1284 PIERS Proceedings, Prague, Czech Republic, July 6-9, 2015

Flex-grid All-optical Interconnect Supporting Transparent
Multi-hop Connection in Data Centers

Yuanyuan Hong!, Xuezhi Hong?, Sailing He® 3, and Jiajia Chen?

ICenter for Optical and Electromagnetic Research
Zhejiang University, Hangzhou 310058, China
27JU-SCNU Joint Research Center of Photonics
South China Normal University, Guangzhou 510006, China
3School of Information and Communication Technology
KTH Royal Institute of Technology, Kista 16443, Sweden

Abstract— In this paper a novel flex-grid all-optical interconnect scheme is proposed for data
center, where a transparent multi-hop connection can be realized by using optical bypass rather
than going through optical-electric-optical conversions, enhancing energy efficiency for inter-rack
communications. Moreover, elastic spectrum allocation is adopted in the proposed scheme to
increase the resource utilization and scalability. Transmission performance evaluation has been
carried out to verify the feasibility of the proposed scheme.

1. INTRODUCTION

With the rapid growth of new applications, such as cloud service, scientific computing, data analysis
and large-scale social network service, the capacity demand for data center network is increasing
explosively. Besides the network capacity, another challenging issue in the design and implemen-
tation of the data center is the power consumption. Therefore, interconnection scheme which can
provide high capacity and low power consumption is of great importance to the data center.

Aiming at addressing the two challenges aforementioned, many optical interconnection schemes
have been proposed, including the hybrid electronic/optical approaches, e.g., Helios [1] and c-
Through [2], as well as purely optical switching based solutions, e.g., OSA [3]. Compared to the
hybrid electronic/optical schemes, the purely optical switching paradigms are transparent to the
optical signals (such as data rates, modulation formats) and can offer elastic spectrum allocation,
leading to high spectrum efficiency in data center network [4]. The interconnection network in
a large-scale data center typically consists of several tiers, e.g., edge, aggregation and core tiers.
The aggregation/core tier is responsible for traffic flows among different racks as well as the ones
from/to the Internet. Optical circuit switching schemes such as OSA can provide substantially
higher bandwidth than electrical packet switching, and hence is considered in the core/aggregation
tier. To realize non-blocking connection between any two racks and keep the optical switch matrix
in a reasonable size, the multi-hop routing is employed [3], where and the traffic passes several
other racks until arriving at the destined rack. However,the existing optical circuit switching based
schemes need to use O-E-O conversion at each hop for multi-hop connections [3,5], which causes
relatively low power efficiency and increases the complexity (and cost) of the interconnects at
aggregation/core tier. In this regard, we enhance the optical circuit switching based interconnect
architecture by offering transparent multi-hop connection. Moreover, the proposed scheme can
easily adopt advanced modulation formats and flex-grid technology, which greatly enhances resource
efficiency scalability [6]. An extensive assessment has been carried out for our proposed scheme,
where the transmission performance of using different modulation formats and the baud rate has
been validated by simulation. Besides, the impact of wavelength selective switch (WSS) transfer
function on transmission performance has also been investigated.

2. FLEX-GRID ALL-OPTICAL INTERCONNECT OFFERING TRANSPARENT
MULTI-HOP CONNECTIONS

The schematic diagram of the proposed scheme is shown in Fig. 1. In a top of the rack (ToR)
switch which handles traffics from servers inside the rack, M bandwidth variable optical transceivers
(BVTSs) are employed to generate and detect optical signals with both varied baud rate and central
frequency towards the core tier switch. Here M is the number of flows that one rack can communi-
cate with the other racks simultaneously (i.e., the number of BVTs at the ToR). The ToR switches
of different racks are connected via an optical switch matrix (OSM) which serves as the core tier
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Figure 1: Proposed flex-grid all-optical interconnect supporting transparent multi-hop connections in data
centers.

switch handling the communications among racks as well as the interfaces to the outside of the data
center. Between the ToR switch (edge tier) and OSM (core tier) two (M + 1) x K flex-grid WSSs
are employed. One is for the upstream direction (from edge tier to core tier) and the other is for
the downstream direction. In the upstream, the traffic sent by M transceivers at ToR is combined
into K groups and then transmitted to the OSM. In the downstream the traffic from the OSM are
delivered to K input ports of WSS passing through an array of optical circulators. If the signals are
not destined to this rack, they are conveyed to the input port of WSS for the upstream transmission
(dashed red line in Fig. 1) and multiplexed with the signals generated by the connected rack. The
multiplexed signals are rearranged into k groups for the next hop. The path computation typi-
cally is done by the controller where spectrum allocation and routing algorithm are employed. In
such a way, the all-optical transparent connection can be established by bypassing the racks rather
than sending back to the ToR with optical-electric-optical (O-E-O) conversion as in the multi-hop
scheme (e.g., in [3]. Therefore, the all-optical connections can eliminate the power consumption
caused by O-E-O conversion and reduce system complexity by avoiding extra transceivers at ToR
for relay.

3. PERFORMANCE EVALUATION

In this section, performance evaluation has been carried out by using a professional simulation
software VPI transmission Maker 9.1 [7] for communication system performance. We measure
symbol error rate (SER) as a function of the received optical power and study on the impact of
modulation formats, the number of hops, baud rate as well as WSS transfer function on transmission
performance. In the simulation setup, we choose K as 4 which means each rack can communicate
with other 4 racks through OSM simultaneously. The choice of K is based on the balance between
the number of hops and the size of the OSM [3]. By changing the channel bandwidth and modulation
format, the capacity of each WDM channel in the simulation can range from 10 Gb/s to 320 Gb/s,
which is designed to meet the various capacity demands in the core tier for different applications [8].

3.1. Flex-grid All-optical Multi-hop Transmission Performance

As shown in Figs. 2 and 3, we investigate the transmission performance of the proposed scheme
under different numbers of hops, modulation formats and baud rates by simulation. The Nyquist
signaling is employed to realize a high spectrum efficiency system [9]. With Nyquist signaling
the transmitted symbols are shaped by the raised-cosine pulses to demonstrate zero inter-symbol
interference (ISI) property between consecutive symbols. Raised-cosine pulse shaping of Nyquist
signaling brings higher spectrum efficiency at the expense of higher system complexity.For all the
modulation formats listed in Fig. 2, the required received optical power increases for a certain level
of symbol error ratio (SER) when the number of hops changes from 1 to 3. This can be attributed
to the cascaded WSS filtering effect in the all-optical multi-hop connections.Larger inter-symbol
interference (ISI) is induced with a larger number of hops. Table 1 and Table 2 show the optical
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Figure 2: Results of SER versus received optical Figure 3: Results of SER versus received opti-
power in 1/2/3 hops and 32QAM/64QAM/128QAM  cal power for baud rate of 5 Gbaud/s, 10 Gbaud/s,

cases with 40 Gbaud/s. 20Gbaud/s, and 40Gbaud/s corresponding to
30 Gbps, 60 Gbps, 120 Gbps and 240 Gbps when us-
ing 64QAM.

Table 1: Penalty of received optical power (dB) at SER = 10~* caused by using higher modulation format
with the same number of hops.

1 hop | 2 hops | 3 hops
32QAM vs. 64QAM/dB 4.10 4.15 4.30
64QAM vs. 128QAM/dB | 4.65 5.05 5.85

Table 2: Penalty of received optical power (dB) at SER = 10~ caused by increasing the number of hops for
the same modulation format.

32QAM | 64QAM | 128QAM
1 hop vs. 2 hops/dB | 0.15 0.20 0.60
2 hops vs. 3 hops/dB 0.15 0.30 1.10

power penalty at SER = 10~* caused by employing higher modulation formats and increasing
number of hops, respectively, in both of which a larger optical power penalty is observed for higher
modulation format when the number of hops increases. This can be explained by the fact that the
signals with higher modulation format and passing more WSSs are more sensitive to ISI.

Flex-grid spectrum allocation can be employed in the proposed scheme. The connections hav-
ing a spectral slot of 12.5 GHz, 25 GHz, 37.5 GHz, and 62.5 GHz corresponds to a baud rate of
5 Gbaud/s, 10 Gbaud/s, 20 Gbaud/s, and 40 Gbaud/s, respectively. Quadrature amplitude mod-
ulation (QAM) is used here. With different modulation format ranging from 4QAM to 256QAM
and flexible channel bandwidth, various capacities are achieved (from 10 Gb/s to 320 Gb/s). The
SER as a function of received optical power with different baud rate signals are presented in Fig. 3.
It can be observed that the channel with higher baud rate has worse SER performance, where the
influence of ISI is more severe.

3.2. Impact of WSS Transfer Function

In our scheme, the all-optical multi-hop connection highly relies on the WSS to realize optical
bypass. The imperfection of the WSS passband causes ISI and thus lead to performance degradation
to the system. Therefore, in this section we further study the impact of WSS passband profile on
signal transmission performance. Today’s commercial WSSs can have different transfer functions
for passband [10]. The WSS considered here is assumed to have a super-Gaussian shape transfer
function as |H(f)|?> = exp(—(f — fo/Af)?"), wherein f is the optical frequency, fo is the center
frequency of channel, Af is the bandwidth and n is the order of filter [11]. We have run a set
of simulation with WSSs having the same 3-dB bandwidth Af but different orders of filter. The
transfer function with the order of 4 (i.e., n = 4) is typical for early generation free-space single
dimension MEMS mirror array based WSS, while the order of 6 (i.e., n = 6) represents the state-
of-the-art WSS [12]. To show the impact of WSS passband profile on the all-optical multi-hop
interconnection, we measure the SER as a function of received optical power with either a 4th or
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Figure 4: SER versus received optical power in 40 Gbaud/ssystem with a 4th and 6th super-Gaussian WSS
under (a) 128QAM, and (b) 256QAM.
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Figure 5: Eye diagram of 40 Gbaud/s 256QAM signal after 3 hops with a (a) 4th (SER = 1.38¢ — 2) or (b)
with 6th (SER = 9.54e — 4) super-Gaussian WSS.

a 6th super-Gaussian WSS under various numbers of hops and modulation formats, as shown in
Fig. 4.

According to Fig. 4, the system with 6th super-Gaussian WSS obviously outperforms the one
with 4th super-Gaussian WSS in terms of SER under the same numbers of hops and modulation
format. The reason is that the passband is more flat with a higher order super-Gaussian WSS [10]
which causes less ISI to the Nyquist signal. The filtering induced ISI can be observed in the diagrams
shown in Fig. 5. The performance gain by using the 6th super-Gaussian WSS increases with a larger
number of hops. It is because by the cascading filtering effect of WSS for multiple hops. We also
note that the performance of higher modulation format is more sensitive to the impact of the filter
order. Therefore, in the cases with higher modulation formats and larger number of hops, WSS
with the higher filter order (i.e., with higher passband flatness) is more preferable for the all-optical
multi-hop connection.

4. CONCLUSION

A flex-grid all-optical interconnect scheme supporting transparent multi-hop connection for inter-
rack communication is proposed. The transmission performance has been shown in terms of SER
for various numbers of hops, modulation formats,baud rates and WSS transfer function. These
simulation results verify that supporting up to 3 hops without any O-E-O conversion our scheme
still could achieve acceptable SER performance by using WSSs. It is observed that the higher mod-
ulation format and larger number of hops will have negative impact on transmission performance,
which could be an important factor to be considered in design of routing strategy. Moreover, the
results also imply that a high filter order in WSS is recommended for system, particularly for the
case with a relatively large number of hops and high modulation format.
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