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1 Research Background



1. Research Background: Micro robots and devices

Crazyflie 2.1 Micro UAV CoulombFly Micro UAV Aerial-Ground Robot

(27g,2019) (5g, 2024) (27g, 2025)
Advantage Disadvantage
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| . » Limited computing power and i

spaces - .
: : mem acit
. » Low cost: easy for large-scale deployment | | emory capacity : .
- » Low battery capacity; restricted '

" > High extensibility: supports various types . :
: 9 Y- SUPP YP | operational range
of sensors SN
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1. Research Background: Micro robots and devices Swarm

How to resolve:

Forming swarms of micro robots or i > High operational efficiency: enable swarm

to execute multiple concurrent tasks.
' » High fault tolerance: single-node failures
do not disrupt overall operation

devices to work collaboratively is
key to overcoming these limitations.

_____________________________________________________

" > The high node density and close proximity
demand real-time ranging

> High precision and Low latency.

Real-time, high-precision ranging sensing is essential for
enabling effective swarm collaboration.



1. Research Challenge: Perception of Relative Distances within Swarm

Challenges in relative distance perception

' » High efficiency, Ranging sensing must

High- large number of robots - i make full use of limited channel resources.
anci i ' » High Robustness, Range sensing must

Challenge: How can we design an efficient and robust swarm
ranging protocol that achieves high-precision, low-latency ranging

In dense and dynamic robot swarms? S, :
Bt be |

sufficiently accurate to prevent collisions

{High-dynamicImtOts 20 MEEVEE ol J require > > Low latency, distance sensing must respond

locations change rapidly promptly to changes in the topology

_______________________________________________________




Ultra-Wide Band (UWB) technology

» UWB propagates data at high bit rates over a wide frequency
spectrum(3.1~10.6GHz)

> So time sensitive that an accurate distance can be calculated
using transmit and receive timestamps

» Ranging accuracy around 10 cm

‘1 LTE WiFi UWB
1.6 1.9 24 25 3.1 5.0 10.6

Frequency spectrum(GHz)



Related Work: Principle of DS-TWR protocol

« The UWB ranging protocol in IEEE 802.15.4z-2020 standard:

Double-Sided Two-Way Ranging (DS-TWR)
« exchanging a total of 4 messages

* Four message type: poll, response, final, report

B 1% R, reply 7, round Ry
n time b, |_ time by time
(@)
5 3 g G\ (carry Ry, Ty, R
<, =] S % time stampss
(@) .
AL round reply time
- Tp time agq RT time ap Tf

In high-density many-to-many scenarios, this approach is

inefficient, suffers from performance limitations, and cannot
be easily scaled

Six Timestamps for the Send-
Receive-Send Sequence

4

aq =R, — Ty, by=T, — R,
bd =Rf_TT'i Clp= Tf_R‘r'

( TOF equation )

t, = .
L P ag+bg+ay,+b,

distance calculation

distance = t,c, (c speed of light)

)
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Related Work: Principle of Swarm Ranging 1.0 (SRv1) protocol

-

« Only one type of message implement Streaming Ranging

« Each device broadcasts ranging messages at specific intervals

- AL
RS f T T \ [ \ [
Bl — |
A‘/g,.\ C l:é;‘\
- [ANQING Message Bl
® broadcast ranging message -

Under the conditions of consistent ranging period and zero packet loss,

each received message enables a new ranging. By fully utilizing
every message timestamp, we achieve a pipelined ranging mechanism.

0 8
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32 bytes

Source address

Message sequence

Message

Last Tx timestamp sequence | [~ Header

Last Tx timestamp

Neighbor address 1

Rx timestamp sequence

Rx timestamp

Body
Unit

Neighbor address n

Rx timestamp sequence

Message

Rx timestamp

Body

(a) ranging message format
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2 Motivation and Core Idea
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2. Motivation and Core Idea

[ motivation 1 ] [ motivation 2 ]
25 77.7% 49.6% case by case
\ Y J \ Y
gap is so large complex, hard to scale, and difficult to analyze.

(28% ranging opportunities is loss)

__________________________________________________________________________________________________________

-
7/
4

il » What factors lead to ranging . » What is the theoretical upper bound of

. performance degradation ? ranging performance ?

» How can we design to reduce the loss » How can we approach this theoretical |
. of ranging opportunities ? ) 5\ limit to achieve optimal swarm ranging ?

Analysis and redesign this protocol to achieve

an optimal swarm ranging (2.0 version)



2. Core Idea: maximize the number of ranging

1. Ranging Message and Ranging Table Redesign

(

Y

ranging table on Y side

Ry, Ty T\R4 Ty ‘Q4 Ty
1] ] <12 2 <13 3
Y e

time

A >
Ty Ry T - T Ry
Aside?? 11 ‘4I/R e ‘43( '3

~N

‘QQ@ Ty, Ty, QAG >

Ty, QAO- 4

change
ranging logic
to go optimal

—>
Ty, fkn Ty, (R}}—TA(,

a single packet loss leads to
multiple missed ranging

(a) SRv1 calc. dist. upon recv

0S
opportunities

regular ranging

sedr

>

( Ry Ty,

compensatory
ranging
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2. Core Idea: maximize the number of ranging

2. State machine design for modeling and analysis

Other robots/devices Other robots/devices
receive 1 ranging receive r U
ID seq| Tl Rl R2 R3 nlessag? ID seq Tl Tz Rl R2 R3 * 8
transmit change transmit 8
Current robot/dev. Current robot/dev. = > By regular and compensatory ranging
if (...) + . . .
_ % » By redesigned ranging message and ranging table
if (... .
. 20 » By state machine
else | |FARZING =
e logic = We prove SRv2 is theoretically optimal and pushes
. ].c o d o ° . . .
if(.] | SE = the classical DS-TWR method to its limits
else =
=
©
upda‘teA =
Y ranging e
1 table 8'
' changed >

SRvl SRv2
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3 Optimal Swarm Ranging Protocol Design
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3. Design of Swarm Ranging 2.0 Protocol

(1) Compensatory Ranging and Ranging Table Design
r \

Y Ry, 1y, Ry, Ty,

14 '4 time)
Y l Y Xyl
1 \Y1 A Y, (,X)A3 3+ QA Y Yy, t
A , , . tlme)

TAI RY] TA2

C
RY_, Inconsistent Ranging Duration

Inconsistent Ranging Duration: refers to a
sub-duration during which a robot/device
A receives k packets (k > 1)from
neighbor Y, while Y receives none from A,
either due to packet loss or unsent packets.
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3. Design of Swarm Ranging 2.0 Protocol

(1) Compensatory Ranging and Ranging Table Design
r N ( )

regular ranging method

)
A Ry, Ty, Ry, Iy,
time
A Y1 Ay
A time
Ty, Ry, Ty |R — — . /
A 1 145 Y, Inconsistent Ranging Duration

STEP ) Ranging Table

A Receive Y3 & Compute Distance

Inconsistent Ranging Duration: refers to a Regular Ranging Method
sub-duration during which a robot/device
A receives k packets (k > 1)from
neighbor Y, while Y receives none from A,
either due to packet loss or unsent packets.
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3. Design of Swarm Ranging 2.0 Protocol

(1) Compensatory Ranging and Ranging Table Design

4 A regular ranging method: using six timestamps
TR compensatory generated from three messages: the most
v Ra,ly; Ry, Ty, . ranging method S recent send-receive-send sequence.
: A time
: ' L
Arc V1 A [V, (Vs
A | N 3 time)
T - _J \_ J
Iy 1 Ry 1 I A, Ryjlnconsiste;;t Ranging Duration
""""" STEP _______RangingTable
A Receive Y3 & Compute Distance szRAI I,=T Y; Ry =RA2 :
Inconsistent Ranging Duration: refers to a Regular Ranging Method | Ro=T4 | R=Ry, | Ty=T4, | R.= Ry,
. . . . R, RA2 T,= Ri=
sub-duration during which a robot/device Rearrange tht Table TR=Ta [ BR[| 1= | 7o
: ] : R,=Ry, | =Ty, | R =
A receives k packets (k > 1)from Cannot ranging ] Rf,=rj; e T;: —
neighbor Y, while Y receives none from A, - \ . ]
either due to packet loss or unsent packets. Only 4 timestamp(need 6 for ranging)
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3. Design of Swarm Ranging 2.0 Protocol

(1) Compensatory Ranging and Ranging Table Design

.
regular ranging method regular ranging method: using six timestamps
e L compensatory generated from three messages: the most
1 ’ .
v RAI: ¥, Ra, |1y, :T’ rangmf method . recent send-receive-send sequence.
: - ! time compensatory ranging method: using six
[ | .
A, Y1 A Y2:®A Y3“‘®AkYk Yis1 timestamps generated from three messages:
A : 1 403 ! time. the most recent receive-send-receive sequence.
T , — J L J
Iy :RY ; L4, Ry . Inconsistent Ranging Duration — —
. @ T TTmmmmmes - y oD ew Ranging Table
A Receive Y3 & Compute Distance Ty= | szRAI Tr:TY] Rr=R,,
Regular Ranging Method Ry= : Ry=Ty, | R=Ry, | Tr=14, ;Re=RY2
To-Ty, |R-R. | T. [ rR<=
Rp T, | R f T b R p Tr R f Rearrange tht Table R;l:= R);I RZ: sz R]i Ry I;j:_ 7
‘ Ji 2 r 2 — e
Tp| Ry | Tr| Re A Receive Y3 & Compute Distance :‘[szTYJ Ry=Ry, | T,=Ty, | Rs=
P S Rb Tp Rr Tf Re Compensatory Ranging Method 1Rb=RY1 R,=T4, | R-=Ry, : Ty= R.= Ry,

Every incoming packet triggers a new ranging
calculation I | /
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3. Design of Swarm Ranging 2.0 Protocol

(2) Design of Ranging Message for Packet Loss

(a) Packet loss on our side: This is equivalent to Inconsistent Ranging Duration

___________

Y ALY

! ! time
i
Ry Ta; R J Ty RYy1

A

(a) Packet loss on our side
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3. Design of Swarm Ranging 2.0 Protocol

(2) Design of Ranging Message for Packet Loss

o —— — — — — — — — e e e |

Source address Message sequence

Last Tx timestamp 1 sequence

Rulel: The SRv2 protocol I
incorporates multiple last |
I
I
I
I
I

Last Tx timestamp 1 | Message
| Last k Tx Header

timestamps

transmission timestamps in

Last Tx timestamp k sequence

Last Tx timestamp k

the ranging message.

( I
| |
| I
| I
| I
| |
| I
| I
| I
| |
I
|
N v I Neighbor address 1 Rx timestamp sequence :
I Rx timestamp | Body Unit :
Rule2: The SRv2 protocol | o
. : Neighbor address n Rx timestamp sequence y |
always carries the latest i Rx timestamp |
reception timestamp for | |
each neighbor in the | The newly designed ranging message ensures that even |
Fanging message | in cases of k=1 consecutive packet losses, the most |
sIing g€. | recent available timestamps can still be effectively |
| utilized for ranging. |
\

— — — —— —— — — — — — — — — — — ———— — — — — — — — — ———— — — — — — — — — — —— — — "



3. Design of Swarm Ranging 2.0 Protocol

(3) Basic State Machine Model for Efficient Swarm Ranging

——> receive ranging message (with corresponding ranging units, RX)
----- > receive ranging message (without corresponding ranging units, RX_NO)

———» wansmit ranging message (TX) [ 7[R, | 77| R| | 75| Rp| 7r | Rr » Cycle Stage 1: initialize state machine
. . Rp| Ty | Ry | TF | R Rp|Tp| Ry | TF | R H H

—— transfer immedlately e I » Cycle Stage 2: complete ranging with
e oo e 8 o T Ly ONCTIRY . . .
T A TATA T | latest unused timestamps using ranging
. & |1y Iir 17| Re table

Tp | Ry | 7 | R [ T1 [ Ry|Tr |Re|s2| || To|Rp| Tr | Rr| 1

Ro|Tp|Rr|Tr|Re| |Ro|Tp|Rr| Ty Rd Ro|Tp| Rr| Ty |Re | In Cycle stage2,Every incoming packet

- not accessible . . A . o
e triggers a new ranging calculation using the

Tp (Rp | Ir | Rf| T2 Tp (Rp | Tr | Rf| S3 .
[l E ] [ ] : latest and L!nused timestamp.
______________________ c f)l_]l!)l_lt_efii_st_a}lfer(fé’ig’ill_(ltI:(Ill{,_’iilézI_lli’f{l?(l_')___________—________ That ls SO COOI!!!

Ranging cycle stage 2 1| Ry jr | 5t .

compute distance
compute distance Rp Tp Ry Tf R, (regular ranging method)
(compensatory ranging method)
P T

To|Rp| Tr | Rr| 15| | To|Rp| Tr|Ry|SS| ||Tb|Rp|Tr|Rr) T | physically updated distance?

- A

does every calculation actually correspond to a

not accessible

10| B | Tr | B T4 e aistance 1o %) Tr| Rr| s | What is the theoretical limitation of swarm

Rp | Ip | Rr | Tf | Re | (compensatory ranging method) Rp|Ip | Rr | I | Re

ranging?




3. Design of Swarm Ranging 2.0 Protocol

(3) Analysis of DS-TWR method ranging limitation

High Dynamic Scenario

_ e—vP—|evk-)P>|€«— P —] i
S R S | % a2
v dJYH d?l d3Yi dk+§i+k-l dk+Y3i+ k  distance A
I(-ﬁr AC')I('(U Ac-)l‘ ie P
1 C
I A see SRR
! : : € . sC
. - 1 T
1 1
I 1< t
T Y
i i » time
Y ap : 1
- :
A bd : : » t
: « : > time
RY,' RYi+k-] RYH/\‘

A receives consecutive messages fromY,
while Y receives no valid new message from A.

tk+3computed =t

independent of k;
it doesnot update to the latest distance d.,

tcomputed G4y, X bdk — Qp, X bpk
& =
3 ad, +ba, + ap, + by,

tata (B —a) + (Bap — aby)ta — afta + (k — 1)ta(—t2 + BP — b, — fta)
Aty +2a, +2b, +ta(B—a) + (k— 1)(2P — ta)

tata(B —a) + (Bap — abp)ta — afti + (k — Dtats .

Aty + 2ap + 2by + ta(B—a) + (k— 1)(2P — ta)  °

=tz +

=t +

Lemma 1. For an inconsistent ranging duration
in which messages are received (k > 1), only the
initial compensatory ranging calculation yields
the most recent distance. Alternatively, any DS-
TWR-based method benefits only from the first
compensatory ranging calculation.
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3. Design of Swarm Ranging 2.0 Protocol

3. Final State Machine Model for Efficient Swarm Ranging

———> ranging message received (with B¢, RX) T and R, represent the transmission and

- - - -> ranging message received (without R, RX_NO) reception timestamps of the same packet X

receive r (with corresponding ranging units, RX)

=)

——> ranging message transmitted (TX) | 7 Ry | T | Rf Tp | Ry | Ty | Rf

----- > receive ranging message (without corresponding ranging units, RX_NO)

—— transmit ranging message (IX) | 13 Ry | 77| Re Tp | Rp | Tr | Rr transfer immediately Rp | T, D Ry | T; 'f R, Rp | T, P Ry | T; 'f R,
—— transfer immediately Ro|Tp | Rr| T | Re| |Rp|Tp|Rr| Ir|Re % empy table Ry, R;, Tr nonempy
Re R,, T, RN i 5% AR T S AT T i R DO .~ 7 N et H e '
P e e PR $ | empytable o B Ly nonempy. - i Ranging cycle stage 1 - :
: Ranging cycle stage 1 Ty | Ry | Ty | Rr [ 51 : : compute distance Tp RP Iy Rf S1 :
i R | Ty | B | Iy | R i E compensatory ranging method) Rp Tp Ry Tf Ry E
ezt v i : not accessible / Vs Sihd :
Tp |Rp | Ty | R, Tp |Rp | Ty | Rr| S Tp |Rp | Ty | R ' . !
: b|Rp| Tr | Rr| T1 b|Rp| Tr | Rr|S2 b Rp | Tr | Br| T ; : Tp|Rp | Tr | Re| T Tp |Rp | Tr | Rf| 52 Tp |Rp | T | Rf| T1 '
o re| 1| R | 1| Re Ry| Ty | Ry | Tp Rd Ry | Tp | Ry | Ty | Re ; : " :
3 JPPra - 1 not accessible ! : Rp Tp R, Tf R, Rp Tp R, Tf R, Rp Ip Ry Tf R, :
Tp | Rp | Ir | Rf TzL" Tp | Rp | Ir | Rr| S3 ' E s J/ \"‘\--- :
|| 1 | Ry | 1| Re Ry | Tp | Ry | Ty | Re E Tp | Ry | Ty | Rf| S3 Th | Ry | Ty | Rp| T2 '
e B | S 1
______________________ compue dtancs (SIS NN Rp|Ip | Rr| I5 | Re Rp|Tp | Ry | Ir | Re :
1 . ' S T Lk -y yy—y—y—yy—y-y- AR '
! Ranging cycle stage 2 Ty |Rp | Tr | Rp| 54 ) ' Ret urn compute distance (regular ranging method)
' _,___compute distance o e o o e o e G e S e e e e T :
. te dist N (regular ranging method) . ' . [
| (compensatory ;:"I';l:::m:;:";je R Tp‘ ‘Iir Tf Re ' to . Ranglng cyCIe Stage 2 Tb Rp Tr Rf S4 .
' P ' . : compute distance .
' < ' <t -
‘: Tp Rp Ty Rf T3 Tp Rp Ty Rf S5 Tp Rp Ty Rf T E Stage : Rb Tp Rr Tf Re (regular ranging method) :
Rp | Tp | Rr| Tr | Re Rp | Ip | Rr | Iy Rd Rp| Tp | Br | Tr | Re 1 ! e A not accessible :
: =" - not TN} : 1 3 1
‘ SPE , ' Tp Rp Ty Rf T3 Tp Rp T, Rf S5 Tp Rp Ty Rf T :
R ] R distance T |%p | Tr | Br] 56 : N R & | 77| Re| [Ro| T, | R | 77| Re| :
| Rb Tp R,- Tf Re ({’nlz?}u’)nnfum’ ranging method) Rb Tp Rr Tf Re | : b Tp r f e b p r f e Rb Tp Rr Tf ‘Re :
. | 1 St | — 1
: Tp | Ry BB Rp|Ta| .-~ Ty |Rp | Tr | Re| s6 :
; Rp| Tp | Ry | Tf [ Re Ry | Tp | Ry | Tf | Re ;




3. Design of Swarm Ranging 2.0 Protocol

4. SRv2 Protocol Optimality Analysis

Theorem 1: SRv2 maximizes the number of valid distance calculations.

State-machine view Only possible gap Proof chain

1 Upper bound 2 SRv2 coverage

Cycle Stage 2 ':é S(Iasi:[/?:cz l:ﬁs:;z rngres —| State machine uses all valid RX /
S4 / S5/ S6: RX or RX_NO = valid ranging 9: ge- RX_NO opportunities.
I - max ranging count < |M'Y|
after compensation
RX_NO It must compute extra distances at In this interval, intermediate
S I e T1 S1/S2 with RX_NO. packets from A are not received.
— ——
immediate return
RX_NO
$2 |-~ =======-=- T2 5 Lemma1 Contradiction
— , , — Repeated compensatory ranging No protocol can produce more
immediate return
gives stale, not new, distance. valid rangings than SRv2.

Meaning: extra ranging can only be claimed at S1/S2 with RX_NO.

SRv2 pushes ths DS-TWR method to its theoretical limit.
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4 Experimental Results and Evaluation
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4. Experimental Results and Evaluation

Hardware devices

" DW3000 )

4 Crazyradio PA R

4 Crazyflie 2.1 )

-

/HTC Lighthouse\

/Lighthouse deck\
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5. Experimental Results and Evaluation

1. Performance for Inconsistent Ranging Duration

e *

S asoqf__#__SRv1 Ranging 09, | We defined Inconsistent Frequency !

o —*— SRv2 Ranging | I

Za000p 7 o K | Degree M as :

c = |

5" 1<M<2 | 2<M & 071 ! M—ﬂ |

@ 3000 2ol I - p I

< © | S I

c 2500 € 0.5 | :

S e s | where P, and Fs denote the periods|

o 0.4 , | .

S co0 05l a ohes ﬁ:zg:zg | of the long- and short-period |

Q : I .

& ood ozl = M=2 | | messages, respectively. |
PO 100 9 80 70 60 50 40 30 20 : |ear|y, M >1. I
Period(ms) Period(ms) \ Vi

(a) Comparison of ranging count (b) Comparison of ranging rate

28



5. Experimental Results and Evaluation

1. Performance for Inconsistent Ranging Duration

0001 _o— Reception

S 4500 —#®- SRv1 Ranging

. | We defined Inconsistent Frequency
3 | \zsm
cl | Degree M as

. (
|
|
|
> | M=2 0.8 i :
£ 3500 ] i
o 1<M<2 | 2<M o | I M—ﬂ
© 3000 ' | I -
< ' i | By
.51 |
|
|
|
|
|
|
|

Ranging rate
o o o
(o))

T 2500 .

S ’ : where P, and P, denote the periods

Q. 200 0.4 : l S

0 = SR Randwg | of the long- and short-period |

o 150 0.3{ —k— SRv2 Ranging ; . I

= oo . 02l M=2 messages, respectively. |
100 90 80 70 60 50 40 30 20 100 90 80 70 60 50 40 30 20 Clea r|y’ M >1. |

Period(ms) Period(ms) e o __ /
(a) Comparison of ranging count (b) Comparison of ranging rate
( Conclusion:

» when M < 2, high-frequency ranging messages can be fully utilized, maximizing the number of ranging and
reaching the theoretical limit of DS-TWR method.

» When M > 2, further increasing transmission frequency no longer improves ranging count.(due to lemma1)



5. Experimental Results and Evaluation

1. Performance for Inconsistent Ranging Duration

P 0001 _o— Reception 1.01 |{ ________________________ \I
S 4500, —®- SRv1 Ranging 0.9 | We defined Inconsistent Frequency :
8 ' | |
. 400l = 0.8 | | Degree M as
o M=2 9 | I I
530 1<M<2 | 2<M < 071 | _h |
5 soo 206 | | M= |
%2500 .?05 | : s I
- S \ | where P; and P denote the periods!
o 0.4 . i | .
0 = SR Randwg | | of the long- and short-period |
o 1500 0.3{ —k— SRv2 Ranging i I . I
1000 IS N NS N — ozl M=2 | messages, respectively. :
100 90 8 70 60 50 40 30 20 100 90 80 70 60 50 40 30 20 : |ear|y’ M >1. I
Period(ms) Period(ms) N /
(a) Comparison of ranging count (b) Comparison of ranging rate
( Conclusion:

» when M < 2, high-frequency ranging messages can be fully utilized, maximizing the number of ranging and
reaching the theoretical limit of DS-TWR method.

» When M > 2, further increasing transmission frequency no longer improves ranging count.(due to lemma1)



5. Experimental Results and Evaluation

2. Accuracy of Ranging in Dynamic Scenarios ——-—-—-——————————————————__ .

» Drone A hovers steadily, while

(
| |
' |
, |

S r : | |
. Compensatory method | ' | drone B flies at a speed of 1 m/s, |
2 Regjilarimethod = | repeatedly moving close and |

200 )
£ £ | away over multiple cycles. |
g 1751 g | . . - :
S 150 > Ranging | » Transmission period was 100 ,
= - > Ground truth i msfor A and 50 ms for B, |
Compensatory method | . . |
1001 k Regular method | reSUItlng In one compensatory |
| . |

0 5000 10000 15000 20000 1000 1500 2000 2500 3000 3500 4000

e (e it | ranging performed bet|fveen |
o | every two regular ranging. |
(a) Four cycles of move-away and (b) Zoomed-in view of a segment N Py
move-close motion from (a). e -
| > Conclusion: the proposed |
Regular Method Compensatory Method : protocol can increase the :
: |
Mean(cm) Standard Mean(cm) Standard : overall ranging frequency by |
Deviation Deviation | combining regular and |
! compensatory rangin '
Move away | 8.34 2.57 9.23 3.15 | ,’: y ranging |
Move close | -6.72 3.07 -9.25 3.41 | methods. |




5. Experimental Results and Evaluation

3. Comparison with SRv1 and IEEE 802.15.4z in dense swarms

________________________________ -~ -#- SRv1 Receive -®- SRv2 Receive —A— 802.15.4z Ranging
r o . —*— SRv1 Ranging —8— SRv2 Ranging Improvement Rate
Experiment settings 100 —
90 =SSSsss-- e

» ranging periods: 40+rand()%40
» k: each message carries 4 last
transmission timestamps.

________ .
801 -3}
70

40.8
601
50 1 32.5 \*\* '

401 A~ 259

IS
S

Ranging Improvement: SRV2 vs SRV1 (%)

w
o

(

| > SRv2 exhibits a slightly lower reception rate
. than SRv1 as the number of drones

| increases. This is primarily due to the

| additional processing overhead introduced

| by the extra k timestamp information
|

|

|

|

|

|

|
\

Reception(Ranging) Rate (%)
>
N
o

N e s swes —A
16.4 S
201 :
; 10 15 & ”
Number of Drones

[
o

carried in SRv2 ranging message.

» SRv2’s ranging rate improves significantly,
with the gain becoming more pronounced
as the swarm size grows.

with 25 drones, SRv2 achieves a 47.8% increase in

ranging rate over SRv1, and 300%+ improvement
over standard protocol

— e — — — — — — — e e e




5. Experimental Results and Evaluation

1 4. Demonstration experiment

Real-world validation

e 8drones,2m x 2 m area
e Random periods: 40-80 ms
¢ Drone 1 > three neighbors

MAE =7.19 cm (Qofficial Qorvo 10cm)
0.067 - MAE i
--- Ranging to 0 —— Ground-truth to 4 i
——— Ground-truth to 0 -=-=- Ranging to 6 MAE=7.19cm
-—-- Ranging to 4 —— Ground-truth to 6 0.05 !
250 . Jiig
(=]
- » Ve S 0.04
L ! g
8 200 ‘ 2 0.03
c o
£ 150 5
R0 & o0.02
,,,,, ()]
= 1004 Ay I T ' . 0.01 { [IISEEREE

0 10 ZIO_ 30 40 50 101 =as/=10] 5] O | b || 10]| 15
Time (s) Ranging Error(cm)

(a) Ranging vs. Ground Truth over Time: (b) Frequency distribution
drones random flight for the first 10s, for- of ranging error relative to
mation flight from 10s to 50s, and landing ground truth, along with the
afterward mean absolute error (MAE).

A ]
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