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Uncertainty-Driven UAV Active Sensing for Radio Map Construction in
Dense Urban Environments

ZHANG Han, HAN Yu', MENG Lingxin, YAO Mengchen, CHEN Hanhui
(College of Information and Communication Engineering, Harbin Engineering University, Harbin, Heilongjiang 150001, China)

Abstract: In dense urban environments, blockage by high-rise buildings, concurrent radiation from multiple wireless
systems, and the superposition of multi-source interference make the electromagnetic environment highly time-varying and
spatially heterogeneous. Traditional radio maps, which are constructed offline and updated at a low frequency, cannot re-
flect the real channel state in time. As a result, they are unable to meet the requirements of dynamic spectrum management,
wireless resource scheduling, and low-altitude communication support in terms of both accuracy and timeliness. This chal-
lenge is more pronounced in complex mission scenarios, where online sensing and rapid decision-making are especially im-
portant. To address this issue, this paper proposes an uncertainty-driven active sensing method for UAV-based spectrum
mapping. First, the online radio map updating and path planning processes are jointly modeled as a Markov decision pro-
cess. The state explicitly includes statistical measures of map uncertainty, UAV position, flight time, target distance, and
mission progress, so as to improve the policy”s ability to represent environmental changes and mission stages. Second, a pre-
trained U-Net is employed to reconstruct the SINR radio map online and to output pixel-level uncertainty estimates. The re-
duction in uncertainty is used to characterize information gain, which guides the UAV to sense high-value unknown regions
with priority. Furthermore, a FILM-D3QN decision network based on Feature-wise Linear Modulation is designed. It uses
uncertainty and mission-progress conditions to dynamically modulate intermediate features and value estimation, thereby
achieving an adaptive balance between information acquisition and trajectory efficiency. Simulation results show that, in ur-
ban scenarios with dense interference, the proposed method effectively reduces map reconstruction error while maintaining
an arrival rate above 90%. The RMSE is reduced by about 7.1% compared with the classical IPP method and by about 9.8%

compared with the original D3QN. The proposed method also achieves a shorter average episode length. These results veri-
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fy its effectiveness for online radio map updating and active sensing in complex urban electromagnetic environments.
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Figure 3 Example diagram of the real SINR distribution in a simulation

scenario
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Figure 4 Example of uncertainty distribution in a simulation scenario
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Table 2 Performance comparison table of active perception strategies
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Figure 5 The impact of uncertainty weighting on the comprehensive performance of active perception strategies
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Table 3 Performance comparison table of RL models
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Table 4 Model complexity comparison table
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Figure 6  Graph of average episode length during iterative process for

different algorithms
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algorithms

R LR R AN TR 5 2 B ROR R 8 4 T HE R 3
ZRA T Y LS SINR 43 A LA K AN []) 5k 248 45 5L 114
Lo AT LAWRER 2], A8 SC 5 ih AR e A 23 0] 454 5 Jmp 3 T
P (R XS F A b B S A, ML R R
7 D3QN 5 SAC 78 # 43 DX 3k A7 78 3 B 2 (%) Jey 3 2k B .
Z45 R 5 RMSE f8 b5 — 35, i — 20 UL IR AR SCO7 L e 8
FEAT BRRAE S5 A0 T 245 B8 2 JU o 114 900 3 b el FE A



10 T

¥R

0 250 S0 750 1000 1250 1500 1750

(a) SINR HLAL43 A
(a) True SINR distribution

(b) FiLM-D3QN (RMSE=4.08)
(b) FiLM-D3QN (RMSE=4.08)

lllll

o
00 s s w0 120 IS0 170

(c) JELHA D3QN (RMSE=4.44)
(c) Original D3QN®(RMSE=4.44)

(d) SACP*(RMSE=4.37)
(d) SACP*(RMSE=4.37)

P8 FLISINR Ml 5 AN A U7 ik B A A AR T AL

Figure 8 Visualization of true SINR map and reconstruction results from different methods
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method (RMSE=4.09, Episode Length=252)
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