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The Why

Michigan agriculture contributes approximately $125 billion

to the state economy
Supports roughly 25% of Michigan’s workforce
Modern farming requires substantial energy, water, and labor

Harvest periods can create especially high demands on farm

workers

Low-cost sensors could monitor both plant conditions and

worker/community well-being

Designed for rural farmland areas with limited or unreliable

cellular connectivity 1



G MICHIGAN STATE UNIVERSITY

Challenges of Rural Healthcare

" Longer travel distances to healthcare services
" Limited access to specialty care
= Many older adults live alone, particularly in rural counties

" Growing need for home and community-based services

Question: How can healthcare providers continue monitoring
patients when they are no longer in the clinic?

Sources: Rural Health Information Hub, “Healthcare Access in Rural Communities” and “Barriers to Transportation Programs in
Rural Areas”; U.S. Census Bureau, “Older Population in Rural America”; Administration for Community Living, “Strengthening the
Direct Care Workforce.” 2
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A Current Solution
Remote Patient Monitoring:
= Offers continuous monitoring outside the clinic

" Tracks health data such as heart rate, blood oxygen,

falls, and other biometric data

RPM extends healthcare beyond the clinic — if there is a reliable
connection
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The Problem — Monitoring Beyond Wi-Fi/Cellular

Current remote monitoring systems often assume:

= Reliable home Wi-Fi or continuous cellular connectivity
= Sensors operating close to existing communication infrastructure

= Continuous device-to-cloud communication

Source: U.S. Department of Health and Human Services [HHS], 2026; Rural Health Information Hub [RHIhub], 2025 4
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Beyond Wi-Fi/Cellular Monitoring

Where current systems can fail:
= Agricultural fields

" Wooded environments

= Pole Barns and outbuildings

= Other low connectivity rural environments
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= Wi-Fi coverage often does not extend to these locations, and cellular
connectivity may be weak, intermittent, or unavailable.

Signal
()

Pole Barns &
Outbuildings

Wooded
Areas

Wi-Fi
Coverage
Ends Here

Wi-Fi Coverage

. Agricultural
> Fields

How can reliable remote monitoring be maintained when users move
beyond Wi-Fi and cellular range?
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Goal: Develop and evaluate a low-cost, long-range communication
architecture capable of extending remote patient monitoring beyond
traditional Wi-Fi coverage and in areas with no cellular connection

Research Objectives:
= Design a LoRa-based remote monitoring prototype
= Characterize communication performance in rural conditions

= Demonstrate the architecture using a sample deployment

Research question: Can LoRa provide a reliable communication link between
remote sensors and a gateway in low-connectivity environments?



What is LoRa?

LoRa is a low-power, long-range wireless communication
method designed to send small amounts of data over long distances.

((A?))

Long range

Can reach farther
than home Wi-Fi

(11,

Low power

Suitable for
battery-operated
Sensors

10110
01001

Small payloads

Designed for periodic
readings and alerts,
not video or continuous
streaming
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(t97)

Bridge role

Not a replacement for
cellular or broadband,
it provides a first-mile
link from a remote sensor
to a gateway
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Proposed Deployment Model

AGRICULTURAL FIELDS
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COMMUNITY GATEWAY ACCESS FOR
Water Tower / Public Building CARE TEAMS
. (Reaches Multiple Homes)
f \
HOME
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g Care Managers
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& Analytics E
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Real-time monitoring

reports
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notifications

i £ - R -
| GEEIN, AE T L. AT

MULTIPLE HOMES IN THE AREA
Connected Through Community Gateway

Community gateway requires one shared backhaul connection
Public-building internet, Ethernet, cellular hotspot, or satellite

= Both models concentrate internet backhaul at one fixed gateway location.

= | oRa extends that connection outward so individual wearables and sensors do

not each need Wi-Fi or cellular service.

10
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Prototype Device

= Device was built from commercially available components
= Prototype price: ~$156
= Gateway price: $199

= Cloud Platform: SO for small scale testing

A: Power Switch

B: Battery

C: Antenna

D: Microcontroller

E: Pulse & Pulse Oxygen Sensor - o
F: Inertial Measurement Unit

Core prototype hardware: approximately $355 11
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Prototype Functions

Heart rate: measures pulse rate in beats per minute

(BPM)
Pulse oximetry: reads blood oxygen saturation (SpO; %)

IMU-based fall alerts: uses motion and orientation data

to flag potential fall events

LoRa transmission: sends periodic readings and event

packets to the gateway

12
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Why These Health Data Points?

Data point Why it was chosen What it demonstrates

m ‘ Familiar, low-bandwidth /\/ Repeated sensor
v @ healthindicator. M1 I data packets.

Heart rate
I | Relevant to . :
A Small physiological
5 a a a respiratory/health . payloa% 4 .
monitoring. = '
SpO, 8
<
\( Time-sensitive Compact event
() 3
safety alert. = transmission.
Fall event

These were prototype payloads used to test the communication architecture—
not clinically validated measurements or a deployed medical-monitoring product.

13



. G MICHIGAN STATE UNIVERSITY

Field Validation Tests: From Baseline to Rural Limits

1. Baseline Function 2. Severe Obstruction 3. Mixed Terrain 4. Property-Scale Coverage

Indoor + short-range

Upper Peninsula woods Open field to tree line to woods Routeto 833 m
benchmarks :> |:>

Question: “Can it work when Question: “What changes when Question: “Can a full farm-scale

Question: distanceis short, but terrain is conditions are mixed?” route stay connected?”
“Can packets be sent bad?”
and logged?”

5. Extended Range 6. Design Comparison 7. Application Extension

Beyond 1 km to 1.44 km |:> O S ctionziantenng :> Fall-event packets + greenhouse nodes

|?uestlon_: Wh(?re do;s: reception Question: “Which is better for a Question: “Can the same link support other

ecome intermittent? moving node?” sensors?”

Tracked in each test: packet reception, signal strength, signal clarity, distance,
terrain, antenna setup

14
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A Short Route Can Still Be a Hard Radio Link

= Dense tree cover
=  Uphill terrain

= Snow

_+ Successful Packet Reception .
Under Challenging Signal Conditions

Stable Benchmark Baseline Field Packets Successfully Received

((( ))) roughly successfully received at
A ik ll =60 to =45 dBm @ Toba
RSSI =100 to =110 dBm

roughly Q successfully received
even at
]| BT VYR

negative values

Takeaway: Packets were still received under substantially weaker field conditions |
than the stable benchmark baseline. |

15
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Signal Strength (RSSI) vs Signal Clarity (SNR)
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Same Route, Different Link Behavior

Open Field: 0—462 m
Dense Woods: 462—-690 m
Farthest point: 833 m

April 2" Test:

= Reception became more marginal at extended range

= Link quality degraded and some packets were lost

April 30th Test:
= Packets received through wooded section and out to 833 m

= Link degraded less quickly and many more packets reached gateway

17
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April 2nd Test

Signal Strength (RSSI) vs. Distance

LoRa Data Points
== WiFi Limit (-90 dBm)
-80 - .- Tresline (462m)
_85 -
E
[=1]
)
5 —90 A e e
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T T T - T T
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Signal Clarity (SNR) vs. Distance
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Noise Floor (SNR=0)
5 weex Treeline (462m)
0-
)
=
x -5
&
-10 4
-15 4

0 200 400 600 800

Distance (meters)

= Packets received despite signal strength near -100 to -110 dBm and
negative signal clarity but overall signal was weak

18
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April 30t Test

Signal Strength (RSSI) vs. Distance

: LoRa Data Points
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= More packets were received, with gradual signal degradation as

distance increased. .
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Extended-Range Test: Communication Reached
Beyond 1 km in Rural Terrain

« 723-804m Early long-

range coverage

e 879-1054m >1 km
communication

demonstrated

* 1156-1238m Extended-

range reception observed

* 1271-1440m Outer

tested region

20



G MICHIGAN STATE UNIVERSITY

Extended Range Test Data

Signal Strength (RSSI) vs. Distance

' LoRa Data Points
—20 4 : A Benchmark
. ===~ WiFi Limit (-90 dBm)
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—40 -
E
=]
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n
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Distance (meters)
= Furthest packet received at: 1.325 km (.82 mi), signal failed past this point
= Signal quality degraded significantly to as low as -15 dB clarity and -108 dBm strength but

remained active with packet losses 21
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Fall-Event Packets Reached Every Tested
Distance Through 833 m

May 8 Fall-only Test: Fall Events vs Distance
1.2
1 1 A A A A A A A A
L 08
S
@ 06 1
(14
= 04 -
©
L
0.2 -
0 T T T T T T .
-0.2
0 100 200 300 400 500 600 700 800 900
Distance from Gateway (m)
A Fall Detected B Expected but Not Detected

22
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What the Field Tests Showed

Communication link
= Packets received through obstructed terrain and across farm-scale routes

=  Gateway placement, vegetation, terrain, antenna configuration, and
wearable orientation affected signal robustness

Wearable sensing
= HR/SpO; gaps were linked to sensor contact and motion

= Fall-event behavior was affected by enclosure damping, IMU coupling,
orientation, and thresholds

= These were not automatically radio-link failures

Takeaway: The field tests established that LoRa can support small data
packet transmissions across the tested routes, while also helping to identify
the conditions and hardware factors that affect reliability.

23
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Applying the Same Architecture to Greenhouse Monitoring

Deployment: Data collected Why it matters:
= 11 soil sensor nodes = Soil moisture - Samfe gateway-to-cloud
= MSU Plant Resilience Center = Air temperature EEEEEIITE .
greenhouse = Humidity - :?neqri:s;\igriszz::&::k is not
= 60-minute reporting = Battery voltage
intervals =  Supports low-rate

" Packet count, signal strength, agricultural/environmental

and Signal clarity sensing

Why soil monitoring matters: It helps growers identify water stress, compare growing conditions, and
make irrigation decisions using conditions measured at the plant level. 24
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Soil Moisture
120

Soil moisture (%)

1 5

9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85 89 93 97 101 105109 113 117 121 125 129 133 137 141 145 149 153 157 161 165 169 173 177 181 185 189 193 197 201 205
Elapsed Time (hours)

== == Nodel == == Node2 == == Node3 e====Node4 === Node5

Node 6  =====Node7 e+« Node 8 Node9  eeeeee Node 10 Node 12

Node groups

== == = == Heat-stress environment: Nodes 1, 2, 3

Calibration / paired comparison: Nodes 4, 5, 6, 7, 12
sessssssss Cool environment: Nodes 8, 9, 10

Nodes 7 and 12 came online later than the initial deployment.

25
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Air Temperature
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-

N

Node groups

————— Heat-stress environment: Nodes 1, 2, 3
Calibration / paired comparison: Nodes 4, 5, 6, 7, 12
ssssssssss Cool environment: Nodes 8, 9, 10

Nodes 7 and 12 came online later than the initial deployment.
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Commercial Solutions
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SOLARIS: 15t Generation Prototype

1. Wireless real-time data fransmission.

2. Two configurable acquisition channels
supporting ECG, EMG, EEG, and EOG.

3. Light-powered design for extended
operation.

A
v

26.5m

m
(Under review) Cheng, M.-H. & Qian, C. (2026). A Light-Powered Integrated
Sensor System for Wireless Bioelectrical Signal Acquisition. IEEE Sensors
Joumal.




Cell Phone App

1. Data are saved locally on the
mobile device.

2. Computer software is designed

Period Data size (2 channels)

s ~8 kB
1 hr ~28.1 MB

1 day ~675 MB

Platform:
Android

& Qian, Michigan State Universit

for readina and further nrocessing
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200 DO @ G40

SOLARIS BLE Receiver

Status: idle Connection: -
w Connect Start Stream

Display/record rate Channels
(250 Samples/s/ch - {CHD+ CH1 -

Remove DC: ON Record CSV Start File Server

Real-time Signal
CHO

Voltage (1V)

CH1

Vollage (uV)

0.00
Time (s}
Separate subplots for each selected channel
Display mode: DC removed + auto-scale
X-axis: Time (s), Y-axis: Voltage (LV)
Display sample rate: 250 S/s/ch, window: 5.0 s
Channels: CHO + CH1
Plot status: LIVE
Record: OFF
File server: OFF

Show Debug
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Computer-Based Graphical User Interface

Phone file server URL:

http://192.168.10.102:3080

Connect / Refresh File List | Downleoad Selected | Download All | Open Local C5V

Available measurement files on phone:

solans_record_20260617_171604.csv
solaris_record_20260617_171444.cav
solans_record_20260617_135350.csv
solaris_record_20260617_135346.cav
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Al-Based Abnormality Detection

# SOLARIS Downloader + ECG ML Analyzer

Download Plot ECG analysis HR/HRV Beat quality RFv8summary ML 5-class detail

Load RF v8 Model ML model loaded: ecq_beat_model_v8_rf_scaled2v.pkl | feature_count=248

ECG analysis settings

File C:/Users/Ming_fDownloads/solaris_record_20260624_140736.csv
Channel <hOuV ~| HPHz 05 LPH: 30 Stats 30 Ends 100 Vthreshold 060
° ° Analyze ECG Only  Analyze ECG + RFv8  Run RF v8 On Current Analysis
F Ilte rI Recommended ML view labels V only if raw cl; V and P(V) 2 threshold; low-confidence ¥ becomes Otherfuncertain. Research-use only.

° ECG waveform + R-peaks
(o) ph ons ehtomting (Mo memae <] Windom 20 | [anpy St

ECG waveform with detected R-peaks | Display smoothing: Moving average, 20 ms

T T e
A \‘|
N Vsl L N
A.Heat  _ i T e E

Rate (HR) 1==""

Mean HR: 60.3
Min HR: ©56.2 bpm
Max HR: 64.9 I

_EERE R aa e e e e e e e e o
eqr RR intervals / Heart rate variability (HRV) l
L]

Mean RR interval: 0.995 s

SDNN (standard deviation of normal-to-normal RR intervals): 32.7 ms I

RM3SD (root mean square of successive RR-interval differences): 37.3 ms
RR CV (RR coefficient of variation = RR standard deviation / mean RR .

Variability

i b 1
Signal Quality

& Qian, Michigan State Universit
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Al-Based Abnormality Detection-cont.

# SOLARIS Downloader + ECG ML Analyzer

Dovnload Plot ECG analysis HR/HRY Beat qualty RF vé summary ML 5-clas detsil

M

ECG analysis settings
Fie
Channel oy

‘Analyze £CG Only

Recommended ML view labels V on)

ECG waveform + R-peaks

Plot smoothing: [Moving average

CUsers/Ming./Downloads/solaris record_20260624_140736.csv

Analyz ECG + RFVS Run RF v8 On Cunent Analysis

i raw class sV and POV 2

| Window 20

beat model v8 . : count=248

W 05 He 3 Stz 30 Endz 100 Vihreshold 080

> threshold low-confidence V becomes Other/uncertain. Research-use only

ms Apply Smocthing

ECG waveform with detected R-peaks | Display smoothmg: Moving average, 20 ms

— ot
" T I T o Rpeaks/ beat quality
Eoll ] h “/‘ I ‘ ,‘"\ ‘ |4
i ‘ | I "H W I | /| u L1
so i M‘” NM“N‘""“\‘NJ‘ i ’”“‘wfw"w v “WW"” ".“”“"‘mmv” mnM‘n" i m,-M w\g"wwww .‘Www\,
-0z
= P ~ i3
e

Analysiz summary.

C. HR+HRV
Interpretati
on

Main summary

More
Mean RR interval: 0.995 s

SDNN: 32.€ ms
RMSSD: 37.1 ms
RR CV: 0.033

HRV-derived research indicators

- o T S S S S EEE DN B SEE BEE O EEm B O S e
ISt.at.us | Indicator | Definition I
Mo | Sympathetic activacion / stress-response candidate | HR > 100 bpm AND (EMSSD < 20 ms OR SDNN < 15 ms) I
I Ho | Fatigue / poor-recovery candidate | RMS5D < 20 ms COR SDNN < 15 ms
Ho | BRelaxation / parasympathetic-dominant candidate | EMS3D > 80 ms AND RR CV <= 0.20 AND signal guality usable I
o | Irregular rhythm or R-peak detection concern | RR CV > 0.20 OR SDNN > 100 ms
No | HRV result reliability concern | duration < 30 s OR R-peaks < 10 OR signal guality Poor/Unknown I
TR N M g e e e e S S R S S R R R e e e e e o e

& Qian, Michigan State Universit
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Al-Based Abnormality Detection-cont.

This tab is for debugging/ressarch. The 3-class tab is safer for prototype interpretation.

. 1Irained ana resie
O Note: this tab shows raw 5-class model output. The ¥ threshold is applied only to the recommended 3-class display.
usina MIT-BIH b sorman 1exe: 100,08 (70 neaco)
5 - Supraventricular ectopic-like: 0.0% (0 beats)
myrnmia varabdase.

Ventricular ectopic-like: 0.0% (0 beats)
Fusion-like: 0.0% (0 beats)

RF v8 beat-class distribution, 5-class detail

100.0%
100 4

2. Random forest beat
classifier with 5
categories.

60 4

404

Percent of classified beats

20+

0.0% 0.0% 0.0% 0.0%

N S v F Q
Normal-like Supraventricular ectopic-like Ventricular ectopic-like Fusion-like Unknown / paced / unclassified
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User Interface & Preliminary Data-ECG

¢ o
Display Cnnf\guralm; . . o . —
CHO raw
= EPT MM MWWW M
wa - 238 259 CH1 raw 260 261 262
%5 " f Rl I T
=
CHO +R 260
= | ! |
Filtered = S
51 Ch. 80
=1 04 ”W“MMMMWWMWMM \""“\-WW = w’n
b i ' 1 cha 99 etip
- 258 259DIFF +R (a=1.000, B=04R0) 261 262 + Ch.1 + i
. ] W I ¢
D Iffe re n C = o -wamwjt JWW“IE MW’\WJ |U\W~WMM"V” Wwﬂbﬁww'ﬂ W
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Preliminary Data-ECG
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Preliminary Data-EEG

Sites: O1 &

% @ “p = 0004 glz ha
0.8 ®  +p=00192 | P p = 0.0047 | P

o 0.6 o . wave

2 0.7

(=] ] [] 0 5 ° o "

a 0.6 eol|® . o

.E 0.5 0.4

S 0.4 0.3

<03 o

© 0.2 .

m -

& 0.1 ™= Eyes closed 0.1 wm Eyes closed Ch.0+ Ch.1+

B Eyes open mm Eyes open 4 ?
20 L Ch.0-  Ch.1-
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Conclusion and Ongoing Work

= LoRa communication was demonstrated across the tested rural routes
Packets were received through obstructed terrain, across farm-scale distances, and

beyond 1 km in mixed conditions.

= The architecture supported more than one sensing use case
The same gateway-to-cloud workflow supported wearable communication testing

and multi-node greenhouse monitoring.

= Current continuation: low-cost greenhouse sensing
Ongoing support with the MSU Plant Resilience Center will focus on maintaining

and assisting the low-cost soil and environmental sensor deployment.

=  Main takeaway
A single connected gateway can extend low-rate sensing into locations where each

sensor cannot depend on its own Wi-Fi or cellular connection.
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Next Generation

Key improvements:
1.8 read channels.

2.Longer battery life.

3. Wider input-signal dynamic range
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How Al Fits Into the Larger Project

(Connectivity Models for Rural Health Monitoring)

What future Al-assisted planning could do
= Use field data to estimate likely coverage from potential gateway locations
= |dentify terrain or vegetation conditions linked to weak links

= Help select community-anchor placement before deployment

What this project did not do
= Did not train or validate an Al model
= Did not predict coverage

= Did not validate a healthcare deployment
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Appendix: Antenna Configuration Comparison

May 8 Antenna Comparison: SNR vs Distance
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Prototype Power Budget

Estimated Component Current 1. Average current
43 mA (rounded to 50 mA for design estimate)
Board 20 mA
MAX30101 base TmA 2. LoRa average current
MAX30101 LED average 15 mA 118 mA x (0.33s/20s) =1.95mA =2 mA
MAX32664 3mA 3. Peak current
LoRa peak 118 mA + other active load 20-60 mA
ikl i = about 140-180 mA
LoRa average 2 mA .
4. Power & battery life
Total 43 mA Power: 3.7V x 0.050 A=0.185W
Battery life (2000 mAh): 2000 mAh / 50 mA = 40 hours

Estimated battery life before accounting for regulator losses, battery aging, or higher activity.
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Battery Voltage
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