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Abstract  Terahertz wireless nanosensor networks ( WNSNs) are novel networks interconnecting
multiple nano-devices by means of wireless communication. Nanosensors can obtain ultra-high-speed
transmission rates using communications in the terahertz band, and medium access control (MAC)
protocols play an important role in regulating the access to the terahertz channel and coordinating
transmission orders among nanosensors. However, classical MAC protocols are not applicable due to
the existing molecular absorption noise in terahertz channel and the very limited energy of
nanodevices. In this paper, a distributed energy harvesting-based time division multiple access (DEH-
TDMA) protocol is proposed, which aims to overcome the energy limitations of nanosensors and the
catastrophic collisions in terahertz WNSNs based on a modulation scheme called time spread on-off
keying (TS-OOK). The protocol adopts the piezoelectric energy harvesting system, where a Markov
decision process (MDP) model is firstly constructed by considering the remaining energy and the
number of packets in the buffer as state information, then the number of transmitted packets and the
energy consumption are considered as impacting factors in designing the reward function of MDP
model, so each nanosensor can dynamically access the channel according to its own state after solving
an optimal strategy. Simulation results show that DEH-TDMA has advantages in extending the

network life cycle.

Key words nanonetworks; terahertz band; medium access control; time division multiple access;

energy harvesting
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KAH D ... FF 4% B f 35 B fie KA B AE & 3% 19 5K
PR N BEA T E.

SRIG S AR LA B X 999 K 5 55 808 1% i R e
(5 F 50T . I 45 6 R GRS R TS 10 RE 2 R 2L
PR =l (19) 200 FroR  FATAT #F — 203+ 397 4
(R B B IR A5 5 B A SR AR B R S F B AR O E
A T IE] Y a5 G2 A DX 30 36 1 B0 A B0 DA e g ok
b E 3K Y BE AT 3 RN
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d=|D;, —D,+P(S,,Ap) |, (26)
. (E,H —E, +E(S,,A/)W ’
E.
H T84 A0 BOFN BE B BORR 2 B %, H DEH-TDMA
BRI A B YT S5 FE BB o T AL I TR R RN iR 2 A%
Hodl , R (26) QDO TR |« | m R BUE#EAE.
Ha X 26) R QD) BTl A i B 40 31 38 1 7
R e, D)) A5 30 A B R RS e B A R
P,(D;.,ID,;.A,)=P (arrival of d packets)=
Py(d), d=0,
0, else,
Horprod J23(26) rp R A e 78 301 1) 31 3 1) 5040 6041
it P (d) 3R 2 (1D 8l 42 21 36 i A A AR 43 A
M Dy =D B RS AR S B B
P,(D;, | D;,A,;) =P (arrival > d) =

27)

(28)

= (29)
0, else,
RIEE, B2 2O A Q0D Fr il i 59 B & R 4 o 12
R Hp, T AT AR E T A R IR S B R,
Pg(e), e=0,
PP(E/HE,,A,)Z{ (30)

0, else,
Horbr,e 23 27) AR 2B % 7% W9 18] 21 38 0 g i 4k,
P (e) 3R (10) FHE & R AL 1 B2 AR M IR A 70 i
ME  =E . 0 AR RSB E R

d
{1 DIPyGn) . d =0,

1— ZPE(H)’ €>Oa
= (31)

P.(E, |E,,A)= {
0, else,
SR B A0 RS B B AL A 0 BE IR S RS A R, 9N
KAT AR R RN
P(S, 1S, A=
P,(D, |D;,yA))P.(E, |E;,,A;), (32)
Hrp PSS, A FRRPIKTT HAERE S, T
FKHATHN A, JFHREN S, 5.
3.6 WEHEH
DEH-TDMA Wl & T-£55 % 94 K 15 S %17
DX 1 5040 0 5 RN 22 i Y R 4% g A, i MIDP A
UK fige t S5 D0 5 W o Fie K AL A~ I 2% 1) A ik it [
I 26 ALK 00 28 BEAE , D] I K 5 40 4% i £ RN REFE AR Ry 5%
M BA] - Rl A 94 0K A g oR B 1 T
P(S.A;)) E(S;,Ap)
A, Xt , E ’
HP RS, A D FRRT A n FERE S, T REUT

R(S, A=

(33)

HA BRI 25 PR A, RO A B 3k Y SR 2
o, 1WA A, X, WERIR 1 iy 2 5
KBIREAELP (S, A DM E(S, A )33
N ACLE A T P ) A A% B i R REAE L HL 3 ) H 2

MK COITTHERE]LE o 278 T 5K BEFE
B K AEL 20 (33) % F AR X 1% K308 A% S & F0 RE #E Ok )
By S i 2s.

3.7 MDP #ERI ) Z E K F

SR MDP A58 (1) “ A7 #5578 7 vk AT i ok 850 AR
¥ (value function iteration) Fl 3K W% 1% {8 3% (policy
iteration) ", Wj ¥4 75 B HEAT G 0 2F ST (R A
TR, BIVSR W DA 55 5 W et | HG e 3R e 2k A Y i Sk
JEE T e — 2 FEAR S 2 [ /I, 3 FH 3R W a2k AR vk
AR R YR AR A (A A KA L (E PR BRI T
/N — A S oK T AR A A T RN Ry
(D e + 1D (N 1), U7 DL 3E R oR 85022 A0 5575 5K A
IRE ST ) MDP B, i A5 8 — RS2 S,
WS B PSR AT A (B A, B B P R . 7E MIDP A A
o H PR OB ok BE B BT 45 TR s Y TR X T 45
FE WM 7 Cs) L IR A H oA B V G FAT A bR 2L
QG a)THNRE AN TR,
V' (s)=R(s.r(s))+ 7y D PG |sam(sDV (5D,

.\"ES/
(34)
Q (s:a)=R(s.a)+ 7 D, P(s" |s.a)V7(s"), (35)

‘\"ES‘/

HA v () F Ve a0l FoR BEPRE s IR —
ARE s PR S E KB, Q" (sva) R M HTIRE 5
FHIFT AR R G GO FL P (5™ s (s)) 43 5]
FORIKAT SAIRDS s AT R BE 7 () 2RI IR 25
DA R B AS s" i BE S, 43 51 1 20 (33) A =X
GOIHERE, y B, & H LR IE A R 50
etk Hag it vy €0, D).

B AEH M 7 (s ) 2 48 IR 25 25 18] e 5 21 o 5 A7
I HAEE R V() B Q™ (sva) I KA WE , B
AR 0 SRR e R =X (34) B (35) 3K
R A R VES S SR 5 TS A A 81 e DA SR L LA S B 20 R
WAL 1 s R

Ve (s) :max<R(s,a) -+
MGAJ

Y 2P 5.V D), (36)

sSESy

wa (s) =arg max[R(s,a) +
a€Ay

Y O PG | .V ()], (37)

s'E€Sy
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Bk 1L ERBEE AR

fA DRSS S, AT R AR A CRE R
FAEME T s R R TN 7 7

i b s B ARG

VIR &AF: f=0,V(s)=0,2" (s)=0,YsES,;

while E%f\Vb,»(s)*Vf;] (s)|>¢ do

f=r+1

forall s€S, do
HEXGH P Q AL
PR Q BRI HICTE B ) BRI -
V,(s):urrelft\)/(Q/(s,a);

end for
end while
PAMERBOIR R V™ ()5
return .

4 DEH-TDMA thilHI B I H B

DEH-TDMA Pp i3 1 8 37 28 5 f 45 B9 26 31 55 A
WL 4T 2 A By B, HHh B 2R 1T 5 A 45 ST O R iR
MDP BHY , 6 2% 32 474 55 9 2 ) G Ak R0 5008 15

D) BLiHE T TDMA P& it g i, 4k
J5 SR 75 T B R AT X B B L B AR A R
NG A £R R A A MDD R )3 i Ak S T
— I PN AR AT 1) B M AL A i DA ST FE Y BB [
G55 R R TS R Anpe R AR T ROR A
FEME R, I W B Hie A% i 2 R0 RE FEAE Ry 5 i %3
WA i bR 12 4 T A 8 A B30 8 SR il s 1 IR
253 (A WS Sy BLAR P 34T A 0 e O SR, 4 K7
A4 R H A DR AT AE A N A7

2) MZ&IaAT. M 2% ) 16 Ak o B 3 B R T 4R T
S5 YRR T A I A (] 2D R B A ST T R
FE B B B B T — i K B e, DR R i
BT B N X T g0k 7 il 3 e e i o R IS
BB SRR S, = (D, E ) MIX R B He 54T . 45
FE AT PN TG B3R A% i 8 R AR AN R T TR R 3R K
e, AT A FESE I 0] Ry ¢, B4 B AR YD s 25 A A
ik HOH 2 78R 1Y BB & W) LR BRHE 4% i B Be fl AR
N7 ) B It R

T DEH-TDMA 38k H & 2 i 7 oK i
I L REWS T 4538 AT J5 » oK s U A Rk
AR SR 25 R HARE A A AR A 2 [ RAT Sy 28
V) AR5 /0N o DR SR T T ) T 5 LIS ) DA B PN A7 2 R

AR TR WM SCRE BT T 31 58 A7 6 BE ) AR A
FIR B 299 K1 R

5 hESH

A X DEH-TDMA Pp i #4747 B4 #r , i+
228y TDMA PR DL R SCERE19 IR 9 LA-TDMA
I UVE N He o 42
510 HEZRITEEX

15 B4 B8 43 500 AT A S 3 kg i P
Uiy 1) 35 BNF HE A AL % R T B8 3 A T 1 A
DEH-TDMA #1 . TDMA i #l LA-TDMA
W PERE.

IDIR PP

T AT 2 0 A R e B e T 2% R 1 4
i L.

Tl 4% AE 5 1 °F- Y

amzﬁgyaum (38)

HLE W RARFREER B E (OFRRE i D
FOGTT R AR RE R KRR 46 b g oK 35 s
#

~

N

S .

ex of Om

2) Y- i 2] 3 F5f SiE

S 247 s 3] S P 30 R S A KA A TR 5 AR #
) T AR R AT T AR B SF X I (] A Ak B
A | BAB I SE | R I S A i I S B W] R Oy

Nbil
C, j, (39
o, T 3 7R B A2 14 7 220 3 2] 3 IR 48, T, 37
A B 2 9 1 24 Ak B S 5 B AR IR T A RHE £ 1Y
RBEEAATR . A 4 A B 10 SF 3 Ak B SE T, A
[, Tood o Co o0 Bl F7R IR w0 KGR 5 A Bl AL
R B BA B N AE | £ i B R O A o S S AR
TR PE o N ez D17 S B8 v 42 19 i 42 A0 K8l
B

(B — PR AR 25 A0 ) 8 1) i 50 /N e B B ]
PN ™ A Y B 2 22 T T RE - B S8 5 L T
20 I T PN T 1 A i X 3 L 2 (39) HR B BA BT A £
IFAE T 38 R, AT 8 0 s 81 S 14 S 249 o 3 5 4 [od) 2%
SRUREER @1 [T B U SR S A A AP N T 5
SO £ 1 - 14 3 1) v Fof 08 38K

3) B A0 1L i i %

K0t A% i B R RE SR Y R W Y
Bt A 5 IR A A W R L B B T

1 N packet

_ d.
T :Tp + z : (Tq,i +7+
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52 HEEE

U5 FAR P26 AT 1A F 9 SR 100 A4k
WA AT E RN 1 em?® (9 45 L 5
ST TR o GRS 00 BE ML 43 A AE 2 XD
TEfE R TR B B oK A
10 % B {5 38 BREE , ek 38 (2) il 9 £ ) BUE
Ry 0,255 BT R A G K Y R 0 B0 AL o R R
1 Mbps, {5706 FE %4 0.01 m, YWHE R & T
100 fs KRk oh i TS-OOK ¥ il £ A, B4~ s 4 K
JEB N 128 by KT S ZAF MR ER D, 1%
5.

FiE AT Aok SR R L U R R AR R G R AR
BEE M H R U =0.42 V, 87 J8 30 0% 45 31 /0 i i
AQ=6pC. K BH AN B4 # C., =9 nF, ILE
FRAE 2 (8) TH 315 21 94 K o it 19 e KAEBE E L =
800 pJ » 20 (18) H fifh B fix K B A] & 3% 1 £i 40 4 85 it
N =118k S R/NGE i E L FIW) IR RE &
43k 80 pJ HT 800 pJ. X4 A1 Fit R it U 1) 4k 2 4 R
fv=50Hz i}, (D PR BEEREH K A ~17p]/s.

1T (8 T 45 44 B 3 100 A B B e, AR 4%
K (2513 BB B P AL 5 5 A B, H oy B A B
B K B R 200 s, 3K (33) Y 5 BE AR 19 i KAE
E . =320 pJ ,IZAE KT 5058 2 b 1T 5 AN BB
BP& 3% 5 A~ B4 £ r 14 FE 1) Big it MDP B8 oy, 3y
MHEF y AEERFE WA TR e o5 R
0.9 1 0.01.

15 H. R G2 1 32 17 B[R] 3 R 3 000 AN i, B
300 s. [ 78 75 g M e I R AR Rl 20 pl/s . BT B4R
41177 A ) B A9 A8 fE X WNSNs (9 1 il 5% 1.

53 (HE4ZRSW

IDEREN=N: R oP T P

K2 X3 A MAC B 35 55 5 25 7 4% ik i
Fo#. &1 2 AT UL, i 2 s 6 7 A D) B 32 T 1 K
T 2 ) Ay B A 2 320 T B RO = TR O X AR
A 77 A TR B AR /DS o A 50 2 99 0 G2 A7 X 3 38 1 B8 4
B R I 4% 1 83 T RERE Y 3 .

K 2 W DEH-TDMA fi4735 5 5 34 ) 4 RE B K
T TDMA 1 LA-TDMA., iX & F b £ #iL i) TDMA
PSR LA-TDMA B iS0H) oK 2% 1 RE b 78 19 R 1k
YRR AR AL i — o R 0B IS R S R s R, T
DEH-TDMA s, 44 K 755 g 7T 2o 2 3% /9 5 X
ARG 2 i RS AE O I 14 A 1 2 A T = BRI A
A 77 A TR B AR /N, 1 5 ) BEFE B R S L K T RE i
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Fig. 2 Comparison of mean residual energy of nodes
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Fig. 3 Average end-to-end delay comparison
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ML 5% 58 1) TDMA P A L, & 78 7 24 3 3] ity
BfZE b PERERS 22 . H 25 LA-TDMA 19 22 FE AN 7E
0.1~0.3 ms.

3) HH A i D

4 X 3 B MAC B B 6015 iy il 2 R
P, a3 HEJR M i g 323 02 3 W A5 i 1) B i £
SRR UF BRI R R F I =K R el
G L4 T UL B A ) R B O 4 AR
() B A2 Ak, HAR B B D R EE AR IE B T 100 %0, 4 it
YRR SR AETE R i 58 5 508504 4% B 2k T, Ul
AR SCBE TR I R B S A B DR R R R
ST B A A% i B S 5 A R B E L AT T L ORE S AN
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Fig. 4 Comparison of packet transmission success rate
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Fig. 5 Comparison of packet transmission success rate
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