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Abstract— Many integrated circuits now consist of multiple
processing elements that can be regularly tiled across the two-
dimensional surface of a die. A regular grid-based network-
on-chip shares resources that simplify communication between
components at the cost of increased latency, particularly under
congestion. This work reports on several approaches to improve
the quality of asynchronous network-on-chip design, applied to
arrayed communication networks. First, we investigate the ef-
fect of replacing long “wrap” lines of a torus with transmission
lines and the advantages that this method contributes to such
designs. A method of deadlock free routing on torus networks
using virtual channels is proven and implemented in a 65nm
technology process. Finally, we evaluate the merits of these
designs using a highly accurate Verilog simulation model to
generate performance and power results.

I. INTRODUCTION

Process scaling supports the implementation of many
processing cores on a single planar die. Distributed memory
multiprocessors are an important class of such multiprocessor
designs. As the number of cores on chips has increased,
power has become a primary design constraint. Clockless
circuits provide event-driven computation and have been
shown to provide high performance with low power over-
head, which makes them an ideal candidate for network
on-chip (NoC) communication. These attributes have lead
clockless circuits to be used in a number of NoC applications,
in both traditional NoC applications [1] and the emerging
field of neuromorphic computing [2].

Traditional NoCs consist of arrays of a local microproces-
sor and associated memory, which communicate via a mesh-
based network-on-chip (NoC) communication fabric. The
size of the array is defined by 7, the number of processors on
each edge of the array. The planar nature of the die maps well
to regularly spaced two dimensional processing and NoC
arrays such as a square 8x8 array containing 64 processor
and memory banks. Each node communicates with its four
adjacent nodes in the array.

The hop count is the number of routers a message must
traverse when communicating between source and destina-
tion nodes. The worst case hop count for a square planar
mesh unconnected at the periphery is 2(n—1). The edges of
an array can be connected by adding wrap wires, as shown in
Fig. 1. This creates a three dimensional interconnect where
the wrap wires create a toroidal NoC structure. Adding wrap
lines doubles the network bisection, but also reduces the
worst case hop count of a mesh by a factor of two to 2|n/2].

(a) Wrapped torus (b) Folded torus

Fig. 1: Mesh based routing examples

While 3D torus routers reduce the worst case hop count,
they introduce several complications. First, torus wrap lines
invalidate the deadlock free property of common mesh based
XY routing algorithms. Cycles are formed in the X and
Y planes that don’t exist in a mesh; these cycles produce
deadlock scenarios. Additionally, wrap lines are difficult to
map onto a two dimensional plane. Simply connecting the
edges of a planar array of nodes as shown in Fig. 1(a) results
in short local interconnect between nodes on the plane, but
long wrap wires that are n — 1 times longer than the in-
plane connections. This results in two very different delay
values depending on which type of interconnect is part of
the path, be it local or wrap lines. Additionally long wrap
lines significantly penalize clockless circuits, which rely on
handshake protocols across the long links. One solution is
to create a “folded” torus that is mapped to the planar chip,
shown in Fig. 1(b). This creates communication links that
are all similar in length, delay, and energy by penalizing the
wire delay of the short links.

This paper directly addresses the performance and de-
sign issues that arise in toroidal interconnection networks.
A method of overcoming toroidal deadlock scenarios is
presented, which employs virtual channels. The deadlock
freedom of this method and pipeline constraints of virtual
channel logic are proven. A new approach to designing torus
networks is presented, which demonstrates improvements
in energy and performance efficiency. This style employs
two very different types of interconnect: diffusive wires and
transmission lines.

This work employs carefully designed high performance,
low power on chip transmission lines to improve the power
and performance of network-on-chip applications. The mesh
based routing core, with short interconnects between each
core, is implemented with traditional diffusive wires. Long
wrap lines are implemented with transmission lines, which



begin to gain power and performance advantages above 2
mm of wire length. We call our design a “transmission line
enabled clockless network on chip” (TECNO).

A flexible simulation model has been designed which
generates standard cell library gate accurate energy and per-
formance results. The model is based on Verilog simulations
of hardware under evaluation. The design uses a cell-based
design methodology for the routers and a spice based model
for wire delay and energy. The test bench reported in this
work runs simulated traffic on an 8 x8 tiled system consisting
of 64 nodes.

II. BACKGROUND AND RELATED WORK
A. Low Diameter and Asynchronous Networks on Chip

Contemporary NoC designs prefer mesh topologies due
to their simplicity, ease of physical mapping, and use of
short wires [1]. These topologies have a strong correlation
between logical minimality and physical proximity, making
them perfectly suitable for applications with mostly local
traffic. However, they suffer from having a larger hop count,
latency, and lower path diversity. Designers have tried to
solve this problem by using high radix routers to build
complicated topologies such as flattened butterfly, folded
CLOS, and dragonfly [3]. While these hierarchical topologies
work very well as the underlying networks in high perfor-
mance supercomputers, they are expensive to implement in
a power constrained on-chip system due to the complexity
associated with the routers. The torus offers advantages from
both domains. It maintains the design and routing simplicity
of meshes, while providing connectivity between nodes at
the extremities. Compared to the mesh, tori offer twice the
channel bisection, half the channel load for uniform and
worst case traffic, and 24% lower hop count [3].

B. Asynchronous NoC Design

There are a number of examples of clockless intercon-
nection network designs. One approach develops a NoC
architecture that provides connection oriented guaranteed
service and connection-less best effort routing [4]. Router
designs using virtual channels for multiple service levels
have been demonstrated [5], [6], [7]. Dynamic virtual chan-
nel allocation to provide improved best effort service with
reduced area overhead has also been studied [7]. Three-
port lightweight routers for binary fan-in, binary fan-out
Mesh-of-Trees (MoT) networks are presented in [8]. Another
approach adds limited dynamic reconfiguration capabilities
to the network by identifying critical routes and bypass-
ing arbitration on them [9]. An early arbitration resolution
using a lightweight monitoring system for MoT networks
is proposed in [10]. A 2-phase bundled data design for
a 5-port router suitable for mesh networks have been im-
plemented [11]. The lightweight monitoring idea for early
arbitration and channel allocation is applied to the 5-port
router design in [12]. Asynchronous channels have been
combined with synchronous routers to enable multi-hop
channel reservation and router bypassing [13]. A hybrid
design of 4-phase bundled data routers with 2-phase channels

TABLE I: Repeated Diffusive Wire Evaluation

Wire distance | Latency | Energ Repeater
(metal layer) (mm) \ (ps) \ (pJ/bl% \ Size (um) 1
RCI (M1) 7 963.8 1.08 3.6
RC2 (M5) 7 775.5 0.78 3.6
RC1 (M1) 1 137.1 0.154 3.6
RC2 (M5) 1 110.8 0.111 3.6

is offered in [14]. Recently, Intel demonstrated a fabricated
hybrid circuit/packet switched NoC design that employs
handshake-based communication [1]. A time division multi-
plexed (TDM) asynchronous NoC architecture is presented
that allows message passing among processor nodes in a
multiprocessor environment [15]. However, none of these
designs present a method of non-blocking handshake driven
arbitration that enables deadlock-free routing in tori config-
urations.

C. Global Signaling using Transmission Lines

The high latency and energy costs associated with conven-
tional repeated RC interconnects have prompted researchers
to investigate alternative physical transport media for longer
channels. Low swing equalized wires, silicon photonics, 3D
stacking, and wireless communication are some examples for
this. However, many of them suffer from some glaring draw-
backs, such as noise immunity, energy expense, difficulty in
fabrication, time-to-market and large chip area. An excellent
resource comparing the relative merits of alternative transport
media is provided [16].

There are a number of design choices while implement-
ing a transmission line based communication system. The
topology of the signal and return paths offer the options of
coplanar or microstrip configuration. Coplanar lines provide
good shielding from neighboring wires, but the wiring pitch
is high due to the presence of guard bands. On the other
hand, microstrip lines offer a close correlation between the
signal and return paths, but they have the disadvantage of
running parallel lines in consecutive metal layers, which is
prohibitive in a regular CMOS process. In this work, we
employ coplanar transmission lines as long range intercon-
nects. Depending on the signaling scheme, the transmission
line (TL) system can be single ended or differential. Single
ended lines have a lower wiring pitch as compared to
differential lines; on the other hand differential signaling
offers many advantages such as self-reference, better noise
rejection, increased signal swing, subtractive effect of mutual
inductance, etc. Based on this, we deem it as the better of
the two alternatives. Various on chip TL designs have been
demonstrated [17], [18], [19], [20], [21]. Replacing long, dif-
fusive wires of low diameter networks with equalized, higher
average latency interconnects has been studied previously
[22]. Similarly, our design maintains the regularity of a torus,
using 5-port routers, but equalizes delay by replacing long
diffusive wires with low latency transmission lines.

III. APPROACH

Designs in this paper implement a 64 core architecture
where each core utilizes 1 mm? of silicon area. Center-to-



center distance between adjacent cores in the wrapped torus
is 1 mm, with a 7 mm distance between the farthest cores
on the X or Y axis. All links on the folded torus topology
are 2 mm in length. Three different 64-core toroidal network
designs are compared: a wrapped torus, a folded torus, and
a transmission line enabled wrapped torus design (TECNO)
where the wrap lines use serializer-deserializer (SERDES)
transmission line communication.

We have developed a highly accurate and flexible Verilog
NoC simulation platform (Sec. VII). The router implementa-
tion is accurately simulated for performance and power with
physical design information back-annotated into the Verilog
simulator. The wire interconnect for both TL and diffusive
links are emulated by Verilog modules, which specify an
appropriate fixed delay for each link employing worst-case
values. The NoC simulation platform runs simulated traffic
on the network architecture while recording all signal tran-
sitions in a value charge dump (vcd) file.

Wire properties for both the diffusive and transmission
line links have been accurately simulated and evaluated in
SPICE and other low-level models. Results are shown in
Table I. All circuits were designed with regular Vt static Ar-
tisan cell library on the IBM10sf process. Transmission line
simulations include full variation analysis and eye diagram
calculations. Diffusive wire values are modeled under typical
process conditions with a derating factor applied to account
for variations including process, coupling, and handshake
setup times using equations from [23].

Architecture performance is derived from the Verilog
simulation. Router power is derived from PrimeTime by
back annotating delays, parasitics, and node activity from the
ved file. To calculate interconnect power, we have written a
program to extract interconnect transition counts from the
ved file and multiply those results by energy per transition
derived from SPICE wire models.

IV. TRANSMISSION LINE COMMUNICATION SYSTEM

Unlike most other disruptive low latency signaling mech-
anisms, transmission lines can be realized using industry
standard CMOS processes and standard back-end-of-line
(BEOL) stack. To engineer on-die transmission line behavior,
the wire resistance needs to be suppressed and the inductive
component boosted. This can be achieved by using wider
wires on thick metal layers and correctly designing signal
and return paths. High speed circuits are designed to send
high frequency pulses along the lines. At the receiving end,
a sense amplifier restores the signal to its original level. To
utilize the full bandwidth potential of the lines, a SERDES
apparatus is deployed. This approach decreases bandwidth,
but also mitigates the pitch overhead of transmission lines
due to wider wires and return paths.

A. SPICE Simulation using the Field Solver

On chip transmission lines require careful electromagnetic
analysis, modeling, and design. Transmission line intercon-
nect design needs a mixed signal approach in addition to
the standard digital CAD tool flow. Since the signal is being

Fig. 2: TL Communication System

TABLE II: TL Evaluation for 7 mm Link

Transmission Latency Energy Pitch Eye Eye
Line (opt) (ps) (pJ/bit) (um) Height Width
%) (ps)
[ TLI (energy) [ 3383 [ 0.54 [ 2.8 [ 0.88 [ 3396 |
| TL2 (latency) [ 2929 | 0.60 | 7.6 | 0.85 | 3379 |

propagated in the form of an electromagnetic wave, field
solver simulations are performed. The top metal layers of
the BEOL are geometrically described in the Star HSPICE
2D field solver with accurate metal and dielectric properties
and wire dimensions. Various configurations are modeled
and their RLGC matrices are extracted. These values are
used to define the transmission lines for transient simulations
using the RLGC model. Slight modifications in the wire
dimensions cause a discernible change in their properties.

The transceiver circuitry for a TL based communication
system includes a transmitter that generates full swing, high
frequency data signals to drive the long channel, and a sense
amplifier to reconstruct the attenuated signal at the far end
of the transmission line. The primary objective in choosing
transmitter and receiver designs was to allow the use of con-
ventional static CMOS libraries for implementation. Voltage
mode drivers were selected since they make receiver designs
simple and provide better performance in the presence of
noise. The driver circuitry consists of interleaved tristate
drivers that serialize the incoming data streams and launch
them into the transmission line [18]. The final stage of the
driver provides the drive strength and impedance matching
required to drive the long channel. The receiver circuit has
a pair of comparators to detect the signal at the output of
the transmission line. Use of dynamic logic facilitates high
speed operation. The transmitter and receiver transistors were
sized to optimize the channel performance. Multiplexers and
decoders are used to build simple SERDES circuits. Fig. 2
shows the basic block diagram of the TL communication
system.

B. Comparisons

Various metrics are examined to gauge the performance
of the TL communication system. Latency, energy, and noise
immunity are compared for different wireline structures. The
transmission lines are optimized for latency and energy.
Delay calculations take into account the overhead of the
transmitter-receiver pair as well as the latency along the line.
Energy numbers are calculated on a per bit basis. Eye height
and width are measured to gauge the link performance.
All measurements are done for a 7 mm long transmission
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line using the ASU 65nm BSIM models using HSPICE
[24]. Table II shows the measurement results for two TL
configurations; one optimized for energy, and the other for
latency. The measurements are comparable to results reported
in [25], [26]. Based on the simulation results, we elect the
optimal configuration for use in TECNO. For comparison, we
also report the equivalent repeated diffusive wire values for
7 mm wires for M1 and M5 metal layers in Table I. A number
of repeater sizes were evaluated and the optimal value is
chosen. We observe that delay optimized transmission lines
have 2.6x lower latency than their RC counterparts. The
energy efficiency of properly designed transmission lines is
1.4x better than the diffusive wires.

V. DEADLOCK PROPERTIES OF ASYNCHRONOUS TORI

XY routing algorithms prevent deadlock in a 2D mesh by
removing cycles during network packet delivery [3]. These
algorithms are insufficient to prevent deadlock in toroidal
meshes because each row and column contain a physical
cycle due to wrap lines (Fig. 1). Fig. 3a illustrates the cycle
in the horizontal dimension of a torus topology where router
at column x and row y is represented as Ry,. The wrap line

connecting R3p and Rgg introduces cycles during network
packet delivery which can result in deadlock dependencies.

Cycles in a toroidal mesh can be broken by introducing
two physical channels in each dimension as illustrated in
Fig. 3b. Each router at indices x,y contains buffers b, that
route on physical channel k.

The prohibitive routing cost of independent physical chan-
nels makes this solution undesirable. Virtual channels (VC)
alleviate routing costs by multiplexing VC’s across a physical
channel. VC segments VCqg100 and VCyp1g; are removed and
represented by the dotted lines in Fig. 3d. Data in the VCs
are now routed through a shared physical channel (pcooio).

Previous work proves deadlock freedom of XY higher
order channel routing for clocked toroidal networks by intro-
ducing a channel dependency graph. A channel dependency
graph (CDG) represents resource dependencies as a directed
graph for a given interconnection network and routing func-
tion. It was proven that iff a channel dependency graph G4
is without cycles, as in Fig. 4b, it is deadlock free [27].
For clocked circuits, the dependency graph of Fig. 4a which
represents a VC implementation can be proved to behave as
the graph of Fig. 4b if, for each row and column, a total order
on channel dependencies can be enforced giving priority to
traffic on VC1 over VCO [27].

Unfortunately proofs that employ virtual channels to create
a non-cyclical channel dependency graph are insufficient to
prove deadlock freedom when request-acknowledge hand-
shaking is employed across the communication channels. The
handshake protocol itself creates deadlock even with virtual
channels because physical channels are not re-allocated until
the handshake cycle completes. Therefore traffic priority can
not be guaranteed between multiple virtual channels. Thus
the cycles in G, remain, producing deadlock.

We prove deadlock free routing in a toroidally wrapped di-
mension using request-acknowledge handshake communica-
tion when: (a) Forward progress of bubbles and tokens using
a negative acknowledgment handshake protocol is proven.
(b) Pipelining is not allowed in fork and join logic between
VC buffers. (c) New communication is injected sufficiently
early in the channel dependency graph. (d) Fair arbitration
of the physical channel and new communication injection is
employed. We then prove that a complete toroidal network
is deadlock free if a deadlock free mesh routing algorithm
is employed using deadlock free dimensional routing.

Definition 1: A virtual channel network is a directed
graph D = {B,A,F,E0,E1} where B = {bono,...,byy} is a
set of buffering nodes where b,y represents virtual channel k
of router node xy, A = {ago, ... ,ay} is a set of fair arbitration
nodes where each node a,, grants mutually exclusive access
to a shared physical channel upon request from multiple
virtual channels, F = {fo,...,fy} is a set of fork nodes
which routes a request from a physical channel to des-
tination virtual channel nodes by, EO is a set of edges
€0k = (byyk,axy) VX, vk, and E1 is a set of a edge pairs
ek = ((axyygs frava)s (Frgyar Prgygk)) ¥X,y,k between source
s and destination d routers. A physical channel pc,y,x,y, is
the first edge of el.
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Definition 2: When a message arrives at its final desti-
nation router, the message will always be consumed which
creates an empty buffer b, in network D.

Definition 3: Virtual channels are implemented with the
persistency property. If a physical channel in a dimension is
not a wrap line (e.g. x; = Xs+1,Yqs = Ys) then the source virtual
buffer channel k will always route to the destination virtual
buffer on the same channel (€0, ,el.y, Where kg = ky). If
a physical channel is a wrap line (e.g. xg > Xgt1,Yq = Ys)
then VCO source buffers connect to VC1 destination buffers
(Dr,y,0,bx,y,1), while VC1 source buffers do not drive a
physical channel.

The persistency property is illustrated with the dotted lines
for unwrapped communication links in Fig. 3d. The wrap
lines are connected as shown in Fig. 3c.

Theorem 1: Deadlock freedom requires that all new traffic
injected into a dimension either through changing dimensions
or newly injected into the router will be routed to buffers on
virtual channel 0 (byy0) or at least n routers away from the
final router on virtual channel 1 if the message requires n
hops in that dimension.

Proof: By Def. 1 the final router does not have an 0
link on VCI. Thus any message that requires that link will
deadlock. ]

Definition 4: The capacity function C(X) returns the
buffering capacity for a buffer by, arbiter ayy, or fork
Sy in D. Communication between source buffer b, , and
destination buffer b,,,, occurs using one €0 edge and one el
edge pair.

Request-acknowledge handshake protocols will stall indef-
initely until a downstream bubble allows data in a buffer
to be forwarded. Once a,, arbitrates between inputs and
forwards the winner to f,, no other traffic can be allocated
to physical channel pcyy x,y, until the current transaction
completes. Thus no fixed priority across the physical channel
can be enforced because requests arrive at arbitration nodes
from independent sources with no common timing reference.
Therefore request-acknowledge handshaking can not enforce
the correct behavior of the dependency graph shown in
Fig. 4b through priorities.

Theorem 2: Toroidal network D employing request-
acknowledge handshaking on channels E'1 can deadlock.

Proof: Assume the dimensional slice of a torus network
in Fig 3c, where network traffic has placed a token in VCO

buffers bogo, b100, 200,300 and VCI1 buffer bgo; C(bxy )=
1 Vb, € B, C(ayy) = 0Vay,, € A, and C(fyy) =0Vfy, €F.
If agp arbitrates eOgog over e0Ogp;, then according to Def. 3
we get the cyclic channel dependency graph bogy — agy —
Sfio = b1oo — a10 — f20 — baoo — axo — f30 — b3oo — azo —
boo1 — agp- Since there are no bubbles in the cycle and due to
the request-acknowledge handshaking protocol, the network
is deadlocked. [ ]

Negative acknowledge handshaking (nack-hs) employs
positive (ack) and negative (nack) acknowledgment hand-
shakes. An ack response is returned and the token and bubble
are exchanged iff the destination buffer is empty. Otherwise
a nack response is returned, no transaction occurs, and the
channel becomes idle. Negative acknowledge handshaking
can be employed across network links [28]. Using nack hand-
shaking, the network is deadlock free only when buffering
capacity is zero for all arbiter and fork nodes.

Theorem 3: Toroidal network D employing the nack-hs
protocol on edges in E1 can deadlock if Ja,, € A where
C(ayxy) > 0 or 3f,, € F where C(fyy) >0

Proof: Assume the dimensional slice of a torus network
in Fig 3c, and that network traffic has placed tokens in nodes
f10,b100, 0200, 0300, b001: C(byyi) = 1 Vb € B, Clayy) =
0 Va, € A, C(flO) =1 and Vfyy, € F, fyy # f107C(fxy) =
0. Due to Def. 3 the cyclic channel dependency graph
fio = bioo — aio — fro — baoo — ax — fz30 — bao —
aso — boor — apo — f1o exists. Assume a nack-hs protocol
on ((aoo, f10), (fi0,b100)). The channel dependency graph
remains deadlocked even under nacking arbitration because
C(f10) =1 and the buffer is occupied.

The proof when Ja,, € A where C(ay,) > 0 is equivalently
constructed. [ ]

Lemma 1: The forward progress property. Tokens and
bubbles can always be exchanged between two adjacent
routers in network D under Def. 3 using negative acknow-
ledge handshaking across E'1 edges if C(ay,) =0 Va,, € A,
and C(fyy) =0V f,, € F, and fair arbitration is employed.

Proof: Assume the router pair in Fig. 3d € D where
a token exists in all buffers except byg;. Due to the nack-hs
protocol with fair arbitration, VC1 will eventually forward
the token from bgg; to bio;. The same condition holds for
VCO when the bubble is in by¢g, guaranteeing forward token
and backward bubble propagation between router pairs. N

Theorem 4: Each dimension in a torus is deadlock free
if it contains the forward progress property of Lemma 1,
messages are injected according to Theorem 1, and fair
arbitration is used.

Proof: Virtual channels are used to create a cycle free
dependency graph in each dimension according to Def. 3.
According to the forward progress Lemma 1, messages
can always be forwarded when a bubble exists in an adja-
cent router. Def. 2 ensures that tokens will be removed
when reaching their destination, inserting a bubble into the
network. Message injection can not deadlock the network
according to Theorem 1. Fair arbitration of A ensures that
each input channel can make progress. Since we have a cycle
free dimension guaranteed to make forward progress, by
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Fig. 5: Router Architecture

induction bubbles can propagate to any destination buffer in
the dimension and data can propagate forward to any router
in the dimension, making each toroidal dimension deadlock
free. [ ]

Theorem 5: Toroidal network D is deadlock free when a
deadlock free mesh routing algorithm is used where routing
in each dimension is also deadlock free.

Proof: Lemma 1 ensures forward propagation of data
and backward propagation of bubbles between all router
pairs. Therefore, based on induction, a bubble can propagate
from the end of a channel dependency graph to its beginning
in any dimension slice of a torus. Thus no dimension slice
will independently deadlock. If a deadlock free mesh routing
algorithm is employed, no deadlocks will be created due to
routing dependencies in the mesh. This results in a deadlock
free design. [ ]

VI. ASYNCHRONOUS NOC ARCHITECTURE

Our network uses basic dimension ordered source routing,
single-flit packets, and simple router circuits. Instead of large
crossbars and buffers that are energy and area inefficient,
we use simple 4:1 MUXes for switching. The two most
significant bits determine the switch direction and control
the data MUXes. Therefore, no additional address decoding
circuitry is required. No routing logic is required because
rotation of the routing bits is the only operation performed
between input and output. Each packet works at flit gran-
ularity. The implementation reported in this paper contains
16 routing bits and 44 data bits. Each router has five ports,
therefore enabling a kn-cube type topology. Since we use
source routing, the number of routing bits depends on the
network diameter. There are formulae to determine this value
for regular topologies like mesh and tori. The data width of
the link depends on the required throughput, power, and area
budgets. The NoC does not cater to any particular transaction
layer protocol, such as OCP.

A. Packet Routing

Lookup tables are used to store a set of precomputed
routes for each sender-destination pair. A single route is
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Fig. 6: Virtual Switch

calculated for each combination. The routing bits decide the
direction of steering the packet at the switch module; no
other computations are performed at the router. At each hop,
the two most significant address bits are rotated, and the
next two routing bits appear at the most significant positions.
The number of routing bits depends on the maximum hop
count or network diameter. No return address is required; it is
directly derived from the source route. Every packet requires
routing bits, thus contributing a significant overhead for large
dimension networks. This means that a network that employs
lower hops such as a torus immediately has an advantage
over a regular mesh.

Each router has five ports which are addressed with two
bits. A fixed 2-bit value is used to indicate NEWS based
direction. The core port is addressed using the same direction
as the port. For example, a N routing direction presented to
the N input port routes the packet to the core.

B. Basic Router Design

Routers consist of virtual switch and merge blocks. The
modules contain FSMs, mutual exclusion elements, non-
blocking arbiters, 2-to-4 phase converters, pipeline con-
trollers, and registers. The architecture is shown in Fig. 5.

The circuits employed by TECNO are completely asyn-
chronous. Bundled data (BD) protocols are used throughout
the design. Two phase communication is used between the
routers to reduce communication overhead. The two phase
channels also use a non-blocking or nacking handshake
protocol. Arbitration inside the router requires four phase
protocols due to the mutual exclusion (MUTEX) elements
employed. Circuits for the translation between the protocols
are included as part of the router design. The 2-to-4 phase
boundary was placed at the periphery of the routers. All
internal communication in the routers and communication
with the core use four phase BD protocols.

C. Switch Module

The switch module accepts inbound packets and routes
them to the appropriate destination port based on flit header
address bits. The virtual switch in Fig. 6 consists of a nack-
ing 2-to-4 phase converter and two 4-port virtual nacking
switches (Fig. 7). The nacking arbiter (NARB) controller
synchronizes between a nacking input (left) channel and a
traditional output (right) channel. It contains a state machine
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that returns a nack (In) when it receives a req (Ir) and the
latch is occupied; otherwise the req is acknowledged (la).
The lowering of the output ack (ra) indicates the downstream
channel is free. A race condition exists between a raising
Ir event and a lowering ra event, which move to different
states in the NARBFSM. The MUTEX element ensures that
these events sequenced such that the NARBFSM has no race
conditions.

D. Merge Module

A 2-port version of the merge module, shown in Fig. 8,
arbitrates between incoming traffic streams and forwards data
to an adjacent router. The virtual merge arbitrates between
two traditional input channels and converts the signals to
a the single nacking physical output channel. Each merge
module operates as an instance ay, € A from Fig. 3c, and
therefore, by Theorem 3, must be unpipelined. As a result,
the path through the merge module becomes the critical path
of the network.

The module contains an arbiter and a nacking 4-to-2 phase
converter interface. If the destination router VC is free, it
stores the data and responds with an ack (ra), which is passed
back to corresponding input channel through 1a0 or lal. If the
destination router VC buffer is full, the transaction is nack’ed
(rn), which de-asserts the corresponding request through the
internal path from In to the MUTEX. This creates a 4-cycle
nack handshake between Ir and In. If a request is pending
on both channels (IrO and Irl are both asserted), then the
In handshake allows fair arbitration of VCO and VCI traffic
through the MUTEX.

This module has additional logic to set or clear the virtual
channel bit when data switches dimensions or when it crosses
a wrap line.

E. Virtual Channel Overhead

The performance overhead of adding virtual channels is
shown in Tab. III. Router performance was evaluated using
post layout back annotated Verilog simulations. Individual
router modules were inserted into a test bench to add and
remove data tokens, with only performance limitations intro-
duced by relative timing constraints of the module. Forward
latency represents the delay of a data token to pass through a
switch and merge module of the router. The backward latency
represents the delay of the absence of data or a bubble to

D1 |Mux} dout

Fig. 8: Virtual Merge Circuit

TABLE III: Router Performance with and without Virtual
Channels

) Module \Buffer Depth | Forward Lat. | Backward Lat. | Cycle Time
(ps) (ps) (ps)

VC Router 2 1185 1470 1315

Router 2 1095 735 1055

pass backwards through a merge and switch module of the
router. The cycle time represents the delay for one handshake
cycle to complete or a data token to enter the router.

VII. SIMULATOR

Current network simulators target cycle-accurate perfor-
mance evaluation while providing customization for network
topology, and scalability for large number of nodes [14],
[29], [30]. Routers and channels use model abstractions,
improving flexibility and run time at the cost of sacrificing
accuracy. Thus this approach often lacks fidelity for RTL
accurate temporal reporting and network power evaluation.
While analyzing NoC architectures that employ complex
transceiver and router circuits and unorthodox transmission
line links, accuracy becomes the prime consideration for
the simulator. In this work, we built a gate-accurate NoC
simulation environment that uses Verilog simulation for
network modeling and a C++ wrapper for traffic generation
and performance analysis. We bridge the two domains using
a SystemVerilog domain programming interface (DPI).

A. Verilog Environment

Network hardware simulation is performed by a Verilog
simulator which allows the network simulator to report
highly accurate performance and power results. The sim-
ulation environment also can display specific waveforms
and behavior characteristics (such as arbitration) that are
challenging or of specific interest to design quality.

Our network fabric becomes the device under test (DUT)
for the simulator. Our specific design fabric consists of fully
implemented routers for each differing design configuration
using the standard VLSI tool flow. Circuits are specified in
Verilog, synthesized using Design Compiler, and placed and
routed using SoC Encounter. ModelSim is used for functional
verification, using back-annotated parasitic sdf values. Prime-
Time PX is used to generate power numbers using the value
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Fig. 9: Result Graphs

charge dump (vcd) and standard parasitic exchange format
(SPEF) files from the simulations. Characterized routers are
arrayed and interconnected with emulated links characterized
by SPICE simulations. Values for wire delays and energies
of RC and transmission line (TL) links in the 65 nm node
are shown in Tab. I and II. Emulation provides additional
flexibility to our simulator as we can easily switch between
different wire models. The links are emulated in our network
fabric as Verilog delay statements on each wire of the link
based on the values in the above tables.

B. C++ Environment

In order to provide flexibility for multiple traffic patterns,
simulation workloads, source-routing algorithms, and net-
work topology, a modular simulation engine was developed.
Network and environment interaction is performed through
a DPI socket interface. The Verilog environment requests to
add or remove message flits whenever a flit exits the network
or an input handshake has completed. Each message flit is
tracked through the network with unique identifier payload,
which is appended with additional bits to achieve a user
specified activity factor. Network performance is evaluated
by time stamps of when the flit enters and leaves both
the queues and network. The Verilog environment generates
gate-accurate, real workload data, which provides a rich set
of evaluation metrics. The traffic analyzer evaluates message
transmission and latency, but also can evaluate metrics such
as link utilization, energy, and hop to hop latency. This
provides critical insight to network designers. The traffic
analyzer uses both message queue and vcd data to evaluate
network metrics.

C. Performance Evaluation

The simulations used in this paper are configured as fol-
lows. For the uniform random traffic pattern, each simulation
has a fixed injection period, at which point a new message
is injected using uniform random message distribution. Mes-
sages are configured to contain 10 flits. Injection period start
and end values IP; and IP, are provided, along with the
number of simulations N. Warm up and evaluation times
T, and T, are also provided. The injection period for the
simulation in terms of seconds per byte /F, is calculated

as IPy, = 1/(IP;+i((IP, — IP;)/N)). This value is used
to calculate the number of messages in the warm up as
M,, = T,,/(IP;), x My;) where My, is the number of bytes
in a message. The number of messages in the evaluation is
calculated as M, = T, /(IP;/, X My;).

VIII. EVALUATION

Simulations that characterize the power and performance
are reported for three 8x8 toroidal NoC designs: wrapped,
folded, and wrapped with transmission lines for long inter-
connects. Each design is simulated under uniform random
traffic patterns with aggregate load data ranging from 8 Gb/s
to 800 Gb/s bandwidth. This traffic pattern is instructive in
evaluating various properties of a regular mesh network, as
is pointed out below. Shortest hop count paths are selected
for delivery between each pair of nodes. The network has a
total of 128 (2r2) links. Most of the links (112 or 2n(n— 1))
connect adjacent cores in the mesh topology with a 1 mm
separation; there are 16 (2n) 7 mm wrap lines implemented
as repeated wires or transmission lines. All 128 links of the
folded torus have a 2 mm distance.

Average message latency and average message network
transmission time are graphed in Fig. 9a. Network transmis-
sion time is the delay from the time a message enters the
network until the time that it leaves the network. Differences
are clear between the three topologies. Extra delay across the
wrap lines provides substantial reduction in overall perfor-
mance as it becomes a location for congestion. The design
with diffusive wrap lines is by far the worst performer across
all load cases, having a 42% larger average message latency
at the lowest load value measured (8 Gb/s) when compared
to the TECNO design. The transmission line design also
delivers messages 8% faster on average than the folded torus,
which has uniform latency on all links and no points of
congestion, but larger latency across all links.

Average message network transmission time identifies the
maximum sustainable bandwidth that a network can support
for a given traffic pattern. This value diverges from the aver-
age message latency when input message queue time impacts
total message delivery time. Transmission time increases up
to the point where the network reaches maximum through-
put. At this point, transmission latency remains relatively



constant. Transmission latency is another representation of
overall network bandwidth, shown in Fig. 9b. This graph
plots offered bandwidth versus delivered bandwidth for the
three designs. It shows the injection bandwidth where the
network saturates and cannot keep up with the offered
traffic. The wrapped, folded, and TECNO designs saturate
at approximately 337, 445, and 487 Gb/s respectively. Thus
the TECNO design provides a 45% and 9% greater saturated
bandwidth than the wrapped or folded designs. Note that the
point where the offered versus delivered bandwidths diverge
is also the point where message latency explodes (308 Gb/s
and 24.8 ns, 445 Gb/s and 31.6 ns, and 499 Gb/s and 37.3
ns).

Fig. 9c shows the average energy per message plotted
across the offered bandwidth. Average energy per message
is initially high, as the substantial leakage components of
this technology node is divided among the few messages
transmitted during the simulation window. Average energy
decreases until leakage becomes a small percentage of over-
all delivery energy at higher bandwidths. The routers are
not power gated when idle. As congestion increases, so
does average energy per message. Each time a message
transmission across the physical link between routers cannot
be stored in the destination router, the nacking channel
aborts and immediately attempts to send another message.
If both virtual channels have data, then the new data for the
other channel is put on the bus and delivery is attempted.
This increase in energy also flattens out as total network
throughput saturates. B-model results were also obtained for
each of the networks. Due to volume fluctuations of the B-
model, the networks saturate at slightly lower injection rates,
but show similar latency and power relationships.

The transmission line design demonstrates significantly
better energy per message than the other networks. The
folded design in general offers the worst energy efficiency
since there is more average wire capacitance switched per
message. For moderate throughput conditions (172 Gb/s of-
fered bandwidth) the minimum average energy per message
for the wrapped and folded design is 10% and 17% greater
than TECNO.

IX. CONCLUSIONS

This paper presents details on the design of a high per-
formance asynchronous router which uses negative acknow-
ledge handshaking and virtual channels to prevent deadlock
in a torus connected mesh. Proofs of deadlock freedom and
resultant physical channel pipeline restrictions are presented.
In order to guarantee virtual channel allocation and deadlock
freedom it was proven that merge and arbitration logic cannot
be pipelined, which significantly reduces virtual channel
router performance. Transmission lines have been shown to
provide reduced average latency and power over traditional
long wrap lines, with uniform interconnect delay of a folded
torus. Unfortunately, channel arbitration logic, which cannot
be optimized through pipelining from Theorem 2, forms the
critical path of the router circuit and limits performance
gained from adding transmission lines. Future work should

implement protocols which can further leverage these ben-
efits such as those that ensure availability of downstream
resources [26]. A configurable simulator was developed to
evaluate network performance and traffic. The simulator is
used to compare performance and power for three torus de-
signs implementing 64 core architectures: wrapped, wrapped
with transmission lines, and folded designs. The transmission
line torus shows superior latency (42%, 8% faster), aggregate
NoC bandwidth (45%, 9% greater bandwidth), and energy
per message (10%,17% lower energy) than the wrapped or
folded designs respectively.
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