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Extended Abstract

INTRODUCTION

Drones have rapidly emerged as critical tools in military and security
operations, playing key roles in reconnaissance, surveillance, and
offensive missions over sensitive airspaces and urban infrastructure (1).
The threat posed by unauthorized or hostile drone flights has become a
major national security concern. Accurate three-dimensional localization
of drones is essential, and acoustic source localization—a technique that
estimates the position of one or more sound sources relative to a reference,
typically a microphone—offers significant advantages (2). Inspired by
human auditory perception, which can simultaneously estimate direction
and distance of sounds (3), acoustic systems operate effectively in low-
visibility or covered conditions and with low-cost sensors. To address gaps
in prior methods, this study proposes a deep Mamba-based network (4)
that extracts both temporal and spectral features from Mel-spectrograms
to precisely estimate drone distance, elevation, and angles in complex
environments.

METHODOLOGY

We propose a deep architecture for 3D localization of drone acoustic
sources using multichannel audio signals. The model first extracts log-Mel
spectrograms from each of the eight microphone channels, capturing
perceptually relevant spectral energy distributions (5). Spectrograms are
divided into overlapping 2D temporal and frequency patches, which are
processed using 2D convolutional layers and Mamba blocks. Each Mamba
block integrates convolution and a state-space model to capture both local
and long-range dependencies along time and frequency axes. Temporal
and spectral features are fused via cross-attention to generate a unified
representation, which is then used to estimate drone distance, elevation,
azimuth, and elevation angle. The model is trained on the publicly
available multi-channel drone dataset (3) using AdamW optimizer with
CosineAnnealingLR. Performance is evaluated with mean absolute error
and root mean squared error, providing robust 3D localization suitable for
real-time applications on GPU and edge devices.
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RESULT

Table 1 summarizes the evaluation results for four key parameters: a) distance
(meters), b) elevation (meters), c) azimuth (degrees), and d) elevation angle
(degrees). In the baseline model from the original dataset (3), the best
performance was achieved using log-Mel spectrogram features with a
sampling rate of 44.1 kHz, FFT length of 1024, hop size of 512, and 128 Mel
filters. In contrast, our proposed model uses higher-resolution log-Mel
spectrograms with a 96 kHz sampling rate, FFT length of 4096, hop size of
1024, and 256 Mel filters.

Table (1) Comparison of performance evaluation of the base model with the
model proposed in this paper with MAE and RMSE

MAE RMSE

model

a b c d a b c d
Baseline

0/39 | 0/41 | 0/91 | 8/61 | 0/58 | 0/55 | 1/36 | 26/88
Model
Proposed

0/05 | 0/06 | 0/14 | 8/51 | 0/19 | 0/A7 | 0/62 | 26/7
Model

The increased sampling rate and finer Mel filter resolution improved feature
representation, enhancing temporal and spectral discrimination. For distance
(@), the baseline model achieved MAE: 0/39, RMSE: 0/58, while our model
achieved MAE: 0/051, RMSE: 0/192, representing reductions of ~87% in
MAE and ~67% in RMSE. Elevation (b) showed MAE/RMSE reductions of
83% and 13%, respectively. Azimuth (c) improved from MAE 0/91, RMSE
1/36 to MAE 0/143, RMSE 0/628, indicating more precise horizontal angle
estimation. Elevation angle (d) showed minimal improvement (MAE 8/514,
RMSE 26/708), highlighting inherent challenges in vertical angle estimation
due to the limited vertical baseline of mostly planar microphone arrays and
environmental reflections.

As shown in Figure 1, the changes in the loss function over the training epochs
are illustrated. This plot demonstrates the overall decrease in loss despite
minor fluctuations between epochs, clearly reflecting the learning progress of
the proposed model.
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Figure 1: Loss curve during the training process of the model.

These results indicate that the proposed model achieves highly accurate
distance and horizontal angle estimation, while vertical angle estimation
remains limited by geometric constraints. The combination of temporal and
spectral feature extraction, Mamba blocks, and cross-attention allows robust
3D localization even in noisy environments. From a practical perspective, the
improved precision in distance and azimuth enables real-time drone tracking
and early warning in military or surveillance contexts. Acoustic-based
localization can thus serve as a complementary or alternative system in
electronic warfare scenarios where radar may be compromised, enhancing
situational awareness and defense capabilities.

DISCUSSION and CONCLUSIONS

This study demonstrates that the proposed Mamba-based architecture
achieves superior performance in 3D drone localization compared to baseline
methods. Significant reductions in distance and azimuth estimation errors
indicate that the model can accurately and in real-time track drones, even
under noisy conditions. Unlike previous studies focusing primarily on 2D
localization (azimuth and elevation), this work provides a comprehensive 3D
solution encompassing distance, height, azimuth, and elevation, addressing a
key gap in the literature.

The main innovation is the simultaneous extraction and integration of
temporal and spectral features within the Mamba architecture. This approach
emulates human auditory perception while maintaining lower computational
complexity and greater generalizability than conventional transformer-based
models. Results show improved accuracy in distance and angle estimations,
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demonstrating the model’s potential for deployment in operational defense
applications.

Nonetheless, some limitations remain. Most training data were collected
under controlled conditions, which may limit performance in real-world
urban or battlefield environments with complex noise, reflections, or varying
weather. Experiments were also conducted on a limited set of drones;
evaluation across drones with diverse acoustic signatures is needed to ensure
robust generalization.

Future work should include: (1) testing on more diverse datasets representing
urban and military scenarios; (2) applying data augmentation to improve
robustness against dynamic noise; (3) integrating acoustic sensors with low-
power radar, optical, or thermal cameras for multi-modal tracking; and (4)
optimizing the model for lightweight, portable deployment.

The findings have practical significance for defense systems. Accurate 3D
acoustic localization can complement radar and optical sensors, particularly
in electronic warfare or low-visibility conditions, enabling rapid alerts,
autonomous drone tracking, and enhanced intelligent air defense.
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1 -Convolutional Neural Network
2- Recurrent Neural Network

3- Transformer

4- Sequence modeling

5 -Short-Time Fourier Transform
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2- log-Mel spectrogram



v SO0 e 4ol / g0 ST 39 ok ST U gt st (S0

s ool mlie 51 ,Ks S cwl b 1) Sge mlin g lalasws £555 9 Ggo auio alold
30 999,50 Culd 45 ol (Strauss, Mordel, Miguet & Deleforge, Y+1A) (w yiwws
oatihnd 315 by S sl JuSew Lo o 5 wasiloloz slty ) e S G
Lok o5 < lp alloa slaslyn 5 (e g 4 JUiSow Cond b jlop (o> 5o
25 sl b spame lad 9 50 ol Cesl oud J S byl g olSitglejl (g, 55y
a5 ol odelyo Sl a yo YO g VY Y 5 e VIO g Ve oV 5 a glas)l g
Wang, Sanchez-) csls acgazo o)ls |, 8ly Jos slalaxe g4 0 Codgume
5 9game slalas o allisle;l slag lw 5 55 5 5 (Matilla & Cavallaro, v- 14
e 3 Ol @ 5 0ass 50 i Tz s |y (oally (sla Laows uiiS Sinko a8
3555 o 58 ol o G5 6 58 (o o i

<l Bae L (Jekateryiczuk, Szadkowski & Piotrowski, Y- Y0) ools dacgasxe T)_pl
sladoe j0 ol SO IYL cea ST L slacgo Joli aS ol oo &1l o 5l ol
o 48,5 gy Gliie ilr (8,5 5 s lels| Sl 51 o5 Col 8y
Ll Jazs Loyl 1l g Slaitee aile 8o Oledbsl Jolls 5 el

g ry 4 Ol 5l gl (Fyo e LU 3 Sl Glatd i ey L
o Sl Fhg a4 Sily g oslodcgeme slacudgass ( dao 28ly slalisl
gl Sl sl slas Sigy dnwsi gl 1) die) Leiuogase ol tailos S5 azgs
2 Sl e aS Cenl 03,5 wal B 1) Az ooz Laily; (siledoe 5 o Shs )55
2l Gl Fyo @b 2boy 5 elolid sl S5, las )5 5 (ool slaailels

S Sl

g iz b SO CanBge o 0 a5 09d g0 Dbl Gan] R 4 g gie bl
oY oo e (gom dw oL 5 a5 098 iy a5 calises Sl jo Wlgh o Coadge
b Ll 1) 55 0)lee ol

Fois (G CoaBge 4 e cows pcdolyl 35 a0 5l 989 Sie elads alols ralols -
S o paseine a4 cas |y Sge



IFed ylgs oFe o lods oo il 890 (£l 290y [ dolilas 94

DS (o0 e 45 e o 2 1oy ek A S (5989 ,S00 (50908 Cobge 1elis )l -
D)l 18 sl ez yo Feo ae

4 S 0989500 (Bl g (s350e sladgly o mal)ly cnl sglds )| angly o (881 sl -
25 slin 283 L L y5d9 e oS WS o el 5 WS e (et |y )] 55 0
g Ll o 5 428 5 5153 55 e sl

Comenl o el g (ollid (Glo )l 3 ohga by Cusdge SlogaSll 385 (s
SIS 850 4 (23Sl Wl b (65058, (s lho gz iy o 45 12 1)l il
S5, «(2lyp Dluags Bgetr olulid Gl ool @8o bl Cuns
ol Glag e g 08 oo wal B 1) (280 SLaladl S50 (65 )40l 0 g e uf Slaslgy
1) ot e Mo by S9ii a5 aims il aredan 5 @y slageul w83 oo o5l
il p JBlas 4

3999550 41T &) Connnd (g0 g (AR CannBgn et (S AS L (1) JSC

03ld b gl Al A )0 &5 jsbiles S9ge slategl g laalle 251
L)) augly (B 5 (B8 agly Lo (sim saiied (um 99 (LI ) Sgazme D
590 el asgama (pl 09 co 48,5 00l al)l 5l auie alold g 0iS) o (uesS
el S e b oniyy mlie &S o (HBly s 05l 0 Slgl el sl tllr
Ll pd 50 00l Cudguze g g p g odezy ladarze 0 ASly 5 6 5e, C80
Wi g g oo Slaobih b (ol b (6 5t slodanome j0 055 (oaBly (Sliloe



W0 (SO0 e dabrl [ iy (ST 9 oo (53050 b gy (S A IS0

g akold o el asly (Bl aysly Jolds a5 (gumans oLl axwgs dA gl oo
oo Dbl jo gaaghy ol AL ) (o bl (e haw 5l ol £l
sloailele Sl (28 BB jsbas g oo dive (nl )o S8 iy g Sl Sl (Foe

oo Ll ) els 5 gl
8L (Syo @l alold 5 2 (eSS 9 (Fao mlie Camdge i 55 Gl 2Ll
2338 s s S 0B i 5 ok sl s 5 2 L
ol 3l S plellaiS oo Jelod |y lao (iS85 Sloj sla Ty Dloser joboas 45
Sro bole slaph,Sl (b o (g slesSug, G RTUSE Sel ool
@ Fye gl Do) Gloy BT asle) Sloy la Ty w5 5 whg ol ond
Wi oo (Alisee (oudlS 3 slasily )3 (5551 aiile) b sla Sy 5 (Lpyge S
WS o2l 3 1) alold 5 slas )l daaygly 380 ezt Gl ludl SThol piews aiilen
b (2l (bl (cuae ladSid b osls 7,8 55 5 (A 0 &5 yeblen
S (§990 (eSS Sl ogd IS Sgo el Slac B I (S gl Sl )
oy sl Ky s Danaily Ly, (55l oo ;o Lol tilosgy 3350 (Sgo mlie o,
Oty Gley BB g 51) G 5 (GYsb sbaosl sk jo LS Slyess &5)
il ce Codgaze ghls WllSais slaesls o (al,] 5l 98g,5e o 4l
Lulgy wpols 5 aiiS o Jos azg p5uille (wlul  aS0T o 4 5 o yey5ini 5
wile poduzmy blaw o s Joo Iy G 5 Sloj sl Shy om Saenid
Alosls las tiglgils nae loaSid 4 Cond 6V 2L (saman SbIKs
Lol sl oo 5530 cboosls 51 ié o siales 6,e50 bl 5 g iy polaiio gl,ls 5
Alis Jsb a4 S pgo a0 Glowlre (S sl 4258 p (e o s,
Wbz 5 GYsb Sso aJiSow (Bilon a5 39800 Sl (S (nl witwsn
3l K 5 Aol Slasle Jlai Sl gaman Lo Blue )0 o554

o 05 dunlie S0 sladisel (saen bl Alis aised jo Jazgi-ags 05l

1- Self-Attention



IFed ylgs oFe o lods oo il 890 (£l 290y [ dolilas 96

AllSai> Sgo glp a5 cwl ONT) aladl> ¢ Sy (Sauzmo LN dlis Job Sl
el 438 sl (ul 098 o0 Wl (SYsb sladllis oS
Sy sleJaw by pMamba Jow da o980 55 Slawlone Coogaoms pade jglaied
iS5l Oy g0t g plSe M s o Jae (] 4T el ol 4t L 'l glas
= s ON) O a0y (Jas Soomy ()b 5 WS (0 &5 > Jlg 59,
Cass ploy b abbdl> o Covgase Jdoas b oy90us 5 a5 ol> wiles sMamba
aile LS loren &S ,95 o0
iyl g 881 Gllgy g glas,l calold 3.8s ped Slles alie cpl goloiinny Jows
aS Mamba (g less S5 4 b g Sloj sl Sy pleol Lgo)ls ], Jso aue
S o o3 o S by Vs sla g a8 5 LSS a5l s 1S
Ol o g cnl aws o &) (aBly Ll 5 5 5258 5 sladazes )5 g2 LB 2

b 59

Syo g Caxdge Gomdw (a3 ln olpiiny Gres G)lome (3 (nl o
Y USS 50 (S shlers 0gd o &1l Al ais Sgo sla JUSw 5l ool b ol
b zlzul el pny Jole Joli olpinn Jow ol oals ools ol
oaskd & (5399 ;b pends AU Cidn oo o LS I Jo (o )
O3l Glaa sleslitul b Sy glpenl 5 (5,8 5 oloj so35> 5o samgd
sl Mamba slacSsl b il )3 5 Sloy sloaskd g 35ls, cgomss
S Dbl 0 Cules 53 5 5 5 loj sleojex jlends gl Sl sla S
el (5,5 slaY &bl olg,

1- State Space Sequence Models



y (SO0 e dabrl [ iy (ST 9 oo (53050 b gy (S A IS0

J‘ 3T el i g
3

: ‘?l | :—»Swflﬂgs(H,pw)o)'bJ\qdlmlaéa";3«-

) | |— % g
! T W b
l%: : Woks) Hﬁ»—)sh f'.fl)g(ph,W)o)LbH@le—» %—
“5 Le——d

0)-Mamba Sgb
48 3-Mamba Sl

g5 dob i n
i il,lj g oy 02 & dpubus — JEs &g 3o

Sty (g0 g e (2l (5l (GOl Faos (5 slome (V) S

gl Jo o) 8 SR 58,5 T JUIS i 51 S5 50 (sl dazl o
soi9> 0 b Shy (Aol n 3l S pleea Jo (oo B KDL L0sh o
695 » JU%ew 55 @mig Sle She ol 0ed o0 B Spo JUSw (B3l
b e ol &1 o i (slaesls S35 G ) 45 ol o ol 5o
o 3 ey (Davis & Mermelstein, 144+ ) 03,5 o Jool> ' Jo il ST 5l ool
@lod pi b b e (STol sloadlse (giluainz 2 b (Shis cnl gl wul

Sl ool d 1) Ggo la i FaallS 5 b oo oSl ¢yl
X() = Sjgonr 0sd9,See al)] 5l Jols Al cuta Sso gse WS (2
t g cl phc JUS Sloy JuKm o () of 5o a8 ol [xq (1), x2(8), ..., x5 ()]
I de iy Sicieb zliil gy sl 4t oo slowiges el
Slancls 2 U o JUIS sl 105 S e b |y 5 5, e sl S
sl (1) alan oty g 1558 il 3 55, (ot 05 it ol
ol k g Sl S Lazlom 5 ofll H N Job a0 ey w(n) oS 04ds o

il @y 40598 b 50 (il 2

1- Mel Filter Bank
2- Fast Fourier Transform (FFT)
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1- Loss function
2 -pairwise Euclidean distance (L2)
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1- Epoch
2- Batch Size
3 -Forward propagation
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1- Backpropagation
2- Mean Absolute Error (MAE)
3- Root Mean Squared Error (RMSE)
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