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Abstract

One of the key mechanisms for ensuring quality of service (QoS) is arbitration, which
determines the order of access to shared resources of a network-on-chip (NoC). This pa-
per provides a comparative analysis of lightweight arbiters that consider the number of
hops from the source address and the remaining hop distance to the destination address.
The study was performed using the Noxim simulator for networks with a mesh topology.
Various traffic patterns, routing algorithms, and network congestion levels were consid-
ered. The results show that hopcount-max is the most effective arbiter on average,
providing the best results in half of the considered routing scenarios. It achieves the
highest throughput under medium and high load and improves throughput over
round-robin by 30% under random traffic and by 15% under shuffle traffic. Under
transpose traffic, hopcount-min and distance-min reduce average delay by 60% relative
to round-robin. Round-robin remains preferable in terms of maximum delay under light
load. The results obtained can be used in the design of lightweight arbiters and QoS op-
timization in promising NoCs.

Keywords: network-on-chip; quality of service; NoC arbiter; NoC router; routing
algorithm; traffic pattern

1. Introduction

Modern multiprocessor systems-on-chip (MPSoCs) are characterized by the dense
integration of computing cores, accelerators, memory subsystems, and peripheral inter-
faces that interact with each other via NoC [1]. The use of a network for transferring data
between computing cores eliminates the main problem of classical buses: they allow only
one data transfer at a time, which can block all other transfers in the system [2]. Packets in
an NoC can be routed along different routes; so, it is possible to transfer data between
multiple source—destination pairs at the same time [3].

The essential components of an NoC are routers and channels, interconnected ac-
cording to the chosen topology. The routers are connected to each other via communica-
tion channels, and the computing cores are attached to the routers [3]. Routers are de-
signed to calculate routes and send incoming packets to the next routers or to the cores.
When the network is heavily loaded and there are many incoming packets, routers also
determine the order in which packets are given access to the output ports [4].

As the size and heterogeneity of MPSoCs grow, requirements for bandwidth, la-
tency, and interconnection stability become critical, especially for real-world applica-
tions. Under these conditions, ensuring Quality of Service (QoS) in an NoC becomes a
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necessary architectural mechanism [5].

Ensuring QoS in NoCs means managing the shared use of network resources
(channels, buffers) to maintain specified characteristics for different flows. The key NoC
parameters are throughput and delay, which must meet the requirements of individual
applications or traffic classes [6]. However, implementing QoS under conditions of lim-
ited hardware resources and high network competition is a non-trivial task that requires
a compromise between implementation complexity, overhead costs, and overall network
performance [7].

One option for ensuring QoS is arbitration. Arbitration is the mechanism that de-
termines the order in which multiple contending packets are granted access to shared
network resources, such as input buffers, crossbar switches, or output channels within a
router. Since several packets may simultaneously request the same output port or com-
munication link, the arbiter resolves these conflicts according to a predefined policy.

Arbitration is performed locally at each router and can operate on either flits or
packets, depending on the specific router implementation. The chosen arbitration strat-
egy has a direct impact on key network performance metrics, including latency,
throughput, and fault tolerance. In particular, it governs how bandwidth is distributed
among competing flows and how long packets may wait in buffers before being for-
warded [8].

Classic round-robin-based approaches may be insufficient to meet the diverse QoS
requirements and performance demands of modern NoCs. Consequently, various arbi-
tration algorithms capable of considering traffic characteristics, network status, and other
parameters have been actively developed in recent years. However, existing schemes
based on packet characteristics are either complex to implement or rely on probabilistic
weights, and they only consider the distance from the source. In this work, we introduce
a novel arbitration criterion—the remaining hop distance to the destination—and evalu-
ate it alongside a simplified deterministic hop-count-based policy. We systematically
evaluate lightweight arbitration policies based on hop count and remaining hop distance,
considering both minimum- and maximum-priority variants. While these metrics are
individually simple, their comparative assessment across a wide range of NoC operating
conditions has not been performed before. By focusing on lightweight hardware solu-
tions, we aim to improve router operation without incurring excessive area and power
overhead. The impact of different approaches on network characteristics is analyzed, and
their advantages, limitations, and areas of applicability are discussed.

2. Overview of Existing Solutions

To choose the optimal arbitration scheme, it is important to consider the main types
of existing solutions. They can be divided into several groups based on the key principles
of their operation.

The basis for most simple and fair arbiters is provided by the schemes with cyclic
priority (Round-Robin, RR). A round-robin arbiter provides a fair arbitration mechanism
where the request that is granted is given the lowest priority for the subsequent arbitra-
tion cycle [9]. The main advantage of the RR-based arbiters is that they ensure that no
active input is left unserved, and that there is no starvation.

More complex systems that require high efficiency rely on arbiters capable of con-
sidering network status and traffic parameters. These algorithms can analyze packet
characteristics, assign static or dynamic priorities, and adapt to the current load to opti-
mize overall network performance.

This section provides an overview of all the major well-known arbiters to provide
the necessary context for evaluating new solutions.
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2.1. Round-Robin-Based Arbiters

One of the first algorithms developed were iterative algorithms with the grant-
accept model (Figure 1). The first algorithm based on this model —PIM (Parallel Iterative
Matching)—was presented in [10]. Iterations are performed as follows:

1. All unassigned inputs send request signals to all required outputs;
2. Each output randomly selects one request and sends it a grant signal;
3. Aninput that receives multiple grant signals also randomly accepts one of them.
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Figure 1. The grant-accept model [10,11]. Arrows indicate the direction of signal flow: requests are

g4=3

sent from inputs to outputs, grants are returned to inputs, and accepts confirm of the connection.

This idea was further developed in the IRRM (Iterative Round Robin Matching) [12]:
instead of selecting requests randomly, a cyclic traversal (round-robin) of the grant and
accept sets is used. In an improved version (iSLIP [11]) the output priority indicator (g;) is
updated only if the granted request was accepted by the input port. In the basic IRRM,
this indicator is updated at each arbitration cycle regardless of whether the connection
was successfully established.

Unlike iSLIP, in DRRM (Dual Round Robin Matching) [13], each input port can send
only one request signal per cycle. This simplifies the hardware implementation of the
arbiter and the connection establishment logic. CMCR (Centralized Multicast Contention
Resolution) has greater functionality, as it can operate in multicast mode and consider
different request priority levels.

PPE (Programmable Priority Encoder), a complex RR-based arbiter, was presented
in [14]. It is an arbiter consisting of two FPE (Fixed Priority Encoder) blocks. The FPE
serves its input requests according to a fixed priority order. Requests to the PPE are
transmitted in parallel to the FPE blocks. The first FPE always has a fixed input priority
order, and for the second FPE, a new highest priority pointer p is transmitted in each
cycle (using RR). The second FPE block is the main one, but if it cannot provide grant to a
request, the signal will be taken from the first FPE [15].

In 2DRR (2D round-robin) [16], the switch state is represented as a binary matrix
RM, where RM[i,j] = 1 means that there is at least one packet for output port j at input
port i. There are N predefined diagonals, and this set of diagonals is formed by shifting
the main diagonal. A pattern sequence matrix (PSM) is used, which serves as a schedule
for using the diagonals. In each time slot, the algorithm checks all diagonals but in a
strictly defined order. If a cell in the request matrix is active (RM[i, j] = 1) and the corre-
sponding input i and output j are not used, the corresponding connection is estab-
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lished. The paper also presents Enhanced 2DRR algorithm. It uses N? variants of diag-
onals (sets of cells that do not intersect in rows and columns). This algorithm provides
better fairness, but it introduces additional delays, and it is more difficult to implement.

In [17], the authors proposed an algorithm based on binary trees, specially designed
for efficient hardware implementation. PRRA (Parallel Round-Robin Arbiter) is a com-
plete binary tree (Figure 2). The leaves (I-nodes) store requests R; and priority indicators
H;. The internal nodes (i-nodes) are combinational circuits that calculate the state of the
subtree. The root (r-node) is responsible for the final granting decision. The arbiter
searches for the first request (R; = 1) using the round-robin principle, starting from the
position marked by the pointer (H; = 1). The route is encoded using two bits S*S° in
each node of the tree, which are calculated recursively from the bottom to the top level. In
the improved version of this algorithm (IPRRA), modified i'-nodes generate G, and Gg
signals immediately after receiving $'S° from the child nodes, without waiting for the G
signal from the parent. GIPRRA (Grouped IPRRA) allows stages of the tree to be grouped
to achieve a compromise between the gate delay, wire delay, and area.

r-node

) 1

VO 1

i-node i-node
T A I
1 1

[-node > I-node —>»| |-node >» [-node

1 1 1 1

oy v |
Ro Go Ri Gi R G2 R Gs

Figure 2. PRRA with 4 requests [17]. Arrows indicate the direction of signal propagation: request
signals (R) travel upward from the inputs through the tree to the root, while grant signals (G)

propagate downward back to the inputs.

A hybrid algorithm, combining the ideas of PPE and PRRA, known as HDRA
(high-speed decentralized round-robin arbiter) [18] is organized as a DRRA tree. At the
[-node level, the AFRRA (Absolutely Fair Round-Robin Arbitration Scheme) is used: it
stores the input that won in the previous cycle and starts searching from the next input
port in the current cycle. This ensures that there will be no starvation within the input
group. Internal nodes and the root of the tree select the winner using a simple FPE block
without dynamic priorities.

IRR (Index-based Round Robin) [4] operates with input port indexes instead of in-
dividual enable signals. A chain of multiplexers is used in which each multiplexer selects
the request index with the highest priority in its range. The P (priority) input specifies
which input port should be considered as the start of the priority cycle. After the grant
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g_id isissued, its value is stored in the register. On the next clock cycle, the value of P is
updated to g;; + 1 mod N, which provides a cyclic shift in priorities. If there are no re-
quests, the arbiter retains the previous priority, which provides better fairness compared
to PRRA.

In [19], the authors explored a scheme in which a single large RR arbiter is divided
into smaller blocks to reduce the critical path and improve hardware efficiency. HRRA
(Hierarchical Round Robin Arbiter) is divided into several layers of simple arbiters
(Sub-RRA, SRRA) that work in parallel and pass their decisions to the next levels. At the
last level, there is one SRRA, which makes the final decision on granting connection
permission. In [20], a hardware implementation of a fast modular arbiter was proposed:
the input is a set of bits representing the values of requests R (0—no request from this
node; 1—there is a request) and the priority value P in the form of a one-hot code (only
one bit is equal to 1). The arbiter performs a round-robin search for the first active re-
quest, starting from the position with the highest priority.

Work [21] considers adaptive algorithms that combine RR and prioritization based
on various parameters: rr-path, rr-dist, and rr-al. rr-path uses the distance between the
source and the destination nodes (SDoffset). After locating the first request through RR,
the algorithm continues monitoring remaining requests and may prioritize another with
a higher SDoffset value to prioritize packets with a long path. rr-dist is similar to rr-path
but uses the distance between the current and the destination nodes. This provides
adaptivity during the routing process but rr-dist is less aggressive than rr-path. rr-al uses
the difference between the number of packets received and sent in the port queues. The
algorithm assigns higher priority to the most congested input ports.

RR-SFVP (Strong Fairness and Variable Priority) is an arbitration scheme designed
to dynamically adjust request priorities based on packet aging, i.e., the waiting time ac-
cumulated by a request while seeking access to a shared network resource. The key idea
of this approach is to progressively increase the priority of long-waiting requests, thereby
preventing starvation and ensuring strong fairness among competing flows [22].

In [23], the MARX (Merged ARbiter and multipleXer) structure was presented,
which combines an arbiter and a multiplexer into a single block, allowing arbitration and
data transfer through the switch to be performed in a single clock cycle. MARX can op-
erate in fixed priority mode (FPA) and in RR mode (the priority vector P is specified in
the thermometric code).

2.2. Arbiters with Priority Based on Packet Characteristics

Age-Based Arbitration [24] uses packet age as a priority. Each packet receives an in-
itial age equal to 0. A special timer increments at a specified rate. Each time a packet
passes through a router, an offset is added to its age. This offset can vary for different
network dimensions (X, Y, Z) and for different traffic classes (e.g., requests and respons-
es).

The idea behind Probabilistic Arbitration [25] is to replace complex arbitration based
on packet age with arbitration that assigns weight based on the hop count (distance) al-
ready accumulated by the packet. The arbiter can operate in three modes:

1. FW (Fixed Weight). The weight of the packet is calculated once it enters the network
and considers the number of hops along the X-axis h, and along the Y-axis h,, as
well as the degree of competition C (a static value depending on the location of the
destination node in the topology).

2.  CW (Constantly Increasing Weight). The weight of the packet starts at 1 and in-
creases after each hop. When the packet reaches the destination node, its weight will
be equal to the weight calculated in FW mode.
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3. VW (Variably Increasing Weight). The weight of the packet also starts at 1, but in
each router, it increases not by a fixed constant but by the current degree of compe-
tition for the output port. The degree of competition is equal to the number of
packets that must be sent through this port.

2.3. Arbiters with Priority Based on Network Conditions
BA_RRA (Buffer Aware Round Robin Arbiter) [26] can operate in two modes:

1. High-priority mode is enabled when any input port buffer is full. In this mode, the
arbiter considers requests only from ports with full buffers.

2. Normal mode is enabled when none of the buffers are full. In this mode, the arbiter
works as a standard RR, sequentially selecting all active requests.

LQF (Longest Queue First) [27] takes into account the occupancy of router queues by
assigning weights to them. Queues with higher load will receive a higher weight and are
more likely to be served. However, this algorithm is too complex for hardware imple-
mentation as it uses a maximum-weight algorithm with a complexity of O(N3log(n)). To
solve this problem, an iterative version (iLQF) which works according to the grant-
accept model was proposed. Each input sends requests to each required output, with its
weight specified in the request. Each output selects the request with the highest weight
and grants it permission to connect. In [28], it was also noted that LQF can lead to con-
stant starvation of a non-empty queue; so, the OCF (Oldest Cell First) algorithm, which
takes into account the waiting time of packets at the beginning of each queue and assigns
weights to them, was proposed. Packets which have waited the longest are assigned a
greater weight, and their probability of being served increases. To simplify the hardware
implementation of the algorithm, an iterative version, iOCF, was also developed.

DAA (dynamically adaptive arbiter) [29] uses dynamic arbitration priority for each
input port, which depends on the buffer status of that port. When an input port buffer
becomes full, it is unable to receive further packets. For this reason, such ports are given
high priority.

Works [30,31] describe dynamic arbiters based on a lottery mechanism. The D-L
(Dynamic-Lottery) arbiter combines a lottery mechanism with real-time priority adapta-
tion based on current port load. Each input port has a counter that represents its current
weight or number of tickets. When a packet arrives at a port, the counter for that port is
increased by 1; when a packet is successfully transmitted from a port, the counter for that
port is decreased by 1. Thus, the number of tickets assigned to a port is directly propor-
tional to the number of packets waiting in its buffer. LDPA (Load-based Dynamic Prior-
ity Arbiter) constantly updates information about the buffer occupancy of each input
port. The average load of each port is calculated, and the ports are sorted in descending
order. Based on the priority ratio for each port, an interval is created in the general ticket
list. A random number is generated, and the port whose interval contains this number is
granted access to the output port. LDPA implies a weighted and predictable distribution
of priorities based on average load, while D-L is easier to implement and it effectively
reduces buffer memory requirements under non-uniform traffic conditions.

2.4. Other Arbiters
Article [32] presented an arbiter based on two techniques:

e  ATS (Arbiter Timing Speculation): The principle of dividing a long critical path of
the arbiter (including all virtual channels) into several cycles to increase the clock
frequency. Most simple arbiters complete their operation within a single clock cycle.
If the request is not processed within s steps in one clock cycle, the arbiter state
(priority pointer position) is saved, and the search continues in the next clock cycle.
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e  GPB (Group Priority Bypass): Reduction in arbitration delay in scenarios requiring
more than one clock cycle (i.e, when the request is outside the first s steps) by
skipping empty groups of virtual channels. The design incorporates a bus-like
structure that allows the priority pointer to be passed from the current group not
only to the adjacent group but also to groups spaced one, two, or more positions
apart.

Parallel Pseudo-Round-Robin (P2R2) [33] is also designed to reduce the critical path
during arbitration. P2R2 divides incoming requests into several groups and performs
arbitration in all the groups in parallel. To select the winner among the groups, priorities
between the groups are dynamically determined.

TCA (Thermometer-coded Arbiter) [34] is an optimized version of the PPE arbiter.
PPE consists of two FPEs connected to a multiplexer, while TCA replaces FPE modules
with thermometric encoders. FPE consists of a thermometric encoder and masking AND
layer. In TCA, the masking layer is moved after the multiplexer and functions as an edge
detector.

PPA (ping-pong arbitration) [35] is used to connect one input to one output. Inputs
are grouped into pairs; each pair is controlled by a simple 2-input arbiter. The arbiters are
then grouped into pairs again until a single tree is formed. The arbiter always selects the
request from the input that currently has priority and has an active request. If an input
has been served, a priority flag is toggled so that priority is given to a different input in
the next cycle. Requests propagate upward through the tree, while grants travel down-
ward; the final decision, made at the root of the tree, is passed down to the inputs. SA
(Switch Arbiter) has an architecture similar to PPA but is based on 4-bit arbiters instead
of 2-bit arbiters, since a single 4-bit arbiter occupies less area than two 2-bit arbiters.

In [15], an improved version of the PPA arbiter (IPPA) was proposed. IPPA consists
of fewer logic elements; therefore, it occupies less area and has less delays. PLA
(ping-lock arbiter) generates an additional single-bit lock output signal (lo), which is
transmitted to a higher-level arbiter (parent). If the parent grants access to any of the in-
put ports while the lo signal is set for it, it will not change the priority flag in the next
cycle. This allows PLA to eliminate the fairness issues inherent in PPA and IPPA.

Lottery arbiter [36] is a probabilistic mechanism that assigns priorities based on
lottery tickets. Each input port is assigned a certain number of tickets according to its
priority. The higher the priority, the more tickets. In each arbitration cycle, a random
number is generated in the range from 1 to the total number of tickets L. For each active
request, its threshold is calculated. If the winning ticket number is in the range
[1, threshold N], permission will be granted to port N; if the number is in the range
[threshold N,threshold S], permission will be granted to port S.

In MUCS (Matrix Unit Cell Scheduler) [37], the switch state is represented as an
N x N matrix A, where element q;; indicates the presence (and sometimes the priority)
of a request at input i destined for output j. The algorithm iteratively selects requests to
grant transmission permission. At each step, for each unprocessed element of the matrix,
a weight is calculated using the formula w;; = a;;/(number of requests inrow i) +
a;j/(number of requests in column j). Requests with the least competition are selected
first.

Another matrix arbiter, operating according to the LRS (Least Recently Served)
scheme, was described in [38]. For N inputs, an N X N matrix is used. Each element M;;
stores a priority bit: M;; =1 means that input { has priority over input j; M;; =0
means that input j has priority over input i. After servicing request r;, row i of the
matrix is reset to 0; column j of the matrix is set to 1. This approach ensures that the most
recently served request becomes the lowest priority, while the next one becomes the
highest. This is functionally equivalent to RR arbitration but realized in matrix form.
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There are also various hybrid arbitration schemes that combine the advantages of
two or more different arbitration policies [39-41]. Such approaches aim to balance com-
peting objectives, such as fairness, latency reduction, and throughput optimization, by
integrating multiple decision criteria within a single arbitration mechanism. However,
the increased flexibility of hybrid arbiters comes at the cost of higher logical and physical
complexity, which may lead to greater hardware overhead, increased critical path delay,
and more challenging implementation in terms of timing closure and scalability. As a
result, despite their potential performance benefits, the practical applicability of such ar-
biters often depends on careful trade-offs between architectural complexity and achiev-
able QoS improvements in NoC designs.

Currently, arbitration techniques with machine learning (ML) are also being actively
developed [42]. These approaches employ lightweight machine learning models to ena-
ble adaptive arbitration decisions based on observed network conditions. The main ob-
jective of such methods is to improve responsiveness to dynamic traffic patterns by
learning or approximating optimal scheduling policies at runtime, while maintaining low
hardware overhead suitable for NoC implementations.

In addition, dedicated arbitration schemes are being designed for NoC-based deep
neural networks (DNNs) and convolutional neural networks (CNNs) [43-45]. These
systems are characterized by distinctive communication patterns, where many-to-one
(e.g., aggregation of partial results) and many-to-many (e.g., feature map exchanges
between layers or processing elements) traffic flows are prevalent. Traditional arbitration
policies are often not optimized for such structured and highly parallel communication
behavior. Therefore, specialized arbiters are being designed to accommodate the specific
characteristics of such workloads.

2.5. Conclusions About Existing Arbiters

The final classification of NoC arbiters organized as a tree is shown in Figure 3.

[ NoC Arbiters ]

Round-robin Priority Others
¥ ¥
PIM ATS+GPB
%gﬁ'\g Parameters of Parameters of 'TFZCRAZ
DRRM network packets PPA
CMCR IPPA
FPE v PLA
PPE SA
2DRR Age-Based Lottery
Enhanced 2DRR Probabilistic MUCS
PRRA LRS
IPRRA Hybrid
GIPRRA ML-driven
HDRA DNN-oriented
AFRRA
IRR
HRRA
rr-path
rr-dist
rr-al
RR-SFVP

MARX

Figure 3. Classification of the NoC arbiters.
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An analysis of known NoC arbiters shows that there are many different approaches
to fair resource allocation and network performance improvement. Existing solutions
cover all possible needs.

However, as the arbiter becomes more complex, overhead costs and implementation
complexity increase, and in some cases, network performance may degrade. When using
single-step and deterministic routing algorithms, complicating the arbiter does not sig-
nificantly improve network performance; so, it is necessary to analyze simple lightweight
arbiters.

The standard lightweight arbiter is round-robin, which is used in most modern so-
lutions. However, it is necessary to explore new alternatives to round-robin as it is not
universally applicable, and there are conditions under which other lightweight arbiters
may be more suitable.

3. Materials and Methods
3.1. New Arbiters Under Consideration

Based on the above analysis, we decided to select arbiters that consider packet
characteristics. This choice was made because packet characteristics are easy to imple-
ment and do not require additional changes to the network structure and routers. An-
other reason is that this class of arbiters remains insufficiently explored.

Section 2.2 discussed only two arbiters that consider packet characteristics:
Age-Based Arbitration [24] and Probabilistic Arbitration [25]. They have two significant
drawbacks: (1) the algorithms are quite complex, especially Age-Based Arbitration; (2)
they give priority only to packets with the maximum values of calculated weights, i.e.,
only to packets that have been in the network the longest.

In this paper, we consider simplified and extended variations of the above arbiters.
While existing approaches, such as Probabilistic Arbitration [25], rely on the distance
from the source combined with complex weight calculations, we propose a lightweight
alternative based solely on the hop count already traversed by the packet. In addition, we
introduce a previously unexplored arbitration criterion —the remaining hop distance to
the destination—and evaluate it in both priority directions. For each metric (hop count
and remaining hop distance), we consider two variants, minimum-priority and maxi-
mum-priority, resulting in four arbitration policies:

1. Hopcount-min assigns higher priority to packets with the minimum hop count
(packets that have traversed the fewest intermediate routers and are at an early stage
of their route, typically closer to the source).

2. Hopcount-max assigns higher priority to packets with the maximum hop count
(packets that have traversed the most intermediate routers and have resided in the
network longer, being further along their routing path).

3. Distance-min assigns higher priority to packets with the smallest remaining hop
distance to their destination (packets that are closest to completing their delivery).

4. Distance-max assigns higher priority to packets with the largest remaining hop dis-
tance to their destination (packets that are at an earlier stage of their end-to-end
route and still require the greatest number of hops).

The choice of hop count and remaining hop distance as primary arbitration metrics
is motivated by the following considerations. Unlike age-based or probabilistic schemes,
which require per-packet timestamps, global counters, or complex weight calculations,
the hop count between nodes is trivially computable in most NoC implementations. For
hopcount-based arbiters, this eliminates the need for additional control logic, dedicated
storage, or global synchronization. The remaining distance metric, while also simple,
requires either computation at each hop or a precomputed distance table; we adopted the
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latter approach, which trades a small amount of memory for low-latency arbitration. Both
metrics are first-order indicators of packet progress and network occupancy: hop count
reflects the service already consumed by a packet, while distance captures the remaining
service required. Together, they directly capture the fundamental trade-off between ur-
gency, aging, and progress that underlies QoS-aware arbitration. The exploration of both
minimum and maximum variants of each metric yields four extreme arbitration policies,
spanning the design space along two axes: packet maturity and spatial priority.

Hopcount-based arbiters require minimal modification of the network logic and flit
structure: a single numeric field serving as a hop counter is stored in the packet header
and incremented at each router. Distance-based arbiters were tested in two implementa-
tion variants: (1) distance calculation at each router, and (2) one-time precomputation of
all pairwise distances stored in a table. The first option imposes a high computational
load on each clock cycle and offers no advantage over other arbiters; therefore, the sec-
ond implementation was used in all subsequent tests. In this configuration, dis-
tance-based arbiters do not perform runtime calculations but require additional memory
to store the distance table.

3.2. Evaluation of Hardware Resources for the Implementation of Arbiters

Synthesis-based resource estimation of the proposed arbiters was performed using
the Altera Quartus Prime synthesis tool (version 17.1; Intel Corporation, Santa Clara, CA,
USA) targeting the Terasic DE1-SoC FPGA board (Terasic Inc., Hsinchu, Taiwan). The
estimation provided the required numbers of logic elements and registers for imple-
menting the arbiters in mesh topologies of sizes 4 x 4, 8 x 8, and 16 x 16. Physical proto-
typing with on-board validation is planned as future work. The results are shown in
Figure 4. Resources for the hopcount-max and hopcount-min arbiters, as well as for the
distance-max and distance-min arbiters, are identical, since they differ only in the +/—
signs for calculating the number of hops for the hopcount-max and hopcount-min arbi-
ters, and for calculating the remaining distance for the distance-max and distance-min
arbiters, respectively.

The ALM estimates account for the combinatorial logic of the arbitration policy it-
self: the comparators, the priority selection logic, and, for hopcount-based policies, the
logic required to increment and evaluate the hop counter. The register counts correspond
to the per-router flit storage and the internal state of the arbiter. Regarding the dis-
tance-based policies, the arbiter includes logic to compare the pre-computed remaining
distances and select the winner. However, the N x N distance table itself is treated as a
network-level configuration memory rather than per-router combinatorial logic. Its
memory overhead depends heavily on the target technology and the network size. Con-
sequently, this memory is not included in the per-router ALM/register counts. This sep-
aration ensures that the reported figures provide a fair and accurate comparison of the
arbitration decision logic itself, which is the primary focus of this evaluation.

For the proposed arbiters, the number of registers required for operation corre-
sponds to the flit size. For the round-robin arbiter, it is 3 bits larger than the flit size,
which is due to the need to store the index of the selected channel. However, the increase
in the flit size itself, and consequently the number of registers required to implement the
hopcount-max and hopcount-min arbiters, grows faster than for other arbiters, as the
number of registers for storing the hop count depends on the topology diameter and in-
creases with diameter.

The least amount of logic resources (adaptive logic modules) is required to imple-
ment the round-robin arbiter, as the channel selection algorithm is reduced to only in-
crementing a single index. The hopcount-max and hopcount-min arbiters have a simpler
channel selection algorithm than the distance-max and distance-min arbiters, but they
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require modifying the field storing the hop count, which requires additional logic mod-
ules. Therefore, the distance-max and distance-min arbiters have an advantage for a 4 x 4
mesh topology, as they do not require modifying the data in the flit. For a 16 x 16 mesh,
the hopcount-max and hopcount-min arbiters have a significant advantage. For an 8 x 8
mesh topology, the difference in the required number of adaptive logic modules for these
arbiters is at the margin of error and differs only in the number of required registers.
However, this difference is not significant.
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Figure 4. Required number of: (a) registers for hardware implementation of the proposed arbiters;

(b) logic elements for hardware implementation of the proposed arbiters.

3.3. Implementation of the Arbiters into the NoC Simulator

The latest available open-source version of the Noxim [46,47] simulator was selected
for modeling the NoC. In this context, packets are divided into the flow control units,
called flits [48]. Flits can be classified as header, body, and tail [49]. The router in NoC
reads the information contained in the header flit and makes routing decisions based on
it. The remaining flit types are then forwarded automatically along the path established
by the header flit [49]. In the original version of Noxim, the arbitration mechanism is
implemented as a part of the flit transfer procedure in the router module and is not sep-
arated into a standalone configurable component. After the output direction reservation
phase, a set of candidates is formed for each output port. If there is more than one can-
didate, the winner is selected using an equally probable random rule. Thus, the basic ar-
bitration in Noxim corresponds to a non-deterministic policy of random conflict resolu-
tion.

The conceptual design of the new arbiters is structured as an extension of the exist-
ing selection strategy mechanism to create a full-fledged arbitration mechanism at the
router’s output ports. The implementation comprises three key layers: the strategy in-
terface, the call point within the router, and the specific implementations of arbitration
policies. At the interface level, a unified arbitration function is introduced, which accepts
the router context and a list of candidates for a single output. The call occurs during the
forwarding phase of the router: instead of a local random selection, the index of the
winner is obtained using the active strategy, after which the selected flit is forwarded to
the output port. This decomposition enables the use of a single router pipeline, requiring
only the replacement of the candidate prioritization rule. Figure 5a shows a general
scheme of the router and the location of the arbiter. The scheme for selecting an arbitra-
tion strategy in the Noxim simulator is shown in Figure 5b.
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Figure 5. (a) General scheme of the router; (b) selection of the arbitration strategy in the Noxim

simulator.

The default version of Noxim employs a random selection strategy when multiple
input ports compete for the same output port. In our study, this built-in random arbitra-
tion is explicitly disabled and replaced by the considered deterministic policies. The ac-
tive strategy is selected via the simulator’s configuration parameter (selection_strategy),
which allows one to switch between RR, hopcount-min, hopcount-max, distance-min,
and distance-max without modifying the router pipeline. The random mechanism is re-
tained only as a tie-breaker when all candidates have equal priority under the active
policy; in all other cases, the winner is fully determined by the selected strategy.

To implement the round-robin arbiter in the Noxim simulator, a priority pointer was
added to track the current selection position. The flit whose index matches the current
priority, or, if none exists, the first flit encountered after it in the reservation list, is se-
lected as the winner. After forwarding the selected flit, the priority is updated to the se-
lected flit's index incremented by one.

To implement the arbiters that consider the number of hops, a hop_no counter was
added to the header flit structure. This counter is initialized to zero when the flit enters
the network and increments by 1 after each hop of the flit. The hopcount-min arbiter se-
lects the flits with the lowest hop_no value, while the hopcount-max arbiter selects the flits
with the highest hop_no value.

To implement the arbiters that consider remaining hop distance to the destination
address, a two-stage scheme is used: preliminary distance estimation followed by winner
selection. For mesh topologies, the distances are stored in a pairwise distance cache.
Upon the first request or when the network size changes, an N X N matrix is formed,
where N is the number of nodes in the NoC, and each element of the matrix represents
the hop count between the corresponding nodes. After initialization, distance retrieval
takes O(1) time, which is critical for maintaining low arbitration latency.

During the arbitration phase, for each candidate from the set of reservations, a
header flit is retrieved, and its residual distance is calculated. The distance-min arbiter
selects the candidate with the minimum metric value, while the distance-max arbiter se-
lects the one with the maximum.
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3.4. Modeling Conditions and Parameters Considered
The following general parameters were defined for all the simulations:

e  Topology: mesh;

D Router buffer size: 4 flits;

e  Flit size: 32 bits;

. Packet size: 8 flits;

. Number of virtual channels: 1;

. Simulation time: 10,000 clock cycles;

e Network warm-up time: 1000 clock cycles.

Multiple virtual channels were not employed because their increasing number re-
duces the influence of the arbitration algorithm on overall network performance; i.e., ar-
bitration is important in conditions of high competition for a single physical channel.

The performance of arbiters was studied under different network settings. The fol-
lowing parameters were varied during modeling:

e  Network size (4 x 4, 8 x 8);

e  Packet injection rate (PIR) (from 0.01 to 0.1 in increments of 0.01);

. Traffic pattern (random, bit-reverse, butterfly, shuffle, transpose) [50];

e  Routing algorithm (XY, west-first, north-last, negative-first, odd—even) [51].

A comprehensive simulation of NoC operation was conducted using all the param-
eters listed above and all the specified arbiters. The arbiters were compared based on the
following parameters:

e Throughput;
e Average network delay;
e  Maximum network delay.

Since the results of each simulation in Noxim may vary even under identical con-
figurations, each experiment was repeated 10 times, and the reported measurements
were averaged across all runs.

4. Results

Throughout this section, two types of figures are used. The win rate figures report
the percentage of scenarios in which each arbiter achieves the best value of the consid-
ered metric. All other figures show the mean relative difference versus round-robin over
10 independent simulation seeds, with error bars indicating the corresponding sample
standard deviation. In these relative performance figures, the black dashed horizontal
line represents the baseline performance of the standard round-robin arbiter, and all
other arbiters are compared as percentage improvements or degradations relative to this
baseline. The small error bars confirm that the observed differences between arbiters are
stable across runs rather than artifacts of simulation variability.

4.1. Average Results for All Tests

To determine the average results of all the tests, we checked how often each arbiter
shows the best values for certain parameters. The preliminary summarized results are as
follows: the best throughput is achieved when using standard RR followed by hop-
count-max and distance-min arbiters (which are 17% less likely to be the best than RR). In
terms of average delay, hopcount-max is the leader, distance-min is in second place, and
RR is in the last place for this indicator. The best maximum delay is achieved when using
hopcount-max and hopcount-min, and distance-max is in the last place for maximum

delay.
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Thus, on average across all simulations, the best performance is achieved when us-
ing the hopcount-max arbiter. Distance-min is also quite stable but inferior to the hop-
count-max arbiter. Using RR allows for the best network throughput but worsens delays.

Details and analysis of the performance of different arbiters under different condi-
tions are provided below.

4.2. Comparison by PIR Ranges

We study how varying network congestion levels affect the performance of arbiters.
PIR defines the probability of packet generation at each network node in each clock cycle.
We need to determine how different network loads affect the efficiency of the arbiters.
PIR values greater than 0.1 correspond to network saturation, and the results become
identical. We used PIR values from 0.01 to 0.1 in increments of 0.01. To determine the
results, the PIR values were divided into three ranges:

1. Low PIR (0.01-0.03);
2. Medium PIR (0.04-0.07);
3. High PIR (0.08-0.1).

A low PIR corresponds to a network state without competition; at medium PIR
values, competition for ports appears in the network, and throughput ceases to grow
linearly; at high PIR, the network approaches saturation, and there occurs the maximum
number of conflicts for ports.

To compare arbiters across different PIR ranges, we used a win rate criterion. A
single experimental scenario is defined by the tuple (network size, routing algorithm,
traffic pattern, PIR value, performance metric), where the metrics are throughput, aver-
age delay, and maximum delay. For each scenario, the metric value of every arbiter is the
mean over 10 independent simulation runs at that configuration. An arbiter is declared a
winner of the scenario if it achieves the best value of the considered metric (the highest
throughput, or the lowest average or maximum delay). If several arbiters share the same
best value, they are all counted as co-winners; consequently, the sum of win rates may
exceed 100%.

Scenarios are then grouped into three PIR ranges. The win rate of an arbiter for a
given metric and PIR range is the percentage of scenarios in that set for which the arbiter
was a winner. For example, a 40% throughput win rate in a given PIR range means that
the arbiter provided the highest throughput in 40% of the scenarios belonging to that
range. This frequency-based criterion was chosen because absolute metric values vary
strongly across traffic patterns, network sizes, and routing algorithms. The win rate
therefore summarizes which arbiter is most often preferable over a wide range of oper-
ating conditions, rather than optimizing performance for a single configuration.

4.2.1. Results at Low PIR

Throughput and average delay at low PIR are highest for the hopcount-max arbiter
(Figures 6 and 7). Hopcount-max is followed by distance-min, which is 10% worse. The
lowest maximum delay is achieved with the RR arbiter (Figure 8). Thus, hopcount-max
dominates in all metrics except maximum delay, indicating that some packets remain in
the network for a prolonged time, which reduces fairness in resource allocation but sub-
stantially improves overall network performance.
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Figure 6. Comparison of the arbiters by throughput in different PIR ranges.
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4.2.2. Results at Medium PIR

At medium PIR, the highest throughput is also achieved with hopcount-max (Figure
6), with a substantial margin of 35%. The lowest average delay is provided by hop-
count-min, followed by distance-min with a 10% gap (Figure 7). The lowest maximum
delay is again achieved with RR, although hopcount-max and distance-min are already
approaching values of the RR, with a difference of 5% (Figure 8).

4.2.3. Results at High PIR

At high PIR, the highest throughput is also achieved with hopcount-max (Figure 6).
The lowest average delay, as in the medium PIR case, is provided by hopcount-min and
distance-min, with the difference between them becoming less than 5% (Figure 7). The
lowest maximum delay is achieved with distance-min, while RR becomes the worst ar-
biter among all in this case (Figure 8).

4.2.4. Conclusions on the Impact of PIR

Overall, across all PIR ranges, hopcount-max dominates in throughput. In this case,
average delay becomes a less informative metric, since a lower throughput implies that
fewer packets are processed in the network, which decreases average delays. Maximum
delay, by contrast, can serve as an indicator of fairness in resource allocation. At low PIR,
the lowest maximum delay is achieved with RR, meaning that the other proposed arbi-
ters allow large delays and stalls of certain packets when the network is lightly loaded.
Thus, under light load, RR provides the most equitable resource distribution and pre-
vents flow starvation. As PIR increases, the efficiency of RR in terms of maximum delay
decreases, and at high PIR, RR becomes the least efficient arbiter among all. Under high
load and high contention, simple round-robin no longer satisfies the maximum delay
requirements, whereas priority-aware arbitration schemes distribute resources more
efficiently and prevent excessively long stalls.

Owing to its substantial throughput advantage at any PIR, hopcount-max is rec-
ommended as the default arbiter. It also provides acceptable average delays and good
maximum delays at medium and high PIR. If low maximum delay must be maintained
under light load, the standard RR can be used. Distance-max can be considered the worst
arbiter, as it provides nearly the lowest throughput and the highest delays, apart from
RR.

In the subsequent results, some graphs are omitted for brevity. In such cases, this
indicates that the missing results do not affect the overall ranking of the arbiters” per-
formance, and only the most representative findings are presented.

4.3. Compatibility of Arbiters with Different Routing Algorithms

We investigate the impact of different routing algorithms on the efficiency of pro-
posed arbiters.

In this subsection, each routing algorithm is evaluated under all traffic patterns
listed in Section 3.4. For each routing algorithm, the arbiter that performs best on average
over these traffic patterns and over the considered PIR range is reported below.

Table 1 shows the best arbiters according to various parameters in 4 x 4 and 8 x 8
mesh networks using different routing algorithms (XY [52], Negative-first [53], West-first
[53], North-last [53], Odd-even [54]), as well as the average values of the corresponding
parameters for each routing algorithm. For each combination of network size, routing
algorithm, and metric, the reported average value is the global mean of the selected ar-
biter over all traffic patterns and packet injection rates. The best arbiter is chosen by the
highest average relative gain against the other four arbiters. Relative gains are computed
on traffic-averaged metric curves: at each PIR, the gain of a candidate arbiter versus each
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of the other four is evaluated as a percentage improvement; these four gains are then
averaged to obtain one value per PIR, and the average gain is the mean of those per-PIR
values over the full PIR range. For the selected best arbiter, Table 1 also reports the
maximum and minimum gains, i.e., the largest and smallest relative improvements ob-
served over all PIR points and all pairwise comparisons with the other arbiters.

Table 1. The best arbiters for different routing algorithms.

Nethork Routing Algorithm Parameter Best Arbiter Average Value of Average Gain, % Max Gain, % Min Gain, %
Size Parameter

Throughput (flit/cycle) Hopcount-max 4.24 + 0.02 2.31 £ 0.12 545 + 021 091 £ 0.30

XY Average delay (cycles) Hopcount-max 942.0 + 17.6 121 + 1.76 53.0 £ 1.26 -18.1 + 11.0

Maximum delay (cycles) Distance-max 3995.2 + 93.4 537 + 2.73 579 + 438 -73.0 + 28.6

Throughput (flit/cycle) Hopcount-max 4.60 + 0.02 6.14 £ 0.25 193 + 1.10  -043 + 0.27

Negative-first Average delay (cycles) Hopcount-max 1059.8 £ 17.3 12.4 £+ 1.58 66.8 £ 476 239 £ 153

Maximum delay (cycles) Round-robin 4227.6 + 45.1 8.36 + 0.87 489 + 443 294 + 3.76

Throughput (flit/cycle) Hopcount-max 4.61 + 0.02 4.73 + 0.19 132 £0.74 -048 + 0.23

4x4 West-first Average delay (cycles) Hopcount-max 1003.3 £ 14.0 13.3 £ 249 60.7 £ 556 247 + 304

Maximum delay (cycles) Round-robin 4833.3 + 464 4.67 + 3.40 495 + 106 489 £ 6.17

Throughput (flit/cycle) Hopcount-max 4.60 + 0.02 6.19 £ 0.17 172 £ 0.82  -0.44 + 0.24

North-last Average delay (cycles) Hopcount-max 1045.7 + 14.3 13.5 + 142 701 £ 397 -174 £ 15.1

Maximum delay (cycles) Round-robin 4803.4 + 425 6.65 + 2.38 529 + 791 -39.2 £+ 4.00

Throughput (flit/cycle) Round-robin 4.57 + 0.02 531 + 0.24 177 £ 142 -091 + 037

Odd-even Average delay (cycles) Hopcount-max 11314 + 17.2 114 + 091 741 + 287 -17.7 + 145

Maximum delay (cycles) Round-robin 3855.7 + 43.9 19.3 + 1.90 614 + 655 -215 + 10.1

Throughput (flit/cycle) Hopcount-max 10.9 + 0.02 8.10 + 0.14 162 +£ 072  -0.35 +0.35

XY Average delay (cycles) Hopcount-max 1185.5 + 9.48 16.8 + 0.95 60.7 £ 1.19  -9.08 + 3.20

Maximum delay (cycles) Distance-max 6052.6 + 86.6 8.66 + 2.11 616 + 337 -634 + 3838

Throughput (flit/cycle) Hopcount-max 10.9 + 0.04 12.2 + 040 289 + 199 -043 + 091

Negative-first Average delay (cycles) Hopcount-min 1348.2 + 14.0 17.0 + 1.32 48.6 + 3.19 -13.5 + 9.06

Maximum delay (cycles) Distance-min 71109 + 133.8 6.82 + 1.71 315 + 448 -309 + 19.3

Throughput (flit/cycle) Hopcount-max 11.2 + 0.06 114 + 0.64 277 £ 133 -0.24 + 0.37

8x8 West-first Average delay (cycles) Hopcount-min 14404 + 189 10.3 £+ 1.52 40.8 £ 264 -37.1 £ 129

Maximum delay (cycles) Distance-min 7894.6 £ 1154 262 £ 271 28.7 £ 11.6 333 £ 215

Throughput (flit/cycle) Hopcount-max 114 + 0.02 17.6 £0.32 378 £ 191 -0.07 £0.22

North-last Average delay (cycles) Hopcount-min 1321.2 £ 226 9.09 + 10.9 555+ 341  -157 £ 112

Maximum delay (cycles) Distance-min 7890.2 £+ 140.6 298 + 2.24 346+ 124 242 £ 155

Throughput (flit/cycle) Hopcount-max 10.8 £ 0.05 12.8 £+ 0.40 348 £ 1.69 -0.18 £ 0.15

Odd-even Average delay (cycles) Hopcount-min 1513.9 £ 21.5 15.0 £ 1.31 425 + 137 -12.1 £ 4.64

Maximum delay (cycles) Round-robin 7950.4 + 25.3 427 + 1.78 47.0 + 141 239 £ 4.70

Based on the table, in 4 x 4 mesh networks, XY provides the lowest average delay,

odd-even provides the lowest maximum delay, and west-first provides the highest
throughput (nearly matching negative-first and north-last). Hopcount-max and RR are
the most suitable arbiters for almost all routing algorithms. Therefore, it is preferable to
use west-first or odd—even routing with the RR arbiter under low network load and
hopcount-max arbiter under medium and high loads.

In conjunction with the odd-even routing algorithm, RR is the most stable arbiter in
terms of throughput (Figure 9). However, starting from PIR = 0.03, hopcount-max sub-
stantially outperforms RR in average delay (by 10-40%) (Figure 10). Since the difference
in throughput does not exceed 1.5%, while the change in average delay is significant,
hopcount-max is preferable on average. The worst arbiter in this case is hopcount-min,
which is considerably inferior to all other arbiters across all metrics.
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Figure 9. Comparison of the arbiters by throughput in a 4 x 4 mesh with odd—even routing.
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Figure 10. Comparison of the arbiters by average delay in a 4 x 4 mesh with odd—even routing.

The west-first routing algorithm is also most compatible with hopcount-max and RR
(Figures 11 and 12). As PIR increases up to 0.03, hopcount-max begins to dominate in
both average delay and throughput. The improvement in average delay with hop-
count-max reaches 50%, while the improvement in throughput reaches 2%. The worst
arbiter is again hopcount-min.

With odd—even routing, the performance of hopcount-max and RR is nearly identi-
cal at low PIR. However, with west-first routing under light load, hopcount-max is infe-

rior to RR in average delay and exhibits a large standard deviation. Thus, hopcount-max
is generally recommended under medium and high load, whereas RR is the most stable
choice at low PIR.
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Figure 11. Comparison of the arbiters by throughput in a 4 x 4 mesh with west-first routing.
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Figure 12. Comparison of the arbiters by average delay in a 4 x 4 mesh with west-first routing.

In 8 x 8 mesh networks, XY routing provides the lowest average and maximum de-
lay. Throughput is the highest with north-last routing. For XY, the standard RR arbiter is
not the most suitable: hopcount-max performs best for throughput and average delay,
while distance-max is preferable for maximum delay. Figures 13 and 14 show a compar-
ison of arbiters with XY routing in 8 x 8 mesh networks. Based on the figures, hop-
count-max provides the highest throughput across the entire PIR range, whereas dis-
tance-max has an advantage in maximum delay only starting from PIR = 0.07, while be-
ing 13% inferior in throughput. Therefore, hopcount-max is preferable at any network

load.
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Figure 13. Comparison of the arbiters by throughput in an 8 x 8 mesh with XY routing.
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Figure 14. Comparison of the arbiters by maximum delay in an 8 x 8 mesh with XY routing.

With north-last routing in an 8 x 8 mesh, hopcount-max also outperforms all other
arbiters in throughput across the entire PIR range (10% better than RR, and 25-30% better
than hopcount-min and distance-max). RR is preferable in terms of maximum delay,
since at injection rates below 0.03 the other arbiters exhibit maximum delays up to twice
those of RR; however, under medium and high load, the other arbiters become slightly
better than RR. In this case, hopcount-max is inferior in maximum delay by no more than
30% at PIR = 0.01.

Thus, hopcount-max is advantageous in almost all cases. In some configurations
under light load, RR is effective, but under operating conditions with load and contention
between packets, RR is inferior to hopcount-max. If hopcount-based arbiters cannot be
implemented, distance-min is recommended, since it is usually the second most effective
arbiter after hopcount-max. It is therefore beneficial to use arbiters that prioritize packets
that have been in the network for a long time, i.e., to deliver packets that have nearly
reached their destination faster.
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4.4. Comparison of Arbiters Based on Traffic Pattern

We investigate the impact of different traffic patterns on the efficiency of proposed
arbiters.

In this subsection, each traffic pattern is evaluated under all routing algorithms
listed in Section 3.4. Figures below show the arbiter metrics for the indicated traffic
pattern, with the values averaged over all routing algorithms.

Different traffic patterns have unique characteristics and regularities [50] that affect
the distribution of results among arbiters. Below, we describe the regularities that arise
for all traffic patterns under study.

4.4.1. Random Traffic Pattern

Figure 15 presents a throughput comparison for an 8 x 8 network; the arbiter dis-
tribution for a 4 x 4 network is similar. The highest throughput is provided by hop-
count-max (with an improvement over RR of up to 30% in the 8 x 8 network and 9% in
the 4 x 4 network). Hopcount-min is again the worst arbiter in terms of throughput, and
distance-max is the second worst; both are more than 10% inferior to RR.

The average delay distribution differs between network sizes. For a 4 x 4 mesh,
hopcount-max also provides the lowest average delay (with an advantage over RR up to
50%), while hopcount-min and distance-max perform worst (up to 140% and 120% worse
than RR). When the network size increases to 8 x 8, hopcount-min becomes the most sta-
ble arbiter in terms of average delay (Figure 16); however, given its considerable
throughput disadvantage, this arbiter is not recommended. The second best in average
delay is hopcount-max, which is also the throughput leader (Figure 15), and it is therefore
the best choice for random traffic.
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Figure 15. Comparison of the arbiters by throughput in an 8 x 8 mesh with random traffic pattern.
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Figure 16. Comparison of the arbiters by average delay in an 8 x 8 mesh with random traffic

pattern.

4.4.2. Bit-Reverse Traffic Pattern

In 4 x 4 networks with bit-reverse traffic, RR provides up to 10% higher throughput
than distance-max, while hopcount-max provides up to 2% higher throughput than RR.
Maximum delay clearly exhibits the trend in which RR is effective at low and medium
PIR, whereas under high load, hopcount-max becomes the best arbiter (Figure 17).

When the number of cores in the network increases to 64, the maximum delay dis-
tribution remains almost the same (Figure 18), but new features emerge in throughput.
At medium and high PIR, the values for RR and hopcount-max are almost identical,
while under light load it becomes advantageous to use distance-min, since its use pro-
vides up to 4% higher throughput, while maintaining average delay 20-30% lower rela-
tive to RR (Figure 19). Thus, for bit-reverse traffic under light load, it may be beneficial to
use the distance-min arbiter instead of hopcount-max or RR. This again confirms the
benefit of faster service for the packets that have traversed most of their route.
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Figure 17. Comparison of the arbiters by maximum delay in a 4 x 4 mesh with bit-reverse traffic

pattern.
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Figure 18. Comparison of the arbiters by maximum delay in an 8 x 8 mesh with bit-reverse traffic

pattern.
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Figure 19. Comparison of the arbiters by throughput in an 8 x 8 mesh with bit-reverse traffic

pattern.

4.4.3. Shuffle Traffic Pattern

Under shuffle traffic in a 4 x 4 network, all arbiters are inferior to hopcount-max in
throughput (Figure 20). At high PIR, the lowest delays are achieved with distance-min
(Figure 21); however, the substantial reduction in throughput (20% relative to RR) pre-
vents it from being recommended for use in this case.
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Figure 20. Comparison of the arbiters by throughput in a 4 x 4 mesh with shuffle traffic pattern.
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Figure 21. Comparison of the arbiters by average delay in a 4 x 4 mesh with shuffle traffic pattern.

In an 8 x 8 network, the throughput advantage of hopcount-max increases further,
reaching 10-15% relative to RR (Figure 22). The lowest delay in this case is achieved with
the hopcount-min arbiter; however, hopcount-min reduces throughput by 30-40%,
which makes it less preferable overall.
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Figure 22. Comparison of the arbiters by throughput in an 8 x 8 mesh with shuffle traffic pattern.

4.4 .4. Butterfly Traffic Pattern

Butterfly traffic differs substantially from all previously considered traffic patterns.
For any network size, the results of hopcount-max are identical to those of distance-min,
and the results of hopcount-min are identical to those of distance-max. Under butterfly
traffic, all packets have the same route length L. Since L = hopcount + distance, a larger
hop count implies a smaller remaining distance, and vice versa.

In a 4 x 4 network, the difference in throughput does not exceed 1%, and the stand-
ard deviation may exceed the difference between arbiters. Throughput varies randomly,
and no leader can be identified by this metric. Average and maximum delays are similar
for all arbiters except RR. The peak improvement in average delay relative to RR is
reached in the medium PIR range (Figure 23), but the maximum delay degrades by 80%
relative to RR (Figure 24). Thus, any arbiter except RR can be used under high load. Un-
der medium load, the maximum delay requirements must be considered: if this param-
eter is critical, the standard RR should be used.
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Figure 23. Comparison of the arbiters by average delay in a 4 x 4 mesh with butterfly traffic pattern.
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Figure 24. Comparison of the arbiters by maximum delay in a 4 x 4 mesh with butterfly traffic

pattern.

As the network size increases to 8 x 8, the dependencies become more stable, and the
volatility of the results decreases. The average delay distribution remains approximately
the same, but the maximum delay becomes acceptable at medium PIR and excessively
high at low PIR (Figure 25). Hopcount-max and distance-min show a stable throughput
improvement of 2—4% relative to RR (Figure 26), and both are therefore well suited for
use in a network under medium and high load. Under light load, the maximum delay

constraints

again should be considered.
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Figure 26. Comparison of the arbiters by throughput in an 8 x 8 mesh with butterfly traffic pattern.

4.4.5. Transpose Traffic Pattern

Transpose traffic also differs from the previously considered patterns, but the pairs
of matching arbiters are reversed compared with butterfly traffic. For any network size,
the results of hopcount-max are identical to those of distance-max, while those of hop-
count-min are identical to those of distance-min. This follows from the geometric defini-
tion of transpose traffic: the route length is L = 2|N — 1 — x — y|. In contention points,
packets with different route lengths meet. Compared with a packet originating from a
shorter route, a packet on a longer route has traversed a greater number of hops and,
simultaneously, has a greater number of hops remaining to its destination. Therefore,
hopcount-max coincides with distance-max, and hopcount-min coincides with dis-
tance-min.

In a 4 x 4 network, the throughput difference is small: hopcount-min and dis-
tance-min differ from RR in throughput by 1% or less, whereas hopcount-max and dis-
tance-max underperform RR by 2-3% at medium and high PIR. The average delay of all
alternatives to RR is noticeably better: the peak improvement occurs in the medium PIR
range and reaches 65% (Figure 27). Maximum delay degrades significantly at low PIR but
improves at high PIR (Figure 28). Thus, under high load, hopcount-min or distance-min
is recommended, whereas under light load more stable performance is achieved with RR.

As the network size increases to 8 x 8, the volatility of the results also decreases.
Hopcount-min and distance-min provide a small but consistent throughput gain (1-2%
relative to RR) (Figure 29) and retain a substantial improvement in average delay (50—
60% relative to RR). Maximum delay at medium and high PIR is acceptable or better than
RR, but at low PIR it degrades again (Figure 30). Hopcount-max and distance-max are
inferior to RR in throughput (about 8% at medium and high PIR), although they remain
better than RR in average delay. Therefore, for transpose traffic in an 8 x 8 mesh under
medium and high load, hopcount-min and distance-min are the most appropriate; under
light load, the choice of arbiter is again governed by maximum delay, and RR should be
used if necessary.
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Figure 27. Comparison of the arbiters by average delay in a 4 x 4 mesh with transpose traffic
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Figure 28. Comparison of the arbiters by maximum delay in a 4 x 4 mesh with transpose traffic

pattern.
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Figure 29. Comparison of the arbiters by throughput in an 8 x 8 mesh with transpose traffic pattern.
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pattern.

4.4.6. Conclusions on the Impact of Traffic Patterns

The traffic pattern strongly determines which arbiter is preferable. For random and
butterfly traffic, the results largely confirm the earlier conclusions: hopcount-max and
distance-min are the most effective alternatives to RR. Under random traffic, hop-
count-max provides the clearest gains in both throughput and average delay, whereas
distance-min is a weaker but still viable option; hopcount-min and distance-max are
generally inferior to RR. Under butterfly traffic, special conditions arise: hopcount-max
coincides with distance-min, and hopcount-min coincides with distance-max, since all
packets have the same route length.

For shuffle and bit-reverse traffic, hopcount-max remains the best arbiter in terms of
throughput and, in 4 x 4 networks, in terms of average delay. Hopcount-min and dis-
tance-max often reduce throughput and substantially worsen maximum delay, especially
under low and medium load. RR remains preferable when maximum delay is critical. In
the 8 x 8 shuffle case, distance-min becomes competitive in average and maximum delay,
while hopcount-max leads in throughput. Transpose traffic differs from the other
patterns: hopcount-min coincides with distance-min, and hopcount-max coincides with
distance-max. The most effective pair is hopcount-min and distance-min, which provides
better average delay and a small throughput gain over RR at medium and high load.
Distance-max and hopcount-max are not among the best options. As with the other
patterns, RR remains the safer choice for minimizing maximum delay under light load.

5. Discussion

When analyzing known NoC arbiters, various groups of arbiters and their charac-
teristics were described. It was noted that the group of arbiters, which consider packet
characteristics, is the smallest and least studied. There are many different arbiters that
allow resources to be distributed in complex conditions, but such arbiters are poorly
suited for small networks and simple routing algorithms as they require additional area
and increase computation time; they are also difficult to design. Therefore, it was neces-
sary to investigate lightweight arbiters capable of being quickly integrated into the NoC
and used as an alternative to the standard round-robin, which does not always manage
traffic effectively.

Several limitations define the scope of this study and should be considered when
interpreting the results. The evaluation is limited to mesh topologies; other topologies
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may exhibit different contention patterns and, consequently, different arbiter behavior.
Performance simulations were performed for networks with 4 x 4 and 8 x 8 nodes, while
the hardware resource estimates extend to 16 x 16; larger networks may amplify the
differences between arbiters, especially for distance-based policies whose memory re-
quirements grow with the number of nodes. Only synthetic traffic patterns were used;
while these patterns are widely accepted as representative of a broad range of NoC
workloads and congestion levels, they cannot capture all characteristics of real applica-
tions, and realistic traffic traces remain an important direction for future work. A single
virtual channel per port was used deliberately: multiple virtual channels reduce conten-
tion for a single physical channel and thus weaken the influence of the arbitration policy,
whereas the goal of this study was to isolate and compare arbitration policies under high
competition; accordingly, the conclusions are most relevant for NoC designs with a sin-
gle virtual channel per port. The study focuses on throughput and average/maximum
delay; fairness, starvation probability, and per-flow latency distribution were not evalu-
ated, and this remains an important direction for future work. Finally, the hardware
evaluation was performed through FPGA synthesis rather than physical implementation:
post-synthesis timing and power estimates were not extracted in this study, and the
synthesis results should therefore be treated as an estimate of relative complexity rather
than as final implementation figures. On-board validation and timing analysis remain
future work.

The study revealed the strengths and weaknesses of the selected lightweight NoC
arbiters. Across the full set of mesh sizes, routing algorithms, and traffic patterns, hop-
count-max is the most frequent best choice, especially for throughput. Distance-min is
often competitive and, under butterfly traffic, equivalent to hopcount-max; under trans-
pose traffic, however, the effective pair is the opposite one (hopcount-min with dis-
tance-min). RR remains important when maximum delay is critical, particularly in the
low PIR range, where priority-based arbiters can substantially increase the worst-case
delay. Distance-max rarely provides the best results and should not be treated as a de-
fault recommendation, even for transpose traffic.

Hopcount-based arbitration is attractive not only because it often wins, but because
it uses a metric that can be easily integrated into the flit and directly reflects how far the
packet has already travelled. Remaining distance is a topological projection that ignores
the actual route taken and the resources already consumed. At the same time, hopcount
and distance are not interchangeable decision rules: their agreement depends on the
traffic pattern, so both criteria must be interpreted in the context of the workload.

For implementation purposes, hopcount-max should be preferred over distance-min
whenever their behavior is similar. Hopcount-max requires neither distance tables nor
on-line distance computations, and the same counter can be reused to switch to hop-
count-min, which is advantageous for delay under certain conditions. Distance-max, by
contrast, rarely provides any benefit.

This work makes two main contributions. First, we introduce four lightweight arbi-
tration policies based on hop count and remaining hop distance, including the previously
unexplored remaining-distance criterion. Second, we provide an extensive assessment of
these policies across a wide range of traffic patterns, routing algorithms, network sizes,
and congestion levels. We show that hopcount-max is the most effective on average, and
distance-min and hopcount-min are also effective in many scenarios. We also identify
specific conditions where alternative policies are preferable, providing practical design
guidelines for NoC architects.

Further improvements may be achieved through the design of hybrid or adaptive
arbitration schemes. Such approaches involve the development of more complex arbiters
that combine multiple priority criteria simultaneously or dynamically adjust their deci-
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sion policy based on network conditions. In particular, adaptive arbiters may incorporate
several arbitration rules within a single mechanism, or support runtime switching be-
tween different operating modes (e.g., max- and min-based prioritization strategies). This
flexibility allows the arbitration logic to respond to varying traffic patterns and conges-
tion levels, potentially improving overall network performance, fairness, and QoS
guarantees.

At the same time, a comprehensive evaluation of QoS-related metrics, such as
per-flow latency distribution, jitter, starvation probability, and fairness indices, remains
an important direction for future work, as the present study has primarily focused on
throughput and delay.

6. Conclusions

This paper presents a comparative analysis of lightweight arbiters for NoCs with
mesh topology. A review of the scientific literature on NoC arbiters was conducted.
Various classes of arbiters were identified, their operating logic was described, and their
advantages and disadvantages were highlighted. Based on the analysis of the subject
area, four lightweight arbitration policies were introduced and systematically evaluated
under various NoC operating conditions.

The selected arbiters and standard round-robin approach were implemented in the
cycle-accurate NoC simulator Noxim. The comparison was based on the three key pa-
rameters: throughput, average and maximum network delay. The dependencies of these
parameters were studied when using the selected arbiters under various network oper-
ating conditions. Simulations were carried out with different network loads, routing al-
gorithms, and traffic patterns. All comparisons were made on 4 x 4 and 8 x 8 networks.

As a result of the comparison, the most effective arbiters and combinations of arbi-
ters were identified. Unique conditions (in which the best arbiters on average were infe-
rior in performance to fewer effective alternatives) were noted. For the configurations
considered, the most effective arbiters are those that give priority to packets that have
been in the network the longest. Among the considered policies, the best arbiter is hop-
count-max: an arbiter that gives priority to packets with the maximum number of hops
from the source node.

An evaluation of the hardware resources required for the implementation of the
proposed arbiters was carried out. It has been shown that the new arbiters are compara-
ble in complexity to the classic round-robin arbiter and can be incorporated into practical
NoC implementations.

The results of this work contribute to the ongoing research on QoS provisioning in
on-chip communication systems, particularly in the context of lightweight arbitration for
resource-constrained NoCs. The findings provide practical design guidelines for select-
ing appropriate arbitration policies depending on network load, traffic patterns, and
performance objectives, thereby offering a valuable reference for NoC architects and
system designers.

Future research will focus on several directions. Physical implementation of the
proposed arbiters in FPGA prototypes will validate simulation results under real hard-
ware conditions. Another direction is the design of a dynamic arbiter that switches be-
tween hopcount-min, hopcount-max, distance-min, and distance-max depending on re-
al-time network state, potentially enhanced by lightweight machine learning or rein-
forcement learning agents. Evaluation in heterogeneous architectures, including chiplets
and 3D NoCs, will further broaden the applicability of the proposed policies. A direct
comparison with existing arbitration schemes from the literature, such as age-based and
probabilistic arbitration, under the same experimental setup is also planned. Finally, an
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automated design-space exploration framework integrating the proposed policies will
support rapid trade-off analysis and industrial adoption.
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