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A time-division-multiplexed (TDM) passive optical network (PON) that behaves like multiple point-to-point
(P2P) links can support applications with stringent timing requirements while also maintaining the cost benefits
of the point-to-multipoint (P2MP) topology. This requires the TDM-PON to provide deterministic perform-
ance: lossless transmission and low and constant (with low variations/jitter) latency to selected flows, while also
serving other, e.g., best-effort, traffic flows. We demonstrate two approaches for providing deterministic per-
formance over a TDM-PON. In the first approach, we operate the PON asynchronously to its clients and use
scheduling that provides upstream bursts at a low and constant period. Jitter compensator gateways (JC GW's)
are used to compensate for the jitter introduced by the non-matching PON bursts and the input traffic cycles.
In the latter approach, we implement a deterministic dynamic bandwidth allocation (detDBA) process that con-
trols the placement of bursts at each PON frame for selected transmission containers (T-CONTs) that correspond
to flows with given traffic profiles. We synchronize and co-schedule the PON with the rest of the network and
applications to provide deterministic performance to those flows. As a use case, we study the communication of
industrial applications over the deterministic PON system and demonstrate latency below 100 s and sub-ps

packet latency jitter for the industrial flows, while at the same time serving best-effort traffic flows. © 2024 Optica

Publishing Group

https://doi.org/10.1364/JOCN.502227

1. INTRODUCTION

Time-division-multiplexed (TDM) passive optical networks
(PONs) are a mature, standardized, and low-cost technology
to provide broadband access to residential users and serve fiber
to the home (FTTH) applications in a point-to-multipoint
(P2MP) topology. Recently, new use cases for PONs have been
proposed and demonstrated, including the passive optical
local area network (POL), the transport of 5G data in various
functional-split configurations [1-4], tactile Internet [5], and
communication in industrial applications [5-9].

Several of the emerging applications are time-critical: they
require low latency, and some require low peak-to-peak (p2p)
latency variation. Throughout this paper, we will use the term
jitter to refer to p2p latency variation. The centralized radio
access network (C-RAN) architecture of 5G/6G splits the radio
signal processing between the radio unit (RU) and distributed
unit (DU). The traffic between the RU and DU needs to be
transported over a fronthaul interface with low latency (a few
100s of microseconds) and jitter requirements [10]. In indus-
trial automation, printing, tooling, and packaging machines
have control cycles on the order of milliseconds [11,12]. Note

that this refers to bidirectional communication and includes
all network layers up to the application, the machine control.
Thus, the single-direction transport latency requirement is
tighter, while jitter must be substantially lower. According to
[12], the most stringent class of industrial applications, the
“isochronous real-time,” requires millisecond range of latency
and a maximum of 1 ps of jitter.

Many time-critical applications exhibit known traffic
patterns. For example, industrial automation applications
typically follow a cyclic communication pattern between a
controller and several endpoints. Currently, such applications
are served by field buses and networks (e.g., Profinet, Ethercat,
Modbus) that use strict scheduling to cater to the cyclic traffic
flows. However, such systems lack full interoperability and do
not support conventional LAN traffic. The goal is to reduce the
cost and improve the efficiency (e.g., through co-optimization)
by converging multiple time-critical applications with best-
effort (BE) applications onto the same network [13]. For a
converged network, IEEE 802.1 Ethernet was extended with
a set of time-sensitive networking (TSN) standards that pro-
vide various means for temporal control of the transported
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flows [14]. These include traffic shaping/engineering, frame
pre-emption, synchronization, and scheduling.

In the context of PON, making the P2MP PON behave like
multiple point-to-point (P2P) links would support industrial,
5G/6G x-haul, as well as any time-critical application, while
also maintaining the cost benefits of the P2MP architecture.
To do so, the TDM-PON should provide deterministic per-
formance: lossless transmission and low and constant (with
low variations/jitter) latency to specific flows, while also serv-
ing other, e.g., BE, flows. This requirement applies to both
communication directions. The upstream (US) direction,
which requires coordination to avoid contentions, is more
challenging and will be our focus. Note that WDM PONs
offer deterministic performance by isolating time-critical flows
in the frequency domain and, thus, creating point-to-point
links. However, they are expensive and do not obtain statistical
multiplexing gains as TDM-PON. Given that industrial appli-
cations typically operate at low rates (a range of tens of Mb/s,
converged networks in the Gb/s range capacity), implement-
ing such PON systems on industrial floors is cost-efficient.
Thus, in this paper, we discuss the required extensions to
TDM-PON:S to function as multiple point-to-point links.

To achieve high upstream bandwidth (BW) efficiency and
quality of service (QoS) differentiation for FTTH appli-
cations, the TDM-PON utilizes a dynamic bandwidth
allocation (DBA) process at the optical line terminal (OLT).
In upstream, applications are mapped to transmission contain-
ers (T-CONTs) with traffic descriptors defining their service
requirements. The DBA allocates varying upstream BW to
T-CONTs by considering both their traffic descriptors and
real-time measurements during operation.

However, for an application with strict latency require-
ments, e.g., an industrial control process, we would avoid the
dynamic nature of DBA to achieve better control over the
application’s latency. We would provision a T-CONT with a
committed information rate (CIR) descriptor matching the
application’s BW requirement and a delay tolerance (7gpr)
descriptor (as defined in G989.3 [15]) matching the appli-
cation’s period, making the DBA operate statically for that

T-CONT. However, when the application period, and thus
the configured Tgpr, is not a multiple or divisor of the PON
frame duration (125 ps), the arrival of packets would vary
across the PON frames. In practice, the DBA does not guar-
antee the precise placement of US bursts in a frame, but the
proper capacity and burst period on average [e.g., as depicted
in Fig. 1(a), for a Tgpr of 200 ps, the PON provides five bursts
every 1 ms]. Moreover, the allocation of bursts depends on
other provisioned T-CONTs and their priorities. So, the PON
does not provide bursts exactly every 7ppr, which results in
relatively high latency and jitter [as shown in Fig. 1(a) for a
single T-CONT—without considering additional latency from
other T"CONTs].

To reduce the latency and jitter in upstream, we can con-
figure a smaller delay tolerance (7gpr) parameter than the
application period, and also keep the burst size, to accommo-
date the application’s packet. In this way we offer additional
opportunities to transmit the packet and reduce the latency,
but sacrifice the BW efficiency [Fig. 1(b)]. If the burst period is
a divisor of the PON frame duration, the starting points of the
bursts are fixed in the US PON frames, and we have the advan-
tage that we can repeat the same bandwidth map (BWmap)
for each PON frame. We call this fixed bandwidth allocation
(FBA), as opposed to DBA. Such an FBA approach with a
burst period of a quarter frame was used to achieve low latency
in [1,16] and discussed in [6]. Figure 2 shows the provisioned
BW and the average queuing latency achieved for FBA and
different burst periods with respect to a reference flow (1250
bytes every 200 ps) served over an XGS-PON system. As we
reduce the burst period, we achieve lower latency and jitter but
increase the overprovisioning. Extension of the FBA solution
to multiple flows is straightforward. In [17], Fig. 11 shows
an equivalent to the FBA solution with a burst period of 1/8
PON frame for 16 flows (described as an “accelerated DBA”).
In FBA, the jitter (p2p latency variation) equals the burst
period minus the burst duration [16]. Thus, the maximum
latency is lower than the average latency plus the jitter; for a
jitter below 1 ps, which we target, the maximum latency is
very close to the average. For a flow of 1250 bytes every 200 ps

a) Regular DBA provisioning for constant information rate (CIR) and delay tolerance (Typ;)
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Fig. 1.

Options to control the latency of a periodic flow (1250 bytes every 200 s in this example) over a TDM-PON: (a) Regular DBA

provisioning for a matching CIR and delay tolerance (7gpr); bursts at the start of the upstream PON frame. (b) Bursts with a period that is a
divisor of the PON frame duration (half of a frame in this example), which differs from the application period; constant BWmaps for all frames.
(c) Deterministic DBA: bursts with proper offsets at selected PON upstream frames; repeat after a common multiple of the application period and

PON frame duration (e.g., eight frames in this example).
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rienced by a periodic flow (1250 bytes every 200 ws in this example),
served with (i) FBA of 1250 bytes and different burst periods that
are divisors of the PON frame duration, (ii) proposed JC-PON that
utilizes bursts every quarter (1/4) of the PON frame, and (iii) proposed
detDBA-PON that follows the traffic period. Filled symbols indicate
the options that achieve jitter below 1 ps. Results for option (i)
are according to [16] and verified in our PoC demonstrator, while
results of proposed solutions, options (ii) and (iii), are from PoC
measurements.

(considered in Fig. 2), achieving jitter below 1 s requires
provisioning for 64 bursts per PON frame, consuming almost
10 Gb/s for a 50 Mb/s flow. In Fig. 2 we depict with filled
symbols the options that achieve such low jitter.

Since such BW inefficiency is unacceptable, we need to
use fewer bursts per frame. However, due to the mismatch
between the application packets and PON burst periods, the
packets experience jitter, which can disrupt the time-critical
applications. When such jitter is unacceptable, we can use
jitter compensator gateways (JC GWs). This approach relies
on FBA with the addition of JC GWs, which translate jicter
to latency so that all packets experience the highest latency.
Various mechanisms exist to create such JC GWs. The authors
of [3] proposed a JC that relies on timestamps [at the optical
network units (ONUs)], synchronization, and buffering at the
OLT where packets are selectively delayed to achieve a constant
latency.

We proposed in [8] (also detailed in Section 3) JC GWs
that create a tunnel from an ONU user network interface
(UNI) to an OLT service node interface (SNI). The tunnel
provides known and constant latency [measured jitter below
200 ns in our proof-of-concept (PoC) demonstrator—see
Section 5]. This jitter-compensated (JC)-PON does not
require synchronization of the PON with the external network
and the applications, and it allows the PON to have its own
burst period (e.g., quarter frame). However, it overprovisions
for the full linerate of the UNI—the client Ethernet port
(e.g., 1 Gb/s)—and exhibits latency higher than the minimum
(the increase is equal to the PON burst period). Figure 2 shows
the provisioned BW and achieved average latency for the devel-
oped JC-PON solution and two provisioning options: 1 Gb/s
(implemented) and 100 Mb/s.

An alternative solution is to follow the application traffic
pattern with PON bursts [Fig. 1(c)]. In this direction, we
proposed in [9] (also detailed in Section 4) a deterministic

DBA (detDBA) that controls the placement of bursts at each
upstream frame for selected T-CONTs, providing them with
deterministic performance. For a periodic application, we can
synchronize the PON with the application and follow the
application period. Thus, we can achieve the lowest possible
(scheduling) latency and low jitter (measured below 230 ns
in our PoC demonstrator) and consume only the required
BW. Serving multiple time-critical applications requires syn-
chronization and co-scheduling, which typically requires their
convergence over, e.g., a TSN-IEEE 802.1Qbv-based network
[14]. The detDBA can coexist with a regular DBA (regDBA)
to serve both time-critical and best-effort traffic. Our detDBA
draws ideas from the Co-DBA concept, which is standardized
in [18], and the TSN-IEEE 802.1Qbv standard [14] to provide
deterministic latency to multiple flows with different periods
and packet sizes.

As a use case, we apply the two proposed solutions, the
JC-PON and the detDBA-PON, to serve industrial flows from
devices that are either directly connected to the PON or served
over an Ethernet TSN IEEE 802.1Qbv network, in which case
we interface the PON with the TSN switches. For the JC-PON
solution, we demonstrate low latency and jitter, without the
need of synchronizing and co-scheduling the PON with the
TSN network and the applications. For the detDBA solution
we make the PON part of the boundary clock distribution
tree, and co-schedule it to demonstrate even lower latency (the
lowest achievable in our setup), similar jitter level with the
JC-PON, and high BW efficiency. In all cases, we simultane-
ously serve best-effort traffic flows without interfering with the
industrial/time-critical flows.

This paper is an extended version of our previous works
[8,9]. Compared to those, in this paper we provide a gen-
eralized explanation of the deterministic PON concept; we
describe the two proposed solutions in more detail and discuss
their advantages/disadvantages. We also present additional
experimental results, evaluating the performance of these
solutions independently as well as in comparison.

The rest of the paper is organized as follows. In Section 2 we
discuss the related work. In Section 3 we describe the JC-PON,
while in Section 4 we present the detDBA-PON. The detailed
measurement setup and results from our proof-of-concept
demonstrator are discussed in Section 5. Finally, Section 6
concludes this work.

2. RELATED WORK

There are several technologies to control the latency and jitter
of the traffic flows. On one hand, we have specialized network
technologies, referred to as field-buses and field-networks,
developed for real-time control of machines and production,
also referred to as operational technology (OT). Due to the
wide variety of OT applications and varied requirements,
several field-buses have appeared [19] (Profibus, Profinet,
Ethercat, Industrial Protocol, etc). Different field-buses are
generally not compatible with each other, as opposed to infor-
mation technology (IT)-based networks relying on IP and
Ethernet. To improve interoperability, field-buses are moving
towards an Ethernet-based sublayer. However, their speed and
interoperability are still limited.
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On the other hand, in the IT world, several techniques
have been developed that rely on traffic engineering to control
the queueing jitter. In such approaches the control is done by
admission control at the network borders, by traffic shaping,
or by statistical calculations, using, e.g., network calculus [20].
However, the achieved latency and jitter bounds might turn
out to be infeasible in real cases. For example, Ethernet IEEE
802.1Qcr [21] provides a formula that gives a 12 ps collision
duration as worst-case for a 1 Gb/s link, for any traffic load.
However, this value is already higher than the synchronization
and jitter requirement of certain time-critical applications.

Other TSN standards to control the latency and the jitter
are the frame preemption (IEEE 802.1Qbu and 802.3br) and
scheduled traffic (IEEE 802.1Qbv) [14]. Frame preemption
enables a higher priority frame to interrupt an ongoing trans-
mission of a lower priority frame (otherwise, it would wait for
its full transmission). Pre-emption solves the collision problem
of one high-priority class over all others, but not within the
high-priority class itself or when several classes require low
latency, as the use cases we target.

Scheduled traffic (IEEE 802.1Qbv) employs gates in front
of each priority queue at the egress ports of the Ethernet
switches that open and close according to a global schedule.
Global scheduling requires synchronization, which is achieved
through the IEEE 802.1AS [22] profile of the precision time
protocol (PTP), which requires “any two time-aware devices
separated by seven or fewer hops to be synchronized within
1 ps peak-to-peak accuracy.” The schedule defines for each
TSN Qbv switch a cyclically executed gate control list. The
gate opening offset (w.r.t. the TSN switch cycle) is calculated
by the transmission time at the previous switch, as well as the
propagation and switching time of the considered switch. Flow
isolation is achieved in time (delaying at a previous hop) and/or
space (using different queues). The gate opening duration is
calculated based on packet size, while synchronization and
propagation errors are accounted for by adding a margin to
that. Typically, one queue is allocated to BE/IT traffic, which
is served during inactive/unscheduled periods of time-critical
traffic. IEEE 802.1Qbv isolates the time-critical flows, and
maintains their cycles, yielding constant latency and low jitter.
However, it requires global synchronization and the diversity
in paths and the variety of packet sizes, and cycles make the
scheduling calculation very difficult (NP-hard [23,24]). Thus,
although it provides the ultimate control over latency it is hard
to scale to big networks and multiple applications.

Therefore, [25] proposed a backbone network for multiple
independent TSN networks. The proposed backbone relaxes
the key constraints of Qbwv, i.e., it avoids global synchronization
and scheduling, enabling the formation of TSN domains that
stretch out over different locations and keep their heterogeneity
(protocol, maintenance, etc.). The backbone is based on a new
TDM architecture implemented as a shim layer in the Ethernet
protocol stack. In this paper, we make use of that solution in
the JC-PON described in Section 3.

Note that the above discussion pertains to layer 2 solu-
tions (as is the PON) for deterministic latency. The IETF
Deterministic Networking (DetNet) working group [26] is
defining a layer 3 umbrella across layer 2 domains, excluding
layer 2 modifications, which is our focus here.

In this paper, we consider TDM-PON, a telecom technol-
ogy that has been massively deployed for serving residential
users and FTTH applications. These are best-effort applica-
tions that do not have strict latency and jitter requirements,
and as so, the PON was not developed with such a focus.
However, the PON has the key features to grant low latency
and low jitter. First of all, it is scheduled in the upstream direc-
tion, while in downstream there is a single outgoing port and
known solutions are rightly applicable. Secondly, the PON can
be synchronized to an external source and can provide synchro-
nization as a service. Note that these two are the ingredients
used in TSN Qbv and field-buses to achieve low latency and
jitter. Moreover, PON is a point-to-multipoint system that is
mature and cost-efficient. Most applications, even those requir-
ing low latency and jitter follow a server-to-multiple-clients
communication paradigm: industrial applications involve a
controller and several end-devices, and x-haul communication
is also point-to-multipoint, involving communication between
a CU and multiple DUs and between a DU and multiple RUs.
Converged industrial networks are envisioned to use Ethernet
802.1Qbv switches but such switches today have a low radix
(four ports) and low rate (1 Gb/s). Thus, building a converged
network requires a plethora of switches, which complicates
scheduling and limits the scalability. Thus, PON has the key
features and certain advantages over existing technologies
(higher rate, high radix) and can replace or interface with
existing network elements to implement a converged network.
However, since the PON was designed for FI'TH applications
it requires extensions for deterministic performance. In this
paper, we propose two such extensions.

Making use of the TDM-PON advantages, recent works
propose it for various non-FTTH use cases [5,7] including
the support of time-critical applications. The transport of
various 5G functional-splits is considered in [1-5,16]. The
works [1,5,16] rely on providing bursts at a constant burst
period/FBA [Figs. 1(b) and 2(i)] that experience relatively high
jitter, at an acceptable level for front- and mid-haul. The co-
scheduling of the PON with the radio access network (RAN)
according to the Co-DBA concept [18] is followed in [2,3].
The solution of [3] employs JC GWs based on time-stamping,
an alternative technique to tunneling that we proposed in
[8] and in Section 3 of this paper. An adaptive FBA based on
feedback to identify the setup and tear-down of front-haul con-
nections is proposed in [4]. A fast DBA based on P4 to quickly
allocate US bursts to time-critical traffic was demonstrated
in [27]. However, [27] relies on DBRu reports that in turn
rely on previous BW allocations, which can cause high latency
and jitter. Most of these aforementioned approaches neglect
jitter, which is crucial for industrial applications [6,7,12]. The
authors of [28] propose a time-aware DBA to achieve low
latency and jitter, similar to the detDBA concept we proposed
in [9] and in Section 4 of this paper. The focus in [28] is on
the related scheduling algorithm and results come from sim-
ulations, while in this paper we describe a PoC demonstrator,
where the PON is interfaced with TSN Qbv switches and we

present experimental measurements.
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3. JITTER-COMPENSATED PON

In this section, we describe the solution developed to achieve
deterministic performance for upstream transmission in PON
using jitter compensation (JC) techniques. In [1], a low-
latency MAC was demonstrated, which served an upstream
flow with multiple periodic bursts per PON frame. Through
such a mechanism, the PON can be configured to have burst
periods that are an integer multiple or divisor of the PON
frame duration (i.e., 125 ps). Targeting low latency, we would
select a burst period that is a divisor of the PON frame dura-
tion, for example, in [1] a burst period of 31.25 ps (quarter
frame) was used, which results in four bursts per PON frame
to grant low latency to CPRI-based fronthaul traffic. In such a
case, where we use a burst period that is a divisor of the PON
frame duration, a key advantage is that we can repeat the
same BWmap at each PON frame for the time-critical flows.
Assuming a periodic application traffic, with a period that is
an integer multiple or divisor of the PON frame duration, the
application can be supported with low latency and low jitter
with such a scheme. However, for generic cases of a mismatch
between the application and PON burst periods causes a jitter
that could disrupt the time-critical application. Moreover, rate
conversions, the PON operating at a higher rate (e.g., 10 Gb/s)
compared to the UNI and/or SNI ports (e.g., 1 Gb/s), espe-
cially rate down-conversion, create self-induced collisions that
alter the timing of the packets, thus creating jitter.

To solve these issues and reduce the jitter, we enhanced
the PON with JC, extending the approach described in [25].
In the following we describe the proposed solution in the
upstream direction and for our PoC demonstrator that consists
of an XGS-PON and 10 GE (10 Gb/s) ONU UNI and OLT
SNI ports. However, our solution is quite generic and can be
extended for other TDM-PON generations and port rates.

We developed JC GWs in FPGA boards. The JC GWs have
GE (1 Gb/s) ingress and egress ports, targeting to be interfaced
with TSN switches and/or industrial applications at that port
rate and to function as rate converters towards the XGS-PON.
The JC GW at the ONU side periodically, every PON burst,
i.e., every 31.25 ps in the PoC discussed in the following,
encapsulates the GE bitstream (including idle symbols) arrived
during the previous period at the JC GW ingress port in a con-
tainer Ethernet frame. This frame is then passed to the ONU
and transmitted as a PON burst. The PON is configured with
the low-latency MAC, i.e., four bursts every PON frame,
which is with a burst period of 31.25 us (quarter frame). For

Rate conversion

GE bitstream decapsulation

PON burst

V.

“Burst header

splitter

each T-CONT that has an actual maximum rate lower than the
free (unreserved) slots. The wait we reserve a CIR fixed band-
width of 1 Gb/s (actually slightly higher to accommodate the
added Ethernet header). The burst reaches the OLT and then
the encapsulated container Ethernet frame is forwarded to the
egress JC GW, which decapsulates it and forwards the initial
GE bitstream to the dedicated GE JC GW egress port. Figure 3
shows a schematic depicting the processing performed at each
step of the JC-PON in the upstream transmission direction.

Under the hood, the JC GWs at the ONUs form a logical
bus, so that we use the synchronous bus architecture that is
described in [25]. The link between the JC GWs at the ONUs
and the JC GW at the OLT is partitioned into slots that follow
a cyclic schedule that can be reserved for connections between
the client ports, according to the required granularity. For
example, we can define a cycle of 100 slots on a 10 Gb/s link,
to grant 100 Mb/s granularity. The bitstream of a T-CONT
that requires deterministic performance is aggregated into con-
tainers that are forwarded solely to the corresponding reserved
slots and are thus isolated from other traffic. The bitstream of
a best-effort T-CONT is aggregated into containers that have
opportunistic access to the free (unreserved) slots. The waiting
time of the packets of a deterministic T-CONT equals the
reservation cycle (the bitstream is aggregated from the reserved
slot in one cycle until that slot in the next cycle), assuming a
reservation of one slot per cycle. With reservations and periodic
scheduling, the packets of the deterministic T-CONTs are
isolated and experience constant latency that does not depend
on the traffic of the other flows/slots.

In the JC-PON we also align (i) the JC GW at the ONUs
and the OLT and (ii) the ingress and egress port clocks. These
alignments are done inband with byte stuffing without using
any external synchronization mechanism. Details about these
alignment processes are given in [25]. In the PoC we imple-
ment a phase-locked loop (PLL) between the JC GWs and
the PON to align the generation of the encapsulated Ethernet
frames with the PON bursts. The JC GWs were implemented
as external modules in FPGAs in our PoC demonstrator, but
they are envisioned to be integrated with the ONU and OLT.
Thus, such a mechanism for the alignment of the ONUs and
OLT JC GWs will not be required in the integrated JC-PON
solution.

The JC-PON solution does not require synchronization
of the PON with the external network and the applications
(the JC GWs even tunnel the PTP messages), and it allows
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Fig. 3. Upstream transmission of a periodic flow over the JC-PON. The ONU JC GW encapsulates the GE bitstream arriving at the UNI port
into a container Ethernet frame. Note that even the idle symbols are encapsulated. The container Ethernet frame is transported as a PON burst.
The OLT decapsulates this Ethernet frame and forwards the initial Ethernet GE bitstream to the SNI port.
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the PON to have its own schedule and burst cycle. The tun-
nel created between the JC GW ports transfers the Ethernet
bitstream from the ingress to the egress port: all bitstream
symbols, including symbols for the packets but also idles, are
transferred as 7s. Figure 4 is an example that shows the timing
for the JC-PON. Any input traffic, periodic and non-periodic
or even random, maintains unaltered the timing between the
packets. This creates a tunnel from an ONU UNI to an OLT
SNI (assuming the JC-PON with integrated JC GW into the
OLT and ONUs) and yields known latency. The latency is
equal to the PON/JC GWs reservation cycle plus the PON
propagation and is constant (measured jitter below 200 ns
in our PoC demonstrator—see Subsection 5.B). Thus, the
JC-PON behaves as if there was a “cable,” a P2P link, between
the two ports.

The JC-PON that behaves as a P2P link can be easily inter-
faced with other networks or applications. For example, an
IEEE 802.1Qbv TSN network is based on scheduling cal-
culations that assume that the TSN switches are connected
with links of known propagation delay (with known and small
uncertainty). Moreover, a requirement for the TSN network
is that the networking infrastructure (bridges or end-devices
in PTP terminology) support PTP with the required accuracy
of 1 us as defined in the 802.1AS-2011 [22]. The JC-PON
does not affect the scheduling calculations of the TSN network
since it behaves as a link of known propagation delay, while
it also transparently transports the PTP messages to enable
synchronization of the devices at its edges.

A similar solution with encapsulation and decapsulation
at the JC GWs is applied in the downstream direction. The
solution in downstream can be simpler as there is no need to
match the time-critical flow and the PON burst cycles in that
direction. Finally, note that in TDM-PON there is typically an
upstream-downstream latency asymmetry. Thus, the JC-PON
actually acts as an asymmetric link. The known latency and
asymmetry can be accounted for in PTP configuration, in the
TSN scheduling, and/or in the application configurations.

4. DETERMINISTIC DBA PON
The approach to deterministic PON described in Section 3

does not require any knowledge of the served traffic. However,
in the detDBA-PON approach, we assume that the T-CONTs
that require deterministic performance and relevant parameters
about their traffic patterns can be identified in advance. For

PON propagation + PON reservation cycle
PON propagation

example, for a periodic flow, we need to know its packet size,
period, and starting time. Some of these parameters can be
passed through the regular PON traffic descriptors during
provisioning of the T-CONTs and/or require extensions of the
traffic descriptions or a new interface, which are left outside
of this work. An example of a real-time control plane inter-
face for provisioning T-CONT parameters in the context of
mobile fronthaul is the co-operative transport interface (CT1)
[29] specified by O-RAN. Such input can be processed by a
cooperative (Co-) DBA [18] in the OLT.

In this paper, we assume that a set of periodic flows requiring
deterministic performance and their relevant parameters is
available to the DBA process within the OLT. In the following
explanation, D is the set of deterministic T-CONTs, 7 is the
period, S, is the packet size, and Ay is the arrival time of the
deterministic T"CONT 4 € D. The duration D, of the bursts
of T-CONT 4 is calculated based on the size of the packets Sy,
assuming one burst per packet (D; =S,/ R, where R is the
PON upstream line rate).

The proposed detDBA-PON consists of a deterministic
scheduler and an enhanced BWmapper, which complies with
the Co-DBA concept. We will discuss the BWmapper at the
end of this section. For the set of deterministic T-CONTs, the
deterministic scheduler finds the starting times of the respec-
tive bursts by solving the non-pre-emptive scheduling of concrete
periodic tasks problem [23,24,30]. The term non-pre-emptive
indicates that we do not break a packet into multiple bursts,
the term 7dling indicates that we do not need to transmit the
packet immediately even if the PON channel is free but we
can store it (at the ONU) until its burst is scheduled, and the
term concrete indicates that we know the arrival times of the
packets (they depend on the application configuration and any
network element before reaching the ONU). We calculate the
schedule for the hyperperiod of

Tiewon = LCM({ 7 forall & € D, Tr}),

where LCM( ) is the least common multiple of the set { } that
consists of the periods 7 of the deterministic traffic T"-CONTs
d € D and of the PON frame duration (7F = 125 us). The
calculated schedule is repeated every Ziqpon. We convert the
packet arrival times of all deterministic T-CONTs with respect
to a reference PON frame, with the following process: take the
earliest packet arrival time across all deterministic T"CONTs
(Ayef = mingep(Ay)) and find the PON frame that contains
Apet. The start of that PON frame 7. is used as the reference

OLT port :

(1 GE) i e IFIow1 pkt BE ‘ Flow1 pkt ‘ BE _
(10 Gb/s) I 1 >
ONU port ] i

(1GE) ow1 pkt BE i Flow1 pkt ] BE ] Flow1 pkt .

PON reservation cycle PON reservation cycle PON reservation cycle PON reservation cycle
Flow1 cycle Flow1 cycle Flow1 cycle

Fig. 4.

Example that shows the timing for the JC-PON solution. The reservation at the PON is the full port ONU UNI rate (e.g., 1 GE in

this example). All packets arriving at the ONU UNI port are tunneled to the OLT SNI port as zs, without altering their timings. This solution can
support applications with periods that do not match the PON reservation period, even aperiodic flows, best-effort traffic, PTP, or other control
packets without interfering with them. It grants to all constant latency, so the PON behaves as a “cable,” a P2P link.
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starting time. The (virtual) packet arrival times of the other
deterministic T-CONTs are calculated by subtracting their
period (7;) from their arrival time (A4,) until we find the first
(virtual) arrival of their packet after the reference PON frame
Tret. The schedule is calculated from 7., for the calculated
(virtual) starting times, for duration Tgepon, and repeated
every Tiepon afterward. This process is required to avoid all
time conflicts, since all possible conflicts will appear within
that Zjepon. The actual reservations could be delayed until the
respective traffic arrives.

For each deterministic T-CONT 4, the schedule defines
a burst offset 04. The offset is applied at each period, defin-
ing thus the burst starting times over Zjqpon. In particular,
the bursts for T-CONT 4 start at o, + Ay +i- T, for
i=0,1,..., Tieron/ 1y. The offsets are calculated to avoid
collisions among bursts of different deterministic T"CONTs
within the 73.pon. The duration between oy + A, +:7 - 1y
and 0,{+Ad~|—l‘ . D—FDJ, fOI‘ l:O, 1, vy ]:ietPON/D is
reserved for bursts of T"-CONT 4 exclusively. Figure 5 shows
an example of the scheduling of two deterministic T-CONTs
with periods 200 and 250 ps, over the hyperperiod Tgepon of
1 ms.

The offset 0, is equivalent to the scheduling (queueing)
latency of the packet of T"-CONT 4 at the ONU buffer until
it is served by its allocated burst. Since a single offset is cal-
culated per T-CONT and applied at the T-CONT period,
all T-CONT packets exhibit fixed scheduling latency (zero
scheduling jitter). This holds for flow periods that are multiples
of the PON word duration (12.86 ns in XGS-PON), which
is the lowest PON scheduling granularity. Otherwise, if the
period is not a multiple of the PON word duration, there will
be a very low scheduling jitter (<1 PON word duration).

The scheduling problem for the detDBA-PON, described
above, is complex (NP-hard) even if it is for a single hop [24].
It cannot be solved optimally in a reasonable time for a large
number of deterministic flows. However, for a low number
(e.g., tens to hundreds) of flows, the shortest period first [which

maps to the earliest deadline first (EDF) assuming that the
deadline is the period] heuristic achieves good performance.
It is worth noting that our detDBA proposal makes the PON
equivalent to a switch in a TSN Qbv-based network, which
requires such scheduling calculations [23]. Moreover, we envi-
sion using such a system quasi-statically, where the addition
of new flows is not done dynamically and remains for long
periods, as would be the case on an industrial floor or a 5G/6G
functional pipeline. The scheduler will run when a determin-
istic T-CONT is provisioned, which could be done well ahead
of the first packet arrival. Finally, if the start of the application
can be controlled and we can schedule all network elements
within the path, then the problem becomes that of scheduling
non-concrete tasks, which can be solved optimally with the EDF
heuristic [30]. Evaluation of the scheduling performance of the
detDBA-PON solution requires detailed simulations and is
part of our future plans.

Depending on the other network elements connected to
the PON and the applications served, the PON needs to be
synchronized and co-scheduled to yield deterministic perform-
ance. To be more specific, assuming multiple applications,
they should be globally synchronized to be served over the
detDBA-PON, as would be the case if they were served over
a converged TSN IEEE 802.1 Qbv-based network. In such a
case, the TSN switches would be synchronized and distribute
the clock by forming a boundary clock distribution tree using
the IEEE 802.1AS PTP profile [22]. Since commercial PON
systems support PTP, the PON can be part of the same clock
distribution tree. The proposed detDBA-PON is equivalent to
one TSN switch with ingress ports (UNIs) at the ONUs and
egress ports (SNIs) at the OLT, thus enabling it to be a part of
the TSN network scheduling.

In the proposed solution, the detDBA and the regDBA
processes coexist at the OLT (Fig. 6). The scheduler calcu-
lates the schedule (starting times and durations of the bursts)
for the deterministic T-CONTs at provisioning time. The
regDBA works in cycles of duration C. The schedule duration

Tdet-PON
(=Ims) g
det. flow 2: T,=250 ps
Dq,
Ag,= =20 Dqg, Dqg, Dq,
2 us
50 ps
det.flow 1: T,;;=200 ps
Dq
- Dq, Dg, Dq, Dq,
s
Aq;=10 us
04,= 0q 0 Oa
0a,=0 4o : % -
Dyq, Da Da, Do Dy, Di)Da, Dy, Pa
Frame 1 iFrame 2 Frame 3 Frame 4 Frame 5 i Frame 6 Frame 7 Frame 8 time
Fig. 5. Scheduling two flows 4, and &,. Flow d; has period 7, =200 ps, duration (in the PON) D, = 30 ps, and arrival time A, =10 s

with respect to the start of the first PON frame. Flow 4, has period 7, =250 ps, duration (in the PON) D,, =20 ps, and arrival time A, =
50 ps with respect to the start of the first PON frame. The schedule is calculated for hyperperiod Ziepon, the LCM of the PON frame duration
Tr =125 ps, and of the periods of the two flows, that is, for Zi.pon = 1 ms. The schedule identifies the offsets 04, =0 and 0,, =40 ps so that
bursts do not collide in the hyperperiod Tgepon. This schedule is repeated every hyperperiod Ziepon-
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Fig. 6. Schematic of the detDBA process, including the determin-
istic scheduler, the regular DBA, and the enhanced BWmapper.

TieoN can be larger or smaller than C. So at each start of a
regDBA cycle, the scheduler informs the regDBA of the BW
it has allocated in that cycle so that the regDBA can allocate
the remaining BW to the non-deterministic T"-CONTs. The
scheduler transfers the schedule (in the form of deterministic
BWmaps) to the enhanced BWmapper, which runs per PON
frame. The enhanced BWmapper applies the deterministic
BWmap part for the frame and fills the unused timeslots with
bursts for the non-deterministic T"CONTs according to the
calculations of the regDBA.

Considering the previous example with the scheduling of
two flows depicted in Fig. 5, and assuming a regDBA with
a cycle of C=2ms, the detDBA would inform regDBA
that it has allocated (5 Dy +4 - Dy,)/ R bandwidth to the
deterministic T"CONTs, where R is the upstream PON line
rate. The regDBA could allocate the rest of the R to non-
deterministic T-CONTs. The enhanced BWmapper would
get the deterministic schedule for each frame (or for the whole
1 ms cycle as shown in Fig. 5 and would apply it per frame)
while allocating the free timeslots (white parts of the frames in
Fig. 5) to non-deterministic T"CONTs based on the BW allo-
cation provided by regDBA. Note that the above exemplified
calculations exclude FEC and burst overheads.

The detDBA solution applies specifically in the upstream
direction and the TDM-PON transmission convergence (TC)
layer that controls the optical transmission between ONUs
and the OLT. Typically, several OLTs are integrated into a
multi-OLT system that serves several PONs and includes one
or more layers of (electrical) packet switches. Even the ONUs
can have multiple UNIs and a small aggregation switch before
the optical PON interface. Therefore, the latency performance
of the complete PON system, including the electrical packet
aggregation switches at the OLT or ONU, depends on the
determinism of those switches. The same applies in the down-
stream direction where there is no PON scheduling and packet
multiplexing is performed according to the traffic management
capabilities of the packet switches in the multi-OLT system.
Thus, to achieve deterministic performance across the whole
PON system, in addition to the detDBA solution outlined
above, the packet switches should comply with TSN IEEE
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802.1Qbv or any TSN flavor that satisfies the latency and jitter
requirements of the applications.

5. DETERMINISTIC PON PROOF-OF-CONCEPT
DEMONSTRATION

To demonstrate the deterministic performance of the two pro-
posed PON solutions, we implemented a converged industrial
network testbed. Our testbed consisted of a Nokia XGS-PON
(ISAM 7360) system implementing the OLT, 2x Nokia XGS-
PON ONUs, 2x TSN IEEE 802.Qbv switches (Hirschmann
RSPE35), and an Ethernet traffic generator and analyzer (IXIA
Novus One). In the case of the JC-PON, we used 3x Xilinx
Virtex-7 FPGA boards to implement the JC GWs. Figure 7
shows a photo of our testbed.

In our performance evaluation, we first characterized the
TSN network (Subsection 5.A) and then the two deterministic
PON solutions (JC and detDBA) independently without
connecting the TSN switches (Subsections 5.B and 5.C,
respectively). Then we measured the performance of the full
network with the TSN switches connected using the JC-PON
or the detDBA-PON solutions (Subsection 5.D).

A. TSN Network Characterization

For reference, we initially measured the latency and peak-to-
peak variation (jitter) for a network consisting of two TSN
switches alone.

Figure 8 shows the logical representation of the setup. The
IEEE 802.1AS PTP profile was used with the industrial con-
troller being the server while the TSN switches participated
in the boundary clock distribution tree as shown in the figure.
We synthesized two industrial flows: flow 1 was configured to
generate 1250 byte packets with a period of 200 ps, and flow 2
was configured to generate 625 byte packets with a period of
250 ps. Note that we intentionally created industrial flows
with different periods, to validate the convergence capability
of IEEE 802.Qbv TSN technology to support flows with
different periods over the same network. We also created a
BE traffic flow with randomly sized packets (64—1512 bytes)
and a 300 Mb/s (average) rate. Traffic was bidirectional and
measurements include both the US and downstream (DS)
directions.

Biaiiic /I

Ethernet Traffic Generator and Analyzer

S

Fig.7. PoC converged industrial network testbed.
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Fig.8. Setup used to measure the TSN network.

The TSN switches were scheduled to isolate and follow the
industrial flow cycles and to minimize the latency of the pack-
ets, avoiding their queuing in the TSN switches. In particular,
for the upstream transmission, industrial flow 1 was configured
to start at 0 Ws, and industrial flow 2 at 32 ps. TSN switch 1
was configured with a 200 us cycle and to open gate 0 for
flow 1 from 13 ps (10 ps for the reception + 2 s for switching
to the output gate + 1 ps of margin) and for 13 ps duration
(10 ps for the transmission + 2 us for the opening/closing of
the gate + 1 ps for PTP inaccuracy margin). TSN switch 2
was configured with a 1 ms cycle (= LCM of the periods of
the two industrial flows), to open the gate 0 for flow 1 from
26+7-200 pus with =0, 1, ..., 4, for 13 ps, and to open
the gate 1 for flow 2 from 39 +7 - 250 uswith7 =0, 1, ..., 3,
for 7 us. The remaining timeslots were configured to open the
default gate that served the BE flow. Note that the above cal-
culations were based on the delay (reception and transmission)
specifications and margins of the TSN switches (Hirschmann
RSPE35), p. 1360 [31].

Table 1 shows the measured packet latencies for the different
flows. We can observe that the average packet latencies of the
industrial flows were quite low, and their jitter was also low,
below 1 s, which is the stringent requirement of industrial
applications. The lower latency of flow 2 was because it crossed
only one TSN switch and had a smaller packet size. Note that
measuring the jitter of the scheduled flows indirectly measures
the PTP synchronization accuracy. A packet arrives, according
to the timing/gate opening of the previous hop, and waits for
the gate opening of the current hop. We open the gate longer
by a margin to account for the synchronization inaccuracy
between the two hops. Thus, the measurement reflects the
synchronization inaccuracy of the last two hops. We have
accounted for such inaccuracies with a 1 s margin in all hops.
So we indirectly know that PTP functioned properly across
the whole path and according to IEEE 802.1AS standard,
which requires synchronization within 1 ps accuracy. We also
observed that the latency was quite symmetric for US and DS
for both industrial flows. Also, the measured latencies were
equal to the configured offsets of the TSN switches minus their
initial offsets. This indicates that the schedule was #ight and
the packets of both flows did not wait (apart from the applied
margins) in the queues of TSN switches.

The jitter of the BE flow was quite higher (>70 ps) than
that of the industrial flows (<1 ps). Note that the jitter of the
BE flow depends on its load and on the other traffic. In Table 1
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Table 1. TSN Network Latency Performance

Avg Min Max
Latency Latency Latency Jitter
Flow (us) (us) (us) (us)

Industrial flow 1 - DS 26.083 25.392 26.120 0.728
(1250 bytes, 200 ps)

Industrial flow 2 - DS 7.615 7.265 7.657 0.392
(625 bytes, 250 ps)

BE flow - DS 32.582 6.538 80.072 73.534
(64-1512 bytes, 300 Mb/s)

Industrial flow 1 - US 26.090 25.407 26.112 0.705
(1250 bytes, 200 ps)

Industrial flow 2 - US 7.602 7.478 7.731 0.253
(625 bytes, 250 ps)

BE flow - US 32.691 6.567 80.137 73.570

(64-1512 bytes, 300 Mb/s)

measurements, the load of BE was set to 300 Mb/s. We also
increased the BE load to 900 Mb/s and we observed losses in
the BE packets, and very high latency and jitter. Since the
industrial flows were isolated through TSN IEEE 802.Qbv,
they were unaffected by any other traffic flow in the network
and their average latencies and jitter remained the same as
shown in Table 1.

B. JC-PON Characterization

Figure 9 shows the logical representation of the setup we used
to characterize the performance of the JC-PON (Section 3).
Since the JC GWs function as tunnels from an ONU UNI
port to an OLT SNI port, we required three SNI ports to serve
the traffic. Due to the isolation among the tunnels, there is no
need for a common time base. Consequently, we installed two
independent PTP servers on the two ports that were tunneled
to the two industrial devices.

We synthesized the same traffic flows as before: industrial
flow 1 was 1250 bytes every 200 ps, industrial flow 2 was
625 bytes every 250 ps, and the BE flow was a random size of
64-1512 bytes and 300 Mb/s. For the JC GW configuration,
we used a schedule of nine slots of 4032 Ethernet payload
bytes (excluding preamble, start frame delimiter, and frame
check sequence), 40 bytes interframe gap between the slots,
plus 2454 bytes of varying gaps after the ninth slot for clocks
alignment. The period of the schedule was set to 31.25 ps (to
match the PON burst period). Each slot corresponded to a
BW of 1.032 Gb/s. In the schedule, we reserved the first slot

Application E TDM-PON E Application
(Traffic Gen.) | . (Traffic Gen.)
E Inqlustrial flow 1
; 1 Ge '“ Industrial
Industriai £ 1 GE ¥ " device 1
controller ! !
S| } Best effort flow
1GE |
P 1 GE"| Best Effort
Best Effort ! v client
server  1,G !
' Indlustrial flow 2
ElPte server Downstream (DS) | Industrial
PTP client Upstream (US) TGE " device 2
Fig.9. Setup used to measure the JC-PON.
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for ONU 1-industrial flow 1, the second slot for ONU 2—
industrial flow 2, and the third slot for ONU 1-BE flow. Note
that we intentionally reserved a slot for the BE flow to showcase
the capabilities of the JC GWs; in normal operation the BE
flows would have opportunistic access to any free slot. The
PON was configured with a low-latency MAC with four bursts
every PON frame, that is, a burst period of 31.25 ps, and
1.050 Gb/s CIR for each of the three T-CONTs. The encapsu-
lated Ethernet container frames from the JC GWs were aligned
with the bursts with a custom PLL mechanism outlined in
Section 3.

Table 2 presents the measured packet latencies for the differ-
ent flows. We can observe the very low jitter for all the flows,
including the BE random flow. The reason for this is that the
JC GWs created tunnels and isolated each flow with a separate
slot reservation. Even randomly arriving packets of the BE flow
were transferred as they arrived; they experienced constant
latency as if they were transferred over multiple P2P links. The
JC-PON offered constant latency for any upstream flow (with
a reservation), which was measured equal to 90.5 ps and is the
sum of the TDM-PON and JC GW cycle = 31.25 ps (the
waiting time at the JC GW undil the bits are encapsulated to
form the container) plus the transmission and propagation
time for the 4032 byte container plus the JC GW processing
time (FPGA implementation).

Note that the JC GWs were optimized for upstream trans-
mission, taking into account the inter-burst gaps when aligning
the JC GW frames and the PON bursts. The same alignment
was used for downstream, which resulted in slightly varying
latencies. This was an implementation choice and would be
optimized in an integrated solution, where the JC GWs would
be integrated into the ONUs and the OLT. It is also worth
noting that US and DS latencies were asymmetric, and in
particular for flow 1 the asymmetry was measured equal to
11.84 ps. Such asymmetry should be and was accounted for
when configuring PTP.

As stated above, the JC GW slots were 1.032 Gb/s and the
PON reservation was 1.050 Gb/s adding small overheads to
the intended reservation of 1 Gb/s. However, the intended
reservation results in high overprovisioning (industrial flow 1
was 50 Mb/s and flow 2 was 20 Mb/s). This provisioning to
the client port line rate plays a key role in the JC GW function
(transferring the whole bitstream, including idle symbols) for

achieving low jitter.
Table 2. JC-PON Latency Performance
Avg Min Max

Latency Latency Latency  Jitter
Flow (us) (us) (us) (us)
Industrial flow 1 - DS 78.631 78.552 78.810 0.258
Industrial flow 2 - DS 79.046 78.960 79.215 0.255
BE flow - DS 79.452 79.360 79.614 0.254
Industrial flow 1 - US 90.471 90.385 90.562 0.177
Industrial flow 2 - US 90.514 90.417 90.610 0.193
BE flow - US 90.503 90.400 90.580 0.180

C. detDBA-PON Characterization

Figure 10 shows the logical representation of the setup we
used to characterize the performance of the detDBA-PON.
The PON was a part of the PTP boundary clock distribu-
tion tree. We synthesized traffic flows as before. Note that
industrial flow 1 period (200 ps) was not a multiple or divisor
of the PON frame duration (125 us), and thus it was non-
trivial to be served with a regular DBA [see Fig. 1(a)] and to
exhibit low latency and jitter. We calculated the schedule and
loaded the BWmaps of Zipon = 1 ms duration (eight PON
frames = LCM of industrial flow periods and of PON frame
duration) to the OLT and repeated them every 1 ms. The
bursts for industrial flow 1 were of 1280 bytes every 200 ps
and for flow 2 were 680 bytes every 250 s (set in equivalent
PON words [15]). BE traffic was served with a 300 Mb/s
T-CONT and a delay tolerance traffic descriptor of 250 ps
(two frames). The ranging process was disabled after the ONUs
were operational on the PON. If ranging is required during
PON operation, solutions such as whisper ranging should be
applied [32] to avoid interfering with the detDBA operation.

The detDBA-PON setup was measured only in the
upstream direction for which the detDBA mechanism was
applied. At the OLT the two industrial flows were aggregated
on the same SNI port and forwarded to the industrial con-
troller, while the BE flow was forwarded through another port
to the BE server. All three flows were interleaved without con-
tentions on the detDBA-PON and they exited the PON with
almost constant latency (low jitter). Then they went through
the backplane path and crossed a switching element of the
Nokia ISAM multi-OLT platform until they exited from the
SNI port of the network (NT) card. Note that the Ethernet
switch used in the ISAM platform did not implement TSN
features. For that reason, we isolated the time-critical industrial
flows from BE in the spatial domain, using different backplane
paths and SNI ports in the ISAM platform (while in the PON
we isolated them in the time domain with the detDBA).

Table 3 shows the measured packet latencies for the different
flows (only for upstream). We measured an average latency of
36.12 ps for industrial low 1 and 28.38 us for flow 2. The
latency jitter was below 0.220 ps, showcasing the proper isola-
tion of the flows. For comparison, the latency jitter for the BE
flow was measured to be 223 s, which was in accordance with
the delay tolerance descriptor configured for the T-CONT of
that flow. The addition of other traffic flows would make the
jitter of the BE flow much higher.

server 1'GE

Application TDM-PON | Application
(Traffic Gen.) | ' (Traffic Gen.)
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— ; TGE i (Ijndystrifl
ndustria | ! evice
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Fig. 10.  Setup used to measure the detDBA-PON.
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Table 3. detDBA-PON Latency Performance (Only
Upstream)
Avg Min Max
Latency Latency Latency  Jitter
Flow (us) (us) (us) (ps)
Industrial flow 1 - US 36.122 36.097 36.317 0.220
Industrial flow 2 - US 28.389 28.310 28.510 0.200

BE flow - US 124.711  21.860  245.012 223.152

D. TSN and PON PoC Experiments

Finally, we performed experiments with the complete TSN and
PON network and for the two proposed deterministic PON
approaches, the JC-PON and detDBA-PON. Figure 11 shows
a generic representation of this setup, without indicating which
deterministic PON approach is used.

In the case of JC-PON, we included the JC GWs at the
two ONUs and at the OLT. As discussed in Subsection 5.B
the JC-PON did not play an active role in the PTP clock
distribution, was not synchronized with the TSN switches
nor with applications, and kept its own schedule. Its sched-
ule was similar to that described in Subsection 5.B; the
only difference was that we configured two T-CONTs and
two tunnels instead of three, since the TF"CONT of ONUI1
carried both industrial flow 1 and BE flow mixed in TSN
switch 1. The upstream/downstream asymmetry was known
and accounted for in the scheduling and PTP configurations
of the TSN switches. The TSN switch schedule was similar to
that described in Subsection 5.A with the only difference that
the gate opening times of TSN switch 2 were moved by 90.5 ps
(= latency of the JC-PON “cable”).

In the case of detDBA-PON, the PON became part of
the PTP boundary clock distribution tree. The synchroniza-
tion hierarchy was a mix of Figs. 8 and 10. In addition, the
detDBA-PON and the TSN switches were co-scheduled: the
detDBA-PON became one additional TSN switch in the net-
work. In this experimental setup, we could set the starting time
of the industrial flows. We calculated the schedule and the flow
starting times to obtain the minimum latencies for both indus-
trial flows so that their packets were not queued at any point,
not in the TSN switches nor in the ONUs. In TSN scheduling
each switch is represented with a constant and a size-dependent
latency part; the TSN switch manual includes such specifica-
tions [31], while for the detDBA-PON the respective latencies
for the 1250 byte and 625 byte frames were measured in the lab
(Table 3). Taking those into account we calculated the follow-
ing schedule for US. The industrial flow 1 was configured to

TDM-PON

Application iEthemet TSN |

| Ethernet TSN | Application
Traffic Gen | '

! Traffic Gen

Industrial flow 1

1 GE Industrial

Industrial device 1

controller 1 € i
Best effort flow
1 GE- Best Effort

Best Effort - dlient

server 1 ¢E

! Industrial flow 2 |ndustrial
1 QE device 2

i
Downstream (DS)
Upstream (US)

Fig. 11.  Setup used to measure the combined TSN and determin-
istic (two approaches) PON network.

start at 0 Ws, and industrial flow 2 at 39 ps. TSN switch 1 was
configured with a 200 ps cycle and to open gate 0 for flow 1
from 13 ps and for 13 ps duration. The PON was configured
with a cycle of 1 ms (= LCM of two industrial low periods and
of PON frame duration), the bursts for T-CONT 1 (industrial
flow 1) to start at 26+ -200 us with /=0, 1, ..., 4, for
1280 bytes, and the bursts for T-CONT 2 (industrial flow 2)
to start at 46 + 7 - 250 pus with 7 =0, 1, ..., 3, for 640 bytes.
TSN switch 2 was configured with a 1 ms cycle, to open the
gate 0 for flow 1 from 6247 -200 pswithi =0, 1, ..., 4, for
13 ps, and to open the gate 1 for flow 2 from 75 +7 - 250 ps
with i=0,1, ..., 3, for 7 ps. The remaining timeslots were
configured to open the default gate that served the BE flow.
The calculated schedule for the first 82 ps is shown in Fig. 12.
For the downstream direction, where detDBA is not appli-
cable, we used the TSN switch 2 to properly shape the traffic,
creating protective timeslots of 15 ps before each time-critical
flow (industrial lows 1 and 2).

Figure 13 shows the latency and jitter measurements for the
three synthesized flows in upstream. For both PON solutions,
we measured jitter below 1 ps for the industrial flows, which
was our target, and a much higher jitter for BE, which was not
controlled and would be higher if more traffic was mixed in the
network. For both PON solutions, the average latencies of the
industrial flows are equal to the sum of the latencies of the two
individual systems (TSN and JC-PON and TSN and detDBA-
PON), considering the added 1 ps margins. This indicates
that packets were not additionally queued at any point in the
network. Thus, the scheduling calculations were properly
performed: (i) the JC-PON tunneled the traffic and acted as a
“cable” and was accounted for as the propagation delay in TSN
scheduling, and (ii) the detDBA-PON yielded size-dependent
known latency and was accounted for as an additional switch
in TSN scheduling. The latency and jitter of the BE flow
were better in the JC-PON than in the detDBA-PON. The
JC-PON transports the industrial flow 1 and BE flow traffic as
mixed in TSN switch 1 over the same tunnel and thus without
adding jitter, while the detDBA-PON contributes varying
latency to the BE. In both cases increasing the BE traffic load

Flow 2 latency =36 ps
Flow 1 latency =62 us

i Flow 2
:Flow 1 gate»F?te
TSN 2 (13ps)  [{7us)
PON flow 2 pkt latency
+ margin (29 ps)

PON flow 1 pkt latency + ! Flow 1 pkti Flow2
oLT margin (36 ys) [ty pkt
iy
&
. S
ONU 2 = @
&
)
ONU 1 =
{Flow 1 gate]
TSN 1 (13 ps)
: Flow2
Traffic pkt‘” time
geng 13 ps 26 us 39 us 46 s 62 us 75 us
Fig. 12. TSN switches and detDBA-PON schedule, targeting the

minimization of latencies of the two industrial flows. Flow 1 packets
are stored and forwarded at TSN 1, ONU 1, the OLT, and TSN 2,
and flow 2 packets are stored and forwarded at ONU 2, the OLT, and
TSN 2. Margins are used in timing calculations (duration of TSN
gates and PON bursts).
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Fig. 14.  Histogram of measured latency for the detDBA-PON

industrial flows 1 and 2 in the upstream direction.

higher than 90% resulted in drops, higher latency, and jitter
for the BE packets, while the industrial flows were unaffected.
Figure 14 illustrates the histograms of measured latency for
industrial flows 1 and 2 in upstream for the detDBA-PON.
The latency histogram of industrial flow 2 has a Gaussian
shape. Notably, for industrial flow 1, the majority of latency
measurements cluster within 250 ns around the mean, with
very few being approximately 500 ns lower than the mean.
These occurrences are likely attributed to the synchronization
process involving TSN switches and the PON. The findings
suggest that the TSN switch 1, exclusively traversed by flow 1
and not flow 2, possesses a less stable clock source prone to
faster drift compared to the others. Despite this, all network
elements maintained synchronization, and the measured peak-
to-peak latency variation (jitter) remained below 1 ps, within
801.AS operation bounds, in all tested scenarios. Due to space
limitations, we do not include more histograms; information
about the latency distribution of JC GWs is found in [25] and
references within.

Figure 15 shows the measured latency and jitter in down-
stream. As discussed above, for the detDBA-PON, we shaped
the traffic in TSN switch 2 to isolate the two industrial flows.
We observe similar performances as in upstream: low latency
and jitter below 1 ps for industrial flows, and high jitter for the
BE flow that is not isolated.

E. Scalability of Proposed Solutions

The JC-PON operates without requiring synchronization of
the PON with any client port. Consequently, it can cater to dif-
ferent applications that do not share a common clock reference
and can interface with distinct TSN domains and/or domains
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Fig. 15. Measured average latency and jitter (shown in the sides
of the bars) in us for the three flows in DS. DetDBA-PON* is not
applied in DS (for this reason it is indicated with *), and industrial
flows are isolated with margins in TSN switch 2.

utilizing different TSN flavors. The JC-GWs perform the
crucial task of translating jitter to latency, resulting in latencies
higher than the minimum (increased by the PON burst period,
set at 31.25 ps in our PoC setup). The primary limitation of
JC-PON stems from overprovisioning for the full client rate
(1 Gb/s in our PoC setup, supporting up to 10 time-critical
client ports in an XGS-PON). In such a configuration, it is
better suited as a backbone to handle aggregated traffic from
multiple industrial and BE flows, as demonstrated in ONU 1
where TSN switch 1 has aggregated the traffic. This limitation
can be significantly alleviated by extending the JC-PON to
support various client rates, with the most crucial to increase
JC-PON efficiency and support industrial applications being
those of 100 Mb/s.

On the other hand, the detDBA-PON delivers lower latency
for industrial lows (the minimum achievable in our PoC) and
jitter on the same order as the JC-PON, and reserves only the
required bandwidth, thereby substantially improving PON
bandwidth efficiency. However, detDBA is more intricate,
demanding knowledge of the application traffic profile, global
synchronization (across all served applications and interfaced
networks), and co-scheduling (refer to Fig. 12). Note that these
requirements mirror those of a converged state-of-the-art IEEE
TSN Qbv-based network. The detDBA-PON finds its niche
in directly serving low-rate time-critical flows, exemplified in
ONU 2, which is directly connected to the end-device. Finally,
it is worth noting that a hybrid approach, where both proposed
solutions operate simultaneously, is also a viable option. This
could combine the benefits of both approaches, according to
the requirements of the clients.

6. CONCLUSIONS

We proposed and demonstrated two approaches for providing
deterministic performance over a TDM-PON. In the JC-PON
we operated the PON asynchronously to its clients, scheduled
it to provide upstream bursts at a low and constant period, and
used JC GWs to compensate for the jitter introduced by the
non-matching PON schedule and the input traffic cycles. In
the detDBA-PON, we implemented a DBA that controls the
placement of bursts at each PON frame for selected T-CONTs
that require deterministic performance and have known traffic
cycles. In this case, we synchronized and co-scheduled the
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detDBA-PON with the rest of the network and the applica-
tions. As a use case, we applied the two proposed solutions,
the JC-PON and the detDBA-PON, to serve industrial flows
from devices that are either directly connected to the PON or
interfaced through TSN switches. We demonstrated latency
below 100 ps and sub-ps packet latency variation (jitter) for
the industrial flows over short distances, while also serving
best-effort traffic flows.
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