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Protected Connection Provisioning with
Low Availability Overfulfillment in

Meshed Core Networks
Tobias Enderle

Institute of Communication Networks and Computer Engineering (IKR)
University of Stuttgart

Stuttgart, Germany
tobias.enderle@ikr.uni-stuttgart.de

Abstract—Network operators sell connection services to their
customers. The corresponding service contracts typically include
a service level agreement (SLA) which defines a guaranteed
availability level per month. An availability exceeding the SLA
level means that the network operator complies with the SLA. A
lower availability results in contractual penalties. Therefore, the
probability of SLA compliance is a key figure for the operator.
To adjust the compliance probability, many operators apply
protection mechanisms, which tie up precious network resources
to provide backup capacity. Therefore, it is desirable to dedicate
only as many network resources to protection as necessary to reach
a sufficiently high probability of SLA compliance—the operator’s
self-defined compliance target. However, in practice, this is difficult
to realize because using protection, the amount of resources
and, consequently, the compliance probability cannot be selected
continuously. Adding protection to a connection service makes its
compliance probability jump up, possibly to a level far above the
operator’s compliance target. The result is overfulfillment at the
cost of precious network resources. In this paper, we propose an
admission and routing approach that reduces said overfulfillment,
frees network resources and by that allows more services to be
accommodated in the network. We use a stochastic approach to
estimate a service’s probability of SLA compliance. Probability
that exceeds the operator’s compliance target is accumulated as
surplus and allows other services to be accepted with a compliance
probability below the operator’s original compliance target. With
this approach, the resulting SLA compliance ratio over all services
matches the compliance target closely, i.e., the overfulfillment
is reduced. We evaluate our mechanism in a simulation study
covering several core network topologies. It is shown that the
availability overfulfillment can be reduced or even eliminated and
that the service blocking ratio can be decreased significantly.

Index Terms—Availability management, Compliance probabil-
ity, Interval availability, Overfulfillment, Routing, Service level
agreement

I. INTRODUCTION

The goal of every network provider is to achieve sustainable
profit. In the past, the sale of connection services generated
enough revenue. However, traffic demand is ever increasing
and network operators have to expand their networks constantly

This work has been performed in the framework of the CELTIC-NEXT
EUREKA project AI-NET-ANTILLAS (Project ID C2019/3-3), and it is
partly funded by the German BMBF (Project ID 16KIS1312). The authors
alone are responsible for the content of the paper.

to provide enough capacity. In recent years, though, network
expansion has become increasingly costly, due to disparities
between the growth rate of traffic demand and that of
transmission technologies [1]. Additionally, network services
are more and more considered a commodity and prices are
falling. Therefore, instead of maintaining their course of
generously overdimensioning their networks, operators have to
drive their networks closer to the limits while trying to delay
network expansion. This can be achieved, e.g., by replacing
fixed-grid wavelength-division multiplexing (WDM) with a
flexible-grid configuration or by reducing system margins
during the network planning phase [2]. While these measures
are purely technology-related, research proposes to take service
level agreement (SLA)-related aspects into account as well.
For example, the authors of [3] develop a model to estimate
the availability of network services more precisely than with
standard methods. In that way, the availability “safety margin”
a network operator typically includes during provisioning
can be selected appropriately. The authors of [4] consider the
tradeoff between SLA penalties and protection costs with the
goal of postponing costly protection investments.

In this work, we focus on the accurate fulfillment of
a connection service’s availability according to its SLA
specifications. We propose a service admission and routing
approach that allows different network services to share excess
availability. As a result, the amount of network resources
that has to be reserved for protection can be reduced. In that
way, the availability specified in the SLAs is provided with
less overfulfillment than with many other routing approaches.
Overall, this leads to more efficient network operation and
enables the operator to accommodate more services in the
network. Our mechanism is applicable to dynamically arriving
services in connection-oriented networking technologies, e.g.
wavelength services, optical transport network (OTN) paths,
or multi-protocol label switching (MPLS) tunnels.

In the following, we will first discuss some important aspects
about availability in SLAs. Afterwards, we present related
work in Section III. Section IV introduces our admission
and routing approach consisting of a mathematical model to
estimate the SLA compliance probability and an admission and
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routing algorithm. Section V shows some illustrative numerical
results of the proposed approach for different meshed core
networks. Finally, we conclude the paper in Section VI.

II. AVAILABILITY IN SLAS

In this section we will discuss two important aspects
of availability in SLAs. First, the difference between the
steady-state availability and the service availability (or interval
availability, respectively), the latter being more relevant for
SLAs. Second, the overfulfillment of availability due to
topological or protection-related constraints.

Contracts for network services between the network operator
and its customers typically include an SLA. Among other
things, the SLA defines performance targets like latency,
availability, and protection for the network service. In case the
network operator cannot meet those performance targets the
customer can claim penalty payments or refunds. Typically,
availability and protection are two very important SLA aspects.
While some SLAs guarantee the use of protection explicitly (e.g.
[5]), others only stipulate an availability level αSLA (e.g. [6]). In
the latter case, the network operator is free to select appropriate
protection mechanisms to provide the specified availability. In
the following, we will focus on this particular scenario.

A common challenge in network operation is the admission
and routing of dynamically arriving connection service requests.
A simple but established strategy for network operators to select
a suitable route and appropriate protection mechanisms is based
on the evaluation of the steady-state availability a of a network
service (e.g. [7], [8]). The steady-state availability is the
probability to find a system working at an arbitrary point in time.
A common formula to compute the steady-state availability is

a =
MTTF

MTTF + MTTR
(1)

where MTTR is the mean time to repair and MTTF is the
mean time to failure, i.e., the mean time between repair and
next failure. If a combination of route and protection can
be found that fulfills the condition a ≥ αSLA, the service is
accepted and routed. However, it has been shown by several
authors, e.g., in [3], [9], [10], that the use of the steady-state
availability can lead to unexpectedly high SLA violation ratios.

The reason is that the steady-state availability considers an
infinite amount of time, but an SLA considers a billing cycle
of finite length T , which is usually one month [5], [6]. At the
end of each billing cycle, the availability during that cycle
is evaluated according to

A =
T − X

T
(2)

where X is the accumulated downtime of the service during
the billing cycle. A is known as interval availability and in the
context of this work we refer to it as service availability. Due to
the different time horizons, a and A are not necessarily equal in
value. Furthermore, since network failures occur randomly and
also the time it takes to put the failed network segment back into
operation is fraught with uncertainty, the accumulated downtime
X and, consequently, also the service availability A are random

variables (RVs). Therefore, it is practically impossible to
provide the stipulated availability to each and every service
deterministically (A ≥ αSLA almost surely). Instead, the service
availability fulfills the stipulated availability only with a certain
probability P(A ≥ αSLA) which we will call compliance prob-
ability or just compliance in the following (other works refer to
the complementary probability as SLA violation risk, e.g. [9],
[11]). Costly operator efforts, like protection, high-quality com-
ponents, or fast repair, can increase this probability. However,
even the most costly efforts cannot ensure P(A ≥ αSLA) = 1,
and hence, there will still be SLA violations. Therefore, from an
economical perspective, increasing the compliance probability
at any price is not necessarily the optimal choice. Instead, a
network operator has to balance costs for the provision of
availability against expected SLA penalties and by that select
a suitable target level ft for the compliance probability.

Regardless of whether the operator selects a service’s route
and protection based on the steady-state availability or the
compliance probability, a fundamental problem that arises
is that a service does usually not meet the SLA level or
the operator’s compliance target with equality (a = αSLA or
P(A ≥ αSLA) = ft) but only with overfulfillment (a > αSLA or
P(A ≥ αSLA) > ft). The reason is that different candidates for
route selection do not offer an arbitrarily fine granularity of
availability and also protection cannot increase availability in
a continuous way but only in discrete steps. As a consequence,
the network operator permanently provides more availability
than has been specified in the SLAs. The routing methodology
we propose reduces this overfulfillment and thus allows a
more efficient network operation.

III. RELATED WORK

Our admission and routing approach is not the only one
to employ availability sharing or to make use of availability
margins.

The authors of [12] propose a protection mechanism in which
a broken wavelength service that is close to an SLA violation
can preempt a wavelength service that still has downtime
budget left. In that way, excess availability of services with
little or no downtime is used to reduce SLA violations. A
similar approach is proposed in [13] where a network service
with a high SLA violation risk can preempt backup resources
of services with lower risk. The violation risk is represented
by the so-called urgency level (UL), a metric that takes the
remaining holding time, the remaining affordable downtime,
and the penalty costs of the service into account. The UL is
also used in [14] where protection schemes (dedicated link
protection, 1+N protection, and shared path protection) are
changed dynamically to provide a suitable availability level on
the one hand and to delay network upgrades on the other hand.
A very similar approach using steady-state availability instead
of UL is presented in [15]. In [16], the goal is the maximization
of the overall profitability, i.e., the tradeoff between expected
SLA penalties and service returns plays a key role during the
service admission process. Similar to our approach, the authors
employ the SLA violation probability instead of the steady-state
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availability to find a suitable route. Also, the selected route
is not required to be the one with the lowest SLA violation
probability if this results in a higher total profitability. In that
way, availability margins are exploited to improve profitability.
The authors of [17] present a rather radical algorithm in which
the network resources of an existing service are released for
new services when the remaining holding time of the existing
service is less than its remaining allowed downtime, i.e., when
an SLA violation is no longer possible. The approach in [18]
implements the idea of sharing excess availability by forming
clusters of network services with heterogeneous SLAs. Services
inside a cluster that have experienced only little downtime act
as protection for services that are close to violating their SLA.
In that way, no explicit backup resources are required. Finally,
in [19]–[21], the authors propose an admission and routing
approach for shared-path protection. Whenever a new service
request arrives, the target availability of each existing service
is recomputed, taking its remaining holding time and outage
history into account. In that way, the target availability of
a service with only little or no downtime is relaxed, and as
a consequence, its potential sharing degree for shared-path
protection is increased. For a service that already experienced
much downtime, the target availability is increased and the
potential sharing degree is decreased. Overall, it is shown that
the adaptation of the target availabilities leads to less availability
overfulfillment and a lower blocking ratio. [21] also discusses
a possible way to employ the SLA violation risk instead of
the steady-state availability but no results are shown.

All discussed publications contain aspects of our work but
to the best of our knowledge there is no publication that targets
the accurate fulfillment of the service availability according
to the SLA specifications and employs the sharing of SLA
compliance probability or violation risk to achieve this.

IV. ADMISSION AND ROUTING APPROACH

A. Overview

Our approach is responsible for the admission and routing or
the rejection of randomly arriving connection service requests.
As mentioned in the previous section, the goal of the approach
is the reduction of availability overfulfillment. For the reasons
described above, we employ the compliance probability and
not the steady-state availability as a decision criterion in our ap-
proach. We assume that the network operator has set an internal
compliance target level ft. Therefore, the probability of SLA
compliance must be larger than or equal to ft, however, equality
is intended. More formally, the operator wants to achieve

P(A ≥ αSLA) ≥ ft (3)

where A is the RV defined in (2) describing the monthly
service availability of the provisioned services. All routing
decisions of the algorithm are, in principle, based on (3).

When a service request arrives, the compliance probability
of potential routes can be computed based on link properties
(see Section IV-B). As argued above, it is unlikely that a route
can be found for a service request i such that its compliance
probability fi equals the operator target precisely. Instead, there

TABLE I
EXEMPLARY SEQUENCE OF SERVICE REQUESTS AND SURPLUS SHARING.

THE TARGETED COMPLIANCE LEVEL IS ft = 0.99 AND THE INITIAL SURPLUS
IS ∆f0 = 0.

Request
number

i

Required
compliance

freq,i = ft − ∆fi−1

Route
compliance

fi

Resulting
surplus

∆fi = fi − freq,i

1 0.990 0.995 0.005
2 0.985 0.986 0.001
3 0.989 0.989 0.000

will be some overfulfillment ∆fi. In our routing algorithm, we
accumulate the overfulfillment of individual services stepwise
as surplus and share it with other services to reduce the
overall overfulfillment. The sharing is realized by dynamically
relaxing the compliance target for future service requests
based on the stepwise accumulated surplus, i.e., instead of
requiring a compliance probability of at least ft for each and
every service request, the i-th service request can be routed
with a lower required compliance probability of

freq,i = ft −∆fi−1 (4)

where

∆fi−1 = fi−1 − freq,i−1 (5)

is the surplus accumulated until the previous service i − 1,
and fi−1 is its compliance probability (or more precisely, that
of the underlying route).

Table I shows an example with three consecutive service
requests. The operator’s target level is set to ft = 0.99 and
the initial surplus ∆f0 is zero. For the first request, potential
routes must have a compliance probability of at least freq,1 =
0.99. Next, our routing algorithm tries to find a suitable route.
Assume that the route the algorithm selects has a compliance
probability of f1 = 0.995. The resulting difference is the surplus,
namely ∆f1 = 0.995− 0.99 = 0.005. This surplus is used to
relax the compliance requirement of the second request. A route
with a compliance probability of freq,2 = 0.985 is sufficient
for the second request. The operator can benefit from this by
selecting a less reliable route or by provisioning less protection.

As already mentioned, the algorithm needs to estimate the
probability of SLA compliance for routes through the network.
The mathematical model for this estimation is introduced in
the next section. Afterwards, the details of the algorithm are
presented.

B. Estimation of Compliance Probability

In this section, the estimation of the compliance probability
for repairable services is introduced. A service can be in a work-
ing or a failure state. If a service fails, it will be repaired and is
then working again. As in many other works, we assume that
the time it takes to repair a service and the time until the next
failure occurs both follow exponential distributions with means
MTTR and MTTF, respectively. Based on (2), the availability A
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is a function of the cumulated downtime X during a billing cycle
T . Therefore, the compliance probability can be expressed as

P(A ≥ αSLA) = P
(
X ≤ T · (1− αSLA)

)
(6)

= P(X ≤ xSLA) (7)

where xSLA is the maximum allowed cumulated service
downtime per billing cycle T . The cumulative distribution
function (CDF) of X has been derived in [22] and is given by

F(x) = a · Ωλ,µ(x) + (1− a)
(
1− Ωµ,λ(T − x)

)
(8)

where a = MTTF/(MTTF + MTTR) is the steady-state
availability of the service, λ = 1/MTTF, and µ = 1/MTTR.
The function Ωγ,δ(z) is the CDF of the RV Z. Like X, Z
describes the cumulated downtime during a time interval.
However, in contrast to X, the service must be working at the
beginning of the time interval. According to [23], we have

Ωγ,δ(z) = e−γ(T−z)

(
1 +

√
γδ(T − z)

·
∫ z

0
e−δyy−

1
2 I1

(
2
√
γδ(T − z)y

)
dy

) (9)

where I1(x) is the modified Bessel function of the first kind
of order 1, and γ and δ correspond to the failure and repair
rates of the process underlying Z. Finally, we obtain for the
compliance probability

P(A ≥ αSLA) = F
(
T · (1− αSLA)

)
. (10)

In this work, we consider unprotected services and services
with dedicated path protection, both of which consist of
several network components. Therefore, in order to use (10),
we have to aggregate the failure rates λj and repair rates µj
of the underlying components.

An unprotected connection service consists of a series of
N network components. The service is working only if all
components are working. We assume that component failures
and repairs are independent of each other. Therefore, the
aggregated failure rate λU is the sum of the individual failure
rates [24, Ch. 6.3]

λU =

N∑
j=1

λj. (11)

The steady-state availability of a series is given by the product
of the individual availabilities, i.e.,

aU =
N∏

j=1

aj (12)

and with (1) the repair rate of the service is

µU = λU
aU

1− aU
. (13)

Dedicated path protection employs two parallel, disjoint
routes: a working route and a backup route. Aggregating the
two routes individually using the serial substitution above

yields λ1 and µ1 for the working route and λ2 and µ2 for the
backup route. Then, according to [24, Ch. 6.4], the failure rate
of such a protected service is

λP =
λ1λ2(λ1 + λ2 + µ1 + µ2)

(λ1 + µ2)(λ2 + µ1) + λ1(λ1 + µ2) + λ2(λ2 + µ1)
.

(14)

The steady-state availability of the two routes is given by

aP = 1− (1− a1)(1− a2) (15)

and similar to (13) the repair rate is

µP = λP
aP

1− aP
. (16)

C. Admission and Routing Algorithm

The routing algorithm handles a service request by accepting
and routing it if enough network capacity is available and a
route with sufficient compliance can be found. If this is not the
case, the service request is blocked. The algorithm has a global
view on the network, i.e., it knows all link capacities and the cur-
rent traffic on the links as well as the link failure and repair rates.
The network is represented by a graph G comprising the nodes
and links. A service request R consists of a source and a destina-
tion node, a data rate, and an SLA availability. We assume that
a service cannot be split but must be served by a single route.

Algorithm 1 shows how an arriving service request is
handled. First, a subgraph of G is created which only contains
links that are currently working and have enough free capacity
to carry the new service. We assume that network nodes are
failure-free. In line 3, the required compliance probability
for the service route is determined. As explained above, our
algorithm uses surplus sharing, i.e., the required compliance
is the operator’s target compliance ft relaxed by the current
surplus ∆f . The case without surplus sharing serves as a
reference in the evaluation below. Next, the algorithm searches
for a suitable route. If the search succeeds, the service is
routed accordingly and the accumulated surplus is set to the
current route’s surplus. Otherwise, the service is blocked.

Algorithm 2 shows how a suitable route is found. Essentially,
the algorithm first searches for an unprotected primary route
with enough compliance probability using the shortest path in
the subgraph Gs. If the unprotected route is not reliable enough,
a link-disjoint backup route is added and the compliance is
evaluated again (lines 4–16). The whole procedure is repeated
up to kmax times with alternative primary paths (line 3). This
is important for two reasons. First, depending on the shortest
path metric, the shortest path is not necessarily the path with
the highest compliance probability. As a result, a k-th shortest
path with k > 1 could provide sufficient compliance while
the first shortest path does not. Second, if Gs is rather sparse,
the bad choice of a primary path can lead to the situation
that no additional backup path is available. The compliance
probability in lines 8 and 14 is calculated using the procedure
presented in Section IV-B.
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Algorithm 1 Admission and routing.
Global state

• Network graph G
• Operator compliance target ft ∈ [0, 1]
• Cumulated compliance surplus ∆f ≥ 0

Input
Service request R = (s, d, h,αSLA), with source node s,
destination node d, data rate h, and SLA availability αSLA

1 procedure HANDLESERVICEREQUEST(R)
2 Gs ← subgraph of G including only links

that are working and have free capacity ≥ h
3 freq ← ft −∆f if surplus sharing enabled else ft
4 route, f ← FINDROUTE(Gs, R, freq)
5 if route 6= None then
6 Route service request on route
7 ∆f ← f − freq
8 else
9 Block service request

Algorithm 2 Route selection.
Global state

Maximum primary path trials kmax ∈ N+

Input
• Network subgraph Gs
• Service request R = (s, d, h,αSLA)
• Required compliance freq ∈ R

Output
Feasible route and its compliance probability or None

1 function FINDROUTE(Gs, R, freq)
2 k ← 1
3 while k ≤ kmax do
4 p ← KTHSHORTESTPATH(Gs, s, d, k)
5 if p = None then
6 return None
7 else
8 f ← COMPLIANCEPROB(p, αSLA)
9 if f ≥ freq then

10 return p, f . Unprotected route
11 Gb ← subgraph of Gs excluding links in p
12 b ← SHORTESTPATH(Gb, s, d)
13 if b 6= None then
14 f ← COMPLIANCEPROB((p, b), αSLA)
15 if f ≥ freq then
16 return (p, b), f . Protected route
17 k ← k + 1
18 return None

V. ILLUSTRATIVE NUMERICAL EXAMPLE

A. Simulation Setup

We evaluate the performance of our routing approach in four
different core networks. The networks are taken from [25]–[27]
and are depicted in Figure 1. Table II provides additional
information. Based on realistic values provided in [28], we

(a) Germany50 (b) NOBEL-Germany (c) IBN31

(d) CORONET

Fig. 1. Network topologies.

TABLE II
NETWORK PROPERTIES.

Network Nodes Links Link length in km
Min. Avg. Max.

Germany50 50 88 26 101 252
NOBEL-Germany 17 26 29 143 294
IBN31 31 52 34 128 283
CORONET 75 99 20 330 1017

assume an MTTR of 9 hours for all links, and an MTTF of

MTTFe =
628 km · 360 days · 24 h/day

`e
(17)

for link e, where `e is the link length. We assume that nodes do
not fail. For the sake of simplicity, a year in the simulation has
360 days with 30 days per month. Each link provides a capacity
of 16 Tbit/s. Service requests arrive randomly with an exponen-
tially distributed inter-arrival time (IAT). The mean IAT is var-
ied over different simulation runs to evaluate different network
loads. The source-destination node pair of a service request is
chosen uniformly from all node pairs in the network. The re-
quested data rate and holding time (contract period) are selected
uniformly from 40 or 100 Gbit/s and 3, 6, 12, or 24 months,
respectively. The parameter kmax is set to 5. The weight of a link
e, used by the shortest path algorithm, is − log(ae), where ae is
the steady-state availability of the link. This link weight allows a
standard shortest path algorithm to find the path with the highest
availability—the so-called most reliable path [29]. In general,
the path with the highest availability is not necessarily the same
as the path with the highest compliance probability1. However,

1For example, with T = 1 month, αSLA = 0.99999, MTTR1 = 7 h,
and a1 = 0.9999, the compliance probability is f1 = 0.9897, while with
MTTR2 = 15 h, and a2 = 0.9998 < a1 it is f2 = 0.9903 > f1, due to the
change in the MTTR.
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in practice, they often coincide. We do not assume a specific
networking technology in this evaluation, therefore, typical
challenges, especially from the optical domain, e.g. spectrum
fragmentation, contiguity, and continuity, are not considered.

We study the behavior of our algorithm for compliance
targets ft of 0.99, 0.995, and 0.999. As an example, for
ft = 0.99, the operator only allows 1 % of all billing cycles
to violate the SLA availability. For the networks Germany50,
NOBEL-Germany, and IBN31, the SLA availability is set to
αSLA = 0.99999. For the network CORONET, αSLA = 0.9828.
With those availability levels, the feasibility of a service
is guaranteed for all nodes pairs, even with the most strict
compliance target of 0.999.

For each set of parameters, 500 consecutive periods (batches)
of 5 years each have been simulated in an event-based batch
simulation using the IKR SimLib library [30]. The startup
phase in each simulation run has been set to 100 years to
eliminate transient effects.

B. Results

We first discuss detailed results for the Germany50 network
with a compliance target of ft = 0.99. Figure 2 shows plots
for the protection overbuild, the compliance ratio, and the
blocking ratio. The protection overbuild is the number of
links in the protection path divided by the number of links
in the primary path. In the case of an unprotected route, the
overbuild is zero. For each plot, the load factor is varied to
evaluate the algorithm under different network loads. The load
factor is varied by changing the mean IAT of service requests.
The mean IAT has been calibrated per parameter combination
in a preparatory simulation such that the blocking ratio for
a load factor of 1 is at around 10−2 when surplus sharing
is disabled. The obtained mean IATs range from 7 h to 16 h.
The simulation with surplus sharing enabled uses the same
calibration. The error bars in Figure 2c depict 95 %-confidence
intervals for the mean. In Figures 2a and 2b, the confidence
intervals are omitted because they are too small to be visible.

Figure 2a shows the average protection overbuild. Using
surplus sharing, the protection overbuild is reduced by around
38 % because some services can be routed without protection
due to the accumulated surplus. With increasing network load,
the overbuild increases as well because the shortest paths to
connect a node pair are more and more occupied and alternate
paths have to be taken.

Figure 2b shows the compliance ratio. The compliance ratio
in a simulation batch describes the share of all billing cycles in
which the service availability fulfilled the SLA. It is calculated
based on all provisioned services and their billing cycles as

1∑N
i=1 Mi

N∑
i=1

Mi∑
m=1

1ai,m≥αSLA (18)

where N is the number of provisioned services, Mi is the
number of billed months of the i-th service (3, 6, 12, or 24)
and ai,m is its actual service availability in its m-th billed
month, i.e., the realization of the RV A in (2). 1ai,m≥αSLA is the

indicator function which equals 1 if ai,m ≥ αSLA (availability
high enough) and 0 otherwise. The connected marks in the
figure show the average compliance ratio over all 500 batches.
The medium-sized marks correspond to the first decile and
the small marks represent the minimum 5-year compliance
ratio of the 500 batches. Without surplus sharing, the average
compliance ratio is close to 1 which means that the operator
target of ft = 0.99 is overfulfilled. With surplus sharing enabled,
the average compliance ratio is close to 0.99. Consequently,
the overfulfillment has been reduced significantly. The average
ratios are independent of the network load. Since the SLA com-
pliance is the result of a random failure and repair process, there
are periods in which the compliance ratio is below the targeted
level. As can be seen, of the 500 5-year periods, the minimum
compliance ratios with surplus sharing are around 0.986 while
the first deciles are around 0.989. Of course, these variations
pose a risk for the network operator which should be minimized.
The amount of variation depends on the failure characteristics of
the network components and on the service arrival and holding
time behavior. Furthermore, the considered time period plays
an important role, i.e., time horizons longer than the currently
considered 5 years will result in less variation. However, the
detailed relations will be the subject of future work.

Figure 2c shows the average blocking ratio. It can be seen
that surplus sharing leads to consistently lower blocking ratios.
Considering the network load at a blocking ratio of 10−2,
surplus sharing allows a significant increase of about 11 %
(solid ellipse in Figure 2c). For low-load situations (load
factor ≤ 0.8), the blocking ratio is reduced by around 15 %
(dotted ellipse in Figure 2c).

To summarize, the proposed admission and routing approach
is able to almost eliminate the availability overfulfillment,
it reduces the resource overbuild required for protection
considerably, and it allows more services to be accommodated
in the Germany50 network. We will now include results for
the other networks and stricter compliance targets of 0.995 and
0.999. For the protection overbuild and the compliance ratio,
the relative change when enabling surplus sharing is almost
independent from the load factor. Therefore, we show values
averaged over all load factors in the following. Furthermore,
we show the attainable load increase at a blocking ratio of
10−2 but do not consider the change in the blocking ratio for
low network loads as we did above. Notice that in each of
the following figures the bar for Germany50 and ft = 0.99
relates to the values presented in Figure 2.

Figure 3 shows the reduction in protection overbuild
averaged over all load factors. The behavior is very similar
for all networks. The highest reduction of more than 36 %
is possible for a compliance target of ft = 0.99. For stricter
targets the reductions decrease. Nevertheless, a significant
reduction of around 10 % is possible in all networks even for
a compliance target of ft = 0.999.

Figure 4 compares the compliance ratio averaged over
all load factors with and without surplus sharing. Figure 4a
depicts the case without surplus sharing. It is visible that the
resulting compliance ratio is above 0.999 for all networks

ITG-Fachbericht 305: Photonische Netze ∙ 18. – 19.05.2022, Berlin 

11



0.5 1 1.5 2

0.8

1

1.2

1.4

1.6

Load factor

Pr
ot

ec
tio

n
ov

er
bu

ild

Surplus sharing
Off On

(a) Average protection overbuild.

0.5 1 1.5 2

0.985

0.990

0.995

1.000

Load factor

C
om

pl
ia

nc
e

ra
tio Surplus sharing

Off On

(b) Compliance ratio (average: large marks, decile:
medium-sized marks, minimum: small marks). The
dashed line indicates the operator target ft = 0.99.

0.5 1 1.5 2
10−4

10−3

10−2

10−1

Load factor

Bl
oc

ki
ng

ra
tio

Surplus
sharing

Off
On

11% higher load

15% less blocking

(c) Average blocking ratio. The y-axis is in log
scale. The error bars depict the 95 %-confidence
intervals for the mean.

Fig. 2. Results for the Germany50 network with a compliance target of ft = 0.99 for various network loads.
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almost independently of the actual compliance target in use.
Consequently, among the scenarios in this study, the availability
overfulfillment is the highest for a compliance target of
ft = 0.99. As mentioned earlier, the high overfulfillment
mainly originates from the coarse availability granularity of the
protection—a backup path raises the compliance probability
considerably even though a small increase might have been
sufficient. Figure 4b shows the compliance ratio with surplus
sharing enabled. It can be seen that the overfulfillment is
reduced significantly in all networks. For the CORONET
network, the compliance ratio matches the compliance target
tightly. For the other networks, a certain margin persists.

Finally, Figure 5 shows the increase in attainable network
load for a blocking ratio of 10−2. The highest increase is
achieved for a target compliance of 0.99. Stricter compliance tar-
gets result in less load increase. To a certain degree, the load in-
crease is related to the overfulfillment reduction. Stronger over-
fulfillment reductions (see Figure 4) yield stronger increases in
network load. Except for the network IBN31, load increases of
more than 11 % for a target compliance of 0.99 are achieved by
our admission and routing approach. For a target compliance
of 0.995, load increases between 3.6 % and 7.9 % are realized.

The results show that the approach we propose is able
to substantially increase the amount of services a network
operator can accommodate in its network.

VI. CONCLUSION

In order to improve network efficiency, operators have to
reduce margins that are present in the network. In this work,
we have identified availability overfulfillment as a type of
margin that appears unintentionally due to topological or
protection-related constraints. Since availability overfulfillment
ties up valuable network resources, an overfulfillment reduction
can improve the network efficiency.

We have proposed a service admission and routing approach
that is able to reduce the availability overfulfillment by
sharing surplus availability among services. More precisely,
our algorithm considers the probability of SLA compliance of
connection services with and without dedicated path protection.
Excess compliance probability of one service is accumulated
as surplus, which is used to relax availability requirements
of other services.

The simulation results confirm that the availability overful-
fillment is reduced or even eliminated, and that fewer resources
have to be dedicated to protection. As a result, the blocking
ratio of new connection services is reduced significantly and
more services can be accommodated in the network. The results
also show that, even though the average compliance ratio
matches the operator target accurately, the compliance ratio
can fall below the target level for certain periods of time due
to statistical variations. Further work is required to incorporate
this behavior into the overall model. Nevertheless, the presented
approach is a powerful mechanism to exploit existing margins
in the network and to improve network efficiency.
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Abstract—During the previous years, there has been a big tech-
nological advancement in Digital Signal Processing (DSP) and co-
herent pluggable optics, which enabled a considerable increase in
the data rate and a step towards economical packet-optical integra-
tion, respectively. This caused the network operators to start won-
dering whether an architectural change should take place in their
infrastructure. Coherent Pluggable Transceivers (CPTs), already
being a success story for Data Center Interconnect (DCI), have
grown to be used not only in metro networks but, as of recently,
also in some parts of the core. The latter constitutes a major use
case for the Multi-Source Agreement (MSA) OpenZR+. As many
network operators can have good reasons to stick with the tradi-
tional standalone transponder equipment, this paper explores a hy-
brid solution combining CPTs and transponders to fully exploit the
advantages of the two technologies. More specifically, we balance
the trade-off between using cheaper pluggable modules directly on
the IP router and powerful standalone flexible transponders with
a gray interface. Although the integration of colored optics in the
router was already proposed about a decade ago with Cisco’s IPoD-
WDM, we find that this time it is more appealing in terms of power
consumption, module size, and equipment cost. Furthermore, we
look closer at a collapsed packet-optical integrated architecture
of Hop-by-Hop lightpath connections as opposed to a multilayer
one, which also uses Optical Cross-Connects (OXCs). We show
that a hybrid solution using both architectures yields the best
results for improving network metrics and minimizing hardware
costs. We contribute an Integer Linear Program (ILP) to solve
the dimensioning problem for realistic countrywide topologies.

Index Terms—Coherent pluggable transceivers, Hybrid
architecture, Integer linear program, Network dimensioning

I. INTRODUCTION

For decades, telecommunication networks have faced
increasing traffic demands, and they will continue to do so in
the foreseeable future. Today, transporting all this traffic without
coherent optical transmission is hard to imagine. The market for
optical transmission equipment is highly competitive. Network
vendors are constantly improving their transponders to achieve
higher signal reaches and larger capacities using sophisticated

This work has been performed in the framework of the CELTIC-NEXT
EUREKA project AI-NET-ANTILLAS (Project ID C2019/3-3), and it is
partly funded by the German BMBF (Project ID 16KIS1312). The authors
alone are responsible for the content of the paper.

modulation schemes like Probabilistic Constellation Shaping
(PCS), advanced Forward Error Correction (FEC), multi-carrier
super-channels, and higher baud rates. In the following,
we refer to this class of transponders as Coherent Elastic
Transponders (CETs). While the evolution of CETs is
important for transport networks of large telecommunication
providers, coherent optics also found their way into the Data
Center (DC) ecosystem during the last years. Inside the DC,
traffic volumes have been increasing even stronger than in
traditional transport networks, and the interconnection of such
DCs now requires coherent optics as well. However, in contrast
to the traditional telecommunication providers’ approach of
using top-notch, proprietary CETs, DC operators tend to focus
on simplicity, cost efficiency, and interoperability. As a result,
the Optical Internetworking Forum (OIF) released the 400ZR
Implementation Agreement (IA), a de facto standard for a
Coherent Pluggable Transceiver (CPT) for 400Gbps Ethernet-
based transmission. Allowing only 400Gbps and no other data
rates at a reach of about 120 km, 400ZR transceivers are less
powerful and less flexible than CETs. However, less flexibility
means easier handling, and since 400ZR is an IA, transceivers
of one vendor are interoperable with those of other vendors,
which provides advantages in scalability, disaggregation,
and cost efficiency. Additionally, 400ZR transceivers benefit
from the growing integration of both electrical and optical
components, which allows networking equipment to be built
much smaller and much more power-efficient than in the past.
As a result, 400ZR transceivers come in the QSFP-DD form
factor and can be plugged into the router or switch ports directly.
This eliminates the need for separate optics shelves and gray
connections required by traditional transponder-based setups.

Inspired by the success of 400ZR, the OpenZR+ Multi-
Source Agreement (MSA) was developed [1]. A ZR+ is another
CPT that supports different modulation formats, several data
rates and boosts signal reach with a standardized FEC. With
that, it can be considered a viable alternative to traditional
transponder-based setups in metro or even core networks of
telecommunication providers. The principle idea is not new.
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More than a decade ago, Cisco developed the IP over DWDM
(IPoDWDM) technology with the goal of integrating optics into
the router. However, the technology did not gain traction be-
cause IPoDWDM line cards were expensive and occupied many
precious router slots. Furthermore, the strict separation among
telecommunication providers between IP and optics depart-
ments made the integration difficult. Nowadays, the separation
of departments appears to be less strict, and the cost and space
characteristics of OpenZR+ are better than those of IPoDWDM.
The first providers already use OpenZR+ transceivers in their
core networks [2], but the majority seems still hesitant.

In this work, we compare different scenarios to decide
whether OpenZR+ is a sensible choice for a provider’s network.
More importantly, we find the best way to combine CPTs and
CETs in the considered problem instances by developing an
Integer Linear Program (ILP). On top of that, we examine the
influence of a Hop-by-Hop (HbH) architecture by reducing
the number of Optical Cross-Connects (OXCs) in the network
and discover how much that can be beneficial. We realize
that incorporating a combination of all these paradigms is the
most cost-efficient yet powerful enough architecture case for
the network dimensioning problem.

The following section introduces literature related to our
study. In Section III, we put the problem statement in concrete
terms. Section IV presents the assumed architecture model. Sec-
tion V contains a detailed description of the ILP we used for net-
work dimensioning. Section VI introduces the different scenar-
ios we compared, and the corresponding results are discussed
in Section VII. Finally, we conclude the paper in Section VIII.

II. RELATED WORK

In [3] the British Telecommunications Group analyzed differ-
ent network scenarios where CPTs are used. They also consider
traditional Reconfigurable Optical Add-Drop Multiplexer
(ROADM) networks with CETs to allow direct connections
between source and destination nodes as a reference solution.
An interesting scenario is a mixed network architecture, where
400Gbps CPTs are used on links where the distance allows it,
and traditional 400G CETs are used for the longer ones. The
evaluation of an 8-year network planning scenario with a 30%
traffic increase per year shows that the mixed architecture will
be the most cost-efficient in the long run.

The authors of [4] introduced an ILP to compare CPTs with
CETs under the consideration of line-side protection or optical
restoration mechanisms. Line-side protection requires the
provisioning of a protection path with the same channel settings
as the working path. CETs can be used here very efficiently as
only a few additional transponders are needed. CPTs will have
to reduce the transmission rate to reach the longer distances
for the protection paths, which will increase the number of
modules significantly. In optical restoration, where spectral
resources can be shared for working and protection paths, the
number of CPT interfaces is greatly reduced.

IP-optical architectures for metro, regional, and long-haul net-
works are compared in [5]. The authors identify that CETs are
suitable for long-haul networks as they provide the best spectral

efficiency and largest optical reach. For metro or regional net-
works, CPTs directly plugged in at router ports are preferable.

The most recent publication in this field [6] considers three
network architectures: (a) CPTs in a HbH network, (b) CPTs
with an OXC at every node, and (c) CETs with rates of up to
800Gbps and an OXC at every node. Their ILP-based evalua-
tion for the US Coronet and a pan-India topology significantly
reduces required equipment like transmission modules and gray
interfaces if the flexible and high-performance CETs are used.

III. OBJECTIVE

Traditionally, the IP-optical core networks are equipped with
high-end CETs that provide increased flexibility in adaptive
modulation schemes and utilization of optical bandwidth.
Nowadays, inter-DC connections are often realized with CPTs
to offer an exclusive and direct connection between the data
centers. These connections are integrated into the traditional
core networks, which naturally leads to a network architecture
with various transmission modules. Consequently, we want
to discuss if a mixture of CETs and CPTs can be used to
increase the efficiency of core networks while keeping low
costs. Further, various network architectures will be studied.
First, a traditional multilayer network that allows optical
bypassing. Second, a flat HbH network. Third, a hybrid
architecture where only some nodes are equipped with an
OXC. This architecture aims mainly to reduce hardware costs
and still provide the opportunity for bypassing.

Those issues can be seen as network planning and
dimensioning problems that are highly interesting for network
operators who want to keep their equipment up to date.
Therefore, we want to introduce a method to optimize and
evaluate network configurations with various transmission
module technologies based on an ILP formulation. We also
overview several metrics, such as router port utilization,
spectrum allocation, signal regenerations, latency, energy
consumption, and hardware costs. These metrics are evaluated
for both cases of electrical grooming being allowed or not.

IV. ARCHITECTURE MODEL

This section will describe some architectural choices and
assumptions fundamental to carrying out the study as described
in the previous chapter.

A. Network and Network Nodes

Let us consider a network described by a unidirectional graph
G(V,E) with V the set of vertices and E the set of edges. For
each e ∈ E, we signify the distance of the fiber used on this link
as length(e). The set U = {(u, v) ∈ V ×V : u 6= v} contains
all node pairs. Each vertex in the graph corresponds to a node
in the network, either a router or a router and an OXC. Each
router contains several line cards, where each line card l ∈ L
has a tuple of properties (nl, rl, cl) being the port density, the
maximum port rate, and the cost of the line card, respectively.
Having a set of line cards L and a specific line card l, we
signify the line card with the next lower port rate in the set as
llow = lower(L, l). Table I shows the available line cards L.
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Fig. 1. The (a) Multilayer, (b) HbH, and (c) hybrid architectures.

The values are based on the predictions of [7], meaning that
costs are normalized to the cost of a 10 Gbps transponder in the
year 2012. Moreover, the line cards are grouped into line card
chassis, with each one having a constant capacity of Nlcc = 16
line card slots and a price of 4.7 cost units. An OXC is realized
using a colorless, directionless, contentionless (CDC) ROADM
and serves to bypass the optical signals towards neighboring
nodes without having to undergo Optical-Electrical-Optical
(O-E-O) conversion. The percentage of OXCs in the network
signifies the number of nodes having an OXC, and it can range
from 0% being a full HbH architecture to 100% being a full
multilayer architecture. Of great interest in this study will be all
the values in between, and such architecture will be character-
ized as hybrid. Figure 1 depicts the network architectures men-
tioned above, while Figure 2 illustrates the block architecture
of a multilayer 2-degree node as considered in this study. More
specifically, a router contains multiple line card chassis, and
each one contains up to 16 line cards. Each line card includes
a variable amount of ports. The router ports are connected to
a transponder through a gray interface or they directly hold a
pluggable. Then the signal is fed to the add/drop layer of the
OXC. The internal representation of the ROADM is taken from
[7] and will later be valuable for the overall cost calculations.

B. Network Properties

We further consider a static demand matrix D with
Ds,d being the traffic requested from node s to node d for
(s, d) ∈ U . Demands are being served using the lightpaths in
P , where Pi,j with (i, j) ∈ U includes all candidate lightpaths
connecting node i with j. Each lightpath p ∈ P has a particular
length of length(p), starts at a node start(p), terminates at
a node end(p), and travels through all the in-between nodes
in the optical domain. The combination of all adjacent optical
channels is given by C, with Cx being all the adjacent channels
that reserve x continuous slots. Assuming FlexGrid with a
slot width granularity of 12.5GHz in the C-Band, we define
the enumeration S, which contains all frequency slot indices
ranging from 1 to 320. For example, C4 would be the set of
all combinations of four contiguous slots from 1 to 320, i.e.
{1, 2, 3, 4}, {2, 3, 4, 5}, {3, 4, 5, 6}, ..., {317, 318, 319, 320}.

An optical transmission module is capable, due to its
elasticity, of a set of transmission modes t ∈ T being described
by a tuple (dt, rt, bt, ct, tt), where:
• dt is the optical reach in kilometers, assuming Erbium-
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Fig. 2. The node architecture. The OXC is designed according to [7].

span of 80 km.
• rt is the data rate.
• bt is the number of frequency slots occupied as a multiple

of 12.5GHz.
• ct is the cost of the module.
• tt is the module type, either a CPT or a CET.

We narrowed these values down to Table II. Table IIa shows
the properties of the OpenZR+ modules [1], while Table IIb
and Table IIc show the transponder properties. The Table IIb as-
sumes somewhat conservative values, while IIc considers more
advanced technology and thus more powerful transponders with
greater optical reach. This increase comes at the price of more
bandwidth use. The reason for using two tables for the transpon-
der properties is to demonstrate the influence of relatively weak
versus powerful transponders as well as to demonstrate the
flexibility of parametrization of the optimization ILP model.
The values were derived from publications like [8], [4], from
GNPy [9], and through some valuable feedback from industry
partners to confirm their plausibility as products in the market.
We generalized the cost of a CPT to be 40% of the CET [3],
thus setting them to 8 and 20 cost units, respectively.

TABLE I
PROPERTIES OF THE LINE CARDS.

Line cards L
nl (ports) rl port rate (Gbps) cl (cost units)
10 100 26.72
2 400 29.36
1 1000 31.99

C. Grooming and No-Grooming

Finally, we distinguish between two operating modes: the
grooming and no-grooming modes. Electrical grooming is a
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TABLE II
PROPERTIES OF THE OPTICAL TRANSMISSION MODULES

(a) Pluggable modules

CPT
rt (Gbps) dt (km) bt (× 12.5GHz)
400 480 6
300 1600 6
200 2880 6
100 5840 4

(b) Transponder modules (conservative)

CET conservative
rt (Gbps) dt (km) bt (× 12.5GHz)
800 160 8
700 200 8
600 240 6
500 480 6
400 880 6
300 2080 6
200 6120 6
100 9260 4

(c) Transponder modules (advanced)

CET advanced
rt (Gbps) dt (km) bt (× 12.5GHz)
800 400 10
700 700 10
600 1200 8
500 2800 8
400 4400 8
300 5080 8

technique that serves to increase the spectrum utilization in
the network by combining different optical signals into the
same one. For this to happen, all the optical signals of interest
must be converted to electrical signals and then be modulated
together into the same optical channel. For example, when
different lightpaths pass through the same links, network
efficiency might benefit if these optical signals are grouped into
a single lightpath. Such network benefits become less obvious
for networks leveraging the FlexGrid or PCS technology,
as each optical signal can theoretically have a precisely
customized optical channel. Also, grooming techniques might
increase the complexity of the path-finding algorithm involved
or even yield increased hardware usage if not parametrized
correctly. For these reasons, we include these two modes and
measure the influence of electrical grooming in our scenarios.

V. METHODOLOGY

Following, we will present the procedure used to solve the
resource allocation problem in optical networks, considering
the architecture of the previous chapter. More precisely, given
a network graph G, some resources like transmission modes
T , line cards L, and optical channels C, the task is to derive
the optimal resource allocation for a static traffic matrix D.
Optimality is measured against the costs of the resources used
as presented in Section IV. This is a network dimensioning
problem; hence there is no resource limitation and traffic
blocking. However, no overdimensioning is performed since
that would not change the results of a comparative study like

this one. The comparison will be between a HbH, a multilayer,
or a hybrid network architecture and configurations using
only CPTs, only CETs, or both. All these cases are treated
by feeding in different inputs to an ILP, as described next.

A. ILP

As already mentioned, the primary task of the ILP is to
determine the hardware resources to serve all demand pairs in
the network. Different hardware presents different properties,
which the ILP needs to consider to produce a cost-efficient
configuration successfully.

The ILP is inspired from [8] while also incorporating modifi-
cations to support our specific scenario. Following, we present
the complete ILP formulation and highlight the main differences
from its predecessor. We will show two versions, one with elec-
trical grooming and one without. First, we will describe the ILP
input, variables, and constraints for the grooming case, and later
we will point out the differences for the no-grooming version.

1) Input: This subsection will describe the model’s
parameters, which are treated as constants by the ILP. We
form B as the set of all spectrum slot requirements bt for t ∈ T .
The candidate lightpaths P are collected using the k-shortest
paths between all node pairs (i, j) ∈ U to populate Pi,j .

The costs of the hardware resources used, play the role of
the objective function coefficients. More specifically, we use:
• ct being the cost of a module operating at transmission

mode t.
• cl being the cost of a line card l.
• clcc being the cost of a line card chassis.
• cφ being the cost of an end-to-end fiber.
• cφkm being the cost of a fiber per kilometer.

Precise values of these costs are found in Section IV. We set
cφ to 100 cost units per fiber and cφkm to 0.5 cost units per
fiber kilometer.

2) Variables: Following, we present the variables of the
ILP system:
• f i,js,d ∈ R≥0 ((s, d), (i, j) ∈ U) represents the traffic

flow from source node s to destination node d using a
lightpath from i to j.

• xp,t ∈ Z≥0 (p ∈ P, t ∈ T ) is the number of deployed
lightpaths p using transmission mode t. To have a valid
lightpath-transmission mode pair, the optical reach of t
needs to support the distance covered by the lightpath p.

• up,c ∈ Z≥0 (p ∈ P, c ∈ C) is the number of deployed
lightpaths p using channel c.

• zv,l ∈ Z≥0 (v ∈ V, l ∈ L) is the number of line cards
of type l at node v. To use a transmission mode t in a
line card, the port rate must be supported (rl ≥ rt).

• hv ∈ Z≥0 (v ∈ V ) is the number of line card chassis at
node v.

• φe ∈ Z>0 (e ∈ E) is the number of fibers at edge e.
To get the number of line cards l per node, we need to

create two more variables to represent an internal state:
• ẑv,l ∈ Z≥0 (v ∈ V, l ∈ L) represents the line card l type

ports that can be used at node v in order to serve the
deployed lightpaths crossing this node.
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• ˆ̂zv,l ∈ Z≥0 (v ∈ V, l ∈ L) signifies the requested number
of ports at node v that can be allocated either with a line
card of type l or any lower rate one.

3) Constraints and Objective Function: Following, we
present the constraints:

∑
i∈V \{v}

f i,vs,d −
∑

j∈V \{v}

fv,js,d =


−Ds,d, if v = s

+Ds,d, if v = d

0, if v 6= s, d

(1)

∀(s, d) ∈ U, v ∈ V∑
(s,d)∈U

f i,js,d ≤
∑

p∈Pi,j ,t∈T
rt · xp,t ∀(i, j) ∈ U (2)

∑
p∈Pi,j ,t∈T |length(p)>dt

xp,t = 0 ∀(i, j) ∈ U (3)

∑
t∈T |bt=b

xp,t =
∑
c∈Cb

up,c ∀(p, b) ∈ P ×B (4)

∑
c∈C,p∈P |s∈c∧e∈p

up,c ≤ φe ∀(e, s) ∈ E × S (5)

ẑv,l =
∑

p∈P,t∈T |(start(p)=v∨end(p)=v)∧rl≥rt

xp,t ∀(v, l) ∈ V × L (6)

ˆ̂zv,l =

{
ẑv,l − ẑv,llow , if llow = lower(L, l)

ẑv,l, if @lower(L, l)
(7)

∀(v, l) ∈ V × L∑
l∈L|rl≥rl̂

zv,l · nl ≥
∑

l∈L|rl≥rl̂

ˆ̂zv,l ∀(v, l̂) ∈ V × L (8)

hv ≥
∑
l∈L

zv,l/Nlcc ∀v ∈ V (9)

Constraint (1) holds the flow constraints. Each node can be
either a traffic generator (v = s), a traffic sink (v = d), or
a mediator, which will forward the traffic (v 6= s, d). The
demands are being routed because of (2). This inequality
obliges every flow to be served using a combination of a
lightpath and a transmission mode. Equality (3) excludes
such invalid combinations because of optical reach limitations.
Later in (4), the specific super-channels are being chosen. The
equation serves both the spectrum contiguity and continuity
constraints. Inequality (5) handles the allocation of optical
fibers. If the same super-channel is allocated more than once
along a lightpath p, then more fibers need to be used. Equalities
(6) and (7) constitute an internal state to precisely calculate the
number of line cards needed. (8) takes over the final allocation
of ports in terms of line cards. (9) reserves the line card chassis
needed by accumulating the line cards in groups of Nlcc.

The objective function to be minimized is∑
p∈P,t∈T

ct · xp,t +
∑

v∈V,l∈L

cl · zv,l +
∑
v∈V

clcc · hv +∑
e∈E

(cφ + length(e) · cφkm) · φe.
(10)

The optimization target solely depends on the hardware
equipment cost and not on network efficiency metrics.
However, this ILP model implicitly works towards improving
such network metrics since better network metrics lead to less
equipment needed and vice versa. We will introduce some
of these network metrics in Section VII.

4) Grooming restricted version: For the ILP version where
grooming is not allowed, it is enough to substitute the variable
xpt with the following
• xp,ts,d ∈ Z≥0 (p ∈ P, t ∈ T ) is the number of deployed

lightpaths p using transmission mode t for the flow
between node s and node d.

Subsequently, we will need to substitute all constraints involv-
ing xpt with the expression

∑
(s,d)∈U x

s,d
p,t except for constraint

number (2), for which we must not in order to keep track of
single end-to-end flow allocations. Thus, constraint (2) becomes

f i,js,d ≤
∑

p∈Pi,j ,t∈T
rt · xi,jp,t ∀(i, j) ∈ U, (s, d) ∈ U (11)

These substitutions lead to a significant increase in the number
of constraints, thus requiring more memory resources.

VI. SCENARIO

This chapter will present a concrete description of our use
cases. We also introduce the specific parameters of our model.
Finally, we will go through the simulation setup and some
implementation details.

A. Network Parameters

As described in Section IV, there are several input
parameters to be decided. Some of them are fixed, while
others vary to observe their influence.

1) Fixed Input Parameters: After a series of simulations, the
below parameters were chosen as fixed for the present study.
The resource costs are kept constant to the values introduced
in Section IV. The k-shortest path to calculate the set of
candidate lightpaths P is fixed to k = 2. Each link has 320
available frequency slots. Finally, the static traffic matrix is left
unchanged throughout all the simulations. The matrix D was
artificially generated using a deterministic negative exponential
relationship with respect to the node pair distance. Figure 3
shows the demand matrix on the left blue axis as considered for
the US topology with a maximum demand value of 900Gbps,
a minimum of 50Gbps, and the red dashed line shows the
average demand value across all nodes pairs to 130Gbps. The
reader can see the node pair distances on the right orange axis.

2) Varying Input Parameters: To showcase the impact of
some of the model inputs, we carried out a parametric sweep
across all the combinations of the following parameters:
• TopologyType is either a US or a German topology. The

two networks are shown in Figure 4. The topologies and
node coordinates were retrieved from [10].

• OXCPercentage (OXCP) incorporates the percentage of
OXCs in the network. The parameter values are increasing
at a granularity of 10%, i. e. 0%, 10%, 20%, ..., 100%.
The available OXCs are positioned in the network with
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Fig. 3. The demand matrix D for the US network.

(a) US topology (avg. link length: 993 km) (b) German topology
(avg. link length: 143 km)

Fig. 4. The network topologies.

decreasing order at the nodes with higher betweenness
centrality, using the link length as the shortest path metric.

• ILPType (ILPT) is the two operating modes and can be
Groom or NoGroom.

• TransType (TransT) is the type of transmission modules
used. Although the transmission properties tuples always
remain the same as in Table II, we vary this parameter
as follows:

– PurePluggables (PP) contains only Table IIa.
– PureTransponders (PT) contains only Table IIb.
– PureTranspondersBoosted (PTB) contains Table IIb

and Table IIc.
– Mixed (M) contains Table IIa and Table IIb.
– MixedBoosted (MB) contains all tuples in Table II.

The results of the parametric study are in Section VII.

B. Simulation Setup

The simulation, meta-analysis, and data visualization [11]
were done using software written in Julia [12]. In particular,
we used the JuMP framework [13] to model and formulate
the ILP. The mathematical programming solver IBM CPLEX
version 12.10 was used as a backend. We conducted our
parameter study averaging over 4 seeds. For every seed, 8
threads were allocated leveraging the opportunistic mode
of CPLEX, which enables the solver to aggressively search
for the best solutions without caring for reproducibility. The
relative tolerance on the ILP gap was set to 4%, and the time
limit to stop any execution at 8 hours.

VII. RESULTS

To interpret the impact of the variable parameters on
network efficiency, we need to use some network metrics.
Similar to [6], [5], we define the following:
• Port usage is the absolute number of router ports used.
• Spectrum usage is the total normalized spectrum allocated

throughout the whole network.
• Regenerations are the total absolute amount of times a

signal regenerates.
• Latency is the total normalized network latency as a

summation of all end-to-end traffic requests. We assume
the speed of light in the fiber to be 199 861.213 km/sec.

• Power consumption is the total normalized power
consumption of the network. We consider in line with
[6], [14] CPTs of 15Watt, CETs of 150Watt, router
ports of 36Watt, and gray transceivers of 8Watt.

• Hardware Costs are the total CAPEX costs of the network,
as explained in Section IV. For the OXC, we consider a
CDC, FlexGrid ROADM with the architecture of Figure 2,
and the costs are calculated using the assumptions of [7].

The normalization happens with respect to the maximum
value in each case, as shown later.

A. Port Usage

Figure 5 shows the port usage for both the US and the Ger-
man topology. The available ports are the number of line cards
times their port density, and the used ports are the allocated
ports from the solver. The x-axis on the plots signifies the
parameter in use, and the y-axis is the average of all simulations
holding this parameter value steady. For example, we see that
having 0% OXCs yields the highest port usage for the US
topology on average. The ILP tries to keep the used ports close
to the available number in order not to pay for an extra line card.

In the same figure, we witness a behavior that will persist
throughout most results. Namely, the network metric is rather
bad when on 0% OXCs and exponentially improves as we
increase the OXC participation. However, the improvement
rate decreases as the OXC percentage grows, and the metric
converges to a particular number with negligible differences
between the other high OXC values. We call it the sufficient
convergence point where the knee of the curve is, and more
OXCs will hardly make a difference (e. g., 50% for the US
and 30% for Germany). So, unfortunately, there is not a
panacea OXC percentage value for all networks, and finding
this point depends very much on the topology in use. For
example, the German topology is more interconnected than
the US; thus, having fewer OXCs is fine.

Regarding the TransType parameter and due to the short
distances in the German topology, we can observe that there
is substantially no difference between using CPTs or CETs
for the port usage metric. This is not the case for the US
topology, where stronger transmission technology is needed to
cross big distances. For this reason, the mixed Boosted case
performs better than using only CPTs.

Also, it becomes obvious that no-grooming operation is
generally much more resource-hungry than the grooming case.
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Fig. 6. Slot usage parameter sweep.

B. Spectrum Usage

The spectrum allocation follows the same pattern as the
port usage. This time, the box plots are presented in Figure 6.
The crossbars span the Interquartile Range (IQR), with the
midline marking the median, and the error bar whiskers span
up to 1.5 × IQR. Again, we witness that having 0% OXCs
yields the highest spectrum allocation. Hence, all other values
will be normalized based on this maximum.

The slight increase of the powerful transponders (i. e.
Boosted) compared to conventional transponders happens
due to the increased problem complexity. The MixedBoosted
and PureTranspondersBoosted are supersets of Mixed and
PureTransponders, respectively, and naturally, they can only
do better. The problem is that the more transponder tuples the
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ILP considers, the harder the problem becomes and the more
variance in the results. The boxplots detect this uncertainty
with a rather long crossbar and even longer whiskers. However,
much of this variance comes from the no-grooming case due
to its extreme behavior. This can be seen better in the next
subchapter and Figure 7.

C. Regenerations

We will now continue only with the results of the US
topology since the behavior of the two networks is similar.
Observing Figure 7, we indeed conclude that the no-grooming
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case introduces some more variance in our results for the
different transmission modules. In addition, when grooming
is not allowed, regeneration times are better minimized,
approaching values close to zero. However, more OXCs are
needed to reach the sufficient convergence point compared
to the grooming case (50% against 10% OXCs).

D. Latency

Another interesting impact is that lower latencies are
achieved by decreasing the OXCs or preferring CETs over
CPTs. Figure 8 shows exactly this for the US topology and
grooming allowed. The major factor of these latencies is the
propagation delay, as is commonly the case in core networks.
When the OXC percentage is low, the ILP prefers to take the
shortest path to route all demands. As the OXC percentage
increases, more opportunities emerge to optimize the resource
allocation by grooming and optically bypassing the signals
using the second shortest paths, thus increasing the end-to-end
delay. On the other hand, powerful transponders allow the
solver to not commit to nearby regeneration points but route
the traffic directly through the shortest path.

E. Power Consumption

Power consumption is a part of the network operator’s OpEx
costs. Figure 9 shows that a hybrid architecture consisting
of both CPTs and CETs can have a power consumption very
close to the one using only CPTs. We observe that the pure
CET case is, in contrast, very power-hungry.

F. Hardware Costs

Figure 10 shows the overall network node costs of the US
topology for the different parameters. The line card chassis
are mostly constant to 1, so no multi-chassis routers are really
needed with this traffic matrix. As the OXC percentage and
the costs for ROADMs increase, the need for transponders
decreases. Interestingly, overall costs balance around the same
value 6500, up to 50% OXCs. Regarding the transmission
modules, once again, the mixed case is standing very close
to the pure CPT case, which appears much more economical
than the pure CET cases.

VIII. CONCLUSION

Overall in this paper, we discussed the problem of choosing
between different core network architectures. We considered
a multilayer architecture versus a HbH and networks using
only CETs modules versus only CPTs. We showcased that the
optimal behavior comes with a hybrid architecture for both
cases, where we can have the best of two worlds. Unfortunately,
finding the best architecture recipe is very much dependent on
the network topology and the underlying resources, which were
treated as problem parameters. We provided an ILP formulation
to find this optimal point and examined it for several problem
instances. We found that overly increasing the OXC coverage
might saturate the network metrics, where no further win will
be possible. This had more impact on a higher interconnected
topology like the German network. Regarding the transmission

modules, using both CETs and CPTs demonstrates costs close
to the pure CPT case while at the same time approaching
the better network metrics of the CETs. This was more
apparent for large distance networks like the US backbone.
The problem instance fed to the ILP can easily be adapted
to any network operators’ present or future perspectives.
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Abstract—A crucial component of the architecture of software
defined networks is the control plane. With the increasing traffic
demand and traffic dynamics, the scalability and resiliency of
the control plane infrastructure gains importance. While there
is a plethora of studies being performed on control plane opti-
mization for packet-switched networks, these issues are yet to be
thoroughly explored for software defined transport networks (T-
SDN). Control plane optimization involves not only the placement
of controllers, but also the appropriate design of the signalling
network (the so-called DCN), which requires knowledge of the
control traffic demand. In this paper, considering a T-SDN based
network scenario comprising Transport PCE controllers and
OpenROADMs, we focus on the modelling and evaluation of
the control traffic that stems from the signalling procedures for
lightpath setup and teardown. Our modelling framework unveils
the control traffic dependency on the number of transponders
and Reconfigurable Optical Add/Drop Multiplexers (ROADMs)
involved in the setup and teardown of optical connections.
Furthermore, the proposed framework paves the way for the
design of resilient DCNs for disaggregated T-SDN enabled optical
networks.

Index Terms—Software defined networking, optical networks,
traffic modelling, OpenROADM, Transport PCE.

I. INTRODUCTION

As software-defined networking (SDN) is considered the
most promising approach for next-generation networks, as-
pects like scalability, resiliency, and reactivity of the SDN
control-plane have gained momentum. Consequently, numer-
ous studies have come up investigating these aspects and
proposing novel approaches for optimizing the SDN control-
plane. The survey in [1] has reviewed 99 such published
studies, proposing novel approaches and utilizing a wide
range of algorithms and heuristics with diverse optimization
objectives such as optimizing the number and placement of
controllers.With the increase in traffic volume and dynamics,
the analysis of the SDN control-plane performance and its
optimization will become even more crucial. So far only
a few studies focused on the optimal controller placement
that minimizes the control or signalling traffic, i.e. the traffic

This work has been funded by the German BMBF OptiCON project and
the Celtic-Plus project AI-NET-PROTECT, funded by the German BMBF (ID
16KIS1285).

between the control plane and the data plane and between the
controllers themselves. In fact, comprehending and modelling
the control traffic could help determining the optimal design
of the control-plane not only in terms of the number and
location of controllers but also in terms of computing resource
requirements. While there have been some studies focusing on
the control traffic in SDN-based packet-switched networks, as
per our knowledge, this paper is the first one which presents
a control traffic model for software defined optical transport
networks (T-SDN).

T-SDN proposes a control-plane architecture for the control
and management of transport networks that may involve multi-
layer, multi-domain and multi-vendor scenarios, with the po-
tential of providing advantages for network operators such as
cost reduction and profit maximization [2]. Besides, consortia
like OpenConfig and OpenROADM address the heteroge-
neous nature and complexity of optical equipment by defining
vendor-agnostic standard YANG models that can be used
by the Network Configuration (NETCONF) protocol. Fur-
thermore, the OpenROADM Multi-Source Agreement (MSA)
proposes a complete disaggregation of the network by mod-
elling the interoperability capabilities of Reconfigurable Opti-
cal Add/Drop Multiplexers (ROADM) along with transponders
and pluggable optics [3]. However, unlike packet-switched
SDN networks, in which flow configuration procedures are
well standardized, in disaggregated T-SDN optical networks
the sequence of controller-device operations is strongly depen-
dent on the controller implementation. OpenROADM MSA
standardizes data models that describe the devices, services
and topology, but does not specify any requirements, im-
plementation and operational aspects for OpenROADM con-
trollers [3]. Nevertheless, the controller has to comply with the
OpenROADM device models in order to communicate with the
devices for read-write NETCONF operations, implying that
two different controllers (if OpenROADM compliant) send
and receive identical (standardized) messages to and from the
devices.

The remaining sections of this paper are organized as
follows. Section II provides a brief overview of previous
related work. Section III contains an analysis of T-SDN
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control plane message flows during lightpath establishment
and termination. In Section IV the data rate induced by control
plane traffic is evaluated considering dynamic lightpath setups
and terminations. Finally, section V concludes the paper.

II. RELATED WORK

Concerning control-plane optimization in packet-switched
networks, only a few studies have analysed the control traffic
and endeavoured to determine the placement and the number
of controllers that minimize the control traffic. The work in
[4] models the controller placement problem using Integer
Quadratic Programming with the objective of minimizing the
overall capacity required for the control traffic. This study was
performed on a testbed that consists of 50 Open vSwitch (OvS)
NITOS nodes controlled by Kandoo controllers. An extension
to this study with OpenDaylight (ODL) controllers is presented
in [5]. However, both studies only model the relative increase
of the control traffic as function of the number of controllers.
A control traffic model capable of predicting the number of
transactions/messages between switches and controllers during
a connection request is presented in [6]. By evaluating the
exact number of OpenFlow (OF) messages required to install
traffic flows, the authors compute the control traffic in reactive
OF operational-mode for a realistic topology of a nationwide
ISP. This model enables the assessment of the scalability of the
reactive operational-mode in practical deployment scenarios.

In optical networks, lightpath establishment and termination
are key control-plane procedures for connection management
that strongly impact the network performance. A full under-
standing of the control traffic generated by these procedures
not only should help optimize the number or placement of
controllers but also the design of the signalling or Data Com-
munication Network (DCN) itself. Therefore, in this paper, we
assess the control traffic by analyzing the NETCONF messages
which are exchanged during the lightpath setup and termni-
nation procedures. This study is motivated by the increasing
interest in the cost-efficient design of disaggregated T-SDN op-
tical networks. In this direction, ongoing research has provided
key developments that include SDN control frameworks and
industry-standard implementations based on TAPI interfaces
and OpenROADM device models [7]. Furthermore, in the
course of disaggregated T-SDN optical networks, the work
in [8] demonstrated the ability of Transport PCE controllers
to automatically create and delete services in multi-vendor
networks that implement OpenROADM data models. Built on
the ODL controller, Transport PCE follows the OpenROADM
service, network and device data models, thereby ensuring
interoperability [9].

III. ANALYSIS OF T-SDN CONTROL PLANE MESSAGES

A. Simulation Setup and General Observations

To assess the control traffic load that stems from the light-
path setup and termination procedures, we created a simulation
testbed where Transport PCE is used as control framework
with OpenROADM device data models as specified by the
Transport PCE project [9]. The testbed is implemented with

the Network Topology Simulator (NTS) [10], which provides
a framework for the simulation of optical devices controlled
through NETCONF/YANG interfaces. Valid YANG models
are configured into these devices and exposed to the controller
via NETCONF/YANG. The NTS testbed is used to measure
the control traffic that stems from the setup and termination of
lightpaths (with bit-rate 100 Gb/s) in a linear network made up
of a chain of ROADMs. The lightpaths are established between
the ROADMs at the network edges. The optical network is
assumed to be transparent, i.e. regeneration is not required.
Each lightpath is provisioned with a pair of transponders,
one installed at each edge ROADM. The lightpath setup
and termination procedures involve a sequence of read-write
NETCONF operations performed between the controller and
the devices (i.e. transponders and ROADMs). These operations
are realized through the exchange of request and reply remote
procedure call (RPC) signalling messages.

The simulation results evince that during lightpath setup
and termination, the controller applies standard read-write
operations that are used to configure network devices. These
operations are defined by the exchange of messages shown in
Fig 1. As can be seen, a standard read-write operation consists
of 〈get-config〉 and 〈edit-config〉 NETCONF messages that
read and edit device configuration data, respectively. These
operations are performed on device candidate and running
datastores. The former stores device configuration prior to
committing it to the running datastore via a 〈commit〉 oper-
ation. The latter holds the complete configuration currently
active on the device. To ensure secure and reliable device
configuration, the 〈get-config〉 and 〈edit-config〉 operations
are executed with auxiliary 〈lock〉, 〈commit〉 and 〈unlock〉
operations. Figure 1 shows that, before performing a read-write
operation, the first RPC message exchanged is Mlock, which
corresponds to the 〈lock〉 operation whereby the controller
locks the candidate and running datastores of the device. This
procedure prevents overwriting interactions from other NET-
CONF and non-NETCONF clients (e.g. SNMP and command-
line interface scripts). The device replies back with the Rlock

message, acknowledging that the lock has been successful.
At this stage, the controller is ready to perform 〈get-config 〉,

Fig. 1. Signalling messages involved in a standard read-write operation.
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〈edit-config〉 and 〈commit〉 operations on the device configu-
ration data. Upon completion of these operations, the 〈unlock〉
operation is executed to unlock the datastores. Since the 〈lock〉,
〈commit〉 and 〈unlock〉 operations are involved in every read-
write operation of the lightpath setup and termination pro-
cedures, we denote these operations as transaction envelope.
The total size of the controller-to-device signalling messages
exchanged in this transaction envelope is given by:

S(MTEnv) = S(Mlock) + S(Mcommit) + S(Munlock) (1)

Table I lists all NETCONF control request and reply mes-
sages observed in the testbed. The RPC requests are denoted
as MX , where X is the name of the respective operation. The
corresponding RPC replies are denoted as RX . Furthermore,
for each operation X , the size of the XML content - in
Kilobytes (KB) - of the request and reply messages measured
in the testbed are denoted as S(MX) and S(RX), respectively.
As each RPC request is acknowledged by a reply, the number
of RPC replies for any operation is equal to the number
of the corresponding requests. This does not imply that the
message sizes S(MX) and S(RX) are also identical, as seen
in Table I. Thus, the exchange of requests and replies results
in bidirectional traffic flows with asymmetric size between
the controller and the devices. In the following, for ease of
reading, we focus on the derivation of the equations that
describe the size of the controller-to-device traffic. However,
the device-to-controller traffic can easily be derived by just
replacing in the equations the request message size S(MX)
by the corresponding reply message size S(RX), for each
operation X .

B. Control Traffic in the Lightpath Setup Procedure

When a lightpath is set up, the controller performs NET-
CONF operations to configure the transponders and ROADMs
to be used by the lightpath. In the following, the controller-to-
device traffic that originates from these operations is described
based on the observations from the simulation testbed.

1) Controller-ROADM Traffic: To establish a lightpath,
the controller needs complete information about the current
configuration of each ROADM to be traversed by the lightpath.
For those ROADMs for which such information is not known
yet, the controller performs the sequence of 〈get-config〉 oper-
ations shown in Fig. 2a. By these operations, the controller
inquires ROADM-related data such as the model type, the
serial number, the degrees and the shared risk groups (SRG)
associated to each degree. Both the degrees as well as the
SRGs are composed of circuit packs. A circuit pack of a SRG
consists of hardware functional blocks such as common cards
and/or pluggable optics whereas a circuit pack of a degree
contains wavelength selective switches, in-line amplifiers and
any further equipment associated with the degree. Fig. 3 shows
an example configuration of an OpenROADM compliant op-
tical network. It contains two ROADMs, where the add/drop
modules of each ROADM are represented by the SRGs. Note
that in Fig. 3 three link types are depicted, namely, external
links which are used to connect the ROADM to external

(a) Sequence of 〈get-config〉 operations.

(b) Sequence of 〈edit-config〉 operations.

Fig. 2. NETCONF operations: controller-ROADM.

Fig. 3. Configuration of an OpenROADM compliant optical network (Exam-
ple).

devices (such as transponders or other ROADMs), physical
links that - within a ROADM - interconnect degrees and
SRGs, and internal links that represent the interconnections
between the respective circuit packs within the degree or
SRG. In the lightpath setup procedure, the messages shown
in Fig. 2a are required to inform the controller about the cur-
rent configuration of each ROADM, especially the hardware
interconnections represented by the internal links. Note that
physical links are configured for each lighpath traversing a
ROADM during the lightpath setup procedure. For a ROADM
with a number D of degrees and a number S of SRGs, the
total size S(Mtotalgc) of the controller-to-ROADM request
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TABLE I
NETCONF OPERATIONS PERFORMED BETWEEN THE CONTROLLER AND OPENROADM DEVICES.

Control Message Name Description S(MX)
(KB)∗∗

S(RX)
(KB)∗∗

Mlock , Rlock RPC request and reply for the NETCONF 〈lock〉 operation. 0.64 0.40

Munlock , Runlock RPC request and reply for the NETCONF 〈unlock〉 operation. 0.65 0.40

Mcommit, Rcommit RPC request and reply for the 〈commit〉 operation. 0.18 0.20

Minfo, Rinfo RPC request and reply to obtain the “info” subsection from the connected ROADMs and transponders. 0.34 1.67

Mdevice, Rdevice RPC request and reply to obtain the entire device data model from connected optical equipment. 0.28X
0.56R

15.63X
67.77R

Mdeg , Rdeg RPC request and reply to obtain the “degree” information from a ROADM that comprises of the list
of the supported circuit packs.

1.25 2.74

Mcp deg , Rcp deg RPC request and reply enquiring the “circuit pack” model information corresponding to each degree
in a ROADM.

2.08 5.33

Msrg , Rsrg RPC request and reply enquiring the “shared-risk group” information based on the number of SRG
obtained from the info subsection in a ROADM.

1.30 2.14

Mcp srg , Rcp srg RPC request and reply enquiring the “add-drop circuit packs” corresponding to each SRG in a
ROADM.

1.76 10.47

Msrg nmc, Rsrg nmc RPC request and reply corresponding to the creation of network media channel (NMC) interfaces at
the respective SRG circuit pack inside a ROADM.

2.47 0.20

Mdeg nmc, Rdeg nmc RPC request and reply corresponding to creation of NMC interfaces at the respective degree circuit
pack inside a ROADM.

2.66 0.21

Mdeg smc, Rdeg smc RPC request and reply to create the supporting media channel (MC) at the respective degree circuit
pack inside a ROADM.

2.61 0.20

Mconn., Rconn. RPC request and reply resulting in the creation of the connection object. 1.88 0.21

Mconn ON , Rconn ON RPC request and reply for manipulating the power value to ON state in the previously created
connection object resulting in service activation or lightpath establishment.

2.96 0.30

Mget conn., Rget conn. RPC request and reply enquiring the connection object as part of validating the lightpath establishment
from the respective ROADM.

1.10 1.47

Moch net, Roch net RPC request and reply for creating the OCH creation on the network port of the transponder in case
it does not exist on the network port yet. Output power is also configured on the OCH interface.

2.75 0.20

Motu net, Rotu net RPC request and reply to create the specific OTU interface (for e.g, OTU4 for a 100 GE signal) on
the supporting OCH interface on a transponder.

1.55 0.10

Modu net, Rodu net RPC request and reply to create the specific ODU interface on the corresponding OTU interface on
the transponder.

1.52 0.11

Meth client,
Reth client

RPC request and reply to create the corresponding Ethernet interface on the client port of the
transponder,if no corresponding interface exists on the transponder client port.

1.19 0.10

Mgc c−pm, Rgc c−pm RPC request and reply to verify the connection between client and network transponder cir-
cuit packs and ports by requesting for current-pm data with pmParameterName/type =
opticalPowerOutput.

3.84 21.12

Mconn min,
Rconn min

RPC request and reply to set the power level to a minimum value during a lightpath termination in
a ROADM.

2.95 0.30

Mget ifc, Rget ifc RPC request and reply to obtain the current state of the logical interfaces that were created in a
device during a particular lightpath establishment.

0.10X
2.59R

1.10X
3.27R

Mifc oos, Rifc oos RPC request and reply to update the admin state of all logical interfaces supporting the connection
to out-of-service state. For a ROADM, they are the NMC and MC interfaces; for a transponder, they
are the ODU,OTU and Ethernet interfaces.

2.02X
2.68R

0.10X
0.10R

Mconn del, Rconn del RPC request and reply to delete the connection object in a ROADM. 1.32 0.10

Mifc del, Rifc del RPC request and reply to delete the respective logical interfaces from the device that are associated
with the lightpath during its termination.

0.73X
1.84R

0.10X
0.10R

Mget och, Rget och RPC request and reply to fetch the respective OCH interface from a transponder. 0.25 1.15

Moch min, Roch min RPC request and reply to set minimum transmit power of the OCH interface in a transponder. 1.36 0.10

Mget cp, Rget cp RPC request and reply fetching the circuit pack supporting the OCH interface in a transponder. 0.52 1.60

Mcp nra, Rcp nra RPC request and reply to set equipment state of respective circuit pack to not-reserved-available. 1.49 0.10

Moch del, Moch del RPC request and reply to delete the OCH interface from a transponder. 0.61 0.10
∗∗KB = Kilobytes
Xsize of the corresponding request and reply messages exchanged between the controller and a transponder.
Rsize of the corresponding request and reply messages exchanged between the controller and a ROADM.
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messages exchanged during the 〈get-config〉 operations is
calculated as:

S(Mtotalgc) = S(Minfo) + S(MTEnv) + (S(Mdeg)

+ S(Mcp deg) + 2 ∗ S(MTEnv)) ∗D
+ (S(Msrg) + S(Mcp srg)

+ 2 ∗ S(MTEnv)) ∗ S

(2)

where the size S(MTEnv) of the transaction envelope must
be included since, as explained in Section III-A, each 〈get-
config〉 and 〈edit-config〉 request and reply is accompanied by
the transaction envelope. In particular, for the controller-to-
ROADM traffic, each 〈get-config〉 operation in Fig. 2a implic-
itly involves the 〈lock〉, 〈commit〉 and 〈unlock〉 operations in
Fig. 1. By plugging the corresponding message sizes shown
in Table I into (2), S(Mtotalgc) in KB, is given by:

S(Mtotalgc) = 1.81 + 6.26 ∗D + 6.1 ∗ S (3)

As for the corresponding ROADM-to-controller traffic, by
following a similar analysis based on Fig. 2a, the total size
S(Rtotalgc) - in KB - of the ROADM-to-controller reply
messages that result from the 〈get-config〉 operations is:

S(Rtotalgc) = 2.67 + 10.07 ∗D + 14.61 ∗ S (4)

Note that the 〈get-config〉 operations in Fig. 2a are per-
formed only once per ROADM. It has been verified in our
simulation that, if the controller has already obtained the
information from a ROADM as a result of a previous lightpath
establishment, the operations in Fig. 2a are not performed once
again for another lightpath.

Upon completion of the 〈get-config〉 operations in Fig. 2a,
the controller has full information about the ROADM config-
uration. In the next step, the controller performs the necessary
ROADM configuration changes to establish the lightpath. This
configuration specifies how the lightpath should be switched
through the circuit packs of the respective degree and SRG
and is accomplished by the configuration of logical interfaces
followed by the creation of a ROADM-connection object. The
configuration is directed by the controller via the sequence
of 〈edit-config〉 operations as shown in Fig. 2b. (For further
details about these operations see [3] and [7].) From Fig. 2b,
it follows that the total size S(Mtotalec) of the controller-to-
ROADM request messages exchanged during the 〈edit-config〉
operations is:

S(Mtotalec) = S(Msrg nmc) + S(Mdeg nmc)

+ S(Mdeg smc) + S(Mconn.)

+ S(Mconn ON ) + 5 ∗ S(MTEnv)

(5)

Based on the message sizes in Table I, it follows that in
(5), S(Mtotalec) = 19.93 KB. A similar analysis of the
ROADM-to-controller reply messages based on Fig. 2b reveals
that S(Rtotalec) = 6.11 KB, which is the total size of
the ROADM-to-controller reply messages transferred during
the 〈edit-config〉 operations. Finally, the controller executes
on the ROADM a validation check of the newly created
lightpath by querying for the info subsection. Based on our

observations, the total size S(Mvalidate) of the controller-to-
ROADM messages transferred during the validation operation
is:

S(Mvalidate) = S(Minfo) + S(Mdevice)

+ S(Mget conn.) + 3 ∗ S(MTEnv)
(6)

With the message sizes in Table I, it follows that
S(Mvalidate) = 6.4 KB. The corresponding ROADM-to-
controller message size is S(Rvalidate) = 73.91 KB.

From the previous analysis, when a lightpath is established,
the full configuration of a ROADM traversed by the lightpath
results in a controller-to-ROADM total message size given by:

S(MROADMc
) = S(Mtotalgc) + S(Mtotalec)

+ S(Mvalidate)
(7)

which can be calculated by applying (2),(5),(6). Equivalently,
the ROADM-to-controller total message size is calculated as:

S(RROADMc
) = S(Rtotalgc) + S(Rtotalec)

+ S(Rvalidate)
(8)

When the controller has no prior information about the
ROADM configuration, S(Mtotalgc) and S(Rtotalgc) are not
zero as the 〈get-config〉 operations in Fig. 2a must be ap-
plied. In this case, based on Table I, (7) and (8), the total
request/reply message sizes in KB are as follows:

S(MROADMc
) = 28.14 + 6.26 ∗D + 6.1 ∗ S (9)

S(RROADMc
) = 82.69 + 10.07 ∗D + 14.61 ∗ S (10)

Otherwise, if the controller has knowledge of the configura-
tion, S(Mtotalgc) and S(Rtotalgc) are zero. In this case the
total request/reply message sizes in KB are as follows:

S(MROADMc
) = 28.14 (11)

S(RROADMc) = 82.69 (12)

2) Controller-Transponder Traffic: Open-ROADM MSA
defines a transponder as an xponder device with the same
rate on the client-side and on the network side but without an
internal cross-connect. The exchange of signalling messages
between the controller and a transponder during the lightpath
setup procedure is shown in Fig. 4. As with ROADMs, in the
first step, the controller requests from each transponder as-
signed to the lightpath configuration data such as identification,
model type, life-cycle and information about client-side and
network-side circuit packs. This process involves 〈get-config〉
operations that use the request messages Minfo, Mdevice, and
the reply messages Rinfo, Rdevice - see Table I. From Fig.
4, it follows that the total size S(Mgc) of the controller-
to-transponder messages transferred during these 〈get-config〉
operations is:

S(Mgc) = S(Mdevice) + S(Minfo) + 2 ∗ S(MTEnv) (13)

Based on Table I and (13), we have that: S(Mgc) = 3.56
KB. A similar analysis of the transponder-to-controller reply
messages yields S(Rgc) = 19.30 KB.
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Fig. 4. NETCONF operations: controller-transponder.

In the next step, as seen in Fig. 4, the controller config-
ures the transponders with the data required to establish the
lightpath. This involves the creation of logical interfaces on
the network and/or client ports of the transponders. (Open-
ROADM MSA exemplifies the creation of these interfaces
during the provisioning of a 100GE client signal in [3].) The
interfaces on the network-side ports are configured by using
the messages Moch net, Motu net and Modu net, which are
RPC requests that create OCH, OTU4 and ODU4 interfaces,
respectively. The RPC message Meth client defines an inter-
face of type “ethernetCsmacd” on the corresponding client
port. This configuration is accomplished by the 〈edit-config〉
operations shown in Fig. 4. Therefore, the total size S(Mec)
of the controller-to-transponder messages transferred in the
configuration procedure is:

S(Mec) = S(Moch net) + S(Motu net)

+ S(Modu net) + S(Meth client)

+ 4 ∗ S(MTEnv)

(14)

Finally, the controller affirms the transponder configuration via
the message Mgc c−pm the size of which can be expressed as
follows:

S(Mget pm) = S(Mgc c−pm) + S(MTEnv) (15)

From the previous analysis it follows that, in case of a lightpath
establishment, the total size of the messages used for a full
configuration of a transponder is given by:

S(MXPDRc
) = S(Mgc) + S(Mec) + S(Mget pm) (16)

By taking the sizes of the respective request and reply
messages from Table I, we have that: S(Mec) = 12.89 KB.
Equivalently, a similar analysis on Fig. 4 for the transponder-
to-controller messages yields S(Rec) = 4.51 KB. Further-
more, it can be verified that: S(Mget pm) = 5.31 KB and
S(Rget pm) = 22.12 KB. Hence, the total sizes of the
controller-to-transponder and transponder-to-controller mes-
sages are S(MXPDRc

) = 21.76 KB and S(RXPDRc
) =

45.92 KB, respectively.

C. Control Traffic in the Lightpath Termination Procedure

Similar to the lightpath establishment case, the control
traffic incurred in the lightpath termination procedure is inves-
tigated by observing the respective operations executed by the
controller on ROADMs and transponders. Nevertheless light-
path termination is a simpler and shorter procedure compared
to the establishment, especially in ROADMs.

1) Controller-ROADM Traffic: During lightpath termina-
tion, the controller reverts back the ROADM configurations
performed during lightpath establishment. The control oper-
ations involved in this termination procedure mainly include
- (i) the manipulation and deletion of the lightpath and (ii)
the manipulation and deletion of the logical interfaces created
within the ROADM. As described in [3], these operations
involve the following sequence of actions:

Step 1: Setting the connection power to the minimum accept-
able value of -60 dBm.

Step 2: Setting the admin state of the interfaces to out-of-
service.

Step 3: Deleting the lightpath between these interfaces.
Step 4: Deleting the logical interfaces.

Lightpath deletion is performed in steps 1 and 3 while steps
2 and 4 are executed to remove the logical interfaces. Note
that the controller validates and verifies each operation by
requesting the actual state of the corresponding configuration
from the ROADM before and after every execution. Figure
5 summarizes the exchange of signalling messages during the

(a) Manipulation and deletion of a lightpath.

(b) Manipulation and deletion of logical interfaces.

Fig. 5. NETCONF operations: controller-ROADM.
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execution of these four steps. As seen in Fig. 5a, the controller
modifies the power level as per Step 1 and verifies it by
requesting the lightpath state. Similarly, after modifying the
admin state of the corresponding logical interfaces (as per step
2), the controller requests the lightpath state before performing
the delete operation and verifies it after the operation is
executed. Likewise, as seen in Fig. 5b the current state of
the logical interfaces are fetched each time, before and after,
every 〈edit-config〉 operation - as highlighted in green. From
this analysis, it follows that the total size of the controller-to-
ROADM messages is given by:

S(MROADMd
) = 4 ∗ S(Mget conn.)

+ S(Mconn min) + S(Mconn DEL)

+ 4 ∗ S(Mget ifc) + S(Mifc oos)

+ S(Mifc del) + 12 ∗ S(MTEnv)

(17)

Based on the message sizes in Table I, the total size of the
controller-to-ROADM and ROADM-to-controller messages
during lighpath termination are S(MROADMd

) = 41.18 KB
and S(RROADMd

) = 31.56 KB, respectively.

2) Controller-Transponder Traffic: The controller creates
logical interfaces on both the network-side and the client-side
ports of a transponder while setting up a lightpath - recall (14)
and Fig. 4. During lightpath termination, the controller restores
the transponder configuration as it existed before the lightpath
setup. The main sequence of actions performed during this
procedure, as described in [3] and observed in our simulation
testbed, is:

Step 1: Setting the transmit power of the OCH interface -
created with the request message Moch net in (14) -
to a minimum value of -5 dBm and setting the admin
state to out-of-service.

Step 2: Setting the equipment-state of the circuit pack that
supports the OCH interface to not-reserved-available.

Step 3: Setting the admin state of both the network-side and
the client-side logical interfaces of the transponder to
out-of-service. Recall that these interfaces are created
with the request messages Modu net, Motu net and
Meth client in (14).

Step 4: Deleting the out-of-service interfaces.
Step 5: Finally deleting the OCH interface.

Similar to the ROADM operations in Fig. 5, the controller
verifies and validates each step by fetching the actual state of
each configuration from the transponder before and after the
step execution. For example, in step 1, the controller requests
for the actual state of the OCH interface using Mget och

before and after manipulating both the transmit power and
the admin state through the message Moch min. From the
sequence of messages exchanged throughout the execution of
the aforementioned five steps the total size S(MXPDRd

) of
the controller-to-transponder messages sent during lightpath

termination can be derived as follows:

S(MXPDRd
) = 4 ∗ S(Mget och) + S(Moch min)

+ 2 ∗ S(Mget cp) + S(Mcp nra)

+ 4 ∗ S(Mget ifc) + S(Mifc oos)

+ S(Mifc del) +Moch del

+ 15 ∗ S(MTEnv)

(18)

From Table. I, we get S(MXPDRd
) = 30.09 KB. The corre-

sponding total size of the transponder-to-controller messages
sent during lightpath termination is S(RXPDRd

) = 27.60 KB.

IV. CONTROL TRAFFIC INDUCED BY DYNAMIC LIGHTPATH
SETUPS AND TERMINATIONS

The analysis in Section III shows that the controller follows
identical operations with all ROADMs across the lightpath and
similarly with all transponders. In fact, the number of NET-
CONF messages and their sizes are identical for all ROADMs
and likewise equivalent for all transponders. Because Open-
ROADM does not standardize the controller implementation,
a differently implemented controller could result in minor
variations in the control traffic compared to Transport PCE.
This is due to the fact that the sequence of operations could
slightly differ from controller to controller. Nevertheless, every
controller has to follow the same procedures like Transport
PCE to be interoperable with any OpenROADM device.

From the equations derived in Section III, it follows that
the establishment and termination of a single lightpath that
traverses R ROADMs and uses X transponders imposes the
following control traffic volume S(ML) between the controller
and the data plane:

S(ML) =

R∑
r=1

{S(MROADMc) + S(MROADMd
)}

+ {S(MXPDRc
) + S(MXPDRd

)} ∗X
(19)

Similarly, in the opposite direction, the control traffic volume
S(RL) between the data plane and the controller is:

S(RL) =

R∑
r=1

{S(RROADMc) + S(RROADMd
)}

+ {S(RXPDRc
) + S(RXPDRd

)} ∗X
(20)

In a dynamic T-SDN network, optical connection setups
and terminations occur continuously and can be modelled as a
Poisson process. Assuming a lightpath carried load of x Erlang
on a network element (i.e. ROADM and/or transponder),
and a lightpath holding time of tH seconds, the average
controller-to-ROADM and controller-to-transponder signalling
traffic - in Mb/s - that stems from setups and terminations of
lightpaths is: (x/tH) ∗ {S′(MROADMc

) + S′(MROADMd
}

and (x/tH) ∗ {S′(MXPDRc
) + S′(MXPDRd

)}, respectively.
The control traffic in the reverse direction, i.e. from a device
to the controller, can be simply obtained by replacing RX by
MX . Note that, as the NETCONF messages are transmitted
via TCP [11], a TCP/IP header overhead of at least 40 Bytes
must be added to the respective NETCONF message sizes
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yielding S′(MROADMc
), S′(MROADMd

), S′(MXPDRc
),

S′(MXPDRd
) and R′(MROADMc), R′(MROADMd

),
R′(MXPDRc), R

′(MXPDRd
) to obtain the correct bitrates.

By using these expressions, we now assess both the control
traffic to/from a single ROADM that faces a traffic load of
x Erlang as well as the control traffic to/from the respective
transponders. Optical connections are assumed to have a
holding time of tH = 600s and the carried load x is varied
between 10 and 1000 Erlang. Figure 6 depicts the overall
control traffic between the controller and the transponders that
results from the establishment and termination of lightpaths
dependent of the carried load x. As observed, the controller-
transponder traffic grows linearly as the load x increases
with constant slopes of 0.67 kb/s per Erlang (controller-to-
transponder traffic) and 0.78 kb/s per Erlang (transponder-to-
controller traffic), respectively. As discussed in Section III,
each NETCONF RPC request message is acknowledged by a
corresponding reply message from the device, and therefore,
the number of requests and replies are identical. Thus, the
rate of controller-to-transponder request messages per second
equals the rate of transponder-to-controller reply messages per
second. The dependency of these message rates on the carried
load x is shown in Fig.7.

Concerning a ROADM, we evaluate the dependency of the

Fig. 6. Controller-to-transponder and transponder-to-controller traffic.

Fig. 7. Number of messages per second between the controller and transpon-
ders.

controller-ROADM signalling traffic on the load x, the degree
D and the number of SRGs S of the ROADM. The ROADM-
to-controller and the controller-to-ROADM traffics are plotted
in Fig. 8a and Fig.8b, respectively. For the ROADM, D =
S is assumed, which corresponds to a typical configuration
where each degree is installed with an add/drop module that
- besides adding and dropping lightpaths - may also support
regeneration through back-to-back transponder configurations.
It can be seen that the difference between any two curves

(a) ROADM-to-controller traffic.

(b) Controller-to-ROADM traffic.

Fig. 8. Control traffic between the controller and the ROADM.

Fig. 9. Number of messages per second between the controller and the
ROADM.
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with distinct D, S values grows as the load x increases. For
low x values, the differences are quite marginal. Similar to
Fig. 7, Fig. 9 shows the number of messages per second sent
from the controller towards the ROADM dependent of the
load x for different values of D and S. For example, in the
case of 1000 Erlang, and for D = S = 5, the controller
sends approximately 420 request messages/s and also has to
process the corresponding reply messages from the ROADM
at the same rate. These message rate results can be utilized
to estimate the CPU processing requirements of the controller
for handling the signalling traffic.

A general observation valid for both ROADMs and
transponders is that the device-to-controller traffic is higher
than the controller-to-device traffic. The former either cor-
responds to responses to controller requests which mainly
contain XML encoded device information related to 〈get-
config〉 operations, or corresponds to simple acknowledgments
related to 〈edit-config〉 transactions. This implies that the
size of response messages that contain device data is larger
than the corresponding 〈get-config〉 request messages issued
by the controller. On the contrary, the size of the acknowl-
edgements is smaller than the corresponding 〈edit-config〉
messages issued by the controller to create or update device
configurations. However, in Section III it has been discussed
that the controller fetches the device configuration not only for
the initial device recognition but also for the validation and
verification of each write operation, implying that the number
of 〈get-config〉 requests outnumbers the 〈edit-config〉 requests,
thereby resulting in a higher device-to-controller traffic.

V. CONCLUSION

In this paper we analyze and model the control traffic
that stems from the setup and termination of lightpaths in
Open-ROADM/Transport PCE compliant optical networks. By
means of an example we evaluate the dependency of the
control traffic between a controller and a ROADM and the
respective transponders on the optical connection traffic load.
Furthermore the impact of the ROADM internal configuration
on the control traffic is investigated. Our results could assist
future research on the design of DCNs considering scalability
and reliability aspects.
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Abstract—Enlarging the wavelength range used for data trans-
mission is the most economic step for further increasing the
capacity of optical transmission links. Such an extension can
either be achieved by using a single amplifier with larger band-
width or by using two amplifiers in parallel. For a typical two–
stage design, the single device solution with increased bandwidth
is compared with the split–band approach using two amplifier
devices in parallel in various scenarios and in view of different
parameters. In particular, the dependence of noise figure on gain
bandwidth and measures for improvement are presented. It is
furthermore considered up to which capacity the use of a single
EDFA is advantageous.

I. INTRODUCTION

Increasing the capacity of optical networks is an impor-
tant prerequisite for introducing new applications. Among
several options, enlarging the bandwidth available for data
transmission is considered as the most economic solution for
the near future since it is compatible with the installed fiber
infrastructure [1].

Signal amplification in optical networks is mainly achieved
by means of erbium–doped fiber amplifiers (EDFAs) [2]
that have reached a very mature level of development with
low failure rates. Although this technology is able to cover
wavelength ranges of 80 nm width and more, the bandwidth of
commercial amplifiers is typically limited to around 35 nm [3]
for performance reasons.

Separate amplifiers designed for the conventional wave-
length band (C–band) and the long wavelength band (L–band),
respectively, are used in parallel for increasing capacity [4].
However, such a solution entails additional challenges with
regard to the design of optical transmission systems and their
control.

Not all links in an optical network need to be upgraded
to the full capacity offered by the two wavelength bands in
the next time such that extending the gain range of C-band
EDFAs to longer wavelengths is sufficient for a longer time
period while avoiding many of the drawbacks of a split–band
solution (setup B in Fig. 1). However, such amplifiers are
known for increased noise figures [5].

For a typical two–stage design [6], the single device solution
(setup A ) is compared with the split–band approach using
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Fig. 1: Capacity extension of existing C–band links by
using an extended C–band amplifier (setup A ) or by
parallel amplification of signals in two wavelength
bands (setup B )

two amplifier devices in parallel in various scenarios and in
view of different parameters. In particular, the dependence
of noise figure (NF) on gain bandwidth and measures for
improvement are presented. Furthermore, it is shown that
the reported increase of the noise figure can be avoided by
appropriate amplifier designs. Based on simulation results, it
is furthermore considered up to which capacity the use of a
single EDFA is advantageous.

II. THEORETICAL CONSIDERATIONS

Different gain profiles of an EDFA can be produced by
varying the average population probability of the metastable
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Fig. 2: Gain profile of a commercial EDF for different
average values of the inversion per 1 m length
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Fig. 3: Determining the total length of the EDF for differ-
ent gain profiles in order to guarantee a minimum
gain at each wavelength within the target gain
range. Left side: standard C–band from 1530 nm
to 1565 nm. Right side: extended C–band from
1530 nm to 1585 nm

level, usually called inversion. Examples of the resulting gain
spectrum are illustrated in Fig. 2 for several inversion levels.
When designing a broadband EDFA for wavelength–division
multiplexing (WDM) applications, typically a gain profile pro-
viding minimum gain variation within the target wavelength
range for signal amplification is selected for efficiency reasons,
and the amplifier control is designed to maintain this gain
profile under all operating conditions. Furthermore, a gain–
flattening filter (GFF) [7] compensating for the resulting gain
variations within the target wavelength range is embedded in
the amplifier setup.

At a given total gain adjusted by the gain control of the
amplifier, average inversion and the resulting gain profile are
governed by the total length of the EDF coils. In practice,
using longer fiber lengths for providing a predefined gain
leads to smaller average inversion. In the design phase of an
amplifier, the total length of the EDF coils is defined in such a
way that the total gain provided by the EDF coils is equal to or
larger than the target gain across the entire target wavelength
range for the desired average inversion. This requirement
comes from the fact that correcting gain differences by a GFF
only allows to reduce gain. For a target gain of 10 dB, this
aspect is illustrated in Fig. 3 for various average inversions and

Fig. 4: Left side: typical inversion profile of a codirection-
ally pumped EDF. Right side: model describing an
EDF as a cascade of erbium–doped fiber segments
of infinitesimal length
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Fig. 5: Noise figure versus wavelength for various values
of constant inversion

for different optical bandwidths. The gain profiles providing
minimum gain variations are represented by black curves.
Obviously, enlarging the gain bandwidth requires to lower the
average inversion and to accept larger gain variations to be
compensated.

Inversion along the axis of a codirectionally pumped
erbium–doped fiber (EDF) decreases with increasing distance
from the input, as illustrated on the left side of Fig. 4. The
right side of this figure shows a model describing the EDF
as a cascade of amplifier segments of infinitesimal length
with constant inversion, wherein the cumulative gain increases
continuously from one segment to the next segment. Thus,
the contribution of these infinitesimal segments to the total
noise figure of the amplifier decreases continuously along the
cascade of amplifier segments according to Friis’s formula [8]
[9] and the noise figure is predominantly determined by the
first amplifier segments. This allows to gain further insight
into the wavelength dependence of the noise figure across the
target wavelength range by considering the noise figure of
an amplifier with constant inversion as displayed in Fig. 5
for different levels of the inversion. At full inversion, the
contribution of such an amplifier segment is independent of
wavelength, whereas lower inversion mainly affects shorter
wavelength channels. In conclusion, the noise figure of C–
band channels is much more sensitive to a reduction of the
inversion at the input of an EDF as compared with the higher
wavelength channels in the L–band.

III. BANDWIDTH EXTENSION SCENARIOS

In principle, the target wavelength range of a C–band EDFA
can be extended towards shorter and longer wavelengths. How-
ever, the potential of an extension towards shorter wavelengths
is quite limited due to the steeper decrease of the gain with
decreasing wavelength starting at the lower border of the C–
band. In contrast, extending the target gain range to larger
wavelengths is more promising. In order to cover both options,
three different scenarios for extending the gain range are
considered that are illustrated in Fig. 6. It is common to all
scenarios that the upper limit of the target wavelength range is
extended to longer wavelengths in steps of 100GHz (0.8 nm).
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Fig. 6: Different scenarios for increasing the gain range of
amplifiers

In scenario 1©, the target wavelength range starts at 196.0THz
(1529.4 nm) which is typical for many C–band designs. In
contrast, scenarios 2© and 3© also support amplification
below the typical C–band and the target wavelength ranges
start at frequencies of 196.5THz (1525.7 nm) and 196.7THz
(1524.1 nm), respectively. In the following, simulation results
are presented for signals distributed with an equal channel
spacing of 100GHz over the available bandwidth.

Noise figure of a multi–stage amplifier comprising several
stages is governed by the noise figure of the individual stages
and the signal power distribution across the amplifier setup, in
particular at the input of the different stages. Except for the
first stage, the input power into the stages strongly depends on
the attenuation of the embedded gain–flattening filter (GFF).
As a rule of thumb, smaller maximum attenuation of the
GFF allows to achieve smaller noise figures. For the different
scenarios, Fig. 7 displays on the left side the maximum
attenuation of the GFF versus upper limit of the target
wavelength range. The right side shows the same attenuation
values versus width of the gain range with a strong increase
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Fig. 7: Maximum attenuation of a single gain–flattening
filter used in setup A versus upper limit of the gain
range (left side) and the resulting bandwidth (right
side, left axis). Dotted curves indicate optimum
inversion versus bandwidth
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Fig. 8: Typical amplifier setup with one gain–flattening
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with increasing bandwidth for all scenarios if the bandwidth
exceeds 40 nm. Dashed curves referring to the right axis
indicate the optimum inversion level determined as described
above and for which the spectral attenuation profile of the GFF
has been determined. For all scenarios, the optimum inversion
decreases with increasing bandwidth.

IV. IMPACT OF WAVELENGTH RANGE ON NOISE FIGURE

The setup of medium performance amplifiers for coherent
transmission typically comprises two stages with an inter-
mediate variable optical amplifier (VOA) and one GFF, as
illustrated in Fig. 8 (setup A.1 ). High output powers are
achieved by pumping each of the stages with a separate pump
laser diode. Nowadays, fiber coupled pump powers up to
950mW are available at pump wavelengths around 980 nm [1].
Furthermore, a copropagating pumping scheme used in both
stages guarantees optimum noise figure.

With a two–stage setup, the overall noise figure for output
powers above 20 dBm strongly depends on the maximum
pump power available for the first stage. The main reason
is that lower pump powers result in smaller gain of the
first stage, whereas the fact that only lower inversion is
achieved with smaller pump powers is of minor importance,
as confirmed by the noise figure values indicated for the first
stage only (see Figs. 9 and 10). Achieving optimum noise
performance furthermore requires to adapt the relative length
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Fig. 9: Power distribution in an erbium–doped fiber ampli-
fier designed for a gain range up to 1575 nm with
an output power of 24 dBm and a gain of 20 dB
(setup A.1 , scenario 1©)
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of the involved EDF coils to the available pump powers. For
a maximum wavelength of 1575 nm using scenario 1© , the
power distribution within an amplifier yielding optimum noise
performance is illustrated in Fig. 9 for three different pump
power levels of the first stage, wherein the upper three curves
indicate the total signal power at each location and the lower
curves illustrate power evolution for each wavelength channel.
Since the input power into the second stage is for all channels
and for all pump powers by at least 10 dB higher than at
the amplifier input, the overall noise figure only marginally
depends on the pump power.

Similar plots for a by 10 nm larger bandwidth, i. e. for
a target wavelength range up to 1585 nm, are presented in
Fig. 10. Due to the larger maximum attenuation of the GFF, the
input powers into the second stage are significantly smaller and
similar to the input power. This leads to a strong degradation
of the noise figure and its strong dependence on the pump
power of the first stage. With 950mW pump power, the noise
figure equals 6.44 dB, but increases to 7.56 dB and 8.43 dB
for pump powers of 650mW and 500mW, respectively.

Repeating the described design optimization and analysis
for the different scenarios with varying bandwidth and for
different output powers leads to the results shown in Fig. 11.
The plots indicate the maximum noise figure observed within
the target wavelength range for a maximum pump power of
950mW supplied to the first stage. Obviously, extending the
target wavelength range to smaller wavelengths (scenarios 2©
and 3©) provides better noise performance as compared with
just extending the C–band to larger wavelengths according
to scenario 1© for bandwidths up to around 58 nm, whereas
scenario 1© is advantageous for larger bandwidths. Due to
the dominating impact of the power distribution within the
amplifier setup, stronger increase of the noise figure with
increasing bandwidth is observed for larger output powers.

For scenario 1©, corresponding data have also been deter-
mined for a pump power of 500mW provided to the first stage.
For comparison purposes, the results are displayed in Fig. 12
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Fig. 11: Noise figure versus bandwidth for different signal
output powers and scenarios using setup A.1 (gain:
20 dB)

together with the results for 950mW pump power launched
into the first stage. At equal bandwidth and output power, the
difference of the results for the two considered pump powers is
quite small for bandwidths below 45 nm but may even exceed
1 dB for bandwidths around 65 nm and high output powers.

Amplifiers for the L–band can be designed to provide noise
figures that are comparable with C–band amplifiers at least at
larger gain values [10] and for wavelengths up to 1605 nm. At
a first glance, this seems to turn into a significant advantage
in favor of the split–band setup B (see Fig. 1). However,
the whole setup comprising both amplifiers, the C/L–band
splitter and the C/L–band combiner needs to be considered as
a single amplifier when comparing the two setups with regard
to system performance. In fact, the passive loss introduced in
the signal path by the C/L–band splitter placed in front of the
amplifiers leads to a noise figure degradation in both bands.
Typically, such band–splitters attenuate the signals by around
1 dB. In consequence, the noise figure of the overall setup is by
1 dB larger than the noise figure of the individual amplifiers.
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The black line in Fig. 12 indicates at which bandwidth
the maximum noise figure of an extended C–band amplifier
has increased by 1 dB as compared with a reference amplifier
designed for the C–band only. In conclusion, the extended
C–band design provides better system performance than the
split–band setup for bandwidths up to 62 nm at an output
power of 17 dBm and for bandwidths up to 52 nm at an output
power of 23 dBm. On the other hand, the results also show that
extended C–band designs are not suitable for providing larger
bandwidths up to 90 nm that are achievable with split–band
designs.

This advantage of the extended C–band amplifier would be
nullified if the impact of the losses of the C/L–band splitter
on noise figure of the split–band setup is avoided. Placing a
first amplification stage amplifying both bands in front of the
C/L–band splitter [11] in setup B is a promising approach
to achieve such an improvement, which leads to setup C
shown on the right side of Fig. 13. For the following analysis,
data transmission in the wavelength range from 1529.6 nm to
1564.7 nm (C–band) and in a wavelength range of equal width
from 1572.1 nm to 1609.2 nm (L–band) is investigated.

A major design challenge of setup C becomes clear from
the power distributions for the different wavelength channels
illustrated in Fig. 14, wherein C–band channels are represented
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Fig. 15: Cumulative distribution of the noise figure for vari-
ous signal output powers. Parameter: upper limit of
the gain range using scenario 1©

by blue colors and red colors refer to L–band channels. For
better readability, the x–axis has been deformed for propa-
gation distances after the C/L–band splitter, i. e. where the
different wavelength bands are amplified in separate EDF coils
of different length. Since the C–band channels experience
significantly larger gain than the L–band channels in the first
stage, the gain of the L–band channels produced before the
C/L–band splitter is not sufficient to rend the contribution of
this passive component negligible according to Friis’s formula.

Black dots in the inset of Fig. 14 indicate noise figure across
both bands for setup C with a common first stage, whereas
gray dots represent the noise performance for setup B with
two completely separate amplification branches. Obviously,
using a common first stage leads to improved noise figure in
the C–band, but there is no benefit in the L–band. In summary,
both setups are very similar with respect to the maximum
noise figure value arising within the target wavelength range
of operation. It remains that extended C–band amplifiers are
the better choice for required bandwidths up to around 60 nm
at smaller output powers and up to 50 nm at higher output
powers as compared with split–band approaches designed for
providing amplification over 70 nm or more.

V. NOISE FIGURE DISTRIBUTION

Noise performance of optical amplifiers is typically charac-
terized by indicating the maximum noise figure value within
the target wavelength range. However, this parameter only
provides information about the channel that is most affected
by amplified spontaneous emission (ASE) generated in the
amplifier under consideration. For the present work, it is of
particular importance to know whether the increased maximum
noise figure pertains to the added wavelength range only or if
the noise level is also increased in the wavelength range that
has already been supported before extension. For this purpose,
the distribution of the noise figure values for signal channels
with an equal channel spacing of 100GHz is considered in
the following. Please note that the total number of channels
depends on the target bandwidth and is therefore different for
the three different configurations considered in the following.

The cumulative frequency of occurrence is a suitable pa-
rameter for characterizing the distribution of the noise figure
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Fig. 16: Two–stage amplifier setup with two gain–flattening
filters (setup A.2 )

among the channels and is shown in Fig. 15 for three different
upper limits of the target wavelength range according to
scenario 1©. The maximum pump power provided to the first
stage amounts to 950mW and the amplifier is operated at a
gain of 20 dB with output powers of 17 dBm, 20 dBm, and
23 dBm. Following the curves from smaller noise figures to
larger noise figures, the curve for larger bandwidth is always
found below the curve for the smaller bandwidth until the
latter reaches its maximum. It follows that extending the target
wavelength range towards larger wavelengths does not only
affect the added channels but also increases the noise level for
the wavelength channels that have been transmitted before the
bandwidth extension.

VI. SETUP FOR IMPROVED NOISE FIGURE

Results presented so far clearly indicate that the increase
of the maximum noise figure of extended C–band amplifiers
is predominantly caused by the power distribution over the
amplifier setup and not by the physical properties of the energy
level transitions the amplification mechanism is based on.
Thus, tailoring the power profile across the amplifier setup is
a promising approach to avoid deterioration of the noise per-
formance with increasing bandwidth. Such an optimization of
the power profile can be realized by spreading the attenuation
required for gain flattening over several GFFs.

An amplifier setup derived from setup A.1 but comprising
two GFFs and analyzed in the following is illustrated in
Fig. 16 (setup A.2 ). In order to accommodate the second
GFF, the EDF coil of the second EDFA stage is split into
two parts. Furthermore, both parts are supplied with pump
power emitted by a single pump laser diode by means of
pump power splitting. For simplicity reasons, both GFFs use
the same filter shape providing half of the attenuation of the
GFF in setup A.1 .

Distribution of the total signal power (upper curves) as well
as the power of the individual wavelength channels (set of
lower curves) is displayed in Fig. 17 for 950mW pump power
launched into the first stage and for an upper limit of the
target wavelength range of 1585 nm. For comparison purposes,
power profiles for setup A.1 already known from Fig. 10 are
also shown in this figure. With the described modification, the
minimum signal power level after the first stage is by almost
10 dB higher as compared with setup A.1 so that the noise
figure of the overall amplifier is only 0.28 dB higher than the
noise figure of the first stage for an extended wavelength range
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Fig. 17: Power profiles in EDFA setups using one
(setup A.1 ) or two (setup A.2 ) gain–flattening fil-
ters, respectively, for scenario 1© with a maximum
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950mW, Gain: 20 dB

up to 1585 nm. Furthermore, the noise figure of this optimized
setup A.2 is by 1.78 dB better as compared width the default
setup A.1 comprising two stages and one GFF.

Of major interest is the comparison of this design optimized
for an extended C–band up to 1585 nm with an EDFA design
according to setup A.1 that is conceived for the standard C–
band. For a fair comparison, this EDFA is operated at the
same per channel power and thus reduced total output power.
Specifically, the total output power is set to 22 dBm in contrast
to the 24 dBm of the modified setup for the extended C–
band which yields a maximum noise figure of 4.18 dB in
this operating point. In consequence, extending the available
bandwidth by 20 nm leads to an increase of the maximum
noise figure by 0.48 dB. Optimizing the filter function of the
GFFs is expected to further decrease the noise figure. Thus,
the modified setup allows for an increase of the bandwidth by
60% with only minor degradation of the noise figure. However,
a disadvantage of the approach is the increased cost caused
by additional components such as an additional filter and
an additional WDM coupler, and by the higher pump power
needed for pumping the second stage.

VII. CONCLUSIONS

Presented results reveal that the noise figure degradation
associated with erbium–doped fiber amplifiers (EDFAs) oper-
ating in an extended C–band are almost completely caused by
the power profile in standard EDFA designs. The extent of the
degradation does not strongly depend on the lower limit of
the target wavelength range for signal transmission. However,
degradation of the noise figure can be strictly limited by using
a modified EDFA design with more than one gain–flattening
filter. Simulation results indicate that increasing the bandwidth
by 20 nm as compared with the standard C–band is possible
with a quite small increase of the maximum noise figure by
0.5 dB. However, the higher capacity comes at the expense of
higher cost.
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Abstract—Circular economy (CE) has severe implications on 

electronics systems design. Maximum re-use has to be considered 

in the initial product design phase. For certain ICT products, 

this may be contradicted by specific technical and operational 

aspects. The environmental impact of certain classes of ICT 

equipment is clearly dominated by use-phase energy 

consumption, which can be derived from lifecycle analyses 

(LCA). This necessitates a focus on energy efficiency, which may 

be conflicting with design in support of CE. Increasing energy 

efficiency of successor product generations can set an upper limit 

to maximum lifetime. Above this limit, further use of old 

equipment becomes net-negative, e.g., for the global warming 

potential, according to LCA. A use-phase / production-phase 

emissions ratio is defined that allows identifying whether 

replacement of ICT or other electronic equipment for reasons of 

energy efficiency and reduced total-lifetime emissions is 

necessary. From that, near-optimum lifetime and near-optimum 

replacement cycles, if existent, can be derived. Several examples 

are provided. High-capacity, fiber-optic WDM transport 

equipment should be replaced, due to fast pace of energy-

efficiency gain. Other ICT equipment like fiber-plant monitoring 

devices should not be replaced for this reason. 

Index Terms—Lifetime optimization, lifecycle assessment. 

1. INTRODUCTION

HE EU Horizon-2020 project C-SERVEES [1]

investigates improvements of circular economy business 

models (CE BMs) in the electrical and electronics sector. This 

includes theoretical analyses of possible CE BMs and four 

practical demonstrators with different equipment classes that 

aim at proving at least some of the respective CE BM 

findings. This has been complemented by extensive analyses 

regarding lifetime optimization of electronic equipment, 

aiming at total-lifetime emissions minimization. These 

analyses are based on lifecycle assessments (LCA), together 

with predictions of electricity emission factors and the 

development of energy-efficiency gain over the next three 

decades. It also considers major product characteristics like 

the average use mode.  

CE has severe implications on product design and lifetime 

requirements. For certain ICT products, these may be 

contradicted by certain technical and operational aspects. This 

is particularly true for ICT infrastructure (i.e., core-network) 

products. These products typically show very strong use-

phase LCA dominance, which has an impact on their lifetime 

or the CE aspect of longevity.  

In this paper, an optimum-lifetime analysis will be given. 

This analysis covers a generalization to other classes of 

electronic equipment.  

2. ICT ENVIRONMENTAL STATUS

The main components of the ICT sector, or the Internet, are 

wired (access and backbone) and wireless (access only) 

networks, data centers, and end-user equipment. The networks 

split into backbone or core and access (incl. wireless) parts. 

The core networks consist of aggregation switches, routers 

and fiber-optic WDM long-distance transport. For these 

infrastructure equipment classes, some 80-90% of the 

environmental impact are determined by the use-phase energy 

consumption, which can be derived from lifecycle analyses 

[2]-[4]. This is particularly true for the global warming 

potential (GWP), that is, emissions of greenhouse gases 

(GHG, i.e., carbon dioxide (CO2), methane (CH4), nitrous 

oxide (N2O), and ozone (O3)). 

Part of the use-phase dominance is owed to the typical use 

mode of ICT infrastructure equipment, which is 24/7 always-

on, at high utilization, and over long lifetime (around 8 years 

or more). The second relevant reason is the ICT bandwidth or 

bitrate growth, which is forecasted to persist also for the next 

couple of years [5]-[7]. This is shown in Fig. 1, together with 

the resulting global ICT energy consumption according to [8], 

[9] and the associated GWP.

Fig. 1. ICT throughput based on [5]-[7] (extrapolated to 2026), and 

related growth in energy consumption [8], [9] and resulting 

emissions (GWP) 
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The red curve in Fig. 1 shows the resulting GWP. Beyond 

2020, these emissions may lead to total global GWP increase 

despite the necessity to massively decrease emissions, 

following the Paris Agreement [11]. This is driven by 

bandwidth-hungry applications like video downloads, 5G, 6G, 

big data, and others. 

For calculating the GWP, average electricity emission 

factors that are linearly decreasing from 0.4 kgCO2e/kWh in 

2020 to 0.3 kgCO2e/kWh in 2030 have been used. 

So far, the main ecodesign effort for ICT infrastructure 

equipment went into the increase of power efficiency. As an 

example, the power efficiency for WDM transponders 

improved from ~10 W/Gbps in the beginning in the mid-90s 

to around 0.2 W/Gbps for the latest generation. At the same 

time, the throughput (e.g., total WDM system transmission 

capacity) did cope with global ICT throughput, as shown in 

Fig. 2.  

Here, WDM system capacity and ICT global throughput are 

displayed in ordinate log scale. Both curves have similar 

slope. Similar slope can also be derived for other 

infrastructure equipment (switches, routers) [13]. This means 

that the amount of equipment and associated raw-material 

consumption and waste electrical and electronic equipment 

(WEEE) is growing slower than its energy consumption.  

Fig. 2. Power-efficiency development for WDM [15] (top) and 

Internet throughput increase [5]-[7] and WDM system-capacity 

increase [15] (bottom) 

The development of the EU WEEE generation is shown in 

Fig. 3 [12]. It can be seen that WEEE generation has a 

moderate, almost linear, growth rate.  

Fig. 3. Development of WEEE generation in the EU [12] 

WEEE is one of the main aspects to be improved by CE. 

CE also aims at minimizing raw-material intake. This is 

relevant for the ICT sector when considering materials 

regarded scarce or critical. From the EU list of critical raw 

materials 2017, at least one half of the elements are critical for 

the ICT sector  [14]. 

As a first conclusion, components and raw-material aspects 

are important for ICT infrastructure gear and equipment with 

similar use mode, but less important than energy-efficiency. 

Whether this persists will be analyzed in the next chapter. 

3. RELEVANT PARAMETERS

3.1   Consideration of the GWP 

When calculating optimum lifetime of ICT and other 

electronics equipment, suitable measures must be used. For 

our calculations, we use the LCA midpoint parameter of the 

global warming potential, GWP. Due to global warming and 

the urgently required actions to reduce carbon emissions, 

GWP is possibly the most important LCA midpoint impact 

category today. However, circular economy and its related 

business models are primarily considering general resource 

depletion. This covers fossil resources and thus, indirectly, 

emissions. In addition, and more importantly on the long run, 

it also covers other abiotic resources, including critical raw 

material. 

For the ICT products that are considered in this chapter 

primarily, GWP is nonetheless a valid parameter for lifetime 

optimization. This follows from product LCA that considers 

various midpoint parameters.  

Two LCA examples are shown in Fig. 4 for the TeraFlex 

system. TeraFlex is an example of latest-generation coherent 

WDM transport equipment [3]. Since the typical use mode is 

24/7 always-on, the system is clearly dominated in GWP (and 

other mid-point LCA parameters) by its use phase. Note that 

in this case, absolute power consumption is high, but at the 

same time, TeraFlex is one of the most power-efficient WDM 

systems globally. Here, power efficiency is rated in W/Gbps. 

ICT equipment like routers and core switches has similar 

characteristics, albeit at somewhat higher power consumption 

per throughput.  

We show two LCAs, one calculated using average EU 

electricity grid mix, the second one using 100% renewable 

energy. This is relevant since the related emission factors 

(with dimension [kgCO2e/kWh]) obviously have high 

influence on LCA. Considering both emission factors (EU 

grid mix and fully renewable) is also relevant to compile 

meaningful results for the complete period up to 2050, when 

Carbon neutrality is targeted in the EU and when electricity 

must be based on renewable energy.  

In the upper part of Fig. 4, the TeraFlex LCA is shown for 

grid-mix electricity. All midpoint categories shown are 

dominated by the use phase. In particular, abiotic resource 

depletion has a result similar to GWP. The same can be shown 

for Ethernet switches and IP routers [4]. This necessitates 

continued work toward better energy efficiency since use-

phase impact is driven by the related energy consumption. In 
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turn, this may be conflicting with design in support of CE, at 

least in those cases where total development effort is limited. 

When renewable energy is used, things change but use 

phase is still mostly dominant, see the lower part of Fig. 4. 

The reason is that we use a non-zero emission factor of EFRE 

= 0.04 kgCO2e/kWh for renewable energy (RE). This 

averaged value considers complete lifecycle electricity 

emissions. These cover a large range due to differences in 

technology, local resource conditions and methodological 

approaches for assessment [16]. Wind, solar or water energy 

is not fully emissions-neutral since the construction of the 

respective plants causes emissions.  

The share of renewable technologies and their emission 

factors of the future energy market are not yet known. For 

example, lifecycle GHG emissions are in the range of 7-56 

gCO2e/kWh for wind energy and 5-217 gCO2e/kWh for 

photovoltaic. Producing renewable energy is never carbon-

neutral unless compensation techniques or techniques like 

CCS (carbon capture and storage) are used [17].  

Fig. 4. LCA for the TeraFlex system using grid-mix electricity (top) 

and renewable energy (bottom). 

Note that also for using renewable energy, abiotic resource 

depletion performs similar to GWP. Therefore, GWP is 

considered a valid measure for lifetime optimization and is 

used hereinafter. 

LCA has been conducted in line with ISO 14040/44 and 

ETSI EN 203 199, with openLCA, together with the 

ecoinvent and GaBi electronics data bases, emission factors 

and use mode as discussed and a lifetime assumption of 8 

years. 

3.2   Parameter extrapolation 

In order to derive optimum lifetime of an electronic device, 

several steps are required. First, we perform the derivation 

based on total resulting GWP, that is, emissions. This way, the 

production phase with its impact on raw material can be 

traded off against the use phase, which can lead to high 

emissions over lifetime. We do not consider the other 

lifecycle phases here since typically, they are far less relevant 

in LCA. This simplification is certainly true for infrastructure 

ICT equipment, refer to Fig. 4. 

Next, average emission factors need to be extrapolated into 

the future since we need to consider potentially long or 

extended lifetime that can go beyond 2040 or so. We use two 

sets of emission factors (EF) that are extrapolated up to 2050. 

The first set assumes a linear decline in the – average – EF 

toward 100% renewables in 2050.  

The second EF set is more aggressive than the first one. It 

reaches 100% RE in 2044. Although it might become 

necessary in the near future, even faster approach toward 

100% RE is not seen realistic today on a global scale. Note 

that the EF are average, that is, global figures. 

Also note that the extrapolated EF are in line with the 

B2DS scenario of the IEA [18] and the RCP2.6 scenario of 

the IPCC [19], that is, scenarios that support less than 2°C 

global warming compared to the pre-industrial state.  

The resulting emission factors are shown in Fig. 5. 

Fig. 5. Extrapolation of emission factors. The dashed curve 

comprises faster declining values. 

The next parameter that is relevant for calculating GWP 

into the future is the development of the gain in energy 

efficiency in electronics and photonics. It is obviously 

relevant for ICT gear and other electronics equipment. The 

problem is that this gain started saturating since total 

efficiency is approaching some fundamental physical limits 

[13]. At today’s pace, any gain in electronic-components 

efficiency must come to a stop in around two decades, given 

that no disruptive technologies will be found. Also in [13], it 

is stated that in the last two decades or so, the yearly gain in 

energy efficiency for main classes of ICT infrastructure 

equipment (switches, routers, WDM transmission gear) was in 

the range of 14%. Therefore, we assume non-linear decrease 

of the yearly efficiency gain from 14% in 2020 toward almost 
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zero in 2050. This may be regarded pessimistic, but it is not. 

For example, it is clear that somewhere below 5 nm CMOS 

(complementary metal-oxide semiconductor) feature size, the 

CMOS development will have to come to an end.  

The resulting development in efficiency is shown in Fig. 6. 

Fig. 6. Extrapolation of yearly gain in electronics energy efficiency. 

Fig. 6 can be used to calculate the improvement in 

efficiency that a successor generation of a piece of equipment 

can offer after, say, 10 years. Obviously, this improvement 

depends on absolute time (it is decreasing over time).  

4. LIFETIME OPTIMIZATION

4.1   ICT core-network systems 

Based on the emission factors and energy-efficiency 

development discussed in the previous chapter, we calculated 

total-lifetime GWP for several ICT devices in several 

scenarios, with and without replacement for reasons of energy 

efficiency.  

As the first device, we analyze TeraFlex, whose LCA was 

already shown in Fig. 4. We compare a scenario where the 

system is installed and activated in remains in service for very 

long time, irrespective of potentially changing service 

requirements. Then, different scenarios are investigated where 

the original unit is replaced by successor units that are more 

efficient according to Fig. 6. For all scenarios, the most 

relevant emission contributions – use phase and production – 

are considered, other lifecycle phases (transportation, end of 

life and contributions from our sites) only have a very small 

impact and can be neglected. 

First, we assume grid-mix electricity and its development 

of the emission factors as per Fig. 5, extrapolated case. The 

result for TeraFlex is shown in the upper part of Fig. 7. Three 

scenarios are shown: no-replacement, replacement every 8 

years and a replacement scheme that is close to optimum. This 

shows that regular replacement, e.g., every 8 years, becomes 

less efficient over time. Faster replacement at the beginning 

might be better, but toward 2050, it performs worse. For 

TeraFlex, close-to-optimum replacement is achieved after 4 

years, another 4 years and 8 years, respectively. Replacement 

every 12 years or slower is not fast enough, and replacement 

every 4 years also perform worse than the optimum 

replacement. 

Fig. 7. Replacement scenarios for TeraFlex for grid-mix electricity 

(top). Replacement for TeraFlex, when using 100% renewable energy 

(bottom). The steps in the curves represent successor-unit production 

emissions. 

In the top figure, the curves are flattening due to the 

improving emission factors. The saturation of efficiency gain, 

together with emission factors that are improving over time, 

lead to the fact that replacement becomes less frequently 

necessary over time. In general, availability of successor 

products as frequent as every 4 years is unrealistic for 

infrastructure ICT equipment. In addition, efficiency gain 

becomes smaller with faster replacement. For these reasons, 

we investigated combinations of 4, 8, 12, and 16 years as 

replacement periods.  

Next, we varied the emission factors to see how stable 

results are. For this, we used the faster development of the 

emission factors from Fig. 5. The result does not differ 

significantly from the previous one.  

We also approximated optimum TeraFlex replacement 

when using 100% renewable energy, see the bottom part of 

Fig. 7. Due to the low emission factor, only one replacement 

should take place in the period up to 2050. Replacements after 

8 and 12 years respectively achieve the same minimum 

resulting GWP. Replacement after shorter or longer periods 

lead to higher total GWP.  

Also note that considering renewable energy and related 

emissions yields the correct results for ICT network operators 

that already run their entire network with 100% renewable 

energy. This holds for large network operators like British 

Telecom or Deutsche Telekom.  

We kept the production emissions constant, over time and 

with changing emission factors. This is not fully exact, but 
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prediction how production LCA changes with changing 

emission factors is difficult. Production GWP certainly will 

get better over time, but the extent is unclear. We regard this a 

secondary effect which does not have significant influence on 

our results. Note that keeping the original high production 

GWP does penalize the more frequent replacement of 

products. For TeraFlex, the crossover point in time would 

only come even earlier. 

The next photonic ICT device, ALM-64, is an ICT 

infrastructure, fiber-plant monitoring system. It permanently 

monitors fibers for their integrity, therefore the use mode is 

24/7 always-on again. Technically, the ALM is an optical 

time-domain reflectometer. Moreover, the ALM is designed 

for lifetime in excess of 10 years, therefore, its energy 

consumption is relevant. The LCA of the ALM again shows 

use-phase dominance. For grid-mix electricity, the use phase 

caters for 55-90% of the different LCA midpoint parameters. 

The lifetime GWP of two ALM scenarios is shown in Fig. 

8. In the first scenario, the ALM is installed in the respective

infrastructure and remains there. In the second scenario, the

original ALM is replaced, after 10 years, by a successor

product. Again, we assume that the successor has better

energy efficiency after 10 years according to Fig. 5. This

translates to a drop in energy consumption – for the same

application! – by 55%. This is somewhat optimistic since,

e.g., a successor might have been developed five years after

the original product, in which case the efficiency gain is

smaller. However, we use this value, an improvement of 55%

in energy consumption, to clearly identify lifetime effects.

Fig. 8. Lifetime GWP for two ALM-64 scenarios. The steps in the 

curves represent the (successor) unit production emissions. 

In Fig. 8, we consider grid-mix electricity and use-phase 

and production emissions only. The other lifecycle emissions 

contributions are negligible, as discussed earlier. 

Both curves are flattening over time due to improving 

emission factors. The curve for the second scenario is even 

flatter due to improved energy efficiency of the successor. 

However, the two curves never cross. This means that in most 

realistic scenarios, the ALM should not be replaced due to 

improvements in energy efficiency – the ALM consumes 

sufficiently little energy! In turn this means that the ALM 

should be (and is) designed for longevity, potential parts reuse 

and finally recycling.  

4.2   Generalization to other (ICT) systems 

So far, we investigated two ICT infrastructure products with 

different characteristics of use versus production impact.  

In order to fully generalize our analysis and to more clearly 

answer the question if and when products should be replaced 

by more efficient successors, we define the following Use-

phase/ Production-phase Ratio UPR10 for the GWP: 

𝑈𝑃𝑅10 ≔
GWP of the first 10 years in the use phase

GWP of the production phase
      Eqn. (1) 

UPR10 is the ratio of 10 years use-phase GWP and the 

production GWP according to LCA. Note that the first 10 

years in use shall be considered since over time, the use-phase 

GWP decreases thanks to improving emission factors. This 

allows more meaningful statements for the next two decades. 

We consider 10 years of use to allow certain averaging of the 

emission factors and sufficient time for successor product 

generations to be developed. 

Note that UPR10 does depend on the applicable emission 

factors. Due to the fact that emission factors for grid-mix 

electricity (Fig. 5) and renewable energy develop differently, 

UPR10 cannot be normalized to the emission factor but must 

be considered for different emission factors separately.  

In Tab. 1, relevant parameters for the ALM and TeraFlex 

are summarized. 

Tab. 1. GWP parameters of the ALM-64 and TeraFlex 

ALM-64 TeraFlex 

Power Consumption 10W 1000 W 

Production GWP 160 kgCO2e 1.0 tCO2e 

UPR10 Grid Mix 1.7 27 

UPR10 RE 0.04 3.5 

UPR10 for the ALM and TeraFlex differs by more than one 

order of magnitude. Also note the UPR10 differences when 

using grid-mix emission factors and renewable energy (RE), 

respectively.  

Varying UPR10 across a maximum range and identifying if 

and when there is a GWP crossover point in time between the 

two scenarios (no replacement vs. replacement) now allows 

full generalization beyond ICT products. In the upper part of 

Fig. 9, this crossover is shown as a function of UPR10 for the 

case of extrapolated emission factors as per Fig. 5.  

The crossover time shows hyperbolic character. Below 

UPR10 ≈ 2, there is no crossover anymore, it moves toward 

infinite duration. This is obviously the case for ALM, see Fig. 

8. This means the ALM is indeed at the one end of the UPR10

scale. For UPR10 > 20, the crossover is within the first year.

Significantly higher UPR10 values are unlikely since this

would require products with very high power consumption but

low production GWP. In this part of the curve, it is clear that

products must be replaced if more efficient successors are

available. It is also clear that TeraFlex (with UPR10 = 27) is at

the other end of the scale, compared to the ALM.
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Fig. 9. Crossover time toward total net-positive emissions for 

emission factors extrapolated up to 2050 as a function of the UPR10 

(top). Crossover time toward total net-positive emissions for EFRE = 

0.04 kgCO2e/kWh for 100% renewable energy as a function of the 

UPR10 (bottom). 

Next, we repeat the crossover calculation for 100% 

renewable energy. The result is shown in the lower part of 

Fig. 9. Not surprisingly, the crossover time shifted upward, 

and with 100% RE, no UPR10 values above 7 were reached. 

However, even when using 100% RE, the principle 

characteristic does not change. For products that are 

massively energy consuming in the use phase, replacement 

after a certain point in time still makes sense in terms of total 

resulting GWP. This holds, as discussed, for small non-zero 

emission factors for RE. 

Next, we derived the crossover UPR10 range that separates 

the replacement from the no-replacement domains. Again, this 

cannot be derived precisely in general (dependence on UPR10, 

dependence on absolute time, dependence on emission 

factors, unknown development cycles of successor products). 

However, we can estimate the crossover range for UPR10 that 

separates the replacement domains. In case a given product 

falls into this crossover range, more precise calculations must 

be done. 

The estimation can be done by fixing the production GWP 

or the use-phase power consumption and varying the other of 

the two parameters to the value where the two scenarios 

(replacement, no replacement) yield the same GWP. The 

crossover UPR10 then simply is the ratio of the two resulting 

parameters as per Eqn. (1). 

Then, for the extrapolated emission factors of Fig. 5, a 

value of UPR10 Crossover ≈ 4 results. This is in line with the 

upper part of Fig. 9. There, UPR10 ≈ 4 is the range where the 

crossover-time curve most massively changes in slope.  

Note that the period beyond 2050 is less relevant because 

RE emission factors must be assumed. Here, only products 

with high UPR10 require replacement. 

Next, the UPR10 Crossover calculation is repeated for the case 

of running the equipment with 100% renewable energy. Now, 

UPR10 Crossover ≈ 0.9. Again, this is in line with the bottom part 

of Fig. 9, where 0.9 is the range where the gradient of the 

curve clearly changes. Obviously, the smaller the emission 

factors are, the more the crossover point moves toward higher 

power consumption relatively to the production impact. 

Note that these calculations must be adapted to the 

emission factors that the respective equipment will see in its 

future use phase. 

In general, products with UPR10 clearly below 4 (grid mix) 

or clearly below 0.9 (RE), respectively, do not require 

replacement. Products with UPR10 clearly above 4 (grid mix) 

or clearly above 0.9 (RE), respectively, do require it. Products 

with UPR10 near the crossover values 4 (grid mix) or 0.9 

(RE), respectively, should be analyzed in more detail to 

identify the optimum replacement scenario. Similar 

considerations hold for the preference on energy efficiency in 

ecodesign. Products with high UPR10 require consideration of 

energy efficiency first, followed by circular-economy 

consideration. For products with small UPR10, it is vice versa. 

Further note that UPR10 may have an influence on the 

choice of the most-suitable product-service system (PSS) [20] 

as the supporting CE BM. In cases of very high UPR10, it may 

be beneficial to select a PSS that supports (improvements of) 

operational efficiency, namely energy efficiency. In turn, 

certain PSS can have a massive influence on UPR10. In 

particular, PSS that aim at massively improving product 

utilization, e.g., by better sharing, may also lead to massively 

increased lifetime energy consumption, thus increasing 

UPR10. In these cases, it should be checked whether the 

respective products need to be replaced because of energy-

consumption reasons after certain periods.  

In order to verify the generalization via UPR10, we repeated 

the analysis for two third-party devices from the data-center 

space.  

The first device is a storage platform for up to 84 drives. Its 

production GWP is 5.0 tCO2e, target lifetime is 10 years, and 

average power consumption is 1690 W [21]. From this, UPR10 

= 9.12 for grid-mix electricity results. This clearly indicates 

that the storage platform should be replaced somewhere after 

the target lifetime for reasons of energy efficiency 

improvements. This is confirmed in Fig. 10. 
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Fig. 10. Lifetime GWP for a storage platform [21]. Two replacement 

scenarios indicate that the device should be replaced when more 

efficient successor units become available.  

We used somewhat slower efficiency gain here. This 

considered the effect that efficiency gain of hard disk drives is 

assumed to be slower than the one of semiconductors as 

shown in Fig. 6. Nonetheless, a clear indication of 

replacement for reasons of energy efficiency and related 

emissions can be derived. 

The second device is a high-performance server with 

maximum configuration of two 28-core CPUs and three GPUs 

[22]. Target lifetime of this device is four years, production 

GWP is 4.3 tCO2e, and power consumption is 308 W, 

respectively. This translates to UPR10 = 1.94 for grid-mix 

electricity. The lower use-phase impact results from the 

average utilization (100% load: 10% of the time, 50% load: 

35%, 10% load: 30%, idle mode: 25%). The small UPR10 

indicates that the device should not be replaced and could 

hence be given longer lifetime. This is confirmed in Fig. 11. 

Fig. 11. Lifetime GWP for a server. 

Again, we used somewhat slower efficiency gain here, 

compared to Fig. 6. This considers that the server can be 

equipped with hard disk drives and that CPU efficiency 

scaling has already slowed down significantly [23], [24]. 

DISCUSSION AND CONCLUSION 

Circular economy aims at reducing raw-material consumption 

and (electronics) waste generation through the concept of 

longevity. However, lifetime may be limited, for certain 

products, by use-phase energy consumption and the efficiency 

gain that is to be expected by successor products. This effect 

is time-dependent since both, the efficiency gain and the 

electricity emission factors that are to be applied decrease 

over time. 

For a product classification, the use-phase-over-production-

phase GWP ratio UPR10 has been defined. When considering 

average grid-mix emission factors extrapolated into the future, 

UPR10 > 4 indicates the domain where products should be 

replaced after a certain time when significantly more efficient 

successor products are available. This lowers total lifetime 

GWP, including the production GWP of the successor. For 

UPR10 < 4, the products shall be extended in lifetime, within 

other limitations like functional obsolescence etc. Even when 

using renewable energy, this only changes quantitatively. 

Therefore, replacement requirements will be seen even in two 

or three decades from now for certain ICT equipment. 

Compared to full LCA, UPR10 is simpler (although it 

requires the production GWP of the device under 

consideration), and it solves the ambiguity regarding the 

replacement question that LCA use-phase dominance leaves. 

Lifetime GWP optimization using UPR10 may contradict 

generic CE requirement for longevity. However, in particular 

as long as average emission factors are clearly above the ones 

for renewable energy, the product discrimination enabled by 

UPR10 should be applied in order to avoid net-negative CE 

rebound effects on global warming. This is particularly true 

for potential new regulations. These must apply similar 

electronics products discrimination. Products with very strong 

use-phase dominance, like TeraFlex, must be allowed to be 

taken out of service for reasons of energy-related emissions, 

even if they could be re-used for extended periods from the 

viewpoint of functionality.  

Of course this means that at their end of life, these products 

have to be recycled to the best-possible extent using best-

available technology, in order to recover scarce and precious 

material. In turn, devices that need not be replaced shall be 

designed for longevity, including design for maintenance, 

modularity, high meantime between failures, and finally again 

design for recycling. 

The UPR10 concept can be improved by normalizing UPR10 

to the predicted energy-efficiency gain in that period. This 

yields clearer results in cases where the ICT efficiency gain 

used in this paper cannot be applied. Similar to the emission 

factors, the efficiency gain then has to be adopted 

individually. 
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Abstract—Endless optical polarization control is 

demonstrated. Polarization transformations before and behind 

broadband LiNbO3 polarization transformers fluctuate at about 

100 krad/s each, >100 times faster than the slower of these two 

speeds in earlier two-sided polarization controllers. Mean 

relative intensity loss during a 115 h test of 2 x 100 krad/s 

tracking was about 0.007, maximum loss was about 0.04. 

Keywords— polarization, Lithium Niobate, polarization 

control 

I. INTRODUCTION  

Polarization control has been investigated for coherent 

optical communication and sensing. It should be endless, i.e. 

tracking should be possible for polarizations wandering many 

times around the Poincaré sphere. Rotating fiber loops [1–3], 

fiber squeezers [4–6] and LiNbO3 polarization transformers 

[7, 8] have been proposed decades ago.  

The incoming polarization state of a polarization 

controller or the polarization state analyzed behind it may 

vary and needs to be tracked. Often, this holds for only one of 

them. Such one-sided endless polarization control has been 

reported up to 100 krad/s on the Poincaré sphere with low 

tracking errors [9]. 

Until today, those controllers which simultaneously 

tolerate endless polarization transformation fluctuations 

before and behind the polarization transformer seem to be 

quite limited in speed. 200 rad/s tracking behind, concurrently 

with 15 krad/s before the polarization transformer was 

reported [10]. To our knowledge, there are no reports of 

polarization controllers which track fluctuations at both sides 

where the slower (hence limiting) of these two fluctuation 

speeds (or any of the two speeds if they are equal) gets near 

(or above) 500 rad/s. We report two such experiments, using 

one or two polarization transformers which are LiNbO3 

components. 

II. SETUP: 2 X 100 KRAD/S POLARIZATION CONTROL WITH 

TWO LINBO3 COMPONENTS 

Fig. 1 shows the experimental setup. A 1550 nm laser signal 

is passed to polarization scrambler 1. It consists of 7 rotating 

electrooptic waveplates: A halfwave plate (HWP) rotating at 

100 krad/s, with 3 quarterwave plates (QWP) before and 3 

QWPs behind it, all rotating at slow incommensurate speeds. 

The polarization-scrambled signal is passed through LiNbO3 

polarization transformer 1. At its output there is a polarization 

beamsplitter (PBS1) which captures the vertically polarized 

residual power. This is detected by an avalanche photodiode 

(APD1) and minimized by the controller 1 which sets the 

LiNbO3 device voltages appropriately. Horizontal 

polarization with (almost) full intensity leaves PBS1. This is 

input to a LiNbO3 polarization transformer 2. Between its 

output and PBS2 there is polarization scrambler 2. It is like 

polarization scrambler 1 but operates with somewhat 

different, incommensurate rotation speeds to avoid any 

control benefits. Controller 2 minimizes the vertically 

polarized residual power in PBS2, which is detected by 

APD2. Horizontal polarization with almost full intensity exits 

from PBS2. Gradient search is applied. 

PBS1 converts residual polarization fluctuations into 

small intensity losses. It thereby decouples very effectively 

the polarization control processes in controllers 1 and 2. 

These can run at their target tracking speeds of 100 krad/s 

each. No time-interleaving or different electrode voltage 

dither frequencies are needed for controllers 1 and 2. 

The multiplication factors of photodetectors APD1, APD2 

are set automatically within 7 dB dynamic ranges. There is a 

small optical attenuation (not depicted) before APD1, in order 

to let the dynamic ranges of controllers 1 and 2 overlap 

completely. Apart from this, polarization controllers 1, 2 are 

similar to that used in [10]. 
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LiNbO3

polarization

transformer 1

PBS1
polarization

scrambler 1

Controller 2

LiNbO3

polarization

transformer 2

PBS2
polarization

scrambler 2

Controller 1
Needed for 2 x 100 krad/s,

taken out for 2 x 1 krad/s

1550 nm

APD1

APD2

 

Fig. 1: Setup for control of fast polarization transformation 

fluctuations at input and at output of polarization controller.        

For 2  100 krad/s tracking, 2 controllers are needed. 

For 2  700 rad/s or single-sided 1  1000 rad/s tracking, 

1 controller suffices. 

III. RESULTS: 2 X 100 KRAD/S POLARIZATION CONTROL WITH 

TWO LINBO3 COMPONENTS 

Both polarization controllers accumulate the residual 

intensity samples into histograms during control. The samples 

are normalized and referred to as relative intensity error 

(RIE). Fig. 2 shows the complementary cumulative 

distribution function 1F(RIE) of the RIE for both controllers 

at different nominal scrambling speeds between 200 rad/s and 

100 krad/s. Function 1F(RIE) is the (small) probability of 

surpassing a certain RIE. At 200 rad/s, maximum observed 

RIEs were 0.0027 and 0.0031 for polarization controllers 1 

and 2 within 5 minutes. At 100 krad/s, maximum RIEs were 

0.02 and 0.022 within 5 minutes. 
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Fig. 3 shows these RIEs, now 0.025 and 0.03, within an 

extended measurement over 115 hours. Individual RIE results 

remained unchanged when the other polarization scrambler 

and the corresponding controller were disabled. This shows 

that the two control loops are very well decoupled. 

The RIEs are calculated from the residual cross-polarized 

signal. This means, when looking at the full output signal, the 

two momentary small RIEs must roughly be added. If we add 

the individual maximum RIEs 0.025 and 0.03 at 2  100 

krad/s we reach a sum RIE 0.055. But the two control loops 

are independent. Therefore total 1F(RIE) is not so much 

worse than an individual one because large RIE in one 

coincides most likely with small RIE in the other polarization 

control loop. Approximate total RIE is hence calculated by 

convolving the underlying probability density functions 

(pdfs), assuming that the two individual RIEs are statistically 

independent. Result is also plotted in Fig. 3 (red trace). 

RIE = 0.04 is reached with probability <1012.  
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Fig. 2: Complementary cumulative distribution function 1F(RIE) 

of relative intensity error (RIE), for polarization controllers 1 (PC1) 

and 2 (PC2) at various speeds. 
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Fig. 3: Complementary cumulative distribution function 1F(RIE) 

of relative intensity error (RIE), for polarization controllers 1 (PC1) 

and 2 (PC2) at 100 krad/s (blue). Convolution of underlying 

probability density function yields calculated 1F(RIE) of PC1 + 

PC2 (red/magenta/cyan = 2  100/10/0.2 krad/s) 

Also shown is 1F(RIE) calculated by convolutions of the 

pdfs measured at 2  10 krad/s (magenta trace). This speed is 

not plotted in Fig. 2 because the corresponding traces would 

partly overlap with those for 2  0.2 krad/s.  

Fig. 3 likewise shows 1F(RIE) calculated for 2  0.2 

krad/s (cyan trace). Horizontal difference between the  2  

0.2/10 krad/s curves (cyan/magenta) and the 2  100 krad/s 

curve (red) is about 0.03 at 1F(RIE)  109, the lowest 

relevant for the 5 min measurements. 
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Fig. 4: Intensity histograms at output port of setup (PBS2 out). 

In Fig. 4, histogram counts are shown, aligned at a 

maximum RIE = 1. The rightmost curve shows a intensity 

histogram of the laser alone. Intensity drops to about 0.966 in 

the worst case. Measurement is shorter (1 min) and area under 

the curve is hence smaller than in the two other curves (5 min 

each). The middle curve shows a histogram of the intensity at 

the output of PBS2 during control and 1 krad/s scrambling 

speed. Lowest intensity is about 0.92, i.e. 0.046 lower than 

the samples of the laser in a shorter time. This is more than 

would be expected from the sum of worst RIE at 1 krad/s. 

Reason is that it also contains the PDL of both scramblers and 

controllers. The histogram taken at 2  100 krad/s shows 

intensity samples down to 0.896. This drop of another 0.024 

is caused by rising RIE at high scrambling speeds. It 

reasonably agrees with the difference 0.03 of calculated 

curves in Fig. 3. 
Input power of LiNbO3 polarization transformer 1 was 5 

dBm, permissible range is 4 ... 11 dBm, or lower if 

electrical control gain is increased. Attenuations of LiNbO3 

polarization transformers 1, 2 are 2.2 dB each, plus 0.3 dB for 

PBS1, together 4.7 dB. 

IV. SETUP: 2 X 700 RAD/S AND 1 X 1000 RAD/S    

POLARIZATION CONTROL WITH ONE LINBO3 COMPONENT 

Now the experimental setup of Fig. 1 is simplified. 

LiNbO3 polarization transformer 1, PBS1, APD1 and 

controller 1 are removed and replaced by a through 

connection. This has the advantage of reduced insertion loss 

and of course reduced cost. Control algorithm needed to be 

changed which drastically reduced tracking speed.  
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V. RESULTS: 2 X 700 RAD/S AND 1 X 1000 RAD/S    

POLARIZATION CONTROL WITH ONE LINBO3 COMPONENT 

Fig. 5 shows the RIE distribution during tracking with the 

simplified setup. Maximum RIEs were below 0.015 up to a 

scrambling speed of about 2  400 rad/s. Further increase of 

scrambling speeds leads to larger maximum RIE, for example 

0.03 at 2  700 rad/s. Above about 2  800 rad/s, the controller 

occasionally loses track and RIEs become unbounded.  
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Fig. 5: Two-sided polarization tracking with single LiNbO3 

component. 
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Fig. 6: One-sided (right) polarization tracking with single LiNbO3 

component. 

One-sided polarization tracking was also tested. Fig. 6 

right shows good tracking up to 1  1000 rad/s, but 

significantly decreased performance when tracking 1100 

rad/s. The changed control algorithm is the reason why this 

setup is not capable of 1  100 krad/s operation like in 

Section III. and [9].  

VI. DISCUSSION AND CONCLUSION 

 So far, the reported maximum of the (performance-

limiting) slowest of the two tolerable polarization fluctuation 

speeds in two-sided polarization control was 200 rad/s. Our 

segmented approach with two polarization transformers 

brings this value to 100 krad/s. This setup also yields roughly 

100 times faster tracking than when there is only one 

polarization transformer. Residual polarization 

transformations behind polarization transformer 1 are 

converted into tiny intensity fluctuations. This decouples the 

two control loops. The two polarization transformers assure a 

2  100 krad/s tracking on the Poincaré sphere. Insertion loss 

is 4.7 dB. Permissible optical input power range is at least 

4 ... 11 dBm.  

With one polarization transformer, having an insertion 

loss of 2.2 dB, we have reached 2  (400...700) rad/s tracking, 

or 1  1000 rad/s.   
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Abstract—Linear coupling between modes introduces 

crosstalk in mode division multiplexed transmission systems. 

We aim to clarify the strength of the contributions of different 

coupling mechanisms such as fiber axis offset, bending, rotation, 

etc. to the overall coupling matrix in manufactured fibers. 

Although the coupling matrices of the individual mechanisms 

exhibit certain symmetry properties, we find that the overall 

matrix for a concatenation of multiple fiber sections calculated 

by the propagation of coherent signals lacks these symmetries. 

This introduces difficulties for the interpretation of the coupling 

strength. 

Effects such as temperature variations and mechanical 

vibrations introduce fluctuations of phase differences between 

propagating modes. These effects result in stochastic 

interference patterns, which complicates the interpretation of 

the transmission matrix of a concatenation of elements and 

potentially break the symmetry. In the incoherent case, the 

coupling matrix of concatenated elements is more symmetrical 

due to averaging and changes less over time. We argue that 

averaged versions of the overall coupling matrices 

corresponding to the ones for the incoherent case should be used 

for the evaluation of the coupling strength in a concatenation of 

multiple fiber sections with discrete coupling points. This 

facilitates the interpretation of the impact of coupling on system 

performance.  

Keywords—fiber optical communication, space division 

multiplexing, linear mode coupling 

I. INTRODUCTION 

Signal transmission in mode division multiplexed (MDM) 
transmission lines is strongly influenced by signal distortions 
resulting from linear effects such as differential mode group 
delay (DMGD) and mode coupling. Analogous to polarization 
mode dispersion (PMD) and polarization coupling in single-
mode fiber (SMF) based communication systems, the signal 
distortions can be compensated using a multiple-input-
multiple-output (MIMO) approach. The complexity of the 
MIMO equalizer depends strongly on the strength of coupling 
between modes. 

We aim to clarify the amount of coupling that has to be 
expected in fibers potentially suited for deployment in the 
field as well as the mechanisms that cause the observed 
coupling. For this purpose, we try to model the contributions 
of different coupling mechanisms such as fiber axis offset, 
bending, rotation, etc. to the overall coupling matrix [1]. These 
modelled overall coupling matrices are compared with 
measured coupling matrices of fiber sections. 

For this comparison, we need a measure for the coupling 
strength that is agnostic to temporal fluctuations, which are 

caused by temperature changes and varying mechanical stress. 
The resulting interference patterns change randomly over time 
and are not meaningful for the evaluation of the general 
strength of the coupling. 

When analyzing calculated overall coupling matrices, we 
have observed deviations from symmetry, especially for 
higher order modes. As the individual matrices of the 
considered discrete coupling points are all symmetric, 
intuition leads to an expectation of a symmetric overall 
coupling matrix. We wanted to clarify, whether the deviation 
from symmetry of the overall matrix potentially originates 
from numerical problems or the impact of stochastic 
interference. For this purpose, we investigate the symmetry 
properties of a fiber link constructed as a concatenation of 
several sections with discrete coupling points between the 
sections in the coherent and incoherent case. We believe that 
our findings are helpful for the evaluation of the coupling 
strength in multi-mode fiber transmission. 

II. MODELLING OF SIGNAL TRANSMISSION 

The signal transmission properties of a linear optical 

transmission line at an angular frequency ω can be described 

by the typical calculus using scattering parameters: 

 �⃗� (𝜔) = 𝑠  (𝜔) ∗ 𝐴 (𝜔) 

The elements of the vector 𝐴  represent complex envelopes of 

waves travelling into ports of a device, the elements of the 

vector �⃗�  complex envelopes of waves emerging from ports. 

The squared magnitude of a complex envelope describes the 

power carried by a given propagating wave. 

The square matrix 𝑠   specifies the scattering of the waves 

inside a device. A fiber enabling the propagation of N modes 

can be modelled as a device with 2N ports as shown in Fig. 1. 

 

 

Fig. 1: Modelling of a multi-mode fiber section by scattering 

parameters 
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Port 1 corresponds to the fundamental mode at the fiber 

section input, port N+1 to the same mode at the output, port 

2 to the next higher order mode at the input and so on. 

In case of fiber based transmission, we are usually 

interested in signal transmission from the input of the fiber 

section to its output only. For an easier definition of a 

respective transmission matrix in forward direction, it is 

helpful to define a new vector 𝐵′⃗⃗  ⃗  of complex envelopes 

emerging from the ports at the fiber output that contains the 

coefficients in the lower half of the vector �⃗�  but with shifted 

indices: 

 𝐵𝑛
′ = 𝐵𝑛+𝑁 for all n in the range 1 to N 

With this new vector and vector 𝐴𝑢ℎ
⃗⃗ ⃗⃗ ⃗⃗  ⃗  containing the 

coefficient in the upper half of the vector 𝐴 , a transmission 

matrix in forward direction 𝑇𝐹
⃗⃗⃗⃗ ⃗⃗⃗⃗ 

 with the dimensions N x N can 

be defined as: 

 
𝐵′⃗⃗  ⃗ = 𝑇𝐹

⃗⃗⃗⃗ ⃗⃗⃗⃗ ∗ 𝐴𝑢ℎ
⃗⃗ ⃗⃗ ⃗⃗  ⃗. 

(2) 

By introducing a vector 𝐴′⃗⃗  ⃗ that contains the coefficients in the 

lower half of the vector 𝐴  with shifted indices: 

 𝐴𝑛
′ = 𝐴𝑛+𝑁 for all n in the range 1 to N (3) 

together with a vector 𝐵𝑢ℎ
⃗⃗ ⃗⃗⃗⃗  ⃗ containing the coefficients in the 

upper half of the vector �⃗� , a transmission matrix in backward 

direction 𝑇𝐵
⃗⃗⃗⃗ ⃗⃗⃗⃗ 

 with the dimensions N x N similar to the one in 

forward direction can be defined as 

 
𝐵𝑢ℎ
⃗⃗ ⃗⃗⃗⃗  ⃗ = 𝑇𝐵

⃗⃗⃗⃗ ⃗⃗⃗⃗ ∗ 𝐴′⃗⃗  ⃗. 
(4) 

The coefficients of the matrix 𝑇𝐹
⃗⃗⃗⃗ ⃗⃗⃗⃗ 

 correspond to the 

coefficients of the matrix 𝑠   in the lower left quadrant and the 

coefficients of the matrix 𝑇𝐵
⃗⃗⃗⃗ ⃗⃗⃗⃗ 

 to the ones in the upper right 

quadrant. 

In case of a reciprocal element, the coefficients of the matrix 

𝑠   are symmetric to the main diagonal, i. e. the matrix is equal 

to its transposed version: 

 
𝑠  = 𝑠𝑇⃗⃗⃗⃗ ⃗⃗⃗⃗ 

 
(5) 

Due to the locations of the coefficients of the transmission 

matrices in the 𝑠   matrix, this dictates that the transmission 

matrix in forward direction has to be equal to the transposed 

version of the transmission matrix in backward direction: 

 
𝑇𝐹
⃗⃗⃗⃗ ⃗⃗⃗⃗ = 𝑇𝐵

𝑇⃗⃗ ⃗⃗ ⃗⃗  ⃗⃗ ⃗⃗ ⃗⃗  
 

(6) 

and vice versa. 

For an element with configuration symmetry where the 

transmission characteristics do not change if the input side is 

flipped with the output side, the transmission matrices in 

forward direction and in backward direction have to be equal. 

A reciprocal element with configuration symmetry results in 

transmission matrices that are equal and transposed versions 

of each other. As a consequence, each single matrix features 

symmetry of coefficients with respect to the main diagonal. 

Thus, the transmission matrix of an interface between two 

fiber sections of equal fiber type that introduces coupling for 

example due to an offset has to be symmetric. 

III. CONCATENATIONS OF ELEMENTS 

In many cases, the transmission matrix of a single element 

describing discrete coupling is symmetric. For example, this 

applies to coupling at the interface between two fiber sections 

of the same fiber type. The overall transmission matrix of the 

concatenation of two elements corresponds to the product of 

the individual transmission matrices of the elements. Even if 

the individual transmission matrices exhibit symmetry, the 

overall matrix does not have to be symmetric. 

In general, the product of two matrices is symmetric if the 

two matrices commute, i. e. the product is independent of the 

order of the multiplication: 

 
𝑇𝐴
⃗⃗  ⃗⃗⃗  ⃗ ∗ 𝑇𝐵

⃗⃗⃗⃗ ⃗⃗⃗⃗ = 𝑇𝐵
⃗⃗⃗⃗ ⃗⃗⃗⃗ ∗ 𝑇𝐴

⃗⃗  ⃗⃗⃗  ⃗
. 

(7) 

Symmetry of the product only occurs for a very high degree 

of symmetry of the individual matrices. For example, 

transmission matrices corresponding to coupling in two mode 

fiber sections with symmetry to the main diagonal in general 

do not commute: 

 
[
𝑡1,1 𝑡1,2

𝑡1,2 𝑡2,2
] ∗ [

𝑡′
1,1 𝑡′

1,2

𝑡′1,2 𝑡′
2,2

]

≠ [
𝑡′

1,1 𝑡′
1,2

𝑡′1,2 𝑡′
2,2

] ∗ [
𝑡1,1 𝑡1,2

𝑡1,2 𝑡2,2
] 

(8) 

They commute, if the individual matrices are symmetric with 

respect to both diagonals: 

 
𝑇2,𝐷𝑆
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = [

𝑡1,1 𝑡1,2

𝑡1,2 𝑡1,1
] 

(9) 

Two transmission matrices corresponding to coupling in fiber 

sections with propagation of three modes do not commute, 

even if the individual matrices feature a very high degree of 

symmetry: 

 

𝑇3,𝐻𝑆
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = [

𝑡1,1 𝑡1,2 𝑡1,1

𝑡1,2 𝑡1,1 𝑡1,2

𝑡1,1 𝑡1,2 𝑡1,1

]  

(10) 

For fiber sections with propagation of four modes, two 

coupling matrices commute, if the individual matrices feature 

equal elements on the main diagonal as well as equal 

elements on the other diagonal and symmetry with respect to 

both diagonals: 

 

𝑇4,𝐷𝑆
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = [

𝑡1,1 𝑡1,2

𝑡1,2 𝑡1,1

𝑡1,3 𝑡1,4

𝑡1,4 𝑡1,3

𝑡1,3 𝑡1,4

𝑡1,4 𝑡1,3

𝑡1,1 𝑡1,2

𝑡1,2 𝑡1,1

] 

(11) 

These examples are relevant for coupling in multi mode 

fibers in cases where coupling occurs only between modes 

within a given mode group. If the coefficients of the 

transmission matrix outside the squares which represent the 

mode groups are equal to zero, the total transmission matrix 

for a given mode group of a concatenation of two coupling 

elements corresponds to the product of the individual 

transmission matrices for this mode group.  
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IV. IMPACT OF INTERFERENCE

As we have seen in the previous section, the overall 

transmission matrix of a concatenation of two coupling 

elements in many cases deviates from symmetry, even if the 

matrices of the individual elements are symmetric. When the 

product of the two transmission matrices is symmetric, 

inserting a section with just propagation and no coupling 

between the two coupling elements can break the symmetry. 

A Mach-Zehnder-interferometer is analyzed as an example to 

demonstrate the implications of constructive and destructive 

interference in the coherent case. A block diagram of the 

interferometer is shown in Fig. 2. 

The interferometer consists of two couplers with the coupling 

factors K1 and K2 and a section with signal propagation in two 

branches with unequal optical length in between. The 

transmission matrices of the couplers and the propagation 

element can be written as: 

𝑇𝐶1
⃗⃗⃗⃗⃗⃗ ⃗⃗⃗⃗⃗⃗ =  [√

1 − 𝐾1 𝑗𝐾1

𝑗𝐾1 √1 − 𝐾1

] , 
(12) 

𝑇𝐶2
⃗⃗⃗⃗⃗⃗ ⃗⃗⃗⃗⃗⃗ =  [√

1 − 𝐾2 𝑗𝐾2

𝑗𝐾2 √1 − 𝐾2

]  and 
(13) 

𝑇𝑃
⃗⃗⃗⃗ ⃗⃗⃗⃗ =  [

𝑒 
−𝑗𝜑1 0

0 𝑒 
−𝑗𝜑

2
]  . 

(14) 

In the matrix 𝑇𝑃
⃗⃗⃗⃗ ⃗⃗⃗⃗ 

 of the propagation element, 𝜑1 and 𝜑2

denote the phase rotations experienced by the signals 

propagating in the upper and the lower branch. The overall 

transmission matrix of the interferometer corresponds to the 

concatenation of the three elements and can be obtained by 

calculating the product of the individual matrices. 

𝑇𝑀𝑍𝐼
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  =  [

𝑡1,1 𝑡1,2

𝑡2,1 𝑡2,2
]  .

(15) 

With 

𝑡1,1 = exp(−𝑗𝜑1) √1 − 𝐾1 √1 − 𝐾2 −

exp(−𝑗𝜑2) √𝐾1√𝐾2 ,

(16) 

𝑡1,2 = exp(−𝑗𝜑1)√𝐾1 √1 − 𝐾2 +

exp(−𝑗𝜑2) √1 − 𝐾1√𝐾2 ,

(17) 

𝑡2,1 = exp(−𝑗𝜑1) √1 − 𝐾1√𝐾2 +

exp(−𝑗𝜑2) √𝐾1 √1 − 𝐾2 ,

(18) 

𝑡2,2 = exp(−𝑗𝜑2) √1 − 𝐾1 √1 − 𝐾2 −

exp(−𝑗𝜑1) √𝐾1√𝐾2 ,

(19) 

The relation between the off diagonal coefficients 𝑡1,2  and

𝑡2,1 depends on the phase rotations 𝜑1and 𝜑2. In general, the

coefficients are not equal and the overall transmission matrix 

is not symmetric. The phase rotations are affected by 

temperature fluctuations and changes of mechanical stress. 

Stochastic transitions between constructive interference and 

destructive interference will occur over time. Due to the 

stochastic fluctuations, a specific case observed at a given 

point in time does not provide reliable information for the 

evaluation of the coupling strength. 

In the incoherent case, the phase relation between the two 

signals at the output of the propagation element changes very 

fast over frequency and over time. Consequently, the time 

averaged power at a given output of the interferometer does 

not depend on the phase rotations in the propagation element. 

A similar independence of the phase rotations is achieved by 

averaging over all phase differences when calculating the 

power at a given output. Instead of averaging over the signals 

at the output, averaging can also be applied to the coefficients 

of the overall transmission matrix, for example: 

|𝑡1,1|
2̅̅ ̅̅ ̅̅ ̅̅

=
1

2𝜋
∫ |𝑡1,1|

2
𝑑∆𝜑

2𝜋

0

= 

(1 − 𝐾1)(1 − 𝐾2) + 𝐾1𝐾2

(20) 

with 

∆𝜑 = 𝜑2 − 𝜑1  . (21) 

The power transfer matrix of the interferometer 𝑃𝑇𝑀𝑍𝐼
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ can be

calculated by multiplying the transfer matrices of the 

individual elements. In this case, only the couplers have to be 

considered, as the power transfer matrix of the lossless 

propagation section corresponds to the unit matrix. The 

power transfer matrices of the two couplers can be written as: 

𝑃𝑇𝐶1
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ =  [

1 − 𝐾1 𝐾1

𝐾1 1 − 𝐾1
] , 

(22) 

𝑃𝑇𝐶2
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ =  [

1 − 𝐾2 𝐾2

𝐾2 1 − 𝐾2
] , 

(23) 

resulting in the following overall power transfer matrix: 

𝑃𝑇𝑀𝑍𝐼
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗

=  [
(1 − 𝐾1)(1 − 𝐾2) + 𝐾1𝐾2 𝐾1(1 − 𝐾2) + 𝐾2(1 − 𝐾1)

𝐾1(1 − 𝐾2) + 𝐾2(1 − 𝐾1) (1 − 𝐾1)(1 − 𝐾2) + 𝐾1𝐾2
] , 

(24) 

The coefficients of this matrix are equal to the ones calculated 

by averaging over the squared magnitudes of the coefficients 

of the overall transmission matrix for the coherent case. 

Moreover, the overall power transfer matrix is symmetric. As 

this matrix does not depend on the phase rotations 

experienced by the signals in the propagation element and 

does not fluctuate over time in case of variations of 

temperature or mechanical stress, it provides a more reliable 

measure for the evaluation of the coupling strength. Hence, 

we recommend using the power transfer matrix for the 

incoherent case for the evaluation of the coupling strength in 

a concatenation of multi-mode fiber sections with discrete 

coupling between sections. 

Fig. 2  Block diagram of a Mach-Zehnder-interferometer 
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V. CONCATENATIONS OF MANY ELEMENTS

So far, we have investigated the symmetry properties of a 

single interface between two fiber sections resulting in 

discrete coupling or the concatenation of two interfaces. In 

the next step, we want to study the evolution of symmetry 

properties with increasing number of coupling points. 

Defining a measure for the deviation from symmetry 

facilitates studying the evolution. Therefore, we introduce the 

measure 

𝑉𝑠𝑦𝑚 =

∑||𝑇𝐹
⃗⃗⃗⃗ ⃗⃗⃗⃗ |  −  |𝑇𝐹

⃗⃗⃗⃗ ⃗⃗⃗⃗ 
𝑇

||

∑ |𝑇𝐹
⃗⃗⃗⃗ ⃗⃗⃗⃗ |

(25) 

In this equation, | |  denotes the element-wise formed 

magnitude and ∑ the sum of all elements of a matrix. 

𝑉𝑠𝑦𝑚  becomes zero if the matrix 𝑇𝐹
⃗⃗⃗⃗ ⃗⃗⃗⃗ 

 is symmetric in

magnitude. 

VI. DISCRETE COUPLING MODELL

For simplicity the transmission matrix in forward direction 

𝑇𝐹
⃗⃗⃗⃗ ⃗⃗⃗⃗ 

 is referred to as 𝑇 
⃗⃗ ⃗⃗  in the following sections. In the discrete

coupling model used here, 𝑇 
⃗⃗ ⃗⃗  is composed of a concatenation

of 𝑁 individual elements, calculated by multiplication of the 

respective matrices: 

𝑇 
⃗⃗ ⃗⃗ =  𝑇 

⃗⃗ ⃗⃗ 
𝑠𝑒𝑔,𝑁 

∗ …  ∗ 𝑇 
⃗⃗ ⃗⃗ 

𝑠𝑒𝑔,2 
∗  𝑇 

⃗⃗ ⃗⃗ 
𝑠𝑒𝑔,1 

.  (26) 

To simplify the analysis of the symmetry of the transmission 

matrix, a highly simplified model is assumed. Mode coupling 

occurs only at discrete points at the beginning of each 

segment due to an offset. No mode coupling takes place 

inside the fiber sections. In particular, the strong mode 

coupling that typically occurs within mode groups in gradient 

fibers is neglected. The model described here is illustrated in 

Fig. 3. 

A. Propagation Matrix

The properties of the transmission matrix are investigated for 

a graded-index multi-mode fiber supporting 12 true fiber 

modes, i. e. six modes with two orthogonal polarizations in 

each one at a wavelength of 1550 nm. The numerically 

calculated propagation constants 𝛽 of the propagating modes 

are shown in Fig. 4. 

It can be clearly seen that the 12 modes are arranged in three 

mode groups with very similar propagation constants inside 

a group. The signal propagation through a fiber section of 

length 𝑙 is taken into account by the diagonal transmission 

matrix 

𝑇 
⃗⃗ ⃗⃗ 

𝑝𝑟𝑜𝑝
= [

𝑒−𝑗∗𝛽1∗𝑙 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑒−𝑗∗𝛽𝑛∗𝑙

].  (27) 

Thereby, 𝛽𝑛 represents the propagation constant of the mode

n. 

B. Offset

The mode coupling, which occurs at the discrete offset points, 

is described by the matrix  𝑇 
⃗⃗ ⃗⃗ 

𝑜𝑓𝑓𝑠𝑒𝑡
. It is determined by

calculating the overlap integrals between the numerically 

calculated mode fields for a given offset with an angle of 45° 

relative to the axis of the Cartesian coordinate system used 

Fig. 3: Illustration of the discrete coupling model 

Fig. 4: Propagation constant 𝛽 of the 12 propagating modes in the 
investigated fiber at a wavelength of 1550 nm 

(a) 

(b) 

Fig. 5:  Coupling matrix describing an offset of 350 nm with an 
angle of 45° relative to the orientation of the mode fields (a). 
Rotation matrix describing a rotation of the mode fields of 30° (b). 
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for the definition of the mode fields. For an offset between 

fiber segment axes of 350 nm, 𝑇 
⃗⃗ ⃗⃗ 

𝑜𝑓𝑓𝑠𝑒𝑡
 is shown in Fig. 5 (a).  

It is apparent that power couples mainly into the 

neighboring mode groups. Power that is not coupled into 

propagating modes at the offset point results in loss. The 

matrix 𝑇 
⃗⃗ ⃗⃗ 

𝑜𝑓𝑓𝑠𝑒𝑡
 is therefore non-unitary. The losses can be 

interpreted as coupling into radiation modes, which are not 

captured by the 12 mode transmission matrix used here. Since 

the strength of coupling into radiation modes increases with 

mode group order, the losses are mode dependent. 

Conceivable reflections at the coupling point are neglected in 

the modeling.  

     𝑇 
⃗⃗ ⃗⃗ 

𝑜𝑓𝑓𝑠𝑒𝑡
 is symmetric in magnitude, but the signs are 

different for the upper and lower triangular sections in the 

matrix.  

C. Rotation 

To avoid having to calculate overlap integrals for 𝑇 
⃗⃗ ⃗⃗ 

𝑜𝑓𝑓𝑠𝑒𝑡
  for 

different angles, the matrix 𝑇 
⃗⃗ ⃗⃗ 

𝑟𝑜𝑡
 is introduced. It transforms 

the vector with the excitation coefficients into a mode basis, 

which has the same orientation as the offset. This is realized 

by multiplication with the unitary matrix 𝑇 
⃗⃗ ⃗⃗ 

𝑟𝑜𝑡
. For the true 

fiber modes used in the simulation, 𝑇 
⃗⃗ ⃗⃗ 

𝑟𝑜𝑡
 is defined by 

 

[
 
 
 
 
cos(𝑝1𝛿1) −sin(𝑝1𝛿1)
sin(𝑝1𝛿1) cos(𝑝1𝛿1)

⋯
0 0
0 0

⋮ ⋱ ⋮
0 0
0 0

⋯
cos(𝑝𝑛𝛿𝑛) −sin(𝑝𝑛𝛿𝑛)
sin(𝑝𝑛𝛿𝑛) cos(𝑝𝑛𝛿𝑛) ]

 
 
 
 

. 

  

(28)         

 

  
Thereby, 𝑝𝑛 is the azimuthal order of the n-th mode and 𝛿𝑛 is 

the orientation of the offset. In contrast to a LP-Mode 

representation, where power is exchanged within 2- and 4- 

folded groups [2], power is just exchanged between pairs of 

true fiber modes. There are also true fiber modes with an 

azimuthal order of zero, which are rotationally symmetric. In 

Fig. 5 (b), 𝑇 
⃗⃗ ⃗⃗ 

𝑟𝑜𝑡
 is shown for a rotation angle of 30°. The 

inverse transformation of the excitation coefficients is 

performed by multiplication with the inverse version of 𝑇 
⃗⃗ ⃗⃗ 

𝑟𝑜𝑡
. 

VII. COHERENT SIMULATION 

In the coherent case, the input signal is monochromatic and 

the transmission line is investigated at a given point of time. 

In the following sections, the symmetry properties of the 

matrix 𝑇 
⃗⃗ ⃗⃗  are investigated in the coherent case for a single 

segment, concatenations of identical segments, randomized 

segments and a symmetric transmission line. 

A. Single Segment 

First, the transmission matrix of an individual segment is 

investigated. A single segment is assumed to consist of a 

discrete offset point and a segment with a given length. The 

matrix 𝑇 
⃗⃗ ⃗⃗ 

𝑠𝑒𝑔
, which describes the single segment, is therefore 

calculated by  

 

  𝑇 
⃗⃗ ⃗⃗ 

𝑠𝑒𝑔
=  𝑇 

⃗⃗ ⃗⃗ 
𝑝𝑟𝑜𝑝,𝑠𝑒𝑔

∗ 𝑇 
⃗⃗ ⃗⃗ 

𝑟𝑜𝑡,𝑠𝑒𝑔

−1

∗ 𝑇 
⃗⃗ ⃗⃗ 

𝑜𝑓𝑓𝑠𝑒𝑡,𝑠𝑒𝑔
 ∗ 𝑇 

⃗⃗ ⃗⃗ 
𝑟𝑜𝑡,𝑠𝑒𝑔

. (29) 

The concatenation of  𝑇 
⃗⃗ ⃗⃗ 

𝑟𝑜𝑡,𝑠𝑒𝑔

−1

 ∗  𝑇 
⃗⃗ ⃗⃗ 

𝑜𝑓𝑓𝑠𝑒𝑡,𝑠𝑒𝑔
 ∗  𝑇 

⃗⃗ ⃗⃗ 
𝑟𝑜𝑡,𝑠𝑒𝑔

, 

which describes the mode coupling introduced by a single 

offset point, is symmetric in magnitude. Since the 

multiplication with the diagonal matrix 𝑇 
⃗⃗ ⃗⃗ 

𝑝𝑟𝑜𝑝,𝑠𝑒𝑔
does not 

change the symmetry properties of coefficient magnitudes, 

the transmission matrix of a single segment is also symmetric 

in magnitude. 

B. Identical Segments 

In the special case of a concatenation of N identical segments, 

all segment matrices 𝑇 
⃗⃗ ⃗⃗ 

𝑠𝑒𝑔,𝑛
 are equal and therefore the 

multiplications commute. 

Fig. 6 shows the magnitudes of the coefficients in the 

resulting transfer matrix for a fiber length of 1000 m, 100 

segments with a length of 10 m of each one, a rotation angle 

δ of 45° and an offset between fiber axes at the interface 

 

Fig. 6:  Overall transmission matrix for a concatenation of 100 
identical segments. Each segment has an offset  𝑙𝑜𝑓𝑓𝑠𝑒𝑡 of 350 nm, 

an orientation δ of 45 ° and a length 𝑙𝑠𝑒𝑔𝑚𝑒𝑛𝑡 of 100 m. 

 

(a) 

 

(b) 

Fig. 7  Described distribution of the offsets per segment 𝑙𝑜𝑓𝑓𝑠𝑒𝑡  (a) 

and segment length 𝑙𝑠𝑒𝑔𝑚𝑒𝑛𝑡 (b). 
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between two segments of 350 nm. The presented matrix is 

symmetric in magnitude.  

C. Randomized Segments 

In the following section, a more realistic transmission case 

with a sequence of random elements is considered. The offset 

orientation δ for each segment is a random value equally 

distributed between 0° and 360°. Furthermore, the value of 

the offset per segment 𝑙𝑜𝑓𝑓𝑠𝑒𝑡 follows a normal distribution 

with a mean value of 350 nm and a standard deviation of 

70 nm. The corresponding distribution is shown in Fig. 7 (a). 

The segment lengths 𝑙𝑠𝑒𝑔𝑚𝑒𝑛𝑡 are also assumed to possess 

a normal distribution with a mean value of 10 m and a 

standard deviation of 2 m. This distribution is plotted in 

Fig. 7 (b). The resulting transfer matrix for a fiber length of 

1000 m and the specified distributions for δ,  𝑙𝑜𝑓𝑓𝑠𝑒𝑡  and 

𝑙𝑠𝑒𝑔𝑚𝑒𝑛𝑡 is shown in Fig. 8. It can be seen that the matrix is 

asymmetric. The calculated value of 𝑉𝑠𝑦𝑚 for this matrix is 

0.12. 

D. Symmetric Transmission Line 

For a transmission line with a symmetric configuration, a 

symmetric transmission matrix is expected. In this case, the 

n-th segment from the first half of the transmission line is 

described analogous to (29) by  

 

 
  𝑇 
⃗⃗ ⃗⃗ 

𝑛
= 

 𝑇 
⃗⃗ ⃗⃗ 

𝑝𝑟𝑜𝑝,𝑛
∗  𝑇 

⃗⃗ ⃗⃗ 
𝑟𝑜𝑡,𝑛

−1

 ∗  𝑇 
⃗⃗ ⃗⃗ 

𝑜𝑓𝑓𝑠𝑒𝑡,𝑛
∗ 𝑇 

⃗⃗ ⃗⃗ 
𝑟𝑜𝑡,𝑛

.  

(30) 

 

The considered transmission line is composed of N segments. 

The n-th segment must be equal to the (N-n+1)-th segment in 

the symmetric configuration case. The segments in the 

second half corresponding to the n-th segment from the first 

half are described by 

 

 
𝑇 
⃗⃗ ⃗⃗ 

𝑁−𝑛+1
= 

𝑇 
⃗⃗ ⃗⃗ 

𝑟𝑜𝑡,𝑛

−1

  ∗  𝑇 
⃗⃗ ⃗⃗ 

𝑜𝑓𝑓𝑠𝑒𝑡,𝑛

𝑇 

∗ 𝑇 
⃗⃗ ⃗⃗ 

𝑟𝑜𝑡,𝑛
∗ 𝑇 

⃗⃗ ⃗⃗ 
𝑝𝑟𝑜𝑝,𝑛

 . 

(31) 

 

Fig. 9 shows the calculated overall transmission matrix for a 

transmission line randomly generated according to the 

described rule. δ, 𝑙𝑜𝑓𝑓𝑠𝑒𝑡  and 𝑙𝑠𝑒𝑔𝑚𝑒𝑛𝑡  are chosen according 

to the same distributions as in the previous section. The 

overall matrix is symmetric in magnitude and phase.  

VIII. INCOHERENT SIMULATION  

The incoherent case can be realized either by considering a 

spectrally broad signal or by averaging over a time interval 

that is significantly longer than the period for which the 

transmission channel can be assumed to be stationary. Causes 

for this time variance can be, for example, mechanical or 

thermal fluctuations. 

A. Model 

Here, such fluctuations are modelled by a variation of 

segment lengths. Due to the different phase constants of the 

propagating modes, this leads to variable phase conditions at 

the end of each segment. In the incoherent case, only the 

magnitude of the transfer matrix can be considered. The 

matrix 𝑇 
⃗⃗ ⃗⃗ 

𝑖𝑛𝑐
 for the incoherent case is calculated by  

 

 
𝑇 
⃗⃗ ⃗⃗ 

𝑖𝑛𝑐
= 

∑ |𝑇 ⃗⃗ 
⃗⃗ 

𝑘|𝑘=𝐾
𝑘=1

𝐾
. 

(32) 

 

𝑇 
⃗⃗ ⃗⃗ 

𝑖𝑛𝑐
is averaged over 𝐾 different coherent matrices 𝑇 

⃗⃗ ⃗⃗ 
𝑘
. These 

have the same values for δ and 𝑙𝑜𝑓𝑓𝑠𝑒𝑡 . They differ in a 

variation of the segment length 𝑙𝑠𝑒𝑔𝑚𝑒𝑛𝑡 . The variation from 

the original length is given by a normal distribution with a 

standard deviation of 𝛥𝑙,𝑠𝑒𝑔. 

B. Results 

In Fig. 10 (a), results are shown from the investigation of the 

required segment length variation, which is necessary in 

order to reach the incoherent case. The x-axis specifies the 

segment length 𝛥𝑙,𝑠𝑒𝑔. For each examined value of 𝛥𝑙,𝑠𝑒𝑔, 10 

random fiber realizations are evaluated. The random values 

δ, 𝑙𝑠𝑒𝑔 and 𝑙𝑜𝑓𝑓𝑠𝑒𝑡 for each segment of these 10 random fiber 

realizations are chosen from the distributions presented in the 

previous section. Each realization corresponds to averaging 

over a number of K=100 segment length variations. The y-

axis specifies the value 𝑉𝑠𝑦𝑚 for the incoherent matrix 𝑇 
⃗⃗ ⃗⃗ 

𝑖𝑛𝑐
. 

For small variations of the segment length, 𝑉𝑠𝑦𝑚 has a value 

in the order of 0.11. From a variance of about 0.002 mm, the 

value of 𝑉𝑠𝑦𝑚  starts to decrease until a floor is reached at 

about 0.1 mm.  

 

Fig. 9: Overall transmission matrix for a symmetric transmission 
line. The matrix is symmetrical in magnitude and phase. 

 

Fig. 8: Overall transmission matrix in the case of randomized 
segments. From the matrix a value of 0.12 is calculated for 𝑉𝑠𝑦𝑚. 

ITG-Fachbericht 305: Photonische Netze ∙ 18. – 19.05.2022, Berlin 

54



The increase of the symmetry of the matrix coefficient 

magnitudes is caused by a randomization of the phase 

conditions between the coupled modes. Since the 

investigated perturbation resulting from an offset leads 

primarily to coupling between the mode groups, it can be 

assumed that the phase conditions between the mode groups 

are decisive for this behavior. The mean relative phase 

rotations between the different mode groups are plotted over 

the segment length variation in Fig. 10 (b). It can be observed 

that it is necessary for the randomization of the phase 

relationship between the coupled modes to reach the order of 

1 rad at the end of the segments to achieve the incoherent 

case. 

In Fig. 11 two matrices for two different fiber realizations 

in the incoherent case are shown. It can be seen that both have 

the same magnitude pattern. From this, it can be concluded 

that the pattern in the incoherent case does not depend on the 

exact distribution of offsets, segment lengths and 

orientations. It should be noted that the pattern shown here is 

characteristic for the perturbation of offset and bending [3,4]. 

The results indicate that the deviation from symmetry of 

the power transfer matrix in the incoherent case can be used 

as an indication for the effective number of coupling events. 

A single discrete coupling event tends to result in a symmetric 

power transfer matrix. The overall power transfer matrices of 

small numbers of coupling points larger than one tend to 

deviate from symmetry, whereas a convergence towards 

more symmetry can be expected for larger numbers of 

coupling points. 

In practice, the strong and frequent coupling within the 

mode groups will dominate the pattern for the analyzed 

graded-index multi mode fiber. 

C. Crosstalk Value Distribution 

Due to the usually observed strong mode coupling within the 

mode groups in manufactured graded-index multi-mode 

fibers, a characterization of the mode coupling properties is 

performed by evaluating the coupling between the mode 

groups. For this purpose, the crosstalk value  

 

 

𝑋𝑇 =  
∑ |𝑇 

⃗⃗ ⃗⃗ |
2

 −  ∑  |�⃗� ⃗ 𝑚𝑎𝑖𝑛 𝑑𝑖𝑎𝑔𝑜𝑛𝑎𝑙|
2

∑  |�⃗� ⃗ 𝑚𝑎𝑖𝑛 𝑑𝑖𝑎𝑔𝑜𝑛𝑎𝑙|
2  

(33) 

 

is introduced [5]. ∑ |𝑇 
⃗⃗ ⃗⃗ |

2

 is the overall power in a power 

transfer matrix. This represents the total power at the output 

of the fiber when all input modes are excited with the same 

 

(a)  

 

(b) 

Fig. 10: Symmetry value 𝑉𝑠𝑦𝑚  versus segment length variance 

𝛥𝑙,𝑠𝑒𝑔  (a). Mean relative phase rotation between the three 

propagating mode groups (b). 

 

(a) 

 

(b) 

Fig. 11: Two overall transmission matrices in the incoherent case 
for different random fiber realizations. 

 

Fig. 12: Distribution of the X-talk-value XT for 100000 randomly 
generated fibers with each 100 segments and a mean offset per segment 
of 350 nm. 
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normalized power. ∑  |�⃗� ⃗ 𝑚𝑎𝑖𝑛 𝑑𝑖𝑎𝑔𝑜𝑛𝑎𝑙|
2

is the amount of 

power, which is still detected in the excited mode group. 

Fig. 12 shows a histogram of the calculated crosstalk values 

for 100000 randomly generated fiber realizations. The 

random parameters are generated according to the 

distribution shown in Section IV. C.  For one of the fiber 

realization, the incoherent case is calculated and presented as 

the black dashed line. 

Analogous to the distribution of differential group delays 

in PMD, a Maxwell distribution is observed. The individual 

crosstalk values fluctuate strongly around the average value. 

The measurement of the crosstalk value for a single coherent 

state may therefore result in a highly distorted picture of the 

mode coupling properties of the transmission line. This is the 

case even though the definition of the crosstalk value itself 

already averages over the modes within a mode group and 

over all mode groups. A general statement about the behavior 

of the mode coupling can only be determined by averaging 

over many different coherent states. The consideration of the 

incoherent case corresponds to such an averaging. 

IX. SUMMARY AND CONCLUSIONS 

We have investigated the symmetry properties of 

transmission matrices describing a concatenation of multi-

mode fiber sections with discrete coupling between the 

sections. Although the individual coupling points are 

described by a symmetric transmission matrix, 

concatenations with multiple coupling points typically result 

in non-symmetric overall transmission matrices in the 

coherent case. An exception can be found in a transmission 

line, which consists of identical segments, each one described 

by a symmetric transmission matrix. Another exception is 

giver by a transmission line with configuration symmetry, 

thus featuring the same sequence of differing elements in 

both directions. 

In the incoherent case, the random phase conditions at 

each coupling point cause the overall matrix to converge to a 

result with a pattern independent of the specific random 

realization of the fiber, given that the averaging time has been 

selected sufficiently long. The pattern does not depend on 

interference effects impacted by variations of temperature or 

mechanical stress. The matrix for the incoherent case is 

therefore better suited for evaluating the strength of mode 

coupling properties of multi-mode fibers. Moreover, the 

amount of symmetry of the power transfer matrix can serve 

as an indication of the number of coupling events. 
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Abstract—Pulse shaping for coherent optical fiber commu-
nication has been an active area of research for the past
decade. Most of the early schemes are based on classic
Nyquist pulse shaping that was originally intended for linear
channels. The best known classic scheme, the split digital back
propagation, uses joint predistortion and post-equalization
and hence, a nonlinear transmitter; it, however, suffers from
spectral broadening on the fiber due to the Kerr-effect. With
the advent of deep learning in communications, it has been
realized that an “autoencoder” can learn to communicate
efficiently over the optical fiber channel, jointly optimizing
geometric constellations and pulse shaping – while also
taking into account linear and nonlinear impairments such
as chromatic dispersion and Kerr-nonlinearity. E.g., [1]
shows how an autoencoder can learn to mitigate spectral
broadening due to the Kerr-effect using a trainable linear
transmitter. In this paper, we extend this linear architectural
template to a scalable nonlinear pulse shaping consisting
of a convolutional neural network at both transmitter and
receiver. By introducing a novel γ-lifting training procedure
tailored to the nonlinear optical fiber channel, we achieve
stable autoencoder convergence to pulse shapes reaching
information rates outperforming the classic split digital back
propagation reference at high input powers.

Index Terms—autoencoder, communication, optical, coher-
ent, nonlinear, chromatic dispersion

1. Introduction

For the design of an optical fiber communication
system that achieves a high spectral efficiency (SE) one
requires higher order modulation formats and thus a high
signal-to-noise-ratio (SNR) at the receiver (RX). This, in
turn, needs higher launch powers at the transmitter (TX).
Furthermore, a time-bandwidth-product (TBP) close to
one should be chosen to not limit the SE, i.e., symbol
rate and occupied bandwidth should almost equal. This,
in general, holds for the copper and wireless (radio fre-
quency) channel. In contrast, for the optical fiber, a high
input power results in a large Kerr-nonlinearity and hence,
in a highly distorted signal at the RX [2]. Apart from the
signal-noise interaction, in a single channel scenario, this
nonlinearity-induced distortion is deterministic and may
be mitigated at TX or RX. Nevertheless, to obtain an
optimal equalization performance, one is either forced to
take into account the Kerr-nonlinearity-induced spectral

broadening and, thus, support a wider bandwidth com-
pared to the chosen symbol rate [3], [4]; or, operate in
a regime where spectral broadening can be neglected [5].
The first approach reduces SE, whereas the second limits
design and hardware options; For instance regarding the
symbol rate, as spectral broadening inversely increases
with it (as will be shown later).

Our superimposed goal is to develop a communication
system that is able to overcome the need for additional
bandwidth but still achieves optimal (or at least a better)
performance than conventional reference systems.

For those, digital signal processing (DSP) algorithms
have shown to outperform physical methods such as op-
tical phase conjugation [6], or optical back propagation
[7]. Digital approaches can be further divided into three
types, (i) a static, analytical, and conventional equalization
by fixed algorithms, such as the Volterra-series [8], digital
back propagation (DBP) [9], and perturbation models [10];
(ii) nonlinear Fourier transform (NFT)-based schemes
[11]; or (iii) deep-learning (DL) techniques with architec-
tural templates based on the aforementioned conventional
systems – or based on, e.g., a neural network (NN) [12].

As will be shown later, the DBP is able to compensate
for channel impairments almost perfectly up to a certain
launch power where signal-noise interaction becomes rel-
evant. This is already known and expected as it is the ideal
inverse of the split-step Fourier method (SSFM)-algorithm
used to simulate the optical channel. Nevertheless, by
limiting the bandwidth of TX and RX the performance
decreases significantly due to spectral broadening only.
This way we can show that the later introduced autoen-
coder (AE) is able to compensate for spectral broadening
and, hence, allows to operate at higher input powers when
compared to conventional systems. One particularity is
that training the proposed structure requires a specific
procedure that we refer to as “γ-lifting” to achieve stable
convergence, and to find better local optima.

This paper, thereby, reports significant progress over
[1], where an AE with linear TX was trained to mitigate
spectral broadening at high input powers. The training
results there have shown that the AE is still not fully
able to compensate for the aforementioned nonlinear im-
pairments at higher input powers P > 5 dBm. Hence,
here, we extend the AE of [1] to include a nonlinearity
compensation (NLC) architecture, effectively implement-
ing a nonlinear TX. Note that the linear TX of [1] is
still contained within the new model as a special case,
allowing simple evaluation of the additional gains. The
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(a)

(b)

(c)

Figure 1: System model with (a) overview that holds for conventional as well as AE setup, (b) the DSP for the
conventional TX, and (c) the RX based on split DBP.

nonlinear extension is thereby inspired by the split DBP
consisting of a nonlinear and joint mitigation at TX and
RX, currently providing the best performance [13].

DL-techniques are already widely used in almost all
parts of an optical communication system. The novelty of
this paper is the application of an architectural template
with nonlinear TX, i.e., its pulseshaping, as well as its
particular training method. In a similar spirit, e.g., Häger
et al. [14], proposed a trainable SSFM, or DBP, at the RX
of which the first half of the compensating path may be
moved to the TX and used as predistortion (PD). Despite
the fact that our trainable architectural template is not
based on the SSFM, we train the PD directly as part of
the TX. This allows the TX to learn the opportunities
of a PD seeing all subsequent components. Neskorniuk
et al. [15] have used a trainable nonlinear PD based
on cubic correction terms over an approximated channel
model applying the perturbation method. There, they have
shown that the training can be significantly stabilized and
accelerated up to a specific input power. However, we
operate at input powers where this alternative channel
model differs too much from the more accurate SSFM,
which we have applied in this work. Further, we also
included the quasi-analog pulseshaping into the training.
Gaiarin et al. [16] have trained a transmitter based on the
NFT [17], providing another nonlinear TX structure. Yet,
it has been shown that NFT-based systems are currently
far from spectrally efficient operations [16].

The remainder of this work is structured as follows.
Section 2 provides a short description of the channel, the
considered DBP, as well as its performance drop at high
launch powers. In section 3 the architectural template of
the AE is introduced including the nonlinear TX. Sec-
tion 4 proposes a new training procedure tailored to the
optical fiber channel that leads to improved equalization
capabilities of the AE. Finally, section 5 renders some
conclusions and provides an outlook to future extensions.

2. System model and performance references
The channel model used in this work is taken from [1]

comprising the band-limited digital to analog converter
(DAC) (represented by a lowpass filter (LPF)), the op-
tical fiber, and a band-limited analog to digital converter
(ADC), i.e., again an LPF as shown in the dashed gray
box of Fig. 1a. All LPFs are ideally rectangular shaped.
This model not only holds for the reference system but
also for the AE as introduced later.

The optical fiber is simulated via the symmetric SSFM
following the Wiener-Hammerstein model and, thus, ap-
proximating a solution of the nonlinear Schrödinger equa-
tion (NLSE) [18]
∂q(t, z)

∂z
= j

β2

2

∂2q(t, z)

∂t2
− jγ|q(t, z)|2q(t, z) + n(t, z),

(1)
where ideal Raman amplification is assumed and the
term accounting for fiber attenuation α was removed.
Here q(t, z) is the optical baseband signal with time t
and distance z. Alongside mitigating the attenuation, the
amplification introduces noise n(t, z) with power spectral
density

ρn = nsphf0α. (2)

The corresponding channel parameters are summarized
in Tab. 1. As we consider a single channel and single
polarization system the only observable manifestation of
the Kerr-effect is self phase modulation (SPM).

Among the fiber parameters, also some of the signal
processing, e.g., those of the converters or DSPs, are
fixed to obtain comparable systems; e.g., the supported
bandwidth of both converters is set to Bw = 20GHz.
To avoid artificially limiting the SE we have chosen a
symbol rate of Rs = Bw = 20GBd and hence, a symbol
duration of T = 1/Rs = 50ps. The simulation bandwidth
is fsim = 1THz such that one obtains fsimR

−1
s = 50

samples per symbol. The resulting TBP is

ΠTB = T ·Bw = 1. (3)
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Figure 2: Comparison of the performance of a split DBP
with and without (DAC/ADC-induced) LPFs.

The alphabet, or set of message symbol indices, is M =
{0, . . . , M − 1} with M = 256 and the number of
transmitted symbols is NB.

As performance measure, we use the spectral effi-
ciency (SE) defined as

η =
I (s; ŝ)

T ·Bw
=

I (s; ŝ)

ΠTB

ΠTB=1
= I (s; ŝ) , (4)

where I(s; ŝ) is the mutual information (MI) between the
distributions of the transmitted s and the received (hard
decided) symbol indices ŝ as shown in Fig. 1a. Here we
use histograms of hard decided symbols at RX to include
the whole RX-DSP in the chosen performance measure.
Obviously, the performance could be improved by using
soft outputs. But, in this work, we are more interested in
studying how to mitigate the drop of MI at high launch
power and how to address this by means of pulse shaping.

TABLE 1: Simulation parameters.

Property Symbol Value
Planck’s constant h 6.626 · 10−34 J s

Carrier frequency f0 193.55THz

Attenuation α 0.046 km−1

=̂ 0.2 dBkm−1

Chromatic dispersion β2 −21.67 ps2 km−1

Kerr-nonlinearity γ 1.27 km−1 W−1

Spontaneous emission nsp 1

Fiber length ℓ 1000 km

Simulation sampling rate fsim 1THz

No. of SSFM-steps NSSFM 200

Fixed SSFM step-size ∆zSSFM 5 km

Launch power P −30 dBm, . . . , 10 dBm

Bandwidth of TX/RX Bw 20GHz

2.1. Spectral broadening revisited

Taking into account the considered power range for
P , we obtain a dispersion length of

ℓD = T 2/|β2| = 115 km (5)

and a nonlinear length of

ℓNL(P ) = 1/(γP ) ∈
[
78, 78 · 104

]
km (6)

such that ℓD < ℓNL(P ) does not hold for all input powers
P [18]. This way we operate in a regime where spectral
broadening cannot be neglected [20]. Further it holds that

ℓNL(P ) < ℓ ∀ P > −1.0 dBm. (7)

Consequently, th received signal’s bandwidth definitely
exceeds the supported system bandwidth Bw = Rs for
conventional communication systems (and their corre-
sponding equalization) as there is no margin implemented
between Bw and the original signal bandwidth Rs.1 Next,
we specify the goal for the AE more precisely to “Learn-
ing a high MI despite the effect of spectral broadening.”

2.2. Limitations of Digital Back Propagation

As a reference system we use the “split DBP” or also
called “split NLC” by [13]. The corresponding TX and
RX are shown in Fig. 1b and Fig. 1c, respectively.

The TX consists of a conventional 256-quadrature-
amplitude-modulation (QAM) that translates the symbol
indices s ∈ MNB to complex constellation symbols
c ∈ CNB . An ideal Nyquist pulse-shaping (consisting
of an upsampling to simulation frequency fsim and a
raised cosine pulse shaping with roll-off βR = 0) lead
to the bare transmit signal x̃. Typically a two-fold over-
sampling is used, whereas we use an oversampling of
usam = fsim/Rs = 50 for a fair comparison with the later
introduced trainable models that shall not learn to compen-
sate any inaccuracy, and to exclude a numerical mismatch
between channel and equalizer. It follows an NLC as PD
that is realized by a DBP, which pre-compensates for
a fiber length of ℓDBP = ℓ

2 . A subsequent LPF plus
power normalization generates the transmit signal x. The
RX starts with a DBP processing the received signal
y for a fiber length of again ℓDBP = ℓ

2 at simulation
rate, which is already lowpass-filtered by the channel (see
converters in Fig. 1a).2An LPF assures a correct down-
sampling to symbol rate Rs for a subsequent minimum
distance demapping. The DBP algorithm itself is based on
the symmetric SSFM following the Wiener-Hammerstein
model as shown in [2] that is also used for the channel
simulation.

It was already shown that for a PD-only implemen-
tation “SPM can be eliminated, within experimental er-
ror, up to where the transmitter bandwidth limits are
reached” [21]. Hence, in general the chosen PD leads to
a transmit signal that perfectly pre-compensates for chan-
nel impairments but occupies more bandwidth than the
supported one by the converters. The same holds for the

1. Note that a margin would artificially increase the TBP and, hence,
lower the SE.

2. In the simulation the ADC belongs to the channel, but technically
the channel has no lowpass-characteristic.

ITG-Fachbericht 305: Photonische Netze ∙ 18. – 19.05.2022, Berlin 

59



(a)

(b)

Figure 3: Architectural template of the proposed AE implementing the TX- and RX-DSP. Trainable blocks are colored
in yellow. (a) shows the TX-, and (b) the RX-DSP as introduced in this work.

application of a post-equalization (PE)-only where now
the receiver bandwidth limits the resulting performance.
Hence, to overcome spectral broadening introduced by
Kerr-nonlinearity, one has to take into account an artificial
bandwidth expansion. This required expansion combined
with the LPF explains the performance drop of the split
DBP at high launch powers.

The curves of Fig. 2 confirms the statement above. In
green it shows the SE of the split DBP without the afore-
mentioned LPFs. Indeed, it achieves the expected near
optimal performance up to a certain launch power, where
the drop can be related to, either, the limited accuracy
of the SSFM, i.e., the number of steps NSSFM used for
the channel and the DBP, or, signal-noise-interaction. To
get a better understanding of the accuracy, this system is
evaluated at different number of SSFM steps. Enabling
the LPFs one obtains the blue curve exhibiting a drop at
lower launch powers than before. The space in between
green and blue curve depicts the loss introduced only by
spectral broadening.

For comparison (i) an upper bound proposed by
Kramer et al. [19] that is equivalent to the Shannon
limit and (ii) the constellation constrained MI ICC for an
additive white Gaussian noise (AWGN) channel based on
hard decisions and assuming a 256-QAM are shown. The
latter curve only indicates that, for low input powers, the
conventional system achieves an almost optimal equaliza-
tion. For high input powers, ICC saturates as expected due
to the constrained constellation.

2.3. Discussion of Conventional Reference Curves

Even if the DBP currently shows the best performance,
and indeed compensates for the nonlinear impairments
almost perfectly, this only holds for the case where, either,
spectral broadening is not relevant, or, DAC, and/or ADC
support a larger bandwidth than required by the actual
information, at the expense of a higher TBP and, hence,
lower SE by design. This gives rise to the assumption that
better solutions than DBP in terms of SE exist for the case
where both converters significantly limit the bandwidth.
I.e., the goal is to enter the attainable region between the
curves with and without LPF, indicated in yellow in Fig. 2.
While this goal has not changed since [1], we now can
apply both an extended AE and a new training procedure
to further close this gap.

3. Autoencoder-optimized pulse shaping

Fig. 3 shows the block diagram of the new architec-
tural template for the AE consisting of the TX in Fig. 3a
and RX in Fig. 3b, where now both are trainable and
nonlinear.

3.1. Brief recap of neural network notation

A network consists of an ordered set of layers L =
{L1, L2, . . . , LΘ}, where Lϑ is the ϑth layer of the total
number of Θ layers. Here, a layer is

Lϑ : RKϑ−1×Dϑ−1 → RKϑ×Dϑ

Uϑ−1 7→ Uϑ

(8)

where Uϑ−1 is the input and Uϑ is the output signal
of the ϑth layer; Kϑ ∈ N is the length of the signal in
terms of time samples after the ϑth layer; and Dϑ is the
dimensionality of each time sample, i.e., the number of
channel components. An example of channel components
are real and imaginary part of a signal with Dϑ = 2. In the
following uϑ,k,d = [Uϑ]k,d is element of a signal matrix
at time instance k and component d. In this work a layer
is either a convolutional or a dense layer, where ϑ = 0
denotes the input signal.

For a convolutional layer Lϑ = Lϑ,conv, the out-
put dimension Dϑ corresponds to the number of differ-
ent trainable kernels or filters Hϑ,d ∈ RNϑ×Dϑ−1 for
d = 0, . . . , Dϑ − 1; Nϑ < Kϑ is the filter’s individual
length. All filters of a single layer have the same length.
The output sample of a convolutional layer ϑ at time
instance k and for output component d can be formulated
as

uϑ,k,d =Lϑ,conv(Uϑ−1)

=φϑ

{
tr
(
Ūϑ−1,k ·HT

ϑ,d

)
+ bϑ,d

} (9)

where φϑ is the activation function, (·)T is the transpose,
bϑ,d is a trainable bias, and

Ūϑ−1,k =

 uϑ−1,k−N̄,0 · · · uϑ−1,k−N̄,Dϑ−1−1

...
. . .

...
uϑ−1,k+N̄,0 · · · uϑ−1,k+N̄,Dϑ−1−1


(10)

is a sliced and shifted version of the input signal with
N̄ = (Nϑ − 1)/2. The filter length Nϑ is always chosen
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to be odd, to have a symmetric influence of the neigh-
boring samples. A zero padding is added such that one
obtains equal length of the input and output signal what
is often referred to as “same” padding. This corresponds
to uϑ,k,d = 0∀ k < 0 or k ≥ Kϑ.

For a dense layer Lϑ = Lϑ,dense, the output dimension
Dϑ corresponds to the number of neurons of that layer and
Nϑ = 1∀ϑ as, here, each layer operates on a single time
instance k. This simplifies Eq. (9) to

uϑ,k,d = Lϑ,dense (Uϑ−1)

= φϑ

{
[Uϑ−1]k ·HT

ϑ,d + bϑ,d
}
.

(11)

3.2. Transmitter Design

Equivalent to the reference system, the symbol indices
s ∈ MNB shall be transmitted by the TX and estimated
by the RX with a symbol rate of Rs = 20GBd. Here, the
same system parameters hold as already given in Sec. 2.
Each transmission contains a batch of NB = 12, 000
symbol indices, which is chosen on the basis of available
GPU-memory in our simulation setup.

The TX as given in Fig. 3a starts with a trainable
mapping, i.e., an M ×2-matrix, choosing symbols c from
a complex constellation based on the incoming symbol
indices s. Then, the signal is upsampled from symbol
rate Rs to usam ·Rs by adding zeroes in between the in-
phase quadrature (IQ)-symbols, and, subsequently, pulse
shaped. Here, usam = 4 has shown to be sufficiently large
to achieve the results in the following figures, staying well
below the upsampling of the DBP, where usam = 50.

The nonlinear pulse shaping generates the waveform
xCNN and is realized by a convolutional neural network
(CNN). As such, it can only process real valued signals,
and, thus, the two transformations C2R2 and R22C vice-
versa are required. Thereby, real and imaginary part of the
complex signal are stacked in an additional last dimension.

It follows an upsampling from sample rate usam ·Rs =
80GHz of the CNN to fsim = 1THz, now including
a Whittaker-Shannon interpolation for quasi-continuous
waveform channel simulation. The lowpass-filtered and
power normalized signal x is finally transmitted over

TABLE 2: Parameters of the TX- and RX-NN.

Layer Type Parameters
ϑ Dϑ Nϑ φϑ

Transmitter
1 Convolutional 128 221 linear
2 Dense 64 - elu
3 Dense 64 - elu
4 Dense 64 - elu
5 Dense 2 - linear

Receiver
1 Convolutional 128 55 linear
2 Dense 2048 - elu
3 Dense 2048 - elu
4 Dense 512 - elu
5 Dense 512 - elu
6 Dense 512 - elu
7 Dense 256 - linear

Figure 4: CNN used at TX. Boxes depict the signals Uϑ.
Bold blue lines depict the equivalent (linear) structure of
[1] with Doutput = D1 = 2.

the channel, with samples being calculated as [x]k =
gTX(k, s; ΩTX). Here, gTX summarizes the TX function
with trainable parameters ΩTX, i.e., the weights Hϑ.

The design of the TX CNN of Fig. 3a is shown in
Fig. 4, with the parameters given in Tab. 2. It is motivated
by the fact that neighboring symbols nonlinearily interact
with each other along the fiber. The input signal of the
CNN is U0 = CRe ∈ RusamNB×2. Hence, the input length
K0 = usamNB is the sequence of constellation symbols
upsampled by usam. The input dimension D0 = 2 repre-
sents real and imaginary part of the original complex sig-
nal. The first layer is a convolutional layer that convolves
its D1 = 128 different filter kernels H1,d ∈ RN1×D0 for
d < D1 with the real and imaginary part of the input
signal. The length

N1 = ⌈∆tCD ·Rs⌉ · usam + 1 = 221 (12)

is chosen such that the filter length is in the order of the
pulse widening induced by chromatic dispersion (CD) of

∆tCD = 2πβ2ℓBw. (13)

Also the dimension D1 is derived from the pulse widen-
ing such that this layer is at least able to shift all
relevant neighboring symbols to the same time instance
by a (probably learned) time shifting filter Hshift =
(δ−D1,k, . . . , δD1,k) with Kronecker-Delta

δn,k =

{
1 k = n

0 else
(14)

and k ∈ {0, . . . , K1 − 1}. Hence, we have chosen
D1 = 128 ≫ ⌈∆tCD ·Rs⌉ = 55. It follows a sub-
network consisting of dense layers that operate on the
single time instances of the D1 convolved signals. The
last layer again produces D5 = D0 = 2 time signals that
form the real and imaginary part of the pre-distorted signal
xCNN = R22C {U5}.

Bold blue lines mark the TX-structure of the former
AE applied in [1]. Hence, the case D1 = 2 and an imposed
constraint on the kernel to perform a complex convolution,
corresponds to the earlier TX, i.e., the former structure is
a special case of the one provided here, respectively.
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3.3. Receiver Design

The computational efficiency of the overlap & save
mechanism from [1] was not sufficient to be exhaustively
trained such that we have had to deviate more from this
intuitive design to reduce complexity. Hence, what follows
is a CNN that substitutes the overlap & save mechanism
in a more efficient way while having at least the same
degree of freedom. Nevertheless, the achieved gains of
the new architecture stem from the TX.

The RX as shown in Fig. 3b consists of blocks
for downsampling the receive signal y from simulation
frequency fsim to symbol rate Rs, a complex-to-real-
transformation, and a CNN to learn an estimate of the
desired likelihoods l̂k,m = P̂ (Sk = m|y) of the transmit-
ted symbol indices Sk based on the received signal y. Note
that Sk denotes the random variable (RV) corresponding to
the true transmitted symbol index sk at time instance k and
a realization m ∈ M. This can be obtained by a row-wise
softmax-normalization of the CNN’s output [L]k,m = l̂k,m
and appropriate cost function as described below. The
whole block can be written as a trainable function such
that l̂k,m = gRX(k,m,y; ΩRX) with parameters ΩRX that
consists of the weights Hϑ of the RX-NN. In a last step,
the symbol with highest likelihood is chosen to be the
hard decided estimate

ŝk = argmax
m

gRX(k,m,y; ΩRX) ∈ M. (15)

The CNN has the same architecture as in Fig. 3 but
with different parameters, given in Tab. 2. The number
of output neurons of the last layer is M and has a linear
activation function. The softmax-normalized output, then,
can be interpreted as the previously introduced likelihoods
of the transmit symbol.

4. Training using γ-Lifting

The general objective of the trainable AE is an optimal
estimate of the transmitted symbols at RX

ŝ
!
= s ⇒ ŝk

!
= sk ∀ k, (16)

where s is the vector containing the transmitted symbol
indices, and ŝ the corresponding estimate by the RX.

To achieve this goal, the parameters Ω =
{ΩTX, ΩRX} of TX and RX are trainable, which is com-
mon for all AE-setups in communications. Hence, not
only TX and RX, but the whole AE system of Fig. 1a
can be seen as a trainable function g(k,m, s; Ω). This
way, the estimate of the symbol at time instance k is the
argument of the maximization of the learned probabilities
over all symbol indices ŝk = argmaxm g(k,m, s; Ω) with
m ∈ M. Having said this, the objective can be further de-
tailed to g(k,m, s; Ω) = P̂ (Sk = m)

!
= P (Sk = m)∀ k,

where

P (Sk = m) =

{
1, m = sk
0, else

(17)

is the probability mass function (PMF) of the true transmit
symbol indices sk = [s]k (this refers to “one-hot encod-
ing”, as the PMF of the transmitted symbols corresponds
to the Kronecker-delta). The optical channel is contained

in g(k,m, s; Ω) and serves as the penalty to overcome by
choosing Ω appropriately.

Equivalent to [1], we trained the AE using samplewise
cross-entropy (CE) loss for batch sample k defined as

LCE

(
P (Sk = m), P̂ (Sk = m)

)
= HP (Sk=m)

[
P̂ (Sk = m)

] (18)

where H[·] is cross-entropy and E[·] is expectation. Taking
into account Eq. (17) this can be further simplified to

LCE

(
P, P̂

)
= − log g(k,m = sk, s; Ω) (19)

The resulting cost is defined over the batch of symbols
with size NB and calculates as

CCE

(
P (Sk = m), P̂ (Sk = m)

)
= − 1

NB

NB−1∑
k=0

log g(k,m = sk, s; Ω)
(20)

For the optimizer we have chosen Adam [22], which
applies stochastic gradient descent (SGD) to minimize the
cost as

Ωopt = argmin
Ω

CCE

(
P, P̂

)
(21)

by training the parameters Ω. For a conventional training
as in [1] the channel is fixed and only training param-
eters, i.e., the learning rate ulr and batch size NB, are
adjusted during training to support convergence. The latter
is achieved by the aid of the training configuration of
Tab. 3.

Nevertheless, the very first results have shown that
the training procedure of [1] is not sufficient to train
the proposed architectural template. Only by repeating
the training given in Tab. 3, by chance, we obtain the
dashed red results of Fig. 5b. The underlying problem is
depicted also in dashed red in Fig. 5a, where one can
see that the performance jumps during the first training
cycles, i.e., repetitions. Having realized that convergence
is a major problem of training the AE through the SSFM,
we further investigated on how to increase the stability of
the convergence and to probably find better local optima.
Hence, in the following we introduce a new training
method that was inspired by the training described in [23].
There, the input training samples were chosen such that
the learning gets simplified or, i.e., the relation between
input and output becomes more obvious to the trainable
structure.

We have searched for a way to simplify the stated
problem such that we can gradually converge until finally
arriving at the desired more complex problem to solve.

TABLE 3: Configuration of a single training cycle.

Max. training iterations Batch size Learning rate
Ntrain NB ulr

2000 12,000 2 · 10−4

1500 12,000 1 · 10−4

1000 12,000 5 · 10−5

500 12,000 1 · 10−5
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Figure 5: Performance evaluation of the AE based on CNN with (a) showing the γ-lifting that describes the increase
of γ over training cycle on the left axis and the resulting SE on the right axis at P = 5dBm; and (b) over input power
compared to the different AEs with γ-lifting (solid) and without (dashed).

Here, this may be achieved by setting some channel
parameters to zero and increasing them incrementally,
which, in effect, results in an increasing difficulty for
training the system. Thereby, we ensure that training con-
verges in each cycle, before making it harder. As potential
parameters we identified the following:

Slowly increasing fiber length ℓ simplifies the problem
significantly as all impairments increase with fiber length.
On the downside, it poses an unsolvable conflict between
a varying accuracy and a vanishing gradient information.
This can be seen by considering the step size of the
SSFM ∆zSSFM = ℓ/NSSFM. A growing ℓ means either
an increasing ∆zSSFM and hence a varying accuracy; or
adaption of NSSFM, which means that the error has to be
backpropagated through an increasing number of SSFM-
iterations. This way, the very first training cycles may be
predominant compared to the later ones with weaker gra-
dient information. Using chromatic dispersion β2 means
reducing inter-symbol interference (ISI) at the beginning
and incrementally adding more influence of neighboring
symbols. This allows to start with a simple sample-wise
compensation at the beginning, but is in contrast to the
requirement that the filter length Nϑ of the CNN has to
be fixed to the final length over all trainings, anyway.
Hence, for the first training cycles, most of the randomly
initialized trainable filter taps rather distort than may ever
support. For considering Kerr-effect only, γ controls the
power-dependent rotation of a sample, where, in turn, its
power depends on the corresponding transmit symbol,
neighboring transmit symbols, and noise. Reducing γ
disentangles the simple linear superposition of CD and
may help to learn their interactions step-by-step.

As there is no obvious drawback connected to the
Kerr-nonlinearity parameter, we decided to use a γ-lifting.

This γ-over-cycle dependency is also depicted in Fig. 5a
for P = 5dBm by the solid cyan curve, which linearly
increases with training cycle. Note that, each training
cycle consists of all training iterations described by Tab. 3.
The conventional training is depicted by the dashed cyan
curve showing that γ is constant. It may be mislead-
ing that the SE worsens over training cycle, which is
a consequence of the increasing difficulty. Nevertheless,
comparing both red curves – the one without γ-lifting
(dashed) and the one with (solid) – shows that the latter
exhibits a significantly stabilized convergence, as no large
variations can be observed anymore. Further, it achieved a
significantly higher SE for the final γ = 1.27 km−1W−1,
i.e., 5.7 bit/s/Hz vs. 5.0 bit/s/Hz.

Performing γ-lifting over the whole input power space
results in Fig. 5b. The dashed curves again show the
earlier AE (orange) and the one proposed in this work
(red) with their conventional training. Switching on γ-
lifting leads to the corresponding solid curves. It can be
seen that γ-lifting, in most cases, pushes the performance
of the CNN-based AE closer to ICC. By chance, thereby,
the conventional training may still exceed the γ-lifting
due to the high fluctuations in the training quality. Nev-
ertheless, the proposed AE outperforms the former AE as
well as the split DBP at high input powers. This means
that we have compensated or avoided spectral broadening
partly and may operate at higher launch powers, which
may be beneficial for higher modulation formats or reach.
Even by the application of γ-lifting to this former AE, its
performance stays well below the one proposed here, due
to the limitations of its linear architectural template. The
CNN-based AE is not able to reach the numerical limit
that was introduced by Fig. 2, but significantly contributes
to closing this gap.
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5. Summary and conclusion

In this work, we have identified spectral broadening
introduced by Kerr-nonlinearity as one of the major per-
formance limitation of a DBP for the simulated optical
fiber channel with bandlimited TX and RX.

The nowadays well-known AE was chosen as an ap-
proach to learn to address this challenge and to find an
appropriate nonlinear pulseshaping. We showed that the
TX-part of the AE can be trained through the SSFM. As it
turned out, a stable convergence of the trainable structures
requires a carefully adjusted training method. We have
therefore combined a conventional training with a novel
“γ-lifting” strategy to achieve significant gains compared
to the currently best known NLC schema, i.e., split DBP,
in a regime where spectral broadening is significant.

For now, we have only considered a single channel
and single polarization scenario, to obtain a better under-
standing of the effects of Kerr-nonlinearity. In future work,
these ideas can be extended to a multi-channel system
(wavelength division multiplex (WDM)), or by applying
even more sophisticated architectural templates.
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Abstract— By exploiting the large bandwidth in the 

frequency band around 300 GHz, THz communications are a 

highly anticipated technology for future converged fiber-optical 

& THz-wireless access and backhaul networks because of the 

high achievable data rates. However, unlike in fiber-optical 

communications, the transmission quality over the THz 

wireless link is highly influenced by weather-dependent 

atmospheric losses, resulting in dynamically varying signal-to-

noise ratios (SNR). Probabilistic amplitude shaping (PAS) has 

proven itself a powerful method that can adapt the signal 

transmission to changing channel dynamics. Additionally, 

signal shaping results in a gain over uniform QAM signaling, 

which can asymptotically amount up to 1.53 dB for arbitrarily 

high constellation cardinalities. We investigate the applicability 

of PAS for an outdoor THz wireless link in simulations with 

realistic models of the weather-dependent loss. The link 

performance is evaluated in terms of achievable information 

rate (AIR) and bit error ratio (BER). Optimal shaping 

entropies are determined to adjust error rates to a given 

forward error correction (FEC) threshold under a varying 

SNR, resulting in a tradeoff between the net data rate and the 

error rates. Furthermore, the optimal choice for the base 

constellation with respect to complexity, capacity, and 

reliability is evaluated. Finally, link performance statistics are 

evaluated using real weather data. © 2022 The Author(s)  

Keywords — Fiber optics, Terahertz communications,  

Adaptive optics 

 

I. INTRODUCTION 

In order to react to the increasing demand for high data rates 

in wireless communication networks, interest for research in 

the field of terahertz (THz) transmission covering the 

frequency band between 100 GHz and 10 THz has rapidly 

grown in the scientific community [1]. The ability of THz 

links to be seamlessly integrated into existing fiber-optic 

infrastructure is one of their many advantages, as it combines 

the flexibility and adaptability of wireless links with the 

reliability and capacity of fiber-optic links [2]. By sharing 

the infrastructure, the costs for network upgrades can be 

significantly reduced [3]. Consider the concept of such a 

combined optical/THz link depicted in Fig. 1a). By using an 

analog optical/RF interface on the transmit side, optical 

signals are converted into THz signals that are then 

transmitted over a line of sight wireless channel. In analogy, 

an RF/optical interface converts the THz signal back into the 

optical domain on the receive side. However, unlike fiber-

optical transmission, wireless transmission at frequencies 

above 100 GHz suffers from attenuations caused by 

atmospheric water vapor [4].  This happens as water drops 

resulting from rain and fog attenuate the THz waves by 

absorbing and scattering the incident wave. These 

atmospheric losses will add to the free-space path loss 

(FSPL) between the two antennas, resulting in weather-

dependent, dynamic variations of the channel signal-to-noise 

ratio (SNR). Therefore, rate adaptation techniques have to be 

applied in order to overcome the challenges caused by the 

dynamic SNR.  

In recent years, probabilistic amplitude shaping (PAS) [5] 

has been extensively studied not only for the sake of 

transmission distance extension or increasing the spectral 

efficiency at a fixed SNR, but also for rate adaptivity [6]. 

Depending on the shaping entropy, i.e. the number of bits per 

transmit symbol, PAS changes the symbol distribution by 

increasing the probability of occurrence of low-power 

symbols, corresponding to inner constellation points, and 

reducing the probability of occurrence of high-power 

symbols, corresponding to outer constellation points. As it is 

ideally suited for the additive white Gaussian noise (AWGN) 

channel, PAS modulation can achieve higher information 

rates at the same SNR than uniform quadrature-amplitude 

modulation (QAM) with the same entropy.   

However, while the achievable information rates only 

correspond to an upper limit assuming an ideal, capacity-

achieving forward-error correction (FEC) with flexible 

overhead, a real FEC implementation is typically constrained 

to a fixed overhead, which results in a fixed pre-FEC bit error 

ratio (BER) threshold. To feasibly integrate rate-adaptive 

PAS with a typical soft-decision (SD)-FEC code, its pre-FEC 

BER threshold must not be exceeded during adaptation. This 

is not the case when choosing the shaping entropy in order to 

maximize the achievable information rate. It is therefore of 

interest to study the information rates of PAS under a given 

pre-FEC BER threshold. 

This paper reports on the simulation and the evaluation of a 

rate-adaptive THz-wireless communication link using PAS, 

where the wireless THz channel is modeled by an AWGN 

channel with dynamically changing SNR derived from real 

weather data. We use a simple lookup-table-based method to 

keep the pre-FEC BER below a given threshold during 

adaptation, and analyze achievable information rates and 

reliabilities of the THz-wireless link. The results obtained 

with PAS are compared to those acquired with constellation 

switching between uniform QAM formats. 

This work has been funded by the German Federal Ministry of Education 

and Research (Bundesministerium für Bildung und Forschung, BMBF) 
under the AI-NET-PROTECT (16KIS1282) project and project 
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This paper is organized in the following way: In Sec. II, an 

overview of the simulation setup and the parameters assumed 

for the link are introduced. Sec. III deals with the evaluation 

of the link capacity obtained through real weather data, as 

well as the calculation of the link SNR. In Sec. IV, we briefly 

introduce the concepts of PAS and constellation switching. 

We also cover the adjustment of the shaping entropy to fixed 

forward error correction (FEC) thresholds. In Sec. V, we 

evaluate the results and discuss the performance of the 

different rate-adaptation schemes using pre-FEC BER, AIR, 

and cumulative capacity as the figure of metrics. This paper 

closes with a summary and conclusion in Sec. VI. 

II. SETUP AND LINK PARAMETERS 

Fig. 1b) shows the structure of the simulated THz system. 

On the transmitter side, the PAS block maps independent and 

identically distributed random bits onto probabilistically 

shaped amplitudes and back into the bit level via a constant 

composition distribution matcher (CCDM) (see Sec. IV). A 

mapper subsequently maps these bits onto symbols taken 

from the alphabet of the considered base constellation. For 

each simulation run, we generated 2·104 probabilistically 

shaped symbols. Via the Tx frontend, these symbols are 

transmitted over an AWGN channel with a given SNR. By 

repeating the simulation for each time event in a set of real 

weather data, we account for the SNR dynamics caused by 

weather-dependent losses as well as for the static free-space 

path losses (FSPL). We determine the weather effects based 

on attenuation models by the International 

Telecommunication Union (ITU). The Rx frontend receives 

the noisy signal before the demapper block maps the symbols 

back to bits. The demapping process takes into account the 

a-priori probability of the transmitted PAS symbols, 

resulting in a so-called maximum a posteriori (MAP) 

detection [7]. Finally, the generalized mutual information 

(GMI) and pre-FEC BER is used to assess the system 

performance. In this case, the GMI is calculated based on the 

input distribution and the channel transition probabilities, 

which are obtained using bit-level log-likelihood ratios 

(LLR). For bit-interleaved coded modulation (BICM), which 

is the coding scheme used for our work, the GMI is a suitable 

metric of AIR [8]. Both the GMI and AIR are ultimately 

limited by the Shannon capacity of the channel.  

Tab. 1 lists the link parameters which were adopted from 

recent experiments in [2] and used in the simulations. The 

distance between the two THz antennas is assumed to be 

1000 m, until stated otherwise, while the linear transmit 

power is 0 dBm at a carrier frequency of 270 GHz and a 

symbol rate of 32 GBd. Further, highly directive Tx and Rx 

antennae with gains of 55 dBi each are assumed on both link 

ends. The receiver frontend is assumed to have a noise figure 

(NF) of 10 dB. For these parameters, the resulting channel 

SNR only considering FSPL is 27.8 dB.  

III. CAPACITY ANALYSIS 

As discussed in the previous section, the SNR of the 

simulated AWGN channels is calculated using actual 

weather data. In this section, we will give a brief overview 

of the used data as well as the calculation of the weather-

dependent losses. In addition, we show how to calculate the 

overall link SNR from these losses.    

A. Weather data 

In order to evaluate the link capacity under realistic 

conditions, the weather-dependent attenuation was 

calculated using stationary measurement data by the German 

Meteorological Service (Deutscher Wetterdienst, DWD). 

This 10-year dataset includes the parameters air temperature, 

relative humidity, air pressure, and precipitation rate from 

2011 until 2020. Parameters which were only available in a 

ten-minute resolution were linearly interpolated to allow for 

a temporal resolution of 1 minute. This was necessary to 

 
Fig. 1 a) Concept of a unidirectional THz-wireless fiber extender. The optical/RF interfaces comprise analog coherent baseband frontends that allow the 

direct conversion from the fiber-optical domain to the electrical base-ban and further to the THz-wireless domain without local DSP, and vice versa.  

b) Simplified blockdiagram of the simulated environment. PAS: Probablistic Amplitude Shaping.  

 

Tab. 1 Parameters of the THz link. 

Carrier Frequency 𝒇 270 GHz 

Symbol rate 𝑹𝒔𝒚𝒎 32 GBd 

Transmit Power 𝑷𝑻𝒙 0 dBm 

Tx Antenna Gain 𝑮𝑻𝒙 55 dBi 

Noise Figure 𝑵𝑭 10 dB 

Rx Antenna Gain 𝑮𝑹𝒙 55 dBi 

Distance 𝒅 1000 m 
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allow for a better representation of short-term changes in 

precipitation. Any gaps in the time series due to missing 

values were also approximated using linear interpolation. 

The calculation of the absolute atmospheric humidity 𝑝𝑣 

(kg m-3) was based on the ideal gas law for pure water vapor: 

 𝑝𝑣 =
𝑒

𝑅𝑣𝑇
, (1) 

with T for the air temperature (K), 𝑅𝑣 for the specific gas 

constant for water vapor (461.5 J kg-1 K-1), and e for the 

partial water vapor pressure (Pa) which was determined as 

follows: 

 𝑒 = 𝐸 𝑅𝐻, (2) 

where 𝑅𝐻  is the relative humidity as a dimensionless 

value and 𝐸 is the saturation vapor pressure (hPa) which was 

calculated using the empirical equations (3) and (4) based on 

the approximation by H.G. Magnus [9], 

𝐸(𝑇) = 6.1078 ℎ𝑃𝑎 exp (
17.08085 𝑇 [°𝐶]

234.175 °𝐶 + 𝑇 [°𝐶]
) (3) 

assuming a water surface for negative T [°C], and 

𝐸(𝑇) = 6.1078 ℎ𝑃𝑎 exp (
17.84362 𝑇 [°𝐶]

245.425 °𝐶 + 𝑇 [°𝐶]
) (4) 

assuming an ice surface for positive T [°C]. 

B. Weather dependent loss 

The weather-dependent loss was calculated as the sum of 

the specific gaseous attenuation and the rain-induced 

attenuation. The propagation of electromagnetic waves from 

THz transmission is strongly affected by the atmospheric 

composition. Gas molecules (especially oxygen and water 

vapor) can inhibit the oscillation of these waves and reduce 

the signal strength. The total gaseous attenuation 

𝐴𝑔𝑎𝑠 (dB km-1) was calculated based on the ITU-R 

recommendation P.676.12 [10]:  

 𝐴𝑔𝑎𝑠 = 𝛾𝐺  𝑟0 = (𝛾𝑜 + 𝛾𝑤) 𝑟0, (5) 

where 𝛾𝐺 is the specific gaseous attenuation, 𝛾𝑜  is the 

specific attenuation due to dry air (oxygen, pressure-induced 

nitrogen, and non-resonant Debye attenuation), 𝛾𝑤  is the 

specific attenuation due to water vapor and 𝑟0  is the path 

length (km). 

As another important factor, precipitation can 

significantly impact the THz-wireless link performance due 

to Mie scattering effects along the transmission path. The 

total rain-induced attenuation 𝐴𝑟𝑎𝑖𝑛  (dB km-1) of the THz 

signal was calculated based on the ITU-R recommendation 

P.838-3 [11].  

 𝐴𝑟𝑎𝑖𝑛 = 𝛾𝑅  𝑟0 = 𝑘 𝑅𝛼  𝑟0, (6) 

where 𝛾𝑅 is the specific rain-induced attenuation, 𝑅 is the 

precipitation rate (mm h-1) and 𝛼  and 𝑘  are frequency 

dependent coefficients for the linear and circular polarization 

which can be calculated using the tables in ITU-R 

recommendation P.838-3 [11]. 

 

a) b) 

Fig. 2 a) Data distribution for the calculated weather dependent loss due to atm. gases and rain categorized by month. The corresponding weather data 

were measured at the DWD weather station at Berlin Tempelhof from 2011 to 2020. The data is visualized as a boxplot, categorized by months. The 

interquartile range (IQR) or the middle 50% of the data is represented as a box with the horizontal line in the middle, indicating the median value. 
Observations beyond the whisker lengths of 1.5 IQR are marked as outliers. The variability is highest during the summer. The highest outliers were 

observed during July and June resulting in attenuation values of up to ~55 dB km-1. b) SNR calculated over a ten-year period for Berlin Tempelhof for 

an antenna spacing of d=1000 m. A yearly periodicity is observed, with SNR values dropping below -10 dB occasionally during the summer.  

Tab. 2 Quantiles of weather-dependent loss (dB km-1) due to atm. gases and 
rain for 10 years at Berlin Tempelhof (2011-2020). The year 2017 showed 

a noticably higher attenuation for the 99.99% quantile than other years. 

Percentage (%) 99 99.9 99.99 

Quantiles of 

weather-

dependent 

loss 

(dB km-1) 

2011 8.5 12.5 21.9 

2012 8.5 12.2 25.5 

2013 8.6 12.1 21.3 

2014 8.4 11.3 18.4 

2015 8.2 11.7 20.0 

2016 7.8 11.3 24.1 

2017 8.6 14.7 25.8 

2018 7.5 10.3 18.0 

2019 8.1 11.6 25.4 

2020 8.2 11.8 19.2 

 Total 8.3 12.1 22.1 
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The attenuation due to clouds and fog was not taken into 

account in this study since accurate measurement data of the 

liquid water density for clouds or fog was not available. 

Additionally, the corresponding ITU-R recommendation 

P.840-8 [12] states, that the Rayleigh approximation for 

cloud and fog is only valid for frequencies up to 200 GHz.  

In fact, it was shown in [13] that the Rayleigh approximation 

considerably overestimates the fog attenuation at frequencies 

> 200 GHz in comparison to experimental observations and 

that the propagation of THz pulses through dense fog 

performs similarly as for the reference case without fog. 

The data distribution of the weather-dependent loss based 

on the 10-year DWD data is visualized as a boxplot, 

categorized by months in Fig. 2a). The interquartile range 

(IQR) or the middle 50% of the data is represented as a box 

with the horizontal line in the middle, indicating the median 

value. For most months (especially during the early year and 

winter) the IQR is relatively narrow between 2 to 4 dB km-1. 

However, during the summer months (from June until 

August), the data variability was typically higher with a ~60 

% larger IQR on average, compared to all other months. For 

these three months the median attenuation was on average 

~50 % higher than during the rest of the year.  In addition, 

the highest outliers (shown as black dots) were observed 

during this season in all years with attenuations up to ~55 dB 

km-1. This could be explained due to the higher average 

humidity and more frequent heavy precipitation events 

during the summer months. 

To further investigate the link availability, quantiles 

above 99 % were calculated for individual years as well as 

the complete 10-year dataset in Tab. 2. These values 

represent the modeled attenuation below of which 99 %, 

99.9 % and 99.99 % of the data falls. Except for the 99.99 % 

quantile almost all years show similar results with only slight 

differences. However, for 2017 the attenuation for the 99.9 

% quantile was noticeably higher than the other years. Here, 

the attenuation for the 99.99% quantile was also the highest, 

although the difference to the other years was much smaller. 

This was mainly attributed to the unusually heavy and 

prolonged precipitation events during this year. These results 

suggest that link availability was the lowest during 2017. 

C. SNR calculation 

The obtained attenuations can further be processed to 

yield an overall SNR of the THz wireless link. First, we 

estimate the received power on the receive side using the 

Friis transmission formula 

𝑃𝑟𝑥 = 𝑃𝑡𝑥 − 𝐿𝐴 + 𝐺𝑇𝑥 + 𝐺𝑅𝑥, (7) 

where 𝐿𝐴 is the resulting loss from atmospheric effects and 

the free space path loss  

𝐿𝐴 = (𝐴𝑔𝑎𝑠 + 𝐴𝑟𝑎𝑖𝑛) ∗
𝑑

1000
+ 𝐹𝑆𝑃𝐿, (8) 

with 𝐹𝑆𝑃𝐿 = (
4𝜋𝑑𝑓

𝑐
)

2

, where 𝑐  is the speed of light in a 

vacuum. The overall channel SNR is then estimated by 

𝑆𝑁𝑅𝑑𝐵 = 𝑃𝑟𝑥 − 𝑃𝑛𝑜𝑖𝑠𝑒 , (9) 

with 𝑃𝑛𝑜𝑖𝑠𝑒 = 𝑘𝑇𝐵𝑑𝐵 + 𝑁𝐹 , where 𝑘𝑇𝐵𝑑𝐵  is the thermal 

noise power in dB and NF the noise figure. 

The obtained SNR values for the 10-year dataset are 

displayed in Fig. 2b). It is evident that there is a yearly 

periodicity in the SNR dynamics, with the highest 

degradation usually occurring during the summer. 

 

IV. OPERATING PARAMETER OF PAS 

In this section, we first introduce the probabilistic 

amplitude scheme. Then, the optimal shaping entropies w.r.t. 

the AIR and BER performance are presented. Finally, a 

reference method for rate adaptivity, namely constellation 

switching, is introduced for comparison. 

A. Introduction to PAS 

In a nutshell, the idea of probabilistic shaping is the 

transmission of regular QAM constellations with different 

occurrence probabilities of the symbols. As the optimal 

constellation for an AWGN channel is a Gaussian, 

equiprobable uniform QAM constellations are suboptimal 

and have an asymptotic SNR gap of 𝜋𝑒/6 ≈ 1.53 dB  as 

compared with capacity-achieving Gaussian constellations, 

where e is Euler’s number. [15]. In the case of an AWGN 

channel, the so-called Maxwell-Boltzmann (M-B) 

distribution has been shown to provide the optimal 

probability distribution for regular QAM constellations [16], 

 
Fig. 3 Schematic description of probabilistic amplitude shaping.  The elements contained in the gray box are basic components of any QAM based transmission 

over an AWGN channel, while the blue box contains the further needed elements to enable PAS assisted transmission. 
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which allows a performance close to the Shannon limit. The 

probability of a constellation point 𝑥𝑖  being transmitted is 

then 

 

 𝑃(𝑥𝑖) ∝ exp (−𝜆|𝑥𝑖|2), (10) 

where 𝜆 represents the amount of the applied shaping [3], i.e. 

𝜆 = 0 would result in the uniform signal.  The matching of 

random input bits onto probabilistically shaped output 

constellations is accomplished by using a distribution 

matcher (DM). In its essence, the DM is used to convert k 

uniformly distributed bits 𝑑𝑘 = 𝑑1𝑑2 … 𝑑𝑘  with 𝑑 ∈ {0,1} 

from a binary information source into a non-uniformly 

distributed sequence of n amplitudes 𝑎𝑛 = 𝑎1𝑎2 … 𝑎𝑛. This 

process is invertible, i.e. amplitudes 𝑎𝑛  mapped back onto 

𝑑𝑘  recovers the original bitstream. The amount of bits 

contained in each of these amplitudes is the so-called DM 

rate 

 𝑅 =
𝑘

𝑛
 [

Bits

Output symbol
] (11) 

and sets the ground for the desired output target distribution. 

For large n, this rate approaches the desired shaping entropy 

 

 𝐻(𝑋) = − ∑ 𝑃(𝑥𝑖) 𝑙𝑜𝑔2𝑃(𝑥𝑖)𝑖 , (12) 

where X is the constellation alphabet. These amplitudes are 

then Gray-mapped back into the bit-level, resulting in a non-

uniform unipolar PAM constellation. More specifically, each 

amplitude is assigned to (
log2 𝑀

2
− 1)  bits with binary 

reflected Gray code (BRGC) labeling, where M is the 

cardinality of our target rectangular QAM constellation. A 

bipolar pulse-amplitude-modulated (PAM) constellation is 

obtained by adding equiprobable sign bits, which represent 

signs that are uniform on {-1, +1}, to each of the unipolar 

PAM symbols. Due to the uniform distribution of the sign 

bits, the resulting constellation still follows the desired M-B 

distribution. Several distribution matchers have been 

proposed in the literature, which can generally be divided 

into two groups, namely variable-length matchers and fixed-

length DMs. For our simulations, we consider a fixed-length 

DM, based on the constant composition distribution 

matching (CCDM) [17] scheme. Due to the fact that any 

rectangular M-QAM constellation can be expressed as a 

Cartesian multiplication of an in-phase arm and a quadrature 

arm PAM constellation, combining two orthogonal bipolar 

PS-PAMs results in an equivalent rectangular PS-QAM 

constellation, provided that DMs with the same properties 

for each PAM constellation are used. The general scheme of 

PAS used in our simulations is demonstrated in Fig. 3. The 

two arms after the binary information source illustrate the 

DM process for each in-phase and quadrature PAM, whereas 

the QAM mapping block combines these two orthogonal 

PAM constellations. After the transmission over the AWGN 

channel with a given SNR, the received QAM symbols are 

mapped back into bits. Subsequently, performance 

evaluation metrics, such as the pre-FEC BER and AIR, are 

assessed. The inverse CCDM is shown only for illustrative 

purpose, but was not used in the evaluations. 

In order to simulatively obtain the optimium shaping 

entropies for a given SNR, a 2D sweep over the SNR (with a 

0.1 dB step size) and over all shaping entropies the range of 

[2, log2 𝑀]  bits/symbol (with a step size of 0.1 bits) was 

done. By this, a lookup table (LUT) containing all the AIRs 

and pre-FEC BERs for each sweep is obtained for each 

considered modulation format. In Fig. 4, we present the AIRs 

for uniform formats and their probabilistically shaped 

counterparts. The graphs of the PS-MQAM formats show the 

resulting AIRs when choosing 𝜆 in a way that the AIR gets 

maximized, i.e. rate-maximizing distributions are applied by 

the DM for each SNR. This means that there exists an 

optimal value 𝜆opt of the shaping entropy for each SNR that 

maximizes the overall AIR [18]. The PS- and uniform QAM 

modulation formats perform similarly at high SNR: 

PS-1024QAM and Uni-1024QAM show an AIR saturation 

at SNR values of about 35 dB, PS-256QAM and Uni-

256QAM at about 28 dB, PS64QAM and Uni-64QAM at 

about 22 dB and PS-16QAM and Uni-16QAM at about 15 

dB. For SNRs below that saturation region, we observe a 

significantly better AIR of the PS-QAM formats which 

closely approach the Shannon capacity. For SNR values 

close to and below 0 dB, all modulation formats achieve a 

similar AIR. 

B. Optimal shaping entropies 

 Based on numerical simulations of PS-1024QAM, we 

evaluated the pre-FEC BER and AIR performance as a 

function of the SNR with rate-maximizing shaping, while 

considering the SNR range of [-20, 40] dB. The maximal 

AIR values are iteratively searched in the obtained LUT and 

indexed accordingly. Subsequently, the corresponding BERs 

are extrapolated from the indexed AIRs. The resulting BER 

values are plotted in Fig. 5a). It should be noted here that 

every PS-M-QAM format is limited by two corner cases: 

 

• The lower bound is the BER performance of the 

signal with an entropy of 2 bit/symbol, as maximal 

shaping 𝜆max of a square M-QAM always results in 

a quadrature-phase-shifted signal (QPSK).  

 
Fig. 4 Achievable information rates as functions of the SNR for uniformly-

distributed constellations (dashed lines) and probabilistically-shaped 

constellations (solid lines) with optimal 𝜆 over the AWGN channel. 
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• The upper bound is given for 𝜆 = 0, i.e. no shaping, 

resulting in the BER performance of the uniform 

version of the same cardinality. 

 

Between these two corner cases, i.e. at approximately 

0 dB SNR, the BER of the PS-1024QAM separates from the 

BER curve of the case where 𝜆 = 𝜆𝑚𝑎𝑥 , and stays nearly 

constant until it adheres  to the BER curve for the case 𝜆 = 0 

at about 32 dB SNR. We refer to the quasi-constant region as 

the BER plateau, which is located at around 4·10-2 BER. Fig. 

5c) shows the corresponding shaping entropies that were 

used for the shaping. This indicates that, in order to keep the 

AIR in the quasi-linear region closest to the Shannon limit, 

the BER is held almost constant at 4·10-2 for the case of PS-

1024QAM. While this method results in overall transmission 

with the highest AIR, a pre-FEC BER at about 4·10-2 is too 

high for a typical implementation of SD-FEC schemes at a 

reasonable overhead. It is therefore of interest to lower the 

BER plateau until it matches a given FEC threshold, thus 

trading a better BER performance for a small rate loss.  

To make sure that the BER plateau matches the desired 

threshold, the indexing order in the LUT is reversed as 

compared to the optimal AIR indexing, i.e. the BER values 

matching the threshold are indexed and the corresponding 

AIRs are extrapolated. In Fig. 5d), results for a BER 

threshold of 1·10-2 are shown for the format designated as M-

PS-1024QAM. Through the aforementioned process of 

reverse indexing, a much more stable plateau is observed. As 

expected, we can notice a small rate loss in contrast to the 

rate maximizing shaping, which amounts up to 

approximately 0.6 dB in the linear regime, as can be seen in 

Fig. 5e). It is also clear that in order to achieve lower BER 

values, stronger shaping must be applied at all SNR, shifting 

the shaping entropy curve to the right, as depicted in Fig. 5f).  

C. Constellation switching 

For comparison, we consider an alternative method that 

adapts the rate to the channel SNR by using a technique 

called constellation switching (CS). In this technique, rate 

adaptivity is achieved by changing the modulation format 

cardinality at the transmitter depending on the channel SNR. 

In our simulations, CS-1024QAM can switch between 

square 4-, 16-, 64-, 256-, and 1024-QAM. The possible 

analogous signal entropies are therefore 2, 4, 6, 8, and 10 bits 

per symbol. In analogy to M-PS-MQAM, a LUT is created 

for the uniform format of each cardinality. To match the BER 

   

 
Fig. 5. a) BER performance of PS-1024QAM limited by the bordercases 𝜆𝑚𝑎𝑥 and 𝜆 = 0; b) Achievable information rates of PS-1024QAM and Uni-

1024QAM; c) Corresponding shaping entropies for PS-1024QAM d) BER performance of M-PS-1024QAM limited by the bordercases 𝜆𝑚𝑎𝑥 and 𝜆 = 0; e) 

Achievable information rates of M-PS-1024QAM, PS-1024QAM and Uni-1024QAM; f) Corresponding shaping entropies for M-PS-1024QAM. 

 
Fig. 6 a) BER performance of CS-1024QAM and of uniform formats; b) Achievable information rates for CS-1024QAM w.r.t. the Shannon capacity; c) 

Entropy of CS-1024QAM. The CS-1024QAM performance is shown in all results using a switching BER threshold of 1·10-2.  
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performance to the threshold, corresponding BER values are 

iteratively searched and indexed. The switching from one 

modulation cardinality to the following one happens at the 

instance where the BER of the next highest modulation 

format falls below the set FEC threshold. 

Based on the simulation environment introduced in Sec II, 

we evaluated the rate-adaptive transmission with CS-

1024QAM. The BER and AIR performance as a function of 

the SNR are shown in Fig. 6a) and Fig. 6b), respectively, 

with a considered switching BER threshold of 1·10-2.  

The switching between the modulation formats happens at 

SNR values of approximately 12.4 dB, 19 dB, 25.3 dB, and 

31.8 dB for 4-, 16-, 64-, 256- and 1024QAM respectively. 

Further, we observe significant rate gaps compared to the 

Shannon limit in the region between the modulation formats 

of different cardinalities.  

V. EVALUATION 

This section compares the performance of PS-, M-PS-, 

and CS-QAM modulation formats to a uniform QAM 

constellation using real weather data. The evaluation is based 

on the metrics pre-FEC BER, AIR, and cumulative capacity 

over an exemplary year. Our 10-year data set showed a 

particularly fluctuant behavior for the year 2017, which is 

why we chose that year to illustrate our results.   

As shown in Fig. 7a), the M-PS-1024QAM and PS-

1024QAM constellations outperform Uni-1024QAM in 

terms of BER. Furthermore, even for M-PS-1024QAM, a 

small number of outages can be observed during the summer 

and late summer months. We define an outage as a case 

where the pre-FEC BER exceeds 1·10-2, which corresponds 

to cases where the AIR drops below 2 bits per symbol. As 

can be seen from both Fig. 5d) and Fig. 6a) this is the case 

for an SNR≤ 5 dB, where even shaping to QPSK is not 

sufficient anymore. As discussed in Sec. II, for our 

simulations parameters from Tab. 1, the maximum SNR is 

27.8 dB, considering only the FSPL. Thus, an outage results 

for a weather-dependent loss larger than 22.8 dB. Tab. 2 

shows that the expected outage rate is in the order of 1·10-4. 

This corresponds well to the result 1.4·10-4 for the outage rate 

of the 1000 m link in Fig. 7c).  For 750 m the outage rate is 

2.5·10-5. The corresponding outage times are about 75 

minutes and 13 minutes per year for 1000 m and 750 m, 

respectively. M-PS-1024QAM and CS-1024QAM share the 
Tab. 3 Average yearly capacity loss of different modulation formats as 
compared to the average cumulated channel capacity per year (Shannon 

capacity). 

 Average yearly capacity loss 

compared to the Shannon capacity 

for different distances 

Modulation format 1000m 750m 500m 

PS-1024QAM (*) 1.7%  3.3% 8.8% 

M-PS-1024QAM (†) 4.3%  4.6% 9.0% 

CS-1024QAM (†) 14.7%  14.7% 19.4% 

PS-256QAM (*) 6.7%  13.6% 24.7% 

M-PS-256QAM (†) 7.4%  13.7% 24.7% 

PS-64QAM (*) 24.9%  34.2% 43.5% 

(*) assuming a hypothetical capacity achieving FEC with variable threshold 

(†) assuming a fixed FEC threshold at 1·10-2 

    

    
Fig. 7. a) BER performance of Uni-, PS- and M-PS-1024QAM; b) AIR performance of Uni-, PS- and M-PS-1024QAM; c) Outage rates of M-PS-and CS-
1024QAM for d=1000m and d=750m; d) Cumulative capacities of PS-, M-PS- and CS-1024QAM for d=1000m, d=750m and d=500m. All results are shown 

for the exemplary year 2017. 
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same outage probability. PS and uniform formats are not 

shown, as these do not perform below the desired pre-FEC 

BER threshold. At d = 500 m, the outage probabilities for 

CS-1024QAM and M-PS-1024QAM fall below the 

resolution limit for 1-minute events.  

Fig. 7d) presents the cumulative capacity over the year 

for three distances, 500 m, 750 m, and 1000 m, for each of 

the considered three modulation formats. It is interesting to 

note that, despite the rate advantage of PS-1024QAM over 

M-PS-1024QAM, the overall capacity gain after the sample 

year amounts to only 2.6 % for d = 1000 m. On the other 

hand, PS-1024QAM over CS-1024QAM has a capacity gain 

of 18.0 %. These gains decrease with decreasing length of 

the link, i.e. 1.4 % at 750 m and 0.3 % at 500 m for PS-

1024QAM over M-PS-1024QAM, and 11.78 % at 750 m and 

6.56 % at 500 m for PS-1024QAM over CS-1024QAM. 

Tab. 3 compares the performance of various modulation 

formats based on the average yearly capacity loss as 

compared to the cumulated channel capacity. It may seem 

counterintuitive that the performance gap increases with 

decreasing distances, but this is to be expected as the 

Shannon capacity increases for shorter distances as well. 

Furthermore, it should be noted that for the PS-MQAM 

formats a hypothetical capacity-achieving FEC with a 

variable BER threshold is assumed, while for CS-MQAM 

and M-PS-MQAM formats a fixed FEC threshold at 1·10-2 

was assumed.  

Finally, the impact of the base constellation size is taken 

into account. At d = 1000 m, even a M-PS-256QAM  

provides better capacities than a CS-1024QAM, while the 

advantage decreases for d = 750 m and eventually disappears 

for d = 500 m.  The latter effect results from the higher 

maximum AIRs of higher cardinality formats. With longer 

distances, however, this result indicates that implementation 

complexity caused by high modulation cardinalities might be 

avoided by using M-PS formats with lower cardinalities.  

VI. CONCLUSION 

In this study, we simulatively investigated the statistics 

of the weather-dependent losses of a THz-wireless link using 

actual meteorological data collected over the past 10 years. 

Based on our analysis, the average weather-dependent loss 

for the 99 %, 99.9 %, 99.99 % quantile is estimated to be 8.3 

dB km-1, 12.1 dB km-1, and 22.1 dB km-1, respectively. We 

were able to observe a clear periodic pattern, with the 

strongest attenuations and highest variations occurring in the 

summer months. As a way of adapting to these dynamically 

changing channel attenuations, probabilistic amplitude 

shaping has been investigated and compared with 

constellation switching CS-MQAM in terms of AIR and 

BER. Furthermore, we have compared the performance of 

AIR maximizing PS-MQAM formats assuming an ideal 

capacity-achieving FEC with variable overhead with the 

method M-PS-MQAM, which adapts PAS to a fixed FEC 

threshold based on a simple LUT-based strategy. This allows 

the operation of M-PS-MQAM with a real-world 

implemented SD-FEC while only suffering from a small 

yearly capacity loss of about 2.6% for a link distance of 1000 

m as compared to PS-MQAM. As a reference, CS-MQAM 

suffers a capacity loss of about 18.0%. Moreover, we showed 

that the outage rates of M-PS-MQAM and of CS-MQAM are 

the same, i.e. 1.4·10-4 corresponding to an outage time of 

about 75 minutes for 1000 m under our simulation conditions. 

Furthermore, we show that M-PS formats of lower 

cardinalities, e.g. M-PS-256QAM, only suffer from small 

performance loss as compared to M-PS-1024QAM for a link 

distance of 1000m. As these results are obtained from 

simulations, experimental validation will be required in 

future work.  
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Abstract—In fiber-optic transmission systems, security 
against eavesdroppers is of increasing importance. Resource-
efficient methods of physical-layer security (PLS) are 
particularly attractive, as they allow for secure optical 
transmission without requiring secret cryptographic keys 
known to both communication parties. Combining conventional 
forward-error correction (FEC) coding with information bit 
scrambling is a way to achieve PLS. For security, a linear feed-
forward shift register is employed at the transmitter side as 
information bit scrambler, which necessitates the use of a 
corresponding (self-synchronized) linear feedback shift register 
to recover the data at the receiver side. Therefore, residual post-
FEC errors in the eavesdropped signal create an error 
avalanche in the eavesdropper’s descrambler. 

We experimentally assess the achievable security gaps by 
carrying out back-to-back system experiments using a 
polarization-division multiplexing (PDM) digital-coherent 
optical system setup operated at a symbol rate of 64 GBd with 
offline processing. The security gaps of the scrambling method 
are compared for quadrature phase shift keying (PDM-
04QAM), 16ary quadrature amplitude modulation (PDM-
16QAM) and PDM-64QAM using conventional error-
correcting low-density parity-check (LDPC) codes. This results 
in up to 640 Gb/s net secure data rates. 

Compared to our previous experimental investigations of 
special punctured LDPC codes (targeting both, reliability and 
security), the combination of conventional LDPC codes with 
information bit scrambling yields significantly improved 
(reduced) security gaps. 

Keywords— Fiber optics, Optical communications, Physical-
layer security, Security gap, Information scrambling  

I. INTRODUCTION

Resource-efficient protection against eavesdroppers is an 
increasing concern in many communication systems. This 
includes fiber-optical communications, where wiretapping 
may be realized without disrupting the service, e.g., via fiber 
bending [1]. 

Usually, security and confidentiality are primarily 
addressed on the upper layers of the Open Systems 
Interconnection (OSI) model and rely on the philosophy of 
computational security. However, secure message 
transmissions without the need for secret cryptographic keys 
can be achieved by techniques of the physical layer, i.e., by 

applying suitable coding and modulation schemes, cf. [2]. A 
prerequisite for the resource-efficient methods of physical-
layer security (PLS) is some advantage of the legitimate 
receiver (Bob) over potential eavesdroppers (Eve), e.g., better 
channel conditions in terms of a higher optical signal-to-noise 
ratio (OSNR). 

An eavesdropping scenario can be represented and 
analyzed using a wiretap channel model [3]. Both Bob and 
Eve face the same decoding problem. If identical receivers 
are employed, their operating points lie on the same bit error 
ratio (BER) curve at different OSNRs. So, coding schemes 
are required, which yield an almost error free transmission for 
Bob and, at the same time, result in a high BER for Eve, even 
if Eve operates only at a slightly smaller OSNR than Bob. 

The security gap metric introduced in [4] enables a 
security assessment of practical coding and modulation 
schemes based on their BER curve. The metric directly yields 
the required OSNR advantage of Bob over Eve such that 
some BER requirements are fulfilled. The two involved 
parameters are Bob's maximum BER, such that the 
transmission is reliable, i.e., close to zero, and BER , , a 
BER close to 0.5, which Eve must exceed in order to have a 
secure transmission. Via the BER curve, they directly 
translate to the corresponding OSNRs, whose ratio 
(difference in dB scale) is defined as security gap 𝑆 . 

In this paper, we experimentally assess practically 
achievable security gaps using shift-register based 
information bit scrambling in combination with low-density 
parity-check (LDPC) channel codes in an optical digital-
coherent back-to-back system experiment. We use bit-
interleaved coded modulation (BICM) to generate 
polarization-division multiplexed quadrature-amplitude 
modulated signals carrying two (PDM-04QAM), four 
(PDM-16QAM), and six (PDM-64QAM) bits per symbol per 
polarization at a symbol rate of 64 GBd. Offline digital signal 
processing (DSP) is used to evaluate coded message 
transmissions, cf. [5].  

Compared to previously examined punctured LDPC 
coding schemes, cf. [6], the employed scrambling scheme 
yields both, greatly reduced security gaps and higher secure 
transmission rates for similar set-ups. In addition, operating 
points of the legitimate receiver are more favorable, in terms 
of smaller implementation penalties and, thus, OSNRs. 

We consider the following three cases for which security 
gaps are derived: (1) as a reference, both Bob and Eve operate 
with ideal receivers over the additive white Gaussian noise 
(AWGN) channel, (2) as a worst-case assessment, Bob 

This work has been carried out within the framework of the CELTIC
EUREKA project AI-NET-PROTECT (Project ID C2019/3-4) and was
funded by the German Federal Ministry of Education and Research
(Bundesministerium für Bildung und Forschung, BMBF) under contracts
16KIS1282 and 16KIS1287. 

ITG-Fachbericht 305: Photonische Netze ∙ 18. – 19.05.2022, Berlin 

73



operates with a real-world coherent receiver while Eve is 
assumed to operate an ideal receiver over the AWGN 
channel, and (3) both Bob and Eve employ the same state-of-
the-art real-world coherent receiver. 

 This paper is organized as follows: Sec. II gives an 
overview of the concept of information bit scrambling and its 
SR realizations. Our experimental set-up consisting of a 
coherent optical testbed and offline digital signal processing 
(DSP) is presented in Sec. III. In Sec. IV, experimental 
results, the related security gap evaluation, and a discussion 
on optical polarization impacts are given. This paper closes 
with a brief summary and conclusions in Sec. V. 

II. INFORMATION BIT SCRAMBLING

In order to achieve a sharp transition between operating 
points of high and small BERs, information bit scrambling 
can be applied, cf. [7],[8],[9]. To that end, prior to channel 
encoding at the transmitter, secret binary messages 𝑚  are 
scrambled into messages 𝑚  of the same length. 
Consequently, any receiver, which wants to recover 𝑚 must 
apply descrambling on the output of its channel decoder 𝑚  
to get a message estimate 𝑚. 

 Bob, who operates at a high OSNR, can usually recover 
𝑚  error freely and, consequently, 𝑚 is also free of errors. 
In contrast, at a slightly smaller OSNR, Eve will typically 
experience some errors in 𝑚 . When descrambling, error 
propagation leads to a large number of errors in 𝑚 . The 
structure of the descrambler, which in turn must match to the 
transmitter's scrambler, mainly determines the final error rate. 

 In the following, the employed scrambling scheme is 
based on efficiently implementable linear feedback shift 
registers (SRs). As shown in [9], it is favorable to force 
receivers to employ a purely recursive SR as descrambler by 
using a non-recursive feed-forward SR as scrambler. This 
configuration enables a high error propagation even for SRs 
of small sizes. To prevent unconstrained error propagation, 
which would severely affect the legitimate receiver, both 
scrambler and descrambler are reset to a fixed state (all zeros) 
after each information word. 

For our evaluations the scrambler is described by the 
difference equation 𝑚 𝑘  𝑚 𝑘  𝑚 𝑘 14
 𝑚 𝑘 15 , where all quantities are binary, addition 
corresponds to the XOR operation, and 𝑘 denotes the discrete 
time index.  

As for all other parameters of the communication set-up, 
information about the scrambler is perfectly known to all 
receivers. There, descrambling can be achieved by a recursive 
SR, which realizes 𝑚 𝑘   𝑚 𝑘   𝑚 𝑘 14  
 𝑚 𝑘 15 . 

III. EXPERIMENTAL SET-UP

The experimental investigations were carried out using a 
coherent optical system testbed with offline digital signal 
processing (DSP) as schematically depicted in Fig. 1(a). 

A. PDM digital-coherent optical testbed

In the coherent optical testbed, Alice’s optical data signal
(PDM-QAM symbols) is modulated onto an optical carrier 
from an external cavity laser (ECL, 193.4 THz optical 
frequency, <100 kHz linewidth) by an indium phosphide 
(InP) dual-polarization in-phase and quadrature modulator 
(DP-IQ MOD) driven by four integrated electrical driver 
amplifiers (40 GHz bandwidth). The analog electrical drive 
signals are generated by a four-channel digital-to-analog 
converter (DAC, 120 GS/s, 45 GHz bandwidth). The DAC 
waveforms were pre-processed offline using a coherent 
transport transmitter-side DSP (Tx-DSP).  

In the coherent Tx-DSP, 448 header symbols are 
periodically inserted (every 32’320 symbols) into a sequence 
of 64 GBd PDM-QAM data symbols coming from the QAM 
symbol processing DSP (see below). The header symbols 
include constant-amplitude zero-autocorrelation 
(CAZAC-64) training sequences. Next, a root-raised cosine 
pulse shape is applied (roll-off 0.1) and linear predistortion of 
the transmitter components is applied. Finally, the waveforms 
are resampled to the DAC sampling rate (120 GS/s) before 
storage in the DAC memory. 

Fig. 1(b) exemplarily shows the optical transmitter output 
spectrum for the case of 64 GBd PDM-64QAM at an OSNR 
of 42.1 dB and illustrates the applied Nyquist pulse shape and 
predistortion. 

At the receive side, Bob uses an optically pre-amplified 
digital coherent receiver. Here, the received optical data 
signal is first optically amplified using two Erbium-doped 
optical amplifiers (EDFA) with an intermediate optical 
bandpass filter (OBF) to remove out-of-band amplified 
spontaneous emission noise. Next, it is mixed with the optical 
local oscillator (LO, generated from a separate ECL at 
193.4 THz with <100 kHz linewidth) in a dual-polarization 
coherent frontend comprising a dual-polarization quadrature 
optical hybrid and four balanced photodetectors (BPD, 
100 GHz bandwidth). The four analog electrical output 
signals of the balanced detectors are digitized by a four-
channel analog-to-digital converter (ADC, 256 GS/s, 
113 GHz bandwidth). The digitized received waveforms are 
then post-processed offline using the coherent transport 
receiver-side DSP (Rx-DSP). 

The state-of-the-art coherent transport Rx-DSP comprises 
front-end corrections, resampling to 2 Sa/Sym, training-aided 

(a) (b) (c) 

Fig. 1. a) Schematic depiction of experimental set-up and used offline DSP; b) Optical spectrum at the output of the transmitter for 64 GBd PDM-64QAM; 
c) Constellation diagrams after coherent Rx-DSP (i.e., soft demapper input) for 64 GBd PDM-04QAM, PDM-16QAM and PDM-64QAM (OSNR ~40 dB). 
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frame synchronization, frequency offset estimation and 
channel estimation, and T/2-spaced 2x2 MIMO frequency-
domain equalization including polarization separation and 
downsampling to 1 Sa/Sym. This is followed by a carrier-
phase estimation using the blind phase search algorithm and 
T-spaced adaptive equalization using a decision-directed, 
real-valued 4x4 equalizer. The resulting PDM-QAM symbols 
are then further post-processed in the QAM symbol DSP (see 
below). 

In the experiments, a variable optical attenuator (VOA) 
was used to emulate the link loss between Alice and Bob. The 
resulting received optical signal-to-noise ratio (OSNR, in 
0.1 nm) was measured using an optical spectrum analyzer  
which was placed after the EDFA at the input of the receiver.  

Received constellation diagrams after the coherent 
Rx-DSP are shown in Fig. 1(c) for all three investigated 
modulation formats, namely PDM-04QAM, PDM-16QAM, 
and PDM-64QAM, at maximum OSNR. 

B. Offline QAM symbol processing 

The PDM-QAM symbols to be transmitted are created 
separately per polarization from random binary information 
bit sequences by offline pre-processing as depicted in the left 
part of Fig. 1(a). Bit-interleaved coded modulation (BICM) 
in combination with Gray labeling is applied. 
Correspondingly, the received PDM-QAM symbols are post-
processed by polarization to get the BER performance of the 
examined coding scheme. A soft-output demapper derives 
log-likelihood ratios for all communicated bits based on the 
utilized signal constellation.  

In the transmission experiments, a random bit sequence is 
communicated rather than actual codewords of the examined 
rate-5/6 (20 % overhead) length-64800 LDPC code, cf. [10]. 
To assess the performance of this channel code in 
combination with information bit scrambling, the offline 
evaluation approach from [5] is employed, which outlines the 
processing of measurement data w.r.t. various coding 
schemes and has also been used in [6], [11].  

As depicted in Fig. 1(a), a side-stream scrambler is 
inserted in the transmit path between the encoder and mapper 
and in the receive path between the soft demapper and LDPC 
decoder. In the virtual transmitter, a random binary message 
𝑚 is first scrambled into 𝑚  and then encoded into code 
words 𝑐 , which are subsequently additively scrambled 
(XOR) into the actual transmitted words 𝑐 . In the receiver, 

In the receiver, the side-steam scrambling has to be reversed. 
The operation is performed on the log-likelihood ratios, 
where a bit flip corresponds to a sign change. The processing 
is split into blocks of length 𝑁 64800, corresponding to 
the block length of the used LDPC code.  

The channel decoder can then process the log-likelihood 
ratios and yield an estimate of the scrambled message 𝑚 . 
In case of successful decoding, 𝑚  is the information word 
corresponding to the codeword 𝑐 .  

𝑚  is then passed to the descrambler to obtain 𝑚, an 
estimate of the communicated message. Comparing 𝑚 and 𝑚 
gives the number of bit errors in that information word. 

This process is repeated for all words within a waveform 
and for all recorded OSNRs to derive BER curves as seen in 
Fig. 2. As usual, the BER performance of both polarizations 
is averaged into a single BER curve. 

IV. EXPERIMENTAL RESULTS 

In this section, we report on the experimentally obtained 
bit-error ratio performance and quantitatively assess the 
results using the security gap metric. Finally, we address 
polarization-related practical aspects when evaluating 
security gaps in polarization-division multiplexed systems. 

A. Bit-error ratio performance 

The average BER performance of all investigated formats 
as a function of the OSNR (in 0.1 nm) is shown in Fig. 2. 
Each plot shows the measured “uncoded” BER before the 
LDPC decoder, which is commonly referred to as “pre-FEC 
BER” (black diamonds). For reference, the theoretical 
performance for uncoded BER over an AWGN channel is 
also shown (black line). 

Moreover, the plots contain the BER of the received 
message bits after descrambling (red diamonds). For 
comparison, the simulated BER performance after 
descrambling assuming an AWGN channel and ideal optical 
components is shown (black crosses). 

For illustration purposes, we also plot the BER after the 
LDPC decoder, i.e., the BER performance of a conventional 
transceiver without scrambling (blue diamonds). It can be 
seen that the error correction threshold of the applied LDPC 
code is about 3 ⋅ 10 , as expected for the applied LDPC 
code rate of 5/6 corresponding to 20% overhead.  

 
 (a) (b) (c) 

Fig. 2. Measured average BER vs. OSNR for (a) PDM-04QAM, (b) PDM-16QAM, (c) PDM-64QAM. The legend in (a) applies to all plots. The different 
security gap metrics used throughout this work are exemplarily illustrated in (b) and apply to all modulation formats. Please note, that in (c) the evaluated 

measurements yielded no bit error after LDPC and after descrambler for OSNR > 26.4 dB. 
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Comparing the measured pre-FEC BER with the AWGN 
performance reveals the so-called “implementation penalty” 
of the practically implemented transceiver setup. At a BER of 
3 ⋅ 10  we find implementation penalties of about 
0.4 / 0.5 / 1.8 dB for PDM-04QAM, PDM-16QAM and 
PDM-64QAM, respectively. The increasing implementation 
penalties with increasing cardinality is a typical effect in 
practical coherent optical systems arising from nonlinear 
distortions in the creation and reception of multilevel optical 
signals in each quadrature. 

Comparing the measured BER after descrambling with 
the numerical simulation of the BER after descrambling we 
find an increasing OSNR penalty with increasing cardinality 
of the modulation format. This is a direct consequence of the 
practical implementation penalty discussed above. 

B. Security gap evaluation 

 We use the security gap metric to quantify the security 
levels obtained for the different modulation formats. For our 
evaluations, we define the required maximum BER for Bob 
to be 10 , while the required minimum BER for Eve is 0.49.  

As an extension to the original definition of security gap, 
we here consider three different variants of security gaps, 
depending on different assumptions about the used hardware 
for the legitimate receiver Bob and the eavesdropper Eve: 

 Theoretical security gap, 𝑆 , : 

Here, both Bob and Eve are assumed ideal, i.e., both 
operate on the numerically simulated, theoretical AWGN 
BER performance. This is equivalent to the security gap 
𝑆  typically used in the literature, cf. [4], [6], [9], [11]. 

 Practical security gap, 𝑆 , : 

Here, Bob and Eve use the same practical receiver 
implementation, i.e., both operate on the measured BER 
curve and are impacted by the same practical 
implementation penalty. 

 Worst-case security gap, 𝑆 , : 

Here, Bob uses the practical receiver implementation and 
operates on the measured BER performance, while Eve is 
assumed to use an ideal receiver and to operate at the 
AWGN performance, cf. [6], [9]. 

Due to the practical implementation penalties discussed 
above, it is expected that 

𝑆 ,  𝑆 ,  𝑆 , . 

Fig. 3(a) shows the derived security gaps for all 
investigated formats as a function of the net secure data rate. 
As the descrambler does not alter the data rate, the secure net 
data rate is equal to the “conventional” net data rate (i.e., after 
FEC/LDPC) of the coherent transmission system. At a 
symbol rate of 64 GBd and an LDPC code rate of 5/6, this 
results in net secure data rates of 213 / 427 / 640 Gb/s for 
PDM-04QAM, PDM-16QAM, and PDM-64QAM, 
respectively. 

From Fig. 3(a), it can be seen that the theoretical security 
gaps 𝑆 ,  are about 0.5 dB for all three constellations, with 
a slight increase towards higher cardinality constellations due 
to the used BICM approach (in agreement with [9]).  

The measured practical security gaps 𝑆 , , however, 
are found to be 0.8 dB (213 Gb/s PDM-16QAM), 0.9 dB 
(427 Gb/s PDM-16QAM), and 1.4 dB (640 Gb/s 
PDM-64QAM). They exhibit an offset w.r.t. the theoretical 
security gaps due to the aforementioned implementation 
penalties, which “flatten” the waterfall region of the LDPC 
code performance and thereby increase the gap between 
Bob’s and Eve’s operating points. This offset increases in 
particular for PDM-64QAM, in agreement with the observed 
increased implementation penalty of this format.  

Finally, the worst-case security gaps 𝑆 ,  are found to 
be 1.0 dB (PDM-QPSK), 1.3 dB (PDM-16QAM), and 2.8 dB 
(PDM-64QAM). Here, both, the shift of the measured 
performance towards larger required OSNR for Bob as well 
as the flattening of the waterfall region add up in the security 
gap calculation with Eve being assumed ideal and operating 
on the AWGN performance.  

Nevertheless, when comparing those obtained worst-case 
security gaps (on the order of 1...3 dB) to earlier experimental 
investigations of a PLS approach based on punctured LDPC 
codes (with security gaps on the order of 6...11 dB, cf. [6], 
[9]), we find that the PLS scheme of information bit 
scrambling investigated in this work yields significantly 
reduced security gaps. The main reasons for this 
improvement are the increase in code length by one order of 
magnitude and the changed coding scheme (to conventional 
LPDC). Both lead to steeper BER curves and, thereby, a 
smaller required OSNR for Bob’s operating point. 
Additionally, the used LPDC code offers a higher pre-FEC 
BER correction threshold. Thus, the impact of the practical 
implementation-induced flattening of the pre-FEC BER 
curve of Bob is reduced, which especially improves the 

 
  (a) (b) (c) 

Fig. 3. (a) Average security gap vs. net secure data rate (accounting for code rate 5/6 and symbol rate 64 GBd) of the investigated modulation formats; 
(b) Polarization-resolved BER performance of 64 GBd PDM-16QAM; (c) Polarization-resolved security gaps for all investigated modulation formats. 
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security gaps for larger signal constellations like 
PDM-64QAM. 

Moreover, from a practical perspective, the employed 
linear de-scrambling after the LDPC decoder maintains the 
error correction performance of the employed standard LDPC 
code, i.e., it preserves the required OSNR for error-free 
reception at the legitimate receiver Bob, even with 
descrambling. This is different from the previously 
investigated case of using a punctured LDPC code for both, 
reliability and security, in which Bob’s operating was shifted 
towards larger OSNR, i.e., an additional margin had to be 
included. 

C. Sensitivity to polarization-dependent BER performance 

In a practical realization of a coherent optical 
transmission system, polarization-dependent component 
imperfections at the transmitter (e.g., modulator PDL, driver 
amplitudes) as well as at the receiver (e.g., frontend PDL, 
photodiode sensitivities) typically cause slight performance 
differences among the polarization tributaries of the optical 
PDM data signal. Such imbalances may also be introduced 
and/or enhanced by polarization dependent components in 
the link (e.g., EDFAs, filters) or even by the transmission 
fiber itself. 

To illustrate the impact of such polarization imbalances, 
Fig. 3(b) shows the BER performance per polarization 
(X-polarization: squares, Y-polarization: circles) for the 
PDM-16QAM case. It can be seen that in our experimental 
realization the pre-FEC BER performance is very similar for 
both polarization tributaries (black curves). Nevertheless, the 
steep waterfall of the employed LDPC code results in a 
noticeable spread of the BER performance after decoding 
(blue curves) and consequently also after descrambling (red 
curves). For comparison, the average BER is plotted as well 
(diamonds).  

Note that, when averaging the BER curves, the worse 
tributary determines the required OSNR for Bob (10 , in the 
waterfall region of the BER curve) while the better tributary 
dominates the allowed OSNR for Eve (high BER region).  

To further illustrate the impact of the individual 
polarization performance, Fig. 3(c) shows the security gaps 
when evaluated per polarization (X-polarization: squares; 
Y-polarization: circles) compared to when evaluated from the 
average BER (diamonds, same as Fig. 3(a)). It can be seen 
that for PDM-04QAM (213 Gb/s net secure rate), the 
experimentally obtained per-polarization practical security 
gap (red bars and symbols) is about 0.5 dB for both 
polarizations which is only slightly above the theoretical 
security gap (0.4 dB). This is due to the fact that the 
experimental PDM-04QAM realization has a low error floor 
and thus the pre-FEC performance is only minimally 
flattened w.r.t. the AWGN theory, resulting in an LDPC 
waterfall which is almost as steep as in the theoretical 
performance. However, the average practical security gap 
becomes 0.8 dB due to the difference in implementation 
penalty (“horizontal” shift of BER curves in Fig. 3(b)) for the 
two polarizations in combination with the aforementioned 
different dominances of the better/worse polarizations for the 
operating points of Bob and Eve. 

The same relations are also observed for PDM-16QAM, 
however, at slightly increased security gaps of 0.6 dB and 
1.4 dB per polarization and on average, respectively. For 
PDM-64QAM, the per-polarization practical security gaps 

are found to be 0.9 dB and 1.2 dB for X- and Y-polarization, 
respectively. This increase and spread is due to the higher 
pre-FEC error floor of the PDM-64QAM implementation, 
which noticeably flattens the post-LDPC waterfall. The 
average practical security gap is 1.4 dB and is again 
dominated by the Y-polarization in our experimental 
implementation. 

Similar trends can also be observed for the worst case 
security gaps (dark brown bars and symbols). Here, the 
polarization-dependent horizontal shift of the waterfall 
region (and thus the operating point of Bob in the worse 
polarization) directly translates into a polarization dependent 
security gap (because Eve’s operating point is polarization-
insensitive in the AWGN simulation). 

In summary, the security gap metric is rather sensitive to 
minor per-polarization implementation differences and 
resulting differences in per-polarization pre-FEC BER, 
especially if long LDPC codes with steep waterfall 
characteristics are employed.  

V. CONCLUSION 

While in today’s optical transmission systems reliability 
is achieved using soft-decision error correcting codes, tap-
proof security can be seamlessly and resource-efficiently (in 
terms of ASIC implementation) added by information bit 
scrambling using linear shift registers. 

Using a polarization division multiplexing, digital 
coherent optical transmission testbed operating at a symbol 
rate of 64 GBd, we evaluated the achievable security gaps for 
PDM-04QAM, PDM-16QAM and PDM-64QAM. We found 
average worst-case security gaps (Bob uses the practical 
receiver implementation and Eve is assumed ideal) between 
1 dB for PDM-04QAM (213 Gb/s net secure data rate) and 
2.8 dB for PDM-64QAM (640 Gbs/s net secure data rate). 
Considering the case that Eve also uses a practical receiver 
implementation, the resulting practical security gaps are 
reduced to below 1 dB for PDM-04QAM and PDM-16QAM 
and to 1.4 dB for PDM-64QAM.  

Detailed investigations revealed a noticeable sensitivity 
of the security gap metrics towards even small polarization 
imbalances in the practical implementation. The typically 
considered average BER and resulting average security gaps, 
however, serve as a worst case boundary and thus are still 
useful to assess the security level of different PLS schemes. 

Compared to our previous experimental investigations of 
special punctured LDPC codes (targeting both, reliability and 
security), the combination of conventional LDPC codes with 
information bit scrambling as presented in this work yields 
significantly improved (reduced) security gaps. Moreover, 
from a practical perspective, the employed linear de-
scrambling after the LDPC decoder maintains the required 
OSNR for error-free reception at the legitimate receiver, i.e., 
no additional margin has to be allocated.  
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Abstract— The ever-growing demand for capacity 
necessitates optical networks to undergo enormous changes 
which will lead to the increase in complexity of future networks. 
Since the beginning of optical transmission networks, the 
insurance of services to provide the best possible connection for 
the customer (Quality of service, QoS) has always been an 
important topic for network providers. Traditionally, networks 
were conservative with high margins. However, high margins 
lead to wasted capacity. Due to this, the optimization of new and 
established connections is of increasing importance. Quality of 
transmission (QoT) estimation enables network operators to 
respond proactively to performance degradations and to lower 
the design margins. Machine learning-based QoT estimation has 
received significant attention from the community, since it can 
become an alternative to numerical and analytical approaches, 
which suffer from high computational complexity or 
inaccuracy, respectively. 

In this paper, we extend our work [1] by validating the 
proposed QoT estimation tool based on a spectral data-driven 
LSTM/NN-based machine learning algorithm by testing the 
algorithm, trained with simulation data, on an experimental 
dataset that contains data from a DP-QPSK or DP-16-QAM 
modulated WDM transmission over 3 spans of 88.4 km SSMF 
with different channel assignments of 9 channels in a 37.5 and 
50 GHz ITU-grid operating at 32 Gbaud. The estimator shows 
an MAE of 0.507 dB and an R2-score of 0.897. 

 
Keywords— machine learning, quality of transmission 

estimation, agnostic network scenarios 

I. INTRODUCTION  
Over the past decade, optical networks have changed 

enormously to meet the ever-increasing demand for capacity. 
In this regard, networks have become more sophisticated, 
configurable, and adaptable. New flexible add-drop 
multiplexers enable more versatile network operation as well 
as the implementation of flexible frequency grids. Due to the 
significant increase in network complexity, monitoring and 
optimizing performance is of increasing importance. An 
accurate estimation of the quality of transmission (QoT) 
allows to maximize capacity and may enable full self-
management of the networks in the future. While QoT 
estimation in optical networks has been around for a long 
time, the changes mentioned above, as well as the possibility 
of using data-driven, autonomous artificial intelligence (AI) 
techniques have renewed interest in reliable QoT estimation. 

In recent years, much effort has been invested in the 
development of analytical [2], machine learning-based 
techniques [3,4], and hybrid approaches [5,6,7] to evaluate 
the performance of a particular lightpath in the system, based 
on its generalized SNR (gSNR) [4]. All of the aforementioned 
works require detailed knowledge of the necessary 
component parameters for QoT estimation. However, in 
practice, in many cases, the network operator does not have 
precise knowledge of all parameters of the deployed network 
elements (e.g., the real noise figure of all amplifiers, exact 
fiber parameters, etc.); we refer to such a scenario as exact 
component parameter agnostic or agnostic for short. A GN 
model-based estimator, due to its analytical nature, would 
require exact knowledge of the parameters or otherwise 
would require high margins, while machine learning-based 
QoT estimation has been shown to be fast and accurate 
[3,4,5]. 

This paper is an extension of our work from the OFC 2022 
[1], which was a purely theoretical study, and is organized as 
follows. We present previous work on the subject in Section 
II. In Section III the QoT estimator is explained in detail. 
Section IV contains the experimental results, and in Section 
V we conclude the paper. 

II. PREVIOUS WORK 
Maximizing the available capacity of a deployed network 

is the main goal of operators, which are willing to improve 
their network efficiency given the highly increasing volume 
and resource-constrained long-haul fiber links [9]. Accurate 
QoT estimation is fundamental for achieving this goal. 

A machine-learning (ML) physical layer model trained 
with physical layer parameters and an ML model using 
monitoring metrics combined with analytically generated 
link-based features was found to achieve very good accuracy 
with a relatively small training database [5]. ML-based 
methods have also been explored for predicting performance 
metrics such as the bit-error-rate (BER), signal-to-noise ratio 
(SNR), or Q-Factor for deployed lightpaths [4]. Performance 
prediction would allow network operators to respond 
proactively to performance degradations or potential failures 
in optical networks.  

The optical signal-to-noise ratio (OSNR) is a primary 
optical link performance metric. Monitoring the OSNR 
enables network operators to validate the expected 
performance from the network planning stage since the 
aforementioned metrics are closely connected to the OSNR. 
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Furthermore, it is possible to monitor the health of the optical 
system permitting proactive maintenance and to optimize the 
link capacity and/or margin [10]. Transceiver impairments 
limit the informative value of these metrics since the impact 
of the impairments varies from system to system. Therefore, 
the generalized-SNR (GSNR) or often GOSNR is defined as 
the required OSNR to achieve the same BER as in the back-
to-back (B2B) case. Generally, the GOSNR captures only the 
optical impairments including linear noise and nonlinear 
interference and reflects the BER more accurately. It is 
defined as  

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 =  
𝑃𝑃𝑅𝑅𝑅𝑅

𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴 + 𝑃𝑃𝑁𝑁𝑁𝑁𝑁𝑁
, (1) 

where 𝑃𝑃𝑅𝑅𝑅𝑅  is the received power, 𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴  is the power of the 
linear ASE noise and 𝑃𝑃𝑁𝑁𝑁𝑁𝑁𝑁  is the power of the nonlinearities. 

The state of the art for optical data transport relies on 
wavelength-division-multiplexing (WDM) transmission and 
dual-polarization coherent optical technology with the use of 
software-defined networking (SDN) [11]. The SDN 
paradigm in optical networks enables the management of 
each network element. Thus it enables providing a specific 
lightpath given the current network status and GSNR 
estimation. However, it has been demonstrated that, in the 
case of accurate knowledge of the physical layer, an ML-
based QoT estimator can give an extremely accurate GSNR 
computation [11]. This accurate knowledge of the physical 
layer is not always given in a practical networking scenario. 
For these exact parameter agnostic cases, the use of spectral 
data is a promising way to increase the QoT estimation 
performance [1]. 

Is this work, we will show the result of an experimental 
validation of our spectral data-driven QoT estimator. 

III. SPECTRAL DATA BASED QOT ESTIMATOR 
In [11] optical spectrum analyzers (OSAs) are used to 

obtain the optical spectrum to identify soft failures caused by 
filters. The obtained spectrum cannot only be used for failure 
detection but also reflects the current state of the connection. 
Certain values extracted from the spectrum at selected 
relevant nodes in a network can increase the estimation 
accuracy of a ML-based QoT estimator as we have shown in 
our previous work in [1]. 

A. Simulation Setup 
For the data generation, we set up a simulation setup as 

depicted in Fig. 1. The setup consists of a database of the 

obtained feature vectors and the optical transmission system, 
which defines the environment. A set of Nc coherent dual-
polarization channels, c = [c1, …, cNc], is to be transmitted 
over a WDM link with fixed channel spacing and equal 
launch powers per channel. Since the exact component 
parameters in an agnostic network are not known, the 
transmission parameters used for the simulations are 
calculated using a heuristic approach with a certain mean and 
standard deviation based on realistic assumptions and 
margins. The links are analyzed for different modulation 
formats (MF) i.e., QPSK, 8-QAM and 16-QAM. The 
baudrate (b) is changed between 32 and 64 Gbaud. The 
channel spacing is varied between Δ𝑓𝑓 of 37.5 and 50 GHz for 
the 32 Gbaud case, and 100 GHz for the 64 Gbaud case. The 
launch power is varied between -3 and +1 dBm per channel. 
The channel under test (CUT) of the WDM transmission has 
a wavelength of 1550 nm. Uncertainties are for example 
considered in the span lengths (LS) by choosing randomly a 
length with a mean of 80 km and a standard deviation 𝜎𝜎 of 5 
km. The varied parameters are summarized in Table I. 
Therefore, the parameters differ per span according to the 
random distribution. We assume that the transmission is done 
over Ns spans, which are composed of standard single-mode 
fibers (SSMF) followed by an EDFA with a flat gain 
characteristic in the C-band and an optical spectrum analyzer 
(OSA) with a resolution of 13 pm (according to specs of 
commercially available OSAs). The nonlinearities in this 
dual-polarisation WDM transmission scenario are calculated 
solving the Manakov-PMD-equations using the split-step 
Fourier method with a randomly chosen number of 
waveplates ranging from 50 to 200. Ns is increasing with 
every iteration step of the simulation, i.e., in every step we 

Fig. 1. (left) Simulation setup with a central database (DB) containing the obtained feature vectors and (right) the 
GOSNR estimator structure realized with LSTM an FF-NN layers. 

TABLE I.  VARIED SIMULATION PARAMETERS 

Parameter Symbol Mean Value Standard 
Deviation 

Span lengths LS 80 km 5 km 

EDFA output 
power PE 𝑃𝑃𝑁𝑁 0.5 dBm 

EDFA noise 
figure NF 5 dB 0.5 dB 

Attenuation 𝛼𝛼 0.2 dB/km 0.02 dB/km 

Dispersion D 17 ps/(nm∙km) 0.2 ps/(nm∙km) 

Nonlinear 
coefficient PL 1.295 (W∙km)-1 0.05 (W∙km)-1 
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add one span to the simulation setup until we reach a total of 
20 spans. By this, we ensure to represent a network structure 
in the simulation, since we can interpret the link in different 
ways. For example, if the link contains 4 spans, we represent 
a set of links with 0, 1, 2, and 3 intermediate nodes and their 
different possible distance variations for the distances to and 
from the intermediate nodes. The GOSNR of the CUT is 
calculated using equation (1). Here the sum of the linear 
noise, i.e. 𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴  and the sum of the noise induced by 
nonlinearities 𝑃𝑃𝑁𝑁𝑁𝑁𝑁𝑁  is calculated over the deviations of the 
received constellation points to the ideal ones. This means the 
GOSNR in the simulation case is equivalent to the inverse 
EVM, since the back-trace method used in the experiments is 
not applicable in the simulation cases reasoned by the optimal 
transceiver characteristics. During the simulation, Nc is varied 
from 1 to 11 to represent all possible channel assignment 
scenarios. Furthermore, different scenarios of adding and 
dropping channels are considered. Up to a total of 5 
neighboring pairs of the CUT are dropped at all the 
intermediate nodes. For the add scenario on the other hand 
these neighboring channels are added to the channel 
configurations in which they are free. 

We have set up this scenario for the data generation in our 
Matlab-based simulation tool. The data extracted from the 
simulation can be divided into two different categories: The 
transmission-related features and the features extracted from 
the spectrum obtained by the OSA. The transmission-related 
features are composed out of the vector 𝑇𝑇�⃗ = [𝑀𝑀𝑀𝑀,𝑃𝑃𝑁𝑁 ,Δ𝑓𝑓, 𝑏𝑏,
𝐿𝐿]  with L being the total link length and the vector 𝐿𝐿�⃗ =
[𝐿𝐿𝑁𝑁𝑆𝑆−𝑘𝑘,𝑁𝑁𝑆𝑆−(𝑘𝑘−1), … ,  𝐿𝐿𝑁𝑁𝑆𝑆−1,𝑁𝑁𝑆𝑆]  with k representing the 
number of intermediate nodes. 𝐿𝐿�⃗  contains the information on 
the lengths between the intermediate nodes themselves and 
the end of the link. The spectrum-related features are the 
vector 𝐴𝐴 = [𝐴𝐴𝑁𝑁𝑆𝑆−𝑘𝑘,𝑁𝑁𝑆𝑆−(𝑘𝑘−1), … ,  𝐴𝐴𝑁𝑁𝑆𝑆−1,𝑁𝑁𝑆𝑆]  that contains the 
area under the envelope of the PSD obtained by the OSA, i.e. 
the total signal power and the vector 𝐻𝐻��⃗ = [𝐻𝐻𝑐𝑐1 , … ,𝐻𝐻𝑐𝑐11] 
which is composed out of the heights of the PSD of the 
channels c. In 𝐻𝐻��⃗  the channel usage, the influences of 
uncertainties in the gain, noise figure, attenuation, and the 
influences of the non-linearities on the power of the channels 
can be seen. Analyzing the mentioned different modulation 
formats, launch powers, baudrates and channel 
configurations result in a dataset with around 1.5 ∙ 106 feature 
sets each of which contains up to 53 features. To 
accommodate more uncertainties in the dataset, the 
simulation was repeated 10 times, resulting in an even larger 
dataset of 15 ∙ 106 features.                                        

B. Design of the Neural Network 
Choosing the optimal machine learning algorithm for the 

task of QoT estimation is challenging. This is reasoned by the 
fact that the feature sets, i.e. the feature vectors 𝐿𝐿�⃗  and 𝐴𝐴, are 
changing their second dimension as the number of considered 
intermediate nodes is increasing. Besides some support 
vector machines, there are not many ML algorithms that can 
operate on a changing number of input features. To solve this 
problem, we interpret every link as a series of values that can 
be fed into a recurrent neural network, for example, a long-
short term memory network (LSTM). This results in a three-
dimensional dataset for example in the shape of 𝐿𝐿�⃗ : 
[1 × 𝐺𝐺𝑁𝑁 × 𝐿𝐿], where 𝐺𝐺𝑁𝑁 is the number of intermediate nodes 
in the link. By changing the shape of the feature set, we 
ensure that only one step is considered at a time by the LSTM. 
The same procedure is followed for shaping 𝐴𝐴 . 𝑇𝑇�⃗  remains 
fixed in size so it is fed into the GOSNR estimator in a later 
stage, as it can be seen on the right of Fig. 1 in which the total 
estimator structure is depicted. The LSTM layers consist of 
24 and 12 outputs, respectively. These parameters were hand-
selected and could be further improved using common 
methods such as grid search or Bayesian hyper-parameter 
optimization, which however is not the focus of this work. 
The output is followed by a dense layer, i.e., a fully connected 
layer with 5 neurons, to match the size of 𝑇𝑇�⃗  for the input in 
the concatenation layer. The feed-forward neural network 
(FF-NN) consists of 2 hidden layers with ReLU activation 
functions composed out of 24 and 12 neurons and an output 
layer with one output which is the GOSNR. Before the 
training, the obtained dataset is split into 60% training, 20% 
validation, and 20% test data. The LSTM/FF-NN structure is 
trained over 1000 epochs and optimized with the Adam 
optimizer. The trained estimator is tested on the 20% test data 
from the dataset which results a R2-score of 0.9945. To test 
the robustness of the estimator and to evaluate whether it can 
be used in reality, the estimator is tested on features obtained 
through experiments in our lab.  

IV. EXPERIMENTAL VALIDATION 

A. Experimental Setup     
The experimental setup is depicted in Fig. 2. The DSP is 

based on Matlab routines and is executed offline. For the 
generation of the CUT, at the transmitter side, a PRBS of 
length 217-1 is generated and mapped to QPSK or 16-QAM. 
The signal is upsampled from the baudrate of 32 GBd to the 
sample rate of the DAC (88 GSa/s) and reshaped using a root-
raised cosine filter with a roll-off factor 𝛼𝛼 = 0.2, resulting in 

Fig. 2.  Experimental setup over 265.2 km of SSMF with variable noise loading for the case of 37.5 GHz WDM channel spacing. 
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an almost rectangular spectrum. For D/A-conversion, an 
arbitrary waveform generator running at 84 GSa/s is used. 
The CUT is generated from an external laser ( 𝜆𝜆𝐶𝐶𝐶𝐶𝐶𝐶  = 
1550.004 nm) using a DP-IQ modulator that is driven by the 
DAC via 4 driver amplifiers. The other WDM channels 
(loaders) are shaped from an ASE noise source comprising an 
EDFA using a programmable wavelength-shaping filter or 
short: a WaveShaper (WSS, Finisar WS4000A) with a filter 
bandwidth of 37.5 or 50 GHz corresponding to the channel 
spacing. Afterwards the filling channels and the CUT are 
coupled using a 3dB-coupler. The WSS is configured in such 
a way, that the CUT and the loading channels have equal 
power after the coupler. The WDM signal is then amplified 
using a EDFA to reach the launch powers of -3 to +1 dBm 
per channel. After the Tx-EDFA, the signal is transmitted 
over 3 spans consisting of a VOA followed by an EDFA and 
the standard single-mode fiber (SSMF) with a length of 88.4 
km before it is amplified by the receiver side EDFA to 
compensate for the fiber loss and to guarantee successful 
detection. The OSNR is measured with an OSA at 0.01 nm 
resolution and normalized to a reference bandwidth of 0.1 
nm. An optical filter with a bandwidth equal to 1.1 ∙ Δ𝑓𝑓 is 
used to filter out the out-of-band noise before detection with 
a coherent receiver, followed by analog-to-digital conversion 
using an oscilloscope. An exemplary optical PSD after the 
transmitter side EDFA is depicted in Fig. 3. In the receiver 
DSP the signal is first compensated for possible IQ-
imbalances before being resampled to 2 ∙ 𝑓𝑓𝐴𝐴𝑆𝑆𝑆𝑆. Afterwards, 
the signal is synchronized using a constant amplitude zero 
autocorrelation (CAZAC) sequence. After matched filtering, 
the signal is equalized using a 2x2 MIMO-equalizer followed 
by the phase recovery. Then a 4x4 MIMO-equalizer is used 
to compensate for the polarization-induced interferences. In 
the end of the DSP chain, different metrics are calculated out 
of which the GOSNR is the most important for our 
investigation which we obtained as follows. 

The GOSNR includes both the ASE and the nonlinear 
noise and determines the Q-factor as 

𝑄𝑄2 = 20 ∙ log10(√2 ∙ 𝑒𝑒𝑒𝑒𝑓𝑓𝑐𝑐−1(2 ∙ 𝐵𝐵𝐵𝐵𝐺𝐺)),  (2) 

and the BER for a given link configuration. The OSNR, 
however, only captures the in-band ASE noise using the out-

of-band noise floor. The GOSNR of the link is defined as the 
OSNR required to achieve the same BER in the back-to-back 
(B2B) case; therefore, the GOSNR is independent of 
transceiver penalties. In Fig. 3 this backtrace is depicted. The 
penalty of 2.8 dB in OSNR is therefore added by the fiber 
nonlinearities within the link. To ensure a faster measurement 
of the GOSNR, different B2B curves have been collected and 
have been saved serving as a lookup table for the offline DSP. 
The curves in Fig. 4 were generated using a VOA before the 
receiver side EDFA to induce more or less ASE noise to the 
signal. However, in a real-world scenario, the OSNR changes 
most significantly with fiber length and the receiver side 
EDFA always induces roughly the same amount of ASE 
noise. It can be seen that the maximum GOSNR for QPSK 
modulation and a channel spacing of  Δ𝑓𝑓 = 37.5 GHz and all 
loaders active at 𝑃𝑃𝑁𝑁  = +1 dBm per channel is 27.8 dB. This is 
caused by the maximum OSNR in the measurements of 29.8 
dB (seen in fig.4). A comparison between the measurement 
and our simulation over 265.2 km SSMF is shown in Fig. 5. 
With an OSNR between 26.2 and 29.7 dB, the GOSNR 
values differ only in the range of 0.4 dB. However, the overall 
GOSNR in the simulations are higher, since not all 
inaccuracies are modeled, for example the EDFA gain tilt. In 
general, we can state that our measurement data is very close 
to the simulation dataset which ensures our ML-algorithm to 
work. 

Fig. 4. Backtrace for GOSNR measurement for QPSK,  𝚫𝚫𝒇𝒇 = 37.5 
GHz and all loaders active at 𝑷𝑷𝑳𝑳 = +1 dBm per channel. 

Fig. 3. Spectrum of 16-QAM, 𝚫𝚫𝒇𝒇 = 37.5 GHz, 𝑷𝑷𝑳𝑳 = +1 dBm per 
channel and all loaders active in the back-to-back scenario. 

 

Fig. 5. Comparison of GOSNR simulation and measurement over 
265.2 km SSMF for QPSK,  𝚫𝚫𝒇𝒇 = 37.5 GHz and all loaders active at 

𝑷𝑷𝑳𝑳 = +1 dBm per channel. 
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B. Results 
The estimator trained on the simulation data is tested on 

the experimentally obtained data. The occurrence of the 
different GOSNR values can be seen in Fig. 6. It is depicted, 
that most of the data is in the range of 25 to 29 dB. This is 
caused by the overall lower OSNR in the measurements. 
However, due to the normalizing nature of the GOSNR, the 
values can be compared to the experimental data. The 
LSTM/NN-hybrid’s performance is evaluated on the mean 
absolute error (MAE) and the R2-score. The estimator 
reached a low MAE of 0.507 dB and an R2-score of 0.897. 
Furthermore, the capability of the ML-algorithm in reacting 
on experimental data is also shown in the actual against 
predicted values plot in Fig. 7. The red circles are the actual 
measured GOSNR values whereas the blue crosses are the 
estimated values. It is clear to see that there are outliers at the 
right and left edges of the distribution. The values at the top 
right of the graph are due to transmission with only one 
channel, i.e. without the influence of neighboring channels. 
The outliers at the bottom left, on the other hand, are probably 
caused by channel interference. These are most likely du to 
unequal channel power distribution from the EDFA gain tilt 
and by the non-rectangular filter characteristics. Thus, the 
interferences and influences of the channels are particularly 
large in a transmission with only 37.5 GHz channel spacing. 
In general, however, it can be seen that the distribution of the 
GOSNR values is quite close to the measured values.  

V. CONCLUSION 
In this paper, we demonstrated that our developed 

estimator enhanced by spectral data obtained by OSAs can 
also be applied to experimentally obtained data, while being 
trained with numerical simulations only. The estimation 
performance with an MAE of 0.507 dB and an R2-score of 
0.897 is close to the performance achieved in simulations. 
Furthermore, it has been shown that the estimator can reliably 
estimate accurate GOSNR values even for span lengths of 
88.4 km due to the heuristically distributed training values of 
the GOSNR. 
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Abstract— Photonic Integrated Circuit (PIC) have outper-
formed its electrical counterpart in terms of on-chip processing
and power consumption by transmitting and computing optical
signals at ultra-high speed, using less energy. However, fully
functional optical transceivers are still rare. This work introduces
the design and implementation of a tunable transceiver and an
optical communication network on top of an external laser source,
functioning in the near-Infrared (IR) range. The transceiver
is composed of the integrated circuit of an optical chip, a
hardware acceleration interface, and a customized Digital-to-
Analog Converter (DAC) at the transmitter and receiver side. The
photonic chip was designed and fabricated on CMOS compatible
and represents an integrated Optical Phased Array (OPA),
which modulates light for multi-channel beam control. The two-
dimensional beam steering relies on an array of waveguide
grating couplers, which ensures high accuracy and directionality
during the narrow beam radiation. In the longitudinal direction,
the beam is steered by a wavelength tuning mechanism, while
for the lateral direction, the lobe is controlled by a network of
thermo-optical phase shifters. The hardware accelerator, a Multi-
processor System-on-Chip (MPSoC), computes the source data
with random coefficient in Galois Fields (GF) to generate coded
packets, which flow throughout the optical beams. Additionally,
the accelerator is also responsible for the selection of the input
voltage within the DACs to control the optical chip. To ensure
successful packet transmission when the transmitter and receiver
are in motion, a dynamic sliding window protocol based on
Random Linear Network Coding (RLNC) was designed and im-
plemented at the MAC layer. Extensive simulation demonstrates
that our implementation results in an average packet success rate
of 93.58% with reduction in average delay.

Index Terms—Integrated Photonics Chip, Gilbert-Elliot (GE)
Channels, MPSoC, IR Communication, RLNC, Dynamic Sliding
Window (DSW), VCSEL.

I. INTRODUCTION

Although in recent years the advances in the manufacturing,
integration, and miniaturization have led to considerable incre-
ments on the processing speed of the Digital Signal Processors
(DSP), performance of that technology is still hindered by
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the DAC. In contrast, PIC have demonstrated to outperform
its electrical counterpart in terms of on-chip processing and
power consumption by transmitting and computing optical
signals at ultra-high speed, using less energy. In this con-
text, the proliferation of optical hardware technology, with
wavelengths ranging from IR to Ultraviolet (UV), has been
the milestone for the development of new Wireless Commu-
nication Systems (WCS). Light provide unneglectable benefits
in terms of throughput and low latency, reaching bit-rates up
to several Gbit/s and delays at the microseconds scale over
long distances. As a result, the adoption of photonic devices
is taking place, enabling new use cases such as vehicle-to-
vehicle communication and the Industry 4.0 (I4.0).

Applications such as Local Access Network (LAN), Storage
Area Networks (SAN), and Data Center Interconnect (DCI)
are based on high speed data transfer technologies such
as Gigabit Ethernet and Fibre Channel, employing optical
fiber transceivers [1]. Those optical devices rely on Vertical
Cavity Surface Emitting Lasers (VCSEL) and Electro-Optical
Transceiver (EOT) light source technologies to guarantee high
reliability and bit rates, over long distances [2]. Figure 1a
depicts how optical transceivers are employed to interconnect
Top-of-Racks (ToR) and servers within the backhaul of the 5th
Generation Cellular Networks (5G). Besides the optical wired
transceivers in servers rooms, PICs have also applicability in
multi-Free Space Optical (FSO) communication. FSO data
links studies suggest 850 nm VCSEL arrays [3, 4, 5] and
1550 nm OPAs [6, 7, 8]. Figure 1b illustrates how data com-
munication links based on OPA are compelling candidates for
implementing fully wireless interconnects in many industrial
use-cases. Optical wireless transceivers stand out for being
more secure, while enabling spatial switching in comparison
to legacy communication systems.

The usage of OPAs and VCSEL arrays has received great at-
tention in both the industry and the academia [6, 7, 9]. Follow-
ing this reasoning, this contribution introduces the design and
implementation of an OPA, fabricated on CMOS compatible
PIC technology. By exploiting the results of previous scientific
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Figure 1: Figure 1a Architecture of an optical data center interconnects. Figure 1b Schematic of optical link for industrial use case. Figure 1c
Schematic of the proposed communication transceiver.

works [10, 11, 12], we designed an OPA over Silicon Nitride
PIC with a 850 nm wavelength, capable of performing wide
beam steering of ±30° [13]. The results of this implementation
about free space data transmission were introduced in [14] .
Furthermore, we compared CMOS compatible thermo-optical
phase shifters in [15] to elaborate the phase shifters network
of our optical chip, which is responsible for lateral beam
steering of the OPA. Optimizing the performance of a single
element of the phase shifters reduces the total electrical power
consumption, while augmenting the speed of beam steering.

In this work, we propose a complete optical transceiver,
designed to operate in the C-band (1530 − 1565 nm). Fig-
ure 1c illustrates our setup, composed by the hardware of
the transceiver includes an OPA fabricated over an integrated
CMOS chip; a System-on-Chip hardware module, capable of
accelerating the computation of a coding scheme algorithm;
and a customized DAC, which enables precise beam steering
throughout thermos-optical phase shifters. In order to tackle
losses and reduce the decoding delay of the of data source
packets, a DSW-RLNC was designed and implemented at
the MAC layer. Extensive simulation results showed that this
coding scheme can match the performance of fixed window
size algorithms, reaching 93.58% of packet success rate, while
reducing the average decoding delay time.

The remainder of this work is structured as follows: In
section II, we provide an general view about optical chip
design, coding schemes, and hardware-based signal processing
accelerators used in PICs. In section III, we present in detail
the components of our setup. Later, section IV introduces the
parameters that were under consideration during the mise en
scène of each module. In section V, we provide the numeric
results of the discrete simulation of the DSW-RLNC. Finally,
in section VI we discuss the further steps in the development
of this work. In section VII, we conclude our paper.

II. STATE-OF-THE-ART

In the literature, the design of photonic solid-state chips with
hardware accelerated signal processing and coding modules
have been tackled from different independent approaches.
Nevertheless, it can be tedious to find scientific contributions
that comprehend the complete design and deployment chain
as a whole.

In the field of the PIC with chip-scale 2D beam steering,
Poulton et al. [6, 7] introduce the design of an OPA, employed
in Light Detection And Ranging (LiDAR) and free-space
data communication applications. Similar to our work, this
setup counts with control electronics, employing DACs and
Field Programmable Gate Array (FPGA)s for beam control.
Although the characterization of some important metrics such
as maximum ranging distance and resolution are still pend-
ing, those contributions highlighted the challenges that laser-
controlled OPA technology has to guarantee small-form-factor
and reduced power consumption. Nevertheless, our implemen-
tation goes a step further by introducing RLNC to mitigate the
effect that packet losses have in WCS.

Solid-state phase shifters for beam control have also been
investigated by Sabouri et al. [10], Sabouri and Jamshidi [11?
]. They comprehensively researched how power can be uni-
and multi-directionally radiated through silicon-based single
antennas and an array of granting couplers, enabling point-
to-point communication. In this work, we employed the same
considerations for the design of our optical chip, maximizing
the antenna array directionality, reducing the side lobe power
level, and performing the a wide beam steering via phase
tuning.

One intersection between our optical chip and the latest
contributions about the design of OPA is the effect of the
thermal cross-talk. The works in [12, 13, 15] explore how
Thermo-optical Phase Shifters (TOPS) manufactured in stan-
dard Silicon-on-Insulator (SoI) require a smaller cross-talk and
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power for tuning. This principle has been investigated during
the implementation of our optical chip on simulations.

Emitting lasers such as VCSEL and EOT are employed as
the default technology of the optical links used in data centers.
Current and future computing systems will require constantly
increasing data rates, which are only achievable in optical
fibers. Therefore, Tatum et al. [1], Koyama [2], Wei et al.
[3] provide a deep overview of the wavelength engineering of
the laser technology applied to beam steering in PIC. Those
works were of our interest because our prototype also employs
laser to precisely control the radiation direction of the lobes,
generated within the OPA.

On the other hand, there is a plethora of scientific literate
about RLNC currently available. Nevertheless, we focused
our attention on coding schemes capable of tackling network
dynamics in wireless lossy links. In such a manner, the work
of Wunderlich et al. [16], Pandi et al. [17] shows how finite
sliding window RLNC is an efficient no-feedback technique
to reduce the decoding delay and computing complexity, when
packet drops are present in the communication. Similarly to the
research carried out for this work on simulation, the variable
length sliding window RLNC has been studied by Gui et al.
[18]. In this approach, instead of having a fixed window
size for source packet combinations, the coded packets are
generated by computing an adaptable number of data packets
with random coefficients in GF.

Finally, hardware-based acceleration using FPGAs has been
utilized for beam steering in some OPA designs. Specifically,
in [6, 7], an beam control based on Look-up Tables (LUT),
stored on RAM, has been proposed, but the authors do not
disclose further details about their implementation. Although
our computing system is based on a MPSoC, the work from
Tao et al. [19] also has a central control systems embedded
in FPGAs. Furthermore, the implementation of RLNC in
specialized hardware was performed by Acevedo et al. [20],
demonstrating that instruction extensions of DSP can provide
high throughput and low energy consumption.

To the best of our knowledge, there is no publicly available
implementation that encompass PIC, coding schemes, and
signal processing throughout MPSoCs. This fact represents the
motivation for the design and implementation of this work.

III. OPTICAL TRANSCEIVER

A. Optical Chip

In this work, we present the design of an optical chip. The
chip embeds a 1550 nm wavelength OPA, designed over an
area of 16 × 3.5mm2 SoI. The chip was fabricated in the
Advanced Micro Foundry (AMF) technology, as depicted in
Figure 2a. This design stands out for having an array of 64
wave-guide grating antennas, which form an emitting aperture
of 325×144 µm2. Each waveguide grating has been optimized
to provide an effective and uniform 300 µm radiation length.
The antenna spacing is 1.45λ to increase the possible Field-of-
View (FoV), while minimizing the optical cross-talk. Figure 2d
depicts three sets of Grating Coupler Photodetector (GC-PD),
which are implemented around the antenna array to benefit

beam alignment on the receiver side. Furthermore, from an
optical input, 64 optical channels were multiplexed, using
a fiber edge coupler, based on a six-stage of 1×2 Multi-
mode Inferometer (MMI) tree. The proposed OPA enables 2D
beam steering. A wavelength tuning adjusts the longitudinal
angle, while a thermo-optical phase tuning mechanism controls
the lateral coordinates of the beam. Figure 2a presents the
independent phase shifters of the channels. The shifters are
distributed after the 1×2 MMI module to guarantee a cascade
phase control within each optical channel. Figure 2c shows
four snake-shaped top-clad heaters to provide a semi trapezoid
heat flow control along the optical channels.

The aforementioned chip is compliant with a Full-width
Half Maximum (FWHM) optical beam of less than 0.5°. The
beam steering can reach up to ±45° at a speed of 0.26 °/µs

B. RLNC

WCS can be highly unreliable, suffering from packet losses
and delay by various amounts of time. In order to tackle
those challenges when data is transmitted between the sender
and the receiver, it is necessary to find alternatives to encode
and decode messages travelling through lossy wireless links.
One of those methods, which promises improve reliability, is
RLNC [21]. This scheme stands out for using and distributing
randomly generated coding coefficients among the end nodes.
The input original data is fractionated into G, G > 1,
source symbols, which are then grouped in generations. At the
transmitter, those G source symbols are coded by the encoder,
using random coefficients based on linear finite arithmetic
in the GF, GF (2p). In such a manner, the coded symbols
are linear combinations of all the source symbols within a
generation. The coded symbols and the random coefficients,
also denominated as coded packets, are then transmitted at the
sender, and decoded at the receiver [17].

The size of the GF determines the linear dependency among
the coded packets. Higher fields, for instance GF (28), which
mainly represent data structures of current computing systems,
reduce the reliance at the expense of computing overhead.
On the other hand, although by sending more coded packets,
the dependency can be also minimized, the consequence of
this operation is a significant latency increment. Therefore, it
is necessary to find a trade-off that both allows decoding at
the receiver even when coded packets are lost and reduces
or delimits delay to fulfill hard latency requirements of the
communication.

Beside its appealing benefits in terms of reliability such as
the node independence for coded packet recombination, RLNC
is a computing expensive task, based on matrix multiplication
and inversion. Therefore, most of its applicability has been
limited to specialized hardware such as DSP and MPSoC,
which can exploit vectorization to ensure data parallelism, and
hence, high throughput and low latency.

C. DSW-RLNC

Dynamic systems require dynamic resilient networks to
transfer data through wireless lossy links. Therefore, with
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Figure 2: Figure 2a Layout of the designed and fabricated optical chip on SoI substrate, including OPA antenna and three control stages
for beam steering: cascade phase shifter network, trapezoid heaters, and independent phase shifters per optical channel. Figure 2b presents
single thermo-optical phase shifter element. Figure 2c depicts the trapezoid heaters along with the wave-guide routing. Figure 2d shows the
emitting area. Finally, Figure 2e. illustrates the independent phase shifters for each optical channel.

transmitter and receiver under motion, the RLNC coding
scheme necessitates of an adaptation to tackle the dynamic of
the system. Many laser-based optical uni-cast communication
applications are based on unidirectional signal propagation
[22]. Therefore, when the position either of the transmitter
or the receiver varies, the error rate increments considerably,
making necessary packet re-transmissions. The transmitter
must wait for an acknowledgment from the receiver to start
the sending of the lost packets, causing the overall latency
to increment [23]. In this context, we design a DSW-RLNC
protocol based on the Caterpillar Random Linear Network
Coding (CRLNC) [16], which has been implemented on the
MAC Layer. CRLNC was designed with a fixed window size,
which is intended for channels with a stable error rate. In
dynamic systems, the error rate presents significant variations
with respect to the time, making the fixed window size
approach uncapable of providing high throughput and low
latency during the packet decoding. In contrast, DSW-RLNC
can deal with the requirements of Mobile Ad-hoc Network
(MANET)s by varying the number of source packets used to
create coded packets within the encoder. Table I depitcs the
format of coded packets under DSW-RLNC, which consists
of header and payload. The source packet represents the upper
layer, while the coded packet is the packet to be transmitted. A
coded packet is formed by computing several source packets
with random coefficients, generated by finite field arithmetic
over GF (28). For instance, the coded packet 11 contains four
source packets, the window size is 4, and the latest source
packet ID is 7. Therefore, the coded packet 11 is a linear
combination of source packet 4, 5, 6 and 7 over GF (28).

TABLE I: Coded packet format for DSW-RLNC.

Header Payload
Pkt. ID Last Source Pkt. ID # Pkts.

6 4 1 4
7 5 1 5
8 5 2 4⊕5
9 6 1 6
10 7 1 7
11 7 4 4⊕5⊕6⊕7

D. DAC Design

Our prototype uses a 16-channel DAC, the AD5679R (16-
bit resolution) from Analog Devices [24], for optical beam
control. For each channel and depending on the digital level
at its input, in our configuration the DAC provides a voltage
range between 0− 2.5V to activate 127 heaters, allowing the
beam selection within the optical chip.

From the manufacturer’s datasheet, we observe that when
a voltage of 3.3V is applied to the input of the DAC chip,
it delivers 2.5V output voltage with a current of 22mA,
considering an operating temperature of 25 °C. Nevertheless,
as in the worst working case, the temperature can be higher
than 25 °C and the input voltage coming from the evaluation
board can be lower than 3.3V, so we decided to reduce the
number of heaters per DAC channel. Considering that high
current provides less accuracy, we opted for a design that
employs all available channels inside a DAC chip. The heaters
are grouped into 7 channels. A heater channel has between 1
and 64 heaters. Therefore, in our prototype we are utilizing
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TABLE II: DAC, Channels and Heaters configuration.

Channel Heaters DACs Heater/DAC Max. Current[mA]

1 1 1 1 2
2 2 1 2 4
3 4 1 4 8
4 8 2 4 8
5 16 4 4 8
6 32 7 4×5,3×4 8 or 10
7 64 16 16×4 8

TABLE III: Hardware and Software setup for transmitting data to the
optical chip.

Component Description

CPU Intel Core i7 6700
RAM 2x16GB

OS Ubuntu 20.04.4LTS (GNU/Linux 5.13.0-37)
MPSoC Xilinx ZCU102 - SFP+ Cages
Software Xilinx Vivado and Vitis 2019.2

two DAC chips to support a total of 127 heaters, placing 4
or 5 heaters per channel. In such a manner, it is possible
to apply the same voltage at every channel within the DAC
chip simultaneously. Table II presents the current arrangement
between DAC channels and heaters. As it is depicted, we
employed up to 5 heaters per DAC channel. This limits the
output current per DAC channel to a maximum of 10mA,
which makes our design more resilient to changes in the supply
voltage.

E. Hardware-Software Co-Design

All variants of RLNC has been characterized by the usage
of intensive computing resources. Therefore, for this work,
we have employed the Xilinx’s ZCU102 development kit.
This kit is composed by a MPSoC and several peripherals
such as SFP+ cages. The MPSoC will be employed for
the parallelization of the matrix multiplication and inversion
operations of the DSW-RLNC algorithms, while the SFP+
Ethernet interface is utilized for data management going to
and coming from the optical chip. Table III summarizes the
setup employed for the data transmission between the ZCU102
development kit and the extension DAC board. In contrast to
legacy FPGAs, the ZCU102 embeds a complex chip composed
by Programming System (PS) and Programmable Logic (PL)
[25]. The PS is mainly composed of two quad-core ARM
processors, the ARM Cortex A-53 and the Cortex-R5F, for
application and real-time processing, respectively. Conversely,
the PL contains the acceleration fabric, where we can exploit
data vectorization for the parallelization of our algorithm. The
AXI high-speed communication interface establishes the data
transfer between the PS and the PL.

TABLE IV: Parameters for the implementation of RLNC coding
schemes.

Coding Window Size Code Rate Galois Field

CRLNC-1 4 1/2 GF (28)

CRLNC-2 6 1/2 GF (28)

DSW-RLNC 64-4 1/2 GF (28)

IV. METHODOLOGY

A. DSW-RLNC

Through a discrete event simulator, we assess the perfor-
mance of the DSW-RLNC algorithm. The simulator models
the sender-receiver setup based on the GE channel [3]. The
channel has two states: the good state representing the suc-
cessful arrival of all packets and the bad state representing
the loss of all packets. In the simulation, we set a channel’s
transition probability of 1/16 from the good to the bad state.
In contrast, the transition probability from the bad to the good
state increases linearly from 1/16 to 1/2. In this case, the
average packet error rate of the channel decreases from 50%
to 6.25%. We run the simulation 100 times, using 105 source
packets.

B. MPSoC Networking

The MPSoC has an Ethernet module based on the Gigabit
Ethernet Manager (GEM), which can be set at the PS via
the Extended Multiplexed I/O (EMIO) and multiplexed I/O
(MIO) interfaces. Four different GEMs are integrated on the
PS and can be configured independently one from another
through the Reduced Gigabit Media Independent Interface
(RGMII) PHY. The PL can be also employed to route Eth-
ernet packets through the EMIO interface. For this work,
we designed a Ethernet transceiver using the peripherals of
the ZCU102 based on the manufacturer documentation and
implementations in [26, 27]. In such a manner, we made a
1Gbps Ethernet processing system based on the PL. Figure 3
presents the building blocks of this implementation.

V. EVALUATION

A. DSW-RLNC

The average source packet success rate for the different
methods is depicted in Figure 4. Redundant Packet Trans-
mission (RPT) indicates the case where the source packet
is simply transmitted redundantly one more time over the
communication channel. Table IV presents the key parameters
of CRLNC-1, CRLNC-2 and DSW-RLNC. In general, RLNC-
based coding schemes outperform RPT. Among the three
RLNC-based schemes, CRLNC-1 has a lower packet success
rate because of the smaller window size, which prevents
CRLNC-1 from recovering the source packet in case of con-
secutive packet loss. CRLNC-2 has the highest packet success
rate 94.07% due to its larger window size. Our proposed
DSW-RLNC is only slightly lower than CRLNC-2, with a
success rate of 93.58%.
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Figure 3: Building blocks of the PL-based Ethernet transceiver.

Figure 4 also illustrates the average delay of different
methods. The delay of a packet is obtained by subtracting
the time slot of packet arrival from the time slot of the
successfully decoded source packet. Since RPT does not
involve any encoding and decoding of the source packet, then
the average delay of RPT is very low. Our findings indicate
that among the three RLNC-based coding schemes, CRLNC-1
presents the lower average delay at the expense of lower packet
success rate. Compared to CRLNC-2, DSW-RLNC has a lower
average latency, while their average packet success rates are
similar, around 4 to 5 time slots on average.

B. MPSoC Ethernet

Once the design of the Ethernet transceiver finished within
the IP Integrator of Xilinx’s Vivado, we run the imple-
mentation and mapping to obtain metrics about the utilized
processing units and memory. In such a manner, Figure 5
depicts the place and route of our design in hardware. By using
Xilinx’s profiling tools, we obtained that this implementation
consumes 3.94% of the LUT, 0.69% of the LUTRAM, 2.84%
Flip-Flop (FF) and 2.47% of the BRAM total resources.

VI. DISCUSSION AND FUTURE WORK

There are valuable lessons learnt from the elaboration of
this work. We showed that by selecting dynamic window sizes
for the computing of coded packets, the decoding delay is
reduced, guaranteeing on average at the same time low error
rates. This paper represents an introduction and preliminary
result of the implementation of a PIC, capable of transmitting
computed coded packets over wireless links. Although we have
presented significant progress in the design of each individual
module of the transceiver, the fully integration of this setup
is currently taking place. As soon as the fabrication of the
Printed Circuit Board (PCB) for the chip’s bring-up and wiring
is completed, we will provide the characterization of the OPA,
introducing metrics about power directionality and transition
speed during beam steering. On the signal processing part, the
incoming contributions are two-fold. Firstly, we design the first
in its class DSW-RLNC encoder and decoder chip on MPSoC.
By exploiting the flexibility of the PS to write high-level
language code for memory control, and the high performance
of the PL; we will demonstrate that this architecture fulfills the
computing requirements for its implementation in industrial
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Figure 4: Simulation of the average packet success rate and average
delay of the DSW-RLNC algorithm.

use-cases. Secondly, we provide the DAC characterization of
the voltage switching within the OPA, depicting the angle
correspondence between each channel and the lobe formed
at the PIC. The source code of our implementation will be
publicly available for consultation and referencing.

VII. CONCLUSIONS

In this paper, we have presented the design and imple-
mentation of a 64-channel high-performance silicon photonic
transceiver, fabricated on CMOS technology. This optical chip
provides 2D beam control throughout a thermo-optical OPA,
in which the transversal and vertical angles are precisely
steered. The optical chip is capable of providing a beam
with a FWHM of less than 0.5°, enabling beam steering of
±45° at a speed of 0.26 °/µs. An extension of this work will
introduce them altogether with a functioning coupled setup.
To improve reliability of the data packets transmitted over the
FSO link, we employed RLNC. According to the simulation
results of the coding scheme, we have found that DSW not
only provides similar packet success rate than state-of-the-
art RLNC-based methods, but also ensures lower decoding
delay. From the hardware part, we observed that data transfers
within the MPSoC can take place only at the PS, reducing the
design complexity of the Ethernet interface. Nevertheless, if
performance is under consideration, then the usage of the PL
becomes compulsory.
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Abstract— In this paper, we report on the development 

progress of correlation-based optical time domain reflectometry 

(OTDR). Substituting the direct detection receiver with a 

coherent receiver enables to extract the phase and polarization 

information of the reflected signal. Furthermore, due to the 

mixing of a weak probe signal with a strong local oscillator the 

sensitivity of the receiver improved. This improvement was 

demonstrated by analyzing the reflection from an angled 

physical contact (APC) connector. To further quantify the 

improvements, we compare the direct detection correlation 

OTDR (C-OTDR) with the coherent detection correlation 

OTDR (CC-OTDR) with respect to the spatial and amplitude 

resolution. Keywords—distributed sensing, OTDR, correlation 

techniques, phase noise, 

I. INTRODUCTION 

The usage of optical fibers as a sensing medium has attracted 

considerable interest due to the promising properties of fibers 

like high sensitivity, operation in harsh environments and the 

immunity to electromagnetism. In recent years, also network 

carriers have gained interest to use their deployed fibers as 

combined transport and sensing media. The carrier obtains 

information about the surrounding fiber environment, which 

can be used for operational purposes or to gain further 

revenue. As another approach besides distributed sensing of 

the telecom fiber itself, fiber Bragg gratings (FBG) can be 

inscribed in the core for a quasi-distributed sensing. A 

promising technique is the use of ultra-weak FBGs 

(UWFBG) [1], which have a reflectivity in the order of -30 

dB per grating and can thus be arranged in series to form a 

sensor array. The reflection of each grating leads to a discrete 

sampling point along the fiber, from which the reflection is 

significantly higher than Rayleigh backscattering. However, 

when thousands of gratings are cascaded, the probe signal 

experiences significantly higher attenuation, as compared to 

Rayleigh backscattering. An appropriate means to interrogate 

deployed fibers is OTDR. The technique measures the 

Rayleigh backscattering and Fresnel reflections by inserting 

an optical pulse into the fiber under test. Systems based on 

direct detection have been used for monitoring in long-haul 

fiber networks for more than 30 years [2]. These systems 

analyze the amplitude of the reflected and backscattered light. 

In addition to the amplitude, coherent detection enables the 

measurement of phase and polarization of the optical signal, 

being backscattered over the fiber length. Consequently, it is 

feasible to obtain further information about the fiber and the 

environment [3]. In both cases, a rectangular shaped pulse is 

used to probe the fiber. Alternatively, code sequences can be 

used as the probe signal, improving the spatial resolution [4], 

[5]. In this work we will compare, the correlation-based direct 

detection method with the coherent method. In section II, the 

measurement principle and setup of the coherent correlation 

technique are introduced. Section III, shows the result of the 

fingerprint measurement, and compares both methods 

regarding their spatial resolution and amplitude sensitivity. In 

section IV, we will discuss the laser phase noise as one of the 

main issues impacting the measurement, when using 

telecommunication components. Finally, we conclude our 

findings and present an outlook in section V.  

II. GENERAL MEASUREMENT SETUP 

The general measurement setup of the coherent correlation 

OTDR is illustrated in Figure 1. A tunable laser with a typical 

linewidth of 25 kHz generates a continuous wave signal. One 

part is used as the local oscillator (LO) of the coherent 

receiver, while the other part is fed into a Mach-Zehnder 

modulator (MZM). A bipolar sequence is modulated onto the 

carrier, and the probe signal is sent into the fiber under test 

(FuT) via an optical circulator. To reduce the influence of 

undesired strong reflections at the input and output of the 

FuT, angled physical connectors (APC) are used. The 

reflected and backscattered signals are received with a dual- 

polarization integrated coherent receiver and recorded with a 

real-time oscilloscope. In a single shot, multiple frames of the 

sequence are transmitted and consecutively recorded. Similar 

to [5], each frame consists either of a pseudo random binary 

sequence (PRBS) or of two Golay sequences, followed by a  

zero padding. The overall frame length corresponds to the 

round-trip time of the FuT to obtain unambiguous results. 

Four signals are recorded at the output of the coherent 

receiver, representing the in-phase and quadrature 

components for x- and y-polarizations. 

A cross-correlation between the transmitted and the received 

sequences is then performed, improving the signal-to-noise 

ratio and the spatial resolution. Here, complementary Golay 

sequences exhibit perfect acyclic auto-correlation properties, 
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if both sequences are used and their respective correlation 

functions are added.  After cross-correlation in the testbed 

setup, the frames are further processed to extract amplitude, 

phase, and polarization of the backscattered signals. 

 
Figure 1 General schematic of the Coherent Correlation-OTDR. Blue color 

denotes polarization maintaining fibers.  

III. MEASUREMENTS AND COMPARISON 

A. Fingerprint of a single mode optical fiber 

Rayleigh backscattering is a result of the inhomogeneities 

along the fiber. These inhomogeneities originate from the 

amorphous character of glass. By probing the fiber with a 

pulse or sequence, the backscattering trace can be observed, 

which is a coherent combination of the backscattered fields 

from the individual inhomogeneities, and which is constant 

under steady conditions. This trace is unique for each fiber, 

and therefore it can be denoted as a fingerprint. The 

fingerprint of a fiber with length 200 m was measured with 

the CC-OTDR. In the experiment, we used a probe bit rate of 

1.25 Gbit/s, a sampling rate of 25 GS/s, and a 511-bit PRBS. 

500 consecutive frames were recorded. The recorded signals 

were filtered with a low pass filter and the cross correlation 

with the transmitted sequence was performed. To obtain the 

fingerprint, the absolute square of the individual correlation 

signals for x- and y-polarization are added. The results of the 

investigation are depicted in Figure 2 starting at fiber length 

48.3 m. 

 
Figure 2 Fingerprint of individual frames (solid line) and averaged 

fingerprint of the ten frames (dashed line). 

In the figure, the amplitude of each fingerprint is depicted as 

a function of fiber length for ten consecutive frames. Each 

solid line represents a recorded trace, while the dashed line 

shows the average trace of the ten frames. It can be seen that 

there is a good overlap of the peak locations of the ten frames 

with the average trace at 49.57 m, and 51.67 m. Additionally, 

weak peaks were observed at 48.715 m, 50.135 m, and  

50.87 m. The variations of the amplitude are presumably 

caused by vibrations and noise in the laboratory.  

B. Sensitivity  

It has been highlighted in the literature that coherent detection 

improves the sensitivity compared to the typical OTDR with 

direct detection [6, 7]. The sensitivity describes the scale 

factor between measurand (i.e., the reflected and 

backscattered optical power) and the received electrical 

signal, and it defines, which scattering, or reflection events 

are resolvable. It should be noted that the term sensitivity can 

be misunderstood with measurement resolution. The latter is 

the ability of the measurement technique to distinguish small 

changes in the quantity that is measured [8]. The probe bit 

rate in the experiment was 5 Gbit/s, two 2048-bit Golay 

sequences were used, and the sampling rate was 25 GS/s. As 

fiber under test, three patch cords with different lengths were 

cascaded. The results of the experiment are illustrated in 

Figure 3 showing the averaged absolute square of the 

correlation signals, as a function of the fiber length. 

 
Figure 3 Averaged CC-OTDR fingerprint showing the three cascaded 

jumper fibers and several reflections from PC and  APC connectors and a 

splice. 

The figure shows several reflection peaks at the interface 

between the fibers with lengths of 25 m, 10 m, and 25 m. 

Furthermore, the results demonstrate the feasibility to 

measure APC connector reflections as well as reflections 

caused by splices, with both events having low reflectance in 

the order of -60 dB [2]. The experiment was repeated with the 

direct detection C-OTDR similar to our previous work [5]. 

The coherent receiver shown in Figure 1 was substituted by a 

photodiode/amplifier (PIN/TIA) combination. Since no LO is 

needed in the direct detection setup, the laser was directly 

connected to the MZM. Additionally, two Golay sequences 

were used to probe the fiber. The results of this experiment 

are illustrated in Figure 4. In the figure, the sum of the 

correlation functions is shown. It can be seen that the 

PIN/TIA combination of the direct detection method has a 

significantly lower sensitivity, which is noticeable since no 

events are visible. The reason is that the reflections of the 

adapters and connectors are below -46 dBm, which was 

measured at the optical circulator. Another reason is the 

vertical resolution of the real-time oscilloscope with 10 

mV/div and its 8-bit quantization. 
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Figure 4 Amplitude of the correlation trace for direct detect C-OTDR and 

the same FuT as in Figure 3. 

C. Spatial Resolution  

Another important parameter of OTDR measurement 

techniques is the spatial resolution. This parameter describes 

the capability of an OTDR to distinguish between reflective 

events with close proximity. In general, the parameter 

depends on the probe pulse width and the bandwidth as well 

as the sampling rate of the receiver structure. By considering 

all parameters, the spatial resolution of both techniques can 

be estimated and measured. The spatial resolution of the C-

OTDR with direct detection was determined by using two 

fibers with roughly the same length as FuT coupled together 

with a 3 dB coupler. In the experiment the probe bit rate was 

varied between 10 Gbit/s, 5 Gbit/s and 2.5 Gbit/s, and the 

sampling rate was 50 GS/s. The overall bandwidth of the 

photodiode and the real-time oscilloscope was 10 GHz. 

Consequently, the temporal resolution should be 100 ps, 

200ps and 400 ps, corresponding to a spatial resolution of 10 

mm, 20 mm, and 40 mm, respectively. The results in Figure 

5 show the measured trace with the different probe bit rates. 

 

 
Figure 5 Spatial resolution analysis with different probe bit rates of the 

correlation sequence with direct detection. 

From the measurements it can be seen that with 5 Gbit/s and 

10 Gbit/s data rates it is feasible to measure a difference of 

220 ps, which corresponds to a length of 2.2 cm between two 

reflection events. To investigate the resolution of the coherent 

correlation OTDR, a UWFBG array inscribed in a 106 m 

fiber was used with a grating separation of 50 mm. Each 

grating had a length of 10 mm, and the reflectivity was -30 

dB each. The results of the experiment are illustrated in 

Figure 6 showing the correlation signal of the first 100 

gratings with different amplitudes. The inset of the figure 

shows the whole fiber length with 2000 gratings, sampled at 

a frequency of 193.4 THz for that particular measurement. 

The results show the reflection for one sample frequency of 

each FBG. Since the Bragg wavelength is different for each 

FBG the correlation amplitude differs.  

 
Figure 6 Correlation signal of the first 100 gratings of the FuT probed with 
a carrier frequency of 193.4 THz. Inset: Signal of the whole FuT with 2000 

grating. 

IV. LASER PHASE NOISE INFLUENCE 

In order to obtain optimum results from the correlation in the 

coherent detection setup, the laser phase difference between 

the LO and the reflected signal needs to be stable over the 

received sequence pattern. Hereinafter, an experiment is 

conducted that highlights the effect of laser phase noise on 

the correlation result. Two fibers under test are interrogated 

with the CC-OTDR setup. The first is a short fiber of 8 meter 

length with an open PC connector at the fiber end (i.e. 

transition from silica to air) to generate a strong reflection. 

Secondly, a 10.14 km fiber is used, which has the same open 

connector at the fiber end. A set of Golay sequences of length 

4096 bits is transmitted with a symbol rate of 1.25 GBaud in 

a time-multiplexed fashion. The respective correlation 

functions of each complementary sequence are combined to 

obtain the total correlation trace. The resulting normalized 

total correlation magnitudes of the end-face reflections for the 

two fiber lengths are shown in Figure 7.  

 
Figure 7 Normalized correlation magnitude (x-polarization only) of an open 

PC connector after 8 meters (left) and 10.14 km (right) 

As expected for the short fiber of 8 m length, a clear 

correlation peak is visible. In contrast, the reflection 

originating from the end of the 10.14 km fiber results in a 

correlation pattern with multiple peaks and high side lobe 

noise. The latter is a result of a fast drift of the phase 

difference between the reflected signal and the LO over the 

received correlation sequence. Since a single-laser setup with 

self-homodyne detection is used, as shown in Figure 1, the 

superimposed LO and signal at the receiver are affected by 

different laser phase noise evolutions due to their different 

delays. In addition, the laser that is implemented in this 

experiment exhibits a slow modulation of its instantaneous 

frequency. Both effects combined lead to the fast drift of the 

phase difference when considering the reflection from 10.14 

km. Considering a single code sequence, the phase difference 
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needs to be stable over the received sequence. Using two 

complementary sequences, the phase difference needs to be 

stable such that both sequences are measured with the same 

phase difference. 

V. SUMMARY AND CONCLUSION 

In this work, we presented a comparison between a  direct 

detection and a coherent correlation OTDR method. It was 

shown that the sensitivity of the method was improved due to 

coherent detection. Furthermore, the spatial resolutions were 

compared, and it was shown that the parameter depends on 

the probe bit rate and the overall bandwidth of the receiver.  
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