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Abstract

During a school-organized field trip, we noticed a farmer pick up a handful of soil, rub it
between his fingers, and then scatter it back onto the ground. Curious, we asked whathe was
doing. He replied that he was simply checking whether the soil was dry or wet. This led us to
wonder: judging soil moisture by hand and experience could hardly be very accurate, so was
there a more reliable way to measure the moisture content of soil? After returning from the
trip, we began investigating this question. Our research showed that commonly used methods
for soil moisture measurement include the oven-drying method, insertion-type probes, and

satellite remote sensing.

However, each of these methods has its limitations. The oven-drying method is accurate but
labor-intensive and complicated; insertion-type probes-are convenient to use, but their
measurements represent only the soil within a few centimeters of the sensor and can be
affected by multiple environmental factors; satellite:microwave remote sensing provides
broad coverage but is limited by kilometer-scale spatial resolution and revisit periods of
several days. Agricultural applications, however, require a method that is both convenient

and capable of measuring the average soil moisture over an entire cultivated field.

After extensive research, we proposed and implemented the dual-mode microwave soil
moisture remote-sensing systemtdescribed in this paper. Using a single RF receiving platform,
the system performs both passive L-band microwave radiometry and semi-active GNSS-R
reflectometry. The former measures microwave thermal radiation emitted by the ground
surface, while the latter uses GPS satellites as freely available illumination sources. Both
measurements are.ultimately related to soil moisture through the relative dielectric
permittivity of the soil, yet they rely on independent physical processes, allowing the two

modes to cross-validate each other on the same hardware platform.

Based on this concept, we completed a full-chain design and implementation from the
antenna system to the retrieval algorithm. A self-designed axial-mode circularly polarized
helical antenna achieves relatively high directional gain and a narrow beamwidth with a
simple structure, providing the hardware basis for separating direct and surface-reflected
signals. For impedance matching, an air-suspended, air-gap-adjustable Klopfenstein

continuously tapered structure was developed, converting otherwise irreversible fabrication
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errors into a field-adjustable degree of freedom and reducing the matching loss between the
antenna and the LNA to a very low level. A low-noise broadband amplifier based on the
QPL9547 provides a stable gain of approximately 18—19.5 dB across the designed bandwidth.
A dual-channel SDR performs synchronized I/Q sampling of the direct and reflected channels,
while a two-dimensional correlation search enables acquisition of satellite signals below the

noise floor, together with decoding and C/NO measurement.

In field experiments, both operating modes produced observations that were clearly
correlated with the actual soil moisture conditions of test plots with different moisture levels,

while the intermediate physical quantities remained within theoretically teasonable ranges.

The results demonstrate a technical approach that bridges the gap between local probe
measurements and large-scale satellite remote sensing. With controlled cost and system
complexity, a self-built RF platform can provide dual-mode observations of soil moisture
conditions. By replacing the antenna and adapting the back-end algorithms, the same
platform may also be extended to applications such-asiprecision irrigation, drought

monitoring, and weak RF signal detection in radio astronomy.

Keywords: soil moisture; microwave remote sensing; GNSS-R; L-band microwave
radiometry; circularly polarized helical‘antenna; Klopfenstein impedance matching; software-

defined radio
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%ﬁ%mmmﬁﬁmﬁM4@ﬁ,%zL%ggzaB,%m%ﬁ%6mmm,ﬂ%%
12.3°.
REGA A AR5 X I ]335 1 X RN
A=— (2.7.1)

XA E B RS, $Rm%T5 A i vl S ol =R,
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FTh AR PR HE 32

H—{Eii4E (dB)

[— A — — Fonging 2

0 1 i ) £ E )

P 2.3 WE KL 50 T TR R
2.7.2 PSS Hm e

RTER LR A B IS 50 QIR N 2 (AR 2 . AE BT B/ MBS,

AR, =~ 5552 148 QAL B S0 QRS i HRIF AT R EUL
SR ARAE N

Z ,+50.

2
r,- Lynis == 1010g,5 (1 =] 4[') (2.7.2)

DAZEFLIE 148 QfH, | T x| = 01495, KWL 1.22 dB.

K H Klopfenstein W42 &5, i ReE BEGTIA L5 7 284k, /NSHERLUT,
TV B i A SO ] BRI N BUAS AR T P A SO A A B

dl Z
i 2fl - eXP[—2jﬁg(f)z] dz (2.7.3)

Sﬁﬂﬁﬁﬁ&ﬁﬁ,ﬁﬁ%ﬁwﬁﬁﬁ Klopfenstein 11T 7E 45 2E b i P 4T 5 18
T TR S BT AR AR, DAYES A B B P 1) B 20131
273 BUHUgEE SRR E

XF 2 PARWCEER,, KPP IR T8 R i A, nI A Frids MRS i B2 5C R 1230

T
T. =T, +—=+—+.. (2.7.4)
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Hrp G st (274900, FHRME IO FELL KB/ N E 24
MRS AR A S ATk ORI RE B FE ) 2 BRI RUE 5 I 5 I AT S

AT R B E RN, ARGRMFhEE i, HAERHEN H bR ST
PRAGF—E0 0 PRANRR E A SRR, BTG RS T B2 P 3R 32 73 9 BB 0 Al (DA AT 8K
7 58 B o MR 73 ) £ A2 AL 124:

- TA + Trec

O =

TR F TR BE R R ARBE I LE AR IR EhniR el W iEre . S5 Mo %
PR ff 22

2.7.4 BF RG-SR

Wi 2R A MR S, TR 4 B0 B A 135 R0 e o i),
BWHBERKENN, GRECAw[n], 78 KB MG —— 80— L5358

(2.7.5)

2

5,04 LS e (27.6)
LKl = - wlnlxylnle N v
Kpfs Eivzjng [n] 5=7 170 ’

RHRESKRIE TR SCRERRAF = 22 BB F b %,

P ENAMUR M 25,2 TR, REHELT, CHESIE, N,

MRS DR R AR AN Hz, XGRS dB-Hz, ASCHHHE Y 35 dB-Hz
FEAE P BCE AR T TR, PELEIX E] A A ERIC SR A% 25 PF R Rl AL B
REST.

B8 LR

3.1 ARG HIERR Y

ARG SR, X R GERYRE I L5 S R B TR . R AR T
i REHRSS R IT, Klopfenstein W48 L PHATLVEHE M 45, ARME A HOK L % S SDR SR 4E-F
B . EhaE R T I RS i e AD9361 Bt feii i, MRk T2
Wil R SR VA D e
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RS o3 (GNSS-REH)

| welhiiit | | 20ms gre 5 g s

v

|
[ @ rentmsg | G
|
|

| 1400-1427 MHZE B | [ 20ms fe41F R
v
| emimm AR | [ SR BB 55 DK B
| [
v
S FHREE (Choudhury HEA])
& AHBOGEE IR
HEFIERE R
R A .

Dobson PY£H 73R & #HY
AR S K E m

P 3.1 XUBERE R SE Y
3.1.1 RERGEHSGH BT S L]

H1 T LA A AN B A A R Zedy m] DA T gh el &, 2 = gl =G D) 25 fef 1 I A
KL, HILSEE RE AT N BERACIRIER L, FATRA 1575.42 MHz 24 FDATR
PAPEHL GPS L1 #MiR . REERYPHENT IR L i m IR iE K2k, Semmie, 4-
TR SRR S PR A2 E(LHCP) 54 TE (RHCP) 73 H,

TSR FATE o AR S A A MR E R 2 JE K S B . Kraus 45 H 0 RlSE 4R
P& IR K C iR BLIEAE 0715 < C/A < 1.33 X [a] N A BE =4 4l 7] 5 4%
feiE sy, HSEERPIC/ARAE 1.0 ~ 115 Mgt fiemy . L. A3t B Rl
C/A = 1.05~ 1. 1. W fR I B A

D =C/m = (C/A)-A/n

WC/A = 106/ C.= 1.06%x 190.3mm = 201.6mm, D = 201.6/11 =~ 64.2mm,

P, FATHERAME 60 mm B H 6 PVC FENER, H FDIER 4 mm B8R EE
AR S IE R A, SEI R A R AR

ng% = Dﬂgg+ df%@ = 60mm + 4mm = 64mm

H

wm%ﬁaﬁﬁszQzL%,ﬁ&%mﬁ%&ﬁ%zﬁo

B AL (FEL) XMREE A a BN, Kraus EREE2a B 12°~14°0)
By, MR L. MR S SR K KA
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S = C-tanax
TAHEEES = 44mm,  FWREE A DAISIE & 75 75 7 i FE X ) -

(S) ( 44
a =arctan|— | = arctan
C

201.1) =arctan (0.2719) = 12.3

VAR 12°~14°FeA XA Y, BEPH 44mm X —[A] B 2 [ AR AL P RE K

M4 n FEE N S PORTERE: BRI —f, Wat KEGRTTZ3dB, (HAl
MR e, AT MR E R SRR E . AR = 1510, 2
Bl TR AR S S AL AT S Z (R BT R R, XA e R

=n-S = 15x 44mm = 660mm = 660mm

WA, FRATTE A R AT [ A EE M SR Kk, DAPRIEIT (R EEX 5] . WREAE B
R 3E 5T Kraus 2236 AR A, D=64mm. S=44mm’. n=15 X4 SHHT 520
Ty 18dBi Fys e 529 26° R SEE, FFAEESIEX MR POk . mfim
PSR,

H AT =X R] AR 24 A R BB R

Z 740 01 7480
A~ 790.3

-

»

K 3.2 1EiERZ CAD ¥t EE
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N T GEERERIERT L, R F -5 55 e e AR, 3 PR R Z R AL
Enpgtli 1. BAMERLIEHMEARNT 0754 (52BN 250mm) 14 B8 St
.

((§
(

(((

(L

-

-

-
4

rm§54%wi%i@
3.1.2 ZREEWARLHE IR

WEHER L ABLPL (~148 Q) HhrHE 50 QU R4 B ER S S BT BN HT
KBS, MR 140—148 QRYR At I P8 2 50 QRNGE T, FRATETTEELL AL 14 Fir £k
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(Klopfenstein Taper) , FERFHIEFHGTHT G T7 - P, SEBrieit i A 2 2015
AR AR AIIR I 2, R o8 3mm —B, I ELUH TG, FOTBOT T RA=R
TR LN (PTFE) NBRATPASIRAS, 25 [ 3 S0 i B (Rl ) O (4 DA S R
AORRE, R SERrin L., BRI SERR AR T EE TR, R AR
23S A PTFE A1) 3 BE0E LA

% 3.1 255 A\ JEM PTEE /YRI5 B 55 B 4%

Position mm | Impedance Ohm | 2mm Air (mm) | 2mm PTFE(mm)
0 140 1.644 0.843
3 140 1.644 0.843
6 138.41 1.688 0.87
9 133.74 1.826 0.955
12 129.23 1.971 1.046
15 124.87 2124 1.142
18 120.65 2.284 1.244
21 116.58 2.453 1.352
24 112:65 2.63 1.467
27 108.85 2.816 1.587
30 105.18 3.012 1.714
33 101.63 3.217 1.847
36 98.2 3.432 1.988
39 94.89 3.657 2.134
42 91.68 3.894 2.288
45 88.59 4.097 2.449
48 85.6 4.347 2.618
51 82.71 4.608 2.794
54 79.92 4.879 2.978
57 77.23 5.162 3.17
60 74.62 5.456 3.37
63 72.1 5.762 3.579

24



Position_mm | Impedance Ohm | 2mm Air (mm) | 2mm PTFE (mm)
66 69.67 6.08 3.798
69 67.32 6.412 4.026
72 65.05 6.756 4.244
75 62.85 7.115 4.489
78 60.73 7.487 4.745
81 58.69 7.875 5.01
84 56.71 8.277 5:286
87 54.79 8.696 5.573
90 52.94 9.13 5.87
93 51.16 9.582 6.18
96 50 9.892 6.393
99 50 9:.892 6.393

ZJEFATH Autocad 34221 i DXE A&, 5 A ADS/Momentum #4745 HL R
PE, I E N 140 Q—50 Q, HAE-S S%05 Smith [B EI S,

®
+1 lerm - +1  Term
Term 1 ‘1)<(r‘(|3pfenste|n,_ptfe_,1OOmm_fIatSmm, 1 term2
‘Num=1 . | Num=2
Z=140 Ohm . o | Z=50 Ohm
7 |@| S-PARAMETERS I
- S _Param
SP1
Start=0.5 GHz
Stop=3 GHz -
Step=0.1 GHz

(a) S S8l Hi 1 %E X
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9 G DB D | Ml BTl TS
To22=20A

(b) A dxf U R FHBT TR H A L iy
% 3.5 Klopfenstein #4582k ADS/Momentum 15 ELi% &

Discrete Frequencies vs. Fitted (AFS orLinear)
Adaptively Fitted Points Discrete Frequency Points

Magnitude [dB] Dataset: klopfenstein_ptfe_100mm_flatbmm_MomRF_a - Jun 01, 2026

0 0
5 ]
3 10 T o
=3 204 o
-20
354 ]

L A L L B e L L TN BN B A o i e e e B B

04060810121416W.8202224262830 0406081012141618202224262830
freq, GHz freq, GHz

0 0
5 5
=& 3 @ 104
£% a0 3L 15
== A S 21
EINE g0 25
=% ] g 3
1 35

R L e e e B e e L L T A T I B B B RS BN SU BRI

04060810121.4161820222426283.0 0406081.012141618202224262830
freq, GHz freq, GHz

() S A4
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m1

freq=1.500 GHz

S(1,1)=0.087 / 118.206
impedance = Z0 * (0.900 +j0.155)

m2

freq=1.400 GHz
S(1,1)=0.078 / 140.385
impedance = Z0 * (0.883 +j0.088)

8(1,1)

—

// |
\

freq (500.0 MMz to 3000 GHz)
(b) i APHHT Smith [ ]
Kl 3.6 Wiz HES R (K2 1.4 GHz-1.6 GHz [ iy4i A M 2421 50 QX))
RT 7 AR R 2 S B HEA T VL L R g R, AR T A R
SRV AT 1] BE O ) FHATL PCRC 0y R 22 LA, A&l 3.7 i,

k3

(a) FEMC S A ML T (b) it iE
K 3.7 S REEEALY 3D FTEIn A S5
WK 3.8 i, —HIRHRATFIA 72280 — & BOC T LI E] T 0.2mm 14 K
PEATSEES, A 3D F7 B S 2R3 A X 4 Jm st i) v B . XA TT RS H RS2
TE— 875 F N S SR BUAME L BR U B SE . SRR NS iR 2%,
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3.8 ?ﬁ@z@ﬁﬂ%%ﬂ%ﬁ%iﬁyﬁ#w%ﬂjﬁ@

ST AT LRI B S RIER, R0 dxf {5%%@:&@%@%@%
AT T 0.8 A4 1 T BELUE M 8 DA SRS LA ORGP, 1 PS5 P
3D $THBPE} PETG $TH) T LFUE MRS 250 G 1 — P 3D 7 HI i 20 B
BETEMM T, SR A A, 25 ORI B AT b

RESATR  ALHEBA TR, ITOASE TR A L RG B 1. 3D ST B
JEIT R ETT 1A 2 MREUR B i, 0 AR E TR B R T i€ R B, I ml A iy
AR TR AR TR — i T R R, ) — i e 0 - AR R AR
B AR S ASRAEE . SR Z RGeS . AR BN R A
K EREER G R 22 AL, FRAEFHT Il S S AR LA EE BB E . 220 2 is,
B RERR 22 Apfeds, BB TR B R RO R R R RE

A
s
o
$

28



Bl 3.9 (HLELEE . 3D T BB LR R S B A 2 U I 4%

o

TALTE R ST F O W 48 4 T ASGEEA T 1 BT PR Bl R ik, sl F i 4
Rohde & Schwarz ZVR W 2% 5k 543 B4, U3 75 ¥k A o7 B e R 2 2 A L0 A8 2 IR BH.
i, ey FEL i 30 o SR S AR B A A 11 1, AR R R 0.5GHz-3GHz,
FFAE TSI B P A AR 1.42GHz Ml 1.575GHz %8 Mark f, SCPril 45 8T

ke

=

-2

al PORT1 PORT2 . PROBE 1

K 3.10 Afie Rk S11 JiEfE
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B 311 AfERLZL S11 i &AE

AN B 25 SR AT DA R 20 R A i R 2 4 L G e 7 A A5 e T AR o s 285 40 ) el
Hul, BEBIIEECAERE A . JEEHE ASAFEI R (EARIC T 0.1dB, B 7 RE&HIER I 57
AT, ML R AT AE, ZEeRA ER AT 1.42 GHz 1 1.575 GHz P> AR A
Fif A3 B B R BHATOVCAC . DA AR — N5 SO 1, Smith [ P& (AR S, #5
HEMAZ T 53 + j 1,697 Q) Hrg [H7r FrEailcbnife 50 Q, Mo &8N, U
1254 Klopfenstein AL L VCHLf5, K&k H FHHTE B # 2 50 QFff .

3.1.3 fRIRFEHCR (LNA) BERBIH SR YRR T

52 % AL WIE R AR IS 2 2928 15 dB. %38 2 SR Y5 T~ R AR & 25 18] 77 1] LG
W i) € [ E L RE ST, HE R B AN R IR IR S B A RO . (B SE R G % T 5 251
SDR AR T ule55, PR L5 S hiy s (P AR S ORA (LNA) XiHF St —2 oK.

I IO 2R RUE S M IO, 1 ()l A% P 8 2 5 | ARSI s
DI TNA WA B4R KLk Jq b, b b AR AT A 4 2 ARE SR R P . LNA AR Byt 7
MR R T R R RS . LNA RS SR 5 2 B IO H B 1 A i M
AR YGRS, DRI AT R T P o S AT s S R e R UL

25 B ARFAT AL Qorvo 1Y QPLYSAT 2 H Hi i thi A 5 KB 1 LNA IS 7 B
AR AR —3K, TARNSEAE 0.1-6GHz, i AT H Bl 21 1.42GHz Hil 1.575GH,
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iy HL R AER R, P FRA T A0 A LNA, S8 EEARSH R

8 Pin 2X2 mm DFN Package

Key Features

e 0.1-6 GHz Operational Bandwidth

¢ Ultra-low noise figure, 0.3 dB NF @ 1.9 GHz
e 39dBm OIP3

 19.5 dB small signal gain

* Bias adjustable for linearity optimization

« Unconditionally stable

¢ Shut-down mode pin with 1.8V logic

« Maintains OFF state with high Rin drive

& 3.12 QPLO547 HA S,

WA E SR R 2% g, AT Altium Deigner 2 il 1 U8R & 30T T
PCB:

FBl

F—

Pl

—
[
=13

[eil
Iu

C3

1000p 10u

1
&

Header 2

,..“I”_S!_‘_
|||—€|
>‘,|||_|

D1

Lﬁ
.v|| g

Q

>

g

2

g

2

g

L1

Q

Z|

g

[] R2 i \MRED
y 3.3k E
=]
ut GND
cs 1 " = 8 c6
z VBias NC
R T H i RFin RFout Z L H Rlfout
NC SHD
100p i o ShlY 100p
= NC

QPL9547

GN

w]

(a) LNA fi'E 5 A %

31



(b) PCB Jiit &
K 3.13 3T QPL9547 1Y LNA Hi&is it

Horr, C5/Co M T-HIba B, L1 AFHFHRIE & e shae, 29085 SmiEk i
THpHIEEME RS . R1 5 LED 4 AR R H5 7R S i

BT E R E A (C5/C6 100p) |, HIMAERHAEL (L68nH) |, A JEEHM
HLZAS 5 HLETE /R LED B4 1 PCB. LNAA4RMEZY55T 19.5 dB Fismdnt, PGP ie sk
55 SDR L M 75 T35 DTk s il 1A

TR ROR A ) R R G M s thy Frids 2203, HIKk=0R:
F2_1+F3_1+...

G, G,G,

Hor, Bk, SR ORE R R SRR L, I A I B A B AR R AR BRI L A8 3
fit, HVESERUER) INA SE8T — B N B B g Al b, 22288 T R ot B SISV ) 2% i
M, R B AR DA PSR AT [ 7€ T Mo, #%.02 Qorvo QPL9547 LNAJE i (I8l 3.14
SR/ NG s ) |, R L B e A S DR (RS AT (C1—C6. R1,
R2. FBT % Milyontt) 5 P i id@ AL T 5] AR Ae e R AR E S . AR
H = MUNUBR G YIS B O RS (LR B AR) Mo, OREMIE S
oM bt TE AT | R A S TR MRS O L AR SR AN 3.14 IR

Fiw=F;+

(3.1.1)
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& 3.14 QPL9547 {EEEEE%Q%
3.1.4 LB (SDR) HEERERES

#%: R fl Microphase ANTSDR E316 3R Io2k Hi-F- 5 AF M HHHL (5 5 R 42 58P 1E
IR, RS %.008 AD9361 B33 ADC/DAC it F, S T FPGA 715 (S
SALRE, SCHREPUASE TE [ IS E I (RX TR X2)FN A FHTXT+TX2), BARSHANT

FiFtsE

. Xilinx Zynq 7020 (£5B#% ARM Cortex A9 #] Artix-7 FPGA)

« Analog Devices AD9361/9363

- 1 APLIIE TR R

« 1 TYPE-CUSB2.01E0

« 1°TYPE-C USB-JTAG&UARTH:

« 1740-Pin 0.5mmiE]?EFPC GPIOHREL

- 1K PPS/NOMHz 224 N30

LIAGPSEERNEN

. IAHEEEA 2 MBS, TIEERTHEWNT

¢ REFFER) 12 i ADC #1 DAC

. EERETRENG (AD9361: 70 MHz - 6 GHz, AD9363: 325 MHz - 3.8 GHz)
« Ol e (AD9361: 200 kHz - 56 MHz, AD9363: 200 kHz - 20 MHz)

& 3.15 Microphase E316 fifi{4: %5 iJii

WE 3.16 s, ZFPEmEAEEME TXYRX1., RX1. RX2. TX/RX2 P4/~ SMA #2171,
THRPSGHEE [ A R AR, H @i A AL TR EERE ), AT E 2 (55 R 3RS
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HRAL PR TR K . 21 A8 18 C L ) AR EL AN 37 55 R R R AR —
FEIRAEE, AU — N RIGE I ERE EON 2 S S AT L EE B
KACHRPAFN, WA [E S FOOGEE, A A LA TR Se B 2 B S iy [R) 22 %
. ARRGRLEYEE TR PTA I REE TR T2 S X —iE 1, 2 ARIAA
IR EIE R E T %, B AT AR B i

(b) RX1/RX2 B2k 1
K 3.16 Wil R H 8 A ANTSDR AU IGE E

34



TER 7T E316 BT ADI A58 Pluto SDR R4, A #Hi Kpyakib A4S, w Ay
ffi# ] GNURadio, C++, LIBIIO, Matlab & Python % T H#HTH % .

3.1.5 HFHIRE SR

PR O (5 5 I R A MR RS, R A SN W 75 2 — S H A AT %
WESUR, HCASE S A I I s IR . A B N 5L GPS (5 S MUE IRk, #%
e S B TOVA X Ao B L T e TR LA,

AHFFE R Rohde & Schwarz CMU 200 £33 I AR I A5 S, HO& S P
A H A A T DIRE, RO E S TS, R A GRS -50 dBm, Y
P 50 MHz (5 MHz/4%) . Z3-FE3A 98 1 MHz, S0 %0 Q018307 Fos: #ag T
BoE FUDARAL, R AR 3 dB, TR T AR (AR eI R R AT RE e T
PR E RN, [FII-50 dBm O8I HATE /- M BER AR RS, BRI FRATT REAI LB IA
WA N, 2 M SR R G e i T 155 HL PRI L OE

3.17 CMU 200 7 -50 dBm % 3 HLF- 4 Hh A0 e 00
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3.2 RAMABHE

3.2 b Bir R A TR RS i 9% AN 3.2 B,

% 3.2 HflES ARSI T2k

iH L £/ (On)
TR WRTE R 2 A 2R 30
ERE R SR 50
LNA b i Koot QPL9547, W& 120
S g PN E RN pEEE 300
3D fTEI{F: SO [ e 4 100
UIETESN SMA % 20
FELPAZ Hegs i T Hot gl 50
HoAthFEAS TRRH, b R A 100
it 770

] DR A SRR i, o CT T R (B R AL MR R 2L TR B FEL T DL P P 2555 PRI
WO, ARSI RSN RN T, o R s R A R A T A R
aelh. HEULIIRR, BN BT B Microphase ANTSDR E316 i 4,
RITA LR RS RARGE PRI, HETENRNEE, TEZA
WH S A, ARERAICLRTF G R, FRB SR TR, ST A,
BERGERGEN VAT NS /NRFE A IR, X B RADII it SR e A
i THBRRUEEHE) T REPE AT T2 .
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FHE Bsh L HBAEH N ELE
4.1 WEFHEEER &

KA T

WARRE (BRI

[ORCP Rt @ R A b @ Hirmist
€2 =) (h5H) fahste)

Bl 4.1 sl m

Bl 2R AL R AL IR e R 2 e it R At . IR S5 RS b R 5
WRRXRRNA (2.39), KRR NKX(2.4.7). HICRFREMKIIR FA R Z T RIAY L
IS R AR AR, TE R E RO E TR Pe. PRI Ps, (X (2495
FHARRERIE . 2 WINPT R Al E 2t SR bR A, 2 5443(2.4.9) (2.4.6) ]
Y PFAG TR L R i

AREE oA B R SR AN R R ARSI IR LY., PR DAY IS5 HE S ) R 3 R i
RIERR KRR, BRIGTES E MR TR RS RS K &R

AP AR

i Y-factorik: & B L g =
B

SR W

PRI - BOWF T (7 KR LR IR

SR S

TEYEREN R

B S vt

HEEHERMI R, Fresnel XRE
Topp 2% 5%, RKUBERHE,
M EREHE KR,

Kl 4.2 Wsh AR A2 A
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4.2 LIRECE
4.2.1 X&ERES SDR RESH
W =

Impedance
Match

AntL
AD9361

Impedance
Match LNA

Kl 4.3 ARG R

K2kl RG142 LA V645 B316 3645, — ik SMA 423K 5% 4% SDR 45, — it
%N B S A KIS TE ). HHRHCP K435 RX1, LHCP K435 RX2. %
J5 T IR R0 E316 85 0 A0, AT USB ML, B s s BaE R
28 F FhL 5 BT T T4 A
422 FREYHEENE

A TARZSAERE B %, RIS R . F &SRB 1 A B E R
WBHYE, TN BT 1, ORI R AT B B T AL AR A - e
WIET ; B M, JHTH5E Choudhury BRI FORIEEE B 4Ch, R AL G T
P R, TN S RS I Bk, MBI Ak B i TDR % FDR 7 /2 B4
2 WU R I (8
4.3 LIHE

ST A TGT: MRETE A S AR E . KRR R . R ER. B
BRI SR . R SR, S S AR T, ORI 4.4 TR
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W E % SEEE AR

BEEHER (REER)
DA R

MBEW (PR Befk)
VRS S o

Mo -39 H bt
Dy R

Y P R ERR
5 BAn RS

Y F5 525 Re
8 Sl

i Rk

P 4.4 sl 3 R ) S A

1) MEFHES: EITIEN, FEME SN TIEER, SRIT. &
SEiR

> B TR A AR I LR AT T

> A T ENAME L R R G, R LAY EE BRI R T R A .

> % SDR i3y, JIM LS Microphase E316 FIHLUIK, F /i USB LA iy
I, 1547 SDRPP #ff:, P& Source 2 Pluto, F iz fTé, U SAENSIT T4
SR AT P B SDR 45 TAEIE .
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1.575.000.000 s b 0 o (o O

P TRTIY

T
1.5756G

NFM AM

WFM DSB
Bandwidth 100000
1000

& 4.5 SDRPP ##% E316, 41 IS4k nlfig & N 5 s

> HEE RS RS — A% R 1.575GHZ 55, I SDRPP B8 %4
#eH] 1.575GHz, I4:58 LNA VR, X-—~I3F 4 SDRPP (1715 &0 S I i) =B,
S TAES . A1E5H LNA A TAEL R LNA TR S

1.575.001.000 s T A e T

5756 1.57501G 1.57502G

¥ Radio
NFM AM
WFM DSB

Bandwidth 100000

K 4.6 SDRPP UGS (ZL4A =4 R 22 % 1KHz i{5E"5 357 7 AM i)

EHERAGH TAPREE L4amiibse e, K&, LNA K& SDR 447 TAE
EH, ATRABEATS — 2 iR LA,

40



) SEARIERAE. FERESG IR H AR ORIFRRE, e OREF 1Q ¥dls. T
BRINZM B AR 5T g St R G R BOR TR, BT DAMRIEZh A5 B %
ARIATIRE . SRR 4.7 Frs.

Kl 4.7 %%%ﬂl?ﬁs%%iﬁﬂiﬂ%ﬂﬁm
3) WIRSHE R, TN ITRTT P RIER SRS, BRI RIS, (&

FRZCRE S AL B 9 — 8. FIMA R RSOERR R R, R 2 W B PR3 Y T
PE LGRS Ut

Kl 4.8 WZHIM(EINI TR T R 1 R AT K 2)

4) FHARULIN. R R BRI, SRR IR, I R e R B K&
MR, A2 PRI TSR R

) BOHSEERIGA . % 2.3 TORARS RN R ER, fH 2.5 TR ESKES

B R AR, AW A SYHAR, M S BT R)E, MR WA RS

Fr.

41



4.4 B EEBEATHIE

ERW T, SEIAT R — 4G 1 e 520, DABSIEHCRE O AR [/ S i AR A
WAL, REIHRI R IR B, FRRIFEHE R RS KR, e rh SDRHY
i, SREERIFSERREA . MUCRE 1000 SR, g 4096 D 1Q HEA,. Hit
SR R A BT IE, R E 4.9, E 4.10 PFiR:

Antenna Temperature Measurement | ¥Y=2.4077 | T_rx=188.9K | T_ant=212.9K

Noise RM5 Time Series

Y= 24077

F 168000
1000 ol sky
—— ‘Warm ground 140000
800 % 120000
=
S
& 100000
- 000 =]
z T 80000
‘; 63605.4
00 &0000
-
S aoooo
4 zooo0

T ant
{measured)

T
Ireceiver|

T hot
(ground ref)

T_cold
(sky raf)

Noise RMS Time Series ¥ = 2.1063
—=\Cold sky 250000
— rm ground
800 4 7 -% 4
1 zooooo
=
2
600 L
w 2 150000
z 5 122709.4
a00 4, § 100000
©
g
# so000
200 4
T [
a 400 600 400 1000 Warm ground
Chunk {4096 samples]
Temperature Summary RMS Distribution
. Cold sky
Ta = Warm ground
imeasured)
Trx
[receqver)
T_hot
(ground raf)
T_cold
{sky ref)

o 200

BOO
Chunk {4096 samples)

800 1o00

Temperature Summary

RMS Distribution

100 150

Temperature (K}

200 950 00

55— 4B b SR

Antenna Temperature Measurement | Y=2.1063 | T_rx=243.1K | T_ant=43.6K

- Cold sky
- e ground

100 150

Temparatura (K}

200 250 300

55 IR IESE R
Bl 4.9 K235 HbTH 8 7] P14 i W Aa 1 T 3 k45 2R

42



P 7 B R R Ze ERPRIRESH 20 B O i a5 1 224k, A FoR-F
PR TIRAT I, AN ARSIV IS, AR e Oy RE R B

PO B2 A Sh AR H 23 Bk 2.408 F1 2,106, ¥IHIR KT 1, VLB R Rasi
[ T S R R AR e I, RGERENS S HE A IR AR

PRSI AN T 36 UE R S IR BE A Y RE . SEIARAS R A Python w5, FIH T
ADI FE#E{T SDR #HiI MR, H H matplotlib 2 15, #4401 T

TR (v-fa
1 i phase E3

H T 3EHI T ant
FEHE, JHSIRER, B oc RS/

] 4.10 Python f&/¥ /R 2

SEFERE Y WL 5% antenna_temp.py .

4.5 JEXME

58 B AR SR M B IR J,  #E— 25 T e L R X ol s ipd 2 T e % -
R R R SRR S | S EM I E AR AR, &R
RAEE 1000 Y, AP 4096 MM 1Q AL,  HAEMNE I SDR ZHIRFFAZL,
WEEZZLRIMT , = 10K, W% CHEBT), = 290K, HHEYBLR ARG B BL 300K,
1Q BHEti R4S 2.4.1 4552 Welch it . RFI Bk R0y, 3RS HHP.
WSEYPEP M EHFYIEP

HIRIRT gl 4.1 15 Shn e B8], BERT g RSB, KRS
TR N EREBABISKE,. A LSRR Python AR SEHL, HIFIR A adi,

43



matplotlib MIRATTFE scipy, MU
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AR, T_phys - I ] ] ‘.l”)_. T sky = XTRE
(T_soil - Tﬁsky) / (T_phys
Fresnel: € = 1 - |r]2, (i r'/(iNEJ‘)
2 ((1+vf(1 e}y f (1- )
: T:)pp e B v = -5.3e-2 + 2.92e-2:£ r - 5.5e-4-£ r? + 4.3e-6-£_r3

e R RN (<o. 5m), TR L

s fRATE 1cm JIE
- FEREETTAR
- ERET R RS s

numpy as np
matplotlib.pyplot as plt
flmp
ipy.ndimage i t median_filter

T_COLD_Sk
T HOT REF =

K 4.11 Python A5 7R 2 &

SEREAULIE S5 5k ant_temp-soilipy.

AR FIAEACHPTICATRBIE AP SE . b SO — SR AR g L8, PR
HTAR SR, AR, R AR S RX @A T, B AR
A3 R, i&EWU%LTﬂ&{EZ %ﬂﬁ%ﬂ%?mim MR, WH KR

B 412 XHE R 23 I V3 il

44



FLIR LI LERNE 4.14 B 4.18 iR,

B 4.13 Hipdl b s B 1 ) v A e A
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Soil Moisture via Radiometry | £=0.838 | £_r=5.5 | 8_v=9.2%
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Soil Moisture via Radiometry | £=0.663 | €_r=14.2 | 8_v=26.3%
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Y5/E: 39.9741150° BdiE: 11:39:1
2P 116.4929540° TTFF: 0 sec
BE: 923 m EH Acc: 30.0 m
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