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Soil permittivity measurement using an inexpensive VNA-based TDR
Daiki KOBAYASHI', Sona TOKUYAMA? and Kosuke NOBORIO?

Abstract: Time-domain reflectometry (TDR) is a
widely used method for accurately measuring soil
moisture in the field. This technique determines
the relative permittivity of the soil by analyzing the
change in the propagation speed of electromagnetic
waves through a soil probe. However, conventional
TDR equipment is expensive, often costing approxi-
mately one million yen, which limits its accessibility.
Affordable vector network analyzers (VNAs) such as
NanoVNA have emerged as potential alternatives for
TDR measurements. Studies have demonstrated that
VNAs can reproduce TDR waveforms with compara-
ble accuracy to conventional equipment by convert-
ing frequency-domain reflectometry (FDR) data into
time-domain waveforms. For example, NanoVNA
was introduced recently to measure soil permittiv-
ity using three-wire probes accurately. However, this
procedure often requires knowledge of digital sig-
nal processing; furthermore, the detailed steps for
reproducing the results have not yet to be fully docu-
mented, creating challenges for widespread adoption.
This study aimed to explain the theoretical principles
and experimental procedures for reproducing TDR
waveforms using NanoVNA. The discussion includes
the basics of FDR-to-TDR conversion using the inverse
fast Fourier transform (IFFT) and practical consider-
ations, such as calibration, probe configuration, and
data processing. In addition, examples of TDR wave-
form reproduction are reviewed, illustrating the accu-
racy of air and water permittivity measured. To pro-
mote broader accessibility, we provide open-source
Python code that enables users to convert NanoVINA
data into TDR waveforms. This article may support
researchers and engineers in adopting NanoVNA-
based TDR measurements as a low-cost yet reliable
alternative to conventional TDR systems.
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tive permittivity, digital signal processing
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1. [FL®HIC

Time domain reflectometry (TDR) &, 1ER#EDDfifi
RBGTOLEKGBEO RN REAITFIETH 5. TDR
BB O S — TR EET 2 ERBGEEDZENH S
TIRHEEERZ5HH T2 (Noborio, 2001). LLiFEER%E
Topp etal. (1980) icRFExh s EHmAIRAT L L
THREEKEEZHEERSRDZ N TES. 1EBY
B O TR S A S 2 Tk &FHHITF
ETH3H, TDR X 100 FHEE L &BiliTth 3.
—75, Moret-Ferndndez et al. (2022) 3 E#ffi%z vector
network analyzer (VNA) %{# > THE D=\ TDR %
FErmEL, THEIEFEREHIAREE®RE L TV 5.

VNA (35 B B B O Rt %2 513 % 72 8 O JIERE
THD, BTHEESLT 7 FORMEFMICHEH A TW»
5. fEHT, VNA 13 TDR #2500 ISRzt Td -
7=%35, Takahashi (2017) 1T & b Z iz VNA DFREHe
7 7=LUzT7BA=T VR LTSN
T, figAKECEBINZ. ZOoF—T vy —RICk
% VNA & NanoVNA ¥ W35 {FR TR MHREE 2 & i
AMTE S,

Moret-Fernandez et al. (2022) & NanoVNA % Fw
T1I0em BLU20cm ED 3 B0 — 7 %L+,
WHEKY, B2 EEKREROTEN 7 LTHAL
THFEBEBRZFEIL /2. 2L T, NanoVNA 12 X 2 #IE
RT3 TDR #35TdH % TDR100
(Campbell Scientific t£%) DHEFIR & #FQR N &
%R L72. Moret-Fernandezetal. (2022) i3 NanoVNA
TREFEEGS T — 2% 7Y 2V EBUET 22T
TDR 2L TW3. LA L, NanoVNA D E/K
72 BRGSO E ATV RNZ s, 240
o - Hfii# 2 & > THIHT NanoVNA 25 215
BT I R 232 02 B 7= 8, Moret-Ferndndez
etal. (2022) OFEBHEROBHIUIRENES e EZ SN
5. % T, AEJTIX, T XNSELIIIET 2 T
A7v 7o n%KRB LT, BEffiZe NanoVNA % ff - 7=
TDR HEEBFICE T 2 [FECRR O W 2@,
ENERZZE2HNE T 5.
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2. VNA LiZ

VNA &AL Y v 7 F Ry ORBHEICES %
AN U7z & FIZAET 2 RETeZEEITN 3 2 BRBIGE (S
NI X—=R) BT 2%EETH 5 (B, 2010). VNA
FZ22O0DR—=bE2HELTED, 1 D2DKR— bZHHIE
5 (device under test, DUT) 2% < Z & TRHHER,
200K — T DUT 28ATES Z 2 TEBBAESERT
W3z, ZhoofEE1ES T x—-2EATHhbI,
Fig. 1 DED K= FDAHINTHIEL TSy & Sy XK
B35, Sy \FEMESZRT. TDR IEFEANDEHTIE
REHMES 275G BLLIE Sy ZHWS (UFT
BEBO-OREESE LTS DAEILEHT D). S|
WBEyFRA =774 (slp) DFERT VNA 225
Hhahz., 2y FRAb—r7 74 VEREKEE (Ha),
REHFE DT, KIHMRBO B CTHR X3 7F R b
F—RTH5.

TDR (IR (1) D RAMREZ G S 21838 CTH 5.
—77, VNA [3EEBEE (0) DR FRE (frequency
domain reflectometry, FDR) % S;; & L Catill 3 2 #%
W TH23. NanoVNA ICBVWTEHIIEN 2 Sy (w) 12
FEBOERR MR~ T 720, HERFFEKp &
p(®) =S (0) DBfRE % 5. BRI (1)

-2
C ZL+Z

p(®) 1)
TRIN, 7L IHBPIVOAFA Y E—Z VR (Q), Z
B RATLDORMEA v E—& R GBHEIZS0Q) THD
(357K, 2003).

3. NanoVNA (& D TDR B2 BRI 3
IR IR 705 S5 LR

fRF T DL (Moret-Ferndndez et al., 2022) Tl
MEEARZ (LTD >R 7 2MmicHko %, FDRICX 3
TDR KIE O BHREGRA AR NT WS, —HT
it o2, TDR IEOHEHTITO NEFHEAR
F v POV TEHRES DRV, 22T, KREITITEEM
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Fig. 1 S %5 X —X D,
Overview of S-parameters.

72 PHE31X Moret-Fernandez et al. (2022) 12## D, F5
RHEERES RO T 0 7T AMIBWTERELEES
EIZOWTIAR 3.

LTI ¥ 27 JI2BWTIE, p(o) 27—V TZH F-!
(inverse fast Fourier transform, IFFT) 3% Z ¥ TfA
BRI & R s 2 hal (2) @ p(r) 2185
(Cerna and Harvey, 2000).

p(r)=F"'[p(w)] @

T IT, p(t) i34 VR (DML TIET 4
592 FARE 8(1) & LTHERE) BANXNEBOR
BTH3. —7T, TDRAFEZBVTHRIESIEA >~
FVRBIE TR, ATy TP THS. ZLT, R
7 v TRIEB AT SNz b & ORI OIS, T4kb
5 TDR #JE T(r) 13X (3) 7% (Moret-Fernandez
etal., 2022).

ro= [ " p(r)dt 3

D FoMimEticfRre s s s kR LR R0
Tu 7S ATIEEIC S (0) DT —XEXTHE Xy
FRAM—=V 73—~y bERAAL. FLT, S &KX
(2) O IFFT AU & D, p(r) ICEH T 5. &kic (3)
DD p(r) DRBMEZFRT 2L TI() KD 5.

4. NanoVNA o fEWA & TDR ER:D
BIRAE

Z ZTiE, NanoVNA O & Of TDR #EDE
BETOERNLRFIEZ MR T 5. NanoVNA & v
FRZY=VEELTED, B THMEHARETDH 325,
PCIZ L 21EDAEETH Z. EZELRBZA—T Y —2R
DY 7+ 27 TH? NanoVNA-Saver (N— a3 &~
0.64) ZfEHL, PC 2#&#i$ % Z & T, NanoVNA O
T2 57— 2R 7% T% PC LTiT-o7. %3, HIE
WA S 2 A (s | R ) % R
Frnin & KB Frax 2o TERE L. 22T TDR
DIFE T RAE A(t) 133X (1) THBEDT, Fpax EFKEWL
7373 TDR {EIE O o fEaenm L5 % (Moret-Fernandez
etal., 2022).

1
2Fmax

Ar)

(4)

Fuin £ Fnax & NanoVNA ARIKDHEREICKTET 3.
Moret-Fernandez et al. (2022) & Fpin & Fnax %2 %D
MEOR/NME, RAMICHRET 2 I E2HEL TN,
NanoVNA-Saver (28T Fyin & Frax (&, Sweep Con-
trol L WO THHNTHRETE 3.

RICREKBEEBE lnax BRET B, lnax (&7 — 7 VR
Bp5 TDR 07— 7 EETOEME D /NE LT 3.
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Inax 1F30 (5) TR, c IZESEHTORHE (=3 x 108
ms ), AF (ZEEEORRE, v i $HERE (—RM7
50 Q [Fl#fi - — 7L Tld v = 0.66) TH 3.

C
AF X v¢

7B, WABEBRAECTIZIIBORREZRET 2R TIEAR
WOT =10 LTHEEEZ BT 5 2 epffiich s
(Noborio, 2001). #L T, AF 3R (6) Oo@EbHF—%
RA Y VN 2 5EHE XT3 (Moret-Fernandez et al.,
2022).

©)

lmax =

Fiax — Fiin ~ Finax

AF = ~
N N

(6)

X (5) T L7 lnax 23 TDR O 7' 1 — 750 & T D Fff
% L[4 TDR 0 2 SHERRET H 2 23, ¥ O LEE
DIz AF > 10° HiHERE X3 (Moret-Fernandez et al.,
2022). N i NanoVNA-Saver @ Serial port control —
Manage H'® Datapoints THREFRETH 5. T/, H
FIT & 5 T3 Datapoints 2SEERDHEDVH 5. ZD
fi1% Sweep Control @ Segments D% K & < TR
AF T % 3. 728, NanoVNA-Saver @ TDR
DFROHT Estimated cable length 23 b, Rick 3
AEZETED lh DT DBRESTH 22 TENT 2
ZeMNTES. UL, NanoVNA-Saver IZFEE XN T
W5 Z D TDR HREIE 7 — 7 L O W EFT 2 5K 3 729 D
HEETH D, LEFEROFANCIIEA T2 3T
72 (Moret-Fernandez et al., 2022) = 2 ICIEE A NE
ThH5.

XRIZ NanoVNA O F ¥ V 7L —> a Y &{To 7.
NanoVNA IZB1F 5 F ¥V 7L — a » OKENX THNE
HEmMoMEZED 2 Z ) ¢ TIERERD Z) 27E
DB D2OTHD (K, 2016). F¥ V7L —
varvEEMBLRIIE, FDR BEELRIEME 2572
®, IFFT T & 2 RIS O £ Hat% o TDR ¥ b R IE

<R R

load

short

open

Fig. 2 NanoVNA OF ¥ V7L —YarF v k.
A NanoVNA calibration kit.

2. LidoT, 2OF¥ VT —a v idphHE
FRAIRTHB. Frx )7L — a YEEIDOHREIHE>T
Open, Short, Load ®¥ v + (Fig. 2) ZHX— 1 11
O CEZE L. Fv U 7 L— a YEERIZERF
T2ILHTELLYD, FA—RFTHAIXREIDOHIT
WBEBAEETHS. 2B, Fr V7L —>a VEERIE
Through » F1EF %523 S aHl DB EITIFHRE I AE
ThH5.

%12 Sweep Control N ® sweep 25T LT, FHll
ZAT7% o7z, FHHUIFE T#1Z Files 5 6.s1p JEA T Sy 5
WF—2rx 7 XAK—-1+L7%& 7 RXAKR—-bIN7S)
B D 7 75 L% # - T, TDRIEFICERL /2.

T ®» & LT NanoVNA OFREH M 213 % (Fig.
3. FREIRENDBEREHBER->TEBh, 2hbd
WCOWTH 272, 7238, NanoVNA-Saver ¥
NanoVNA © 7 7 — L7 = 7 D= a Y DiflaEbE
WEoTE, ELLEfELRZWT —2A03D 5. EELIX
NanoVNA © 7 7 — A% = 7 R N ETT % 2 & T,
Z DR Z R U 71258035 5. NanoVNA (X HIEE%ET
PRI TWB 720, Bk A —5—75 5 NanoVNA
Y&ETEE L TIRGEI TV S, ISR IEH I 2 fiffi72 B
MODIMN, A=W —DKR—LR=IPELT7—LTV=x
T OEFDBBRINTVDE Z e R R— MR EZREE L
THOLWATEIEED 5.

5. FHAIG

NanoVNA O —f T » % VNA6000-A (HCXQS
groups L) % T TDR EF O % L7 (Fig.
4). Fpax =1.5GHz ¥ 3.0 GHz @ 2 £ ® NanoVNA
% 7= Moret-Ferndndez et al. (2022) ¥ ##& b, 4
D 5 72 VNA6000-A & Fax = 6.0 GHz TH % DT,
XD EWIER 2 f#RET TDR B2 HIH S % Z & 0]
BETH-7-. AL TDR u— 7ix—&Miz TDR
THHAZINZMEHTHZ o —TE L= 15m O 3 ##
N Lk (BE 2003). K4 v E—X 250 QT
EXE8m oMy — 77— IcHER L. [
il o — 7 L D id TDR100 7 ¥ BEfFE D TDR #3853 T
FHT2ZdHELTBNC a2 XEEHELED
T, NanoVNA ¥ O##Hii2id SMA-BNC Z#fia 7 &
2 L7z, VNA6000-A DfEAIcE b8 TREIEBE
1 Fax = 6.0 GHz, Fpn =50kHz & L, N I3& KD
N=1023 & L 7.

Ju—7%ged (EiE23°0) kKEkFR OKiE 21 °C)
WERE L, Si 2t L7, FHMIL 7 Sy 1& Fig. 5 i
DTHY, FEEEBICE T 2 KGRI DR » FElos
Bohiz. ZLT, Sy AN LT, RO Tv TS
212k h TDR EFEE L7, TDR EEOHER%E
Fig. 6 127~F. Fig. 6 1238 T Noborio (2001) 1275
W7a—T7OiE (Ly) 228 KFDOR»FOTa—7
FA (Lair, Lyater) ZHIE L. X510, 2RZH DN
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@ NanoVNA Saver 0.6.4 (Sweep: nanovna_2024-10-28 13:52:28 @ 1023 points
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() Enable Delta Marker () Reference
Hide data Locked O
~TOR
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Estimated cable length: 8011m s 521 Pokari ot
Frequency:  50.0000 khz VSWR: 2485
Time Domain Reflectometry ... Impedance: 124-/6.88 Q Retunloss:  -7.410 dI
Seriesl:  -21.9uH Quality factor: 0056
SeriesC: 46265 nF S11Phase:  -3.06°
Parallel R 12417 Q S21Gain: 73619
Parallel X:  1.4248 nF S21Phase:  -12281°

P

Set current as reference

Reset reference

Min VSWR: 1.018 @ 1.87575GHz

S11
(~Serial port control ———————————————
Return loss: -40.896 dB

Pot _COMS(S-AA-2) v Rescan
’ s21 -
Disconnect Manage
Min g3i15.038 dB @ 1.59689GHz
Files . ‘Calibration -. B qeir: 575,619 06 @ 50,0000k 12
Display setup .. About . Analysis ..

511 Smith Chart

S11 Return Loss (dB)

40
=

Status:  Connected to NanOVNA-V2. Validation () Validate received data

Fimware:  NanoVNA-V2v1.02 Sitiponts

Calibration: Unknown

Custom points 101

S NOT SUPPORTED

e Bandwidth 1000 v

Set Average

Customizable data points

Set TX power partial

Mult data points

Refresh Screenshot

Fig. 3 NanoVNA OFGEHEM. 7RFMIE TDR BIE O BBIRHRE AW E L IHH.
NanoVNA configuration screen. The items within the red frame are the settings required for TDR waveform

reproduction.

SMA to
BNC

Fig. 4 NanoVNA 2 X % TDR REFHHEROMET.
Overview of the TDR waveform reproduction experi-
ment using a NanoVNA and a three-wire probe.

HEIPSEPTOTe—TE L ZXRKDOTHK (7) 1Tk
D IEEER ¢ #EH L7 (Noborio, 2001). [H#Hs — 7
ME—M72 50 Q D7 — 7DD v =0.66 £ L7=.

ZFORER, 22K13 =092, KiZe=80Tho7=. Zh
ZRoEH LMY BREL W=D, IELL e ZFHEIL
7z FHli T 3.

<
o0

Real part

Imaginary part

<
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1

0 2 4 6
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1

Fig. 5 NanoVNA T3HHIL 7= Sy;.
Si1 measured with the NanoVNA.

6. EHDHIC

¥ A BEZ NanoVNA % fif o T TDR KJE
ZHEBT %777 (Moret-Fernandez et al., 2022) 1225\
THE#Z L7, ¥+ 7L — 3% NanoVNA D&
ExRIEL ATV, N8O Tv 752857 XNVES
WEEITH Z 2T, ZBREIKOBIE%RE LT NanoVNA
ZHW TDR B HEE A HGHEY RT3 2L 2hE
BLTz. kB, TEFBROFMEZHNE L7z TDR I
X 2Nz X T NanoVNA 12 X 3 TDR KIEHHRIT,
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Refrection coefficient I’

7.5 8 8.5 9 9.5

Location (m)

Fig. 6 NanoVNA iZ X 3 TDR EFOBEBEMER 0 — 7D EKHFICH % & &% Air, /K% Water T/RT.
Ly 1370 — 7R, Ly BREXAFRD 2 L EORDP T LORK, Lyater 3KFRDH 2 L ZORIT LOKRKNE
Y.

Results of TDR Waveform Reproduction using the NanoVNA. The experiment was conducted with a
three-wire probe in two cases: in the air and water. L represents the starting point of the probe, Ly

denotes the apparent endpoint in the air, and Lyaer denotes the apparent endpoint in water..

FHAI DI fRREDMK 725 (Moret-Fernandez et al.,
2022). L7zdoT, 7u—70EXHEICHET 3
RN X - T, NanoVNA 12 & % TDR iKfEEED
FEENKL B[R H 2. L7=h > T, NanoVNA
73 TDR & [FI%5 0 38 LR B R HIE %2 EBL S 5 5&MH1co
VT, MRORMAITRENTNDE EWVWR 5. KEHT
%, PC & O Z AR Lz23> V 7 V@EER Y
HFEHE I N7z NanoVNA & Raspberry Pi 72 ¥ O/l a
YV¥a—R—%HT 5T, B TEGRIERER
0H—DIERDARETH 5. AR & b LB
RO—Ncid i bArA, ZOMTEOWILE -
i - 285412 ® NanoVNA % fifi - 7= TDR #2304
FRXoMFe B EHRFT 5.

%

FHHBICHEA L7 TDR BT a7 2 %2 N3
5. Z07ar 7 sld NanoVNA 226 =27 AKR—F L
JeRyFAL =27 740 (slp) % TDR KA
¥ 5 Python 2a— FT»%. i URL D% A P o &K
v ru— FA[RETH 5.

URL: https://github.com/kobayashid /FDR2TDR
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TDR (time domain reflectometry) (3335 T O K DFHINCIA S EH SN TN 228, R mE(fiEiT
H 5. FHFITHEAGZ VNA (vector network analyzer) 272X THE D, £ NanoVNA % ffi- T
TDR 2 FEER B L CHBIFER 2R L WM& H 5. L L, NanoVNA O BRIz
HAEIESRSOCERBINTW RN 25, £ DM - HifliE 29 T NanoVNA %5 2%
EFFRITHRCR D 200 D . EBREROEIICIHEES S EZX 5N 5. 22T, NanoVNA %
i 57 TDR B O BIIEICE S 2 FRESPHEOMEWG 2 L. £, F#¥ 512X 2% TDR BED
BHBIZHEN L. 2512, ZLOALNORIEDENZMNSE Z 2 BN LT, LERENHT0r 7
LR

¥—U—F I VNA, TDR, LHUKR, HHE®, 7 %LFRI0LE





