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Abstract

Networks-on-Chip (NoCs) are fast becoming the de-facto communication
infrastructures in Chip Multi-Processors (CMPs) for large-scale applications. The
traditional approaches of implementing a NoC with planar metal interconnects have high
latency and significant power consumption overhead. This is mainly due to the multi-hop
data exchange using wired links, specifically when the number of cores is significantly
high. To address these problems, Wireless NoCs (WNoCs) that augment multi-hop wired
interconnects in a NoC with high-bandwidth, single-hop, long-range wireless links are
being explored. Although multi-hop communication is replaced by WNoC, still, NoC
components including wireless transceivers consume a significant portion of chip power,
which is one of the major bottlenecks in NoC architectures for CMPs. With progressing
generations and system sizes, this proportion increases exponentially. Another important
concern with the existing WNoCs is the performance limitations due to single frequency
channel communication with omnidirectional antenna setups. These bottlenecks open up
new opportunities for detailed investigations into the power and performance efficiency of
WNoCs and design low-energy, high-performance communication infrastructures for
CMPs.

Analysis of network resources for several benchmarks shows that, utilization and
hence energy consumption is application dependent and the desired performance can be
achieved even without operating all resources at maximum specifications. To reduce the
power consumption, we propose a leakage power-aware NoC architecture using power
gated router based on the router utilization. To compute the utilization of routers, we
propose an adaptive two-step estimation method that computes utilization at both global
and local router levels. This hybrid estimation method provides an accurate prediction of
router utilization with low run-time overheads. Using the utilization estimates, we reduce
the switching and idle-state power consumption of WNoC architecture. To eliminate
power-gating impacts and maintain the performance, we implement a deadlock-free
Seamless Bypass Routing (SBR) strategy that bypasses a power-gated router.

Based on the utilization of routers, we propose a switching (dynamic) power-aware
NoC architecture using Adaptive Multi-Voltage Scaling (AMS) mechanism to achieve
significant energy saving. To implement the AMS based WNoC architectures, we also
propose a multi-level voltage shifter along with efficient control mechanism that allows
switching between two voltage levels from a given fixed set of voltage levels. But most
wireless interconnects are implemented using a token passing protocol in which only a
single paired is actively involved in data transmission at any given time. Hence, the



wireless transceivers can be selectively switched on and off depending on the workload.
This will improve the power efficiency of the network without affecting the overall
network performance, especially when all the wireless transceivers are designed to operate
at the same frequency and only one pair can use the channel at a time.

Since all these wireless links are not required all time, power-gated wireless
transceivers can provide an effective solution for power efficient WNoC design. In this
dissertation, to increase the power efficiency, we also propose the partially power gated
transceiver for wireless interfaces (WIs) using AMS to reduce the idle-state power
consumption based on the utilization of WIs. For packets transmitted over wireless links,
receiver-end control strategy is proposed with WNoC. This enables effective power gating
strategy for WIs as it eliminates periodic waking up of complete receiver chain. The
proposed technique also reduces routing overhead and need of control signals significantly.

However, most existing WNoC architectures generally use omnidirectional antenna
along with token passing protocol to access wireless medium. That limits the achievable
performance benefits since only one wireless pair can communicate at a time. It is also not
practical in the immediate future to arbitrarily scale up the number of non-overlapping
channels by designing mm-wave transceivers operating in disjoint frequency bands.
Consequently, we explore the use of directional antennas where multiple simultaneous
wireless interconnect pairs can communicate. Concurrent wireless communications can
result in interference. This can be minimized by optimal placement of wireless nodes. To
address this, we propose an interference-aware Directional Wireless NoC (DWNoC)
topology with optimal placement of WIs by incorporating planner log-periodic antennas
(PLPASs). This DWNoC architecture enables the directional point-to-point links between
transceivers and hence multiple wireless links can operate at the same time without
interference. It also increases the energy efficiency of DWNoC as well as utilization of
WIs significantly as compared to existing NoC architectures.

In addition, we also address the on-chip communication bottlenecks between Last
Level Caches (LLCs) and Memory Controllers (MCs) to access off-chip memory.
Communication between LLCs and memory controllers faces significant challenge due to
the placement of memory controllers, high network latency, and switching strategy.
Especially, as system size increases, the latency between caches and limited number of
memory controllers increases, thereby degrading the memory performance. To overcome
this, we propose an adaptive hybrid switching strategy with dual crossbar router to provide
low latency paths between caches and memory controllers. The performance is further
improved by finding the optimal number and placement of memory controllers with low
overheads. To reduce the energy overhead of dual crossbar routers, we introduce partially
drowsy and power gated techniques with routers in the proposed architecture.
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Chapter 1
Introduction

1.1 Motivation and Introduction

The advancements in chip design indicate that there will be a manifold increase in
the number of cores on a single die over the next few years. Chip Multi-Processors (CMPs)
are gaining significant interest for a wide range of applications; consumer electronics,
single-chip cloud computers, supercomputers, defense applications, etc. Intel has recently
developed the Knights Landing processor with 36 tiles for high performance computing
[1]. A processor array containing 1000 independent processor is fabricated in 32-nm
technology node [2]. Other companies like Tilera, Nvidia, and Samsung are also
developing the multi-core systems. However, existing methods of integrating and
designing multi-core chips do not scale to very large core counts due to several challenges.
On-chip communication and power consumption are two such major challenges.

For more than four decades, Moore’s Law and Dennard scaling have resulted in
increasing transistor integration capacity with a constant power density [3]. With the
feature size below 65nm, this trend can no longer be continued from generation to
generation, because of exponential growth of leakage current, and limitations of threshold
and operating voltage scaling. Recent studies have highlighted the bottlenecks of
interconnect power in the total chip power consumption [4]. With CMPs becoming more
communication centric as opposed to computation centric, interconnect power plays a key
role in accommodating the expected growth in number of cores. These facts emphasize
the need to introduce aggressive power saving methods for interconnection networks to
achieve an energy efficient CMPs without significant performance degradation.

These can be addressed by introducing a power-aware Network-on-Chip (NoC) that
has emerged as the communication platform that enables partitioning of the design effort
[5]. Advances in NoC have made it the preferred choice for the communication backbone



of Chip Multi-Processors. However, traditional NoCs suffer from the limitations arising
out of a multi-hop communication of conventional planar metal interconnects, where data
transfer across the NoC fabric causes high latency and power consumption. With a further
increase in the number of cores on a chip, this problem will be significantly aggravated.
Several attempts have been made to alleviate the limitations of regular NoC architectures
by innovations in routing and interconnect deployments [6]. However, due to the basic
interconnect technology being the metal/dielectric combination the performance
improvements were only incremental.

Different approaches have been explored to address the limitations of conventional NoCs;
such as 3D and Photonic NoCs and NoC architectures with multi-band RF interconnects
[7]1 [8] [9]. All these new technologies are capable of improving the speed and power
dissipation in data transfer in a many-core chip. However, in 3D NoCs, manufacturing
issues and temperature due to increased power density put a ceiling on the overall
performance advantages. Photonic NoCs need an underlying electrical network to set up
path and routing information adding to the overhead. RF interconnects based NoCs need
laying long on-chip transmission lines across the chip. In comparison, wireless
transmission for on-chip data transfer over relatively long distances stands out as a
revolutionary alternative which besides improving the performance profiles of modern
NoCs, also eliminates the need to lay out waveguides on the chip [10] [11] [12] [13].
Establishing long-range, single hop communication links with wireless transceivers
reduces the number of hops involved in data transmission across distant nodes on the chip
thus improving performance. Depending upon the operating frequency range the data
bandwidth of such links can be very high. Such high bandwidth, low latency long distance
links enable the design of novel NoC architectures that were so far impossible to conceive
due to age-old limitations imposed by delays along long wires. Of these emerging
interconnects, wireless links with mm-wave antennas offer the most feasible solution
because of their compatibility with CMOS manufacturing process. Coupled with advances
in mm-wave transceiver design [14], on-chip wireless links offer the most promising
solution to improve the performance of NoCs. Many Wireless NoC (WNoC) architectures
[11] [12] [13] have been proposed with varying performance improvements and overheads.

All these different architectures augment conventional wired topology with Wireless



Interfaces (WIs); WIs primarily used for long range communication to reduce multi-hop
communications. The advancements made in NoCs and on-chip WIs provide high-
performance communication infrastructures to match the computation capabilities of
processing elements in many core systems. But, wireless transceivers have their own power
overheads, which is another major concern in WNoC architectures.

Most of the wireless NoC architectures are based on omnidirectional antennas. In
most cases, these WNoC architectures adopt a token passing based medium access
mechanism to transmit data over the shared wireless channel. Since all antennas share a
common channel, only a single communication is possible at any instant of time. This
limits the performance benefits of using wireless links. One potential solution to achieve
simultaneous communications is to have multiple non-overlapping wireless channels. But
creating multiple transceivers tuned to non-overlapping channels is an extremely
challenging job due to effects of interference. Interference reduces available bandwidth and
degrades the bit error rate (BER). The cumulative impact of these leads to poor Quality-
of-Service (QoS).

To address these aforementioned issues, we discuss multiple effective solutions to
make an efficient communication infrastructure for CMPs. However, as technology scales,
interconnect power and latency increases. This results in high power consumption in
NoC/WNoC topologies at deep submicron technologies and large system sizes. To realize
energy-efficient high-performance computing, it is necessary to introduce aggressive
power saving methods for NoCs. The work proposed in this dissertation tackles power
consumption in NoC elements to achieve energy-efficient on-chip interconnection in
CMPs. The total power consumption in NoC at different technology nodes with different
system sizes is shown in Figure 1.1. The network and core power values are obtained using
DSENT [15] and McPAT [16] tools. At all technologies, the total die area is kept constant,
and power consumption in NoC for given system size is computed. As can be observed,
NoC power increases exponentially with technology nodes and increasing system size,
though the supply voltage reduces.

Power consumption in network components remains a major issue in deep submicron
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technology. As CMOS scaling progresses into smaller technology nodes, power has
become the primary design constraint. NoC, with many routers transferring data
simultaneously, consumes high power and a significant portion of total chip’s power. For
example, NoC in Intel Teraflop processor consumes 28% of the total tile power [17]. As
system size increases, this is further multiplied by several folds with a significantly high
number of active routers. In addition to this, it has been shown that it is not possible to
operate all system resources (cores, NoC, memory, etc.) simultaneously at full power all
the time while meeting Thermal Design Power (TDP) constraints [18]. High power
consumption also leads to higher system temperatures affecting the reliability of the

system. This makes it necessary to reduce the power consumption in NoC routers for
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energy efficient and reliable system while achieving the required network performance.
Figure 1.2 shows the trend of router dynamic and leakage power across different
technology nodes from 45nm to 22nm. The results are obtained by simulating a regular
router using DSENT [15] and breaking down the power consumption into dynamic and
leakage components. Leakage power, unlike dynamic power, increases as technology
scales and accounts for 59% of total power at 22nm. This trend shows basically the both
leakage and dynamic power consumption is a major concern in NoC architecture. These
facts emphasize the need to introduce aggressive power saving methods for NoC router
components and aim for energy efficient and reliable interconnection in sustainable
computing platforms.

Similarly, power consumption in Wireless Interfaces (WIs), consumed during idle
phases of wireless communication, acts as a key energy waste in WNoCs. The component-
wise breakdown of WI power, in Figure 1.3 [19], shows that W1s dissipate high power; and
Low-Noise Amplifier (LNA) and Power Amplifier (PA) consume most of it. The energy
efficiency at routers as well as WIs has become a major issue for NoC architecture. The
power consumption in baseline router and idle-state power dissipation in WIs has to be
reduced to achieve low power on-chip communication while providing desired network
performance.

Based on this utilization of routers, we propose a leakage power-aware NoC

architecture to reduce the power consumption using power gating strategy. The methods of
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router utilization computation are discussed in chapter 2. Due to presence of power gated
routers, packets may drop or packet latency may increase by storing the data into virtual
channels. Therefore, it is also essential to reduce the packet drops and latency to avoid the
performance degradation. To maintain the performance, we propose a seamless bypass
routing strategy which helps to route the packet by bypassing the power gated router(s) as
well as reduce the packet drops.

In order to achieve energy-efficient communication, we propose switching power-
aware WNoC using Adaptive Multi-Voltage Scaling (AMS) control technique for wired
and wireless NoC architectures. The AMS mechanism follows a hybrid approach to
implement voltage scaling in router components and power gating in W1ls to save switching
and idle-state power respectively. It operates based on utilization of components during
different application activity phases to adaptively vary supply voltage and reduce energy
consumption in NoCs. The utilization of router components is computed using pre-
computed global utilization and stochastic router utilization models that are discussed in
section 2.2 (Chapter 2) and 3.2 (Chapter 3) respectively. The stochastic utilization model
is derived dynamically by observing routing characteristics of the application at each
router. The stochastic modeling of router utilization allows AMS to adapt to different
applications according to their performance requirements while maintaining optimal
network power consumption.

At the same time, we also evaluate the utilization of WIs to increase the energy-
efficiency of WNoC. WI utilization is tracked by verifying availability of token and data
to be transmitted at each WI and power gating them when they are not actively engaged in
communication. As token is transmitted through wirelessly, in this case, token can be
missed due to inactive receiver-end. To receive the token by waking up periodically is not
a feasible solution due to excessive transient energy overhead. This is one of the major
challenge in power gated WIs. To avoid this, we propose a sophisticated receiver-end
wake-up control strategy using address signature along with data packets. This strategy
processes the signature without interrupting the inactive components. For this, the unique
signature of desired receiver WI is appended between dummy bits and actual packet data
to be transmitted. We add a certain number of dummy bits with the original packet to avoid

data loss during signature matching and wake up latency. We ensure that the extra dummy



bits added with the original data introduces minimal overhead. At the receiving WI, the
received bits are decoded for this WI address using a pattern matching decoder. If the
address matches, remaining actual data is received. If there is a mismatch, packet reception
is ceased and LNA is put back to sleep state. The pattern matching decoder is operated at
serial data stream frequency and starts decoding WI address after LNA is active.

In order to improve performance and avoid limitations of existing single channel
WNoCs , we also propose a Directional Wireless NoC (DWNoC) architecture using Planar
Log-Periodic Antennas (PLPAs) in this dissertation. In this topology, we propose an
interference-aware wireless nodes placement algorithm to improve the performance. To
achieve that we define constraints that can result in wireless interference and find
placement that avoids all such constraints. This will enable us to create multiple concurrent
wireless links eventually improving performance and energy-efficiency. We explore the
PLPAs for the on-chip wireless links and demonstrate the use of their directivity to enable
pair-wise communications. We present Directional Wireless NoC (DWNoC) architecture
following three requirements: interference-avoidance, low power dissipation and
performance enhancement through concurrent links.

In addition, communication between LLC and memory controllers faces significant
challenge due to the placement of memory controllers, high network latency, and switching
strategy. Though advancements like multichannel memory controllers, High Bandwidth
Memory (HBM) etc. improve memory bandwidth; limited number of pins restricts the total
number of memory controllers. With few memory controllers servicing requests from large
set of cores, placement and interconnections of these memory controllers within NoC play
a significant role in providing efficient off-chip memory access. Several works in the past
have demonstrated the capabilities of NoC to provide high-performance communication in
CMPs. Intel’s 80-core [17] design arranges cores in 10x8 2D mesh network with 5-port
routers and provides a bandwidth of 80Gbps per tile. Tile64 from Tilera [20] uses 8x8 2D
mesh and provides a bisection bandwidth of 2.56Tbps. Both these architectures use
memory controllers placed at top and bottom of the network. With fewer number of
memory controllers, better NoC design and placement can have a huge impact on system
performance. Arbitration policies between memory requests arriving at each memory

controllers have been proposed in [21] [22] to provide better interconnection support for



improving memory performance. A memory controller placement and routing between
cores and memory in [23] have shown that diamond placement with 16 memory controllers
provides optimal performance in 8x8 mesh based CMP. A generic placement method with
divide and conquer approach [24] analyzes different memory controller placements based
on hop count metric. NoC hardware supports have also been explored to provide high
bandwidth off-chip memory access. Another possible solution to provide high bandwidth
memory access is to estabalish dedicated paths between processing elements and memory
controllers. But, this is not scalable with increasing system sizes.

In order to improve the performance of memory accesses in CMPs, we introduce
an adaptive hybrid switching strategy, which is a combination of circuit switching and
packet switching strategy, with dual crossbar router. As studies show that optimal
placement of memory controllers can optimize the communication mismatch significantly,
so, we place the memory controllers to enhance the memory Bandwidth. To reduce the
energy overhead of dual crossbar routers, we present partially drowsy and power gating

techniques in the proposed architecture.

1.2 Contributions

The overall contributions of this thesis are illustrated in Figure 1.4. This figure
highlights the target applications, WNoC based CMP and associated challenges. Hybrid
NoC architecture consists of a large number of tiles. The contents of this tile are a router,
core, caches (L1, L2, and L3), network interface controller and links (hop). There are two
types of routers such as base router (BR) and hybrid router (HR). Each tile is connected to
neighbor routers through links. Packets are transmitted from one core to another through
links and routers. If there are multi-hop communications, packet adopts the wireless links
depending upon the availability of wireless channel and token passing Medium Access
Control (MAC) protocol. The main challenges associated with this interconnect technology
are performance dependency, power consumption due to NoC components and evaluation
framework for WNoC. Our main contributions in this thesis are presented by shaded boxes,

those are discussed one by one in the following sections.
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The major contributions of this work are as follows:

A low power router architecture using partially power gated router coupled with
drowsy VCs is proposed to reduce leakage power based on the router utilization as
discussed in Chapter 2. To reduce the impact on performance of the proposed power
saving methods, we introduce a Low overhead, deadlock-free seamless bypass routing
strategy. We evaluated the power and area overheads along with impacts of power
gating. We also did a detailed comparative analysis of the proposed techniques with
the state-of-art.

We propose a low overhead adaptive two-step hybrid estimation method using
stochastic process for router utilization from its past usage pattern. Based on the
utilization of routers, we propose an energy-efficient NoC architecture using Adaptive
Multi-Voltage Scaling (AMS) mechanism to achieve significant energy saving by
scaling the voltage of router components as discussed in Chapter 3. To implement the
AMS scheme with NoC, a multi-level voltage shifter that allows switching between
two voltage levels from a given fixed set of voltage levels. We also integrate on-chip
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voltage regulator and level shifter with routers. We also use power gating enabled WIs
using AMS to reduce the idle-state power dissipation and in that process significantly

improve power efficiency of the NoC infrastructure.

For packets transmitted over wireless links, a receiver-end control strategy is proposed
to wake up the desired receiver based on token as discussed in Chapter 3. This scheme
proposes to use unique address signature along with data packets. The inactive
components will remain so until signature matches by pattern matching decoder at the
desired WI. This enables effective power gating strategy for WIs as it eliminates
periodic waking up of complete receiver chain. This signature is appended between
dummy bits and data packet. These dummy bits are appended with packet to avoid the
data lost due to components in inactive mode. The proposed technique also reduces

routing overhead and need of control signals significantly.

A DWNOoC architecture using PLPA antenna is explored for multichannel simultaneous
communications without interference as discussed in Chapter 4. Simultaneous
communication can enhance the overall system performance significantly. We propose
the interference-aware WIs placement algorithm and routing strategy for minimizing
interference effects. This algorithm also helps in the optimal utilization of the Wls and
increases the energy-efficiency of the network compared to the WNoC setup with

omnidirectional antennas.

To enhance the performance of the system in terms of memory access latency, we
propose an energy-efficient adaptive hybrid switching strategy with dual crossbar
routers that allow simultaneous use of both circuit and packet switched paths as
discussed in Chapter 5. An optimal number and placement of memory controllers in
the network using machine learning approach are also introduced to increase the
memory access bandwidth. A routing protocol for seamless communication between
last level caches and memory controllers using adaptive hybrid switching strategy is

also proposed.
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VI.

We developed a performance evaluation framework using system and network
simulators for WNoC. Router utilization based metric is introduced and is applied to
enable design and evaluation of energy-efficient architecture by implementing AMS
with power gating. The proposed framework is implemented on top of an existing
cycle-accurate open-source network simulator and system simulator. The framework is
used for experimental evaluations under various application-specific and synthetic

traffic scenarios to validate our proposed works.

1.3 Dissertation outline

The remaining of this dissertation is divided into 5 chapters. In this section, we

discuss the contents each chapter briefly.

Chapter 2: We implement the leakage power aware NoC architecture with power
management controller to apply fine-grained power gating in NoC routers based on the
utilization of the routers. The utilization computation method for routers is discussed in
this chapter. The design of router bypass links and control circuitry is presented to transfer
data through power gated routers. A deadlock-free seamless bypass routing is presented
that makes use of bypass links to minimize the adverse effects of power gating and maintain
performance. A walk-through example describes the various steps involved in power
gating and routing data in NoC under various possible scenarios. We also present a detailed
analysis of power and area overheads of proposed architecture, impacts of power gating

and comparison of proposed design with existing low power techniques.

Chapter 3: First, a detailed description of dynamic runtime utilization computation for
estimating router utilization with low runtime overhead is presented. A stochastic model is
developed for accurate prediction of router utilization from its past utilization
characteristics during dynamic runtime utilization computation phase. The supply voltage
of router elements is varied dynamically based on the predicted utilization. To reduce the
switching power, AMS control mechanism, implemented to reduce switching power in
router elements and idle-state power in WI components is described in this chapter.
Similarly, we power gate the W1 components, when they are not actively involved in data
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transmission to reduce idle-state power consumption. We present the details of AMS
controller, along with multi-level voltage shifter and voltage regulator to dynamically
change supply voltage of router components and WIs based on their utilization and save
network energy. A control mechanism for packet transferred over wireless link is presented
to avoid the data loss and maintain the signal fidelity in the presence of power gated WiIs.
A new approach to transmitting medium access token through wireless link is proposed to
minimize control signal latency. A detailed discussion and analysis of the impact of PVT
variations of PA and LNA are discussed in results section.

Chapter 4: We demonstrate directional antenna based WIs for interference-aware
DWNOoC architecture for many-core systems to overcome the bottleneck of existing WNoC
setup with omnidirectional antennas. It is also shown that DWNoC can establish concurrent
links which do not interfere with each other. Simultaneous communications can enhance
the overall system performance significantly. We also propose the interference-aware WIs
placement algorithm and routing strategy for minimizing interference effects. This
algorithm also helps in the optimal utilization of the WIs in the network with minimum

overheads.

Chapter 5: In this chapter, we highlight the on-chip communication bottlenecks between
Last Level Caches (LLC) and Memory Controllers (MCs) to access off-chip memory. To
overcome this, we discuss hybrid switching strategy with dual crossbar routers that allow
simultaneous use of both circuit and packet switch paths. We also try to find the optimal
number and placement of memory controllers in the network using machine learning
approach. We further improve upon this by using power-efficient drowsy virtual channels
and power gating techniques to achieve energy-efficient off-chip memory access. A routing
protocol is introduced for seamless communication between LLCs and MCs using adaptive

hybrid switching strategy.

Chapter 6: In the last chapter of this dissertation, we conclude our present research work
with detailed outcome and future research directions in the domain of efficient

communication infrastructure.
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Chapter 2
eakage Power-aware NoC

In this chapter, we implement the leakage power aware NoC architecture with
power management controller to apply fine-grained power gating in NoC routers based on
the utilization of the routers. The utilization computation method for routers is discussed
in this chapter. The design of router bypass links and control circuitry is presented to
transfer data through power gated routers. A deadlock-free seamless bypass routing is
presented that makes use of bypass links to minimize the adverse effects of power gating
and maintain performance. A walk-through example describes the various steps involved
in power gating and routing data in NoC under various possible scenarios. We also present
a detailed analysis of power and area overheads of proposed architecture, impacts of power

gating and comparison of proposed design with existing low power techniques.

We tackle the leakage power consumption in NoCs and propose ways to reduce the
leakage power without impacting the performance. Analysis of router power consumption
shows that leakage power accounts for a significant portion of total NoC power. We also
notice that the contribution of leakage power increases with technology node, specifically
in deep-submicron nodes. We reduce the leakage power consumption using power gating
in base router. Power gating operation in NoC architecture is implemented using router
utilization data. Router utilization is estimated in two steps: i) Pre-computed global
utilization and ii) Run-time utilization. In this chapter, we implement a cost-effective
runtime utilization estimation method to save the leakage power. In the first step, utilization
is pre-computed from the knowledge of hardware and the application characteristics. This
pre-computation provides a coarse utilization estimate and helps us to identify routers that
are at the extreme ends of utilization i.e., very highly used or rarely used. The runtime
utilization estimation is performed on remaining routers and provides a fine estimate to
capture router idle phases during application execution. The two-step hybrid approach

helps us in achieving the most accurate profiling of router utilization characteristics and
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maximizing energy savings while reducing the estimation overheads.

In this work, we propose leakage power and performance-aware NoC architecture
using power gating technique to achieve energy-efficient communication in many core
systems. Of all router components, leakage power consumption in crossbar fabric and
virtual channels is comparatively high [18]. Hence, the proposed method partially power
gates the router to turn off these components that account for most of the leakage power in
NoC. Power gating techniques, in general, have performance penalty due to associated
wake-up latency in bringing a circuit to the active state. Similarly, it can have performance
or energy penalties due to 1) short-term sleep periods within high cumulative utilization
phase; 2) wake-up due to burst traffic during light utilization; 3) blockage of paths and 4)
isolation of routers. To overcome these effects, we propose a Seamless Bypass Routing
(SBR) strategy. SBR uses bypass links to route data through power gated routers
effectively. It reduces the impacts of wake-up latency, congestion, blocking and isolation
due to power gated routers and minimizes the impacts of power gating on communication
performance. Using power gating, NoC allows for static reconfiguration of NoC according
to the application requirements and reduces power consumption. By considering runtime
utilization locally at each router, further reduction in leakage power consumption in router

is achieved.

2.1 Related work

Communication performance over long distances and power consumption have
been major challenges for many-core NoC architectures. WNoC architectures like the ones
proposed in [11] [12] [13] [14] [25] [26] by inserting low latency and low energy wireless
links, improve performance over traditional wired only NoCs. With power becoming major
design constraint in ultra DSM technologies, several low power design techniques like
dynamic scaling, multi V¢ cells, clock/power gating, etc. [27] have been proposed to reduce
power consumption in CMOS ICs. Recently, several works have explored implementing
such methods to reduce power consumption in links/routers and achieve energy efficient

network infrastructures.

Power gating schemes, that cut-off power supply to a circuit when it is not active,
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have been widely used for leakage power reduction and also been employed for NoCs [28]
[29] [30]. Panthre [31], a power-aware routing and topology reconfiguration method is
proposed to provide long uninterrupted intervals of sleep to selected units using power
gating. Panthre considers link utilization to implement power gating and if utilization of a
datapath is below predefined threshold, it is put in sleep state. Ultra fine-grained run-time
power gating method for on-chip routers is proposed in [32] that reduces leakage power
using look-ahead technique but with performance penalty. Fine-grained power-gated
FlexiBuffer that reduces buffer leakage power is proposed in [33], and can operate with
minimal changes to flow control. NoRD (Node-Router Decoupling) [34] is a novel
technique for power gating bypass, that decouples the Node’s ability of transferring packet
by monitoring the status of associated router. Traffic based virtual channel activation is
explored in [35] for low power applications. Power Punch, a novel performance aware
technique has been proposed to achieve non-blocking power gating of on-chip routers [36].
In this paper power control signal is sent ahead of the packet to punch-through any blocked
routers along the imminent path of packets. An energy efficient virtual channel power
gating mechanism is discussed in [37] for on-chip networks to save the leakage power. All
these schemes offer leakage power savings using efficient algorithms based on link/virtual
channel/application utilization. Many of these algorithms either depend on predetermined
router/link utilization estimation or perform completely runtime utilization estimate.
Predetermined utilization estimates can be obtained with reduced overheads, but offers
minimal flexibility that can adversely affect performance. On the other hand, fully runtime

estimation methods offer dynamic control options but require significant overheads.

To maximize leakage power saving in NoCs with minimal overheads, we propose
a hybrid utilization estimation approach, NoC in this work. The two-step utilization
computation finds a good balance between rigidity of predetermined methods and runtime
overheads. The pre-computed estimate reduces the number of routers controlled
dynamically at runtime, limiting the estimation overheads. On the other hand, runtime
utilization estimate captures the detailed activity characteristics during different phases of
application execution to maximize energy savings. In addition to this, NoC promises to
increase power efficiency of on-chip wireless communication significantly along with

regular router components. A flow control technique that allows packets to bypass router
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pipeline stages [38]. ShortPath is augmented with a fine-grained pipeline bypassing
mechanism to skip all the stages without contention for high speed applications [39].
Authors in [40] combine two techniques of adaptive channel buffer and router pipeline
bypassing to simultaneously reduce power consumption and improve performance. An
evaluation of bypassing technique is discussed based on traffic by avoiding the full routing
functionality of selected nodes [41]. Single-cycle Multi-Hop Asynchronous Repeated
Traversal (SMART) is proposed to dynamically set up single-cycle paths with turns from
source to destination [42]. A Seamless bypass routing strategy proposed along with power
gating control minimizes the performance impacts and adverse effects of power gated
routers in the network. We present a detailed discussion of NoC architecture and
performance evaluation of NoC architecture with WNoC. We explore performance
overhead and associated trade-offs for realizing the proposed framework.

2.2 Leakage Power-Aware NoC

A generic NoC architecture consists of routers attached to message source/sink
components; with all routers interconnected by wires in a specific topology. WNoC
architectures, using strategically and optimally placed WIls at some routers, provide long
distance wireless communication to improve NoC performance. A WNoC topology, with
Base Routers (BRs) and Hybrid Routers (HRs) (BR + WI) is explored in [43] [44]. In this
section, we discuss the hybrid two-level utilization estimation based power gating strategy
and router design implemented in proposed architecture. We describe the power
management controller that decides router power gating operation and router modifications
necessary to reduce NoC leakage power consumption without effecting performance

significantly.
2.2.1 NoC Router Design

The architecture of power gated router design implemented in NoC is shown in
Figure 2.1. The BR components of NoC router are typical of any NoC router design and
provide similar functionality. The router design consists of six major components: i) BR
components that include wired 1/O ports, buffers & virtual channels, crossbar fabric, route
computation unit, switch allocation and arbiter, ii) WI components, iii) Utilization
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Figure 2.1 Implementation of power gated hybrid router design for proposed NoC

Computation Unit (UCU), iv) Power Management Controller (PMC), and vi) Bypass links
and multiplexing circuit. HR, shown in the figure, contains W1 components and control
signals along with all BR components. WI components include serializer, modulator,
Power Amplifier (PA) at the transmitter and Low Noise Amplifier (LNA), demodulator,
deserializer at the receiver. A Voltage Controlled Oscillator (VCO) is used to generate the
required carrier signal for both transmitter and receiver. These components provide the
necessary hardware to read packet data from BR and convert it to analog information that
can be transmitted over wireless channel. UCU observes activity of the router and
computes runtime router utilization. PMC reads necessary information about the status of
router and makes decision about power gating the router. The bypass links with
multiplexing circuitry implement SBR strategy to reduce the adverse impacts of power

gating and avoid performance penalties in NoC.
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2.2.2 Global Utilization Computation

The hybrid approach operates using two levels of router utilization. The coarse
grain pre-computed utilization is observed over entire application period and helps us to
categorize routers as Highly-Utilized (HU), Moderately-Utilized (MU) and Rarely-
Utilized (RU). Each router is placed into one of these three categories based on their pre-
computed global utilization. The threshold that indicates which category the router belongs
to, depends on the application being run on the many-core system. The threshold value for
each category is set as less than 10% for RU, utilization between 10% and 75% for MU
and HU routers have utilization more than 75%. As the name suggests, routers classified
as RU are rarely used over entire application time, whereas HU routers are active for most
of the application time. MU routers fall in between these two categories. Figure 2.2 shows
the number of routers falling into each category for different PARSEC [45] and SPLASH-
2 [46] benchmarks. It can be seen that less than 30% of routers are highly active across all
benchmarks simulated and on average 48% of routers are moderately utilized. This allows
us to save power consumption in routers with low utilization by reducing their voltage
without impacting performance significantly. The utilization of the routers may vary with
application to application. We define thresholds for router categorization based on pre-
computed router utilization as shown in Figure 2.2 to reduce the hardware overheads.
Thresholds are estimated by running the PARSEC and SPLASH-2 benchmarks suite. In our

@ #Router@High M #Routers@Moderate [ #Routers@Rare

100% -
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Figure 2.2 Categorization of routers based on pre-computed global utilization under real

applications for a 64-core system
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simulation setup, we run the applications individually to estimate the thresholds. These
utilization thresholds may change with other benchmarks or multiple simultaneous
applications. For such cases, the thresholds and number of routers falling into each category
vary according to those application/s characteristics. But, NoC architecture can be
reconfigured by setting new threshold values without any changes.

For estimating the router utilization at global level in our experiments, a counter is
associated with each router and is incremented whenever routing decision for that router is
made. All counters are reset at the start of simulation. A total count is computed from the
sum of individual counts of all routers. The utilization of any router is given by the ratio of
a router’s count and the total count. Therefore, at any cycle, utilization of the desired router
can be observed. Utilization of router, U, can be determined as,

RC. 2.1
ur, |t =( — ' xlOO%)|t :

D Rg

0

Where Ur; is the utilization of i" router, Rc; is the register count of the i"" router, n
is the total number of routers and t is the given simulation cycle time at which function call
is being made. Given the dynamic nature of the metric, time (t), is only used for reference
purposes. In the following subsection, we discuss the runtime utilization estimation method

of MU routers.

2.2.3 Runtime Utilization Estimation

To achieve maximum leakage energy saving with minimal runtime overheads,
proposed NoC architecture estimates router utilization in two steps. During the pre-
computation step, UCU estimates the utilization of a router for the entire application period.
We implement this using proposed NoC, where each router can be power gated
individually using a power management controller. In the proposed method, routers under
RU are power gated throughout the application. Routers under HU are never power gated.
Finally, MU routers are power gated dynamically based on run-time utilization estimate.
This reduces the runtime computation overheads of power gating operation in proposed
NoC.
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To achieve better power efficiency in MU routers, proposed NoC exploits runtime
utilization of a router during different phases of the application execution. The runtime
utilization estimate of MU routers is computed on an epoch-to-epoch basis at the start of
each epoch. An epoch signifies a fixed/variable duration phase in total simulation period.
An epoch’s duration can remain fixed throughout the application or varied for each epoch
and duration is determined to suit application needs. For our simulations, we have used
fixed duration of 1K cycles for each epoch. The value is chosen empirically for the set of
benchmarks used in our simulations. The longer epoch durations do not provide the
necessary granularity to capture different application phases, while smaller durations
increase runtime overheads of control operations. The utilization estimate is computed as
the number of cycles for which the router is active within an epoch period. UCU in each
router computes runtime utilization for all neighboring routers that are at one hop distance
from it. At the start of an epoch, it processes the packet headers that are waiting in its input
VCs through Header Decoder (HD) to determine the number of packets that will be routed
to each output port. If the numbers of packets that are to be transferred to an output port
are less than a predetermined global threshold, UCU sets the downstream router connected
to that port to be underutilized for the next epoch. Once UCU completes its operation, the
utilization estimate information of neighboring routers is transferred to each corresponding

router.

2.2.4 Power Management Controller (PMC)

Power Management Controller (PMC) of NoC controls the power gating operation
of router components and generates the necessary power gating control signal such as
PGS_BR for base router components as presented in Figure 2.3. An active high PGS signal
from PMC indicates that corresponding components need to be power gated and vice-versa.
At the start of each epoch, PMC receives its runtime utilization estimate from all
neighboring routers as 1-bit Pilot_in signals. It also transmits the results of UCU as
Pilot_out signals; one 1-bit Pilot_out for each neighboring router. An active high pilot
signal indicates the utilization is low. In a simple mesh, PMC sends four Pilot_out signals

and receives four Pilot_in signals from neighboring routers.
In BR, VCs and crosshar consume significant portion of leakage power and hence
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Figure 2.3 Block level diagram shows power management controller with control signals

only these components are power gated i.e., routers in NoC are partially power gated. PMC
utilizes pre-computed and runtime router utilization estimates to generate PGS_BR signal
and control power gating operation. Routers falling under HU/RU categories are
never/always power gated respectively throughout the application period. PMC in these
routers sets PGS_BR to be active low/high for HU/RU respectively for entire application
period and disables all runtime control operations by UCU. Power gating operation in MU
routers is enforced at the start of epoch based on runtime utilization estimates. At the start
of each epoch, PMC receives utilization estimates from all neighboring (one-hop distance)
routers as Pilot_in signals and makes a decision regarding the enforcement of power gating.
If more than half Pilot_in signals indicate that the router is going to be underutilized, PMC
power gates the BR components. The VCs and CF of router remain in sleep mode for that
entire epoch duration until a new decision is made at the start of next epoch. To
communicate the power gating status of the router, a one-bit Router Status Signal (RSS) is
transmitted by PMC to all neighboring routers. Active high RSS represents that particular
router is power-gated. This is utilized in seamless Bypass Routing Strategy (SBR) strategy
by neighboring routers to effectively route the packets through power gated routers. Similar
to the Pilot_in signals received from neighboring routers that indicate router’s utilization

estimate, PMC transmits Pilot_out signals to all neighboring routers indicating their
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runtime utilization estimate as computed by UCU.

While UCU is computing utilization of neighboring routers, the router continues its
regular operation. UCU and its operation lie outside the input to output critical path of the
router and do not add additional delay to packet transfer. When PMC makes the decision
to power gate the router, an active high PGS_BR signal is sent to router components, and
an active high RSS signal is sent to neighboring routers. Once the router is power gated,
bypass links are enabled to transfer packets through the power gated router. When a power
gated router is being brought to the active state, PMC wakes up the router components and
sends active low RSS to neighboring routers, and the neighboring routers can start routing
packets normally.

2.2.5 Routing Strategy

The hybrid two-level utilization based approach of NoC reduces leakage power
consumption in NoC significantly by selectively power gating the routers. But, turning off
some routers in the network can lead to some adverse effects like performance degradation
due to wake up latency, congestion, router blocking, deadlock and isolation. To overcome
these challenges and reduce the impact of power gating on performance, we propose
Seamless Bypass Routing (SBR) strategy that uses bypass links and additional router
modifications to effectively route data through partially power gated routers, where only

VCs and crosshar fabric are turned off.

2.2.5.1 Bypass Links

To implement SBR strategy, we add two changes to NoC router architecture
compared to regular router design; bypass links that allow data to be transferred through a
power gated router and a power gating table with Router Computation (RC) unit, that stores
information about power gating status of four neighboring routers as shown in Figure 2.4.
The two addition additional bypass links in NoC router connect North & South ports and
East & West ports bypassing the crossbar fabric as shown in the figure. These links provide
means to transfer data through a power gated router and reduce stalling and re-routing of
packets at the neighboring routers. At each input and output port, demultiplexer and

multiplexer are added respectively that control the flow of data through either crossbar
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Figure 2.4 Router bypasses links and control circuitry

fabric or bypass links. The demultiplexer at the input port is controlled by two signals,
power gating signal from PMC and Local Data (LD) signal from RC unit. LD indicates that
destination of the data at the input is local node. When the router is not power gated, data
from the port is written to the buffers and transferred through crossbar as in a regular router.
When, it is power gated, data is routed either to local port or bypass link according to LD
signal. At each output port, a multiplexer is added which is again controlled by power
gating and LD signals. Under regular router operation, data is taken from crossbar fabric.
When the router is power gated, data is either taken from bypass link or local port as per
the LD. To avoid the deadlock, one buffer slot is reserved for RC computation of each VC.

A power gating status table is maintained with RC, which stores information about
the status of neighboring routers as shown in Figure 2.4. The entries in the table are updated
based on RSS received at the start of epoch. An entry ‘1’ against any port indicates that the
router connected to that port is power gated and is used while determining the output port
for a packet. The use of bypass links when router is power gated, and SBR strategy to

minimize the adverse effects of power gating are explained in subsequent section.

2.2.5.2 Seamless Bypass Routing

Performance degradation in NoCs with power gated routers arises from re-routing

23



VA VA
Header 0o 0o o
BW || RC SA ST || LT ||BW/|| RC I ST || LT

DATA 0 ST ST |o o o

—> > > > > > —> — —> — —>
1 2 3 4 5 6 7 8 9 10 1
Elapsed time (Cycle)

Router A Non-power gated Router B
(@)
VA
Header| BW || RC SA ST || LT || RC || BLT || LT {06 o o
DATA_O BLT| o o o
T 7 3T 7 7T T eT
Elapsed time (Cycle)
Router A Power-gated Router B
(b)

Figure 2.5 Pipeline stages of (a) regular XY routing and (b) seamless bypass routing

or stalling of the packets due to the presence of one or more power gated routers along the
downstream path of a packet. The degradation can be in the form of increased packet
latency or congestion and contention of non-power gated paths. Another performance
impact is the latency while bringing components back to wake-up mode. To reduce the
impact of wake-up latency, arbiter, switch allocator, RC, and virtual channel allocator are
always kept ON as these components of router consume very little leakage power. When a
router comes into active state from sleep state, packets reaching at its input ports can be
processed through these stages, while VCs and Crossbar Fabric (CF) become active. To
address other effects, we propose SBR, which is an extended version of XY routing
algorithm [47]. In regular XY routing, the packet is routed first in the X-direction and then
along the Y direction from source to destination. A typical router pipeline requires five
stages; Buffer Write (BW), Routing Computation (RC), Virtual channel Allocator and
Switch Allocator (VA and SA), Switch Traversal (ST) and Link Traversal (LT) as shown
in Figure 2.5(a). Data and tail flits go through ST and LT stages. In case, the next router in
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Table 2.1 Shows seamless bypass routing strategy

Algorithm: Seamless Bypass Routing

» At each epoch start:
— Forports N, E, W, S:
= if RSS ==
Set Hop Limit to 2
= else
Set Hop Limit to 1
Xcurr, Ycur: X-, Y- positions of router
Xpest, Ypest: X-, Y- positions of destination
if |XDest - XCurr| >= HOp_lelt
— Set Output to Port E if Xpest > Xcurr
— Set Output to Port W if Xpest < Xcurr
> else
— if [Ypest — Ycur| >= Hop_Limit:
= Set Output to Port N if Ypest > Ycur
= Set Output to Port S if Ypest < Ycurr

YV V

— else
= if |YDest - YCurr| =0:
Set Output to Port E if Xpest > Xcur
Set Output to Port W if Xpest < Xcurr
Set Output to Local Port if Xpest = Xcurr
= ¢clse
Wait

path is power gated, the packet is stalled at the current router, which increases packet

latency.

SBR strategy implemented in NoC reduces packet stalling by effectively
transferring them through bypass links as described in Table 2.1. RC in each router of NoC
has a power gating status table with RSS entries for all of its neighboring routers as shown
in Figure 2.4. When RSS entry against the port is ‘0’°, RC follows regular deadlock free XY
routing strategy. When RSS entry for any port is ‘1°, it indicates that router connected to
the port is power gated. RC makes a decision to route the packet through another port
connected to non-power gated router or use the bypass links of the power gated router. The
decision is made depending on the distance of the destination from current router. If packet
destination is not same as the power gated router and is more than one hop away in the
direction same as that of power gated router, RC makes the decision to use bypass links of
the partially power gated router. The packet is transferred to the power gated router, and
then directly transferred to second router in path using bypass links along that direction. If
the destination is one hop away in the direction same as that of the power gated router, RC

reroutes the packet through one of the ports connected to non-power gated routers. If the
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packet destination is the power gated router, the packet is routed to the power gated router.
At the power gated router, when a packet reaches at its input ports, RC resolves packet
destination. If the destination is the local node, data is routed to a local port. Otherwise,
data is routed to an output port using the bypass link. Since RC takes one cycle to complete
its operation, one flit sized input buffer always remains ON at each input port of the
partially power gated router to store the flit under processing. In SBR strategy, a packet
passes through only two stages, RC and Bypass Link Traversal (BLT) to reach its output
port as shown in Figure 2.5(b). Hence, it takes only three cycles for routing the packet, as
opposed to five cycles in a regular router. The additional hardware added at each port and
RC adds little overhead to the router. By using the bypass links and little modifications to
router architecture, SBR avoids major performance impacts of power gating while
achieving leakage power savings.

SBR is deadlock free as it follows X direction first strategy similar to that of
traditional XY routing. The packet transfer using SBR follows along X-direction first and
then along Y-direction and hence does not result in any cyclic dependencies. Even while
using bypass links, packet transfer still makes only one turn from X to Y-direction. The
only violation to this is; if Y coordinate of power gated router along path (if present) is
same as that of packet source and its X coordinate is same as the X coordinate of packet
destination (packet source and destination are different power gated router). In such
scenario, an additional turn from X to Y is made at the neighboring router of power gated
router. At the ensuing router, packet is routed using simple XY or SBR based on its RSS
entries. The routing is deterministic, and bypass links do not allow change of direction
between X and Y. Hence, none of the possible output ports result in cyclic turn or
dependency on the upstream router resources. This prevents any cyclic dependencies and

deadlocks in SBR strategy.
2.3 Walkthrough Example

In this section, the proposed method is illustrated through a walkthrough example.
The current state of the 16-core system illustrated is as shown in Figure 2.6. Routers 1, 7
and 8 are hybrid routers with WIls. Based on pre-computed utilization, routers 4 and 5 fall

into RU category and are power gated for entire application period. As per the output of
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Figure 2.6 Example scenario illustrating our proposed architecture

UCU computations at the start of current epoch, routers 10 and 11 are partially power gated
for the current epoch. As per the information about all power gated routers, the ports with
RSS="1" in different routers are shown in table in Figure 2.4. All other ports in every router
have RSS value set to ‘0’. To showcase different capabilities of proposed method, we
consider traversal of three packets (named P1, P> and P3) originating from the source router
0. The destinations for the three packets are routers 9, 4 and 15 respectively. The three

packets reach their respective destinations following the steps as described below:

I.  Attime ty, packet P: is injected from local node to router 0. RC unit at router
0, process the packet header and decides the output port to be East port
(following XY routing), since RSS of East port is ‘0’ (Router 1 is in wake
up state). Arbiter grants access of East port to P.

Il. At ty, packet Py traverses the crossbar switch at router O to reach East port

of router 0. At the same time, packet P> is injected from local node into
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router 0. Destination for P2 is IP attached to router 4. RSS of North port at
router 0 is ‘1° as router 4 is power gated. Since, the destination is local port
of router 4, RC makes decision of output as North port for P. Since the port
is free, arbiter grants access of this port to P».

At t3, Py traverses the link between router 0 & 1 and reaches input buffer of
router 1. Packet P> traverse crossbar switch at router O to reach North port.
At the same time, packet Ps is injected into router O from local node. Since
destination is router 15, following XY routing, RC assigns East port to P3
and arbiter grants access as port is available.

At t4, header of Py is processed by RC at router 1. Since the destination is
router 9, which is two hops away along Y -dimension, RC assigns North port
to P1 and arbiter grants access to the port. P, traverses the link between
routers 0 & 4 and reaches the input of router 4. P3 traverses the crossbar
switch at router 0 to reach the East port of the router.

At ts, Py traverses the crossbar switch to reach the North port of router 1.
Header of P2 is processed by RC at router 4. Since the destination is node
attached to router 4, RC assigns the local port to P,. P3 traverses the link
between router 0 & 1 to reach the input of router 1.

At tg, P1 is processed by RC (RC is not power gated) and since destination
is not local node, it is assigned to the bypass link connecting the North and
South ports of router 5. P, reaches its destination. Ps is processed by RC at
router 1. Since destination is router 15 and there is a wireless link available
along the path, RC assigns wireless link at router 1 to Ps.

At t7, P1 traverses the bypass link to reach the input of router 9. P traverses
the crossbar switch at router 1 to reach the WI.

At tg, P1 is processed by RC at router 9 and since the destination is local
node, it is assign to the local port of the router. Ps is processed through WI
at router 1 (W1 address bits are added at the starting of the packet) and is
transmitted using the antenna.

At to, P1 reaches its destination. P3 is received by the antenna of W1 at router

7. The packet Ps is also received by antenna of W1 at router 8.



X.  Attipo, WI address added to Ps is processed at both the Wis of routers 7 and
8. At WI of router 7, since the WI address matches it WI, packet P3 is
received and processed at the WI.

Xl.  Attutotiz, RC process Ps at router 7 and following XY routing, Ps reaches

its destination at router 15 through router 11.

2.4 Performance Evaluation

In this section, we discuss the performance benefits, energy efficiency and
associated overhead of NoC and compare it with other existing power-gated NoC
architectures in detail. We present peak throughput and average latency with both
application specific and synthetic traffic for performance evaluation of NoC router based

NoC architecture.
2.4.1 Simulation Setup

The proposed NoC architecture is characterized using modified cycle accurate
Noxim simulator [48] that models the progress of data flits accurately per clock cycle,
accounting for all flits that reach the destination or dropped [49]. Network trace based on
application traffic is collected from Graphite [50] full system simulator using PARSEC [45]
and SPLASH-2 [46] benchmarks. The traces are executed on Noxim simulator. We
consider system size of 64 cores for our experiments, which is representative of current
multicore technology trends. The width of all wired links is considered to be same as the

flit size, which is considered to be 32 bits. We consider a moderate packet size of 64 flits

Table 2.2 Simulation Setup for Proposed NoC

Topology 8x8 Mesh, 8x8 Mesh based WNoC
Routing XY for baseline, SBR, NorthLast for hybrid router node
Pipeline 4 stages for regular and 3 stages for power-gated router
Flit size 32 bits
Packet size 64 flits
Clock Frequency 2.5GHz
Workload Synthetic and Real
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for all our experiments. Similar to the wired links, we have adopted wormhole routing in
the wireless links too. The routers are input buffered with each port comprised of 4 VCs.
Each VC has a depth of 4 flits. The ports associated with the WIs have an increased buffer
depth to avoid excess packet drop. Through simulations, we find the ideal buffer depth at
WIs to be 8 flits and increasing it further provides diminishing returns. The NoC switches
are driven with a clock of frequency 2.5GHz. The configured system setup for all
simulations is presented in Table 2.2. Threshold values for RU and HU routers are
application dependent. To estimate the power break up in terms of dynamic and leakage
power consumption, the RTL level design of router is synthesized with Synopsys Design
Compiler using 32nm CMOS technology. The delays and energy dissipation of the wired
links are obtained through Cadence simulations taking into account the specific length of
each link based on the established connections on a 20mmx20mm die. The on/off keying
(OOK) modulation based wireless transceiver adopted from [19] is designed and simulated
using the TSMC 65-nm CMOS process and is shown to dissipate 32mW sustaining a data
rate of 16Gbps with a bit-error rate (BER) of less than 10°%° while occupying an area of
0.3mm?. We adopt SA-based optimization technique for placement of WIs to get maximum

benefits [14]. Token-based medium access mechanism is used in WNoC architecture.

2.4.2 Performance Metrics Review

In order to evaluate the proposed NoC in terms of packet energy dissipation and
peak network bandwidth, we review some basic metrics. Packet energy, Ep« is the energy
dissipated in transferring one packet completely from source to destination at network

saturation. It can be measured as

Npkt 2.2
_ G G ABpus +MiEyive A+ Nsim Ewireless

E
pkt 1
N pkt

Where, Nk is the number of packets routed in the NoC, L; is the latency of i
packet, 4, is the number of hops along the path for i packet and Ej.sis the energy dissipated
for a flit in router buffers. The energy dissipation of wireline hop is Ewire and 4 is the packet
length in the number of flits. Nyin is the duration of the simulation and E\iresess 1s the energy

dissipated by two wireless transceivers in the WNoC in one cycle.
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Peak bandwidth is the maximum achievable data rate for the NoC. The bandwidth

is measured as the average number of bits successfully arriving per core per second.

Bandwidth, B can be determined as,

2.3

B =tANf,

Where, ¢ is the maximum throughput for number of flits received per clock at network

adesn

saturation, £ is the number of bits in a flit, NV is the number of cores in the NoC and f'is the
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Figure 2.7 Histogram for flit arrival at router that represents (a) HU, (b) MU and (c) RU
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clock frequency. Throughput is directly obtained from system level simulations performed

by NoC simulator.

2.4.3 Router-level Statistics

Application of power gating in NoC is largely dependent on workload activity of
the network. We run the workloads to collect statistics of flit arrivals at the router level.
For an example, Figure 2.7 shows the histogram of flit arrival under Uniform traffic at
various time stamps. Each plot represents flit arrival for a fixed total simulation period at
three different routers falling under HU, MU and RU categories. Intervals between each
timestamp contain mixture of long and short time durations. Application of power gating
during long intervals provides the best savings with reduced transient energy. Figure 2.7(a)
represents HU routers, where power gating approach is not affordable. RU routers in Figure
2.7(c) have very sparse utilization spread across time and can be power gated for entire
application period to save maximum static energy with little impact on performance. Figure
2.7(b) represents MU routers with some dense utilization periods along with very low
utilization periods. For these routers, power gating can be applied dynamically on an
epoch-to-epoch basis. Application of power gating in short intervals results in increase in

transient energy due to frequent state changes.

® Mesh ® Mesh_Proposed O WNoC B WNoC_Proposed

2.5
2
15 -
1 -

bandwidth

Normalized

Figure 2.8 Normalized bandwidth of NoC architectures with different traffic situations for a 64 core
system w.r.t. mesh

32



2.4.4 Bandwidth and Latency Analysis

We evaluate the performance of NoC under different traffic situations with both
mesh & WNoC architectures in terms of bandwidth and latency.

Bandwidth: We evaluate peak bandwidth with proposed NoC for 64-core system
under both synthetic and real traffic. To evaluate performance under both computation and
communication intensive workloads, both SPLASH-2 and PARSEC benchmarks are
considered. Figure 2.8 shows peak bandwidth (Peak bandwidth is the maximum achievable
data rate for the WNoC) at network saturation for mesh and WNoC architectures with NoC
and regular routers. NoC improves or performs equally well in more than half the tested
benchmarks and traffic patterns. Peak bandwidth improves with Bitreversal traffic whereas
it remains same with LU_C, Transposel, Transpose2 and Bufferfly traffic patterns. The
performance degradation observed with traffic patterns is very little. As SBR reduces the
contention delay due to power gated routers, this reduction enhances the overall bandwidth
of the network. From results, it is evident that the proposed architecture offers little to no
performance degradation while achieving considerable power/energy savings at router and
network level.

Latency: Figure 2.9 shows the network performance in terms of latency under
various traffic patterns. The normalized packet latency for mesh and WNoC with NoC
router is 0.62 and 0.39 respectively with respect to baseline mesh. It can be seen that latency

EMesh ®EMesh_Proposed ©TWNoC ©EWNoC_Proposed

Normalized

Figure 2.9 Normalized saturation latency of Proposed NoC based architecture over regular
architectures w.r.t. mesh
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Figure 2.10 Percentage of packet energy saving using proposed NoC over regular mesh and WNoC

for Blackscholes, fmm, and synthetic applications is low due to the low communication
intensity. It can also be seen that latency for Fluidanimate, FFT, Raytrace, Radix and
Radiosity C is high due to the high communication requirements. However, the latency
increases in both mesh and WNoC architectures using NoC is insignificant as compared to
using regular routers except FFT and synthetic traffic patterns. From bandwidth and latency
results, it is clear that NoC architecture achieves significant static energy saving with little

to no impact on the performance of the network.

2.4.5 Energy saving

The average packet energy saving obtained by NoC is evaluated by running
PARSEC [45] and SPLASH-2 [46] benchmarks on 64-core system. These benchmarks
consist of a combination of complete executables and computational kernels, which
represent a variety of compute intensive scenarios across scientific, engineering and
financial applications. We also run synthetic traffic patterns viz., Transposel, Transpose2,
Bitreversal, Shuffle and Butterfly. The synthetic traffic patterns represent regularly occur
occurring traffic scenarios and can have messages generated by different sources. The
energy comparisons are made with mesh and WNoC architectures using regular routers
and proposed NoC routers. The energy saved with NoC over regular routers in case of both

architectures for different traffics is illustrated in Figure 2.10. On average, NoC achieves
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Table 2.3 SPLASH-2 and PARSEC Benchmark Characteristics for Expected Trends

Benchmarks Spatial locality Power saving Remarks

LU, FFT, High High High power saving due to many

Blackcholes, underutilized routers

Fluidanimate

FMM, Radix Medium Medium Medium

Radiosity, Raytrace | Low High High power saving due to many
underutilized routers

Note: Power saving ranges: High >=40%, Medium >= 30% & <40, and Low <30%.

49% saving in energy across all benchmarks as compared with regular WNoC and mesh
respectively.

The energy savings achieved by NoC are dependent on spatial locality and traffic
pattern characteristics of benchmarks as shown in Table 2.3. If the spatial locality of a
program is high, data is accessed contiguously among few routers or from small address
space and vice-versa. Benchmarks with high spatial locality have many RU routers outside
the heavily used cluster of routers. This increases the chances to save power in those routers
by power gating them through pre-computed utilization estimates. On the other hand, if
spatial locality is low, data is accessed non-contiguously over large chunks of addresses.
These results in many routers falling under MU category of pre-computed estimate and
static energy savings are primarily achieved through runtime optimizations. While energy
saving with NoC is significant for high/low spatial locality, runtime and bypass control
overheads are higher for latter with routers going in and out of sleep state, whereas routers
remain mostly power gated in former case. When spatial locality of benchmarks is
moderate, the energy saving obtained by NoC depends on distribution of application traffic
and can vary from moderate to high. Different benchmarks with respective spatial locality
characteristics are presented in Table 2.3 and their energy savings in mesh architecture can
be observed from Figure 2.10.

2.4.6 Summary of Proposed and Existing NoC Architectures

In this section, we compare NoC with other recently proposed power-gated NoC
architectures. The power saving obtained and impacts incurred by each method along with
NoC are shown in Table 2.4. The impacts incurred can be either degradation in

performance or area overheads. As can be seen, NoC provides significantly high leakage
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Table 2.4 Summary of proposed and energy-efficient NoC Architectures

Power gated Power/
Ref. | Approaches Configurations Components | Advantages Energy Penalty
saving (%)
8x8 MeshVCs: 4VCs/ port, 8 Leakage Overall
flits/VC; XY for baseline and power saving network 1.8%
up/down for Panthre; Clock Data path with low power: degradation
[30] Panthre Frequency: 2GHz, Pipeline: 2 and whole latency 14.5% in
stage VC flow control, router impact performance
Simulator: Trace-driven cycle-
level simulator, Benchmark:
Synthetic- Uniform and SPEC
CPU2006
8x8 Mesh, XY routing, 1.5Ghz Buffers Leakage Overall 3%
[27] clock frequency, Technology: power saving router degradation
FlexiBuffer | 32nm CMOS process, Simulator: with low power: in throughput
Cycle accurate simulator, Orion latency 39%
2.0 impact
4x4 Mesh and 8x8 mesh, input Router Reduce the Router
buffer: 5 flits depth, 3GHz clock router static static 3% area
NoRD frequency, pipeline: 4 stages energy and energy overhead
[28] Simulator: Simics with GEMS improve the | saving:29.9
and Garnet, and Orion 2.0 average %
Technology: 45nm CMOS packet
Process, Benchmark: PARSEC latency
8x8 Mesh and 8x8 Mesh and | Buffersand saves Router
WNOoC, XY, SBR and North-Last Crossbar leakage leakage
. for WNoCs, 32 flit size, packet power power 7% area
This Proposed size:64 flits, 2.5 GHz clock consumption saving: overhead for
frequency in base 92.20% for BR
Simulator: Graphite and Noxim, router BR;
DSENT, Technology: 32nm
CMOS process, Benchmarks:
PARSEC and SPLASH-2

energy savings as compared to other techniques, while adding 7% area overheads and no
performance degradation. In addition, NoC addresses short-term sleep affects, path

blocking and isolation of routers by use of SBR strategy and bypass links.

2.4.7 Router Power and Area Overhead

In this section, we discuss the overheads due to power gating implementation in
NoC architecture. NoC uses a power gating switch to keep leakage power to a minimum.
The power gating switch consumes 3.16uW of power. The power consumption of
additional components (inclusive of UCU, PMC, PG, and modified RC) is 88.83uW. The
leakage power consumption of wormhole-based router at an average injection rate of
0.3flits/cycle is 7.54mW. The component wise leakage power consumption in different
components for regular router and NoC is shown in Table 2.5. Leakage power consumption
for NoC during active and sleep modes, including all components, is 7.65mW and 0.60mW
respectively. The proposed technique can save up to 92.20% of base router leakage power

during sleep mode.
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Table 2.5 Characteristics Table of Proposed NoC

Leakage power Area
Components Regular wormhole Proposed Regular wormhole Proposed (mm?)
router (mw) (mWw) based router (mm?)

Buffer 6.14 0.192 13.3x10°3 13.3x10°3
Crossbar 1.15 0.05 5.88x10%3 5.88x1073
Power gating -- 0.089 -- 1.822x10°3
control

Others 0.247 0.267 0.518x103 0.518x10°
Total 7.537 0.596 19.698x1073 21.2175%1073

The total area requirement of a regular wormhole based router is 19.70x103mm?.
Power gating switch consumes 0.10x103mm? of the area. PMC, and modified RC and
UCU units together occupy 1.72x10°mm?. Total area overhead due to additional
components (including PG, UCU and PMC) in NoC is 1.82x10°mm?. The total area
requirement for base routers in NoC (including router and power gating components) is
21.22x10°mm?. NoC BR requires additional area overhead of 7% over regular BR. The
component wise area and power requirements for NoC and regular wormhole routers are
presented in Table 2.5. The cross-section area overhead for a single wire is 5.7x103um?.
Total wire overhead with neighboring routers is 0.046pm?; which is very small compared

to the baseline wires.
2.4.8 Scalability

NoC integrates two components PMC and UCU to control power gating operation
and uses PMOS as a header to reduce leakage power consumption in NoC. The number of
header sleep transistors increases with number of routers. The modifications to RC unit do
not require any information from other routers and so they do not change with the number
of routers. PMC and UCU units operate using signals only from the four neighboring
routers and hence their implementation remains unchanged with system size. Hence
proposed approach can be extended to any number of cores. The most important aspect of
the proposed NoC is that it can be used for both wireline and wireless network topologies
without any significant performance impacts. The proposed method achieves a significant

saving in energy with little area overhead and is scalable to any system size in both wireline
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and wireless NoCs.
2.5 Conclusions

In this chapter, we propose and evaluate the performance of NoC architecture for
achieving sustainable computing platforms [51]. It employs fine-grained power gating
technique in router to reduce leakge power consumption. Using a hybrid two-level
utilization estimation approach and seamless bypass routing strategy, NoC maximizes
power saving while minimizing the impact on performance. Simulation results show that
the proposed approach of NoC saves leakage power consumption up to 92.20% in the base
routers compared with baseline router architecture. Seamless bypass routing strategy and
its capability to avoid performance degradation and many of the adverse effects of power
gating are discussed in detail. On average, NoC reduces the total packet energy
consumption by 49% with negligible reduction in network bandwidth and delay
performance. Furthermore, proposed NoC architecture can be effectively implemented for
both wired and wireless NoCs with only 7% area overhead as compared to baseline router

architecture.
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Chapter 3
Switching Power-aware NoC

In this chapter, first, a detailed description of dynamic runtime utilization
computation for estimating router utilization with low runtime overhead is presented. A
stochastic model is developed for accurate prediction of router utilization from its past
utilization characteristics during dynamic runtime utilization computation phase. The
supply voltage of router elements is varied dynamically based on the predicted utilization.
To reduce the switching power, Adaptive Multi-Voltage Scaling (AMS) control
mechanism, implemented to reduce switching power in router elements and idle-state
power in WI components is described in this chapter. Adaptive multi-voltage scaling is a
dynamic power minimization technique that reduces the operating voltage based on the
utilization of the components. Similarly, we power gate the W1 components, when they are
not actively involved in data transmission to reduce idle-state power consumption. We
present the details of AMS controller, along with multi-level voltage shifter and voltage
regulator to dynamically change supply voltage of router components and WIs based on
their utilization and save network energy. A control mechanism for packet transferred over
wireless link is presented to avoid the data loss and maintain the signal fidelity in the
presence of power gated WIs. A new approach to transmitting medium access token
through wireless link is proposed to minimize control signal latency. A detailed discussion
and analysis of the impact of PVT variations of PA and LNA are discussed in results

section.

We describe the strategy to estimate the utilization of router using stochastic
process model in application level. A stochastic process is nothing but a collection of
random variables to represent the evaluation of system over time. Based on the utilization,
we compute the switching power consumption of the routers using AMS. As power/energy

is the main concern for on-chip communications for many-core system, we also attempt to
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reduce the power consumption of WIs based on utilization of WIs using AMS control
mechanism. The utilization of WIs is dependent on token passing protocol. We notice that
all the WIs are not utilized all the time as WNoC supports single frequency channel
communication to avoid the interference. Therefore, we reduce the idle-state power
consumption at WIs using AMS scheme, which improves the power efficiency at WIs

significantly.

The utilization of the routers is divided into two levels: Pre-computed global
utilization and dynamic runtime utilization, which is also called hybrid 2-steps approach,
which is discussed in Chapter 2 in detailed. For switching power saving, pre-computed
global utilization method is similar to Chapter 2. In this case, off-line supply voltage
estimation process provides a great advantage over the existing methods. Not only this
reduces the significant power consumption, but also it diminishes the massive hardware
overhead. But, as leakage power saving is based on binary decision of turning on /off a
router, such a detailed estimate computation is not needed. Therefore, a dynamic runtime
utilization is estimated using stochastic process model for detailed computation. These
approaches provide an incredible power/energy saving without any significant

performance degradation.
3.1 Preliminaries and Related Works

With power becoming the biggest challenge for chip design in latest technology
generations, several low power techniques like dynamic scaling and power gating have
been proposed in literature. These techniques, in the recent past, have been extended to
NoCs in many core architectures to make them energy-efficient. Dynamic scaling schemes
control the operating voltage or frequency or both of a circuit by exploiting idle phases of
execution. They reduce dynamic energy consumption of CMOS circuits without adversely
impacting their performance. Different algorithms have been employed to identify low
active phases of different NoC elements and save switching energy [52] [53]. Dynamic
Voltage/Frequency Scaling (DVFS) for WNoCs has been explored in [54] and improves
energy-delay product with various real traffic patterns. DVFS-enabled sustainable WNoC
architecture has been proposed to facilitate design of power and thermal efficient

communication in multicore chips [55]. A history-based Dynamic Voltage Scaling (DVS)
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policy based on link utilization is discussed in [56] to reduce the network energy
consumption. All these methods save dynamic power consumption in NoCs by varying
voltage and/or frequency of routers appropriately. On the other hand, power gating
schemes cut off power supply to a circuit when it is not active and reduces leakage power.
In this chapter, we propose an energy-efficient WNoC architecture using a novel AMS
mechanism to achieve significant network energy saving by scaling the voltage of router
components. Our main aim in this work is to optimize supply voltage to minimize
unnecessary dynamic power consumption without significant performance degradation.
Similarly, we perform power gating operation with WIs to save the idle-state power
consumption. The combination of both dynamic voltage scaling and power gating can

reduce the energy/power consumption significantly in WNoC architecture.

AMS uses a hybrid power management approach to reduce switching power based
on utilization of routers [57]. Routers at extreme ends (HU and RU) remain at high or low
utilization for most of the application duration. They do not exhibit significant variations
in runtime idle and active phases like MU routers. Exploiting this, AMS operates HU and
RU routers at high and low voltages respectively to reduce runtime dynamic control
overheads. Routers falling in MU are operated dynamically using runtime utilization to
scale voltage during low utilization phases and save energy. Using this hybrid two level
router utilization, AMS achieves considerable energy savings in NoC without impacting

its performance or incurring significant runtime control overheads.

The proposed AMS also controls supply to WIs in WNoC topology to save idle-
state power consumption. Most existing WNoCs [12] [13] [14] employ single channel
wireless communication because of the ease of design and low overheads. As a result, only
a pair of WlIs communicate at any time. Exploiting this, idle-state power associated with
all the other idle Wis is eliminated by power gating them. The power gating control for
WIs in AMS is independent of base router operation and hence, AMS is easily extended to
wired NoC topologies without any modifications. In this chapter, we also present detailed
discussion of WI control using AMS scheme. We discuss the hardware implementation of
AMS controller and associated voltage regulator and level shifter circuits to efficiently
choose and switch between different voltage levels. The proposed architecture is evaluated
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using PARSEC [45] and SPLASH-2 [46] benchmarks for achievable energy savings,

network performance, power gating impacts, and overheads.
3.2 Switching and Idle-state Power-aware WNoC

In this section, we discuss the architecture of AMS based WNoC, stochastic model
for estimation of router utilization and AMS control mechanism for router voltage scaling
and WI.

3.2.1 System Architecture

The WNoC topology, considered in this work, augments 2D wired mesh topology
with single hop, long-range wireless links, where WIs used for long distance
communication across the chip as presented in Figure 3.1 (representative of our proposed
architecture). We adopt simulated annealing-based optimization technique for placement
of WIs from [1] to get maximum performance benefits. WNoC architecture consists of
Base Routers (BRs) and few Hybrid Routers (HRs) that integrate WIs with BR
components. Each BR is a five port, fully connected wired router.

A cluster in the WNoC topology with HRs, BRs, AMS controller and Voltage
Regulator Unit (VRU) is shown in Figure 3.1. BR includes wired 1/O ports, buffers,
crossbar, route computation unit, and switch allocator. The BR communicates with the
neighboring routers by use of wired links. The WI in HR converts packet data between

digital and RF domains through serializer/ deserializer, modulator/ demodulator, power
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Figure 3.1 Cluster-level AMS base wireless NoC architecture

42



amplifier and LNA components. A single antenna with each W1 is used to transmit and
receive the data. The wireless channel is shared between all WIs and token passing
mechanism with round robin arbitration is adopted to provide access of the shared wireless
medium. AMS controller is integrated with each router to control the operating voltage of
router components and WIs. The router voltage is controlled through router utilization
estimates, and WI power gating is operated based on availability of token and data to be

transmitted.
3.2.2 Dynamic Runtime Utilization Computation

The operating voltage of MU routers in AMS based NoC architecture is varied
according to its utilization and is operated on an epoch-to-epoch basis. At the start of each
epoch, router utilization estimate for next epoch is computed, and operating voltage is set
accordingly. An epoch signifies duration in total simulation period. An epoch’s duration
can remain fixed throughout the application or varied for each epoch and duration is
determined to suit application needs. The efficiency of AMS control operation and
consequently the energy saving achieved is dependent on accurate capture of utilization for
each router. We propose a probabilistic utilization model based on stochastic processes to
provide an accurate and fine-grained prediction for router utilization. The proposed model
uses a linear estimator for router utilization and stochastic updates to prediction model to
capture past utilization characteristics. The linear estimator is chosen for its ease of
determining router utilization based on observed parameters. The probabilistic parameters
used for estimation of router utilization are shown in Table 3.1. The utilization of router in
the proposed model is measured in terms of number of flits, the router is supposed to
process in an epoch. The number of flits processed by any router in an epoch depends on
its current input port occupancy and flits forwarded from its neighboring routers (routers
that are single hop away). The number of flits occupying all input buffers is directly
observable at the start of epoch and is represented by random variable T. The values taken
by T vary between 0 and #*B, where # is router degree and / is buffer size in flits at each
port. The number of flits received from neighboring routers is obtained using the utilization
estimation model. The neighboring routers, at the start of epoch, estimate the number of

flits to be transmitted to the router under consideration and communicate this information.
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Table 3.1 Probabilistic Notations

Notations Classifications
= Flit count random vector of length n
[Fi Fy....Fy]
Random variable denoting number of flits routed to output port i in an
i epoch
Buffer occupancy random variable (Number of flits occupying all input
T ports)
E[F], Var[F] Mean and variance of random vector F
Er, 612 Mean and variance of random variable T
Ei, 6 Mean and variance of random variable, F; in random vector F
Cov[X,Y] Covariance of random variables X and Y
Cr Covariance matrix of random vector F
Crri Cross-Covariance of F; and F
n Degree of the router (including local port)
B Buffer size at each input port in flits

The total utilization for router under consideration is then computed from the combination
of input buffer occupancy and utilization estimated from neighboring routers.

At any router, we estimate the number of flits routed to each port by observing its
current input buffer occupancy, T and past traffic characteristics. The random vector, F
indicates the number of flits routed to each output port in an epoch. For the topology
evaluated in our work, router degree is five, and F is represented as [FnFe FwFsFL]. It is
assumed that number of flits routed to one output port is not affected by the number of flits
routed to another port. Hence, random variables, Fi are independent to each other and
covariance of any two Fi’s is zero. T and F take different values (in number of flits) and
also vary in time from epoch to epoch and so form stochastic process. We use linear
estimator to find number of flits routed to each port, given buffer occupancy, T at the start
of n+1 epoch and traffic characteristics for previous n epochs as shown in Equation 3.1

F=aF+aT+b. +b 31

Where,
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The random vector, F on the right-hand side of Equation 3.1 is the number of flits
routed to each port in n'" epoch. The covariance matrix and cross-covariance vector capture
previous traffic characteristics. The accuracy of utilization estimate depends on how well
these parameters capture the traffic properties. For this purpose, the mean, variance and
covariance parameters are updated in each epoch based on the observed values of flits
routed in previous epoch. The update operation of the estimation parameters is not on the
data path of router operation and hence does incur additional delay overheads. Since cross-
covariance and covariance values are updated at each epoch, they capture traffic

characteristics of all previous epochs. In n+1 epoch, the parameters are updated as follows:

n F n T 3.3

<n> <n>

<n> n + 1 ! T<n+l> n +1 T

1> n + 1

_|_
= n+1
2

n 2 Fi<n> 2
Var[Fi ]<n+l> = m[\/ar[Fi ]<n> + Ei<n> ] + m - Ei<n+1>

2
Var(T],.. = —"-Var[T],, +Ef ]+ €7
The covariance matrix, cross-covariance vector, and coefficients in Equation 3.1
are updated from new mean and variance parameters.
At the system start, there is no prior knowledge or past observed values of flits
routed and hence must be initialized with blind estimates. Without loss of generality, we
assume F and T to have Gaussian distribution with respective mean and variance

parameters. We set the initial values of mean and variance parameters as

3.4

n*p n*p
E. = Nar[T]=——
T = [T] 10

e, =2 var[r1=2 *
2 5
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In each epoch, the utilization estimates for number of flits routed to each port are
computed and are sent to routers connected to corresponding ports. To minimize the wiring
overhead, we divide router utilization into multiple levels, and the utilization estimates are
quantized into one of these levels. This quantized utilization estimate of each port is

transferred to the neighboring routers.

At any router, the utilization estimates (UE) are received from all its neighboring
routers (computed using Equation 3.1 at those routers). The total utilization of the router
for the next epoch is computed as sum of its input buffer occupancy and all upstream loads

as shown in Equation 3.6

Ui 3.6
TUE = > UE, +T,

i=1

Where TUE is the total utilization estimate for the next epoch, UE; is upstream load
and Tq is the quantized buffer occupancy. This total utilization estimate is used by AMS
controller to determine router supply voltage for next epoch. In next subsections, we
discuss a switching power-aware NoC architecture using this stochastic process model and
present a thorough performance evaluation of the NoC including energy efficiency and

overheads.

3.2.3 AMS: Base Router Control

The AMS control mechanism is distinctively separated into two controls viz. for BR
components and WI components in HR. The BR control is operated based on router
utilization estimates described in section 3.2.2 and WI control is operated as per availability
of data to transmit/receive.

The BR control operation using utilization estimates is shown in Table 3.2. At the
start of each epoch, quantized utilization estimates from neighboring routers are received and
total utilization is computed as shown in Table 3.2. The total router utilization for an epoch
is also quantized and the level into which the current router utilization falls is used to
determine the supply voltage. The thresholds for each level are determined by user based on
applications. For our simulations, we have considered four utilization levels under MU, 0-5

% (L1), 5-25% (L2), 25-75% (L3) and above 75% (L4). Hence, the quantized utilization is
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Table 3.2 Shows AMS Controller mechanism on routers

Algorithm: Pseudo code of AMS Controller mechanism on routers

Initial: Pre-computed global utilization: HU, MU, RU

Supply_RoutersRU < 0V

Supply_RoutersHU < 1V

Set router states and utilization levels

AMS Control: for each epoch
Utilization Estimate (UE) < Stochastic_Process_Model
Upstream Load < Each_ port (UE; in Equation 3.6)
Input Load < Input buffers occupied (Tq in Equation 3.6)
Total Load (TUE) €< Upstream Load + Input Load

if (TUE > Current Utilization):

Voltage M ;
elseif
(TUE < Current Utilization):
Voltage V;
else
No Change

represented as two-bit utilization level.

Once the router utilization is resolved, the supply voltage is determined as shown in

Table 3.2. If the utilization for next epoch is higher than current utilization, the supply voltage

is increased and vice-versa. If utilization estimate is same as current utilization, the supply

voltage remains the same. Based on AMS control operation of BR components, the state

transitions between different volt voltages depending on utilization estimate are shown in

Figure 3.2. For current implementation, we considered four supply voltage states, low

power (Srp), normal state (Sn) and high performance (Sup) states along with power gated

state (Spg). Once the system is powered, all the routers start in normal state except RU and

HU routers. They are operated using pre-computed global utilization and are not controlled

dynamically. HU and RU routers are provided with high and low supply voltage

Power
On
util = L3 ﬂ
P J— util =L o
Util = L1/L2 @ Util = |_1/|_2 Util = L1
util = L4 Util = L4 Util = L2
Util = L

Figure 3.2 State machine diagram of AMS controller
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respectively and remain under those voltages for entire application duration. As system
continues to run, utilization estimates (for MU routers) for each epoch are made and
controller scales up or down the voltage respectively according to high or low utilization
estimate. The voltage state transitions based on utilization estimate and current utilization

can be determined from state machine in Figure 3.2.

3.2.4 AMS: WI Control

The idle-state power consumption of WIs in WNoCs is reduced by power gating
W1 components in AMS scheme. A typical WI consists of (i) serializer/deserializer buffers
as data interfaces between WI and remaining router components, (ii)
modulator/demodulator to modulate packet data stream to desired transmission frequency,
(iii) PA and LNA to amplify transmitted and received signal respectively and (iv) antenna
to transmit or receive data. The antennas at all WIs are assumed to be broadcast capable.
Furthermore, the wireless medium is shared among all WIs as they all operate on same
frequency. A token passing mechanism with round robin arbitration is adopted from [14]
to control access of medium to any WI. Of all the components in WI, PA and LNA are the
most power hungry and consume more than 60% of WI power, and hence we power gate
only these components. Figure 3.3 demonstrates the block level representation of power
gated LNA and PA. The design of LNA and PA is adopted from [58]. Two Power Gating
Switches (PGSs), one each for LNA and PA are used to power gate them individually. Two

LNA 0oo0o— Dyt
Antenna Rx
Y :
PGS <«
AMSC [ .
PGS [€—
X PA °0o%= D,

Figure 3.3 Schematic of power-gated LNA and PA with AMSC
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switches are operated based on the availability of token and data to be transmitted at WI.
Since a single antenna is used for transmission and reception, either LNA or PA is active

anytime.

Initially, PA and LNA in all WIs are kept in sleep mode. At any HR, when routing
strategy decides to use WI and associated WI has token to transmit data, its PA is bought
to active state as shown in Table 3.3. The wakeup operation of power amplifier overlaps
with switch traversal operation. But, wake up latency of LNA and additional W1 address
bits add overheads to the overall operation and are shown at end of the section. When RC
at HR makes decision to use wireless link for packet transfer, arbiter grants access of WI
according to availability of token. AMS operates on this grant signal for waking up PA.
While PA is being brought to active state, packet traverses the crossbar to reach W1 buffers
(switch traversal stage of router pipeline). Since wake up latency is smaller than clock
period (values discussed in result section), PAis active before packet reaches W1 and packet
is transmitted without additional delay. The transmitted signal is received at destination WI
through shared wireless medium. At receiving WI, LNA is brought to active state as soon

Table 3.3 Shows AMS Controller mechanism on routers

Algorithm: AMS Controller mechanism on routers

LNA and PA control:
Initial assumption: All PA and LNA are power gated.
Assign token to the W1,
TX: while Request for output
if(token available && Arbiter_Grant Wl ==1)
SupplyPA  <Vdd;
then Transmit data using shared wireless medium
Continue until whole message transferred
if (packet transfer complete)
Pass token after tail flit is transmitted
SupplyPA  €0V;
Arbiter_Grant_ WI =0;

else
Wait for token
end if
end while
RX:while (Rx power > noise threshold)
SupplyLNA < Vdd,;
Decode WI Address
if (Received Address '= WI_Address):
SupplyLNA < 0V,
if (packet transfer complete):
SupplyLNA <0V,
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Figure 3.4 Format of data transmission over wireless link

as the signal is detected at the antenna. To differentiate valid received signal from channel
noise, a comparator [59] is used, whose threshold is set to the average value of signal
strength of the most far apart nodes and worst case noise floor value of the wireless channel.
The received packet is then demodulated and deserialized through WI components at the
receiving HR. All the components in both transmitting and receiving WIs are kept active
during data transmission. The receiving WI is put in sleep mode once the tail flit
transmission is complete. The antennas in WNoC topology are broadcast capable and since
all Wils operate at same frequency; LNAs at all Wis are brought to active state on detecting
valid transmission. This results in unnecessary energy consumption in LNA as it is kept
awake till header is resolved by RC unit. Furthermore, the packet transmission through
wireless links is serial and all bits received at the antenna during wake up period of LNA
are lost. To avoid data loss, we add redundant dummy bits at the start of the packet as
shown in Figure 3.4. The number of redundant bits added is equal to product of wake up
latency and bit rate of transmitter. Since wake-up latency is very small, the additional bit
overhead is very low at mm-wave frequencies.

The redundant energy consumption in LNAs is reduced by minimizing the packet
processing time to resolve desired receiver before LNA can be turned off. For this purpose,
a unique address is assigned to each WI in AMS and is used for resolving appropriate
destination WI. The unique address of desired receiver W1 is appended between dummy
bits and actual packet data to be transmitted as illustrated in Figure 3.4. At the receiving
WI, the received bits are decoded for this WI address using a pattern matching decoder. If
the address matches, remaining actual data is received. If there is a mismatch, packet
reception is ceased and LNA is put back to sleep state. The pattern matching decoder is

operated at serial data stream frequency and starts decoding W1 address after LNA is active.
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The number of bits required for W1 address is r =log2Nwi+1 and is small as Nwi, number
of Wis is significantly less than total number of routers. To indicate start of W1 address bits
and differentiate them from dummy bits, we consider MSB of all WI addresses to be ‘0’
and pattern of dummy bits is all ‘1’. Though dummy bits and WI address add bit overhead
to packet transmission, they ultimately avoid data loss and excessive energy consumption

with a little control overhead.

The total time required to complete packet transmission, considering all control

bits, using wireless links is

Tmax - (r+ m+ N flits *Sflit )tbit +tpropagation 37

Where, Ntits is number of flits in a packet, Sqitis size of flit in bits, m is number of dummy
bits, r is number of W1 address bits, thit is bit duration and tpropagation IS propagation delay of
wireless channel. In case of WI address mismatch, packet receiving stops before processing
the r+m bits. The time taken to resolve W1 address with pattern matching is at most r*ty;t. In
comparison without WI address, the entire header flit has to be received (Sqit*thit) and
resolved by RC (takes one clock cycle). For example, the worst case duration before which
LNA is turned off with WI address is 0.35ns, while the best case without W1 address bits is
2ns for the experimental setup and specifications mentioned in section 3.4. Hence, the active
period of LNA and corresponding energy consumption is reduced considerably by adding
WI address bits.

Once the packet transmission is complete, the comparator output at all WIs goes low
as no valid signal is present in the wireless medium. The transmitting W1, then intimates the
next WI in round robin arbitration by transmitting the token as shown in Figure 3.4. The
token data is address of next WI. At WI, the output of pattern matching circuit remains high
while comparator output goes low (after data is transmitted), indicating that received data is
token. Upon receiving the token, next WI turns on its PA and starts transmitting. The main
advantage of transmitting token wirelessly is reduced control wiring overhead and signaling
time. AMS mechanism, with proposed power gating control, reduces idle-state power

consumption in WI components without adding significant control overhead.
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3.2.5 Routing Strategy

To avoid deadlocks, livelocks and minimize multi-hop communications in WNoC
architecture, we adopt routing strategy from [6]. It also avoids cyclic dependencies for
wireless links. With all routers in the network arranged in MxN matrix, the position of source
I and destination j are (x1, y1) and (X2, y2) respectively. The WI positions nearest to source
and destination routers are denoted as Wls=(p,q) and Wip=(r,s) respectively. Data transfer
between routers i and j is followed by two conditions. The hop count between source and
destination is computed using Manhattan distance (Dwm) and using wireless links (Dwi) (flit
transmission over wireless link is considered one hop). Firstly, if Dw is less than Dw, packet
is routed over wired links using XY routing. Otherwise, we verify if WIs are less than or
equal to two hops away from source router. If so, hybrid path (combination of wired and
wireless links) is used to route the packet using South-Last routing, else packet is transferred
through wired links using default XY routing. The second constraint is imposed to reduce
the traffic at WIls and avoid congestion. South-Last routing strategy is shown to be deadlock-
free in presence of wireless links [6] and hence adopted in this work.

3.3 Hardware Implementation

In this section, we discuss hardware level implementation of AMS controller, on-

chip voltage regulator and voltage level shifter required for proposed mechanism.
3.3.1 Adaptive Multi-Voltage Scaling Controller

The proposed AMS Controller (AMSC) consists of Utilization Computation Unit
(UCU), state estimation unit, comparator and Power Gating (PG) control unit as shown in
Figure 3.1. UCU is comprised of utilization prediction model along with predictor and
update units. The prediction model holds the flit and buffer occupancy model parameters
used to predict router utilization and update these parameters in each epoch. The predictor
unit, using these model parameters computes utilization estimates for all neighboring
routers at the start of epoch. The update unit updates the model by using observed values
of past utilization characteristics. The utilization estimates are communicated as quantized
2-bit Pilot out signal to corresponding neighboring routers. Similarly, AMSC at each

router receives its upstream load estimates as 2-bit Pilot_in signals from neighboring
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routers. Hence, AMS mechanism requires a total of 16-bit wiring overhead for
communicating utilization estimates with neighboring routers. Using utilization estimates,
state estimation unit determines the operating voltage for next epoch as described in section
3.2.3. Based on the output of state estimation unit, AMSC sends CNTRL MYV signal to
voltage regulator circuit to set appropriate voltage. CNTRL MV is also used to control level
shifter circuit at the input ports of the router as illustrated in Figure 3.1.

The PG control unit and comparator control the operation of power gating of PA
and LNA components. The PG control for PA receives input from grant signal of arbiter.
Based on RC decision and grant signal for W1 from arbiter, AMSC generates appropriate
PG_PA signal to control PA. The PG control for LNA receives input from comparator,
which is associated with receiver front-end, and W1 address decoding circuit. At low to
high transition of comparator output, AMSC generates PG_LNA to wake up the LNA. As
soon as WI address decoder completes its operation, AMSC puts LNA to sleep state if
decoder output is low. For both PG_PA and PG_LNA, an active high value indicates that
respective component is power gated.

3.3.2 On-Chip Voltage Regulator

The voltage scaling mechanism of proposed AMS requires generation and
VDD
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Figure 3.5 Hybrid switched inductor and switched capacitor voltage regulator for multi-voltage
scaling
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Table 3.4 Characteristics of Voltage Regulator

Characteristics Voltage levels

V1 V2 V3
Transient time (ns) 38 43 39
Efficiency (%) 68.9 66.0 67.4
Energy(nJ) 0.398 0.30 0.183

assignment of multiple voltages by on-chip voltage regulator. Besides generating the
necessary voltages, it is challenging to supply voltages independently to each router and
quickly transition between different voltage levels. A single chip level regulator requires
complex power distribution network for all voltage levels, whereas implementing a voltage
regulator with each router incurs significant area overheads. To balance area and routing
overheads, we implement the Voltage Regulator Unit (VRU) for each cluster (group of
neighboring routers) as shown in Figure 3.1. The VRU circuit is adopted from [54] and
provides high power conversion efficiency. We use Switched Inductor and Switched
Capacitor (SISC) voltage regulator as shown in Figure 3.5 to generate the voltage levels.
The output voltage of the circuit is regulated by controlling the duty cycle of the clock. It
requires smaller sized inductor as compared to traditional SI buck regulator, thereby
reducing area overhead, while being capable of supporting dynamic voltage scaling
operations. Switches (P1/N1, P2/N2, P3/N3, and P4/N4) are clocked at 200MHz and
400MHz to divide the supply voltage VDD. Switch NP/NN is mainly used to control the
upper and lower level voltages depending on the required output voltage level. The VRU
primarily generates four voltages in our implementation. The initial fine-grained levels are
V1 (1V) for Swp state, V2 (0.9V) for Sy state, V3 (0.8V) for S.p state and V4 (0V) for
cutting off power supply. The transient time, efficiency, and energy overhead of voltage
regulator are illustrated in Table 3.4. The efficiency is higher for larger output voltage, and
switch timing is mainly dependent on the initial and final voltage levels. The four primary
voltage levels from VRU are routed to all routers in the cluster. At the router, AMSC sets

and switches to the appropriate voltage level for the next epoch.
3.3.3 Voltage Level Shifter

AMS mechanism allows dynamic scaling of voltage at router level and so requires

control to handle data from one voltage level to another for data transfer between
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Figure 3.6 Level shifter with AMSC

neighboring routers. For this purpose, we integrate voltage level shifter at the input of all
ports in the router. Once the supply voltage for router is set at the start of epoch, AMSC
configures the level shifter to precisely control states between incoming voltage and router
voltage. The level shifter implemented is a differential cascade voltage switch circuit as
represented in Figure 3.6. It forms half-latch by two upper PMOS (MP1 and MP2) and a
pair of NMOS, which are controlled by input signals A and A. When the input signal, A
goes from low to high, MN1 is turned on and when the input signal A goes from high to
low, MN2 is turned off. As a consequence, the voltage at node P1 is pulled down, leading
MP2 to be on. Once MP2 is turned on, the node P2 is charged. Thus, voltage level is passed
at P2 which is output voltage of level shifter. This output voltage is the input of
transmission gate (TG1). Then, transmission gate passes the voltage level based on control
signal from AMSC. When AMSC send the 00 (B1B2) combination, voltage V1 is passed to
the next router and so on, which is presented in Figure 3.7. Four transmission gates are
required for four voltage levels: V1, V2, V3 and V4. Depending upon the present status of
routers, AMSC takes action to decide appropriate voltage level. This level shifter with TG
is placed with each I/O port in every router. Total four level shifters are needed to

appropriately convert voltage levels from all neighboring routers to the router’s voltage
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Figure 3.7 Level shifter controlling mechanism

level.
3.4 Experiments

In this section, we discuss detail implementation, overhead, performance benefits
of our proposed architectures as compared to a traditional mesh NoC and wireless NoC.
We also compare our proposed architectures with other recently proposed energy-efficient
NoC/WNoC architectures.

Table 3.5 Simulation Setup

Topology 8x8 and 16_3><16 Mesh NoC, 8x8 and 16x16
WNoC architectures

Routing XY for baseline, XY and South-Last for WNoCs

Pipeline 4 stages

Buffer depth 4 for base routers and 8 for hybrid routers

Flit size 32 bits

Packet size 64 flits

Clock Frequency 2.5GHz

Workload Synthetic and Real
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Table 3.6 Representation of Topologies/Components

Topologies/components Representation
Electrical Mesh NoC Mesh
Electrical Mesh NoC with AMS amsMesh
Regular Wireless NoC WNoC
Wireless NoC with AMS amsWNoC
Power gated PA pgPA
Power gated LNA pgLNA
Non-power gated PA npgPA
Non-power gated LNA npgLNA

3.4.1 Experimental Setup

We modeled and simulated the NoC architectures using the cycle-accurate Noxim
simulator [48]. Full system simulation of PARSEC [45] and SPLASH-2 [46] benchmarks
using Graphite [50] is used to generate the traces that are fed into the NoC simulator. We
run the application specific real traffic for preliminary analysis of routers. Systems with 64
and 256 cores are used for all evaluations and system specifications are presented in Table
3.5. The die area is kept fixed at 20mmx=20mm for all system sizes. The width of all wired
links is same as flit size. We have adopted wormhole routing. The routers are input buffered
with each port comprised of 4 VCs. Each VC has a depth of 4 flits. The ports associated
with the WIs have an increased buffer depth of 8 flits [58]. The NoC switches are driven
with a 2.5GHz clock. The network switches and adaptive multi-voltage scaling controller
are synthesized with Synopsys Design Compiler using 28nm process technology. In this
work, we also implement the voltage regulator and level-shifter circuits, power gated PA
and LNA using Cadence tools at 65nm process technology. Throughout our evaluation, we

refer to multiple topologies and network elements as shown in Table 3.6.
3.4.2 AMSC-based Router Implementation

To implement AMS scheme, we integrate each router with additional components,
viz., AMSC and level shifter per port. AMSC and four level shifters together occupy
1006.83um? per router. The total area requirement for modified base router (including
control units, buffers, crossbar, arbiter, RC, and VCs) is 9969.59um? and the area overhead

associated with AMS is 8.63% of the base router. The component-wise area and power
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Table 3.7 Router Implementation

Components Area (um?) Power(uW)
AMS controller 860.83 42.84
Router 8962.76 409
Comparator 191.47 146
Level shifter 36.5 6.3 x10°3
PG control 100.18 3.16

numbers of router with AMS control are shown in Table 3.7. The total power consumption
for all BR components combined is 409uW. The AMS controller with UCU and state
estimate units consume a total power of 42.84uW for all its operations. The level shifter at
each port consumes 6.3nW while converting voltage from one level to another. Hence,
AMS control mechanism incurs power overheads of 10% over a regular BR. The areas of
transceiver circuit for transmitter (Tx) and receiver (Rx) are 90x103um? and 70x103um?
respectively [19]. Therefore, total area of a hybrid router with control units is
160.29x10°%um?2. The AMSC, level shifter and regulator circuits add less than 1% silicon

area overhead for hybrid router.

We have implemented the stochastic model parameters. All parameters are updated
from previous sets of corresponding values. Hence, all update and estimate operations are
simple addition and multiplication calculations. And at each router, we are calculating only
five estimates. So, overall area, power and latency overheads are considerably small. For
each router, from equation 3.1, total number of operations are six multiplications and six
additions. The update operation of the estimation parameters is not on the data path of

router operation and hence does incur additional delay overheads.
3.4.3 Power Gated LNA and PA Implementation

In this section, we discuss the implementation of power gated LNA and PA in
detail. Both PA and LNA are designed to operate at frequency of 58GHz. The gain and
noise figure performance of power gated LNA (pgLNA) and non-power gated LNA
(npgLNA) are shown in Figure 3.8. At the design frequency, peak gain and noise figure of
npgLNA are 10dB and 2.8dB respectively. The implementation of power gating with LNA
shows a small deviation in performance as observed from Figure 3.8. The peak gain of
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Figure 3.8 Gain and noise figure analysis for pgLNA and npgLNA

pgLNA remains same as that of npgLNA at and below the design frequency, however it
starts falling at higher frequencies. This result in small decrease in bandwidth and the 3dB
bandwidth of pgLNA is 18GHz at 58GHz operating frequency. The bandwidth deviations
occur due to increase in parallel capacitance offered by PMOS switch as shown in Figure
3.9, which results in increased quality factor. Similarly, noise figure of pgLNA increases

to 3dB due to PMOS device adding noise.

The PA is designed to operate at 58GHz with 1V supply voltage. The S-parameter
analysis of npgPA and pgPA s illustrated in Figure 3.10. The peak gain of non-power
gated PA is 12dB with 3dB bandwidth of 16GHz. The gain reduces to 11dB after applying
power gating scheme. IR drop across the sleep transistor reduces the voltage swing, which
impacts the linearity of the amplifier. The total power consumed by LNA/PA is 10mW.

H“L MP1 VB | [\vp2

1 Virtual Vpp

Vs =
— LNA/ PA | Cuo
VaL /\Delay B

Figure 3.9 PMOS switches with block level LNA/PA
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Figure 3.10 S-parameter analysis for pgPA and npgPA

Figure 3.11 shows the Sy variation of PA across the Temperature (Temp) and Process (P)
variations. At temperature 125°C and SS process corner, the gain of PA is degraded from
10dB (25°C) to 8dB (125°C) in worst case conditions. From this result, it is clear that there

are no such significant changes in gain under worst case scenario.

Performance deviations of both LNA/PA due to power gating are dependent on
sizing of PMOS switch. PMOS switch operates in linear region during active state of
components and adds linear resistance and capacitance to original design. However, with
proper sizing, its effects are minimized with the cost of area penalty. For our LNA/PA
design, the sizing of sleep transistor is kept at ten times the size of NMOS transistors to

achieve this.

In biasing circuit, capacitor is inserted with virtual supply node to avoid the impact
of RF signals on supply voltages. To reduce Ron, a large sized PMOS switch is used.
However, in this scenario, high peak current (inrush current) flows for high Vgs. This
current can put devices out of SOA (safe operating area). This current is reduced by using
two different sizes PMOS switches in parallel as shown in Figure 3.9. These switches are
controlled by two input control signals (VaL and Vss) with delta delay difference to avoid
the high inrush current. This will add some delay during wake up mode, but this approach
reduces significant amount of inrush current. LNA and PA component of WI consume
20mW power of 32mW total transceiver power. pgPA and pgLNA reduce the power
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Figure 3.11 S-parameter analysis across the process and temperature variations

consumption significantly in WNoC architecture. Hence, total power consumption for PA

and LNA component reduces up to 62.50% of a single hybrid router.
3.4.4 Comparison of Energy and Energy-delay Product

Figure 3.12 shows the total packet energy with uniform random traffic for a 64-
core system. The energy values for different architectures are normalized with that of
baseline Mesh. The results shown in the figure are for packet injection rate of 0.3flits/cycle.
At this packet injection rate, throughput for all architectures is saturated. From figure, it
can be seen that amsMesh reduces energy consumption by 22% as compared to Mesh. The
energy savings are achieved through efficient voltage scaling of AMS mechanism. WNoC
and amsWNoC topologies consume significantly less energy than mesh based topologies
due to improvements provided by WIs. Total packet energy for amsWNoC is 32% less as

I - I - . - L

Mesh amsMesh WNoC amsWNoC
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Figure 3.12 Shows normalized energy of 64 core system under uniform random traffic pattern
with respect to baseline Mesh topology.
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Figure 3.13 Shows (a) normalized delay and (b) normalized energy-delay product of 64 core system
under uniform random traffic pattern with respect to baseline Mesh topology.

compared to WNoC architecture. The improvement in energy is achieved by power gating
of WIs along with voltage scaling of base routers. The normalized packet delay for different
topologies with uniform random traffic is shown in Figure 3.13(a). Scaling of voltage for
based routers in amsMesh does not result in performance degradation as shown in the
figure. With amsWNoC, though the performance degrades as compared to WNoC
topology, it is better as compared to Mesh topology. Figure 3.13(b) shows Energy-Delay
Product (EDP) of different NoC architectures for uniform random traffic pattern. It can be
observed that EDP of amsWNoC is still better as compared to WNoC topology, even
though amsWNoC has lower performance. amsWNoC has 89.91%, 82.96% and 33.05%
lower EDP compared to Mesh, amsMesh and WNoC topologies respectively. As frequency
remains constant and dynamic energy has a quadratic relationship with supply voltage,

amsWNoC provides lower EDP as compared to regular Mesh and WNoC architectures.
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Figure 3.14 Packet energy saving in percentage with AMS over non-AMS architecture under
application-specific and synthetic traffic

3.4.5 Energy Saving

To evaluate the energy savings provided by AMS scheme, we evaluate the proposed
scheme for 64 and 256 core systems. To obtain characteristics for both computation and
communication intensive traffic patterns, we have considered benchmarks from PARSEC
[45] and SPLASH-2 [46] along with synthetic traffic patterns. The overall packet energy
savings achieved by proposed AMS based architectures for different benchmarks are
presented in Figure 3.14. The results presented are energy saved with amsMesh over Mesh
and amsWNoC over WNoC at both system sizes. On average, proposed technique achieves
savings of 56% for 256 and 32% for 64 core system across all benchmark in WNoC
topologies. In Mesh, this achieves energy saving of 26% for 64 and 51% for 256 core
system on average as compared with baseline architectures. From figure, it can be observed
that the energy savings attained for 256 core system is high as compared with that for 64
core system for both Mesh and WNoC.

We present a summary of our proposed technique along with recently proposed
power/energy-efficient NoC architectures as shown in Table 3.8 (all metrics are compared
with those of baseline architectures). As can be seen from the table, the proposed technique
performs equally in terms of overall network energy savings and energy-delay product as
compared to dynamic scaling techniques of [55] and [56]. Our proposed technique, with
only voltage scaling, achieves comparable results and also further reduces idle-state power
consumption in WIs. The power gating control of AMS scheme for WIs achieves high
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Table 3.8 Summary of Existing and Proposed Power/Energy-efficient NoC Architectures

Power gated Power/
Ref. Approaches Configurations Components Advantages Energy Penalty
saving (%)
[25] Panthre 8x8 MeshVCs: 4VCs/ Data path Leakage power Overall 1.8%
port, 8 flits/\VVC; XY for and whole saving with low network degradation
baseline and up/down router latency impact power: in
for Panthre; Clock 14.5% performance
Frequency: 2GHz
[27] FlexiBuffer 8x8 Mesh, XY routing, Buffers Buffer Overall 3%
1.5Ghz clock frequency, management router power: degradation
and leakage 39% in throughput
power
[40] DVFS- 8x8 Mesh, flit size 32, Link Reduce Overall
enabled 2.5GHz clock frequency, temperature network --
sustainable hotspot and link | energy: 60%
WNoC energy
[41] DVS policy 8x8 Mesh, GAL NoC, Link and DVS for Link Energy- Negligible
based on link | 32 bit router, 8 VVCs/port, FIFO and FIFO for delay: 36% performance
utilization 32 bits flits, Routing low energy degradation
XY,
Proposed amsWNoC 8x8 Mesh and 16x16 Buffers and saves both Overall Less than 1%
Mesh and WNoC, XY Crossbhar, switching packet silicon area
and South-Last for wireless power energy: 20% overhead in
WNoCs, 32 flit size, Interfaces consumptionin | - 69%; Idle- HR
packet size:64 flits, 2.5 base router and | state power
GHz clock frequency idle-state power | of WI: up to
at Wi 62.50%
EDP: 33.05%

power savings as compared to other schemes as shown in the table. AMS scheme achieves
significant energy savings as compared to baseline topologies without adding significant

overhead. The savings achieved improve with increasing system sizes.
3.4.6 Performance Evaluation

We evaluate the performance with AMS scheme under different traffic situations
for both mesh and WNoC topologies in terms of throughput and latency. In order to bring
out characteristics of the proposed architecture in the presence of both computation
intensive and communication intensive workloads, we have considered five synthetic, ten
SPLASH-2 [46] benchmarks, and two PARSEC [45] benchmarks, Blackscholes and
Fluidanimate. SPLASH-2 benchmeks include Cholesky, FFT, fmm, LU C, LU NC,

Radiosity_C, Radix, Raytrace, Volrend and Water-nsquared.

3.4.6.1 Throughput Analysis

To evaluate the performance of the proposed AMS based architectures, we
considered both synthetic and application-based traffic distributions. In the following

analysis, the system sizes considered are 64-core and 256-core for the purpose of scalability
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Figure 3.15 Peak throughput for proposed and baseline architectures

analysis. We also compare it with a conventional wireline mesh and regular WNoC
architectures. Figure 3.15 shows peak throughput at network saturation for Mesh and
WNOoC architectures. In this result, the throughput values for different architectures are
normalized with respect to maximum throughput value of baseline Mesh of 64 core system.
WNOoC, as expected, improves performance over mesh topology due to presence of single
hop, long-range wireless links. From the throughput comparison in Figure 3.15, it can be
observed that all WNoCs provide better throughput than Mesh due to the presence of single
hop long-range wireless links. From figure it can be seen that WNoCs for 256 core system
has greater throughput compared to Mesh with 256 cores in most of the applications. This
provides the highest throughput due to the hybrid communication. The packets in WNoCs
transmit through wireless links as well as follow alternative wireline route at the same time.
The performance degradation observed with traffic patterns is very little. The performance
of Shuffle, Bitreversal, Blackscholes, Radiosity C, Raytrace and fmm is marginally
degraded. From results, it is evident that the proposed architecture offers little to no
performance degradation while achieving considerable energy savings at router and

network level.

3.4.6.2 Latency Analysis

Figure 3.16 summarizes performance in terms of latency under various traffic

patterns. All packet latency values are normalized with respect to maximum value of
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Figure 3.16 Peak latency for proposed and baseline architectures

baseline Mesh of 64 core system. From figure it can be observed that WNoCs have lower
latency as compared to Mesh for 256 core system. It can be seen that latency for
Blackscholes, Fluidanimate, FFT, LU_NC, Radix, Volrend and Water-nsquared is high for
Mesh architectures for 64-core system due to the high communication intensity. It can also
be seen that latency for Butterfly, Blackscholes, LU_C, and Raytrace of WNoCs is
comparatively low due to the communication requirements. However, the latency overhead
in both Mesh and WNoC architectures using AMSC is very little as compared to using
regular architectures. From throughput and latency results, it is clear that WNoC
architecture achieves significant energy saving with little to no impact on the performance
of the network.

3.4.7 Scalability and Impact of Power Gating

Proposed router design integrates two components, viz., on-chip level shifter and
AMSC with every router. AMSC unit in a router requires data from the same router and
downstream routers. As additional components in AMSC are associated with only
neighboring routers (single hop), implementation remains unchanged with system size and
AMS scheme provides a scalable design approach. The on-chip voltage router is placed
centrally in every cluster. The total number of voltage regulator remains same for even
larger systems. But, complexity will increase with increase in system size. The proposed

method achieves significant savings in energy with little area overhead and is scalable to
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Figure 3.17 Power consumption of PA/LNA in different operating modes

any system size. The time taken for utilization estimation step at the start of each epoch is
considerably small and adds little overheads to the router operations. Pre-computation step
for categorizing the routers is a one-time process and requires same time as that of one
epoch calculations. But, this removes up to 60% of routers from dynamic computation,

thereby reducing the overheads of proposed method significantly.

Mispredictions during the estimation of runtime utilization at any router may result
in the voltage for next epoch being set higher/lower than required. In case of the router
voltage being set to a lower value, the power saving is more but may result in performance
impact (increased charging time of load capacitances). But, since our implementation keeps
the frequency constant at all voltages, the performance impact due to lower voltage is
insignificant. Whereas in the event of router utilization being mispredicted as higher, the
router components are operated at higher voltages, thereby increasing the power
consumption and reducing the energy savings. As the router utilization is predicted for each
epoch, this high-power consumption phase remains only for a short period before the

estimation is computed again for next epoch.

The major impacts of power gating at WI include wakeup latency and transient

energy consumption. When a circuit changes states between sleep and wake up modes,
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114.59p] transient energy is spent with the implemented power gating switch. The wakeup
latency of WI due to power gating is 0.14ns which is comparable with Panthre [31]. The
normalized power consumption of PA/LNA components of W1 is presented in Figure 3.17.
From this figure it can be seen that normalized leakage power consumption is 17uW at
sleep mode. Time needed to change the state is in order of nanoseconds and so does not
add significant overhead to the performance. In our implementation, average transient time
of on-chip voltage regulator and voltage level shifter are 40ns and 12.56ns, respectively.
These time periods are enough to avoid the mismatches of voltage and frequency between

routers.
3.5 Conclusion

In this chapter, we propose an energy-efficient WNoC architecture using novel
adaptive multi-voltage scaling (AMS) scheme based on router utilization [60]. To provide
an accurate and fine-grained prediction for router utilization, we propose a probabilistic
utilization model based on stochastic processes. We also present a multi-level voltage
shifter to switch between any two voltage levels from a fix set of supply voltages and
efficient control mechanism for packet transmission over wireless links. We also discuss
the power gated LNA and PA and impacts of power gating in detail. Proposed architecture
saves both switching power consumption in base router and idle-state power consumption
in WIs for WNoC architecture. AMS scheme saves up to 56% in network packet energy
consumption as compared to baseline architectures without incurring significant
performance penalty and area overheads. The proposed architecture saves up to 62.50%

idle-state power consumption in WIs for 256 core system using power gating approach.
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Chapter 4
Directional Wireless NoC Architecture

In this chapter, we demonstrate directional antenna based WIs for interference-
aware DWNoC architecture for many-core systems to overcome the bottleneck of existing
WNoC setup with omnidirectional antennas. It is also shown that DWNoC can establish
concurrent links which do not interfere with each other. Simultaneous communications can
enhance the overall system performance significantly. We also propose the interference-
aware WIs placement algorithm and routing strategy for minimizing interference effects.
This algorithm also helps in the optimal utilization of the W1ls in the network with minimum

overheads.

In this dissertation, so far, we have discussed the wireless NoC setup with
omnidirectional antennas, where single frequency channel communication is employed.
Most of the wireless NoC architectures are based on omnidirectional antennas. In most
cases, these WNoC architectures adopt a token passing based medium access mechanism
to transmit data over the shared wireless channel. Since all antennas share a common
channel, only a single communication is possible at any instant of time. This limits the
performance benefits of using wireless links. One potential solution to achieve
simultaneous communications is to have multiple non-overlapping wireless channels. But
creating multiple transceivers tuned to non-overlapping channels is an extremely
challenging job due to effects of interference and high overheads. Interference reduces
available bandwidth and degrades the bit error rate (BER). The cumulative impact of these

leads to poor Quality-of-Service (QoS).

In order to improve performance over WNoCs with omnidirectional setups, we
explore using directional antennas in this chapter. This will enable us to create multiple
concurrent wireless links, eventually improving performance and energy-efficiency. We
propose to use Planar Log-Periodic Antennas (PLPAS) for the on-chip wireless links and
demonstrate the use of their directivity to pair WIs and have concurrent communications

without interference. We present Directional Wireless NoC (DWNoC) architecture
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following three requirements: interference-avoidance, low power dissipation and

performance enhancement through concurrent links.
4.1 Related work

Recently different research groups have explored multiple wireless NoC
architectures for efficient on-chip communication infrastructure. A comprehensive survey
regarding various WNoC architectures and their design principles is presented in [10].
Notable examples include an inter-router wireless scalable express channel for NoC
(IWISE) architecture that reduces power consumption, area overhead and improves
performance proposed in [11]. In this architecture, on-chip communication is achieved by
using an omnidirectional antenna. A two-tier hybrid wireless/wired architecture to
interconnect hundreds to thousands of cores in CMPs using sub-THz wireless links is
discussed in [12]. Each wireless hub consists of a single transmitter and multiple receivers
with terahertz on-chip antenna, but it consumes 4.5pJ/bit. It improves latency while power
consumption is comparable with a mesh network. Most recently, energy efficient
hierarchical NoC architecture with Zigzag antenna and millimeter wave transceivers is
proposed to design a mm-wave wireless NoC in [14]. A network-based processor array
architecture with 2D mesh is proposed in [13] for performance enhancement of NoC. The
topology proposed here is a 2D wired mesh architecture augmented with few wireless
interfaces. It saves power and area overhead but latency does not improve significantly. To
improve the latency, energy efficient, low-cost domain specific irregular mesh WNoC is
discussed in [61]. Network performance of this WNoC has been evaluated by
implementing the RF microarchitecture. A hybrid WNoC designed with carbon nanotube
(CNT) antennas [62] is capable of achieving several orders of magnitude lower energy
consumption. In [63], the authors proposed a nature-inspired WNoC with CNT antennas,
which is resilient to failures of the antenna elements. However, integration of CNT
antennas with standard CMOS processes needs to overcome significant challenges.
Millimeter-wave CMOS transceivers operating in the sub-THz frequency ranges is a more

near-term solution.

Concurrently progress is being made in the design of on-chip antenna for intra-chip

wireless communications. Various types of on-chip antenna have been proposed and
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analyzed for energy efficient on-chip wireless communication. A wireless transmitter and
receiver have been integrated with the on-chip antenna to operate at 15GHz and used to
transmit global clock signal in [64]. A push-push oscillator with on-chip patch antenna is
designed to operate at a high frequency in [65]. The feasibility of integrated antenna has
been discussed in [66], and three different types of antenna, zigzag, meander, and loop
have been simulated. For communication within ICs and over free space, 2mm zigzag
dipole antenna is discussed in [67]. Authors in [68] have analyzed the propagation
characteristics of integrated antennas for intra-chip communications. They have concluded
that on-chip propagation is dominantly through surface wave instead of space wave.
Recently, authors in [69] propose an algorithm to optimize antenna orientation at each WI
and minimize communication energy by exploiting antenna directivity. They use simulated
annealing algorithm to achieve the optimal orientation of the antennas. Authors in [70]
have discussed the metal zigzag antennas to operate on different non-overlapping
frequency channels for simultaneous communications. A wireless NoC architecture
augmented with directional on-chip planner log periodic antennas is explored in [71] for

simultaneous multi-channel communications.

Most of the existing WNoC architectures we have explored use antennas with
broadcast capability. Establishing concurrent links using these antennas is not possible
because of interference issues. WNoCs using sub-THz transceivers use a token passing
based data-link layer to enable multiple transceivers access the shared wireless channel
[58] [11]. The token-based approach limits the number of simultaneous transmissions to
one over the shared wireless channel. This is because it is non-trivial to design transceivers
in non-overlapping frequency bands to form scalable designs with multiple transceivers in
different frequencies to achieve Frequency Division Multiple Access (FDMA). In [72], the
authors proposed a Code Division Multiple Access (CDMA) based WNoC allowing
multiple transmitters to send data over the wireless medium simultaneously through
orthogonal code channels. However, in this CDMA based WNoC, lack of synchronization
between multiple transmitters may result in low reliability in data transfer over the wireless
medium due to loss in orthogonality of the codes. In this work, we design a WNoC based
on directional antennas to enable multiple concurrent wireless channels over the NoC

fabric. Consequently, the performance and energy-efficiency of the WNoC will be
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improved. We propose wireless interfaces placement algorithm with deadlock free routing

for interference-aware DWNoC architecture.
4.2 Communication Infrastructure

Insertion of bypass paths or long-range shortcuts realized with metal interconnects
is shown to improve the performance in a conventional mesh-based NoC [6]. Small-world
networks are a type of complex networks often found in nature that are characterized by
both short-distance and long-range links [73]. Long-range shortcuts realized with wireless
interconnects can improve the efficiency of the network as such networks have very low
average number of hops between nodes even for very large network sizes. In this section,
we discuss the physical layer, topology and communication mechanisms of the proposed
DWNoC architecture.

4.2.1 Physical Layer Design

The architecture and consequently the performance of DWNoC strongly depend on
the physical layer design strategy. In this section, we first discuss directional log-periodic
antenna and we propose to use that in the DWNoC followed by details of the transceiver

design.

4.2.1.1 Log-periodic Antenna

PLPAs are very popular and widely studied for their ease of manufacturing and
their wide-band properties [74]. However, to the best of our knowledge, these antennas
have not been implemented on a silicon substrate for on-chip wireless interconnections. In
this work, we propose to use the design for an on-chip planar log-periodic antenna with
wide bandwidth and high end-fire directivity in the millimeter wave frequency range. This

antenna can also be designed such that it can operate at multiple frequencies.

The design parameters of the log-periodic antenna adopted from [75], with eight
teeth are shown in Figure 4.1. Here the sizes of the teeth increase in a logarithmic manner.
The dimensions mentioned in Table 4.1 are specifically for 60 GHz carrier frequency and
can be scaled appropriately for any desired frequency of operation within micro and

millimeter wave frequency range. The longest dimension of the antenna is 1.1825 mm that
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Figure 4.1 On-chip planar log-periodic antenna with dimensions in mm

is comparable to the wavelength of the signal in the dielectric medium given by equation

(4.2).
_ 41
lg =Al /gr

Where, Ag is the wavelength in a dielectric medium, 1 is the wavelength in free
space, and & is the dielectric constant of a 10-20 Q-cm silicon substrate, which is
commonly used in CMOS technology. The feasibility of this substrate has already been
studied in [76]. A wireless interconnect can be implemented by establishing a
communication link between antennas on the same substrate with one antenna in the end-
fire region of another. Using these antennas, we establish wireless links in proposed
DWNoC architecture.

4.2.1.2 Transceiver

To ensure the high throughput and energy efficiency of the proposed DWNoC, the
transceiver circuitry has to provide wide bandwidth as well as low power consumption.
The mm-wave frequency band can provide abundant bandwidth without suffering from
severe signal degradation, because of the short communication distances in the DWNoC.

In designing the on-chip mm-wave wireless transceiver, low power design considerations
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need to be taken into account both at the architecture and circuit levels. In this work, we
have adopted a non-coherent on-off keying (OOK) based transceiver proposed in [19] for
the DWNoC. OOK is selected as it allows relatively simple and low-power circuit
implementation. As illustrated in Figure 4.2, the transmitter (TX) circuitry consists of an
up-conversion mixer and a power amplifier (PA). On the receiver (RX) side, direct-
conversion topology is adopted, consisting of a low noise amplifier (LNA), a down-
conversion mixer and a baseband amplifier. An injection-lock voltage-controlled oscillator
(VCO) is reused for TX and RX. With both direct-conversion and injection-lock
technology, a power-hungry phase-lock loop (PLL) is eliminated. The OOK transceiver

design keeps the additional overhead added by WIs in DWNoC architecture to a minimum.

Table 4.1 Dimensions of the antenna

Dimension Length (mm)
L1 0.11000
L2 0.14019
L3 0.17867
L4 0.22772
L5 0.29023
L6 0.36990
L7 0.47144
L8 0.60085
L9 0.05500

w1 0.11000
W2 0.16500
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4.2.2 Topology of the DWNoC

In the DWNoC topology, each core is connected to a NoC switch and the switches
are interconnected using either only wireline or both wireline and wireless links. The
topology of DWNoC is a small-world network where the wireline links between switches

are established following an inverse power-law distribution as shown in (4.2).
—a 4.2
dij fij

P =S S,

Where, P(i,j) is the probability of establishing a link, between two switches i and j,

dij is the Manhattan distance, fj; is the frequency of communication between switch i and j.
As can be seen from the equation, the probability of a link insertion between two switches
I and j separated by a Manhattan distance of djj is proportional to the distance raised to a
finite negative power. The value of « is optimized to obtain topologies with higher
performance gains and optimal wiring costs [77]. The distance is obtained by considering
a tile-based floorplan of the cores on the die. This power-law based link distribution results

in both short distance connections and long-range links due to the non-zero probability for
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Figure 4.3 4x4 small world network topology with directional antennas
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links between far-away nodes according to (4.2). The frequency of traffic interaction
between the cores, fjj, is also factored into (4.2) so that more frequently communicating
cores have a higher probability of having a direct link optimizing the topology for
application-specific traffic. For a general-purpose many-core NoC, (4.2) may be modified
for uniform traffic distribution, which captures both local and long distance traffic
interactions. To establish the network connectivity each pair of switch in the NoC is
selected and a link is established between them with the probability given in (4.2) until all
the links are deployed. The total number of links is same as that of conventional mesh. The
network setup is repeated until there are no isolated clusters. An upper bound is imposed
on the number of wireline links attached to a particular switch so that no switch becomes

unrealistically large [63].

Once the wireline network is established as outlined above, we proceed for WI
placement. For this purpose, a certain number of the NoC switches will be equipped with
the transceivers to form the Wis as shown in Figure 4.3. It represents our proposed DWNoC
architecture. This architecture consists of directional antennas, hybrid switches
(combination of wired and wireless switches), and regular network switches. Each WI is
paired only to one other WI, and the directional antennas of paired WIs are in the end fire
region of each other. This allows for multiple antenna pairs to communicate with each other
at the same time using the same frequency. The placement of the WIs is optimized to
minimize the average distance or hop-count between source-destination pairs while
ensuring that no W1 or wireless link is in the path of communication between other pairs
of WIs. Optimization of WI placement is essential for efficient performance and

interference free communication during multiple simultaneous wireless data transmissions.
4.2.3 Interference Aware W1 Placement Problem

DWNoC topology augments a regular wired network with directional wireless links
to improve communication latency and energy. The wired line network is laid out using
(4.2) as described in the previous section. To obtain optimal placement of WIs for multiple
interference-free concurrent wireless transmissions for a given topology and traffic pattern,
we define a constrained optimization problem. The WI placement problem minimizes the

average latency of the network while avoiding interference and meeting WI overhead
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constraints.

The objective function of the WI placement problem is defined as (4.3),

N N 4.3
min
W N(N - 1).2-1:,_12,:¢.

where, h; =K xd,_,, +(1-K)d,
K=1or0

The optimization variable, W is 2-column matrix denoting the WI pairs; each pair
connected by a wireless link. N is the total number of nodes arranged in a RXC mesh
topology. fij is the frequency of communication between nodes i and j. hjj is the number of
hops between nodes i and j. The value of hjj is depended on whether a wireless link exists
in the vicinity (one wired hop) of the path between nodes i and j, which is denoted by K. K
is a logical variable with ‘1’ indicating the presence of wireless link along the path and ‘0’
indicating no wireless link. Starting from the source node, the algorithm searches for WI
within one wired hop at every node along the path towards the destination. If a W1 is found
and the wireless link is such that it reduces total hop count to the destination, K is set to
‘1°. djj is the Manhattan distance between the nodes i and j, and is the hop count in the
absence of a wireless link. dij.wi represents the hop count between nodes i and j when a
wireless link exists along the path. A hop, in case of wired link, refers to transferring a flit
between two adjacent routers, generally accomplished in one system clock cycle. For
wireless links, a hop refers to transmitting data between the paired WIs, which takes
multiple system clock cycles due to bit serialization of flit. For our setup, this is three clock
cycles. The hop count, with or without wireless link is total sum of cycles for all hops
between source and destination. The objective of the placement problem is to minimize the

average hop count between any two nodes over all the nodes in the network.

The WI placement in DWNoC topology is a constrained optimization problem. The
first constraint arises from overheads due to W1 components. Each wireless interface adds
area and power overheads, Aw and Pw to the system due to transceiver and antenna. The
number of W1 pairs placed in DWNoC is limited by the tolerable area and power overheads.
This constraint is represented by (4.4), where Nw is maximum allowed number of WIs that
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can keep overhead to tolerable limit.

2*Rows(W) <N, 44

DWNOoC topology makes multiple concurrent wireless communications at same
frequency possible by allowing each W1 to be able to communicate with only one another
WI. This is enforced by constraining each W1 to only one pair while optimizing the WI
placement. This constraint is represented by (4.5). Since the antennas used in DWNoC are
directional in nature, antennas in a WI pair are oriented to be in the end-fire radiation

regions of one another.

unique(W) =W 4.5
WIs are generally more efficient for long-range intra-chip communication and

hence it is necessary that paired WIls are far apart from each other. For this purpose, we
enforce a constraint, as represented by (4.6), that paired WIls are separated by a minimum

1 1 4.6
o Jle o e,

Where, Wx and Wy are matrices representing X- and Y- coordinates of nodes in a

threshold distance.

mesh network. 1 is a vector of all ones with length same as the number of rows in W. D
is the Manhattan distance between paired nodes corresponding to the physical minimum
threshold distance. The minimum threshold distance is determined by the distance at which
communication through wireless link achieves energy savings over wired counterpart at

the same distance. This distance is generally in the range of 7mm to 10mm [10] [78].

To ensure reliable concurrent wireless communication, any pair of directional
wireless links must be non-interfering. This is achieved by placing interference avoidance

constraints on the placement of WIs and wireless links as represented by (4.7).

) N 1 N+1 0
W'=W= —-N *1rows(W)x4
1 N 0 N+1
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Where, A is the NXN matrix representing the interference avoidance constraints
between any two wireless links. W' converts values in W matrix to appropriate position in
A. The interference constraints are described in detail in the following section. All these
constraints combined form the constrained optimization problem for placing WIs in
DWNoC topology.

4.2 4 Interference Avoidance Constraints

The interference avoidance constraints form the crucial part of WI placement in
DWNoC topology. They ensure that placement of WIs is such that concurrent wireless
transmissions are interference free. We use coordinate geometry and the directional
properties and transmission characteristics of the PLPA antenna like transmission gain,
beam width, bit-error rate (BER), path loss variation and signal-to-interference ratio (SIR)
to develop interference constraints. The properties of the PLPA antenna that are required

to obtain interference avoidance regions are

a) The radiation pattern of the PLPA antenna, which gives the main lobe and
side lobe end fire regions.

b) The path loss variation of the antenna with respect to distance, which
defines the distance, DEFR over which a receiving antenna can reliably
receive the transmitted signal with significant strength.

c) The received power and interference power over different radial directions
surrounding a transmitter antenna. This gives the regions near an antenna

where unpaired WIs can be placed to avoid interference.

We obtain these characteristics by implementing and simulating the PLPA in HFSS
tool. All these antenna characteristics are not independent and are correlated with each
other. Valid data pertaining to these parameters and some of their inter-dependencies

relevant to this work have been provided in the experimental results section.

Since all wireless communications use same frequency channel, for concurrent
wireless transmissions to happen, data from one communicating pair should not interfere
with another pair’s data or reach unpaired WIs. We use properties from coordinate

geometry to develop constraints to ensure there is no interference. Each node in the
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DWNOoC is considered as a point in XY plane and any two nodes are represented as N1(X1,
y1) and Na(x2, y2). The wireless link between two paired WI nodes can be represented as
the line segment joining both the node coordinates. Using this, interference in wireless

transmission can be avoided if:

a) No two wireless link segments can intersect with each other, i.e., there is no
intersecting point between them. This avoids any interference when data is
being transmitted simultaneously using two links at same frequency.

b) Any node coordinate present in the end-fire radiation regions of antennas
from a wireless link is ineligible to act as W1 node for another wireless link.
If &ML and Gsi. are main lobe and side lobe widths of PLPA in radian, four
triangular regions can be formed for two antennas from a wireless link. All
WI nodes from other wireless links should be outside the bounds of these
regions. This makes sure that data from one wireless link does not reach

WIs from other links, which may lead to data loss at that WI.

If a WI node pair and the wireless link is placed in DWNoC topology, the first
condition gives all the ineligible wireless links or WI node pairs. The second condition
gives the nodes unavailable to be WIs as part of other wireless links. Both the conditions
must be satisfied for all the wireless link and corresponding node pairs that exist in the
DWNoC topology.

As previously mentioned, antennas from paired WIs are in the main lobe end fire
regions of each other. Here it is assumed that the transmission power of an antenna at a W1
is tuned so as to reach only the paired antenna and beyond that transmitted signal power
falls significantly. The bound of the region in the side lobe is determined by distance after
which transmitted power is insignificant. Satisfying the two conditions for all WIs ensures
that there is no interference while transmitting data simultaneously using multiple wireless

links.
4.2.5 Proposed Optimization Algorithm
To solve the constrained WI placement problem formulated, we propose an

optimization algorithm based on Breadth First Search (BFS). The proposed optimization
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algorithm, shown in Figure 4.4 is a greedy algorithm that places wireless links recursively
one by one while satisfying all the constraints at each step. At each step, we set the
parameter Hremp to the average hop count of the existing DWNoC setup, Hsoi. A set of valid
WI node candidates and ineligible W1 node pairs is given as input. Each valid WI node pair
for each node in the WI node candidate set is added to the existing topology and
corresponding average hop count, Hcurrent, s described in (4.3), is computed. If the current
hop count, Heurrent 1S less than the hop count, Hremp, the intermediate solution is updated
with this node pair, and Hremp is updated with Heurrent. Else, the algorithm moves to the next
valid node pair. To calculate the hop count, we use BFS method which traverses a tree
structure from the root node and explores neighbor nodes first and so on. At the end of each
step, once all valid node pairs are explored, the algorithm identifies a new WI node pair
that reduces the average hop count the most. The W1 node pair matrix, Wso is updated with
this new pair and is added to the DWNoC topology. The average hop count of DWNoC
topology, Hsol is updated with Hremp from this step.

Using the interference constraints, all remaining nodes and node pairs that violate
the interference constraints for existing DWNoC topology are computed. The valid WI
node candidate set is updated by removing the nodes violating the constraints. Similarly,
ineligible W1 node pair set is updated by adding the new invalid node pairs. These two sets
along with the updated hop count are provided as input to the next recursive step in the
algorithm. The RxC mesh topology and its average hop count are provided as initial
solutions for first step. In this way, the proposed algorithm keeps adding new WI node
pairs/wireless links till one of the stopping criteria is met. There are three stopping criteria

for the algorithm:

e The number of WIs added to the topology exceeds the maximum allowed
WIs, Nwi.
e Any recursive step in the algorithm returns an empty solution.

e The valid WI candidate node set at the end of any recursive step is empty.

The proposed algorithm provides interference free WI placement setup for DWNoC
topology and at the same time also provides the free DWNoC topology that allows

concurrent wireless optimal number of wireless links required for a given system size and
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traffic pattern. The algorithm is greedy in nature as it adds only one wireless link at each
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step that provides the best. Using the constrained WI placement problem and proposed
BFS based greedy algorithm, an interference communications can be designed for any
system size. We implemented the proposed formulation and algorithm in MATLAB for
different system sizes and traffic patterns. The WI placement and number of optimal links

for different system sizes are discussed in the results section.
4.2.6 Communication Protocol

To avoid deadlock situations and minimize the multi-hop communications in the

83



proposed DWNoC architecture, a routing strategy is illustrated in Figure 4.5. In NxN
matrix, the position of the source (S) i and destination (D) j are (x1, y1) and (x2, y2)
respectively. The nearest source and destination W1 positions can be denoted as Wls=(p,q)
and WIp=(r,s). Since the small-world topology based DWNOoC is essentially an irregular
architecture we adopted a South-Last routing as proposed in [6] to achieve an efficient
deadlock-free routing policy for wireless links. It also avoids the cyclic dependencies for
wireless links. Data transfer between i and j is followed by two conditions. First, if the
nearest WI from the source is more than two hops away, then the data routing takes place
via deadlock free XY routing [79]. Otherwise, nearest Wls from source will be adopted for
long distance communications. Second, hop counts are estimated by both Manhattan
distance (Dwm) between i and j, and minimum hop counts (Dwi) from i and j using wireless
links. If Dwi is less than Dwm, hybrid path (combination of wireless and wireline) will take
responsibility for data transfer. If not, XY routing will take place through wireline. This

process will continue for every packet transfer.
4.3 Experimental Results

In this section, we present the simulation setup shown in Figure 4.6 and
performance evaluation results of the DWNoC architecture. This setup represents the tool
chain to obtain interference-aware architecture. Rest of the work describes the performance
analysis of DWNoC with application specific traffic and existing architecture in
subsections 4.3.5. and 4.3.6.

4.3.1 Simulation Setup

We discuss the characteristics of the on-chip log-periodic antenna that enables the
directional wireless links. Simulation results for PLPA antenna are obtained using Ansoft’s
HFSS tool [80]. Based on these characteristics we model the energy consumption,
bandwidth, and reliability of the wireless interconnect. In this work, the NoC architecture
is characterized using a cycle accurate simulator that models the progress of the data flits
accurately per clock cycle accounting for those flits that reach the destination as well as
those that are dropped. The width of all wired links is considered to be same as the flit size,
which is considered to be 32 bits in this work. We consider a moderate packet size of 64
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Figure 4.6 Performance evaluation setup for DWNoC

flits for all our experiments. Similar to the wired links, we have adopted wormhole routing
in the wireless links too. We consider 2 system sizes of 64 and 256 cores for our
experiments, which are representative of current multicore technology trends [81]. The
number of VCs in the DWNoC switches depends on the system size and the number of
interconnects. The network switches are synthesized from a RTL level design using 65nm
standard cell libraries from CMP [82], using Synopsys. The NoC switches are driven with
a clock frequency of 2.5 GHz. The delays and energy dissipation on the wired links were
obtained through Cadence simulations taking into account the specific lengths of each link
based on the established connections in the 20mmx20mm die following the topology of
the NoCs. The wireless transceiver adopted from [19] is designed and simulated using the
TSMC 65-nm CMOS process and is shown to dissipate 32mW sustaining a data rate of

16Gbps with BER of less than 10> whereas occupying an area of 0.3mm?,

We evaluate the proposed DWNoC in terms of packet energy dissipation and peak
network bandwidth. Packet energy, Epk: is the energy dissipated in transferring one packet

completely from source to destination at network saturation. It can be measured as
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Where, Npk: is the number of packets routed in the NoC, Li is the latency of it
packet, hj is the number of hops in the path of the packet and Enut is the energy dissipation
of a flit in the NoC switch buffers. The energy dissipation of wireline hop is Ewire and 4 is
the packet length in the number of flits. Nsim is the duration of the simulation and Euwireless IS

the energy dissipated by all the wireless transceivers in the WNoC in one cycle.

Peak bandwidth is the maximum achievable data rate for the NoC. The bandwidth
IS measured as the average number of bits successfully arriving per core per second.
Bandwidth, B can be determined as,

B =t4Nf 49
Where, t is the maximum throughput in a number of flits received per clock at
network saturation, f is the number of bits in a flit, N is the number of cores in the NoC
and f is the clock frequency. The throughput is directly obtained from system level
simulations performed by NoC simulator. In the following subsections, first we discuss the
characteristics of the antennas and associated constraints for interference avoidance, and

then present a thorough performance evaluation of the proposed DWNoC architecture.
4.3.2 Interference-Aware Constraints for W1 placement

To obtain interference-aware constraints, we first analyzed the following
characteristics: i) antenna characteristics for transmission gain, beam coverage and link
budget for QoS, ii) path loss variation with distance for constraining maximum separation
between paired antennas, iii) antenna orientation analysis and iv) Signal-to-Interference
ratio (SIR) for minimal impact of interference in performance. These parameters and some

of their inter-dependencies relevant to this work discuss here.
4.3.3 Antenna Characteristics and Link Budget Analysis

The antenna characteristics like radiation pattern, beam width and path loss

determine and affect the interference avoidance constraints discussed in the WIs placement
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Figure 4.7 Return loss of the on-chip planar log-periodic antenna
algorithm. The 60 GHz on-chip PLPA described is simulated, and the results are presented
in this section. The return loss of the antenna i.e. S11 parameter is shown in Figure 4.7. The
S11 parameter indicates that this antenna can be operated as a dual band antenna at 60 GHz
and 44 GHz. In this work, we have considered 60 GHz band for DWNoC.

The radiation patterns of the antenna in the azimuth and elevation plane are shown
in Figure 4.8. It demonstrates the end-fire beam width of the on-chip PLPA is 33°.
Similarly, the half-power beamwidth along the elevation is 30°. The radiation pattern
determines the region in which a paired antenna should lie for a given antenna.

Next, we simulated the transmission characteristics of two PLPAs integrated on the
same substrate separated by a distance of 20mm, which is the typical on-chip interconnect

length in the DWNoC architecture. The antennas are aligned such that maximum signal
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Figure 4.8 Radiation pattern along the azimuthal and elevation plane
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can be coupled between the antennas, i.e. one antenna is oriented along the end-fire region
of the second antenna. The transmission gain, Ga, between the antennas is computed
according to (4.10)

|521|2 4.10

C@-[suP)a-[s,P)

Where, S11=Sz due to reciprocity. At 60 GHz, the gain is -38.65 dB, which

translates to transmission power requirement in the range of 0dBm (with OOK modulation

a

scheme and BER requirement of 10°%°) [11]. This kind of transmitter power can be easily
generated in the on-chip scenario.

4.3.3.1 Path Loss Estimation with Distance

We aligned the two PLPAs integrated on the same substrate separated by a distance
of 28mm. These antennas are employed as a transmitter and receiver respectively. Power
attenuation is calculated with the various distances between transmitter and receiver for
path loss estimation. The distance between transmitter and receiver is varied from 2mm to
28mm and the corresponding variation of S(2,1) parameter is shown in Figure 4.9. Path
loss increases exponentially as per variation of S(2,1).

We have found the effective slope from our simulations to calculate the value of
Path Loss (PL) factor Y. The value of Y'is 1.42, which is slightly smaller than free-space
PL factor of 2. PL is compared with results in [67] where PLs are 1.454 for Zigzag, 1.342
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Figure 4.9 S(2,1) variation with distance
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for Meander and 1.411 for Linear antenna. Path loss in dB can be calculated using:

PL = Y10|0g10(d) + NFgra 411

Where, NFtotaL is the total noise floor. PL is equal to -64.95 dB over 28mm T-R
separation. The path loss variation of the antenna with distance sets a constraint on the

maximum separation that two paired antennas can have between them.

Based on the path loss characteristics, we also estimate the energy consumed in
transmitting data using wireless links and compare it with that of wired links. The energy
consumed in a links is depended on the distance between source and destination nodes. At
a distance of 10mm, data transmission over wireless links consumes 1.8320pJ/bit including
the power consumed in transceiver circuits at transmitter and receiver and transmission
loss of the channel. Over the same distance, buffered and unbuffered wires consume
4.6074pJ/bit and 10.6625pJ/bit respectively. As can be observed, wireless links consume
significantly less energy as compared to wired links. Furthermore, energy consumption of
wireless links varies linearly with distance whereas unbuffered wires exhibit exponentially
variation. Though, buffered wires show linear variation, the rate of change is higher as
compared to wireless links and energy saving with wireless links becomes apparent at large
distances. This, along with low latency of wireless links, makes them very efficient for

communicating data over long distances across the chip.

4.3.3.2 Receiver Power with Antenna Orientation

To understand the relationship between received power and antenna orientation for
W1 placement, we simulated the PLPASs antenna with a transmitter-receiver pair and one
antenna is rotated about the second (receiver) antenna. The antenna is rotated across the
axis normal to its plane, and the variation of S(2,1) is plotted. At each rotation, the power
received from the transmitter due to the lobes is illustrated in Figure 4.10. We compare this
figure with azimuthal radiation pattern for validation. From the figure, power ratio at 0 and
360° is -19.6 dB due to the main lobe. Power ratio at 180° is -19 dB due to the back lobe.
Power ratio at 225° is around -28.81 dB due to small side lobes. The variation of received
power with antenna orientation along with radiation pattern determines the available nodes

given a wireless link as described in the interference avoidance conditions of the WI
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Figure 4.10 S(2,1) variation with different antenna orientation

placement algorithm.

4.3.3.3 Signal-to-Interference Analysis

Signal-to-Interference Ratio (SIR) analysis is very essential for accurate system
model design. SIR changes with antenna setup and can be improved by adjusting the
antenna orientation. As a case study, we have taken a valid antenna setup after considering

all constraints as shown in Figure 4.11 for interference analysis. We obtained the optimal
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Figure 4.11 Antennas setup with a different orientation
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number of WIs for 64-core system size as 6 from SA. There are total six antennas, named
as A1-As, required to establish pair-wise communication for a given network. Az, As and
A are communicating with Az, A4 and Ag, respectively. When As and As communicate, A2
will not be out of interference range due to the formation of side lobes. We have measured
the interference received by Az which is described below. In this setup, As and A4
communicate, and A: listens. The parameters S(4,5) and S(2,5) are plotted in Figure 4.12.
From the plot, the values of S(4,5) and S(2,5) are -18.741 dB and -78.824 dB at 60 GHz.
Using these values, we have determined SIR as follows:

4.12
5(4,5)=10log PRX g PRX _1(S(4.5)/10
PTX PTX
i 4.13
SIR =10log Pﬂda — 60.083dB
INT
Now from equations (4.12 and 4.13), we can calculate SIR as follows:
4.14
5(2,5) =10log PINT g PINT _145(2,5)/10

PTX  PTX
Interference signal received by A, (when Az and As communicate in the above
setup) will have the S(2,5) of -78 dB which is very low. Estimated worst-case SIR is 60.083

dB. Therefore, optimal placement of wireless interfaces can reduce the interference effects.
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Figure 4.12 S(2,1) plot for SIR calculation
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4.3.4 Interference-Aware W1 Placement

Using the properties of PLPA antenna and the constrained placement optimization
problem from sections 4.2.3 to 4.2.5, we obtain the WI placement avoiding interference
and optimized over average hop count. We implemented the placement algorithm for
system sizes from 64 nodes to 1024 nodes. The WI placement and DWNoC topology for a
64-core system are shown in Figure 4.13. As seen, no two-wireless links cross their paths,
and no unpaired WI is present in the end-fire region of another link. Hence, allowing three
simultaneous communications using same frequency without any interference. The number
of WI pairs that can be placed using this algorithm for system sizes of 64, 128, 256 and
512 nodes are 3, 3, 7 and 10 respectively. These values are when overhead constraints are

disabled from the algorithm.
4.3.5 Performance Evaluation of DWNoC

In this section, we evaluate the peak bandwidth, latency, and energy efficiency of
the proposed directional antenna based DWNoC architecture developed in the
aforementioned sub-sections. The network architectures, discussed in the earlier section,

are simulated using a cycle accurate simulator which models the progress of data flits
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Figure 4.14 Latency for various NoC architectures for 64 core system

accurately per clock cycle accounting for flits that reach the destination as well as those
that are dropped. One hundred thousand iterations were performed to reach stable results
in each experiment, eliminating the effect of transients in the first few thousand cycles.
Wireless links enables a lower saturation latency compared with mesh, torus and clos. We
evaluate the latency of the proposed DWNoC with standard mesh, torus and clos through
uniform random traffic pattern. The variation of packet latency for all architectures is
plotted in Figure 4.14. This gives huge improvement in network capabilities as compared
to standard mesh, torus and clos. A 64-core system is also considered with uniform random
traffic distribution, and the results are shown in Figure 4.15 for bandwidth evaluation. We
also compare it with a conventional wireline mesh, torus, clos and the token-based WNoC.
The token-based WNoC is formed by overlaying the same small-world based wireline NoC
with optimized location and number of WIs as in [83]. It was found that 13 WIs optimized
the achievable bandwidth in case of the token-based WNoC. The zig-zag antennas used in
this architecture are not directional and hence the shared wireless medium requires a token
passing protocol for granting access to a single transmitter at any given time. The OOK
based wireless transceivers used in the token-based WNoC are the same as in the proposed
DWNOoC operating in the same mm-wave frequency range. Through cycle accurate system
level simulations, we found that our proposed architecture achieves higher bandwidth and
lower packet energy compared to existing architectures, mesh, torus, clos and token based

WNOoC. The token based WNoC has higher bandwidth and consumed less packet energy
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Figure 4.15 Peak bandwidth and packet energy dissipation of various NoC architectures for 64-
core system.

compared to other architectures, the mesh, torus and clos of the same system size due to
the efficient small-world network topology and energy-efficient wireless links. However,
in the token-based WNoC, only a single wireless link is active at any given point of time.
This limits the potential gains in performance in the token-based system. In contrast, long-
range point-to-point wireless links established with the directional antennas enable
multiple concurrent wireless links. Consequently, the performance and packet energy
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Figure 4.16 Peak bandwidth and packet energy dissipation of various NoC architectures for 256-
core system
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improve in the proposed DWNoC architecture with directional antennas. We have
evaluated the directional antenna based DWNoC with a similar number of WIs (3 links or
6 WIs for the 64-core system) as the token based WNoC optimized for best performance.
Even for the same overheads in wireless transceivers we see that the proposed architecture
achieves higher bandwidth and lower packet energy compared to the token-based system.
The DWNoC with the best trade-off in packet energy and area overhead with 6 wireless
links (12 WIs) achieves significantly higher bandwidth. For the 256-core system, the same
trend is observed in Figure 4.16. The 256-core DWNoC further improves the performance
as it has a higher number of concurrent wireless links. The proposed architecture improves
peak bandwidth up to 84.13% over mesh, 67.39% over torus, 53.44% over clos, and 9%
over regular WNoC under uniform random traffic pattern for 64 core system. Similarly, it
increases peak bandwidth up to 213.89% over mesh, 159.41% over torus, 101.21% over
clos, and 10.13% over regular WNoC for 256 core system. This architecture also improves
the energy-efficiency up to 22.20% over Mess and 7% over regular WNoC for 64 core

system.
4.3.6 Application Specific Traffic

In this section, we evaluate the performance of proposed DWNoC in the presence
of real application based traffic for a 64 core system. In order to bring out characteristics
of the DWNoC architecture in the presence of both computation intensive and
communication intensive workloads, we have considered six SPLASH-2 [46] benchmarks,
FFT, FMM, Radix, LU, Radiosity, Raytrace, and three PARSEC [45] benchmarks
Blackcholes, Canneal and Fluidanimate, which vary in their traffic distributions. The
characteristics of the applications are summarized in Table 4.2. The workloads are

Table 4.2 Percentage of busy and idle cycles in a 64-core system given default problem sizes

Benchmark Busy % Idle % Default Problem Size

FFT 81.99 18.01 65,536 Data Points

Radix 84.98 15.02 262,144 Integers, 1024 RADIX

LU 87.62 12.38 512x512 Matrix, 16x16 Blocks
Canneal 56.74 43.26 200,000 Elements

FMM 67.64 32.36 16K particles

Radiosity 81.46 18.54 room, -ae 5000.0 -en 0.050 -bf 0.10
Raytrace 80.25 19.75 car

Blackcholes 79.15 20.85 65,536 options

Fluidanimate 72.78 27.21 5 frames, 300,000 particles
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Figure 4.17 Bandwidth and packet energy of WNoCs with application-specific traffic for 64 core
system
simulated using GEMD5 [84], a full system emulator and the traffic traces are then simulated

using the NoC simulator to determine network level characteristics. Figure 4.17 shows
peak bandwidth and packet energy at network saturation for the proposed DWNoC and
token based WNoC architecture in non-uniform traffic scenario. From the results, it is
evident that for non-uniform traffic patterns, the same trend is maintained as the uniform
traffic. For all traffic patterns, DWNoC architecture with 6 WIs performs best due to the
presence of higher number of simultaneous links. Canneal has the highest offered load and
hence display the highest gains in bandwidth for the DWNoC architectures compared to
the other benchmarks. This implies that communication intensive workloads will benefit
more in terms of performance with the directional antenna based DWNoC. However, there
is significantly high gain in packet energy for less communication intensive benchmarks
like FFT for the DWNoC with 6 WIs. In this case, increasing the number of wireless links

results in more packets using wireless links resulting in higher energy efficiency.
4.3.7 Area Overheads and Scalability

In this section, we evaluate the area overheads required to enable the DWNoC
architectures. The DWNoC with 12 Wis is designed for 256-core system. The token-based
WNOoC has 13 WIs as proposed in [83]. However, the antennas used in the 2 architectures
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Figure 4.18 Percentage of area overhead over total silicon area

are different and hence will have slightly different area requirements. Hence, the total
number of electronic ports in all the switches is the same for the WNoCs and the
conventional electronic mesh. As a result, the area for the wired switches is equal for all
three architectures. The area overheads for all the WNoCs and the mesh are shown in
Figure 4.18. The wireless transceiver circuits require an active area of 0.16mm? each [19]
and the area of the PLPA antennas is 1.33mm? each. The overall area for the DWNoC with
6 wireless links is the maximum for 256-core system and is approximately 11.57% of the
total die area assumed to be 400mm?.

Optimal number of WIs can be decided as per system size. Since number of WIs in
a wireless NoC will scale at a much slower rate (because of the associated power and area
overhead) than the number of cores. Depending upon the system size, additional links can
be placed by considering above constraints within the WIs placement algorithm. Hence,

our proposed approach provides a scalable modular DWNoC architecture.
4.4 Conclusion

In this work, we explore the use of directional antennas for on-chip wireless
interconnects where multiple simultaneous wireless pairs can communicate [85]. We
propose an interference-aware WIs placement algorithm for WNoC architecture by
incorporating directional planer log-periodic antennas (PLPAS). This DWNoC architecture
enables directional point-to-point links between transceivers and hence multiple wireless

links can operate at the same time without interference. The proposed architecture
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improves peak bandwidth up to 84.13% over mesh, 67.39% over torus, 53.44% over clos,
and 9% over regular WNoC under uniform random traffic pattern for 64 core system.
Similarly, it increases peak bandwidth up to 213.89% over mesh, 159.41% over torus,
101.21% over clos, and 10.13% over regular WNoC for 256 core system. This architecture
also improves the energy-efficiency up to 22.20% over Mess and 7% over regular WNoC

for 64 core system.
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Chapter 5
Low Latency Network for Off-Chip
Memory Access

In this chapter, we highlight the on-chip communication bottlenecks between Last
Level Caches (LLCs) and Memory Controllers (MCs) to access off-chip memory. To
overcome this, we discuss hybrid switching strategy with dual crossbar routers that allow
simultaneous use of both circuit and packet switch paths. We also find the optimal number
and placement of memory controllers in the network using machine learning approach. We
further improve upon this by using power-efficient drowsy virtual channels and power
gating techniques to achieve energy-efficient off-chip memory access. A routing protocol
is introduced for seamless communication between LLCs and MCs using adaptive hybrid

switching strategy.

Communication between LLCs and memory controllers faces significant challenge
due to the placement of memory controllers, high network latency, and switching strategy.
An important issue associated with off-chip memory access is feasible number of memory
controllers, limited by available pin bandwidth and their placement in the on-chip network.
Especially, as system size increases, the latency between caches and limited number of
memory controllers increases, thereby degrading the memory performance. That is why
there is a great need for radical alternative approaches to achieve improvement in memory

controller access on future CMPs.

Existing networks based on packet switching (PS) have their own bottlenecks in
terms of latency and throughput due to the use of store and forward method and requires
more power for complex switching protocol. Similarly, circuit switching (CS) provides
guaranteed high bandwidth once path is established, but increases the network delay due
to circuit/path setup and data gets lost if a router in the circuit is down. A feasible approach
to achieve improvement in memory controller access is establishing dedicated paths/ links

with combination of both CS and PS methodologies. To implement this hybrid switching,
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the major challenges are circuit switch setup, true selection logic for hybrid switching,

routing protocol and workloads.

To increase the off-chip memory access bandwidth, we propose an adaptive hybrid
switching strategy with dual crossbar router, that combines packet switch and circuit
switched networks. We also propose an optimal placement strategy for the memory
controllers in this work. An example of proposed architecture is shown in Figure 5.1, which
consists of on-chip components like memory controllers, caches, processing elements, and
off-chip memory components. The proposed architecture forms circuit switched paths
between last level caches and memory controllers to provide low-latency access to main
memory. The regular data communication between all other nodes in the network uses
packet switched network, thereby improving memory access performance without
impacting regular on-chip network communication. Based on the request from a core, a
reservation table is used to form circuit switch path with nearest memory controller. The
dual crossbar router contains circuit for both packet and circuit switch networks. To
provide guaranteed paths with low latency, we find the optimal number and placement of
memory controllers in the network using clustering algorithm. To reduce the energy
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overhead of dual crossbar routers, we introduce partially drowsy and power gated

techniques in the proposed architecture.
5.1 Related work

Communication infrastructure between LLCs and MCs is the biggest performance
bottleneck in the latest technology generations. Hybrid switching strategies and placement
of memory controllers have been explored to overcome this challenge. The global
management of NoCs in accelerator-rich architectures and hybrid network is explored in
[86] to provide a predictable performance and energy-efficiency. A global accelerator
manager is used to manage location and timing of accelerator accesses and reserve paths
with fewer conflicts. The major issues with single global manager are the latency and
routing congestion in communicating with all cores. To minimize the LLC access delays,
a hybrid virtual cut-through switching for short request packets whereas circuit switching
for longer and delay sensitive response packets are introduced in [87]. A hybrid router
combining circuit and packet switching with bus architecture for on-chip network is
discussed in [88] to handle streaming and best efforts traffic efficiently. Similarly, possible
placements of memory controllers have also been discussed to reduce the communication
bottleneck. In this context, authors in [24] have explored the optimal placement of memory
controller using divide and conquer method. In this method, number of memory controller
increases exponentially with system sizes. The placement of memory controller is explored
in [89] using simulated annealing approach for finding out the best memory controller
configuration. Authors of [90] focus on optimal placement of cores, distributed shared
LLCs and memory controllers to minimize the latency. A genetic algorithm based memory
controller placement is presented in [23] to reduce contention and latency in the on-chip
fabric. Authors of [91] propose two networks prioritizing memory response message
latency that can cooperatively improve performance by reducing end-to-end memory
access latencies. A zero-latency circuit setup scheme is explored to transfer the individual
data packets [92]. A hybrid circuit/packet-switched NoC that exploits communication
locality through periodic configuration of the most beneficial circuits has been explored in
[93]. In addition, the unique private cache scheme targeting the class of interconnects

which exploits communication locality to improve the communication latency. Most of the
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state-of-the-art architectures use hybrid switching, simulated annealing, genetic algorithm
and analytical approaches. Hence, suitable and feasible solutions are required to identify
switching strategy, and optimal number and placement of memory controllers for providing
low latency path between LLCs and MCs.

There has been significant research targeting energy-efficiency of on-chip
communication infrastructures. Online reinforcement learning based machine learning is
introduced to perform dynamic partitioning of LLC along with DVFS in core and network
components in [94]. Fine-grained power gated FlexiBuffer is explored in [33] to reduce
leakage power with minimal changes to flow control. NoRD (Node-Router Decoupling)
[34], a novel technique for bypassing power gated routers, decouples the node’s ability to
transfer a packet by monitoring the status of associated router. Power-aware routing and
topology reconfiguration named Panthre [31] is proposed to provide long intervals of
uninterrupted sleep to selected units using power gating. The drowsy buffer is explored in
[18] to reduce the power consumption of the network. In this work, we design a router that
supports adaptive hybrid strategy. The performance is further optimized by finding the
optimal number and placement of memory controllers using machine learning approach.
The proposed method promises to increase power efficiency of on-chip communication
infrastructure significantly. We present a detailed performance evaluation of proposed NoC
architecture and explore the performance overheads and associated trade-offs for realizing

the proposed NoC architecture.
5.2 Efficient Low Latency NoC

The proposed router with dual crossbar and controller is shown in Figure 5.2. It
consists of five 1/O ports, dual crossbar, routing unit, allocator, reservation table,
mux/demux, controller, latch and virtual channels (VCs). The controller consists of
analyzer, selection unit, and power management unit. Four virtual channels are associated
with each port. The crossbars are implemented using folded technique to support dual
switching at a given cycle to reduce the energy overhead. Two 2-folded crossbars consist
of four switching elements (two for each crossbar), whereas a single conventional crossbar
uses five switching elements. Folded bufferless crossbar (upper crossbar) saves energy by

avoiding read/write operations in buffers, while regular switch stores data into VCs.
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Figure 5.2 Proposed router architecture
Analyzer observes the address of the task injected by the processing element. Latches are
used to store the data till analyzer completes its operation. Selection logic alters the
switching mode based on response from analyzer. Power management controller takes the
decision of power saving based on selection logic response and traffic pattern. When packet
is injected into a router, depending on the task, controller set the ‘0’ flag for circuit
switching and ‘1’ for packet switching based on selection logic response. If it is ‘0’, data
traverse through upper crossbar, otherwise lower crossbar. Adaptive hybrid switching
strategy, energy-efficiency, and placement of memory controllers are discussed in next

subsequent sections.
5.2.1 Hybrid Switching Strategy

The key design goal of our proposed hybrid switching network is to provide a high
bandwidth memory access for CMPs. The dual crossbar based router architecture enables
high-performance communication infrastructure by allowing simultaneous use of both

circuit and packet switched paths.
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Table 5.2 Shows algorithm for circuit switching setup

Algorithm I: Pseudo Code for Circuit Switching Setup

1 Controller collect addresses from core during injection

2 Analyzer analyzes the received addresses

3 for all addresses obtained from core do

4 Reserve the path from Source to Destination between buffer, caches and memory controller
5. if conflict found

6. Wait into VC

7 else update the reservation table

8 end for

9 Reserve the path for circuit switching between core and memory controller.

2

5.2.1.1 Circuit-Switching Setup

In this section, we discuss the circuit switching setup for the hybrid router. A
reservation table is used to configure the circuit switching path as described in Table 5.1.
The controller receives information regarding read/write sets from processing core and
performs the buffer allocation operation. Based on this data, controller finds the nearest
shared last level caches and memory controller. It reserves the circuit switching path
between buffer, caches and memory controller and stores StartTime, EndTime, InPort and
OutPort information from data set into reservation table locally. At the beginning of the
processing task, controller sends the request to memory controller according to the read set
to fetch data from buffer. Memory controller sends the responses once all the requests are
satisfied with uncertain access latency depending on the position of the LLCs and memory
controllers. To reduce the access latency, optimal placement of memory controllers is
required, which is discussed in later section. If there is any conflict found during memory
controller access, controller stops the current packet transfer or diverts it to another path
and grants signal to establish a circuit switch path. If there is no conflict, router updates the

reservation table at each cycle. Once the path is established, data stream follows the same
Table 5.1 Intensity Classification of PARSEC Benchmark

Applications Workload Switch_ing
type Techniques
Blackscholes, Compute Packet
Bodytrack, Vips, intensive Switching
Dedup (ChH
Fregmine, Ferret, . Hybrid
X264 Fluidanimate Hybrid Switching
Streamclusters, Memory -
. . Circuit
Canneal intensive Switching
Facesim, Swaptions (M1)
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Table 5.3 Shows selection logic for hybrid switching

Algorithm 11: Selection Logic for Hybrid Switching

1. Controller receives a task description from a core
2. if Ml && ~ClI

3. Setup circuit switch (algorithm 1)
4. Transfer packet

5. Destroy circuit switch path

6. Enable packet switching

7. else if Cl && ~Ml

8. Use buffered crossbar

9. Transfer packet

10. else

11. Hybrid switching (packet + circuit)
12. if (conflict found)

13. Set Wait for packet switch

14, Transfer circuit switch packet
15. Transfer packet switch data

path. Once the circuit switch session is complete, controller resets the path to be used for
packet switching.

5.2.1.2 Selection Logic for Hybrid-Switching

A selection logic unit is associated with router to implement the hybrid switching
strategy. The selection logic unit is operated based on workloads. The workloads can be
classified into three categories: i) compute intensive, ii) hybrid and iii) Memory intensive.
For example, intensity classification of PARSEC benchmark is illustrated in Table 5.2. The
selection logic works according to type of benchmarks as discussed in Table 5.3. Both
switchings can work simultaneously as dual crossbar is incorporated in the router

architecture.

5.2.1.3 Routing Protocol

The routing protocol for seamless on-chip communication using hybrid switching

is discussed here. A typical router pipeline requires five stages; Buffer Write (BW),

VA
BW RC SA ST LT ST LT

(@) (b)

Figure 5.3 The pipeline stages :(a) 5-stage baseline router for packet (b) 2-stages for circuit
switching
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Routing Computation (RC), Virtual channel Allocator and Switch Allocator (VA and SA),
Switch Traversal (ST) and Link Traversal (LT) as shown in Figure 5.3 to transfer a packet.
Packet switching strategy follows these stages to transfer a packet. As circuit switching
established a dedicated path between two nodes, it bypasses some intermediate pipeline
stages and packet traverses through ST and LT pipeline stages. XY -routing is adopted for
both CS and PS. Once path is established for CS, controller switches the routing strategy
to bufferless crossbar. If conflicts found during circuit switching path setup, flit(s) for PS
is stored into either vacant VCs or neighbor routers, enabling both PS and CS to work
simultaneously. To store the flits into a neighbor router, look-ahead routing strategy is
used.

For both switchings, router receives packets and forwards it to the output port by
following the intermediate steps as shown in Figure 5.4. Analyzer decides the classification
of packets in terms of memory or compute or hybrid intensive. For CS, packet traverses
either through the existing path or setup a new path. To establish a new CS path, arbitrary

policy [95] is used. The arbitrary policy is managed by flit-ranking component and port-

Incoming
packets

Analyzer
Selection
unit
Arbitrary Policy:
. . PS
Flit-ranking and
Port-selection
CS
Follow
isti th
Is flit-ranking existing pa
> or setup a
and port-selectio
new path

=True?
Packet
transfer
Figure 5.4 Intermediate steps represent for packet transfer
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selection component from knowledge of reservation table. Flit ranking component ranks
all the incoming flits in every cycle and flit with highest rank gets access to establish CS
path. Port-selection component ranks the output port based on availability of port and
desirability of that flit. Flit-rank component provides the highest priority to a flit for CS
and then PS.

Flit level routing is adopted from [95] to avoid the deadlocks and livelocks for
hybrid switching strategy. A packet is injected into any port of the router, only if at least
one channel is free. Otherwise, flit must be stored into VC of upstream router till the
availability of VC. Every router decides the status of channels locally. For example, two
flits C and P are injected into a router. Flit C is for CS and P for PS. Now, flit-ranking and
port-selection components give priority to flit, C in every cycle. The flit, P is stored in VCs
till the CS session path is active or takes an alternative path to route the packet. Flit-ranking

and port-selection components together ensure that no deadlocks and livelocks occur [95].
5.2.2 Energy-efficiency

In this section, we present a low power router architecture using drowsy and power
gating approaches to achieve energy-efficient communication infrastructure. Of all the
components of a router, power consumption in virtual channels and crossbar fabrics is
comparatively high. To reduce the overhead, we applied these techniques with NoC

architecture as shown in Figure 5.5.

5.2.2.1 Power Management Controller

Power Management Controller (PMC) controls the drowsy and power gating
operations of router components. It generates the pointer signal to manage the
active/inactive components. The internal components of the router are classified into three
states; A 2-bit pointer signal is associated with PMC to change the state of the NoC
components. Active (00), Drowsy (01) and Power gated (10) states. PMC is introduced to
operate the router under these states. Initially, pointer component of controller is assigned
as ‘00’ > active state. One-bit pilot signal (Pilot_In/ Pilot_Out) is associated with every
neighbor router to spread the information one-hop ahead as shown in Figure 5.2. This saves

the wake-up latency penalty of slept or drowsy components.
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5.2.2.2 Drowsy buffer

We introduce fine-grained power saving techniques using dynamic management.
A drowsy technique is mainly applied here to save power consumption without loss of any
stored data in VC. D-flip-flop (DFF) based buffer is used to design the VCs. Before
applying the drowsy scheme with DFF, we estimate the data retention voltage to retain the
stored data in VCs. The data retention voltage for DFF is 0.63V at 32nm technology node.
Consequently, the drowsy circuit is operated under two level of voltages; 0.63 (drowsy
state) and 1V (active state). The drowsy signal will get activated depending on the
workload. To reduce the wake-up penalty and avoid the data loss, we use the drowsy circuit

partially with first virtual channel of each port.

5.2.2.3 Power gated VCs/ Crossbar

We explore power gating with rest of the virtual channels and unused crossbar
fabrics to completely shut down the idle components. A pointer is used to indicate the status
of virtual channels for every port as shown in Figure 5.2. When a pointer changes status to
power gating state, controller sends the sleep signal to all VCs from the second VC. The
status of pointer is changed depending on the workload. If the first virtual channel consists

of data, the pointer status for the second VC is changed to ‘00’ to store the next incoming
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flit. The process is repeated for all other VCs, where n+1" pointer status is changed to ‘00’
whenever n VVC contains data. For this operation, we insert the header sleep transistor
between VCs/Crossbar and power supply to control the on-off states. This technique
provides more benefits in terms of leakage/ idle state power when virtual channels and

crossbars will not be used for long time.

5.2.2.4 Optimal Memory Controller Placement

To enable high-performance memory access, along with hybrid switching
technique, we find optimal number and placement of memory controllers in the on-chip
network. We adopt mean shift clustering algorithm [96] to find the placement and optimum
number of memory controllers for given size. Mean shift algorithm is a density estimation
based non-parametric approach that is useful in analyzing clusters with arbitrary shapes. It
regards the features of nodes in the network as probability density function and finds the
modes of this density. The modes represent the local maxima, corresponding to the dense
feature regions around which the clusters are developed. The ability of mean shift
algorithm to work with arbitrary clusters and no information about number of clusters

makes it ideal for placement in NoC.

We use the communication activity between different cores and memory as feature
set to cluster different cores and find location of memory controllers in NoC. The input
feature of any node is its normalized communication activity with every other node (L1
cache, L2 cache, and memory) in the network. Hence, for a network with N nodes, the input
is N feature vectors in an N-dimensional space. The mean shift algorithm finds regions of
high communication activity and forms clusters of corresponding nodes within these dense
regions. We, then place a memory controller at the center of each such cluster, thereby

finding the number and placement of controllers based on application characteristics.
5.3 Experimental Results

In this section, we discuss implementation, performance benefits, overheads and
scalability of our proposed architecture. We compare our design with prior works that

employ placement of memory controllers to address the memory bandwidth bottleneck.
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Table 5.4 Simulation setup

Setup Components Configuration

System size 48 cores, 12 L2 caches
Details of L1 cache (private) 8-way, 32KB, LRU policy
system L2 cache (shared) 16-way, 128KB, LRU policy, 1 L2 shared by four cores
architecture Memory 2048MB/channel, 4 channels/MC

Topology Mesh topology |

Routing XY routing, wormhole switching

5-port (including local port), 8-flit depth per port

Details of Router 5-stage (BW, RC, SA, ST, LT) for packet switching
network (both baseline and proposed)
architecture 2-stage (ST, LT) for circuit switch

On-Chip wire link 64-bit width, 1 cycle latency

Off-Chip wire link 256-bit width, 2 cycle latency

5.3.1 Simulation Setup

We have modeled and simulated the proposed NoC architecture using cycle-
accurate heterogeneous system simulator, Multi2Sim [97]. A system with 48 cores is used
for all evaluations and system specifications are presented in Table 5.4. The baseline
architecture uses two memory controllers [98]. The cores and memory are arranged in mesh
NoC topology. The routers are input buffered with each port comprised of 4 VCs. Each
VC has a depth of 8 flits. The NoC switches are driven with a 2.5GHz clock. The width of
all wired links is same as flit size, 32 bits. The network switches are synthesized with
Synopsys Design Compiler using 32nm process technology. In this work, we also
implement the drowsy circuit and sleep transistors for power gating using Cadence tool at
65nm technology. The mean shift algorithm to find optimal placement of memory
controllers in proposed architecture is implemented using MATLAB. The performance is
evaluated by simulating benchmarks from AMD SDK [99] with baseline and proposed

architectures using Multi2Sim.
5.3.2 Router Implementation with Hybrid Switching and Overheads

To implement hybrid switching scheme, we integrate dual crossbar, switching
controller and power management controller with each router. Controller with Analyzer
and selection unit together occupies 1006.83um?. The area requirement for modified base
router (including control units, buffers, crossbar, modified arbiter, RC, and VCs) is

9969.59um?. The total area overhead associated with proposed hybrid approach is 0.16%
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Processing elements and L1 Caches

Figure 5.6 Optimal memory controller placement using mean-shift approach

of total silicon area for 48 cores. The total power consumption of all base router
components combined is 409uW. The controller with analyzer and selection units
consumes a total power of 42.84uW for all its operations. The sleep transistor consumes

leakage power of 8.89nW and 1.95um? of area.
5.3.3 Memory Controller Placement

We have collected the communication traces from full system simulator of core-to-
memory and core-to-core as feature set to cluster different cores and find location of
memory controllers in NoC. After that we run the mean-shift clustering algorithm for
clustering. Before clustering, we estimate the mean of core-to-memory as well as core-to-
core communications for various traffic characteristics. The mean shift algorithm finds
regions of high communication activity and forms clusters of corresponding nodes within
these dense regions. We have placed the memory controller at the center of each cluster.
Using the mean-shift clustering algorithm, we obtain the memory controller placement
optimized overall inter-core communication and memory accesses. For 48 cores system
with applications considered, the optimal number of memory controllers is 4 and their
placement is as shown in Figure 5.6. In comparison, prior works in [23] and [24] use 16

memory controllers in a 64-node system as shown in Table 5.5.
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Figure 5.7 Reduction in memory latency over baseline

5.3.4 Performance Evaluation

We evaluate the performance of proposed architecture under different traffic

situations in terms of execution time, throughput and latency.

5.3.4.1 Latency Improvements

Figure 5.7 shows the network performance in terms of average memory access
latency under various applications. It can be seen that the proposed architecture reduces
access latency by 27.15% on average (geometric mean) over baseline architecture. The
improvements are achieved by forming dedicated circuit switch paths between last-level

caches and memory controllers.
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Figure 5.8 Improvement in peak throughput over baseline
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Figure 5.9 Improvement in application runtime over baseline

5.3.4.2 Throughput Improvements

Figure 5.8 shows the peak throughput improvement provided by hybrid switching
with optimal memory controller placement. The throughput is increased by 61.97%, on
average over baseline architecture with 2 memory controllers. By finding the optimal
number and placement of memory controllers, uniform access is provided to all nodes to

improve the overall throughput of memory accesses.

6.3.4.3 Execution Time

Figure 5.9 shows the reduction in application runtime with proposed architecture
as compared to baseline architecture. We consider one and two application running
simultaneously for all our evaluations. On average, the proposed architecture speeds-up

application execution by 12.53% over baseline architecture.
5.3.5 Energy saving

The average packet energy saving obtained by proposed architecture over baseline
system is shown in Figure 5.10. On average, proposed architecture achieves 21.13%
savings in energy across all benchmarks as compared with regular NoC. The energy
improvements by proposed architecture are obtained by drowsy and power gated network
components (in an idle state) and providing low energy paths for memory controller

aCCesses.
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Figure 5.10 Reduction in network energy over baseline

5.3.6. Summary of Existing and Proposed Architectures

We present a summary of prior and proposed works that tackle the issue of memory
performance in CMPs in Table 5.5. As can be seen, the proposed architecture provides
significant benefits in terms of latency, runtime, and energy metrics. Furthermore, the
proposed modifications rely only on local information and hence it is scalable to any

system size without incurring significant overheads.
5.4 Conclusions and Future Works

5.4.1 Conclusions

In this chapter, we propose an energy-efficient and adaptive hybrid switching based
NoC to address the on-chip communication bottlenecks between LLCs and MCs. Dual
crossbar based router is introduced for both circuit and packet switching simultaneously.
The performance is further optimized by finding the optimal number and placement of
memory controllers using machine learning approach. Energy-efficiency is enhanced by
introducing a drowsy and power gated router. We also present the detail implementation,
overhead and performance benefits of our proposed architecture. Performance evaluations

show that proposed design achieves improvements of 12.53%, 61.97% and 21.13% in
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Table 5.5 Summary of Existing and Proposed Works

Ref. Configurations and workloads Network parameters MCs Improvements
and Technology
64 in-order cores; L1 I&D caches: Processors: 64; router
16KB (2 way set associated), 1 cycle latency: 1 cycle; Inter
latency; L2(Private): 64KB (4 way set | router wire latency: 1 10-15% latency

[22] associative) 6 cycle latency; L3 cycle; Buffer: 32 flits; 16 reduction
(Shared); 8 MB (16 way Associative); | virtual channels: 2 for
Memory Latency: 150 cycles XY, YX, CDR and 4
Workload: TPC-H, SPECjbb, TPC- for XY-YX
W, SPECweb and Synthetic
Processors: 64; Processor frequency: | 8x8 Mesh, %- port
2GHz, L1 cache (Private): 16KB, 4 | router, Router
way, 64 bit line, 3 cycle access latency; | scheme: Wormhole, 7.63% latency

[23] L2 cache (Shared): 64MB, 64 bit line, | Flit size: 128 bits, 16 reduction, 13.94%
6 cycle latency; Memory Latency: 260 | Technology: 32nm PDP reduction
Cycles CMOS process
Workload: SLPASH-2, PARSEC and

TPC-H
L1 1&D (private): 32KB, 4 way, 3 | 4x8 Mesh topology,
cycle latency, L2 (shared): 2MB, 8- | XY routing,

[68] way, 6 cycle latency, Memory latency: | wormhole switching, 11.3% runtime
280-cycle access latency, Processor | 4-stage router 4 reduction, 11%
frequency: 2GHz, pipeline, energy reduction
Workload: PARSEC
48 cores, 12 L2 caches, L1 cache Mesh topology, 27.86% runtime

Proposed | (private): 8-way, 32KB, LRU policy; | wormhole routing, reduction, 30.28%
Method | L2 cache (shared): 16-way, 128KB, XY-routing, 4 throughput
LRU policy, 1 L2 shared by four Technology: 32nm improvement, 31.21%
cores; Worklod: AMD SDK; CMOS Process energy reduction
Technology

runtime, throughput, and network energy respectively.
5.4.2 Future Works

Though the proposed work provides significant benefits for accessing memory
controllers and improve memory access performance, there is still scope for further
enchantment in performance. As a part of our ongoing investigations, we would like to
explore further enhancements for optimal placement of memory controller and hardware
level hybrid switching strategy. In case of hybrid switching, the main challenge is to build
a packet-switched network for communication-centric workloads and circuit-switched
network for memory-intensive workloads. This challenge is primarily associated with both
hardware as well as software components. Furthermore, long circuit switching delay results
in significantly poor performance. There are also issues with stability due to rapid changing
traffic patterns. The transition between these two switching patterns in every few
milliseconds is a significant challenge for hardware design. The efficient scheduling is
required to address the issues on reconfigurable hardware system. Among the challenges,

it is difficult to predict how different application with disparate requirements would
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perform and impact the scheduling of the system. |1 am planning to explore all these
challenges in near future to reduce the on-chip communication bottlenecks between last

level caches and memory controllers.
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Chapter 6
Conclusions and Future Works

6.1 Conclusions

In this dissertation, we discussed on-chip communication bottlenecks for many-
core systems in terms of power and performance. The applications of the many-core system
range from embedded systems to data centers to supercomputers. The efficient on-chip
communication infrastructure is a major concern for many-core systems. To avoid the
excessive power consumption due to interconnect technology, we explored various novel
power saving schemes for NoC architectures. At the same time, we introduced the seamless
bypass routing strategy to maintain the system performance. Wireless NoCs, by
augmenting wired topologies with low latency wireless links, overcome performance
limitations of conventional NoCs. However, Wireless Interfaces (WIs) consume significant
amount of power. We resolved this limitation of WIs by introducing power gating along
with AMS controller. This is realized with a receiver-end control strategy that wakes up
the desired W1 having token for wireless communication. Existing WNoCs suffers in terms
of scalability because of the fact that only one pair can communicate at a time as the Wils
are designed to operate at same frequency. To overcome this, we propose the directional
wireless NoC topology using PLPAs with optimal placement of WIs. To evaluate this
wireless interconnect based systems, we developed an efficient evaluation framework to
conduct extensive performance evaluation. Additionally, to enhance the system
performance in terms of memory access latency, we propose an energy-efficient adaptive
hybrid switching strategy with dual crossbar routers that allow simultaneous use of both
circuit and packet switched paths. All proposed architectures are evaluated using popular
PARSEC and SPLASH-2 benchmarks suite.

In Chapter 2, the utilization estimation method for routers is discussed. The
utilization of the router is computed using two levels of operation: pre-computed global
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and dynamic runtime utilization methods. This proposed architecture saves up to 92.20%
leakage power in base routers. The detail implementation of power management controller
and impacts of power gating with base router is described. To maintain the performance,
seamless bypass routing strategy is explored. This routing strategy alleviates the
performance of some real and synthetic benchmarks. This saves the overall packet energy

on average by 49% as compared to regular WNoC.

In chapter 3, to reduce the switching power, the dynamic runtime utilization is
modeled using stochastic process for better accuracy. AMS scheme saves up to 56% in
network packet energy consumption as compared to baseline architectures without
incurring significant performance penalty and area overheads. An energy-efficient
transceiver for WNoC using a novel power gating approach is presented with detailed
impacts. We propose a sophisticated receiver-end wake-up control strategy using address
signature along with data packets. This strategy processes the signature without
interrupting the inactive components. A new approach to transmitting medium access token
through wireless link is proposed to minimize control signal latency. To the best of our
knowledge, this is the first work that shows how to minimize the impacts of power gating
on performance of WIs and discusses the power efficiency of WIs. The proposed
architecture saves up to 62.50% idle-state power consumption in WIs for 256 core system
using power gating approach. We present the details of AMS controller, along with multi-
level voltage shifter and voltage regulator to dynamically change supply voltage of router
components and WIs based on their utilization. Furthermore, the proposed method can be
effectively implemented for both wired and wireless NoC topologies with only 7% area
overhead as compared to baseline router architecture.

In chapter 4, we explore the directional wireless NoC to support the simultaneous
multi-channel communications using PLPA antennas. The optimal placement of the WIls
is described to avoid the interference effects by satisfying all the interference-aware
constraints. The proposed architecture improves peak bandwidth up to 84.13% over mesh,
67.39% over torus, 53.44% over clos, and 9% over regular WNoC under uniform random
traffic pattern for 64 core system. Similarly, it increases peak bandwidth up to 213.89%
over mesh, 159.41% over torus, 101.21% over clos, and 10.13% over regular WNoC for
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256 core system. This architecture also improves the energy-efficiency up to 22.20% over
Mess and 7% over regular WNoC for 64 core system. It will also improve the peak
bandwidth as well as energy-efficiency for concurrent multiple applications for large-scale
applications. Proposed architecture increases the utilization of WIs significantly by

concurrent communications.

We address the on-chip communication bottlenecks between Last Level Caches and
Memory Controllers to access the off-chip memory in Chapter 5. We explored the energy-
efficient hybrid switching mechanism and optimal placement of memory controllers. We
have applied machine learning approach for optimal placement of memory controllers. As
a part of our ongoing investigations, we would like to explore further enhancements for
optimal placement of memory controller and hardware level hybrid switching strategy.
Energy-efficiency is enhanced by introducing a drowsy and power gated router. The
adaptive hybrid switching strategy with dual crossbar scheme improves the peak
throughput of the network by 61.97% and reduces the network energy by 21.13% as
compared to traditional NoC architectures.

6.2 Future works

| want to pursue multidisciplinary investigation to carry forward my work in the
domain of efficient communication infrastructure for many-core architectures.
Specifically, 1 would also like to explore the high bandwidth memory access, hybrid
electrical-optical interconnect, fault tolerant and reliable emerging interconnect, and NoC
for artificial neural networks in the domain of many-core architectures. The glimpse of

future research directions is discussed in the following sections:

6.2.1 Energy-efficient High Bandwidth Memory Access

High-performance computing of petaflop and exaflop orders is being explored for
several applications in biomedical, multimedia, security and many other fields. At the same
time, the gap between the bandwidth that processors demand and memory bandwidth is
widening. EXxisting architectures are reaching their limits. An important issue associated

with off-chip memory access is feasible number of memory controllers, limited by
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available pin bandwidth and their placement in the on-chip network [24] [90] [89]. To
provide high bandwidth memory access for exascale applications, the critical challenges
are an efficient interconnect design to provide low latency paths between cores and
memory controllers, an optimal placement and number of memory controllers for a given
system size and routing protocol to evenly service memory requests from all cores. The
optimal placement of memory controllers and communication bottlenecks between on-chip
and off-chip components are two such major challenges. To exploit this, |1 would like to
explore the placement of memory controller, efficient switching strategy and routing
protocol to enhance the memory access speed. | want to bridge the gap that exists between
high bandwidth off-chip memory and efficient on-chip networks to reap full benefits from
recent advancements in technology. Hardware accelerators can also improve
communication latency between on-chip and off-chip components. | would also like to

explore the accelerator-rich architecture to address these bottlenecks.

6.2.2 Hybrid electrical-optical interconnect

Existing data center networks based on electrical packet switching have their own
bottlenecks. Electrical based networks consume much power and pose limitations in terms
of latency and throughput. Hybrid electrical-optical networks are a promising solution for
high bandwidth and low power consumption for very large data center networks [100]
[101] [102]. The main challenge is to build a packet-switched for electrical and circuit-
switched for optical networks with these two technologies. This challenge is primarily
associated with both hardware as well as software components. Furthermore, long circuit
switching delay results in significantly poor performance due to rapid changing traffic
patterns. The transition between these two networks every few milliseconds is a significant
challenge for hardware design. To determine the circuit switching topology, design of an
efficient scheduling algorithm is one of the major challenges associated with these
networks. The efficient scheduling is required to address the issues on reconfigurable
hardware system. Among the challenges, it is difficult to predict how different application
with disparate requirements would perform and impact the scheduling of the system. The
hybrid interconnect-architecture co-design along with hardware support for efficient

communication infrastructure for data center application promises to be the key towards

120



achieving efficient many-core systems. | would like to continue my research in the pursuit

of efficient many-core designs with emerging hybrid interconnect networks.

6.2.3 Fault-tolerant and reliable emerging interconnect

| plan to further explore emerging interconnect based many-core architecture as the
number of cores and sub-systems on chip increases. The probability of failure in the
emerging interconnects rises due to the process variations, aging effects and soft errors in
current and expected process variation in future generations [103] [104]. | would like to
address these issues by investigating all levels; circuit, architecture, and communication to
maintain the reliability of the system. For that, we need an efficient fault model for
emerging interconnects and avoid their impacts on the architecture and network levels.
Efficient fault detection, isolation logic and correction methods with low overhead are
essential for many-core chip design. | plan to pursue these challenging tasks of designing

fault-free and reliable many-core chips.

6.2.4 Network-on-chip architecture for artificial neural networks

Conventional Neural Networks (CNN) and Deep Learning currently offer the best
solutions to many problems in aerospace, automotive, Military, electronics, financial,
industrial, medical, telecommunications, speech recognition etc. The combination of both
neural networks and deep learning are achieving outstanding performance in these
applications. At the same time, conventional neural networks are both computationally
intensive and memory intensive. So, it is difficult to be deployed on low power lightweight
embedded applications. For these type of applications, providing highly flexible, scalable
and energy efficient communication infrastructure is a major architectural challenge for
hardware implementation of reconfigurable neural networks [105] [106] [107]. | would
like to investigate energy-efficient emerging interconnect based networks for these

networks and compare with existing setup.
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