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Abstract

During a school-organized field trip, we noticed a farmer pick up a handful of soil, rubyit
between his fingers, and then scatter it back onto the ground. Curious, we asked what he 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-system described 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, so the shared
platform has the potential for cross-validation between the two modes; their consistency

remains to be tested through paired observations.

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
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signals. For impedance matching, an air-suspended, air-gap-adjustable Klopfenstein
continuously tapered structure was developed, converting otherwise irreversible fabrication
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 PRN acquisition of target

satellites whose signals lie below the noise floor, together with C/No estimation.

In field experiments, data acquisition and model-based retrieval were completed in both
modes over test plots with different moisture levels. The outputs are.soil moisture estimates
under the given parameters, and their absolute accuracy still requires validation against

independent ground truth.

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 as precision 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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2.7.1 BEREREHI R~ 58T R

Bl 17 A MR 8 R 2% AT MR I i 7 1) T 3 5 R (A A o7 g B RFAE D), 4 MR i
HOELEARND, HAKAC =D, [WIEEENS, [WHCAN,, kR R 58RIt /70 5
AL = NySHp = arctan (7). Wik TARFRRE B KA =S, BELCAN— AR,
SEIRI 53 2 — A PAAE S A R 46 T

AREEG L GPS L1 4% 1575.42 MHz AEARSEKIHS %, XA ~ 190.3 mm. H
60 mm ZFEE M 4 mm FAEIMEEFNZ) 64 mm W HEHOLERE, HC ~ 201 mm. K
FAZ0 44 mm [FIBEAN 1S TR, S~ 10603 ~0.23, HFKEL 660 mm, FHfL12.3

RARA ST AR S5 56 27 1] M (1 56 R A

G’
Ae:% (27])

XK ERFE T A ) TR A, S veiZe s 7 (R 9 s m] SN2 AL 2h %

F IR PR 32
o
f W—am 12|dB
10
b}
\ 30 !?
£ 2
[ 20 —
240 120
]
0dB 30 + m
210 150
180 — Ji
. > - — .3dB
— JiE — — IR 32 i du
40
30 0 30 60
RS Mo C )

] 2.3 WEE KLk S K 5 O
2.7.2 FHPUEIE S AT iiE
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BRI R LIRS 50 Q el 2 M T Bt . 7B NI
ATFHR, ~ EEBEI 148 Q ML, EBHEN 50 Q R U RIER S R B
RIS
fa= 2 + i((;’ Lmis
DLAEHIEE 148 Q 58, || ~ 0495, KRECHIFEL) 1.22 dB.
SR Klopfenstein §i 451, (ERFHEBITIR(E R (k. NRIHERLT, skt
BB O\ S T 75 5 0 LU (= A S S A R

= —10log;y(I1 — |I1*) (2:7:2)

Ldl
r;ZZ(Z) exp [—Zjﬁg (f)z] dz (2.7.3)

fh) =5 [

0
NP O BAC R, B, 9 PRI H 2. Klopfenstein it 45 7€ Ui s PHIT 5 18
T RSTAIR N IR BEBH PR LR, DAFE I R P 1 S el

2.7.3 BRI E SRR E

Xt 2 PAREE S, R RPN A A S A\ S, TS Frids MR AR B OC R U

To L T 2 4 3
rec. 1 G] GIGZ

Hrp G oLk M Th %25 . U 2.7.4) BT, KGR P THOK 38 000 K2R T /N 4
IR T PRV N S8 2R s GRS B2 T T RE SRR A7) 2 WA A5 2800 2 O B N e 7t

HEAT Th 3 B A B, A RGOSR PRI s, JEERe A H bR R
(R FE— B, 0 T HIARES G K0 S Sh FR B T, BEOALIGR 75 6t I ) I 3E 5339 i 3 AU i 45
W 98 B AN 18] 5L

+ e (2.7.4)

NTA+TT6C
o= N
%R R UL AT BB AL AR s (HOEFRRZE . GRS IRFE . 55D GUAI AR 20 fis 22
FR GRS A BECEE ] P 35 B
2.7.4 FFUEGIH SRR
WS SBESH A RSG5, TR 9 B 90 S 9,
WRBKE AN, &RECAw[n], KB, WXGHIE ) — N —8H— L 515N

(2.7.5)
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Kp | N-1 2
1 Jj2mkn
&m—mfggwqﬂ;;;;ﬂﬂ%heN (2.7.6)

PR B ARAF R RGAS =L, 3500 F 52 b oy 5 T

PR 252 WFAAE . BEEEL, CHESIIE N,
7R DH AR . JULMER G Hz, XM dB-Hze ACSCHI 3 35dB-Hz J2
R BB RO IO, MR 60 Y 6 BT R P TR B Ak £ R B P AL B
J1

B=E LHRBEMHE

3.1 RAFIER

RAHAF FW, R R GBI T SEVIAE RO AT PRA U B o BB SRR
w RS 0. Klopfenstein #HIACLEFHHTILACIIZS . MR A JEOK HLEK & SDRREET
G sl E T RIS DA . AD9361 Hfiafehmi i, Rk 7%
A 2 A S (1 5 — M

e h A Ab A ek Bl AR R b
AN (GNSS-RIFI£)
[ weichmgiif” | [ 20ms bysh 5 e |
[ rawenmmg | [ mwsrimms |
[\i400-1427 MuzpgAE BLSY | [ 2omseTEsr |
[ wemammssntbie | | 7F5Fa R AR R |

Hier W AORIBEE (Choudhury BERY)
& HHONF I HE

e AR H R
S-S A e e

Dobson Y4738 £ BEAY
i tH AR KR m

K 3.1 XUBERE R G 4s )
3.1.1 REZRGHEWRTTHE S
LE AL TR M AL R 2R 2] T8 2 X &, TAXGEE GNSS-R 7 KA R 4t
Rk, RIULSEIe R BT ARMWALIE R R 2. AR 1575.42 MHz A O AR
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UCHC GPS L1 # A% . 5 G0 i Bl R 2 51 il ) BB K 28, GelnlA e, 49 il A e
(RHCP) 57cji¢ (LHCP) . #M A vl HRECE N BB T 7ES8 LB
LI, AHERL BN GPS HiA (S, AR PR R HES .

B SGTRATT ER AT S S A R R R MK S LA . Kraus 45 H 154 S 2R 46
NIZHEE K C SiRKZHIEAE0.75 < C/A < 1.33[X[A] Py A4 A=A fla B A AL
HSRWRPC/ABAE 1.0~1.15 Mrirmf 38 a8 e Rt L. ARk HAsEC /A =
1.05~1.1. bR B AL

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

BLC/A = 1.06, C ~ 1.06 x 190.3mm =~ 201.6mm, D ~ 201.6/m ~ 64.2mm.

Rk, FRATTER 4ME 60 mm [ PVC E/ENESE, HELIER 4 mm FEEHE
WETiE 2k SR | e SR A, SEEI RSO R ELAR

Dy =Dgyp+t dpyy = 60mm +4dmm = 64mm

LK SR HC/,) ~ 1.06, A RS EAR I X .

BUMRACAT RS CHiEL) XPIREE Mo BONBURK, Kraus HIZLE5 102 a U120~ 14°1]
el st et . B S 58P 1K R

S.= C- -tana
TAE EHS = 44mm, REIREEA LUISAIE R 15 ¥ 7F S X [A] -

S 4
a = arctan (E) = arctan (201.1> = arctan(0.219) = 12.3

VAR 120~ 14° B DXIEL N, 6 44mm 3 — [A] PR 2 1R R A 1 RE 2K .

ME n T EREM s SR T8 . AR In— 1%, 4 KREIRT+H4) 3dB, {EHh
R Z A 0, AR T I REH EE S 2R E M. ABHn = 1500, £
- 3 & P O R AR bR 5 A A T SEIUPEZ TR 3T TR A5 R R R R K

L'=n-S = 15x44mm = 660mm = 660mm

BEAK, AT A [ 5 A BE MU S R 2k, DLORUEIIIR] BE X 50 . R e e 8
FEE S $i Kraus 230 A XA H, D=64 mm. S=44 mm. n=15 XS H5 RN 18 dBi )
1 5 5 20 26° I DhRPOR GE . (BN A IAEAE, MR R ESEND , wl e X
SN TR Z B PR iR AP K

H AT AT DAAS 2 A BT «

201
Z, = 140

To03 = 1480
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K

-

K 3.2 gk CAD Bt &K

3.3 BRI LR I LA 1

NSRRI PG NS ) A S5 R, RATTTE R RN B AR KT 0.754 (SEZf5
N 250mm) B8 B A S B AR
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W
-
-
ks

!; -
-
E 1

4

-

b 4

=
-
=

L[

-~

5] 3.4 B2 KL se
3.1.2 BZREEHTLEHILE T

IEE R 2R SN (~148 Q) ¥Rk 500Q $ RS A iE 2 S EUT =Nt
KIC. FHL) 140—148 Q MR Zedin AR 50 Q Bl 1, RATUOTIE LT AR & M
2% (Klopfenstein Taper) , fFRFEFHSTHALE 7 Mgt % . SLbr vt i ) B A Xt
AR 2, Koy J9dg 3mm — B, HEZFATUE . AT 7 RAE
A RANEEDY SR A% (PTFE )« SNBUHI P AN RRCAS, 2% 18 31 S 00 R B A 1 B0 7 (S 1k AR R
SRR, BRSNS RS AT SR IRA TR A T AR E T R TR ES R
73 <A AN PTFE A7 Jiit B0 B B8 FE b

# 3.1 2SS0 5 PTFE v J5i (1 43 B e 5 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 2.124 1.142
18 120.65 2.284 1.244
21 116.58 2.453 1.352
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Position._ mm | Impedance Ohm | 2mm Air (mm) | 2mm PTFE (mm)
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 2288
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
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

Z JEFATH AutoCAD #2217+ 5 H DXF & 4F, S A\ ADS/Momentum #£1T
ST, SOBEN 140 Q50 Q, 4k S %5 Smith [B B S E .
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- ‘T‘ = 1 L P S — e "Wl g g Y _Je— L ? —T
Term1 X1 ensiein_ptie 1l al. Torm?
. . Num=1 . . . . . Num=2
Z=140 Ohm Z=50 Ohm

.t" i
N S-PARAMETERS I

o Faram
SP1

Start=0.5 GHz
Stop=3 GHz
Step=0.1 GHz

(a) S Z 4D Hodmg 11 5E

VG b XI T FGRRLS RSN T v O
y O

..é—\n:!u.'.»';v.-u & J-/1> ’>\—]OA

(b) P dxf SO BEATTUC e 7 AR A A 7Y
K 3.5 Klopfenstein #7452k ADS/Momentum 1/ H. 13 &
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Discrete Frequencies vs. Fitted (AFS or Linear)

Adaptively Fitted Points Discrete Frequency Points

Magnitude [dB] Dataset: klopfenstein_ptfe 100mm_flatbmm_MomRF_a - Jun 01, 2026

0 04
51
_5 10 5 7
T g% ]
=5 20 o5
L5 25 g0 ™
oo oo 4
T 30+ ]
203
35 ]
AT »3 1
0406081012141618202224262830 0406081012141618202224262830
freq, GHz freq, GHz
0
5] _
=T )
5% ] S5
£z 103 5
:IEI -
g5 54 28
ol 1 o?
T 3
204
25 e N BRSNS A1 N
0406081012141618202224262830 0406081012141618202224262830
freq, GHz freq, GHz

(a) S g

m1

freq=1.500 GHz

S(1,1)=0.097 / 118.206
impedance = Z0 * (0.900 + j0.155)

m2

freq=1.400 GHz

$(1,1)=0.078 / 140.385
impedance = Z0 * (0.883 + j0.088)

e T

\

3

S(3d1)

\
!
l
|
/
/

(\/ /

\/

—_—

freq (500.0 MHz to 3.000 GHz)

(b) % APHHT Smith 5] &
K 3.6 WiASLR e AR (B2 1.4 GHz-1.6 GHz FHEIHI N & E 3 50 Q [X38)
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N T 5 R AR U S SR B AT P VL A RS A B, A TaE it 1R T 2R
SH P EAT TA) B0 ol U BT DT G ol s 2 ) 2L, il 3.7 P

4 -
3

(a) ZHCJa AL (b) 7L
K 3.7 BABEHRLS 3D FTEITT R R

Wk 3.8 Fiow, —IHREATRA 10— G EOCITARHLIE] 1 0.2mm B4R 5
BEAT SRS, FFAIH 3D 3T B S ZR YRR AN g R AR (1 i e AR IRTHI B R E AR
—E YU Y T TR B AME SEBR DI TE L . SRR R R 22

Kl 3.8 #TAZVLAC LS F B oL ISR 1 DI R

SERIT A BN AP B e, BATRE dxf SO IESE W E R S HEOE DI
LR 0.8mm J& 15 Fr I/E 7 BHPTAR e ds LASRAS L (AR E Ik, I 9 L B4 1
3D fTEIFHEL PETG ITED 1 FHHTACHeas 223808, A i —1F 3D $TEI SRk e A
=E TR BTy, S ARz R LA A B, A S R ORI 1,
AR BT RS FEARA BRI A RO L U FARFE IR . 3D 3T BDAE R
FETT B 2 MRSCR [ s, LSRR 35 1 O R, IR AT ROR 1 5 R
B FAYTB] R o AT — i 4 AR MR e 5 P e, ) — i 40 91 5 R M P TR % R AR 1)
NS . KRS LSRN R IRFEE % . A R0 U AR i X B K
SRR T ALA ,  RRAE PG i A SR A LT Ll pg . end 22k, 1%k
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TEAML BER [E Hh 22 R B TR He s, I RE UG MG 1 1t 18 488 1] B2 O DR EF i FE AR

—
> e |
. e . - B
e < - < " -
5%, o
v e e
7 A \X' e

Pl 3.9 (htHIEEE . 3D FT B v 1P A A2 B 4 1 T AR 2 DT I ) 2%

0% 58 R 2 Je 0% B I 4 4 T ASGREAT o BB UT FC R B A, WA AT I g4
Rohde & Schwarz ZVR 2K & W 2% 43 s W 77 72 R 8 e R e e N LT AR 46 2% v P
i,V BEL 3 38 T S A Sk e N O B 6 o AT A 1 1, WU A T B D 0.5—3 GHz,
FLE 5 S T FH AT 2R 1.42 GHz A1 1.575 GHz B Mark £, SZPrill 45 a0

- 5. r
o) : e
o lC
s b
= C
d w

SAVE Lu
| C
= =
(L
Cl i
d - D
o PORT 1 PORT 2 TI

3.10 A RZk S11 W&
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= e
= -
ks i ) . ! =\
J | Soumes
12 ~L =2
! _j | : mCl '
= =
i ":;“ 3 Lusv‘\.;
| -y
- \ i 4
" T poRT I PORTR® RO 1

B 311 Ajgkek S11 4 &fE

ML R 0T LLE Ao BERAS e R AR 142 GHz 1 1.575 GHz PN AR b
VT HATRGF B ATILAC . LA — AN & SOA%I, Smith R ISR S, #5452
BINSERAHLIN 53 +j 1.697 Q, HAPH ST 50 Q, HHirEE/D, AN
Klopfenstein ¥ A8 £ VLHL 5, K2k 1< FAHT B I AR #2250 Q Bk

3.1.3 fRRFEBIR (LNA) BB THS RS Re 24

AW R I 5 K, 3.1.1 WAL A XEH, 2909 18 dBi. 2 a8 RIE T REk
R SE 27 1) 77 9] UG IR B 58 1) 3 WS RE 0 FF Al B AR AL U AR S A IR O . (HDREER
LRI S0 T 5 2L SDR AR T35, DA ubk 75 L AE wir ity (9 LG e A TSR 28 (LNAD
SHE T — B IeR.

T TBOR SR KA 205 5 AN S — R8O, 1 [ b A2 A P 4 2 50 NARUA M (1 e 75
Rl LNA DA Z50B R0 R 2 vty 8 G 7E — 2 2 [A) A P AR S 22 T 5] NS RE 5 e 75
ENAA Sy B oe =AM i, PR AR 2075 R R PRI 75 o LNA M R R 32 B i
SR FEL 48 ) A TS M e R LR 7, AR T 7 A e 75 L AR (R TR 0 4 e 7 SR

i B BATRIL Qorvo 1) QPLYS4T7 & HHTTHI F75 5 K2/ LNA & fr B s
REURACW —3K, TAEW %N 0.1—6 GHz, Wi T ATH T 2N 1.42 GHz fl 1.575
GHz, i HHEEARH F e, FUbIRATE I Z S HE LNA. O A S T -
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8 Pin 2X2 mm DFN Package

Key Features

0.1-6 GHz Operational Bandwidth

Ultra-low noise figure, 0.3 dB NF @ 1.9 GHz

39 dBm 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 Pin drive

3.12 QPL9547 FEA S ¥

Wi as S HA B IS HZ B, A Altium Designer 22l R E K FH & iF 1

PCB:

P1

Header 2

$oEH 2P

Q
2,
o

RFin

-
@]
0

Ul
VBias NC

U o e &

DI
QqRED

Q
Z
g

GND

RFout

RFin RFout Z ad
NC SHD
NC Ep |2 1ot
| NC |
QPL9547 ]
GNTvD
(a) LNA f & 5 234 HL %
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(b) PCB JiZ &
K 3.13 3T QPLY547 ) LNA HEKBEI

Hrr, C5/Co HT-HtHka e, L1 ARSI RAmE B BIIRE, £ RBAE SR
T fLep Mg A . R1 5 LED # IR S0

ZEOHE E R E R (C5/C6 100p) , SMHTA AR (L68nH) , ZHHIEEM
HL25 5 R TR S LED W% ] PCB. LNA#RMHEZA5E T 19.5 dB Rifdmil i, 55 ALk
55 SDR WSO 75 47 5 57 R 1 o] B 1K

R P JBOR 8 HI ZER RGeS Hh Friis A= $5 ], HRik =08

F,—1 F—1
F.,.=F A1

Hf, Fiv Fov BASHEFRIT, G GAMPNSRI R, YRALNEE;
Ftot AHI RGBT KIG, 56— JUlCRSE PR ERIE R, I FK B A EIK
Nk 7 R AN RS IS . HIESE UG I LNA ST — BN d AR b, 223 T HbiR
B AT UL FC 45 S o FEL AR DA DU IR T [ 72 - HuAR,  #%-0v 29 Qorvo QPL9547 LNA
O (B304 g /NRING 88D )R FEIC B 4\ VT TE . B S R oo
(Cl=—C6+ RI1\/R2. FBI &M oofh) o Acrb S gadfL T 91 N 3 8 38 e At SR 5
WHE T . FERIR B MUNEE R S Y b (AN R (/SRR i,
R G WIS 5 20 it 42 5] 50 e e . IR B MO LR e an ] 3.14
PR
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v J

& 3.14 QPL9547 ﬂi&ﬂéﬁ%i%
3.1.4 AL LHBETFE (SDR) HIEERER N

£ KM Microphase ANTSDR E316 B2k i1 &1 NEHIE 5 RE S5 E 71k
REFRRZ Ly, % FE 0N AD9361 & ADC/DAC & F, JHFECE T FPGA HHTEEE
SAEE, TR (RX1. RX2). FIEER &5 (TX1. TX2) » BAESEnF:

« Xilinx Zynq 7020 (£5AXN#% ARM Cortex A9 #[ Artix-7 FPGA)

 Analog Devices AD9361/9363

o 1P PUIIRITF-IRAA R

« 1NTYPE-CUSB2.03E0

« 1NTYPE-C USB-JTAG&UART#EM

. 1/1°40-Pin 0.5mmiglEEFPC GPIOH R

« 1791EB PPS/10MHz 585 \ 120

L 14 GPSE R A1

- 2NRSHEEN 2 MNEKCER, SOFENTERENT

s SEFEER 12 7 ADC #1 DAC

« EERiETERAENR (AD9361: 70 MHz - 6 GHz, AD9363: 325 MHz - 3.8 GHz)
. O ZSERIES (AD9361: 200 kHz - 56 MHz, AD9363: 200 kHz - 20 MHz)

] 3.15 Microphase E316 fifif4- %5

K 3.16 B, iZFEHERGEEE TX/RX1. RX1. RX2. TX/RX2 V4> SMA #:11,
FRRGETE R RRE, B A IEIERANAD T RERE 1, " E 2 E 5 RPN
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FRALB R R . 27 & (VI8 i B o) HRAE AR By 5 RS R AR IR —
BSERMEN, AE  E — MRGEE ;AR 7R 2 S T AT A AL L B
RACER SN, AT R R A XGETE, A ARG AR TR PRSI 2 45 5 i R 22 %
. A ARGR SIS A B s A E RGN T2 G X — /877, 0 mlkH]

(b) RX1/RX2 $Uiti I
3.16 Wik R L E B N ANTSDR XU IGEE
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FERAE T TH E316 35T ADI E J7 Pluto SDR 245, A& RAMBAL DS, v LA (#
H1f] GNU Radio. C++. libiilo. MATLAB /% Python %5 T BT K

3.1.5 HEHNRAE SR

PSS S S S S A IR 75, DR G TE JE N A1 37 I 2 T 75 2 — A e T 4
55U, FH ARSI AT S0 SO 2 5 IR . 5 LA LS GPS 5 50 IRIHIE, %
TSR IR I IX 23 R ok B B . 48 )3 2 TR AT

AT K H Rohde & Schwarz CMU 200 Z5 & MAAUE IS SR,  FH M HF
A H A S BT DR, RO E S AT B R A BT -50 dBm,  dE Y
% 50 MHz (5 MHz/A%) « 2035 1 MHz, S2il B & 3,07 fis: #iligs T
BB OAIRAL, FIHAKY 3 dB, TURARH. A AR A TR S AT R T
PER IR E B, [ -50 dBm Tl HARBE /0 A THEE AR, RIABATREA L i I\ S
HAFAER TR o J5 4555 DU 2 B0 R BE6 IR BT (45 5 FE P RV I 1 5

K] 3.17 CMU 200 7£ -50 dBm & 5FFLSF- 1 % H A i il

3.2 RGBAZE
3.1 R T RS IR S In T3 Han#k 3.2 fios.
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® 3.2 AfE ARSI T 2 A

I H BLHA &8 D)
PR R e R 2R A 30
s =117 ke RE SR 50
LNA & H Koot QPL9547, W& 120
S 55 L TR 2 T i 300
3D TEIMF SR [ 100
S Sk SMA %% 20
BELC AR e 85 n T RO E 50
HAbFEM PR M. R R 100
&t 770

A AT o, P AR AR R . T B RELT T T ) 2% 5 7 K
M PR ROR HLER, ARSI TR A N E TG, Hor by Bl g s 10 2 S 590 F 4 T AT VR
2ot TEUHMIAZ, B BIGE 2T ) Microphase ANTSDR E316 Jfi H % 4,
RPN LR PG EARGPHE— BT, (Hs TEAHRES, TEZAD
BHMEMN, HBEERALLBETFERE L, FRRRERIEIETRE. Bk, &1
HI A Z5 A IR T s AR S I T2 s 99\ SDR Ja R RGuE A 155 51T
5.
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BT HR L KBRS N ESLR
4.1 PEJFIE 5 Ehr T s

K Frisuat
R CAFEIE)
[ORSPSEF S @ R v s b @ HA M
heY) (#meY) i)

K 4.1 pzh e R A

Wezh 2 A T VLR B AL R e R 2R SO R AR T - AL S R I R 5 Kk
BRRKANN(23.9), TRRXANK(2.4.1), HHFFRLARKIE FARERE DR
IS N AR ANR, £ ERPOE N IRSECFE Py Ph AT Ps, {5 (2.4.4) 5
FIARRERIRLE o & H g s[RI W 2 2 1 D) SRR AR, 2 JR 14 3K(2.4.5) (2.4.6) T Y
PR A RS P R

AN B S A 96 R SCHE BN AN R AR S BT S, P DLV IR S 25 i AL T R B R R TR
WIEbR R R, HRfEL g iR AR AT Tk E A iR S RS K& .

WP AR E

F F Y-factoris & B HL % 5
B

SRS W

SRR 77 1 B R LR BE

30 R S

TR AR &

AR R R

ZEEPER G R, Fresnel XR 5
Topp 2R, MKBERHEK,
X EE BB KR,

K 4.2 piah2UBRIZ A S
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4.2 SKHRECE

4.2.1 HHEEES SDR RESH
W T AR

Impedance
Match

AntL

AD9361

Impedance
Match LNA

K 4.3 RAGERT AURE R

WKL RG142 HZEIERSR] E316 4%, —Ui A SMA 3k #: SDR %4, — Ui
NN BRI AR T fi k. HARHCP K845 RX1, LHCP KZi#:%] RX2. 2
JE TR Zk E316 ERFIEICA NN, [FIH USB BEATHEMH . 858 5 il
LNA [ JEED A a6 I &

4.2.2 tREYEEN E

MU RZAENR S, RN RIEEE . IS R 1 IR R 1E N
WSHU, WTnpBELT 1, HEIR AT E . i [R5 W 2 e 4 -3 ) 2
T MR TR, FT#E Choudhury BLEFIRIAERE S 4h, DRI & T0 32
i b AZIR KON SR 22 1) £ BORIE IR IEZERTREIE, JE 84T i TDR B¢ FDR £
AR 2 R BORESR MR, SRAS I I L &K &

4.3 SZIMRAE

SRIGHZ TSP BT AT HE R SEERR Bk, RGIREZENE ., X R%ER. H
SR RESHEEEN . B0 5B BT, WA 4.4 Fos.
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VBRI 5 BB H R

BREER (REER)
DR

MSEW (BB BAE)
R

o 138 H A st
DR RE

Y B 7R R ERR
5 B R iR i

YRF5 525 Re
B TR A

WA KR

B 4.4 a9 R S AR
D MEATHES: EIHTIERT, FFEME SN TR IE, BReT. W&
H A
> WA VEH 2 A & A S S T S
> ENA Ll RGUGH, H48 E o2 J5 & IR 2 ARl
9% SDR %%, M Zi%4% Microphase E316 ALK, FHH] USB 2834 #44t e i

. 3217 SDRPP %%f, &+ Source N Pluto, FfriihiidfTHE, BAFWIRAWIT I RE
oA K W] SDR ¥t TAEIEH
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1.575.000.000 s

K 4.5 SDRPP 7z E316, 47528 il g & N 35 5 its

> AES KA RS — RN 1.575GHz [P 55, 3% SDRPP B4 % i
T3 1.575GHz, FHH08 LNA FJHEJR. 1X—13Ff A+ SDRPP H7E A BN S ILH 1 =B,
SN ES . AE5H LNA A LEMLKLNA JFEFPIRE .

Offset mode None

Offset

¥ Radio
NFM AM
WFM (T

dwidth 100000

wlate  SLSI_Sh-Sm-$s_Sd-5M-Sy
WAV

Int16

K] 4.6 SDRPP W55 (LLkAH =4 MR H MR 1 kHz E5 31T T AM AHD

FERFR ARG TIPRES LML, RE&. LNA & SDR &#7r TAE
W, TRLENT — B AR
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2) AR . K REFR AN B AR RIFASE, 1o KRS 1Q 2. |t
IR DR IS 25 R 5T, LM B LB RECRFI R, PrDURIE DR SR 5%
ARABATHRE . SM7RERE W 4.7 Fror .

Kl 4.7 S B R 5 EAMLSRT 1A

3) AINSHRE, EMNITREITFAREREAR S, BRERPMEIASE, R
FREWOB B KA B . I RR R RGeS R AL R 2 i EL AR FI TS Y 7
ARSI A R M P i

K 4.8 B S (ESMITF RPN RESE [ =0 A R %)

4) FARWLI . KR AR A LA, SREHARIIR, I R E br R AR SR 2
IR PE o FEZE E P LL RS RIR SR .

5) RESERIE. 1% 2.4 TORAPOIS AR, 4% 2.3 WRNBFL, HHEE 2.6
WA E K ER R CRE R WERMA SRR, Morthims # &
Ja, FHERZENERERRS

38



4.4 BUWEEBHIZATRAE

EAWMIRT, JefbAT RS —HuTH 4R ) PIe S2 56, LSS UEH ISR X AN [F) S R A 1
WA o REQSETE ) RTTCRAE B4, PRI 48 ) M T R AR S K s, 12 b SDR-1Y
B SRRSO TE AR FEANAR . BRUCRAE 1000 MR, RFH 4096 N 1Q FEA,. JfiT
o RO Z e B 85 R E 4.9 Fios:

Antenna Temperature Measurement | ¥=2.4077 | T_rx=188.9K | T_ant=212 9K

Noise RM5 Time Series Y =2.4077
1 160000 1536365
19901 Cold sky

—— Warm ground 140000

800 % 120000
I
5

& 100000
w 900 a

z T 80000
T

400 } 60000
¥

S o000

00 20000

a

a 200 400 600 800 1000 2 Warm ground
Chunk (4096 samples)
Temperature Summary RMS Distribution
)
175 = . Cald sky
T_ant . Warrn ground
imeasured) |

(recedver)

T_hot
(ground ref)

T_cold
[sky ref)

0 50 100 150 200 250 00
Temperature (K}

IR R

Antenna Temperature Measurement | Y=2.1063 | T_rxk=243.1K | T_ant=43,6K

Moise RMS Time Series ¥ =2.1062
S TEEAET S
—=)Cold sky 250000
— Warm ground
8004 V4 _
1 zoooon
5
600 E
@ g 150000
z - 122709.4
400 § 10000
@
£
-
2004 SO000
[
400 600 1000 Warm ground
Chunk {4096 samples]
Temperature Sunmmary RMS Distribution
m Cold sky
T ant - WaT ground
(measured)
T
(recedver)
T_hot
iground ref)
T_cold
Isky ref)
0 50 100 150 200 250 300

B HIE S R
K 4.9 K== 58 W D)4 9 4B AT 56U 45 R
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P22 R B T AT R AR 7 EOAPRIRAS I 2 B 7 B R SR 7 5 (A1, 4
FONEEE R ThETLE, EN OB E TSR LR, A N A A B T .

PRI AR B ) Sh &R L2 BN 2.408 A1 2.106, ¥IBE KT 1, BiHRL RS
[ i 5 U T AR e N, RGEREHE r HE N il A

LI AN T e R R R IR W RLRE 7). SEERAXAS R A Python 4w 5. (FIH T
ADI JEHEAT SDR {2l A R4, I+ matplotlib 25, #ACAS 41 -

[Bi2re (v-fa i%)
crophase E316 (AD9361)[ [cHo = EREEREE (%M CENTER_FREQ) |

P 4.10 Python &5/~

TEHERE P LB 5% antenna_temp.py.
4.5 IEXJE

TE 56 B S AR Gl B P BB AIE J s i3E — 25 T R 3 X FR B 3 i el 0 o %
BRI S e R RIS AR S . ASHE M LT H R = AWINRE, SRE
KAE 1000 E ¥ e, AP 4096 1N 1Q FEA, HEEANNIE 2T SDR ZH R FFAZE
WS SR, = 10K, ASHREIT, = 290K, T3V PR FERAEIIA I 300K, 1Q
B2 28 2.7.4 5 PNA VA S Welch #84t7H. RFI HIBR KAUHR Y, 3218 S%T)
#P.. RSEYZEP M BIRZEP,.

HAR T 4.1 5 P RUEARG 2. BEJS B T AN SO Y, AR IRR 15 1%
KGR NHER ARG KE. LA EIFEH Python FmfEstil, MRBIMESR adi,
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matplotlib FIEM IR scipy, AW :

. $E873#8: T_soil = e-T_phys + (1-g)-T_sky
BEIER, T phys = HEUEEREGRETHI), T sky = :
T_soil - T_sky) / (T_phys - T_sky)
Fresnel: € = 1 - |r|2, T = (1-ve_r)/(1+/e_r)
f5 ((1/(1-€)) / (1-V(1-€)))?
. Topp Jaie: B v = -5.3e-2 + 2.92e-2-£ r - 5.5e-4-£ r? + 4.3e-6-€_r?

1=

LT (<0.5m), TRERTa
IHEALEE 1cm HIE

numpy as np
matplotlib.pyplot as plt
e

K 4.11 Python fA5 R = &

SEHARALTE 225 I 3% ant_temp soilpy .

ARG AEAL S VE G B b TE Bl B RO — SRR A R ) 2, TR
AN RS, ISR, WA IR L RX BIEBATIE, B HER
2 VAT, M T DU TR A B P T R R, W B TR

- — - —_—
¥ - .. . — —

K 4,12 WPER 2 E AR
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2 el e _A TN
X .’f;y( % o I":'L& ’( ‘ 2z

TR A RN 4.14 K] 4.18 Fis

Kl 4.13 s ER gk e

o

P00 Al A

Soil Moisture via Radiometry | £=0.613 | &ur=184 | 6_v=32.5%

Noise RMS Time Series ¥=3.789, T_rx=90K
118
s WMW 00
%0 = 2500
asd | § 2000
— Cold sky (cal)l ;
» |
| |
£ ‘ P ::M((al E 1500
\ w Y 8
2 1000 i
04 | Ve R
o i T\ 0
k23
v -
0 200 %00 600 800 1000 Cold sky Hot load sail
Chufil inaéx fcal) fcal)
Temperature Summary
Soil Moisture Measurement Results
T
= T_sky =10.0K
-~ T_soil = 186.7 K
( T phys = 298.0 K
T_phys \ Trx = 90.4 K
Y = 3.7899
Emissivity ¢ = 8.6134
T_soil Dielectric e_r = 18.38
Moisture B v =0.3247 (32.5%)
T_sky
AL
9 50 100 150 200 250 200
Temperature (K)
V=] N NIMEEN —
K 414 LIRS RES R (ME A, Y=3.79
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Soil Moisture via Radiometry | €=0.838 | €_r=5.5 | 8_v=9.2%

Noise RMS Time Series Y=1.716, T_rx=381K
3
E
28
—— Cold sky {cal)
~== Hot load (cal)

w— S0l

Noise Power (ADC?)

. - v v v 0
° 200 00 600 800 1000 Cold sky Hot load
Chunk index (cal) fcal)
Temperature Summary
Soil Moisture Measurement l\osu}gQ

Tsky =10.8K \)
T_soil = 253.1K
T_phys = 360.0 K
T_rx - 380.8 K
Y = 1.7164 7~

4

Emissivity € w
Dielectric €
Moisture ( (9.2%)
0 100 150 200 250 300 30

Temperature (K)

K415 BB ERESER | , Y=1.72)

0

Soil Moisture via Radhmm(?l € r=28|0_v=2.5%

Noise RMS Time Series ¥=1.638, T_rx=429K
-0
»
28 g
g 26 ¢ i
24 g
z
— Cold sky (cal)
2 = Hot load {cal)
— sl
600 800 1000

0
o 200 Soil
index (cal)
m‘w Summary

Soil Moisture Measurement Results

Tsky =10.0K
T_soil =281.6 K
T_phys = 300.6 K
T_rx = 428.8 K

Y = 1.6381

Emissivity € = 0.9365
Dielectric : r=2.80

Moisture v = 0.8246 (2.5%)

0 Wico 200 20 400

b Temperature (K)
Q(l/ K416 HIEEERESER (WE C, Y=1.64)
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Soil Moisture via Radiometry | €=0.663 | €_r=14.2 | 6_v=26.3%

Noise RMS Time Series ¥=2.135, T_x=237K
§¥21]
2 4 1200
- _ 1000
n»
—— Cald sky (cal) § 9%
g ~—— Hot load {cal) E
— ol 600
28 g
26 - B
24 2%
v v 0
o 200 00 600 800 1000 Cold sky Hot load
Chunk index fcal) (cal)
Temperature Summary
Soil Moisture Measurement m}a
Tsky =10.0K
T soil = 202.3 K \)
T _phys = 300.0 K
Torx = 236.7K
Y = 2.1351 %

o 0 100 150 200 250 300
Temperature (K) O

B 4.17 3G R (@ D, Y=2.14)

Soil Moisture via Radio Qﬂ € r=3.1|6.v=33%

Noise RMS Time Series

Y¥=2.085, T_rx=248K
78

d’m

Cold sky Hot load
fcal) cal)

Soil Moisture Measurement Results

Tsky =10.0K
T_soil = 277.6
T _phys = 300.0
T:’r: - 248.0
Y = 2.0852

K
K
K

Emissivity € = 0.9229
Dielectric e r = 3.13
Molsture 6 v =10.0331 (3.3v)

:(1/ K418 LR RESER (ME E, Y=2.09)

R EON R TIRI . A PR IS S LN ECT IR, AT NREIL

o AR . BRI R T RAPESIKER T4 SRR T I R T
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R 41 TR IR RN B A R S

B A B C D E
RZHI# Pc 823 531 543 580 469
INSEIZ Ph 3118 911 890 1238 978

TIETAE Ps 2271 861 880 1032 956

Y HTF 3.789 1.716 1.638 2.135 2.085
?ﬁtlﬁzmﬂ%%iﬂ%ﬁ% 90.4 380.8 428.8 236.7 248.0
TR T /K 186.7 253.1 281.6 202.3 277.6
RiZ e 0.613 0.838 0937 0.663 0.923
I e, 18.38 5.50 2.80 14.19 3.13
WG IKE 0, 32.5% 9.2% 2.5% 26.3% 3.3%

Ra424H 7T A, B AR 9 X ah G E I3 R S K EAl T R L FEA T £
FEATT 245 52 = 2(60:— 0)* / (n — DIFSL, Hor O824 9 IRINERTEIME, n=9,

% 42 PIAPEA IR RRIRE KR S EATT 2

WEEMH | 1 w2 3 | 4 | 5 |6 | 7T | 8 |9
1§*Dg;§%i£ 32.5%{.28.5% | 29.7% | 30.5% | 31.7% | 32.3% | 27.0% | 30.8% | 37.1%
FEAR T2 o2 8.217 %?

M}; *Dﬁgi; 5.3%| 7.6% | 7.6% | 8.6% | 6.4% | 9.9% | 7.5% |11.8% | 8.1%
WAT % 5 3.596 %?

4.6 AFE/NG

TSN s R E S, R 5e T 488 i E SRS HCT B s sUOR £
S, BIA AN SERR . SRS . RS R S50 BE B B2 RS KEM T, B
BA KBTI 32.5% 9.2% 2.5%+ 26.3%5 3.3%; KHFE N 0.613 & 0.937,
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AN 2.80 & 18.38. K 4.2 AL 9 WINEMFEAT ZH50N 8217 %5
3.596 %2, IXLegh R E AR 5 RETAE T LUEAT, i v & KEAG T gax R A
T [FALE R  ph S7 FAR AEIE SRR RO 215 H T 4 3 2 ) SE A
S5IR, BRI K AT 2 3 3h 2 & S5 IF R AT 45 N E .
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BRE FEHANELR
5.1 PERRERLFM

GNSS A

Eg IR TiE R 21

(FeleE 5H55)

RTER % 2
(Hale RS )

VV V¥

o H i
K 5.1 R R E
Pz AL GPS NAMEIRGR, FIPSRIEL S TGS . PIESEAE R
R %A (2.5.5) 8K R, FHIN(2.5.6) RE B AL RO 3R, 2 05 1% SE PR 4k
I B SRS U S S K
R DI LT DO 2 PR DR EIFEI R, (HM RO M . T aE
7 S MR ACHEIRAT 36 PR 7€ o« PSR VOB — 35, (B IR XS 99 B AR O i SN BEAT AR E , A
S BRSO 1 2 AT K=1
DA SR S6 06 UE BLIA S 5 RO IR AR SR A0 3, RS DUBIERE PP s . S 45
RARREIR R I 518055 15 Fr i WL I an N5 AR A S 20 i) 7l
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5.2 LA E
5.2.1 R&ERGS SDR ELE
%
@

A E R EMRELILFKA RHCP. FLRZILRAN LHCP, 4l
A RX2. PHBRIFIZRAE, DRAFAHIRLRAFE A S g i B #%ﬁﬁ?iblﬁl%ifﬁsfb

?.
QQJ

i
’
7
7
’
’
-

I
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K 5.3 FFshmEiEhe B @ENRX]T / RX2 %)
522 HXAfEE5RMESTEAR

XTI MRE, MAHE SRR T EM RN S Z2 A = @E@Hﬁ [AJHESR o
HAnARRE L, NI O R A A SR BRI I R SR R gh FD 2
N A C/A W fr (41 978 ns) , WHIEIA S RAHME SAERIES LA T8, Kt
R BERKEERE M m . e fed, JATIEMBARBANRL, I HARUEM
ANREIIHR A 2B BIFR
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5.3 SZHmE

DIRBEER

WIRBAERAN

AR

EES GEilidili

it S A i

K 5.4 A EFh AR AR

1) i) TR 5 ARYE FHLum GPSTest HF A i H A% 12 1AM A0 5 60 £

2) RE I e K5 LR LA AR A B PR AR AT AL AR ARAERT
Z\45 iy F HARSETT A 5 EAUREARE, 0MA 5 L RE BB R,
PR

3) X AN IE AT R RS EALREG IR NTHE H b 12 BCR 2 hif 1) Bk (S
Ty LRI PAENIIR R B TALREO HEG I S5 X I R U 5
CRKIRPRAE AR LI T o RIEP. < Py, AL, HIEREEE.

4) SR E RN oSS RS R IRIR DY 300K, R R AR f AN
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Mgt AR e L3, B DU S| MEROE R, S5 R 5 iR N 1.0 em.

5) S KBS . AR SR T SR A S SR AR S KR

6) AIHE . HRINF I FRNAE 0 5 1 Z 18, AR 3 2 40 Z [0, HIFRA
ERGEER AL SN 7K B (32 O HEOREAE 5 B30 E P 58 A

RIRSEHARE P H] python 4w 5, FH I 2 2 Al T4 SDR R4t ADL, " fI2:

-> Fresnel FHIZE -> R5Y/ESITRSEINZRLY

5.5 Python f&/7 7/~ &

SEREANGTE 275 i F i gnss rsoil.py F£/F
5.4 HiXEEZEATHRIE

e 3 AN E A IE SL A H AR g sh A = &, H SR SR AD9361 REERIHL,
AL bz VR EAALI IR AR o b PR B B A T [ AR A v G 2 R e R £
QPL9547 A EAKIE S HUR #8H AD9361 2 USIE & 2H B -

IEACRELRT . SEI0 T SEAE 2 AN X T X 58 il BRI 48, W&l 5.6 BT o
(IR A B it R 2ot S AR ] o, AHE R 2k SRR M R e RS, BABEN GPS P RS
PIL1 HixfE 5. HTIERER&RN DI, B CAE— i Z58 5 R g8 #E— % GPS
TAE.
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K 5.6 28N E A IE 5256 T B AR e R 2k B 2R i

E SR ARG S ) GPS A ¥[8 9 Aiie SELGAE FH TG GPSTest # A4 HE4T 4 B
M. & 5.7 8o, B ZIFNURICERISE GPS L1 PE, R4 H TN/ .

RE(MSL):
T
R
PDOP:

¢ 39.9741150° BtiE: 11:39:1
1 116.4929540° TTFF: 0 sec
$ 923 m EHAcc: 300m
0.0m DPEME: 0/0/9
3.0 m/s B 352.0°
FAIKsE:
0.0 H/V DOP: 0.0/0.0

Showing 9 of 36 signals (Z 72 &0)

ID

10
15
18
20
22
23
24
32

BEERRBEER

GNSS CF C/NO #RiR HER Hiifm

L1 E 16" M7
L1 E 27° 308°
L1 E 52° 54°
L1 E 54° 213°
L1 E 21° 62°
L1 E 6° 50°
L1 E 89" 329°
L1 E 71° 117°
L1 E 8° 255°

BRIRBRASE (SBAS) REARYH

K 5.7 SZEHb S GPS L1 B2 A] WL Az 45 (8] 0 A i 35

SERSEIR B IR G, B AD9361 HIHEIR O IR W B N 1575.42 MHz, E R IQ
KFERBE N 4.096 MS/s, AT, RGgisirfae/a i %E GPS L1 &
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JEH 1Q ¥R, JEXOSUEAEME L, th4 PRN H9Z0FLF A PRN M 4055
Bk CIA TR BRHIGLR . SRR . SR B ()it T
ARRNRIE, BAI%S 7 T2 BB RO gps acquire.py FF T Flitf: 33
BEEE AR gps_acquire singlepy, M T PRN JFTHZRISLIEIE C/NoISH W
A

5.4.1 & PRN FiTHRER

IR R G A E GPS C/A MR S5HHREE ST, R EHPRN 1—32 XM
FIAHE C/A 5953 ) SHRICEHR BT A OGIE 5, 155 PRN M 25 FE L

GPS L1 AlI-PRN Scan | iter=59 | 1 detected Strongest PRN 29 | C/N0=39.3 dB-Hz 1e10

---- Threshold=35.0 dB-Hz
40 6000
30
35
4000
25,
30 5]
H
2000 &
§
2 N 20%
5 £
- S
20 g T
k]
15 3
5 ~2000 s
<
1.0
w ~4000
> 05
-6000 :
0

1234567 8 910111213141516171819202122232425262728293031 32 0
PRN Code Phase (chip)

C/NO (dB-Hz)
Doppler (Hz)
o

K 5.8 #5—4H 43 PRN #2 J% PRN 29 —4EMH%45 5 (By gps_acquire.py)

K 5.8 4 75414 PRN #REEH. HKE 5.8 MR ATE, 1EZ W+,
PRN 29 i Tl i A SR AU TR, B 0 e iz W A R SR . AR 7R
M LY A 2 R PRIN29- X0 B2 ) 4B R 1 R OC D R ], Ho 4 a2 AR am X B
2 AR AR AL N A B KAE AL B
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GPS L1 All-PRN Scan | iter=18 | 1 detected Strongest PRN 32 | C/N0=40.0 dB-Hz 1616

---- Threshold=35.0 dB-Hz

6000

40
35
G 4000
30
» H
2000 e
58
o =5 252
g 2
[--] = £
2 C 0 8
=3
g2 2 205
v o ;
2
15 <4000 158
<

-4000

-6000

12345678 910111213141516171819202122232425262728293031 22 0 200 400 600 00 1000
PRN Code Phase (chip)

K 5.9 5 204 PRN 8% J& PRN 32 —ZEAHRE5E

FEE, M ARG FAFER, XHF PRN [0 )7 323645 560 Rk L PRN32 (55
phE S B E S TR IR . SEa AL R I, ARG M AR, #mn 22
BE2 oA, X5 RLWAREAE . AR TTH GPS (ESHHRAE BT (%P —2L;
P ZELAT S5 RS N 11 2 X Bh AR R AL A e HE /N T SkHz, T AT B 48 2R X [A] REf
7 o5 S v LG RO e

PR R, B R ARG AR PRN B2 [ A DGR, MOR SRS i
RAFFERIE L T TR GPS L1 455
5.4.2 ¥ PRN E&ERfa e

Nt ARG M BRI WESE TAERE /1, S256 4 7 [E 2 PRN28 A1 PRN29, Xif
HELERARIG2) 230 4 IQ AU BT B LR, FREVAEH ()
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C/NO History

0
i J«mw ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
20 4 m

T 10

/NO (dB-Hz)
’-‘O
e

100 150 200
PRN 28 Acquisition

6000

4000 .
¥ 2000 2 PRN : 28
s ~ C/N6 : -36.0 dB-Hz PRN:
% 0 s 3 Doppler : +3000 Hz
a 33 (od Phase 114 -4 :rup

—-4000

-6000

800 1000

codepn se( ip)

K] 5.10 PRN28 iS4 $hfa e Mg R

C/NO History

e f«wn»w’ﬂ L

H~

A0 (9B-M2)
)

150 200 250
Reroten
PRN 29 Acquisition
6000
4000
LS PRN 1 29
C/ne : 24.2 dB-Hz PRA:

Doppler : +4250 Hz
Code Phase: 167.8 chip

Status : no signal Aoy

Doppler (H2)
(nrl hov\'one

Ril

T

Code Phat#fchip)

K] 5.11 PRN 29 iE4L4i ke e Y45 3 (By gps_acquire_single.py)

SR ERMANER 7y, Herh B RO % T PRN28 A PRN29 BEAT 424
230 JAF SR, LU AR TS e G SR T TR (35dB) o Bt HEAR
HERES o ks R Ta 1 AT ], HBUBNE TR e —BIX 2 IR KR faE 5 Re8 H.
S T I TIRAE Sy, ARG a0 K RE R TR, ik
PSSR EMRT IRy, NI FHEE NG T FIRD R A — 2 2% )
THEARIhERE, A AR e AR T E e KB A E

HIZ5 P 1, PRN 28 5 PRN 29 7EFS/M&ELE M BN 3 e pide e i3k, Ui ¥
A RIS R — B K N BRSO AL FE GPS L1 {55 . {H R R AR T 1)
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PR RBEFIRAINT B, I REAR 1] . TR B A I (4% 3k 2% A1 B R A D9 52 i i
FasE PR AT BE N 2N A5 &

5.5 ERMNE

5.5.1 FI L %A R

S 2 M1, A TEEEAEAL ZT AT e = AN, SulA ) _EALS R oE
EHRI GPS HIAF S AR SIS S, B AR DR AT R SK R . R0,
P SEI0 R BEAG B SR HUN S R, EZERIUVEE Fy A€ WA B8 b s as |
EELNEAL, PR S KB THE BB, X/ s e A b 5 2. &
HEERIABEAE IO IR G, BATREPRBERT R 17 ) BB B R 2o ST 4 00 3t 1) L A4
WA, I A TR Akd WIFL ] #E RS0, ek i A& rl e a0, Jf
HEAT 8 554 4 T I HUIR S B PRI B B e RIE, AT PERSS . Z121%
REAILER & T B TP 2t — D E P .

XHFFHLAT e A AR, FAR N TR T IR . FHLEESES GPSLI
OIRAF, FHFABWRE L AR RS A7 IS B 5 ORT % Al S
FIREFZI GNSS 42U, BO9m a1 AME 5 th Rl B A8 S AT w3 N ARZRME TARIRGS, A%
R R BN,

VAT 1), BRATRE SR 56 e A% 2 A0 5T T 17 Sk v DX IR <5 AR el P L L T
R 800 JKUL L, PRTBCHEBAEMEBIE, SN toRIEH FHL. e 6
FRTRT 5, RN AT EIE S TSI . WS R IS, Dl Rehs Bife e i3k
TS AR XY Ml el B it 1 2R, th i W A A s Ja 1B A
REM A IESR, A R -

5.5.2 BiEXRE

S 6 36 S BR B K B A AN R A R IOREAS, 9002 TR BLRY R 1+ 47— 28
it HA /DB E) 3 COrBEERD) P — Sl kb K 22 MIlGe i 38 AR K+
B MK IS A iE 1 E M AL B . EALEIE R GPS Hik {55, Semdy
FAAZ S 2 M RS 1) —4ERi 3R, MALEIEM M LEIERMNSHER, 72T 5E &
N RIBR G 5. PIEREE R RS, I BT AH ORI T AT =
GPS PEILHAT /ST o 25 UM B 2AN S 293% 20000, [T IR AL
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B AR U R AR S K

AROCEFE T PRN 22, 18 5112 1y 6 MM, 4570 n WK 5.12 =& 5.17.
S EARARR: ARSNEE ) 5K () PFEREHE TR EEENRF 5 AR
, RN R AT IR A B, AR RS KR . IR MR A
TESS. WM. FRThEL. PN EEE. FHEKESE T

PRN 18 | Elev=20 deg | Gamma=-9.94 dB | eps_r=19.7 | theta_v=34.2% | Valid 135/135 (dropped 0)

Direct / Reflected Power “ Dielectric Constant e Soil Moisture Estimate
w0000 | [r— )
= Pefectea
»
% T
E
- £ os p
da Pl H A h
H / fl a4 1 f
S M | r|Eox ™~ a f\
3 ] ! TNAR PO
P / /|2 \ [ VA4
i - . A \ foF
& b | W %oz \ J‘w“/ v
\ L, \ | ey N
o 2 Wi
) 01
% @ [ [ Bo [3 @ % o 5 s ™ % 150 e
naraton waon 0 0 Qv

K512 FEshAES R CET4, PRN 18, I'==994dB, 6, =282%)

PRN 18 | Elev=20 deg | Gamma=-8.95 dB | eps_r=11.7 | theta_v=22.0% | Valid 239/229 (dropped 0)

Direct / Reflected Power Dielectric Constant e Sail Maisture Estimate

Reration Bewtion  remwen

K 5.13 fFEahA s R (T, PRN 18, T'=-8.95dB, 6, =26.0%)
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     a =     P h −   P  c    T h −   T  c ,         b =   P  c − a   T  c #  ( 2 . 4 . 3 )


    P  s


       T  A =   T  c +     P  s −   P  c    P h −   P  c  (   T h −   T  c ) #  ( 2 . 4 . 4 )


    T rec


  P = a  (   T  A +   T rec )


     Y=   P h  P c =    T h +  T  rec   T c +  T  rec #  ( 2.4.5 )


        T  rec =    T h -Y  T c  Y-1 #  ( 2.4.6 )


    T  A


    T  B


   ( 2 . 4 . 1 )


       e  e f f =     T  B −   T ↓    T  s −   T ↓ ,           R  e f f = 1 −   e  e f f #  ( 2 . 4 . 7 )


    R CP =   R eff


   ( 2 . 3 . 7 )


   ( 2 . 3 . 9 )


    𝜀 ′


  H


  E


  2 H sin E


     𝛥 𝜏 ≈   2 H s i n E  c ,         𝜃 =  90 ∘ − E #  ( 2 . 5 . 1 )


  x  [ n ] = I  [ n ] + j Q  [ n ]


  c  [ n ]


  ℓ


    f  D


     Z  ( ℓ ,   f  D ) =  1  N   ∑  n = 0  N − 1  x  [ n ]   c ∗  [  ( n − ℓ ) m o d N ] e x p ​  ( − j 2 𝜋   f  D   n   f  s ) #  ( 2 . 5 . 2 )


    | Z | 2


     S  ( ℓ ,   f  D ) =  1  M   ∑  m = 1  M   |   Z  m  ( ℓ ,   f  D ) | 2 #  ( 2 . 5 . 3 )


    P  d


    P  r


    P  t   G  t


    R  d


    R  i


    R  s


    K  d


    K  r


          P  d  =   K  d   P  t   G  t   (   𝜆  4 𝜋   R  d ) 2 ,     P  r  =   K  r   P  t   G  t   (   𝜆  4 𝜋  (   R  i +   R  s ) ) 2   R  p R   A  r   𝛾 2 . #  ( 2 . 5 . 4 )


  p = L


  R


    A  r


    𝛾 2


    P  t   G  t


  K =    K  r   K  d


     q ≡    P  r   P  d = K   (    R  d    R  i +   R  s ) 2   R  p R   A  r   𝛾 2 #  ( 2 . 5 . 5 )


    R  d


    R  i +   R  s


  K


       R ^  pR ≈  q  K  A r  γ 2 ,      q  dB =10   log  10 q #  ( 2.5.6 )


       A  r = e x p  [ −   ( 2 k   𝜎 h c o s 𝜃 ) 2 ] #  ( 2 . 5 . 7 )


  k =   2 𝜋  𝜆


    𝜎 h


    R  p R  (   𝜀 ′ , 𝜃 ) =    R ^  p R


    𝜀 ′


       m  v = − 5 . 3 ×  10  − 2 + 2 . 92 ×  10  − 2   𝜀 ′ − 5 . 5 ×  10  − 4   (   𝜀 ′ ) 2 + 4 . 3 ×  10  − 6   (   𝜀 ′ ) 3 #  ( 2 . 6 . 1 )


  D


  C = 𝜋 D


  S


    N h


  L =   N h S


  𝜓 = arctan  (   S  C )


  𝜆 =   c  f


  C


  S


  𝜆 ≈ 190 . 3


  C ≈ 201


    C  𝜆 ≈ 1 . 06


    S  𝜆 ≈ 0 . 23


    12 . 3 ∘


      A e =   G  λ 2  4π #  ( 2.7.1 )


    R  A ≈   140 C  𝜆


       𝛤  A =     Z  A − 50    Z  A + 50 ,           L  m i s = − 10   l o g 10  ( 1 −   |   𝛤  A | 2 ) #  ( 2 . 7 . 2 )


   |   𝛤  A | ≈ 0 . 495


       𝛤  i n  ( f ) ≈  1 2   ∫ 0  l   d l n Z  ( z )  d z e x p  [ − 2 j   𝛽  g  ( f ) z ]         d z #  ( 2 . 7 . 3 )


  l


    𝛽  g


       T  r e c =   T 1 +    T 2   G 1 +    T 3    G 1   G 2 + ⋯ #  ( 2 . 7 . 4 )
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  ( 2 . 7 . 4 )


    B eff
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       𝜎  T ≈     T  A +   T  r e c    B  e f f t #  ( 2 . 7 . 5 )
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       S ^ x  [ k ] =  1   K b  f s   ∑  n=0  N-1  w 2  [ n ]   ∑  b=1  K b   |   ∑  n=0  N-1 w  [ n ]  x b  [ n ]  e  -   j2πkn N | 2 #  ( 2.7.6 )


  𝛥 f =    f  s  N


    C   N 0


  C
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  0 . 75   <   C / 𝜆   <   1 . 33


  C / 𝜆


  C / 𝜆 ≈ 1 . 05 ～ 1 . 1


  D   =   C   /   𝜋   =   ( C / 𝜆 ) · 𝜆   /   𝜋


  C / 𝜆 ≈ 1 . 06 ， C ≈ 1 . 06 × 190 . 3 m m ≈ 201 . 6 m m ， D ≈ 201 . 6 / 𝜋 ≈ 64 . 2 m m


    D  电 气   =     D  骨 架 +     d  铝 管   =   60 m m   +   4 m m   =   64 m m


    C  𝜆 ≈ 1 . 06


  𝛼


  𝛼  


  12 ° ~ 14 °


  S  


  S   =   C ·  tan ⁡  𝛼


  S = 44 m m


  𝛼   =  arctan ⁡  (   S  C ) =  arctan ⁡  (  44  201 . 1 ) =  arctan ⁡  ( 0 . 219 )   ≈   12 . 3 °


  12 ° ~ 14 °


  n  


  n = 15


  L   =   n · S   =   15 × 44 m m   =   660 m m   ≈   660 m m


    Z  A ≈ 140  201  190 . 3 ≈ 148 𝛺


  𝜆


    S 11


  53 + j   1 . 697   Ω


       F tot =   F 1 +     F 2 − 1   G 1 +     F 3 − 1    G 1   G 2 + ⋯ #  ( 3 . 1 . 1 )
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