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Abstract

In this paper, we study a mesh-based 3D network topology that is enhanced with a small number of additional 2D
links. The 3D network is formed by vertically stacking and scaling identical 2D mesh planes along the Z-axis.
Within each 2D plane, four supplementary links are added to connect the corner nodes to nodes located in the
central region of the mesh. These supplementary links are activated only when the 2D routing distance exceeds N
inan N x N x N 3D mesh N >= 4. Under this condition, the added links consistently provide a shorter path,
requiring fewer than N hops within the 2D plane, thereby reducing the overall hop count. The proposed network
is evaluated using a progressive shortest-path routing algorithm. This algorithm computes the minimum 2D
distance from the source node to candidate nodes equipped with supplementary links, as well as the distance from
those nodes to the destination. The node that minimizes the combined 2D distance is selected, and the packet is
routed through it. If the source and destination nodes are located in the same 2D plane, the packet is routed entirely
within that plane. Otherwise, once the packet reaches the selected node, it is forwarded along the Z-axis, either
upward or downward, to the destination plane, where it is finally routed to the target node. The results show the
robustness of the proposed network using the link utilisation graph.
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1. Introduction

The demand for consumer electronics is constantly pushing boundaries, requiring ever-
increasing complexity and processing power within limited die space. This led to the era of the
System-on-Chip (SoC), where vast numbers of components are realized onto a single piece of
silicon. SoCs are the main functional blocks powering diverse applications, from
communication and entertainment devices to consumer electronics [1]. However, designing
and implementing these intricate systems presents significant hurdles, particularly the immense
pressure to shorten time-to-market.

Traditionally, communication within these SoCs relied on rudimentary methods like
shared buses or crossbar switches. Being crude, these interconnect architectures began to show
their limitations as networks scaled up [2]. Shared buses, for instance, inevitably become
performance bottlenecks, unable to handle the escalating bandwidth demands of modern many-
core systems. Furthermore, in traditional two-dimensional (2D) chip layouts, creating
dedicated point-to-point connections between numerous cores, though very efficient [3],
consumes considerable power and occupies a considerable portion of valuable die area, and is
also not scalable[1].

Recognising these scalability challenges, researchers in the early 2000s proposed a
fundamental shift in how communication happens on a chip: the Network-on-Chip (NoC)
paradigm [4]. Many popular 2D topologies for NoC have been proposed, like Mesh, Torus,
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hypercube, BFT (Butterfly Fat Tree) topology, etc. However, due to inherent shortcomings
such as high network diameter and end-to-end delay, researchers have been compelled to
explore more contemporary topologies that can mitigate these issues.

Among the various two-dimensional Network-on-Chip (NoC) topologies, mesh and torus
architectures are the most widely adopted in commercial designs, owing to their structural
simplicity, scalability, and ease of implementation [5].

However, the mesh topology suffers from several inherent limitations, including a
comparatively large network diameter, marginal bandwidth at edge nodes, and a high hop count
when communicating between diagonally opposite corner source—destination pairs. To deal
with some of these issues, the torus topology was introduced. By adding wrap-around links that
connect the edge nodes of a mesh, the torus maintains a uniform node degree across the network
and improves path diversity. Nevertheless, torus networks also present limitations, such as
wrap-around links spanning the entire die, which result in higher wire delays and, in certain
communication scenarios, can still yield significant hop counts [6, 7].

Many initiatives have been taken to reduce the network diameter; however, attempts to
reduce the 2D network diameter invariably introduce additional links between corner nodes or
to nodes in the middle. As is seen in the case of 2D mesh. Many variants, such as 2D torus,
diagonally connected mesh, C2 mesh, C mesh, diametrical mesh, XD mesh and torus, heavily
rely on adding supplementary links [8]. These links do somewhat solve the issue at the cost of
scalability in the 2D plane.

We propose evaluating a mesh-based 3D topology augmented with supplementary 2D
links, formed by vertically stacking and scaling the network along the Z-axis. Four
supplementary links connect the four corner nodes to the four central (middle-region) nodes in
each 2D mesh plane. These links are invoked when the 2D routing distance exceeds N in an
NNN 3D mesh (N > 4), as they always provide a shortest path of less than N hops in the 2D
plane.

The paper is structured into four main sections. In Section 2, we review the relevant
literature for this work. Section 3 introduces the 3D mesh-based topology under consideration
and explains the routing algorithm used. Section 4 presents and analyzes the results from our
simulations, and finally, Section 5 offers the conclusions drawn from this study.

2. Literature Review

Owing to the structural advantages of the Network-on-Chip paradigm over older bus-based
systems, a purely two-dimensional structure eventually exposed its own limitations, especially
as chip makers continued to push the boundaries of integration density. These limitations
became the bedrock of strong motivation for researchers to explore the potential of building
NoCs in three dimension, some of the inherent limitations are listed as follows [1, 9, 10, 11,
12,13, 14, 15]:

* Increasing Wire Length and Latency.

* Scalability issues on the same plane.

* Floor planning limitations.

* Power and Heat generation problem.
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The prospect of overcoming the inherent limitations of 2D designs mentioned above has
become the crucial motivation for the research on 3D NoC architectures. By extending
networks into the third dimension, these architectures offer a more compact and flexible design
space, making them an attractive direction for continued exploration and development [16, 2,
17].

Among the most popular 3D NoC is the 3D mesh which is a direct and intuitive extension
of the popular 2D mesh topology into the third dimension, facilitated by TSV technology for
vertical links which is characterized by arranging the nodes in a 3D grid (XYZ), each of the
node is connected to six neighbors: East, West, North, South, Up, Down except for the edge
nodes which are connected in east, South, Up and Down [16, 18, 4]. This topology, however
suffers from a large network diameter and also suffers from congestion towards the middle
router [19]. To alleviate some of the limitations mesh topology, 3D torus have been proposed
which is again an extension of the 2D torus [20]. However, wrap around link poses the risk of
cyclic dependencies which a perfect recipe for deadlock, also the long wrap-around links incur
long wire delays [21]. The Figure 4 depicts the 3D mesh and tori.

3D NoC topolegy

3D NoC topology with utilization
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Figure 1: Mesh and Torus NoC topologies

Other significant 3D topologies include Hyper-mesh network QM [20], which is highly
scalable but have almost the same set of disadvantages as 3D Mesh or 3D torus, XNoTs
(Crossbar Connected Networks-on-Tiers) / Dimensionally-Decomposed Routers which is
characterized as Each tier has PEs/routers connected by high-radix switches. Vertical links
connect routers across tiers, but it did suffer from scalability issues [2]. One of the most
interesting 3D topologies is 3D Small World (SWNoC), which is characterized as a regular
base topology (like 3D mesh) with a few long-range “shortcut” links (typically vertical TSVs)
to reduce average path length [22]. Although it reduces the network diameter but, the
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irregularity becomes a bottle in designing an efficient routing path and also optimal placing is
very complicated.

From the above it is therefore a well established knowledge that supplementary paths do
improve the network diameter.

In the next section we introduce 3D Mesh NoC architecture with Supplementary 2D
Links along with its progressive shortest - path routing algorithm.

3. 3D Mesh NoC Architecture with Supplementary 2D Links

Here we describe the 3D topology which is a direct and intuitive extension of the 2D mesh
having supplementary connections from four corner nodes to the four nodes in the middle
region of the 2D mesh topology. These nodes having supplementary nodes are called
special nodes. Also, for any N (N > 4) the number of special nodes in the 2D plane remain
constant i.e., 8. However, in the 3D topology, which is made from stacking these 2D layer
vertically, the number of spatial nodes is given by

Number of special Route = 8 x number of vertical layers (1)

The special routers are placed in four corner nodes, i.e., (0,0), (0,N), (N,N), and (N,0). whereas
the middle special routers are placed at ([%],[%]), ([%] — 1,[%]), ([g],[%] —1),and ([%] —
1,[%] — 1). Figures 2 and Figure 3 show the connection of the 2D and 3D networks described
above for N=4 and N=5.
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(a) 2D Mesh with supplementary links (b) 3D Mesh an extension of the 2D Mesh in (a)

Figure 2: Transformation of 2D to 3D topology
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Figure 3: Topology for N =15

3.1. Routing Algorithm

Below, we describe the progressive shortest-path routing algorithm designed for this
topology. Consider a 3D mesh network with dimensions N: x N, x N.. Each router is
identified by integer coordinates

c=(zy2,z€{0,...,N.— 1}, ye{0,...,N,— 1}, z€ {0,..., N:— 1}.
Routers are connected to their six nearest neighbours along the z, y, and z directions (when
present). In addition, certain routers on each layer are connected by long-range special links
(SP links). On layer z, these SP links form a set of undirected pairs

k, _ —
Py = {(ai! bi)}i=1’ a; = (Xai,yai,Z), bi = (xbi’ Vb, Z).

SP links act as express connections across the X-Y plane of that layer.

Routing is decomposed into two stages:

1. Z-alignment: every packet first moves only along the z-dimension from its source layer

z, to the destination layer zg.
2. In-layer SP-assisted routing: once z = z4, the problem reduces to finding an efficient

path in the 2D grid of routers on that layer, using both normal mesh links and SP links.

The vertical cost |z; — z4| is identical for all candidate in-layer routes between the
same source and destination, hence the optimization can focus on the x—y plane of the
destination layer. For compactness, define the 2D projection of a 3D coordinate onto layer
Zd as:

7:d 2.y, 2) = (2., za),

and the Manhattan distance in the x—y plane by
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diStZD((Xl:M), (xz:YZ)) = |x; — x| + |y1 — ¥2l
For each message with source s = (x, s, zs) and destination d = (x4, V4, z4), the router at
injection time constructs a per-message plan

m3P = (mode, entry sp, exit_sp, sp_used)

where,

e mode € {XY, SP ASSIST} indicates whether the in-layer path uses only normal
mesh links or a single SP hop in addition.

e entry sp€{0,...,N-—1} x{0,..., N,— 1} x {zq4} is the selected SP entry router on
the destination layer (undefined if mode = XY).

e exit SP is the corresponding SP exit router on the destination layer.

e sp used € {false, true} is a single bit that records whether the SP hop has already
been taken in the in-layer phase.

3D SP-Assisted Route Planning (Per Message)
Let s2p = (zs, ys) and dop = (z4, ya) denote the 2D projections of the source and destination
onto the destination layer z =z, The pure in-layer distance using only normal links is

Dxy = distyp(Szp, dap).

Foreach SP link pair (a, b) € P-;, with a = (x4, Y4, z4) and b = (xs, y», za), we consider
two candidate SP-assisted paths:

- Entry at g and exit at b:
Li(a,b) = distyp(s2p, (X, ¥a)) + 1 + distyp((xp, ¥p), dap)-
- Entry at b and exit at a:

Ly(a, b) = distyp (SZD; (xb;yb)) +1+ diStZD((xa:ya)'dZD)-

The +1 term accounts for the SP hop itself. The planner compares the best SP-assisted
candidate against Dxy and chooses SP-assisted routing only when it strictly reduces the
in-layer hop count.

4. Experimental Results

We implemented the proposed topology and evaluated its performance by computing the
maximum hop count (worst case) and the corresponding worst-case latency using the
proposed algorithm. The primary objective of this work is to see the rout ability and to
record the link utilization, hop count and maximum latency. The figure below shows
the link utilization of the proposed 3D topology for N=4 and N=15.
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The table 1 below compares the maximum hop, maximum latency cycles and average
latency cycles of 3D mesh and the proposed 3D topology with the progressive shortest path

routing algorithm.

Average latency (cycles)

16 A

14

12

10 A

Average latency comparison: Mesh vs SP-mesh

mmm Mesh
s SP-mesh

13.307
12.587

4x4

Network size

15.443

14.358

5x5

Figure 5: Comparative graph
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Table 1: Comparison between maximum hop, maximum latency cycles, and average latency
cycles of 3D mesh and the proposed 3D topology

Topology Network Size Maximum Hop Maximum Average
Count Latency Latency
Proposed 4 x4 3 69 10.662
Mesh Based 5%x5 g 52 11.869
Topology
4 x4 6 72 11.710
Mesh 5%3 10 ) 13.070
Topology

It is evident from the above table that, the proposed algorithm improves the maximum latency
considerably in the 3D Mesh NoC Architecture with Supplementary 2D links over the 3D mesh

topology.

5. Conclusions

This work presents a 3D mesh-based Network-on-Chip (NoC) topology augmented with
four additional links that connect eight special nodes, of which four are located at the
corners of the mesh and the remaining four are positioned at the center within the same 2D
plane. The proposed topology is simulated using a Dijkstra-based Progressive Shortest-
Path Routing algorithm. Simulation results show average latencies of 12.587 and 14.358
latency cycles for network sizes N=4 and N =35, respectively, which are slightly lower
than those observed in a conventional 3D mesh topology. Furthermore, for N=75, the
proposed topology achieves an approximate 63% reduction in maximum latency compared
to the standard 3D mesh of same size. However, link utilization analysis indicates that two
of the additional links are heavily utilized, while the remaining two experience moderate
utilization. Future work will focus on evaluating the proposed network under different
traffic patterns to further examine its performance and load distribution.
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