Ad Hoc Networks 187 (2026) 104216

Contents lists available at ScienceDirect

Lﬁd Hoc:

etworks

Ad Hoc Networks

journal homepage: www.elsevier.com/locate/adhoc

Leveraging the Chinese Remainder Theorem for outband D2D name-based
content delivery

Marica Amadeo” *, Filippo Battaglia'”, Giuseppe Campobello
Department of Engineering, University of Messina, Italy
CNIT, Consorzio Nazionale Interuniversitario per le Telecomunicazioni, Italy

ARTICLE INFO ABSTRACT

Keywords: The explosive growth of mobile data traffic demands scalable, resilient, and energy-efficient solutions for
Device-to-Device Communications content dissemination, particularly at the network edge. In this context, 5G networks can rely on Outband
Sidelink Device-to-Device (0-D2D) communications, using technologies such as Wi-Fi Direct, to offload infrastructure,
Chinese Remainder Theorem enhance coverage at the cell edge, and enable proximity-based services. However, O-D2D communications
Named Data Networking

face critical challenges related to peer discovery, reliable data retrieval over lossy wireless links, and energy
efficiency constraints. In this paper, we propose a novel framework that integrates Named Data Networking
(NDN) and Chinese Remainder Theorem (CRT)-based fragmentation to support autonomous O-D2D content
delivery. By leveraging name-based forwarding and in-network caching, NDN facilitates distributed content
retrieval, making it inherently suited for dynamic and infrastructure-less D2D environments. CRT-based
fragmentation, on the other hand, enhances reliability and energy efficiency by allowing data reconstruction
from partial fragment sets, mitigating the effects of packet losses typical of wireless links. We implement the
proposed architecture in ndnSIM v2.9, extending the NDN forwarding plane to support CRT-based multi-source
data retrieval. Simulation results demonstrate that our solution significantly improves content delivery and
energy efficiency compared to existing NDN retrieval schemes, particularly under lossy wireless conditions.

Information Centric Networking

1. Introduction Conversely, outband D2D communications exploit unlicensed spec-
trum technologies (e.g., Wi-Fi Direct, Bluetooth), thereby decoupling
D2D traffic from cellular spectrum usage. This mode can further be cat-
egorized into controlled (BS-assisted) and autonomous (device-managed)
architectures [1]. Outband D2D (O-D2D) is particularly attractive for
content distribution applications, as it enables efficient peer-to-peer

data exchange without interfering with licensed cellular resources.

The exponential growth in mobile data traffic driven by bandwidth-
hungry services has prompted the need for alternative communica-
tion paradigms within cellular networks. In this context, Device-to-
Device (D2D) communications enable direct communication between
user devices, without traversing the Base Station (BS) [1].

Initially introduced to improve spectrum efficiency and reduce la-

tency in 4G Long Term Evolution (LTE) systems [2], D2D commu-
nication is a pervasive technology supporting various applications,
including content dissemination and proximity services, in 5G and
beyond networks. In particular, in 5G networks the concept has been
generalized with the sidelink interface (PC5) [3], which supports direct
communication among devices, e.g., in scenarios like Industrial Internet
of Things (IloT) or vehicle-to-everything (V2X) [4].

D2D communications can be broadly classified, based on the spec-
trum used, into inband and outband categories. In inband D2D, devices
communicate over the licensed cellular spectrum, either by reusing
cellular resources (underlay) or using dedicated channels (overlay).
While this approach benefits from tight integration with the cellular in-
frastructure, it introduces significant challenges related to interference
management and resource allocation.

However, despite its potential, O-D2D requires efficient and decen-
tralized mechanisms for content discovery and retrieval. Although
centralized infrastructure could support these functions, relying solely
on it may limit scalability and increase signaling overhead, particularly
in dense or dynamic environments.

In this context, the Named Data Networking (NDN) architecture [5]
offers a compelling solution by shifting the communication model
from host-centric to data-centric. Through name-based connection-
less communication and in-network caching, NDN inherently supports
distributed content discovery and facilitates content dissemination,
making it a natural fit for autonomous O-D2D communication [6]. In
NDN, content retrieval is driven by clients, who request contents by
name by transmitting Interest packets. Any node owning the content,
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either the original producer or a cacher, can answer the requests with
named Data packets.

Nevertheless, NDN alone cannot fully address the challenges posed
by highly error-prone wireless environments such as autonomous O-
D2D networks. In particular, NDN requires the successful delivery
of complete Data packets, while short-range wireless links are of-
ten affected by packet losses, intermittent connectivity, and interfer-
ence. Under such conditions, repeated retransmissions may be required,
leading to increased latency and excessive energy consumption at
battery-powered devices. Therefore, additional mechanisms are needed
to enhance NDN'’s robustness against data loss, reduce retransmissions,
and improve energy efficiency in disruption-prone O-D2D scenarios.

A promising approach to address these challenges is offered by
the Chinese Remainder Theorem (CRT) [7], which enables robust and
energy-efficient content delivery through packet fragmentation and re-
construction. CRT can be employed as a lightweight channel encoding
technique in which a Data packet is divided into smaller redundant
fragments that can be independently transmitted by different nodes [8].
The original Data packet can then be reconstructed at the receiver from
any sufficiently large subset of these fragments. This property enables
opportunistic data collection, allowing devices to recover the complete
content even in the presence of losses, without requiring all fragments
or retransmissions. The efficiency and algebraic simplicity of CRT make
it especially appealing for energy-constrained wireless devices [9].

Moreover, CRT contributes to reducing the energy consumption at
D2D devices. First, by dividing a packet into smaller fragments, each
transmission becomes statistically less prone to losses, which reduces
the number of retransmissions required in the presence of channel
errors. Since the client can reconstruct the original content from any
sufficient subset of fragments, this further lowers the retransmission
overhead and the energy expenditure at both transmitting and receiving
nodes. Second, CRT allows different nearby nodes to transmit distinct
fragments, so that the delivery effort is shared across the network rather
than concentrated on a single device, leading to more balanced energy
consumption.

So far, CRT-based fragmentation schemes have been proposed with
the aim of reducing energy consumption and improving the reliability
of Wireless Sensor Networks [10] and, more recently, they have been
used to improve the performance of content delivery over Bluetooth
Low Energy (BLE) [11] and LoRa [12].

When integrated with NDN’s data-centric forwarding and caching,
CRT-based fragmentation can enhance the system’s ability to handle
lossy links, thus increasing the content dissemination performance and
reducing the energy consumption in the network. In our previous
work in [13], we pioneerly introduced CRT fragmentation in Vehicular
NDN (VNDN). Evaluation results, when considering vehicle-to-vehicle
(V2V) and Vehicle-to-Infrastructure (V2I) communications, showed a
consistent reduction of the content delivery latency.

In this work, instead, we explore the synergy between NDN and
CRT in the context of O-D2D content distribution, aiming to pro-
vide an architecture that supports both autonomous content discovery
and resilient energy-efficient data dissemination. More specifically, the
contributions of our work are as follows:

» We design a CRT-based module for packet fragmentation and re-
assembly within the Data Plane of NDN devices, enabling resilient
D2D content delivery. The module is lightweight and seamlessly
integrates with the NDN forwarding logic.

We propose a content retrieval scheme tailored for O-D2D com-
munication, where special Interest packets, called Long Lived Inter-
ests (LLI), are broadcast to trigger parallel responses from multiple
neighboring devices. This mechanism enables multi-source frag-
ment collection, without requiring prior knowledge of which
nodes hold specific content fragments.
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» To reduce the risk of wireless transmission collisions among CRT
fragments, and consequently limit retransmissions and energy
consumption, we define a randomized defer timer with over-
hearing and a fine-tuned retransmission strategy associated with
LLIs.

We evaluate the feasibility and performance of the proposed
approach through simulations conducted in ndnSIM [14], the ref-
erence simulator of the NDN research community. Results show
that our solution significantly reduces content delivery time and
enhances energy efficiency for both clients and content providers,
compared to existing NDN delivery mechanisms.

The rest of the paper is organized as follows. Section 2 provides
background on NDN and D2D communications. Section 3 presents the
proposed approach, while Section 5 discusses the performance evalua-
tion. Finally, Section 6 concludes the paper and outlines directions for
future work.

2. Name-based D2D communications
2.1. D2D interactions

Content distribution through direct communication between devices
has been extensively explored as a way to improve scalability and
efficiency in mobile networks, particularly in dense environments or
scenarios with intermittent infrastructure coverage [1].

In terms of system-level implementations, the 3rd Generation Part-
nership Project (3GPP) has progressively incorporated D2D communi-
cations under the term Proximity Services (ProSe), which has evolved
into the New Radio (NR) sidelink interface in 5G systems [3]. NR
sidelink introduces enhanced features such as flexible scheduling and
unicast/groupcast communication, and is designed to operate in both
coverage and out-of-coverage scenarios. Although current releases fo-
cus primarily on vehicular and public safety use cases, the underlying
capabilities of NR sidelink could theoretically support advanced con-
tent dissemination strategies in different application domains aimed
at boosting data rates and coverage. Moreover, the recent Release
19 introduces User Equipment-to-User Equipment (UE-to-UE) relay-
ing, laying the groundwork for multi-hop communications in 6G net-
works [15].

From a resource allocation perspective, O-D2D communications,
which are the focus of our work, are typically categorized into two
main modes: controlled and autonomous [4]. In the controlled mode,
the base station centrally schedules sidelink resources. Conversely, the
autonomous mode allows user devices to select their own transmis-
sion resources without infrastructure assistance. This mode is essential
for supporting out-of-coverage communications and fully decentral-
ized systems, where each device monitors the channel over a sensing
window to estimate resource availability.

Our framework aligns conceptually with autonomous D2D opera-
tion, where devices independently participate in content distribution
using unlicensed spectrum (e.g., Wi-Fi Direct). As such, we leverage the
principles of autonomous resource selection and distributed operation,
and we consider the NDN architecture as an enabling communication
paradigm.

2.2. Named data networking

NDN is the most prominent architecture within the broader
Information-Centric Networking (ICN) paradigm [16]. It has been
widely adopted and studied in both wired and wireless environments
due to its content-centric communication model and native support for
in-network caching and user mobility.
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Fig. 1. NDN forwarding fabric.

2.2.1. Benefits

Implementing D2D communications via NDN can provide several
benefits.

First, NDN shifts the communication paradigm from host-centric to
content-centric, enabling devices to request data by name rather than
by addressing specific hosts. This is particularly advantageous in D2D
scenarios, where devices may dynamically join or leave the network,
making it difficult or impractical for consumers to know or discover the
corresponding IP addresses. By using content names, communication
becomes more resilient to mobility and topology changes.

Second, NDN’s in-network caching allows content that has already
been retrieved by one device to be stored and reused by nearby devices
thus limiting latency and network resource consumption. Moreover, by
minimizing the need for repeated long-range communications or access
to remote servers, caching can significantly lower energy consumption,
which is an important advantage in D2D networks where devices often
operate under strict energy constraints.

Third, NDN natively supports multicast delivery. This allows ef-
ficient data dissemination to multiple nearby devices with minimal
overhead, which is useful for applications such as real-time content
sharing, collaborative sensing, and proximity-based services.

These features make NDN a compelling candidate for enabling
efficient and scalable D2D communication.

2.2.2. Node architecture

NDN communication is driven by consumers which issue Interest
packets to request content by name [5]. When an Interest reaches a
node that has the corresponding content, either as the original producer
or from a cached copy, a Data packet is returned along the reverse
path. There is a one-to-one correspondence between Interest and Data
packets: for each Interest, at most one matching Data packet is sent
back.

Each NDN node maintains the following three tables at the Data
Plane:

+ Content Store (CS). It is a local cache that temporarily stores
incoming Data packets. The default caching strategy is to store
all received Data packets and apply a Least Recently Used (LRU)
replacement policy when the cache reaches its capacity.

» Pending Interest Table (PIT). It keeps track of forwarded In-
terests that have not yet been satisfied thus enabling stateful
forwarding [17]. When an Interest is forwarded, an entry is
created in the PIT with the Interest name and a record of the in-
coming interface(s). When the corresponding Data packet arrives,
it is sent out on all interfaces listed in the matching PIT entry, and
the entry is removed. As such, NDN natively supports multicast
delivery.

Forwarding Information Base (FIB). It contains name prefixes
and corresponding outgoing forwarding interfaces. It is used to
determine where to forward an Interest packet when no match is
found in the CS or PIT.

As shown in Fig. 1, upon receiving an Interest, the node first checks
the CS: if a matching Data packet is found, the request is satisfied
locally, avoiding the need for further forwarding. Otherwise, the node
looks in the PIT: if there is a matching entry, then the Interest is
discarded. Otherwise, the node looks in the FIB to determine the
appropriate outgoing interface(s).

Interest forwarding is driven by the so-called Strategy Module,
which defines the actual policies, typically prefix-based, to transmit
the packets. For example, the multicast policy may decide to trans-
mit the same requests simultaneously over distinct access interfaces;
while the best-route policy select the access interface with the lowest
round-trip-time (RTT).

When a Data packet arrives, it is forwarded to the interfaces
recorded in the PIT and optionally cached in the CS.

2.3. Related work

NDN for wireless intermittent networks. NDN has been widely
investigated as a promising communication paradigm for wireless net-
works characterized by intermittent connectivity, node mobility, and
the absence of fixed infrastructure. Its data-centric design, combined
with in-network caching and receiver-driven communication, makes it
particularly attractive for challenged environments where end-to-end
paths may not always exist.

Several works have explored the use of NDN in intermittently
connected IoT deployments. For instance, in [18], NDN is adopted
in remote IoT scenarios following a store-carry-and-forward paradigm,
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where data is opportunistically cached and delivered when connectivity
becomes available. Similarly, [19] addresses both consumer and pro-
ducer mobility in NDN-based IoT publish-subscribe systems, proposing
mechanisms to repair broken paths and maintain data delivery despite
frequent topology changes.

In Mobile Ad Hoc Networks (MANETSs), NDN has also been studied
as an alternative to traditional IP-based routing. In [20], the authors
propose a location-aware multipath forwarding strategy coupled with
distance-based caching, aiming to improve content delivery reliability
under node mobility. Other approaches leverage additional control
mechanisms or centralized components. For example, [21] integrates
NDN forwarding with Software Defined Networking (SDN) to centrally
manage mobility and energy-aware routing decisions in NDN-MANETs.
In contrast to these works, our approach explicitly targets opportunistic
D2D scenarios where connectivity is short-lived and packet losses are
frequent.

NDN for D2D communications. One of the early attempts to ex-
plore the viability of NDN over D2D was presented by Shang et al. [6],
who demonstrated the feasibility of deploying NDN stacks over various
short-range wireless technologies, suggesting that NDN can effectively
operate in infrastructure-less environments but requires careful system
integration. In [22], NDN was advocated as a viable network-layer op-
tion within the 3GPP Cellular-V2X framework, targeting content deliv-
ery over both the traditional interface between user device and cellular
BS (i.e., LTE-Uu) and the PC5 interface. A 3GPP V2X-NDN forwarding
strategy is defined where decisions are context and interface-aware:
requests for locally relevant data are sent over the PC5 interface, while
Interests for remote content are routed over LTE-Uu. Furthermore, the
BS integrates NDN’s forwarding logic and utilizes Interest names to
aggregate redundant grant requests for the same content. This enables
Interest aggregation at the access layer, thereby reducing radio resource
usage and dissemination latency.

The work in [23] investigates content-centric caching strategies in
5G D2D networks. The authors focus on how content can be efficiently
distributed and cached among nearby devices, considering the dynamic
and mobile nature of user nodes. They propose a time-based caching
policy that adapts to user mobility and content popularity to optimize
cache hit rate and reduce access latency.

The work in [24] proposes a cellular-assisted ICN framework for
D2D content distribution, where BSs act as control-plane coordinators
while content exchange occurs directly between nearby devices. The
system relies on “helper” UEs, incentivized to cache popular content,
which can be served via direct D2D links (e.g., Wi-Fi). When a user
requests content, the BS, which is aware of content popularity and
UE locations, resolves the request to a nearby helper if possible, thus
offloading traffic from the infrastructure. Single-hop D2D transmissions
are used to retrieve the content, while the centralized control function
at the BS manages content assignment, caching/eviction, and D2D link
setup.

Compared to these works, we propose a novel approach based
on CRT to enhance the content delivery process while reducing the
energy consumption of UEs in O-D2D communications. Our framework
operates in a fully decentralized manner, enabling autonomous multi-
source retrieval of content fragments among UEs with high resilience
to wireless packet losses.

Packet fragmentation in NDN. Packet fragmentation in NDN has
been extensively investigated, primarily to cope with Maximum Trans-
mission Unit (MTU) limitations of the underlying links. Early work such
as [25] focuses on the secure fragmentation of Interest and Data packets
that exceed the MTU, while the approach proposed in [26] enables frag-
mentation and reassembly at intermediate routers to improve reliability
under MTU constraints. However, these solutions are mainly conceived
for wired multi-hop networks and rely on conventional sequence-based
fragmentation mechanisms, where fragments are tightly coupled to the
original Data packet and require full reassembly for caching and reuse.
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More recently, NDN-based fragmentation has been revisited in
multi-hop Low Earth Orbit (LEO) satellite networks [27], where large
propagation delays and limited link capacities make hop-by-hop re-
assembly particularly inefficient. In this context, fragmentation is still
driven by MTU constraints, but novel mechanisms are introduced to
forward fragments directly and enable fragment reuse at intermedi-
ate nodes in order to reduce end-to-end latency. Nevertheless, these
approaches target stable multi-hop backbones with predictable con-
nectivity and are not designed for highly dynamic, energy-constrained
device-to-device environments.

In contrast to the above works, our approach addresses wireless
D2D scenarios, where packet losses are mainly caused by channel
impairments, interference, and intermittent connectivity rather than
MTU limitations. Here, fragmentation is not a reactive mechanism
imposed by the link layer MTU, but a deliberate network-layer strat-
egy to improve content delivery robustness. By leveraging CRT-based
fragmentation, our solution allows content reconstruction even in the
presence of fragment losses, while avoiding repeated retransmissions of
large Data packets.

Finally, in our previous work [13], we pioneered the integration
of CRT-based fragmentation in a VNDN environment characterized by
V2V and V2I interactions, with focus on a highway scenario under high
mobility conditions, without explicitly considering energy constraints.
Results demonstrated that the CRT-based delivery mechanism improves
content accessibility and reduces retrieval delay. Compared to [13], the
present contribution adopts a different system architecture tailored to
energy-constrained O-D2D networks and introduces the following main
design features:

» We consider a hybrid 5G + O-D2D architecture, where: (i) UEs
may receive content via the cellular interface, (ii) CRT-based re-
covery is selectively activated over Wi-Fi Direct, and (iii) devices
operate under autonomous sidelink conditions.

We introduce an adaptive activation policy for the CRT mech-
anism, based on a short-term estimate of the packet error rate
(PER), derived from standard MAC-layer retry/acknowledgment
statistics available in IEEE 802.11 standards.

Instead of focusing solely on reducing retrieval latency and im-
proving content accessibility, one of the main objectives of this
work is enhancing energy efficiency in battery-powered UEs op-
erating in autonomous O-D2D environments. To this end, we
consider an explicit energy consumption model and evaluate the
energy cost of both NDN consumer and provider nodes in the
0O-D2D scenario.

Although multi-source retrieval is conceptually present in both
works, this paper refines the mechanism through a specific co-
ordination strategy based on randomized defer timers explicitly
tailored to IEEE 802.11 (and specifically to IEEE 802.11ax in our
current implementation), thereby adapting fragment transmission
control to contention-based O-D2D wireless access.

3. CRT for D2D communications
3.1. Motivations

Despite the benefits that NDN offers for D2D interactions, packet
delivery in wireless environments remains highly vulnerable to errors
due to interference, mobility, and link instability.

A key concern in such contexts is the energy cost of retransmissions.
When packets are lost or corrupted, devices must resend them, incur-
ring energy not only for the transmission itself but also for associated
MAC-layer operations such as contention and channel sensing. This
is particularly critical in O-D2D scenarios, where devices are often
battery-powered and operate without infrastructure assistance.

The likelihood of transmission errors increases with packet size:
larger packets contain more bits and are thus more prone to corrup-
tion, especially as the bit error rate (BER) worsens under dynamic
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Fig. 2. Packet success probability when varying the bytes of the payload and the BER.

wireless conditions. Fig. 2 illustrates this by showing the packet success
probability, expressed as:

Pouccess = (1 — BER)", (€8]

for different payload sizes. As expected, larger packets experience a
steeper drop in reliability as BER increases.

This drop in success probability has a direct impact on energy
efficiency. Empirical studies (e.g., [28]) have shown that the energy
consumed per bit increases non-linearly as retransmissions accumulate.
Even high-throughput Wi-Fi technologies such as IEEE 802.11ac suffer
from significant energy penalties when retransmissions are required to
deliver large packets reliably.

To address this, CRT-based fragmentation offers a promising strat-
egy [10]. By splitting a large Data packet into smaller, redundant, and
independently transmittable fragments, CRT reduces the per-fragment
error probability and thus the overall need for retransmissions. This
improves delivery success rates and significantly lowers energy expen-
diture per successfully delivered bit.

Beyond transmission reliability, CRT’s support for content recon-
struction from a subset of fragments enhances resilience: fragments
can be distributed across multiple devices, increasing the probability
that enough of them are available locally for successful content re-
trieval. This spatial redundancy strengthens the robustness of content
dissemination, particularly in networks characterized by intermittent
connectivity and minimal infrastructure support.

Another of the advantages of using the CRT-based fragmentation
scheme is the increased level of security it provides, because each
transmitted fragment contains only partial, non-intelligible remainders
rather than the full original data [8]. This implies that successful
reconstruction requires intercepting a sufficient number of fragments.
If these fragments are transmitted through different paths or originate
from multiple sources, as in our scenario, the interception process
becomes significantly more difficult. Moreover, compared to a simple
fragmentation scheme, even if adversaries intercept enough fragments,
they cannot reconstruct the complete message without also knowing
the corresponding set of prime numbers, which effectively serves as
a secret key. In this way, CRT-based fragmentation inherently adds a
layer of confidentiality, in addition to its benefits in terms of energy
efficiency, reliability, and latency reduction.

3.2. The Chinese remainder theorem

CRT is a popular theorem, used in both theoretical and applied
fields of mathematics and computer science for its ability to simplify
computations and solve modular arithmetic problems efficiently [7].
Basically, CRT enables the decomposition of a number into smaller
components, named modular remainders or residues. In particular,
according to the CRT, given an unsigned integer number m < M and a
set of primes PS = {P1:P2s o PNy} whose product is P = II; p;, by
assuming that the condition P > M is met, then m can be represented
through a linear combinations of the modular remainders m”) = m (mod p;),
ie, m=Y,c-m? (mod P).!

Note that m® € {0,...,p; — 1} so that [log,(p;)] < logy(M) bits are
needed to represent the generic residue m®.

Therefore, CRT can be used to split a number m into Ng, smaller
components, i.e., the set of modular remainders m® with i € [1, Ncgrl,
which in turn can be used to re-obtain m using a simple linear combi-
nation.

It is worth mentioning that reconstruction is possible even if a subset
S of the PS is considered such that IT,c¢ p; > M. In this case the
CRT and all related equations remain valid by simply replacing P with
Py = iesp;-

Henceforth, we assume that prime numbers are consecutive primes
in ascending order, i.e, p; < p < - < Py, and that they are
the smallest prime numbers such that P > M. In this case, it is
straightforward to prove that, for fixed M and N gy, there exists a
unique prime set, which we refer to as the Minimum Prime Set (M P.S).

For instance, given M = 256 and Ncgy = 3, the corresponding M PS
is {5,7,11}, since 5-7 - 11 = 385 > 256 (in fact, the previous set of
Ncgr = 3 consecutive primes, i.e., {3,5,7}, yields 3-5-7 = 105 < 256,
which does not satisfy the condition).

This property can be leveraged to determine the M PS in a dis-
tributed manner, relying solely on the knowledge of M and Ncgr.
The same property also enables M P.S determination via precomputed

1 Coefficients ¢; needed for reconstruction can be straightforward obtained
from the PS as follows: ¢, = Q; - Q' (mod P) where Q, = f and Q7! is its

modular inverse, i.e. it solves 0,07 (mod p,) = 1.
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Fig. 3. Reference scenario: the BS transmits Data packets over 5G, while UEs cooperate via Outband D2D using Wi-Fi Direct.

lookup tables where M and Ny serve as lookup keys, as illustrated
in [8].

Henceforward, we assume that M = 2% and that m can be repre-
sented as ¢ 16-bit words, where ¢ = [%].

Under these conditions, if Ncgr is chosen such that py - < 2% with
b < 16, it can be proven that, the complexity of computing m mod p;
on a 16-bit processor using the Euclidean algorithm [29] is O(r). For
reconstruction purposes, Garner’s algorithm [7] can be employed with
complexity O(t - b%).

4. Name-based O-D2D communications with CRT
4.1. Reference scenario

The reference scenario, illustrated in Fig. 3, considers a 5G network
enhanced with D2D cooperation for content dissemination. At the
center of the architecture is a BS responsible for transmitting contents
to a set of UEs, including traffic updates, map tiles, public safety noti-
fications, and multimedia files for infotainment. Each UE is equipped
with two wireless interfaces: a 5G interface for communicating with
the BS, and a Wi-Fi Direct interface for establishing peer-to-peer, O-
D2D links with nearby UEs. Without loss of generality, we assume that
a recent release of the IEEE 802.11 standard is used, such as IEEE
802.11ax (Wi-Fi 6), which offers high throughput, enhanced spectral
efficiency, and robust support for dense D2D environments.

UEs implement NDN as the network layer and, accordingly, the BS
transmits contents in the form of NDN Data packets, which are then
handled by UEs using the standard NDN processing fabric. The dual-
interface setup allows UEs to act as both consumers and providers
of contents. Devices with reliable 5G connectivity receive contents
directly from the BS and cache them to serve future requests. A cache-
everything strategy with LRU replacement is assumed as the default
policy. More sophisticated cache management approaches could be
adopted to further enhance performance, such as popularity-aware or
cooperative strategies; however these aspects are beyond the scope of
this paper.

UEs at the edge of BS coverage, or experiencing degraded signal
quality, rely on O-D2D communications to retrieve missing data from
neighboring UEs.

To improve transmission reliability and energy efficiency over D2D
links, UEs can divide the received Data packets into CRT fragments,
which can then be distributed, upon request, via Wi-Fi Direct to re-
questing devices, as explained in the following.

4.2. The CRT processing engine

To enable CRT packet fragmentation and reconstruction, we intro-
duce a CRT Processing Engine (CPE) within the Strategy module of the
NDN Data Plane of each UE, see Fig. 3. The CPE is responsible for
both the fragmentation of Data packets (at the caching UEs) and the
reassembly of fragments (at the consumer UE).

A consumer UE (c-UE) experiencing poor connectivity and failing
to receive certain Data packets from the BS does not rely on re-
transmissions over the infrastructure network but instead activates the
0-D2D recovery mechanism over Wi-Fi Direct. The decision is based
on the estimated quality of the O-D2D channel. Specifically, the c-
UE maintains a short-term PER estimate of Wi-Fi Direct transmissions,
which can be derived from standard MAC-layer retry/ACK statistics
available in 802.11ax. A threshold-based policy can be adopted: if the
PER estimation, computed over the last 20 packets [30], remains below
a threshold (e.g., around 8% in our evaluated setting, with Nopr = 4
and f = 1), the c-UE does not request CRT-based delivery, since the
overhead would outweigh the benefit. If the estimated PER rises above
the threshold, the c-UE activates the CRT mechanism to accelerate
fragment retrieval and improve energy efficiency.

More in detail, the c-UE broadcasts a special request packet called a
Long-Lived Interest (LLI) [31]. Unlike the standard NDN Interest, which
consumes a single Data packet, enforcing a strict one-to-one correspon-
dence, a LLI has a longer lifetime and it can be used to retrieve more
Data packets. LLIs were originally conceived in [32] to support efficient
multi-party audio conferencing in NDN, by allowing a single Interest
to retrieve multiple sequential Data packets without repeated requests.
Building on this idea, LLIs have subsequently been extended to more
general push-based communication models and multi-source content
dissemination in wireless scenarios, where multiple data producers or
caching nodes can respond to a single outstanding request [31,33,34].

In our design, a LLI remains active for a longer period in the PIT
of the c-UE, allowing the collection of multiple CRT fragments. Broad-
casting allows multiple nearby UEs to opportunistically respond with
distinct CRT fragments, enabling the consumer to retrieve them from
different sources. This multi-source retrieval minimizes the number
of transmitted Interests, thereby reducing energy consumption at the
c-UE side, and parallelizes the content dissemination across several
provider UEs (p-UEs), thus lowering their individual energy consump-
tion. LLI transmission is always restricted to single-hop communica-
tions, i.e., LLIs are not forwarded beyond the local neighborhood. As
a result, the PIT state introduced by LLIs is confined to the single hop
D2D domain, and does not propagate through the network, limiting the
retrieval process to nearby nodes.

The LLI carries the name of the requested Data packet, extended
with a dedicated /CRT tag appended as the final component of the In-
terest name. The presence of the tag explicitly signals that the requester
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expects to receive CRT-compliant fragments rather than standard NDN
Data packets. CRT fragmentation of a Data packet is applied on de-
mand, triggered by the reception of the first LLI. The p-UE fragments
the packet, assigns each fragment the original content name extended
with an auxiliary header for identification and reconstruction, caches
the resulting fragments, and discards the original Data packet. This
reactive strategy avoids storing both the original Data packet and
its fragments in the CS, thus reducing memory usage and preventing
unnecessary duplication of cached contents, which is particularly rel-
evant in D2D scenarios characterized by limited storage and energy
resources. Alternative designs are nevertheless possible. For example,
a node could retain both the original Data packet and its fragments, or
perform on-demand reassembly if a standard Interest is later received.
A systematic evaluation of these alternative strategies, including their
impact on memory usage and cache efficiency, is however beyond the
scope of the current paper and will be addressed in future works.

4.3. Fragments retrieval

Upon receiving the LLI, each neighboring UE checks its CS to locate
the requested Data packet or any pre-existing fragments:

« If a matching Data packet is found, the CPE is triggered to per-
form CRT-based fragmentation: the payload is split into multiple
fragments. Each fragment is encapsulated in a Data packet aug-
mented with an auxiliary CRT header, containing the necessary
parameters to support correct reassembly at the consumer. The
fragments are then stored in the CS, and one of them is randomly
selected and scheduled for transmission over the O-D2D link. The
original Data packet is discarded to free up memory.

If the Data has already been fragmented and the p-UE has stored
the fragments in its CS, one fragment is randomly selected and
scheduled for transmission.

If no matching content is found in the CS, the LLI is discarded and
the UE remains silent.

To reduce the risk of fragment collisions, p-UEs apply a randomized
defer timer with overhearing, computed as T,; = rand(0, T,,,), where:

* rand(0, x) represents a uniform random variable sampled from the
interval [0, x], ensuring variability in transmission timing;

* Tmax corresponds to the upper bound of the IEEE 802.11 Con-
tention Window (CW) multiplied per a slot time, ensuring com-
patibility with the MAC layer and effective collision avoidance.

After selecting the fragment to send, the p-UE computes the defer
time and waits. If it overhears the same fragment transmitted by an-
other node, then it stops the waiting time, cancels its own transmission,
schedules another fragment transmission and resumes the defer time.

At the c-UE side, the CPE collects incoming CRT fragments, tem-
porarily stores them in a dedicated reconstruction buffer, and moni-
tors the set of received moduli. Although the defer-based overhearing
mechanism helps reduce redundant transmissions, the hidden terminal
problem may still lead to duplicate fragment receptions. In such cases,
duplicates are detected and discarded.

Once the minimum number of distinct CRT fragments required for
decoding has been collected, the CPE reconstructs the original Data
packet. The recovered content is then passed to the Application layer
through the standard NDN pipeline.

If decoding is not yet possible, the c-UE issues a new LLI including
a Fragment Bitmap (FB) field. This field is a binary vector of length
Ncrr, Where each bit corresponds to one fragment in the original
set. A bit is set to 1 if the corresponding fragment has already been
received, and O otherwise. The FB allows responding UEs to avoid
sending already obtained fragments, thereby reducing redundancy,
saving energy, and improving the efficiency of the recovery process.
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4.4. Fragmentation and redundancy

Fragmentation. Each NDN Data packet, D, transmitted by the BS,
consists of four main components, as defined in the official NDN packet
specification [35]: (i) the Name field, which uniquely identifies the Data
packet and serves as the key for CS lookups; (ii) an optional Metalnfo
field, specifying the content type and its freshness period; (iii) the
Payload, containing the actual content; and (iv) a Signature, used to
ensure data authentication and integrity verification.

CRT is applied to all fields of the Data packets, excluding the header
information that ensures compatibility with legacy NDN caching and
forwarding routines, e.g., content name and freshness period. For the
sake of simplicity, henceforward we identify this information as the
header (H).

We assume that p-UEs divide a Data packet D into Ny frag-
ments, {DD, D®, ... DWNcrr)} each inheriting the original header H
followed by an auxiliary header field (Hgy) that is needed to enable
reconstruction at the c-UE. We further assume that the payload of the
Data packet is logically divided into N binary words of w bits each,
i.e.,, {m,,...,my}, and that CRT is applied to every word m, so that the
payload of the ith fragment contains the residues ’":) = my (mod p;)
with k € [1, N]. A fragmentation example with Ny = 3 is reported
in Fig. 4. After receiving the LLI, a fragment D® is transmitted as an
independent Data packet.

Selection of prime numbers. We assume that prime numbers p;
with i € [1, Ncgry] are chosen as the smallest consecutive primes that
satisfy the condition HiIZlCRT_f p; > 2% where f < Ncpr is a design
parameter.

In this case, according to the CRT, each word m; can be recovered
from every subset { mg(i)} of at least Nopy — f residues, therefore the
original Data packet can be reconstructed once at least Nogpr — f
fragments are collected. Here, f represents the number of allowed
failures, reflecting the robustness of the CRT-based approach. Indeed,
CRT enables successful packet reconstruction even in the presence of
fragment losses (i.e., failures) by ensuring that the information required
to reconstruct the original packet is distributed across the fragments.
Finally, note that the overall payload length of the ith fragment is
L; = N - [log,(p)] ~ NC'\;"" < N - w bits, i.e., fragments are smaller
than the original packet.

r—f

We assume that the BS distributes the CRT configuration parame-
ters, namely w, Ncgy, f, and the ordered list of prime numbers, thus
guiding the fragmentation process. This information can be dissemi-
nated using PC5 sidelink broadcast signaling, leveraging mechanisms
similar to those adopted for group communications in 5G NR [36].
As a result, each fragment only needs to carry the index i of the
prime number p; in the small additional header field of the fragment,
namely Hcgr, instead of including the full prime value or complex
reconstruction metadata.

CRT Redundancy. CRT fragmentation introduces a redundancy
that is related to the number of tolerable failures f, i.e., with the
proposed fragmentation scheme, rogy > 1 bits must be transmitted
for each bit of the original Data packet. It is straightforward to prove
that, if the header length & of the original Data packets is negligible
in comparison to the payload length N - w, the CRT redundancy can
be approximated by rcpr = NNCRf . In particular, the above approx-
imation is valid and tight if the condition N - w >> N¢gy - (h + hcrr)
holds true. The proof is omitted for the sake of space. For instance, in
the case of five fragments (N¢cgr = 5) and one possible failure (f = 1),
the expected CRT redundancy is rqgr & 1.25, i.e., the number of bits
that must be sent using the proposed CRT fragmentation scheme is only
25% more than the number of bits needed to send original Data packets
without fragmentation.
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PAYLOAD: N-w bits

DW;

D®:

D®;

Fig. 4. Example of packet fragmentation generating Ny = 3 fragments.

5. Performance evaluation

To assess the performance of the proposed CRT-based O-D2D re-
trieval framework, we carried out an extensive simulation campaign
using ndnSIM v2.9, the official simulation environment maintained by
the NDN community [14]. We extended the NDN Forwarding Daemon
(NFD) in ndnSIM to support LLIs and multi-source fragment retrieval
mechanisms compliant with the envisioned CRT architecture. In par-
ticular, the CPE is implemented as an extension of the Forwarding
Strategy, which can co-exist with the other one already available.

5.1. Simulation settings

To model D2D interactions, Wi-Fi Direct connectivity is assumed
to comply with the IEEE 802.11ax standard, operating in the 2.4 GHz
band with a channel width of 20 MHz [37]. We assume Best Effort
access category in Enhanced Distributed Channel Access (EDCA), with
CW,in = 15 and CW,,,, = 1023, and a default transmission queue
length of 100 packets. Multi-hop forwarding is disabled, and D2D
communication is restricted to direct, single-hop exchanges among
neighboring UEs. Therefore, no NDN routing protocol is implemented.

Wireless channel and propagation are based on YansWifiPhy/-
YansWifiChannel with a Nakagami-m fading, which models small-
scale fading effects. This configuration is a flat (per-packet) abstraction:
it does not capture frequency-selective propagation and, in our study,
does not include spatial correlation across links/antennas. However,
these choices are common in network-layer evaluations to keep large
scenarios tractable and to focus on packet-error-rate-driven request/re-
sponse dynamics.

To reflect different conditions in outdoor urban scenarios, we con-
sider two configurations of the Nakagami shape parameters m, m;, and
m,, which define the fading severity over different distance ranges:

+ Rayleigh fading, representative of non-line-of-sight (NLOS) urban
environments, with mq =m; =m, = 1;

+ An extremely severe fading scenario, with my = m; = m, = 0.5.
In this setting, signal power exhibits greater variance, leading to

frequent deep fades and unreliable wireless links. Such a configu-
ration is intentionally selected as a stress-test scenario to highlight
the robustness and fault tolerance of the proposed CRT-based
approach under adverse channel conditions.

We consider a population of 100 UEs located within the coverage
area of a single 5G cell, assuming a typical urban radius of 200 m [38].
UEs move according to the Truncated Lévy Walk (TLW) mobility model,
which has been shown to realistically replicate human mobility patterns
in urban environments [39]. The pedestrian speed is set in the range
between 1 m/s and 1.5 m/s. A variable subset of UEs, ranging from 4
to 24, is selected to act as D2D consumers requesting content. Interest
packets are broadcast within the local neighborhood, and any node
possessing the requested content may respond with the corresponding
Data packet. The transmit power is set to 15 dBm, and the receiver
sensitivity threshold is aligned with the IEEE 802.11ax specifications
for MCS 7 operation (approximately —70 dBm) [40]. Following the
parameters reported in [41], the instantaneous current draw is set to
550 mA for transmission and 107 mA for reception.

Each simulation run spans 1000 s of simulated time. Results are
averaged over 50 independent seeds to ensure statistical significance
and reported with 95% confidence intervals. Moreover, we compute
the standard deviation across the simulation runs.

5.2. Benchmarks and metrics

We compare the proposed solution against two benchmark schemes.
First, we consider the D2D-NDN approach described in [24] (simply
referred to as NDN in the following), which assumes that requested
content items are cached at D2D-capable devices, and the BS coordi-
nates content delivery by instructing the consumer to retrieve data from
a nearby provider. The standard one-Interest-per-one-Data-packet ex-
change is implemented in this case, without fragmentation. Second, we
consider a baseline NDN fragmentation scheme, based on [25] (denoted
as NDN-+frag in the following). In this variant, the consumer issues
a standard Interest, while the provider fragments the corresponding
Data packet into smaller units and transmits them sequentially. Unlike
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our proposal, this scheme does not include redundancy or support
multi-source fragment retrieval.

We consider a content catalog of 1000 items. Each content is divided
into 1000 NDN Data packets, each carrying a payload of 200 bytes,
and represents data typically associated with proximity-based services,
such as local point-of-interest information, traffic alerts, or public event
notifications. In line with existing literature [42,43], we considered a
freshness period for the Data packets in the range [200-500] seconds.

The request pattern generated by consumers follows a Zipf distri-
bution, with the skewness parameter z set to either 2 or 0.8, respec-
tively [44]. A value of z = 2 models a highly skewed demand, where
a small subset of contents dominates the request pattern, while z = 0.8
represents a more uniform distribution, with a flatter popularity profile
across the catalog.

In the CRT-based approach, each Data packet is further fragmented
at the provider’s Strategy Layer into smaller units. We assume a word
size of w = 50 bits, a fault tolerance level of f = 1, and two distinct
values for Ncgp, namely 4 and 5 fragments. These parameters were
selected to maintain a balance between redundancy and efficiency,
ensuring resilience to packet loss with minimal transmission overhead,
in term of header bytes and more frames on the air, while maintaining
a manageable word size to avoid excessive computational complexity.
Fragments are treated as independent Data packets: once the expected
number of fragments has been collected at the NDN Data Plane, the
original Data packet is reconstructed and delivered to the consumer’s
application layer.

In the case of NDN-frag, we assume the original Data packet is
divided into 4 distinct fragments, but no redundancy is applied to cope
with losses.

Unless otherwise specified, in all schemes the c-UEs generate In-
terests using the window-based congestion control model described
in [45], which dynamically adapts the sending rate to current network
conditions. This choice provides a more realistic representation of
content retrieval dynamics compared to fixed-rate models.

We selected an initial LLI lifetime of 500 ms, which acts as a
conservative upper bound value, sufficiently large to accommodate
MAC-layer contention, randomized defer times, and the collection of
multiple fragments from neighboring providers, while remaining short
enough to avoid excessive PIT occupancy. The lifetime also serves as
a retransmission timeout, at the c-UE side, which can be dynamically
adapted based on observed retrieval dynamics [45]. The c-UE monitors
the round-trip time associated with the fragment collection process and
updates the timeout using a smoothed estimator (i.e., an exponential
moving average), in line with existing NDN approaches for Interest
retransmission.

As a caching policy, we consider the legacy cache everything with
LRU replacement. The capacity of the CS is set to 5% of the content
catalog size [46]. At the beginning of the simulation, only three UEs
are randomly selected to act as initial providers, reflecting a sparse but
sufficient content availability within the D2D range. In the benchmark
NDN approach, they serve the entire Data packets of 200 bytes, while in
the CRT-NDN approach, they answer with fragments. Consumers cache
incoming packets and may become themselves content providers over
time.

To evaluate the performance of the proposed solution, we consider
the following metrics:

* Content retrieval delay. This metric represents the average time
required to retrieve the entire content. It is measured from the
instant the first request (either an LLI or a legacy Interest) is trans-
mitted, until the final Data packet is received at the consumer’s
application layer.

Request retransmissions. This metric quantifies the total number of
LLI or legacy Interest retransmissions issued by D2D consumers,
expressed as a percentage of the total number of initial requests.
It captures the robustness of CRT to handle packet delivery in the
presence of harsh channel conditions.
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Fig. 5. Content retrieval delay when varying the number of consumers and
the Zipf skewness parameter, under Rayleigh fading conditions (vertical error
bars indicate the confidence intervals, while shaded gray bands denote the
standard deviation across the simulation runs).

» Consumer energy cost. This metric represents the average energy
consumed per bit, in Joules, by nodes acting as content consumers
throughout the retrieval session. It is computed by dividing the
total energy consumed by each consumer by the number of
content bits successfully received. This allows for a normalized
assessment of energy efficiency during content acquisition.
Provider energy cost. This metric captures the average energy
consumed per bit, in Joules, by nodes acting as content providers.
It is computed by dividing the total energy consumed during
the simulation by the total number of bits corresponding to the
original content demand across all consumers. This reflects the
energy efficiency of the data dissemination process from the
provider’s perspective in the network.

5.3. Network performance results

5.3.1. Retrieval delay analysis

Fig. 5 reports the content retrieval delay metric as a function of the
number of D2D consumers, when considering Rayleigh fading condi-
tions and two distinct content popularity profiles. In both cases, the
proposed NDN+CRT scheme achieves the lowest delay across the entire
load range, while NDN+frag attains intermediate performance and the
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Fig. 6. Content retrieval delay when varying the number of consumers and
the Zipf skewness parameter, under Nakagami-m fading conditions (vertical
error bars indicate the confidence intervals, while shaded gray bands denote
the standard deviation across the simulation runs).

baseline NDN exhibits the largest delays. The benefit of CRT is already
evident at moderate load and becomes more pronounced as the number
of consumers grows, consistent with the reduced retransmissions and
shorter on-air times provided by fragment redundancy and multi-source
retrieval. Using a larger number of residues, i.e., Nozr = 5, slightly
increases the delay, because more fragments must be transmitted;
nonetheless both configurations remain clearly superior to NDN and
NDN+frag.

As expected, the popularity profile strongly affects latency. With a
highly skewed catalog (z = 2, Fig. 5(a)), requests concentrate on a
small subset of items, which amplifies cache reuse and keeps delays
low for all schemes, with NDN+CRT nearly flat with load. When the
distribution is flatter (z = 0.8), Fig. 5(b), content diversity increases,
reducing cache hits and raising contention on the wireless channel; all
schemes see higher delays, yet NDN+CRT preserves a gentle growth
and a substantial margin over the benchmarks.

Figs. 6(a)—(b) repeat the analysis for the more severe Nakagami-m
channel. Delays are higher than under Rayleigh, reflecting the harsher
propagation conditions. Nonetheless, the ordering of the schemes is
unchanged: NDN+CRT provides the lowest delays, NDN+frag is in-
termediate, and NDN is the worst, particularly at high load. Again,
increasing Ncpr from 4 to 5 yields a small delay penalty due to the
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Fig. 7. Percentage of request retransmissions — LLI packets for NDN+CRT
and Interest packets for NDN — when varying the number of consumers,
under Rayleigh fading conditions (vertical error bars indicate the confidence
intervals, while shaded gray bands denote the standard deviation across the
simulation runs).

additional fragments, but the CRT curves remain well separated from
the baselines. The gap between CRT and the other approaches widens
with the number of consumers, indicating that CRT’s tolerance to losses
and ability to reconstruct Data from a subset of fragments effectively
mitigates the collision-induced retransmissions that dominate at high
offered load.

5.3.2. Retransmission analysis

To further assess the impact of losses and the system’s ability to cope
with them, we report the percentage of Interest retransmissions over
the total number of original Interest packets for NDN and NDN+frag,
and LLI packets for NDN+CRT. Results under Rayleigh fading, for z = 2
and z = 0.8, are shown in Fig. 7, while Fig. 8 reports the Nakagami-m
case.

As expected, the NDN baseline exhibits a higher growth in re-
transmission rate as the number of consumers increases and channel
conditions worsen. The increase is more pronounced with a flatter
popularity profile (z = 0.8; Figs. 7(b), 8(b)) due to the reduced
cache reuse compared to the highly skewed case (z = 2; Figs. 7(a),
8(a)). NDN+frag benefits from smaller packets and thus incurs fewer
retransmissions than NDN; however, lacking redundancy, it must still
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Fig. 8. Percentage of request retransmissions — LLI packets for NDN+CRT and
Interest packets for NDN — when varying the number of consumers, under
Nakagami-m fading conditions (vertical error bars indicate the confidence
intervals, while shaded gray bands denote the standard deviation across the
simulation runs).

retransmit whenever any fragment is lost, which limits its robustness
at higher load.

In contrast, NDN+CRT consistently attains the lowest retransmission
percentages across all configurations. Two factors drive this advan-
tage: (i) shorter fragments improve per-packet success probability,
and (ii) redundant residues enable successful reconstruction once a
sufficient subset is received, avoiding repeated requests for missing
pieces. Moreover, within NDN+CRT, using a larger number of residues
(Ncgrr = 5) further reduces retransmissions compared to Nggy = 4,
with the gap widening at higher consumer counts where contention
and collisions are more frequent. This trend holds under both Rayleigh
and Nakagami-m fading, although retransmission levels are higher in
the latter due to more severe propagation.

Overall, the results confirm that CRT-based retrieval not only tol-
erates wireless losses but also mitigates the need for request retries,
particularly in dense, interference-prone D2D settings, by combining
small packet sizes with loss-tolerant multi-source reconstruction.

5.4. Energy performance results

Fig. 9 and Fig. 10 report the average energy cost per bit for con-
sumer and provider nodes, respectively, in the presence of Rayleigh
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Fig. 9. Consumer energy cost metric when varying the number of consumers
and the Zipf skewness parameter, under Rayleigh fading conditions (vertical
error bars indicate the confidence intervals, while shaded gray bands denote
the standard deviation across the simulation runs).

fading, under varying numbers of D2D consumers and Zipf parame-
ters. Conversely, Fig. 11 and Fig. 12 report the same metrics under
Nakagami-m fading.

As expected, the NDN approach shows a higher increase in energy
consumption at both the consumer and provider sides, especially under
the severe Nakagami-m fading configuration. This behavior results from
frequent packet losses and subsequent retransmissions, which increase
the energy required to successfully retrieve or deliver each content
bit. NDN+frag achieves intermediate results: the smaller fragment size
reduces individual packet losses, improving energy efficiency compared
to the unfragmented baseline. However, the lack of redundancy and
the need to retrieve all fragments sequentially from a single provider
prevent further gains, especially under poor channel conditions. In
contrast, the proposed NDN+CRT approach significantly reduces en-
ergy expenditure. On the consumer side, the use of LLIs reduces the
number of transmitted requests, while CRT-based reconstruction allows
content recovery from partial fragment sets. This substantially lowers
the energy consumption related to packet transmission and reception
operations. On the provider side, the CRT mechanism reduces energy
usage in two key ways. First, each fragment has a smaller payload,
leading to shorter and more energy-efficient transmissions. Second,
the retrieval load is distributed among multiple neighboring providers,
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Fig. 10. Provider energy cost metric when varying the number of consumers
and the Zipf skewness parameter, under Rayleigh fading conditions (vertical
error bars indicate the confidence intervals, while shaded gray bands denote
the standard deviation across the simulation runs).

since a single LLI may elicit responses from different nodes. This co-
operative fragment delivery avoids overburdening individual providers
and improves energy balance across the network. Moving from Ncgpt =
4 to Ncggr = 5 yields a slight energy saving on the c-UE side due to
fewer retransmissions, despite one additional useful fragment needs to
be received. Similarly, on the provider side, load sharing among sources
and the reduction in retries largely offset the extra fragment, leading
to per-provider energy consumption that is slightly lower.

Energy consumption is generally higher when z = 0.8. In this case,
the content request pattern is more diverse and fewer opportunities
2. This in-
creases the transmission burden and leads to higher energy costs across

for cache reuse exist, compared to the case with z =

all schemes, particularly under severe fading. Nonetheless, CRT-based
retrieval remains the most energy-efficient strategy.

Overall, CRT-based fragmentation enhances energy efficiency at
both ends of the communication, confirming its suitability for dense,
energy-constrained O-D2D scenarios. These results also highlight the
ability of NDN+CRT to maintain scalable and energy-aware perfor-
mance in adverse network conditions.
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Fig. 11. Consumer energy cost metric when varying the number of consumers
and the Zipf skewness parameter, under Nakagami-m fading conditions (ver-
tical error bars indicate the confidence intervals, while shaded gray bands
denote the standard deviation across the simulation runs).

5.5. Saturation analysis

To better understand the operating limits of the proposed scheme
compared to the baselines, we investigate the network saturation point,
i.e., the maximum request load that the system can sustain before de-
lays increase dramatically. For this study, we adopt a Constant Bit Rate
(CBR) request model, where each consumer issues Interests (or LLIs) at
a fixed rate. This setup provides a controlled and deterministic offered
load, in contrast to the adaptive window-based retrieval employed in
the previous experiments.

To stress the system, we focus on the harshest propagation condi-
tion, namely Nakagami-m fading, and set the Zipf skewness parameter
to z = 0.8. These settings reduce cache reuse and increase the prob-
ability of wireless errors, thereby accelerating the onset of saturation.
Node positions are assigned deterministically to control the impact of
network topology on the results. Specifically, we assume that c-UEs are
placed uniformly on the circumference of a circle with radius 60 m,
while the provider(s) are located at the center. All nodes employ a
constant-position mobility model, so that the propagation conditions
are determined exclusively by the channel model. This configuration
provides a reproducible and worst-case layout, with relatively long
wireless links subject to severe fading, and is therefore well suited for
investigating the saturation point of the system.
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Fig. 12. Provider energy cost metric when varying the number of consumers
and the Zipf skewness parameter, under Nakagami-m fading conditions (ver-
tical error bars indicate the confidence intervals, while shaded gray bands
denote the standard deviation across the simulation runs).

In this scenario, we set the number of c-UEs to 15 and vary the per-
consumer Interest generation rate. We measure the resulting average
Round-Trip Time (RTT), i.e., the time between the transmission of the
Interest (or LLI) and the reception of the corresponding Data packet
(or the last fragment, for the NDN+CRT approach). Therefore, unlike
the content retrieval delay metric, which captures the time required
to download the entire content composed of multiple Data packets,
this metric focuses on a single Interest-Data exchange. Saturation is
identified as the point where the mean RTT shows an abrupt growth
and diverges, indicating that content retrieval becomes infeasible.

Fig. 13 reports the RTT when varying the request rate for NDN,
NDN-+frag, and NDN+CRT approaches. For NDN+CRT we considered
Ncrr = 4, which proved to be more effective in terms of retrieval
delay. It can be observed that, for the NDN benchmark, saturation
occurs at around 250 Interests/s, beyond which the D2D connections
fail to sustain timely delivery and the RTT grows unbounded. This
behavior is explained by the larger packet size and the higher prob-
ability of collisions, which penalize the baseline scheme compared to
the fragmentation-based approaches. In contrast, NDN+CRT sustains
significantly higher request rates before saturation, also outperforming
NDN-+frag, confirming its robustness under harsh conditions.
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Fig. 13. RTT when varying the request (Interest or LLI) rate.

Table 1
Equivalent 64-bit additions needed for CRT reconstruction for different values
of Nepr and f when w = 50.

Nerr f=1 f=2 f=3
5 83 88 -

6 94 99 106
7 106 111 117
8 112 121 130
9 125 128 134
10 140 140 142

5.6. Computational footprint analysis

To give further insight into the footprint introduced by the CRT-
based operations, we focus on the CRT reconstruction cost and related
memory footprint. We explicitly consider the reconstruction phase as it
represents the dominant computational component of the CRT process,
while fragmentation only involves modular reductions and data slicing,
whose computational cost is negligible compared to reconstruction and
packet transmission delays.

We consider the word size w = 50, and we test different values of
Ncgrr and f when executing the reconstruction of CRT fragments.

For each pair of N-pr and f values, the average CRT reconstruction
time is determined by performing 50,000 reconstructions using the
Garner algorithm [7], which is a standard and widely adopted method
for practical CRT reconstruction and is implicitly assumed in many
CRT-based networking applications [12].

Fig. 14 visualizes achieved reconstruction times in microseconds,
providing a clearer comparison across various configurations. As it is
possible to observe, for the investigated configurations, reconstruction
times range from 6 to 10 microseconds, which is several orders of
magnitude smaller than the content retrieval time dynamics and there-
fore does not affect system performance. Table 1 reports the average
execution times, expressed in terms of equivalent 64-bit additions. With
this aim, the average execution time for 64-bit additions was measured
by averaging the runtimes of 10 million 64-bit sums, and this value was
used as a normalization factor to scale the execution time of the Garner
algorithm.

Starting from the results reported in Table 1, a linear regression
model was employed to estimate the number of equivalent 64-bit
additions (N ,) required by Garner’s CRT reconstruction algorithm as a
function of the number of CRT components (N¢gr) and the parameter
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Fig. 14. CRT reconstruction time for different values of N, and f when w = 50.

f. The resulting model is expressed as:
Ny=277+102-Negr +53- f

where the coefficients were obtained using ordinary least squares (OLS)
regression, i.e., minimizing the sum of squared errors across all avail-
able measurements. The model achieves a maximum absolute error
of 5 equivalent additions and a mean squared error of about 5.18,
confirming its adequacy for prediction.

This formulation captures the approximately linear growth of the
reconstruction cost with respect to both parameters, providing an in-
terpretable relationship between algorithmic complexity and design
choices.

Regarding memory usage, each CRT fragment stores a few residues
of w bits plus minimal metadata, resulting in a memory overhead that
grows linearly with N-gr and remains limited to a few hundred bytes
in the evaluated scenarios. Overall, the computational and memory
overhead introduced by CRT is negligible compared to the gains in
delivery robustness and reduced retransmissions.

6. Conclusions and future works

In this paper, we proposed a novel framework that integrates NDN
with CRT-based fragmentation to support resilient content retrieval
in O-D2D networks. By introducing LLIs and enabling multi-source
fragment collection, our approach enhances both reliability and effi-
ciency in lossy wireless environments. Extensive simulations demon-
strate that NDN+CRT significantly reduces content retrieval delay,
request retransmissions, and energy consumption compared to existing
benchmarks, particularly under severe fading conditions, varying data
traffic and increasing consumer density.

The performance gains observed are attributed to three key features:
the robustness of CRT-based reconstruction from partial data, the re-
duced packet size which improves transmission success rates, and the
opportunistic, parallel retrieval enabled by LLIs. These properties make
NDN+CRT particularly suited to dense, infrastructure-less scenarios,
such as urban crowdsensing or edge-assisted offloading.

Several interesting directions emerge for future investigation. First,
we plan to design a CRT-aware caching policy that strategically maxi-
mizes the diversity of cached fragments across D2D nodes. By spread-
ing different CRT fragments throughout the network, such a policy
could enhance multi-source retrieval opportunities and further reduce
retrieval latency and redundancy.
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Another promising direction for future work is the extension of the
proposed architecture to multi-hop D2D scenarios. While this paper fo-
cuses on single-hop O-D2D communications in order to isolate and eval-
uate the benefits of CRT-based fragmentation, extending the approach
to multi-hop NDN networks would allow exploiting path diversity and
in-network caching across multiple hops. In such a setting, CRT-based
fragmentation could be naturally combined with name-based forward-
ing strategies to improve robustness against losses and intermittent
connectivity, at the cost of additional design challenges related to
routing, forwarding state management, and fragment coordination.
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