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Two-Way Multi-Relay Networks with Network Coding
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Yar, = ‘har1‘2 y Ybor, = ‘hbrl‘z Yary = ‘hafr'g‘z sy Yore = ‘hbrz‘z

» Relay cooperation protocol:
Amplify-and-Forward (AF), Space-Time Network Coding (STNC)

» Channel assumptions:

» Quasi-static and Rayleigh flat fading, CA/(0, 1)
» Channels are reciprocal

» All nodes are half-duplex.
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Transmission Protocol with STNC (MA Phase)
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MA Phase
Slot 1 Slot 2
A Sal Sa2
B Sbl Sp2
R1 Y s
R2 Y srs

Ysr; = ha'rl \/Fsa + hbrl \/Fsb + nsr,,
[ €{1,2}, Ngp, ~ CN(O, NoI)

T
:UTE — alel yS?"l

Pr
AF factor: oy = l
P'}/arl + P’}/bv‘l + NO
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Space Time Network Coding:

@:( 913 923 " QL )
1 1 1
B 1 91 92 9L
VL :

L'— 1 L-— 1
0 0!

Al —1
0, = exp 57

It meets full diversity criterion and
minimum product criterion.
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Transmission Protocol with STNC (BC Phase)

BC Phase
Slot 1 Slot 2
R1 Ty
R2 Ly
A Yria Yrsa
B Yrib Yrob

Yria — harl Ly, =+ Nra

— har;algér(ha’m \/ﬁsa + hb?"z \/ﬁsb + ns"“l) + Nra

~ / T T
y?”’;a, — hanr-l hb'rl Oél PGl Sb —|_ harl Oflgl nST’[ —|_ nna

— han hbnal\/—BFSb + ﬁr;aa
(f)/a?"zal + ]‘)NO)

Mpra ~ CN (O,
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Instant PalrW|se Error Propability (PEP)
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Observing {gma}zzl , Source A exploits MLD method to jointly decode s

2

2
) 'gma — harl hbrl Qv PQTSbH
Sp — arg mln
SbEAS =1 (’}/arl Oél 1)N0

Instant PEP (pairwise error probability) of Source A for one channel realization

Pr (Sb — Sp|{Var, }12:1 ’ {75"“1 }.12_1) = (\/QWRl T 2WR2)

1 [7/2 1% W
== / exp (— Rl,t fi2 ) db
0

T sin“ 0

1 [7/2 Wg
< exp (—WRl) X - /0 exp (— Sin229) df

- PB,R]_ X PeaRQ

2
Wer — Yar Yor alzp |9:ETASb| _ Yar; Vor, PR; Pp
R; — =
T i a?  UNo  A[(PF Pry) ary T Pror, V] N

2
~ T
A ASb:Sb—Sb#O, 6;2‘95 Asb‘
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Markov Decision Process with Stochastic Models
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d State space S=8.xS,;xS xS,
solar power state subspace: S, ={0 -+, N, —1}
channel state subspace: s, -=1{01-,N, -1} S,.={01---,N -1}
battery state subspace: S, {0 N, -1}

O Relay action space w={01,--,N,-1}(N, <N,)

J Reward function

Conditional PEP, i.e., the PEP conditioned on a fixed system state and relay
action
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Stochastic Solar Power Model
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N.-state Gaussian mixture hidden Markov model

solar power per unit area: B, ~ N (g, p,), €S ={01---,N, -1}

solar state transition probability: P (S =j|S. =i)=4;

Ref: M.-L. Ku, Y. Chen, and K. J. R. Liu, “Data-Driven Stochastic Transmission Policies for Energy
Harvesting Sensor Communications,” IEEE J. Select. Areas Commun., vol. 33, no. 8, pp. 1505-1520, Aug.

s 2015,
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Harvested Energy Storage
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Fnergy Communication
. i - Battery e
conversion modu L e

» Harvesting-store-and-use (HSU) protocol

» Quantization model
basic transmission power: P,
=

one basic energy quantum: E, =P, >

harvested energy during one policy period T: E,, =P, Tsn.
EH probability in terms of the number of harvested energy quanta:

P(Q=q|S. =e) for qe{0,1,---,00}
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Battery State
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» Avallable energy quanta in the relay battery:
b-E,, beS,={0,1,---,N, -1}

» Battery transition model:
b'=b-w+q, We{O,l,---,min(b, N, —1)}

» Battery state transition probability under the solar state and relay

action
P(Q=b'-b+w|S. =e), b’'=(b—w),-+,N, -2
P (S :br S =b,S — — N, —2-b+w
W(Se =18 =bSe=e)=1 | "0 _qls, —e), b= N, -1
g=0

Ref: M.-L. Ku, Y. Chen, and K. J. R. Liu, “Data-Driven Stochastic Transmission Policies for Energy

Harvesting Sensor Communications,” IEEE J. Select. Areas Commun., vol. 33, no. 8, pp. 1505-1520, Aug.
Sy, 2015,
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Channel State
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» N_.-state Markov chain

F:{O:FO’Fl’...’FNc:OO} SAR:i<:>7/AR€[ri’Fi+1)

» Channel state stationary probability

Ll r -
P(H = I):J:i ;exp(_%jd]/Zexp(—jj—exp(_jﬂ)_

» Channel state transition probability h(y)= fyy2zr/iexp(-y/2)

h(rm)_ ,j=i+1,i:0’1""'Nc_2
P(H =i)
P(H=j|H=i)=1 ) j=i-1i=12-,N -1
_J - - P(H:i),J_ y U 4y &y ’ C

1

) ") j=i,i=1---,N -2

h(T,
" P(H=i) P(H=i)

~

Ref: H. S. Wang and N. Moayeri, “Finite-State Markov Channel-A Useful Model for Radio
seein. - Communication Channels,” IEEE Trans. Wireless Commun., vol. 44, no. 1, pp. 163-171, Feb. 1995.
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System States
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 System state transition probability

:(QelHar'Hbr’Qb)ES
P.is=(¢. g b)|s=(e f,g,b)
= P(SE =e'| Sg :e)'P(SAR = 'Sy = f).P(SBR =0'| Sgs :g)
PW(SB =b'|S; =b,S; :e)
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Reward Function
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Conditional PEP:
the PEP conditioned on a fixed system state and relay action

Ry (S=(e,b,f,9)) £ Pe,r, (w,f,9)
f ot frHl exp (—7y1) - exp (—72) - exp (_WRl) dy1dy2
B P(Sar=1f) P(Spr=19)

P
LetP = Pg, = Py, Pr, = wPy,n = Nz
Y1y2wn? B

W —
U 4 (w4 )y 4 2 + 1
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Asymptotic Approximations of Reward Function

When w = 0’ Pe,Rl ('(U — 01 fag) =1.
P,
When w > 1and n = Vs 1, Wg, ~ wnP1y172 .
No 4 (v1 +v2)
1
Considering — min(z,y) < < min(z, y)
2 z+y
8n_! : o
Pe(ugl)(w Z 17fag) ~ { wﬁl(l—e_rl)’ mln(f,g) ;
| 0, min(f,g) > 1.
an_! . o
PR (w>1,f,9) ~ { DAty min(f,9) = 0;
| 0 min(f, g) > 1.
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Optimization of Relay Transmission Policy
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Define the policy z(s): S—.A as the relay action in the state s

the expected discount long-term reward
V (8)=E,| 2 ARy (8] sceS #(s)eA

the optimal policy can be found through the Bellman equation

V .(s)= min(RW(s)+/Iz P,(s'IS)V . (s’)j, sed.

W
we s'eS

the well-known value iteration approach can be applied to find the optimal policy

W

Vo, (s)=R,(s)+AD P, (s'Is)VO(s'), seS8, weW,

s'eS

V'™ (s)=min (VV‘V+1 (s)) sed.

wew

‘V”l(s)—vi (s)‘ <g

e}
8
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O Markov decision process with stochastic models
U Optimization of relay transmission policy

4 Structure of optimal relay transmission policy

d Performance analysis of pairwise error probability

\\L?,RSIT}/
S

0y
1 56
EOns) S Wei Li —Diversity Analysis for Two-Way Multi-Relay Networks with Stochastic Energy Harvesting 12/15/2015 18/32
RyyLh



Non-Conservative Property of Optimal Relay
Transmission Policy
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Proposition 1: For any fixed system state s = (e, f,g,b > 1) € § with the non-empty battery, in high

SNR regimes, 1.e., % >> 1, the optimal relay power action w™* must be larger than or equal to one.

Long term value of State s in the i-th iteration:

Vs ™ (s) = R (£,9) + X+ Ee 1.9 [V(i) (¢, f",g',min (b —w +q, Ny, — 1))}

The difference between the long-tem values of the two relay action:
V’ugg_ll) (87 fﬂ g, b) o Vq_g?i_{)l) (6, f) g, b)
— Rle (f: g) - Rw:O (f; g)

+)\'E6,f,g,b |:V(Z) (elaflvglrmin (b_w_*_QrNb_l))_V(Z) (elaflaglrmin (b+QrNb_1)):| .
We have: vg;” (e, £,9,b) = V{75 (e, £,9,6) < 0

Thus, the optimal action: w* > 1, ifb >0
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Expected Reward Analysis
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Expected reward w.r.t. the optimal policy: T

R = ZSES Pr* (8 — (eaba Ve g)) XR’w*:ﬂ'*(S)(S = (e’ b, f’g))

= Z Prx (8) X Ryyx=0(s) + Z Prx (8) X Ryyx>1(s)

seS,b=0 seS,b>1

=Pre(b=0)Pe gy + > Pr+(s):Pery - Per, (w* >1,f,9)
seS5,b>1

The asymptotic approximations of PEP w.r.t. the optimal policy:

8 " P (3) ’ Pe,Rg
w*B1 (1 —e"l1)n

RMP) x Pre(b=0) Pepy + »
sES)

4 " P+ (8) ) PE,R2
w*B1 (1 —eT1)p

R~ Prv(b=0)Pe,py + Y
SES)

where Sy={s= (e, f,g,b),min(f,g) =0,b > 1,5 € S}
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Dlver3|ty Order
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sin“ @

1 +oo ptoo pw/2 Wg
PpPEP Ry = ;/O /O /0 exp (—71) - exp (—72) - exp (— —5 )dé’dﬁdw

where Wg, =

Y1v21? B2
4(2ny1 +ny2 + 1)

—1

Since PPEP,R2 X n—, (T] = PU/N() 2 ]_)
G2

R

P-n-*(bz()) 1 ZSES P () —2
5, T —eTg5"

Theorem: If P« (b=0) =0, d = 2.
If Pr«(b=0)>0, d=1.
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Simulation Results
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SIMULATION PARAMETERS

Modulation type QPSK
Basic transmission power (Frr) 10mW
Policy management period (1) 300s
Energy conversion efficiency (1) 20%
Channel simulation model Jakes™ model
Normalized Doppler frequency (fp) 0.05
Channel quantization thresholds (I') {0,0.3,0.6, 1.0, 2.0, 3.0, oo}
Discount factor (\) 0.99
S
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Simulation Results of Optimal PEP

Normalized SNR (dB)
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