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1. INTRODUCTION

Machine-to-machine (M2M) communication has been emerging as a promising networking
technique for internet of things (1oT) applications in transportation, security and environment [1]. In order to
further develop this machine type communication (MTC) in the context of the upcoming fifth generation
(5G) communication, research effort has been paid on its foundational device-to-device (D2D)
communication [2]. In fact, D2D communication underlaying cellular networks has drawn significant interest
because it can provide better throughput, spectral efficiency (SE), energy efficiency (EE) and notably reduce
the signal latency and power comsumption by exploiting the devices’ proximity, which were elaborated
in [3]-[7]. Liu and Natarajan [8], proposed to optimize the performance of D2D networks, the study on
compromising the system parameters was conducted. Besides, authors in [9]-[12] assess the energy
efficiency (EE) as a key factor for evaluation of D2D networks. For further improvement, relays have been
utilized to assist the data transmission process and were intensively investigated in [13]-[18]. From the
studies, it is obvious that the system performance of the considered wireless networks can be significantly
boosted even under the variety of channel uncertainties thanks to the existence of intermediate relays.

Thereby, two-way relaying network (TWRN) applied in the context of simultaneous wireless
information and power transfer (SWIPT) has attracted several researchers among which are [19]-[22].
Remarkably, in [22], the authors proposed a neural network-based relay selection scheme in the context of
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TWRN SWIPT network. As for the system performance evaluation, beside the EE, another indicator being
the outage probability (OP) can be utilized as showcased in [23]-[26]. Additionally, several relaying
protocols have been developed in [27]-[29].

Inspired by the above studies, herein, we attempt to maximize the EE of the multi-hop two-way
M2M communication underlaying cellular networks in the scenario of three-time-slot (3TS). It is noted that
the STP is calculated for every node, hence, the mean of EE is calculated, which is consequently named
average energy efficiency (AEE). First of all, we mode the spatial and random distribution of the cellular and
M2M users utilizing the poisson point process (PPP), yet each type of user is distributed with different
density. Then, we optimize the multiple bands’ power while studying the dynamic behavior of the networks
assuming that there is no inter-device interference. Having been taken into account the above considerations,
in context of the two-way M2M communication networks, we derive the closed-form expression of the OP
and the AEE of the M2M users in the relay-aided M2M communications in 3TS mode.

The rest of the paper is organized as: section 2 depicts and elaborates the system model. The
problem formulation is presented in section 3. Additionally, section 4 presents the Monte Carlo simulation
results and discussion. Conclusion is in section 5.

2. SYSTEM MODEL

Herein, we consider a typical multi-band M2M communications underlaying a cellular network in
which the cellular and the M2M users share the same uplink frequency resources. As shown in Figure 1, a
base station (BS) is in charge of allocating the resources, the network's spectrum is split to K bands,
subscripted with i to denote the i,, band, i = 1,2,.., K. We specifically study the 3TS mode where there are
intermediate M2M users acting as relays to assist the data transmission.
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Figure 1. System model

We utilize the stochastic geometry theory to establish the foundation for this study. Firstly, on a 2D
planeR, we distribute the cellular and M2M users in the i,;, band, respectively, with homogeneous PPP & ;
and @, ;, density 8, ; and 8 ;. The transmission power of the cellular and M2M users are accordingly P,; and
P, ; which are summed up as.

F. = {<=1Pc,i: (1)
and
Py = Zf<=1 Pd,i (2)

Palm theory states that a typical receiver located at the origin of R cannot affect the PPP's
characteristics, [30]. Hence, we assign the BS there which works as a receiver for cellular uplink
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transmission and M2M communication assistance. Moreover, we assume the uplink and downlink channels
are reciprocal and invariant based on the property of the consecutive equal time slots model.

A two-way DF relay, M2Mr assists a pair of M2M users M2Mato M2Mb with power being equal
to the M2M power in the iy, band,P.; = P;;. We distribute these three M2M users with stationary PPP
qbrland density#,.;. Furthermore, we denote M2Mato M2Mr, and M2Mr to M2Mb distances as Dg’;, and

dl, respectively. It is noted that M2Ma, M2Mb < D, ; being the M2Mato M2Mb distance. Thereby, we
exploit the fraction A, to express the relationship between them as.

1
D = D (E) 3)
and

A
Dy = Do, (%) (4)

Similar to [30], we consider the impact of Rayleigh fading and path loss in our propagation channel
model. In general, to indicate the Rayleigh fading coefficient of the [ — k link ([, k = a, b, ), we utilize the
denotation /g ; . given that kg ; ;. = hg k. FOr example, the cellular and M2M users receive power of P, is
as shown in (5).

Py = PyhD™™ (5)

where we have the transmit power P, the Rayleigh fading coefficient h, the distance from the transmitter to
its corresponding receiver D, and an even-number path-loss exponent m, m = 2. It is noteworthy that when
M2M communication reuses the cellular resources, it generates interference to the typical receiver. This
interference is caused by the cellular, M2M users, and M2M relay users.

3. PROBLEM FORMULATION

In this section, we formulate firstly the signal-to-interference-plus-noise ratio (SINR) then the OP
performance. Accordingly, we derive the closed-form expression of AEE in the context of multi-band M2M
communication for 3TS, then simulate it following Monte Carlos method.
— The signal-to-interfrence-plus-noise ratio

For 3TS mode, in the 1st and 2nd time slots, information is respectively transmitted from M2Ma
and M2Mb to M2Mr, with power Py ;. Afterwards, in the 3rd time slot, M2Mr mixes these two information
flows, network-codes and sends it back to M2Ma and M2Mb.

Within the 1st and 2nd time slots, M2Mr receives signal from respectively M2Ma and M2Mb as;

D A—m
Yari = \/Pd,i ( 11131?) har,OO + IO,i + NO' (6)

and

A1Dg oo\~ ™
Yori = \[Pd,i (%;101) hpr00 + loi + No ()

where the Rayleigh fading channel coefficient h,, oo and hy, oo 0f M2Ma to M2Mr and M2Mr to M2Mb
links in the i;;, band, and the power of interference caused by the cellular users, the M2M user, and M2Mr to

. . _ 1/2 1/2
the typical receiver as Iy; = zj@”(PC,ihC}ODC;g )+ Zled,dl(Pd ihaDgm) '+
1/2
ZkEcb“(Pd i''r, kODr k0, l)

Within the 3rd time slot, we have a portion 4,, (0 < 4, < 1) of the transmission power at M2Mr,
Py, used for transmitting the mixed flow of signal back to M2Ma and M2Mb. In particular, we allocate
AyPy; for the M2Mr to M2Ma link, and (1 — A,)P;; for the M2Mr to M2Mb link. Thus, M2Ma and
M2Mb, respectively, receive signal of.

Dao0,i)” ™
yral \/Azpdl 1+/1 ) hra,OO + IO,i + N(): (8)
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and

/11Dd001 m
Yrb,i (1= 2)Py; T) hyboo + Io; + No. (7)

Then, as we eliminate the noise term from SINR, the signal-to-interference ratio (SIR) in the i,
band of M2Ma and M2Mb via DF-operated M2Mr can be obtained from (10) and (11).

Yai = min(]/ar,i: Ybr,ir yra,i) (10)
and
yb,i = min(]/ar,i' ybr,iv ]/rb,i) (8)

where concerning the Palm theory [30], the instantaneous SIR of the 1st, 2nd, and 3rd time slots are shown in
(12).

_ Paiharo0 ( 1 )—m
Yar,l - Iog 141, Dd,OO,L (9)
and
_ Paihbroo ( A1 )_m
be,L - Iog 1+2, Dd,OO,l (13)
and
_ A2Pgihra,00 ( 1 )—m
YTa,i - Ioj 141, Dd,OO,L (10)
and
_ (A=22)Pgihrb00 (A m
Vro = AR (D0, ) (11)

— The outage probability of typical receivers

This OP specifies the probability that the instantaneous SIR recorded at the receivers drops below
the threshold value of y,, . Hence, it is possible for us to use the cumulative distribution function (CDF) of
the received SIR to formulate the OP, as described in the Theorem 1.
Theorem 1.

The OP of the typical M2M receivers via DF-operated M2Mr at M2Ma and M2Mb in the i, band,
can be obtained respectively from (16) and (17).

2
P
Gd L+9T1+901( < L) ]

_Wal

Pr(yei<vuw)=1-e . (12)

and
2
_lpbt 9d1+6r1+95L(P;l> ]

Pr(ypi <vm)=1-—e , (13)
where W, = ﬂyt%hl“ (1+2)r(1-2) (ﬁ—"l"l)z <1 + 22+ /1;%) . and W, = nyil" (1+2)r
(1-2) (a2} (14 2% + 201 = 1)),

Proof:
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As aforementioned in the network model section, hg,. oo is independently and exponentially
distributed with unit mean. As the study is conducted on 2D planes and y,,; follows the independent
exponential distribution of M2M users and cellular channel gains, with regard to the (12). Based on the
Laplace transform definition and stochastic geometry theory in [31], the OP in the 1st time slot can be
derived as.

2
P.i\m
~Yar,i ad,i+9T.i+9C.i<pd i> ]

Pr{]/ar,i < yth} =1-e ' ’ (14)

where I'(x) = [” et t*"1d¢, and ¥, = nyj (i‘i‘;"l’)z r (1 + %) r (1 - %)

Similarly, based on (13), the OP in the 2nd time slot is given as;

2
P.i\m
ed,i+9r,i+ec,i(ﬁc';) ]

~¥bri
Priyor <ve}=1-—e (15)
2
where Wy, ; = my]} (’“%‘1")2 r(t+3)r(1-2).
In the 3rd time slot, using (14), the OP at M2M , and M2M are respectively formulated as;
P.i\m
~Yrai ed,i+9r,i+95,i<£)
Pr{yra,i < yth} =1-e “ ’ (16)
and
~¥rb,i ed,i+9r,i+9c,i(%)m
PT{Vrb,i < Vth} =1-e ) a7
2 2z
where Yooy =l (1+2)1 (1-2) (ﬁ Da00:) (%")m , and Wi =l (1+2)

2\ [ 2 2 %
r(1-3) (G5 Daons) (25)"

Subsequently, using (18), (19), (20), (21) to combine with (10), (11), after some basic algebraic
manipulations, the OP based on SIR at UEDa and UEDb is obtained in (16) and (17), respectively. The proof
for Theorem 1 ends here.

— Auverage energy efficiency of typical receivers

Based on Theorem 1, we can formulate the average energy efficiency (AEE) of the typical receiver

M2M user in 3TS mode in the K bands respectively at M2Ma and M2Mb in the i,;, band as.

2
K ’\l’gzs Hd,l +6’” +€C,I[%]m
Wi |ng (1+}/th)e d.i

AEE,; =Y’ a , (18)

i=1 di
and
2
K | - [gd‘iJrgr.i +0;i [?JmJ
W, log, (1+ di

AEE,, = Z%ﬁh)e . (19)

i=1 d,i

where ¥275 and W75 described in Theorem 1. In the next section, we present the simulation results of the
OP and the AEE.
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4. NUMERICAL SIMULATION

Using Matlab, we obtained the Monte Carlo simulation results for the OP and the AEE of the
in-studied M2M system for M2Ma and M2Mb. We used the following system parameters in [32] show
Table 1. Figure 2 and Figure 3 present the OP performance at M2Ma and M2Mb, respectively, versus the
M2M user density. It can be observed that the M2Ma curves originate at a slightly higher OP level than
M2Mb ones. Nevertheless, as the M2M users become denser, the OP increases and all the curves rapidly rise
to approximately 100% probability of shutting down the systems. Besides, lower P.; results in lower OP
meaning that the system performance is better.

Moreover, Figure 4 and Figure 5 describe the AEE performance at M2Mb and M2Mb, respectively,
versus the M2M user density. One of the obvious traits is that at the lowest level of P, ;, the systems perform
the best as the AEE curves in these cases are the highest. As for Figure 4, all the AEE curves increase and
peak at the points where there are 4 M2M users perm?, then decrease to approximately the same levels as
their original values. Besides, in Figure 5, the curves follow similar trends as the curves in Figure 4 but with
the highest AEE values reached at 7 M2M users per m?. With regards to the two former figures, we can
claim that the M2M user density raises in association with the increase in the OP and the increase in the AEE
(only up to some certain values). This is because as there are more M2M users, the energy will be used more
efficiently. However, if there are too many users, they will introduce more severe inter-device interference to
the networks leading to the higher probability of system shutdown and considerable AEE downgrade.

Table 1. The main parameters

Parameters Values
The number of bands K=5
The ith bandwidth, W; =20 (MHz)
The transmission power of cellular P.; = 125 (mW)
The transmission power of M2M users Py; = 60 (MW)
The power allocation at M2Mr, A, =0.5
The fraction of distances between M2Mr and M2Ma, M2Mb A, =05
The threshold SIR of cellular and M2M users {ei =0q; =0 (dB)
The threshold OP of cellular and M2M users & = €q; = 0.05
The threshold transmission power of M2M users Pyiup = 20 (MW)
The path-loss coefficient m=4
The cellular link distances[D, 401, Dc.002: ***» Deook | [50,60,70,80,90]
The M2M link distances [Dy,00,1, Da,00.2:***» D00k | [10,20,30,20,10]
The cellular user density [6,,1,6.2,, 8c| [10,1,10,10,10] x 1075
The M2M user density, [64,1,64.2, "+ 8ax] [10,1,10,10,10] x 10~*
The potential two-way M2Mr density, [6,.1,8,.,, ", 4] [10,1,10,10,10] x 10~*

0.98 e
0.95 "]

0.96 _c
0.94 /

0.9 &
0.92 /

& 0.805
0.9

Outage probabilily
Ouiage probability

0.85 0.8 B
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Figure 2. OP performance at M2Ma versus M2M Figure 3. OP performance at M2Mb versus M2M
user density user density
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Figure 4. AEE performance at M2Ma versus M2M Figure 5. AEE performance at M2Mb versus M2M
user density user density

5. CONCLUSION

To conclude, in this study, we analyze the OP and the AEE of the multi-hop M2M communication
underlaying cellular networks in 3TS mode. Based on simulation results, readers can compromise the M2M
user density and the transmission power of the cellular users for optimal values of the OP and the AEE. It
should be noted that for such cooperative relaying networks, the presence of many M2M users does not
always optimize the performance of the systems. For any replicating study, P, ;=225W will be a good starting
value for the evaluation. In the upcoming research pieces, we will investigate how to minimize the cross-tier
interference caused by the cellular and M2M users with the help of power allocation and band selection.
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