer makes a large difference: memory traffic uses the interposer,
while core traffic stays on the local core mesh. Additionally, due to the presence of multiple separate die
for our cores, our partitioning is not strict (some core traffic must use the interposer network to reach

remote cores).



Chapter 7

Future Directions & Conclusions

7.1 Future Directions

The presence of two networks (on-chip and interposer) allows for a variety of designs that we have not
explored in this work. For the on-chip network, we used a standard mesh network. Using different
types of networks (including those with concentration) could be a good way to improve coherence
traffic on chip. Multiple networks are often used to improve performance. We could potentially use
multiple networks on the interposer to improve the performance: we could use prioritization schemes
such as [20] or [52] or we could separate different types of traffic at the physical layer (more affordable
than using multiple virtual networks [61].

7.1.1 New Chip-design Concerns

This work assumes the disintegration of a multi-core chip into smaller die, with the implicit assump-
tion that all die are identical. This creates a new physical design and layout challenge as each die
must implement a symmetric interface; for example, a given die could be placed on the left side of
the interposer or the right, and that same exact die must correctly interface with the interposer regard-
less of its mounting position. Conventional SoCs have no such requirements for their layouts. This
extends beyond functional interfaces, to issues such as power delivery (the power supply must be reli-
able independent of chip placement) and thermal management (temperature may vary depending on
chip location). Many of these challenges are more in the domain of physical design and EDA/CAD
tool optimization, but we mention it here to paint a fair picture of some of the other challenges for
interposer-based disintegration.

7.1.2 Software-based Mitigation of Multi-Chip Interposer Effects

Disintegration introduces additional challenges and opportunities for optimization at the software
level. With a monolithic 64-core NoC, there is already non-uniformity in latency between various
source-destination pairs as hop count increases, which is exacerbated in a disintegrated system. Care-
ful scheduling to place communicating threads on the same chips could reduce chip-to-chip traffic and
alleviate congestion on the interposer. Similarly, careful data-allocation to place frequently used data
in the 3D stacks close to the threads that use the data can minimize memory latency and cut down on
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cross-interposer traffic. Coordinating scheduling decisions to simultaneously optimize for both coher-
ence and memory traffic could provide further benefits but would require support from the operating
system. While we believe there are many interesting opportunities to involve the software layers to
help mitigate the impacts of a multi-chip NoC organization, we leave it for future research.

7.2 Conclusion

In this work, we looked at a conventional baseline 2.5D multi-core system. We made the key insight
that if the chip is already using a silicon interposer for integration of multiple chips, any additional
resources used on the interposer (provided that timing is met) are essentially “free”. We can then use
these resources to either add more computational logic or routing. These resources can be used to
design new network topologies as well as integrate multiple chips on a single interposer die.

We propose disintegrating a large monolithic chip into multiple smaller chips. We then integrate
the smaller chips on an interposer to replicate the functionality of the larger chip. We do an exten-
sive cost versus performance study of this approach, considering the various trade-offs including area,
power, yield, network latency, system performance, and chip speeds. We then design and evaluate NoC
topologies for 2.5D architectures. One of our key contributions here is the introduction of “misaligned”
concentrated network topologies. These topologies specifically cater to cross-chip communication and
show good promise for multi-chip systems. We demonstrate that our designs can significantly improve
performance over the baseline mesh network, We show that even when under peak use in our sys-
tem, the active area (router logic) can be reduced around 30% when using concentration while reaping
performance benefits. There is an increase in the global wire area (by 10-30%) as well as increase in
dynamic power but the overall energy can be reduced by 7%. It is important to note that this extra
wiring comes from the interposer metal layers which was previously unused. Our proposal is able to
offer a method to integrate large chips while maintaining (and in cases, improving) performance. By
doing so, we may be able to manufacture larger chips than possible on a2 monolithic design.

Ultimately, we show that instead of using a monolithic chip on a 2.5D interposer system, it is
favourable (in terms of energy, area, and performance) to disintegrate the large chip into multiple
smaller chips and use an underlying NoC on the interposer to replicate the original function.
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