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Preface

By the development of semiconductor technology, we can combine various IP cores such as pro-
cessors, caches, and I/O modules on a chip. To connect a large number of cores, Network-on-Chip
(NoC) that introduces a packet switched network has been widely studied. NoCs have been utilized
in cost-effective embedded devices. Such applications often demand very tight design constraints in
terms of cost and performance; thus the silicon budget available for their on-chip network should be
modest.

Due to the increasing design cost of custom System-on-Chips (SoCs) in recent process technolo-
gies, System-in- Packages (SiPs) or 3D ICs that can select and stack necessary known-good-dies in
response to given application requirements have become one of hopeful design choices. The three-
dimensional Network-on-Chip (3D NoC) also becomes an emerging research topic. The 3D NoC
architecture has been extensively studied in terms of its network topology, router architecture, and
routing strategy.

We pay more attention to inductive coupling among variety 3D interconnection technology, be-
cause we believe it provides the flexibility to build the target 3D ICs by adding, removing, and
swapping chips in a package after the chips have been fabricated, like building blocks.

However, two issues emerge: considerable huge power consumption and routing scheme for
topology-agnostic characteristic. Only a few inductor can be embedded on the chip, because the
total power consumption will be unacceptable. This issue effects the scale of wireless 3D NoC. For
the routing scheme, the previous works never involve this issue for inductive coupling based wireless
3D NoC. The above problems must be solved, otherwise the inductive coupling based wireless 3D
NoC will not be competitive.

For the above aim, this thesis explores an effective low power technology for ring and irregular
based networks, respectively. The vertical links can be dynamically shut down according to the
run-time vertical link utilization. Two suitable routing schemes for topology-agnostic wireless 3D
NoC are also proposed that enable the chip could be replaced or removed after fabrification. The
first one collects topology information at the chip boot stage. The topology will be considered as
irregular topology. Up*/Down* routing is used for transferring packets; Then second one identifies
mesh topology from the whole network which is considered as irregualr topology by the first routing
scheme, automatically. It uses dimension ordered routing in the extracted mesh structure as far as

possible. Other parts of the network is treated as an irregular network and Up*/Down* routing is



ii

applied. These above technologies can enhance the competence of inductive coupling based wireless
3D NoC.

Finally, we summarize our proposed methods, utilizing the on/off vertical link technique for
saving power and employing improved Up*/Down* routing and mixed routing as routing scheme.
Based on the above, we discuss how the current work could be explored further in order to develop

power efficient wireless 3D NoC.
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Chapter 1

Introduction

1.1 Background

As the CMOS technology improves, the number of intellectual property (IP) cores integrated on
a System-on-Chip (SoC) has been steadily increased. As reported in [1], for example, as many as
1,024 functional blocks, each of which consists of a MIPS-like processor and a cache memory, will be
implementable on a single chip with a 35nm technology. Therefore, future on-chip interconnection
networks will deal with many IP cores on a single chip, and they would be limiting factors for
performance, area, and power consumption of the chip.

To avoid both bandwidth and wire-delay bottlenecks which on-chip bus structures create, on-chip
switch-media networks called Networks-on-Chips (NoCs) have been studied as on-chip interconnects
for the next generation [2-5]. Figure 1.1 shows an example NoC that consists of sixteen tiles each
of which has a processing core and a router. NoC architectures are similar to those used in parallel
computers and System Area Networks (SANs) [6,7]. In these networks, source nodes (i.e., cores)
generate packets that consist of a header and a payload data. Then on-chip routers transfer them
through connected links, and destination nodes decompose them.

Regardless of the network on chip being used, there are four common aspects that must be con-
sidered in the design of any interconnection network. The first three aspects deal with high-level

network issues of an interconnection network.
Router - The router architecture defines how the components are organized,

Topology - Topology is the roadmap of the network and defines how the channels and routers are

connected.

Routing - Given the topology of an interconnection network, routing determines which path a
packet takes from the source to its destination. An efficient routing algorithm is critical for approach-

ing the performance bounds of the topology and load-balance the topology on adversarial traffic
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Figure 1.1: Network-on-Chip

patterns. The simplest and most popular deterministic routing widely used in off-chip and on-chip
interconnection networks is dimension-order routing (DOR) [8-13]. Up*/down* routing [14] has
been widely used to avoid deadlocks in SANs with arbitrary topologies using neither virtual chan-

nels nor buffers.

Low power technology - In order to reduce the increasing power consumed in interconnection
networks, various system level power management techniques have been proposed. Soteriou and
Peh [15] explored the design space of on/off interconnection network based on a dynamic power
management technique where network links can be turn on/off in response to bursts and dips in traffic
with a distribute style. [16] presented a variable frequency link for a power-aware interconnection
network using the clock boosting mechanism, and applied a dynamic frequency scaling (DFS) to
a 2D NoC in order to judiciously adjust link frequency based on link utilization. Power gating
techniques have been applied to on chip routers [17, 18] so that standby power consumption can be
reduced.

Nowadays, due to the increase of design cost of custom System-on-Chips (SoCs) in recent pro-
cess technologies, System-in-Packages (SiPs) or 3D ICs that can select and stack necessary known-
good-dies in response to given application requirements have become one of hopeful design choices.
Various interconnection techniques have been developed to connect multiple chips in a 3D IC pack-
age: wire-bonding, micro-bump [19, 20], wireless (e.g., capacitive- and inductive-coupling) [21-24]
between stacked dies, and through-silicon via (TSV) [21,25] between stacked wafers. Many recent
studies on 3D IC architectures focus on the TSV and micro-bump that offers the largest interconnect
density. On the other hand, as another 3D integration technique, the inductive coupling can connect
more than two known-good-dies without wire connections. We believe the inductvie coupling is

very hoeful, and can be popularized in the future. This is because inductive coupling provides a large
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degree of flexibility to build the target 3D ICs, such as adding, removing, and swapping the chips in
a package after the chip fabrication, like building blocks.

The three-dimensional Network-on-Chip (3D NoC) [26] is another emerging research topic. 3D
ICs stack several smaller wafers or dies in order to reduce the wire length and wire delay, and the
3D NoC architecture has been extensively studied in terms of its network topology [27-29], router
architecture [30-32], and routing strategy [33]. In this thesis, the inductive coupling is considered
for 3D NoC where the number of processor chips and cache chips in the same package can be cus-
tomized for a given application set. That is, if the application set requires more cache capacity or
bandwidth, we can add more cache chips to satisfy such a demand. If the target application set has
more thread-level parallelism, we can add more processor chips to improve the performance. Tradi-
tional wired 2D NoCs are used as intra-chip networks, while the inter-chip communication is based
on wireless inductive-coupling in wireless 3D NoC. Since the wireless 3D CMP is a collection of
various chips coming from different vendors (e.g., memory, processor, and GPU), we cannot expect
any pre-determined network topology for each intra-chip communication; this makes it difficult to

establish deadlock-free routing paths in such ad-hoc 3D CMPs.

1.2 Objective

The objective of this thesis is to study power saving and latency reduction routing for wireless 3D
NoCs. The study is based on the viewpoints of low power and low latency for inductive coupling
based wireless 3D NoC. To achieve this goal, the issue of reducing power consumption and routing
schemes of the wireless 3D NoC are studied.

In the issue of power consumption, the goal is to reduce the power consumption of the wire-
less 3D NoC. Although the inductive coupling itself is energy-efficient (e.g., 0.14pJ per bit [23]),
inductors continuously consume a certain amount of power, regardless of packet transfers. That is,
inductors waste significant power, especially when the utilization of vertical links (i.e., inductors) is
low, which is a typical use case of 3D ICs, in which most communications are within a chip while
the communications between chips are not frequent. Although our wireless communication part of
Cube-0 prototype can be applied to various applications, our first targets are embedded systems. Un-
like the systems with powerful processors and a large mount of cache, the power consumption of
wireless links will occupy a significant portion of a total power and should be minimized for embed-
ded applications. Our objective is to find a suitable and effective low power technology. Dynamic
on/off link control method is a hopeful candidate.

For the ring-based wireless 3D NoC, routing scheme has been proposed by [34]. However, the
previous works have not proposed any routing scheme for inductive coupling based wireless 3D NoC
with irregular topology. The wireless 3D NoC architecture is completely different from conventional
2D and 3D NoCs since its hardware components can be customized for given requirements after the

chip fabrication. The packet routing protocol for the wireless 3D CMPs is completely different from



conventional 3D NoCs, since the number of nodes, the network topology, and network resources in a
package cannot be expected to be known at the design time of the chips. So topology-agnostic rout-
ing algorithm (e.g. Up*/Down* routing) can be introduced here. However, only topology-agnostic
touting algorithm is not enough. Since it ignores topological regularity of the vertical dimension of
such chips when attempting path search, we need to enhance the simple topology-agnostic by tak-
ing topological regularity. In addition, we need to check if the power consumption can be further

optimized by using the routing algorithm.

1.3 Contributions

In this thesis, we provide seven design options in order to reduce power consumption of inductive
coupling based wireless 3D NoC and develop suitable routing scheme for wireless 3D NoC. Our
main contributions can be highlighted as follows.

As NoC low power technology exploration, we introduce the following three topics:

1) We simulate and analyze the power consumption of inductive link (vertical link), on-chip
router, and on-chip test core. It’s necessary to reduce the power consumption of the wireless 3D on
chip NoC.

2) We propose a novel dynamic on/off verical link method including two low power modes. The
corresponding wake up routing scheme and control logic are also proposed.

3) We apply the proposed method to three kinds ring-based network and irregular-based network.
Then we evaluate the proposed method in terms of power saving and variety overheads.

As wireless 3D NoC routing scheme exploration, we introduce the following three topics:

4) We design an improved deadlock-free routing scheme for wireless 3D NoC by utilizing the
regularity in irregular network. To optimize routing paths to topological structure of each chip, we
classify two-surface NoC of each chip into is 2D mesh and irregular structure. In mesh topologies,
X-Y-Z routing is used for well traffic distribution, whereas Up*/Down* routing is applied for reduced
path hops in irregular topologies.

5) A mesh recognition algorithm is proposed to find mesh structure as much as possible.

6) A routing switching algorithm is proposed to switch from Up*/Down* routing to X-Y-Z rout-
ing, and vice versa.

The proposed schemes are evaluated in terms of hop counts and application performance.

1.4 Thesis Organization

The thesis is organized as follows, and the thesis organization is illustrated in Figure 1.2. Chapter
1 explains brief overview of NoC, 3D IC, 3D NoC as well as wireless 3D NoC. Thesis objectives
and contributions are also highlighted. Chapter 2 gives an overview about NoC. Conventional 2D

NoC and relative issues are discussed and examples are given. Chapter 3 surveys 3D IC and 3D
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NoC, especially inductive coupling based wireless 3D NoC. Then, a real wireless 3D NoC chip is
introduced including chip architecture and structure of inductive link. Chapter 4 and 5 studies a novel
low power technology for wireless 3D NoC by on/off vertical link dynamically. This technology
is applied to ring and irregular networks. Evaluations are given and discussed in terms of power
saving and overheads. Chapter 6 studies routing schemes for ring-based and irregular based wireless
3D NoC as well as an improved routing scheme. Performance and Power saving evaluations also
are presented and analyzed. Finally, Chapter 7 summarizes and discusses the above studies, future

directions are given and then concludes this thesis.



Chapter 2

Network on Chip Technology

In this chapter, we will survey the network on chip technology in the aspects of router architecture,
network topology and packet routing schemes and low power technologies for on chip networks.
Finally, we will introduce some real tile architectures.

Network-On-Chip (NoC) has been proposed as a promising replacement for buses and dedicated
interconnections. Dally et.al. in [2] advocated the routing of packets rather than the routing of wires
for on-chip networks. As shown in Figure 2.1, a chip employing an on-chip network is composed
of a number of network clients: processors, DSPs, memories, peripheral controllers, gateways to
networks on other chips, and custom logic. These top-level modules are connected to a network that
routes packets between them instead of connecting them by routing dedicated wires.

Benini et.al. in [35] proposed NoC to be a new SoC paradigm. SoCs has been viewed as a mi-
cronetwork of components. The network is an abstraction of the communication among components.
Figure 2.2 shows the protocol stack from which the micronetwork stack paradigm can be adopted, to

abstract the electrical, logic, and functional properties.

2.1 Switching Technique

In the cases of switch-media networks, packets are transferred to their destination through multiple
routers along the routing path in hop-by-hop manner. Each router forwards an incoming packet to the
next router until the packet gets the final destination. The packet switching techniques decide when
the router forwards the incoming packet to the neighboring router. They can be classified into three
techniques: store-and-forward switching, wormhole switching, and virtual cut-through switching.

They affect the network performance and buffer size needed for each router.

2) Wormhole (WH) Switching The most common switching technique used in NoCs is WH
switching, in which each router stores only fractions of a packet (i.e., flit(s)) in its small buffer, and
then it forwards the fractions to the next node. Since each router can forward flits of a packet before

receiving the entire packet, these flits are often stored across multiple routers along the routing path.
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Their movement much looks like a worm. WH switching requires small buffers for each router so
as to at least store a single flit in each hop, resulting in a light-weight router implementation. In
addition, WH switching has advantages in the communication latency compared to SAF switching,
since the maximum number of cycles required to transfer a packet is Fh X D + Fb, which is much
smaller than that of SAF switching when D and/or Fb become large. Therefore, WH switching is
widely used in NoCs [9,35-37]

Again, fractions of a packet can be stored across different nodes along the routing path; so the
single packet often keeps occupying buffers in multiple routers along the path when the header of
the packet cannot progress due to the conflictions. Such situation is referred to as “Head-of-Line
(HoL) blocking”. The occupied buffers due to HoL blockings prevents other packet transfers that
go through these lines. The problem of WH switching is the performance degradation due to the

frequent HoL blockings.

3) WH Switching with Virtual Channels To equip multiple buffers in a single physical channel
is the most common way to reduce the HoL blockings of WH switching. In this case, each of
multiplexed buffers in a physical channel acts as a “virtual” channel [38], and incoming packets
would progress if more than one virtual channels in a physical channel are not occupied. Therefore,
the occurrence of HoL blockings will be reduced as the number of virtual channels multiplexed in a

physical channel increases.
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Figure 2.2: Protocol stack for NoC

2.2 Router Architecture

The router architecture has been studied for several decades for off-chip interconnects, and various ar-
chitectural innovations of routers such as wormhole switching, pipelined packet transfer, and virtual
channel mechanism were developed in 1980s and 90s. Although early NoCs simply have imported
these architectures for on-chip purposes, various unique techniques intended to on-chip purposes are

recently proposed [39—41].

General discussion about router architectures is provided in [6,7,42].

2.2.1 Router Components

We introduce a cost and speed model for wormhole routers here. This router consists of a routing
computation unit, a virtual channel allocator, a switch allocator, a crossbar switch, and five input
physical channels. Each physical channel has two virtual channels. A block diagram of the baseline

virtual channel router architecture is shown in Figure 2.3.

e Physical Channel Each physical channel consists of up to four virtual channels, each of which
has a FIFO buffer for storing four 64-bit flits. These FIFO buffers can be implemented with
either SRAMs or registers, depending on the depth of the buffers, not the width. We assume
that buffers should be implemented with SRAM macros if their depths are more than 32.

¢ Routing Computation Unit Routing computation unit is used to perform routing logic that
determines the output port for the packet. The unit is usually very simple, because routing
decisions are stored in the header flit prior to packet injection; thus routing tables that require

register files for storing routing paths were not needed.
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Figure 2.3: Baseline virtual channel router

o Virtual Channel Allocator Virtual channel allocator is used to allocate an unused target vir-
tual channel when a packet arrives. Once more than one packet request the same virtual chan-

nel, the virtual channel allocator must arbitrate which packet wins the virtual channel.

e Switch Allocator The arbitration module takes the requested output and the switch status as
inputs and generates switch connections. Simple arbitration algorithms implemented with log

depth circuits are assumed.

e Crossbar Switch Most routers use a tree of gates, thus crossbar size grows as the product of
the number of inputs and outputs. A virtual-channel design sometimes employs a pv X pv full
crossbar, where p is the number of physical channels and v is the number of virtual channels.
However, the crossbar complexity is significantly increased with the pv X pv crossbar, and its
performance improvement will be limited because the data rate out of each input port is limited
by its bandwidth [38].
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2.2.2 Router Pipeline

Like the logic pipeline stages of a typical processor: instruction fetch, decode, execute, memory and
writeback, these are logical stages that will fit into a physical pipeline depending on the actual clock
frequency. Once a header flit arriving at an input port, input buffer store the arriving data. Then the
pipeline starts to transfer packets. Body and tail flit follows a similar pipeline except tht thay do not
go through RC and VA stages, instead inheriting the route and the virtual channel allocated by the
header flit. The tail flit, on leaving the router, deallocates the virtual channel reversed by the header

flit. The progression of a packet through the router can be defined as 4 steps:

1. Router Computation (RC)

Based on information stored in the header flit, the output port of the packet is selected.

2. Virtual-channel Allocation (VA)

The header flit then arbitrates for a virtual channel corresponding to its output port in this stage.
A packet must gain exclusive access to downstream virtual channel associated with the output
port from route computation. Once these per-packet steps are completed, per-flit scheduling of

the packet can begin.

3. Switch allocation (SA) Upon successfully allocation of a virtual channel, the header flit pro-
ceeds to switch allocation stage where it arbitrates for the switch input and output ports. If

there is a free buffer in its output virtual channel, a flit can vie for access to the crossbar.

4. Switch Traversal (ST) On winning the output port, the flit is then read from the buffer to its

output. Then the flit is passed to the downstream router.

This process is done in pipeline way, as shown in Figure 2.4.

Cycle 1 2 3 4 5 6
Head Filt RC VA Sa ST
Body Filt SA ST
Tail Filt SA ST

Figure 2.4: Example pipeline of flits through the baseline router.
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Figure 2.5: Typical direct networks and their two-dimensional layout

2.3 Network Topology

Network topology refers to the static arrangement of channels and nodes in an interconnection net-
work, which means the path along which packets travel.

The most visible classification of network topology is based on the regularity of the connection
pattern. In a regular topology, routers and cores are connected based on a certain pattern that can be
represented mathematically by a set of functions. Otherwise it is referred to as irregular topology.

Regular topologies can be further divided into direct networks and indirect networks. A direct
network consists of directly interconnected nodes, each of which has a processing core, a router, and
a network interface. On the other hand, the router and core are separated in the case of an indirect

network.

2.3.1 Regular Topology

In this section, we introduce some typical regular network topologies including direct networks and
indirect networks.

They have different numbers of routers, different link lengths, and different numbers of ports
per router, all of which affect throughput, amount of hardware for network resources, and energy
consumption; thus a network topology should be carefully selected so as to meet the requirements of

the target application.

2.3.1.1 Direct Networks

1. 2D Mesh Two-dimensional mesh has been employed as a typical on-chip interconnect be-
cause their grid-based regular arrangement is intuitively considered to be matched to the two-
dimensional VLSI layout. It can be generalized as k-ary n-mesh, where k is the number of
nodes in a dimension (i.e., array size) and »n is the number of dimensions. Although its node

degree is five if n = 2, those of edge nodes and corner nodes are four and three, resulting in a
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non-uniform structure. The best merit of 2D-mesh is scalability, and it provides uniform length

of wires. Mesh topology is shown in Figure 2.5(a).

2. 2D Torus Figure 2.5(b) shows a two-dimensional mesh that is the most popularly used topol-
ogy in NoCs. Two-dimensional torus topology has wrap-around channels that connect nodes
in top edge and bottom edge or nodes in left edge and right edge. Since all nodes in a torus
have five ports, torus is a symmetric topology. Unlike 2D-mesh that does not have wrap-
around channels, a 2D-torus has twice bisection bandwidth of a same-sized 2D-mesh due to

its wrap-around channels. Torus topologies can also be generalized as k-ary n-cube.

3. 2D Ring Mesh and torus networks can be described as k-ary n-cube. For instance, a 4 x 4
mesh or torus is a 4-ary 2-cube with 16 nodes. In each dimension, k£ nodes are connected with
channels to their nearest neighbors. Thus, ring networks fall into the torus family of networks

topologies as k-ary 1-cubes.

2.3.1.2 Indirect Networks

One of the most popular indirect network tree-based netowork. Tree-based topologies are also known
as a hierarchical topologies. The type of network topology in which a central root node (the top level
of the hierarchy) is connected to one or more other nodes that are one level lower in the hierarchy
(i.e., the second level) with a point-to-point link between each of the second level nodes and the top
level central root node, while each of the second level nodes that are connected to the top level central
root node will also have one or more other nodes that are one level lower in the hierarchy (i.e., the
third level) connected to it, also with a point-to-point link, the top level central root node being the
only node that has no other node above it in the hierarchy.

And the most popular tree-based network is Fat-Tree. To mitigate the congestion around the root
of the tree, Fat-Tree enhances the number of connections toward the root [43]. As stylized in [43,44],
various forms of Fat-Tree can be created, and they can be expressed with a triple (p, g, ¢), where p is
the number of upward connections, ¢ is the number of downward connections, and ¢ is the number
of upward connections that each core has.

Figure 2.6(a) shows a typical Fat Tree (1,4,1), in which each router (except for top-rank routers)
has one upward and four downward connections, and each core has one upward connections. This
architecture is employed in CM-5 [45]. On the other hand, Figure 2.6(b) shows a more reasonable
one labeled with (2,4,1), which means every core has only one upward connection and it is used
in [46].

2.4 Packet Routing

In this section, we briefly discuss various classes of routing algorithms.
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Figure 2.6: Typical indirect networks and their two-dimensional layout

Routing is the process during which data packets are forwarded from one node to another on a
network until they reach their destinations. In this section some deadlock-free routing algorithm are

introduced. Routing algorithms are generally divided into deterministic and adaptive.

2.4.1 Dimension-Order Routing

While numerous routing algorithms have been proposed, the most commonly used routing algorithm
in on chip networks is dimension -ordering routing (DOR) due to the simplicity. DOR is an example
pf a deterministic routing algorithm.

With DOR, a packet traverses the network dimension by dimension, reaching the ordinate match-
ing its destination before switching to the next dimesion. In a 2D network such as mesh, X-Y
dimension-ordered routing sends packets along the X-dimension first, followed by the Y-dimension .
For example, as shown in Figure 2.7 packet travelling from (0, 2) to (2, 1) will first traverse two hops
along the X-dimension, arriving at (2, 2), before traversing three hops along the Y-dimension to its

destination.

2.4.2 Turn Model

A more sophisticated routing algorithm can be adaptive. For example, the path a message takes from
(0, 2) to (2, 1) depends on the network traffic situation. A typical adaptive routing algorithm is turn
model routing algorithm.

Assume that a packet is moving to its destination in a 2D mesh topology and routing decisions are
implemented as a distributed routing. The packet has two choices in each hop when it is moving to
its destination in a 2D mesh topology and routing decisions are implemented as a distributed routing.
That is, the packet decides to go straight or turn to another dimension at every hop along the routing
path until it reaches its final destination. However, several combinations of turns sometimes introduce

cyclic dependencies that cause deadlocks. Glass and Ni analyzed special combinations of turns that



14

(1,0) (2,0)
O—0O—0—0

(2,1) (3,1)

()
N

Figure 2.7: X-Y Routing in an 4x4 2D Mesh

never introduce deadlocks [47]. Their model is referred to as Turn-Model [47]. For dimension-order
routing, turn-model can demonstrate the deadlock-freedom.

Figure 2.8(d) shows a set of prohibited turns in dimension-order routing. As we can see, the pro-
hibited turn-set in dimension-order routing includes that in West-first routing. That is, the restriction
of dimension-order routing is a superset of West-first routing’s one. Dimension-order routing addi-
tionally prohibits two turns, which are not prohibited in West-first routing; thus the routing diversity
of West-first routing is better than that of dimension-order routing. However, a routing algorithm that
has high routing diversity does not always outperform that with lower diversity. Actually, West-first
routing algorithm can select various routing paths, and it may select a routing path set with very
poor traffic distribution that introduces hot spots and degrades the performance. On the other hand,
dimension-order routing can always uniformly distribute the traffic and achieve good performance in

the cases of uniform traffic, though its path diversity is poor.

24.3 Up*/Down* Routing

The discussion of routing algorithms in this chapter has assumed a regular topology such as a mesh
or a torus. Irregular topologies can require special considerations in the development of a routing
algorithm. Common routing implementations for irregular networks reply on routing table such as
Up*/down* routing.

Up*/down* routing [14] has been widely used to avoid deadlocks in SANs with arbitrary topolo-
gies using neither virtual channels nor buffers. Up*/down* routing is based on the assignment of
direction to network channels [14]. As the basis of the assignment, a spanning tree whose nodes cor-
respond to switches in the network is built. The “up” end of each channel is then defined as follows:
(1) the end whose node is closer to the root in the spanning tree; (2) the end whose node has the lower
unique identifier (UID), if both ends are on nodes at the same tree level. A legal path must traverse

zero or more channels in the up direction followed by zero or more channels in the down direction,
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Figure 2.8: Prohibited turn sets of three routing algorithms in Turn-Model

and this rule guarantees deadlock-freedom while still allowing all hosts to be reached. However, an
up*/down* routing algorithm tends to make unbalanced paths because it employs a one-dimensional

directed graph.

2.5 Low Power Technologies

Various low-power techniques have been proposed for microprocessors, and they have also been
applied to on-chip routers. In this section, we survey low-power techniques for microprocessors,
off-chip routers, and on-chip routers.

We introduce some popular technologies from two different levels: microarchitecture level and

system level.

2.5.1 Microarchitecture Level Technologies
2.5.1.1 RTL Power Optimization

Clock gating, operand isolation, and resource hibernation are well-known techniques for RTL power
optimization. These techniques can be adopted for the design of network components such as
switches, network interfaces, and FIFO buffers. Clock gating stops the clock to registers, which
are not in use during specific clock cycles. Power saving is achieved by reducing switching activ-
ity on the clock signal to synchronous registers and the capacitive load on the clock tree. Operand
isolation identifies redundant computations of datapath components and isolates such components
using specific circuitry, preventing unnecessary switching activity. Determination of how operations

can be identified and instantiation of isolating logic are key issues in operand isolation. Resource hi-
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bernation is a coarse-grained technique which powers down modules with sleep modes, where each

mode represents a trade-off between wake-up latency and power savings.

2.5.1.2 Multithreshold Circuits

Increasing the threshold voltage reduces the sub-threshold leakage exponentially, which also reduces
the circuit’s performance. Modern CMOS technology, referred to as MTCMOS (multithreshold
CMOS), produces devices with different threshold voltage, allowing for an even better trade-off be-
tween static power and performance. For a network component logic circuit, such as switches and
FIFO buffers, a higher threshold voltage can be assigned to those transistors in the noncritical paths,
so as to reduce leakage current, although the performance is maintained due to the low-threshold
transistors in critical paths. An MTCMOS circuit structure was analyzed by [48]. Algorithms for se-
lecting and assigning an optimal high-threshold voltage transistor were investigated to reduce leakage

power under performance constraints [49].

2.5.1.3 Buffer Allocation

Design of buffers in NoC influences power consumption, area overhead, and performance of the
entire network. Buffers are a key component of a majority of network switches. Buffers have been
estimated to be the single largest power consumer for a typical switch for an NoC. Application-
specific buffer management schemes that allocate buffer depth for each input channel depending on
the traffic pattern have been studied [50]. [51] achieved power and chip area savings by reducing
the number of buffers with static and dynamic buffer allocation, enabling the repeaters to adaptively
function as buffers during congestion. Banerjee [11] investigated energy-power characteristics of
FIFOs to reduce buffer energy consumption in the context of an on-chip network. Power-aware
buffers, which place idle buffers in an inactive mode, based on actual utilization, were proposed as

an architectural technique for leakage power optimization in interconnection networks [52].

2.5.2 System-Level Technologies
2.5.2.1 Voltage and Frequency Scaling

The voltage and frequency scaling is a power saving technique that reduces the operating frequency
and the supply voltage according to the applied load. The dynamic power consumption is related
to the square of the supply voltage; thus, because a peak performance is not always required during
the whole execution time in most cases, adjusting the frequency and supply voltage so as to at least
achieve the required performance can reduce the dynamic power.

The voltage and frequency scaling techniques have been applied to microprocessors [53, 54],

accelerators [55], and network links [56,57]. In [56], the frequency and the voltage of network links
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are dynamically adjusted based on the past utilization. In [57], the network link voltage is scaled
down by distributing the traffic load using an adaptive routing.

The voltage and frequency scaling techniques can be classified into two schemes: dynamic and
static. The frequency can be controlled by a PLL frequency divider, and the supply voltage can be
adjusted by controlling an oft-chip dc-dc converter [53]. They are adaptively adjusted in the dynamic
scheme, while they are statically configured at the beginning of each application in the static scheme.
The transition time of the clock rate and the supply voltage cannot be negligible in the dynamic
scheme (e.g., 10,000 cycles [57] or 50us [55]); so the frequent transitions sometimes overwhelm the

benefits of dynamic scheme as reported in [57].

2.5.2.2 Runtime Power Gating

Power gating is a representative leakage-power reduction technique, which shuts off the power supply
of idle blocks by turning off (or on) the power switches inserted between the VDD line and the
blocks or between the GND line and the blocks. This concept has been applied to circuit blocks with
various granularities, such as processor cores [58], execution units in a processor [59], and primitive
gates [60].

We need to understand both the negative and positive impacts of power gating when we use it.
Actually, a state transition between the sleep and active modes incurs a performance penalty, and
turning the power switches on or off consumes an overhead energy, which means a short-term sleep
rather increases the power consumption. In [59], an analytical model of the run-time power gating of
the execution units in a microprocessor is provided. The following three parameters quoted from [59]

affect the performance and energy.

® Tyakeup: Number of cycles required to charge up the local voltage of a sleeping block. A

delay for turning on its power switch is also lumped into the 7'4keup value.

o Tigiedetecr: Number of cycles required to detect an idle duration in an active block and decide
to shut off the block. A delay for turning off its power switch is also lumped into the Tigjederect

value.

o Tpreakeven: Number of sleep cycles at least required to compensate for the overhead energy to

turn the power switch on and off.

The T\ureup value affects the performance (e.g., packet throughput of routers), since a pipeline
stall will occur if a new request suddenly comes to a sleeping block. Also, Tigjederecr Shortens the
sleep duration of blocks, since an idle block must stay in the active state for Tigjeqgerec: Cycles before
it decides to go to the sleep mode.

A short-term sleep of less than T eqreven Cycles cannot compensate for the energy overhead

of driving a power switch, and the power consumption will be increased; thus the Tpreareven Value
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determines the benefits of power gating. The Ty eqkeven Value depends on various parameters, such as
the sizes of a power switch and a decoupling capacitance. Hu et. al. report that Tp,eqkeven = 10 based

on the typical parameters of a recent microprocessor [59].

2.5.2.3 Dynamic On/Off Links

An alternative to save link power is to add hardware such that a link can be powered down when it
is not used heavily. Control unit powers down links intelligently when their utilizations are below
a certain threshold level in order to reduce the energy and power consumption for the network. A
subset of highly used links can provide connectivity in the network. An adaptive routing strategy
that intelligently uses a subset of links for communication was proposed, thereby facilitating DLS
for minimizing energy consumption.

Chen et. al. propose power-aware router buffers based on Drowsy and Gated V4; SRAMs to
regulate their leakage power [52]. Soteriou et. al. provide a thorough discussion about power-
aware networks whose links can be turned on and off, in terms of connectivity, routing, wake-up
and sleep decisions, and router pipeline architecture [15,61]. They explored the design space for
communication channel turn-on/off depending on hardware counter measurement obtained from the
network during run-time.

Compiler-directed approaches have benefits as compared to hardware- based approaches. Based
on high-level communication analysis, these techniques determine the point at which a given commu-
nication link is idle and can be turned off to save power, without waiting for a certain period of time
to be certain that the link has truly become idle. Similarly, the reactivation point which was identified
automatically eliminates the turn on performance penalty. Chen et al. introduced a compiler-directed
approach [52], which increases the idle periods of communication channels by reusing the same set
of channels for as many communication messages as possible. [15] proposed a compiler-directed

technique to turn off the communication chan- nels to reduce NoC energy consumption.

2.6 Examples of NoC Architecture

This section will show how the NoC technologies introduced in this chapter are used in representative

tile architectures.

2.6.1 Raw Processor

First, we introduce a famous multi-core processor, called Raw processor.

Raw microprocessor has been developed in MIT since the late 1990s [37,62]. As reported in
[37], a Raw microprocessor is built with 122 million transistors and it can execute sixteen different
instructions such as load instruction, store instruction, ALU instructions, and FPU instructions in a

single cycle. In addition, a total 2-MByte L1 cache memory is distributed over the chip.
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The silicon area of the Raw microprocessor chip is divided into sixteen areas, each of which is

referred to as a programmable tile. Each tile has the following modules:

e A single on-chip router for static communication

Two on-chip routers for dynamic communication

A single MIPS-like processor

32-KByte data cache

96-KByte instruction cache

The distance and wire delay between neighboring two tiles are determined by the dimensions of
a tile. In Raw microprocessor design, the dimensions of a tile are adjusted so that the neighboring
two tiles can communicate each other within a single cycle. Thus, the number of tiles integrated on
a chip is increased as the process is scaled down. Authors in [37] suggest the future possibilities of
more than hundreds tiles.

A Raw microprocessor consists of sixteen tiles Each tile has its own computational resources
and it is connected to four neighboring tiles (i.e., north, south, west, and east) via on-chip routers.
Four 32-bit full-duplex links are used for router-router links and router-core links, respectively. Up
to 12,500 wires are required for the network links; thus the interconnection area consumes the largest
area in the Raw chip.

The Raw architecture has four different networks. Two of four networks are used as static net-
works, in which all packet transfers are statically scheduled at compile time of the applications. On
the other hand, the remaining two networks are called dynamic networks, in which packets are dy-
namically generated according to the input data or computational results. Each tile (except for tiles
in chip edges) is connected to four neighboring tiles via point-to-point links. These links are the
longest wires that introduce the largest wire delay in the Raw microprocessor; thus the largest wire
delay is predictable and it would not be affected even though the number of tiles integrated on a chip
is further increased.

Static routers control two static networks. They are used to transfer single-word operands and
data streams in an in-order manner. These data transfers are completely pre-scheduled at the compile
time of the applications. Static routers are fully pipelined with five pipeline stages. Since there are
two static networks, each static router in a tile has two crossbar switches. And the crossbar switch is
connected to another crossbar in the same static router, a MIPS-like processor in the same tile, and
four neighboring tiles.

Dynamic networks deal with message transfers that cannot be predicted at the compile time,
such as packet transfers induced by cache misses and interrupts. The dynamic networks employ
dimension-order routing and wormhole switching, as a routing algorithm and a switching technique,

respectively. A packet consists of up to 31 flits including a header flit in which its destination address
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is stored. A router takes one cycle to forward a single flit when the packet goes straight via the
router, while it takes two cycles to forward it when it turns to another dimension at the router. Two
cycles are also required to forward a flit from (to) computational resource in the same tile. Therefore,
communication latency required to transfer a single flit from a source tile to a destination tile is (2
+ x + 1 +y + 2) cycles, where x and y are the hop counts in x- and y-dimension, respectively. That
is, this flit transfer takes two cycles for sending the flit from the source processor to the first router,
x cycles for traveling in x-dimension, one cycle for turn, y cycles for traveling in y-dimension, and

two cycles for sending it from the last router to the destination processor.

2.6.2 Intel Single-chip Cloud Computer (SCC)

Intel’s Tera-scale Computing Research Program created a research chip called the Single-chip Cloud
Computer (the SCC) to study many-core CPUs, their architectures, and the techniques used to pro-
gram them. Figure 2.9 shows a stylized view of the SCC chip. You can see the 24 tiles arranged in
a 6x4 array. There is a router associated with each tile. Four memory controllers go to off-die (but

on-board) DDR3 memory.
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Figure 2.9: SCC top-level and tile architecture

The Management Console (MC)is a 64-bit PC running some version of Linux. Intel Labs pro-
vides software that runs on the Management Console to manage the SCC chip. Key features of this
software are the ability to load a Linux image on each core or a subset of cores, to read and modify
SCC configuration registers, and to load programs on the SCC cores. You can also write programs
that run on the Management Console and configure the SCC platform. Running Linux on the cores
is the most common configuration, but certainly not the only one. Some users may be interested in
one of the research operating systems being developed for many-core systems.

The SCC has 24 tiles, 48 cores, two cores to a tile. Each core has L1 and L2 caches. The L1
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caches are on the core; the L2 caches are on the tile next to the core. Each core has a 16KB L1
instruction cache and a 16KB L1 data cache. Each core’s L2 cache is 256KB. Figure 2.9 also shows
an overview of an individual tile.

Each tile also has a message passing buffer (MPB). This message passing buffer is 16KB. Its
memory is shared among all the cores on the chip. With 24 tiles, the SCC provides 384KB of
message passing buffer. When a message-passing program sends a message from one core to another,
internally it is passing the data through the message passing buffers on the chip. The Traffic Generator
is a unit used to test the performance capabilities of the mesh by injecting and checking traffic patterns
and is not used in normal operation. The Mesh Interface Unit (MIU) connects the tile to the mesh.
It packetizes data out to the mesh and de-packetizes data in from the mesh. It has buffers that queue
data for flit organization. It controls the flow of data on the mesh with a credit-based protocol. It uses
a round-robin scheme to arbitrate between the two cores on the tile.

Intel Labs believes the SCC is an ideal research platform to help accelerate many-core software

research.

2.7 Summary

In this chapter, we surveyed on chip networks from the aspects of on chip router architecture, network
topologies, routing algorithms and low power technologies for network on chip.

Firstly, a typical wormhole router architecture was introduced including five router components,
pipeline of the on chip router.

Next, some popolar network topologies was introduced. The most visible classification of net-
work topology is regular topology and irregular topology. Regular topology can be further classified
into direct network and indirect network. In a regular topology, routers and cores are connected
based on a certain pattern that can be represented mathematically by a set of functions. Otherwise, it
is referred to as irregular topology.

Then, existing routing algorithms and several low power technologies for on chip network were
surveyed.

Finally, a real NoC-based processor called RAW was introduced to check how the above network
on chip technologies are applied.

We surveyed only two-dimension network on chip, but three-dimension IC and Network on chip

will be introduced in next chapter.
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Wirelss Three-Dimension NoCs

This chapter gives an introduction of three-dimension IC (3D IC) and three-dimension network on
chip (3D NoC). Main stream 3D interconnection technologies will be introduced. Inductive-coupling
technology will be introduced as a keynote. At last, a real wireless 3D NoC prototype chip will be

shown.

31 3DIC

Due to the increase of design cost of custom System-on-Chips (SoCs) in recent process technolo-
gies, System-in-Packages (SiPs) or 3D ICs that can select and stack necessary known-good-dies in
response to given application requirements have become one of hopeful design choices. The wire
delay is one of crucial problems in modern VLSI designs [63]. An attractive solution to the wire
delay problem is three-dimensional IC technology that stacks multiple wafers or dice using vertical
interconnects [21,64,65]. The current concept of NoCs is being extended to 3D NoCs [30,31,66,67].
Figure 3.1 shows examples of a 2D IC and a 3D IC that has equivalent resources to the planar one.
Obviously, size of each tier (a tier refers to a wafer or a die in a 3D IC) can be downsized according
to the number of tiers stacked together. Assuming that four tiers are stacked in a 3D IC as shown
in the Figure 3.1, each wafer area is reduced to one quarter of the size and the length of the longest
wire in a wafer becomes one half of the size compared with the planar one. Since the wire delay is
related to the square of the wire length, the maximum delay is reduced to one quarter of the time.

Consequently, the number of repeater buffers inserted in the wire can be reduced as well.

3.1.1 3D Interconnection Technologies

Various interconnection techniques have been developed to connect multiple chips in a 3D IC pack-

age: wire-bonding, micro-bump [19, 20], wireless (e.g., capacitive-coupling and inductive-coupling)

[21-24] between stacked dies, and through-silicon via (TSV) [21,25] between stacked wafers.
Interconnection technologies for 3D ICs are classified into wired and wireless approaches. In

this section, both approaches are surveyed and the advantages of inductive-coupling are discussed.
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(vertical link)

Figure 3.1: 2D IC (left) and 3D IC (right)

3.1.1.1 Wired 3D IC Technologies

Wire-bonding is a die-level interconnection that uses bonding wires. It is currently utilized for
SiPs since no special process technology is required. However, because only the edges of a chip can
be used for the bonding, the number of wires and their density are limited. Also, the long bonding

wires can cause considerable wire delays for communication.

Micro-bump [19,20] is a die-level interconnection that uses solder balls formed on the surface
of each chip (Figure 3.2(a)). Thus, this approach is typically used for the face-to-face connection
of only two dies. Although the face-to-back connection using long wires between solder balls of
two chips is also possible, it introduces considerable wire delays since the wires are routed between

solder balls on one chip and those on another chip via an outer edge (i.e., periphery) of the chip.

Through-silicon via (TSV) [21,25] is a wafer-level interconnection that uses via-holes formed
through multiple wafers (Figure 3.2(b)). More than two wafers can be connected by using the face-
to-back connection. The footprint size of each TSV is small, so a high-density implementation is
possible. However, the fabrication cost may increase due to the extra process steps for forming the
TSVs. In addition, since wafers are connected via TSVs, the number and order of the wafers cannot
be changed after the chip fabrication.

In summary, although these wired approaches have been utilized in real products (and especially
TSV offers a high density implementation), they are not flexible enough for customizing the chips in

a package in response to application requirements after the fabrication.

3.1.1.2 Wireless 3D IC Technologies

Capacitive-coupling [22] is a die-level wireless interconnection between two metal plates each
of which being formed on the topmost metal layer of a chip (Figure 3.2(c)). It can connect two

known-good-dies without wire connections. However, only the face-to-face connection is allowed
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(b) Through-silicon via (face-to-back)

(c) Capacitive-coupling (face-to-face)

(d) Inductive-coupling (face-to-back)

Figure 3.2: Three-dimensional (3D) IC technologies.

since its communication distance is typically shorter than chip thickness. Thus, the number of chips

connected in a package is limited to only two.

Inductive-coupling [21,23,24,68] is a die-level wireless interconnection that uses square coils as
data transmitters (Figure 3.2(d)). The coils or inductors can be implemented with common metal
layers of the chip; thus no special process technology is required for them. In addition, by increasing
the number of turns of the coils using metal layers, the transmission gain can be enhanced and
communication distance longer than the chip thickness is achieved. And the communication distance
is mostly related to the coil size. Thus, more than two known-good-dies can be connected by using a
face-to-back connection.

Although many recent studies on 3D IC architectures focus on the TSV that offers the largest
interconnect density, we consider inductive-coupling that can connect more than three known-good-
dies without wired connections; this is because inductive-coupling provides a large degree of flexi-
bility to build the target 3D ICs, such as adding, removing, and swapping the chips in a package after
the chip fabrication, like building blocks.

Compared to the other approaches, inductive-coupling is more feasible for 3D systems whose
components should be customized for given application sets, because it has both the flexibility by
contact-less connection and extensibility for stacking any number of known-good-dies. That is,
addition, removal, and swapping of processor or cache chips are possible after the chip fabrication
in response to the application set. Recently, the inductive-coupling techniques have been improved;
the contact-less interface without an electrostatic-discharge (ESD) protection device achieves a high

speed of more than 1GHz with a low energy dissipation (0.14pJ per bit) and a low bit-error rate
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Local

Figure 3.3: Router for mesh-based 3D NoCs.
(BER< 10712) [23].

3.1.2 Topologies for 3D NoC

One of the well-known 2D NoC architectures is the 2D Mesh. This architecture consists of an m
x n mesh of switches interconnecting IP blocks placed along with them. It is known for its regular
structure and short interswitch wires. From this structure, a variety of 3D topologies can be derived.
The straightforward extension of this popular planar structure is the 3D Mesh. Figure 3.1 shows an
example of 3D Mesh-based NoC. It employs seven-port switches: one port to the IP core, one each
to switches above and below, and one in each cardinal direction (North, South, East, and West), as
shown in Figure 3.3.

As mentioned on Chapter 2, ring-based 2D NoC is special case of mesh-based 2D NoC.

Two on chip routers on same chip are connected with each other only when they are on the top or
bottom chip. The routers belong to chips other than top or bottom ones are connected with upper or
lower routers. Thus, these routers form a ring topology, as shown in Figure 3.4. Note that, it employs
a five-port router, because there are only two ports in horizontal direction.

For the irregular-based topoloy, we will discuss it in Section 3.2.

3.2 Wireless 3D NoCs

First, conventional 2D NoC and 3D architectures are illustrated. Then, the wireless 3D NoC archi-

tecture and its requirements for the network part are introduced.

3.2.1 Baseline 2D and 3D NoC Architectures

NoCs are now a widespread architecture for high performance computing [69-75]. Figure 3.5(a)
illustrates an example of NoC inspired by [70]. The chip is divided into sixteen tiles, and each tile has

a single processor or four shared L2 cache banks, in addition to a single on-chip router. Red boxes
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Figure 3.4: Ring-based 3D NoC.

(a) Baseline 2D NoC (b) Wireless 3D NoC

Figure 3.5: 2D and 3D NoC architectures.

and lines show on-chip routers and their links. Light blue boxes show processors. Yellow boxes
show L1 instruction and data caches. Pink boxes show unified L2 cache banks. Wireless inductive-
coupling is used for vertical links in wireless 3D NoC. Main memory modules and their controllers
are connected to four edges of the chip (not shown in this figure). These tiles are interconnected
via their routers. All L2 cache banks are shared by all processors; so the Static Non-Uniform Cache
Architecture (SNUCA) [76] with a cache coherence protocol [77,78] is assumed in this paper.

A natural extention of the baseline 2D NoC is the 3D NoC, in which processor, SRAM, and
DRAM chips are stacked in a single package, and various organizations have been investigated [19,
31,79-81]. 3D integration enables us to integrate multiple chips fabricated with different process
technologies (e.g., logic and DRAM) into a single package in order to reduce the wire length, mitigate
the pin count problem, and improve the performance. In addition, 3D NoC architecture [26] is a

promising solution to reduce the communication latency. Regarding the 3D network architecture, the
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network topology [28, 29], router architecture [30-32], and routing strategy [33] have already been
extensively studied.

Most studies on 3D NoCs to date, however, assume the micro-bumps or TSVs (i.e., wired solu-
tion) for their inter-chip communication. None of them except [34] focuses on the wireless approach,
which offers a higher degree of flexibility to add, remove, and swap the chips after the chip fabrica-

tion.

3.2.2 Wireless 3D NoC Architecture

The flexibility of wireless inter-chip communication is attractive for a wide range of 3D NoCs, be-
cause an NoC is collection of heterogeneous hardware components, such as processor, cache, and
memory chips. In addition, their resource utilization is highly dependent on the target application
set.

Figure 3.5(b) illustrates the proposed wireless 3D NoC architecture. In this example, the baseline
2D NoC is divided into four chips, each of which has four tiles: four processor tiles or four cache
tiles. Wired links are used for a horizontal network that connects the four tiles on each chip, while
wireless inductive-coupling links are used for the inter-chip network that connects four chips verti-
cally. Memories and their controllers are connected to the bottom chip (not shown in this figure). We
assume this simple 3D SNUCA as a baseline for simplicity, although various optimization techniques
for 3D NoCs have been discussed [79, 80].

Three chip types are illustrated in this figure. The bottom (first) chip that consists of sixteen L2
cache banks is denoted as a cache chip. The second and third ones that consist of two processors and
eight L2 cache banks are denoted as a hybrid chip. The top (forth) one that consists of four processors
is denoted as a processor chip. Typically, application performance is limited by either computational
power or memory bandwidth; thus the applications can be classified into computation-bound and
memory-bound applications [82, 83].

Depending on the target application set, the wireless 3D NoC using the inductive-coupling en-
ables us to customize the number and types of chips stacked in a package after the chip fabrication.
For example, more processor chips can be added for computation-bound applications, while more
cache chips will be useful for memory-bound applications. This flexibility is attractive, because de-
signing a new mask pattern for each set of applications is too costly in recent process technologies. In
other words, the conventional wired approaches have no other choice but to equip abundant hardware
components to cope with future applications at chip design time. This is the firm advantage of the

wireless 3D NoCs over the conventional wired approaches.

3.2.3 Network Requirements for Wireless 3D NoC

As discussed earlier, a wireless 3D NoC is a collection of various hardware components, such as

processors, SRAMs, and DRAMs. They are based on different process technologies and fabricated
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from different vendors. Therefore, irregular topology will be generated. As long as the chip satisfies
minimum requirements (e.g., performance, chip size, and vertical link pitches), its detailed horizontal
architecture (e.g., processor, memory, and horizontal NoC parameters) should be left to each vendor.
A key challenge of the wireless 3D NoCs is to stack such post-fabricated hardware components,
such as processor and memory chips, coming from different vendors so that these components can
cooperate with each other, with minimum design rules.

We define the minimum design rules as follows:

1) All chips have inductors at pre-determined locations in order to form vertical links.

2) All the inductors are connected to input and output ports of on-chip routers in order to form a
3D NoC.

3) All the on-chip routers support the plug-and-play routing protocol will be proposed in Chapter
5.

4) All the hardware components are topologically reachable to at least an on-chip router that has

the vertical link.

3.3 Plug-and-Play Routing Scheme

In this section, weintroduce a plug-and-play routing scheme for wireless 3D NoCs with irregular
topology.

A wireless 3D NoC is a collection of various hardware components, such as processors, SRAMs,
and DRAMs. They are based on different process technologies and fabricated from different vendors.
Hence, one cannot expect any pre-determined network topology for each chip. For example, one chip
may have a mesh-based NoC while another one may have a ring-based NoC. In an extreme case, it is
possible to have vertical links only (i.e., no intra-chip links), if the hardware components on the same
chip communicate with each other rarely. In this case, their communication must go through another
upper or lower chip via vertical links. Such routing paths cannot be expected to be known at the
chip design time since a chip vendor cannot know its topological structures of upper and lower chips.
Thus, conventional static routing strategies for NoCs are not enough for the wireless 3D CMPs.

To address the problems mentioned above, a plug-and-play routing protocol that exchanges the
network information at boot time in order to establish efficient global routing paths is needed for the
wireless 3D CMPs. The routing paths are established, based on spanning trees optimized for a given

traffic pattern by using the following steps.

e Step 0: Traffic pattern of a target application set is pre-analyzed in order to generate a traffic
trace that records the injection time, source node, destination node, and packet size of every

packet transfer.
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e Step 1: At boot time, the control protocol collects the network information including the
planar topology and number of virtual channels from all chips. In addition, the traffic trace of
the target application set (pre-analyzed at Step 0) is fed to the network as a hint for the routing

optimization.

e Step 2: According to the network topology and traffic trace collected, the routing protocol
generates one or more spanning trees for each message class ! so as to minimize the average

hop count and improve the application execution time.

e Step 3: The control protocol configures the routing tables of all routers in the NoC.

First, the control protocol that collects the network information from all chips is proposed. Sec-
ond, the routing algorithm for 3D CMPs without the route optimization technique is illustrated.

Finally, the optimization technique is proposed.

3.3.1 Control Protocol

Routing path calculation is performed by a single processor inside or outside a 3D CMP, based on
the topological information collected from all chips. We assume that each vertical link controller
knows the topological information of the chip. This assumption is reasonable since the horizontal
information of each chip is known priori and can be embedded to the vertical link controller at the
design time.

The global routing paths are established by using the following procedure at the boot time or
configuration time. 1) A processor inside or outside the 3D CMP is selected as “routing computation
node” manually. 2) The routing computation node broadcasts a “join” message to every vertical link
controller in the 3D CMP to request their topological information. 3) The vertical link controllers
send their topological information to the routing computation node. 4) The routing computation node
calculates the global paths by a deadlock-free routing algorithm discussed in Section 3.3.2. 5) The
routing computation node distributes the routing table information to every router in the 3D CMP.

In the test chip [34], each node has control registers that store various information, such as chip
ID, number of chips, and routing modes. The control registers now are extended to indicate whether

it is the routing computation node.

3.3.2 Routing Protocol

The wireless 3D CMP consists of a collection of processor and memory chips from different vendors,
and a chip vendor cannot know the network structures of its upper and lower chips. Thus, there is
no other choice but to assume that a given wireless 3D NoC represents an irregular 3D network

topology.

! A message class is a group of messages that can share the same virtual channel without introducing protocol deadlocks.
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(b) Root node 7

Figure 3.6: Up*/Down* routing paths with different spanning tree roots.

The network requirements for the wireless 3D CMP are close to those of System-area-Networks
(SANs) that employ irregular network topologies. Up*/Down* routing is the most popular deadlock-
free routing algorithm for irregular networks, and has been used in Autonet [14] and Myrinet [84]. To
guarantee connectivity and deadlock-freedom for irregular networks, it exploits a spanning tree based
directed graph in which up or down direction is assigned to each network channel. The proposed
plug-and-play routing protocol with spanning trees optimization is built upon the Up*/Down* rule
[14] for ensuring the deadlock-freedom.

Up*/Down* routing avoids deadlocks in irregular topologies without virtual channels, based on
an assignment of direction to network channels [14]. As the basis of the assignment, a spanning tree
whose nodes correspond to routers in the network is built. The “up” end of each channel is defined
as follows: 1) the end whose node is closer to the root in the spanning tree; 2) the end whose node
has the lower node ID number, if both ends are on nodes at the same tree level. Figure 3.6 shows two
examples of spanning trees, each of which has a different spanning tree root (node 0 or 7). A legal
path must traverse zero or more channels in the up direction followed by zero or more channels in
the down direction, in order to guarantee deadlock-freedom while keeping the network reachability.
For example, a red line in Figure 3.6(a) shows a routing path from node 2 to node 5. This routing
path uses two up direction channels followed by two down direction channels.

Needless to say, the location of a spanning tree root affects the hop count and link utilization
significantly. In Figure 3.6(a), for example, the routing path from node 2 to node 5 employs a non-
minimal path, because the minimal path is prohibited by the spanning tree whose root is located at
node 0O; thus four hops are required to send a packet. In Figure 3.6(b), on the other hand, the minimal
path is allowed by the spanning tree whose root is located at node 7; thus only two hops are required.

The next section proposes a route optimization technique that employs multiple spanning tree
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Figure 3.7: Design flow of spanning trees optimization.

roots, each of which is optimized for a class of messages.

3.3.3 Spanning Trees Optimization

In general, Up*/Down* routing does not require any virtual channels to avoid structural deadlocks.
However, we assume a shared cache CMP architecture, in which a cache coherence protocol is run-
ning on the NoC. Since such cache coherence protocols typically introduces end-to-end or request-
and-reply protocol deadlocks, they are divided into multiple message classes, each of which uses one

or more dedicated virtual channels.

Table 3.1 below shows an example of virtual channel assignment for a directory-based cache co-
herence protocol. Three virtual channels are used for the protocol messages in order not to introduce
any end-to-end protocol deadlocks. The network resources (i.e., buffers) of one virtual channel and
those of another virtual channel are logically separated and do not introduce any cyclic dependen-
cies between them; thus we can assign different spanning trees for them, depending on their traffic
pattern. For example, request messages from L1 caches (i.e., processors) to L2 cache banks move in
the opposite direction of the reply messages from the L1 caches to the L2 caches. Since Up*/Down*
routing introduces non-minimal paths and imbalanced link utilizations depending on the spanning
tree root and traffic pattern, their optimal spanning tree roots that can minimize the hop count will be
different. Thus, an optimal spanning tree root should be selected for each message class in order to
improve the performance An optimal combination of multiple spanning trees can be assigned to each
message class in order to further shorten the hop count. However, its performance improvement is

marginal in typical CMP sizes, such as 8 to 64 tiles, compared to the additional hardware cost.

Figure 3.7 shows a design flow of the proposed spanning trees optimization technique. First, the
application traffic pattern on a target 3D CMP is pre-analyzed by system-level simulations in order
to generate a traffic trace. Then, an optimal spanning tree root is selected for each message class in

order to minimize the average hop count of the trace and improve the application execution time;
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Table 3.1: Virtual channel (VC) assignment for a cache coherence protocol.

Message class 0 | Request from {L1$} ro {L2$ bank}
(VCO0) Request from {L2$ bank} to {L1$}

Message class 1 | Request from {L2$ bank} ro {directory controller}
(VCI1) Request from {directory controller} fo {L2$ bank}

Message class 2 | Response from {L.1$ or directory} fo {L.2$ bank}
(VC2) Response from {L2$ bank} ro {L1$ or directory }

Figure 3.8: Optimization result.

towards this end, we use the following cost function:

Cost= > > WyaHya, 3.1)
s d

where W, denotes number of packets from source router s to the destination router d in the trace
and H 4 denotes hop count from s to d. Figure 3.8 shows an example of spanning trees optimization
for a 16-tile 3D CMP that defines just two message classes for simplicity. Packets that belong to
the message class 0 are routed based on the red spanning tree whose root is node 13, while those
belonging to the message class 1 are routed based on the blue spanning tree whose root is node 2.
Note that calculation time for the best spanning tree root for each message class is small: 0.008sec
for 8-tile, 0.020sec for 16-tile, 0.315sec for 32-tile, and 9.376sec for 64-tile with AMD Opteron
processor 2.7GHz.

3.4 A Prototype Wireless 3D NoC Chip

The inductive-coupling is versatile and has been applied to various 3D NoC systems, such as multi-
core processors [85] and dynamically reconfigurable processors [68]. In this section, some feasibility

issues of inductive-coupling are illustrated through an example.

A prototype 3D NoC reported in [34] employs inductive-coupling links to form a vertical uni-

directional ring network to connect more than three chips. It was fabricated by using Fujitsu 65nm
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Figure 3.9: Prototype implementation of inductive-coupling 3D NoC [34].

CMOS process.

Figure 3.10 shows the side view of four chips in a package. To place the transceiver and receiver
of the neighboring two chips at the same location, each chip is placed with a certain gap. This space
is also used for bonding of power and ground wires. On the right side of Figure 3.10, Cube-0 chip
architecture (top view) to show the details of chip organization. Figure 3.9 shows the chip layout and

prototype system that stacks four chips.
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Figure 3.10: Four chips stacked in a package

As shown in Figure 3.9(a), each chip has two pairs of on-chip router and inductor, and one
pair is used for uplink and another is used for downlink. To form a single uni-directional ring, two
routers only on the bottom and top chips are connected via horizontal wired links. In addition to the
ring network, a shared vertical bus is also implemented using inductive-coupling for the comparison

purpose. The chip architecture is described in detail as follows:

1) The Test core consists of two cores and two routers. The core has a packet generator and
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a packet receiver with a 45-bit packet counter. One router is connected to Downlink data
transceiver and another for the Uplink. Although every chip has an on-chip wired link that
connects two routers on the chip, only the top and bottom chips actually use one uni-directional

link to form an inter-plane vertical ring.

2) The Downlink and 3) Uplink consist of two pairs of TX and RX channels, respectively. One
TX and RX pair is used for 35-bit flit transfer, while the other pair is for 2-bit credit back used
for the flow control. The wireless data are serially transferred at the double communication
rate of the 4 GHz local clock shared by two neighboring chips. Thus, each TX channel is
capable of transmitting a 35-bit flit during each 200 MHz system clock. The implementation

of the inductors is shown in the following paragraph.

4) The Vertical bus consists of four TX/RX channels and four clock channels. The TX/RX
channel works in TX mode when a time-slot is assigned to the chip, and in RX mode oth-
erwise. As mentioned, an 8-cycle time-slot is periodically assigned to each chip for vertical

broadcasting.

Inductors are implemented as a square coil with metal in common CMOS layout (Figure 3.9(a)).
The data modulated by a driver are transferred between two coils placed at exactly the same position
of two stacked dies, and it is received at the other chip by the receiver. Here, a set of a driver and
an inductor for sending data is called TX channel, while the one with a receiver and an inductor is

called RX channel.

In Figure 3.11, we can see the block diagram of inductors. One end of vertical link is made
up with metal inductor, Tx/Rx configuration module, and clock counter. The equivalent circuit of

inductive-coupling vertical links is also shown as Figure 3.12.

If a TX channel is placed at the same location of multiple RX channels in different chips, data
multicast can be used. On the other hand, stacked multiple TX channels at the same location cannot

send the data simultaneously in order to avoid the interference.

The footprint of an inductor ranges from 30um x 30um [23, 24] to 150um X 150um [21], de-

pending on the process technology and communication distance (i.e., chip thickness).

Clock and power supplies are provided by using bonding wires in this prototype for simplicity,
although wireless power transmission is already possible. A 200MHz clock is used for the on-chip
routers, while a 4GHz clock is used for the inductors. The wireless data are transferred serially
using the doubled communication rate of the 4GHz clock shared by neighboring two chips. Thus,

communication bandwidth is up to 8Gbps per channel.
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Figure 3.11: Structure of a vertical link

3.5 Summary

The three-dimensional Network on Chip (3D NoC) is an emerging research topic. 3D ICs stack
several smaller wafers or dies in order to reduce the wire length and wire delay.

In this chapter, we surveyed several 3D IC interconnection technologies, especially inductive
coupling technology. Because we believe it provides the flexibility to build the target 3D ICs by
adding, removing, and swapping chips in a package after the chips have been fabricated, like building
blocks.

We also extended our discussion from 2D NoC to 3D NoC. Router architecture and topology
for 3D NoC was introduced. Then we paid close attention on inductive coupling based wireless 3D
NoC, described network design rules.

At last, a real prototype wireless 3D NoC (Cube-0) using inductive coupling technology was

introduced, including the chip architecture and inductor (vertical link)stucture.
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Chapter 4

Power Saving Methods for Ring Wireless 3D NoC

This chapter presents about power consumption optimization for inductive coupling based wireless
3D Network on Chip. Power consumption optimization is essential issue for inductive-coupling
based wireless 3D NoCs. A novel optimization scheme is proposed, also applied to two kinds of

network on chip, followed by power consumption and performance evaluation for both networks.

4.1 Power Consumption Analysis for Vertical Links

In this thesis, the inductive coupling link designed for a test chip Cube-0 [86] is used as a target
vertical link.

First, the power consumption of the target system (the vertical links of Cube-0) is analyzed.
SPICE simulation is used for evaluation, since it is difficult to analyze power in real chip. By
utilizing a 65nm BSIM model in SPICE simulation, data rate and power dissipation for inter-chip
communications (i.e. inductive coupling links) of four stacked chips were calculated. Cube-0 was
implemented with e-shuttle 65nm CMOS process, and mounted on a test print circuit board that was
also developed to measure this real chip. The power consumption by the chip is calculated from the
Ampere-meter and Voltmeter attached to the circuit borad. By comparison, the total power of the
simulation was almost the same value from a real chip. The power consumption of vertical link,

on-chip router and on-chip core are shown in Table 4.1.

Table 4.1: Power consumption of on chip network components [uW]

Vertical link Active | Idle | Sleep
Data Transmitter | 4600 | 2500 0
Data Receiver 3500 9.2 0
On-chip Router | 1110 - -
On-chip Core 70 - -

In Table 4.1, “Active” represents the case when data is transferred through the wireless channel,

while “Idle” shows the case there is no data on the channel. The on-chip router and on-chip core



38

are shown in Figure 3.10. Since the on-chip core only includes a packets generator and a packet
receiver, the power consumption is much lower than on-chip router. As shown in Table 4.1, the
power consumption of vertical link is much higher than the on-chip router and on-chip core. It

continuously consumes a certain amount of power, regardless of packet transfers.
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Figure 4.1: Idle time ratio in vertical links

Compared with traditional works [34, 87, 88] using power gating, we can clearly find that the
power consumption of vertical link of wireless interconnection is large. For example, in our second
prototype Cube-1 [89], a MIPS compatible CPU and an energy efficient accelerator CMA [90] are
connected with a inductive coupling ring network. Since the power consumption of the CPU and
CMA is about 15mW and 20mW, respectively, about 32% of total system power is occupied by the
wireless NoCs. This is due to the big gap between operating frequencies for routers and vertical links
(200MHz and 4GHz respectively). Moreover, vertical links continuously consume a certain amount
of power, regardless of packet transfers. There is big waste to energy when the utilization of vertical
links is low, which is a typical use case of 3D ICs that the most communications are within a chip
while the communication between chips are not frequent. For example, Figure 4.1 shows ratio of
idle time to application time in vertical links used in a full-system 3D CMP simulator which will be
introduced in Section 4.4.0.1. For the vertical links, 86.7% of the application execution time are idle

in average. The detailed values are also shown in Table 4.2.

Table 4.2: Idle time ratio in vertical links [%]
Benchmark programs | SP | MG | CG | BT | LU | Ave.
Idle time ratio 88.1 | 83.9 | 956 | 76.7 | 86.5 | 86.7

In “Sleep” mode, the transceiver is disabled by cutting the bias voltage supply. As shown in
Figure 3.12, a simple on/off switch is connected to current source (bias voltage is mostly used as

voltage controlled current source) at both ends of DxData (i.e. transmitter) and RxData (i.e. receiver).
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We can shut down or wake up the transmitter and receiver by switching the current source. Unlike
the power gating for digital circuits, it does not require energy overhead except the power used in the
controller. Although it requires a certain time for wake-up, it is within a clock cycle for system clock
(200MH2z) of the digital part. Also, compared with the power gating in digital circuits, there is little
overhead for sleep down and wake-up of the vertical link.

According to the above analysis, it is essential to use sleep mode aggressively for reducing the
power consumption of wireless link. However, the problem is that once the link is in the sleep mode
completely, no data can be transferred since it is difficult to provide power control network between
different chips. In next section of this chapter, we propose methods for power control of wireless

inductive coupling links.

4.2 Vertical On/Off Link Control Methods

In this section, we propose sleep control methods that shut down the vertical links depending on their
utilizations.

Since it just stops the transceiver or receiver for the inductive coupling link, the state transition
between sleep mode and active mode does not require energy overhead except the power consump-
tion in the controller. It is like the clock gating used in digital circuits, and not related to power
gating which requires energy overhead both for shutting down and activation. Moreover, the latency
overhead of state transition between sleep mode and active mode is one clock cycle, same as the case
between idle mode and active mode. As a result, we use sleep mode instead of idle mode which is
employed in Cube-0. Note that, the analog part of inductive coupling link works at 4GHz while the
digital part works at 200MHz clock. Although it takes a few clocks for stable working of the analog
part, it can be available within one clock cycle of the digital part as the clock speed is much lower
than that of analog part. All evaluations in Section 4.4 and Section 5.3 assume one clock cycle to
activate inductive coupling links.

Two sleep modes are proposed here. Table 4.1 shows that the large part of power is consumed by
the transmitter. So, if the transmitter for data (DTx) is shut down, a large part of power consumption
can be saved. This mode is called partial sleep method (PSM). It only shuts down the data transmitter
(DTx). Since other parts are running, the vertical link can be woken-up when the sender activates
DTx in one clock cycle and sends the packets.

Another mode is the full sleep method (FSM). In the mode, the whole vertical link in the FSM
including DTx, DRx, CTx, CRx, and LCIk transceiver. Although the total analog part of wireless
inductive link is shut down, the communication cannot be done until transceivers in the both chips
are woken-up.

The sleep decision is based on the utilization of target vertical link and whether there are enough
reachable paths to send wake up signals. We set a reasonable threshold utilization value first, then

compare the link utilization within sample window (time slot) with the threshold when flit transmis-
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sion completes. If the utilization is higher than the threshold, the state of the target vertical link is set
from active to PSM. Otherwise, if there are paths to wake up the whole vertical, we set the state to
FSM. If not, PSM is used again to only shut down the DTx. The decision to turn on a vertical link is
basically the converse of the sleep mechanism and can be done as on-demand because of the property
of fast on/off link transition. These two methods control the vertica links to switch between on and
off dynamically when the system is run-time. Note that, here, “dynamic” does not mean dynamic
power consumption.

In the following sections, we apply the proposed methods to two kinds of on chip networks: ring

topology based network and irregular topology based network.

4.3 Vertical On/Off Link Methods for Ring Wireless 3D NoC

First, the following three network configurations are introduced for wireless 3D NoCs. Then, vertical

link sleep control methods are proposed for these networks.

e Uni-directional ring network with simplex vertical links (URSL) is employed in Cube-0
which is the simplest case of our discussions in this paper. It is a single ring network where
all data signals can flow in only one direction (counterclockwise or clockwise) through ver-
tical links, as shown in Figure 4.2(a). That is, the configuration of inductors are fixed as a
transmitter or receiver. This network has the lowest power consumption because only one pair
of transceiver is used. However, the performance is worse than following two networks. The
main reason is that data packets are transferred in one direction only, resulting in non-minimum

packet transfers.

e Bi-directional ring network with full-duplex vertical links (BRFL) is an extension of URSL.
It allows communication between neighboring chips in both direction simultaneously. The
metal inductors are also pre-configured as a transmitter or receiver (i.e., they are not recon-
figured at run-time). Thus, twice numbers of inductors used in the URSL are needed to form
two uni-directional ring networks, as shown in Figure 4.2(b). However, twice the number of
inductors undoubtedly will double the power consumption. Luckily, non-minimum routing is

not introduced in this network. It has the highest performance among these three networks.

¢ Bi-directional ring network with half-duplex vertical links (BRHL) communicates for both
directions, but only one direction at a time. That is, once one end begins receiving a signal from
a transmitter, it must stay at the receiver mode while receiving the signal. Then, it can move to
the transmitter mode. In Cube-0, the metal inductors can be reconfigured dynamically. It indi-
cates that the vertical links can change their transmission direction like the red links, as shown
in Figure 4.2(c). In this case, although non-minimum routing is not introduced because of its

duplex property, transceivers need some clocks to be configured to opposite direction. That is,
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BRHL has worse performance than BRFL, but better performance than URSL. In addition, the
BRHL consumes more power than URSL due to dynamic reconfiguration power consumption.
However, it still consumes less power than BRFL, because dynamic reconfiguration power

consumption is quite small compared with transceiver itself.

Layer#7 | lle—H | | He—H | [14H<—>E19
Layer#6 | W | | = m | [2m CIE|
H 4 A A H H
Layer#5 | W m| [ = m | [om m
& i it E E
Layer#4 | W | | = H| |&H o |
Layer#3 | W | | n H| |cH n |
Layer#2 | W | | = H | [m ms |
: % i i x 1
Layer#1 | W m| [ = H | |[2m ms |
& : it it i E
Layer#0 | ——H | | B——H | |OE——0" |

(a) (b) (c)
.On-chip Router = Intra-chip Link ----- » Inter-chip Wireless Link

Figure 4.2: Three network configurations: (a) URSL, (b) BRFL, and (c) BRHL

For these three networks, we propose sleep control methods that shut down the vertical links
depending on their utilizations. Such on/off control flows are summarized in Algorithm 1. The on/off
link methods can be applied to above three ring networks. The details will be described in Sections
4.3.1,4.3.2, and 4.3.3.

4.3.1 Sleep Control Method for URSL

The PSM is advantageous when the vertical link utilization is high. For instance, in Figure 4.3,
when the red link utilization is higher than threshold, the sleep mechanism only shuts down the DTx
immediately as long as no flit comes. The latency of sleep/wakeup is small, e.g., only one SCIk cycle
for Cube-0. As well as the fast vertical link shutdown, the vertical links also can be turned on within
a very short time. For example, when a flit demands on to traverse a dormant vertical link, the DTx
can be powered on within one SCIk cycle.

In the case of lower vertical link utilization, the FSM is introduced for reducing the power con-
sumption of URSL. In this method, the overhead of long latency to sleep/wakeup whole vertical link
can be compensated by the low utilization. Figure 4.4 shows how the sleep and wakeup mechanisms

work for the situation of lower vertical link utilization. We decompose Figure 3.10 into two figures.
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Algorithm 1 Dynamic Vertical Link Shutdown Algorithm
1: if current_state == active && idata arrives then

2: continue to sample;

3: else if current_state == active && lidata arrives then

4 compute the utilization U;; compare with threshold Uy;

5 if U, >= U, then

6: shut down DT x; current_state « partial sleep;

7 else

8 shut down the whole vertical link; current_state « full sleep;
9 end if

10: else if current_state == partial sleep && idata arrives then
11: current_state « active; wake up the DT x;

12: else if current_state == full sleep && idata arrives then

13: if DRx current_state == sleep then
14: send wakeup signal;

15: else

16: current_state < active;

17: end if

18: end if

That is, Figures 4.4(a) and (b) represent the side views of data links and credit links, respectively.
The data and credit links have opposite directions. When the utilization of the red link is lower than a
threshold, the sleep mechanism shuts down the whole red link. A sleep signal from layer 3 is sent to
DRx and CTx which are located on the layer 2 via the red link one SCIk cycle in advance. Thus, the
whole link can be shut down after one SCIk cycle. When we want to wake up the dormant vertical
link, the green credit link (Figure 4.4(b)) is employed for sending wakeup signal to the other parts
except DTx. However, before shutting down the whole red link, the state of the credit transceiver,
which belongs to the blue vertical link, must be checked. The blue vertical link is between layer 2
and layer 3 as well as the red vertical link. As mentioned previously, the rule which can avoid the
deadlock is introduced: if the credit transceiver is power on, we can shut down the whole red link.
Otherwise, we have to shut down the DTx only. If both the whole links (red and blue) are shut down,
they cannot be woken up. The reason is that they use each other’s credit transceriver to wake up DRX,
CTx, and LCIk. That is, we cannot shut down the two vertical links which are between the same two

layers simultaneously.

4.3.2 Sleep Control method for BRHL

The situation of BRHL is more complicated than that of URSL. We also analyze two cases: (1) high

link utilization and (2) low link utilization. In this paper, the direction of vertical data link represents
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Figure 4.4: FSM on URSL

the one of whole vertical link. The direction of BRHL is configured to counterclockwise by default.

In other words, all the vertical links are in the counterclockwise ring network if the clockwise link is

not requested.

When the link utilization is high, PSM is also used here. The DTx is shut down by the sleep

mechanism when no flit comes currently. As shown in Figure 4.5, the red link is the target vertical

link to be shut down. When the lower utilization of the red link is found, the DTx on layer 2 is

powered off. If coming flit demands the red link, we can power on the DTx within one SCIk cycle.

However, unlike the case of URSL, the following three issues should be addressed.

1)

2)

How to configure the direction of the vertical links? As Figure 4.5 shows, the direction
of the green vertical link can be configured to clockwise (red link). Firstly, the green credit
link is used to send a configuration signal to update the state of the DTx (CRx) to DRx (CTXx).
Then, DRx (CTx) can be configured as DTx (CRx). Thus, the green link can be changed to
the red one. The configuration must wait until all flits on the target vertical link are transferred
even though the latency is increased. Since the default direction of the vertical link network is
counterclockwise, the configuration of the vertical link becomes the default state automatically

as long as the transmission on clockwise vertical link finishes.

Which links can be configured? For Cube-0 prototype system which has four chips, we
assume that a flit is transferred from the source node R4 to the destination node R6 (Figure

4.5). Thus seven hops are needed to reach the destination in the uni-direction ring network. In
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bi-direction ring, on the other hand, only a single hop is needed. Although the hop number is
reduced, there is a trade-off between distance and latency, because several cycles are required
to configure the target vertical link. Hence, for Cube-0, if there are less than three hops in the

routing path in the clockwise ring network, we use clockwise vertical links to transfer flits.

In general, zero-load latency of BRHL T is calculated as

Teew, if the link direction is in default
T = 4.1)
T.», if the link direction is clockwise

where T, is the latency for transferring a single flit from source node to destination node in
the counterclockwise ring network, and T, is the latency for the clockwise ring network from

the same source node to the same destination node. These values are calculated respectively as

chw = (Hccw + l)Tmuter + Hcchlink, (42)

Tcw = (ch + 1)Trauter + chTlink + chTconfig, (43)

where H.., and H,, are hop counts in counterclockwise ring network and clockwise one,
respectively. Tyrouer and Ty are latencies for transferring a header flit on a router and a

vertical link, respectively.

The routing logic uses the above formulas to decide which ring network to be used. If T, >
T, the clockwise ring is selected for transferring the flits. Otherwise, the default ring network

is still used to transfer flits.

3) About the competition: When two routers require the vertical link at the same SCIk cy-
cle, the router which uses clockwise ring network has higher priority than the one that uses
counterclockwise ring. The rule is used in order to ensure smaller network latency as far as
possible. That is, for instance, if router 4 and router 6 require the vertical link between layer 2
and layer 3, DRx on layer 2 can be configured to DTx as long as router 4 wants to use this link

regardless of the link request from router 6.

When the vertical link utilization is lower than a threshold, the FSM shuts down the whole link.
However, before shutting down the whole red link, we must check the state of credit link which
belongs to the blue link as shown in Figure 4.6.

For the wakeup mechanism, there are also two situations:

1) If the flit that comes from R6 (counterclockwise ring network) wants to use the red link, we

can use the green credit link to wake up the dormant DRx, CRx, and LClk (Figure 4.6).
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Figure 4.5: PSM on BRHL

2) The flit that comes from R4 cannot wake up the red vertical link due to a latency overhead,
because in this case the blue vertical link has to be configured. Hence, the flit should go

through the counterclockwise.
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Figure 4.6: FSM on BRHL

4.3.3 Sleep Control method for BRFL

In the case of the BRFL, we analyze the PSM and FSM for two different utilization cases. The BRFL
also has pre-configured transceivers. That is, after fabrication, the chip cannot configure the vertical
link direction dynamically.

The PSM is used when vertical link utilization is low as well as the other two vertical link ring
networks (i.e.,URSL and BRHL), so we omit detail of this method here. The difference is that,
compared to URSL, BRFL provides more resources which can be used for controlling the sleep and
wakeup. This can ease the sleep and wakeup control especially when the vertical network utilization
is high.

There are two vertical links with reciprocal directions connected to the same two routers. We call
them brother vertical links. The FSM can use one data link to control sleep/wakeup on the brother
vertical data link. However, the difference between the BRFL and URSL is that the BRFL has one
more path to wake up the whole vertical link. Both brother link and neighboring link can be used to

transfer wakeup signal. Other behaviors are the same as those of URSL.
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4.3.4 Implementation of On/Off Link Control Logic

Three hardware modules are added for the proposed scheme: vertical link monitor, arbitration logic,
and PSM/FSM manager. Figure 4.7 shows the diagram of the sleep control logic. Note that wakeup
control logic is not required, because the on-demand method is used in this paper. As long as flit

comes, the dormant DTx or the whole vertical link will be active without any judgment.
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Figure 4.7: Sleep control logic

The vertical link monitor checks the state of the vertical link every cycle and computes the uti-
lization of the vertical links between the neighboring chips depending on the size of sample window.
Arbitration logic decides which vertical link (vertical links between the same neighboring chips are
called neighbor links) can be shut down. If two request signals (from router; and router;y; which
are on layer i as shown in Figure 4.7) are received, the arbitration logic decides which vertical link
should be shut down depending on their utilizations. The vertical link which has lower utilization is
prior to the one has higher utilization. If only one router sends the request, the arbitration logic gives
decision signal to PSM/FSM manager directly. The arbitration logic is designed to avoid deadlock
which leads neighbor vertical links sleep forever. The reason will be explained in Section 4.3.1.
PSM/FSM manager decides which policy to use, and sends the sleep signal. PSM or FSM will be
used on the target links.

Formula (1) shows the vertical link utilization U e sicaitink-

Userticallink = w (4.4)
w
where

0, 1if no coming flit in cycle t
fx) = 4.5)

1, if flit comes in cycle t
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Table 4.3: Processor parameters (N = 4)

Processor UltraSPARC-IIT
L1 I/D cache size 64 KB (line:64B)
# of processors 4
L2 cache bank size 256 KB (assoc:4)
# of L2 cache banks 16
Memory size 4GB
# of memory controllers 2

Table 4.4: NoC parameters (N = 4)

Topology URSL, BRFL, BRHL ring
# of routers 8
Router pipeline [RC/VSA][ST][LT]
Flit size 128 bit
# of message classes 3
Control packet size 1 flit
Data packet size 5 flit

where i is the start cycle of sampling, and w is the size of sample window in terms of system
clock (SCIk).

4.4 Evaluations

Firstly, experiment platform and method are introduced. Then, the BRHL and BRFL are compared
with the URSL used in Cube-0 in term of application performance and power consumption in the
situations with and without power optimization. Next, the power consumption and application per-
formance of three ring network types are compared with those without power optimization. We also

discuss the way how to decide the vertical link utilization threshold for each benchmark programs.

4.4.0.1 Experiment Setup

A full-system CMP simulator, Simics [91] with GEMS [92] is used to verify our proposed methods.
It is performed to measure the real application performance. Tables 4.3 and 4.4 list the processor,
cache, memory, and network parameters, where N is number of chips stacked. Proposed methods
are evaluated in terms of application performance and the overall power consumption of 3D wireless
NoC.

Full-system simulations of the wireless 3D CMPs that stack four chips which form a wireless
ring network are performed to measure the real application performance. Each chip has one proces-

sor, four shared L2 cache banks, and two on-chip routers. Two memory controllers are connected to
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the bottom chip. The cache architecture is SNUCA [76]. We modified a detailed network model of
GEMS, called Garnet [93]. Garnet is an interconnection network model inside a full-system simu-
lation framework GEMS. The power parameters based on power analysis of real router and vertical
link design (Table 4.1) are fed to the simulator. The result (real power consumption and benchmark
program execution time) of each evaluation can be automatically output after simulation. Then we
can get the power consumption results of vertical links before and after power optimization. We use
five parallel programs from the OpenMP implementation of NAS Paralle] Benchmarks [94]. Sun
Solaris 9 operating system is running on the simulator. These benchmark programs were compiled
by Sun Studio 12 and are executed on Solaris 9.

The most important contribution of this paper is to improve the energy efficiency of the wireless
3D NoC over Cube-0 by means of introducing two sleep modes. So we quantitatively compare the
proposed approaches with the conventional Cube-0 implementation, explained at the beginning of
Section 4.1.

As shown in Table 4.6 and 4.7, for example, we can see the changes after using the proposed
methods in the case of LU and IS, respectively. However, we can easily find the big gap between these
two benchmark programs (e.g., the execution time running LU is as 7.5 times as IS’s on average).
Hence, in the following sections, valuation results of power consumption and execution time are
shown as relative values (i.e., percentage) instead of absolute values in order to show the effect of the
proposed methods clearly. Please note that, moreover, “before using the proposed methods” means

using conventional method.

4.4.0.2 Baseline comparison among URSL, BRFL, and BRHL

Here, we compare the application execution time and network power consumption of the URSL,
BRFL, and BRHL. The power consumption comparison among the URSL, BRFL, and BRHL is
shown in Figures 4.8 and 4.9. The power consumption (Y-axis) is normalized so that the power
consumption using the URSL (before using the proposed methods) indicates 100% in Figures 4.8
and 4.9. Meanwhile, execution time (Y-axis) of benchmark programs also using the URSL (before
the proposed methods) is used as baseline in Figures 4.10 and 4.11.

Figures 12 and 4.9 respectively show the network power consumption before and after optimiza-
tion, when five benchmark programs (IS, LU, DC, MG, and BT) running on the full-system simula-
tor. Meanwhile, Figures 4.10 and 4.11 show the application execution time of the same benchmark
programs before and after the optimization.

As shown in Figures 12 and 4.9, the BRFL consumes the largest power, and it exceeds the
URSL by 11.7%-33% and the BRHL by 8.5%-28.5%, respectively. Regardless of the proposed
on/off vertical link methods, the power consumption of the BRFL is the largest, while the URSL
consumes the least power, because twice numbers of inductors used in the URSL are needed in the

BRFL as mentioned in Section 4.2. The power consumption of the BRHL is slightly larger than
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Figure 4.8: Network power consumption before using the proposed methods.
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Figure 4.9: Network power consumption after using the proposed methods

that of URSL but much smaller than that of BRFL. The dynamic inductor configurations cause a
certain amount of power consumption in the case the BRHL. That is, the total power consumption of
BRHL is a little larger than that of URSL when a certain amount of inductors need to be configured
dynamically. The application execution time of the URSL is the longest as shown in Figures 4.10
and 4.11 . It is much longer than the BRFL and BRHL. The BRFL and BRHL outperform the URSL
by 10.6%-29.9% and 7%-25.8% respectively. To some extent, the BRHL has some advantages over
the other two networks in the 3D NoC.

4.4.0.3 Power Saving

The main purpose of the proposed vertical on/off link control methods is to reduce power consump-
tion of the wireless 3-D NoC. We also estimated the power saving when the same benchmark pro-
grams run on the simulator as shown in Figure 4.12. 23.4%-29.3% power saving is achieved. On av-
erage, 26.6%, 25.4%, and 26.8% power consumption can be saved in the URSL, BRFL, and BRHL,

respectively.
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Figure 4.10: Application performance before using the proposed methods.
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Figure 4.11: Application performance after using the proposed methods.

4.4.0.4 Performance Overhead

Commonly, power saving techniques cause a certain performance degradation. The following equa-

tion shows the latency overhead to wake up a sleeping vertical link.

Tlatency = TrouterNrouter + TlinkNiink + Tactivatea (46)

where, Nyourer, Niink represent the number of routers, links traversals on average. Trourers ©iink
correspond to the latency by transmitting wake up signal via one single router and one link. 7y¢siaze
is the activation time for circuit elements after receiving wake up signal. As shown in Equation
4.6, the performance overhead consists of three parts. T, depends on run-time traffic situation.
Meanwhile, we assume 77, is one clock cycle. The first two parts depend on the number of routers
and links by which wake up signals transfer, respectively. As mentioned in Section 4.1, we assume
T acrivate 18 one clock cycle. It follows that performance overhead is not only the time to activate
sleeping circuits, but also the time to tranfer wake up signals. Furthermore, wake up signal’s transfer
time is the main cause of the performance overhead. For the latency of shutting down, we assume
one cycle clock to transfer shut down signal and one cycle clock to deactivate the vertical link.

Figure 4.13 shows how much performance is degraded by the proposed methods. Application
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Figure 4.12: Power saving.
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Figure 4.13: Performance overhead.

performance degrades by 0.1%-2.4%. On average, the application execution time can be 1.4%,
0.57%, and 1.0% longer than the time before using our proposed method in the URSL, BRFL, and
BRHL, respectively. The results demonstrate that performance overhead of the proposed methods is

quite small.

4.4.0.5 Synthesis Results

We synthesized the Cube-0 chip (not including wireless transceivers) before and after using the pro-
posed vertical link on/off optimization with Synopsys Design Compiler. Fujitsu CS202SZ 65nm pro-
cess technology is used for the design. The implementation costs of optimization hardware modules
(Vertical link monitor, Arbitration logic and PSM/FSM manager) mainly embody in three aspects:
area, frequency, and power consumption. Table 4.5 shows that the implementation area increases
by 2.7% after the power optimization while the power consumption of one single chip, not includ-
ing vertical links, increases by 3.1%. This power overhead is quite small compare with the energy
reduction after using the proposed methods. Because the power consumption (8.1mW) of inductor
as mentioned in Table 1, is much larger than the other parts, not to mention the power overhead

(0.02mW shown in Table 4.5). In comparison to power saving gained from the proposed approach,
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Table 4.5: Inplementation Costs

Optimization Area[mm?] Frequency[MHz] | Power[mW]
Before 2.6181 200 1.24
After 2.6250 200 1.28

Table 4.6: Simulation Result for LU

Optimization | Network | Execution time[clock] | Energy[J]
BRFL 26731945 3.00E+8

Before URSL 32523239 2.25E+8
BRHL 28620450 2.41E+8

BRFL 27054033 2.22E+8

After URSL 33113266 1.71E+8
BRHL 29258882 1.79E+8

this power overhead is negligible. Moreover, the operating frequency of Cube-0 is not affected by

using our proposed low power regulations for vertical links. The whole overheads are quite small.

4.4.0.6 Effect of the Threshold on Power-Performance

Power savings and latency-throughput are conflicting optimization goals. Higher power savings
require shutting down more vertical links. However, fewer active vertical links increase the inter-chip
traversal latency of packets, which was shown to degrade network throughput. Different applications
have different power and performance demands. We should find an appropriate balance between

these two goals.

In the history-based policy, a set of threshold parameters can be dynamically changed to adjust
the on/off vertical link policy. Since latency/throughput performance is very important, we change
the thresholds to explore the trade-off between power savings and latency/throughput performance
under those network traffic conditions. In Figure 4.14, we show the values of the thresholds we set
during each simulation. Under different threshold settings, latency and dynamic power savings are
also different. With more aggressive threshold, we can obtain more power savings but at the cost of

a higher latency.

In Figure 4.15, we show latency vs. power savings for LU application under URSL network.
From the simulation results, we can see that, more power savings can be obtained but at the cost
of a higher latency and throughput. That is, an improvement in one goal can only be obtained by

degrading the other. Hence, we must select a good balance point for this benchmark program.
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Table 4.7: Simulation Result for IS

Optimization | Network | Execution time[clock] | Energy[J]
BRFL 3393218 4.31E+8

Before URSL 4785367 2.97E+8
BRHL 3601946 3.20E+8

BRFL 3412271 3.27E+8

After URSL 4864288 2.19E+8
BRHL 3620275 2.34E+8
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Figure 4.14: Latency and Power Saving under Different Thresholds

o

o

4.5 Summary

In this chapter, we have discussed about power optimization methods for inductive-coupling based
wireless 3D network on chip. The power consumption of vertical link and existing problem are
analyzed to show the necessity of this research.

We have presented a novel on/off link method to control the vertical links. One is called PSM,
the other one is FSM. The proposed low-power techniques stop the transistors by cutting off the bias
voltage in the transmitter of the vertical links only when their utilization are higher than the threshold.
Meanwhile, the whole wireless vertical link will be shut down when the utilization is lower than the
threshold in order to reduce the power consumption of wireless 3D NoCs.

Then this method is applied to ring based.

Finally, we evaluated the proposed methods.The results showed that the proposed methods re-
duced the network power consumption while the performance overhead is only Full-system many-
core simulations using power parameters derived from a real chip implementation show that the pro-
posed low-power techniques reduce the power consumption by 23.4%-29.3% in ring based network,

while the average performance overhead is only 0.1%-2.4% in ring based network.
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Chapter 5

Power Saving Methods for Irregular Wireless 3D
NoC

In this chapter, we apply the vertical on/off link methods mentioned in Section 4.2 to the wireless 3D
NoCs with irregular topology. Up*/Down* routing algorithm is used for transfer packages among
nodes in wireless 3D NoCs. Meanwhile, an X-Y-Z like routing is proposed to transfer wake up

signals.

5.1 Assumptions

In the general NoC, chips are vertically connected with the following rules: 1) all chips must have
inductors at pre-determined locations. 2) The inductors are connected to input and output ports of
on-chip routers to form vertical links, and 3) all the hardware components are topologically reachable
to at least an on- chip router that has a vertical link. Any pre-determined network topology is not
expected for each chip if these rules are satisfied. The total network in the system is treated as an
irregular network, and Up*/Down* routing, a topology-agnostic routing algorithm without virtual
channels is applied. Up*/Down* routing for irregular wireless 3D NoCs was introduced in Section
3.3.

It avoids deadlocks in irregular topologies without virtual channels, based on the assignment
of direction (up or down) to network channels. Figure 3.6 has two examples of spanning trees,
each of which has a different spanning tree root (node O or 7). A legal path must traverse zero or
more channels upward followed by zero or more channels downward to guarantee freedom from
deadlocks while maintaining network reachability. For example, the red solid line in Figure 3.6(a)
indicates a routing path from nodes 2 to 5. This routing path uses two upward channels followed by
two downward channels.

In order to select appropriate root node, we propose a root node selection algorithm in Section
3.3. Needless to say, the location of a spanning tree root significantly affects the hop count and

utilization of links. For example, the routing path from nodes 2 to 5 in Figure 3.6(a) employs a non-
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Figure 5.1: Dynamic Vertical Link On/Off Algorithm

minimal path, because the minimal path is prohibited by the spanning tree whose root is located at
node 0; thus, four hops are required to send a packet. However, the minimal path in Figure 3.6(a) is
allowed by the spanning tree whose root is located at node 7; thus, only two hops are required. We
assume this routing algorithm is used for transferring data packets.

In addition, we assume that full-duplex vertical links are employed as communication model.
Although spanning tree is a uni-directional kind of technique, here we assume that deadlock-free
routings that use multi-spanning trees exist in our optimization. The deadlock-free routing uses
spanning trees only for computing paths. Once path is computed, communication is done in full-
duplex manner.

For the power consumption model, we use the same model as Chapter 4. The power consumption

parameters for vertical link, on-chip router and communication controller are shown in Table 4.1.

5.2 Vertical On/Off Link Methods for Irregular Wireless 3D NoC

Two sleep modes (PSM and FSM) are also employed here. In PSM, only the data transmitter (DTX) is
shut down. Since other parts are running, the vertical link can be woken-up when the sender activates
DTx in one clock cycle and sends the packets. In FSM, the whole vertical link will be shut down.

We set a reasonable threshold utilization value first, then compare the link utilization within a
sample window (time slot) with the threshold when flit transmission completes. If the utilization is
higher than the threshold, the state of the target vertical link is set from active to PSM. Otherwise, if
there are paths to wake up the whole vertical, we set the state to FSM. If not, PSM is used again to
only shut down the DTx. The decision to turn on a vertical link is basically the converse of the sleep
mechanism and can be done as on-demand because of the property of fast on/off link transition. This
is basically same as that of ring based wireless 3D NoCs. Such on/off control flows are summarized
in Figure 5.1.

The sleep decision is based on the utilization of target vertical link and whether there are enough
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Figure 5.3: Wake up signals transfer in irregular topology

reachable paths to send wake up signals. Theoretically, every link can be used to wake up sleeping
vertical links. For example, wake up signal can be sent through brother vertical link (routers are
connected by a couple of links which are called brother links), neighboring vertical links, or remote
vertical links.

As shown in Figure 5.3, several paths (green arrows and yellow arrows) are available to wake up
the whole sleeping vertical link (yellow box with capital x is Tx, dark green box with capital x is Rx).
We can see there is only one path in Figure 5.2. Meanwhile, there are more than one wake up paths
in Figure 5.3. However, we have to think about the balance between power saving and performance
overhead instead of selecting an arbitrary path.

In addition, a simple rule which can avoid the deadlock is introduced:

Rule 1: if there are one or more paths to send wake up signals, the whole vertical link can be shut
down. Otherwise, we have to shut down the DTx only.

Obviously, our proposed on/off vertical links methods satisfy this rule. We prove as follows.

Proof:

1. In ring approach, the only two neighbor vertical links between two layers would use each
other to wake up DRx, CTx, and LCIk. Then, we cannot shut down these two vertical links

simultaneously. One of them would check the other one’s state before shutting down the
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whole vertical link. If the other one’s state is FSM, then shut down DTx only (PSM). That is,

the vertical link in PSM state makes sure that there is one path to send wake up signals.

2. Inirregular approach, we set at least one ever-on vertical link between two layers. This guaran-
tees the connectivity of the inter-chip network. In other words, the ever-on vertical link avoids

the network deadlock.

As shown in Figure 5.4, for example, the red vertical link is set to ever-on link. The wake up
signals will be transferred through the red vertical link if nearer vertical link cannot be found. The
vertical link which has the highest utilization will be selected as ever-on link by the system after
several clock cycles sampling. The ever-on link will be always in power-on state or PSM state no

matter how the environment changes. Thus, at least one path is provided to transfer wake up signals.

/|
X

A6 N BN

- .
o ¢ — =
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Figure 5.4: Red vertical link is set to ever-on link

Note that, data packets comply with Up/Down routing while wake up packets (i.e., signals) do not
only comply with Up/Down routing. Since Up/Down routing forces packets not to transfer through
some paths that may cause deadlocks, the system performance will be worse, if the wake up packets
simply transfer by rule of Up/Down routing. Therefore, we consider two cases. (1) For neighbor
vertical links, X-Z-X or Y-Z-Y routing is used. Figure 5.5 shows an example of path selection for
waking up sleeping vertical link. Red lines and blue lines represent two spanning trees. If wake up
packets transfer from node 14 to node 6, yellow path is prohibited by Up/Down routing, but allowed
by X-Z-X routing. Thus, wake up packets have higher possibility to be tranferred to destinations. (2)
For remote vertical links, wake up packets are transferred according to Up/Down routing, and drived
to transfer through ever-on vertical link. However, when nearer power-on or PSM state vertical link
can be found before arriving ever-on vertical link, that power-on or PSM state vertical link will be
selected to transfer wake up packets. Since the scale of target 3D NoC is small, we set only one

ever-on vertical link between each two layers.
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Figure 5.5: Wake up paths in irregular network with 16-tile configuration

Table 5.1: Irregular topologies to be tested (parameters).

Topology | #routers #CPUs #L2$ banks #Memories
16-tile(ring) | (2,1,8) 16 4 32 4
16-tile(irr) (2,2,4) 16 4 32 4
64-tile(irr) (4,4,4) 64 8 128 16

5.3 Evaluations

Here, our main target is a generalized wireless network proposed in [95]. It is referred as “irregular
approach” since it can cope with any network topologies. For comparison, we also show results of a
single ring-based topology as “ring approach”.

First, the target CMP architecture that has 16 and 64 tiles and its evaluation environments are
described. Second, the power consumption by irregular approach and ring approach is evaluated.
Finally, the proposed on/off vertical link methods will be applied to both approaches. The impact
of the proposed on/off vertical link in irregular approach is evaluated in terms of the performance
overhead and saving of power consumption. It is also compared with ring approach for reference.
Note that, because of the limitation of layer numbers in ring approach, we only compare the case of

16 tiles (i.e., 8 layers in ring approach while 4 layers in irregular approach).

5.3.1 Target NoC Architecture and Evaluation Environments

Here, we assumed shared-memory NoCs, in which each chip has one processor, each processor
has one private L1 data and instruction caches, while the unified L2 cache banks are shared by
all the processors. These processors (CPUs), L2 cache banks, and memory controllers (MCs) are
interconnected via on-chip routers.

Table 5.1 shows the configurations for 16-tile and 64-tile wireless 3D NoCs. Topology (x, y, z)
denotes a wireless 3D NoC that consists of z chips where each chip consists of x X y tiles. Figure 5.6

illustrates the irregular and ring topologies (we evaluate ring topology with 16-tile configuration) to
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Figure 5.6: Irregular and ring topologies used in the evaluation part.

be evaluated in this paper. The number of chips z is fixed at four in the irregular approach, while their
sizes correspond to (2,2) and (4,4) for 16-tile and 64-tile NoCs. In the ring topology, every chip has
a horizontal link while only the top and bottom chip actually use it [34]. In the irregular topologies,
horizontal links are randomly removed with 50% probability while vertical links are not removed.

We used a full-system CMP simulator that combines GEMS [92] and Wind River Simics [91]
to simulate the wireless 3D CMPs. We modified a detailed network model inside GEMS, called
Garnet [93]. The power parameters based on SPICE simulation are fed to the simulator. The results
(network power consumption and application program execution time) of each evaluation can be
automatically output after full-system simulation. The power consumption model will be shown in
Subsection 4.2.2. That is, we can compare the results of network power consumption before and
after power optimization for ring and irregular approaches, respectively. A directory-based MOESI
coherence protocol that defines three message classes was used. Table 4.3 and 4.4 lists the processor
and network parameters. We used parallel programs from the OpenMP implementation of NAS
Parallel Benchmarks (NPB) [94]. Sun Solaris 9 operating system (OS) was running on the CMPs.
These benchmark programs were compiled with Sun Studio 12 and were executed on Solaris 9 OS.
The number of threads was set to four or eight, depending on the number of processors (e.g., four
threads for 8-tile CMP).

5.3.2 Baseline Comparison between Irregular and Ring Approach

This section compares the irregular and ring approaches in terms of the application performance and
power consumption.

One thousand irregular topologies were randomly generated for each CMP configuration to eval-
uate the irregular approach so that each horizontal link appeared with 50% probability while each
vertical one appeared with 100%. Out of 1,000 trials for each network size, a network that had the
closest hop count value to the average was selected for full-system CMP simulations. In addition,
the irregular approach uses three VCs, so we call it Irr3 in this paper.

One or more spanning tree roots are selected with the proposed technique of optimizing spanning
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Figure 5.7: Comparisons between ring and irregular approaches

trees for each message class of applications using the cost function [95] to minimize the average hop

count. Two configurations are used to compare with ring approach.

e Irr3(max): The worst spanning tree root that maximizes the average hop count is selected for

each message class of each application.

e Irr3(min): The best spanning tree root that minimizes the average hop count is selected for

each message class of each application.

In addition, [34] proposes to use Bubble flow control [96,97] for the vertical ring so as not to use
any VCs. It uses a single 15-flit FIFO buffer for each physical channel in order to store three packets
in each buffer. Thus, its buffer capacity is equivalent to three VCs each of which has a 5-flit FIFO
buffer. In summary, the following configuration of ring approach is compared with Irr3(max) and

Irr3(min).
¢ Ring: Ring approach with Bubble flow control (15-flit FIFO for each physical channel)

5.3.2.1 Application Performance

Figure 5.7(a) shows the application execution time of NPB applications with the irregular and ring
approaches on the 16-tile and 64-tile configurations. The execution time (Y-axis) is normalized so
that the execution time in ring approach indicates 100% in Figures 5.7(a). As expected, the irregular
approach is better than the ring one that suffers due to poor scalability. The irregular configuration
outperforms the ring one by up to 12.8% in terms of the application performance.

Up to here, we showed that the irregular approach outperforms the ring one in terms of the

performance per cost.
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5.3.2.2 Power Consumption

The most important contribution of this paper is improving the energy efficiency of the wireless 3D
NoC by means of introducing two sleep modes. So we quantitatively compare ring and irregular
approaches before and after using our proposed on/off vertical link methods. The following power

model is used to calculate the power consumption of networks for these two approaches.

PNoC = ProuterNrouter + Phlinthlink + PvlinkNvlink, (51)

where N,outer, Npiink and Nyjini represent the number of routers, horizontal links, and vertical links
traversals on average. Pourer, Phiink and Py, correspond to the power consumption of a router, a
horizontal link, and a vertical link. The P,y and P,ix are set according to Table 1, Section 4.3.5.
For the Ppjink, horizontal links take up 65% power consumption of the whole 2D NoC [98] while
routers take up 35%. Therefore, the P is set to 150 uW.

The power consumption comparison among the Ring, Irr3(max) and Irr3(min) is shown in Figure
5.7(b). The power consumption (Y-axis) is also normalized so that the power consumption of Ring
approach indicates 100%. As shown in Figure 5.7(b), the Ring network with 16-tile configuration
consumes the largest power, and it exceeds Irr3(max) by 12.9%-15.3% and Irr3(min) by 14.1%-
16.0%, respectively. In the case 16-tile configuration, 28 full-duplex vertical links are employed in
Ring network while 24 full-duplex vertical links are used in both Irregular networks. Thus, 14.3%
more vertical links are employed in Ring network than in both irregular networks. Needless to say,
more power is consumed by ring network. Meanwhile, the power consumption of the Irr3(max) is
slightly larger than that of Irr3(min) but much smaller than that of Ring network due to the increased

hop count.

5.3.3 Power Saving

In this section, we quantitatively compare the proposed approach with the conventional method (i.e.,
vertical link is going to be idle state when no flit comes). The conventional method is employed
in Cube-0 [34] implementation. This method is applied to ring approach and irregular approach in
16-tile configuration.

For the flexibility of our proposed method, big power saving can be obtained. As shown in
Figure 5.8(a), 23.4%-28.7% power saving in ring approach while 43.8%-50.0% in Irr3(max) and
46.7%-50.9% in Irr3(min) are achieved. On average, 25.4%, 46.2% and 48.5% power consumption
can be saved in Ring, Irr3(max) and Irr3(min), respectively.

As mentioned in Section 5.2, enough available paths are needed for sending wake up signals.
Obviously, only one vertical link can be shut down between two layers in ring approach. In irregular
approach, by contrast, much more vertical links can be shut down because only one vertical link
around the sleeping vertical link is needed to be awake. Since this vertical link is used to wake up the

sleeping neighbor vertical link, other three vertical links around the sleeping vertical link can be shut
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Figure 5.8: Power saving after using the proposed power optimization method.

down. Therefore, we can see in Figure 5.8(a), our proposed on/off link methods applied to irregular
approach can obtain 20.8% more power saving than applied to ring approach on average. As seen in
Figure 5.8(b), irregular approach with 64-tile can save more power consumption, but not so much.
In general, our proposed methoed applied to Irr3(min) can save more power than Irr3(max).
According to our paper [95], 25.2% and 31.4% more hops are generated by Irr3(max) than Irr3(min)
based on 16-tile and 64-tile configurations, respectively. Undoubtedly, the utilization of some vertical
links will increase because of more hop counts. In terms of our proposed method, PSM is used
when vertical link utilization is higher than a certain threshold while FSM is used in the case of
lower utilization. And FSM can save much more power than PSM. From the above, Irr3(min) has
more opportunity than Irr3(max) to use FSM, but not PSM. As shown in Figures 5.8(a) and 5.8(b),

Irr3(min) can save 2.3% more power consumption than Irr3(max) on average.

5.3.4 Performance Overhead

Commonly, power saving techniques cause a certain performance degradation. Figures 5.9(a) and
5.9(b) shows how much performance is degraded by the proposed methods.

As shown in Figure 5.9(a) application performance degrades by 0.1%-2.4% in ring approach
while 0.8%-2.2% in Irr3(max) and 0.4%-3.3% in Irr3(min). On average, the application execution
time can be 0.6%, 1.3% and 1.5% longer than the time before using our proposed method in the
Ring, Irr3(max) and Irr3(min), respectively. The results demonstrate that performance overhead of
the proposed methods is quite small. Note that, the performance overheads are different among
application programs. For example, in “CG” and “BT” which require a lot of data exchanges, the
performance of Irr3(max) will become much worse than that of Irr3(min). By contrast, in other
application programs, there are a small amount of data exchanges.

Again, it’s clear that we could find many paths to wake up a sleeping vertical link according to
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Figure 5.9: Performance overhead after using the proposed power optimization method.

the proposed method. There is only one path to wake up sleep vertical link in ring approach (i.e.,
neighbor vertical link). However, remote vertical links can be used to wake up the sleeping vertical

link. The following equation shows the latency to wake up a sleeping vertical link.

Tlatency = TrouterNrouter + ThiinkNniink + Tviink (52)

where, Nyourers Nhiinks and Ny, represent the number of routers, horizontal links, and vertical
links traversals on average. Trourers T hiink, and Ty correspond to the latency by transmitting wake
up signal via a router, a horizontal link, and a vertical link. Apparently, the latency to wake up a
sleeping vertical link in ring approach is smaller than in irregular approach. Because the Ny is
sometimes more than one in irregular case while equals to one in ring case. On average, in the case

irr3(min) with 16-tile configuration, 0.9% more performance overhead is caused than in the ring case.

5.4 Summary

In this chapter, we have discussed about power optimization methods for inductive-coupling based
wireless 3D network on chip. with irregular topology. The power consumption of vertical link
and routing algorithm for transferring data packets are assumed. And then we proposed X-Y-Z like
routing to transfer wake up signals.

We have presented a novel on/off link method to control the vertical links in the previous chapter.
One is called PSM, the other one is FSM. The proposed low-power techniques stop the transistors
by cutting off the bias voltage in the transmitter of the vertical links only when their utilization are
higher than the threshold. Meanwhile, the whole wireless vertical link will be shut down when the
utilization is lower than the threshold in order to reduce the power consumption of wireless 3D NoCs.

Finally, we evaluated the proposed methods. The results showed that the proposed methods
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reduced the network power consumption while the performance overhead is only Full-system many-
core simulations using power parameters derived from a real chip implementation show that the
proposed low-power techniques reduce the power consumption by 43.8%-55.0% in irregular based

network , while the average performance overhead is only 1.4% in wireless irregular 3D NoC.



Chapter 6

Latency Reduction Methods for Wireless 3D NoC

In Chapter 4, we have studied the power consumption optimization method using vertical on/off links
to reduce the on chip network power consumption. We had successfully applied the method to ring
based and irregular based wireless 3D network on chips, respectively.

In this Chapter, we will study the routing schemes for wireless 3D NoCs. A bubble flow routing
algorithm will be simply introduced for ring based wireless 3D NoC; Up*/Down* routing algorithm
will be explained. The Up*/Down* routing algorithm is used for irregular based wireless 3D NoC
with multiple spanning tree structure. Moreover, a hybrid routing algorithm called Mixed Routing
will be proposed for wireless 3D NoC to improve network performance. Finally, we will evaluate

the last two routing algorithm according to performance and hops.

6.1 Vertical Bubble Flow

A prototype wireless 3D chip, called Cube-0, which is mentioned in Chap 3, was just implemented
to test feasibilty and explore flexibility of the inductive-coupling based wireless stacking technique.
So it employed only a vertical ring network for the sake of simplicity.

Therefore, vertical bubble flow control [34] is proposed for ring topology with virtual cut-through
(VCT) switching to avoid deadlock. Each chip has a pair of data transceivers for uplink and downlink
to form a ring. The data transceiver for uplink receives data from a neighboring lower chip and
transmits the data to the neighboring upper chip. The downlink is used for the opposite direction of
the uplink.

The bubble flow control [96,97] is applied to the inter-plane vertical ring network of the building-
block SiPs.

Figure 6.1 illustrates its behavior. In this figure, each input port of the routers has a buffer with
a capacity of three packets. Each white box indicates an empty buffer with the capacity of a single
packet while the gray box is an occupied one. The routers must follow the flow control rules listed

below.

e Flow control rule 1: A packet on a ring can move to the next router along the ring when the
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Figure 6.1: Vertical bubble flow network.

input buffer of the next router has an empty space of at least one packet.

e Flow control rule 2: An intra-plane network can inject a packet into a ring when the vertical
input buffer of the ingress router has an empty space of at least two packets. For example,

Planes 4 and 5 can inject a packet to the ring, while Plane 6 cannot.

e Flow control rule 3: A packet can exit from a ring only when the horizontal output buffer
of the egress router has an empty space of at least one packet. Otherwise, the packet must go
around the ring again (i.e., miss-routing). For example, packets destined to Planes 4 and 5 can
exit from the ring, while packets destined to Plane 6 cannot exit and must go around the ring

until an empty space appears in the horizontal output buffer of Plane 6.

Based on these rules, the packet injection is limited so as not to consume all the buffer resources
in a ring. This guarantees that the packets can continuously move along the ring. As long as the
packets are continuously moving on the ring, no deadlocks can occur even though multiple message
classes coexist in the same virtual network. The reader is referred to [96] and [97] for details about

the bubble flow control.

6.2 A Plug-and-Play Routing Algorithm

In section 3.3, we introduced a routing scheme for wireless 3D NoCs with irregular topology. Here,
we describe it simply again.

The wireless 3D CMP consists of a collection of processor and memory chips from different
vendors, and a chip vendor cannot know the network structures of its upper and lower chips. Thus,

there is no other choice but to assume that a given wireless 3D NoC represents an irregular 3D
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network topology. The network requirements for the wireless 3D CMP are close to those of System-
area-Networks (SANs) that employ irregular network topologies. Up*/Down* routing is the most
popular deadlock-free routing algorithm for irregular networks, and has been used in Autonet and
Mpyrinet. To guarantee connectivity and deadlock-freedom for irregular networks, it exploits a span-
ning tree based directed graph in which up or down direction is assigned to each network channel.
The proposed routing protocol with spanning trees optimization is built upon the Up*/Down* rule
for ensuring the deadlock-freedom.

Up*/Down* routing avoids deadlocks in irregular topologies without virtual channels, based on
an assignment of direction to network channels. As the basis of the assignment, a spanning tree
whose nodes correspond to routers in the network is built. The “up” end of each channel is defined
as follows: 1) the end whose node is closer to the root in the spanning tree; 2) the end whose node

has the lower node ID number, if both ends are on nodes at the same tree level.

6.3 Mixed Routing Scheme

In this section, we will propose an improvement version of plug-and-play routing scheme, called
mixed routing.

As shown in the last section, we cannot expect any pre-determined network topology for each
intra-chip communication in wireless 3D NoCs. This makes it difficult to establish deadlock-free
routing paths in such ad-hoc 3D CMPs. One solution is to use a simple ring as 3D networks and bub-
ble flow control which is a topology independent deadlock free routing [34]. Although this approach
is simple and suitable for small systems, performance is limited. Another method is introducing
deadlock-free routing for irregular networks based on conservative acyclic graph using spanning
trees [99]. We proposed a sophisticated method to select a root of spanning tree formed by 3D
stacked irregular networks [95]. However, it ignores topological regularity of the vertical dimension
of such chips when attempting path search.

From the practical viewpoint, most of networks in the chip would be two dimensional mesh, and
regular mesh is also formed in the vertical direction. A regularity of topologies is usually a key factor
to make a high-performance deadlock-free routing. The main contribution is that we design a novel
deadlock-free routing protocol for such 3D chips makes use of regularity in irregular network on
chips. To optimize routing paths to topological structure of each chip, we classify two-surface NoC
of each chip into is 2D mesh and irregular structure. In mesh topologies, X-Y routing is used for
well traffic distribution, whereas Up*/Down* routing is applied for reduced path hops in irregular

topologies.

6.3.1 Assumptions

In order to stack chips for building a 3D NoC, the position of coils that makes a vertical link must

has the same two-dimensional coordinate in all chips. We assume that coils are provided in each
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Figure 6.2: Layout of coils in 3D NoC

chip with a certain intervals as shown in Figure 6.2. A router is directly connected with each coil
to transfer data from/to the intra-chip network. Three dimensional coordinates (x,y,z) are given to
the router which is connected to the coil (x,y) of the z’th chip. Here, we only care about the routing
between such routers connected to the coil, although there may be other routers used only for intra-
chip network. The routing between the numbered routers and routers for only intra-chip network will
be done depending on the topology and the local rule of the intra-chip network.

From the viewpoint of real chip implementation, each chip is stacked with a certain small gap in
order to avoid the electronic interference and save the space for bonding power supply wires [89].
However, logically, the 3D links can be treated just a linear network. Since the switching the receiver
and transceiver can be done quickly in wireless interconnection network, here, a half duplex bi-
directional communication is assumed on the linear network.

Note that, since each chip has different size of cores, it is difficult to provide an inductive coupling
link (vertical link) at all (x,y) positions in a chip. Moreover, some vertical links have to be shut down
for reducing the power consumption of Networks as mentioned in Chapter 4. Besides, some vertical
links may encounter faults. Thus, these vertical links cannot work. All the above reasons make the
vertical direction network an irregular one. However, of course, each chip must have a connectivity
between upper and lower chips with some vertical links.

Since various type chips can be stacked, various intra-chip networks are connected. Here, we

make the following assumption for each intra-chip network:

e all nodes on a chip are reachable only with its intra-chip network,

e an intra-chip network of each chip has a deadlock-free routing method.

If the intra-chip network of the stacked chip can work by itself, these assumptions are naturally

satisfied.
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According to the detected topology, the following standard routing algorithms are applied in the

intra-chip network. Note that both algorithms can be deadlock free without virtual channels.

In the 2D mesh, the Dimension-Order Routing [8] (DOR) which is simple and common routing

is used. Since the mesh does not have wrap around links, no virtual channel is needed.

On the other hand, Up*/Down* routing [14], which can prevent a deadlock, without using a
virtual channel is applied in the irregular topology. To guarantee connectivity and deadlock-freedom
for irregular networks, it exploits a spanning tree based directed graph in which up or down direction
is assigned to each network channel. In this method, a certain node is selected as a root node, and
the “up” end of each channel is defined as follows: 1) the end whose node is closer to the root in the
spanning tree; 2) the end whose node has the lower node number, if both ends are on nodes at the

same tree level.

Figure 3.6(a) and 3.6(b) show two examples of spanning trees, each of which has a different
spanning tree root (node 0 or 7). A legal path must traverse zero or more channels in the up direction
followed by zero or more channels in the down direction, in order to guarantee deadlock-freedom
while keeping the network reachability. For example, a red line in Figure 3.6(a) shows a routing path

from node 2 to node 5.

Needless to say, the location of a root node affects the hop count and link utilization significantly.
In Figure 3.6(a), for example, the routing path employs a non-minimal path, because the minimal
path is prohibited by the spanning tree whose root is located at node 0; thus 4 hops are required.
In Figure 3.6(b), on the other hand, the minimal path is allowed by the spanning tree whose root is

located at node 7; thus only two hops are required.

Matsutani et al. [95] proposed a sophisticated selection algorithms of the root of spanning trees
used for Up*Down* routing in such 3D stacked chips. Here, the spanning tree root is selected so as
to minimize the average hop count for given traffic pattern based on an exhaustive search, since the

network size is not very large.

6.3.2 Recognition of the Mesh

If vertical links are fault-free and the all nodes in the system know of the topology information of
all chips, the routing information can be stored in each node beforehand. However, with an NoC by
using wireless inductive coupling links, various chips with their own intra-networks can be stacked,
and it is difficult to fix the routing information beforehand. Also, considering faults, automatic
topology recognition algorithm is advantageous.

Here, it is necessary to detect which is the topology of each chip, mesh or irregular. When the
system boots, each node checks the neighboring nodes and layer information to detect the topology
and the three-dimensional node number. Here, the topology is detected according to the following

simple iterative algorithm.
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~ Iterative Algorithm of Mesh Recognition ~N

1. Find a minimum mesh consisting of four nodes connected with a ring structure.

2. A minimal mesh is treated as a 2nd-level node whose links are edges which are shared by
other minimum meshes.

3. When such four nodes form a ring structure, it is treated as a 3rd-level node, and it is repeated

until no ring structures is found or every node in the plane is included.
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Figure 6.3: Example of Topology detection flow

It’s able to get subnets with mesh topology from the irregular networks as much as possible
according to the above iterative algorithm.

The left side of Figure 6.3 shows an example of 3 x 3 topology. First, it is confirmed whether
node A connects with the node of the east side. If it is connected, the node on the east will be named
as node B. Node B, node C, and node D are checked in the same way. If it checks being connected,
the node A, B, C, and D form the minimum mesh A’. It is carried out repeatedly and forms small
meshes A’, B’, C’, and D’ as shown in the right side of Figure 6.3.

Next, the meshes A’, B’, C’, and D’ are treated as a 2nd-level nodes and examined whether they
are connected in the same way. In this case, the 3rd-level node becomes a 3 X 3 squire mesh.

This process is applied for XY plane, YZ plane, and ZX plane. If the mesh structure in all planes
can be connected, they will be treated as a 3D mesh.

In Figure 6.2, for example, light blue cube is the 3D mesh, light red square is the mesh on the
XY plane, and light green square is the mesh on the ZX plane.

6.3.3 Mixed Routing

The general way for routing in a network consisting of various types of sub-networks is to treat the
whole network as an irregular topology, and apply Up*/Down* routing.

However, UP*/Down* routing is commonly less effective than topology dependent routing like
DOR routing in the mesh. By using the mesh recognition algorithm shown before, we can identify

whether the source node or destination node belong to the same mesh, independent meshes or not.
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Here, the following simple Mixed routing is proposed to make the use of regularity as possible:

Definition 1: Mixed routing:

Assume that the source router S (sy, sy, 5;) sends a packet to destination router D (dy, dy, d).

1. If source node and destination node are in the same chip (s, = d;), use the intra-chip routing

depending on the topology of the chip.
2. If source node and destination node are in the same mesh topology, use the DOR in the mesh.

3. If source node is not in any mesh topology, use the Up*/Down* routing. Then, DOR is used

in terms of a rule. This rule is called “topology switching algorithm (TSA)”.

4. If source node is in a mesh topology, use DOR in this mesh and then Up*/Down* routing is

used in the rest of parts also in terms of TSA.

TSA requires to select a optimal boundary node on the boundary of the topology to which the
source node belongs.

Definition 2: Topology switching routing (TSA):

Measure the distance among boundary nodes of the mesh to which the source node belongs and
destination node when Up*/Down* routing is applied. The node with smallest distance is selected as
a optimal boundary node. The DOR routing is applied from the source node to the optimal boundary
node with virtual channel 0, then Up*/Down* routing is applied from the optimal boundary node to

the destination node with virtual channel 1.

Theory 1: Mixed routing is deadlock free:

Proof:

1. In each network, Up*/Down* routing or the DOR is deadlock-free without virtual channel.

2. When the routing algorithm is switched, the virtual channel number is changed. Thus, topology

switching routing is deadlock free.

Here, the routing algorithm is switched only once, since we assume two virtual channels. Thus,
Up*/Down* routing is applied from the relay-node to the destination nodes even if the destination
node belongs to the another different meshes. Adding more virtual channels will increase the flexi-
bility if the system becomes large.

Figure 6.4 shows an example of 3D CMPs of the mixture topology. This CMPs consists of four
layers and each chip has four nodes. Layer O is the bottom chip and layer 3 is the top chip of this
3D CMPs. layer 0 has node 0,1,2 and 3. Layer 1 has node 4,5,6 and 7. Layer 2 has node 8,9,10 and
11. Layer 3 has node 12,13,14 and 15. Layer 2 (disconnected node 8 and 9) are irregular topology.

Using this figure, some examples of the routing are shown.
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Layer 3 : Mesh

Layer 2 : Irregular

Layer 1 : Mesh

Layer 0 : Mesh

Figure 6.4: CMPs consist of four layers.

e Routing of node 0 to node 3: node 0 and node 3 are belongs to same layer that has mesh

topology. So, the DOR is carried out.

e Routing of node 2 to node 7: node 2 belongs to layer 0, and node 7 belongs to layer 1, but

dimension order routing is carried out because layer 0 and 1 compose 3D mesh structure.

e Routing of node 1 to node 10: node 1 belongs to 3D mesh structure (layer 0 and 1) and mesh
of YZ plane (node 1, 3, 5,7, 9 and 11). Node 10 belongs to irregular topology. Thus, Mixed

routing is carried out. And vice versa.

6.3.4 Evaluations

In this section, the proposed Mixed routing is compared with a baseline irregular routing, in which
the whole 3D network is treated as an irregular topology and Up*/Down* routing is used to route
packets. The spanning tree roots for Up*/Down* routing are optimized so as to minimize the average
hop count of each application based on an exhaustive search [95].

First, the evaluation environment and the target NoC architecture are described. Second, Mixed
routing and irregular routing are compared in terms of the average hop counts using a network sim-

ulator. finally, full-system simulation results will be shown.

6.3.4.1 Network Simulations

To evaluate hop counts of Mix routing and irregular routing, we developed a network simulator called

Irre_sim that has been employed by other papers, such as [100], etc. Irre_sim is a cycle-accurate
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Table 6.1: Target architecture for network simulator

T444 T448
Topology 444 4.4.8)
Number of Nodes 64 128
Number of Z links | 48142136 | 112|98 | 84

simulator of interconnection networks written in C++. Although the traffic is artificially generated,
the operation of routers are based on the real hardware design. Here, a standard three-stage wormhole
router and 5-flit (1-flit header + 4-flit body) packets are used.

We evaluated network configurations in Table 6.1 with the network simulator. Topology (x,y, z)
denotes a wireless 3D NoC that consists of z chips where each chip consists of x X y nodes. For
example, T444 (4,4,4) stacks four chips, each has 4 x 4 nodes.

Here, we use a number of chips with irregular topology as a parameter. Irregular topologies are
automatically generated from 2D mesh network by randomly removing horizontal links with 50%
possibility. We also remove some vertical links due to the irregularity of vertical direction networks
as mentioned in Subsection 3.1. In addition, the number of vertical links (Z links) has been changed
randomly as shown in Table 6.1. In order to keep connectivity of the network, removal which makes
isolated nodes is prohibited.

The most commonly used Uniform traffic in which source and destination node are randomly
selected is adopted. Neighbor traffic in which the destination node is selected adjacent node of
the source node is also tried, since the Mixed routing is not effective in such a traffic with strong

communication locality.
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Figure 6.5: Average hop count of Mixed routing and irregular routing at uniform traffic (T444)

Figure 6.5 and Figure 6.6 show average hop count of Mixed routing and irregular routing with
uniform traffic.

Each topology in the graph is based on the configuration shown in Table 6.1 with the number of
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Figure 6.6: Average hop count of Mixed routing and irregular routing at uniform traffic (T448)

irregular chips as a parameter. Random irregular topologies are generated for Irregular 1-4 configu-

rations. The meaning of link 48 is to have 48 vertical links. I also checked the situation of vertical

link remove. For example, link 42 means 12.5% vertical links are removed randomly, link 36 means

25% vertical link are removed in same way.

In Figure 6.5, the hop count of Mixed routing is improved by 6.6% compared to that of irregular

routing when irregular 1 with link 36 in uniform traffic. Similarly, in Figure 6.6, it is improved by

11.8% when irregular 1 with link 36. Note that even if all chips are irregular, the mesh can be formed

in the vertical dimension, the performance of the Mixed routing thus overcomes the Up*Down*

routing.
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Figure 6.7: Average hop count of Mixed routing and irregular routing at neighbor traffic (T444)

Figure 6.7 and Figure 6.8 show the average hop count at neighbor traffic. In Figure 6.7, the hop

count of Mixed routing is improved by 3.3% compared to that of irregular routing when irregular 2

with link 36 in uniform traffic. Similarly, in Figure 6.8, it is improved by 6.1% when irregular 3 with

link 98. The results show that Mixed routing is effective even with the traffic with the strong com-
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Figure 6.8: Average hop count of Mixed routing and irregular routing at neighbor traffic (T448)

munication locality. Since the average distance from source node to destination node with neighbor
traffice pattern is much shorter than the case of uniform traffic pattern, the hop count improvement is
not obvious that much.

From the above four figures, it is obvious that the hop counts increase as vertical link remove
number increase in both Up*/Down* routing and Mixed routing. However, the hop count increment
ratio with Mixed routing is smaller than that of Up*/Down* routing. Thus, when link is 36 and 84,
the most benefit can be gained in these four figures.

We also compared the average hop counts of Mixed routing to the minimum hop counts computed
with Dijkstra’s algorithm. The difference between hop counts in Mixed routing and minimum hop
counts is only 2.5% on average. Considering that the minimum routes computed with Dijkstra’s
algorithm may cause the deadlock, Mixed routing achieved near-optimal results with deadlock free
paths.

Increasing the number of chips with irregular network stretches, the hop counts are increased
as the number of chips with irregular network increases. However, when Mixed routing is used,
the increasing ratio in uniform and neighbor traffic is much suppressed by using a small number of
2D mesh is used efficiently. The performance improvement becomes more obvious as the scale of
networks become bigger. Therefore, we believe that the proposed routing algorithm is worth being

applied to small and large scale of 3D NoCs.

6.3.4.2 Full-System Simulations

To evaluate the impact on the performance of wireless 3D NoCs, we also used a full-system CMP
simulator: GEMS and Wind River Simics. Table 4.3 and 4.4 list the processor and network parame-
ters. Eight parallel programs from the OpenMP implementation of NAS Parallel Benchmarks (NPB)
are used here for running on the wirless 3D NoCs. Sun Solaris 9 operating system is assumed to run

on the 4-chip NoCs. These benchmark programs were compiled by Sun Studio 12, and executed on
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Figure 6.9: Target 3D NoC T444 for CMP simulator.

Solaris 9. The number of threads was set to four or eight, depending on the number of processors.

Figure 6.9 shows target 3D NoC for a full-system CMP simulator. Here, the blue tile shows CPU,
the yellow one shows the L1 cache, and the red one is the L2 cache. Similar to the case of network
simulation, the number of chips with irregular topologies is used as a parameter.

Here, we only check T444 case. Figure 6.10 and 6.11 show application execution time of Mixed
routing normalized to that of Up*/Down* routing. Irr O is the case without irregular topology (i.e.
mesh topology). Note that even in this case, meshes can be formed in the vertical direction. Irr 1-3
show cases with different random irregular topologies. The performance of Mixed routing is a little
better than that of irregular routing except a few applications. Especially, the performance of Mixed
routing in CG is improved up to 6.1% when irregular 2 with link 36 is used. Since the communi-
cations between chips are infrequent, the application execution time is not obviously improved by
using Mixed routing.

In "CG", "MG" and "UA" which require a lot of data exchange, the performance improvement is
large. On the other hand, in "DC" and "EP" with a small amount of data exchange, the performance
is almost the same independent from the number of irregular network.

Although we didn’t check the T448 case, it’s reasonable that more performance improvement
can be earned when the network scale becomes larger, such as T448 case, according to the network

simulation results.

6.3.4.3 Power Saving Improvement

The most important contribution of this paper is improving the energy efficiency of the wireless 3D
NoC by means of introducing two sleep modes. So here we compare the Up*/Down* routing and
Mixed routing using our proposed on/off vertical link methods. The following power model is used

to calculate the power consumption of networks for these two approaches.

PN()C = ProuterNrouter + Phlinthlink + PvlinkNvlinkv (61)
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Figure 6.10: Comparison of execution time of mixed routing and irregular routing (1/2)
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where N,ouzer, Npiink and Nyjing represent the number of routers, horizontal links, and vertical links

traversals on average. Pjousers Phiink and Pyjin, correspond to the power consumption of a router, a
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horizontal link, and a vertical link. The P, and P, are set according to Table 1, Section 3. For
the Ppjink, horizontal links take up 65% power consumption of the whole 2D NoC [98] while routers
take up 35%. Therefore, the Py is set to 150 uW.
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Figure 6.12: Power saving improvements with mixed routing compare to up*/down* routing (T444)
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Figure 6.13: Power saving improvements with mixed routing compare to up*/down* routing (T448)

The most commonly used Uniform traffic in which source and destination node are randomly
selected is adopted. Each topology in Figure 6.12 and Figure 6.13 is based on the configuration
shown in Table 6.1 with the number of irregular chips as a parameter. Random irregular topolo-
gies are generated for Irregular 1-4 configurations. The meaning of link 48 is to have 48 vertical
links. Figure 6.12 and Figure 6.13 show power saving improvements with Mixed routing compare to

Up*/Down* routing. The vertical axis represents power saving improvements in style of percentage.
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The horizontal axis represents the network configurations.

In Figure 6.12, the power saving of Mixed routing is improved by 7.4% compared to that of
irregular routing when irregular 1 with link 36 in uniform traffic. Similarly, in Figure 6.13, it is
improved by 13.2% when irregular 1 with link 36. Since the hop counts can be improved by using
Mixed routing, the the switch time of vertical link can be reduced correspodingly. For example, when
the number of vertical link is 36, the hop count improvement is less than that of 42 and 48 vertical
links by using Mixed routing. The communication frequency between chips become lower. Thus,

more vertical links can be shut down using FSM which is introduced in Chapter 4.

6.4 Summary

In this chapter, we introduced three routing schemes for inductive-coupling based wireless 3D NoC.

These chips can be formed into a single uni-directional ring network so as to fully exploit the
flexibility of the wireless connections that enables us to add, remove, and swap chips in a package
without updating any routing information. In this case, Vertical bubble flow was the best choice for
ring based wireless 3D NoC.

Then, a plug-and-play routing scheme able to cope with the irregularity of the wireless 3D CMPs
was introduced. The routing protocol exchanges the network information between all chips in order
to establish the deadlock-free routing paths based on spanning trees.

Finally, an improvement version of plug-and-play routing scheme was proposed, called Mixed
Routing. It classifies the target topology into 2D mesh, 3D mesh and irregular topology, and se-
lects the routing algorithm based on its topology. Although the effect is depending on the number
of 2D mesh in the 3D network, network simulation results revealed that Mixed Routing improved
performance of irregular routing up to 11.8%. By using the full-system simulator, the execution time
of parallel application programs is compared, and except a few cases, the performance with Mixed
Routing overcomes that of irregular routing.

Since the hop counts can be improved by using Mixed routing, the the switch time of vertical link
can be reduced correspodingly. The power saving is also improved by using Mixed routing instead

of Up*/Down* routing. The results show that up to 13.2% power saving can be improved.
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Conclusions

7.1 Summary

Inductive-coupling is yet another 3D integration technique that can be used to stack more than three
known-good-dies in a SiP without wire connections. it provides a large degree of flexibility in build-
ing target 3D ICs, such as enabling chips in the package to be added, removed, and swapped after
the chips have been fabricated, similar to what is done with building blocks. However, problems also
arise with these advantages, especially the issue of power consumption and routing algorithms. We
proposed solutions to figure out the above problems.

In this thesis, we first introduced network on chip according to router architecture, network
topologies, routing algorithm and low power technologies for on chip networks. After that, a com-
mercial NoC-based chip is introduced. Then we move our discussion from 2D network on chip to
3D network on chip. 3D IC interconnection techniques are discussed before 3D network on chip.
We believe the inductive coupling technology has big advantadges compare to other 3D interconnec-
tion techniques. So we choosed inductive coupling technique as a keynote to discuss. We discussed
inductive coupling based wireless 3D NoC and a prototype wireless 3D NoC chip (cube-0) using
inductive coupling.

In Chapter 4 and 5, we proposed on/off vertical link method in order to reduce the power con-
sumption of inductive coupling links (vertical links). A big shortcoming of inductive coupling tech-
nique is high power consumption because of its high frequency. The proposed method is very simple
but very effective to fix the above problem. We applied this method to cube-0 with ring topology.
Afterwards, this method was applied to general wireless 3D NoC with irregular topology. The wake
up routing algorithm must be modified at the same time.

We firstly proposed a Up*/Down* based plug-sand-play protocol for general wireless 3D NoC
in Chapter 3. The plug-and-play routing protocol is able to cope with the irregularity of the wireless
3D NoCs. It exchanges the network information between all chips in order to establish the deadlock-
free routing paths based on spanning trees. In additon, a spanning trees optimization technique that

selects the best spanning tree root for each message class in order to minimize the average hop count
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and improve the application execution time. In Chapter 6, another routing scheme called mixed
routing is also proposed considering the regularity of the wireless 3D NoC. It classifies the target
topology into 2D mesh, 3D mesh and irregular topology, and selects the routing algorithm based on
its topology. The evaluation results show that performance and power saving both are improved by
using mixed routing.

We make a discussion on important issues for both design in Section 7.2. Finally, future direc-

tions are derived in Section 7.3.

7.2 Discussion

In Chapter 4, we proposed a low power technology to reduce the power consumption of the wireless
3D on chip network. The proposed low power strategy successfully reduced power consumption no
matter for ring network or irregular network.

However, we did not take traffic load into consideartion. Full system simulation results is showing
a low traffic load. Then the wake up latency can be offset by low vertical link utilization. If block
happened as traffic load becomes very high, the wake up signals are also possible to be blocked. Thus,
the system performance would become worse. On the other hand, the proposed on/off vertical link
method is now only effective for reducing power consumption. Since the static power consumption
of wireless 3D NoC is difficult to measure, the tradition power gating and the proposed method
cannot be verified effectively. Moreover, the power consumption might become lower as the process
technology improves.

In Chapter 6, we proposed routing scheme and its improved version for general wireless 3D NoC.
Full-system CMP simulations using parallel applications show that the proposed irregular approach
outperforms the previous ring approach by up to 23.4%. The results also show that the proposed
spanning trees optimization technique improves the application performance by up to 28.1%.

However, some problems are ignored. Calculation time mentioned in chapter 6 for the best
spanning tree root for each message class is small when is network scale is small. When the network
scale is 8-tile, the calculation time is 0.008 second, then 0.020 second for 16-tile, 0.315 second for
32-tile. Although 9.376 second for 64-tile is still small, the calculate time is 30 times as that of
32-tile. As the network scale increases, the calculate time grows exponentially.

For the its improved version, there are also some problems exist. We only consider the case
of irregular topology and mesh topology, but neglect the other topologies. In additon, the routing
algorithm can be switched only once, since we assume two virtual channels. Thus, Up*/Down*
routing is applied from the relay-node to the destination nodes even if the destination node belongs
to the another different meshes. If the system scale becomes large, add more virtual channel can make
the routing algorithm switch more than once. However, obviously, the area and power consumption
overhead will increase. Besides, the performance improvement is not big enough. The routing

algorithm needs to be modified again for getting more performance benefits.



7. Conclusions
7.3. Future Work 83

7.3 Future Work

Although the proposed low power policy works well for ring-based and irregular-based wireless 3D
NoC in terms of evaluation results, we did not check the case of mesh-based wireless 3D NoC which
is the most popular 3D NoC architecture. In the future, it is meaningful that apply the proposed low
power method to mesh-based network.

The wake up latency is another problem which could effect the system performance. As the
matter stands, look-ahead routing is a feasible plan. Router detects the arrival of packets two hops
ahead, so as to mitigate the negative impacts of wakeup latency.

Moreover, the proposed power control mechanism works only dynamically. Considering the
application property, the static on/off mechanism is advantageous since the target network allows any
type of topologies. Shutting down of some links statically for the target applications will save much
power without performance overhead. Combination of such a static control and dynamic control
proposed here is a future direction.

It is also possible to modify the proposed mixed routing algorithm. Now, Mixed Routing simply
uses layers which includes the source node or destination node. This strategy may cause the traffic
congestion when a specific chip (e.g. processor) generates a lot of packets. Selecting the light
traffic chips and switching the route is our next improvement policy. Furthermore, we must take
other topology into consideration, because the current scheme is too simple to handle most cases.
Checking the cases for many-core wireless 3D NoCs to verify if our proposed routing menthod is

more efficient could be another considerable study.
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