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At a glance

e Design of Integrated Access and Backhaul (IAB)-based robust
wireless network. Dynamic

e Perform dynamic spectrum management in the access and
wireless backhaul.

e Dynamic clustering-based network reconfiguration.

Routing

e Design an entropy-based routing.

e Test the model through simulation and emulation-based
experiments.

e Partial HELIOCOMM validation at Sandia National Laboratories HELIOCOMM
(SNL) National Solar Thermal Test Facility (NSTTF).
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Current Status

Wired communication solutions

e buried copper or fiber optic links
e high cabling-related cost
(installation, maintenance,

operation-related costs)

conceptual design e components e integration e mass production e heliostat field 4



Why switch to wireless?

e (ost
e Installation
e Maintenance
e Reconfigurability
e Requires Optimal Resource Management —

transmission power, latency, bandwidth, etc.

% Vs

conceptual design e components e integration e mass production e

heliostat field
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HELIOCOMM System Overview

Dynamic Spectrum
Th ru St 2 Management
Wireless ) route of N
© o clusterheads Max Energy
Communication FTE T N clusters F— Efficiency && Min Th ru St 1
Standards of heliostats

€ zigbee (@) Clustering station End-to-End Latency

Cluster head

Entropy-based
Routing

k4

N

= Backhaul

Determination

tified
Pg:lf:rr‘n:a:zce Intelligent Bandwidth
Splitting &&
T ts (QPT
i 3 Interference Mitigation ThrUSt 3

No

Key Performance
Indicators (KPls)

KPls == QPTs
??

-~

optimal tranmission power &&
intelligent bandwidth splitting ratio
between access and backhaul
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Integrated Access and Backhaul Technology o

——— Route
Access

—— > Back Backhaul
—— > Front Backhaul

~—
-

e Maximize energy efficiency and

Distributed
Optimization 5

minimize end-to-end latency.

e Determine optimal uplink

transmission power and bandwidth

Optimization 4

»(1-n,)B

Pr;z ] ( l'WF]Z)B

allocation.
e Dynamically allocate the limited ISM /N
spectrum. v e 3 ¢
Distributed Optimization 1 Distributed Optimization 2 Distributed Optimization 3
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Artificial Intelligent Network Reconfiguration

and Routing

e Dynamic clustering-based network
reconfiguration.

e Reinforcement Learning (RL)-based
clustering based on distance and
channel gain analysis.

e |[ntelligent cluster-head selection based
on closeness centrality.

e Entropy-based routing to balance traffic

propagation through the network.
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Dynamic Spectrum Management and ”fl.:
Interference Mitigation

e Interference mitigation component on the maximization of
energy efficiency and minimization of end-to-end latency
problem.

e Minimizing the intra- and inter-cluster interference.

C) (O%)
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Testing & Validation

Modeling and simulation for realizing
diverse scenarios and scalability
analysis.

Emulation-based experiments using
OMNET++ to test the networking
aspects.

Partial HELIOCOMM validation at Sandia
National Laboratories (SNL) National

Solar Thermal Test Facility (NSTTF).

conceptual design e components

integration

mass production

heliostat field
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Accomplishments from Year 1 up to Present

11
conceptual design e components e integration e mass production e heliostat field



¥ngm
“T1 [

NTTF@SNL Topology
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Presenter Notes
Presentation Notes
The topology has 128 heliostats.



Segmentation in NSTFF@SNL topology

* Heliostats are grouped into five segments
and each segment is assigned an AP acting

as the IAB node.

* The heliostats are identified with a unique
ID based on the channel condition (path
loss) between the heliostat and the

corresponding IAB Node.
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Routing in NSTFF@SNL topology

* The optimal route is determined following the o — \F:?;reltr_ssklink
--------------- » Fiber lin
Dijkstra’s algorithm based on the lowest total o AP (IAB Node)
H cs

cost.

* In this application, the cost is taken to be path
loss determined with the 3GPP model and the
optimal route is the end-to-end path with the ° \AB Donor

. )

lowest path loss.

conceptual design e components e integration e mass production e heliostat field 14


https://github.com/sadman-siraj/wireless_modules/blob/main/Spec%20Document%20-%20Study%20on%20channel%20model%20for%20frequencies%20from%200.5%20to%20100GHz.pdf

Considering the transmission power
bound of the modules Tl CC1312R and TI
CC1352R, the maximum transmission

power is set to 25mW.

The higher the ID of a heliostat in a
segment, the higher is its channel gain
with the IAB node. This results in a lower
transmission power required for a
heliostat with higher IDs.

Heliostat's Transmission

N
bk

Power (mW)

=
©

N
©

=
U

Segment 1
Segment 2
Segment 3
Segment 4

10 20

30 40

Heliostat ID
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Presenter Notes
Presentation Notes
Due to interference among the simultaneously transmitting heliostats connected to the same AP, the more the number of heliostats in a segment, the higher the interference, hence, the heliostats transmit with higher power.


https://github.com/sadman-siraj/wireless_modules/blob/main/Datasheets/%5B6%5D%20cc1312r.pdf
https://github.com/sadman-siraj/wireless_modules/blob/main/Datasheets/%5B7%5D%20cc1352r.pdf

transmitting power results in an

] L
30
—— Segment 1
—— Segment 2
* The higher the transmission power, the
lower is the achieved energy efficiency. 201 —— Segment 3
Hence, the downward trend of Segment 4 l

upward trend for the energy efficiency.

=
©

Heliostats's EE (x10° bits/))

3

0 10 20 30 40
Heliostat ID

16



— Wireless link

® AP (IAB Node)

| cs

° IAB Donor

* Segments 1 and 2 have no backhaul links to m

o
[T
N

relay traffic coming from other segments,

hence, the heliostats in those segments —— Segment 1

experience lower latency. 0.10 —— Segment 2
0.08; —— Segment 3
e Segments 3 and 4 both have backhaul Segment 4

connections, resulting in 43(heliostats)+
2(backhaul) = 45 total connections and
46(heliostats) + 1(backhaul) = 47 total
connections, respectively, resulting in a

o
o
o

o
o
N

higher latency for the heliostats in segment 4.

Trans. & Propagation Delay (s)
=)
=)
(o))

o
o
o

0 10 20 30 40
Heliostat ID
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Presenter Notes
Presentation Notes
Any heliostat in a segment whose IAB node uses solely its backhaul for transmitting the data of its heliostats, i.e., not acting as a relaying AP, performs better in terms of latency as the entire forwarding backhaul link is dedicated to the heliostats of the specific segment.



-H
IAB Node Transmission Power

: ~ 261
* In order to transmit the data collected .g
from the heliostats, all the IAB nodes are 2 __

. L . € =255
required to transmit with the maximum v =
transmission power, i.e., 25 mW, as I'_E: 251 . . . .
indicated by the hardware specs of the » %’

)
wireless modules (Tl CCI312R or TI B 245
CC1352R). Z

(2]

< 24

1 2 3 4
IAB Node ID
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Presenter Notes
Presentation Notes
The optimization problem is solved with the constraint of maintaining a received power above or equal to the receiver sensitivity (critical constraint to be able to decode the received signal).


https://github.com/sadman-siraj/wireless_modules/blob/main/Datasheets/%5B6%5D%20cc1312r.pdf
https://github.com/sadman-siraj/wireless_modules/blob/main/Datasheets/%5B7%5D%20cc1352r.pdf

IAB nodes 1 and 2 have higher EE as both the APs
only serve the heliostats in the cluster and have no
backhaul connections. However, IAB Node 2 has
larger number of heliostats in its access compared
to IAB Node 1, hence the EE of IAB node 2 is lower
than IAB node 1.

IAB nodes 3 and 4 both have backhaul connections,
resulting in 43 (heliostats) + 2 (backhaul) = 45 total
connections and 46 (heliostats) + 1 (backhaul) = 47
total connections, respectively, resulting in lower EE.

N
192

IAB Node's EE (x10°)
- N
U =

(IR
o

— > Wireless link
-~ Fiber link

@ AP (IAB Node)
CS

2 3
IAB Node ID
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—  Wireless link
° e Fiber link

AP (IAB Node) . .
; ]
° IAB Donor
 The achievable data rates in the backhaul depend on
the channel through which the data propagate. 25.0 .- —
222.5
* In the current topology, the path loss in the channel .é:
between 4 and its next hop destination, i.e., 3 is the :20.0
maximum, resulting in the lowest backhaul rate. ©
oc
—17.5
o
* In the current topology, the path loss in the channel £ 15.0
between 1 and its next hop destination, i.e., 3 is the §
second maximum, resulting in the second lowest 12.5
backhaul rate. 1 2 3 a

IAB Node ID
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Presenter Notes
Presentation Notes
Given the symmetrical topology, the path loss in the channels between 2 and its next hop destination i.e., 4 and 3 and its next hop destination i.e., 5, have almost equal path loss, resulting in the similar achieved backhaul rate.



 Sandia’s NSTTF topology is taken as the
test topology to perform experiments in
OMNET++ as it has a comparatively lower
number of heliostats.

* A wired IAB network architecture is

established initially for two major reasons.

* A wired network of the test topology can

provide a basis of comparison for the
obtained from the
of the test

emulation results

wireless implementation

topology.

Central Station
]

IAB_network_simulation
CSR
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Data Uploading Phase -
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Create videos with https://clipchamp.com/en/video-editor - free online video editor, video compressor, video converter.




Data Concatenating Phase -H
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Create videos with https://clipchamp.com/en/video-editor - free online video editor, video compressor, video converter.




Data Forwarding Phase -H |
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HELIOCON Baseline Topology
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Presenter Notes
Presentation Notes
The topology has 7683 heliostats.



Segmentation

Heliostats are grouped into multiple segments
to efficiently handle the communication
among the access heliostats, IAB nodes
(segment-heads) and the central station.

Segmentation is done in two ways. Firstly, a
vertical segmentation is done considering a
fixed communication range from the central
station. Then, a horizontal segmentation is
done on top that based on the angular
orientation with respect to the central
station.

700 1

600 1

500 1

400 -

300

200 -

100 1

—-400 —-200 0 200 400
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Segment-heads

* Segment-heads are determined based on
the scoring criteria which is a function of
the closeness centrality and energy
availability.

* Each access heliostat within a segment has
a score based on the closeness centrality
and energy availability and the access
heliostat with the highest score is chosen to
be the segment-head of the concerned
segment.

700

600 -

500 1

400 -

300

200 1

100 1

R T T

vty UL TP
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Presenter Notes
Presentation Notes
Closeness centrality is the average value of a combined function of distance and channel gain.
Energy availability is the portion of the PV harvested energy remaining after mechanical operations are executed.



Routing

* To find the optimal routes to the central station for
each segment-head by using Dijkstra’s algorithm,
potential routes with the corresponding minimum
values of the cost function are determined.

 The cost function is the path loss between a pair
of segment-heads or between a segment-head
and the central station.

* A segment-head has the central station as the
destination in its optimal route by choosing other
segment-heads comparatively closer to the central
station.
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No communication, consume the very minimum of the device electronics g88g8g v o 8 Night
SE5¢S g

No closed-loop-autocalibration (N-CLA) — 1 signal/4999 msec = 0.017 sps with 2 sec latency

Closed-loop-autocalibration (CLA) — 1 signal/251 msec = 4 X 10~° sps with 250 msec latency

The need for CLA and NCLA transmissions at different timestamps has been identified to prevent
incidents where IAB nodes receive CLA and NCLA packets simultaneously.

During CLA signal transmissions, the NCLA segment heads, will function as relays, as their access
networks (NCLA) will be in sleep mode during CLA transmission, and vice versa.
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Grouping of CLA Segments °

300 1

200 4

 We start with the segments sequentially from the first
vertical segmentation and each segment is allowed to .
choose another lowest id non-grouped segment from : 26 o
the horizontal segmentations.

100

600

 Each of the segments in the vertical segmentations
form CLA groups in a sequential manner and then we
move to the segments in the next arc.

200 A

 The algorithm terminates when there are no new ]
groups that can be formed.

0 ]

T
0

CLA Group 1: [0, 2, 4, 12, 18, 22, 25, 29, 41, 63]
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Presenter Notes
Presentation Notes
A segment that has been included in a CLA group is not considered when another CLA group is formed. So, the algorithm takes the lowest id non-grouped segments from the pies sequentially each time a CLA group must be formed.



(a) Total Number of Heliostats in a CLA group: ~1000

CLA Group
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CLA Group
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Segment IDs: [O,
Heliostat Number:
Segment IDs: [6,
Heliostat Number:
Segment IDs: [14,
Heliostat Number:
Segment IDs: [23,
Heliostat Number:
Segment IDs: [32,
Heliostat Number:
Segment IDs: [42,
Heliostat Number:
Segment IDs: [52,
Heliostat Number:
Segment IDs: [62,
Heliostat Number:
Segment IDs: [72,
Heliostat Number:
Segment IDs: [81,
Heliostat Number:
Segment IDs: [90,
Heliostat Number:
Segment IDs: [98,
Heliostat Number:
Segment IDs: [43,
Heliostat Number:
Segment IDs: [53]
Heliostat Number:
Segment IDs: [73]
Heliostat Number:
Segment IDs: [82]
Heliostat Number:

2, 4, 12, 18, 22, 25, 29, 40, 46, 48, 60, 63,
983

3, 5, 13, 19, 26, 30, 37, 41, 49, 54, 61, 66,
996

8, 10, 20, 31, 35, 38, 50, 57, 64, 69, 71, 96]
1000

9, 11, 21, 28, 34, 39, 47, 51, 59, 65, 77, 91]
1083

16, 27, 55, 58, 70, 78, 83, 85, 102]

771

17, 44, 56, 79, 84, 86, 103]

586

1, 36, 67, 74, 87, 94, 100]

731

45, 75, 88, 95, 101]

496

7, 76, 92]

300

89, 97]

68, 80]

15, 93]
199
24]
85
33]
88
99]
178

51

67

(a)

Groups: 16 2>
160 min CLA
Standalones: 3
Less Balanced

Total Number

of Heliostats performing CLA: 7683

(b) Total Number of Heliostats in a CLA group: ~600

CLA
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CLA
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CLA
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Group
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Group
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Segment IDs: [0, 2, 4, 12, 18, 22, 25, 29, 41, 63]
Heliostat Number: 664

Segment IDs: [6, 3, 5, 13, 19, 26, 30, 37, 51, 71, 89, 73]
Heliostat Number: 666

Segment IDs: [14, 8, 10, 20, 31, 35, 38, 97, 82]
Heliostat Number: 662

Segment IDs: [23, 9, 11, 21, 28, 34, 40, 91]
Heliostat Number: 687

Segment IDs: [32, 16, 27, 39, 47, 54, 59, 61, 103]
Heliostat Number: 588

Segment IDs: [42, 17, 44, 46, 48, 50, 68, 70]
Heliostat Number: 599

Segment IDs: [52, 1, 36, 49, 64, 66, 69]

Heliostat Number: 572

Segment IDs: [62, 45, 57, 60, 74, 76, 78, 80]
Heliostat Number: 569

Segment IDs: [72,
Heliostat Number:

7, 55, 58, 77, 79, 83]
545

Segment IDs: [81, 15, 56, 84, 86, 88, 102]

Heliostat Number: 510

Segment IDs: [90, 24, 65, 67, 87, 92, 94] b

Heliostat Number: 588 ( )

Segment IDs: [98, 33, 75, 95, 100] Gr‘oups: 14 >
Heliostat Number: 425 .

Segment IDs: [43, 85, 96, 99, 101] 146 min CLA
Heliostat Number: 443 Standalones: ©
Segment IDs: [53, 93] More Balanced
Heliostat Number: 165

Total Number

of Heliostats performing CLA:
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Grouping of CLA Segments

Total Number of Heliostats in a CLA group: ~600
Selected segments need to be 75m apart to avoid interference

conceptual design e components e integration e mass production e heliostat field
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1 1L
324.0
2323.99994*
[1}]
=
] . E323.99989-
 The energy consumption of the RF modules during b
L. . . >, 323.99983
the transmission is significantly smaller than the 5
el
et . ]
energy harvested. [ 2200078
323,99972-
00:00 04:00 08:00 12:00 16:00 20:00 24:00
 We also performed an analysis for a week where Hours
energy harvest occurs only on Day 1 and no harvest _ 3240
occurs in the next consecutive 6 days. -’f323-999
& 323,998
e
 Even in such worst-case, the charge of the battery 0 323.997
1
. . . . [V}
did not drain enough to drive the heliostats RF £
g §323.995
module incapable of waking up. 393.994

Days
33


Presenter Notes
Presentation Notes
Battery status analysis for a day where 324KJ corresponds to 100% charge of battery.
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NCLA Latency Analysis

e Simulation for a timeframe of 1 day.

2.00
: : , — 1,75
* Analysis of achieved end-to-end latency in all the events >
1.50
where all the heliostats are performing regular § s
=1,
communication (referred to as ‘NCLA only’ events) and % 100
no CLA operation is performed (CLA is performed when :E:o 25
DNI>=500). £
% 0.50/
©
s 0.25
* We have concluded to not having any heliostats 0.00.
requiring an end-to-end latency more than the latency EEEEE885 B ESEEE885RERRRRRE2253

Timestamps
constraint, for the ‘NCLA only’ events, which have

latency constraints of 2 sec.
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Presenter Notes
Presentation Notes
The day long simulation consisted of heliostats operating in standby modes (when the heliostats do not transmit or receive any data) and active modes (‘NCLA only’ events).
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CLA Latency Analysis

‘n
=1.75
>
o 1.50
%1.25
* Simulation for a timeframe of 1 day. TE' 1.00
= 0.75
£
"= 0.50
* Analysis of achieved end-to-end latency in every S 0.25
pOSSible CLA segment group performing CLA 000,53 4 5 6 7 8 9 10 11 12 13 14
. . NCLA Group ID
simultaneously and the corresponding NCLA segment
0.25
group performing NCLA. n
3-0.20
3
e We have concluded to not having any heliostats 50-15
requiring an end-to-end latency more than the latency E .10
constraint, both during CLA events and NCLA events, .goos
which have latency constraints of 250 msec and 2 sec, s

o
o
o

1 1 2 3 4 5 6 7 8 9 10 11 12 13 14
respectively. CLA Group ID
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Presenter Notes
Presentation Notes
The day long simulation consisted of heliostats operating in standby modes (when the heliostats do not transmit or receive any data) and active modes (consisting of CLA and NCLA events).



¥ngm
1

NCLA Data Rate Analysis

ot
n

e Simulation for a timeframe of 1 day.

oS
IS

* Analysis of achieved data rate in all the events where all
the heliostats are performing regular communication
(referred to as ‘NCLA only’ events) and no CLA

ot
W

e
N

operation is performed.

e
[

* We have reached to a conclusion that by having 95
Bytes to transmit, the achieved data rate is high enough  gsngusasys

Minimum Data Rate [KB/s]

¢
o

HHHHHHHHHHHH

for transmission, during the ‘NCLA only’ events. T
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Presenter Notes
Presentation Notes
The day long simulation consisted of heliostats operating in standby modes (when the heliostats do not transmit or receive any data) and active modes (‘NCLA only’ events).
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CLA Data Rate Analysis

» 0.5
)
N4
0.4
I
0.3
©
8
 Simulation for a timeframe of 1 day. e 2
E 0.1
c
* Analysis of achieved data-rate in every possible CLA 2 0.0
: 1 2 3 4 5 6 7 8 9 10 11 12 13 14
segment group performing CLA simultaneously and the NCLA Group ID
corresponding NCLA segment group performing NCLA. 'g"‘
X5
2
* We have reached to a conclusion that by having 95 Ba
Bytes to transmit, the achieved data rate is high enough £3
(a]
for transmission, both during CLA events and NCLA £2
=
events. £,
=
=

o

1 2 3 4 5 6 7 8 9 1011 12 13 14
CLA Group ID
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Presenter Notes
Presentation Notes
The day long simulation consisted of heliostats operating in standby modes (when the heliostats do not transmit or receive any data) and active modes (consisting of CLA and NCLA events).



NCLA & CLA Latency Analysis

¥emp
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* Simulation for a timeframe of 1 day. Analysis of achieved end-to-end latency for CLA and NCLA

operations across all the timestamps in the day when DNI is non-zero.
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o
0'1.25
o
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0
90.50
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0.00,
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06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00
Timestamps
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CLA: Latency [s]
o
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0.05,

0.00

(b)

JH!'?“

06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00
Timestamps
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NCLA & CLA Sampling of Data Rate Analysis o=

* Simulation for a timeframe of 1 day. Analysis of achieved date rate for CLA and NCLA operations across
all the timestamps in the day when DNI is non-zero.

35/ (a) . : 33 (b) |
¥ 30 w30
(28] ! 14 m °
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o ' ° ! ° 1 s ° ° ! . [ : i ° + ® $ s : ° . ® [ ]
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; s $ $ ’ ° ! ' l ' I alo ° S ¢ ® ¢ $
== 10 ° ! ° ° ° [ ] [ ] ° ° . e 1 * ° ° : *
< ° ° ° ° . ¢ : ! ! ! , s < ° ° ° | $
- . . : ° ° e . ) ° ° ° ° ° B | ° : L] .
LIRS SRR S B I N i i ° IR R
: H
PN N T U N N O RO I B P N T T T O B I
06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00
Timestamps Timestamps
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Maximum NCLA & CLA Latency Analysis
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e Simulation for a timeframe of 1 week. Analysis of the maximum achieved end-to-end latency for CLA
and NCLA operations for all the timestamps in each day when DNI is non-zero (CLA is performed when

DNI >=500).

2.0 () 0.30
=18 ©0.25
g o
S € 0.20
216 ﬂ A g
A ©

: -0.15
5 1.4 X
= = 0.10
<1.2 <
- " |
o 0.05
2 N U
1.0 0.00
Dayl Day2 Day3 Day4 Day5 Day6é Day?7?7
Days
conceptual design e components e integration

| (b)

|

h

|

!

|

U

Dayl Day2 Day3 Day4 Day5 Day6 Day?7
Days
e mass production e heliostat field 40



¥ngm
1

Minimum NCLA & CLA Data Rate Analysis

* Simulation for a timeframe of 1 week. Analysis of the minimum achieved data rate for CLA and NCLA

operations for all the timestamps in each day when DNI is non-zero.

—1.357 () _8 (b)

) 57
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Comparative Analysis for Different -H
Communication Range

* Considering different wireless modules supporting 75 m and 120 m communication range.

2- | GA
00 /1 NCLA 3
1.75] CLA _53",
21.50- E‘
?1.25- 5
0 3
+1.00; 39
- ©
X 0.75 g
© 2.2
= )
0.50 @
1 &
0.25; =
=

0.00- -0

75 120
Communication Range [m]
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Presenter Notes
Presentation Notes
For a larger supported communication range, the maximum experienced latency is substantially decreased  with the cost of a decreased minimum received power, due to the deteriorated channel gain conditions for larger communication distance.


Comparative Analysis
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e Considering different wireless modules supporting 75 m and 120 m communication range.

=]

(a)

o O
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NCLA: Energy Efficiency [MB/]]
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WA ey

Average

@@ Comm. Range = 75 [m]
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CLA: Energy Efficiency [MB/]]
R N W & U @@ N ©
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(b) @@ Comm. Range = 75 [m]
S Comm. Range = 120 [m]
| Wr77 77—

Average

Maximum
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Presenter Notes
Presentation Notes
The heliostats' data rate is deteriorated for larger communication distances due to the deteriorated channel gain conditions. Thus, the achieved energy efficiency is decreased under both the NCLA and CLA functionalities.


2 Years Latency Analysis
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* Simulation for a timeframe of 2 years. Analysis of the maximum achieved end-to-end latency for CLA

and NCLA operations each day across the 2-year simulation duration.
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Presenter Notes
Presentation Notes
The maximum latency constraint set for NCLA events (2 sec) is achieved.
The maximum latency experienced is slightly higher than the maximum latency constraint set for CLA events (250msec)
The heliostats residing at the edge of very large segments and/or irregularly shaped segments experience this high end-to-end latency.
Direct consequence of the shape/size of the hard-set segments. 



2 Years Data Rate Analysis

* Simulation for a timeframe of 2 years. Analysis of the minimum achieved data rate for CLA and NCLA
operations each day across the 2-year simulation duration.
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Presenter Notes
Presentation Notes
The minimum data rate maintains a rate in the orders of Kilobytes per second, which is much larger than the size of the packets that the heliostats need to transmit (i.e., 95 Bytes). 
During the two years duration, there were days not having enough DNI to trigger CLA events (which occurs only when DNI values are greater or equal to 500 W/m2), resulting in zero values in data rates and latencies.



Emulation in OMNET++

* We have built our own radio module to consider our
system model components including path loss,
personalized transmission power, data rate, etc.

* We have built our own UDP (User Datagram Protocol) ¥ g gm e A 3 g g 4
Application for the IAB nodes to collect packets from the £} g g X % g g 2
access network and forward it to the next-hop - 4 ¥y £
destination. o g g 4

Access Networks

..................
mmmmmmmmmmmmmmmmmmmmmmm


Presenter Notes
Presentation Notes
Scalability of wireless networks is limited in network emulators due to the broadcast nature of the communication.
We are currently working on splitting the entire network into multiple emulation events and work on the log files to compile the results.



HELIOCON Baseline Topology: Clustering
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Presenter Notes
Presentation Notes




HELIOCON Baseline Topology: Cluster-heads
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Presenter Notes
Presentation Notes
Cluster-head Selection Process
The cluster-head selection process is iterative in the sense that all the heliostats in a cluster result in determining their individual scores.
Each cluster is analyzed to find the potential cluster-head for the cluster in terms of the scores generated.
The heliostat in a cluster which has the highest score as well as it is in a coverage range of less than or equal to 75 m with the cluster-heads chosen in the preceding clusters is chosen as the cluster-head.
This means that the clusters at the upper edges of the field (with no preceding clusters) simply chooses the heliostats with the highest scores as their cluster-heads.



HELIOCON Baseline Topology: Routing
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Presenter Notes
Presentation Notes
Dijkstra Routing Process
The routing is initiated from the cluster-heads in the segments nearest to the central station and then progressing vertically upwards towards the edge of the field.
Cluster-heads are allowed to choose a cluster-head from the neighboring clusters to form an end-to-end route to the central station.
Cluster-heads are also allowed to choose from the neighboring clusters (left or right direction).
If no cluster-heads are found from the neighboring clusters, then the cluster-head can proceed to choose a cluster-head from its own segment.
When multiple cluster-heads are potential candidates to form a route, a cluster-head is chosen based on the minimum path loss criteria.
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Presenter Notes
Presentation Notes
Dijkstra Routing Process
The routing is initiated from the cluster-heads in the segments nearest to the central station and then progressing vertically upwards towards the edge of the field.
Cluster-heads are allowed to choose a cluster-head from the neighboring clusters to form an end-to-end route to the central station.
Cluster-heads are also allowed to choose from the neighboring clusters (left or right direction).
If no cluster-heads are found from the neighboring clusters, then the cluster-head can proceed to choose a cluster-head from its own segment.
When multiple cluster-heads are potential candidates to form a route, a cluster-head is chosen based on the minimum path loss criteria.
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Questions?

www.nrel.gov csp.sandia.gov

Subscribe to HelioCon:
- Heliostat.Consortium@nrel.gov
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NSTFF@SNL topology: EE Optimization

Energy efficiency optimization for IAB nodes within sub-second latency

* The optimization problem of the IAB nodes is formulated as follows.

BH
max EEy (w¢, Py.) = e
NA®e Py, ) =
we, Py, ZVth]‘[C Phc + ZVC’ENI?C}[ PNCI + PNC

s.t.cl: 0w, =<1
c2: Py < pM**
c3: Py, =P°
c4: t,’fCZE < tM¥X Vh, € H,

* The resulting data rate achieved at the backhaul by IAB node N, is given as:

In.Pn
RBH = (1 -w.)B.log,| 1+ €€
Ne c/5c 1082 ZViEf’NC gipi + (1 - (*)C)BCNO
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NSTFF@SNL topology: EE Optimization

Energy efficiency optimization for access heliostats within sub-second latency

* The single-variable optimization problem of the access heliostats is formulated as follows:

RAC
EE, (P, ,P_, )= -
X EEn (Pro Pon) = 5=

cl: P, < pmax
€2:P,_y, = P°,Vhe € H,
€3: tyF < tM,Vh, € H,

* The resulting data rate achieved at the access network by heliostat h_ is given as:

In. Pn
RAC = w.B,log, | 1 + £ ¢
e ce 2 ( ZViEﬂhc Ji Pi + (DCBCNO>
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1 | L
.- KA
. . « e . g ® @@1 | 1 tN,
Energy efficiency optimization within sub-second latency (h: ]
* The corresponding transmission delay experienced by heliostat h, with the achieved data rate: : -
E2E _ ;AC | +BH | BH BH — max @ Vnethcss |
tht = tho + ity gl + z tyd < t™AX,Vh, € H,

r'e
}

* Where, the delay experienced in the access network and the backhaul network of its own segment is

VnE{NC+2,...,|NI\70

: Dp Dp :
given by t,fcc = —ac and t,’ff’ = v, , respectively.
h¢ hc BH

R
AC BH "N¢

2vncette Rhe 2y erepBH RNer

C

* The rest of the term ty_, . and tﬁf capture the latency experienced at the backhaul of the subsequent

segment-heads within the route of data transmission from heliostat h,. to the CS, and are given as

Yheet, D Dy
c — .
BT and =7 , respectively.
N¢ RII\?]H Nn—1 RII\S‘]H
AC BH c+1 AC BH
Zvhc+1€}fc+1 Rhc+1-I-Zv(;/eNgfI'I_l_1 RNcr ZthEH/n Rhn+ZvCleN%}[ RNcr
(o] n

55



Segment-head selection process
« Asegment s with heliostats denoted by H is considered.

* Segment-head selection process is initiated with the calculation of weights wy,_ of each heliostat hg with other heliostats h; in the
same segment.

D(hg, hl) = — logz(d(hs, h;)), where d(hg, h) is the actual distance between h, and h
G(hg, hy) = —log,(g(h, hy)) , where g(hg, hg) is the actual channel gain between hg and hg

DG(hg, hg) = wpD(hg, hy) + wg — 1 where wp, W are the weights for the distance and channel gain dependent terms respectively

G(hshs)’
whs(hs,h;) = DG (hg, hy),Vh, € H,, hg + h,

« Towards selecting the segment-head shg of segment s, the concept of closeness centrality CC is utilized.

CC(hy) = z [th (B, o)

H,| —1
VhIEH, 1]
hs#h}
e The score of heliostat hg as a function of closeness centrality CC and energy availability E in the segment s is defined as follows:

score(hg) = wecCC(hy) + wg ,’jg‘;i , Where w¢¢, Wy are the weights for the CC and E values respectively

* The heliostat with the highest score is the chosen segment-head: shy = argmax{score(hy)}
VhEH
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Energy efficiency optimization for IAB nodes

* The optimization problem of the IAB nodes is formulated as follows.
Ry

max EEy (ooc,PN) =
c c
@ePN Livhees, Pre + Ly reppre Pucy + P

s.t.cl:0<w, <1
€2: Py < Pmax
C
c3: Py, =>P°
c+1
c4: tp*" < t™*, vk € H, U Ny

* RyY: achieved data rate of IAB node N, in the backhaul
* Py_: transmission power of IAB node N, in the backhaul
* Py :transmission power of access heliostat h;,Vh, € H,

* Py, V¢ € NN ,@7{ : transmission power of IAB node/IAB relay connected to the backhaul of IAB node N,
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HELIOCON Baseline Topology: EE Optimization

Energy efficiency optimization for IAB relays

* The optimization problem of the IAB nodes is formulated as follows.

Ry
max EEy (Py.) = -
Py, c( c) ZVC’EN]\?Z[ PNc/ + PNc

s.t. c1: Py_< P™**
c2: Py =P
c3: t*F <t vk € NH

* Ry achieved data rate of IAB node N, in the backhaul
* Py _: transmission power of IAB node N, in the backhaul

* Py, vc' € IV, ,\%’{ : transmission power of IAB node/IAB relay connected to the backhaul of IAB node N..
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HELIOCON Baseline Topology: EE Optimization

Energy efficiency optimization for access heliostats

* The single-variable optimization problem of the access heliostats is formulated as follows:
AC
R,

P, +P.

c

rIrJIf?CX EEhC (Phc’ P—hc) =

c1: P, < pmax
c2:P; y. = P5,Vh, € H,
c3: t;?F < t™M*, Vh, € H,

* Pp_: transmission power of access heliostat h;,Vh, € H,
* R}“: achieved data rate of heliostat h, in the access
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HELIOCON Baseline Topology: Transmission Delay¥= -

* The corresponding transmission delay experienced by heliostat h, with the achieved data rate:

thot = the + ity + z ty < t™MX Vh, € H,

VnE{Nc+1,...,|NI\>;C

* Where, the delay experienced in the access network and the backhaul network of its own segment is

. Dp, Dy
given by tj¢ = —i¢ and tp! = —f7, respectively.
hc N¢

* The rest of the term capture the latency experienced at the backhaul of the subsequent segment-
heads within the route of data transmission from heliostat h. to the CS.
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Required parameters:
- * Length of the mirror: L
HELIOCON Baseline Topology: : tesotmirorpvat
T Angle of elevation: ze [degree]
o _ ® * Height of the top of the mirror:
Position Updates (90 — 20) = 1
= h' = L/,sin(90° — ze)
Elevation Angle (Side View) w2z’ =h+h
e *  Updated position (x',y"): ~
x'=x

y' =y —L/,sin(ze)

conceptual design e components e integration e mass production e heliostat field
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B
Required parameters: *. []
]

HELIOCON Baseline Topology: . ienethof the miror: £

* Angle of azimuth: 2a [degree]

POSitiOn U pdates «  Updated position (x',y’,2"):

x'=x — L/Z sin(za)

y' =y — L/Z cos(za)
Azimuth Angle (Top View) 7 =z

X — axis
X — axis

y — axis y — axis

!

y
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In the 24-hour timeframe, the energy and DNI (Direct Normal Irradiance) data are taken as input after
every 5 minutes to determine the mode of the heliostats.
The heliostat can be in one of the two modes: “STANDBY” or “ACTIVE”.
* STANDBY mode: Heliostats are not transmitting and only the “energyg;anapy” in consumed.
* ACTIVE mode: Heliostats are transmitting by consuming “ energyiransmission

”energ Yy active”-
In ACTIVE mode and for a particular timestamp, heliostats are performing “NCLA” or both “CLA” and
“NCLA” depending on the DNI in this timestamp.

The battery status of each heliostat is logged at every step of the simulation (at an interval of 5
minutes).

and



HELIOCON Baseline Topology:
Energy Availability

Simulation Parameters

¥ngm
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time_interval =5 * 60 [s]

* VDDS - 36 [V]
o ISIPY = 292 %1076 [A]

tandb . .
* energysiandby = Vpps * IzggE Y « time_interval

b VDD$ = 36 [V]

o J3EEVE = 2.89 %1073 [A]

* Ipgripuerar = 750.1 % 107° [A]
* Vsgnsor = 3.0 [V]

i ISENSOR = 8085 * 10_6 [A]

_ standby . .
* energyctive = (VDDS * (1 core . T 1 PERIPHERAL) + Vsensor * ISENSOR) * time_interval

* battery,,,, = 324 [K]J] # 100%
* battery,,;;, = 65 [K]] # 20%

Reference: TI CC1312R, Pages: 12, 62
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https://github.com/sadman-siraj/wireless_modules/blob/main/Datasheets/%5B6%5D%20cc1312r.pdf
https://github.com/sadman-siraj/wireless_modules/blob/main/Datasheets/%5B6%5D%20cc1312r.pdf

HELIOCON Baseline Topology: ... @ @ H
Energy Availability Access Heliostats ‘

tac

Simulation Parameters

* Access Heliostats:

* energyYiransmission = P transmission * tﬁc []]
D
y tﬁc = AhC [s]
R},

 Segment — head Heliostats:

_ BH
* energyiransmission — P transmission * th []]

Dh+2 1D,y
D 20 )
h

[ tEH —_—
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Simulation Overview

e timestamp after every 5 mins

energyharvested = €ENETgy[timestamp|

energyconsumed = [0, -, 0]
¢ if DNI[timestamp] =0

mode = ‘STANDBY’, energy .onsumea += €nergy standby
e clse

L mode = ‘ACTIVE’
if DNI[timestamp] >= 500
event = ‘CLA’, optimization_CLA(event)

— CLA
energy consumed += energy transmission + energyactive

event = ‘NCLA’, optimization_NCLA(event)

_ NCLA
energyconsumed += energyiransmission + energyactive

° batterystatus = batterystatus + energYnarvested — ENETrGgY consumed

The net energy is the difference between
energy harvested and energy consumed.

If there is positive net energy and the
battery status is not battery,,,,, the
surplus energy harvested is added to the
battery to have status set to battery,, -

If there is negative net energy, we subtract
the net energy from the battery status.



In order to initiate the RL-based cluster formation subsequent to the segmentation, each
heliostat utilizes the distance and channel gain values with other heliostats in the same segment.
Each heliostat h (agent) determines the following to select another heliostat h':

DG(h,h ) - WlD(h,h ) + Wy G(h’ h,)
where, D(h, h') = —log,(d(h,h")) and G(h, h") = —log,(g(h, h")).

In each iteration of the RL algorithm, the agent h selects an action a,ife from its set of actions 4,

and subsequently update the Q-value of the selected action to Qh(a}ife). The Q-value update rule
is as follows:

Qh(aiilte) = Qh(aiilte) T o * (Riilte — Qh(alizte))

where, R,ife denotes the reward assigned to the agent for the chosen action.


Presenter Notes
Presentation Notes
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To compute the reward, the silhouette analysis is performed. For each heliostat h in a cluster ¢, the average similarity
th’ecDG(h’h’)

lc]-1
For all other clusters ¢’ within the same segment, the average similarity with all the other heliostats is computed as
ZVh’EC’ DG(h’h,)
T
The silhouette value of h is then determined as follows:

S, = Pn — qn

B max{ pp, qn}

with all the other heliostats in the same cluster is calculated as p;, =

qnp = min

If S, > 0 it indicates that heliostat his appropriately clustered. If S;, < 0, it suggests that heliostat A might be
more suitably placed in a different cluster within the same segment. When S5, = 0 it means the heliostat is
positioned between two neighboring clusters.

The reward R¥¢ is calculated based on the silhouette analysis as R,"fe(a;'fe) = Sp. To achieve a balance

between exploration and exploitation, the e-greedystrategyis employed with a decayscheme.

e=dite, d="|L
) EO
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* To have more uniform clusters, another RL algorithm has been used which considers the expected reward (first term)
and the uncertainty related to the reward (second term). Based on these considerations, the action selection criteria
is updated as follows:

ai® = arg max (Qp + Co
e

ap

where, @, is the expected reward, ¢, € R is the confidence level, ite is the number of iterations, and Né’;f is the

number of times the action atf® has been chosen prior to ite.

* Since, the exploration-exploitation trade-off now stems from the action selection criteria, the e-greedy strategy has
been discarded.

* The remaining sections ofthe clustering algorithm are similar to the Q-learning inspired RL algorithm where an
each heliostat chooses another heliostat to form a cluster with, determines the reward through the silhouette

analysis, updates the Q-value and determines the action forthe next iteration.
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* A cluster ¢ with heliostats denoted by H . is considered.
* Cluster-head selection process is initiated with the calculation of weights wy_ of each heliostat h, with other
heliostats h. in the same cluster.

D(h¢, h.) = —log,(d(he, hy)), where d(h,, h.) is the actual distance between h, and h/,
G(h., h,) = —log,(g(h. h;)), where g(h,, h;) is the actual channel gain between h, and h;,

DG(h,, h.) = wpD(h,, h.) + w; ——~ , where wp, w; are the weights for the distance and channel gain dependent

1
G(hC C)
terms respectively
Wy, (he,) h.) = DG(h., h.),Vh, € H,, h. # h,
» Towards selecting the cluster-head ch, of cluster ¢, the concept of closeness centrality CC is utilized.

th(h 'h’)
CC(he) = Z [ 7 lc_i
VhLEH, ¢

he#h/
* The score of heliostat h, as a function of closeness centrality CC and energy availability E in the cluster c is defined as

follows:

score(h.) = wecCC(h,) + wg E(hc) , Where wgc, wg are the weights for the CC and E values respectively
c cc Emax cc
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Hugm
Power Sensitivity Analysis e

* Simulation for a timeframe of 1 week. Analysis of the minimum received power for CLA and NCLA
operations each day.

1.5323

(o))

(b)

5.00097 5.10678

3.71003
3.16513 3.16473 3.23127
I I I 1
Day 1

Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
Days

Ul

1.5322

S

1.5321

W

N

£1.5320

=

NCLA: Min. Received Power [W] (1e-10)

CLA: Min. Received Power [W] (1e-10)

o

1.5319
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Receiver power sensitivity of the wireless modules is 2.51 ×  10 −13  [W].
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