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Abstract—The integration of a time synchronization and time
transfer system in data center networks is an increasingly
common demand. Since moving the entire infrastructure of a
data center network to switches with time-dedicated hardware is
nowadays a considerable expense of resources, it is convenient to
analyze and study it. In this paper we work on real hardware,
presenting a characterization of the problem for a Spine-Leaf
network by means of load variation tests proposed by the
ITU, using the PTP protocol and common non-PTP aware
switches. Through this study we manage to show, thanks to real
measurements, the problem of dynamic asymmetry and how it
affects the time distribution. Additionally, it is shown that if
the network load is quadrupled, the PTP pk-pk offset through
the network does not even double. Finally, thanks to long-term
tests, we can conclude that time synchronization in a Spine-Leaf
network shows considerable resilience to load changes.

Index Terms—Spine-Leaf, PTP, datacenter, clock synchroniza-
tion

I. INTRODUCTION

The design of a data center is complex and can be addressed

with different approaches, with them being mainly influenced

by its final utilization. A data center must be designed with

specific characteristics that facilitate the execution of the

applications that will be used in the infrastructure [28]. When

designing a data center, some fundamental aspects must be

taken into account. These include not only the nodes/servers

and their computational capacities, but also the Data Center

Network (DCN) [25]. In fact, the DCN is one of the most

important components when considering the design of a data

center: how to intercommunicate the different nodes, racks,

and switching elements of the DCN.

Within the design of the DCN, there are many aspects

to consider. Focusing on some current issues, such as the

recent increase in distributed applications [21], [30] or the

inherent time sensitivity of the data center traffic itself [6],

[7], [19], both are important points to take into consideration

in the design of a DCN. For this purpose, time synchronization

systems are designed and implemented in DCNs so that all the

equipment in the system can share the same time reference

with a certain degree of accuracy.

Therefore, setting up a time distribution system that allows

for accurate time in a data center offers several advantages:

consistency of data in distributed systems (such as distributed

databases), performance in scheduling processes (such as in

stock exchange systems), or preserving the actual order of

events (such as the administration of the datacenters them-

selves).

Regarding time distribution, there are two main aspects to

take into account in the design: the technology used and the

DCN on which to apply that technology. Since, except for

specific cases, most data center networks use Ethernet as the

backbone network protocol, in this paper the focus will be on

a time transmission protocol that works on Ethernet traffic.

One of the most widespread time distribution protocols

today is the Precision Time Protocol (PTP), defined in the

IEEE 1588-2002 standard [1], which allows specific time

synchronization traffic to be introduced alongside standard

network traffic. This protocol does not depend on the topology

of the network itself, since it works directly over Ethernet

networks. PTP works with time sources that serve their time

via Ethernet packets to end clients, which update their offset

with respect to the time source and adjust their internal clock.

In the IEEE 1588-2008 [2] revision, several innovations were

proposed to improve time distribution to the end devices of the

network, such as transparent clocks, profiles, higher sampling

rates, etc. In 2019, there was an update of PTP with the

IEEE 1588-2019 [3], which included new features such as

the calibration of asymmetries or the inclusion of the White

Rabbit technology [29] as a high accuracy profile for PTP.

These new PTP capabilities in switches allow the protocol

to more accurately distribute time to end clients, but these

advanced features require specific dedicated hardware on the

network (the network switches need to include these features).

Since PTP-aware switches have a higher price in the market

due to that dedicated hardware, the cost of replacing the entire

data center infrastructure with such switches is labor-intensive

and costly.

Without this dedicated hardware, one of the most detri-

mental aspects of PTP, due to its internal calculation, are the

asymmetries in the network. These asymmetries can be due

to different causes: asymmetries in the routes, increases in

traffic load, overloading of switches, etc. These asymmetries

can be either static or dynamic: 1) static asymmetries, mainly

due to the network topology, and can be usually calibrated; 2)

dynamic asymmetries, mainly due to variations in latencies,
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which are mostly due to network load.

In terms of network topologies [25], current DCN deploy-

ments eliminate static asymmetries in the network, facilitating

the distribution of time across them. In recent years, DCNs

have increasingly moved away from the standard three-level

model to the Spine-Leaf model. This topology allows east-

west communication between different Leafs always using the

same number of hops, facilitating deterministic behavior. This

eliminates any asymmetry inherent to the DCN topology itself.

Keeping an eye on all of the above, there are works

on these aspects in the literature, but none with a concise

DCN architecture, using standard traffic profiles and accurate

measurement instruments. Thus, this paper proposes a accu-

rate characterization of the time distribution in a Spine-Leaf

network using standard tests proposed by the International

Telecommunication Union (ITU) [17], using open software,

PTP protocol, and non-capable standard PTP switches. Thanks

to this study, it will be possible to appreciate the impact

of network load on time synchronization and, therefore, to

understand the effect of implementing a non-PTP compliant

timing system in a DCN.

The rest of the paper is organized as follows: Section II

presents the design to be taken for the characterization of

the time transfer system in DCNs. Subsequently, Section III

describes the adopted experimental methodology, and Sec-

tion IV describes the implementation of the final design

in a real testbed. Section V details the results obtained by

performing these experiments. Finally, Section VI draws the

final conclusions and a proposal for future work.

II. DESIGN

Classic DCNs are usually organized into three levels. The

first is the Top of the Rack (ToR): the switch that is in the

racks and serves as access to the rest of the network. The top

two levels are high-capacity switches that enable intercommu-

nication between racks. In these classical networks, switches

at the same level may be connected to each other, creating

unpredictable routes between end nodes, even if the topology

is known.

The Spine-Leaf model simplifies the classic topology so

that there are only two basic levels: the Spine level (top) and

the Leaf level (bottom). The Leaf level is the access level (it

may be ToR or not), with it being the first switch to find

an end node. The Spine level is the intermediary for any

communication between different Leaf switches, so all Leaf

switches are connected to all Spines, but never to each other.

In these Spine-Leaf networks, the major workload is carried

by the Spine switches, which are the intermediaries for all

the information flowing through the network. Leaf switches,

on the other hand, only process the information belonging to

the end nodes connected to them. In Spine-Leaf networks, the

routes between the end nodes are also not predictable, but the

number of hops will always be known.

In order to create a Spine-Leaf network with which to test

different network loads for a limited time, the simplest possible

Spine-Leaf network has been chosen in this work: 2 Spine

LEAF

SPINE

Leaf 1

Spine 2Spine 1

Leaf 2 Leaf 3 Leaf 4

Fig. 1. Example of a Spine-Leaf network with 2 Spine switches and 4 Leaf
switches.

switches and 4 Leaf switches, as Figure 1 shows. In this work,

a Layer 2 [5] Spine-Leaf network has been chosen, i.e., the

switches will only work with the MAC Address Table and

no Layer 3 will be used. This Layer 2 implementation has

dynamic load balancing and loop control through the IEEE

802.1AX standard [4].

Once the network topology is defined, the time synchro-

nization system will be incorporated into it. A time reference

is provided by a PTP grand master, which will be in charge of

maintaining the time reference and distributing it to the PTP

clients. Hence, PTP clients will be able to synchronize with it

and have a local representation of the global time reference.

Where to connect the time server within Spine-Leaf is neither

standard nor trivial and depends on the data center itself. For

example, it might be desirable to connect a time server on

each Leaf or, rather, have a global time server connected on

a Spine accessible to the entire data center.

For this work, in which the aim is to characterize the

time distribution in Spine-Leaf networks, it has been decided

to place the PTP grand master in one Leaf and the client

in a different Leaf. So, a 2-hop east-west communication is

generated, which simulates the farthest case of time synchro-

nization, with it being the one with the highest number of

hops and the one that allows better observability on how switch

processing affects the PTP protocol. Finally, the PTP client is a

device capable of maintaining its internal local clock adjusted

according to the PTP grand master.

Thus, the Spine-Leaf topology has been defined, and the

PTP system has been designed and placed within the topology.

The methodology to be followed to characterize this design is

defined below.

III. EXPERIMENTAL METHODOLOGY

Before implementation, it is necessary to define how to

characterize the network, as this may influence the physical

testbed. It is important to choose a set of experiments relevant

to the design described above. To do this, the key aspects to

be measured must be known.
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If one looks at previous studies [11], [24], when characteriz-

ing any network, one aspect that is prioritized for measurement

is latency. The amount of time elapsed since a message departs

from point A to point B is a measure that needs to be taken

into account.

As for time synchronization, one clock is synchronized with

respect to another by raising and lowering the frequency of

its oscillator. These rises and falls of frequency in a normal

working environment are never perfect, which designates a

frequency error, and, therefore, a time error of the clock with

respect to its reference.

Remembering the introduction, the aspect of a network that

most affects PTP, and therefore its time error (offset), is when

there is an asymmetry. When there is an asymmetry in the

network, a variation in latency occurs, which is called Packet

Delay Variation (PDV). Both static and dynamic asymme-

tries negatively affect the PTP offset. Static asymmetries are

eliminated thanks to the Spine-Leaf topology, as explained

above. However, dynamic asymmetries are produced by the

load on the network, which produces queuing in the switches

and therefore PDV. This PDV affects PTP in such a way that

it internally makes incorrect latency estimates and, therefore,

incorrect offset corrections.

Thus, we will focus on two aspects to characterize: syn-

chronization time error and PDV. In order to observe how both

values vary in a Spine-Leaf network, it is necessary to design

several experiments that allow us to appreciate how they are af-

fected by topology, switches, and workloads. For this purpose,

this work has used as a basis for the experimental phase some

test cases defined by the International Telecommunication

Union (ITU) in Appendix VI of its document G.8261/Y.1361

[18]. Adopting these well-defined ITU experiments facilitates

their reproducibility and serves as a benchmark with respect

to other DCN approaches. These test cases are based on

injecting traffic into the network in different ways, emulating

real network use cases. In this work, they will be used to test

a Spine-Leaf network and observe how both the PDV and the

offset of a PTP client react to the network traffic.

A. Traffic Model

First, the traffic to be injected into the network must be

defined. The traffic model defined in Section VI.2.2 of [18] is

used for this purpose, and different use cases are defined in

that reference document. For a defined load on the network,

the composition of the traffic is established as:

• 60% of the load are maximum size packets: 1518 Bytes.

• 10% of the load are medium size packets: 576 Bytes.

• 30% of the load are minimum size packets: 64 Bytes.

B. Experiment 1

Experiment 1 (based on test case 1) models a static load

on the network. Two tests have been designated: one at 20%

static load for 1 hour and one at 80% for another hour.

LEAF

SPINE Spine 2Spine 1

MEASUREMENTS

Leaf 2 Leaf 4

PDV TesterPTP SystemTraffic 
Generator 

Leaf 1 Leaf 3

Fig. 2. Final design of the Spine-Leaf testbed. The traffic generator, the PTP
system and the PDV tester have been added at the bottom.

C. Experiment 2

Experiment 2 (based on test case 2) models large and

persistent changes in network load and demonstrates stability

for sudden large changes. The test will present the following

load profile: the network starts at 80% for 1 hour, drops to

20% for 1 hour, 80% for 1 hour, 20% for 1 hour, 80% for 1

hour, and finally drops to 20% for 1 hour.

D. Experiment 3

Experiment 3 (based on test case 3) models the slow change

in network load over a long time scale, demonstrating stability

with very slow changes in network conditions. This is done

by smoothly varying the grid load from 20% to 80% and vice

versa over a 24-hour period. It starts at 20% increasing by

1% every 12 minutes, until reaching 80% in 12 hours. From

there, it starts decreasing the load by 1% every 12 minutes,

returning to 20% after 24 hours.

Once the aspects to be measured and the experiments with

which to perform the characterization have been described, the

following Section IV will present the implementation of the

design on a real experimental testbed.

IV. IMPLEMENTATION

The implementation of the system designed in Section II

is presented here with the addition of the necessary tools

to perform the measurements proposed in Section III. The

switches chosen for the Spine-Leaf testbed are: 2 MikroTik
CRS326-24S+2Q+RM [23] in the Spine layer and 4 MikroTik
CRS310-1G-5S-4S+IN [22] in the Leaf layer. For the links

between the devices, 10 Gbps DAC wires have been used.

Thus, the final testbed design is arranged as shown in Figure 2:

• Traffic Generator: an Intel Ethernet E810 [15] NIC card

has been used together with the CISCO TRex [8] traffic

generator to run traffic profiles for each experiment and

to be able to generate the desired amount of load on the

network.
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Fig. 3. Laboratory Spine-Leaf testbed.

• PDV Tester: a Relyum RELY-TSN-LAB [27] device was

used to extract the timestamps of certain packets passing

through it. Using a program that sends 1 probe packet

per second, it is possible to measure the time through the

timestamps it takes to go to and return from the network.

• PTP System: a FibroLAN Falcon-MX/G [12] PTP grand-

master and an Intel Ethernet XXV710 [16] NIC card

acting as PTP client have been used, all synchronized

through the Linux PTP Project [9] implementation. A

simple IPv4 Unicast PTP profile has been applied, with

default values [10] for the ptp4l program parameters.

To measure the offset, a frequency counter was used to

compare the PPS pulses from the grandmaster and the

client [13].

It should be pointed out that both the Intel Ethernet E810
NIC and the Intel Ethernet XXV710 NIC are installed on a

computer with 64 GB of RAM, Intel 13900K CPU, running

Ubuntu 22.04. On this computer, several applications are

used/executed: the CISCO TRex traffic generator, the latency

packet generator, and the Linux PTP Project program. Figure 3

shows the actual experimental testbed in the laboratory.

Both switches (Spines and Leafs) are capable of switching

at such high speeds that it is almost impossible to saturate them

with a simple traffic generator. Thus, in this implementation,

the goal of increasing the network load is to saturate the

capacity of the links. Since all links operate at 10 Gbps, the

percentage of injected load will always be above this speed

(e.g., 10% = 1Gbps). In addition, the traffic generator will

work with bidirectional traffic, i.e., the links will be saturated

in both transmission and reception.

V. EXPERIMENTAL RESULTS

Figure 4 shows the offset distribution for 20% and 80% load

for Experiment 1. It can be seen that even with a quadrupling

of the load on the network, the distribution amplitude does not

even double. This means that PTP withstands the load increase

in a Spine-Leaf network quite well.

Fig. 4. Offset distribution obtained from the frequency counter for Experiment
1. Count histogram with 60 bins and kde included, 20% (blue) and 80% load
(orange), duration of 1 hour for each load.

TABLE I
PDV RESULTS FOR EXPERIMENT 1.

Network Load (%) Max (μs) Median (μs) Std Dev (μs)
0 (Baseline) 0.207 0.090 0.027

20 5.409 0.063 0.765
80 7.389 2.439 1.419

However, there is something remarkable to note: while the

offset distribution at 80% load is a perfect Gaussian bell, the

distribution at 20% load has a clear asymmetry: a positive

skew. To find out why this happens, it is necessary to look

at Table I. This table shows the values obtained for the PDV

in experiment 1. Thus, at 20% load, a maximum PDV value

similar to that of 80% is observed, but with half the standard

deviation and with the median centered on the left. Thus, the

distribution at 20% is skewed: not all packets take the same

time to traverse the network. Meanwhile, at 80%, a normal

distribution with the median centered is re-created: all packets

take the same on average. The dynamic asymmetry in the PDV

generates a problem in the calculation of the offset estimation

for the PTP and, therefore, generates asymmetry in the offset.

The normal distribution can only be confirmed when there is

no traffic at all or the network is almost full of traffic, so all

packets will be queued in the same way and there will be no

asymmetries.

Figure 5 shows, thanks to the boxplots, how sudden changes

in the network do not excessively affect the time distribution

for Experiment 2. In fact, there is no cumulative error affecting

PTP over time either.

Before showing Experiment 3, a smaller version of the

experiment has been added in which the offset distribution

is observed from 0% load to 20% load to see if there is a

continuous progression or an abrupt change. Figure 6 shows

how the offset distribution increases as the load increases

from 0%. It can be seen how up to 7-9% the offset shifts

in nanoseconds, and from this load there is a jump of order

of magnitude to shift to microseconds. In fact, it can be seen
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Fig. 5. Offset distribution obtained from the frequency counter for Experiment
2. Boxplot without outliers, duration of 1 hour for each load.

Fig. 6. Offset distribution obtained from the frequency counter for Experiment
3 (0-20%). Boxplot without outliers, duration of 12 minutes for each load.

how the bias seen in Experiment 1 is formed.

Finally, the complete Experiment 3 is presented in Figure 7.

This experiment demonstrates what has already been seen

in the previous experiments, but now in a progressive way,

increasing the load by 1% every 12 minutes. The offset

gradually increases, losing bias each time the network becomes

more saturated, forming a normal distribution at peak load, and

then returning to the initial values as the load decreases.

VI. CONCLUSIONS AND FUTURE WORK

This work has allowed an experimental characterization

of time transfer over a DCN. Starting with a design of the

network itself and the synchronization system, followed by a

well-defined experimental methodology, and ending with an

actual implementation of the system and system testing. In

fact, a feature that has been followed throughout the work

has been to choose protocols and use cases standardized by

organizations such as the IEEE or the ITU. All this facilitates

a simple but, at the same time, effective and reproducible

implementation of the characterization that was proposed

at the beginning of the work. Furthermore, obtaining real,

physical measurements on a testbed with real hardware is

something that yields valuable knowledge on the subject.

Observing the results confirms what was said at the begin-

ning: Spine-Leaf networks are networks that withstand quite

effectively the stress of a high load on the time distribution,

managing to reduce the impact on time synchronization. One

of the most valuable conclusions is how, by quadrupling the

network load, time synchronization is not affected by the same

factor. It has also been possible to study the load percentage

threshold at which packets begin to queue on non-PTP aware

switches. Both experiments of load changes in the network

also demonstrate the resilience of the network, which does not

disproportionately affect time synchronization. Whether there

are progressive changes or sudden changes, the Spine-Leaf

network is an optimal network for time distribution.

Still, the asymmetries observed with a medium load in

the network are due to hardware queuing in the switches,

which raises several ideas for future work. Reproducing this

work with switches that include dedicated hardware for PTP

functionalities such as boundary clocks or transparent clocks

would be an even more interesting comparison. This compar-

ison would provide answers to the question of whether PTP

switches are really worth the investment of resources in a DCN

using a Spine-Leaf configuration.

Looking at another aspect of the study, the network used

here has been designed at Layer 2, but it would be interesting

to reproduce these measurements with a Spine-Leaf network

designed at Layer 3.

Since a standard PTP profile has been used in this analysis,

another way to continue this study could be to try different

PTP filters or profiles [26], trying to improve the accuracy of

the final offset. Providing a comparison of all this with other

proposed synchronization systems [14], [20] for datacenters

would complete an intensive study on the subject.
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