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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 user 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 1. A 

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 interposer 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. 

1 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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CHAPTER 1. INTRODUCTION 2 

1.1 Research Highlights 

In this work: 
• 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. 

• We propose systems which take advantage of the unused interposer fabric to try to improve per­

formance over existing 2.5D systems. 

• 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. 

• 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 1.43 x , 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. 

3 



CHAPTER 2. BACKGROUND 4 

2.1 Network on Chip 

Modem 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]: 

• 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. 

• 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 2.1 is six: the path from the north-west comer to the south-east comer. 
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(a) Mesh (b) Concentrated Mesh 

(c) Double Butterfly (di Folded Torus 

Figure 2.1: Conventional Network on Chip Figure 2.2: NoC Topologies for 64-node Systems 

Bisection Bandwidth: The bisection bandwidth is the total bandwidth across a central cut (such that 

the two sides are equally divided) in the network. A higher bisection bandwidth is directly correlated 

to improved network performance. 

Network Latency: Network latency is the average time a packet spends in the network considering 

all source-destination pairs. Similarly, average packet latency is the average time a packet takes to reach 

the destination from the source. The subtle difference between the two is that average packet latency 

includes any stalls that a packet may face in the injection queue at the node. The packet latency is 

higher or equal to the network latency. 

2.1.2 Network Topology 

The arrangement of network clients within the NoC is defined as the network topology. The topology 

determines many characteristics of the network including the number of ports per router (known as 
the radix), the bisection bandwidth, channel load, and the path delay [2]. Some examples of different 

network topologies are shown in Figure 2.2. Each of these topologies contain 64 nodes. Figure 2.2(a) 

shows a mesh in which there is a one router dedicated to each node. 

Concentration: Concentration is a useful technique that improves the utilization of the physical links 

by connection multiple nodes to a single router on the system. The number of nodes connected to a 
single router is known as the concentration factor. Figure 2.2(b, c, d) are concentrated networks with 

a concentration factor of 4. The original 64 router network is reduced to just 16 routers due to the 

concentration. The bandwidth and the physical link width for each router remains the same and is 

shared between the four nodes attached to it. Additionally, their longer links result in lower average 

hop count. 
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2.2 Die-Stacking 

Moore's Law has conventionally been used to increase integration. In recent years, fundamental phys­

ical limitations have slowed down the rate of transition from one technology node to the next, and 

the costs of new £abs are sky-rocketing. However going forward, almost everything that can be easily 

integrated has already been integrated! What remains is largely implemented in disparate process tech­

nologies (e.g., memory, analog) (10). Tiris is where the maturation of die-stacking technologies comes 

into play. Die stacking enables the continued integration of system components in traditionally incom­

patible processes. Vertical or 3D stacking (60) takes multiple silicon die and places them on top of each 

other. Inter-die connectivity is provided by through-silicon vias (TSVs). 

2.5D stacking [22) or horizontal stacking is another approach to die stacking as an alternative to verti­

cal stacking. In this approach, multiple chips are combined by using stacking them all on top of a single 

base silicon interposer. The base interposer is a regular but larger silicon stop with the conventional 

metal layers facing upwards. Current interposer implementations are passive, i.e. they do not provide 

transistors on the interposer silicon layer. Only metal routing between chips and TSVs for signals en­
tering/leaving the chip [SO] are provided. This technology is already supported by design tools (31), is 

already in some commercially-available products [50, 53), and is planned for future GPU designs (26). 

One recent application is AMD's High-Bandwidth Memory (1) which combines 3D-stacked memory 

with a CPU/GPU SoC Die with an interposer. This is shown in Figure 2.4. Another example is shown 

in Figure 2.3. Future generations could support active interposers (perhaps in an older technology) where 

devices could be incorporated on the interposer. 
With 2.5D stacking, chips are typically mounted face down (in a flip-chip design) on the interposer 

with an array of micro-bumps (µbumps). Current micro-bump pitches are 40-SOµm, and 20µm-pitch 

technology is under development (27). The µbumps provide electrical connectivity from the stacked 

chips to the metal routing layers of the interposer. Die-thinning1 is used on the interposer for TSVs 

to route 1/0, power, and ground to the C4 bumps (which connect the interposer to the substrate). 

The interposer's metal layers are manufactured with the same back-end-of-line process used for metal 

interconnects on regular "2D" stand-alone chips. As such, the intrinsic metal density and physical char­

acteristics (resistance, capacitance) are the same as other on-chip wires. Chips stacked horizontally on 

an interposer can communicate with each other with point-to-point electrical connections from a source 

Figure 2.3: Vrrtex-7 2000T FPGA Enabled by SSI 
Technology [SO] 

Figure 2.4: AMD's High Bandwidth Memory Sys­
tem [1] 

1 Most wafers start off with a thickness of around 1200 I'll\· This provides mechanical stability during the fabrication process. Die-thinning is 
done post-fabrication in some cases where slim packages (with a smaller height profile) are required. 
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chip's top-level metal, through a micro-bump, across a metal layer on the interposer, back through an­

other micro-bump, and finally to the destination chip's top-level metal. Apart from the extra impedance 

of the two micro-bumps, the path from one chip to the other looks largely like a conventional on-chip 

route of similar length. As such, unlike conventional off-chip I/0, chip-to-chip communication across 

an interposer does not require large 1/0 pads, self-training clocks, advanced signalling schemes, etc. 

2.2.1 2.5D vs. 3D Stacking 

The two stacking styles have their own set of advantages and disadvantages. 3D stacking potentially 

provides more bandwidth between chips. The bandwidth between two 3D-stacked chips is a function 

of the chips' common surface area. 3D stacking also incurs additional area for their TSVs due to in­

creased tensile stress around them. This causes variation in the carrier mobility in the neighborhood of 

the TSVs, often requiring large "keep-out" regions to prevent nearby cells from being affected [3, 46]. 

On the other hand, the bandwidth between 2.SD-stacked chips is bound by their perimeters. Addition­

ally, the 2.5D-stacked chips are flipped face down on the interposer so that the top-layer metal directly 

interfaces with the interposer micro-bumps and therefore, do no require TSVs on the individual chips 

themselves. 

Another limitation of vertical (3D) stacking is that the size of the processor chip limits how much 

DRAM can be integrated into the package. Each subsequent chip is typically of the same or smaller 

size. With 2.5D stacking, the capacity of the integrated DRAM is limited by the size of the interposer 

rather than the processor. The chips can also have large variability in dimensions. 

For multi-core SoC designs, 2.5D stacking is compelling because it does not preclude 3D stacking. In 

particular, 3D-stacked DRAMs may be used, but instead of placing a single DRAM stack directly on top 

of a processor, stacks may be placed next to the processor die on the interposer. For example, Figure 2.5 

shows a 2.5D-integrated system with four DRAM stacks on the interposer. Using the chip dimensions 

assumed in this work (Section 4.1), the same processor chip with 3D stacking could only support two 

DRAM stacks (i.e., half of the integrated DRAM capacity). Furthermore, directly stacking DRAM on 

the CPU chip could increase the engineering costs of in-package thermal management [17, 28, 49]. 

64-core CPU chip 

Figure 2.5: An example interposer-based system integrating a 64-core processor chip with four 3D 
stacks of DRAM. 
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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 memory1 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 smaller 

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.l(a) is filled with 297mm2 chips whereas Figure 3.l(b) is filled with 148.5mm2 chips. 
192 larger chips can fit on a single wafer for a total area utilization of 5.70 x 104mm2. The smaller chips 

1Several 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., DOR) memory outside of the processor package. Management of a multi-level memory hierarchy is not the focus of this 
work. 

9 
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Figure 3.1: Example 300mm wafers with two different chip sizes showing the overall number of chips 
and the impact on yield of an example defect distribution. 

can be packed more tightly (using the area around the periphery of the wafer). This results in 395 chips 

per chip (5.87 x 104mm2) which is a 3% increase in the total computational area. 

Manufacturing Defects: Larger chips are more prone to manufacturing defects. Defects can appear 

on the wafer during the manufacturing process. They are not dependent on the size of the die. If a 
defect is present within the boundaries of the die, it renders the die inoperable. For a large die, a single 

defect wastes more silicon than when it kills a smaller die. Figure 3.1 shows an example distribution 

of defects on two wafers that renders some fraction of the chips inoperable. We used Monte Carlo 

simulations (using defect rates from manufacturing datasheets) to simulate defects on both the chip 

sizes. For the average case, this reduces the 192 original large die to 162 good die per wafer (GDPW), 

resulting in a ~ 16% yield loss. For the half-sized die, we go from 395 die to 362 GDPW for a ~ 8% yield 

loss. In general, a smaller chip gets you more chips, and more of them work. 

3.1.1 Chip Cost Analysis 

Smaller chips may be cheaper but they also provide less functionality. For example, a dual-core chip 

(ignoring caches for now) may take half as much area as a quad-core chip. The natural line of thought 
might lead one to the question "can you just re-place larger chips with combinations of smaller chips?" As­

suming that is possible to do so, we could have the functionality of a larger chip while maintaining 

the economic advantages of smaller chips. We make use of analytical yield models with a fixed cost­

per-wafer assumption and automated tools for computing die-per-wafer [25] to consider a range of 

defect densities. We can assume a 300mm wafer and a baseline monolithic 64-core die of size 16.5mm 
x 18mm (the same assumption is used in the recent interposer-Noc paper [24]). Smaller-sized chips 

can be derived by halving the longer of the two dimensions (e.g., 32-core chip is 16.5mm x 9mm). The 

yield rate for individual chips is estimated using a simple classic model [54]: 

Yield = 1 + ~ :crit 
( 

D )-IX 
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where Do is the defect density (defects per m2), n is equal to the number of vulnerable layers (13 in our 

analyses, corresponding to one layer of devices and 12 metal layers), A,rit is the total vulnerable area 
(i.e., a defect that occurs where there are no devices does not cause yield loss), and a: is a clustering factor 

to model the fact that defects are typically not perfectly uniformly distributed. We ran our experiments 

for several other values of a:, but the overall results were not qualitatively different. For A,rit, we assume 

different fractions of the total chip area are critical depending on whether it is a device or metal layer. 

Table 3.1 summarizes the impact of implementing a 64-core system ranging from a conventional 64-

core monolithic chip all the way down to building it using 16 quad-core chips. The last column shows 

the final impact on the number of good SoCs we can obtain per wafer. It should be noted that the exact 

parameters here are not crucial: the main result (which is not new) is that smaller chips are cheaper. 

Cores Per Chips Per Chips per Area per Chip Good Die Good socs 

Chip Wafer Package Chip (mm') Yield Per Wafer per Wafer 

64 192 1 297.0 84.5% 162 162 

32 395 2 148.5 91.7% 362 181 

16 818 4 74.3 95.7% 782 195 

8 1,664 8 37.1 97.8% 1,627 203 

4 3,391 16 18.6 98.9% 3,353 209 

Table 3.1: Example yield analysis for different-sized multi-core chips. A "SoC" here is a 64-core system, 
which may require combining multiple chips for the rows where a chip has less than 64 cores each. 

The results in Table 3.1 assume the usage of known-good-die (KGD) testing techniques so that in­

dividual chips can be tested before being assembled together to build a larger system. If die testing is 

used, then the chips can also be speed-binned prior to assembly. We used Monte Carlo simulations to 

consider three scenarios: 
1. A 300mm wafer is used to implement 162 monolithic good die per wafer (as per Table 3.1). 

2. The wafer is used to implement 3,353 quad-core chips, which are then assembled without speed 

binning into 209 64-core systems. 
3. The individual die from the same wafer are sorted so that the fastest sixteen chips are assembled 

together, the next fastest sixteen are combined, and so on. 
We can simulate the yield of a wafer by starting with the good-die-per-wafer based on the geometry 

of the desired chip {Table 3.1). For each quad-core chip, we randomly select its speed using a normal 

distribution (mean 2400MHz, standard deviation of 250MHz). Our simplified model treats a 64-core 

chip as the composition of sixteen adjacent (4x4) quad-core clusters, with the speed of each cluster 

chosen from the same distribution as the individual quad-core chips. Therefore the clock speed of the 

64-core chip is the minimum from among its constituent sixteen clusters. At this point, we do not model 

the slow-down due the the interposer-integration but we merely look at fast we can run the multiple 

chips. For each configuration, we simulate 100 different wafers worth of parts, and take the average 

over the 100 wafers. Similar to the yield results, the exact distribution of per-chip clock speeds is not so 

critical: so long as there exists a spread in chip speeds, binning and reintegration via an interposer can 

potentially be beneficial for the final product speed distribution2
• 

Figure 3.2 shows the number of 64-core systems per wafer in 100MHz speed bins, averaged across 

2 Expenses associated with the binning process are not included our cost metric, as such numbers are not readily available, but it should be 
noted that the performance benefits of binning could incur some overheads. Similarly, disintegration into a larger number of smaller chips requires 
a corresponding increase in assembly steps, for which we also do not have relevant cost information available. 
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Figure 3.2: Average number of 64-core SoCs per wafer per 100MHz bin from Monte Carlo simulations 
of 100 wafers. 

one hundred wafer samples per scenario. The Monolithic 64-core chip and 16 quad-core approaches 

have similar speed distributions. However with speed binning, we avoid the situation where overall 

system speed is slowed down by the presence of a single slow chip, resulting in significantly faster 

average system speeds (the mean shifts by ~400 MHz) and more systems in the highest speed bins 

(which usually carry the highest profit margins). 

3.2 Integration of smaller chips 

Now that we see that there is potential for multi-chip systems to be competitive with monolithic cores, 

let's consider how multiple chips can be combined to form a single system. There are several methods 

that we consider: 
• Multi-socket: Symmetric multi-processing (SMP) systems on multiple sockets have existed for 

many decades now. Chips are placed on different sockets on the same motherboard and con­

nected via high-speed interconnects (e.g. Intel QuickPath interconnect [30)). SMPs using this de­

sign methodology share memory (Uniform/non-uniform memory access for the different chips) 

and can have coherence protocols. The memory modules are provided as DIMMs (Dual In-Line 
Memory Modules). DIMMs typically have a peak bandwidth rate which is limited by the num­

ber of I/0 ports on the modules as well as the interconnect. Each chip has a similar limitation 
due to the number of pins per package. This is the primary disadvantage of this approach; the 

bandwidth and latency between two chips are limited by number of pins per package. 

• Multi-chip Modules (MCM): In an MCM, chips are placed horizontally on the package substrate 

(generally a ceramic flatpack) and connected to the substrate using C4 bumps. Wires between 

chips are routed using metal layers on the substrate. This allows the designer to pack the chips 
together much closer than with a multi-socket system, thereby reducing the interconnect delay 

significantly. Figure 3.3 shows a multi-socket system in comparison to an MCM. While this alle­

viates the limitations of pin connections, the bandwidth and latency are restricted by the density 

of C4 bumps and the substrate routing that connects the silicon die. 

• Silicon lnterposers: The silicon interposer, as discussed earlier, is essentially a large chip upon 
which smaller dies can be stacked. The 7lbumps with which chips are connected to the interposer 
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Figure 3.3: Comparison of Multi-Socket and MCM RISC Microprocessor Chip Sets [11) 

are denser than C4 bumps(~ 9x better). The main disadvantage is having to traverse through 

the interposer when communicating off-chip. 
• 3D stacking: The different chips could be vertically stacked above one another. Each chip is 

thinned and implanted with TSVs for vertical interconnects. 3D stacking has the highest potential 

bandwidth among these four options but also the highest complexity. 

The SMP and MCM approaches are less desirable as they do not provide adequate bandwidth for 

arbitrary core-to-core cache coherence without exposing significant NUMA effects. As such, we do not 

consider them further. 3D stacking by itself is not (at least at this time) as an attractive of a solution 

because it is more expensive and complicated, and introduces potentially severe thermal issues. This 

leaves us with silicon interposers. 

3.2.1 Silicon Interposer-Based Chip Integration 

Silicon interposers offer an effective mechanical and electrical substrate for the integration of multiple 
disparate chips. Current 2.5D stacking primarily uses the interposer for connections between adjacent 

chips (e.g., processor to stacked DRAM) only at their edges. An example of this is shown in Figure 4.2a. 

Apart from this limited routing, the vast majority of the interposer's area and routing resources are not 

utilized. In particular, if one has already paid for the interposer for the purposes of memory integration, 

any additional benefits from exploiting the interposer are practically "free". This area can effectively 

be used to improve the NoC capabilities to enable better use of the increased memory bandwidth. 

There are two design approaches when looking at interposer-based designs. The first method is 

use the interposer purely for the purpose of wiring (by only using the metal layers on the interposer). 

Any extra routers which are required by any new network topologies will have to reside on the chip. 

This is known as a passive interposer. Current designs [50, 53) use this approach. Passive interposers 

contain no devices, only routing. The primary disadvantage to this approach is that for a series of hops 

through the interposer, a packet needs to pass through a pair of µbumps for each hop. However, due 
to the interposer having a low critical area (Acri/), the resulting yield (of the interposer) is very high. 
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Parameter Value 
n 13 

Fraccr1, (wire) 0.2625 

Frac"" (logic) 0.7500 

a 1.5 

Table 3.2: Parameters for the 
chip yield calculations 
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Do 500 1000 1500 2000 2500 

Passive 98.5% 97.0% 95.5% 94.1% 92.7% 

Active 1% 98.4% 96.9% 95.4% 93.9% 92.5% 

Active 10% 98.0% 96.1% 94.2% 92.4% 90.7% 

Fully-active 87.2% 76.9% 68.5% 61.5% 55.6% 

Table 3.3: Yield rates for 24mmx36mm interposers varying the 
active devices/transistors from none (passive) to 100% filled 
(fully-active) across different defect rates (Do in defects per m2

) 

The alternative to this approach is to use an active interposer, i.e. place both the wires and the 

router logic on the interposer. This design makes use of both the metal layers and the transistors on 

the interposer. This approach enables much more interesting NoC organizations. An active interposer 

provides a lot more logic that the designer can use. For regular chips, a good design would typically 

attempt to maximize the functionality by cramming in as many transistors as available on the chip's 

budget. However, making more complete use of the interposer would lead to a high Acrit multiplied 

over a very large area. This would lead to low yields and high cost, resulting in the same problem 

we are trying to solve. However, in the design of an NoC spanning the silicon interposer, there is no 

need to use the entire interposer. The geometry of the design on the interposer is dependent on the 
layout of the chips and memory stacked upon it. As such, we advocate for a Minimally-active Interposer 

- implement the devices required for the functionality of the system (i.e. the routers and repeaters) on 

the interposer but nothing more. This will result in a sparsely-populated interposer with a lower Ac,it 

and thus a lower cost. Another factor that affects the yield of the interposer is the fact that we propose 

to use an older process node to manufacture the interposer. For example, for a 14nm or 22nm process, 

we could use 32nm or 45nm for the interposer. This has the advantage of having a higher yield and 
lower manufacturing costs. Additionally, since the process generations are close, the capacitance per 

unit length will not differ much between the two technology nodes. The capacitance per unit length 

for the 65nm node for the Ml layer is 0.168 pF/mm whereas it is only 0.157 pf/mm for the 45nm 
node [57, 16, 51). With respect to a 22nm process where the capacitance per unit length is 0.129 pF /mm, 

the difference is 30% for the 65nm case as compared to just 20% for the 45nm case and even smaller if we 

implement the interposer in a 32nm process. We are also not targeting an aggressive clock frequency for 
the network- this is common with NoCs where the network will often run slower than the processors. 

Thus, meeting timing with an older process generation will not be an issue. 

We perform yield modelling to estimate the yields of the different interposer options: a passive 

interposer, a minimally-active interposer, and a fully-active interposer. We assume the size of the inter­
poser to be 24mmx36mm (864mm2) with six metal layers on the interposer. For the passive interposer, 

the Acrit for the logic is zero and non-zero for the metal layers. For a fully-active interposer, we use the 

same Acru as shown in Table 3.2. For a minimally-active interposer, we estimate that the total interposer 

area needed to implement our routers (logic) and links (metal) to be only 1 % of the total interposer area. 

To have a conservative estimate, we also consider a minimally-active interposer where we pessimisti­

cally assume the router logic consumes 10 x more area. Minimizing utilization of the interposer for 
active devices also minimizes the potential for undesirable thermal interactions resulting from stacking 

highly active CPU chips on top of the interposer. 
Table 3.3 shows the estimated yield rates for the different interposer options. This uses the same 

defect rate (2000 defects/m2) from Table 3.1 as well as four other rates. The two lowest rates reflect that 

the interposer is likely to be manufactured in an older, more mature process node with lower defect 
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Figure 3.4: Normalized cost and execution time (lower is better for both) for different multi-chip con­
figurations. 64 cores per chip corresponds to a single monolithic 64-core die, and 4 cores per chip cor­
responds to 16 chips, each with four cores. Cost is shown for different defect densities (in defect/m2), 
and the average message latency is normalized to the 16 quad-core configuration. 

rates. The passive interposer has a non-perfect yield rate ( <100%) as it still uses a metal layers that can 
be rendered faulty by manufacturing defects. For a fully-active interposer, higher defect rates (1,500-

2500 defects/m2) result is very low yields. This is not surprising given that a defect almost anywhere 

on the interposer could render it a loss. This is the primary reason why one would likely be skeptical 

of active interposers. However, Table 3.3 shows that when using only the minimum amount of active 

area necessary on the interposer, the yield rates are not very different from the passive interposer. The 

vast majority of the interposer is not being used for devices; defects that occur in these "white space" 

regions do not impact the interposer's functionality. So even with the conservative assumption that 

the NoC routers consume 10% of the interposer area at the highest defect rates considered, our model 

predicts yields of over 90%. As a result, we believe that augmenting an otherwise passive interposer 

with just enough logic to do what you need has the potential to be economically viable, and it should 

be sufficient for NoC-on-interposer applications. 

3.2.2 Limitations of Cost Analysis 

It is important to note that the above yield models cannot replace a complete cost analysis. However, 

the lack of publicly available data makes it incredibly difficult to provide meaningful dollar-for-dollar 

cost comparisons. Factors such as additional costs for the extra masks (mask set costs are effectively 
amortized over the all units shipped) for an active interposer and additional processing steps (incurred 

per unit) must be combined with the yield analysis to arrive at a final decision as to whether a given 

SoC should use an active interposer. 

3.3 The Research Problem 

Taking the cost argument alone to its logical limit would lead one to falsely conclude that a large chip 
should be disintegrated into an infinite number of infinitesimally small die. The countervailing force 
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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 perforrnance3. 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 20 meshes vertically connected through µbumps. 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 24mmx36mm. 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 channels1, with 

16 channels in total. The chip-to-chip spacing is assumed to be 0.5mm for all pairs shown in the figure. 

Current 2.SD designs utilize the interposer for chip-to-chip routing and for vertical connections to 

the package substrate for power, ground, and 1/0 [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. 
Our 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 (through µbumps) to the the interposer layer, 

totalling 16 connections 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. 

17 
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Figure 4.1: Top View of evaluated 2.SD multi-core system with four DRAM stacks placed on either side 
of the processor dies 

can reach the destination in fewer steps. The hop count directly influences the average packet latency 

which is a good indicator of the network performance. For a given network, varying the routing pro­

tocol can have an effect on the system performance. In most cases, we can statically determine the 

minimal paths (in terms of hop count and latency). However, in certain cases, there are multiple mini­

mal paths. Therefore, it becomes imperative to specify a routing protocol which can be used to resolve 

such ambiguities. 
For standard 2D mesh-based NoCs, the most common routing protocol is Dimension Order Routing 

(DOR). DOR can either be XY or YX for 2D networks. DOR-XY first routes a packet along the horizontal 

links (through the shortest path) to the appropriate column. It then routes the packet vertically (again, 

along the shortest path) until it reaches its destination. DOR-YX routes vertically first and then hori­

zontally. When we look at 2.SD networks, we are adding a third dimension. There are two ways we 

can look at these networks. The first is to look at the system as two separate NoCs and provide a rout­

ing protocol for each independently and have an overseeing protocol which controls when a packet 
switches between the two networks. The second is to consider the network as a 3-dimensional network 

with the vertical links constituting the Z-axis. For simpler network topologies, the second approach is 

simpler since it does not require any modification of earlier protocols. However, we will use the first 

method since it allows finer control of resource utilization on the interposer and on chip. This allows us 

to specify the routing protocol for the on chip network, the interposer network, and when (and where) 

packets switch between the two sub-networks. 
For the on-chip component, all architectures that we use in thesis are a standard mesh and thus 

we use simple DOR-XY routing. For the interposer component, mesh-based topologies use DOR-XY. 

The double butterfly uses extended destination tag routing [2]. The ButterDonut topology (Subsec­

tion 4.3.2) uses table-based routing. 
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(a) Conventional Design with Minimal interposer utilization 

(b) Interposer used for a System-Level NoC 

Figure 4.2: Side-View of Conventional and Proposed Design 

In all of the topologies we use, we attempt to minimize the number of hops for every pair of nodes 

in the system. The last thing that we have to address is when to use the on-chip network and when to 

inject a packet into the interposer network. When a core wants to communicate with another core on 

the same chip, we restrict it by forcing it to stay on chip. When a core communicates with a memory 

controller, we always go to the interposer network- the packet gets injected into the router attached to 

the core which then uses the µbump to move it into the interposer network. It subsequently gets routed 

on the interposer network to the destination. The reverse occurs when the memory controller responds 

to this request: the packet is injected into the interposer network by the memory controller, gets routed 

on the interposer network, traverses up the µbump to the router connected to the core and finally to the 

core. When routing between two cores in different chips, there are two approaches that we consider: 

• Interposer-First Routing: With this approach, if a packet is to go off-chip (to another core), after 

being injected into the router connected to the node, it traverses through the µbump to the inter­

poser layer. It takes the most optimal route to the destination on the interposer layer itself, finally 

going up the µbump to the destination router. 
• Minimal Interposer Routing: In this approach, for core-to-core traffic, we minimize the distance 

travelled on the interposer layer and attempt to route packets on the chip network as much as 

possible. For core-to-core packets, this attempts to mimic the baseline system where the interposer 

is minimally used. 

4.3 Network Topology 

In an interposer-based system employing a monolithic multi-core chip such as the one in Figure 2.5, 

the NoC traffic can be cleanly separated into cache coherence traffic routed on the CPU layer, and main 

memory traffic on the interposer layer [24]. This approach of differentiating between traffic classes 
in the network into two physical networks can exhibit numerous benefits [59, 61]. This can help avoid 

protocol-level deadlock. It also minimizes the interference and contention between the traffic types and 

more easily allows for per-layer customized topologies that best match the respective traffic patterns. 
When the multi-core chip has been broken down into smaller pieces, coherence traffic between cores 

on different chips must now venture off onto the interposer. As a result, this mixes some amount of 
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Figure 4.3: Link utilization from a single "horizontal" row of routers on the interposer for (a) a mono­
lithic 64-core stacked on a interposer with a 2D mesh, (b) four 16-core chips stacked on a 2D mesh, and 
(c) four 16-core chips stacked on a concentrated mesh. 

coherence traffic in with the main memory traffic, which in turn disturbs the traffic patterns observed 

on the interposer. This can be slightly reduced by using minimal interposer routing but it cannot be 

eliminated entirely. 
Figure 4.3 shows per-link traffic for a horizontal set of routers across the interposer for several 

topologies. The first is the baseline case for a monolithic 64-core chip stacked on an interposer that also 

implements a 2D mesh. All coherence stays on the CPU die, and memory traffic is routed across the 

interposer, which results in relatively low and even utilization across all links. Figure 4.3(b) shows four 

16-core chips on top of the same interposer mesh. Traffic between chips must now route through the 

interposer, which is reflected by an increase particularly in the middle link right between the two chips. 

Figure 4.3(c) shows the same four chips, but now stacked on an interposer with a concentrated-mesh 

network. Any traffic from the left side chips to the right must cross the middle links, causing further 

contention with memory traffic. The utilization of the middle link clearly shows how the bisection­

crossing links can easily become bottlenecks in multi-chip interposer systems. 

In addition to regular and concentrated mesh topologies, shown in Figure 4.4(a) and (b }, we consider 

two additional baseline topologies for the interposer portion of the NoC to address the traffic patterns 

induced by chip disintegration. The first is the "Double Butterfly" [24] which optimizes the routing of 
traffic from the cores to the edges of the interposer where the memory stacks reside. The Double Butterfly 

in Figure 4.4(c) has the same number of nodes as the CMesh, but provides the same bisection bandwidth 

as the conventional mesh. Next, we consider is the Folded Torus2, shown in Figure 4.4(d}. Similar to 

the Double Butterfly, the Folded Torus provides twice the bisection bandwidth compared to the CMesh. 

The Folded Torus actually can provide "faster" east-west transit as each link spans a distance of two 

routers, but main-memory traffic may not be routed as efficiently as a Double Butterfly due to the lack 

of the "diagonal" links. Both of these topologies assume the same 4-to-1 concentration as the CMesh. 

4.3.1 Misaligned Topologies 

When using either Double Butterfly or Folded Torus topologies on the interposer layer, overall net­

work performance improves substantially over either the conventional or concentrated meshes (see 

Section 5.2). However, the links that cross the bisection between the two halves of the interposer still 

carry a higher amount of traffic and continue to be a bottleneck for the system. We now introduce the 

21his is technically a 20 Folded Torus, but omit the "20" for brevity. 
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Figure 4.4: Baseline topologies for the interposer portion of the NoC, including (a) 2D Mesh, (b) 2D Con­
centrated Mesh, (c) Double Butterfly, and (d) 2D Folded Torus. The squares on the edges are memory 
channels; the four large shaded boxes illustrate the placement of four 16-core chips above the interposer . 
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Figure 4.5: Perspective and side/ cross-sectional views of (a) 4-to-1 concentration from cores to inter­
poser routers aligned beneath the CPU chips, and (b) 4-to-1 concentration misaligned such that some 
interposer routers are placed "in between" neighboring CPU chips. The cross-sectional view also illus­
trates the flow of example coherence (C) and memory (M) messages. 
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Folded Torus(X) Double Butterfly (X) 

(a) (b) (c) 

Figure 4.6: Example implementations of misaligned interposer NoC topologies: Folded Torus mis­
aligned in the (a) X-dimension only, (b) both X and Y, and (c) a Double Butterfly misaligned in the 
X-dimension. 

concept of a "misaligned" interposer topology. For our concentrated topologies thus far, every four 

CPU cores in a 2x2 grid share an interposer router that was placed in between them, as shown in both 

perspective and side/cross-sectional views in Figure 4.S(a). So for a 4x4 16-core chip, there would be 

four "concentrating" router nodes aligned directly below each quadrant of the CPU chip. 

A misaligned interposer network offsets the location of the interposer routers. Cores on the edge of 

one chip now share a router with cores on the edge of the adjacent chip as shown in Figure 4.S(b). The 
change is subtle but important: with an "aligned" interposer NoC, the key resources shared between 

chip-to-chip coherence and memory traffic are the links crossing the bisection line, as shown in the 

bottom of Figure 4.S(a). If both a memory-bound message (M) and a core-to-core coherence message 

(C) wish to traverse the link, then one must wait as it serializes behind the other. With misaligned 

topologies, the shared resource is now the router. As shown in the bottom of Figure 4.S(b), this simple 
shift allows chip-to-chip and memory traffic to flow through a router simultaneously, thereby reducing 

queuing delays for messages to traverse the network's bisection cut. 
Depending on the topology, interconnect misalignment can be applied in one or both dimensions. 

Figure 4.6(a) shows a Folded Torus misaligned in the X-dimension only, whereas Figure 4.6(b) shows a 

Folded Torus misaligned in both X- and Y-dimensions3. Note that misalignment changes the number of 

nodes in the topology (one fewer column for both examples, and one extra row for the X+Y case). For 
the Double Butterfly, we can only apply misalignment in the X-dimension as shown in Figure 4.6(c) be­

cause misaligning in the Y-dimension would change the number of rows to five, which is not amenable 

to a butterfly organization that typically requires a power-of-two in the number of rows. 

4.3.2 The ButterDonut Topology 

One of the key reasons why both Double Butterfly (DB) and Folded Torus (FT) topologies perform 

better than the CMesh is that they both provide twice the bisection bandwidth. In the end, providing 
more bandwidth tends to help both overall network throughput and latency (by reducing congestion­

related queuing delays). One straightforward way to provide more bisection bandwidth is to add more 

links, but if not done carefully, this can cause the routers to need more ports (higher degree), which 

increases area and power, and can decrease the maximum clock speed of the router. Note that the 
topologies considered thus far (CMesh, DB, FT) all have a maximum router degree of eight for the 

3We do not consider Y-<limension only misalignment as we assume that memory is placed on the east and west sides of the interposer. 
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ButterDonut Misaligned ButterDonut(X) 

(a) (b) 

Figure 4.7: Our proposed ButterDonut Topology: (a) aligned and (b) misaligned topologies combine 
topological elements from both the Double Butterfly and Folded Torus. 

interposer-layer routers (i.e., four links concentrating from the cores on the CPU chip(s), and then four 

links to other routers on the interposer). 
By combining different topological aspects of both DB and FT topologies, we can further increase 

the interposer NoC bisection bandwidth without impacting the routei: complexity. Figure 4.7 shows 

our ButterDonut 4 topology, which is a hybrid of both the Double Butterfly and the Folded Torus. All 

routers have at most four interposer links (in addition to the four links to cores on the CPU layer); this 
is the same as CMesh, DB, and FT. However, as shown in Figure 4.7(a), the ButterDonut has twelve 

links crossing the vertical bisection (as opposed to eight each for DB and FT, and four for CMesh). 
Similar to the DB and FT topologies, the ButterDonut can also be "misaligned" to provide even 

higher throughput across the bisection. An example is shown in Figure 4.7(b). Like the DB, the mis­

alignment technique can only be applied in the X-dimension as the ButterDonut still makes use of the 

Butterfly-like diagonal links that require a power-of-two number of rows. 

4.3.3 Comparing Topologies 

Topologies can be compared via several different metrics. Table 4.1 shows all of the concentrated 

topologies considered along with several key network/ graph properties. The metrics listed corre­

spond only to the interposer's portion of the NoC (e.g., nodes on the CPU chips are not included), 

and the link counts exclude both connections to the CPU cores, as well to the memory channels (this is 

constant across all configurations, with 64 links for the CPUs and 16 for the memory channels). Mis­

aligned topologies are annotated with their misalignment dimension in parenthesis, for example, the 

Folded Torus misaligned in the X-dimension is shown as "FoldedTorus(X)". 

As shown in the earlier figures, misalignment can change the number of nodes (routers) in the 

network. From the perspective of building minimally-active interposers, we want to favour topologies 
that minimize the number of nodes and links to keep the interposer's A,,it as low as possible. At the 

same time, we would like to keep network diameter and average hop count low (to minimize expected 

latencies of requests) while maintaining high bisection bandwidth (for network throughput). Overall, 

the X-misaligned ButterDonut topology has the best properties out of all of the topologies except for 
the link count, for which it is a close second behind DoubleButterfly(X). ButterDonut(X) combines the 

4"Butter" comes from the Butterfly network, and "Donut'' is chosen because they are torus-shaped and delicious. 
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Topology Nodes Links Diameter Avg Hop Bisection Links 

CMesh 24 (6x4) 38 8 3.33 4 

Double Butterfly 24 (6x4) 40 5 2.70 8 

FoldedTorus 24 (6x4) 48 5 2.61 8 

ButterDonut 24 (6x4) 
-c FoldedTorus(X) 
Q) 
C: DoubleButterfly(X) .!:!!> 
ro FoldedTorus(XY) .!!1 
~ ButterDonut(X) 

Table 4.1: Comparison of the different interposer NoC topologies studied in this paper. In the node 
column, n x m in parenthesis indicates the organization of router nodes. Bisection Links are the number 
of links crossing the vertical bisection cut. 

best of all of the other non-ButterDonut topologies, while providing 50% more bisection bandwidth. 

4.3.4 Deadlock Freedom 

The Folded Torus and ButterDonut topologies are susceptible to network-level deadlock due to the 

presence of rings within a dimension (either along the X-axis or the Y-axis) of the topology. Two con­

ventional approaches have been widely employed to avoid deadlock in torus networks: virtual chan­

nels [2] and bubble flow control [48]. Virtual channels (VCs) are separate buffers/queues which share 

the physical link in a router. An escape virtual channel can be used to ensure deadlock freedom. In 

an escape VC, a deadlock-free routing function is used (usually by restricting certain turns). When a 
packet is stuck in the network for a certain period of time (when it is under deadlock), it moves into 

the escape VC which it can use to reach the destination without another chance of deadlocking. In this 

work, we leverage recently proposed flit-level bubble flow control [15, 44] to avoid deadlock in these 

rings. However, with torus-based networks, even by restricting turns, there are rings in a single dimen­

sion which has the potential to form a deadlock cycle. Bubble Flow Control [48] is a flow control protocol 

targeted at these types of networks to mitigate this issue and it does so using just a single virtual chan­

nel. Puente et al. show that for wormhole switching in a torus-based network, each uni-directional ring 

is deadlock-free if there exists at least one worm-bubble located anywhere in the ring after packet injec­

tion. As the ButterDonut topology only has rings in the x-dimension, bubble flow control is applied in 

that dimension only and typical wormhole is applied for packets transiting through the y-dimension5
• 

4.4 Physical implementation 

As discussed in Section 3.2.1, we advocate for a minimally-active interposer. To implement the NoC 

on an active interposer6, we simply place both the NoC links (wires) and the routers (transistors) on 

5 1his discussion treats diagonal links as y-<limension links. For the Folded Torus, bubble flow control must be applied in both dimensions. 
As strict dimension order routing cannot be used in the ButterDonut topology (packets can change from x to y and from y to x dimensions), an 
additional virtual channel is required. We modify the original routing algorithm for the DoubleButterfly networks (24]; routes that double-back 
(head E-W and then W-E on other links) are not possible due to disintegration. Table-based routing based on extended destination tag routing 
coupled with extra VCs maintain deadlock freedom for these topologies. 

6Current publicly-known designs have not implemented an active interposer but we believe there is a strong case for it in the future. 
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Figure 4.8: (a) Implementation of a NoC with routers on both the CPU die and an active interposer, and 
(b) an implementation where all routing logic is on the CPU die, and a passive interposer only provides 
the interconnect wiring for the interposer's portion of the NoC. 

the interposer layer. However, most current implementations use a passive interposer. Figure 4.8(a) 

shows a small example NoC with the interposer layer's partition of the NoC completely implemented 

on the interposer. For the near future, however, it is expected that only passive, device-less interposers 

will be commonly used. Figure 4.8(b) shows an implementation where the active components of the 

router (e.g., buffers, arbiters) are placed on the CPU die, but the NoC links (e.g., 128 bits/direction) 

still utilize the interposer's routing resources. This approach enables the utilization of the interposer's 

metal layers for NoC routing at the cost of some area on the CPU die to implement the NoC's logic 

components.7 Both NoCs in Figure 4.8 are topologically and functionally identical, but have different 

physical organizations to match the capabilities (or lack thereof) of their respective interposers. 

4.4.1 µbump Overheads 

We assume a µbump pitch of 45µm [53]. For a 128-bit bi-directional NoC link, we would need 270 

signals (128 bits for data and 7 bits of side-band control signals in each direction) taking up 0.55mm2 of 

area. For an active interposer, each node on the chip requires one set of vertical interconnects. For each 

16-core chip, this will take up 8.8mm2 of area (from the top metal layer) which amounts to less than 

15% of the CPU chip area. 
For a passive interposer, if the interposer layer is used to implement a mesh of the same size as 

the CPU-layer, each node would need to have four such links (for each N/S/E/W direction). The 

total area overhead for the µbumps for each 16-core chip would be 35.2mm2, or nearly half (58%) of 

our assumed 7.75mm x 7.75mm multi-core processor die. To reduce the µbump area overheads for a 

passive-interposer implementation, we use concentration [6]. Every four nodes in the CPU layer's 
basic mesh are concentrated into a single node of the interposer-layer NoC. Figure 4.5 shows different 

views of this. The side view illustrates the interposer nodes as logically being on the interposer layer 

(for the passive interposer case, the logic and routing are split between the CPU die and the interposer 

as described earlier). Usage of a concentrated topology for the interposer layer provides a reduction 

of the µbump overheads by a factor of four, down to 8.8mm2- the same overhead as with an active 
interposer design. Concentration for the active interposer case does not have any benefit since each 

7 If the "interposer links" are too long and would othetwise require repeaters, the wires can "resurface" back to the active CPU die to be 
repeated. This requires some additional area on the CPU die for the repeaters as well as any corresponding l'bumparea, but this is not significantly 
different than long conventional wires that also need to be broken up into multiple repeated segments. 
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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 looked 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. 

BookSim 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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Common Parameters (all routers) 

VCs 8, 8-flit buffers each 

Pipeline 4 stages 

1GHz 

Mesh, Cmesh, All Folded Tori DOR routing 

All DoubleButterfly variants Extended destionaion tag routing 

ButterDonut variants Table-based routing 

Table 5.1: NoC simulation parameters 

Synthetic Traffic Patterns 

BookSim provides a set of synthetic traffic patterns which can be used to quickly evaluate various 

networks topologies. Some example traffic patterns include: uniform random, permutation, and trans­

pose. Based on the traffic pattern, the injection pattern for each node in the system would be different. 

With uniform random traffic pattern, all nodes will inject to all other nodes at an equal rate. In the case 

of transpose traffic pattern, each node will only communicate with its transpose node and vice versa. 

BookSim synthetic traffic patterns are intended for homogeneous systems. However, in our design, 

the system consists of two types of nodes: CPU/ caches and directories. Directories behave differently 
from the CPU nodes. CPU nodes both inject and reply to requests sent to it whereas directories do not 

initiate any communication by themselves. To cater to this, we modified BookSim to use the Request­

Reply mode and forced the directories nodes to only reply to requests and not initiate communication. 

We can then split the traffic to divide it into coherence traffic (core-to-core) and memory traffic (core­

to-memory /memory-to-core) in a ratio of our choosing. For the results presented in this thesis (unless 
otherwise mentioned), the traffic is split 50-50 between coherence and memory traffic. Other ratios did 

not result in significantly different behaviours. 

5.1.2 SynFull Simulations 

While synthetic workloads may be able to represent some realistic workloads at some points during 

their execution, they do not capture the changing behaviours of real-world applications. The advantage 
that they do have is that the simulation times are very low in comparison to other methods, finishing 

within minutes. While Full-System simulation is the most representative set of experiments that can be 

run, they tend to take a large number of compute hours (ranging from a day to over a week for longer 

workloads). The intermediate solution is to use SynFull [5] Workloads. 

SynFull is a synthetic traffic generation methodology which is able to better represent real appli­

cations. The SynFull workloads are based on 16-core multi-threaded PARSEC [7] applications. The 

models that SynFull provides capture the application and the coherence behaviour and allows for rapid 

evaluation of NoCs (in comparison with Full-System simulations). SynFull is also able to capture the 

changing behaviour of an application during the course of its execution, including bursty traffic. The 
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CPU Configuration 

Chip 4, 16-core chips (64 cores in total) 

Core 2GHz, Out-of-Order, 8-wide, 192-instruction ROB 

Ll Caches 32kB private each for Ll- lnstruction, Ll-Data, 2-way assoc 

L2 Caches 512kB shared, unified, distributed cache, 8-way assoc 

Coherence Protocol Directory-Based MOESI 

Memory Configuration 

Type 4, 3D-Stacked DRAM 

Channels 4-channels per stack 

Data Bus 128-bit 

Bus Speed 1.6GHz 

Table 5.2: Gem5 Configuration for Full-System Simulation 

authors of SynFuil [5] provide their source code as well as an interface with BookSim for a 16-core sys­

tem. We use SynFuil in a multi-programmed environment (with four instances of SynFuil) and interface 

it with BookSim. We use a non-trivial mapping of each of the SynFuil nodes to our network; the four 

instances are interleaved onto the network so that each 16-core chip has four cores from each instance of 

SynFuil. This prevents the localization of a single program on to a single chip (which would eliminate 
chip-to-chip communication). Additionally, we include a simple latency-based memory model for the 

memory controllers. 
As mentioned earlier, the authors provide models for a subset of the PARSEC [7] benchmarks. We 

cluster these benchmarks into one of three categories based on the Per-Node Average Accepted Packet 

Rate (for the entire simulation). We denote these clusters as low, medium, and high groups. The high 

group is likely to stress the network more than the medium group. 

• Low: barnes, blackscholes, bodytrack, cholesky, fluidanimate, lu_cb, raytrace, swaptions, wa­

ter_nsquared, water_spatial 

• Medium: facesim, radiosity, volrend 

• High: fft, lu_ncb, radix 

Since each of these models only simulates a 16-threaded model, we combine four models to obtain a 

multi-programmed workload that makes use of all 64 cores in our system. We interleave the threads 

from the four programs such that each chip has four threads from each program. To obtain each 

combination of four programs, we chose four benchmarks at random from the three groups (L=low, 

M=medium, H=high) to form a number of workloads. We limited the combinations such that each 

workload falls into one of the following sets: L-L-L-L, M-M-L-L, M-M-M-M, H-H-L-L, H-H-M-M. We 

compute the geometric mean for each set and present them in Subsection 5.2.1. 

5.1.3 Full-System Simulations 

Full-System simulators simulate all of the cores, caches, and memory sub-system in addition to the 

network. For our experiments, we use gem5 [9], a cycle-accurate multi-core processor simulator to 

simulate the cores, caches, and memory sub-system. We interface gem5 with BookSim (34] and use 

BookSim as the network simulator. The system configuration is shown in Table 5.2. 

We simulate a 64-core SMP system running the Linux kernel version 2.6.28. Each core has it's own 

private L1 cache and a slice of the shared L2 cache. There are 16 directories in total. The memory 
controllers are co-located with the directories. The cores, caches, and directories are mapped to their 
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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 comer (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. ff 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 µbump to be similar to the link latency of the on-chip network due to the similarity 

in the impedance of the µbump 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.l(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 extra 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 CPU 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.l(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 5.1: Average packet latency for different interposer NoC topologies. The x-axis specifies the 
individual chip size (16 = four 16-core chips, 64 = a single monolithic 64-core chip). Results are grouped 
by (a) aligned and (b) misaligned topologies. Traffic is split 50-50 between coherence and memory, with 
a 0.05 injection rate. 

to see the differences among the curves. The misaligned topologies generally reduce network diam­

eter/hop count, and this is reflected by the lower latencies. The Folded Torus enjoys the greatest re­
ductions in latency from misalignment. For the aligned and misaligned topologies, ButterDonut and 

ButterDonut(X) respectively have the lowest average packet latency for low injection synthetic work­

loads. 

Figure 5.2 shows average packet latency results when the system executes multi-programmed Syn­

Full workloads. The results are for a system consisting of four 16-core CPU chips. The SynFull results 

show a greater difference in the performance between the different topologies as the workloads exercise 

a greater diversity and less uniform set of routes. Across the workloads, the misaligned ButterDonut(X) 

and FT(XY) consistently perform the best. The mesh typically performs the worst since it does not have 

the long links that the concentrated networks benefit from. We also observe that misalignment gener­

ally improves the performance of the network. In some cases, FT(XY) loses performance over FT(X) 

and FoldedTorus. Misalignment in the Y-axis would yield benefits for the coherence traffic. However, 

since the number of directories is still restricted to eight (with four routers) on each side, misaligning 

in the Y-axis adds an extra hop for all nodes in the top and bottom rows of the interposer layer. 

Figure 5.3 shows histograms for several interposer topologies' packet latencies for a system with 

four 16-core chips running uniform random traffic at a 0.05 injection rate. The CMesh suffers from 

both the highest average and highest variance in packet latency .. The other higher-bandwidth solutions 

all have similarly low and tight latency distributions, with the ButterDonut performing the best. The 
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Figure 5.3: Distribution of message latencies (0.05 injection rate) 

low average hop counts of these NoCs keep average latency down, 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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Figure 5.4: Normalized runtime (To Mesh Interposer Network) for full-system simulation with a four 
16-core chips 

Parallelization Data Usage 
Application Application Domain 

Model Granularity 
Working Set 

Sharing Exchange 

blackscholes Financial Analysis data-parallel coarse small low low 

bodyrack Computer Vision data-parallel medium medium high medium 

canneal Engineering unstructured fine unbounded high high 

dedup Enterpise Storage pipeline medium unbounded high high 

ferret Similarity Search pipeline medium unboundedl high high 

x264 Media Processing pipeline coarse medium high high 

Table 5.3: Characteristics of the PARSEC benchmarks used in this study [8] 

locks or barriers. Thus, we see around 10% improvement over the baseline when using concentration 

but little variability across the different topology. Dedup, ferret, and x264 are more memory intensive 

workloads. These kernels have a pipelined programming model to parallelize the application. They 
also have high data sharing and exchange and a large number· of locks and waits (on condition vari­

ables) [8]. Due to this, we see large improvements with the FoldedTorus and the ButterDonut. We also 

see that misalignment improves the system performance in many cases. In some cases, we notice a 

performance drop (which we did not observe with synthetic workloads or SynFull workloads). This is 

likely due to the way we allocated the threads for the full-system applications. Since we started allocat­
ing threads from the north-west comer, the master thread inevitably gets allocated to the comer node. 

Misalignment, on general, improves performance but has a negative effect on some nodes (including 

the nodes on the edge, especially the ones on the comer). We believe that we would see improved 

performance with a random or a smart thread-to-core allocation mechanism. 

5.2.2 Load vs. Latency Analysis 

The SynFull simulations hint at the impact of network load on the performance of the NoC. Because 

SynFull is designed to mimic the actual injection rates and patterns of real applications, it is difficult 
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Figure 5.5: Latency and saturation throughput for (a) conventional NoC topologies and (b) misaligned 
topologies. 

to use it to arbitrarily sweep a range of traffic loads. To generate latency-load plots, we revert back 

to synthetic uniform random traffic (50-50 coherence and memory). We evaluate a system with four 

16-core chips. Figure 5.S(a) and (b) show the latency-load curves for the same topologies shown earlier 

in Figure 5.1. For the aligned topologies, the CMesh quickly saturates as its four links crossing the 

bisection of the chip quickly become a bottleneck. The remaining topologies maintain consistently low 

latencies up until they hit saturation. The misaligned topologies generally follow the same trends, 
although Ff(XY) shows a substantially higher saturation bandwidth. The reason is that the Butterfly­

derived topologies are optimized for east-west traffic to route memory traffic, and as a result are slightly 

imbalanced. Looking back at Figure 4.7, ButterDonut has 12 links across the east-west bisection, but 

only eight links going across the north-south cut. Ff(XY) on the other hand has ten links across both 

bisections, and scales out better. The cost (see Table 4.1) is that Ff(XY) has 25% more router nodes and 

39% more links than ButterDonut, which can impact the yield of the minimally-active interposer. 

Figure 5.6 further breaks down the load-latency curves into (a) memory traffic only, and (b) cache 

coherence traffic only. The results are fairly similar across the two traffic types, with the memory traffic 

having a slightly larger spread in average latencies due to the higher diversity in path lengths (memory 

requests always have to travel farther to the edges). The plots come from the same set of experiments, 

and therefore the saturation onset occurs at the same point in both graphs. 

In general, from standard topologies to their misaligned variants, latency decreases and saturation 

throughput improves. Saturation throughput improvements come from taking pressure off of the east­
west bisection links in the aligned topologies. Latency reductions come from shorter hop counts in 

these networks. 
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Figure 5.6: Latency and saturation throughput separated into (a) only memory messages, and (b) only 
core-to-core coherence messages. 

5.2.3 Routing Protocols 

We discussed two types of routing protocols to control the fl.ow of traffic between the interposer net­
work and the on-chip network in Section 4.2. Due to the long computation time of Full-System and 

SynFull workloads, we evaluated the two protocols using BookSim with synthetic traffic (50-50 coher­

ence and memory). 
Figure 5.7(a) and (b) show the side-by-side results for interposer first routing and minimal inter­

poser routing. We can observe that with minimal interposer routing, the saturation point for various 

topologies are higher than those with interposer first routing. However, before saturation, the aver­
age packet latency is typically lower for interposer first routing. With minimal-interposer routing, the 

coherence traffic resides on chip and uses the interposer only for edge-to-edge routing, leading to the 

higher saturation point. However, with minimal-interposer routing, since the coherence traffic does 

not make use of the low-latency, long interposer links, the average network latency is higher. On the 

other hand, with interposer first routing, the interposer network is more stressed since it caters to 3 / 4 

of the coherence traffic and all of the memory traffic. Thus, it tends to reach saturation a little earlier. 

Since interposer first routing provides a better performing network on average, we used interposer first 

routing for most of our experiments. 

5.2.4 Power and Area Modelling 

We use DSENI' (55] as described below to estimate frequency, area, and power for the different topolo­

gies for the entire network (both the on chip network and the interposer network). We assume all NoC 
topologies are clocked at 1GHz. All links, routers (including input buffers, ports, crossbar), and router 

placement are modelled faithfully. Long links needed by some topologies are properly repeated (in 

DSENT) in order to meet timing. If the interposer is built using an older process technology, there 

would be variations in the capacitance (of the wires) per unit length. However, since the process nodes 

that we are assuming (22nm vs 45nm) for the interposer and the chips are relatively close as compared 

to other cases (such as Vrrtex-7 (50]}, the variation would not be significant. We are also running the 
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Figure 5.7: Routing Protocols (a) Interposer First Routing, and (b) Minimal Interposer Routing 

-5; 1.2 
Cl,J 

:!! 1.0 
0 
~ 0.8 

Cl,J 
~ 0.6 
Ill 
E 0.4 .. 
0 z 0.2 

0.0 
Dynamic Power Global Wire Area 

DCMesh 
---11---- --------l D Folded Torus 

D Folded Torus (X) 
-----Jl-------------1 D Folded Torus (XV) 

■ DBFly 
O DBFly (X) 

- _ Ill ButterDonut 
D ButterDonut (X) 

Active Area 

Figure 5.8: Power and area results in 45nm normalized to mesh 

running at a relatively slower speed (at 1GHz) w:ttlch is well supported by both of the process nodes. 

All of our configurations assume an appropriately sized mesh on the core dies (e.g., a 16-core chip 

uses a local 4 x 4 mesh). All interposer networks use 4-to-1 concentration except for the mesh. There are 

two DRAM stacks on each of the two sides of the interposer. Each DRAM stack provides four indepen­

dent memory channels, for a system-wide total of 16 channels. Each DRAM channel consists of a 128-bit 

data bus operating at 1.6GHz. DRAM-specific timing (e.g., bank conflicts, refresh) are modelled. The 

interposer network dimensions include the end-nodes that interface with the DRAM memory channels. 

Results are collected using a 45nm bulk/SOI low-Vt process node with 3.4mm2 cores, with a worst-case 

CPU-layer core-to-core link length of 2.0mm (1.6mm CPU width, plus 0.4mm for 1tbump area). The fre­

quency was swept to determine the maximum operating point for each topology. Long link lengths 

are faithfully modelled across each topology. 1tbump power was computed using the activity factors 

measured from simulation, a system voltage of 0.9V, and a 1tbump capacitance of 0.7fF [29]. We also 

check if we are able to meeting the timing requirements using DSENT. 

In Figure 5.8, we show power and area results normalized to a mesh for each topology. This con­

siders only the network power and area but includes the network on each of the chips, the interposer 

network, and the 1tbumps. We show three metrics: dynamic power (total dynamic power consumed by 
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Peak Operating Frequency Topologies 

2.5 GHz ButterDonut*, FT(X), FT(XY) 

2.75 GHz DBFly* 
3.0 GHz Mesh, Cmesh*, FT 

Table 5.4: Peak Network Operating Frequency as Reported by DSENT. "*" represents a topology and 
all of its misalignments. 

the network), global wire area (the total wiring area used on all four chips and the interposer), and ac­

tive area (area required to implement all the routers). Longer links for some topologies (e.g., FT(XY), DB 

and ButterDonut) lead to increased global wiring area; however increases are minor and do not exhaust 

the routing budget of the interposer. Likewise, longer links will consume more dynamic power (due 

to the presence of more repeaters); however the absolute power consumed by these topologies is small 

and will have a negligible impact on the overall thermals of the system. We obtain clock frequencies for 

all of the topologies. DSENT reports reduced clock frequency for all topologies with longer links. This 

is shown in Table 5.4. ButterDonut has the lowest operating frequency due to long links. However, 

it can still be clocked at 2.5GHz which is more than sufficient to saturate the DRAM bandwidth. The 

power results assume 1GHz frequency for all topologies. 

Using the network power results (from DSENT) and the full system results, we can look at the 

overall change in energy utilization during a run of an application. We observe 1 % improvement in the 

network energy for ButterDonut and 7% improvement for ButterDonut(X). 

5.2.5 Combining Cost and Performance 

Higher levels of disintegration (smaller chips) result in lower overall cost based on our analysis from 
Section 3.1.1 due to better yields and more chips per wafer. The smaller chips decrease interconnect per­

formance due to fragmentation of the NoC, but the finer-grained binning also increases average CPU 

clock speeds. To put it all together, we consider two figures of merit (FOM) based on cost and perfor­

mance, or "delay". The delay/ performance metric that we use is the average network latency adjusted 

by the average dock-speed improvement due to binning (Monte Carlo simulations were repeated for 

all chips sizes considered). 

For performance, we assume that only 30% of performance is impacted by the CPU frequency while 
the NoC frequency remains unchanged and that only 20% of the system performance is affected by the 

NoC performance (in terms of the average packet latency for each network). With these simplified as­

sumptions, we compute the performance improvement due to CPU frequency (from our speed binning 

results in Section 3.1.1) and due to gains from the NoC using average packet latency improvements 

over the baseline (with uniform random synthetic traffic divided into 50% coherence traffic and 50% 

memory traffic). The cost metric is the cost per 64-core system (considering yield and chips per wafer). 
As we are only comparing interposer-based systems, the cost of the interposer is not factored into the 

cost metric. Both delay and cost are normalized against the monolithic 64-core. 

The first, FOMx, is the product of delay and cost, which gives both factors similar influence. The 

second, FOM", is delay<:0s1, which provides a greater emphasis on performance. The rationale for the 

performance-heavy FOM is that for high-end servers, even relatively small performance differentia­

tions at the high-end can translate into substantially higher selling prices and margins. 
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Figure 5.9: Figures of Merit based on (a) delayx cost and (b) delayC0s1
. The x-axis specifies the number 

of core per chip (64=monolithic). 

Figure 5.9(a) and (b) show FOMx and FOM'\ respectively. For the cost-delay product (FOMx ), even 

though higher levels of disintegration cause average NoC performance to degrade, these are more than 

offset by the cost benefits combined with CPU frequency improvements. The exponential FOM" tells 

a more interesting story. For a basic Mesh on the interposer, the performance loss due to disintegration 
actually hurts more than the cost reductions help until one gets down to using 8-core chips or smaller. 

The CMesh provides an initial benefit with two 32-core chips, but the lower bisection bandwidth of 

the CMesh is too much of a drag on performance, and further disintegration is unhelpful. The FOM" 

results show that the remaining topologies are effectively able to ward off the performance degrada­

tions of the fragmented NoC sufficiently well that the combination of binning-based improvements and 

continued cost reductions allow more aggressive levels of disintegration. 
With different FOMs, the exact trade-off points will shift, but FOM" in particular illustrates that 

simple disintegration (using Mesh, CMesh) alone may not be sufficient to provide a compelling solution 
for both cost and performance. However, interposer-based disintegration appears promising when 

coupled with an appropriate redesign of the interposer NoC topology. 

5.2.6 Clocking Across Chips 

The NoCs span multiple die and the interposer. Thus far we have modelled a fully-synchronous NoC 

where all nodes on all chips are clocked together. Considering die-to-interposer and die-to-die para­

metric variations and the possibility of implementing the interposer and individual chips in different 

technology generations, trying to build a high-speed, low-skew, low-jitter global clock tree across mul­

tiple chips and the interposer is likely to be very challenging. While it makes sense to run each chip's 

portion of the NoC at the same clock speed (otherwise the slowest portion will likely become a bottle­

neck), from a physical-design perspective it is easier to clock chips independently. Thus, each chip's 

NoC portion operates in its own local timing domain, thereby requiring domain-crossing synchroniz­

ing FIFOs when going from CPU chip to interposer, and vice versa. ff all domains operate at roughly 
the same frequency, the domain-crossing FIFOs may be relatively low latency (consisting of phase-
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detection logic and some registers). If each portion runs at arbitrary clock speeds, then higher-latency 

synchronizers may be needed. 

We repeated some of our experiments where each crossing from a CPU chip to the interposer, and 
back, must incur an additional 1 to 5 cycles for the FIFOs to synchronize between clock domains. Fig­
ure 5.10 shows the average latency for uniform random traffic on a four 16-core configuration. The ad­

ditional latency affects all of the topologies in a uniform manner, effectively offsetting the performance 
in proportion to the penalty of crossing timing domains. This shifts the trade-off point in terms of how 
aggressively one can/should disintegrate a large chip. The higher degree of disintegration (smaller 
chips) increases the amount of traffic that goes chip-to-chip. Referring back to Figure 5.1, going from 
a monolithic chip to four 16-core chips decreases average packet latency by about 5 cycles. From Fig­
ure 5.10, this would suggest that a domain-crossing FIFO latency of 3-4 cycles would be tolerable to 

maintain the same performance levels as the original monolithic chip. 

5.2.7 Non-disintegrated Interposer NoCs 

The topologies that we proposed in this thesis are intended for use with a disintegrated system. We 
tested the effects of using them on a monolithic chip with 3D-DRAM memory stacks on the interposer. 
Figure 5.11 shows the results of this study. For the memory traffic in Figure 5.ll{a), the results show 
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Figure 5.11: Load-latency curves for a monolithic 64-core chip stacked on the interposer, with traffic 
separated into (a) memory-only and (b) coherence-only traffic. 
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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 multi-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]. Titls flexibility leads to a high A crit 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. 

Our 2.5D NoCs bear some similarity to 3D die stacked NoCs [38, 42, 47, 62]. These NoCs are typ­

ically identical across all layers 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 et 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]. Ttlera [59] has also taken this approach and separated traffic associated with coherence, 

memory traffic, 1/0, 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 to 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

titioned across these networks uniformly or functionally. We take a functional partitioning approach. 

41 
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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 

43 
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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 a monolithic design. 
llitimately, 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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