Chapter 2
Network on Chip Aspects

2.1 Introduction

NoC infrastructure is composed of routers, NIC, and interconnects as shown in
Fig. 2.1. Routers are connected with their neighbors using multiple number of inter-
connects. Each PE is connected to a local port of a router through a NIC. The net-
work interface controller adapts the messages from the PEs to NoC routers and vice
versa. Depending on the structure of the PEs, NoC can be classified into two catego-
ries, homogeneous NoCs and heterogeneous NoCs. In homogeneous NoC, the
internal structure of PEs is the same and the chip is symmetric while the PEs in a
heterogeneous NoC may use different structures.

Data transfer in NoC could be done using different schemes of clocking. In NoC
design, the most popular clocking schemes are synchronous, mesochronous, plesio-
chronous, and pseudochronous. In order to synchronize the nodes in the NoC, clock
distribution network is required in synchronous system. On the other hand, asyn-
chronous circuits are clockless circuits and all communication is based on the use of
handshaking to organize the data transfer. The synchronization of data in both NoC
designs is presented in Sect. 2.2. The chosen routing algorithm is considered the
most important aspect that discriminates the NoC architectures. The classification
of routing algorithms is demonstrated in Sect. 2.3. Conclusions of this chapter are
presented in Sect. 2.4.

2.2 Synchronization in NoC

The synchronous clocking schemes and the synchronization issues are summarized
in Sect. 2.2.1. On the other hand, the building blocks of asynchronous designs,
handshake protocols, communication channel, data encoding, and protocols con-
verters are provided in Sect. 2.2.2.
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Fig. 2.1 NoC mesh topology

2.2.1 Synchronous Designs

In synchronous system, the clock signal serves as a global timing reference for com-
municating data among the different modules to synchronize the data processing
elements. In addition, the clock signal is used as an enable signal for all latches to
ensure correct timing in synchronous design. The single-clocking schemes are the
available solution to distribute one clock signal and tie all data signals to that clock
signal. The single-clocking schemes are categorized into synchronous, mesochro-
nous, plesiochronous, and pseudochronous as described in Sect. 2.2.1.1. Different
clock distribution strategies for NoC design are described in Sect. 2.2.1.2. The syn-
chronization failure and metastability are demonstrated in Sect. 2.2.1.3.

2.2.1.1 Single-Clocking Schemes

The single-clocking schemes depend on adjusting the data sampling, by delaying
either the local clock or the arriving signal, to keep signal transitions from unsafe
regions [1]. The different categories of the clocking schemes are described in the
following sections.
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Fig. 2.2 Synchronous scheme

A. Synchronous Clocking Scheme

One clock signal is required to synchronize all parts of the entire system by distributing
a global clock signal over a chip area. For synchronous NoC designs, complex function
blocks are subdivided into smaller combinational logic blocks and then the registers
are inserted to separate them as shown in Fig. 2.2 [2]. The global clock is distributed to
clock all registers at the same time. At each active clock edge, the data signal leaves the
register, propagates through the combinational network, moves to the next register, and
is fully latched into that register before the next clock signal appears.

To satisfy critical worst case timing constraints, pipeline registers are inserted
into equally spaced timing windows to achieve the global performance and local
timing requirements. The clock period is limited by the critical path delay in the
circuit. Hence, the critical path delay must be less than the fixed clock period, oth-
erwise the system malfunctions. Synchronous clocking scheme is designed based
on the size of system and the clock frequency.

B. Mesochronous Clocking Scheme

Mesochronous clocking scheme is used to solve the problems of traditional syn-
chronous scheme such as the limitation of maximum clock frequency by the delay.
Mesochronous scheme uses clocks with same frequencies but different phases [3—
5]. Mesochronous design is marked by multiple clock domains which run at the
same frequency but have unknown phase relations between them as shown in
Fig. 2.3. Due to delays in the clock path, the phase relation between the clocks is
uncertainly known. Thus, the output data D, is not synchronized with the clock &,
of the receiver. Mesochronous clocking is well suited for NoC-based systems,
which are intrinsically modular [1].

Potentially, a mesochronous NoC can have lower latency than a synchronous
NoC because the clocks are not necessarily aligned in phase [6]. However, a detection
of the correct phase for the received data is considered a big issue in mesochronous
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design. Several solutions are proposed to solve synchronization problems in meso-
chronous design. In [4], Self-Tested Self-Synchronization (STSS) is presented as a
mesochronous clocking in each PE. STSS automatically selects the proper clock
edge for sampling the data by using a test pattern that alternates between zero and
one. Two series D Flip-Flops should have different values when the test pattern is
received correctly. Other clock edge is used, when the test pattern is not received
correctly. Globally Updated Mesochronous design (GUM) is proposed in [5] as
another solution for this problem. In GUM, the mesochronous design is split into
several modules and each one is implemented using a synchronous clocking scheme
with separate clock delay circuitry for calibration. Bidirectional data links are used
to communicate between all modules to adjust the time delays. A calibration phase
is used to establish synchronization among all modules.

C. Plesiochronous Clocking Scheme

Plesiochronous clocking scheme is used in large-scale networks. Hence, it is not
practical to share a common clock source between the transmitter and the receiver.
In plesiochronous clocking scheme, the clock distributions have nominally identical
frequencies with slight phase mismatch. Each clock is generated separately but are
closely matched in frequency. The variable phase margin must periodically be
adjusted at the receiver for synchronization, taking into consideration the avoidance
for duplicating or missing data. As shown in Fig. 2.4, the transmitter module is
clocked by CLK, which is plesiochronous with respect to CLK,. The variable phase
margin unit is exploited to derive CLK; from the data sequence for buffering the
data in a FIFO. Therefore, CLKj; is synchronous with the data at the input of the
FIFO and is mesochronous with CLK;. A mismatch between the clock frequencies
of the transmitter and the receiver modules exists. Hence, data might have to be
dropped if the transmit frequency is higher, or it can be duplicated if the transmit
frequency is lower than the receive frequency. In [7, 8], a plesiochronous clocking
scheme is used between routers to reduce the global clock routing problem.
Therefore, every router across the chip is operating with one clock signal.
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Fig. 2.4 Plesiochronous scheme using FIFO

D. Pseudochronous Clocking Scheme

Pseudochronous (pseudo-synchronous) clocking scheme uses clock distribution
with the same frequency and constant phase difference [6, 9]. A digital program-
mable delay generator is used to adjust the phase difference among the clock
regions. Pseudochronous can be used in NoC if the phase constant is selected care-
fully to guarantee the arrival of data before the clock.

Various techniques have been developed but each one has its own limitations and
drawbacks. One of the most challenging aspects of NoC design is the distribution of
the clock signal to every gate on the chip and ensures that the critical timing require-
ments are satisfied. Different clock distribution strategies are introduced in the fol-
lowing sections.

2.2.1.2 Clock Distribution Network

The timing requirement is considered as one of the most critical constrains in the
design of clock distribution network. In fact, system level trade-off between system
speed, physical die area, and power dissipation is significantly affected by the
design of the clock distribution network [2]. Different clock distribution strategies
such as buffered clock distribution trees and symmetric trees are discussed in the
following sections.

A. Buffering Clock Distribution Trees

To build a tree structure, the buffers are inserted at the clock source and/or along a
clock path. Buffers are inserted to amplify the clock signals which is degraded by
the distributed interconnect impedance and isolate the local clock nets from the
upstream load impedance [10]. The clock source is inserted at the root of the tree as
shown in Fig. 2.5 [2]. The initial portion of the tree is described as trunk while the
individual paths of the tree is known as branches. Finally, registers being driven are
the leaves as shown in Fig. 2.5.



16 2 Network on Chip Aspects

Branches

Root —’I"_"\—| >—'IW‘—"-’W\—| >—’I"="‘—| >—’I*‘=V‘—°

T

Fig. 2.5 Tree structure of clock distribution network [2]

Y

TYTYTY

Trunk

A4
A4

Y

Fig. 2.6 Mesh clock distribution structure [2]

Occasionally, the mesh structure of the clock trees, as shown in Fig. 2.6, is con-
sidered as an extended structure of the standard structure [2]. Mesh network is used
to minimize the interconnect resistance. Furthermore, it decreases clock skew and
improves the reliability of the circuit [2].

B. Symmetry in Clock Distribution Network

Skew minimization is the target for almost all symmetric clock distribution net-
works such as H-tree structure and X-tree structure as shown in Fig. 2.7a, b, respec-
tively. The clock skew depends upon the physical size, the semiconductor process,
the number of active buffers, and the clocked latches distributed within the clock
distribution network [2]. H-tree is widely exploited to eliminate the clock skew
since the basic building block at each level of the distribution network is a symmet-
ric H-structure. Identical clock signals are provided at the end of each leaf in
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Fig. 2.7 Symmetric (a) H-tree and (b) X-tree

Fig. 2.8 Metastable state

H-structure to the next level of smaller H-structure routes. H-tree structure allows
the clock signal to arrive at the leaves of the tree at the same time because the same
delay exists at each path from the clock source to a clocked register. The delay dif-
ference between the clock signal paths (clock skew) in H-tree structure is the result
of increasing the process variation parameters with the advanced technology as
demonstrated in Chap. 5.

2.2.1.3 Synchronization Failure and Metastability

Successful clock domain translation is necessary to avoid metastability which
causes faulty communication in the logic circuitry. Flip-Flops (FF) are susceptible
to metastability. FFs have two well-defined stable states, logic 0 and logic 1.
However, a metastable state is identified between these two stable states as shown
in Fig. 2.8. If the input data is not valid when it is sampled, a FF may be set on a
metastable state. FFs stay on the metastable state until one of the two stable states is
entered randomly [11].

The delay of FF is divided into two main regions, deterministic and metastable
[11]. The delay of FF in deterministic region is determined by the setup time while
the delay of the flip-flop in the metastable region is not resolved [12]. At synchronous
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Fig. 2.9 Example of metastability in FF

system, when the metastability occurs in a FF, a limited amount of time is required to
settle on a single stable state. Therefore, a synchronization failure occurs in a syn-
chronous system when FF does not resolve the metastability in the required time.

For example, when the data arrives very close to the rising edge of the local clock
and violates the setup condition, metastability may occur at the output of the flip-
flop as shown in Fig. 2.9.

The most critical issue of a synchronous clocking scheme is that all blocks are
timed with one common clock signal. Whereas, asynchronous schemes transfer the
information without the necessity for using a clock signal. The details of asynchro-
nous designs are presented in the next section.

2.2.2 Asynchronous Designs

Asynchronous circuits represent a class of circuits which are not controlled by a global
distribution clock network but by the control signals. Therefore, no timing informa-
tion are used to coordinate between all the participating components. Communication
among the channels is governed by handshaking protocols for synchronization. In
Sect. 2.2.2.1, different classes of asynchronous circuits are introduced. Asynchronous
handshake protocols are described in Sect. 2.2.2.2. The communication channels are
categorized in Sect. 2.2.2.3. To guarantee the timing robustness in asynchronous
designs, data encoding is used and presented in Sect. 2.2.2.4. Finally, converters for
asynchronous protocols are presented in Sect. 2.2.2.5.

2.2.2.1 Building Blocks of Asynchronous Design
This section provides an explanation of the important building blocks of asynchronous

circuits such as Muller C-element, MUX, DMUX, and capture-pass Latch (CP Latch).
In addition, different types of arbiters are demonstrated at the end of this section.
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A. Muller C-element

The Muller C-element is commonly encountered in asynchronous designs. It is used
as a state holding element in addition to exploiting it for synchronizing multiple inde-
pendent processes using synchronizing events. Muller C-element provides the AND
function for events [13]. The symbol of symmetric 2-inputs C-element, circuit imple-
mentation, and truth table are shown in Fig. 2.10a. When the inputs levels are matched,
the same logic level is assumed at the output. Otherwise, the latched output stays
unchanged as listed in truth table at Fig. 2.10a. Other different designs for the asym-
metric C-elements and its truth tables are shown in Fig. 2.10b, c. Asymmetric
C-element has different sets of inputs based on the structure of N and P stacks which
lead to rising or falling for the output transition. Each asymmetric C-element appended
with either the minus (=) or plus (+) strips on the symbol. As shown in Fig. 2.10b, the
C-element with plus strip only contributes for the pull down stack. Therefore, the
output of C-element plus strip is driven to logic O if and only if the input i, is low as
reported in truth table at Fig. 2.10b. C-element with minus strip only contributes for
the pull up stack as shown in Fig. 2.10c. Then, the output of C-element minus strip is
driven to logic 1 when the input i; is high as reported in truth table at Fig. 2.10c. The
Muller C-element shown in Fig. 2.10d is a symmetric behavior with three inputs and
it is described by truth table. The C-element is a fundamental part of the asynchro-
nous building blocks. To build a complete asynchronous design, a storage element
with two event signaling control wires is designed and presented in the next section.
MUTEX is a basic arbitration element for asynchronous NoC designs as described in
Sect. B. MUX, DEMUX, and arbiters are required MUTEX in their implementations
to make an arbitrary decision as presented in the following sections.

B. Capture-Pass Latch

The CP Latch is an event-controlled storage element, and provide equivalent
responses to the rising and falling events [13]. The symbol and the implementation
of the event-controlled storage elements are shown in Fig. 2.11. The CP Latch uses
two control signals (capture “C” and pass “P”) to drive a latch and determine the
output mode as listed in Table 2.1. When inputs C and P are in the same state, the
latch is in the Pass mode and the latch becomes transparent and the output follows
any change in the input value. When both control signals are different, the latch
turns to Capture mode and the latch becomes insensitive to changes in the input
data. Consequently, the output value being held is stable.

C. MUTEX

The mutual exclusion circuit (MUTEX) has two inputs and two outputs as shown in
Fig. 2.12. MUTEX makes a non-deterministic decision between two asynchronous
requests. When one of two inputs is activated, the corresponding output should be
activated. If both inputs are activated but one of them is activated before the other,
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Fig. 2.10 Symbol, circuit implementation and truth table of Muller C-element. (a) Symmetric
2-inputs C-element. (b) Asymmetric C-element with plus strip. (¢) Asymmetric C-element with

minus strip. (d) Symmetric 3-inputs C-element
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Table 2.1 Truth table of CP C |P |Mode
latch 0 |0 |Pass
0 |1 |Capture
1 |0 | Capture
1 1 | Pass

Gnt;

Fig. 2.12 Mutual exclusion component

the late request should be held back until the first request has been taken down and
then allowed it to propagate. A metastability results when both inputs are activated
at the same time or within a small time [14]. MUTEX consists of two cross-coupled
NAND gates and analog filter [14]. Cross-coupled NAND structure is exploited to
enable one input and block the other. The metastability can be produced from cross-
coupled NAND structure when two requests arrives simultaneously. Hence, during
the period where the decision is made, the state of the output may be neither a logic
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0 nor a logic 1, but somewhere in between. This situation is known as metastability
[15]. To resolve the metastability problem, analog filter is used to process the meta-
stability and maintain valid logic levels. MUTEX is the intrinsic part in the hand-
shake arbiters. The implementation of arbiters is demonstrated in the next section.

D. MUX and DEMUX

MUX and DEMUX are implemented to apply the bundled-data protocol on input
and output data. MUX and DEMUX are designed as a function block to pass the
input data using control signals as the selector. The control signals (Cntrl, and
Cntrl)) are used as two mutually exclusive requests that select between the two
alternative input to transfer data to the output [13]. For MUX, C-elements produce
an output request signal based on the control signals (at point A, B). The output
request signals (at point A, B) are mutually exclusive and ORed together to produce
the request signal at the output channel as shown in Fig. 2.13. The output acknowl-
edge signals (ACK, and ACKy,) response to the input acknowledge signals (ACK;)
and the output request signals (at point A, B). On the other hand, at DEMUX, an OR
gate is used to produce the output acknowledge (ACKy) from the input acknowl-
edge signals (ACKj, and ACKj,) as shown in Fig. 2.14. The request signals on the
two output ports (Reqoy and Reqo;) are mutually exclusive using the control
signals.

E. Arbiter

Arbiter is considered an important component in NoC designs. Arbiters are classi-
fied into four types as described in the next sections.

>
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Fig. 2.13 Four-phase bundled data of MUX



22

Synchronization in NoC 23

Fig. 2.14 Four-phase i

bundled data of DEMUX ACKo ACKjyg
{ ACKj;

(a)

(b)

Cntrl
0 Reqpg
C
Reqyo -
P
Reqo
Cntrl, C

Handshake arbiter

The handshake arbiter is used to allow only one input port to access an out-
put port. When the packet arrives to the output port successfully, ACK signal is
generated to complete the handshaking sequence and permit the next packet to
access input port. A handshake arbiter consists of MUTEX, cross-coupled
NAND, two C-elements, and one OR gate as shown in Fig. 2.15 [13]. MUTEX
is exploited to ensure that the grant signals (G, and G,) are mutually exclusive
even if both request signals (R, and R,) are sent simultaneously. C-elements and
cross-coupled NAND gates are used to ensure that the acknowledgment signals
(ACK, and ACK,) are mutually exclusive. The active Req signal is allowed
through OR gate.
MUTEX cascade arbiter

A larger MUTEX arbiter can be constructed from a cascaded two input
MUTEXSs. The multi-way MUTEX arbiter is used in asynchronous NoC designs
[16, 17]. When the number of requests is small, the multi-way MUTEX arbiter
is becoming effective, fast, and realizing low latency. However, the hardware
requirements grow quadratically with the number of contending input requests.
The N-way MUTEX arbiter is presented in [18]. As shown in Fig. 2.16a, the
three-way MUTEX arbiter contains three input requests and three output grant
signals. The arbiter grants one communication channel at the output to one of
the three requesters and the others are blocked. The MUTEX arbiter is strictly
fair and all requests have the same minimum arbitration delay since the number
of MUTEXs on every request is equal. The implementation of four way
MUTEX arbiter is shown in Fig. 2.16b.
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Fig. 2.16 Multi-way MUTEX cascade arbiter, (a) three-way MUTEX and (b) four-way MUTEX

(c) Tree arbiter

The tree arbiter is utilized extensively with a large number of requests [13].
Tree arbiter consists of MUX and multiple number of the handshake arbiter. As
shown in Fig. 2.17, the tree arbiter has six input requests and six output grant
signals. The number of input requests is divided into power-of-two sets of con-
figurable input requests and similarly for the grant signal for each block [19].
Consequently, each set consists of two input requests and two grant signals.
Each set is connected to handshake arbiter located at the first level. Every two
blocks in a low level of the tree are connected to one block in the upper level.
The root consists of one MUTEX as shown in Fig. 2.17. The tree is developed
as a binary tree to optimize circuit implementation. If the binary tree is bal-
anced, the tree arbiter is considered a strictly fair since the depth of all requests
(from leaf to root) is [log 2R] where R is the number of requests. Otherwise, the
leaf requests near to the root MUTEX gate are more likely to be granted than
others in addition to having minimum arbitration delay since it is proportional
to the depth of each request.
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Fig. 2.18 Ring arbiter, (a) arbiter block and (b) arbiter diagram

(d)Ring arbiter

The ring arbiter implementation is presented in [20, 21]. The circuit for a ring
arbiter element and a four way ring arbiter diagram are shown in Fig. 2.18a, b,
respectively. Each block in four way ring arbiter diagram has two request inputs
and one combined request output, which is the forward request to the neighbor
block. Two input requests are one from the local user and the other one from its
anticlockwise neighbor. Each block has a similar internal structure of the hand-
shake arbiter in addition to SR latch to keep the token. All blocks of ring arbiter
contain only one token. When an element’s input request (Req) is activated, the
state of its latch is checked. If the token is held, the grant signal (grnt) is asserted.
If the request is activated in the block which does not have the token, the request
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is transferred to the neighbor block in clockwise direction. The minimum arbi-
tration delay for a request depends on the location of the token. The arbiter is
designed as a ring implementation, since the worst case arbitration latency
grows linearly with the number of possible contending devices.

The main building blocks of asynchronous NoC design are described in the
previous section. To synchronize the communication between all modules of
asynchronous NoC design, the handshake protocols are used instead of the
global clock distribution network as presented in the following section.

2.2.2.2 Handshake Protocols

Request (Req) and Acknowledge (ACK) signals are used as handshake signals.
Handshake protocol signaling can be classified into four-phase (return-to-zero) and
two-phase (non-return-to-zero). Additionally, other handshaking protocols are pre-
viously studied such as single track and one phase.

A. Single-Track Handshaking Protocol

As shown in Fig. 2.19, this protocol requires just one single handshake signal and
two transitions to transfer data between the sender and the receiver. The transmitter
or the receiver only alter the signal from “0” to “1” or “1” to “0,” respectively. The
single-track handshake protocol is considered a dynamic protocol [22]. Single-track
protocol relies momentarily on high impedance states on interconnects. Hence, the
asynchronous circuit runs correctly when it is not exposed to ambient noise [23, 24].

B. One-Phase Handshaking Protocol

One-phase handshaking protocol requires only one transition which makes it faster
as compared to both two- and four-phase handshaking. One-phase handshaking
protocol uses data coloring scheme to indicate the data validity and acceptance. The
transmitted symbol consists of bit value and color information [25, 26]. The trans-
mitter and receiver consist of color detector to extract the color information. If the
transmit data is received correctly, the receiver changes the color. As a result of
changing the color between transmitter and receiver, the data validity or ACK signal
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Fig. 2.20 Two-phase
handshake protocol

Fig. 2.21 Four-phase
handshake protocol

is not required to be transmitted. The disadvantage of this protocol is that it requires
complex circuits and consumes large power.

C. Two-Phase Handshaking Protocol

Two-phase handshaking protocol (non-return-to-zero) has only two transitions as
shown in Fig. 2.20 [27]. It starts with a transition of the Req signal and finalized with
one transition of the ACK signal as shown in Fig. 2.20. Two-phase signaling proto-
col is preferred for long on-chip communication since it has the advantage in terms
of power consumption and performance. The disadvantages of two-phase signaling
protocol is that it requires control logic circuit which leads to delay overhead.

D. Four-Phase Handshaking Protocol

The four-phase handshaking (return-to-zero) requires four transitions as shown in
Fig. 2.21. ACK signal is asserted when the incoming data are captured. Before starting
new handshaking, it is necessary that the signals (Req and ACK) return to zero
level, respectively. As a consequence, four-phase handshaking protocol has four
transitions as shown in Fig. 2.21. The disadvantage of the four-phase handshaking
protocol is that the delay increases with long interconnect which leads to significant
reduction in throughput.

2.2.2.3 Communication Channel

Req and ACK signals are used to indicate the data validity and data acceptance, respec-
tively. The handshaking signals are transferred between the sender and receiver onto
the communication channel. The communication channels are classified into push
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Fig. 2.23 The categories of data encoding

channel and pull channel. A push channel data flow with the Req direction as shown in
Fig. 2.22a. Whereas, the pull channel data is transmitted in the same direction as ACK
signal as shown in Fig. 2.22b. Req and ACK signals are transmitted in signaling inter-
connects using data encoding technique as described in the next section.

2.2.2.4 Data Encoding

Data encoding is used to guarantee the timing robustness in data transmission.
Bundled-data encoding and delay-insensitive encoding are widely used types of
data encoding. The classification of data encoding is shown in Fig. 2.23. The
bundled-data encoding and delay-insensitive encoding are summarized in Sects. A
and B, respectively.
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Fig. 2.25 A 2-phase bundled-data pipeline

A. Bundled-Data Encoding

To guarantee that all data bits are stable and valid at the receiver, a bundling signal
(Req) is used as an extra interconnect. Req and ACK signals can be transmitted
separately [28] as shown in Fig. 2.24. Bundled-data encoding can be divided into
two-phase and four-phase as described in the following sections.

(a) Two-phase bundled-data encoding
In the two-phase bundled-data protocol, Req or ACK event is encoded as a
single transition. Consequently, the transition from O to 1 or from 1 to O
represents a single event. Two-phase protocols of single-rail bundled data are
also commonly used. The circuit of two-phase bundled-data encoding consists
of Muller C-elements and CP latches as shown in Fig. 2.25 [13, 29]. The transi-
tion of the control signals (ACK and Req) are created by CP latch. CP latch is
alternated between capture mode and pass mode since the transition of the con-
trol signals are altered, respectively, on the C and P inputs. When the “Capture”
input makes a transition, the register capture the data and when the “Pass” input
makes a transition, the register passes the data through the register.
(b) Four-phase bundled-data encoding
Four-phase bundled-data protocol needs four communication actions to
initiate the next communication cycle. Data typically must remain stable from
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Fig. 2.27 Dual-rail data encoding

Table 2.2 Dual-rail Bit Dual-rail encoding
encoding X X1 X0

0 0 1

1 1 0

Nodata |0 0 (NULL)

a setup time (before the next Req is asserted high) until a hold time (after ACK
is de-asserted low) to avoid glitches arbitrarily between transactions [30]. The
four-phase bundled-data structure is composed of two types of handshake com-
ponents, Muller C-elements and latches, as shown in Fig. 2.26.

B. Delay-Insensitive Encoding

Dual-rail (1-of-2) and quad-rail (1-of-4) encodings are most common types of
delay-insensitive encoding used in on-chip implementation. In delay-insensitive
encoding, the Req signal is encoded in the data lines by using two interconnects per
one data bit as shown in Fig. 2.27.

Dual-rail data encoding consists of two interconnects per data bit from sender to
receiver and one interconnect for ACK signal from receiver to sender [14]. As
reported in Table 2.2, every bit in the message carries the data validity to enable the
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receiver to receive data correctly [31]. By detecting a level for 4-phase protocol, or
an edge for 2-phase protocol (on one of the two rails), the dual-rail encoding is
determined when a new data is valid. Consequently, it is not necessary to use sepa-
rate handshake signal. The receiver typically uses a completion detector (CD) to
identify that a valid code word has been received.

As shown in Fig. 2.28, the circuit implementation of four-phase dual-rail data
encoding (for one-bit) is composed of two parallel Muller C-elements, inverters and
OR gates [14]. Muller C-elements are used to achieve the synchronization by using
a common ACK signal. The ACK signal which is generated by the OR gate safely
indicates the state of the pipeline stage as being “valid” or “empty.”

For dual-rail data encoding (N bits), 2N interconnects per data bit from sender to
receiver and one interconnect for ACK signal from receiver to sender are used as
shown in Fig. 2.29. Only one transition is used to transmit valid data in parallel by
individual ACK signal to synchronize between function blocks. OR gates and
C-element are used to generate the output ACK signal. As shown in Fig. 2.29, the
data symbol is captured by C-elements at the input d; and is delivered to the next
pipeline stage immediately through d,. All C-elements are triggered by ack, signals
which are exploited as latches. The C-element tree generates a common acknowl-
edge signal ACK;, for synchronizing data as shown in Fig. 2.29. All data bits should
be captured to send ACK;, signal. On the other hand, the ACKj, signal is reset when
all data bits are released.

2.2.2.5 Converters for Asynchronous Protocols

To avoid the delay between the control and data interconnects in asynchronous NoC
designs, the delay-insensitive data encoding is required for long interconnects.
Consequently, robust global timing is obtainable in NoC designs. The conversion
between the single-rail data encoding and delay-insensitive encoding is necessary
for global communication. Bundled-data encoding interface is used in some of
asynchronous communication wrappers [32-34]. Bundled-data encoding is
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Fig. 2.30 Protocols converters

considered as the intrinsic solution for both the complexity and area overhead of
FIFOs which are inserted at the input/output ports of NoC router. It is necessary to
insert the Dual-rail (delay-insensitive) to Single-rail (bundled encoding) Converter
(DSC) before the FIFO and Single-rail to Dual-rail Converter (SDC) after FIFO as

shown in Fig. 2.30.
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A. Delay-Insensitive to Bundled Encoding

DSC architecture consists of D Flip-Flops, SR latch, C-element, XOR, and XNOR
gates as shown in Fig. 2.31. XOR, gates detect the transitions on the interconnects.
SR latch is exploited to decode the data into the single-rail form. XOR, gate together
with an N/2-input C-element are used to detect the Req signal at the output [31]. D
Flip-Flops, XNOR,, and XORg are used to get input ACK signal and regenerate the
output ACK signal.

B. Bundled Encoding to Delay-Insensitive Encoding

SDC architecture consists of Double-Edge Triggered D Flip-Flops (DETDFF),
multiplexers, D Flip-Flops, XOR, and XNOR as shown in Fig. 2.32. DETDFF is
sensitive to the edge of Req signal which captures the value of the input data after
either rising or falling edge of Req transitions [31]. Multiplexers are used to allow
transition of the corresponding output of flip-flop, if and only if the appropriate
input data is presented. Consequently, both DETDFF and multiplexers are used to
decode the input data into the dual-rail form. D Flip-Flops, XNOR,, and XORj are
exploited to get input ACK signal and regenerate the output ACK signal. On the
other hand, the routing algorithm is one of the key factor in NoC architecture as
presented in the following section.
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2.3 Routing Algorithms in NoC

Routing algorithm is responsible for the selection of the appropriate path to transfer
the messages between any two communicating nodes (source-destination pair).
Selection of the routing algorithm is crucial to achieve good network performance.
Achieving minimum communication average message delay, high throughput,
avoiding deadlocks, and livelocks must be considered to design an effective routing
algorithm. Routing algorithms can be classified into different categories depending
on how the routing algorithm chooses between the available set of paths from source
to destination. All the previous issues are presented in this section.

2.3.1 C(Classification of Routing Algorithms

Source vs. distributed routing, deterministic vs. adaptive, minimal vs. non-minimal,
and congestion-aware vs. congestion-oblivious are the main categories of routing
algorithms. All categories are presented in the following sections.

2.3.1.1 Source vs. Distributed Routing Algorithms

In source routing algorithms, the sequence of hops for the whole path between the
source and destination are encoded in the header of the packet at source node. At
each router during the trip between source and destination nodes, the header of the
packet is decoded to navigate the packet towards the destination. The primary
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disadvantages of source routing for NoC are the limited path adaptivity and large
overhead to store the path information in the header of the packet. On the other
hand, at distributed routing algorithm, the destination address is only inserted in
the header of the packet [35, 36]. Every router gets the routing decision indepen-
dently based on the knowledge of the destination address. The drawback of the
distributed routing algorithm is the complexity of the router design to handle a
distributed scheme.

2.3.1.2 Deterministic vs. Adaptive Routing Algorithms

Deterministic routing algorithms route the packets in a certain path for communica-
tion between source-destination pair. Dimension-order XY routing algorithm
(DOR-XY) is typical example of deterministic routing algorithms. The disadvantage
of deterministic routing algorithm is that the path from the source to destination is
determined irrespective to the congestion in the network. Consequently, under real-
istic traffic loads, the load balances in the network are not maintained [37]. On the
other hand, multiple output channels are available for the packet to traverse between
the source and destination in adaptive routing algorithms. Each router should choose
one of the admissible output channels depending on the network status (such as con-
gestion or faults in the network). Thereby, the probability of routing packets through
congested regions is decreased. Adaptive routing algorithms is classified into par-
tially adaptive and fully adaptive. Partially adaptive routing algorithms allow routing
packets to route through the shortest paths only. On the contrary, in fully adaptive
routing algorithm, every packet can be routed along any minimal path available
between the source and destination pair [38, 39]. Generally, the adaptive routing
algorithm can decrease the latency and increase the throughput.

Routing algorithm is divided into two main blocks, the routing function [40, 41]
and the selection function [42]. In deterministic routing algorithm, the routing func-
tion returns only a single output port. Hence, the selection function block does not
exist as shown in Fig. 2.33a. At adaptive routing algorithm, the routing function
generates a set of admissible output channels to forward the packet toward the des-
tination node. The selection function block is used to select one output channel from
the set of admissible output channels returned by the routing function based on the
network status information as shown in Fig. 2.33b.

2.3.1.3 Minimal vs. Non-minimal Routing

Minimal routing algorithms guarantee finding the shortest path between sender and
receiver. The deadlock can be avoided by using the minimal paths. Minimal routing
algorithms may cause an excessive average message delay, since it is not always
able to avoid traffic congestion. Non-minimal routing algorithms allow messages to
route through longer paths for congestion avoidance or fault tolerance purposes as
shown in Fig. 2.34.
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2.3.1.4 Congestion-Oblivious vs. Congestion-Awareness Routing

@_

In oblivious routing algorithms, multiple paths from the source to the destination
are available and the selection of the routing path does not depend on the current
status of the network. Hence, the congestion-oblivious routing algorithms (such as
XY) neglect the congestion conditions on its routing decisions which lead to
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disruption in the load balance. On the other hand, the selection schemes in the
congestion-awareness routing algorithms (such as MAXY [43]) are based on a
locally available congestion estimates. The number of free virtual channels at an
output port is proposed as a contention metric for congestion-aware routing algo-
rithms [44]. On the other studies [45, 46], congestion is defined as a free buffer slots
in the input ports of the adjacent neighbors. Congestion-awareness routing algo-
rithms outperform congestion-oblivious ones since congestion-awareness algo-
rithms aim to select the less congested paths to produce load balance in the network,
especially under realistic traffic loads.

2.3.2 Routing Issues

Deadlock, livelock, and starvation must be avoided to ensure correct functionality
of the NoC routing algorithms. These problems are discussed in the following
sections.

2.3.2.1 Deadlock

The freedom from deadlock is the main issue for any routing algorithm. Deadlocks
occur as a result of circular dependencies on network resources by messages or
packets [47]. Deadlocks have two categories, routing-dependent deadlocks and
message-dependent deadlocks [47—49].

Routing-dependent deadlocks occur when there is a cyclic dependency of
resources created by the packets on the various paths in the network [50, 51].
Deadlock happens when one or more packets in the network become blocked and
stay blocked for an indefinite time, waiting for an event that cannot happen. For
example, four packets P,; P,; Ps; and P, wait for buffer space occupied by each
other in a loop and all buffers are full, therefore no packet can advance as shown in
Fig. 2.35 [52].

Message-dependent deadlocks occur when there is a dependency between the
request and reply packets on the target’s input and output channels [53, 54]. As
shown in Fig. 2.36, when node B wants to send out new pending request regB to
node A it must first receive reply repA from node A about some previous requests.
repA helps node B to free its internal buffers and hence node B is able to prepare
new request. However, node A cannot send out reply repA to node B because the
network buffers are full that requires node B to consume some messages to free the
network buffer. However, node B also cannot consume any messages since its inter-
nal memory is full and it cannot send out a message to node A because the buffers
in the network are full. Both node A and B wait for each other to consume packets
but none of them can then the deadlock happens [52].
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2.3.2.2 Livelock

Livelock is a situation in the network where when some packets are not able to reach
their destinations. Livelock may arise only when non-minimal routing is employed.
The routing algorithm selects the longest path whether the shortest path exists or not
by observing the network congestion. However, it can be avoided by limiting the
number of misrouting allowed to each packet traversing the network [39].

2.3.3 Routing Algorithm Schemes

Many deadlock-free routing algorithms were proposed such as DOR-XY,
Randomized, Oblivious, Multi-phase, Minimal (ROMM) [55], Turn models, Odd-
Even (OE) [56], DyAD [57], and MAXY. The different routing algorithms are sum-
marized in the following sections.

2.3.3.1 ROMM Routing Algorithm Scheme

ROMM routing algorithm reduces the latency by confining the intermediate node
within the range of a minimal path between source and destination pairs [55]. In
2-phase ROMM, the XY routing algorithm is used to route the packet from the
source to a random node in the first phase before routing it to the destination in the
second phase. Generally, in p-phase ROMM algorithm, p—1 random nodes
(2,,Z,,...Z,, ) are chosen on the minimal path between source and destination
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Fig. 2.37 Possible path from source to destination using 3-phase ROMM [55]

nodes as shown in Fig. 2.37. To rout the packets, ROMM routing algorithm achieves
the minimum number of network hops, increases the routing flexibility, and avoids
the congestion by using randomization. ROMM guarantees the deadlock free by

using virtual channels.

2.3.3.2 Turn Model Schemes

Turn Model routing scheme provides deadlock freedom in the two-dimensional
mesh topology [56]. The deadlock can be avoided by prohibiting just enough turns
to break all the cycles. Generally, eight turns are the intrinsic reason to the occur-

rence of deadlock as shown in Fig. 2.38.
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XY, Negative-First, West-First, and North-Last are the well-known turn models
[58] as shown in Fig. 2.39a—d, respectively. In XY routing algorithm, a packet routes
along the X-axis then Y-axis toward the destination. XY routing algorithm is free
from deadlock since it prohibits four of the turns as shown in Fig. 2.39a. Therefore,
the remaining four turns cannot cause the deadlock in XY routing algorithm.
Negative-First routing algorithm prohibits two 90° turns in two-dimensional mesh
and break every cycle. The allowed turns are the turn from West to East and the turn
from South to North as shown in Fig. 2.39b. West-First routing algorithm prohibits
two 90° turns in a two-dimensional mesh and breaks every cycle as shown in
Fig. 2.39c. The turn from West to East and either the turn from South to North or the
turn from North to South are the allowed turns in West-First routing algorithm. On
the other hand, two 90° turns are prohibited in North-Last routing algorithms. The
turn from South to North and either the turn from West to East or the turn from East
to West are the incorporated turns in this routing algorithm as shown in Fig. 2.39d.

2.3.3.3 OE Routing Algorithm Scheme

OE turn model is one of the most popular partially adaptive routing algorithms for
NoC [56]. The restrictions of OE turn model prevent the routing decision from
deadlock and livelock without using any virtual channels by prohibiting certain
turns in odd and even columns. OE turn model prohibits turning from East to North
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and from North to West (from East to South and from South to West) at routers
located in an even column (odd column) as shown in Fig. 2.40. Therefore, the degree
of adaptiveness provided by OE turn model is higher than the other turn models.

2.3.3.4 DyAD Routing Algorithm Scheme

DyAD, dubbed from Dynamic Adaptive Deterministic switching, is a partial adap-
tive routing scheme [57]. DyAD is combination of a deterministic and adaptive
routing algorithms. It switches between XY and OE routing algorithms based on the
congestion status of the network. In DyAD routing algorithm, each router in NoC
always monitors the network condition. Congestion values are calculated for all
neighboring routers and decisions are made according to this real time information.
When the network is not congested, deterministic routing is used. Once a conges-
tion occurs in the network, it dynamically switches to an adaptive routing scheme.
DyAD routing algorithm guarantees the freedom from deadlock. It contains the
deterministic and adaptive routing modes into the same NoC routing algorithm.

2.3.3.5 MAXY Routing Algorithm Scheme

Minimally Adaptive XY (MAXY) routing algorithm is an adaptive routing for
NoC. MAXY routing algorithm targets to equalize the absolute difference between
X and Y coordinates of the current nodes [43]. The congestion status for both feasible
directions is taken into consideration when the absolute difference is equal for both
directions. Congestion is defined as a free number of output buffer channels. When
the congestion levels are equal, a random selection is chosen to route the packet. This
routing algorithm avoids the deadlock scenario by using virtual channels.

2.4 Conclusions

Data transfer in NoC could be done synchronously or asynchronously. In order to
synchronize the nodes in the NoC, clock distribution network is required for syn-
chronous system. Buffered clock distribution trees and symmetric trees are different
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forms of clock distribution networks. On the other hand, asynchronous NoC circuits
are based on the use of handshaking protocols to organize the data transfer. The
handshake protocols at NoC designs are the bundled-data encoding for single-rail
protocol and the delay-insensitive encoding for dual-rail protocol. The conversion
of protocols is exploited to reduce the delay between the control and data lines
which exists in bundled-data encoding.

Each router basically consists of the routing algorithm to determine the most
appropriate path. Deterministic routing algorithms, on the contrary to the most adap-
tive routing algorithms, define the path from the source to destination irrespective to
the congestion in the network. Adaptive algorithms aim to select the less congested
paths to produce load balance in the network, especially under realistic traffic loads.
Adaptive routing algorithm should be manipulated with the process variation. A
novel adaptive routing algorithm based on delay with process variation and conges-
tion for asynchronous NoC design is presented in Chap. 6.
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