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Abstract

With the rapid development of intelligent agriculture, agricultural Internet of Things and wireless
communication technology, real-time acquisition and long-distance reliable transmission of field im-
ages have become an important foundation of agricultural intelligent monitoring system. Aiming at
the problem of insufficient reliability and communication performance of image transmission in com-
plex agricultural wireless communication environment, a wireless transmission system of field image
for smart agriculture is designed, and a complete communication link model is established based on
MATLAB. The system takes real field crop images as input, and completes JPEG image compression,
16QAM digital modulation, OFDM baseband transmission, wireless fading channel propagation, syn-
chronous demodulation and image reconstruction in turn. Three typical wireless channels, AWGN,
Rayleigh and Rician, are constructed respectively, and the communication performance of the system
is simulated and analyzed. The experiment comprehensively evaluates JPEG compression perfor-
mance, 16QAM constellation characteristics, OFDM time domain waveform, power spectral density,
multi-frame spectrum stability, time-frequency energy distribution, bit error rate, image reconstruc-
tion quality, effective system throughput and transmission delay. The simulation results show that the
JPEG quality factor of 75 can give consideration to both image restoration quality and data compres-
sion efficiency. With the improvement of signal-to-noise ratio, the bit error rate of the system de-
creases significantly, the constellation points gradually converge, and the quality of image reconstruc-
tion continues to improve. AWGN channel has the best transmission performance, and Rician channel
is better than Rayleigh channel. At the same time, OFDM signals have good spectrum utilization and
time-frequency stability, and can obtain high effective throughput and low transmission delay while
ensuring high image restoration quality. The research results verify the feasibility and effectiveness
of the designed system in the wireless transmission of intelligent agricultural images, which can pro-
vide reference for the design and performance optimization of agricultural wireless image communi-
cation system.
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ZAMERE . RARMIE SRR TSR, BRE STEABE PR S Z AR 2R RE ST
ERFLW, FEEGEE BRI, BUGRE . R 2 R R, I SRS B RS
REGMkaEistT. Bk, W sniE A T8 2R S SR R G AR, X RGUEG R T 2
T, BN AR AR TG 2R 8 15 AU B B T T 1)

JEAESR, OFDM HiAR[3|REA B e FI R RIFILZ AT HRE S DR BAR B 2 A=
ez BT DUAR. 28 ARSI (S RGL[4] KL RN EAEE R 5. SHFR, QAM HHI[5]
REMETEAT PR 98 26 11 N A SR mAE AL R, S5 A EMGR AR gmigHiAR, vl 3 AR BUG TE 4 AL 4
PR R, R RS RRME SR .. B MATLAB 815 24 THA R K, FIF MATLAB 25758
BIELEGEERE CBONEE RGBT R &k LRERIEM EERATFER, HEFEKEE. &
HonT s R SE A M AR A, AR BT R MU R LR (S IR N RS REAR L .

REWA R CELERNIELN . T ANEAS LA TG 2 2 AL 45 )7 TS T — @ R, HE
KHIRE N EUG L RALRAEAE L AL . B, B AR I 7t 3 v AL BB R4 SRR R
IR, TR RS AR MG E R A2 To 2R i T i R4 o IR DL AR S AR AN L, MDA 2 A
ARG 37 S 25 P4 300 5 e 0 Bl 55 75 R o LUK, B TE AL M 125 TF 5 308 5 At o e 4 7 i S R
P 285 P40 DA A S 3R AT AR, T T R AR IR S TR TR 378 . 2 AR I LA )0 1 22 S5 DR 30
IG5 R RE B AR, SR T SE AN TR — P50 0E . I T4k 2 ALt 70 5
AT AR E FH BREE s, W TRIVEGEGSEEE A HE 5 K DL R i & 2R = SR A
A T SR FUAASS AN, D 3ok 8 15 1 e 5 R R 5 BE A VA 1 52 B 40 #T

EExf R, ASCETE TR T MATLAB K BEGIELER RS, @ 7 hAol BEeRE
[6]+ JPEG FUEEZE[7]. QAM 7 1AHI[8]. OFDM ZErifL4i[0]. TR FIE[10] Blkeu 725 ff 1 1
BIG A 2H 1) e BB G B R AR A o BF X SRR B3RS, 73 il #9% AWGN. Rayleigh Al Rician 518
B, Fik— B2 fR MR R AL e, SIS R AL TS A MENLE, 1R R BB TG M. [N,
JEiL BER. PSNR. SSIM. FritZ DL AERIN (ES5Fahn, Sh@fE vl FEME. BURIKE I & L& Rkl
BIATLRAEVIN, BRI = T LB G AR RETHRES %

2. KHBEgT&ERRG R AT
2.1. RGitER

BEARNIREER, K EGE H SRR T [E & W2 . T MUK T & DA SRS 3 RS &, R4
X3k EGEIEER. BMEEE, LG RGN ST R R R R R T R
Ko HTFRBEASAEEPIES . SRM0E0E. BRI KBNS SRR, LREGEAREETES
LIRS R G O B S ARSI A ) o). (R, A R G DU B b BT P B e £ AL S
TR, PSSR UG B 7B (E RS, HEFIFH MATLAB @B SHEREER, ST RGUBARMEGEIEAT
ST IAIE .

R EZ 2 LN B

(1) BLERER K H BRI IBERERE, ST G A 32 i B2 s I 20 A TE 2% -

(2) KH JPEG B E4iHi RFEACEE AR 1R, 15 TEE G EE R

(3) KH QAM %+l OFDM Z#B AR, i RENEFHE R 24 THEE

(4) #57Z AWGN. Rayleigh & Rician =PRI TCAFTERAY, BHUE BRI G R TEL AR5,

(5) KH MATLAB # . R4 T &, SHRIGR, EUGKE & LB E TR T e o0, AR E
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BNV T2 BB (S R G TR BEE A 4
BARGER A3 B, SRRSO S 15—, BERENS SEHL o8 Bl 5 BE e i,
MET eSS R L RGY e

22. RGN

AR B R TC 2 (S AR, ST 10K H BUG E 4 Ak 4 & 40 Bt MECRAE R . Rk oy
AFRRLHL, ToZRAE AR DL S e A B2 A DY 43 A R

BAWE R EIGE FEE RGEAR . w5, Kk sk BERE, A JPEG K4
SR D BEAR B s B, K B B 5 o — Bk LR, R A QAM 1 1) 5 i B 1R i) Ab
NTREELE R Z A, RGHE— 5K OFDM AR 5 s i H], B o4 (518 k% & 3%
AT i -

TG TERHH TR IR B B 5 260, /7. AWGN {FiH. Rayleigh HE(E1E LI
Rician & (EiE . 1, AWGN {518 £ 2 [ B REH L #5200 ; Rayleigh 1518 F T AR AL FR A8
Rician {238 W& T2 E S AR LB S5, Wit ANESEBR, A4 T REEE 4k
TCERH B 1IE (S e

el & S 56 i OFDM fi# 5 QAM i, AR5 IR 5 G MG EE, JERIAH JPEG @itk 1 EAy
%, Ha, WITRGER, EEERR. EATIE & RS AR bR, XL RG AT REE 1T 4%
R

2.3. RGLER

NTAET RGBT SRR T, BAEE RGN0 AKIEN . ToEABE LR =M DR

(1) RixitE

ik EE AR G B b, R B RIS R JPEG 46, HRRRAERG. QAM
W 2 OFDM il TN 43 o ARG o Hh UGCR AR R 3R, I 48— 49 RGB &% . B,
KH JPEG g Fnt BUR AT it 1/ BB EARTUAR, fE RSB mas . K45 M BB EdES
i H R A AR, JER A QAM B A 5 AT S LSS . B )5, FIH OFDM 4R 58 ik IFFT
A PEIATEARN SO B e, eSS T R E a5 .

(2) L EiERR

To LR A58 F T B RO IR b & A AL IR I 2, A2 5 AR P A2 o ot 110 B L it o AR ST
SRR TR RAE R, O e s A S (AWGN){E1E; @ Rayleigh £ 574 (518; G Rician 3
wIEIE.

Hrr, AWGN {538 £ ZH TR B 7 I & g R Rayleigh {518 32 B BUE B ERS . 248 & 0H459E
MPEAL FE S ; Rician {518 Wi& FH T I8 A5 Hh il o 2 [0 A7 7E BT BR R BB E g . @i A
FEME LA, T RETEA R ELIAEE T AT RE .

(3) EeWimtsih

el & Z e B GRS S E RV . 0, XHERRUE T S IR ET 4 2Pk FFT &4t & QAM
fiR, VR I JRUUA LU BEJR, ARYE TPEG RIS SRR G . 85, 20 B2 SZ (BER).
B 5 EL(PSNR) 5 AHAME(SSIM) J R G fr it Ze 5548 AR, 0 Jo 4k UG AL i ot S 247 PFA

N T ARAESRIG 4 R AT G, A SCHTA BE R R MATLAB R2022b &4 — {145, &
GBRE— 8 B L EIE M A5 b4, DURIEAS [ 526 2 18] HAT AT bk

K
&
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3. KEHEGR L& AR XBREAR
3.1. HFEBERER
BEL N LG LR RS E T M0 E 29, R IR KRB 1K H G #3085
PR, @ g d E R 2 o, HEREEEMSRERE . BN RENEEE G A
REGTRE. EIREG . Ml SRPAH . RS, KL Y 2 H .
VERER B K HE ARG R IR N:
I(x,y) c RM*N3 (1)
Hod M FE BB EE, NEREERE, RGB =/FitimiE it E AR i B el
T e AR R R R, B RH JPEG BG4 50 R AG UG 4T dmtd Ab B,
¥ G A N R A5 -
B:{bl,bz,m,bL} 2)
Forh L FRRAR A AR, b, < (0.1) 0
B e, EARRIm 20 sk e A s e S T s SR IO ) 4
S={sl,sz,---,sK} 3)
Hrs, e CRRE k NRIEFRFS.
KIEFF5243E OFDM HIHE B 1 & %15 5

1 Nz J2mkn
H(m)=p XS " )

Hor N5 OFDM T80 3L, s, R k DM FEBUENEIERT S, x(n)®w IFFT JE RN 8RS 5.

KIEAE Tl R TS5 18 fa 2180w, 22 FFT W EIBIE 5, 588 QAM f#1H5 JPEG fi#hY,
AN EME . BT B @G IR T R RN

I(x,9) > B—>S > x(n) > h(n)>r(n)— S — B—1(xy) (5)

H h(n)RR LG r(n)RnEIRE S f(x,y) FoRIRE JE A
3.2. JPEG BREF KRR

ol EGIEE BRSNS # R, —EEa RGN EEE A28 MB UL b, FEEET
efLh, B HHRKELLW R, HERARFEHMIE. Ft, 1ERIEmE KA JPEG BUR E 48 H A >
EURTUAR, & RGUERERE.

JPEG JE 47 £ BG4 . B HUR 7448 #(Discrete Cosine Transform, DCT). A4 5 A 1 4
VUSRS ok, ¥ RGB WG YCbCr Bith 2], HAELH K R RIRA:

Y 0.299 0587 0.114 (| R 0
Cb|=|-0.169 -0.331 0.500 || G |+|128 (6)
Cr 0.500 -0.419 -0.081(| B 128

Hrp Y RIRFE DR Chy Cr RontaEn .
BEJE, HEBRIS A 8 x 8 BURH, X — A EURH T —4E S R 2L . WEBIRR N
f(x,y). W =4 DCT F£RN:
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Yy 2541 241
F(u,v)=%€(u)€(v)xoyz(:) £ (3,)cos x;N)‘”‘ cos’ y;N)”‘ ™
€L u=0
Hrp C(u) =i .
Lu#0
T4k DCT Refgds K7 BUR Re S5 b TARAIX 8, Afe ettt 58 DCT )5, fEE
AR EAT B AL 3
3 F(u,v)
O(u,v)= round[—T(u,V)] (8)

HA T (u,v) %7 JPEG bRERAHERE: round FoRlU& AR . @l B8iE, KRERIRBENE, B
Z T BRI KT .

5 Ja, ARG RHAT Zig-Zag % RIS DL & Huffman 4ifd, A2 JPEG K457 . JPEG
FE 45 & 1R S0 UM R LG BUR 1) 10%~30%, Aels 535 18 m LR AR AR, RIS PR EF B 1) RS AR o
FrEE, R 2 B T & B IEE R4

3.3. QAM HFFHIHRA

AT R LS RGPS R HZ, AR IEASHE R HI[11] (Quadrature Amplitude Modulation,
QAM)TE R HL T 77 2 . QAM i it [F] i i/ ] [FI AH 43 8 FH IE 22 49 =, 76 BT 56 P9 A& 4 B 22 1R B4 5

HEQURATRERA:
s(t)=1(r)cos(2n f.t)—QO(r)sin(2n f.t) )
Hrp I0FoRFEM & QOFRIERL M E:  f RAEPIER . BORIER 5 RIRN:
a, =1, +jO, (10)
T QAM A2 ] KR N
S:{al,az,---,aM} (11)
Horr M o R B

AR 16QAM 1E AT Z RS T, B S 4 bit 55, KA SR ae0 A 8%de =, R
PRFFRIF RS PERE . S8R QAM TG, A BT 544 OFDM F 8k g7 i, e 2k 2 800
GE S TN
3.4. OFDM F&kfEitEsy

1EZZ M4 & FH (Orthogonal Frequency Division Multiplexing, OFDM) & — i 8L T4 (1) 22 2538 e AL Fr B

B AR R o N 2 AR AT BRI, 2 N EAS I RO R BT AR g, AT R
f&FF 5 18] T (Inter-Symbol Interference, ISI), R RAPLHEEIKAE /1. Kk, ACKH OFDM 147G
LG RGN OB AR . RN, 21 QAM WG & AT 5 148 T3 7 HE S s
AT M &

S=1{80,8, Sy} (12)

Hp NRIR OFDM T8k 8E; S, Boms b N80k s £ 5 .
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RTINS 5 e RO RS S, TR B AT PR A B A2 3 (Inverse Fast Fourier Transform,
IFFT), HFEIEA:

Se N . n=0,1--,N—1 (13)

M x(n) A OFDM Ri%fE5: j=v-1, Wﬁﬁ?ﬁ%%%ﬁé%ﬂﬂ*ﬂ:o

SEIFFT Ji&, R 2 AR s AT 5 A3, & EA/EEA OFDM 75 Hi IR INJE T 4% (Cyclic
Prefix, CP). BIEMATSKIEN N, , WRIEE SAN:

X, (n) = [x(N—NqJ),---,x(N—l)x(O)---x(N—l)] (14)

TSR AENS DRIETC LS IEGRAN RN G R, B AEas R ] FET SCILR I, i 24
H 2T, BLESEIERR)E, Hlon B e LRIEMATE, REAT FFT ZZHRK R I, HA
N-1 _j2mm
R(k)zﬁgr(n)e/ N (15)
Hort () ZoR BN A5 55 RO A SR 5 -
2214 FFT 2 e RIA] 5E /i QAM figifl, JFat— PR R IR an K 2l . 1T OFDM B AT B IR A
R R atkee, FkC 2 MAF LTE. 5G NR. WiFi 6 X H7 S AR E 485 /4, [A
FEE B A R B B AL fn s 5t

3.5. AWGN {SE#&ER

TOERIE A5 I 2 A AN T Ik G b 52 3] - A R PR R PRI R AL A e, R AR ST S S N v
Hr 1 75 (Additive White Gaussian Noise, AWGN){ZiE AL . AWGN {538 [ 1219\ J M 7 i 2 S0 57 [543 A7 /&
WL R, AR B R R R O

o ]2
Hrh o HRMAE IR, n BRI . RIS 5458 AWGN (S5, SE SHERN:
r(n)=x(n)+n(n) (17)

Hord x(m)FoR RIEE T n()Ron s A ()R ZIUE 5.
7 R FH A7 1 Lt (Signal-to-Noise Ratio, SNR)Z #il| I 75 KN, HiE R

SNR =10log,, [%] (18)

n

H P RE ST TEITNR; B RN T EIT)
fE MATLAB fj Hid#Erfr, ¥ SNR % E 4 0~30 dB, i i3 i 75 T 32 43 M Jo 2k IR A i v e e 1k
PKE LN

3.6. Rayleigh E(FERR
ARV TC B AE P30 B A7 LR AR . RS SO T Y, PRI SR AR | GRa A SO AL A
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PRl O AT A AR RS E I BT R A FERXAMEOL T, TS SRR Rayleigh 734f, PRIIMRH]
Rayleigh FEVE R IR AR AL RR AL . BICLAFIE T VR IR N«

W)= @) (19)
Hob L RSN o BRE AR 6 FRBNGL: o SRR .
{52223 Rayleigh {18 /5 FOB OB 47
r(t)=h(t)x(t)+n(t) (20)

Hor (037K Rayleigh & 2R3 x(OFRKIEET: n()F N AWGN B,
Rayleigh % 7& G2 W2 % B s B3R R

p(r):%exp(— r:),rZO 20
o 20

T2 BR A 5 TSI S B AV AR RS PR B R B E R AL R R, DRI AR SOR FH AR O R BT LA 1
PR, FEEE Ao A T G M SR o B A R R 2R [ R
3.7. Rician FE(EEER

XFF I AHUIAS < A b J 3 S o] W 05 S5 N R 5, a6 s 5 40 WA S 2 )3 A 5 ) LA
fERRERAE, SLI BAASTE T INAF & Rician BV . Rician {5318 TR RA:

h (t) =hyos (t) +hyos (t) 22)
SOy (1) FRELIBE Ay (1) FRHUN B2 Rician SE7% MO P B B -
r o+ s? s
p(r)= ;exp(— o2 jlo (;) (23)

Forf 1, () For K BREIE VSR BAG s Fom PO RIR
N TR ELA B R SS, SEH Y Rician T

}iOS

P

NLOS
Hot P Zon BATER IR IIE Py o BT BRI DI

H K =00, Rician {FIEIBILN Rayleigh {F18; Bi% K {HIEK, BEOTEARIZHTIEME, W@ERGIRMY
L, EERERESRINEE. KL, Rician FEE R TBAUTC AN ARk b 2 1847 ERLRE A& 46 10
WfE 5.
3.8. BUBIAR R (CFOMGIER RIMES &

TR G AL R T, Ak MBSO AR G 8 AR R 2, RN R s A& iz sl 27 A2 22 )

Biks, RS 5 P A # AR W % (Carrier Frequency Offset, CFO). %} F- OFDM &4 &, CFO &R
FEBE 2 EPIER M, 5 ANTFE P E TP (Inter-Carrier Interference, ICI), MM FE R G IRIGRIE,

B I A &= g o Hh Af FORBPINE MR Af, Fx OFDM T 8IKIFRE. f77E CFO

s

K = 24)

2nen

I, B E S T RR N r(n) = x(n)ejT +w(n) . e x(n)y OFDM Ki&f55: w(n) WA NN FFT
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K. BT CFO SINRIAHA e B 7] SRR, 20 FFT JEaidifl: Hort ICI(k) R8I 3 ST - Bk 1]
T

3.9. EfRTceAm T iaR

N T AT B AR G2 B B AL S RAAEA RO AZE G T FEE TR, A SOk GRS 2 (Bit
Error Rate, BER). I§{H 151 Lt (Peak Signal-to-Noise Ratio, PSNR). 45 #4J#H{bIPE (Structural Similarity Index,
SSIM). £ %i 7t 3 (Throughput) A K A& i %E (Transmission Delay)fF N &2 Gi 1k e EN 645 . b, BER &
PR BIE(E RAERI T SEE, PSNR 5 SSIM A TN MG IR S i &, ik H T & R A R &5
Re/1, ARHIIEH TV R LR EE R . B iEbraet DB E v e BB E L RFIE =T
Ao 4 UG AL 5 RS AT 27 5 VA o
3.9.1. iRFGEERY

w2 (BER) & B 71815 RSt LI VERE TR bR 2 —, TR He o £ i ORI R0k 2 EERR 3L
tefl, g SON:

BER = Ve 25)
b
Hrp N, R R RGN, FoR IR R LR
W R IE R T AR A -
b={b.b,,-,by} (26)
el N A e | ESINSF
b={bby,++.by | @7)
I BER A] L —HRoR N
1 & .
BER =ﬁi§5(b,,b,) (28)

Lb, # b:.
0,b =5,
BER /), i JCER BERS LR T 52 . 2 BER JEIT TR0, Hellom i & m EUR Be s CRFFRG = 1 — 3.

3.9.2. IEE{SMEEL TR IR
4R BER fAE0% S MO (5 BE s vl 520, (H I BRI B UG O R & DR, 5N AR {3 e L
(PSNR)VE NG R EVPN B R . 1 2615177 1% 2 (Mean Square Error, MSE):

1 M N

MSE = M—sz[z(x,y)—i(x,y)]z (29)

i=l j=I

Ho [ (x,p) RRFIEEIGAG R 1 (x,y) BRAWE GG R M« N HRIRREGR S RS R %,
T 45 3] PSNR:

s 5(1),.,13,.):{

2
PSNR =101 —_— 30
Og]O(MSEj (30

Horp L FoREE KK X 8bit EMR L =255, PSNR i, RonWE BIG T EGRE. —#k
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AN PSNR > 40 dB #REIME L F TR E; 35~40dB oK R BiF; /NT 30 dB NP6 L& AL T i2
B A B R
A, PSNR AEMSEEIF M AN AN [E] J0 25 18 ok A b B 52 S5k B (1K) 5

3.9.3. FigEMEITNER
PSNR FERBUEFIRZE, AR TE A R EHUGA B R 5 o AR SOtk — 20 R 45 AR BL 1 3 4
(SSIM)PHN YRS R I 454415 B AR FRRE /T . SSIM JE SUN:
(21,1, +C)) (20, +C))
(,uf +y}2, +C1)(af +G}2, +C2)

Horpr py FORIFIREE T p, FRME B TR ol FRIEHEEBT % o) RnERGT
%y o, Rz C CNRUER L. SSIM HUATEHY 0 <SSIM <1, 4 SSIM 4 1 i, i
BB R0 EUR Sk — 3

AHEL PSNR, SSIM S InfF& NIRAL v AR, PRIAE G2k RGO EE e i AR 312 N H .
3.94. RGHMEE

2 (Throughput) FH T VP FRLALIN (8] N R GEREWS D& il &, HRIEAUN:

T =R,(1-BER) (32)

Hort R, TR RGALHE Z(bit/s); BER /8 RARIDE  fiE BER AWK, RGA MG RBWH & .
TR R B M RGN 5, R SO Re s AR 58 Ok R EA%, 3R i iR i AR
3.9.5. EgfHHARTE

BEAOY SN I R G R T R RE S DUd AR, TR AR G S R AN A TR A ) EE R A
WG EABHE E RN N D, RAAMERTIR R, W EHG AL S AR R
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Table 1. Main simulation parameters of the system
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Figure 1. Overall structure of wireless transmission system for field images
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Figure 2. Field image compression performance under different JPEG quality factors
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16QAM Constellation Characteristics Driven by a Real Agricultural Image
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Figure 3. 16QAM constellation distribution and error vector characteristics
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OFDM Time-Domain Characteristics Driven by a Real Agricultural Image

OFDM Time-Domain Waveform, PAPR = 24.63 dB
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Figure 4. Time domain waveform and local peak of OFDM transmission signal
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Figure 5. PAPR performance comparison between OFDM and SC-FDE systems
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Figure 6. BER performance comparison between OFDM and SC-FDE systems under the influence of CFO
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Figure 7. CFO influence and BER performance after compensation
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Spectral Characteristics of OFDM Signal Driven by a Real Agricultural Image
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Figure 10. Time-frequency energy distribution of OFDM signal
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BER Performance Under Different Wireless Channels

10° 3 T T T T T

10°F 3
F |=—©—AWGN 1
I | =B Rayleigh
Rician
10-6 1 | 1 1 1
0 5 10 15 20 25 30
SNR(dB)

Figure 11. BER performance analysis of the system under different wireless channel conditions
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Agricultural Image Recovery through a 16QAM-OFDM Wireless Link
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Figure 12. Results of agricultural image reconstruction under different signal-to-noise ratios
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Figure 13. Variation curve of image quality evaluation index
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