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TELEMETRY AS THE FOUNDATION

OF PREDICTABLE QOS
IN HYBRID CAMPUS NETWORKS

This paper addresses the problem of ensuring predictable Quality of Service (QoS) in hyb-
rid campus networks that integrate wired Ethernet segments and wireless Wi-Fi segments
into a unified infrastructure. It is shown that the fundamentally different nature of constrai-
ned resources — bandwidth and queueing in the wired environment versus airtime in the wire-
less medium — precludes the direct application of classical QoS mechanisms without adap-
tation. The necessity of a systematic end-to-end QoS approach is substantiated, based on
policy alignment across heterogeneous segments and the use of telemetry as a means of veri-
fiability and controlled adaptation. Classes of telemetry metrics are proposed that enable the
assessment of resource state, access quality, and integral end-to-end quality indicators in
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hybrid campus networks. The role of telemetry as a foundation for building stable QoS po-
licies and for the subsequent application of automation and machine learning methods is
demonstrated.

Keywords: hybrid campus network; Quality of Service; QoS; network telemetry; Wi-Fi; Eth-
ernet; airtime; end-to-end QoS.

Introduction

Modern campus networks integrate multiple networking technologies —
such as the IEEE 802.3 family of standards—into a unified hybrid infra-
structure in which the interaction between different transmission media is
critically important. The defining characteristics of such networks include
user mobility and traffic heterogeneity, which make Quality of Service
(QoS) management an inherently end-to-end challenge. In Wi-Fi networks,
the primary constrained resource is airtime, which is strongly influenced
by radio environment conditions, whereas in wired and optical Ethernet
networks the limiting factors are bandwidth and queueing resources.

Consequently, achieving predictable and stable QoS requires coor-
dinated policies, systematic telemetry, and adaptive control mechanisms
that enable effective coordination of resources across both segments and
ensure service reliability for all traffic classes.

Problem Statement

The objective of the paper is to develop a systematic approach to en-
suring predictable Quality of Service in hybrid campus networks that
combine wired and wireless segments within a unified infrastructure. The
study focuses on analyzing the fundamental differences in the nature of
constrained resources in Ethernet and Wi-Fi networks and on identifying the
implications of these differences for the organization of end-to-end QoS.

The primary task is to substantiate the role of telemetry as a key
instrument for verifiable QoS, enabling a transition from declarative and
static policies to controlled adaptation, based on the actual state of the
network. Within this scope, the paper also addresses the task of classifying
and systematizing telemetry metrics that are informative for assessing
Quality of Service in both segments and that can be coherently aligned
across the hybrid network.

Hybrid Campus Network: Definition
and Key Characteristics

A hybrid campus network is a network of a single institution or a group
of enterprises, geographically confined, that belongs to a specific branch
of the regional provider Internet topology. Such a network integrates
wired optical and copper Ethernet segments with wireless Wi-Fi segments
into a single service domain with coordinated access, security, and Quality
of Service policies. Unlike the traditional model, in which wireless access
was treated as an auxiliary component, in a hybrid campus network both
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transmission media are considered equal and integral parts of a unified
infrastructure.

A key characteristic of a hybrid campus network is user mobility
combined with traffic heterogeneity. Users and devices can dynamically
change their points of attachment and access types while simultaneously
consuming services with diverse requirements in terms of latency, band-
width, and reliability. This transforms Quality of Service provisioning
from a set of local configuration tasks into a comprehensive end-to-end
system-level challenge.

Hybrid campus networks are typical for modern universities, health-
care institutions, corporate and industrial facilities, where stationary
systems, staff mobile devices and numerous Internet of Things devices
coexist. In such environments Wi-Fi is used not only for user access but
also to support mission-critical services, which significantly increases
the requirements for QoS predictability and stability.

A fundamental distinction between hybrid campus networks and
traditional architectures lies in the different nature of their constituent
resources. In wired Ethernet segments, the primary resources are link
bandwidth and service queues, whereas in Wi-Fi the limiting resource
is airtime, which is allocated among stations in a competitive
manner and is highly dependent on radio-environment conditions. This
precludes the direct application of classical QoS mechanisms without
appropriate adaptation.

An additional challenge arises from the nondeterministic nature of
wireless access and the need to align priorities across heterogeneous
traffic classification and scheduling mechanisms in Wi-Fi and Ethernet.
A priority assigned in the wired portion of the network does not guaran-
tee equivalent service quality in the wireless segment without proper
mapping and control.

Therefore, a hybrid campus network must be treated as a single
managed system in which QoS is shaped along the entire transmission
path. This necessitates a systematic QoS approach based on coordinated
policies, the use of telemetry and careful consideration of the physical
and protocol-level characteristics of different access media.

Primary Approaches to QoS Organization
in Wired and Wireless Campus Network Segments

Quality of Service in campus networks is defined as a set of mechanisms
for managing constrained resources in order to provide specified per-
formance characteristics for different traffic classes. In hybrid campus
networks these mechanisms are implemented simultaneously in wired
Ethernet environments and wireless Wi-Fi environments, which differ
fundamentally in their physical and protocol-level characteristics.

QoS in the Wired Ethernet Segment. In the wired segment QoS is
based on a relatively deterministic channel model in which the primary
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constrained resources are link bandwidth and device buffer memory.
Classical approaches include traffic classification and marking (IEEE 802.1p,
DSCP), the use of queues and schedulers, as well as traffic policing and
shaping mechanisms. When properly configured, these mechanisms ma-
ke it possible to achieve reproducible and predictable behavior for cri-
tical traffic classes, particularly real-time services.

QoS in the Wireless Wi-Fi Segment. In the wireless Wi-Fi segment,
QoS is implemented under conditions of shared use of the radio me-
dium, where the primary scarce resource is airtime and medium access is
inherently competitive. The IEEE 802.11e standard defines MAC-layer en-
hancements, in particular the Enhanced Distributed Channel Access
(EDCA) mechanism, which is implemented in practice through Wi-Fi
Multimedia (WMM) [1]. These mechanisms allow different contention
parameters to be assigned to traffic classes but do not provide strict re-
source guarantees.

The effectiveness of QoS in Wi-Fi is highly dependent on physical-
layer factors, including radio environment conditions, modulation rates,
the number of retransmissions and client density. Under such condi-
tions, the traditional interpretation of QoS as a bandwidth guarantee is of
limited applicability; a more appropriate metric becomes fairness in air-
time allocation.

Comparison of QoS Approaches in Ethernet and Wi-Fi. The key dif-
ferences between QoS approaches in wired and wireless segments are
summarized in Table 1.

Implications for Hybrid Campus Networks. The comparison de-
monstrates that QoS in Ethernet and Wi-Fi relies on fundamentally dif-
ferent resource and contention models. In a hybrid campus network,
this implies that identical traffic marking (e.g., DSCP — Differentiated Ser-
vices Code Point) does not guarantee equivalent service quality across
wired and wireless segments without additional policy alignment. Ac-
cordingly, QoS organization must be treated as an end-to-end sys-
tem-level task that requires consideration of Wi-Fi physical constraints,
the use of telemetry and controlled policy adaptation.

Table 1. Differences between QoS approaches
in wired and wireless segments

Characteristic Ethernet Wi-Fi
Primary constrained Bandwidth, queues Airtime
resource
Medium access type Deterministic Competitive
Main QoS mechanisms | Queues, schedulers, shaping | EDCA / WMM (IEEE 802.11e)
Impact of physical layer | Minimal Critical
Base fairness metric Bytes / throughput Airtime
Predictability High Limited
Congestion response | Queuing, packet loss Collisions, increased latency
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At the same time, there is a need for rapid and flexible modification
of policies. Software-defined networking (SDN) is well suited to this
task [2]. In addition to improved flexibility, software-defined networks
may also demonstrate superior latency characteristics [3].

Telemetry as the Foundation
of Verifiable QoS in Hybrid Campus Networks

The Role of Telemetry in QoS. In hybrid campus networks, Quality of
Service cannot be treated as a set of declarative policies or static configu-
rations. Due to the differing physical nature of wired and wireless seg-
ments, as well as the dynamic behavior of Wi-Fi, actual service quality is
formed over time and depends on the current state of the network. In this
context, telemetry becomes a necessary prerequisite for verifiable and
controllable QoS.

Telemetry enables the network operator to:

e observe actual resource consumption;

e detect discrepancies between configured policies and real network
behavior;

e evaluate the impact of changes to QoS parameters;

e provide a foundation for adaptive control without sacrificing stability.

Without telemetry, QoS remains a local configuration artifact rather
than a systemic property of the network.

Principles of Telemetry System Design. When applying telemetry to
QoS tasks, not only the metrics themselves are important, but also the
principles governing their selection and processing [4]:

¢ End-to-end consistency — metrics must be aligned across Wi-Fi and
Ethernet segments.

e Measurability — each metric must have a well-defined method of
collection and interpretation.

e Sensitivity to degradation — metrics should react to quality de-
gradation before it becomes critical.

e Compatibility with automation — metrics must be suitable for
aggregation and analysis in cloud-based systems.

This approach enables the application of machine learning (ML)
techniques for monitoring hybrid campus networks [5].

Classes of QoS Telemetry Metrics. For a systematic analysis of QoS
in a hybrid campus network, it is advisable to distinguish several com-
plementary classes of metrics, as summarized in Table 2.

Telemetry Aggregation and Alignment. Individual metrics have limi-
ted value without alignment across segments. This is achieved through:

e normalization of indicators;

e aggregation by traffic classes and locations;

e correlation between Wi-Fi and Ethernet metrics.

Of particular importance is the transformation of Wi-Fi metrics (e.g., airti-
me, retries) into a form suitable for comparison with wired-network indicators.
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Table 2. Complementary classes
of metrics for systematic QoS analysis

Metric Key metrics Interpretation Collection
category methods

Traffic Average/peak per-class | Reflect congestion and | Switch/ AP coun-

and queues throughput, queue occu- | scheduler efficiency; | ters, SNMP, strea-

(Ethernet pancy, packet drops,|in Wi-Fi, reveal sys-|ming telemetry, har-

& Wi-Fi) queueing delay and vari- | tematic degradation |dware queue coun-
ation ters

Airtime Airtime share per class/ | Assess fairness of re-| AP counters, Wi-Fi

and access client, access attempts |source allocation; iden- | controller telemet-

(Wi-Fi) and retries, average wait | tify cases where high |ry, vendor-specific
time, collisions/backoff |priority ~does not|streaming APIs

yield expected QoS

Physical layer | RSSI, SNR, MCS in use, | Separate physical is- | AP telemetry, radio

(Wi-Fi) retransmissions, channel | sues from QoS poli- | monitoring sensors,
width, noise level cies; critical for cor-|client driver data

rect control

End-to-end  |End-to-end latency, jit-|Reflect user-perceived | Active probing, pas-

delay ter, packet loss, service|quality; verify achie-|sive flow analysis,

and quality  |reachability vement of target QoS |application-layer te-

lemetry

Stability Rate of metric change, | Distinguish ~ short- | Time-series aggre-

and dynamics | oscillation amplitude, du- | term bursts from per- | gation, sliding win-
ration of degraded sta-|sistent problems; pre- | dows, cloud analyt-
tes, hysteresis vent unstable control |ics

Limitations of Telemetry. Telemetry has inherent limitations:
e delays in data collection and aggregation;
e incompleteness and vendor-specific implementations;
e limited accuracy of client-side data.

Therefore, telemetry cannot be used for instantaneous control; instead,
it should serve as the foundation for controlled adaptation and for
verifying the effectiveness of QoS policies.

Conclusions

Hybrid campus networks integrate Ethernet and Wi-Fi into a unified
system in which user mobility and traffic heterogeneity transform QoS
into an inherently end-to-end challenge. The principal difficulties arise
from the different nature of constrained resources: Ethernet is limited by
bandwidth and queueing resources, whereas Wi-Fi is constrained by air-
time and radio-environment conditions. Directly transferring QoS poli-
cies between these segments without adaptation does not guarantee
equivalent service quality.

Effective QoS provisioning requires coordinated policies, the use of
telemetry and adaptive priority control. Telemetry makes it possible to
monitor actual resource consumption, identify discrepancies between
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configured policies and the real network state, establish a foundation for
controlled adaptation. Only a comprehensive system-level approach—
based on end-to-end metrics, data aggregation, and alignment between
Wi-Fi and Ethernet—can ensure predictable and stable Quality of Service.

The proposed telemetry-based approach enables not only the ob-
servation of the current network state but also the verification of target
QoS attainment, the detection of latent degradation, and the evaluation of
policy effectiveness. The systematization of metric classes provides a
practical basis for their implementation in monitoring systems and for
subsequent use in automated or intelligent control algorithms.

The results of this study can be applied to the design of hybrid cam-
pus networks, the optimization of their operation, the development of
solutions based on Software-Defined Networking and cloud-based or on-
premises analytics. From a practical perspective, the work lays the groun-
dwork for improving the stability of mission-critical services, reducing the
risk of quality degradation, and transitioning toward predictable QoS as a
managed property of modern campus networks.
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TEJIEMETPIA SIK OCHOBA TTEPEIBAYYBAHOI'O QOS
Y SMIIITAHWX KAMITYCHVX MEPEXKAX

Beryn. CyuacHi KamIrycHI Mepexi iHTerpyroTh YMCIIEHHI MepeXkeBi TexXHOJIOTIl B
enuHy TiOpUaHYy iHMPacTPyKTypy, B [KiVl B3aeMOZIis MiX Pi3HMMM cepeToBUITIaMM
repefiayi € KpUTUYHO BaXKIIMBO0. BrsHauabHMMI XapaKTepuCTUKaMy TaKX Mepex
€ MOOUIBHICTE KOPMUCTYBaUiB Ta HEOTHOPIOHICTh TpadiKy, 10 poOUTE yIIpaBIiHHA
gKicTio oOciryroByBaHHs: QoS HeBin'eMHOIO yacTyHOIO Ipobiiemn. Y mepexax Wi-Fi
OCHOBHMM 0OMeXeHVM pecypcoM € edpipHMIT yac, Ha SIKMII CVJIbHO BIUIMBAIOTh YMOBU
PpaniocepeniosuIa, TOfi SIK y IPOTOBMX Ta ONTUYHMX Mepexxax Ethernet oomexyBasib-
HUMM paKTOpaMM € Pecypcu POy CKHOT 37aTHOCTI Ta yeprit. OTxe, JOCATHeHH:I I1e-
penbadysaHoi Ta cTabinmbHOT QOS BrMarae CKOOP/IMHOBAHWX TOJTITHK, CUCTEMaTUIHOT
TeJleMeTpil Ta alalTUBHMX MeXaHi3MiB yITpaB/IiHHSL.

Mertoro 11i€i cTaTTi € po3pobKa CHCTeMHOTrO IIiIXoy 10 3abesnedyeHHs nependa-
4yBaHOI SIKOCTi 0OCIIyTOBYBaHHS B TiOPUMIHMX KaMITyCHUX Mepeykax, Ki IOeTHYIOTh
JpOTOBi Ta Oe3pOTOBi cerMeHTN B paMKax €IMHOI indpacTpykTypn. [JocimimpkeHHs
30cepe/KeHO Ha aHasli3i pyHIaMeHTaTbHIIX BIIMIHHOCTE ¥ XapaKTepi oOMeXkeH X
pecypciB y Mmepexax Ethernet Ta Wi-Fi Ta Ha BusHaueHHi Hac/TiKiB VX BigMiHHOCTETI
T OpraHisariii HackpisHoi QoS.

MeToan. 3amrporioHOBaHO KJlacy MeTPVK TeJleMeTpil, 110 [JO3BOJISIOTh OlliHIOBa-
TH CTaH pecypciB, SKicTb TOCTYIy Ta iHTerpaibHi okKa3HMKM end-to-end sKocTi B 3Mi-
IIAHVIX KaMITyCHUX MepeXKax.

Pesynpramn. ITokasaHo, 1o pisHa mpmposa oOMeXeHMX pecypciB — ITPOITyCKHOL
3[ATHOCTi Ta Yepr y ApOTOBOMY CepefIoBWIIi 11 edpipHOro dacy B OesmpoToBoMy —
YHEMOJJIVBIIIOE IIpsiMe IIepeHeceHHs KlacmaHmx QoS-mexaHi3MiB Oe3 amamTarrii.
OOGrpyHTOBaHO HEOOXITHICTH CCTEMHOTO HAaCKPi3HOro Iifxomy A0 QoS, 3acHOBaHOTO
Ha y3rojKeHHi ITOJIITVK MK cerMeHTaMM Ta BUKOPMCTaHHi TeJleMeTpii K iHCTpyMeH-
Ta IepeBipIOBaHOCTI 1 KOHTPOJIboBaHOI afanTailii. ITokasano posb TeemeTpii K
OCHOBU T TOOyIoBM CTaOimbHMX QOS-TIONMITHK i TTOMIAIBIIIOro0 3aCTOCYBaHHS Me-
TOJIiB aBTOMATM3Allil Ta MallIMTHHOTO HaBYaHHSI.

BucuOoBKM. Pe3ysibTaTni 1IbOTr0 JOCIIIKEeHHS MOXKYTh Oy TH 3aCTOCOBaHI [I IIPO-
eKTyBaHHsI FOpMIHMX KaMITyCHIX MepeX, ONTMMIi3allii IXHbOI poOOTI Ta po3poOKM
pillleHp Ha OCHOBI ITPOTpaMHO-BM3HAUYEHMX MEPeX Ta XMapHOI abo JIOKaIbHOI aHa-
THTVKY. 3 TpaKTUYIHOI TOYKM 30y, poboTa 3aKilajiae OCHOBY TS TIIBUITIEHHS CTa-
OUTPHOCTI KPUTIMYHO BaXKIIMBUX IIOCIIYT, 3HVDKEHHS PW3VKY IIOTipIIeHHS SKOCTi Ta
riepexofty 70 rependadysaHoi QoS sK KepoBaHOI BJIaCTMBOCTI CyJacHMX KaMITyCHVIX
Mepex.

Katouo8i cao08a: ribpuHa KaMmIycHa Mepexa; sKicTe oOciryroBysaHHs; QoS; Mepe-
xeBa TesteMerpist; Wi-Fi; Ethernet; edipruit uac; HackpizHa QOS.
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