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Abstract—In this paper, a cognitive machine-to-machine
(M2M) communication network is considered, in which a cellular
network shares the spectrum with the M2M communication
network with )/ machine-type devices (MTDs), one half-duplex
relay, and one MTD gateway for data gathering. One key
challenge is that in the future 5G wireless networks, there will
be billions of those small MTDs, and therefore, a MTD selection
protocol is required for managing data transmission between
MTDs. A joint buffer-aided MTD selection and power allocation
protocol is proposed to maximize the MTDs’ sum-rate provided
that the induced interference to the cellular network is limited.
In particular, in the proposed scheme, at each time slot and
each subcarrier, the cognitive M2M network optimally decides
on whether to be silent or to select either the relay or one of the
MTDs for data transmission. To this end, for each MTD, there
exists a buffer at the relay to avoid data loss. The closed-form
expressions for the power coefficients of MTDs are calculated.
Simulation results show that the proposed policy improves the
sum-rate of the CM2M network in comparison with the other
proposed schemes for M2M communication without buffer.

Index Terms—Buffer-aided cognitive M2M communication,
machine-type device selection, power allocation, SG network.

I. INTRODUCTION

Machine-to-machine (M2M) communications have gained
significant attention recently and it is anticipated that by
2020, the number of machine-type devices (MTDs) will be
in the billions [1]. In M2M communication, wireless MTDs
such as sensors, metering devices, and actuators must be
interconnected via reliable wireless links. In general, M2M
communication networks have short data packets, low data
transmission rate, and are in low priority classes. For coping
with such M2M characteristics, the idea of capillary networks
has recently attracted attention [2]. In such networks, the bur-
den of M2M communication is carried in a hybrid structure in
which data of MTDs is not transmitted directly to the cellular
network. Instead, MTDs close together exchange information
with one another and access the cellular network through
gateways or aggregations [3].

In the future 5G wireless networks, there will be billions
of MTDs, and therefore, M2M communications require new
spectrum resources. An innovative approach called cognitive
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M2M (CM2M) has been recently proposed to defeat the lack
of the radio spectrum resources. One way to incorporate M2M
communication is in a cognitive manner such that the cellular
network owns the spectrum and shares it with the MTDs [4].
Applying cognitive methods to M2M communication networks
is a promising approach [5]. In particular, in [6], an extensive
survey is done to discuss how cognitive radio mechanisms
are exploited in M2M environments. In [3], a cognitive and
opportunistic relay policy is introduced for CM2M network
in order to sense the spectrum used by a cellular network,
to cancel the interference, and to apply opportunistic relay
selection. In [7], a new medium access control protocol, called
data aided cognitive technique, is proposed for the CM2M
network in order to improve the sum-rate of the MTDs while
the overall delay of system is managed.

The main contribution of this paper is to propose a novel
joint buffer-aided MTD selection and power allocation policy
for MTDs in a capillary CM2M network. At each time slot,
according to the instantaneous or statistical channel state
information (CSI) of the involved links, the CM2M network
optimally decides to be silent or to select either the relay or
one of the MTDs such that the data transmission of the cellular
network and MTDs become error-free. For a successful data
transmission in the cellular network, the interference of the
MTDs at the base station must remain below a predefined
threshold. In addition, due to the low data transmission rate
of the MTDs and unknown instantaneous CSI of the interfering
links (I-CSI-I) from the cellular network to the CM2M net-
work, the induced interference of the user equipments (UEs)
to the MTDs is treated as noise. Furthermore, in the proposed
power allocation policy, the closed-form expressions for the
power coefficients of MTDs are calculated. Simulation results
assess the performance of the proposed policy, in terms of the
sum-rate of MTDs and the power budget for different CSI and
buffer assumptions.

II. SYSTEM MODEL

Consider a cellular network which consists of N UEs and
a single base station. Underlaid on this network, we consider
an M2M system composed of M MTDs, a half-duplex relay,
and an MTD gateway for data aggregation. There exist no
direct links between the MTDs and the MTD gateway, and
data of MTDs is transmitted only via the relay. The considered
network architecture mimics a capillary network, in which
the basic premise is to keep the M2M data communication
autonomous from the cellular network. Here, as is proposed
for the emerging cellular networks such as 5G, by using a non-



orthogonal multiple access (NOMA) procedure, some UEs are
transmitting simultaneously in each subcarrier [8]. The total
number of subcarriers in the cellular network is L. Fig. 1
illustrates the main and interference links in the proposed
system model. In this model, time is divided into equal length
slots, and all channels experience zero-mean additive white
Gaussian noise (AWGN) with unit variance and flat block
fading. Therefore, the fading coefficients are constant in each
time slot and vary from one time slot to another. In order to
store the incoming data from MTDs, the relay is equipped with
M infinite-size buffers. However, in Section IV, the effect of
limited buffer size on the MTDs’ sum-rate will be studied. The
amount of the normalized information (bits/symbol) stored in
the j-th buffer of the relay at the ¢-th time slot is denoted by
Q; (7). At the relay, the incoming information from the MTDs
is decoded, stored in the related buffer, and finally transmitted
to the MTD gateway.

In the i-th time slot and [-th subcarrier, the channel coeffi-
cients between the j-th MTD and the relay, between the relay
and the MTD gateway, between the j-th UE and the relay,
and between the j-th UE and the MTD gateway are denoted
by hé(z) Rl (D), hﬁﬁj_l(i), and hﬁﬁj(i), respectively. In
addition, g%(i), g4, (i), and g..(i) represent the channel
coefficients between the j-th MTD and the base station,
between the relay and the base station, and between the j-th
UE and base station, respectively. We assume that the channel
coefficients are stationary and ergodic stochastic processes.
The transmit power of the j-th UE is denoted by lelj(i), and
furthermore, we let PL;(i) and P!, (i) denote the transmit
power of j-th MTD and relay in the ¢-th time slot and I-
th subcarrier, respectively. Ps; is the average transmit power
of the j-th MTD. P and P! (i) represent the average and
instantaneous interference power at the base station in the i-th
time slot and the [-th subcarrier.

In this model, instantaneous CSI of the links in the CM2M
network is assumed to be available. To this end, the MTD
gateway as well as each MTD will transmit pilot signals to
the relay and at the relay the channel estimation scheme is
applied. In addition, for the interference links from the UEs
to the MTDs, I-CSI-I is not known. For CSI of interference
links from the MTDs to the UEs, two cases are considered:
known I-CSI-I and only the statistical CSI of the interference
channels (S-CSI-]) is available. In the proposed protocol, the
relay and the MTD gateway treat the interference of the UEs as
noise. Assume that for [-th subcarrier, u; UEs are transmitting
toward the base station concurrently. For the i-th time slot and
the I-th subcarrier, let le»r(i) and C! (i) denote the maximum
transmission rates from j-th MTD to the relay and from the
relay to the MTD gateway, respectively. Hence, le-r(i) for
je{l,..,M},and l € {1,...,L} and C! (i) are obtained as

Py (i) R (1))
Cj, (i) = logy | 1+ e — |, M
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Our goal is to select the state of the CM2M network in
each time slot and each subcarrier either to be silent or to

C! (i) = log, (1 +
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Fig. 1. The considered buffer-aided CM2M communication with multiple
MTDs, one relay, and one common MTD gateway.

transmit data. If at a given time slot and subcarrier, CM2M
network decides to transmit data, the proposed policy selects
either one of the MTDs or the relay for data transmission and
allocates its transmit power such that the sum-rate of MTDs
is maximized subject to a maximum allowable interference
of MTDs at the base station. For this purpose, selection
variables ¢ (i) € {0,1},j € {1,..,.2M},l € {1,...,L} are
defined for the selection of the data transmission state of the
MTDs in the i-th time slot and the [-th subscriber. More
specifically, if ¢'(i) = 1,j € {1,...,M},l € {1,..., L}, the
j-th MTD is selected for data transmission in the ¢-th time
slot and [-th subcarrier. In this case, the j-th MTD sends data
with maximum rate of R} (i) = C (i), and at the relay,
Ré-r(z') normalized information is decoded and stored in the
j-th buffer. Thus, the amount of information in the queue
of j-th buffer is increased to Q;(i) = Q;(i — 1) + Rér(z)
Otherwise, if qé- (i) = 0, the j-th MTD is not selected in the -
th time slot and I-th subcarrier. Furthermore, if qé(z) =1,5¢€
{M+1,...2M},1 € {1,..., L}, the relay is selected for data
transmission in the 7-th time slot and [-th subcarrier, i.e., the
relay reduces R}, (i) = min{Qy (i — 1),C! (i)} information
bits/symbol from k-th buffer, where £k = 7 — M. Therefore,
the amount of normalized information in the queue of k-th
buffer is decreased to Q. (i) = Qx(i — 1) — R, (7). On the
other hand, if qé(z) =0,5e{M+1,...2M},l€{1,...,L},
the relay is silent in time slot ¢ and [-th subcarrier. In addition,
due to the half-duplex constraint, Z?fl qé (i) < 1 should be
hold at each time slot and each subcarrier.

IITI. JOINT MTD SELECTION AND POWER ALLOCATION

In this section, after studying the achievable average sum-
rate and the power of the MTDs’ interference at the base
station, the optimization problem for the MTDs’ sum-rate
maximization is formulated and solved. In particular, we intro-
duce a joint buffer-aided MTD selection and power allocation
protocol as a solution of this problem.

A. Achievable Average Sum-Rate

In this paper, we assume that MTDs always have data to
transmit and the number of time slots, N, tends to infinity.
Hence, the average transmission rates of the j-th MTD to the
relay, the j-th buffer of relay to the MTD gateway, and the
relay to the MTD gateway, denoted by Rjr, Rjrd, and R,q,
respectively, are as follows

. 1 L N
Ry =lim —=%" " > ;()C5(0), G
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Assuming availability of enough information in the buffers,
the average processing rate of the j-th buffer of the relay is

I L =N |, .
}%M__&§;[Af§251§:ﬁ1%+M@ﬂlAU~ (6)

For rate stability of an infinite-size buffer, the average input
rate should be equal to the average processing rate, i.e., Rj, =

ﬂd [9]. Therefore, Rﬂd = Rﬂd is also valid, see [10] for a
proof. The instantaneous interference (I-INT) power of MTDs
at the base station can be written as

Pai) =Y )P @lg )+ )
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The average interference (A-INT) power of MTDs for I-CSI-I
and S-CSI-I assumptions are
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in which —.E{\gj(z)| bioe{1,..,
denotes expectation.
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B. Optimal MTD Selection Protocol

The sum-rate of MTDs can be maximized by solving the
below optimization problem

maximize R,

a4; (i), P4y, (3), Vi, g, k.1

subject to Cl: Py < I, or P]lm( ) < Lipy
C2: Rjr = R, 4,Vj €{1,..,M} ©
C3: q'(i) € Q,Vi,
C4: PlL(i)>0,Vk € {1,....,M + 1}
s YU Py<p.

in which ¢'(i) = [¢} (i), ..., ¢5,,;(4)]. Constraint C1 limits the

A-INT power of MTDs and the I-INT power of MTDs at
the base station to be below a predefined threshold I;.,.. Rate
stability of the buffers at the relay are ensured by constraints
C2. The set Q is defined as Q = {[q} (i), ..., gh; ()] | q;()
{0,1} A ZJ qu( ) < 1}. Constraint C4 ensures that the
MTD’s transmit powers have positive values and constraint C5
limits the sum of the MTDs’ average transmit powers to be
under a predefined value, F;.

Theorem 1. For both I-CSI-I and S-CSI-I cases and both
the A-INT and I-INT power conditions, the optimal selection
variables that maximize the MTDs’ sum-rate are obtained as
follows

(0,0, ...
1,0, ...

,0,0], if (i) <0, for1<j<2M,
,0,0], if Ih(i) > Th(i) > 0
ORF%)>O>F%)
for 2 <j <2M,

[0,0,...,0,1], if Ty, (i) > Th(i) > 0
OR I', (i) > 0 > Tk (i),

for1 <j<2M —1,

1nwhlch1“l()for1<]<MandM+1<]<2Marg
given in (1 1) and (12) respectlvely.
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Woll? L
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A €5, (i) sign(Lunr — P (0)]g5(0)])
—yPLi(i),  TINT,
(1- )‘j*M>C7l~ (i) — P£M+1( )|9§w+1(i)‘2
) —yPl, +1(7), A-INT, I-CSI-I,
FZ(Z) A: (1 - A]*M>C£’d(z) PsM+1( )Qé
J ) ?yPSIMH( ), A-INT, S-CSI-I,
(1= Aj—ar)Crq (3) sign(Tny — Py 1 (0)]ghy 11 (D))
7P3h1+1( )? I'INT7
Proof: Please refer to Appendix A. [ ]

Theorem 2. The transmit power of the MTDs in the ¢-th time
slot and [-th subcarrier, i.e., P, (i),1 <k < M,1 <1< Lis
given by

(2)(7+Mlg am *
_Zi "(}fl)(';]‘f] (OF - ALNT, LCSH,
. s
Py, ()= @700 T (13)
uy l 2 1 .
~ 2 PO e ) AINT, S-CSH
S S Pk, ()
my ~ —hme o FINT.

Similarly, the transmit power of the relay in the ¢-th time slot
and [-th subcarrier, i.e., P!, (i) is given by

1-X;

<2><v+u|gM+1<>| 7+ )
Zk 1‘hpk( )(li-;TZA( )| , A-INT, I-CSI-I,
M+1
. 1— )\
Py (0= W@ (14)
'(Ll
EpRIES ﬁfﬂiillg){\‘jp%()}’ A-INT, S-CSI-,
-3, S PL@)IR ()]
ln(2)'§/ 1‘}L1\4+1(L)|2 ’ I-INT

where j is in the interval of 1 < j < M such that ¢!, 4 =1
holds.

Proof: Please refer to Appendix B. [ ]

For A-INT case with I-CSI-I and S-CSI-I knowledge, con-
stants (g, A1, ..., Aar,y) and (f, My s Aty A 4) can be obtained
by a M + 2-dimensional search such that conditions C1, C2,
and C5 in (9) are satisfied. Similarly, for I-INT case, constants
(5\1, DY M,7) are achieved by a M + 1-dimensional search
such that conditions C2 and C5 in (9) are met. By using



3.5

Prop. protocol, inf. buffer, I-CSI-I, A-INT|
3].| —©— Policy of [7], I-CSI-I, A-INT
—&— Policy of [3], I-CSI-I, A-INT
—&— Policy of [2], I-CSI-I, A-INT

Sum-rate of MTDs (bits per time slot)

0 é 1‘0 1‘5 20
P(dB)
Fig. 2. MTDs’ sum-rate versus the MTDs’ power budget, P (dB), for five
MTDs.
the proposed buffer-aided MTD selection scheme in (10), in

each time slot and each subcarrier, CM2M network decides
optimally to be silent or to transmit data. If CM2M network
decides to transmit data, a transmitter node with maximum
transmission rate (either one of the MTDs or the relay) is
selected for data transmission. Therefore, the sum-rate of
MTDs is maximized while the induced interference of MTDs
to the base station is limited.

IV. SIMULATION RESULTS AND ANALYSIS

In this section, we assess the proposed policy in terms of
the sum-rate MTDs and the MTDs’ power budget through
simulations. There exist five MTDs in the CM2M network and
we assume Rayleigh block fading. We assume that P, = 4
B, Q) = 14 B, Ellgy)P} = 01 BUK (P} =
and E{|hél(i)|2} = ]E{|h ,()]?} = = 0.1, ie., the
CM2M network has smaller size in comparison with the
cellular network. The sum-rate of MTDs is illustrated versus
the interference threshold, Iy, in Fig. 2 for S-CSI-I and I-
CSI-I cases, A-INT and I-INT power conditions, and infinite
and limited buffer size. For investigating the limited buffer
size effect, we assume that the size of the buffer equals to
ten times of the maximum MTDs’ sum-rate obtained with the
proposed policy for the infinite buffer size.

Fig. 2 illustrates the MTDs’ sum-rate of our proposed
protocol, the proposed policies in [2], [3], and [7] versus the
MTDs’ power budget, P;, for a CM2M with five MTDs. As
this figure shows, by increasing the MTDs’ power budget,
the MTDs’ sum-rate is enhanced. Furthermore, due to the
MTDs’ power allocation, our proposed policy outperforms
other schemes in terms of the MTDs’ sum-rate.

In Fig. 3, the MTDs’ sum-rate of our introduced scheme,
the proposed protocols in [2], [3], and [7] are shown versus the
number of MTDs, M. As can be seen from Fig. 3, increasing
the number of MTDs results in enhancement of the degrees of
freedom which causes improvement of the MTDs’ sum-rate. In
Fig. 2 and 3, the proposed buffer-aided MTD selection policy
with the A-INT power condition, infinite buffer size, and I-
CSI-I knowledge has the largest MTDs’ sum-rate among all
the other schemes.

APPENDIX A

We first solve the optimization problem in (9) for the case

of A-INT with I-CSI-I knowledge. The optimization problem

Prop. protocol, inf. buffer, I-CSI-I, A=INT[
—— Prop. protocol, lim. buffer, I-CSI-I, A-INT]|
0.4 —&— Policy of [7], I-CSI-I, A-INT

Policy of [3], I-CSI-I, A-INT
—e— Policy of [2], I-CSI-I, A-INT

Sum-rate of MTDs (bits per time slot)
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Fig. 3. MTDs’ sum—rzﬂgmsgrgfu“thDﬁe number of MTDs, M.
in (9) is an integer program which is classified as a non-
deterministic polynomial-time hard problem. Thus, the binary
constraint ¢! (i) € {0,1},5 € {1,...,2M},l € {1,...,L} in
(9) is relaxed to condition 0 < qé(z) < 1. Nevertheless,
because the relaxed problem is a linear programming problem
in terms of qj( i), the optimal solution can be obtained at the
intersection of the feasible hyperplanes, i.e., q]( 1) = 0 or
qé(z) = 1. Therefore, the optimal solution of the optimization
problem is not influenced by the relaxation. For the relaxed
linear program, the Karush-Kuhn-Tucker (KKT) conditions are
both necessary and sufficient conditions, and therefore, the
optimal solution can be achieved from the KKT conditions. In
the following, the KKT conditions for the relaxed optimization
problem are studied.

The Lagrangian function for the relaxed optimization prob-
lem is provided as

£(q;(3), Pzi(') [ AL ey l(i),ﬁé(i)’wl(i)wi(i),v) =
_Z rd +/~L int — Ithr +Z Rjr)
+w<ZMj1 PPty S 12 "l

2M

—Zwillz,ﬁl% +ZH§;1
2M M1
(2510 Zyéllzkl (k@) (15)

in Wthh s )\], ak (i), BL(), ¢'(i), VL(Z), and 7 are the
Lagranglan multlphers for constraints C1, C2, qj(‘) < 1,

() >0, Zj 1q]( 1) < 1, C4, and C5 respectively. In the
f0110w1ng, the derivations of Lagrangian function in (15) with
respectt0q7()for1<j < M,and M +1<j<2M are
equated to zero in (16) and (17), respectively.

) Y , v ,
o<y = p Pl OF = 0,0 + 3Py 16
B() + ' (i) = 0,

—CL(i) . .
Sl Dl ()P

AM?

]rd

)(q5(i) — 1)

+al(i) —

oL |
~ 7 M <j<2M —
gL (i) M=

P 0) 4 L Pl 6) + o (6) — BL6) + 01(0) = .

If ¢ (i) = 1 holds, other selection variables are zero, i.e.,
qé- (1) = 0 for 2 < j < 2M, and based on the complementary
slackness constraint, aé- (i) for 2 < j < 2M and B (i) are



TABLE 1
NECESSARY CONDITIONS FOR OPTIMAL ql(i)

respect to Pslk(z) for 1 < k < M + 1, and equate them to
zero. Therefore, for 1 < k < M, we have

(22)

:0’

zero [11]. By substituting these variables into (16) and (17),
we have

N (') + af (i) = MC1,.(6) — uPL (1)|gi (D? (18)
—yPLy (i) S T4 (3),
and for 2 < 5 < M, we obtain
N(p'(i) = B} (i) = A;Cj,.(8) — pPL ()] gj () (19)
—yPL(i) =T (i),
and for M +1 < j < 2M, we obtain
NP (i) = B5(0) = (1 = Aj-ar) Cra(i)+ (20)

1P g1 (0)]ghe 41 () = YPhg 40 (6) S TH0),
where F;(z) is the selection metric in the ¢-th time slot
and [-th subcarrier. Based on the dual feasibility constraint,
Bh(i), ' (i), (i) > 0. Hence, T} (i) in (18) is non-negative.
In addition, by subtracting the expression in (18) from (19)
and the expression in (18) from (20), we have

(i) — T(i) = N(ak(i) + BL(i)) > 0. Q1)
Therefore, I' (i) > 0 and T (i) > I'4(i),2 < j < 2M are
the necessary conditions for ¢'(i) = [1,0, ..., 0]. Similarly, the
other necessary conditions are achieved in Table-1.

Since the probability of equality of two selection metrics is
zero, i.e., Pr{l';(i) = I', (i)} = 0, when I’ (i) and I} (i) are
equal, selecting either qj( i) = 1 or ¢\ (i) = 1 does not alter the
maximum sum-rate of MTDs. Hence, the necessary conditions
in Table-I are also sufficient which results in Theorem 1. The
Lagrangian multipliers u, A;, and vy rely on the statistics of
the channels and can be determined by a M + 2-dimensional
search such that the conditions C1, C2, and C5 in (9) are
satisfied. In (15), p and v are the Lagrangian multipliers of
the inequality constraints, and therefore, 4 > 0 and v > 0
are valid. In addition, if I‘é(z) < 0and A; <0 hold, the j-th
MTD is not selected for the data transmission which results
in zero throughput for j-th MTD, and hence, I';(i) < 0 and
A; < 0 are not the case. In addition, if A\; > 1 hold the j-th
buffer of the relay is not selected to transmit the data to the
MTD gateway, and therefore, 0 < A; < 1 should be held.

For S-CSI-I knowledge, the optimization problem can be
solved similar to the I-CSI-I case by replacing Q) by |g! (i)[%.
For I-INT power condition, the maximization problem can be
solved in a similar way as in [10] with the difference that
the I-INT power condition should be met in each time slot.
Therefore, for the I-INT power constraint, Fé(l) should be
multiplied with sign(Iyn, — PL;(i)|g(i)[?) in the proposed
MTD selection scheme. This completes the proof.

APPENDIX B

In order to calculate the optimal transmit power of MTDs

and relay, we differentiate the Lagrangian function in (15) with

T77 oo
q' (1) Necessary conditions 0 s Hor 2 l(s
[,0,,0,0] | TL0) = 0,1%0) > I(0), for 1 < j < 20, aP%@AYV%@y+NﬂAOmAO|7VAQ+
1,0, .. T (i) > 0,T5(i) > T'.(d) for 1 < j < 2M. " . )
[0,1,0,...,0] D(@) > 0,T5(i) > TL(i) for 1 < j < By dL(DIRL ()2
3 1 Nln(2)(1+2?:1 (D51 (D)2 + P (0| (6)[2)
[0,0,..,0,1] | Thy, () >0,T%,, (i) > TE(i), for 1 <j <2M. and
[0,0,...,0,0] TL(i) <0, for 1 <j <2M. [ _ 7 2M M )
aP;MH b+ RS i)lgha (0]

. M . 2M
|hM+1(l)|2(ZJ 1 /\JqM+J( i) — Zg M+1 qg( i))
Nn(2)(1+ 6+ PZM+1( )|hM+1( i)[?)
~Varga (i) =0, (23)
in which 6 = Y7 | P/, (i)|hl (7). Assume that at the i-
th time slot and [-th subcarrier, the k-th MTD is selected to
transmit its data to the relay, and thus, ¢! (i) = 1, P!, (i) # 0.
According to the complementary slackness condition, u,i( ) =
0 holds. Therefore, by substituting ¢!, (i), v% (i) into (22), for
1 < k < M we obtain
Py M ity Py ()l 2 ()
sk\%)— . - -
In(2)(v + plg;, (9)[?) |k (8) |2
Moreover, if at the i-th time slot and [-th subcarrier, the relay is
selected to transmit the MTDs’ data from the k-th buffer to the
MTD gateway, qj, (i) = 1, P!, (i) # 0, and hence, based
on complementary slackness constraint, we have v, (i) =
0. Thus, by substituting ¢}, ,,(i) and v}, () into (23), for
1<k <M, qr+m(i) =1, we have
Pl () = —
i 111(2)(7+u|g§w+1( )1?)
OISOl
|hjw+1( i)?
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