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Abstract: Traditional multifunctional radar systems optimize transmission resources solely based on target
characteristics. However, this approach poses challenges in dynamic electromagnetic environments owing to the
intelligent time-varying nature of jamming and the mismatch between traditional optimization models and real-
world scenarios. To address these limitations, this paper proposes a data-driven integrated transmission
resource management scheme designed to enhance the Multiple Target Tracking (MTT) performance of
multifunctional radars in complex and dynamic electromagnetic environments. The proposed scheme achieves
this by enabling online perception and utilization of dynamic jamming information. The scheme initially
establishes a Markov Decision Process (MDP) to mathematically model the risks associated with radar

interception and adversarial jamming. This MDP provides a structured approach to perceive jamming
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information, which is then integrated into the calculation of MTT. The integrated resource management

challenge is formulated as an optimization problem with constraints on the action space. To solve this problem

effectively, a greedy sorting backtracking algorithm is introduced. Simulation results demonstrate the efficacy of

the proposed method, demonstrating its ability to significantly reduce the probability of radar interception in

dynamic jamming environments. Furthermore, the method mitigates the impact of jamming on radar

performance during adversarial interference, thereby improving MTT performance.

Key words: Integrated transmit resource management; Multiple Target Tracking (MTT); Dynamic

electromagnetic environments; Markov Decision Process (MDP); Optimization problem
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Tab. 2 Target parameters
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1 (-8, -10) (10, 20) 9, 6, 3]
2 (0, 25) (25, 10) (7,4, 2]
3 (15, 12) (25, 15) 8, 5, 2]
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Tab. 3 Parameters of dynamic electromagnetic environments

Hipzal s M Ghi DNeg B T Prg Gty BY,
1 55 [0.5,6.5] GHz -3dB 0.2 GHz 2 30 W 43 dB 2 MHz
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3 ik [0.5,4.5] GHz 14 dB 0.3 GHz 1 30 W 43 dB 2 MHz
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PR A = 1 (32N kr) . — P fb R S B IR A B
Ti RAEITMIZ JG— BIEFEd] = 2(64 1 Bkif) 2 B brl
Sy RO 2 (O 0E B I ) S50, IXHAERH T AT 7 X
T AT PLIFEE 3 B4

FHECELZ N, BUT RS BRI 307 ZAE H ARl
RS2 B AT . R HARLZ 20 AU
ST HARSMHZE T, AT FEMTTHRE, H
P 1B . T ZEA 43 T 58 22 BB TR) B2 . HEI5 (a) 3R
BT P A O TR B 7 R A H bRl — E AR 3
B/ B TR BB T VSR (9 = 1, 324Nk . HILTT
DAHE DB B D55 B 7 A BRIER N e B I A B A
B AR E R IRA RS R

SR, I IR BAE R T LB — Rk
SRR BT AR T HAh IS E R B S IMTT
PEREFLE NI . Rk, — MR fb R B SRR O R 2
BSR4 AL FEMTT o) R 5 3% o
4.3 TTEEZRE S

AL R SR A A 1) R AR I3 D 40 R R K )
I HAR MR 0 B b ot 1) 8. PRk, — B 5 B
sty S G I A 1) 8 PR S I A T VAR M L FH TR i
. KRR 95 5448 R ITVE T B (N4 ) OB
SERAT U S 0T, T R e et R T %

AL, e RO B A BRE RN, AT



RE T IS — R S B ELTT 56 467

21 ik WEE: SIASHEBIRET L2
H#r1
%
1
10 20 30 40 50 60 70 80 90 100
i-=
H#r2
. % IIIIIII III
SR 1111 |
1 I T
=
4
“
1
10 20 30 40 50 60 70 &0 90 100
i
(a) Mkphied
(a) Pulse selection
H#r1
2 IIIIIIIII IIII IIIIIIIII IIII IIIIIIII“II“IIII
v 2
WU NN e
10 20 30 40 50 60 70 80 90 100
i
Htr2
UL R 111
2 LN

 FERIRIN I R
10 20 30 40 50 60 70 80 90 100
i
H¥%3

|I|I|I||I |I|I|I|I|||||||Il||||I||||||I||||||||||
w2

WENN. WRTTrr T
10 20 30 40 50 60 70 80 90 100

LURSS

OE ==

(c) Frequency selection

H#r1

< gIINTITT

10 20 30 40 50 60 70 80 90 100
=
H 52

<RI TT

10 20 30 40 50 60 70 80 90 100
Wi
H 53

< [T LT

10 20 30 40 50 60 70 80 90 100
i

(b) hF ik

(b) Power selection

4 I M [ ]
. | 11 | Ll I |

= (2] N e Y et
10 20 30 40 50 60 70 80 90 100
i
H#r2
4
0
10 20 30 40 50 60 70 80 90 100
i
H#73

J

4
2
0

10 20 30 40 50 60 70 80 90 100
i
(d) THhzhfE

(d) Jamming actions

K 5 HLT- PR A BRI BT R A U5 S UL H AR T sh AR

Fig. 5 Transmit scheme of the anti-jamming transmit resource management scheme and jamming actions of targets

LR (NA)@ AN B B A F2 AN [R5 S 2 (ke
B PR VLK 2R BEAT 7 FR D A B AL AL )
FE R SR AR 1] o ORI 2 77 925 5 S0 4 AN B 1 2 1) ik
TR, SRR . Mot
AR Fe [ 5 A DO RS B RS S F AT HEFP 2L
& AR QNANSNERAT A A, XK
AR RIS AT R

N TP R AR SE R T R R R,
MG EAFAC SR IR ER RS, FFX BT~
B a7 gt . BB, AR
PR R IR RE . (HRAR PRI TT 1%

A LR E AL ) — AN SR 2R, XA AMIE TR T
A
5 5B

ASCEER MTT (7] 5 Hdfa SR Al i) — Ak
SRR TR, B R AR SR A AR A
S5 3 2 DIRETE 1L B R A T S e A A B
FRIMTTYERE . FEFTHE— IR AL AT B IR IR AR
2, JATE A E T AIMD PR A
IBPHTT AT . AR R %
NPT IHMDPEEI TG R, — AR5 5k



468

14

350
300
250
200
150
100

50

I ZEBRMSE (m)

10 20 30 40 50 60 70 80 90 100
W5

RMSE (—#A0 R 5 B U5 -+ S A8 [l i)
— BCRLB (—#fb A it BRI B+ S 2B HE 7 111 i)
—~ RMSE (— & 4b A 5 BHIRE B4 55 2505
—~ BCRLB (— A6 S U5 4 55 2595

RMSE (— ALK 5 B L+ 73 SCE FHE)
— BCRLB (—/#Ab A BH 5 AE Bl 470 3008 F%)

6 NFEMRATIER 2 HbrERER ML RE
Fig. 6 MTT performance of different optimization algorithms

® 4 TRMHEIRTITRIE

Tab. 4 Running time of different optimization algorithms

R AT IBATI [ (s)
TR 1R SR 0.00074
AESTS 0.01790
93 3 S 0.01660

BT BT N — AN A 2 BR BN E 7 8] R O
R e, — R AT B Sk SE B AL
THIERF T R RS R, Liss R R PR T
HAMFERE TR, Fritr)— bR S IR 2y ]
PUA ST MT T 8

BT HREE, ZHEERGERNERIET.
NTIRTZ FHIERGAT NS BHEIA S IS PURE ST,
PORE T RN TR B B IR R A IR %
B, ETIRR L FIETRN TR 2 8] A7 16 1078 75 B
R, XA ARKTAERE

FITMZR BT 1E #3575 A AFAER 25 ph 2R
Conflict of Interests The authors declare that there is no

conflict of interests

2 E X #

MORELANDE M R, KREUCHER C M, and KASTELLA K.
A Bayesian approach to multiple target detection and

(1]

tracking[J]. IEEE Transactions on Signal Processing, 2007,
55(5): 1589-1604. doi: 10.1109/TSP.2006.889470.
BLACKMAN S S. Multiple-Target Tracking with Radar
Applications[M]. Dedham: Artech House, 1986: 1-449.
STONE L D, STREIT R L, CORWIN T L, et al. Bayesian
Multiple Target Tracking[M]. 2nd ed. Boston: Artech
House, 2014: 107-160.

HUE C, LE CADRE J P, and PEREZ P. Sequential Monte

2]

B3]

(4]

(6]

[7]

(8]

(9]

(10]

(1]

(12]

(13]

(14]

Carlo methods for multiple target tracking and data
fusion[J]. IEEE Transactions on Signal Processing, 2002,
50(2): 309-325. doi: 10.1109/78.978386.

WANG Xiangli, YI Wei, XIE Mingchi, et al. A joint beam
and dwell time allocation strategy for multiple target
tracking based on phase array radar system[C]. 2017 20th
International Conference on Information Fusion (Fusion),
Xi’an, China, 2017: 1-5. doi: 10.23919/ICIF.2017.8009856.
W, PRI, TN, & BT HIRRER ML TEIEDIR
SYBETT R[], T EE R R, 2021, 43(9): 2688-2694. doi:
10.11999/JEIT200873.

DAI Jinhui, YAN Junkun, WANG Penghui, et al. Target
capacity based power allocation scheme in radar network[J].
Journal of Electronics & Information Technology, 2021,
43(9): 2688-2694. doi: 10.11999/JEIT200873.

YUAN Ye, YI Wei, and KONG Lingjiang. Joint tracking
sequence and dwell time allocation for multi-target tracking
with phased array radar[J]. Signal Processing, 2022, 192:
108374. doi: 10.1016/j.sigpro.2021.108374.

NARYKOV A S, KRASNOV O A, and YAROVOY A.
Algorithm for resource management of multiple phased
array radars for target tracking[C]. 2013 16th International
Conference on Information Fusion, Istanbul, Turkey, 2013:
1258-1264.

YUAN Ye, YI Wei, HOSEINNEZHAD R, et al. Robust
power allocation for resource-aware multi-target tracking
with colocated MIMO radars[J]. IEEE Transactions on
Signal Processing, 2021, 69: 443-458. doi: 10.1109/TSP.
2020.3047519.

SCHLEHER D C. Electronic Warfare in the Information
Age[M]. Boston: Artech House, 1999: 1-60.

SHI Chenguang, WANG Yijie, SALOUS S, et al. Joint
transmit resource management and waveform selection
strategy for target tracking in distributed phased array
radar network[J]. IEEE Transactions on Aerospace and
Electronic Systems, 2022, 58(4): 2762-2778. doi: 10.1109/
TAES.2021.3138869.

ZHANG Haowei, LIU Weijian, ZHANG Qiliang, et al. Joint
resource optimization for a distributed MIMO radar when
tracking multiple targets in the presence of deception
jamming[J]. Signal Processing, 2022, 200: 108641. doi: 10.
1016/j.sigpro.2022.108641.

AILIYA, YI Wei, and VARSHNEY P K. Adaptation of
frequency hopping interval for radar anti-jamming based on
reinforcement learning[J]. IEEE Transactions on Vehicular
Technology, 2022, 71(12): 12434-12449. doi: 10.1109/TVT.
2022.3197425.

LI Kang, JIU Bo, WANG Penghui, et al. Radar active
antagonism through deep reinforcement learning: A way to
address the challenge of mainlobe jamming[J]. Signal

Processing, 2021, 186: 108130. doi: 10.1016/j.sigpro.2021.


https://doi.org/10.1109/TSP.2006.889470
https://doi.org/10.1109/78.978386
https://doi.org/10.23919/ICIF.2017.8009856
https://doi.org/10.11999/JEIT200873
https://doi.org/10.11999/JEIT200873
https://doi.org/10.1016/j.sigpro.2021.108374
https://doi.org/10.1109/TSP.2020.3047519
https://doi.org/10.1109/TSP.2020.3047519
https://doi.org/10.1109/TAES.2021.3138869
https://doi.org/10.1109/TAES.2021.3138869
https://doi.org/10.1016/j.sigpro.2022.108641
https://doi.org/10.1016/j.sigpro.2022.108641
https://doi.org/10.1109/TVT.2022.3197425
https://doi.org/10.1109/TVT.2022.3197425
https://doi.org/10.1016/j.sigpro.2021.108130

%2 5k MS5E: SIASHEIAET 2 IR A R R B T R 469
108130. Control[M]. Nashua: Athena Scientific, 2019: 1-40.

[15] ZHANG Peng, YAN Junkun, PU Wengqiang, et al. Multi-
dimensional resource management scheme for multiple
target tracking under dynamic electromagnetic
environment[J]. IEEE Transactions on Signal Processing,
2024, 72: 2377-2393. doi: 10.1109/TSP.2024.3390119.

[16] YAN Junkun, LIU Hongwei, JIU Bo, et al. Simultaneous
multibeam resource allocation scheme for multiple target
tracking[J]. IEEE Transactions on Signal Processing, 2015,
63(12): 3110-3122. doi: 10.1109/TSP.2015.2417504.

[17]  YAN Junkun, LIU Hongwei, PU Wenqgiang, et al. Joint
beam selection and power allocation for multiple target
tracking in netted colocated MIMO radar system[J]. IEEE
Transactions on Signal Processing, 2016, 64(24): 6417-6427.
doi: 10.1109/TSP.2016.2607147.

[18] LI Nengjing and ZHANG Yiting. A survey of radar ECM
and ECCM[J]|. IEEE Transactions on Aerospace and
Electronic Systems, 1995, 31(3): 1110-1120. doi: 10.1109/7.
395232.

[19] VAN TREES H L. Detection, Estimation, and Modulation
Theory, Part III: Radar-Sonar Signal Processing and
Gaussian Signals in Noise[M]. New York: John Wiley &
Sons, 2001: 294-307.

[20] SKOLNIK M I. Radar Handbook[M]. New York: McGraw-
Hill, 2008: 313-370.

[21] SUKHAREVSKY O I, VASILETS V A, and ZALEVSKY G S.
Electromagnetic wave scattering by aerial and ground radar
objects[C]. 2015 IEEE Radar Conference (RadarCon),
Arlington, USA, 2015: 162-167. DOI: 10.1109/RADAR.
2015.7130989.

[22] BERTSEKAS D P. Reinforcement Learning and Optimal

£ & & N
ik oM, WA, FEUFRTRONBE RGN SRE . TIE
B,
PR, HEE, FEMRTRNEERE GG S B, W%
A FIERI

W, PRI, BT RO A R IR P R AR
B REALERI o

[23] SUTTON R S and BARTO A G. Reinforcement Learning:
An Introduction[M]. 2nd ed. Cambridge: MIT Press, 2018:
37-58.

[24] NERI F. Introduction to Electronic Defense Systems[M].
2nd ed. Henderson: SciTech Publishing, 2006: 259-368.

[25] STINCO P, GRECO M, GINI F, et al. Cognitive radars in
spectrally dense environments[J]. IEEE Aerospace and
Electronic Systems Magazine, 2016, 31(10): 20-27. doi: 10.
1109/MAES.2016.150193.

[26] SELVI E, BUEHRER R M, MARTONE A, et al
Reinforcement learning for adaptable bandwidth tracking
radars[J]. IEEE Transactions on Aerospace and Electronic
Systems, 2020, 56(5): 3904-3921. doi: 10.1109/TAES.2020.
2987443.

[277 KOCHENDERFER M J, WHEELER T A, and WRAY K H.
Algorithms for Decision Making[M]. Cambridge: MIT Press,
2022: 311-326.

(28] FEMRIR, A1, XA, S FhE 2 FARERER I 2 R LR

GURR HYIRBA S RLER ). T 515 B, 2013, 35(8):
1875-1881. doi: 10.3724/SP.J.1146.2012.01470.
YAN Junkun, JIU Bo, LIU Hongwei, et al. Joint cluster and
power allocation algorithm for multiple targets tracking in
multistatic radar systems[J]. Journal of Electronics &
Information Technology, 2013, 35(8): 1875-1881. doi: 10.
3724/SP.J.1146.2012.01470.

[29] LISI F, FORTUNATI S, GRECO M S, et al. Enhancement
of a state-of-the-art RL-based detection algorithm for
massive MIMO radars[J]. IEEE Transactions on Aerospace
and Electronic Systems, 2022, 58(6): 5925-5931. doi: 10.
1109/TAES.2022.3168033.

PO, BIEER, EEBIRITROVEIEE ST Hik
ERC ORI R s

XEA, BIE, EEWICTRONEE HR2 KR53, A
ol NS I E

(UL : T7)


https://doi.org/10.1016/j.sigpro.2021.108130
https://doi.org/10.1109/TSP.2024.3390119
https://doi.org/10.1109/TSP.2015.2417504
https://doi.org/10.1109/TSP.2016.2607147
https://doi.org/10.1109/7.395232
https://doi.org/10.1109/7.395232
https://doi.org/10.1109/RADAR.2015.7130989
https://doi.org/10.1109/RADAR.2015.7130989
https://doi.org/10.1109/MAES.2016.150193
https://doi.org/10.1109/MAES.2016.150193
https://doi.org/10.1109/TAES.2020.2987443
https://doi.org/10.1109/TAES.2020.2987443
https://doi.org/10.3724/SP.J.1146.2012.01470
https://doi.org/10.3724/SP.J.1146.2012.01470
https://doi.org/10.3724/SP.J.1146.2012.01470
https://doi.org/10.1109/TAES.2022.3168033
https://doi.org/10.1109/TAES.2022.3168033

	1 引言
	2 系统模型
	2.1 目标运动模型
	2.2 目标截获和干扰模型
	2.3 目标量测模型

	3 一体化发射资源管理方案
	3.1 主动抗干扰的MDP
	3.2 一体化发射资源管理方案的最优化形式
	3.3 贪婪排序回溯算法
	3.4 探索与利用的权衡

	4 仿真实验及结果分析
	4.1 仿真参数设计
	4.2 实验结果及分析
	4.3 计算复杂度分析

	5 结语
	参考文献

