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Abstract: This article examines the operational effectiveness of 250-gram-class First-Person 
View (FPV) drones as a precision munition system in urban and semi-urban combat during the 
Russo-Ukrainian war, drawing on a structured synthesis of operational data released between 
February 2022 and December 2024. The study proposes and applies a six-dimensional Urban 
FPV Precision Effectiveness Index (UFPEI) that quantifies performance across target-class ver-
satility, cost-to-kill ratio, electronic-warfare resilience, urban kill-chain latency, operator-training 
efficiency, and logistical-production footprint. Empirical calibration is performed through three 
case studies: the defence of Bakhmut (October 2022 – May 2023), the defence of Avdiivka (Oc-
tober 2023 – February 2024), and the Kupiansk–Kharkiv axis operations (2024). The results show 
that 250-gram-class FPV platforms with commercial-off-the-shelf components achieved a 20–
50% hit-rate band against moving or partially covered targets, with a cost-to-target-value ratio 
ranging from 1:80 to 1:50,000 depending on target class, and contributed to a documented 60–
70% share of confirmed Russian armoured-vehicle kills during the Avdiivka phase. The integra-
tion of FPV strike cycles into the Delta and Kropyva battle-management systems reduced urban 
kill-chain latency from the early-war baseline of 15–30 minutes to a 2–5-minute operating band 
by late 2024, while the growth of Ukrainian FPV production from approximately 1,200 units in 
2022 to 1.7 million in 2024 demonstrates that the sustainable scaling of a precision munition 
system at micro-platform scale is possible outside the traditional defence-industrial base. The 
original contribution of the study is threefold: the proposal of the UFPEI composite metric, the 
first systematic comparative calibration of FPV urban effectiveness across three major city bat-
tles, and the articulation of a second-generation FPV-doctrinal regime characterised by battle-
management-system integration, tactical unit professionalisation, and sustained production at 
scale. 
Keywords: FPV drones, precision munition, urban combat, Russo-Ukrainian war, electronic warfare, cost-
effectiveness, drone doctrine. 

 
INTRODUCTION 

 
The full-scale Russian invasion of 

Ukraine on 24 February 2022 inaugurated a 
distinct phase in the development of 

unmanned aerial systems (UAS) as a tactical 
instrument of land warfare. The early 
months of the war demonstrated the utility 
of medium-altitude armed drones of the 
Bayraktar TB2 class, but by the first quarter 
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of 2023 the centre of analytical interest had 
shifted to a qualitatively different platform: 
the 250-gram-class First-Person View (FPV) 
drone, adapted from commercial racing 
frames, fitted with improvised explosive 
payloads of 0.5–1.5 kilograms, and piloted at 
short-to-medium range by a human operator 
wearing video goggles (Kunertova, 2023a; 
Plichta & Rossiter, 2024; Pettyjohn, 2024). 
Within eighteen months of the invasion, this 
platform had transitioned from a marginal 
curiosity to what the Commander of 
Ukraine's Ground Forces described in 2024 
as the primary determinant of 80–90% of 
frontline defensive effectiveness (Ukrainian 
Ministry of Defence, 2024; Kunertova, 
2024). The scale of production reached ap-
proximately 1.7 million Ukrainian-manufac-
tured drones in 2024, of which the 250-gram 
FPV class represented the dominant subcat-
egory, and the cumulative share of Russian 
armoured-vehicle losses attributable to FPV 
strikes has been estimated in several credible 
sources at around two-thirds of the 2024 to-
tal (Watling & Reynolds, 2024; CSIS, 2024; 
Kyiv Independent, 2024). 

This rapid emergence raises three distinct 
analytical questions that the extant literature 
has only partially addressed. The first con-
cerns the operational effectiveness of 250-
gram FPV drones as precision munitions in 
the specific environment of urban and semi-
urban combat, where terrain complexity, 
electronic-warfare density, and target mobil-
ity interact to produce performance charac-
teristics that differ substantially from those 
observed in open-terrain engagements (Cal-
cara et al., 2022; Watling & Reynolds, 2023; 
Mutschler et al., 2024). The second concerns 
the cost-to-effect ratio of the platform, 
which in structural terms represents an or-
der-of-magnitude departure from previous 
generations of precision munition and there-
fore demands its own measurement frame-
work (Chávez & Swed, 2023; CSIS, 2024; 
Plichta & Rossiter, 2024). The third con-
cerns the doctrinal regime within which FPV 
drones are integrated — the kill-chain 

architecture, the battle-management sys-
tems, the operator-training cycle, and the 
production logistics — which together de-
termine whether the raw technological capa-
bility of the platform is converted into sus-
tained combat effect (Kunertova, 2023b; 
Danczuk, 2024; JHU-APL, 2024). 

The central research question of this 
study is therefore the following: to what ex-
tent, and under what operational conditions, 
do 250-gram-class FPV drones function as 
an effective precision munition system in ur-
ban combat, as evidenced by the Ukrainian 
operational record for the period February 
2022 – December 2024? The study tests 
three hypotheses derived from the available 
empirical and theoretical literature. The first 
hypothesis (H1) holds that 250-gram-class 
FPV drones deliver a disproportionate cost-
to-effect ratio against armoured and semi-ar-
moured targets during the period examined, 
with the cost-per-kill falling in a band be-
tween one and four orders of magnitude be-
low the monetary value of the target de-
stroyed, and thereby establishing the plat-
form as a structurally asymmetric precision 
weapon. The second hypothesis (H2) holds 
that FPV effectiveness in urban terrain var-
ies non-linearly with three intervening varia-
bles — electronic-warfare density, operator 
experience, and target-class composition — 
producing the observed 20–50% hit-rate 
band whose position within the band is de-
termined by the interaction of these three 
variables. The third hypothesis (H3) holds 
that the integration of FPV drones into a 
mature ISR-to-strike kill chain anchored on 
the Delta and Kropyva battle-management 
systems, combined with the professionalisa-
tion of tactical UAS units during the 2023–
2024 period, produced a qualitatively dis-
tinct second-generation FPV-doctrinal re-
gime whose characteristics are not captured 
by early-war ad-hoc-deployment accounts. 

The original contribution of this article 
lies in three specific innovations. First, the 
study proposes and operationalises a novel 
composite metric — the Urban FPV 
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Precision Effectiveness Index (UFPEI) — 
whose six dimensions are derived from the 
post-2022 literature on tactical drone war-
fare and calibrated through structured cod-
ing of operational-data reports from the 
Ukrainian battlefield. Second, the study con-
ducts the first systematic comparative cali-
bration of FPV urban effectiveness across 
three sequentially fought and operationally 
distinct urban battles (Bakhmut, Avdiivka, 
Kupiansk–Kharkiv), allowing trajectory in-
ferences that cannot be drawn from single-
case studies. Third, the study articulates the 
concept of a second-generation FPV-doctri-
nal regime, distinguishing it from the first-
generation ad-hoc-deployment regime of 
2022 and the emerging third-generation AI-
autonomous regime of 2025, and thereby of-
fering a temporal framework within which 
the Ukrainian operational record can be lo-
cated and generalised for the purposes of 
comparative strategic analysis. 

The remainder of the article proceeds as 
follows. The next section reviews the litera-
ture on tactical drone warfare published in 
peer-reviewed venues during the 2020–2024 
window and outlines the methodological de-
sign of the UFPEI construction. The Re-
search Results section presents the empirical 
findings across the three case studies and the 
six UFPEI dimensions. Three subsequent 
analytical sections interpret the findings in 
terms of the cost-to-effect asymmetry, the 
electronic-warfare adaptation cycle, and the 
kill-chain integration with Delta and Kro-
pyva. The Conclusion tests each hypothesis 
against the evidence, articulates the original 
contribution, discusses methodological limi-
tations, and proposes directions for future 
research. 

 
LITERATURE REVIEW AND 

METHODOLOGY 
 

Literature Review 
 

The academic and policy literature on 
tactical drone warfare published during the 

2020–2024 window has undergone a struc-
tural transformation, shifting from a pre-
dominantly Western-centric focus on re-
motely piloted aircraft of the Predator-
Reaper generation to a broader analytical 
framework that incorporates commercial-
off-the-shelf micro-UAS employed by state 
and non-state actors across multiple theatres 
(Calcara et al., 2022; Horowitz et al., 2022; 
Kunertova, 2023a). The dominant pre-2022 
framework, articulated most systematically 
by Calcara, Gilli, Gilli, Marchetti and Zac-
cagnini (2022) in their International Security 
contribution, held that the so-called drone 
revolution had been overstated and that the 
enduring hider-finder competition in air 
warfare imposed structural limits on the op-
erational utility of unmanned systems 
against peer and near-peer adversaries. The 
Russo-Ukrainian war has produced a wave 
of revisionist scholarship that partially dis-
putes this conclusion while retaining the 
structural-limits core of the argument 
(Plichta & Rossiter, 2024; Kunertova, 
2023b; Mutschler et al., 2024). The emerging 
consensus is that small tactical drones have 
achieved disproportionate operational ef-
fects in the specific battlefield conditions of 
Ukraine without displacing the structural 
constraints identified in the pre-war litera-
ture, a position that Kunertova (2023b) cap-
tured in the widely cited formulation that 
'the game-changing effect of drones de-
pends on the game'. 

A first strand of this literature concerns 
the classification and typology of tactical 
drone platforms. Plichta and Rossiter (2024) 
in the Journal of Strategic Studies develop a 
typology distinguishing one-way attack 
(OWA) drones — intentionally expendable 
platforms designed to fly to a target and det-
onate — from retrievable strike platforms 
and pure ISR platforms, and locates the 250-
gram FPV class within the OWA category as 
the most numerous and operationally signif-
icant representative of what they term the 
'affordable mass precision' paradigm. Chá-
vez and Swed (2023), writing in 
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Contemporary Security Policy, frame the 
same platform class through the concept of 
'tactical underdog emulation', arguing that 
the Ukrainian operational experience repre-
sents the most systematic adaptation of 
commercial-drone techniques previously pi-
oneered by non-state armed groups includ-
ing the Islamic State and the Houthi move-
ment. Mutschler, Bales and Meininghaus 
(2024) extend this non-state-origin thread 
through a comparative analysis in Small 
Wars & Insurgencies, documenting the pre-
cision-strike trajectories of Daesh in Iraq 
and Syria and the Houthis in Yemen and 
identifying structural continuities with the 
subsequent Ukrainian adaptation. 

A second strand concerns the hider-
finder competition and electronic-warfare 
interaction. Calcara et al. (2022) establish the 
theoretical baseline: the proliferation of 
cheap sensors and cheap platforms increases 
the density of the finder side of the compe-
tition but simultaneously increases the den-
sity of the hider side through camouflage, 
dispersal, and electronic concealment, pro-
ducing a dynamic equilibrium rather than a 
decisive offensive or defensive advantage. 
Horowitz, Schwartz and Fuhrmann (2022) 
in Conflict Management and Peace Science 
provide a global time-series analysis of 
armed UAV proliferation that locates the 
Ukrainian case within the broader interna-
tional pattern. Kunertova (2023a) in Con-
temporary Security Policy and Watling and 
Reynolds (2023) in their RUSI operational-
lessons study document the specific elec-
tronic-warfare adaptation cycle of the 
Russo-Ukrainian theatre, in which FPV plat-
forms and Russian jamming systems engage 
in a continuous iterative adaptation that pro-
duces successive generations of platform 
modification — frequency migration from 
5.8 GHz to 1.2 GHz, encrypted video pro-
tocols, fibre-optic-tethered platforms, and 
autonomous terminal-guidance modules — 
within calendar-month rather than calendar-
year adaptation cycles. 

A third strand concerns the cost-to-ef-
fect and force-structure implications of the 
platform. Pettyjohn (2024) in the CNAS re-
port 'Evolution Not Revolution' develops 
the most systematic cost-to-effect analysis 
of the Ukrainian drone campaign, conclud-
ing that the observed asymmetries do not 
constitute a revolutionary change in the 
character of war but do represent a genuine 
structural shift in the marginal cost of preci-
sion fires at the tactical level (Pettyjohn, 
2024; Danczuk, 2024). Plichta and Rossiter 
(2024) complement this analysis with a the-
oretical framework that places the afforda-
ble-mass-precision phenomenon in the 
broader context of the history of precision-
strike technology, arguing that the 2022–
2024 Ukrainian experience represents the 
first mass-scale application of a precision ca-
pability whose unit cost is measured in hun-
dreds rather than hundreds of thousands of 
dollars. The Hudson Institute study of the 
French-perspective lessons (Fried, 2025) 
and the CSIS Russia-Ukraine Drone War re-
port (CSIS, 2024) both emphasise the struc-
tural implications for NATO force-structure 
planning and the need to adapt doctrinal 
concepts developed in the context of a very 
different cost-to-effect regime. 

A fourth strand concerns doctrinal re-
gime and kill-chain integration. Watling and 
Reynolds (2023, 2024) in their sequence of 
RUSI operational-lessons studies document 
the transition of the Ukrainian armed forces 
from a first-generation regime of improvised 
volunteer-pilot operations in 2022 to a sec-
ond-generation regime of professionalised 
tactical UAS units integrated into Delta and 
Kropyva battle-management systems during 
2023–2024. The CEPA report on 'Adapta-
tion Under Fire' (CEPA, 2024) extends this 
analysis to the Russian adaptation trajectory, 
showing that the Russian side has pursued a 
parallel but lagged professionalisation se-
quence. The JHU-APL 'Wizard Warfare' 
technical overview (JHU-APL, 2024) pro-
vides the most detailed open-source docu-
mentation of the Ukrainian battle-



 27 

management-system architecture and its in-
tegration with FPV strike cycles, while 
Danczuk (2024) in Military Review docu-
ments the specific ISR-to-strike latency re-
ductions achieved during the 2023–2024 pe-
riod. 

A fifth strand concerns the offensive-de-
fensive balance and the theoretical implica-
tions for conventional warfare. The debate 
initiated by Horowitz, Schwartz and Fuhr-
mann (2022) and continued in Security Stud-
ies through the 2023 exchange on 'Drones 
and Offensive Advantage' (Calcara et al., 
2023) frames the question of whether tacti-
cal drone proliferation favours the offence, 
the defence, or neither. The emerging em-
pirical consensus from the Russo-Ukrainian 
theatre, as documented by Watling and 
Reynolds (2024) and Kunertova (2024), is 
that the cumulative effect of the FPV plat-
form class has been to strengthen the defen-
sive phase of engagements — the 10–15-kil-
ometre defensive no-go zone concept artic-
ulated in the Ukrainian 'Drone Line' doc-
trine exemplifies this defensive bias — while 
simultaneously imposing new constraints on 
the offensive phase, particularly on mecha-
nised assault formations whose vulnerabili-
ties to cheap precision strikes have been dra-
matically exposed (Ukrainian Ministry of 
Defence, 2024; Militarnyi, 2024). 

A sixth strand concerns autonomous and 
AI-enabled evolution of the platform class. 
The emerging literature on autonomous 
drone swarms, represented most systemati-
cally in the Journal of Strategic Studies spe-
cial content on 'Robot wars' (Plichta & Ros-
siter, 2024), argues that the second-genera-
tion FPV regime is itself a transitional phase 
toward a third-generation autonomous re-
gime in which terminal guidance, target 
identification and potentially mission assign-
ment are delegated to embedded machine-
learning models. CSIS (2024) in its 'Future 
Vision and Current Capabilities' analysis 
documents the emergence of AI-guided 
FPV variants with hit rates exceeding 80% 
against stationary targets under benign 

electronic-warfare conditions, a substantial 
improvement over the 20–50% hit-rate 
band observed for human-piloted FPV plat-
forms under degraded conditions. The im-
plications of this emerging third-generation 
regime for the present study's subject-matter 
are examined in the final analytical section, 
but the empirical focus of the study remains 
on the second-generation regime observed 
during the 2022–2024 window. 

A seventh strand concerns the specific 
theoretical frameworks relevant to urban 
combat. The Army Military Review analysis 
by Danczuk (2024) and the CSIS Russia-
Ukraine Drone War study (CSIS, 2024) both 
emphasise the distinctive characteristics of 
urban FPV operations: the three-dimen-
sional complexity of the terrain, the abun-
dance of masking features that reduce ISR-
to-strike latency requirements, the concen-
tration of high-value targets within restricted 
geographical areas, and the persistent elec-
tronic-warfare density associated with urban 
military presence. The Combating Terror-
ism Center at West Point (2023) contributes 
through its analysis of urban drone-tactical 
innovation diffusion from non-state to 
state-actor contexts, and the CSIS Future 
Vision report (CSIS, 2024) documents the 
specific Ukrainian urban-doctrinal innova-
tions of the 2023–2024 period. These con-
tributions collectively establish urban com-
bat as a distinct analytical category within the 
broader tactical-drone-warfare literature, a 
categorisation that the present study adopts 
as its organising principle. The parallel anal-
ysis by Dawson and Nadal (2024) in the Eu-
ropean Review of International Studies, 
which examines the Royal Air Force's con-
ceptual and operational response to the 
small-drone revolution observed in Ukraine, 
provides an important allied-perspective 
complement by documenting how Western 
air-force doctrine is adapting its concept-to-
combat pipeline in response to the platform 
class. 

An eighth and final strand concerns the 
production-economics and industrial-policy 
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dimension of the FPV platform class. The 
growth of Ukrainian FPV production from 
approximately 1,200 units in 2022 to 
415,000 in 2023 and 1.7 million in 2024 rep-
resents a phenomenon that the pre-war lit-
erature on defence-industrial production did 
not anticipate and does not theoretically ac-
commodate (Pettyjohn, 2024; Kyiv Inde-
pendent, 2024; Ukrainian Ministry of De-
fence, 2024). The RUSI analyses (Watling & 
Reynolds, 2024) and the CSS ETH Zurich 
study by Kunertova (2024) both emphasise 
that the scaling of production at this rate and 
at this price point required the emergence of 
an entirely new production ecosystem out-
side the traditional defence-industrial base, 
organised around distributed small-scale 
manufacturing, volunteer-and-civil-society 
supply chains, and rapid iteration cycles that 
bypass the conventional procurement archi-
tecture. This industrial-policy dimension is 
treated as a discrete UFPEI sub-dimension 
in the present study. 

The cumulative assessment of this litera-
ture identifies a substantial research gap that 
the present study seeks to address. While the 
eight literature strands collectively provide 
the conceptual, empirical and theoretical re-
sources for analysing the FPV platform 
class, no published study known to the au-
thor has combined these strands into a sin-
gle composite metric that permits systematic 
comparison of urban effectiveness across 
sequential case studies within the 2022–2024 
window. The existing quantitative treat-
ments are either dimension-specific (cost-
to-effect analysis, hit-rate analysis, produc-
tion-scaling analysis) or case-specific (Bakh-
mut-focused, Avdiivka-focused) rather than 
integrated across dimensions and cases. The 
UFPEI constructed in this study is intended 
to fill that gap, with the recognition that the 
metric is an original contribution subject to 
empirical refinement and does not claim the 
status of a validated measurement instru-
ment comparable to the established civil-
military-relations indices. 

A final body of work relevant to the pre-
sent study concerns the methodological 
treatment of operational data in an ongoing 
armed conflict. Watling and Reynolds (2023) 
in their RUSI analyses articulate the episte-
mological constraints imposed by the in-
complete and often contested character of 
open-source operational data, and propose a 
mitigation strategy based on the triangula-
tion of multiple independent primary and 
secondary sources. Kunertova (2024) ap-
plies a similar methodology in her CSS ETH 
Zurich analysis, supplementing open-source 
data with direct expert-interview material 
obtained during field visits to Ukraine. The 
present study adopts a comparable triangu-
lation approach for its UFPEI calibration, 
relying on the convergence of operational 
reports from Ukrainian military sources, 
Western think-tank open-source assess-
ments, peer-reviewed academic analysis, and 
reported battlefield statistics from main-
stream and specialised news media, while ac-
knowledging that the resulting confidence 
intervals around the quantitative estimates 
are wider than those that would be achieva-
ble under peacetime-measurement condi-
tions. 

 
Research Methodology 

 
The research design combines three 

complementary analytical methods: the con-
struction of a six-dimensional composite in-
dex (UFPEI); a comparative application of 
this index to three sequential urban-combat 
case studies; and a structured content analy-
sis of open-source operational reports and 
peer-reviewed academic literature covering 
the February 2022 – December 2024 win-
dow. The design is mixed-method in the 
sense that it integrates quantitative opera-
tional indicators with qualitative contextual 
coding, but the analytical logic is primarily 
quantitative: the central deliverable is a nu-
merical score whose trajectory and cross-
case distribution are interpretable as empiri-
cal tests of the three hypotheses. 
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The construction of the UFPEI pro-
ceeded in three stages. In the first stage, the 
six dimensions were derived deductively 
from the eight literature strands reviewed in 
the preceding section, with each dimension 
corresponding to a distinct operational axis 
along which the effectiveness of the 250-
gram FPV platform class can be evaluated in 
urban combat. The six dimensions are: tar-
get-class versatility, cost-to-kill ratio, elec-
tronic-warfare resilience, urban kill-chain la-
tency, operator-training efficiency, and lo-
gistical-production footprint. In the second 
stage, each dimension was operationalised 
through three to five coded sub-indicators, 
yielding twenty-three sub-indicators in total. 
The sub-indicators draw on Ukrainian Min-
istry of Defence operational reports, RUSI 
and CNAS operational-lessons analyses, 
SCOPUS-indexed journal articles on tacti-
cal-drone warfare, Delta/Kropyva battle-
management-system documentation, and 
defence-industrial production data. In the 
third stage, each sub-indicator was normal-
ised to a 0-to-10 scale through a rubric cali-
brated against the operational baseline of 
early 2022; the dimension score is the arith-
metic mean of its sub-indicator scores; and 
the overall UFPEI is the arithmetic mean of 
the six dimension scores. 

The target-class-versatility dimension is 
operationalised through four sub-indicators: 
the demonstrated effectiveness against mod-
ern main battle tanks (T-72B3, T-80, T-90) 
measured as the ratio of successful to at-
tempted engagements; the effectiveness 
against light armoured vehicles (BMP-2, 
BMP-3, BTR variants); the effectiveness 
against soft-skinned logistical vehicles and 
artillery systems; and the effectiveness 
against dismounted infantry in defensive po-
sitions. Sub-indicator scoring is based on the 
triangulation of Ukrainian operational re-
ports, open-source-intelligence loss-tracking 
projects (Oryx, Militaryland), and the RUSI 
operational-lessons analyses (Watling & 
Reynolds, 2023, 2024). The cost-to-kill-ratio 
dimension is operationalised through three 

sub-indicators: the median unit cost of the 
FPV platform at the time of the engagement 
(in 2024 constant US dollars); the median 
monetary value of the target class destroyed; 
and the ratio of platforms expended per 
confirmed target destroyed, which captures 
the effect of the variable hit-rate on effective 
cost-per-kill. 

The electronic-warfare-resilience dimen-
sion is operationalised through four sub-in-
dicators: the proportion of sorties affected 
by jamming at the point of engagement; the 
proportion of sorties successfully completed 
despite jamming; the lag time between the 
deployment of a new Russian jamming sys-
tem and the Ukrainian counter-adaptation; 
and the availability of fibre-optic-tethered or 
autonomous-terminal-guidance variants as a 
proportion of total FPV inventory. The ur-
ban-kill-chain-latency dimension is opera-
tionalised through four sub-indicators: the 
median time from initial ISR target detection 
to strike launch; the median time from strike 
launch to target impact; the proportion of 
engagements completed within five minutes 
of initial detection; and the percentage of 
strikes integrated into the Delta/Kropyva 
battle-management-system architecture. 
The operator-training-efficiency dimension 
is operationalised through four sub-indica-
tors: the hours of training required to reach 
combat-ready pilot status; the proportion of 
operators achieving above-50% hit-rate 
within their first month of combat deploy-
ment; the mean combat effectiveness de-
cline per week of uninterrupted combat ex-
posure (a proxy for operator fatigue); and 
the reserve-force-generation rate. 

The logistical-production-footprint di-
mension is operationalised through four 
sub-indicators: the monthly production rate 
of Ukrainian-manufactured FPV platforms; 
the proportion of production capacity out-
side the traditional state-owned defence-in-
dustrial base; the mean unit cost trajectory 
over the 2022–2024 window (capturing 
economies of scale and learning effects); and 
the proportion of the bill-of-materials 
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sourced domestically rather than imported. 
The weighting of the six dimensions is equal 
by default, reflecting the theoretical position 
that no single dimension is analytically prior 
to the others in the operational evaluation of 
a tactical drone platform. A robustness 
check was conducted using two alternative 
weighting schemes — one that assigns dou-
ble weight to cost-to-kill and production 
footprint (the 'economic-structural' specifi-
cation), and one that assigns double weight 
to kill-chain latency and EW resilience (the 
'operational-effectiveness' specification) — 
which produces qualitative rankings identi-
cal to the equal-weight specification across 
the three case studies, supporting the ro-
bustness of the findings to the weighting 
choice. 

The three case studies were selected to 
capture the principal sequential phases of 
the 2022–2024 Ukrainian urban-combat ex-
perience. The first case — the defence of 
Bakhmut, October 2022 – May 2023 — rep-
resents the first-generation FPV regime, in 
which improvised volunteer-pilot teams de-
ployed limited numbers of platforms along-
side conventional artillery in a predomi-
nantly reactive defensive posture. The sec-
ond case — the defence of Avdiivka, Octo-
ber 2023 – February 2024 — represents the 
transition phase, in which professionalised 
FPV units began operating within a partial 
battle-management-system integration in a 
context of severe artillery-ammunition 
shortages that elevated the FPV platform to 
the status of primary indirect-fire asset. The 
third case — the Kupiansk–Kharkiv axis op-
erations, spanning the 2024 calendar year — 
represents the second-generation regime, in 
which full Delta/Kropyva integration, fibre-
optic-tethered variants, and the profession-
alisation of the operator corps converged to 
produce the mature form of the FPV-doc-
trinal complex. The three cases are not a ran-
dom sample but a purposively selected se-
quence representative of the three principal 
phases of the 2022–2024 trajectory. 

Data for the UFPEI scoring were drawn 
from four source categories: peer-reviewed 
academic articles published during 2020–
2024 in SCOPUS-indexed journals with di-
rect relevance to the subject matter; opera-
tional-lessons reports published by Western 
research institutes (RUSI, CNAS, CSIS, 
CEPA, Hudson Institute, CSS ETH Zurich, 
JHU-APL); official and semi-official reports 
from the Ukrainian Ministry of Defence and 
allied government agencies; and specialised 
news-media reports from credible outlets 
(Kyiv Independent, Kyiv Post, Defense Ex-
press, Army Recognition, IEEE Spectrum, 
Inside Unmanned Systems). The triangula-
tion principle requires that any sub-indicator 
score be supported by convergent evidence 
from at least two of these four source cate-
gories, and preferably from all four. The 
scoring was performed by the author in early 
2026 and cross-checked for internal con-
sistency across dimensions and cases. The 
content analysis of open-source operational 
reports, conducted as a supplementary 
methodological component, examined 46 
reports published between February 2022 
and December 2024, coded for seven indi-
cators: platform-class identification, opera-
tional-context description, effectiveness es-
timate, cost estimate, electronic-warfare 
context, kill-chain integration level, and 
source-quality rating. 

The identification strategy rests on three 
explicit assumptions. The first assumption is 
that the six UFPEI dimensions adequately 
capture the substantive content of FPV ur-
ban effectiveness; this is defended by the 
convergence of the eight literature strands 
on these six analytical axes. The second as-
sumption is that the triangulated open-
source data are sufficiently complete to sup-
port reliable scoring within the explicit con-
fidence intervals indicated; this is defended 
by the convergence of independent sources 
on the principal quantitative estimates, par-
ticularly the hit-rate band, the cost-per-kill 
range, the armour-loss share, and the pro-
duction-scaling trajectory. The third 
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assumption is that the three case studies are 
representative of the broader Ukrainian op-
erational experience during the 2022–2024 
window; this is defended by the purposive-
selection logic outlined above, with the ca-
veat that the findings are not claimed to gen-
eralise mechanically to non-urban combat 
environments or to non-Ukrainian opera-
tional contexts. These three assumptions are 
revisited in the Conclusion alongside the 
principal methodological limitations. 

Three methodological limitations require 
explicit acknowledgement at the outset. The 
first is the partial and contested character of 
the open-source operational data on an on-
going armed conflict, which necessarily pro-
duces confidence intervals wider than those 
achievable under peacetime-measurement 
conditions; this limitation is mitigated 
through the triangulation strategy but 

cannot be eliminated. The second is the ab-
sence of direct access to classified Ukrainian 
or allied-government operational-assess-
ment documentation, which means that the 
UFPEI estimates rely on the subset of oper-
ational data that has been released or leaked 
into the open-source record; this selection 
effect may produce systematic biases that are 
difficult to quantify. The third is the rapid 
pace of technological and doctrinal change 
during the 2022–2024 window, which pro-
duces a degree of temporal aggregation 
within each case-study period that com-
presses genuine intra-period variation into a 
single point estimate; this limitation is miti-
gated through the case-selection strategy but 
remains an intrinsic feature of the study de-
sign. These limitations are discussed further 
in the Conclusion. 

 

Dimension Sub-indica-
tors 

Principal data sources 

Target-class versatility 4 Ukrainian MoD reports, Oryx loss tracker, 
RUSI tactical analyses 

Cost-to-kill ratio 3 CNAS, CSIS cost models; Ukrainian procure-
ment data; Oryx target values 

Electronic-warfare resili-
ence 

4 RUSI EW dossiers, IEEE Spectrum, Ukrain-
ian operator testimony 

Urban kill-chain latency 4 JHU-APL Wizard Warfare, CEPA, 
Delta/Kropyva documentation 

Operator-training effi-
ciency 

4 Ukrainian UAS school curricula, Kunertova 
CSS-ETH interviews, RUSI 

Logistical-production foot-
print 

4 Ukrainian MoD production data, CNAS in-
dustrial analysis, Kyiv Independent 

TOTAL 23  
Table 1. Structural composition of the Urban FPV Precision Effectiveness Index (UFPEI). 

 
 

RESEARCH RESULTS 
 

The empirical application of the UFPEI 
framework across the three case studies gen-
erated findings that can be organised into 
three principal blocks corresponding to the 
three hypotheses. The first block documents 
the cost-to-effect asymmetry and establishes 
the quantitative profile of the 250-gram FPV 

platform class as a precision munition. The 
second block documents the operational-ef-
fectiveness variation across the three case 
studies and identifies the non-linear relation-
ship between effectiveness and the three in-
tervening variables. The third block docu-
ments the doctrinal transition from the first-
generation to the second-generation FPV re-
gime. 
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The cost-to-kill ratio findings are the 
most striking single element of the empirical 
record. The median unit cost of a Ukrainian-
produced 250-gram FPV platform was ap-
proximately USD 400 during the 2023 peak 
deployment phase and fell to approximately 
USD 350 by the end of 2024 as economies 
of scale and learning effects compressed unit 
costs (Defense Express, 2024; Kyiv Inde-
pendent, 2024). Against this unit-cost base-
line, the median monetary value of targets 
destroyed ranged across target classes as fol-
lows: modern main battle tanks (T-72B3, T-
80U, T-90M) valued at USD 3.0–4.5 million 
per platform; light armoured vehicles (BMP-
2, BMP-3, BTR-82A) valued at USD 0.8–1.5 
million per platform; towed and self-pro-
pelled artillery systems valued at USD 0.5–
3.0 million per platform; and Pantsir-S1 air-
defence systems valued at approximately 
USD 13.0–20.0 million per platform (Oryx, 
2024; CSIS, 2024; Defense Express, 2024). 
The resulting cost-to-target-value ratio 
ranged from approximately 1:80 against light 
soft-skinned vehicles through 1:2,500 
against main battle tanks to 1:50,000 against 
the most valuable individual targets, repre-
senting a structural regime of precision-fires 
cost-effectiveness qualitatively distinct from 
any prior generation of precision munition 
(Plichta & Rossiter, 2024; Pettyjohn, 2024). 

The hit-rate findings cluster in a 20–50% 
band whose position within the band is de-
termined by the three intervening variables 
identified in the theoretical framework. The 
lower bound of the band — approximately 
10–20% for inexperienced pilots operating 
in high-EW-density environments against 
armoured targets — is documented in both 
the Robert Brovdi commander interview 
(Kyiv Independent, 2024) and the RUSI op-
erational-lessons analyses (Watling & Reyn-
olds, 2024). The upper bound of the band 
— approximately 43–50% for experienced 
pilots operating in moderate-EW-density 
environments against softer targets — is 
documented in the Georgetown Security 
Studies Review analysis (CSIS, 2024) and in 

the CSIS Russia-Ukraine Drone War assess-
ment (CSIS, 2024). The mean hit-rate across 
the three case studies was estimated at ap-
proximately 28% for Bakhmut (October 
2022 – May 2023), 33% for Avdiivka (Octo-
ber 2023 – February 2024), and 40% for the 
Kupiansk–Kharkiv operations (2024), 
demonstrating a clear upward trajectory as-
sociated with the professionalisation of the 
operator corps and the improvement of 
platform technology (Watling & Reynolds, 
2024; Kunertova, 2024; Danczuk, 2024). 

The electronic-warfare-interaction find-
ings document a continuous adaptation cy-
cle with calendar-month rather than calen-
dar-year iteration periods. Russian jamming 
reduced successful sortie completion to ap-
proximately 31% at the peak of the 2023 
EW-density phase, according to the RUSI 
'Tactical Developments' analysis (Watling & 
Reynolds, 2024), but Ukrainian counter-ad-
aptation through frequency migration from 
the 5.8 GHz to the 1.2 GHz band, the adop-
tion of encrypted video protocols (HDZero, 
Walksnail), and the introduction of fibre-op-
tic-tethered platforms starting in early 2024 
recovered successful-completion rates to the 
45–55% range by the end of 2024 (IEEE 
Spectrum, 2024; IEEE Spectrum, 2024). 
The fibre-optic variants, while representing 
a minority of total FPV inventory (estimated 
at 5–15% by late 2024), provided an effec-
tively unjammable capability at ranges of up 
to 20 kilometres and a corresponding quali-
tative shift in the EW-interaction equilib-
rium (IEEE Spectrum, 2024; Watling & 
Reynolds, 2024). 

The target-class-versatility findings 
demonstrate effectiveness across the full 
spectrum of battlefield targets. A senior 
NATO official was quoted in 2024 to the ef-
fect that FPV drones costing less than USD 
1,000 had destroyed approximately two-
thirds of the Russian main-battle-tank losses 
of the preceding period, a statement corrob-
orated by the Oryx open-source-intelligence 
loss-tracking project and by the RUSI 'Tac-
tical Developments' analysis (Oryx, 2024; 
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Watling & Reynolds, 2024; CSIS, 2024). 
Against light armoured vehicles, FPV 
drones became the primary anti-armour as-
set of the Ukrainian armed forces during the 
2023 artillery-ammunition shortage, with the 
CNAS 'Evolution Not Revolution' study es-
timating that FPV strikes accounted for ap-
proximately 40–60% of light-armour kills 
during the Avdiivka phase (Pettyjohn, 2024). 
Against dismounted infantry in defensive 
positions, the platform class demonstrated 
particular effectiveness at the squad-and-in-
dividual-soldier level, with the Bakhmut 
phase documented in open-source video ev-
idence as the first systematic use of FPV 
platforms against infantry targets on a large 
scale (CSIS, 2024). 

The production-scaling findings docu-
ment a growth trajectory that the pre-war lit-
erature on defence-industrial production did 
not anticipate. Ukrainian FPV production 
grew from approximately 1,200 units in cal-
endar year 2022 to approximately 415,000 
units in calendar year 2023 and to approxi-
mately 1.7 million units in calendar year 
2024, representing a compound annual 
growth rate in excess of 3,000% over the 
two-year window (Kyiv Independent, 2024; 
Ukrainian Ministry of Defence, 2024; Pet-
tyjohn, 2024). By the end of 2024, approxi-
mately 96% of the Ukrainian armed forces' 
drone procurement was sourced from do-
mestic Ukrainian suppliers, with production 
distributed across more than 80 independent 
manufacturers compared with only seven 
drone manufacturers in pre-war Ukraine 
(Kyiv Independent, 2024; CSIS, 2024). The 
structural implications of this scaling trajec-
tory for force-structure planning and de-
fence-industrial policy are examined in the 
third analytical section. 

The battle-management-system-integra-
tion findings document a qualitative shift in 
the kill-chain architecture between the first 
and second case studies. During the Bakh-
mut phase, FPV strike cycles operated 
largely outside the Delta and Kropyva battle-
management-system architecture, with 

target handover from ISR to strike assets oc-
curring through informal radio communica-
tions, smartphone messaging, and voice-di-
rection from officers (Watling & Reynolds, 
2023; Danczuk, 2024). By the Avdiivka 
phase, partial integration of FPV strike cy-
cles into Kropyva had reduced the median 
ISR-to-strike latency from approximately 
15–30 minutes to approximately 5–10 
minutes, and by the Kupiansk–Kharkiv 
phase of 2024 full integration with Delta and 
the Vezha video-analysis platform reduced 
median latency to the 2–5-minute operating 
band, with specific high-priority targets en-
gaged in under two minutes under favoura-
ble conditions (JHU-APL, 2024; CEPA, 
2024; CSIS, 2024). The Vezha platform by 
late 2024 was reported to be classifying over 
4,000 reconnaissance objects daily across 
Ukrainian tactical UAV feeds, indicating the 
scale at which automated target identifica-
tion had begun to supplement human kill-
chain processing (Defense Express, 2024). 

The UFPEI composite scores across the 
three case studies confirm the trajectory in-
ference. Bakhmut (October 2022 – May 
2023) receives a composite UFPEI of 5.3 on 
the 0–10 scale, with dimension scores of 5.0 
(target-class versatility), 7.5 (cost-to-kill ra-
tio), 4.5 (EW resilience), 3.5 (kill-chain la-
tency), 4.0 (operator-training efficiency), and 
7.0 (production footprint). Avdiivka (Octo-
ber 2023 – February 2024) receives a com-
posite UFPEI of 6.9, with dimension scores 
of 7.0, 8.5, 6.0, 6.0, 6.5, and 7.5 respectively. 
Kupiansk–Kharkiv (2024) receives a com-
posite UFPEI of 8.1, with dimension scores 
of 8.5, 9.0, 7.5, 8.5, 7.5, and 7.5 respectively. 
The progression of composite scores from 
5.3 through 6.9 to 8.1 indicates a 53% im-
provement in measured effectiveness over 
the 24-month window, driven primarily by 
kill-chain-latency and operator-training 
gains, with EW resilience and target-class 
versatility also contributing significantly. 
The cost-to-kill dimension was already near-
saturation at the Bakhmut baseline and 
therefore contributes proportionally less to 
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the composite-score improvement, although 
the absolute cost-to-effect ratio continued 
to improve through the entire period. 

The content analysis of the 46 open-
source operational reports produced find-
ings that corroborate the UFPEI scoring 
and provide additional contextual detail. 
Seventy-four per cent of the reports identi-
fied the 250-gram platform class as the op-
erationally dominant FPV variant, with the 
remaining 26% describing larger platforms 
of the 500-gram to 3-kilogram class intended 
for heavier payloads. Sixty-three per cent of 
the reports provided cost estimates falling 
within the USD 300–500 range established 

by triangulation, and a further 19% provided 
cost estimates within the USD 500–800 
range corresponding to specialised or fibre-
optic-tethered variants. Eighty-nine per cent 
of the reports identified electronic warfare 
as the principal operational constraint on 
FPV effectiveness, and 72% identified kill-
chain integration as the principal determi-
nant of between-unit variation in measured 
effectiveness (Watling & Reynolds, 2024; 
Kunertova, 2024; CSIS, 2024; CEPA, 2024). 
These content-analysis findings provide in-
dependent corroboration of the UFPEI di-
mensional structure. 

 
Dimension Bakhmut (Oct 

2022 – May 2023) 
Avdiivka (Oct 

2023 – Feb 2024) 
Kupiansk–

Kharkiv (2024) 
Δ Bakh-

mut → Kupi-
ansk 

Target-class versatility 5.0 7.0 8.5 +3.5 

Cost-to-kill ratio 7.5 8.5 9.0 +1.5 

Electronic-warfare resili-
ence 

4.5 6.0 7.5 +3.0 

Urban kill-chain latency 3.5 6.0 8.5 +5.0 

Operator-training efficiency 4.0 6.5 7.5 +3.5 

Logistical-production foot-
print 

7.0 7.5 7.5 +0.5 

COMPOSITE UFPEI 5.3 6.9 8.1 +2.8 

Mean hit-rate (%) 28 33 40 +12 

Median kill-chain latency (min) 20 7 3 -17 

Table 2. UFPEI dimension and composite scores across three Ukrainian  
urban-combat case studies, 2022–2024. 

 
 

 
 

Target class 
 

Target value (USD) 
FPV unit cost 

(USD) 
Effective plat-
forms per kill 

 
Cost-to-value ratio 

Soft-skinned logistical vehi-
cle 

20,000–50,000 350–400 2–3 1:50 – 1:80 

Towed / SP artillery 500,000–3,000,000 350–400 2–4 1:600 – 1:2,100 

Light armoured vehicle 
(BMP/BTR) 

800,000–1,500,000 350–400 3–5 1:500 – 1:1,400 

Main battle tank (T-72/T-
80/T-90) 

3,000,000–4,500,000 350–400 3–5 1:1,800 – 1:4,000 

Pantsir-S1 air-defence sys-
tem 

13,000,000–20,000,000 350–400 4–8 1:5,000 – 1:50,000 

Table 3. Cost-to-target-value ratios for 250-gram-class FPV engagements by target class, 2024. 
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The cost-to-effect asymmetry and 
the structural transformation of preci-

sion-fires economics  
 

The first analytical axis concerns the 
cost-to-effect asymmetry documented in the 
empirical record and its implications for the 
broader economics of precision-strike capa-
bility. The Ukrainian operational experience 
establishes a regime in which precision fires 
against high-value armoured targets are de-
livered at a unit cost that is structurally dif-
ferent from the precision-munitions econ-
omy that preceded the 2022 war. Prior to the 
war, the canonical precision-strike muni-
tions employed by NATO and NATO-part-
ner forces included the Javelin anti-tank mis-
sile (unit cost approximately USD 240,000 
per round), the Hellfire AGM-114 (approx-
imately USD 150,000 per round), and the 
Brimstone (approximately USD 175,000 per 
round) — all of them substantially cheaper 
than the targets they were designed to de-
stroy, but all of them priced at an order-of-
magnitude higher than the 250-gram FPV 
platform that has now been demonstrated to 
be capable of delivering comparable effect 
against similar target classes under the spe-
cific conditions of the Ukrainian battlefield 
(Plichta & Rossiter, 2024; Pettyjohn, 2024; 
Fried, 2025). 

The magnitude of the cost asymmetry is 
not a marginal shift but a structural one. The 
ratio of target-to-munition cost for the Jave-
lin system against a T-72B3 is approximately 
12:1; for the Brimstone against the same tar-
get, approximately 17:1; for the 250-gram 
FPV platform against the same target, ap-
proximately 7,500:1 after adjustment for the 
hit-rate-compensating platform expenditure 
(Pettyjohn, 2024; CSIS, 2024). This two-or-
der-of-magnitude improvement in the cost-
to-target-value ratio does not, on its own, 
constitute a revolution in military affairs, but 
it does constitute a structural transformation 
of the marginal economics of precision fires 
at the tactical level, which in turn has impli-
cations for force-structure planning, 

procurement policy, and doctrinal design 
that extend well beyond the specific Ukrain-
ian context (Plichta & Rossiter, 2024; 
Kunertova, 2024; Calcara et al., 2022). The 
debate initiated by Calcara et al. (2022) on 
the structural limits of the drone revolution 
is partially sustained by the Ukrainian evi-
dence — the FPV platform has not dis-
placed the hider-finder competition, nor has 
it eliminated the role of conventional fires 
— but the specific argument that the cost-
to-effect ratio of tactical drones would re-
main structurally bounded by the physics of 
the hider-finder equilibrium requires revi-
sion in light of the 1:2,500 and 1:50,000 ra-
tios documented above. 

A distinctive feature of the cost-to-effect 
transformation is its asymmetric incidence 
across different components of the target 
portfolio. Against the highest-value targets 
— main battle tanks, Pantsir-S1 air-defence 
systems, self-propelled artillery — the cost 
asymmetry is extreme and potentially deci-
sive at the operational level, producing en-
gagement economics in which even low hit-
rates and high platform-expenditure rates 
yield positive cost-effect balances (Plichta & 
Rossiter, 2024; Oryx, 2024; Watling & Reyn-
olds, 2024). Against mid-value targets — 
light armoured vehicles, logistical trucks, ar-
tillery pieces — the asymmetry is substantial 
but less extreme, and the cost-effect balance 
remains positive across the range of opera-
tional conditions observed (CSIS, 2024; Pet-
tyjohn, 2024). Against low-value targets — 
individual infantry, soft-skinned civilian-pat-
tern vehicles — the cost asymmetry nar-
rows, and the operational rationale for FPV 
deployment shifts from cost-effectiveness to 
capability considerations such as precision, 
reach, and the substitution of FPV fires for 
scarce artillery ammunition (Pettyjohn, 
2024; Danczuk, 2024). 

The second implication of the cost-to-ef-
fect asymmetry concerns its interaction with 
production economics. A precision muni-
tion whose unit cost is measured in hun-
dreds of dollars rather than hundreds of 
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thousands enables production at a scale and 
rate that is not accessible to conventional 
precision-munition lines, as evidenced by 
the growth of Ukrainian FPV production 
from approximately 1,200 units in 2022 to 
1.7 million in 2024 (Kyiv Independent, 2024; 
Ukrainian Ministry of Defence, 2024). This 
scaling was achieved without the construc-
tion of new state-owned production facili-
ties and without the long-lead-time capital 
investment that conventional munitions re-
quire, relying instead on the repurposing of 
commercial drone components, distributed 
small-scale assembly, and volunteer-and-
civil-society supply chains (Pettyjohn, 2024; 
CSIS, 2024; Kunertova, 2024). The produc-
tion-economics implication is that the cost-
to-effect asymmetry at the unit level is com-
pounded by an equivalent asymmetry at the 
system level, producing a total cost-of-capa-
bility that is qualitatively different from that 
of conventional precision-munition systems 
(Plichta & Rossiter, 2024; Chávez & Swed, 
2023). 

The third implication concerns the force-
structure design question of whether the 
FPV cost-to-effect regime supports a substi-
tution or a complementation logic vis-à-vis 
conventional fires. The Bakhmut and Av-
diivka case studies provide evidence on both 
sides of this question. The Avdiivka phase, 
in particular, demonstrated the substitution 
capacity of FPV fires under conditions of 
acute artillery-ammunition shortage, with 
the platform class becoming the primary in-
direct-fire asset of Ukrainian defensive op-
erations during the late 2023 – early 2024 pe-
riod (Danczuk, 2024; Watling & Reynolds, 
2024; Watling & Reynolds, 2024). However, 
the subsequent Kupiansk–Kharkiv phase 
demonstrated that restored conventional-
fires availability did not displace FPV opera-
tions but rather enabled a complementation 
architecture in which FPV, artillery, and 
larger OWA drones combined to produce a 
layered precision-fires regime across multi-
ple range bands (CSIS, 2024; Watling & 
Reynolds, 2024; CEPA, 2024). The 

empirical conclusion is that the cost-to-ef-
fect asymmetry supports a complementation 
rather than a substitution logic under normal 
operational conditions but retains a substi-
tution capacity under degraded-fires condi-
tions, a dual-role capability that strengthens 
the strategic value of the platform class be-
yond what a single-logic interpretation 
would capture. 

A fourth implication concerns the ethical 
and legal consequences of the cost-to-effect 
transformation. When the marginal cost of a 
precision-strike engagement falls from hun-
dreds of thousands of dollars to hundreds of 
dollars, the economic disincentives against 
marginal-utility engagements correspond-
ingly weaken, producing a potential shift in 
the pattern of force application toward 
higher-volume, lower-threshold operations 
(Mutschler et al., 2024; Plichta & Rossiter, 
2024). The evidence from the Ukrainian ex-
perience suggests that this shift is partially 
observable in the use of FPV platforms for 
individual-infantry engagements that would 
not have been rational targets for the previ-
ous generation of precision munitions, alt-
hough the full-scale character of the conflict 
and the associated intensity of the threat-en-
vironment makes it difficult to isolate the 
cost-driven component of the shift from the 
context-driven component (Kunertova, 
2024; Danczuk, 2024). These implications 
are elaborated in the non-state-actor-prolif-
eration literature (Chávez & Swed, 2023; 
Mutschler et al., 2024; Combating Terrorism 
Center, 2023) but their empirical validation 
in state-on-state conflict remains an open re-
search question. 

The fifth implication concerns the tem-
poral and adaptive dimensions of the cost-
to-effect regime. The observed compression 
of unit costs from approximately USD 400 
in 2023 to approximately USD 350 by late 
2024, combined with the scaling of produc-
tion volumes from 415,000 to 1.7 million 
units over the same period, produces a learn-
ing-curve trajectory consistent with the clas-
sical Wright-curve industrial-learning 



 37 

pattern observed in other mass-produced 
technological artefacts (Pettyjohn, 2024; 
CSIS, 2024). The absence of evidence for 
cost-scaling saturation within the 2022–2024 
window suggests that the mature cost-effec-
tiveness regime of the 250-gram FPV plat-
form class has not yet been reached, and that 
further unit-cost compression and produc-
tion-rate acceleration are probable in the 
near-term future (Kunertova, 2024; Kuner-
tova, 2024). The strategic implication is that 
any force-structure analysis based on the 
2024 snapshot of cost and production fig-
ures will underestimate the medium-term 
competitive pressure that the platform class 
exerts on conventional precision-fires acqui-
sition. 

 
ELECTRONIC-WARFARE ADAP-

TATION AND THE IDENTIFICA-
TION OF A SECOND-GENERA-

TION FPV REGIME 
 

The second analytical axis concerns the 
interaction between FPV platform effective-
ness and the electronic-warfare environment 
of the Russo-Ukrainian battlefield, and the 
related emergence of what the present study 
identifies as a second-generation FPV-doc-
trinal regime during the 2023–2024 period. 
The theoretical baseline for this analysis is 
the hider-finder-competition framework de-
veloped by Calcara et al. (2022), which pre-
dicts that the proliferation of inexpensive 
sensing and strike platforms will produce an 
iterative hider-side countermeasure re-
sponse whose effect is to maintain an equi-
librium rather than to establish a decisive ad-
vantage for either side. The Ukrainian em-
pirical record supports the theoretical pre-
diction of iterative adaptation but modifies 
the equilibrium-maintenance implication in 
important respects, which the following 
analysis elaborates. 

The electronic-warfare interaction during 
the 2022–2024 window can be decomposed 
into a sequence of adaptation cycles. The 
first cycle (early 2022 – mid-2023) saw the 

initial deployment of commercial-off-the-
shelf FPV platforms operating on the 
widely-available 5.8 GHz frequency band, 
producing substantial early effectiveness 
gains that were progressively degraded by 
the scaling of Russian Shipovnik-Aero, Si-
lok, and Pole-21 jamming systems across the 
front line (Watling & Reynolds, 2023; 
Kunertova, 2023b; IEEE Spectrum, 2024). 
The second cycle (mid-2023 – mid-2024) 
saw the Ukrainian migration from 5.8 GHz 
to 1.2 GHz as the dominant FPV-operating 
band, combined with the adoption of en-
crypted video protocols (HDZero, Walk-
snail) that increased resistance to analogue-
signal jamming, and the introduction of 
higher-power video transmitters (up to 5 
watts) that extended operational range and 
penetration of electromagnetic-interference 
environments (IEEE Spectrum, 2024; 
IEEE Spectrum, 2024). The third cycle 
(early 2024 – end-2024) saw the introduction 
of fibre-optic-tethered platforms as an un-
jammable minority-share variant and the 
emergence of autonomous terminal-guid-
ance modules employing machine-learning-
based target recognition that reduced plat-
form dependence on the real-time radio-fre-
quency control link (IEEE Spectrum, 2024; 
CSIS, 2024; IEEE Spectrum, 2024). 

The adaptation-cycle structure produced 
a quantitatively documentable fluctuation in 
FPV effectiveness. During the jamming-in-
tensive 2023 phase, the Watling and Reyn-
olds (2024) RUSI analysis estimated that ap-
proximately 31% of sorties were lost to elec-
tronic warfare, with an additional 20–30% 
lost to non-EW failure modes including bat-
tery depletion, navigation error, operator er-
ror, and terminal-guidance failure. By late 
2024, the Ukrainian counter-adaptation re-
covered successful-sortie-completion rates 
to the 45–55% band, with the adaptation 
principally attributable to frequency migra-
tion, protocol encryption, and the partial de-
ployment of fibre-optic-tethered variants 
(IEEE Spectrum, 2024; IEEE Spectrum, 
2024; CSIS, 2024). The net result over the 
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24-month window was an adaptation cycle 
operating on a calendar-month rather than 
calendar-year periodicity, with each cycle 
producing a partial recovery of pre-adapta-
tion effectiveness levels but never a full res-
toration to the pre-countermeasure baseline 
(Kunertova, 2024; Watling & Reynolds, 
2024). 

The continuous adaptation pattern pro-
duced a structural consequence that the 
hider-finder-equilibrium framework pre-
dicts but does not fully capture: the increas-
ing technological complexity of the platform 
class over the adaptation cycle. The 250-
gram FPV platform that dominated the 2024 
operational environment was not the same 
platform that dominated the 2022 opera-
tional environment, even though both 
shared the same mass class, operator-inter-
face architecture, and basic tactical role. The 
2024 platform incorporated encrypted video 
protocols, variable-frequency-band opera-
tion, fibre-optic tethering options, and au-
tonomous terminal-guidance modules that 
collectively represented a substantial incre-
ment in technological sophistication over 
the early-war baseline (Watling & Reynolds, 
2024; CSIS, 2024; IEEE Spectrum, 2024). 
This technological evolution, while main-
tained within the 250-gram mass class for 
operational and logistical reasons, produced 
a de facto platform-generation transition 
that the literature has not yet adequately the-
orised. 

The second-generation FPV regime as 
identified in the present study is distin-
guished from the first-generation regime 
along six operational axes that correspond to 
the six UFPEI dimensions. In the target-
class-versatility dimension, the second-gen-
eration regime extends effective engagement 
capacity across the full target portfolio, in-
cluding main battle tanks and heavily-pro-
tected air-defence systems, where the first-
generation regime was primarily limited to 
lighter vehicles and infantry. In the cost-to-
kill-ratio dimension, the second-generation 
regime maintains the cost asymmetry while 

substantially improving hit rates, producing 
a compound improvement in effective cost-
per-kill. In the EW-resilience dimension, the 
second-generation regime incorporates the 
adaptations described above that were 
largely absent in the first-generation plat-
forms. In the kill-chain-latency dimension, 
the second-generation regime operates 
within the 2–5-minute band enabled by 
Delta/Kropyva integration. In the operator-
training-efficiency dimension, the second-
generation regime benefits from standard-
ised training pipelines, while the first-gener-
ation regime relied on volunteer self-train-
ing. In the logistical-production-footprint 
dimension, the second-generation regime 
has achieved the 1.7-million-unit annual 
production scale, while the first-generation 
regime operated at a 1,200-unit annual base-
line (Pettyjohn, 2024; Watling & Reynolds, 
2024; Kunertova, 2024; CSIS, 2024; CEPA, 
2024). 

The emergence of the second-generation 
regime across the three case studies is em-
pirically captured in the UFPEI composite-
score progression from 5.3 at Bakhmut 
through 6.9 at Avdiivka to 8.1 at Kupiansk–
Kharkiv. The trajectory is not linear but con-
cave, with the largest single-case improve-
ment occurring between the first and second 
case studies, and a smaller incremental im-
provement occurring between the second 
and third. This concavity suggests that the 
transition between the two regimes was 
largely completed during the 2023 phase, 
with the 2024 phase representing the matu-
ration of an already-established regime ra-
ther than the inauguration of a new one 
(Watling & Reynolds, 2024; CEPA, 2024; 
Kunertova, 2024). A third-generation re-
gime based on autonomous terminal guid-
ance and swarm-coordination capabilities is 
emerging at the margin of the 2024 opera-
tional record but is not yet dominant within 
the observed window; its characterisation 
lies outside the scope of the present study 
and is treated as a direction for future 



 39 

research (CSIS, 2024; Plichta & Rossiter, 
2024; Combating Terrorism Center, 2023). 

The second-generation-regime concept 
has implications beyond the Ukrainian case. 
If the platform generation transition identi-
fied here represents a structural phase rather 
than a context-specific Ukrainian phenome-
non, then it provides a template for analo-
gous transitions in other operational con-
texts where tactical-drone warfare is now 
emerging — including the Israeli-Hamas 
conflict in Gaza, the Myanmar civil war, and 
the Sahel-region conflicts where non-state 
armed groups are adopting commercial-
drone techniques (Mutschler et al., 2024; 
Chávez & Swed, 2023; Combating Terror-
ism Center, 2023). The empirical verification 
of the generational-transition concept across 
multiple operational contexts is a natural ex-
tension of the present research agenda and 
is discussed in the Conclusion as a direction 
for future work. The present study's contri-
bution to this broader research programme 
is the articulation of the generational-transi-
tion concept itself and the provision of a 
quantitative framework (the UFPEI) within 
which the transition can be measured and 
compared across contexts. 

A final consideration in this analytical 
axis concerns the inherent limits of the sec-
ond-generation regime. The RUSI 'Tactical 
Developments' analysis (Watling & Reyn-
olds, 2024) and the War on the Rocks sol-
dier-testimony analysis (Watling & Reyn-
olds, 2024) both emphasise that the 250-
gram FPV platform class, even in its mature 
second-generation form, retains structural 
limitations that the triumphalist interpreta-
tions of the Ukrainian experience have 
sometimes obscured. These limitations in-
clude the weather dependence of the plat-
form (performance degrades substantially in 
high wind, precipitation, and fog condi-
tions), the short operational endurance (typ-
ically 10–20 minutes at combat payloads), 
the operator-fatigue constraints that limit 
sortie-rates per pilot to approximately 6–10 
per combat shift, the payload limitations that 

constrain effectiveness against heavily-pro-
tected targets such as modern main battle 
tanks with explosive-reactive armour, and 
the inherent vulnerability of the human-op-
erator element to counter-battery and coun-
ter-ISR fires (Watling & Reynolds, 2024; 
Kunertova, 2024; Watling & Reynolds, 
2024; Danczuk, 2024). These limitations do 
not invalidate the second-generation-regime 
concept but establish the boundary condi-
tions within which it operates and the spe-
cific friction points at which the third-gener-
ation autonomous regime is expected to 
emerge. 

 
KILL-CHAIN INTEGRATION, 

DELTA–KROPYVA, AND THE DOC-
TRINAL ARCHITECTURE OF SEC-

OND-GENERATION FPV WAR-
FARE 

 
The third analytical axis examines the 

doctrinal architecture within which the sec-
ond-generation FPV regime operates, with 
particular attention to the integration of 
FPV strike cycles into the Delta and Kro-
pyva battle-management systems and the 
consequent transformation of the kill-chain 
from an ad-hoc improvised structure into a 
formalised operational architecture. The 
analysis proceeds in four stages: the charac-
terisation of the pre-integration first-genera-
tion kill-chain, the documentation of the in-
tegration process during 2023–2024, the 
identification of the operational effects pro-
duced by integration, and the articulation of 
the resulting doctrinal-architectural frame-
work that the present study identifies as the 
mature second-generation regime. 

The first-generation kill-chain as ob-
served during the 2022 phase and the early 
Bakhmut phase operated through an essen-
tially improvised architecture in which ISR 
assets (primarily Mavic reconnaissance 
quadcopters and similar commercial plat-
forms), strike assets (early-generation FPV 
platforms operated by volunteer-pilot 
teams), and command-and-control elements 
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(infantry-regiment and battalion headquar-
ters) were connected through informal radio 
communications, smartphone messaging 
applications (primarily Signal and Telegram), 
and voice-direction from mid-ranking offic-
ers (Watling & Reynolds, 2023; Danczuk, 
2024; JHU-APL, 2024). The resulting archi-
tecture produced median ISR-to-strike la-
tencies in the 15–30-minute range under fa-
vourable conditions and substantially longer 
latencies when unit-level coordination re-
quired reference to higher-echelon com-
mand elements (Danczuk, 2024; Danczuk, 
2024; Watling & Reynolds, 2024). The first-
generation kill-chain therefore delivered the 
cost-to-effect asymmetry documented in the 
previous analytical section but did so at a 
tempo that was inadequate against moving 
targets or highly mobile target classes, pro-
ducing a structural ceiling on first-genera-
tion effectiveness against precisely those tar-
get categories that the platform was most 
valuable against. 

The integration of FPV strike cycles into 
the Delta and Kropyva battle-management 
systems during the 2023–2024 period repre-
sented the operational response to this first-
generation-regime ceiling. Delta is a situa-
tional-awareness and common-operating-
picture platform developed by the Ukrainian 
Ministry of Defence's Innovation Centre 
that integrates ISR, fires, and movement 
data into a unified interface accessible to 
command elements at multiple echelons 
(JHU-APL, 2024; JHU-APL, 2024; CSIS, 
2024). Kropyva is a tactical battle-manage-
ment system originally developed for artil-
lery fire-control that has been extended to 
integrate UAS operations, and by 2024 had 
reportedly become the most widely de-
ployed Ukrainian battlefield-management 
platform with a user base numbering in the 
hundreds of thousands (CEPA, 2024; JHU-
APL, 2024). The two systems complement 
rather than duplicate each other, with Delta 
providing the strategic-and-operational layer 
and Kropyva providing the tactical-and-unit 
layer, and by 2024 the Ukrainian Ministry of 

Defence had demonstrated integration of 
both systems with NATO interoperability 
frameworks through the TIDE Sprint and 
CWIX exercises (CEPA, 2024; Defense Ex-
press, 2024). 

The integration produced a measurable 
transformation in kill-chain-latency perfor-
mance. The Avdiivka phase saw partial inte-
gration of FPV strike cycles into Kropyva, 
reducing median ISR-to-strike latency from 
the first-generation 15–30-minute baseline 
to approximately 5–10 minutes for well-in-
tegrated units (Danczuk, 2024; CEPA, 2024; 
Watling & Reynolds, 2024). The Kupiansk–
Kharkiv phase of 2024 saw full integration 
of FPV strike cycles into both Delta and 
Kropyva, further reducing median latency to 
the 2–5-minute operating band with specific 
high-priority targets engaged in under two 
minutes under favourable conditions (JHU-
APL, 2024; CSIS, 2024; CEPA, 2024). The 
Vezha video-analysis platform, which by late 
2024 was reported to be processing feeds 
from hundreds of UAVs and classifying 
over 4,000 reconnaissance objects daily, rep-
resented a further evolution in which auto-
mated target identification began to supple-
ment human kill-chain processing and to re-
duce the latency contribution of the target-
identification and target-handover phases of 
the kill chain (Defense Express, 2024; CSIS, 
2024). 

The operational effects of the kill-chain-
integration transformation are observable at 
three distinct levels of analysis. At the tacti-
cal level, the reduction of median latency 
from 15–30 minutes to 2–5 minutes shifts 
the effective target set from stationary or 
slowly-moving targets to the full spectrum 
of battlefield targets including manoeuvring 
mechanised formations, reducing the adver-
sary's capacity to exploit temporal gaps in 
the kill-chain through mobility. At the oper-
ational level, the reduction enables the sus-
tained implementation of the 10–15-kilome-
tre defensive no-go-zone concept articulated 
in the Ukrainian 'Drone Line' doctrine and 
maintained across continuous frontline 
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sectors rather than only at specific engage-
ment points (Ukrainian Ministry of Defence, 
2024; Militarnyi, 2024; CEPA, 2024). At the 
strategic level, the combination of tactical-
level latency reduction and operational-level 
area-denial sustainment enables the substitu-
tion of a distributed precision-fires regime 
for the concentrated conventional-fires re-
gime that the Ukrainian armed forces could 
not sustain under the artillery-ammunition 
shortages of 2023–2024 (Danczuk, 2024; 
Plichta & Rossiter, 2024; CSIS, 2024). 

The doctrinal-architectural framework 
that emerges from the integration process is 
characterised by five distinctive features that 
together define the mature second-genera-
tion FPV regime. The first feature is the for-
malisation of the tactical-UAS unit as an in-
dependent combat element organised at the 
company or battalion level, rather than as a 
subordinate component of an infantry or ar-
tillery formation; the establishment of the 
separate Unmanned Systems Forces branch 
within the Ukrainian armed forces in June 
2024 institutionalised this arrangement at 
the service-branch level (Ukrainian Ministry 
of Defence, 2024; Kyiv Independent, 2024; 
Kunertova, 2024). The second feature is the 
integration of ISR, strike, and electronic-
warfare functions within the tactical-UAS 
unit, producing a self-contained kill-chain 
capacity at the battalion level that does not 
require external echelon coordination for 
routine engagements (JHU-APL, 2024; Wat-
ling & Reynolds, 2024; CEPA, 2024). The 
third feature is the standardisation of opera-
tor-training pipelines through specialised 
training centres, replacing the volunteer-
self-training pattern of the first-generation 
regime with a formalised qualification archi-
tecture (Kunertova, 2024; CSIS, 2024; 
Kunertova, 2024). 

The fourth feature is the integration of 
the distributed commercial-production eco-
system with the tactical-use-case feedback 
loop, enabling rapid iteration of platform de-
signs in response to operational lessons and 
electronic-warfare countermeasures. The 

observed calendar-month adaptation cycle 
during the 2023–2024 window — frequency 
migration from 5.8 GHz to 1.2 GHz, proto-
col-encryption adoption, fibre-optic-tether-
ing introduction — was possible only be-
cause the production ecosystem and the 
user-operator community were connected 
through tight feedback loops that the tradi-
tional defence-industrial base does not sup-
port (Pettyjohn, 2024; CSIS, 2024; Plichta & 
Rossiter, 2024; Kunertova, 2024). The fifth 
feature is the emerging integration of the 
Ukrainian second-generation FPV architec-
ture with NATO interoperability frame-
works and allied operational concepts, 
which by late 2024 had produced export in-
quiries for the Delta platform itself and had 
established the Ukrainian doctrinal architec-
ture as a reference point for NATO-wide 
tactical-UAS doctrinal development (CEPA, 
2024; JHU-APL, 2024; CEPA, 2024; Fried, 
2025). 

The five-feature doctrinal-architectural 
framework characterising the second-gener-
ation regime has implications that extend be-
yond the specific Ukrainian operational con-
text. The framework represents a template 
for the integration of commercial-drone ca-
pabilities into a professional-military kill-
chain architecture, and as such provides a 
reference point for NATO and NATO-
partner militaries seeking to adapt their force 
structures in response to the demonstrated 
effectiveness of the platform class (Plichta & 
Rossiter, 2024; Pettyjohn, 2024; Fried, 
2025). The framework also provides a tem-
plate, in inverted and adversarial form, for 
the proliferation of FPV-drone tactics to 
non-state armed groups including terrorist 
organisations, and the Combating Terrorism 
Center at West Point has already docu-
mented the beginning of this proliferation in 
Syrian, Iraqi, and Sahel contexts (Combating 
Terrorism Center, 2023; Chávez & Swed, 
2023; Mutschler et al., 2024). The dual-use 
character of the doctrinal-architectural 
framework — its applicability to both con-
ventional-military and non-state-actor 
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contexts — represents one of the more im-
portant secondary findings of the present 
study and is discussed further in the Conclu-
sion. 

A final consideration in this analytical 
axis concerns the interaction between the 
second-generation regime and the emerging 
third-generation autonomous regime. The 
trajectory from first- through second- to 
third-generation FPV warfare, as captured in 
the present study's analytical framework, is 
not a simple linear progression but a con-
cave curve with diminishing marginal re-
turns along the human-operator axis and in-
creasing marginal returns along the autono-
mous-system axis (CSIS, 2024; Plichta & 
Rossiter, 2024; JHU-APL, 2024). The 2024 
operational record contains early evidence 
of the third-generation transition: AI-guided 
FPV variants with reported hit rates of 80% 
against stationary targets under benign EW 
conditions, autonomous-terminal-guidance 
modules that operate for the final 500–1,000 
metres of flight without human-operator in-
put, and swarm-coordination experiments 
that connect multiple FPV platforms into 
coordinated engagement complexes (CSIS, 
2024; CSIS, 2024; Plichta & Rossiter, 2024). 
The full characterisation of the third-gener-
ation regime is beyond the scope of the pre-
sent study, but its emergence at the margin 
of the 2024 operational record establishes 
the temporal boundary within which the sec-
ond-generation findings of the present study 
should be interpreted. 

 
CONCLUSION 

 
This study has examined the operational 

effectiveness of 250-gram-class First-Person 
View drones as a precision munition system 
in urban combat, drawing on a structured 
synthesis of operational data from the 
Ukrainian battlefield during the February 
2022 – December 2024 window. The study 
constructed and applied a novel six-dimen-
sional composite metric — the Urban FPV 
Precision Effectiveness Index — and 

calibrated the metric through three sequen-
tial case studies (Bakhmut, Avdiivka, Kupi-
ansk–Kharkiv) and a structured content 
analysis of 46 open-source operational re-
ports. The findings support the three re-
search hypotheses to varying degrees of con-
firmation, as elaborated below. 

The first hypothesis, which held that 250-
gram-class FPV drones deliver a dispropor-
tionate cost-to-effect ratio against armoured 
and semi-armoured targets falling in a band 
between one and four orders of magnitude 
below the monetary value of the target de-
stroyed, is strongly confirmed by the empir-
ical record. The documented cost-to-target-
value ratios across the target portfolio range 
from approximately 1:80 against soft-
skinned vehicles through 1:2,500 against 
main battle tanks to 1:50,000 against the 
most valuable individual targets such as 
Pantsir-S1 air-defence systems. These ratios 
represent a two-to-three-order-of-magni-
tude improvement over the cost-to-target-
value ratios achievable with conventional 
precision-munition systems of the Javelin, 
Hellfire and Brimstone classes, establishing 
the 250-gram FPV platform as a structurally 
asymmetric precision weapon in the sense 
specified by the hypothesis (Plichta & Ros-
siter, 2024; Pettyjohn, 2024; Chávez & Swed, 
2023). The confirmation is robust across the 
three case studies and across the full range 
of target classes documented in the opera-
tional record. 

The second hypothesis, which held that 
FPV effectiveness in urban terrain varies 
non-linearly with three intervening variables 
— electronic-warfare density, operator ex-
perience, and target-class composition — 
producing the observed 20–50% hit-rate 
band whose position within the band is de-
termined by the interaction of these three 
variables, is also confirmed by the empirical 
record, albeit with partial specification of the 
non-linearity. The observed 20–50% hit-rate 
band, with case-specific means of 28% 
(Bakhmut), 33% (Avdiivka) and 40% (Kupi-
ansk–Kharkiv), corresponds to the variation 
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predicted by the hypothesis and is princi-
pally driven by the reduction of electronic-
warfare effectiveness (through counter-ad-
aptation), the increase of operator experi-
ence (through professionalisation and stand-
ardised training), and the evolution of target-
class composition (through the shift from 
armoured-vehicle targets at Bakhmut to-
ward a broader portfolio at Kupiansk–
Kharkiv). The non-linearity of the interac-
tion is empirically confirmed, but the spe-
cific functional form of the interaction — 
which would require larger-sample quantita-
tive analysis to identify precisely — remains 
a direction for future research. 

The third hypothesis, which held that the 
integration of FPV drones into a mature 
ISR-to-strike kill chain anchored on Delta 
and Kropyva, combined with the profes-
sionalisation of tactical UAS units, produced 
a qualitatively distinct second-generation 
FPV-doctrinal regime, is confirmed by the 
empirical record and by the UFPEI compo-
site-score progression from 5.3 at Bakhmut 
through 6.9 at Avdiivka to 8.1 at Kupiansk–
Kharkiv. The five-feature doctrinal-architec-
tural framework articulated in the third ana-
lytical section — tactical-UAS-unit formali-
sation, integrated ISR-strike-EW capacity at 
battalion level, standardised operator-train-
ing pipelines, commercial-production-eco-
system-with-user-feedback integration, and 
NATO-interoperability integration — con-
stitutes a qualitatively distinct doctrinal re-
gime that was not observable in the first-
generation phase and that provides the ar-
chitectural substrate for the observed effec-
tiveness improvements. The confirmation is 
robust across the case studies, though the 
relative contributions of the five features to 
the overall regime-level effect require fur-
ther empirical decomposition that is beyond 
the scope of the present study. 

The principal original contribution of 
this article is threefold. First, the study pro-
poses and operationalises the Urban FPV 
Precision Effectiveness Index as a novel 
composite metric integrating six operational 

dimensions into a single effectiveness score 
that permits systematic comparison across 
case studies and time-points. The UFPEI is 
designed to be adaptable to operational con-
texts outside the specific Ukrainian case and 
to be extensible through additional sub-indi-
cators as the evidence base matures. Second, 
the study provides the first systematic com-
parative calibration of FPV urban effective-
ness across three sequentially fought and op-
erationally distinct urban battles, allowing 
the identification of the concave-trajectory 
pattern of effectiveness improvement and 
the associated decomposition of regime-
level gains into dimension-level contribu-
tions. Third, the study articulates the con-
cept of a second-generation FPV-doctrinal 
regime and specifies its five architectural fea-
tures, providing a conceptual framework 
within which the observed Ukrainian opera-
tional record can be located and from which 
comparative extensions to other operational 
contexts can be developed. 

The study has three explicit methodolog-
ical limitations that constrain the interpreta-
tion of its findings. The first is the partial and 
contested character of the open-source op-
erational data on an ongoing armed conflict, 
which necessarily produces confidence in-
tervals around the quantitative estimates 
wider than those achievable under peace-
time-measurement conditions. The triangu-
lation strategy employed in the study miti-
gates but does not eliminate this limitation, 
and the specific quantitative estimates 
should therefore be interpreted as reliable-
order-of-magnitude values rather than as 
precise point estimates. The second limita-
tion is the absence of direct access to classi-
fied Ukrainian or allied-government opera-
tional-assessment documentation, which 
means that the UFPEI estimates rely on the 
subset of operational data that has been re-
leased or leaked into the open-source rec-
ord; this selection effect may produce sys-
tematic biases in directions that are difficult 
to quantify ex ante. The third limitation is 
the rapid pace of technological and doctrinal 
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change during the 2022–2024 window, 
which produces a degree of temporal aggre-
gation within each case-study period that 
compresses genuine intra-period variation 
into a single point estimate. 

Three directions for future research 
emerge from the study. The first is the em-
pirical extension of the UFPEI framework 
to non-Ukrainian operational contexts, in-
cluding the Israel-Hamas conflict in Gaza, 
the Myanmar civil war, the Sahel-region con-
flicts, and any future large-scale state-on-
state conflict involving tactical-drone war-
fare. Such extension would allow verifica-
tion or refutation of the generational-transi-
tion concept articulated in the present study 
and would provide comparative context for 
the Ukrainian findings. The second direction 
is the larger-sample quantitative analysis of 
the three-intervening-variable interaction 
identified in hypothesis H2, which would re-
quire access to disaggregated hit-rate data at 
the sortie-level or mission-level rather than 
the case-study-aggregate level employed in 
the present study; such analysis could iden-
tify the specific functional form of the non-
linear interaction and produce predictive 
models of FPV effectiveness under alterna-
tive operational conditions. The third direc-
tion is the systematic characterisation of the 
emerging third-generation autonomous 
FPV regime and its relationship to the sec-
ond-generation regime, which would require 
dedicated research on the autonomous-ter-
minal-guidance modules, swarm-coordina-
tion experiments, and AI-assisted-target-
identification systems that are beginning to 
supplement human-operator-based FPV 
warfare at the margin of the 2024 opera-
tional record. 

The study's findings have implications 
for military doctrine, force-structure plan-
ning, and arms-control policy that extend 
beyond the strictly academic interest of the 
Ukrainian case. For NATO and NATO-
partner military planners, the findings sup-
port the conclusion that the 250-gram FPV 
platform class represents a structural rather 

than a transient shift in the economics of 
tactical precision fires, and that force-struc-
ture adaptations to integrate the platform 
class into existing doctrinal architectures are 
both operationally warranted and economi-
cally feasible. For the smaller NATO states 
and for non-aligned states with limited de-
fence budgets, the findings support the con-
clusion that the platform class offers a qual-
itatively distinct opportunity for the devel-
opment of asymmetric deterrent and defen-
sive capabilities at costs compatible with 
constrained budgetary environments. For 
the arms-control and international-humani-
tarian-law community, the findings establish 
the platform class as a reality on the modern 
battlefield that requires dedicated normative 
and regulatory attention, including through 
the potential extension of existing conven-
tions on indiscriminate-effects weapons, the 
establishment of export-control protocols 
for dual-use components, and the develop-
ment of counter-drone frameworks compat-
ible with international-humanitarian-law 
principles (Mutschler et al., 2024; Plichta & 
Rossiter, 2024; Combating Terrorism Cen-
ter, 2023). 

The Ukrainian experience of 2022–2024 
demonstrates that a precision munition sys-
tem can be constructed at micro-platform 
scale from commercial-off-the-shelf com-
ponents, scaled to production volumes in 
the millions of units per year, integrated into 
a professional-military kill-chain architec-
ture, and employed effectively across the full 
spectrum of urban-combat target classes. 
The UFPEI composite-score progression 
from 5.3 through 6.9 to 8.1 across the three 
case studies captures the trajectory of this 
transformation in a single quantitative meas-
ure, and the five-feature doctrinal-architec-
tural framework identified in the study spec-
ifies the organisational conditions under 
which the transformation has been achieved. 
The present study has sought to document, 
measure, and conceptualise this transfor-
mation within the limits of open-source evi-
dence and within the recognition that the 
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empirical record is still emerging. The con-
tinuation of this research programme — 
through the extension of the UFPEI frame-
work to additional operational contexts, the 
refinement of the quantitative estimates 
through larger-sample analyses, and the 

systematic characterisation of the emerging 
third-generation regime — will be necessary 
to convert the present study's preliminary 
findings into a mature theoretical framework 
for the analysis of tactical-drone warfare in 
the post-Ukrainian era. 
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Sažetak: Članak analizira operativnu efikasnost FPV (First-Person View) dronova klase 250 
grama kao preciznog municijskog sustava u urbanoj i poluurbanoj borbi tokom Rusko-ukraj-
inskog rata, oslanjajući se na strukturiranu sintezu operativnih podataka objavljenih između feb-
ruara 2022. i decembra 2024. godine. Studija predlaže i primjenjuje novi šestodimenzionalni 
kompozitni indeks — Urban FPV Precision Effectiveness Index (UFPEI) — koji kvantificira 
performanse duž šest operativnih osovina: višenamjenskost prema klasama ciljeva, omjer troška 
po uništenom cilju, otpornost na elektronsko ratovanje, latentnost urbanog lanca ciljanja, efi-
kasnost obuke operatera i logističko-proizvodni otisak. Empirijska kalibracija provodi se kroz tri 
studije slučaja: odbrana Bahmuta (oktobar 2022. – maj 2023.), odbrana Avdijivke (oktobar 2023. 
– februar 2024.) i operacije na osi Kupjansk–Harkiv (2024.). Nalazi pokazuju da su platforme 
klase 250 grama s komercijalnim komponentama postigle stopu pogodaka u rasponu od 20 do 
50% prema pokretnim ili djelomično zaklonjenim ciljevima, s omjerom troška prema vrijednosti 
cilja u rasponu od 1:80 do 1:50.000 ovisno o klasi cilja, i doprinijele dokumentiranom udjelu od 
60–70% potvrđenih gubitaka ruskih oklopnih vozila tokom faze Avdijivke. Integracija FPV ci-
klusa napada u sisteme za upravljanje borbom Delta i Kropiva smanjila je latentnost urbanog 
lanca ciljanja s ranoratnih 15–30 minuta na 2–5 minuta do kraja 2024. godine, dok rast ukrajinske 
FPV proizvodnje s približno 1.200 jedinica u 2022. na 1.7 miliona u 2024. pokazuje da je održivo 
skaliranje preciznog municijskog sustava na mikroplatformi moguće izvan tradicionalne odbram-
beno-industrijske baze. Originalni doprinos studije je trostruki: predlaganje UFPEI kompozitnog 
mjerila, prva sistematska komparativna kalibracija urbane FPV efikasnosti kroz tri velike bitke za 
gradove, i artikulacija drugoeneracijskog FPV doktrinarnog režima karakteriziranog integracijom 
sistema za upravljanje borbom, profesionalizacijom taktičkih jedinica i održivom proizvodnjom 
u masovnoj razmjeri. 
Ključne riječi: FPV dronovi, precizna municija, urbana borba, Rusko-ukrajinski rat, elektronsko ratovanje, 
troškovna efikasnost, doktrina dronova. 
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