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Abstract: In order to further improve its anti-interference ability in complex electromagnetic environment, a PPO
algorithm based on weighted importance sampling and eligibility traces (ET-PPO) was proposed. On the basis of the
traditional frequency hopping pattern, time-varying parameters were introduced, and the bivariate frequency hopping
pattern decision problem was modeled as a Markov decision problem through the construction of the
state-action-reward triple. Aiming at the high variance problem of the sample update method of an actor network of
the PPO algorithm, weighted importance sampling was introduced to reduce the variance, and the action selection
strategy of Beta distribution was used to enhance the stability of the learning stage. Aiming at the problem of slow
convergence speed of the evaluator network, the eligibility trace method was introduced, which better balanced the
convergence speed and the global optimal solution. The algorithm comparison simulation results in different electro-
magnetic interference environments show that ET-PPO has better adaptability and stability, and has better perfor-
mance against obstruction interference and sweep frequency interference.

Key words: complex electromagnetic environment, bivariate frequency hopping pattern, proximal policy optimiza-

tion, eligibility trace

W HE: 2022-06-02; fE[EIBH: 2022-09-29
BEEWB: EFXARPHAREEHEMINE (No.U19B2016)
Foundation Item: The National Natural Science Foundation of China (No.U19B2016)



« 87

BERE 2022 £ 11 #

0 3IE

FHEG T BB R4, BRIE(E RSEA BT
R B TE RIS RN 5 SR S, AREA
[F) 3013 P 53 A B C BX S8 2 300T DL TH Bk ANE 15
RGN Ttk fel . &G BATR (5 R 4o 1%
S8 B AT AN BRI A (I Rs, AE L i A 5
O eI BUE B . R MR EE R 7 52 %
& IR A WA AR I N4 T BEA &R
g O BRI RE Y, AH B TAE S B AE (S R
Gt — RN REYE, BRI T BRI R A ik
B R, KRN T SO R AR S R
AL, RIS T2 H AN OGE . SCHR[4-6]
ISR FE R TE S i T R A kAR FEE ANE TE
X AT RR FI R AT 22 o STRR[41 AR 488 7 32 ) 1t 4 M
(AR o3 AT RS, A BEHLIBE AR 51 S 3] 18
&7 o o el OB EE AT DS E S SRy SR
IAG 3 21 P s SCER[SIHE AR &R i d V5, 1
m JEHIIEAS b, AR s kAT 51 BE A R AL,
Fig 7 YEREI R BRI S SCRR[6]K Bk AT
R[] Oy BE LA, RIS R G0 5 A IR ) 9
AEAR, A RS INSOT T PUBEER R RIS
BR[4-6] A HRARE TR A BT R 22 . SCHR(7]
KA BIERBIEAR, BB T IEE s
EREREIEE, RS AN LRSS NTI
() AL E SIS 2 1) B 3 SR ARUHE LA X o

IREETEA2%>] (deep reinforcement learning,
DRL) Z5-& TR FES: 2] 3R Re 1A sa Ak 2 2] (4
HERE 7y, AT DUIE B AR ) LA S . DRL AR 4 2%
> EARBIAS [F) ] LAy 5 -0 (1 R0 35 T S g 114 7
RSB, FETME R DRL IR Q 4% (deep
O-network, DQN), T30 1) DRL A IR E &
KBRS (deep deterministic policy gradient,
DDPG) i i W& AL (proximal policy opti-
mization, PPO). SCHR[8]N F DQN #E47 “XWAE”
B P, XA TR DON 51 AN 16

(Pareto) FEARHIMER:, el 1 E:FIAEHEIERAR
AL PIHURE QO M4 (deep Q-network with
priority experience replay based on Pareto samples,
PPER-DQN) 537, $#2F+ 7 DQN #2856 th i i 14
RE, B LT M N AR AL Y R A . (R R A%
GRS e LA Pareto FEA, FEUIAREH K.
SCHR[OTHF >R 5 M7 5] N DDPG, 2 1K
O3 IR0 B UK A 5 1 SR IS B - (deep de-
terministic policy gradient with classified experience
replay, CER-DDPG) /%, B T4 g s
BB ) AR . {HJ2 DDPG §/bXPIRZAS )
YA, FEARRIE TR E RBOR, R
72, PPO /& DRL HET “AT3h & —PPHIER 7 M
%, I HEH TEERES—ETN, BRAE
Ik RIS (trust region policy optimization,
TRPO) MM AL, (AR BE 55 T-SEa, A EE At AE 2L
SRIEBE 75, PPO i B A B4 AR E PR A v 52
PO, SN ARt Bk A g ] 2R
T T AT i P AR A RS . ARSI
K& — B E — R =oAL H R “ WA Bkai
P 5 e SR 1) LG A O — S e A A AL e, JF HL
“XUAR T BRI AR G I ORI 3 S A PPO
BT H SRS — s EAS A, R A SO 5L
H AT R PPO [« XA AP %
Heew .

PPO BVETEREMACE SH “1Tahd” A “oF
FIE” MRmEA <. AF T4 DRL, PPO 4
MIREARIE S “1Tahds” MR H K, BB
f] R 1 30 o 2 B0V B BT, T L 53 A
AL T R AR AR A P 2 SBR[ 1418 F AT 22 21
RIRRLT “ATahds” MZRIaail, # IR RnE
1T i SRS (proximal policy optimization with
model accelerate, MA-PPO), JHi# 2% > il fE 5142
IS HAR . SCERIS PR SRR 5T\ “TEHIE” il
PR B SR IR, 4R H A SRS B PPO

(proximal policy optimization with policy feed-



iﬂﬁ HRE5F%

« 88 -

back, PF-PPO) %%, 5 PPO #ftk, PF-PPO A
A FE RSSO B s 1 2 AN B /N [ 2l
75 DRL )28 TR RE AL & T 22 A0 7 215 1.
i 22 S T R T 5 S S RN i B AR, T
72 BT RE A B AR B BT 5 BT 2 ST PR RE AR
1, AR 25 R0 5 22 AT DAGRAE SR (s M A A
EVE. SCER[161KF PPO “IFHIER” L& 1) n 20 Ik
il vh e A AR At it (generalized advantage
estimation, GAE), B U H~F-i 1 5k 1w 25 5
755 SCHR[17)E S S RRIs AT, 6 “ATahes”
ARG B AN R SR LR, BRAR T SRy 2%,
MNTTINER 12 2 8 s SCRR[1 8] et A 22 il , ML
CPAT R B, FRAR T EVERIRZE

{H SCHR[14-18) J5 I ATIAEAE 7 22 5 i FORE AR
FBAR A I8, % A SCHEH T ET-PPO $ik.
EFXt PPO “4TEh8% 7 M PREARTE 3 7 w2
W), ARSI N DAL EE R R AE (weighted im-
portance sampling, WIS) /N7 2%, &=
BerRese v BEXE “URHIES T MK ISIGE RN
W, ARSCHINEEHGITE Celigibility trace, ET),
TEANBAN Ja s soe e A (T RT3 T g el A 7
BEVLRBIAE &, ATt “ATahas” MshfEik
FEIRNE N Beta /341 5k, ELAE “478h#87 1 HAR
BRI HH VA I SR S (10 008 0T L a9 N R B A A
i a5 K, M T4£4 PPO. PPER-DQN Al
CER-DDPG, ET-PPO HAT R I12E ) HE . B
(RO SR R LT I AR

1 (R

AL LRI “ XA BRI AR G A 10 FH 28
TN 2 B0 S T DU P B AT 1] 5 8 g R 55
A BAET-PBR B, “ X3 BRAAT LA & M
M3 Bk L KA TE R 2 RV R LU PR HY 1% 40
Bt ETIURLISMIE, “ XA BRI LA E 3G S
JRCHE B | /I 38 ) 7 18] B DA DR A I TR {1 3%
(CESIIENDE o AR

“AR” B 2R Gt AT LALE AR S R 3
B, BIHANAE R BRI R G, ASRAE H 2T
B KIBF 5, A2 W BRRR G
T o P AR PR AR AN TR 0 ] O ) P S AR L
DUEANT] BT RIBRAIE 5 ¥ 2 m] F AT |, 32
e A IR A e BBk A1) vt
FE, SEIBkST AR A BT A B, A LA 4y
ZHFERI BT R G SRR BRI A&

Z MRS (multiple-frequency-shift keying,
MFSKD T “XUA” BeifE 5 il AR N :

x(t) = Ai cos[27tfct +a,2nf (a, )t]gT(aA) [t — kT (a, )]

k=1

(1
Hr, A4 RIRIE; K B2k ks ks
S RN . a, BRI 51 AR AR )
AR ) 7, K AN BRI ;s f(a,) FA T (a, ) N
I % 1) Bk A0 A0 % 1) g R B AT R, B a, 5
g, (t) NFREESIE] T I BAn T R4
FENNE S R A RS, R 4
(frequency-shift keying, 2FSK) #HTfi# i S i7~65

P:lerfc(\/zj (2)
2 2

Horp, erfe()FmAMRIRZEREL, r NEMRLL. HIME
CIEG Rl bust BTN E S S e DN Ea s AN i)
G L AT DURRRBR AR S RGRIGE, HIE
B SEFRY 5 AL R R A, A
SRR SR H bR BR BT 9 e KA 15 T L
(signal to interference plus noise ratio, SINR), H[I:

t+7; /2 h([)P(l‘)LJ dt/z-

max SINR | = max B
B, (DL + (1)

t—7;/2

t+7,/2 h(l)P(t)LJ
Jiron2

1 7/2 J' J (S OIL, + 0o (2)

Je—oi 12

=max dt/z,

st. L=32.5+20lgd +20lg f (3)



« 89 .

BERE 2022 £ 11 #

Her, POy NESIIE, P (O NTINTIE, P@1)
RWEN 0. HENG @) MEi A SR,
h(t) REYMEN 0. 72N 0,7 () B3R LI5S 18
N, L, AL 3 5l eSS 5 4045 5 AL R4
¥, dNGESHEBIEE, « N kS 5 R R
Rl 7, N K BME SRR B, J . (f,0) N
B kBT R, £ N EBME ST
B, @, E KBS S T 98 FE
2 HiXmit
21 itea i SRR LI E
PPO & DRL "Mk AT 888 — ¥ F 48
(actor-critic, AC) HIHE, 456 1 RIGEAIER
P EIEARE
PPO “AT)¥R " W48 () 58 77 XK FH SRR 1
J& (policy gradient, PG) iE#H1T SRIKEAL. 7E PG
ok, Btk rshds) MR AN 7,
Hh o NS H. WHIIRIRES s, thk, B Refk
R — LR o )5, PR —DEEr,, , HEA
— AR s, XFEEE — RA SR EE—
HAZIERE s, BE—AWE 1 frxFal
BREAR N — A 51 b 3k
RSN R(7) - PG Hikidd B 24 0 L
FACHFFE L I(©0) , H:
{J(H) =E_, [R(7)]
0« 0+a’V,J0)
He, o’ NSHO W15, Ef REUENEIE
H, V,J(0) = J(0) %60 KIS,

So a1y Sy a,,r;
¥ Y ¥ Y

o] | | | | -
y v v y v
Sy §) ar, 52

Ay,
1 Fhlc

T(Sy, Qo> 15855 1558y +*) o

4

FEATAEH M RERIR T, 8T R
PG FEMTTZ, SINPRSHHMER Ly, (7) 1F 93
2, o RIRESWESERE. T IREI R AN

HAEFIH =R, PG SVEI BB A [R50 Con-policy )
TN ENIRNE (off-policy) HHT. XIS
K0 HSENE Ny B BRI, X RZH 0" 1SR 1T 5)
WG, € SCH bR FEE AT B HEE ) B R AE L
(importance sampling ratio, ISR) A:

T-1
Hﬂg(at |St)p(st+l |St’at) T-1

t=0

ﬁﬂ(at |St)

= - t=0 ﬂ@'(af |Sr) (5)
H”ﬂ'(at |St)p(st+1 |St’at)

t=0

/0:

Hrr,  p MBS #MR, S5RRSHC
Ky FLART LI o

LE G LM E ENRFE, PG FIL M LA
RN

{J(@ =E,_. [R@)-v,(0)]p}

(6)
0« 0+a’V,J(0)

IS Clip HoI9H# B ZEFERFELL p IRMIE— &
TGN, WTLARTIEZ 80 F1 0 oA 22 il K
B TR W B R B R . A T A AR S ST UE Y
BUE N R g, A SCLE B bR s Eoh 5] N H g
FIJH I Centropy), BP:

entropy(z,) == [p,, (X)lbp,, (x)dx 7

Hor, p, (x) N 7, GOER “ATEhas” H o)
Ao FESAIRIMGIH B, SRISRENLEEESNTE, 124
BARNKNE: NIk, S e ik —
NI, 2R RME. SR BT SGE RREHL
BEREH) PPO “ATEN4s" MK HISEH A
J(0) = min{[R(z) - v, (D)]p,
[R(z)—v, (D)]clip(p,1 - &,1+ &)} + 1 - entropy(z,) (8D
0« 0+a’V,J(0)
Horb, &4 Clip ZH, n NIUARE, X HIRK
O min (1 H A28 5S8R

PPO “ITHIZ” W&l it MBI VLT B 2
o i/ MEATRRE J(0) , H:

{J(a»:EfN,,()(,){[Rm—vw(r)]Z}

w<—o+a’Vv, J(o)

D)



iﬂﬁ HRE5F%

«900 -

e, a® W2 H o K715,
22 MNEEERHEMEGT

PPO Bk “ATEh#%" WLSHEAT WIEE B8 A,
L R R AR I T T S, W RR O
FLHERFE (ordinary importance sampling, OIS ),
=t (100 fiR.

> pIRE) =7, ()]

.

l
Hork, p A AR EUE 0 R AL,
RN B =1 p, =101, it
I 2 000 0 f [ FRAE 1 10 1%, 2 MM, H
Ji ZERCK . R A S5 N AL B R OR R
R H
IMECE¥I g, sk (1) fios. AL E 2
FERFEMIAG TR MmN, B 7 28N, ALl
TR SR
Zp [R(z,) = v, ()]
>
PPO 53 “VEHIER” LS BB R n DI P22
S, KT BRI n NMEER E, HIER
n G IEAPAT, MR EE ISR E . AT
ANBIT T, HAFRERE - N5238E o
[FI4ERE, RIS, TERSECE D b5 >
JREERH . 2 FORTIHGT, HEHW T
1< yAlz+V v (1) 12>
Hrr, oy e[0,1] MR RE, 2 €[0,1]
RS da v, X (9 SRR o 1
WS A
w<—w-— a‘”ETN,rH(T) {[R(z') -v, (z’)] z} (13>
X (13) A%, BHSTIEE SN E o 1)
BREE, UE o S mITEH
it (12) 7, B EER P
(RS, N

«—R(t)-v, (1) (10>

(weighted importance sampling, WIS),

«—R(t)-v, (1) (1D

%=E58m<m<n (14)
b, XHERREIENE ¢ RZSRI0NEREEES T
t+7, RGN, M ERS A E LU y4 T,
IR I 2 FR e A INROR K 8 ) R
PR, FEEERERR, MA=08, BIEELN
BRGNS 3 2243 5, AR 2 SR S i — AN ]
M ERERE /3T . A RN BEAK 28 ] B 3 Yok A3
18, VAR TIRZEHRE KIRCE, A =18, #
EREEER— I PRy, SR RIEEE 3.

\
Vv, (7)] -~
DL ARy ATE
o/l #2 #3445 16 B

K2 rE e AR DU R 2 SR &

2.3 ARASEHIESSIE. HIRh i AR A ik 4 A
it

B RGN MR Tl .T,.], B
W €Wy W) IR U2 BT AL,
(SN N P, BRHUERE V eV, Vo] (53R

ﬁj\l‘Eﬂ Igl% D € [Dlower’DUPPer] ° y\j)[% “ XX/E 7 EJE}/FE%

RAEFAN AP R, R RGeS IE
AT BORR SR I 7R B T N EEIE T
Wi, 2 RS s AZgmE @, ), HF,
£ €[ Tigvers Topper ]+ S € Woers Wopper 1+ BUEERIEIRTS
I EN 0, Blv,(sp) =05 % X3 a N4kl
B v,d) s HAvelV e Vel @ €D Dyper] -
FERF—0H, BRER MG 2] — 2,
SEAL 5 20 BEVA RO ME — H bR A d KA R
Jille 87 SKBLREES, BERAAFE R
fE T LRI 58, BT AASCREAT G (3D 1N
SR
BEXEASCRI e SCIAT IRV A R 3h 1 43 1),



91

BIERIE 2022 F5 11 5

ASCRA U (15) Fron () Beta 73 A7 LA 3 L bR
By “ATahas” WL RS 0 S

xotfl (1 _ x)ﬂ*l

- 15
J.Ou“’l (1—u)”"du

f(xa,pB)=

Hrf, a1 p A Beta 43S 5L
24 BEPRE

Zx BAIAS, ASCEET ol PPO OB Bk
A 2 e R B BB IRIN R

PR WIEE B T NRTHIREE, WG
W5 5ThR P BWFH F.

W2 WA “ATEE” MEKISH 0 | 2
AR a’ . GRFHIRE N . “TPHE” NS
o F25aq” MEKRFHRB N, Y164 “1H
TENER" M6 .

PR3 VIR TN R By | BRI
F A, ClipZ#ie. WU AREn | Beta 7z o
p . BERARE N, VIa SRR R
Wn«0,

L4 VIS 0.

LIS R UEDIRES s, , @ “ATaiE” W
LR FEAE U Beta 70 ARG 301 o, , $UAT IFA3 5
TRE s, B G HEE

PE6 KATEhE "M SHn 2R ES IH
Irahes” W, [HETsh9ing 7, , MREX (8
S5O B R RAE TR “ATBhAR” W4 N7 IR,
RPN (12) sl &, R (9 45
PERE LA R TR VPR L N X

BT s, RAEIRE, WERARE

PRFE, Snen+l, BREEBER (8); Wilks,,
RAELARIRES, W& s, « s, HEVER R DI]R (5.

HI] 8 WIR n=N, FRFL BB E

W4,

3 KIZARRIMERES R

N

IRPSHRBEN T PR RNEHRD

P=100 mW , Ff[A]B T €[0,100] ms , #MELW e
[0,200] MHz , BEATEE 1 €[125,2 000] hop /s »
fE3E R4 G D e[1,4) MHz , 7 87 (4 M 75 Th 2%
P, =107 mW , B FIEETE T5 % 0,2 (1) =1 5 ik PPO
IR RAEFEEU N =200 , 17 5ha% X 45 5 2] %
@’ =0.00001 , “PFH &7 ML 5] H R
a®=0.0001, “ATzha%” W 42456 F H X
N? =10, “PEHE8” MBI H KRB N =
K &%y =09, ClipZ$e=02.
3.1 1 WBUARK 0 MEIXMEREAFIE
T 855 P AR VAT BN, B v i e
L BRET I T & 3 Fs,
PREERR, THIhFEA.

200
180 300
160

250
140

=

120 0%

%100 o

R 150 ﬁ

80
60 100
40
50
20
1 1 1 1 1 1 1

1 1
0 10 20 30 40 50 60 70 80 90 100
i} B/ms

B3 T

R 3 BT, UK 2
A=0.8, IR W HELIER M InE 4 Fr
s gt TRy 20 AE 0. 0.01. 0.1 1, A
SCRRAR IR R(r) SEHRRFER IR N SRR
Mg, T HT EUEL, AURIRTHT 100 FR8dE .
I 4 751, =08, FfaS e RD; n=0.1

I, SLEfeSWaREE, (HREAESS 50 FeRFEATih
LARGE LRI, 5 50 502 Jm 2T A2

n=001K, BykfE2SIdfEdEoniae, BRES
W5 n =01 3A—F, 5% EfRSNEE
HERPERRNE, Ry =001,



«92 .

2500
2400
2200
2000
§ 1800 400
5 1600
2200F
1400 ; =
2000F o~ A AT 7=0.01
1200} B
11000F 180053035 a0
80— S
010 20 30 40 50 60 70 80 90 100
B R RRIR

B4 IR g SRR RS

3.2 I 2 MMNEEEFX+£F Beta 9K
BY I~ A

TIIRBEE S 1, “4Tahes” AFEEH TR
S ERE 2R AN 5 B, A& “ATEhES” 4o
SR FH 47454 A1 Beta 4347 (R ShAE 156 3 5 & J7 3%
168 R L SR RN A EE SRR PR O B AR B
FSU . R() S8R KA IR N IR Rl Zk. K

2500
2000}
$E
S
o 2210
1 500}
1 000 ’/ . . . -
0 10 20 30 40 50
B RAER IR
(a) EBEE RN BTG SR
2500
2000}
€
&
1500t
1000 . s . s
0 10 20 30 40 50
BAERAER IR
(C) MASUEE B SRAE T 151 307 0 A SR s
5

“ATBhAR” ANIE SRy O R fE

SHEF, BS (ads /S (o) URBIAE 2 210 B,
5 (b). B5 (d) WEHEE 2 265 Ftilr, X itH]
Beta 7} A7 SRES A T T RGAEIE - ] SCa)s
5 (b) HHRGIEFE /AR TEL S (o Bl5 (D),
X Y WY I RS “AT B AR I )
R R E .

3.3 X3 ERIBIEE A ET-PPO EiEH

A1)

TR 1, BEy =09, ANFEBEEE
FEWREAANT n BUEST L PR 2640 6 R, 128
T A 20 EL 0.21 0.4, 0.6. 0.8 Al 1 5}, ET-PPO
FOEAR BN SIS R(r) SEHE R IR N KR
i 6 (a) Frs. HE 6 (a) AT, FHLET n P
P20 5k, ANE A BUER ET-PPO BEISuE
FEIE T PPO ik AR 925 1) ek WAL 2 5 1 4
N, HRRRGELE 2265 oA . 2=0.2 IFURCSh i 1E, 7
100 50 RAETERIE: 1=0.8 ITUSSURR, 7EER

2500

2000}
2265
1 500F
1000 ; : s s
0 10 20 30 40 50
HAmRARR IR
(b) % B TS RAE M Betas i S I
2500

2000F

1000 L L . L
0 10 20 30 40

50
BORRAERE IR
(d) A E 2 RERAY A Betas) 7 SRS

%



«03 .

BIERIE 2022 F5 11 5

40 3 RAE SRS, FOCH 2=0.8. n 41l 1. 2,
4, 8 i, PPO BATSRINIENL G R(r) SHEFAEFE
RN KAZIMZE 6 (b) Fior, AF n BUEXT S
a1 RIS, S5 P2 IS A0 FE A2 MR AR
Mn=20F, PPO BESIE HAS a5 s .

2400

22001
2000
1 800F

X8
1600}
0

1400 p————
—p— /=04
1 200: ol —aq— =06
Z) e —a— /=08
1000 —— /=1
- noET
800, .
0 10 20 30 40 50 60 70 80 90 100
BB RAERRIK
(a) AN IBEE A B ET-PPOSL I P B it 2
2 400
2200f f
2000
1 800F
pel 2260
=1600F [
> 2 240

2220
2200
2 1801

1400}

——
—— =2
==
|2141000| 120 140
010 20 30 40 50 60 70 80 90 100
AR RAER IR
(b) AR nEUE X BL A PPOFL LA A it 2k

Bl6  AFBEHZETE IR ANANR] 0 HUIE X LR 14 fE 1 2

1200 R

*&}zﬁ

1 000F

800

34 X4 ARFHRMETEZEX LD

A A 4 W b % R B PPER-DQN™ |
CER-DDPG" !, #£4; PPO!" 1AL ET-PPO ] “ XL
A7 PR R SR . NRIEA T, SFTH
Sk B MFEIRSE S K i &
o AR BT BAE R UGR R TSRS
HEEENVER A, 1] PPER-DQN & F T 4R &—
B HEE B, Tl PPER-DQN [#1) ELscie
X SRS A AT B U AL B, 5 AT R A
“N[125, 250, 500, 1 000, 2 000] hop/s, 15 i& %143 1A]
A NI, 2, 3, 4] MHz. %34h PPER-DQN LA 5

RIS A 58 R 8UKHE , CER- DDPG LASL
EPA I E R - R B0 SRS . 3 AT HRIRIE A AH
RiVERE I 2R Ul 7 FrR.

H & 7 7150, ET-PPO fEA R TG H A A
B PR YA B P AN B R E M RE, X U ET-PPO
XA T IR IE B35 . ET-PPO J&id
PR VR A 7 R I 2, PRAC T2
SIT7 2, AEARITHRIEL h FRERAE S 40 #0K
FEZ BTSSRI S It Beta 404 BN ik 3 55
WP R IR R SRR, 52
AT S DR UE AL IR R B2, E 2% ) R ILARI
F, Ul &R G R ER /N . PPER-DQN {4 g
WS LL AR I K P, 30 DR O B8 A B AR &2
] SR B S E ARG AN, 1 SRS 40 s A =
(6] B B I 2R A . PPO FI CER-DDPG
PEREZ I B R2 K, CER-DDPG fE¥ 3% 2
B N = 8 B DL A AT 50 Bl 28 R B, PPO i
LIRGIRE KR, TEFIRESH P E
MIRRESHFH .

4 LERIE

EEXE PPO B “ATBN38 7 ZS TR 22K, “PF
FIZE” P2 TSR FE IR IR ), A SRR R 22
PERBERIZAG I J7i5:5] N PPO 545 #4 Beta 20 FifE
N ATENER” ML R IR, JRRZ N
IS INE] “478he8” ML) BARREL L, 5k
FE2F SJWIUEMT B 43 2 2 A LA S 76 N R i R
filts A XA BRI R SR AR R AL )
BT T B 12l R BRI SR R 45 AEAN R L T4
PRI N FH AR SCARE A R0AR A 22 RS 4l SRk
i, #HLLT PPER-DQN. CER-DDPG Fl{£4: PPO,
ARSI R B AR SIOR FE HAN G 78 N R
TR, ST IAEEIE N R . AR SRR ) S Ak
RE-BHEZS RN, AHELT B A SR 2R
BENLIE, (ERRS-SMEAEECN S, AR Tl
S R RS AR A o



iﬂﬁ HREF %

.94 -
200 2400
180 300 2290k
160 250 2000}
140
s > 1800 2300
% 100 Ex § 2200}
B 150R T 1400} —A—PPER-OON
80 h 2 100f ——CER-DDPG
L —4—PPO
60 100 1200 —p—ET-PPO
40 1 000 2 000F,
50 800
20 I )
190065030
1 1 1 1 1 1 1 1 1 600 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100 0 20 40 60 80 100 120 140 160 180 200
It §/ms B RARRR IR
(a) FHIRELI (d) FHRIRBEIXS PLHERE i 22
200 140 350
180 S
' i ' " ' ' ' L ! | 120
RS
140 [ S ] 100
N 1 1 1 1 | ] ! | 1 1 3
T
Z 120 80 % ”
¥ 100 # =
¥ o 60 W 0
40
—A—PPER-OON
——CER-DDPG
20 —g—PPO
—p—ET-PPO
1 1 1 1 1 1 1 1 1 _150 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100 0 20 40 60 80 100 120 140 160 180 200
I Bi/ms B RARRRIK
(b) FHLEFBE2 (e) THIREE2AT BL kAR Hh 2k
200 140
120
100
80 = £c
1d
60 =
40 —&—PPER-OON
——CER-DDPG
20 —4—PPO
. —p—ET.PPO
400 1 | 1 1 6|O | 70 1 1 1
0 10 20 30 40 50 60 70 80 90 100 0 20 40 60 80 100 120 140 160 180 200

i} Bt/ ms
(c) FHIREE3

BRI IR
(£) TFHRERBEIXT R RE 2

73 PRI RO R RE i 2

B 3Rk

(1]

[2]

AEDGHE. BRSIUE (S SR AR 7T L RGETH[D]. =1 2
ZEEKAE, 2018,
REN X J. Key technology research and system design of fre-
quency hopping communication[D]. Lanzhou: Lanzhou Jiatong
University, 2018.
WIZKHE, Bk om, JvE. ARRRE. 2Bk Bk s BoR[C)/

R E B AR 2006:518-521.
LIU Y X, YAO F Q, LIANG T. Bivariate frequency hopping
communication technology[C]//Academic Conference on Mili-
tary Electronic Information. 2006: 518-521.

[3] ™2, Ze¥E, HrfT. BB, AR bk (S R T[], G
LIBEFAR, 2012, 21(4): 25-29.
YAN J, LIANG T, QI Z. Research on thefrequenct hopping
communication technology of variable hopping rate and varia-
ble interval[J]. Wireless Communication Technology, 2012,



+ 95 BERE 2022 £ 11 #
21(4): 25-29. [13] AP, TV B 3R Ak 2 ST PR T 38 B A0l 4 ) ST 4 (D).

[4] VE/MK, BESE, BRAT. FET ISR A B R A BT V(]
T HBhME, 2018, 37(9): 12-14.

WANG X L, LI L, ZHANG S. Frequency hopping based on
uniformity compensation[J]. Ordnance Industry Automation,
2018, 37(9): 12-14.

[5] ZEe¥. wREHSTZ B S ERERT AL [D]. S PHEAE
K, 2007
LIJ T. Study on frequency hopping sequences with givenmini-
mumgap[D]. Chengdu: Southwest Jiaotong University, 2007.

[6] WRWI, ZetEifs. s MBS HURER T AR BT [T]. K
FI5HEIEEH), 2016, 41(7): 107-109
CHEN G, LI F H. Research on anti-follower jamming perfor-
mance of variable rate frequency hopping communications[J].
Fire Control & Command Control, 2016, 41(7): 107-109.

[7] FlHE. AENIERE RERERAPIA[D]. Ma: &R
K2, 2018.

WANG Y C. Research on key technology of adaptive frequency
hopping communication system[D]. Nanjing: Southeast Univer-
sity, 2018.

[8] ZHU J S, ZHAO Z J, ZHENG S L. Intelligent anti-jamming
decision algorithm of bivariate frequency hopping pattern
based on DQN with PER and Pareto[J]. International Journal
of Information Technology and Web Engineering, 2022,
17(1): 1-23.

[9] Iy 2EH, X4z, SRFH 2SS ER 0 m IRV B ff 1 SR Hof B 7
EI]. AR, 2022, 48(7): 1816-1823
SHI S M, LIU Q. Deep deterministic policy gradient with clas-

sified experience replay[J]. Acta Automatica Sinica, 2022, 48(7):

1816-1823.

[10] CANO L G, FERREIRA M, DA S S A, et al. Intelligent control
of a quadrotor with proximal policy optimization reinforcement
learning[C]//Proceedings of 2018 Latin American Robotic
Symposium, 2018 Brazilian Symposium on Robotics (SBR) and
2018 Workshop on Robotics in Education (WRE). Piscataway:
IEEE Press, 2018: 503-508.

[11] Fkab S, REDL. T SEms (R AL S DY WL Es N2 354%
HWEFLN]. 2 R HIEAR 5 R, 2019, 45(3): 53-58.
ZHANG H Y, XIONG K. On gait control of quadruped robot
based on proximal policy optimization algorithm[J]. Aerospace
Control and Application, 2019, 45(3): 53-58.

[12] MAYER S, CLASSEN T, ENDISCH C. Modular production
control using deep reinforcement learning: proximal policy op-
timization[J]. Journal of Intelligent Manufacturing, 2021, 32(8):
2335-2351.

AR HT R, 2020

SHU L Z. Research on urban traffic control algorithm based on
deep reinforcement learning[D]. Chengdu: University of Elec-
tronic Science and Technology of China, 2020.

[14] GUAN Y, REN Y G, LI S E, et al. Centralized cooperation for
connected and automated vehicles at intersections by proximal
policy optimization[J]. IEEE Transactions on Vehicular Tech-
nology, 2020, 69(11): 12597-12608.

[15] GU Y, CHENG Y H, CHEN C L P, et al. Proximal policy opti-
mization with policy feedback[J]. IEEE Transactions on Sys-
tems, Man, and Cybernetics: Systems, 2022, 52(7):4600-4610.

[16] EMg¥. JeT a2 S MNUE B 22 2 #HI[D]. /R g
JRIETAL R, 2019.

WANG H T. Self learning control of mechanical arm based on
reinforcement learning[D]. Harbin: Harbin Institute of Tech-
nology, 2019.

[17] ZHANG L, ZHANG Y S, ZHAO X, et al. Image captioning via
proximal policy optimization[J]. Image and Vision Computing,
2021, 108: 104126.

[18] LIN S Y, BELING P A. An end-to-end optimal trade execution
framework based on proximal policy optimization[C]//Proceedings
of the Twenty-Ninth International Joint Conference on Artificial
Intelligence. California: International Joint Conferences on Ar-
tificial Intelligence Organization, 2020: 4548-4554.

[E&E T

BE—if (1998— ) , 5B, BiNB-FRHEKRSE
S TR LA, R NI
Tk

®

BEFh (1959- O , %, 4, puNETE
HORZEEE TR AT, =
BT R S A AT IR

3
90

1

4



	08-2022264-H�â.pdf

