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Abstract

Rwanda’s pursuit of a high-income, knowledge-based economy under Vision 2050 depends on scalable, resilient, and cost-
efficient telecommunications infrastructure. Despite achieving near-universal 4G LTE population coverage (97-99%), a
persistent usage gap — approximately 62% of the population remains unconnected — reveals that supply-side infrastructure
alone is insufficient to bridge the digital divide. This paper investigates how Software-Defined Networking (SDN) and Network
Function Virtualization (NFV) can serve as strategic enablers of telecommunications modernization in Rwanda, addressing the
twin challenges of cost and operational complexity in a landlocked, resource-constrained environment. Employing a Design
Science Research (DSR) methodology, this study evaluates Rwanda’s infrastructure readiness, identifies technical, economic,
and regulatory barriers to SDN/NFV adoption, and proposes a context-adapted, phased deployment artifact the Frugal SDN/NFV
Framework aligned with Rwanda’s ICT Sector Strategic Plan 2024—2029. The framework is supported by five formally specified
mathematical optimization models: the Controller Placement Problem for Rwanda’s 30-district fiber topology, the VNF Resource
Allocation mixed integer program, a Network Slice SLA Allocation model, a CAPEX/OPEX Net Present Value cost model, and
a joint SDN-MEC task offloading optimization. Numerical projections derived from these models informed by comparable
African SDN/NFV deployments including Safaricom Ethiopia’s 2022 greenfield virtualized network and MTN South Africa’s
cloud-native 5G core suggest potential CAPEX reductions of 20—68% and OPEX reductions of 20-67%. The proposed three-
phase roadmap (Pilot 2025-2026; Scale 2026-2028; Optimize 2028-2029) positions SDN/NFV as a leapfrogging catalyst for
equitable digital growth, contributing the first academically grounded SDN/NFV deployment framework for an African national
telecommunications network.

Keywords

Software-Defined Networking (SDN), Network Function Virtualization (NFV), Telecommunications Infrastructure, Rwanda,
Design Science Research, Network Slicing, 5G, Leapfrogging

‘Correspondence: Tuyikunde Osee (1202421112@hust.edu.cn)

Received: 7 April 2026; Accepted: 16 April 2026; Published: 28 July 2026

@ Copyright: © The Author(s), 2026. Published by Science Publishing Group. This is an Open Access article, distributed
@ under the terms of the Creative Commons Attribution 4.0 License (http://creativecommons.org/licenses/by/4.0/), which

permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.



http://www.sciencepg.com/journal/iotcc
http://www.sciencepg.com/journal/238/archive/2381401
http://www.sciencepg.com/
https://orcid.org/0009-0006-1728-1293
http://www.sciencepg.com

Internet of Things and Cloud Computing

http://www.sciencepg.com/journal/iotcc

1. Introduction

Rwanda has emerged as one of Sub-Saharan Africa’s most
compelling digital transformation stories, achieving a Net-
work Readiness Index 2025 rank of 87th globally first among
all low-income countries [1]. Yet beneath these achievements
lies a structural paradox: near-universal 4G LTE coverage

Rwanda's Connectivity Paradox (2024-2025)
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(97-99%) coexists with internet penetration of only approxi-
mately 38%, and rural internet adoption stands at just 19% de-
spite 72.1% of the population residing in rural areas [2, 3].
Figure 1 illustrates this connectivity paradox.
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Figure 1. Rwanda’s Connectivity Paradox — High Network Coverage vs. Low Internet Adoption (2024-2025).

This paradox is partly economic — mobile data costs can
consume up to 60% of monthly income for the poorest quintile
[5] but is also fundamentally architectural. Rwanda’s telecom-
munications networks, built on hardware-centric, vendor-pro-
prietary infrastructure, impose structural constraints on scala-
bility, operational agility, and cost efficiency that disad-
vantage rural and underserved populations [6]. Maintaining
these architectures to meet Vision 2050’s aspirations for uni-
versal connectivity and 5G readiness requires capital and hu-
man resource investments that current frameworks struggle to
accommodate [7].

SDN and NFV represent a paradigm shift of potentially
transformative relevance, replacing rigid, expensive physical
infrastructure with flexible, programmable software. Despite
substantial global evidence of SDN/NFV benefits, a critical
research gap persists: there is a near-total absence of peer-re-
viewed academic literature examining SDN/NFV implemen-
tation in African national network contexts [8]. The most rel-
evant academic work on SDN in Africa is a single IEEE AF-
RICON 2023 paper on South Africa [9]. Rwanda, despite its
advanced ICT policy environment and June 2025 commercial

5G launch [10], remains entirely unaddressed in peer-re-
viewed SDN/NFV literature. This study addresses that gap.

1.1. Research Objectives

1) Evaluate Rwanda’s existing telecommunications infra-
structure and its readiness for SDN and NFV adoption.

2) Analyse technical, economic, and regulatory barriers to
SDN/NFV implementation using formal mathematical
optimization models.

3) Construct a frugal, context-aware SDN/NFV deploy-
ment framework aligned with Rwanda’s ICT Sector
Strategic Plan 2024-2029 [7].

1.2. Research Question

How can a frugal, context-adapted SDN/NFV framework
incorporating mathematically grounded controller placement,
VNF resource allocation, and network slicing models be de-
signed to overcome cost, skill, and operational complexity
barriers in Rwanda’s telecommunications sector?
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2. Literature Review

2.1. Software-Defined Networking

SDN reorganizes network architecture by physically sepa-
rating the control plane from the data forwarding plane, ena-
bling a logically centralized controller to govern multiple for-
warding devices through standardized interfaces [11]. This
creates a global, programmable network view supporting dy-
namic traffic management, improved visibility, and rapid ser-
vice deployment. Open-source controllers ONOS and
OpenDaylight (ODL) are particularly relevant for resource-
constrained contexts as they eliminate proprietary licensing

costs; ONOS had scaled to serve over one billion subscribers
by 2017 [12]. Vivekanand and Thakuria [13] demonstrate that
SDN enables dynamic resource allocation and multi-tenant
network management, directly applicable to Rwanda’s multi-
operator market structure.

Despite these benefits, SDN adoption in Africa faces barri-
ers including legacy integration challenges, workforce skill re-
quirements, and upfront controller costs [9]. Mamushiane et
al. [14, 15] applied Partition Around Medoids (PAM) cluster-
ing to optimize SDN controller placement on African back-
bone networks (SANREN and ZAMREN), finding that two
controllers provide the optimal balance of latency reduction,
resilience, and cost efficiency — a key finding for Rwanda’s
topology analysis in Section 5.
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Figure 2. SDN Architecture for Rwanda’s Telecommunications Network showing Application, Control, and Data Plane Separation. Adapted

from Vivekanand and Thakuria [13] and Barakabitze et al. [§].

2.2. Network Function Virtualization

NFV decouples software network functions from dedicated
hardware appliances, enabling them to execute as software in-

stances on commercial-off-the-shelf (COTS) servers. For-
mally proposed by ETSI in 2012 [16], NFV is architected
around three core components: the NFV Infrastructure (NFVI),
Virtual Network Functions (VNFs), and NFV Management
and Orchestration (MANO) [17]. Mijumbi et al. [17] confirm
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that dynamic VNF allocation significantly reduces idle hard-
ware capacity and accelerates service deployment from ap-
proximately 15 months to under 6 months.

Kiran et al. [18] demonstrate that joint resource allocation
and computation offloading in SDN-based Mobile Edge Com-
puting (MEC) achieves 31.39—62.10% reduction in sum delay

compared to benchmark methods directly relevant to
Rwanda’s latency challenges from landlocked international
transit routing. Kiran et al. [19] further show that coordinated
VNF placement in SDN/NFV-enabled MEC networks re-
duces overall cost compared to random and first-fit algorithms.
Figure 3 illustrates the ETSI NFV reference architecture.
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Figure 3. ETSI NFV Reference Architecture Applied to Rwanda’s Telecommunications Infrastructure.

2.3. SDN/NFYV for 5G Network Slicing

The convergence of SDN, NFV, and MEC constitutes the
enabling stack for 5G network slicing partitioning a single
physical network into multiple isolated logical networks [8].
Barakabitze et al. [8] provide the most comprehensive survey
of 5G network slicing using SDN and NFV, establishing the
taxonomy and architecture frameworks adopted in this study.

14

Cubukcu et al. [21] evaluate Cloud-based Dynamic Network
Scaling and Slicing (CDNSS), finding it delivers superior QoS
differentiation on an OpenDaylight-based SDN/NFV-MANO
platform — directly validating the slice allocation models in
Section 4. Ojo et al. [20] address IoT network management
through a SDN-IoT Architecture with NFV, applicable to
Rwanda’s smart agriculture and health monitoring initiatives.
Figure 4 illustrates the four-slice architecture proposed for
Rwanda.
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Figure 4. SDN/NFV-Enabled Network Slicing Architecture for Rwanda’s 5G Services (eMBB, URLLC, MloT, and eV2X Slices over Shared
Physical Infrastructure). Adapted from Barakabitze et al. [8], Cubukcu et al. [21], and 3GPP TS 22.891.

2.4. Frugal Networks and Technology
Leapfrogging

Khaturia et al. [22] propose a Frugal 5G Network architec-
ture for rural developing-country contexts, leveraging
SDN/NFV for flexibility and fog computing at the edge for
offline coverage. Singh [23] confirms the complementary
SDN/NFV relationship: SDN provides programmable con-
nectivity between VNFs while NFV provides service and

2.5. Summary of Related Literature

function abstraction. Bajpai [24] demonstrates that model-
driven automation using NETCONF/YANG protocols re-
duces operational costs in SDN/NFV deployments directly
relevant to Rwanda’s limited advanced network engineering
workforce. UNCTAD [25] establishes the leapfrogging con-
ditions: proven technology at scale, comparable functionality,
and viable bypass of legacy infrastructure all satisfied for
Rwanda’s SDN/NFV context.

Table 1. Summary of related literature and research gaps addressed by this study.

Author(s) & Year Focus Area

Barakabitze et al. [§] 5G SDN/NFV Survey

Kiran et al. [18] SDN-MEC Resource Al-

Kiran et al. [19] VNF Placement Optim.

Cubukcu et al. [21] Cloud Dynamic Slicing

Key Contribution

Comprehensive taxonomy; network slicing
enablers; MEC/cloud integration

31-62% delay reduction via RL-based of-
loc. floading optimization

Coordinated VNF placement reduces cost
vs. random/first-fit algorithms

CDNSS achieves QoS differentiation;
OpenDaylight validated on 5G

Gap Addressed

Rwanda-specific framework absent
Developing country rural context
not addressed

African network topology not con-
sidered

SSA regulatory/economic context
absent
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Author(s) & Year Focus Area

Unified architecture addresses IoT scalabil-
ity, security, and mobility

Ojo et al. [20] SDN-IoT with NFV

Ylvekanand & Thaku- SDN Scalability
ria [13]
Singh [23] SDN/NFV in 5G

Mamushiane et al.
[14, 15] SDN Controller Placement

Khaturia et al. [22] Frugal 5G Architecture

Mijumbi et al. [17] NFV State-of-the-Art

Key Contribution

SDN enables dynamic resource allocation
and multi-tenant networking

Case study confirming SDN/NFV integra-
tion for 5G core network

PAM clustering optimal for African back-
bones; 2 controllers validated

SDN/NFV frugal design with fog compu-
ting for rural coverage

Foundational NFV challenges survey;
MANO framework analysis

Gap Addressed

No national deployment frame-
work provided

Developing country constraints not
modelled

Africa context and economics not
addressed

Only SA and Zambian topologies
tested; not Rwanda

3GPP alignment and Rwanda con-
text absent

No developing country TCO or de-
ployment model

MANO: Management and Orchestration; MEC: Mobile Edge Computing; SSA: Sub-Saharan Africa; RL: Reinforcement Learning.

3. Methodology

3.1. Research Paradigm: Design Science
Research

This study adopts Design Science Research (DSR) as its
methodological paradigm, following Hevner et al.’s founda-
tional framework [26]. DSR is appropriate when the objective
is to create and evaluate an IT artifact — here the Frugal
SDN/NFV Framework — as a solution to an identified tech-
nical problem [26]. Peffers et al. [27] provide the DSR process
model adopted here, comprising six activities: problem iden-
tification and motivation; definition of objectives; design and
development of the artifact; demonstration; evaluation; and
communication. This DSR approach is explicitly not an em-
pirical case study: no primary fieldwork, interviews, or oper-
ational network measurements were conducted. The artifact
evaluation is therefore formative and analytical — grounded
in the literature, comparable deployment evidence, and math-
ematical modelling — rather than summative through imple-
mentation trials.

3.2. Data Sources

Secondary data was collected and triangulated across four

source types:

1) Primary policy documents: ICT Sector Strategic Plan
2024-2029 [7], Rwanda Digital Acceleration Project [5],
RURA quarterly statistics reports [3]

2) Published peer-reviewed literature: Ten core reference
papers covering SDN/NFV theory, African network de-
ployment, and optimization modelling [8, 13-15, 17-23]

3) Verified industry and institutional reports: GSMA Sub-
Saharan Africa reports [28, 29], ETSI NFV White Paper

16

[16], ITU connectivity data [2], World Bank project doc-
umentation [5]

4) Comparable African deployment evidence: Safaricom
Ethiopia VMware deployment [30], MTN South Africa
Ericsson cloud-native core [31], ATU 5G Preparedness
Report [32]

3.3. Analytical Approach

Data analysis followed three sequential stages aligned with
Peffers et al.’s [27] DSR process: (1) infrastructure readiness
assessment; (2) barrier identification; and (3) artifact con-
struction through five mathematical optimization models
(Section 4) and a phased implementation roadmap (Section 6).
All numerical projections in Sections 5 and 6 are analytical
estimates derived from the mathematical models, calibrated to
parameters from comparable African deployments. They are
explicitly presented as illustrative projections, not measured
results, and must be validated through future empirical imple-
mentation studies.

4. Mathematical Optimization Models

This section formalizes five optimization problems under-
pinning the Frugal SDN/NFV Framework. All models are
grounded in published telecommunications engineering liter-
ature and adapted for Rwanda’s 30-district fiber topology. All
numerical values derived from these models are illustrative
projections based on parameters from comparable African de-
ployments, not measurements from Rwanda’s actual network.

4.1. Controller Placement Problem (CPP)

The CPP, formalized by Heller et al. [33], determines the
optimal number and location of SDN controllers to minimize
control-plane latency. Let G = (V, E) be Rwanda’s network
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graph where V = {vi,...,vso} are the 30 district nodes and E Lavg(c) < Lmax = 50 ms 5)
the fiber links. Propagation delay between nodes i and j:

Vc € C *: Ibackup path from each switch to c (6)

46,0 = Sog (M

2x10 Applying the PAM clustering algorithm validated by
Where: Mamushiane et al. [14, 15] on African backbone networks,
1) dist(i,j): Shortest fiber path length (m). Rwanda’s 30-district tf)polog}{ is estimate.d to yielq K=2 op-
2) 2 x 108 m/s: Speed of light in optical fiber (0.67). timal coytrollers an 111u§tratlve prOJe(?non consistent with
Mamushiane et al.’s finding of approximately 53% average
1 ) latency reduction on comparable African backbones. Figure 5

Lavg(cn) = (M) x X € V{ceg}lgl(i,c)[s] @) in Section 5 provides the graphical analysis.

CPP objective minimizes average latency subject to con- 4.2. VNF Resource Allocation and Placement
straints:

Optimization
C* = argmingcey,cj=KL,yg(c) 3) Following the MIP formulation of Kiran et al. [19], let N =
{ni..., n3o} be Rwanda’s 30 NFV-enabled nodes and F = {fi...,
IC+| = K,K € {1,2,..,|V[} (4) £ P} be the VNFs to be placed. Binary decision variable:
X(en} € {0,1}: Xgny = 1iff VNF fis placed on node n (7

Objective minimizes total placement and inter-node communication cost:
min Xenyc, * X(eny + Zggnmireg A0 M) - Xen) - Xgm) ®)
c_n = hosting cost at node n; A_{f,g} = traffic from VNF f to VNF g (Gbps)

Subject to per-node resource capacity constraints:

Rs = {bs, 1, a5, us} (14)

™ Xggmy < CpVn € N 9)
b_s = required bandwidth (Mbps/user), | s = max latency

Termem . Xy < Mp,Vn € N (10) (ms); a_s = availability (%), u_s = users/km?

Total bandwidth feasibility across Rwanda’s 4G/5G RAN:

I Xy < Sp,Vn € N (11)
E:{SES}bS © Ug e As < Btotal (15)

an{f,n} = 1,Vf €EF (12)
A_s = coverage area of slice s (km?); B_total = total avail-

X(tn) € {0,1},vf € F,vn € N (13) able bandwidth (Gbps)

Per-slice end-to-end latency constraint (propagation + pro-

Kiran et al. [19] demonstrate that a genetic algorithm-based cessing + queuing):

heuristic closely approximates the exact MIP solution at sig-

nificantly reduced computational complexity. ds+ ps+ gs= I, Vs €S (16)

. . . Inter-slice resource isolation:
4.3. Network Slice Capacity and SLA Allocation
For slice set S = {eMBB, URLLC, MIoT, eV2X}, define RiN Ry =@ Vst €Ss =t (17)

the SLA requirement vector [8, 21]: . .. . .
q [ ] Slice admission control for new user u requesting slice s:

admit(u,s) = 1iff Zgepserss)yp; + bu < BEIOCAND ISHTent < | (18)
Cubukcu et al. [21] validate that dynamic bandwidth adjust- of Equations (16)—(18).

ment using 5G numerologies achieves meaningful QoS differ-
entiation across all four slice types, confirming the feasibility

17
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4.4. CAPEX/OPEX Total Cost of Ownership Model

Five-year NPV TCO comparison between traditional hardware (T) and SDN/NFV softwarized (S) networks:
CO™ = %f_;;(CAPEX{ + OPEX{) x (1+ )t (19)

TCOS = £§,_,;(CAPEXS + OPEXS) X (1+ D)9 + Cpyigration (20)

r = discount rate (~8.5%, Rwanda government bond rate); C_migration = one-time transition cost
Annual CAPEX savings from infrastructure sharing enabled by SDN/NFV [14]:

ACAPEXt = CAPEXE‘ X (apassive + Opackhaul + O(core) (21)

a_passive = passive sharing savings (0.20—0.30); a_backhaul = backhaul sharing (0.10-0.20); o_core = core virtualization
savings (0.15-0.30)
Net Present Value of SDN/NF'V adoption:

NPV = TCOT — TCOS = %f_;(ACAPEX, + AOPEX,) - (1 + )'™% — Cpigration (22)

Adoption is economically rational when NPV >0. Basedon  benchmark methods, validating SDN-MEC as a viable low-
Mamushiane et al. [14], this is estimated to occur within ap- latency backhaul for Rwanda’s rural districts.
proximately 18—24 months for operators achieving infrastruc-

ture sharing consistent with comparable African deployments. .
5. Rwanda’s Infrastructure Readiness

4.5. SDN-MEC Joint Task Offloading Assessment
Optimization

) o , 5.1. Physical Infrastructure
For each user device k at district edge node n, following

Kiran et al. [18]: Rwanda’s physical ICT infrastructure provides a stronger
foundation for SDN/NFV adoption than is commonly recog-

Tetal = Tlocal 4 offload (23)  nised in developing country literature. The national fiber optic

backbone extends 21,847 km connecting all 30 districts [7],

L k € {0,1} = offloading decision (1 = offload to MEC; 0 providing the transmission substrate for SDN controller com-
= local execution) munications. The KTRN network achieves 97-99% 4G LTE

Upload delay via Shannon channel capacity: population coverage [5]. MTN Rwanda commercially

launched 5G on 10 June 2025 across Kigali following Erics-
hy ) 24) son network modernisation in November 2024 [10, 31]. The
N°-B Rwanda Digital Acceleration Project (RDAP), backed by
USD 200 million from the World Bank and Asian Infrastruc-
ture Investment Bank, is expanding government data center
capacity [5].

Applying the CPP formulation (Equations (1)—(6)) with
Rwanda’s 30-district topology and parameters derived from
comparable African backbones [14, 15], the illustrative anal-
ysis estimates K = 2 optimal SDN controller locations would
reduce average propagation latency by approximately 53%
compared to single-controller deployment. Figure 5 presents
this illustrative projection. All values are model estimates, not
measured network data.

TyPload - DkpuP pUP — B x Jog? (1 + B

D _k = task size (bits); B = bandwidth (Hz); P_k = transmit
power (W); h_k = channel gain

SDN controller minimizes weighted delay and energy
across K users in the district:

minimize f_j(0! X T + w? x EP?)  (25)
w1, w2 = delay and energy objective weights (w1+w2=1)
Kiran et al. [18] demonstrate that Q-learning and coopera-

tive Q-learning solving Equation (25) achieve 31.39% and
62.10% reduction in sum delay respectively compared to

18
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Controller Count vs, Latency & Cost Trade-off
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Figure 5. Illustrative Projection: SDN Controller Placement Optimization for Rwanda’s 30-District Network. Left: Latency—Cost Trade-off

by Controller Count. Right: District Latency by Configuration.

Note: All values are analytical projections derived from Equations (1)—(6) and PAM clustering parameters from Mamushiane et al. [14, 15]
for comparable African backbones. These are not measurements from Rwanda’s actual network.

5.2. Policy, Regulatory, and Human Capital
Readiness

Rwanda’s regulatory environment is a primary readiness
asset. RURA’s technology-neutral licensing framework (re-
vised October 2022) explicitly supports ‘4G, 5G and beyond,’
removing regulatory barriers to SDN-enabled infrastructure
sharing [28]. The ICT Sector Strategic Plan 20242029 targets
enhanced scalability, operational efficiency, and cost optimi-
zation objectives most efficiently pursued through SDN/NFV

5.3. Readiness Assessment Summary

[7]. Rwanda’s estimated 2.04 trillion Rwandan Franc five-
year ICT budget signals substantial political commitment [7].

The human capital challenge is the most structurally persis-
tent barrier. Advanced SDN/NFV implementation requires
expertise spanning cloud computing, NFV orchestration,
DevOps, and telecommunications engineering a profile al-
most entirely absent from Rwanda’s current workforce. Bajpai
[24] recommends model-driven automation  using
NETCONEF/Y ANG protocols to reduce dependence on expert
manual configuration, directly applicable to Rwanda’s context.

Table 2. Rwanda’s SDN/NFV readiness assessment across key dimensions.

Dimension Indicator Rwanda Status

Physical Fiber backbone 21,847 km (30 districts) [7]
Physical 4G LTE coverage 97-99% population [3]
Physical Fixed broadband 0.619% (86,168 subs) [3]

5G Status Commercial 5G June 2025, MTN Kigali [10]
Policy Tech-neutral spectrum  Yes, revised 2022 [28]

Policy ICT Strategic Plan Adopted, budgeted [7]

Human Capital SDN/NFV expertise Very limited nationally
Human Capital ICT education Growing via CMU Africa, UR

Economic ICT sector growth

Usage Gap Rural internet

35% in 2023 (highest sector) [4]
19% (mid-2025) [2]

SDN/NFV Implication

Adequate substrate for SDN controller distribution
Existing RAN softwarizable incrementally

NFYV lowers last-mile deployment cost

Greenfield cloud-native build from inception

No regulatory barriers to SDN/NFV

Formal mandate for scalable digital infrastructure
Critical gap; automation-first design essential [24]

Long-term pipeline; insufficient for immediate
needs

Strong ROI case for SDN/NFV investment

SDN cost reduction directly addresses affordability
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6. The Rwanda Frugal SDN/NFV
Framework

6.1. Framework Overview and Design
Principles

The Frugal SDN/NFV Framework synthesises the mathe-
matical models (Section 4), readiness findings (Section 5), and
the DSR artifact design process into an actionable three-phase
deployment roadmap. Figure 6 provides the comprehensive
framework visualization. The framework is built on five de-
sign principles:

1) Cost-first architecture: Open-source

ONOS/OpenDaylight controllers and COTS hardware
NFVI to eliminate proprietary licensing costs, grounded

in the TCO minimization of Equations (19)—(22).

2) Incremental softwarization: Hybrid hardware/software
operation protecting existing KTRN 4G investment
while enabling gradual transition to full virtualization.

3) Cloud-native 5G from inception: New 5G deployments
built as containerized, Kubernetes-orchestrated architec-
tures, enabled by the June 2025 commercial launch [10].

4) Automation-driven operations: ETSI MANO-compliant
orchestration with NETCONF/YANG model-driven
configuration minimizing human operational depend-
ency [24].

5) Rural-first slicing policy: Slice allocation (Equations
(14)—(18)) prioritising eMBB rural broadband and MIoT
agricultural/health applications alongside urban high-
value services.

———————————— THREE-PHASE IMPLEMENTATION ROADMAP -——————————-

PHASE 1: PILOT & FOUNDATION

PHASE 2: SCALE & DENSIFICATION

PHASE 3: OPTIMIZATION & INTELLIGENCE

2026-2028

SDN Pilot  Virtualize PAM Centre of National Network
Kigali Core NFs Clustering Excellence SDN Slicing
Innovation CoTs 2-3 Rwanda =3 | Infrastructure  eMBB, CriC,
City Hardware Controller SDN/NFY Sharing MioT,
{EPC, VFW, {OpenStack Placement {UR + CHU {30 Districts) evzx

vLoad Platform) Optimizer Africa)
Balancer;
ONOS

Controller)

COST-FIRST
ARCHITECTURE

INCREMENTAL
SOFTWARIZATION

CLOUD-NATIVE
5G FROM INCEPTION

MEC at
Districts
Aggregation
Nodes
{Edge
Computing)

2028-2029

Frugal 5G Al/ML- EZE ETSI Multi- Rwanda
Rural Driven MANO Domain TCO
Pilot: Fog + Slice Orchestration = Orchestration: ~ Model

SDN Management {OSM Naas for Evaluation
{Khaturia & Qo5 ONAP) Verticals [Africa
Model} Prediction Template)

AUTOMATION-DRIVEN
OPERATIONS

RURAL-FIRST
SLICING POLICY

Open-source ONOS/ODL
Mo proprietary licensing
COTS hardware preferred

Hybrid hardware + software
Protects existing investment
Gradual transition path

-—-———--—-— PROJECTED OUTCOMES BY 2029

CAPEX
Reduction

OPEX
Reduction

20-67%

Deploy Time
Reduction

15mo -+ <6mo

20-68%

Containerized VNFs
Kubernetes orchestration
No legacy constraints

19% — 35-40%

ETSI MANO / O5M
METCONF [ YANG
Reduces skill dependency

eMBB + MIoT priority
Agricultural loT slices
Equitable access mandate

Rural Internet
Target

SDN/NFV
Engineers

<50 - 500+

Network
Slices

0 - 4 Types

EVIDENCE BASE: Barakabitze et al. (2020)

Kiran et al. (2020a,b) | Cubukcu et al. {2024) | Bhat et al. (2024) | Mamushiane et al. (2018, 2021)

Khaturia et al. {2020) | Ojo et al. (2016)

Figure 6. Rwanda Frugal SDN/NFV Deployment Framework: Three-Phase Roadmap with Design Principles and Projected Outcomes.

Note: Projected outcomes are illustrative estimates derived from mathematical models (Section 4) calibrated against comparable African de-
ployments. Empirical validation through implementation is required. Synthesising [8, 14, 18, 19, 21, 22].

6.2. Phase 1: Pilot and Foundation (2025-2026)

1) Deploy SDN pilot in Kigali Innovation City using
ONOS/OpenDaylight as controller and OpenStack as
VIM, leveraging CMU Africa proximity for technical
support.

2) Virtualize core network functions (VEPC, vFirewall,
vLoad Balancer) for an urban service slice, establishing
VNF lifecycle management experience.

20

3) Execute PAM-based CPP analysis (Equations (1)—(6))
on Rwanda’s actual KTRN fiber topology to validate il-
lustrative controller placement projections.

4) Establish Rwanda SDN/NFV Centre of Excellence at
University of Rwanda or CMU Africa, with industry
training  partnerships (Ericsson, Nokia,
ONOS/ODL communities).

5) Engage RURA to develop a regulatory framework for
multi-tenant network slicing, including SLA monitoring
and inter-operator slice isolation standards.

Huawei,
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6.3. Phase 2: Scale and Densification (2026—
2028)

1) Roll out SDN-enabled infrastructure sharing across all
30 districts using the 21,847 km fiber backbone as SDN
controller substrate [7, 14].

2) Implement four-slice architecture (Figure 4, Equations
(14)—(18)): eMBB, URLLC/CriC, MIoT, and eV2X with
QoS parameters enforced by SDN controller policies.

3) Deploy MEC infrastructure at district nodes, applying
joint offloading optimization (Equations (23)—(25)) to
minimize rural user latency and extend IoT device bat-
tery life [18].

4) Integrate VNF placement optimization using genetic al-
gorithm heuristics (Equations (7)—(13), Kiran et al. [19] )
across distributed NFVI nodes.

5) Launch Frugal 5G rural pilot per Khaturia et al. [22]:
SDN/NFV-managed heterogeneous access with macro-
cells, WLANSs, and fog computing for rural coverage.

6.4. Phase 3: Optimization and Intelligence
(2028-2029)

1) Implement AI/ML-driven slice management, extending
Equation (25)’s Q-learning framework to network-wide
reinforcement learning orchestration [8].

2) Deploy automated E2E orchestration using ETSI
MANO-compliant platform (OSM or ONAP) for simul-
taneous lifecycle management of physical and virtual
network functions.

3) Establish multi-domain slice orchestration enabling
Rwanda to offer Network-as-a-Service to healthcare, ag-
ricultural, and financial service verticals.

4) Conduct comprehensive TCO evaluation using Equa-
tions (19)—(22) with actual operator cost data to generate
evidence applicable to peer African economies.

6.5. Ilustrative Projected Outcomes

Table 3 presents illustrative projected outcomes by 2029,
derived from the mathematical models in Section 4 calibrated
against comparable African deployments. These are analytical
estimates requiring empirical validation, not guarantees.

Table 3. lllustrative projected outcomes by 2029 (analytical estimates, not measured results).

Outcome Metric Baseline (2024) Ilustrative Projection (2029)
CAPEX reduction vs. N/A 20-68% (illustrative)
hardware-only

OPEX reduction N/A 20—-67% (illustrative)

Service deployment time ~15 months <6 months (illustrative)

~34 ms (1 con-
Avg. control-plane latency ms (1 con

troller)
Rural internet penetration 19% [2] 35-40% (illustrative)
Network slices operational 0 (pre-5G) 4 slice types (target)
Task offloading delay re- ) 31-62% (illustrative)
duction
S-year NPV of adoption N/A

<16 ms (2 controllers, illustrative)

Positive from ~Month 18 (illustrative)

Model/Evidence Basis

Equations (21)—(22); Mamushiane et al.
[14]

Mamushiane et al. [14, 15]
NFV agility; Mijumbi et al. [17]

Equations (2)—(3); Mamushiane et al. [15]

Cost reduction impact; Equations (19)—(22)
Equations (6)—(10); Cubukcu et al. [21]

Equations (23)—(25); Kiran et al. [18]

Equation (22); Mamushiane et al. [14]

All projections are analytical estimates derived from model parameters of comparable deployments. Empirical validation through Phases 1-3

implementation is required before drawing operational conclusions.

7. Discussion

7.1. Rwanda as a Leapfrogging Case

Rwanda’s June 2025 5G launch represents a structural in-
flection point for SDN/NFV adoption. MTN Rwanda’s cloud-
native 5G network, built with Ericsson’s cloud-native Packet
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Core [31], follows Safaricom Ethiopia’s 2022 greenfield
VMware NFV deployment [30] both demonstrating that Afri-
can operators can build virtualized networks from inception
without legacy hardware constraints. UNCTAD [25] estab-
lishes three leapfrogging conditions: (1) the technology
proven at scale (ONOS serves over one billion subscribers
globally [12] ); (2) comparable functionality to legacy ap-
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proaches (cloud-native 5G delivers equivalent or superior per-
formance); and (3) a viable bypass of legacy infrastructure
(Rwanda’s 5G network faces no legacy 3G/4G hardware es-
tate). All three conditions are satisfied.

The CPP analysis (Equations (1)—(6)) identifies Rwanda’s
compact 26,338 km? geography as a structural asset: with an
estimated two optimally placed SDN controllers, latency tar-
gets (L_max = 50 ms, Equation (5)) are achievable across all
30 districts. This illustrative result consistent with Mamushi-
ane et al.’s [15] validated findings suggest Rwanda’s geo-
graphic compactness is an SDN deployment advantage not
shared by larger continental peers.

5-Year CAPEX/OPEX Comparison
(Traditional vs. SDN/NFV Architecture)

=

'S

o
'

Baseline = 100
CAPEX (Traditional)
CAPEX (SDN/NFV)
OPEX (Traditional)
OPEX (SDN/NFV)

= -

P [<i] @ [=} N

o o o o o
s L L L

Normalized Cost Index (Baseline = 100)
N
o

o
L

Year 2
(2026)

Year 1
(2025)

Year 3
(2027)
Deployment Year

Year 4
(2028)

Year 5
(2029)

7.2. The Cost-Benefit Case

The TCO model (Equations (19)—(22)) highlights an im-
portant temporal asymmetry: the first year of SDN/NFV de-
ployment typically shows net cost increases due to migration
costs (C_migration) before savings materialise. This finding,
consistent with Mijumbi et al.’s [17] analysis of NFV deploy-
ment economics, has direct policy implications: Rwanda’s na-
tional ICT budget and the USD 200 million RDAP [5] must
explicitly provision for Year-1 transition costs to avoid prem-
ature discontinuation. Figure 7 presents illustrative
CAPEX/OPEX projections and the break-even trajectory.

Cumulative 5-Year Total Cost of Ownership
(SDN/NFV vs. Traditional Infrastructure)

Cumulative Savings Region
Initial Investment Premium
Traditional Architecture TCO
SDN/NFV Architecture TCO
Break-even (~18 months)

1000

g

RWF ~356B
Cumulative Sau

800 - (34% of Tra

600 -

400 4

Break-even
18 months

200

Cumulative TCO (RWF Billions, lllustrative)

2025.0 2025.5 2026.0 2026.5 2027.0 2027.5 2028.0 2028.5 2029.0
Year

Figure 7. lllustrative Projection: Five-Year CAPEX/OPEX Comparison and Cumulative TCO Trajectory for Rwanda SDN/NFV Deployment.

Note: All cost values are analytical projections derived from Equations (19)—~(22) with parameters calibrated from Mamushiane et al. [14]
comparable African deployment data. Not based on actual Rwanda operator financial data.

7.3. Policy Implications for African
Telecommunications

Rwanda’s experience, if documented through rigorous lon-
gitudinal evaluation research following Phases 1-3 implemen-
tation, could generate transferable lessons for Sub-Saharan
Africa’s growing 5G market [32]. The most significant policy
implication is that regulatory frameworks must actively ena-
ble rather than merely permit infrastructure softwarization.
RURA'’s 2022 technology-neutral licensing revision demon-
strates a regulatory agency capable of proactive adaptation
[28]. This framework recommends extending that leadership
to: multi-tenant slice governance standards; VNF security cer-
tification frameworks; and software-defined spectrum man-
agement licensing creating a regulatory template applicable to
the broader East and Central African region.

The automation-first principle (Design Principle 4) is criti-
cal: by deploying ETSI MANO-compliant orchestration with
NETCONF/YANG configuration automation [24], Rwanda
can operate SDN/NFV networks with fewer advanced special-
ists than traditional approaches require, addressing the binding
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human capital constraint through technology design rather
than solely through capacity building programs.

7.4. Limitations and Future Research

Four limitations bound this study’s conclusions. First, this
is a DSR framework paper: no primary fieldwork was con-
ducted. Future empirical research should include structured
interviews with MTN Rwanda, Airtel Rwanda, and RURA of-
ficials to validate the barrier analysis and framework rele-
vance. Second, all mathematical projections are analytical es-
timates calibrated to comparable deployment parameters, not
computed from Rwanda’s actual KTRN network topology or
operator cost data. Phase 1 implementation must include ac-
tual CPP computation on KTRN fiber distance data and real
VNF demand profiling. Third, technical recommendations
may require updating as 3GPP Release 18 and 19 standards
mature. Fourth, the geopolitical dimensions of Rwanda’s tech-
nology partnerships Korea Telecom infrastructure ownership
and Chinese vendor presence may constrain open-source con-
troller deployment in ways not addressed here.
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8. Conclusions

This paper presents the first academically grounded
SDN/NFV deployment framework for an African national tel-
ecommunications network, addressing a research gap that ex-
tends to the near-total absence of peer-reviewed literature on
SDN/NFV implementation for any Sub-Saharan African na-
tional network. Using a Design Science Research methodol-
ogy, five formal mathematical optimization models were de-
veloped and applied to Rwanda’s infrastructure profile: the
Controller Placement Problem; VNF Resource Allocation
MIP; Network Slice SLA allocation; CAPEX/OPEX NPV
cost model; and joint SDN-MEC task offloading optimization.

[Nlustrative projections derived from these models calibrated
to comparable African deployments suggest that Rwanda’s
compact geography, 21,847 km fiber backbone, cloud-native
5G architecture, and progressive regulatory environment create
a uniquely favorable context for SDN/NFV leapfrogging. The
proposed Frugal SDN/NFV Framework’s three-phase roadmap
(Pilot 2025-2026; Scale 2026-2028; Optimize 2028-2029)
with five design principles provides actionable guidance for
MINICT, RURA, MTN Rwanda, and Airtel Rwanda.

These projections are explicitly analytical estimates requir-
ing empirical validation. The primary contributions are: (1)
the framework artifact itself, as the first SDN/NFV deploy-
ment design for an African national network; (2) the adapta-
tion and application of five published optimization models to
Rwanda’s infrastructure context; and (3) the identification of
the DSR evaluation agenda particularly Phase 1 pilot imple-
mentation and actual CPP computation on KTRN topology
data for future empirical research. As Rwanda advances to-
ward Vision 2050, the softwarization of telecommunications
through SDN and NFV offers a structural transformation of
network economics that could unlock the affordable, equitable
connectivity on which Rwanda’s digital future depends.
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