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Abstract—Data center networks are becoming increas-
ingly important for computing industry. By exploiting
millimeter wavelength wireless technology (e.g., 60G H z),
data centers are going to be more convenient for the
interconnection of different components without complex
wiring. 60GH z technique has been widely studied, and
great progress has been achieved indeed. However, there
are two significant challenges unsolved in 60G H z-based
wireless data centers networks: link blockage and long
network diameter. In this paper, we propose a new network
topology, called Spherical Mesh, to improve the perfor-
mance of wireless data center networks. Spherical Mesh
can greatly mitigate link blockage by putting antennas
at different heights, and decrease the network diameter
by splitting the whole mesh into several equivalent units.
Furthermore, we have implemented Spherical Mesh and
evaluated its performance in different scenarios. Our eval-
uation results show that Spherical Mesh achieves minimal
routing distance and guarantees the balance of workload.

I. INTRODUCTION

The increasingly fast development of data center
networks require scalability, low cost effectiveness, high
throughput and low oversubscription. As a result, several
works (e.g., [2], [3]) have investigated the techniques
for deploying more efficient data centers and network
topologies. Unfortunately, most of them are based on
wired topology, causing complex wiring and difficult
configuration. To overcome these problems, wireless
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communication technology has become a natural choice
because of its flexibility in setup and low cost in
deployment.

In recent years, 60GHz wireless communication tech-
nology has been exploited to replace or supplement
the underlying wired topology. This recently popular-
ized wireless technology has enabled high speed data
transmissions that are suitable for data center networks.
Several topologies (e.g., [4], [5], [9], [17]) have been
proposed to achieve some attractive properties, such as
more available links between nodes, high bandwidth and
less completion time for network traffic.

However, these existing topologies have some limi-
tations. The first one is link blockage, which happens
when communication between nodes is blocked by an-
other node. Although the novel topology proposed by
Zhou et al. [16], 3D beamforming, solves this problem
by bouncing off signal from the ceilings, it can only
work well under the premise of flat and relatively low
ceilings. The second drawback is the long network
diameter. The network diameter, defined as the longest
of all the shortest paths in a network, is an important
performance metric of routing algorithm. Despite several
years of studies on the network diameter in wired
networks [2], [7], few work considers this issue in the
area of wireless data center networks. To overcome
these drawbacks, we investigate the characteristic of
60GHz signal’s transmission, and propose Spherical
Mesh, a novel and flexible wireless topology for data
centers. In Spherical Mesh, we put antennas on several
spheres to prevent signal from being blocked and reduce
the network diameter. Our contributions are listed as
follows.

o First, we propose a practical and flexible wireless

topology, called Spherical Mesh. This topology can
mitigate link blockage without making constraints
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on the ceilings.

o To the best of our knowledge, we are the first to
consider the network diameter for wireless data
center networks. We also propose a routing algo-
rithm for Spherical Mesh, which guarantees both
the balance of workload and a shorter network
diameter.

o Finally, we evaluate Spherical Mesh using NS-3.
Our simulation results show that Spherical Mesh
can decrease maximal routing path by 20% at most.

The rest of the paper is organized as follows. We
briefly review the related work in Section II and present
technical preliminaries in Section III. Construction of
Spherical Mesh and Routing in this network topology
are depicted in Section IV and Section V. In Section
VI, we show the performance of Spherical Mesh by
simulations. Finally, we conclude this paper in Section
VII.

II. RELATED WORK

Our work in wireless data center network topology
necessarily builds upon work in a number of related
areas. Traditional data centers use commodity-class
computers and switches which are connected by wires.
There are many representative topologies, such as Fat-
trees [7], DCell [3], BCube [2] and so on.

Meanwhile, with the development of 60GHz wireless
technology, several work begins to use this technology to
improve the performance of data center networks. 60Ghz
wireless technology was first proposed to data center
networking by Ranachandran et al. [9], as a solution to
reduce the cabling complexity. Inspired by this work,
many researchers have begun to use wireless links to
argument [4], [S] or replace [11], [13] wired links.
The most representative work is Flyways [5], which is
proposed by Kandula et al. . This work puts antennas
on the top of rack and builds a square mesh that is
connected by wireless links. Although a number of links
are obstructed by antennas, a few additional flyways
substantially improve the performance in data center
networks.

Recently, an innovative work, 3D beamforming [16],
[17], was proposed to solve the problem of link blockage
by bouncing off data center ceilings.

III. PRELIMINARIES

In this section, we firstly introduce the background
of millimeter wavelength wireless technology, and then
describe our system model for wireless data center
networks.

A. Millimeter Wavelength Wireless Technology

Spectrum between 57-64GHz, colloquially known as
the 60GHz band, has various advantages as follows:

o 60GHz technology has huge unlicensed bandwidth.
Most countries worldwide have at least SGHz of
continuous bandwidth available [15]. We can apply
this technology for many gigabit wireless applica-
tions.

e 60GHz beamforming radios are becoming more
available and affordable. Horn antennas [4] or
antenna arrays [12] can use both mechanical and
electronic mechanisms to achieve fine-grain direc-
tional control [4].

However, the free-space loss is higher due to the small
Smm wavelength for 60GHz wireless signal (Friis law
[10]). Channels for 60GHz are 100 times wider and
thus 20dB noisier to enable high multi-Gpbs bit-rates
for transmissions [1], [14].

To guarantee stable links, indoor 60GHz wireless
technology such as 802.11ad targets a short range of
10m [1], which we consider as the effective transmission
range of 60GHz radios.

Moreover, link blockage is a limiting factor for
60GHz links. Link blockage happens when there is some
obstacles in the transmission path. Because of its Smm
wavelength, any object larger than 2.5mm wavelength
can effectively block or reflect wireless signal.

B. System Model

In wireless data center networks, there are racks
equipped with antennas as wireless radios. Suppose the
size of network is m X n, every rack in the network is
assigned with a tuple value (4,7), which indicates that
this rack is in the ¢th row and jth column. The distance
between two adjacent nodes in horizontal (vertical)
direction is {(w).

Here we assume that each top-of-rack (ToR) switch
can be equipped with a single 60GHz horn antenna.
These antennas are half-duplex and can work on differ-
ent channels. The number of 60GHz wireless channels
are more than enough to neglect signal interference.

Here we use the network diameter to measure per-
formance in wireless network topology. The metric is
affected by the largest distance between nodes in the
network first. However, it can be affected by link block-
age. On that condition, the actual transmission distance
may be less than 7, which will increase the network
diameter.
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(a) Spherical Mesh

Figure 1. The structure of Spherical Mesh

We want to achieve two goals in this system. One
is to mitigate link blockage without making constraints
on the ceilings. The other is to decrease the network
diameter. If the network diameter is relatively small, it
will decrease the number of hops in routing path.

IV. SPHERICAL MESH TOPOLOGY

In this section, we propose a new topology for wire-
less data centers, called Spherical Mesh, which leverages
the geometric properties of the sphere to mitigate link
blockage. We construct a basic component first, and then
extend it to the whole network.

A. Spherical Mesh Unit Structure

Spherical Mesh Unit (SMU) is a basic component
in the whole Spherical Mesh. It consists of an array of
racks, in which every two nodes can communicate with
each other directly. To construct a SMU, we put all
antennas in the unit on a sphere. Since any three nodes
on the sphere are not in the same line, link blockage
will not happen. A simple example of 4 x 4 SMU is
shown in Figure 1(b).

We want all the nodes in the unit are located on the
sphere with a radius of R. So we set the center of SMU
with a height of top-of-rack as coordinate origin and
build a 3-dimensional Rectangular Coordinate System
in Figure 1(c), where each black solid point represents
an antenna one by one corresponding to Figure 1(b).
The coordination of each node in SMU satisfies the
following spherical equation.

2 +y* + (2 — R)?* = R~ (1)

If we use solid points with different shapes represent
antennas on the different layers, the whole Spherical
Mesh is as what Figure 1(a) depicts.

(b) Spherical Mesh Unit

.
.

a_tll . x
% .

(¢) The coordinate system of
SMU

B. Spherical Mesh Construction

The whole Spherical Mesh consists of several SMUs .
Suppose each SMU consists of mg X ng racks within
the range of r x » m?, we can compute mg and ngy by
the following equation.

Var Var
20 2w

| +1,n0=1 ] +1 (2)

Since we have the size of SMU, we can get the
relative coordination (z;;,y;;) for node (7, j) according
to Figure 1(c).

{ zi; = ((i — 1)%(mo — 1) — 2e=1y]

yii = (1 = D%(no — 1) — "5 )w
After we plug z;; and y;; in Equation 1, we have the

relative height h;; of the node to the top-of-rack.

hijzR—Fy/RQ—x?j—yfj 4)

Finally, we could construct the whole Spherical Mesh
by simply placing the antenna in the ith row jth column
at the height of h;;.

m0:|_

3)

V. ROUTING IN SPHERICAL MESH

In this section, we calculate the network diameter of
Spherical Mesh by analyzing its properties. We also
propose a routing algorithm in Spherical Mesh which
decreases the length of routing path and ensures the
balance of workload.

A. Properties of Spherical Mesh

We classify all the nodes into three categories accord-
ing to their relative positions for better explanation.

2r . \/ir _
) =0 G- DET =0 ©®)

o Sphere Nodes. All nodes in the Spherical Mesh can
be defined as Sphere nodes. For any two sphere

(i —1)%]|
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nodes in the same SMU, they can communicate
with each other directly.

o Chord Nodes. Every two adjacent SMUs have a
common line of nodes in Figure 1(a). We define
these nodes as Chord nodes, which can communi-
cate directly with any nodes in the two units. Chord
nodes are special Sphere Nodes, whose ordination
satisfy one or both expressions in Equation 5.

o Mesh Nodes. Every four adjacent SMUs have a
common node which is in the highest layer in the
whole mesh. We define it as Mesh nodes, which can
forward signal to any node in the four units. Mesh
nodes are special Chord nodes, whose ordinations
satisfy both expressions in Equation 5.

The routing path between two nodes is mainly depen-
dent on their mutual distances. Here we assume the area
is L x L m?. Then we can get the following theorem.

Theorem 1 The maximal path length in Spherical Mesh
V2L 4,

routing is at most | 5

Proof: The diagonal of the square area of data
center is v/2L. In each SMU, the diameter is equivalent
to the transmission range r, such that there will be
at least L%J Mesh nodes on the transmission path.
Consider the most worse condition shown in Figure 1(a).
Node D wants to communicate with node E. The signal
goes through Mesh nodes Y, Z to reach the boundary.
Then there should be one more hop to reach node FE.
So the maximal path length in Spherical Mesh routing
is L%j +1. [

Inferred from Theory 1, we have the following corol-
lary.

Corollary 1 The diameter of a Spherical Mesh network
is at most L%J + 1

Corollary 1 shows that, the network diameter of
Spherical Mesh is linear to the length of the data center.

B. Spherical Mesh Routing Algorithm

Derived by Theorem 1 and Corollary 1, we propose
a simple and efficient routing algorithm. It consists of
Mesh routing algorithm, Sphere routing algorithm and
Chord routing algorithm.

Sphere routing algorithm works on the source node
and destination node. If both nodes are on the same
SMU, the algorithm can detect this condition and set
up a direct link between them. If they are not on the
same sphere, it can find the Mesh node nearest to the
destination.

Algorithm 1: Spherical Mesh Routing Algorithm
Input: A m X n mesh, source node src, end node
dst.
Output: Routing path from source node to the end.
SphereRouting(src, dst, next);
if next = dst then
‘ return src + dst;
end
if next.Fail() then
‘ path < ChordRouting(src, dst, next);
end
while next.isMeshnode() do
path = MeshRouting(next, dst, end); if
end = dst then
10 ‘ return path;
11 end
12 if inSameUnit(end, dst) then
13 ‘ break;
14 end
15 path < path + ChordRouting(end, dst, next);
16 end
SphereRouting(end, dst, next);
return path + dst;

e 0 N T R W N -

e
e

Mesh routing algorithm works to find a shortest path
from one Mesh node to the other Mesh node which is
nearest to the destination. This is similar to routing in
mesh-connected arrays [6]. But our routing algorithm
allows one node to transmit the signal to its diagonal
node by utilizing wireless communication technology.

However, Mesh nodes are easy to become hotspots.
To implement the balance of workload, we use Chord
routing algorithm to share the excess network traffic.
The Chord routing algorithm works when Sphere routing
and Mesh routing fail to find a Mesh node nearest to
the destination. In that case, it continues to find a proper
Chord node and forward signal to it until an appropriated
Mesh node is available. It also stops when the Chord
node is in the same unit with the destination.

The whole algorithm works as what Algorithm 1
shows. First, by Sphere routing, the start node can send
the signal to the destination or forward it to the nearest
Mesh node. If the mesh node is busy or failed, Chord
routing will help find a path towards a Mesh node or the
Chord node nearest to the destination. When the signal
is forwarded to a Mesh node, Mesh routing will find
the Mesh node nearest to the destination if available.
Finally, the signal is transmitted to the destination from
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Figure 2. Network performance of Spherical Mesh

a Mesh or Chord node by Sphere routing.

VI. SIMULATION

In this section, we exhibit the performance of Spher-
ical Mesh. The simulation is implemented in NS-3 [8].

We implement Spherical Mesh based on square mesh
topology. Racks are put in a grid with equivalent ad-
jacent distance [ horizontally and w vertically. The net-
work performance of Spherical Mesh is measured by the
decrease of the network diameter. Here, we choose the
number of hops of routing in the diameter as our metric,
since it is proportional to the length of diameter. We
compare this metric with two representative topologies,
Flyways [5] and 3D beamforming [17]. According to
most situations in data centers, we assume the ceiling
height i of data center is 3m. Our simulations consist
of the following two groups.

The first group is that the size of data center is set to
be 25 x 25. [ and w are equivalent and range from 1.0m
to 3.0m. The result is shown in Figure 2(a).

The other is that the size of data center ranges from
20 x 20 to 40 x 40 evenly. Both [ and w are set to be
1.5m. The result is shown in Figure 2(b).

We find that Spherical Mesh have shorter routing
path than Flyways and 3D beamforming in both Figure
2(a) and Figure 2(b). This is because Flyways cannot
always forward signal to the next node which is nearest
to the destination. In order to avoid link blockage, the
procedure of routing has more jumps and often performs
not well. 3D beamforming mitigates link blockage, but
bouncing off high ceilings will increase the routing path
somehow.

Spherical Mesh can minimize the routing path and
guarantee balance of workload. When the density of
racks or the size of data center is larger, it will perform
better and have a decrease about 20% in routing path.
But we also notice that, when the arrangement of racks
is sparse, its performance is also no worse than the
other two topologies in Figure 2(a). So Spherical Mesh
achieves our goals.

VII. CONCLUSION

In this paper, we have presented the design, analysis
and implementation of Spherical Mesh. Spherical Mesh
is a flexible network topology to interconnect servers
with wireless links. Our insight is to put 60GHz antennas
on identical spheres. We can mitigate link blockage and
decrease the network diameter. Our routing algorithm on
Spherical Mesh achieves minimal routing distance and
guarantees the balance of workload.

Although wired networks will exist in a fairly long
time, we believe that our Spherical Mesh can improve
the performance of a broad range of data center de-
ployments. A straightforward extension is to use more
intelligent antennas to save the rotation time of horns.
We leave such extensions as the future work.
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