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Introduction terahertz.NRW

Why THz waves?

W Operating at frequencies in the THz range allows for a
radical miniaturization of e.g. radar systems (including
the antennas!) on a chip (footprint ~ few mma2).

W Such tiny THz technology allows for a continuous 24/7
(and practically undetectable) monitoring of small, local
plant-insect-ecosystems at a high spatial resolution.

W Plants: Monitoring internal states and estimation of
stress with respect to e.g. contamination and pests.

B Insects: Discerning the «players» in this ecosystem &
investigating their exposure to surrounding EM fields.

B Plant and insect monitoring with THz waves is an
ongoing venture.




Agenda

Plant monitoring
B Heavy-metal contamination in model plant leaves.
B Water content monitoring of Geranium leaves.
B Near-field / scattering analysis of plant stems.

Bee monitoring
B Analysis of THz bee radar cross-sections (RCSs).
B Experimental setups and radar measurements.

Bee exposure
B Bee morphology and digital twins.
B Material characterization of bee parts.
W EM energy uptake and SAR in bees.

Conclusion & Outlook
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Plant Monitoring
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THz detection of heavy-metal uptake in plant leaves terahertz.NRW
(M. Hofmann, L. Kreuzer, Ruhr University Bochum)
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Heavy-medal detection experiment

B Heavy-metal accumulating model
plant Arabidopsis halleri.

.

PM fiber

B CW homodyne THz transmission
spectroscopy (100—800 GHz).
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CW homodyne THz
spectroscopy setup
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correlates to Cd and Zn contamination
(changes in water binding, cell walls, &,).
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B Fresh leaves show water signature
and lose slope differentiation.
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W Vision: THz reflectometry on whole
A. halleri fields may reveal a hidden
. . 104 reference ) +
contamination topography of the o 02 5 o 28 | - . |
underlying soil. Frequency (THz) Set1 set2 Set3
J. Infrared Millim. Terahertz Waves, vol. 46, article no. 56, Aug. 2025, doi: 10.1007/s10762-025-01077-1.
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THz monitoring of water content in Geranium leaves terahertz.NRW
(N. Weimann, P. Alibeigloo, University of Duisburg-Essen)

Precursor

W Precision agronomy by smart watering solutions using e.g. mechanical (extent) and capacitive
(water content, ripeness) sensors applied e.g. in israeli avocado farming (outmost right figure).

Ultra-compact THz leave sensor

B Tiny THz transceiver & detector chips based on
double (Tx) & triple barrier (Rx) THz InP RTDs.

W Water content analysis of Geranium leaves using
transmission measurements (i.e. VNA-to-triple barrier

—~
RTD detector with chopped THz signal @ 350 GHz). S %0 =% L
= 68 %
W 2D far-field scanning while moving the RTD detector § 60 T
at 0.6 mm steps yields water content maps. g | '
8 40 !
W Vision: 520 =S
— Clamping tiny/lightweight THz transceivers on plants. § 0

Dayl Day2 Day3

ICMMTS 2025, Feb. 23-25 Dubai, UAE, 2025, doi: 10.1109/ICMMTS62835.2025.10926040.
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Inverse near- & far-field analysis of plant stem cross-sections terahertz.NRW
(Z. Tian, M. Degen, J. T. Svejda, A. Rennings, University of Duisburg-Essen)

Plant stem monitoring

B Goal: Reconstruction of the plant stem’s cross-
section by solving the inverse problem; monitoring
mass transport in Xylem (up) & Phloem (down).

B Forward solver: Ultra-fast recursive aggregated
centered T-matrix algorithm (RACTMA);
> 3000 scatterers, < 10* excitations per second.

WR-10 transition with 3D printed Al,O, near-field probe

Taper ridge
= Taper shell

B Data retrieval: Azimuthal scanner using either
near-field probes in transmission of far-field
scattering data (radar cross-section RCS).

Setups
B 3D printed Al,O3 near-field probes, 770 umx400um.
B Plant stems:

— 3D printed microfluidic mock-up (left figure)
— Bambus stem (demo on next slide)

IEEE Trans. Antennas Propagat., 71(12), 9849, 2023, doi: 10.1109/TAP.2023.3316792. IEEE CAMA 2024, Oct. 9-11, Da Nang, Vietnam, 2024, doi: 10.1109/CAMA62287.2024.10986024.
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(a) Norm. RCS (dB)|120G (b) Norm. RCS (dB)|160 GHz
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-8/21-
Azimuthal plant stem far-field scanner terahertz.NRW
(J.-T. Svejda, M. Degen, A. Rennings, D. Erni, University of Duisburg-Essen)

Video

W Showing the
larger of our
2 azimuthal
scanners in
action.

B Scanning of a
bambus stem

to achieve the
RCS @170GHz.

B Inverse problem
solution using
RACTMA for
fast plant stem
reconstruction
(cross-section).




Insect & Bee Monitoring
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Insect monitoring

(M. Jalali, A. Prokscha, J. Balzer, T. Kaiser, D. Erni, University of Duisburg-Essen)
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Bee monitoring

W Goal #1: Using a mm-wave/THz FMCW MIMO radar
to monitor the plant-pollinator-pest interaction
and behavior in this very local ecosystem (biom).

[no]

W Goal #2: Bee hive checkpoint identifying intruders
(e.g. hornets, varroa mites) and analyzing
aggregated mass flows (bees, pollen, nectar).

m Differentiation: Based on RCS, velocity vectors, statistics.

Bee exposure
W Goal #1: Are commonly known electromagnetic (EM)

www.nature.com/scientificreports

scientific reports

025 | OPEN Perspectives on terahertz honey
bee sensing

IEEE Journal of m
. Microwaves SUrs,

Rocsived 3 Age 7023, Teied 12 May 2023; accepted 13 My 2023, Dt ofpobication 22 Ko 2013,
‘dase of cursent version 7 huly 2023.
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E023 Towards Continuous Real-Time Plant and
Insect Monitoring by Miniaturized

exposure limits (SAR) applicable to insects & bees?

W Goal #2: What are potential impacts on bee health & behavior?

THz Systems

FAWAD SHEIKH * ' (Member, IEEE),

AMAN BATRA ', DIEN LESSY *1 (Graduate Student Member, IEEE),
BAHA SALAH " (Graduate Student Member, IEEE), BENEDIKT SIEVERT 2 (Wember, IEEE),
2

KSCHA *' Member, IEEE),

W Analysis is based on computational microdosimetry at digital twins.

Sci. Rep., vol. 15, article no. 10638, pp. 1-23, March 27,

2025, doi: 10.1038/s41598-025-91630-8. doi: 10.1109/JMW.2023.3278237.

IEEE J. Microwaves, 3(3), pp. 913-937, July 2023,

MARVIN DEGEN %, ANDREAS RENNINGS *? (Member, IEEE), MANDANA JALALI ©2,
JAN TARO SVEIDA ©? (Member, IEEE), POOYA ALIBEIGLOO 3 (Graduate Student Member, IEEE),
CHRISTIAN PREUSS %, ENES MUTLU % (Graduate Student Member, IEEE),

ROBIN KRESS *3 (Graduate Student Member, IEEE), SIMONE CLOCHIATTI %, KEVIN KOLPATZECK ~ %,
TOBIAS KUBICZEK **, INGRID ULLMANN ** (Member, IEEE), KONSTANTIN ROOT %, FABIAN BRIX %,
UTE KRAMER %, MARTIN VOSSIEK  * (Fellow, IEEE), JAN C. BALZER 4 (Member, IEEE),

NILS G. WEIMANN ** (Member, IEEE), THOMAS KAISER ' (Senior Member, IEEE),

AND DANIEL ERNI ' (Member, IEEE)

(Regular Paper)




Measuring the radar cross-section (RCS)

(B. Aqglan, T. Kubiczek, J. Balzer, University of Duisburg-Essen)

Bee models

B Artificial bees: 3D-printed bee mockups made of
resin (MSLA, green) and PLA12 (FDM, white)
for experimental RCS extraction.

W Digital twins: Homogeneous / inhomogeneous bee
models for numerical RCS training data generation.

Measurement setups

W THz: Bistatic THz-TDS system (100 GHz —1.5THz)
for the generation of precise reference RCSs (shown
for the green bee); this is a slow procedure (with
6000 traces/angle it needs 30h for 4 RCS diagrams).

B mm-wave: 240 GHz FMCW radar with 52 GHz

bandwidth (developed and provided by RUB)
for fast RCS estimation.

IEEE Trans. Antennas Propagat., 67(11), 5499, 2019, doi: 10.1109/TMTT.2019.2916851.
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THz insect & bee monitoring

(B. Aqglan, T. Kubiczek, J. Balzer, University of Duisburg-Essen)

Reconstruction from radargram (RCS) data

B A back-projection algorithm based on the radargrams
for the 2D reconstruction is used, which corresponds
to an inverse synthetic aperture radar (ISAR) THz
imaging (cf. left for the printed insects).

W This, in return, also validates the (reference) RCS data.

B 3D-printed insects are simulated (with HFSS) yielding

training data (radargrams and RCS) for Al classification.

B Synthetic mosquito scenario: Radar data for a 240 GHz
FMCW radar from a mosquito’s digital twin are simulated.

B Model-based BP-based 2D reconstruction @ 240GHz
already reveals fine details (i.e. wings).

IEEE J. Microwaves, 3(3), pp. 913-937, July 2023, doi: 10.1109/JMW.2023.3278237.

THz-TDS system

100GHz-1.5THz *

(homemade)

mosquito
(Aedes aegypti)
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THz harmonic radar for bee tracking terahertz.NRW
(K. Kolpatzeck, J. Balzer, University of Duisburg-Essen)

Harmonic radar

B Why harmonic radar? Unique identification of individual
bees (green) in an aggregate of reflecting targets (red).

W Bee (green) carries a nonlinear tag producing a radar
echo at e.g. the 24 harmonic (at 2f;) compared to
the echos (at ;) of the other targets (red).

B Why mm-wave/THz? Ultra-small tags (small payload). — fo
I
B Simple test structure operating at 50 GHz receives :_ . 2fo @
an echo at 100GHz (@ 1m) with —150dB less power. ﬁ @
M d T =y
B An advanced optoelectronic realization of the radar ea:;;;] s % % j
system allows for a distributed and highly multistatic 2fo i
setting for bee monitoring e.g. within a bee hiveor 7 Power Received by the Radar at 100GHz Piaier =20 dBim
a mating box. 8. e mmm e S S E P — 0.dBm |
§-150 = L 1 1 1 1 T ﬁ.{
04 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Distance (m)
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THz bee exposure
(M. Jalali, J. T. Svejda, D. Erni, University of Duisburg-Essen)

Flight

BAFU insect exposure study (Switzerland)

W Literature study: (132 journal publication)

—LF: 0—-100kHz
—HF: 100kHz-6GHz
—-VHF: 6GHz-300GHz

n=76
n=47
n=9

W Evidence level above 6 GHz weak; urgent need for research!

B mm-wave/THz: Possibility of resonant EM energy uptake.

Bee morphology

W Very complex honey
bee morphology!

W Digital twin-based EM
microdosimetry needed.
BAFU: (Swiss)

Federal Office for
the Environment.

Wirkung von nichtionisierender
Strahlung (NIS) auf Arthropoden

Im Auftrag des Bundesamts fiir Umwelt (BAFU)

18.08.2022

M. Mulot, T. Kroeber, M. Gossner, and J. Froehlich, erung von nicht-

ionisierender Strahlung (NIS) auf Artt " repoi

by
the Bundesamts fiir Umwelt (BAFU), Neuenburg, Swnzeriand 2022.

L

Brain salivary muscles

P # estil
Malpighian r_ubules Intestine

Material characterization of «xbee components»
(M. Jalali, J. T. Svejda, D. Erni, University of Duisburg-Essen)

W Bee parts: (a) wing / (b) cuticle / (c) internal organs / (d) whole bee

B Measurements: Transmission/reflection setup (SWISSto12) for
the K, band (26.5—-40GHz) and D band (110—170GHz).

W Dielectric function: 5-pole Debye model allows for extrapolation

to the frequency range of 1-500 GHz.

-16/21-
terahertz.NRW
| vz

Wing
Inner parts
Cuticula
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A first exposure analysis using digital twins terahertz.NRW
(M. Jalali, J. T. Svejda, D. Erni, University of Duisburg-Essen)

W Potential effects can only be studied in detail using
a bee model with anatomically modeled organs

(heterogeneous digital twin).

B Does the cuticle (chitin armor) have a shielding
effect (right column)?

Homogeneous bee model | Heterogeneous bee model
high b)

100 GHz

a)

6 GHz

e —

B Electromagnetic 3D-FDTD simulation on a homogeneous
bee model (frontal illumination of a digital twin).

60 GHz

B Significant penetration behavior of the electric field <40 GHz.
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Energy uptake and SAR in bees terahertz.NRW
(M. Jalali, D. Erni, University of Duisburg-Essen) MWMWWWWWW
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2
sar — °[El

W Exposure according Ps. : in;lt;',r'Parts
m \olumetric loss (bee figures): - %1]:1%“1; ]
blue: ~3W/m3 ole Bee

red: ~1W/m3
yellow: <0.1W/m3

e /e o

B Cuticle exhibits largest 3GHz 25GHz 500 GHz

local SAR value ~4mW/Kg
(ICNIRP scaled: ~7.6 W/Kg)

B ICNIRP exposure limit
in public: SAR10g= 2W/Kg

10° 10"  f(GHz) 10 10°




Summary & Outlook
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Summary & Outlook

Conclusions

B Even if we have shown pretty nice and outstanding results:
Our interdisciplinary research on THz plant and insect

monitoring is still evolving (it’s still engineering research).

W From an engineering perspective the «players» in our ecosystem
are quite challenging in terms of stochastic variations in shape,
morphology, constituents, movements, and behavior.

W The radical miniaturization in THz engineering enables a
very close (and hidden) view into the local ecosystems with
the interesting possibility of «participant observation».

Outlook

B We must collaborate way more closely with plant biologists,
entomologists, neurobiologists, ethologists, and bee keepers.
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Thanks!

Questions ?
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Welcome!
Our Session Will Begin Shortly.

Please note: This session is being recorded. Guests do not have
camera/microphone access. Submit questions online:

www.terahertz.nrw/terahertztalks-6

(scroll to the bottom)




Thank You!

Questions?

d terahertz.nrw/terahertztalks-6

Contact Us

Want to learn more about one
of our terahertz research topics?

Set up a meeting to discuss your
project or experiments?

Contact our office!

geschaeftsstelle@terahertz.nrw
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