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Operators are constantly faced with the need to increase optical-network capacity to accommodate rapid
traffic growth while minimizing the cost-per-bit and power-per-bit. The drastic reduction of power
consumption of IP routers and ZR/ZR+ pluggable transponders seen in the last years has renewed the
interest in ”opaque” optical-network architectures, where no optical bypassing is allowed. In this work, we
aim to quantify and compare the power consumption of four “IP over Wavelength Division Multiplexing”
(IPoWDM) transport network architectures employing ZR/ZR+ modules vs. long-haul muxponders,
considering different grooming, regeneration, and optical bypassing capabilities. We first propose a
power consumption model for different IPoWDM node architectures with ZR/ZR+ modules and long-haul
muxponders. Then, to obtain the power consumption of different architectures, we propose a compact
auxiliary-graph-based network-design algorithm extensible to different network architectures. Moreover,
we investigate how the continuous decrease in the power consumption of ZR/ZR+ and IP routers can impact
the power consumption of different architectures through a sensitivity analysis. Illustrative numerical
results on networks of different sizes show that, despite drastic reductions of power consumption at IP
layer, optical bypassing is still the most power-efficient solution, reducing consumption by up to 48%. ©

2025 Optica Publishing Group
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1. INTRODUCTION

Power efficiency of the optical-network infrastructure is a top
priority for network operators, that need to accommodate ever-
growing traffic without increasing associated power-per-bit [1].
The latest generation of 400G ZR/ZR+ coherent transmission
modules enables router client ports to support up to 400 Gb/s
using pluggable optics, which have lower equipment cost and
lower power consumption compared to traditional long-haul
muxponders [2–4]. Meanwhile, power consumption of state-of-
art IP routers is also decreasing rapidly [5, 6], being reduced from
14.5 W to 0.022 W per Gb/s in the last decade [5, 6]. “IP over
Wavelength Division Multiplexing” (IPoWDM) network archi-
tectures can be classified into opaque and transparent, according
to optical switching capabilities [5]. Specifically, in transparent
network architectures, lightpaths can optically bypass interme-
diate nodes between source and destination nodes, while in
opaque network architectures, switching and regeneration of

traffic are performed directly in IP routers at each traversed
intermediate node. The emerging low-cost/low-power silicon
technologies have brought back in the foreground “opaque” net-
work architectures [5, 7], also considering that opaque networks
can increase their capacity thanks to the shorter transmission
distance, ubiquitous electrical grooming and the elimination of
the spectrum contiguity constraint [8–10]. Although transparent
architectures reduce power consumption of IP layer, they also
introduce more complex and costly switching components, such
as Reconfigurable Optical Add/Drop Multiplexer (ROADMs),
leading to higher power consumption at the optical layer. Recent
advances in reducing power consumption at the IP layer lead to
the need to investigate if the transparent architectures are still
favorable in terms of power consumption.

So far, most research work has been devoted to evaluating the
cost reduction enabled by ZR/ZR+ modules compared to long-
haul muxponders [2, 17–19], but only a few works investigated
the power consumption of network architectures adopting plug-
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Table 1. Comparison between this work and other existing works about the energy efficiency of ZR/ZR+ at the network scale.
Related

work
Year

Architecture Analysis of impact

of grooming

Analysis of impact

of regeneration

Router power

model

400G router port

constraint

Sensitivity

analysis
Approach

OP-IP Tr-IP Tr-O Tr-IP&O

[11] 2021 Not specified ✗ ✗ ✗ ✗ ✗ Heuristic

[12] 2022 ✓ ✓ ✗ ✗ ✓ ✓ ✓ ✗ ✗ ILP

[13] 2022 ✓ ✓ ✗ ✗ ✗ ✓ ✗ ✗ ✗ Heuristic

[14] 2022 ✓ ✓ ✗ ✗ ✗ ✓ ✓ ✗ ✗ ILP&Heuristic

[15] 2023 ✓ ✓ ✗ ✗ ✗ ✓ ✗ ✗ ✗ Heuristic

[16] 2024 ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ Heuristic

This work 2024 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ Heuristic

gable transponders, using either heuristic algorithms or Integer
Linear Programming (ILP) model [11–16]. Table 1 compares this
work to other recent works investigating the energy efficiency
of ZR/ZR+ at network scale. Existing works do not investigate
the power consumption of ZR/ZR+ using network architectures
with optical-layer regeneration, specifically Tr-O and Tr-IP-O, as
outlined in Section 2.A. Besides, existing research studies have
not conducted a sensitivity analysis on the power consumption
of ZR/ZR+ and routers. This analysis is critical for generalizing
the study’s findings to scenarios where power consumption for
ZR/ZR+ and routers varies, e.g., due to adoption of devices
from different vendors or due to advancements in technology.
Moreover, unlike other works, this work comprehensively ad-
dresses the impact of grooming, regeneration, and router power
model, and also performs sensitivity analysis for ZR/ZR+ and
router, as shown in Table 1.

This study aims to quantify and compare the power con-
sumption of different IPoWDM network architectures employ-
ing ZR/ZR+ modules vs. long-haul muxponders. This is an
extended version of our previous work in [3]. The main contri-
butions and differences compared to Ref. [3] are as follows.

• We propose a pragmatic power consumption model for
different optical node architectures, considering the state-
of-the-art power consumption of both IP-layer and optical-
layer devices. Compared to Ref. [3], we apply this model to
long-haul muxponders for comparison with ZR/ZR+.

• We develop a Compact Auxiliary-Graph-based Network-
Design (CAG-ND) algorithm for the Routing, Modulation
format, and Spectrum Assignment problem. The proposed
algorithm is extensible to all the different IPoWDM network
architectures considered in this study.

• We conduct a sensitivity analysis to evaluate the impact of
reducing power consumption in IP routers and ZR/ZR+ on
various IPoWDM architectures, which is not investigated
in Ref. [3].

• We provide extensive illustrative numerical evaluations
to compare the cost and power consumption of different
network architectures for both ZR/ZR+ and long-haul mux-
ponders. These results provide a more thorough analysis
considering the role of grooming and regeneration in differ-
ent IPoWDM architectures compared to Ref. [3].

The rest of the paper is organized as follows. Sec. 2 clas-
sifies the different IPoWDM network architectures, proposes
a detailed power consumption model, and provides a formal
problem statement. Sec. 3 describes our proposed auxiliary-
graph-based heuristic algorithm, applicable to all the proposed

network architectures. Sec. 4 presents and discusses the ob-
tained numerical results. Finally, Sec. 5 concludes the paper and
discusses future work.

2. NETWORK ARCHITECTURES AND POWER CON-
SUMPTION MODEL

A. IPoWDM Network Architectures
We consider four different IPoWDM network architectures
where switching and regeneration can be performed at the IP
and/or the optical layer (note that each of these four architec-
tures can choose to adopt either ZR/ZR+ modules or long-haul
muxponders, for a total of 8 compared scenarios). For the sake of
brevity, Fig. 1 only illustrates the four architectures with ZR/ZR+
modules. As shown in the figure, ZR/ZR+ modules can be di-
rectly connected to the routers, while long-haul muxponders
need to be connected to routers through grey optics [14].

Fig. 1 (a) depicts the Opaque-IPoWDM (Op-IP) case,
where traffic is groomed and regenerated at each intermedi-
ate router. At the optical layer, we assume that lightpaths are
MUXed/DeMUXed using arrayed waveguide grating (AWG).
Fig. 1 (b) shows the Transparent with regeneration at IP layer
(Tr-IP) case, where traffic can be groomed and regenerated at
intermediate routers (as in Op-IP), but nodes are also equipped
with ROADMs that enable transparent lightpath bypass. Fig. 1
(c) shows the Transparent with regeneration at optical layer
(Tr-O) case, where regeneration is not performed in router, but
is realized by optical-layer regenerators built using transpon-
ders in back-to-back configurations; in this configuration, no
intermediate but only end-to-end grooming is allowed. Finally,
Fig. 1 (d) shows the Transparent with regeneration at both IP
and optical layer (Tr-IP&O) case, which combines the Tr-IP and
Tr-O features, allowing both IP-layer and optical-layer regener-
ation. Note that to accommodate long distances, we consider
lower modulation formats, without considering regenerators at
non-node sites, i.e., along the links.

B. Power Consumption Modeling for IPoWDM Nodes
The power consumption of an IPoWDM node consists of the
power consumption of transceivers, IP routers, and optical de-
vices. Table 2 reports the normalized power consumption of
the network elements considered in our power model, which is
obtained from Nokia products or verified internally in Nokia.
The reported values are normalized with respect to the power
consumption of a ZR transmission module, where the power
consumption of the ZR module is considered as 1. The power
consumption of ZR/ZR+ and long-haul muxponders is obtained
internally in Nokia with optical specifications defined in Ref. [20–
22]. Note that we focus only on the node power consumption
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Fig. 1. IPoWDM network architectures with ZR/ZR+.

as power consumption of devices installed in optical fiber links
(e.g., amplifiers) does not depend on the IPoWDM architecture
being considered.

Table 2. Normalized power consumption of devices.

Device
Power

Notation Value

Transceiver

ZR pzr 1

ZR+ pzr+ 1.3

Long-haul muxponders plm 8

IP router

IP Fixed part p f ix 75

Router port pport 4

I/O card pi/o 1

Optical side

OA (undirectional) poa 1.7

AWG pawg 0.3

I-ROADM (bidirectional) pI−ROADM 4.1

ADB pADB 4

Shelf pshel f 20

Monitoring for opaque (bidirectional) pmo 0.3

Monitoring for transparent (bidirectional) pmp 1.5

The IP-router power consumption model is developed based
on an actual Nokia router with a maximum capacity of 36
Tb/s [23]. Note that we provide an approximated model verified
by Nokia engineers, as the exact power consumption model is
proprietary. The power consumption of the IP router comprises a
fixed part (the chassis with fans, power pack, control board, and
switching fabric) plus a modular part that depends on the total
traffic handled by the router. Table 2 lists the values of the fixed
part and modular part of an IP router. When traffic exceeds the
capacity of a single router, multiple IP routers with backplane in-
teractions [24, 25] are deployed. Since we are addressing a static
problem, we evaluate router traffic first, and then dimension the
router counts and modular components accordingly. Regarding
the modular part, 100 Gb/s of traffic in the router requires 1 unit
of power consumption. Yet, it is important to note that the cal-
culation of the carried traffic differs for ZR/ZR+ and long-haul
muxponders. Specifically, since ZR/ZR+ modules must be con-
nected to 400G ports, each ZR/ZR+ module consumes 400 Gb/s
traffic (4 units of power consumption) in the router even if the
data rate of its operated modulation format is smaller than 400
Gb/s. Instead, long-haul muxponders are connected to routers
through 100 G I/O cards, each of which consumes 100 Gb/s

traffic in the router, and consequently 1 unit of power consump-
tion. Our assumption of using only 100 G grey interfaces has
no impact on the power consumption analysis for two reasons.
First, the 400 G grey interface is only used for 400 Gb/s traffic,
resulting in equivalent carried traffic in routers. Second, the
power consumption of grey optics (100G or 400G) is neglected
since it is relatively negligible compared to long-haul muxpon-
ders. Without loss of generality, the effects of reduction of power
consumption per unit of traffic due to the usage of larger routers
and technology advances are analyzed in our numerical evalu-
ation by assuming different percentages of reduction of power
consumption. Note that we neglect the inter-connection between
multiple routers because the current inter-connection between
routers typically relies on optical pluggables, resulting in negli-
gible power consumption [24, 25]. Assume that the total number
of carried traffic in node i is ti Gb/s, and the number of IP fixed
parts in node i can be approximated with ⌈ti/(5 ∗ 1000)⌉, as one
IP router has a maximum capacity of 5 Tb/s. Since the carried
traffic is a multiple of the carried traffic of one router interface
(400 Gb/s and 100 Gb/s for one router port and one I/O card,
respectively), the number of router ports and the number of I/O
cards are ti/400 and ti/100 for ZR/ZR+ and long-haul muxpon-
ders, respectively. Assume that the power consumption of one
IP router fixed part, one router port, and one I/O card are de-
noted with p f ix, pport, and pi/o, respectively. In addition, the set
of nodes in the network is denoted with Np. The IP-router power
consumption of all the nodes can be calculated with Eqn. (1) and
Eqn. (2) for ZR/ZR+ and long-haul muxponders, respectively.
Note that the carried traffic with ZR/ZR+ in Eqn. (1) is larger
than that with long-haul muxponders in Eqn. (2), even when
both are subjected to identical routing for requests because I/O
card has a smaller granularity than the router port. For instance,
if the carried traffic on the lightpath is 200 Gb/s, the handled
traffic in the router is 400 Gb/s for ZR/ZR+ (one router port).
Instead, the handled traffic in the router can be reduced to 200
Gb/s for long-haul muxponders (two I/O cards).

prouter = ∑
i∈Np

(p f ix ∗ ⌈ti/(5 ∗ 1000)⌉+ pport ∗ ti/400) (1)

prouter = ∑
i∈Np

(p f ix ∗ ⌈ti/(5 ∗ 1000)⌉+ pi/o ∗ ti/100) (2)
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Fig. 2. Optical node architecture for the opaque network.

As for the optical side, the node architectures for opaque
and transparent architectures are illustrated in Fig. 2 and Fig. 3,
respectively, using ZR/ZR+ modules. In the case of Op-IP, as
shown in Fig. 2, the optical node is composed of a terminal per
direction realized by AWGs (Mux/Demux), each of which is as-
sociated with an optical amplifier (OA) to cope with line losses
(2 OAs per node direction are required). Demultiplexed optical
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Fig. 3. Optical node architecture for the transparent network.

channels are then directly connected to ZR/ZR+ pluggable or
long-haul muxponders through grey optics. Instead, for the
transparent cases, to enable optical bypass, WSSs are used as
Mux/Demux to switch the optical channels either toward one of
the node’s output directions or toward transceivers through an
add/drop block (ADB). To improve overall power efficiency, a
network element called I-ROADM [26], which integrates WSSs
and OAs for both directions (Go and Return), is used. Note that,
this work considers implementing ADB with AWG instead of
WSS because AWG has a lower cost and power consumption.
An optical node also requires a number of shelves that must be
dimensioned based on the number of I-ROADMs, ADBs, and
long-haul muxponders required in the node. Specifically, an op-
tical shelf has 16 slots. Both one long-haul muxponder and one
OA occupy 1 slot, and an I-ROADM and an ADB both occupy 2
slots. Hence, each direction for Op-IP has 2 OAs and occupies
2 slots. Each direction for the transparent case has 1 I-ROADM,
which is connected to one dedicated ADB. Thus, one direction
of the transparent case occupies 4 slots. Note that ZR/ZR+ does
not require slots on the shelf, since it is directly connected to
the router. Instead, long-haul muxponders are connected to the
router through grey optics and still require one slot per mux-
ponder in the optical shelf. The AWG is outside the shelf and
hosted in the same rack. Our model accounts for the power con-
sumption of the shelves, not of the rack. Lastly, our model also
accounts for the monitoring of the optical node. Specifically, each
direction of the optical node for opaque and transparent nodes
requires 0.3 and 1.5 units of power consumption, respectively,
which is verified internally in Nokia. Assume that the degree
and the number of long-haul muxponders used in node i are de-
noted with xi and mi, respectively, then the power consumption
in the optical layer can be calculated with Eqn. (3) and Eqn. (4)
for opaque and transparent architectures, respectively. Note
that in addition to the power consumption of devices on the
optical side, such as I-ROADM and shelf, Eqn. (3) and Eqn. (4)
also consider the power consumption of monitoring of nodes.
Specifically, pmo and pmt denote the power consumption of mon-
itoring the node per node degree for opaque architecture and
transparent architecture, respectively.

poptical = ∑
i∈Np

(2xi(pOA + pAWG) + pshel f ⌈
2xi + mi

16
⌉+ xi pmo)

(3)

poptical = ∑
i∈Np

(xi pI−ROADM + pshel f ⌈
4xi + mi

16
⌉+ xi pmt) (4)

C. Reach Table and Problem Statement
We obtained the reach table of ZR and ZR+ as in Table 3 based on
Ref. [4] and the implementation agreement of 400ZR by Optical
Internetworking Forum (OIF) [20] and the optical specification
of the standard OpenZR+ [21]. This reach table is also aligned
with the one in the whitepaper of OpenZR+ [27] and on the
field [28]. The output power for ZR is defined as -20 dBm as
defined in Ref. [20] and the output power of ZR+ is 0 dBm as de-
fined in Ref. [21]. The required OSNR values at the FEC limit in
a back-to-back configuration for ZR/ZR+ are detailed in Table 3.
The reach table of the muxponder is shown in Table 4, which
is obtained from the same long-haul muxponder operating un-
der different modulation levels. The maximum transmission
distance is based on Ref. [22] and slightly modified under inter-
nal verification. The required OSNR values for the long-haul
muxponder cannot be provided due to confidentiality concerns.
However, for further information on this matter, please refer
to Reference in Ref. [22]. Note that, in this work, we do not
allow inverse-multiplexing (one traffic request cannot be split
and served by more than one transceiver) because it requires
precise synchronization between multiple multiplexed channels
together with reduced hardware and software complexity.

Table 3. Reach table for ZR/ZR+ pluggable optics.

Modules
Data rate

(Gb/s)

Modulation

format

Spacing

(GHz)

Reach

(km)

OSNR

(dB/0.1nm)

Baud rate

(GBd)

ZR 400 16 QAM 100 120 34 30

ZR+ 400 16 QAM 75 600 34 60

ZR+ 300 8 QAM 75 1800 34 60

ZR+ 200 QPSK 75 3000 34 60

ZR+ 100 QPSK 50 3000 34 30

Table 4. Reach table for the considered long-haul muxponder.

Data rate (Gb/s) Modulation format Spacing (GHz) Reach (km)
Baud rate

(GBd)

800 PCS 64 QAM 100 150 90

700 PCS 64 QAM 100 400 90

600 16 QAM 100 700 90

500 PCS 16 QAM 100 1300 90

400 PCS 16 QAM 100 2500 90

300 PCS 16 QAM 100 4700 90

200 PCS 16 QAM 100 5700 90

The problem solved in this paper can be formally stated as fol-
lows: Given a network topology, selected network architectures,
a set of traffic requests, and a reach table for ZR/ZR+ mod-
ules and long-haul muxponders, decide the Routing, Groom-
ing, Modulation format, and Spectrum Assignment (RGMSA),
together with transceiver (i.e., either ZR or ZR+, in case an
IPoWDM architecture with ZR/ZR+ modules is adopted) to
be used for each traffic request, constrained to reach and data
rate of each modulation formation, the link capacity, and no
inverse-multiplexing, with the objective to minimize the cost
of transceivers as the primary objective function and the num-
ber of router interfaces as the secondary objective function, as
an approximation for network cost1. For the obtained solution,
we calculate the overall power consumption a-posteriori and
compare the various IPoWDM architectures.

1Note that we do not consider the cost of AWG and I-ROADM to approximate
the network cost, as the number of AWG and I-ROADM is fixed and does not
affect the optimization.
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3. AUXILIARY-GRAPH BASED HEURISTIC ALGORITHM

A. Auxiliary Graph Model

To evaluate the performance of different network architectures,
we propose a novel Compact Auxiliary-Graph-based Network-
Design (CAG-ND) algorithm that can be employed for all the
network settings by just assigning different weights for the aux-
iliary graph. Note that our aim is to provide a principled perfor-
mance comparison of different network architectures rather than
an optimal solution. Hence, we select the auxiliary-graph-based
approach, because it has been proven to be a good heuristic for
the routing problem for optical networks with grooming, regen-
eration, and different line rates [29–33]. The difference between
the proposed CAG-ND algorithm and the previous auxiliary-
graph-based algorithms (as, e.g., [31, 32]) is twofold. First, the
proposed CAG-ND algorithm applies to all the architectures
covered in this work, where regeneration can be done in the
optical layer and/or IP layer, and traffic grooming together with
multiple modulation formats is allowed. Second, the proposed
CAG-ND algorithm adopts a more compressed representation
of the auxiliary graph compared to the layered auxiliary graph
model as in Ref. [32], which reduces the computational complex-
ity by simplifying the auxiliary graph.

1 2

 
1 2 3
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(b) Layered auxiliary graph
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Fig. 4. Illustration of the CAG model.

Fig. 4 demonstrates an example of the proposed compact
auxiliary graph (CAG) model in our work. Fig. 4(a) shows the
physical topology, and Fig. 4(b) shows a layered auxiliary graph
that contains all the possible edges in Tr-IP&O because Tr-IP&O
has the highest flexibility of switching and regeneration. Hence,
the edges of all other architectures are just a subset of Tr-IP&O.
The layered auxiliary graph model in Fig. 4(b) contains two
types of layers, namely, electrical layer and modulation layer. The
electrical layer models traffic grooming, and the modulation
layer models the possibility of establishing lightpath between
node pairs with a given modulation level. Note that each row
in Table 3 and Table 4 corresponds to one modulation layer to

take into account different spacing and types of transceivers
(ZR or ZR+). Each node in the physical topology corresponds
to two nodes (defined as transmitter node and receiver node) in
each modulation layer. Specifically, the transmitter node and the
receiver node of the node i in the physical topology are denoted
with Ri and Ti respectively, which models the usages of the
transceiver and receiver in each node. For simplicity, Fig. 4 only
lists two modulation layers, namely, 16-QAM layer and 8-QAM
layer for ZR+ operating at 16-QAM and 8-QAM, respectively.
The auxiliary graph in Fig. 4 (b) is utilized to construct different
CAGs for different architectures, as shown in Fig. 4 (c)-(e), which
will be described later in Sec. 3.B. The layered auxiliary graph
is constructed when serving a new request, and the details of
different types of edges are listed below.

Potential Transceiver Edge - (PTE): Exists between the node
in the electrical layer and the transmitter/receiver nodes in each
modulation layer.

Optical Regeneration Edge - (ORE): Exists between the trans-
mitter node and the receiver node of a physical node in each
modulation format layer.

Lightpath Edge - (LE): Exists between the transmitter node and
receiver node of different physical nodes at the same modulation
layer if there exists one path (note that we only consider k-
shortest path between each node pair) satisfying the reach and
spectrum constraints without regeneration (all the traversed
edges have the same available spectrum slots).

Grooming Edge - (GE): Exists between the nodes in the electri-
cal layer. GE exists if at least one lightpath with enough residual
capacity to serve the request with traffic grooming.

Table 5. Weights of different types of edges.
Edge PTE ORE LE GE

Weight c 2 c 10−6 · h · s · d/d 2c − 10−3 + 10−9 · h · s · d/d

B. Weight Assignment Policies
The weight of different types of edges is listed in Table 5, which is
set to minimize the cost of serving requests as the main objective
and minimize the spectrum occupation as the second objective.
The weight of edges is determined by two factors: the first part
is associated with the cost of transceivers, while the second
part is associated with spectrum occupation. To prioritize cost
reduction for transceivers, the weight assigned to the first part
is significantly higher than that of the second part to minimize
the number of transceivers and regenerators used. Specifically,
the weight of PTE equals the cost of one transceiver, which
models the cost of transmitters and receivers. In addition, the
weight of ORE equals the cost of two transceivers to model
the two transceivers used for optical regeneration. Unlike PTE
and ORE, the weight LE and GE should incorporate the part
for spectrum occupation. For an edge between node pair (i, j),
an LE exists in one modulation layer if we can find a path p
with available spectrum to connect the node pair (i, j) without
regeneration. Assume that h denotes the number of hops of
path p and s denotes the number of spectrum slots required
of the corresponding level. The weight of LE is set to a small
number (compared to the weight of PTE and ORE related to
the cost of transceivers) related to the spectrum slots occupied
to save spectrum as the second objective. In addition, assume
the requested data rate is d and the data rate of the selected
modulation format is d, the number of slots in all the traversed
edges h · s in the weight of LE is multiplied by d/d to give priority
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to the modulation format with larger residual capacity for traffic
grooming. Thus, establishing a new lightpath between two
nodes requires two PTE and one LE, which has a total weight
of 2c + 10−9 · h · s · d/d. Instead of establishing a new lightpath,
traffic grooming can also be used to serve a request. Since traffic
grooming does not require transceivers, we set the weight of it
to be smaller than the weight when establishing a new lightpath.
In addition, the weight of GE is set to be a large number (slightly
smaller than the cost of creating a new lightpath (i.e., 2c) to
make sure GE is only used when it can avoid establishing a new
lightpath, and hence reduce the number of transceivers.

No
Yes

Is Tr-IP&O?
Yes

Obtain the routing, grooming, and regeneration decisions

Select network architectures

Get next request

Construct compact auxiliary graph and assign the weights 
for edges

Find the shortest path to serve the request

Check all the requests and regenerate request in optical 
layer if electrical grooming is not needed

Last request?

No

Save the path and update network resource occupation

Fig. 5. Flowchart of the proposed CAG-ND algorithm.

C. Compact Auxiliary-Graph-Based Algorithm
The proposed auxiliary-graph-based heuristic algorithm is illus-
trated with the flowchart in Fig. 5. For all the network architec-
tures, to serve each request, the algorithm first constructs a CAG
and serves the request with the shortest path. Since optical and
IP layer regeneration have the same cost of transceivers, Tr-IP&O
adopts the same auxiliary graph for Tr-IP to prioritize IP layer
regeneration, and hence residual capacity can be reserved for
future traffic grooming. After serving all the requests, Tr-IP&O
checks all the lightpath and converts IP layer regeneration to
optical-layer regeneration if electrical grooming is not needed.

The construction of CAGs and the procedure for serving
requests are illustrated as follows. All the CAGs only contain
one layer, and each node pair is connected with at most one
edge, representing the most cost-effective way to connect the
node pair. Specifically, regarding Op-IP, Tr-IP, and Tr-IP&O, for
each node pair, the algorithm will check the weight of grooming
(weight of GE) and the weights of establishing new lightpath in
all modulation layers, and select the one with minimum weight
as the weight for the edge. Instead, for Tr-O, we cannot use
different modulation formats in a single CAG because the data
rates of different modulation formats are different, which makes
it infeasible to change the modulation format while performing
optical-layer regeneration. Thus, we construct a CAG for each

Algorithm 1. Construction of compact auxiliary graph.

Input: requested data rate di for request i
Output: compact auxiliary graph for request i

1: Initialize a topology without edges
2: for each node pair p do
3: Set weight wp = In f
4: if Tr-O and end-to-end grooming available then
5: if End nodes of i is same as p then
6: Add edge between p and set weight according to GE
7: Continue
8: if not Tr-O and exist LP l between p with dl > di then
9: Select the LP ls with the lowest weight

10: Add edge between p and log the LP ls
11: Set edge weight as weight of using LP ls as GE
12: else
13: for each shortest path j between p do
14: if Op-IP and path j has more than one edge then
15: Continue
16: for each layer with modulation m do
17: if Distance of path j > reach of m then
18: Continue
19: if Tr-O then
20: if Two nodes of p are ends nodes of i then
21: Set wc as weight of PTE+LE+PTE
22: else if One node of p is end nodes of i then
23: Set wc as weight of PTE+LE+1/2+ORE
24: else
25: Set wc as weight of 1/2ORE+LE+1/2ORE
26: else
27: Set wc as weight of PTE+LE+PTE
28: Set wp = wc if wp > wc and log j and m
29: Add edge between p and set the weight as wp

modulation format layer, and the shortest path among these
CAGs will be selected.

Now let us illustrate the construction of CAGs using ZR/ZR+
with an example in Fig. 4 (b)-(e). Assume that the network
already served a request requiring 100Gb/s of traffic between
node pair (1, 3), and we need to serve another request between
node pair (1, 4) requiring 200Gb/s of traffic. The lightpaths
used to serve these two requests are denoted with two blue
dotted lines in Fig. 4 (a). These lightpaths are mapped to the red
dotted line in the layered auxiliary graph in Fig. 4 (b). For Op-IP,
as shown in Fig. 4 (b), the request between node pair (1, 3) is
served with the red dotted path (1, T1, R2, 2, T2, R3, 3), in which
the lightpaths between node pair (1, 2) and (2, 3) both utilize
16QAM and have 300Gb/s of residual capacity. Fig. 4 (c) shows
the CAG for Op-IP. The edges between node pair (1, 2) and
(2, 3) are constructed from GE (traffic grooming), and the edges
between node pair (3, 4) are constructed from PTE+LE+PTE
(establishing a new lightpath). Unlike Op-IP, all the transparent
architectures serve the request between node pair (1, 3) with
the red dotted path (1, T1, R3, 3) by bypassing node 2. The
auxiliary graphs for Tr-IP and Tr-IP&O do not consider optical-
layer regeneration at this stage since IP layer regeneration and
optical-layer regeneration have the same cost of transceivers.
As shown in Fig. 4 (d), only the node pair (1, 3) has an edge
constructed from GE with traffic grooming. In this case, path
(1, 4) is selected to serve request (1, 4) instead of using traffic
grooming in path (1, 3, 4) since two paths have the same cost
of transceivers and the residual capacity between node pair
(1, 3) can be used to serve future requests (e.g., request between
(1, 3)). Lastly, the auxiliary graph for Tr-O is shown in Fig. 4
(e). In this case, we only consider the PTE related to the source
node and destination node since IP layer regeneration is not
allowed. In addition, the weight of ORE is modeled by adding
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the weight of 1/2ORE in edges connected to intermediate nodes.
The procedure of creating the compact auxiliary graph is also
illustrated with Algorithm 1, which creates an edge between
each node pair based on grooming and different modulation
layers in Fig. 4 (b). Since the weight of GE is smaller than the
weight of traversing in other layers, Algorithm 1 first creates an
edge for node pair p if grooming is available for Tr-O (line 4-6)
and other architectures (line 8-11). Otherwise, Algorithm 1 loops
over each shortest path and each layer and calculates the weight
of connecting p for Tr-O (line 19-25) and other architectures (line
27). Then, the most cost-effective path is selected to connect
node pair p and set as the weight of the edge between node pair
p (line 27-28).

The procedures for serving requests are as follows. For Op-
IP, Tr-IP, and Tr-IP&O, the CAG-ND algorithm first constructs
one CAG using the electrical layer and all the modulation lay-
ers for each request and then finds the shortest path between
the end nodes of the request. Instead, for Tr-O, the CAG-ND
algorithm first constructs several CAGs, where each auxiliary
graph is constructed with one modulation layer and the elec-
trical layer. Then, the CAG-ND algorithm finds the shortest
paths among all the CAGs and selects the path with the small-
est weight. The obtained shortest path is saved and utilized
to update the resource occupation (i.e., spectrum occupation,
the residual capacity of channels, and traffic in routers). For
TR-IP&O, after obtaining all the regeneration performed in the
IP layer by Tr-IP, the CAG-ND algorithm identifies the neces-
sary IP layer regenerations, specifically those associated with
traffic grooming to reduce the number of transceivers in the
optical layer. The algorithm then attempts to replace these IP-
layer regenerations with optical-layer regenerations. Specifically,
for each request, if the optical signal is only regenerated in the
IP router without electrical grooming, the CAG-ND algorithm
chooses to regenerate the signal in the optical layer instead of
the IP layer. Finally, the CAG-ND algorithm makes the routing,
grooming, and regeneration decisions.

Complexity of the algorithm: The complexity of the CAG-ND
algorithm for Op-IP, Tr-IP, and Tr-O is mainly determined by
constructing the CAG and finding the shortest path in the aux-
iliary graph, while Tr-IP&O also needs to consider the com-
plexity of replacing IP layer regenerations with optical-layer
regenerations. The complexity of replacing IP layer regenera-
tions with optical-layer regenerations can be neglected since it
only needs to check the found path for each request, which is
less complex than finding the shortest path. Assume that the
number of physical nodes and edges in the network is |Np| and
|Ep|, respectively, and the number of spectrum slots in each
edge is |S|. In addition, the number of modulation layers and
the number of predefined shortest paths between each node
pair are denoted with M and K, respectively. For Op-IP, Tr-IP,
and Tr-O, for each request, we need to construct only one CAG
and the complexity of constructing nodes is O(|Np|). Since the
maximum number of lightpaths is O(|Ep||S|/smin), where smin
is the minimum number of required slots among all modula-
tion formats. To construct links, the complexity of building
links with GE and the modulation layer is O(|Ep||S|/smin) and
O(KM|S||Np|2), respectively. For Tr-IP&O, for each request, we
need to construct M CAG and the complexity of constructing
nodes and links in all the auxiliary graphs is O(M|Np|) and
O(K|Ep||S|/smin + KM|S||Np|2), respectively. Hence, the com-
plexity of constructing the CAG is O(KM|S||Np|2) for all the
network architectures. Since the number of nodes and links in

the CAG is O(|Np|) and O(|Np|2), respectively, for Op-IP, Tr-
IP, and Tr-O, the complexity of finding the shortest path in the
constructed auxiliary graph is O(|Np|2 + |Np|log(|Np|). Instead,
for Tr-O, the complexity of finding the shortest path in all the
constructed auxiliary graphs is O(M|Np|2 + M|Np|log(|Np|).
Compared to previous auxiliary-graph-based algorithms that
incorporate multiple layers for different modulation formats
(as, e.g., [32]), our version of the auxiliary-graph-based algo-
rithms leads to a reduction of computational complexity for
finding shortest path. Specifically, prior works employed net-
works with a larger number of nodes in the auxiliary graph,
specifically 2M|Np|+ |Np|, which results in a higher complexity
of O(|Np|2(2M + 1)2 + (2M + 1)|Np|log((2M + 1)|Np|).

4. NUMERICAL RESULTS

A. Simulation Settings
We perform numerical evaluations with a custom-built Python
simulator, working for all the network architectures introduced
in Sec. 2.A. We first evaluate performance on two distinct net-
work topologies, namely, Japan topology (J14) [34] and NSF
topology (N14) [35]. These two topologies have same number
of nodes and are characterized by short and long link lengths,
with average values of 166 km and 1081 km, respectively. Then
we evaluate performance on topology with a larger number of
nodes, namely, 50-node German topology (G50) [36] with 42
edge nodes and 8 core nodes and an average link length of 100
km. Each fiber has a capacity of 6-THz (C-band transmission).
The normalized cost of ZR, ZR+, and long-haul muxponders is
1, 2, and 4, respectively. For J14, we assume that the requested
data rate of requests is randomly selected from 100, 200, 300,
400 Gb/s, while for N14, we assume that it is randomly selected
from 100, 200, 300 Gb/s as the transmission distance with data
rate of 400 Gb/s for ZR/ZR+ is shorter than the maximum link
length in N14, and hence requests with data rate greater than 300
Gb/s may be rejected even with enough spectrum resources. To
evaluate the generalizability of the results under different traffic
distributions, for G50, we evaluate the performance of cost and
power consumption under a hub-and-spoke traffic pattern as
in Ref. [36] among core nodes and edge nodes. Specifically, re-
quests are generated with a mix of 67% edge-core (between the
edge node and the two closest core nodes) and 33% core-core.
The requested data rate is selected from 100, 200, 300, 400 Gb/s
with a probability of 20%, 25%, 30%, 25%. We first evaluate
the rejection probability of different network architectures using
ZR/ZR+ pluggable optics and long-haul muxponders under
different network loads. Specifically, the rejection probability is
determined by computing the average across all evaluated in-
stances. This evaluation offers insights into the tradeoff between
energy efficiency and network capacity of different network ar-
chitectures. Then we compare the cost and power consumption
of ZR/ZR+ pluggable optics and long-haul muxponders under
1% rejection rate. Note that since different network architectures
have different carried traffic, we compare the cost and power
consumption per Tb/s (normalized by the total carried traffic)
to have a fair comparison. Note that we perform the comparison
between the various architectures at 1% rejection rate to have
a comparison in terms of energy required per transported bit.
We remark that performing a comparison under the same traffic
load would not reflect the benefits of long-haul muxponders, as
they have a much larger data rate. Comparing under the same
traffic load would lead to resource underutilization of long-haul
muxponders, resulting in residual capacity waste and increased
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Fig. 6. Rejection probability vs. loads for J14, N14, and G50.

power consumption per bit. To clarify this, we also compare the
power consumption per Tb/s under the same traffic load for J14,
specifically when the traffic for Tr-O-Z results in less than 1%
rejection, as Tr-O-Z can accommodate the least amount of traffic
among all the considered architectures for J14. All the results
are averaged over 100 traffic instances, achieving confidence
intervals for rejection probability, with a 95% of confidence level,
within an absolute difference of ±0.38% for all the evaluated
requested data rates.

B. Evaluation of Rejection Probability

We first evaluate the rejection probability of different architec-
tures on J14 in Fig. 6(a). The architectures with ZR/ZR+ and
long-haul muxponders are denoted with suffix -Z and -L, re-
spectively. Results show that Op-IP achieves the lowest rejection
probability. This is because each intermediate node regener-
ates signals, resulting in a shorter transmission distance than
transparent architectures and allowing the LP to operate at a
higher modulation format. In addition, Op-IP regenerates sig-
nals at the IP router of each intermediate node, and hence has
the largest capability of traffic grooming and does not have
spectrum contiguity constraint, leading to lower spectrum occu-
pation and hence lower rejection probability. Instead, Tr-O has
the highest rejection probability for both ZR/ZR+ and long-haul
muxponders since it can only perform end-to-end grooming. For
instance, under 1% of rejection probability, with ZR/ZR+, Op-IP
carries on average 158 Tb/s total traffic in the network, while
Tr-O carries 23% less traffic than Op-IP, with a total traffic of 121
Tb/s. The rejection rate of Tr-IP and Tr-IP&O is the same since to
obtain the routing decisions of Tr-IP&O, the CAG-ND algorithm
only replaces unnecessary IP regeneration of Tr-IP with optical
regeneration, which does not affect spectrum occupation and the
carried traffic as described in Sec. 3. For long-haul muxponders,
the performance of different network architectures keeps the
same trend as that for ZR/ZR+. Regarding the performance
difference between ZR/ZR+ and long-haul muxponders, for the
same network architecture, ZR/ZR+ always has a higher rejec-
tion probability than long-haul muxponders under the same
average requested data rate since long-haul muxponders have
higher spectral efficiency. Specifically, under 1% rejection prob-
ability, by using long-haul muxponders, Op-IP can carry 43%
additional traffic compared to Op-IP with ZR/ZR+, achieving
maximum network capacity (total carried traffic under 1% of
rejection rate) of 225 Tb/s. Instead, transparent architectures can
only carry up to 26% additional traffic with long-haul muxpon-
ders since transparent architectures tend to use lightpaths with
a larger number of hops, resulting in a smaller data rate, and
hence smaller improvement in carried traffic.

We now compare the rejection probability of different archi-
tectures on N14 as shown in Fig. 6(b). Compared to J14, all
network architectures have a similar trend of rejection probabil-
ity but start to have rejected requests earlier. We then discuss
the performance differences between ZR/ZR+ and long-haul
muxponders. Compared to a small topology, the additional
carried traffic of long-haul muxponders compared to ZR/ZR+
increases from up to 43% to 92% for Op-IP and from 26% to 75%
for transparent architectures because the advantage of longer
reach and higher data rate of long-haul muxponders is more
evident in a larger topology.

The rejection rate for G50 is shown in Fig. 6(c). The overall
trend for all transparent architectures remains the same as in
J14 and N14. The difference is that with ZR/ZR+, opaque ar-
chitecture has a higher rejection rate than Tr-IP and Tr-IP&O.
This is because, for G50, most of the links are within the maxi-
mum reach of ZR, making it preferable compared to ZR+ due
to its lower cost. Consequently, a larger number of ZR is used
in G50, thereby resulting in a larger spectrum occupation (note
that one ZR occupies at least 25 GHz more spectrum than ZR+
as in Table. 3). Moreover, the maximum network capacity in-
creases compared to J14 and N14 due to shorter link lengths in
G50, achieving 465 and 862 Tb/s for ZR/ZR+ and long-haul
muxponders, respectively.

C. Evaluation of Cost and Power Consumption for J14

We first compare the number of regenerators and the percentage
of groomed lightpaths under 1% rejection probability to interpret
how the requests are served. Then, we compare the cost of the
network in terms of the number of transceivers and the number
of interfaces (i.e., the number of router ports and I/O cards for
ZR/ZR+ and long-haul muxponders, respectively). At last, we
analyze the power consumption of the network.

Fig. 7 (a) shows the averaged number of regenerators per
request in IP layer (the cases with ZR/ZR+ and the case with
long-haul muxponders are named as IP-Z and IP-L, respectively)
and optical layer (the cases with ZR/ZR+ and the case with
long-haul muxponders are named as O-Z and O-L, respectively)
for J14. First, regarding the number of regenerators, Op-IP with
ZR/ZR+ requires around one regenerator per request, and trans-
parent architectures with ZR/ZR+ require only around 0.06
regenerator per request due to optical bypassing. Note that the
maximum number of regenerators per request is only around
one because several requests may be groomed and share the
same regenerator. By enabling both optical regeneration and
IP layer regeneration, Tr-IP&O achieves a significant reduction
of 60% in IP layer regenerators compared to Tr-IP. This reduc-
tion not only saves the number of router interfaces but also
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Fig. 7. Regenerators, groomed lightpaths, cost of transceivers and router interfaces under 1% rejection probability for J14.

decreases the traffic to be processed in routers. For long-haul
muxponders, the number of regenerators of Op-IP reduced to
around 0.5 per request, and the regenerators reduced to only
around 0.01 per request for transparent architectures due to the
longer reach of long-haul muxponders and more considerable
grooming capabilities (one regenerator can be shared by more
requests). Fig. 7 (b) shows the percentage of groomed lightpaths,
defined as the number of lightpaths served with grooming di-
vided by the total number of established lightpaths. First, the
percentage of groomed lightpaths of transparent architectures is
up to 49% lower than that of opaque architecture for ZR/ZR+.
Moreover, among the transparent architectures, since Tr-O only
allows end-to-end grooming, Tr-O with ZR/ZR+ has the lowest
percentage of groomed lightpaths, which is around 35% lower
than other transparent architectures with ZR/ZR+. When using
long-haul muxponders, the percentage of groomed lightpath of
Op-IP increases 77% compared to that with ZR/ZR+, and the
increment for transparent architectures can be up to 153% since
transparent architectures tend to have paths with a longer path
due to bypassing and hence the advantage in grooming with
long-haul muxponders becomes more evident.

Fig. 7 (c) shows the cost of transceivers for J14. For ZR/ZR+,
transparent architectures reduce at most 46% of transceivers
of Op-IP due to optical bypassing as in Fig. 7 (a). Moreover,
with ZR/ZR+, the cost of transceivers of Tr-IP and Tr-IP&O
with ZR/ZR+ is 13% lower than Tr-O since Tr-IP and Tr-IP&O
have a higher grooming capability (i.e., electrical grooming)
as shown in Fig. 7 (b), which reduces the number of required
transceivers. In addition, compared to ZR/ZR+, the normal-
ized cost of transceivers per Tb/s with long-haul muxponders
is around 30% higher in opaque and 29% higher in transparent
architectures, due to the higher cost of a single long-haul mux-
ponder relative to a ZR/ZR+. We then compare the number
of router interfaces used for different network architectures in
J14 as shown in Fig. 7 (d). With ZR/ZR+, transparent architec-
tures reduce at most around 55% of router ports of Op-IP with
optical bypassing and optical-layer regeneration. Among all
the transparent network architectures with ZR/ZR+, Tr-IP&O
requires the least router ports. Specifically, Tr-IP&O reduces 5%
of router ports of Tr-IP by optical-layer regeneration. In addition,
Tr-IP&O reduces 9% of router ports of Tr-O due to higher groom-
ing capabilities. The abovementioned reduction of transceivers
and interfaces in transparent architectures is achieved with 88
I-ROADMs in J14. Unlike ZR/ZR+, long-haul muxponders use
I/O cards as router interfaces, and each router port requires the
capacity of four I/O cards. For Op-IP, the number of I/O cards
with long-haul muxponders is 3.8 times that of router ports with
ZR/ZR+, smaller than 4 times, indicating that long-haul mux-
ponder saves the carried traffic in routers compared to the cases

with ZR/ZR+. Instead, for transparent architectures, the num-
ber of I/O cards is only up to 3.5 times that of router ports with
ZR/ZR+ because long-haul muxponders have a longer transmis-
sion distance and can reduce more interfaces through bypassing
compared to ZR/ZR+. Lastly, with long-haul muxponders, all
the transparent architectures consume almost the same number
of I/O cards since almost all the network architectures have a
very small number of regenerators, as in Fig. 7 (a), resulting in
interfaces are mainly used in the source and destination nodes
(identical for different architectures).

ZR/ZR+ can not only reduce the cost of transceivers per
Tb/s as in Fig. 7 (c) but also reduce the power consumption
per Tb/s as in Fig. 8 compared to long-haul muxponders for
J14. Fig. 8 shows the power consumption (PC) of different net-
work elements with different percentages of reduction of power
consumption of IP routers. Let us first discuss the power con-
sumption for different components (i.e., transceiver, IP router,
and optical layer) for different network architectures, as shown
in Fig. 8 (a). The power consumption of transparent architec-
tures is up to 48% lower than opaque architectures for ZR/ZR+,
as transparent architectures reduce the average number of regen-
erators from 1 to 0.06 with optical bypassing, and hence reduce
the power consumption for IP routers and transceivers. Specifi-
cally, compared to the opaque architecture scenario, transparent
architecture results in power savings of up to approximately
53% for IP routers and 50% for transceivers in ZR/ZR+ configu-
rations, due to the reduction of IP and optical layer regenerators,
as shown in Fig. 7 (a). Among all the network architectures,
Tr-IP&O achieves the lowest normalized power consumption,
which is 3% lower than Tr-IP due to power consumption sav-
ings in routers with optical-layer regeneration. Since more than
half of the IP-layer regenerations of Tr-IP have been reduced by
Tr-IP&O, even optimal solution (obtained, e.g., with ILP) with
fewer IP-layer regenerations could not yield significant addi-
tional power savings. In addition, Tr-IP&O can reduce around
11% of power consumption of Tr-O due to the power consump-
tion savings in both transceivers and routers with larger groom-
ing capability. Instead, if we use long-haul muxponders, the total
power consumption increases up to 53% and 47% for opaque and
transparent architectures, respectively, due to the increment of
power consumption with long-haul muxponders (note that the
normalized power consumption of one long-haul muxponder is
8, while the normalized power consumption of one ZR+ is only
1.3). The power consumption reduction of Tr-IP&Op compared
to Tr-IP decreases from 3% for ZR/ZR+ to nearly 0 for long-
haul muxponders. This occurs because Tr-IP&Op cannot achieve
further reductions in power consumption through optical-layer
regeneration, as the number of regenerators of Tr-IP is almost
0. Moreover, the power consumption reduction of Tr-IP&Op
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Fig. 8. Power consumption under 1% rejection rate when varying power consumption of routers and ZR/ZR+ for J14.
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Fig. 9. Power consumption under same traffic load when varying power consumption of routers and ZR/ZR+ for J14.

compared to Tr-O increases from 11% for ZR/ZR+ to 12% for
long-haul muxponders. This is because long-haul muxponders
have a larger data rate, leading to more traffic being groomed to
reduce power consumption.

We now perform sensitivity analysis on power consump-
tion. Since the power consumption of the optical layer only
consumes less than 12% of the total power consumption, the
power consumption of transceivers and IP routers are the domi-
nating factors for the total power consumption. Thus, we only
perform sensitivity analysis on transceivers and routers. Since
ZR/ZR+ technology is still evolving, the power consumption of
ZR/ZR+ is expected to decrease with technological advances.
Thus, we perform the sensitivity analysis of ZR/ZR+ by varying
(reducing) the power consumption of ZR/ZR+ by up to 80% to
evaluate the changes in total power consumption of different ar-
chitectures. As shown in Fig. 8 (b), when using ZR/ZR+, varying
the power consumption of ZR/ZR+ does not alter the relative
performance among different architectures significantly. For
ZR/ZR+, when the power consumption of ZR/ZR+ reduces by
80%, the total power consumption of both opaque and transpar-
ent architectures reduces by around 12% and 13%, respectively.
Moreover, the advantage of power consumption with ZR/ZR+
compared to that with long-haul muxponders increases with a
higher reduction of power consumption of ZR/ZR+. Specifically,
when the power consumption reduction of ZR/ZR+ increases to
80%, the advantage of total power consumption of ZR/ZR+ com-
pared to long-haul muxponders increases from up to around 26%
to 35% for opaque architecture and 32% to 41% for transparent
architectures, respectively.

We now conduct a sensitivity analysis on router power con-
sumption, which is crucial due to potential variations from
adopting routers of different capacities or from various ven-
dors, as well as technological advances. We vary the power
consumption as input from -50% to 50% of the current power
consumption for both the fixed and modular parts of the router.

This analysis offers insights into the impact of different parts of
the router for different network architectures. As shown in Fig. 8
(c) and (d), when varying the power consumption of router fixed
part and router modular part by up to 50%, the relative power
consumption among different architectures remains the same.
With a higher reduction of power consumption in IP routers,
the architectures with ZR/ZR+ modules become increasingly
power-efficient than the architectures with long-haul muxpon-
ders. For instance, with a 50% reduction in power consumption
of router fixed part, the additional total power consumption
with long-haul muxponders compared to ZR/ZR+ increases
from around 26% to 30% and 32% to 35% for opaque and trans-
parent architectures, respectively. This is because, with a higher
reduction in the cost of routers, the power consumption savings
in transceivers with ZR/ZR+ become more evident. Moreover,
as shown in Fig. 8, the variation in total power consumption is
more significant when reducing the router modular part. For
instance, with ZR/ZR+, reducing the router’s fixed part by 50%
results in only a 9% reduction in the total power consumption of
Tr-IP, as shown in Fig. 8(c). However, when the router’s modular
part is reduced by 50%, the total power consumption of Tr-IP
decreases by 31%.

In the following, we evaluate the power consumption under
the same traffic load for J14. As shown in Fig. 9, the power
consumption trends of different architectures remain consistent
with those observed under a 1% rejection rate. However, a key
difference is that long-haul muxponders become more power-
hungry than ZR/ZR+ under the same traffic load. Notably,
for Tr-IP, the additional power consumption with long-haul
muxponders compared to ZR/ZR+ increases from 42% under
the 1% rejection rate to 47% under the same traffic load. This is
because long-haul muxponders are more underutilized under
the same traffic that ZR/ZR+ can accommodate.
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Fig. 10. Regenerators, groomed lightpaths, cost of transceivers and router interfaces under 1% rejection probability for N14.
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Fig. 11. Power consumption under 1% rejection rate when varying power consumption of routers and ZR/ZR+ for N14.

D. Evaluation of Cost and Power Consumption for N14

Long-haul muxponders in a larger continental-wide topology,
such as the N14, show more advantages compared to ZR/ZR+
in terms of both cost and power consumption.

We first compare the average number of regenerators in
Fig. 10 (a). Firstly, the reduction of regenerators in transpar-
ent architectures compared to opaque architectures decreases
because more regenerators need to be placed in transparent ar-
chitectures due to longer paths in N14, and less requests can
share the same regenerator due to a smaller data rate. For in-
stance, for ZR/ZR+, the reduction of regenerators in transparent
architectures is reduced from up to 94% in J14 to up to 58% in
N14. Moreover, the number of IP-layer regenerators in Tr-IP is
reduced by 81% with Tr-IP&O for N14, showing the effectiveness
in reducing the power consumption with the proposed CAG-NG
algorithm. Regarding the percentage of groomed lightpaths, the
overall trend between different architecture is still the same as
in a small topology, as shown in Fig. 7 (b). The only difference is
that the percentage of groomed lightpaths is smaller than that in
a small topology.

Unlike the case in J14, long-haul muxponder becomes com-
parable with ZR/ZR+ in terms of both the cost of transceivers
and the number of interfaces. Regarding the cost of transceivers,
as shown in Fig. 10 (c), for opaque architectures, the additional
cost of long-haul muxponders reduces from 30% to less than
1%. Moreover, for transparent architectures, the cases with long-
haul muxponders even have up to 3% reduction of the cost
of transceivers. This is because long-haul muxponders have
a longer transmission distance than ZR/ZR+, resulting in less
transceivers used in a large topology. Regarding the number
of router interfaces, as shown in Fig. 10 (d), among three trans-
parent architectures with ZR/ZR+, Tr-IP&O achieves the lowest
number of interfaces per Tb/s. Notably, the reduction of router
ports of Tr-IP&O compared to Tr-IP increases from around 5%
in J14 to 31% in N14 because optical-layer regeneration plays a

more important role when the number of regenerations increases
in a large topology, as shown in Fig. 10 (a). The reduction of
transceivers and interfaces in transparent architectures, as previ-
ously mentioned, is accomplished using 84 I-ROADMs in N14.
Moreover, the ratio of router ports with ZR/ZR+ to the number
of I/O cards with long-haul muxponders increases from 26% in
J14 to 41% in N14 for Op-IP, and from 32% in J14 to 61% in N14
for transparent architectures. This is because ZR/ZR+ requires
400Gb/s ports but mainly only operates at a low data rate (less
than 300 Gb/s for most paths), which increases the number of
router ports required per Tb/s.

Let us now evaluate the power consumption of different ar-
chitectures for N14. As shown in Fig. 11 (a), similar to the results
for J14, transparent architecture is still more power-efficient (up
to 39%) than opaque architectures due to a smaller number of
IP layer regeneration and hence less power consumption in IP
routers and transceivers, which are still dominant factors of
power consumption. Among all the transparent architectures,
Tr-IP&O with ZR/ZR+ has around 8% and 21% lower power
consumption than Tr-O and Tr-IP due to higher grooming capa-
bility and optical layer regeneration, respectively, as shown in
Fig. 10. Unlike a smaller topology, long-haul muxponders start
to show compelling performance in power consumption in N14.
For instance, as shown in Fig. 11 (a), the power consumption
of Op-IP with long-haul muxponders is only 18% higher than
that with ZR/ZR+, and the power consumption of Tr-IP with
long-haul muxponders is even 2% lower than that with ZR/ZR+.
This is because, in a large topology, ZR/ZR+ is likely to operate
at less than 300 Gb/s data rate but consume 400 Gb/s ports,
resulting in increased router ports as in Fig. 10 (d) and hence
increased power consumption per Tb/s.

The sensitivity analysis for power consumption of ZR/ZR+
is shown in Fig. 11 (b). Unlike J14, where the power consump-
tion with long-haul muxponders is always lower than that with
ZR/ZR+, for Tr-IP, the total power consumption with long-haul
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Fig. 12. Regenerators, groomed lightpaths, cost of transceivers and router interfaces under 1% rejection probability for G50.
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Fig. 13. Power consumption under 1% rejection rate when varying the power consumption of routers and ZR/ZR+ for G50.

muxponders is lower than that with ZR/ZR+ when the power
consumption reduction is less than 14%. When the power con-
sumption reduction of ZR/ZR+ increases to 80%, the total power
consumption with ZR/ZR+ becomes up to 32% and 38% lower
than that with long-haul muxponders for opaque and transpar-
ent architectures, respectively. Regarding the sensitivity analysis
of routers, as shown in Fig. 11 (c) and Fig. 11 (d), the relative
performance among different network architectures remains the
same as in J14 when varying the power consumption of router
fixed part and router modular part. In addition, the relative
performance between ZR/ZR+ and long-haul muxponders also
remains the same as in J14 for all network architectures except
Tr-IP. Specifically, for Tr-IP, the total power consumption using
long-haul muxponders is lower than that using ZR/ZR+ only
when the reduction of power consumption of the router fixed
part is less than 24%. When the power consumption reduc-
tion of the router fixed part increases to 50%, the total power
consumption with ZR/ZR+ is 3% lower than that with long-
haul muxponders. Moreover, the impact of variation in power
consumption of the router modular part is more evident. Specif-
ically, the power consumption of ZR/ZR+ is less than that of
long-haul muxponders as long as the reduction in power con-
sumption for the router modular part remains below 7%. More-
over, a reduction of 50% in the power consumption of router
modular part makes ZR/ZR+ 16% more power-efficient than
long-haul muxponders. Conversely, if the power consumption
of the router modular part increases by 50%, ZR/ZR+ becomes
17% less power-efficient than long-haul muxponders.

E. Evaluation of Cost and Power Consumption for G50

In our evaluation with G50, we observe consistent trends com-
pared to those in the smaller national-wide J14 topology in terms
of both cost and power consumption, as shown in Fig. 12 and
Fig. 13, respectively. Since G50 has more nodes, the number of
I-ROADMs introduced for transparent architectures increases

from 88 in J14 to 352 in G50. Notably, Tr-IP&O has almost no
optical-layer regeneration (See Fig. 12 (a)). This is mainly be-
cause most traffic originates between the edge nodes and ad-
jacent core nodes, resulting in more traffic being groomed and
hence using electrical regeneration rather than optical regen-
eration. Consequently, with almost no optical-layer regenera-
tion, Tr-IP&O shows similar cost and power consumption as
Tr-IP. Specifically, with ZR/ZR+, Tr-IP&O is 1% more power-
efficient than Tr-IP, as shown in Fig. 13 (a), due to optical-layer
regeneration, and 8% more power-efficient than Tr-OP due to
higher grooming capability. Regarding the sensitivity analysis
of ZR/ZR+ and routers in G50, as shown in Fig. 13 (b)-(d), the
relative trend among different architectures, as well as the trend
between ZR/ZR+ and long-haul muxponders, does not change,
as in the other national-wide topology, namely, J14.

5. CONCLUSION

Even in the presence of the drastic reduction of power con-
sumption of the routers and ZR/ZR+ seen in last years, the
opaque network architecture is still more power-hungry than the
transparent architectures employing optical bypass. We demon-
strated that using optical bypassing saves up to 48% and 39% in
terms of power consumption compared to opaque IPoWDM in a
national-wide topology as J14 and a continental-wide topology
as N14. Moreover, in a national-wide topology, ZR/ZR+ can
reduce up to 35% of power consumption together with around
23% reduction in the cost of transceivers compared to long-haul
muxponders. Instead, in a continental-wide topology, long-haul
muxponders can be more energy-efficient than ZR/ZR+ unless
considerable power savings are achievable for routers. In the
future, we plan to investigate the energy efficiency achievable
in optical networks equipped with ZR/ZR+ devices when re-
routing based on traffic demand intensity is allowed.
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