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Abstract—Forthcoming 6G networks impose stringent require-
ments on fronthaul capacity, latency, and energy efficiency, par-
ticularly under disaggregated Open Radio Access Network (O-
RAN) architectures. Power-over-Fiber (PWoF) technology offers
a viable transport solution by enabling the joint delivery of data
and power over optical infrastructure. This paper addresses the
problem of designing PWoF-enabled fronthaul networks under
different functional split (FS) options. We formulate a mixed-
integer linear programming (MILP) model to minimize the total
cost of ownership (TCO) while guaranteeing feasibility for a
given set of FS configurations. Numerical results show that the
proposed model computes optimal solutions even for large-scale
networks and underline the impact of FS on fronthaul cost and
resource utilization. These findings highlight the importance of
split-aware fronthaul planning for future 6G networks.

Index Terms—Power over Fiber, Fronthaul Networks, Func-
tional Split, Optimization, O-RAN

I. INTRODUCTION

The rapid evolution toward 6G mobile networks is driven
by the need to support ultra-high data rates, projected to
reach peak data rates of up to 1 Tbps, and extremely low-
latency communication [1]. To support this new generation
of networks, the industry is transitioning toward Open Radio
Access Network (O-RAN) architectures. Unlike traditional
RAN deployments, O-RAN emphasizes openness and flex-
ibility, fostering innovation and reducing vendor lock-in in
the 6G era. A key challenge of this paradigm is the growing
demand for high-capacity, cost-efficient fronthaul infrastruc-
ture to connect the Open Distributed Units (O-DUs) to the
Open Remote Units (O-RUs). To meet these requirements,
Time and Wavelength Division Multiplexed Passive Optical
Networks (TWDM-PON) can be leveraged for the transport
network to support multiple virtual point-to-multipoint links
over a shared fiber infrastructure. Another critical challenge
in fronthaul design is the efficient and reliable provisioning of
electrical power to the O-RUs. Recently, the Power-over-Fiber
(PWoF) technology has emerged as a promising solution that
enables the simultaneous transmission of electrical power and
data over optical fibers [2].

However, integrating PWoF into O-RAN fronthaul networks
requires solving complex optimization problems to minimize
the total cost of ownership (TCO). Several recent studies
have addressed this challenge. In [3], the authors consider
deployment scenarios with a single DU and multiple splitters,
demonstrating that the multi-splitter assignment problem is
NP-hard and formulating it as an Integer Linear Programming
(ILP) model. Subsequently, [4] proposed the Randomized
Successive Splitter Assignment (RSSA) heuristic for multi-
DU scenarios, while [5] incorporated latency constraints and
introduced the Meta K-Means Clustering Boosting (MKMC)

heuristic. Finally, [6] investigates survivable network design
under fiber and node failure scenarios. Although these studies
represent a significant advancement in fronthaul planning, they
do not explicitly account for functional split requirements,
particularly in terms of bandwidth constraints and distributed
processing demands.

Functional Splitting (FS) refers to the partitioning of RAN
protocol stack functions across multiple physical and/or logical
entities. O-RAN supports multiple FS options between O-
RUs, O-DUs, and Open Central Units (O-CUs), which host
centralized processing functions (PFs) with distinct transport
and computational requirements. These functions are typi-
cally implemented as Virtualized Network Functions (VNFs)
deployed on general-purpose hardware. The choice of FS
is a critical design decision, as it directly determines the
bandwidth and latency requirements of the transport links,
as well as the computational load at each processing node.
Previous studies have considered FS requirements in fronthaul
network planning [7], [8]. However, these studies do not
jointly consider multiple FS options or the impact of VNF
processing requirements on deployment and operational costs.
To address this gap, in this paper, we propose a Mixed-
Integer Linear Programming (MILP) formulation for fronthaul
network design that jointly incorporates PWoF technology
and multi-option FS awareness. The proposed model aims to
minimize the TCO of the network deployment while enabling
the operation of any FS given as input during production.
The remainder of this paper is organized as follows. Section
II describes the network architecture. Section III formulates
the optimization problem, and Section IV presents the MILP
formulation. Section V evaluates the proposed approach and
Section VI concludes the paper.

II. NETWORK ARCHITECTURE AND FUNCTIONAL SPLIT
MODEL

A. Network Architecture
We propose an O-RAN architecture that leverages a power-

enabled optical network as its transport network. In O-RAN,
the RAN protocol stack and processing functions are disag-
gregated into three logical components: O-CU, O-DU, and the
O-RU. For convenience, these entities are hereafter referred to
as CU, DU, and RU, respectively. These units are deployed
across different network locations. In the considered scenario,
the RU is always located at the cell site, while the DU
and CU are deployed at edge nodes and a centralized cloud
node, respectively. The RU interfaces with the DU through
the fronthaul, whereas the DU interfaces with the CU via the
midhaul. Each logical component may host a different number
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Fig. 1: PWoF-enabled PON fronthaul architecture.

of VNFs depending on the adopted FS. The FS determines how
RAN functions are distributed among RU, DU, and CU, and
can be dynamically configured by the operator to meet Quality
of Service (QoS) requirements while adapting to available
transport and processing resources.

The underlying optical transport network is based on a
TWDM-PON, as illustrated in Fig. 1. The TWDM-PON
comprises Optical Line Terminals (OLTs) deployed at the edge
nodes, and Optical Network Units (ONUs) located at the cell
sites. In addition to these entities, passive optical splitters
are used to aggregate traffic from multiple ONUs toward an
OLT. To support both data transmission and energy delivery,
the network utilizes PWoF technology for the fronthaul. In
particular, the connections between OLTs and splitters employ
fiber bundles composed of single-mode (SM) and multimode
(MM) cores. The SM core is used for data transmission, while
each MM core is dedicated to delivering optical power to an
RU. With the current state of PWoF technology, up to four RUs
can be powered by a single fiber bundle. Furthermore, double-
clad fibers (DCFs) are used to connect splitters to ONUs,
enabling the simultaneous transmission of data and power over
a single fiber. In addition, SM fibers are used to connect the
cloud node to the edge nodes. It should be noted that existing
DCF coupler technology restricts the maximum input power
from the splitter to each DCF to 20 W [9].

B. Functional Split Model

The FS model adopted in this work is based on [10]–[12].
The RAN protocol stack is decomposed into eight processing
functions (PF1 to PF8), each implemented as a VNF. The
placement of these functions depends on the selected FS,
which determines whether a function is executed at the RU,
DU, or CU. Specifically, Split Option 2 centralizes PF1

(PDCP), Option 4 additionally centralizes PF2 (RLC), and
Option 6 includes PF3 (MAC). Split 7a further centralizes
PF4 (FEC). O-RAN Split 7-2x divides the physical layer by
centralizing modulation, scrambling, and layer mapping func-
tions (PFHigh

5 ), while retaining precoding and beamforming
(PF Low

5 ) at the RU. Lower-level splits, such as 7b and 7c,
progressively centralize the remaining PHY functions up to
full OFDM grid generation (PF6).

The processing cost of each function, expressed in Giga
perations per second (GOPS), depends on the traffic load ρ ∈
[0, 1], the number of antennas A, the number of spatial layers
L, and the system bandwidth B. Reference processing costs
are denoted by GFx

Ref, and the resulting processing requirements
are computed as follows:

PF1(PDCP) = GPDCP
Ref · ρ · A

ARef

PF2(RLC) = GRLC
Ref · ρ · A

ARef

PF3(MAC) = GMAC
Ref · ρ · A

ARef

PF4(FEC) = GFEC
Ref · ρ · B

BRef

PFHigh
5 (Mod/LayerMap) = GMod

Ref · ρ · B

BRef
· L

PF Low
5 (Precoding) = GPre

Ref · ρ ·
B

BRef
· A

ARef

PF6(RE Mapping) = GMap
Ref · ρ · B

BRef
· A

ARef

PF7(OFDM) = GOFDM
Ref · B

BRef
· A

ARef

PF8(RF) = GRF
Ref · B

BRef
· A

ARef

Furthermore, the bandwidth requirements associated with
each FS are derived from the traffic load, protocol overheads,
and physical layer parameters. The user-plane throughput
Ruser scales linearly with the ρ. For physical-layer splits, the
required bandwidth depends on either the number of active re-
source blocks (Nact

PRB) or the total system bandwidth (N t
PRB).

The bit widths for frequency-domain IQ samples, time-domain
IQ samples, and soft bits are denoted by NIQ, NCPRI, and
NLLR, respectively. Additional parameters include the number
of subcarriers per resource block (NSC), the number of OFDM
symbols per subframe (Nsym), and protocol-specific overhead
factors ΩIP, ΩPDCP, ΩRLC, ΩFAPI, and ΩeCPRI . Table I
summarizes the bandwidth expressions and maximum one-way
latency constraints for the considered 3GPP and O-RAN FS.

III. PROBLEM STATEMENT

This section formally defines the fronthaul network design
problem. The formulation builds upon prior PWoF-enabled
fronthaul optimization studies [3]–[6] by explicitly incorpo-
rating bandwidth, latency, and processing constraints induced
by FS. Following the architecture described in Section II, RUs
are deployed at cell sites and are co-located with ONUs. For
simplicity, each RU–ONU pair is henceforth referred to as an
RU. Accordingly, the problem takes as input the geographical
positions of already deployed RUs, as well as a set of candidate
splitter locations, a set of candidate edge node locations,
a single cloud node location, and a predefined set of FS
options. Moreover, each RU must be connected to an edge
node through a splitter, while each splitter location may host
multiple deployed splitters.



TABLE I: Bandwidth and Latency Requirements for Func-
tional Splits.

Split Bandwidth Calculation Latency

1 Ruser · ΩIP 10 ms

2 Ruser · ΩPDCP 10 ms

4 Ruser · ΩRLC 100 µs

6 Ruser · ΩFAPI 250 µs

7a Nact
PRB ·NSC ·Nsym ·Qm · L ·NLLR · 10−3 250 µs

7-2x Nact
PRB ·NSC ·Nsym ·NIQ · L · ΩeCPRI · 10−3 250 µs

7b Nact
PRB ·NSC ·Nsym ·NIQ ·A · ΩeCPRI · 10−3 250 µs

7c N t
PRB ·NSC ·Nsym ·NIQ ·A · ΩeCPRI · 10−3 250 µs

8 fs ·NCPRI ·A · 10
8
· 10−6 250 µs

The design objective accounts for the cost of these con-
nections, as well as the cost of connecting edge nodes to the
cloud node. Traffic generated by each RU is modeled over a
set of discrete time slots, each representing a subdivision of
the operational day. This traffic load factors in determining
the bandwidth and processing requirements associated with
each FS option. Each FS is defined by a pair of RU-DU
and DU-CU split choices. At each selected edge node, a
limited number of Processing Units (PUs) can be deployed
to host DU-related VNFs. The cloud node is assumed to have
a predefined number of available PUs, which can be activated
as needed to satisfy the aggregated processing demands of the
CU-related functions.

Therefore, the goal of the problem is to determine: (i) the
splitter locations and the number of deployed splitters, (ii)
the selected edge node locations, (iii) the number of activated
PUs at edge and cloud nodes, and (iv) the assignment of
RUs to edge nodes through splitters, such that all PWoF,
bandwidth, latency, and processing constraints imposed by the
given FS options are satisfied, while minimizing the TCO of
the network.

IV. MILP FORMULATION

This section presents the MILP formulation for the fronthaul
network optimization problem. Given the positions of RUs,
candidate splitter locations, and candidate edge node locations,
the goal is to design a cost-efficient fronthaul network by
assigning each RU to an edge node via a splitter, while
ensuring that the resulting network can operate under any FS
option provided as input.

We emphasize that the proposed formulation does not aim
to optimize the selection of FS options. This design choice
is motivated by the inherent uncertainty of traffic projections
during the planning phase and the ability of O-RAN systems to
dynamically reconfigure FS during operation. In this manner,
the proposed model provides flexibility for online configura-
tion rather than optimizing for a static split choice.

The objective is to minimize the TCO of the network.
This includes fiber and trenching costs, device deployment

costs (splitters and processing units), and operational energy
costs. RU costs are not considered. Fiber costs depend on the
unit-length costs of MM, SM, and DCF, while energy costs
account for power losses along fibers and processing-related
power consumption at the chosen nodes. For simplicity, we
do not consider connector and splitter insertion losses, nor
photovoltaic conversion efficiency at the ONU side.

A. Sets and Parameters

• R: Set of RUs,
• S: Set of candidate splitter positions,
• E : Set of candidate edge node positions,
• C: Cloud node position,
• N = E ∪ C: Set of processing nodes positions,
• F : Set of functional splits,
• T : Set of discrete time slots,
• cDU

rft , cCU
rft : DU and CU processing demand in GOPS of

RU r under split f at time t,
• bFH

rft , bMH
rft : Fronthaul and midhaul bandwidth demand

for RU r, split f , at time t,
• αFH

f , αMH
f : Maximum allowable fronthaul and midhaul

propagation delay for split f ,
• K: Processing capacity of a PU,
• Nn

max: Maximum number of activated PUs at position n
• Lje: Capacity of the fronthaul link from candidate splitter

location j to candidate edge node location e,
• Le: Capacity of the midhaul link from edge node e to the

cloud node,
• γ: Bandwidth aggregation factor,
• smax

p : Maximum splitting ratio,
• χ: Fiber propagation delay per unit length,
• deisj : Distance from edge node e to splitter j,
• dsjrk : Distance from splitter j to RU r,
• deiC : Distance from edge node e to the cloud node,
• P dcf

max: Maximum power supplied by a splitter for each
DCF,

• η: Trenching cost per meter,
• ζmm, ζsm, ζdcf : Cost per unit length for MM, SM, and

DCF,
• γmm, γdcf : Power loss per unit length for MM and DCF,
• CPU , CS : Cost of a PU and a splitter,
• β: Power generation cost per watt/year,
• τ : Expected operating time (years),
• Hsn: Static (idle) power consumption of node n in Watts,
• Hdn: Dynamic power coefficient of node n in W/GOPS,

representing the additional power consumption per unit
of processing load.

B. Decision Variables

• σe ∈ {0, 1}: 1 if edge location e is selected,
• δej ∈ {0, 1}: 1 if candidate edge location e is connected

to candidate splitter location j,
• ξej : Number of splitters installed at candidate position j

for candidate edge node position e,
• ψejr ∈ {0, 1}: 1 if RU r connects to candidate edge node

location e via candidate splitter j,
• υn: Number of activated PUs at node position n ∈ N .



• pDU
re ∈ {0, 1}: 1 if DU for RU r for all split options is

placed at edge node location e.

C. Constraints

∑
e∈E

∑
j∈S

ψejr = 1, ∀r (1)∑
r∈R

ψejr ≤ smax
p · ξej , ∀e, j (2)∑

r∈R
ψejr ≥ δej , ∀e, j (3)

ψejr ≤ δej , ∀e, j, r (4)∑
j∈S

δej ≥ σe, ∀e (5)

δej ≤ σe, ∀e, j (6)

10
d
sjrkγdcf

10 PR
k ψi,j,k ≤ P dcf

max, ∀i, j, k (7)

Constraint (1) ensures that each RU is connected to only one
edge node through a splitter. Constraint (2) determines that the
number of RUs assigned to a splitter is limited by its splitting
ratio. Constraints (3) and (4) state that a splitter position is only
chosen if it has at least one RU connected to it. Constraint (5)
and (6) guarantee that an edge node location is selected if
and only if it is connected to a splitter. Finally, constraint (7)
ensures that each DCF fiber provides sufficient power for each
RU taking into account power losses.

pDU
re =

∑
j∈S

ψejr, ∀r, e (8)

Constraint (8) ensures that the DU function for every split f
is hosted on the specific edge node where the RU is connected.

∑
r∈R

(cDU
rft · pDU

re ) ≤ K · υe, ∀e, f, t (9)∑
r∈R

cCU
rft ≤ K · υc, ∀f, t (10)

Constraints (9) and (10) state that the total amount of
operations per second assigned to a node must be less than
its processing capacity.

γ
∑
r∈R

(bFH
rtf · ψejr) ≤ Lje · ξej , ∀e, j, f, t (11)

γ
∑
r∈R

(bMH
rtf · pDU

re ) ≤ Le, ∀e, f, t (12)

Constraint (11) asserts that the capacity of a link connecting
a splitter to an edge node must be greater than the sum of the
bandwidth demands of the RUs assigned to the splitter at any
time, adjusted by the aggregation factor. Constraint (12) states
that the total traffic, adjusted by the aggregation factor, passing
through a link that connects an edge node to the cloud node
must be less than its capacity at any time.

υn ≤ Nn
max, ∀n. (13)

Constraint (13) states that the number of activated PUs per
node location is limited by a threshold.

ψijk · (deisj + dsjrk) · χ ≤ αFH
f , ∀i, j, k, f (14)

pDU
ri · deiC · χ ≤ αMH

f . ∀r, i, f (15)

Constraints (14) and (15) state the maximum propagation
delay allowed for the fronthaul and midhaul segment, respec-
tively.

D. Cost Calculations
1) Fiber cost:

Fp =
∑
i,j

deisjζsmξij +
∑
i,j,k

ψijk(d
eisjζmm + dsjrkζdcf)

+
∑
i

deiC · ζsm · σi

(16)

2) Trenching cost:

Ft =
∑
i,j

δij · deisj · η +
∑
i,j,r

ψijk · dsjrk · η +
∑
i

deiC · η · σi

(17)

3) Devices Cost:

CD =
∑
e∈E

CPU · υe +
∑
e,j

ξej · CS (18)

4) Power cost:

P =
∑
i,j,k

ψijk · 10
d
eisj γmmf+d

sjrkγdcf
10 · PR

k (19)

The power cost model also accounts for both static and load-
dependent processing power at active nodes, as well as power
losses in fiber-based power delivery. To ensure worst-case
operability across time, the peak processing load is considered
when estimating operational energy costs

Hs =
∑
n∈N

Hsn · υn (20)

To calculate the dynamic energy consumption Hd, we take
the peak processing power required across all time slots,
considering the most demanding split option for each RU. For
this, we add two additional variables kn, representing the peak
load of node n, and xrnt, representing the peak load for RU
r at node n and time t. Finally, Hd is calculated with the
following constraints:

xret ≥ cDU
rft · pDU

re ·Hde ∀r, e, t, f (21)

xrct ≥ cCU
rft ·Hdc ∀r, t, f (22)

kn ≥
∑
r∈R

xrnt ∀n, t (23)

Hd =
∑
n∈N

kn (24)



TABLE II: Network and Functional Split Parameters

Parameter Value
Lje, Le 25 Gb/s, 600 Gb/s
ζmm, ζsmf , ζdcf 6000, 4000, 12000 $/km
η 16000 $/km
γmm, γdcf 1, 1.46 dB/km
P dcf
max 20 W

χfiber 5 µs/km
K 28800 GOPS [10]
N e

max, N c
max 300, 500

Hsn, Hdn 120 W, 1/40 W/GOPS
CPU , CS 3600 $, 30 $
β, τ , γ 1.75 W/year, 20 years, 1
B (BRef) 100 MHz (20 MHz)
A× L (ARef × LRef) 32× 8 (2× 2) [11]
NSC, Nsym 12, 14 [11]
NIQ, NCPRI, NLLR 32, 32, 8 bits [11]
ΩIP–ΩeCPRI 1.02–1.10

Thus, the total power cost is given by the following equa-
tion:

E = τβ(P +Hs +Hd) (25)

E. Objective Function
The objective is to minimize the TCO while satisfying the

model’s constraints: min Fp + Ft + CD + E.

V. NUMERICAL RESULTS

To evaluate the proposed MILP model, we conducted a
series of experiments to analyze the resulting network charac-
teristics under different FS options. Our analysis focuses on
fronthaul splits, therefore, we fix the DU-CU split to Option 2,
which is recommended by both 3GPP and the O-RAN Alliance
[12], [13]. For the RU–DU split, we consider Options 6, 7a, 7-
2x, 7b, 7c, and 8, as these are the most commonly discussed in
the literature. In particular, O-RAN has selected Option 7-2x
as the reference split between the RU and DU [12].

For each configuration, we evaluate 50 independent network
topologies, and all reported results correspond to averages over
these realizations. The topologies are generated by randomly
placing RUs, five candidate edge node locations, and a single
cloud node over a 40 × 40 km2 area. Splitter candidate
positions are placed on a regular grid with 1 km spacing in
both horizontal and vertical directions. The traffic load ρ of
each RU is drawn from a uniform distribution in the range of
0.1 to 1 for each of the three considered timeslots, while RU
power requirements are randomly selected as integer values in
the interval [5, 10] W.

The bandwidth requirements for each FS follow the formu-
lations in Table I. The maximum allowable propagation delay
is obtained by subtracting 50 µs from the corresponding la-
tency constraint of each split, accounting for non-propagation
delays. The remaining simulation parameters are summarized
in Table II. The MILP model is solved utilizing the Python
API of the Gurobi solver [14].

Fig. 2 shows the cost breakdown per RU for various RU
counts. As expected, the cost per RU decreases as the network

size increases due to the intensification of infrastructure shar-
ing among the RUs, together with the increased concentration
at the selected splitter positions, which in turn reduces fiber
and trenching costs. For smaller networks, trenching dominates
the overall cost, whereas fiber costs become increasingly
significant as the number of RUs grows. This transition occurs
because larger deployments allow multiple fibers to share the
same trench, effectively diluting trenching expenses across a
larger number of RUs. Other cost components, i.e, the in-
stallment, the distribution and the processing power contribute
comparatively less to the total cost.

The results further show that Split 8 consistently leads to
the highest cost across all scenarios, while Split 6 yields the
lowest. In general, lower-layer splits result in higher per-RU
costs, with the exception of Split 7-2x, which outperforms
Split 7a. This behavior can be explained by two factors. First,
as illustrated in Fig. 3, lower splits require a larger number PUs
to be activated at the edge nodes. In particular, Split 8 activates
approximately 2 PUs per RU, increasing both infrastructure
and processing power costs. Second, lower splits impose
higher bandwidth requirements, which reduce the number of
RUs that can be aggregated per splitter, as shown in Fig. 4.
Consequently, additional SM fiber cores are required between
splitters and edge nodes, further increasing deployment costs.
However, despite their higher cost, the potential to run lower
fronthaul splits, such as Option 8, can be critical to enable
ultra-low latency applications [15].

ILP and MILP formulations are often affected by scalability
limitations, which can restrict their applicability to small-scale
networks [5]. Nevertheless, Table III shows that the proposed
model can be solved within a reasonable time even for larger
deployments. Although the execution time for Split 7b exhibits
noticeable increases at 300 and 500 RUs, it remains well below
two hours in all evaluated scenarios. Since network planning
problems can typically tolerate execution times on the order
of hours or even days, these results indicate that the proposed
MILP formulation is suitable for designing large-scale PWoF-
enabled fronthaul networks.

TABLE III: Execution time in seconds for different number
of RUs with 5 candidate edge nodes locations

Split Number of RUs

100 200 300 500

6 158.55 299.72 463.15 767.98

7-2x 157.68 316.28 574.17 1834.56

7a 158.49 328.04 699.13 2095.01

7b 164.11 534.22 2115.12 5367.10

7c 153.82 307.60 485.75 817.69

8 151.35 298.73 466.06 980.87

VI. CONCLUSION

This work extends prior studies on fronthaul network design
based on PWoF technology by explicitly incorporating the
bandwidth, processing, and latency requirements imposed by
different O-RAN FS options. We formulated the fronthaul



Fig. 2: Cost per RU for different numbers of RUs with 5
candidate edge node locations.

Fig. 3: Number of activated PUs at the edge nodes per RU
for different numbers of RUs with 5 candidate edge node
locations.

planning problem as an MILP model that optimizes network
deployment while ensuring feasibility for any given FS con-
figuration. Numerical results demonstrate that the proposed
model can efficiently compute optimal solutions for networks
with up to 500 RUs, indicating its potential applicability to
even larger deployments. Overall, this study highlights the
importance of taking into account FS in fronthaul design for
6G networks.

Fig. 4: Number of RUs per splitter for different number of
RUs with 5 candidate edge node locations.
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