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Concept of Embodied Intelligence in the Electromagnetic Spectrum,
Current Research Status, and Development Trends

KUANG Yixin, LI Xianbin", QIN Junxiang, MA Chao, QU Zhi, CHEN Jianyun, LIU Kaibo
(Department of Intelligence Science and Technology, National University of Defense Technology, Changsha, Hunan 410073, China)

Abstract: As the core resource for wireless communications and sensing, the electromagnetic spectrum is undergoing
a paradigm shift from passive management to active cognition under the impetus of intelligent technologies. Electromagnet-
ic-spectrum embodied intelligence deeply couples the agent with the electromagnetic environment to achieve autonomous
sensing, cognition, and control of spectrum resources. This paper provides a systematic review of the theoretical framework,
enabling technologies, and application prospects of electromagnetic-spectrum embodied intelligence. Starting from embod-
ied-cognition theory, it argues for the legitimacy of “electromagnetic organs” as components of the body of an agent, recon-
ceptualizes the electromagnetic spectrum as a key environmental dimension on par with three-dimensional physical space,
constructs a mathematical model of the electromagnetic embodied closed loop, and reveals the essence that intelligence
emerges from the dynamic coupling between body and environment. Building on a three-layer “sensing-cognition-action”
architecture, we analyze core enabling technologies: at the electromagnetic sensing layer, across the signal, spatial, and
multi-domain-fusion dimensions, we explain how software-defined radio, cognitive radar, cooperative spectrum sensing,
and multimodal fusion enable a leap from physical signals to semantic understanding; at the cognition and decision-making
layer, for both platform-constrained and multi-platform collaborative scenarios, we examine how lightweight reinforcement
learning, online meta-learning, multi-agent collaborative decision-making, and game-theoretic optimization support autono-

mous decision-making and collective coordination in dynamic, adversarial environments; at the action-and-feedback layer,
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from electromagnetic-environment interaction to embodied-platform reconfiguration, we discuss how dynamic spectrum ac-

cess, jamming and counter-jamming, waveform reconfiguration, and hardware reconfigurable technology translate cognitive

policies into electromagnetic behaviors and close the loop. We summarize application practices and advantages in represen-

tative scenarios such as 6G mobile communications, intelligent electromagnetic system of LEO mega-constellations spec-

trum governance for smart cities, and electromagnetic operations on intelligent battlefields. In view of current challenges—

including real-time constraints, sample efficiency, safety and robustness, and interpretability—we outline future trends in-

volving standardization, ecosystem development, cross-disciplinary theoretical integration, and large-scale engineering de-

ployment. The study offers a systematic theoretical reference and a technical roadmap for intelligent spectrum management,

contributing to the modernization of spectrum-governance systems and supporting the construction of national information

infrastructure.
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Figure 3 Mathematical block diagram of electromagnetic embodied

closed-Loop
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Figure 4 Typical numerical response characteristics of electromagnetic

embodied closed-loop system
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Figure 5 Comparison of spectrum sensing states
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Figure 6 Schematic diagram of electromagnetic spectrum embodied

intelligence loop and core characteristics
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Table 6 Comparison between embodied electromagnetic system and

embodied robot
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Table 7 Comparison between embodied electromagnetic system and

traditional non—embodied electromagnetic system

b A E RS RS | RS RERSE
TR — RS B 100 ms 2% 10 ms %%
BRI A 1y FRI 2k TELE 3
Prl] fiE e Wi TERWATIE N
WUEF I ARl EIEN N4
RYE B FILIN) 2 24 RS = ErI A

2 EBmEHkE

MRS R SRR AEd R ESaE
ISR 2228 1, SN TN B AT 3l B PR IR
Al o H: DM A 00 UE S ) TR Ak R AT 1 I 22 Il
ik, 5 GE e S S B AR AR, RS E 5
B 5 E SR — I — AT B SRR A A Xl
15 R GAE S 2 2] RO 2 A T 454 A T I I
TR R . Z5 G TR ST IR, A G ) AT A
HLRE R NI 50K 2 418 5 R BZE = A2
AT AT

TE RN 2 T8, 1% e 9k 2h SO0 1 IR 6 g 2 A )
EJREAEVCEC , 1M 78 T A ML {5 N0 35 DL 6G 18
SR — A A A R R R s, B o FDIR S AR S
HHBH S R SRR R M, AR R ) R 1T Gk B 2 B
G A R {5 B BT IR A E R B—
AT A0 B B8 A TE) 38 H AN 1~10 ms , 13X BOR BT R 4
A S5 B TE) PN 58 B B AE SR AR RRAE SR B LA R A S
Bro SR, L RS A58 H S 100 MHz £ % GHz 2
B4 R B R B AT B, 6 N 1Y LA B e A i R Tk E)
Cbpsﬁ§+0bps§?&[lg'64]o VLA, BE R A
FPGA 5 GPU 5§ 5 44 1T 4848, 75 7™ % i B 48 2 o T
5E J R AR 5 A BN E SRR AR BB, 4TS R #4 1 H



12 W T

EE ¢

W B AR Tl B B B PR A RO A B =
He Wy B2 AF 5 5 A R TR LIRS RAE B 3 BB
01, X FBECE RE AR R WE T, AL B
S, U5 A RN 22 ] 6 A T 2 i i SR
DAL S A8 S A A5 PR SR A, X (A JR A 2= e
PAFFEE ] 5t o 2 B P SRR A4 s Il i A o

TEPE R R T, 3 T 5 AL~ ~) B P SEAL ] B HL 4 36
S5 1 O (EHG SR A i e 22 IR AR R, Bk =
AR S e R, TEZE RSP A
Wy Ba AR 3 a8 A M AR R X DU SR 4 R A
() B, A 7 U5 il 2 i B 2 R T AR B A K AR
ENER RG] . A BFFE R, SR R 56
s S FRAE AR TR R I R AL TR 2 10°~10°% 58
HAEAR A BB B R R S X — REAR T SR AE
HIRGE i 4552 (R HSL LG R G T A R K
KRR R AT O AN 2 I 35 N REFE A AR St 1A
H BT RET ARSI 2 5 RO A 203
I, TE3H A 10%~10° 5 4 19 A7 BR 38 BB AR 558
BUA R~ 1A ) 24 R AT L R R S B A 11
RO BEAh, T R B AN [R] A5 SR B
S A2 AN WA AR PR B S0 A, DA T A A% S 5 Ak =~
FIEAR L (AR AR B 0 ZEILAE SR T, DS S 5
PR WS E 2 R Gk REAR AL A5 R, Tk 2
ANFEE M — Bl i B B PR ROBURCOR o ELHE R i R
GEB TR

TEAT Bl JZ T, TG ABE EL B R Y DR SR 4 R 7
H 2 oF FL 4 1) T Sl A LR B 51 4 gl RO
DA B R e sl P EA AF . X LEAT B K
K2 M SRS F B BB R IRAT , e 0T 5 IR
AN o e g BE [ A0 ) 26 476 T 56 i, A RE 4t 7 HL B ]
PR RO o SR, A2 BT SRR S R S | R

R R a8 v 7 S ) L % B 44 W] E A RE 7, 45F 5 A S
fE S HLEh M SREIRA R B2 5 W LU g —
BT N 5 . 24T B S T IR EE AR AL H B
PEBE T W 28 A IR A A, T ) A v RS Bl 5 Bl
DOETR75 = Ll W A VO | A 1 i SR ) I 8= = & =i
T THT X A 2 X T R B A Ok (14 4 APk 5 B R Bk
CA MR, FE LR E 2 RZG T, 5] AR EAL
T-20 dB () X3 Pt e 3h B AT 4 2 R AR A S ) 5 4
Fepkfigl . HESCHAY R, YT RSB Y 2
P55 )2 10 15 2 G A 3R U MIL R , S 3007 o 1A 48 TG vk
AR T IRATS VAT, R GoME LA SE B 42 3 4l
AR g

T EEL RO 3 L By 2 A BT IR 0 G B A LSRR ER
Bep, SEp MR REAR R e e S T R
PESE PR OE AR A B Sy TR S B B E R A R
AR ek 22 5% . ARG 1T MR , J2iHE 29 58 &
PR B T AR A0 . B L R G T B AR R
F RSP AR AT 58 U DL SR ST s A IR X
Xof B e L B A R R ARE R 2R 0 AR R T 24
HO AR IERE b REARCR N S ik — A i 52
P R 7 2 22 ) B MO R e 2 58 B K I [ R
RA BB, 2 Ge e LA AE A BRI SE Py A= i AT 52 5
w, S ECSE R fE R T SR R, etk
BRI S FEARYCR R RS . RPN B R
B BEA M AR A R R FLAEAE IO 5 T, AR
AR AAL FFAR 2 20 S B, 10 ] R K 57 3 A AN
XiF B 4 sh A BORPE I B K SR I Ok Rk fE R
fRr . MIEL 2T, AT R ) AR 2 5 0 R 4 Y T
WU 5 RS RO EL R A Se s A, (HE
LR W ARG TE A EEARAEH ., HH
GBHRR MG N T ES,

R8 HEIIERSTRXERKZENBEXRINE

Table 8  Analysis of coupling relationship among key challenges of electromagnetic spectrum embodied intelligence
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Figure 10  Cognitive generation mechanism of “electromagnetic-physical-semantic” triadic fusion

B R LA G A R e R AR S R S
FRAE B B — R 58 Ao b st R T BAE — 25 4R Y A
& H AR S AR AE T A4 LR A8 RHE R R 4L metaA-
gent' 7 W R T RIRL 00 AT G B R ML ORE R 4
0 1 e PR ASOR B9 1 SCHR 4 (NS5 Re 5 7 19 15 5
B, PR BARIE 55 e A o B B H g BTG
B2 T SO S RO R T
metaAgent T U 52T M IE SO A B H % )2 180 1D
UEE ) S 30 4 T A R DA R Bl £ S F iR R A
S RE 0% P AR AT 55 2 11 ) 8 BE BRI BT, A LR
— LR R U

VAR, VL L SCHR 73 501 A A — 1y PR — i SR
B RS E S SR AR = A5 e T 2
I Fn A IO, AR 10 TG — H 9 O ¢ 22 S A IR
HARIE G, v N 2 E fh AR S AR S R I 1)
“ZBREE A TE SO . X — BRI RS
{55 AR AL O 2B B W B A th
) B 1 25 4 3 O T SRR S H AR BT
TR SCHR S RRAET o O R T AL e 1 I
RIS A oAy F L B R R A A S 2 PR TP Y 5 RS
SR T SCHR Sl E 5 3 R AR R TR R

EPTvE

B

Nt

3.2 INAIERERE

I PRS2 LRI H B RE R L e
HHX”, 0 SOR IR 9 2 S A 45 R AL S m] IR AT
WM ST S84, TAEDLH WA 11, A F TR
BRI F 2 S8 PR SRR G, v i A L B R i i A
PRsgE e o]l i AR ) R R 5 2 REAA
B[], i 2R GEAE Bl 2 XL B IR B2 BR A0 A 05 Hh S B
A B S gt .

TER B REILA T AR5 B3 2 B[R] I %
JEH AR Y AR SR R AR AR — Oy T, B
T RERE S S BR , EOR R E R AL AL
73— J7 T, S R ANWT LA, RGE AL AUE 2k
G PEGE N RE S o 2 2R RERILAE T IR — LR
23 ) I 3 7 75 AR 5 8 R 2 8] 1 Al ol 4 8 MR
i 7 ACBE PR e g o BE XS AR =B S A RO P R %
7 R R, AR R AR T AT B S R ABUR 4 A ER R T
i E 5T B RS Z R NARE L, RG AT
SHPRAT 5 PR e 1 22 ) ST S R g, ST
H BB aen % A HA S TaE Hi .

FEL T AL L 2 RE A A DR SRR T 4 b ]
A 73 D9 DI AR 9 3R 1Y R RE A SR B R i

Z ¥y Bl [
Q2
/c?%\

5w

EZ -G

11 RS PSR 2 TAELE

Figure 11~ Working mechanism of cognition and decision-making layer
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Table 12 Comparative analysis of scalable dimensions for distributed deci-

sion—making technologies under multi-platform collaboration

B | A2 | BB | (B4 | A
-

AR o | e | e | oy | o
SRR | & | h | F | @ | &
SRS EEES | @ | f | @ | b | @

e SmEsEE | 0 | om | owm | o |
I ) K . B
UEES il 1= 1= ol =

Z AR B[R] DR SR B AE AR T 2R e B AR RE 1Y [F]
W, WG IA T BN S AR I . S8 AR
ez 29 I 1 3 SR AR Tl Sk 23 A SRET M (EL 2> i
S AE A5 52 2% P R RE AR AR 2 4 2 34 i
BT TR] R 2 — MU 0 £ B3 5 DL SR — B



20 T

EE ¢

Mo SR PR R Ak 2 o D 3k 3 e ] 4 A 2 T O
R, TERAIE SR 36 1 [ i A ARG 4 Jd 3 15 5 oK, (H
T T A 5 AR TS 5 T % LRSS L4 45 4 5 A
5o RIS 5 U R 2 A AL A B I R A
%, (E7E ORI 28 4 v 1 1 7 0 3k A R i L 52
o BRI 2] 55 B RA B I e 5 3 Ao ek 20 5 0 0l 22
B B AR {5 T 7, (ELBE I T AR B A 5 [ 28 TR 4, 6
F2 G5 B A8 RRG A T 4R R v R
3.3 ITHhERERE

118045 S A5t J2 2 v A% L B 40 BB R 0 1 “ PIUA T
L™, TR A 5 P SR 2 A G B s Ak ol B
HLREAT N, I ARG R85 R B 2 . R T4 4038
{5 FP S 1 11 S WA R AR L 2% )2 98 R S A 5 B8 £ A
Mg H R e S B iR 2 ) SaE N,
STHM B S PATHE A ) FE B B PR T A R AR

FEE B EERESL T %2 W T [R) A e A o 34
BE M T ROt S AR R A — O, IRk
Bt B A B I S AR A AR A S S T A )R

MR B R A 5 BRSO3 — 7 T, A B BE
GEUEAT BIRAEL AT 3], ] 3 o B8 A0 A 2 T A7 Ol R T
SRR R RE TR S IR RE IR B Y SCHE

PRt , A AT 3l -5 RSB $ 58 HON R K 53 S P
& < THI ) FL G PR 058 B9 58 HLBOR <l OB B TR
R 2 R HE SRS RS BRI B S e
LR PRI, O LAAR 3 BT T 0K P Ak 2 S5t
MR 45 S DA AT S SR TR i L B A ) R £
Al WY AR T 2 AR Y 22 SR 2
A AT g R 5 RRE N, (AT AR A 55 5
P 858 788 Al S IR B O AR IE AR B 5 R R e
SE BN [ ZE DI RE” ) ] 2 AR R BE O BE AL o AT R
“XFHMEHIBLN ™, P S BE P G A 7 05 3 22 8] e i 5
W, I ARG S 458 Fp R M2 ST 055 Jm 3 2 0 A O 42
T, P AR A A Rl R /G AT O, DL e R AR
I RAEFEHL AT IR . R LRI R SR A A — AT
AT 3B S B — SR AL ™ A P BR , fil 3R G 1 fp
LH S A A HEh I 12 s

| N fT R B LIS B |

O

AP AR |

____________________________________________________

1T AT
A it
‘r i VAh 4 =1 q:‘\
ZHIR | 1z S e
! :ﬁi ] o ° g
WLy pomat ohdel doldEel SHHEA T

R kB ObRREEE R

ek BHBTE |

....................................................

P12 BB B —i = OeRA A A L)

Figure 12 Closed-loop mechanism of policy-execution-feedback-optimization
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Table 14 Comparative analysis of scalable dimensions for reconfigura-

tion technologies oriented to embodied platforms
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Figure 13 Visualization of application prospects for electromagnetic spectrum embodied intelligence
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Figure 14 Resource pooling structure of embodied intelligence satellites

BE— 20 ML, R L B RERE HE S IR B R
JE I D RE RS R GE A 55 R R G e e o B AR IR 55 A
LA 72 D RE R 23, T J2: Bl 48 HARAE 55 SR R AT 4141,
55 n] b 4 o H AR DX 00 22 90 T3 8 P ) 5 L, AR Ol
PAT IS 1] | DX Rl 58 U8 2 R s 23 it 24> 7l
55 o i B IR R AUAL 5 L AL, AN R T AR ARAIE A
Hr it 5 REFE AR AV R4 T 2 5 STl A i , SC B ¥E
A RS R AATERE YA o X — B AL
T T RIEAE S IAT 55 Ty T I R sl 15
R PR ' 5 o O TG ) A

T 5% WL L P = T, B B RE AR L A 3 S O
T AT E R A R R R R T S B AR . K
TS 2] 5 RORE RO AL, B 0 AT Rp 22 1 Ak as 7 R



IBEFREE - ARG HL B R RERE S

W, I AE A R BUE 9B A [a] DX b 2 4 5 A iR 55
AEJ1 o TP R B8 e E A A8 A i 554X ] 15 e
7 SR AT Bl T 9 B K 2R 48 I LA 50 B Y
B A AR SX o) T [] 4x B R R IR 55 S P ) R
TEHCR ZR A o AR 7 am A | PR R T A5 e i JRE IV
Yysrerb %R & 0T S 2 AR T N RE ) S R R A T
G W | PR R 4 BRORE A I 5 A R T4, T
A R LURH st A 5 3 At s P L 110 R A B Al
5, A ks TR BE PR A AP M 5 mT R K g

HAERIERY

— |

e

F15 BB ae LAy

Figure 15 Resource sharing scenario of embodied intelligence satellites
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Figure 16  Engineering deployment of spectrum governance in smart cities
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