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Note: L, is representative the air layer; L, is representative the first layer of
medium; L, is representative the second layer of medium;L; is representative the
k-th layer of medium;g, is representative the dielectric constant of the air layer;e,
is representative the dielectric constant of the first layer of medium,l; &, is
representative the dielectric constant of the second layer of medium,l; ¢, is
representative the dielectric constant of the k-th layer of medium,l;d, is
representative the thickness of the first layer of medium,m; d, is representative
the thickness of the second layer of medium,m; d, is representative the thickness
of the k-th layer medium,m.
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Note: f, is cut-off frequency; fis representative instantaneous frequency, Hz; 7 is
representative the time constant, s; 7, is representative the modulation period, s.
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Table 2 Measurement results and errors of dielectric constant and
thickness in forward modeling test

Inveifnﬁm/eithod a Ea & By di Ean & Ep lfnﬁ?rj;gs
OMP 5.06 1.20 11.27 2.52 0.05 1.20 0.51 2.10 0.19
ROMP 5.07 1.51 11.26 2.37 0.05 1.20 0.51 1.78 0.17
StOMP 4.94 1.06 10.71 2.62 0.05 1.20 0.51 1.42 0.20
SP 493 1.32 11.28 2.60 0.05 1.20 0.49 2.42 0.21
SAMP 5.06 1.35 10.74 2.30 0.05 1.20 0.51 1.44 0.20

e E, RRIEFBEHE—BEARNAHERRRZE, %: E, BB
ZREN RN REBUEIRZE, Y% E, R8BS — 2 A R R B RO R
#, % Ep RN IEEBAE RN TR RIERZE, %.

Note: E,, is representative the inversion error of the first layer dielectric constant of
the forward model, %; E,, is representative the inversion error of the dielectric
constant of the second layer medium in the forward model, %; E, is representative
the inversion error of the first layer medium thickness in the forward model, %; E
is representative the inversion error of the second layer medium thickness in the
forward model,%.
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Table 3 Comparison of inversion test errors

R TR 2 An (i [y —

Inversion Average absolute relative deviation/% Run
method & & d, d, time/s

OMP 1.44 2.87 1.37 1.80 0.23
ROMP 1.63 2.74 1.37 3.50 0.21
StOMP 1.64 2.87 1.37 2.30 0.27
SP 1.63 2.93 1.37 3.30 0.24
SAMP 1.43 2.65 1.37 2.10 0.21

e e, R AR RN MEBRERE; e, Fom LR WHHORIRE
d, B ENRE LR RZE s d, Fon HIREN TR ERIER 2
Note:e, is representative the inversion error of dielectric constant of the quartz sand
layer; ¢, is representative the inversion error of dielectric constant of the soil layer;
d, is representative the inversion error of thickness of the quartz sand layer medium;
d, is representative the inversion error of thickness of the soil layer medium.
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b EEI T K. & 5 d, [REERZE Ck B R
FE, U E gk a8 0 s R AT . SAMP Hik
BAERE, 75 FEE R ESBANA R IRDL. 1 StOMP.
SP BLyF IR ZE IR, ARG A HL R BORT R R S T i 2 A
B F] 7.52% M 7.61%.

TEFEPETRBHEN T, S REEENRER N, 24
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R EIE 7.52%.
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Table 4 Comparison of absolute relative errors in willow trunk samples with different diameters

PR R ZE La X HE

WTE{% &E}J % Average absolute relative deviation/% i ﬁ{:
Trunk diameter/cm Inversion method Run time/s
&, & &, d, dp d,

OMP 1.63 3.44 5.53 1.20 2.00 6.92 0.27

ROMP 1.51 3.60 5.60 1.20 4.00 7.38 0.35

21 StOMP 1.62 3.95 6.33 1.20 2.00 6.76 0.42

SP 1.74 4.17 7.22 1.20 4.00 7.53 0.37

SAMP 1.53 3.52 5.26 1.20 2.00 6.30 0.25

OMP 1.66 3.55 5.55 1.31 2.35 6.95 0.27

ROMP 1.54 3.82 5.63 1.31 4.12 7.41 0.35

25 StOMP 1.65 4.01 6.50 1.31 2.35 6.79 0.42

SP 1.76 4.25 7.43 1.31 4.12 7.60 0.37

SAMP 1.56 3.67 5.40 1.31 2.35 6.32 0.25

OMP 1.77 3.61 5.58 1.32 2.55 6.97 0.27

ROMP 1.56 3.88 5.78 1.32 4.29 7.42 0.35

30 StOMP 1.66 4.11 6.62 1.32 2.55 6.80 0.42

SP 1.77 4.31 7.52 1.32 4.29 7.61 0.37

SAMP 1.58 3.83 5.45 1.32 2.55 6.33 0.26

e e, R BN R EHRE; o RAIUMBEMERBURITRE; o XnOMBNHFEURIRE; d, R-WEEN R RTIRE; d, UM BN R

R HIRZE s d, R M R B LR %

Note: ¢, is representative the inversion error the dielectric constant of the bark layer; ¢ is representative the inversion error the dielectric constant of the sapwood layer; ¢, is
representative the inversion error the dielectric constant of the heartwood layer; d, is representative the inversion error the thickness of the bark layer medium; d, is
representative the inversion error the thickness of the sapwood layer medium; d, is representative the inversion error the thickness of the heartwood layer medium.

4 i
R RFEH T 3T SDR P& BRAZESLR 51k 71,
FE53 RAEFLAEW T J2 S5 W TG I v 1) v 40 R AR 34

T R R S S FE R, S AR R R
PR ERAR - MR B9 70 B AE B A BRI AR, B8
% Js2 AR A P 508 435 A0 ) L TR AIE o FE A [R) 42 A A AR AR
S HUE R, SR 2 (8] (0 RO R 22 22 SR,
B3P IAIE T ZNEEAR R T iz @Y. 2T,
FERE. WA ZER. IR, B LARINZEZT
BN o R SO R B . O AR, WP
PEACHR B P S B R P B [, DA 5 7 3 P A
ArEEE . A7 S5 I PR T O 7 AL TR P 5%
iR, FRE5E R IEERAL, W2 U RS 2 Rl
G 75925, SBT3 SR P S 5 R RS A e o R
WL AR AT S HZ 5, SN T R
PR TCARAG I 7 28, LASR v SOJBORG P A AT Sk

AT FH) RS2 3T SDR R & AR T2 B
S HAGIN kB A RIFFINHME, (HiEeAR 2 TAE
RAFE— DR

D ARACH B i 5%, FEl & StOMP A1 SAMP &
%, DMRETER 3G S R AR RS N . [FIR
FEIR B N B S O B T, B N T
FER I B SRR A S TR

2) PRREFEARMFIAEE, WEAREME, R
FIAES . ANEAKPRAARFRZN IR AREAR. XEH
BT 90 UE N4 13 12 7 VETE AN R 25 1F 1 10 5 M A m S8 ek o

3) dEEALAb ATHZE SDR AL E, 28 A
SRR BE A HE g, [FIRE, BFSEOF RAGEAS . &Rk
RERE i e T 8, HEBIZ B ARTE SE B Rl W H g
Z R

B

4) N TRNRE, WA E R BRI W R
AR FIEE LR, LR ERINTT R, SRR
W EREE R A B SR A T PR D ARG B 7 BT o 30K A 8B
R B R & B S B RIRZE, Skl
BT PR RAE R 1

5 & 1

A FEAR YW A2 B S M RRAE, &R 2,
P T EIAE S AN T AR, SIS T R R
AR OMEERIR  Z AN RS

FIF SDR &4 LB 4R T A e e, IR 2E
EBWES, R EEE. K-SVD FH A5 Z R
B S RS S AT O, A5 B R 1R B A
SR RN RIS SEG R E IR A, 8 FaF R
FEM R, WRARBEE. RIGRY, 7E55 RSN AH
XA B ORI JE P P S J R 22 93 IAE 2.93% F13.5% LAY,
TR 2 N KR T A L 50 B B ) S 95 1R 22 0 SIIAE 7.52%
7.61% VAP o AW TR 7 VAR (R BEAE 1 A B R FE
J5 T EL A R G R AT B, o T bR A R AN S 8
A BT AR MO i B R

[& £ 3 #]

[1] ATTIA Al Hagrey S. Geophysical imaging of root-zone, trunk,
and moisture heterogeneity[J]. Journal of Experimental Botany.
2007; 58(4): 839-854.

2] ZWZE, ZouME, DM HT A AE MAOR BRI T].

A THRE2A4R, 2024, 4021): 1-7.
WEI Shuo, LI Guanghui, MA Jiahui. Intersection fitting-based
defect detection in trees[J]. Transactions of the Chinese Society
of Agricultural Engineering (Transactions of the CSAE), 2024,
40(21): 1-7. (in Chinese with English abstract)


https://doi.org/10.11975/j.issn.1002-6819.202406034
https://doi.org/10.11975/j.issn.1002-6819.202406034
https://doi.org/10.11975/j.issn.1002-6819.202406034

172

Flk T2 (http://www.tcsae.org)

2024 4

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

(1]

[12]

YIN D H, XU Q J. Investigating the damage evolution of

sandstone using electrical impedance spectroscopy[J].
International Journal of Rock Mechanics and Mining Sciences,
2021, 144(12): 104817.

MALEKI H R, ABAZADEH B, ARAO Y, et al. Selection of
an appropriate non-destructive testing method for evaluating
drilling-induced delamination in natural fiber composites[J].
NDT and E International, 2022, 126: 102567-102573.

MR, BRIGEAR, B, 5. HET L0 ARG S AN 7 vk
R B VR Tt = T e I R IR T AT 5 B [T]. R SR
F2EAR, 2021, 42: 444-453.

CHEN lJin, CHEN Xiaodong, ZHAO Hui, et al. Experimental
research and application of non-destructive detecting
techniques for concrete-filled steel tubes based on infrared
thermal imaging and ultrasonic method[J]. Journal of Building
Structures, 2021, 42: 444-453. (in Chinese with English abstract)
LI X F, LIU H, ZHOU F, et al. Deep learning—based
nondestructive evaluation of reinforcement bars using ground-
penetrating radar and electromagnetic
Comput Aided Civ Inf. 2022, 37(14): 1834-1853.

CAREY S C. Software defined radio for stepped-frequency,

induction data[J].

ground-penetrating radar[C]. /IEEE International Geoscience
and Remote Sensing Symposium (IGARSS), Atlanta,2017,
4825-4828,

PONGCOL D, DARYL O J , GERASTA J M, et al. Dual
continuous wave radar for ground object detection in GNU-
Radio with USRP[C]. /International Conference on Humanoid,
Nanotechnology, Information Technology, Communication
and Control, Environment, and Management (HNICEM),
Laoag, Philippines, 2019, 1-6.

ABID N B, GHOZZI R , FAIEDH H, et al. Signal processing
of range detection for FMCW ground-penetrating radar using
software-defined radio[J]. Arabian Journal of Geosciences ,
2022, 15(8):711.

LLI V. MR 20 R IR T 155 5 2 HURIE T 50T 7L (D). S
B: MEKF, 2017.

JIANG Yongtao. Ground Penetrating Radar Signal Parameters
Inversion Based on Sparsity Constraint[D]. Nan chang:
Nanchang University, 2017. (in Chinese with English abstract)
SR A . % I 45 R R AR BRI R L R S HT I R G
WHITT k. HT R A R BORBE T [D]. ER: HPKK,
2003.

ZHANG  Bei. Method
Backcalculating the Dielectric Propertyand Thickness of

System  Identification for
Pavement Structures:Study on Applied Technology of Ground
Penetrating Radar[D]. Chong qing: Chongqing University, 2003.
(in Chinese with English abstract)

BN, 2R, B/, ST ROHE TN E A R
o IR AR RS MU DT R 5 S AR, 2021,
37(10): 1952-1960.

LI Yixuan, LAN Tian, YANG Xiaopeng, et al. An inversion

[13]

[14]

[13]

[16]

[17]

(18]

[19]

(20]

(21]

[22]

method of ultra-thin layered media of GPR based on time
domain reconstruction of reflected signal[J]. Journal of Signal
Processing, 2021, 37(10): 1952-1960. (in Chinese with English
abstract)

BISTROVIC M, KOMORCEC D. Methods and proposals for
solutions in the applicability of a software-defined radio in
maritime communication[J]. Journal of Marine Science and
Engineering. 2022; 10(1): 118.

MAHEE, RIREE, KFEME, F T K-SVD MIELZILALE
B 2R s RS K B EE 2 BT VED. A0l TR AR,
2019, 35(19): 216-222.

LIN Xiangze, ZHANG Junyuan, ZHU Saihua, et al. Sparse
representation classification method of rice planthopper image
based K-SVD orthogonal
algorithm[J]. Transactions of the
Agricultural Engineering (Transactions of the CSAE), 2019,
35(19): 216-222. (in Chinese with English abstract)

CHENG D, Zhang S, LIU X, et al. Feature selection by
combining subspace learning with sparse representation[J].
Multimedia Systems, 2015, 10(23): 285-291.

PATI Y C, REZAIIFAR R, KRISHNAPRASAD P S.

Orthogonal matching pursuit: recursive function approximation

on and matching  pursuit

Chinese Society of

with applications to wavelet decomposition[C]. //Proceedings
of Asilomar Conference on Signals, Systems and Computers,
Pacific Grove, CA, USA, 1993, 40-44.

NEEDELL D, VERSHYNIN R. Signal recovery from
incomplete and inaccurate measurements via regularized
orthogonal matching pursuit[J]. IEEE Journal of Selected
Topics in Signal Processing 2010, 4(2): 310-316.

DONOHO D L, TSAIG Y, DRORI I, et al. Sparse solution of
underdetermined systems of linear equations by stagewise
orthogonal IEEE Transactions
Information Theory 2012, 58(2):1094-1121.

DAI W, MILENKOVIC O. Subspace pursuit for compressive
sensing IEEE Transactions
Information Theory 2009, 55(5): 2230-2249.

DO Thong T, GAN L, NGUYEN N, et al. Sparsity adaptive

matching pursuitalgorithm forpractical compressed sensing[C].//

matching pursuit[J]. on

signal reconstruction[J]. on

Asilomar Conference on Signals, Systems and Computers.
Pacific Grove, CA, USA, 2008, 581-587.

CAORSI S, STASOLLA M. A layer stripping approach for
EM reconstruction of stratified media[J]. IEEE Trans on
Geoscience and Remote Sensing, 2014, 52(9): 5855-5869.
PRI, BRI, WHE, & B2 RS ASANE
AR B A BREIE ], PRSI R F AR, 2013, 48(3):
467-472.

LU Zhiyuan, HOU lJiangiang, HAN Rixia, et al. Testing
dielectric properties of biological material by dynamic
frequency sweep method for multimode cavity[J]. Journal of
sourthwest Jiaotong University, 2013, 48(3): 467-472. (in
Chinese with English abstract)


https://doi.org/10.1016/j.ndteint.2021.102567
https://doi.org/10.11975/j.issn.1002-6819.2019.19.026
https://doi.org/10.11975/j.issn.1002-6819.2019.19.026
https://doi.org/10.11975/j.issn.1002-6819.2019.19.026
https://doi.org/10.1109/TGRS.2013.2293533
https://doi.org/10.1109/TGRS.2013.2293533
https://doi.org/10.3969/j.issn.0258-2724.2013.03.012
https://doi.org/10.3969/j.issn.0258-2724.2013.03.012
https://doi.org/10.3969/j.issn.0258-2724.2013.03.012
http://www.tcsae.org

%520 3 g H2 T SDR AIFRIN TR I8 M T 2/ S H i | 173

[23] 3C&1, ZEMEAR, Eds, S5 35 LR PR RE B O R AR nondestructive detection of farmland solum structure in fluvo-
BEFA[I]. R =R, 2017, 48 (10): 180-188. aquic soil area using ground penetrating radar{J]. Transactions
WEN lian, LI Weilin, XIAO Zhongliang , et al. Radar wave of the Chinese Society of Agricultural Engineering
detection of standing trees internal defect[J]. Transactions of (Transactions of the CSAE), 2018, 34(16): 129-138. (in
the Chinese Society for Agricultural Machinery, 2017, 48(10): Chinese with English abstract)

180-188. (in Chinese with English abstract) [25] 4. 2T HRHLEE A RO SR G R 777208 78 [D]. 8. 1L

[24] R, L RwT, &L XORH AR ERIER FRE, 2021.

TR R TE R IR LG (0], Aok TRE 4, 2018, 34(16): WU Xi. Research on Wood Defect Detection Method Using
129-138. Ground Penetrating Radar[D]. Wu xi:Jiangnan University, 2021.
SONG Wen, ZHANG Min, WU Kening, et al. Test on (in Chinese with English abstract)

Inversing the dielectric parameters of trunk layers by SDR-based
detection radar

ZHOU Haiyang'** , MA Helong'? , XIA Pengkai'? , SUN Qingfeng’?, LIN Jianhui**?

(1. School of Technology, Beijing Forestry University, Beijing 100083, China; 2. Key Laboratory of National Forestry and Grassland
Administration on Forestry Equipment and Automation, Beijing 100083, China; 3. State Key Laboratory of Efficient Production of
Forest Resources, Beijing 100083, China)

Abstract: Tree trunks with thick bark can be expected to serve as the potential water storage capacity. Moisture content is one
of the most important indicators to monitor the physiological condition of tree trunks in the development of agriculture and
forestry. Therefore, it is crucial to accurately obtain the thickness and relative dielectric constant of the layered medium in tree
trunks. The growth and health status of trees can be evaluated to optimize the water management strategies. To this end, this
study aims to invert the dielectric parameters of tree trunk layered structure using radar detection. Non-invasive detection was
realized for the internal structure of tree trunk. The electrical characteristics of different layers were obtained for the medium
layers in the tree trunk. According to Snell's law, the physiological structure of tree trunks were combined to construct the
propagation model of radar signals in the layered structure of tree trunks. Electromagnetic properties of different media layers
in tree trunks were considered, such as the thickness and relative dielectric constant differences of bark, sapwood, and
heartwood. These key parameters were then evaluated using radar echo signals. In addition, the accurate inversion was also
performed on the dielectric parameters of tree trunks using sparse decomposition. K-SVD dictionary training was combined to
process and analyze radar signals. A software defined radio (SDR) platform was used to build a tree trunk detection radar
system in the experiment. The accuracy of detection was further improved to easily adjust the operating frequency of the radar,
and then modify the signal processing under different environments. Layer stripping algorithm was selected to invert the
dielectric constant and thickness of the layered structure in the tree trunks. The echo signals detected by radar were collected to
evaluate the performance of the improved model. A comparative experiments were conducted on the radar detection under two
conditions: aliasing and no aliasing in the echo signal. In the absence of aliasing, the inversion errors of the relative dielectric
constant and layer thickness of the tree trunk were within 2.93% and 3.5%, respectively; In the case of echo aliasing, the
inversion errors of relative dielectric constant and thickness were 7.52% and 7.61%, respectively. The experimental results
show that the robustness and practicality were achieved to accurately estimate the thickness and relative dielectric constant of
the layered medium in tree trunks under different signal environments. Application prospects were also offered to promote the
plant physiology. The finding can provide the accurate data support to monitor the tree health status. Effective technical
references can also be provided to promote the garden management and water control in the sustainable agriculture and
forestry.

Keywords: radar; inversion; tree trunk inspection; software defined radio (SDR); layered structure; dielectric parameters
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