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ABSTRACT This paper presents an efficient reconfigurable access scheme for massive machine-type
communication networks, where to provide massive connectivity, the base station is equipped with a
large-scale antenna array. In particular, to maximize the expected throughput of the network, the scheme
uses a frame divided into two segments: grant-based and grant-free that are more efficient for devices
with high and low expected throughput, respectively. At the beginning of each frame, the base station
decides how to partition the two segments, the resource allocation in the grant-based segment and the access
probabilities in the grant-free segment to maximize the expected throughput based on the device traffic
profiles. The corresponding optimization problem is formulated, and a sub-optimal solution algorithm with
low computational complexity is proposed. The performance of the proposed access scheme is evaluated
under different conditions to demonstrate its advantages in terms of achieved throughput and average packet

delay.

INDEX TERMS Wireless communication, access control, massive MIMO, optimization, access protocols.

I. INTRODUCTION

A. BACKGROUND AND MOTIVATION

Massive machine-type communication (mMTC) has been
identified as one of the three key applications of 5G networks.
The goal of mMTC services is to provide connection to large
numbers of devices that transmit data between themselves or
to a base station (BS) with little human intervention. mMTC
is the enabling technology of internet of things (IoT) applica-
tions, such as smart homes, smart cities and industrial internet
of things (IloT).

Compared to human-type communication, nMTC has sev-
eral unique features posing new challenges to the wireless
networks. Devices in mMTC may transmit their packets in
a frequent or sporadic manner [1], and their data packets
are usually short. This necessitates an access scheme that
can support heterogeneous traffic at low signaling overhead.
In addition, while wireless resources are limited, mMTC
networks have to support large numbers of devices, which
makes the massive access a problem in mMTC [2]. A promis-
ing technology to support massive connectivity and alleviate
the wireless resource insufficiency is massive multiple-input
multiple-output (MIMO). Thanks to the large number of base
station (BS) antennas in massive MIMO, the channel vectors
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between the BS and devices become asymptotically orthog-
onal and linear processing can be utilized to separate devices
using the same time-frequency resources effectively. Thus,
massive MIMO has the potential to overcome the resource
scarcity when a large number of machine-type devices access
the network.

In massive MIMO, it is vital for the BS to have an
accurate estimation of device channels, which is typically
accomplished by uplink training with preambles sent by
devices. If the number of devices associated to a BS is
small, each preamble can be assigned to a device and no
intra-cell pilot collision happens [3]. However, mMTC net-
works usually contain a huge number of devices associated to
a BS whereas the preamble length and the number of unique
preambles are limited due to the channel coherence time [4].
Thus, how devices accessing these preambles becomes a
problem. In grant-based random access schemes such as in
[3], [5]-[10], devices have to compete for preambles and
collisions are resolved by different methods. The authors
of [5], [6], [11] propose the strongest-user collision res-
olution (SUCRe) protocol, which allows devices to ran-
domly access the preambles and when collision happens,
only the one with the strongest signal can transmit. This
protocol can resolve collisions, however, it can cause prob-
lems if devices with weak signals are delay-sensitive. The
authors of [3] propose an improved version of SUCRe,
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which allows devices with weaker signals to contend for
idle preambles. However, it might require broadcasting idle
preambles many times and its effectiveness might not be
high when there are many devices since there will be a
few idle preambles. Other improved versions of SUCRe
such as in [9], [10] also have the problem of transmit-
ting the preambles multiple times. In [7], the BS allows
weak-signal devices to contend for idle preambles and also
performs successive-interference-cancellation (SIC) to esti-
mate the channel response of each device. This approach
can reduce the times of broadcasting pilot signals but might
cause high error in channel estimation. In general, due to the
time spent on the handshake procedure, grant-based random
access might cause low channel utility when packets are
short.

Grant-free access schemes are also given attention thanks
to its potential to reduce the signaling overhead in mMTC by
allowing devices to transmit immediately without the compli-
cated handshake procedure [12]. One approach of grant-free
access is assigning each device a preamble, which is not nec-
essarily orthogonal to other preambles and using compressive
sensing techniques to detect devices activities. In each time
slot, the BS tries to detect which devices have transmitted
and estimates their channels based on the received metadata,
which is the transmitted preambles, and then decodes the
received data based on the channel estimation. In [13], [14],
approximate-message-passing (AMP) algorithm is utilized
to estimate the channel matrix of all devices under the
assumption that this matrix is sparse because only a small
portion of devices are active every time slot. Despite the
use of non-orthogonal preambles, the AMP-based approach
can detect devices activities without error when the number
of antennas in the BS approaches infinity [15], the channel
estimation error is higher due to the use of non-orthogonal
preambles and the preamble length should be longer to
compensate for non-orthogonality [16]. In [17] and [18],
the device activity and data detection problem is formu-
lated as a maximum likelihood estimation problem based
on the covariance matrix of the received signal, which has
lower probability of error than AMP-based methods. Other
approaches based on compressive sensing techniques are pro-
posed in [19], [20]. However, false alarm and missed detec-
tion might still happen and potentially cause unwanted errors.
A grant-free random access scheme using orthogonal pream-
bles is proposed in [21]. In this access scheme, each active
device randomly chooses a preamble from available ones
and transmits it along with its data. This approach enables
high-accuracy estimation of device channels, however, when
the number of contending devices is high, collisions will
become a problem. In [22], [23], each device divides its data
into several codewords and uses pilot-hopping to transmit
each codeword and in [24], each device transmits several
preambles before transmitting the data. These approaches are
promising to reduce preamble collisions, however, the sig-
naling overhead is increased by multiple times of preamble
transmission.
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There has been a research interest for hybrid access
schemes [25], [26], combining grant-based and random
access schemes to alleviate the number of collisions in the
random access schemes and consequently improve the net-
work throughput. In [27], [28], each device wishing to trans-
mit has to contend for channel access by sending a request
message, and only successful ones are allocated time slots
while the BS utilizes a distributed queuing algorithms to
resolve collisions. This approach enables data transmission
without collisions, however, it requires a portion of each
time frame for the request signal transmission rather than
data transmission. In [29], each time frame is divided into a
deterministic access phase, in which time slots are allocated
to several devices by the BS, and a random access phase,
in which the rest of devices contend for transmission by using
p-persistent carrier-sense multiple access (CSMA). An opti-
mization problem to maximize the expected throughput is
solved by the BS to decide which devices should be in the
deterministic access phase in the next time frame. This access
scheme does not require any time slots spent on sending
request message and can allocate devices with high traffic to
deterministic access to reduce collisions. However, only one
device can transmit in one time slot, which might be unsuit-
able in future networks, where massive MIMO is adopted at
the BS. Therefore, a hybrid access scheme in the scenario
of massive MIMO BS to leverage the capacity of massive
MIMO is necessary, and this paper aims to develop such an
access scheme.

B. CONTRIBUTIONS
The contributions of this paper are two-fold. First, aiming to
provide massive connectivity, we propose a reconfigurable
access scheme for mMTC networks with a massive MIMO
BS, allowing a single radio resource to be used by multiple
devices simultaneously. As these networks have large num-
bers of devices, assigning orthogonal preamble sequences
to all devices would be impractical. However, because of
the sporadic feature of mMTC traffic, at each frame, only
a portion of devices have a packet for transmission [30].
Hence, we propose a hybrid access scheme in which each
time frame is divided into two segments: grant-based segment
and grant-free segment. In the grant-based segment, pream-
bles and radio resources are assigned to devices with high
probabilities of having non-empty queues while the rest of
devices with low chance of having non-empty queues can
contend with each other in the grant-free segments. The pro-
posed access scheme does not use the handshake procedure
of the grant-based schemes to reduce signaling overhead.
In addition, it reduces the problem of severe collisions of
grant-free schemes and improve throughput by proactively
allocating resources to devices having high traffic demand to
help them transmit without collisions and to reduce the traffic
load on the grant-free segment.

Second, we formulate an optimization problem to sched-
ule devices in the grant-based segment and calculate the
access probabilities for devices in the grant-free segment to
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maximize the expected throughput based on the device traffic
profiles. This problem is high-dimensional and mixed-integer
and has decision variables in the sum bounds. Therefore,
traditional methods cannot be directly applied. To solve this
problem, we propose an iterative algorithm that alternatively
solves the grant-based scheduling sub-problem and grant-free
access probability sub-problem.

We carry out simulations to compare the proposed access
scheme with a pure grant-free access scheme with opti-
mized access probabilities in terms of average throughput
and packet delay. Illustrative results show that our proposed
access scheme achieves significantly higher throughput and
lower packet delay as compared to the pure grant-free random
access scheme.

C. STRUCTURE

The remaining of this paper is divided into five sec-
tions. Section II introduces the system model considered in
this paper, the detail of our reconfigurable access scheme,
the traffic model and the channel model. An overview of
zero-forcing and conjugate beamforming is also provided in
this section. Section III presents the problem formulation and
the proposed algorithm to solve the problem along with its
complexity is described in Section III. Section V presents the
simulation results and Section VI concludes the paper.

Table 1 summarizes the key notations used in this paper.

Il. SYSTEM MODEL

We consider a multipoint-to-point MTC network consisting
of one BS and D devices as illustrated in Figure 1. Devices can
be distributed arbitrarily within a coverage area. As illustrated
in Figure 1, we consider only uplink data transmission from
devices to the BS, as most applications involve reporting
information to the BS in MTC networks. The BS is equipped
with M antennas while each device has only one antenna
since devices in MTC networks are usually size- and power-
limited.

In order to estimate the channel state information (CSI) at
the BS, each device wishing to transmit its data has to transmit
a preamble beforehand. There are N, orthogonal preambles
available in the network and the BS periodically announces
them to devices. When receiving data from multiple devices
transmitting in the same time slot, the BS uses zero-forcing
(ZF) or conjugate beamforming (CB) processing to distin-
guish the data of each device from the others. In addition,
all devices utilize power control so that the expected received
power at the BS is the same for all devices.

A. RECONFIGURABLE ACCESS SCHEME

In this work, we present the access scheme in the time domain
for the ease of presentation. The proposed access scheme
can also be applied to the frequency domain. The network
operates on a frame-by-frame basis. Each time frame is
started with a beacon, followed by two segments as illustrated
in Figure 2. The time frame consists of N, time slots.
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TABLE 1. Table of key notations.

Notation | Definition
9a(t) Probability of device d having packets at time
frame ¢
aq Packet arrival probability of device d
The last time that the BS received a packet from
va(t) device d
‘ Large-scale fading coefficient of the channel between
d device d and the BS
Dy Set of devices transmitting in time slot s
h Small-scale fading vector of the channel between
d device d and the BS
Pr Received power of each device at the BS
bT Received conjugate beamformer for device 1
1 Signal-to-interference-and-noise ratio (SINR) of
cB device 1 after conjugate beamforming (CB)
M Number of antennas at the BS
Signal-to-noise ratio (SNR) of each device at
PR the BS
Number of preambles chosen by all devices
Q other than device 1
1 SINR of device 1 after zero-forcing (ZF)
TzF beamforming
Wy The set of devices choosing preamble g € Q
X Time slot allocation matrix

Element at the d® row and s** column of matrix
Td,s X

P Vector containing the device access probabilities
Pd The d*" element of vector P
Seb Expected throughput of the grant-based segment
Set Expected throughput of the grant-free segment
74 SINR of device d after beamforming

A SINR threshold

~& SINR of device d after ZF beamforming

¥ SINR of device d after CB beamforming
Expected number of device other than device d

K in the grant-free segment
Nig Number of time slots in a time frame
Nt Number of time slots of the grant-free segment
N1, Number of time slots of the grant-based segment
N Maximum number of time slots of the grant-based

gbmax | ceoment
Det Set of devices in the grant-free segment
Usgt Expected number of devices in the grant-free segment
Ny Number of preambles

d Success probability of device d by CB
Peb beamformin,

g

pd Success probability of device d by ZF

#f beamforming

1) BEACON

At the start of each time frame, using the non-empty queue
probabilities of devices, the BS decides the length of the
grant-based segment, the set of devices allocated to this seg-
ment along with their assigned preambles and time slots, and
the access probabilities of other devices. Then it broadcasts
this information to devices via a beacon.

2) GRANT-BASED SEGMENT

In this segment, granted devices transmit their packets in the
corresponding allocated time slots. Up to NV, devices can be
granted the same time slot and each device in this segment
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will be allocated a preamble. Devices transmit their assigned
preambles first, followed by their data payload. The BS uses
the estimated device channel information for beamforming
to cancel interference for the data of each device. In this
segment, transmission is considered successful if the SINR
after beamforming is larger than or equal to a threshold value.
The length of this segment is Ngy, time slots, which is limited
to at most Ngh, max time slots.

3) GRANT-FREE SEGMENT

In this segment, devices that have packets for transmission
but are not granted a time slot, contend with each other,
by using p-persistent ALOHA as follows [21]. In each time
slot, with probability p, a device having packets in its queue
randomly chooses a preamble from N, available ones and
transmits this preamble followed by its data. The BS also
uses the received preamble signal to estimate the device chan-
nel information and then uses the device channel estimation
for beamforming to cancel interference for the data of each
device. If two or more devices select the same preamble,
their activity cannot be detected, and their channels cannot be
estimated. Therefore, their transmission is unsuccessful. The
transmission of each device will be considered successful if
its chosen preamble is not selected concurrently by any other
devices and its signal-to-interference-and-noise ratio (SINR)
after beamforming is larger than or equal to a threshold value,
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1. The access probability, p, helps to control the traffic
load in this segment to reduce collisions and thus, improve
throughput. In each time frame, after one successful transmis-
sion, the device is not allowed to transmit any other packets.
The length of the grant-free segment is Ngf = Nig — Ngp.

In the context of mMTC, a pure grant-based access scheme
can cause low channel utility since resources might be allo-
cated to devices with low traffic demand. On the other hand,
a pure grant-free access scheme can cause severe collisions
when traffic demand is high. The combination of the two
transmission segments enables devices having high traffic
demand to transmit without collisions. In addition, when
devices having high traffic being allocated to the grant-based
segment, there will be less devices in the grant-free segment
and thus, there will be less collisions.

B. TRAFFIC MODEL

We assume that a packet is generated at device d with prob-
ability of a4 in each time frame and is added to the device
queue. It is assumed that the BS is aware of the packet arrival
probabilities of the devices and it keeps a vector V(1) =
[va(t)lva, where v, indicates the last time that the BS has
received a packet from the device d. Moreover, each time the
device sends a packet, it piggybacks an extra bit, ¢4(¢), report-
ing whether its queue is empty (gq(t) = 0) or non-empty
(ga(t) = 1, i.e., it has packets backlogged in the queue to
transmit). Thus, at each time frame ¢, the BS updates 6,(¢)
which is the probability of the device d having a non-empty
queue at ¢ as

_ _ t—vq(t) H —
%mzil (1= a0, i g0 =0
1 if ga(va(2)) = 1.

C. CHANNEL MODEL
The channel model under consideration is uncorrelated
Rayleigh fading channel and the channel response is assumed
to be unchanged within each time slot. The channel response
vector between device d and the BS is gy = /€shy € CM ¢,
is the large-scale coefficient of the channel between device d
and the BS. hy; ~ CN(0, Iy) is the small-scale fading vector
of the channel between device d and the BS.

D. OVERVIEW OF ZF BEAMFORMING AND CONJUGATE
BEAMFORMING

This section briefly reviews the formulas to calculate the
SINR after ZF beamforming and CB of each device as pro-
vided in [21]. Let D; be the set of devices transmitting in
time slot s. In the following subsections, we will present the
formulas of SINR of the first device in D; as an example.

1) CB
Let h; denote the channel vector of the first device and hy
denote the channel vector of device d € D, the SINR of the
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first device after CB is
Pr(hthy |
Ihtin|2 + Pr Y |hilhy?’
dEDg[
d#1

@

I _
YcB =

where n ~ CN(0, 021y) is a vector of the additive white

Gaussian noise and PR is the received power at the BS of each

device. By the strong law of large number, [hlfh 1/M] Moo

1, thus we can simplify (2) as
PRM

1+ (pr/M) Y [hihy 2’
dEDgf
d#1

where pr = PR/ anz is the SNR at the BS of each device.

3

1 _
YcB =

2) ZF BEAMFORMING

In order to present the formula of the SINR of the first device
after ZF beamforming, we define Q = {1,2, ..., Q} as the
set of preambles chosen by all the transmitting devices other
than device 1, W, as the set of devices selecting preamble g €
Q and w,, as an arbitrary element in V. In addition, let a, =
> sew. ha, A = [hy,a, ..., ap] and B = (AHA)TDAH,
the SINR of device 1 is

PR 7 ()

1 _
Vzr = 2
PR > V2bThy| + [Ib]|]2

deW \wy:s€eQ

where bT is the first row of the matrix B and the notation
Wy \ wq means the set W, excluding the element wy.

lll. PROBLEM FORMULATION

The reconfigurable access scheme aims to maximize the
expected throughput of each time frame. The time frame is
divided into the grant-based and grant-free segments. The
grant-based access scheme is more efficient for devices with
a high probability of having a packet for transmission, while
the grant-free access scheme can achieve better throughput
for devices with low probabilities of having a packet for trans-
mission. In the following subsections, we will first derive
the expected throughput of each segment, and then formulate
the problem to optimize the sum of the expected throughputs
achieved in these two segments.

A. EXPECTED THROUGHPUT OF GRANT-BASED
ACCESS SEGMENT
In this subsection, the expected throughput of the grant-based
access segment is derived. Let X : D x Ny be the time
slot allocation matrix, where xz ; = 1 indicates device d
is assigned to time slot s. The expected throughput of the
grant-based access segment of that time frame can be written
as
Ns D
Sgp=_ > xas0aPy?* = ymn). &)

s d
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where y¢ is the SINR of device d at the BS after ZF or CB
processing, and yy, is an SINR threshold value. P(yd > Yih)s
called success probability, is the probability that the SINR of
device d after ZF or CB processing is at least equal to the
threshold, In the following, the success probabilities derived
in [21] for ZF and CB techniques are presented.

Note that in equations (6) and (7), the subscripts zf and cb
denote the type of beamforming used.

1) SUCCESS PROBABILITY IN GRANT-BASED SEGMENT
USING ZF BEAMFORMING

In the grant-based segment, devices that are granted the same
time slot, use different preambles, which are assigned to them
by the BS. Therefore, in this segment, no preamble collision
happens. Consequently, the probability that the device trans-
mits its packet successfully only depends on its SINR at the
BS. In [21], the probability that the SINR of device d is not
smaller than a threshold in case of ZF beamforming is

. o MK Y\
Py = vm) =e M Z —‘(—) , (6)
— PPR
p=0
where Ky = Zlg}):] X4,s64—11s the average number of devices
other than device d in time slot s, and yz‘é is the SINR of
device d after ZF beamforming processing.

2) SUCCESS PROBABILITY IN GRANT-BASED SEGMENT
USING CB

Using the same notation of Ky, the probability of the SINR of
device d is larger than a threshold when CB is used is given
as

P > vin)
— 1=Kt B

M

——A), (7
7

k=2
_ — n—K+1
+(1 =) Eo e Fn+1,
n=»

where ['(s,x) = fxoo t’~le~'dr is the upper-incomplete
Gamma function, n = Ks/(\/A_l—i-KS —1),8= \/M/(x/l\_/l+
Ky —1Dand A = [M/yn] —[1/pr].

B. EXPECTED THROUGHPUT OF GRANT-FREE

ACCESS SEGMENT

In this subsection, the expected throughput of the grant-free
access segment for both ZF and CB processing is derived.
Denote P = [pg]vq as a vector containing the access proba-
bility of each device and define a vector Z = [z4]vq4, Where
24 = Z?’;l Xq4,s indicates whether any time slot is allocated
to device d or not. We have

Sgi= Y patlaP’N, ®)
dGDgf

where Ngr is the duration of the grant-free access segment of
a time frame in time slots, and Dyt = {d | z4 = O} is the set
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of devices allocated in grant-free segment of the according
time frame. Consequently, Nyt can be calculated as

Nts D
Ngt =Nis = Y HO x4.0), ©)
s=1 d=1
where H (x) is defined as
1, if 0
H(x) = nr= (10)

0 otherwise.

Furthermore, P? is the success probability of device d in
the grant-free segment. The following subsections present the
derivation of P? for ZF beamforming and CB.

1) SUCCESS PROBABILITY IN GRANT-FREE SEGMENT

UZING ZF BEAMFORMING

Let Pff denote the success probability of device d when ZF
beamforming is used. In [21], this probability is given as

min{N,—1,K}
> PaQIKYP(rt = ynlK, Q). (1)
0=1

In equation (11), K is the average number of devices in

grant-free access segment other than device d and is calcu-
lated as follows

d _
sz_

K= { > paba — 1J, (12)

dEDgf

where the function | x| is the floor function mapping x to the
largest integer that is smaller than or equal to x. Pi(0IK) is
the probability that Q preambles are selected by K devices
and no collision occurs between device d and the other K
devices. ’ﬁZf(Q|K ) is given in [21] as

(g el
0!
o 0 ’ (13)

N

where {£1 = 170052127 () % ana (1) =

[n!/(ri(n —r)H].
When K > Q, P(yz‘é > yml|K, Q) can be approximated
as [21],

Plyd > ynlK, Q)

Pu(QIK) =

M—-0-1 _
= ZQ ”(p)y_!ﬁ ph” T(K-Q+4.0)
~ "(K—0—1)! K—0+q °
= =\a) pl (K =0~ (1+7w)

(14)
where ['(s,x) = fxoo t*~le~'dr is the upper incomplete
Gamma function.

Furthermore, for K = Q, we have
. g MK Yo\
Porgz vk Q) ~em 3 —(Z) as)
= PR
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2) SUCCESS PROBABILITY IN GRANT-FREE

SEGMENT USING CB

Adopting the notation of K, the success probability of CB is
given in [21] as

Pé = Pa(K)PL > yilK). (16)

where P(K) is the probability that no preamble collisions
occur between K other devices and device d and is provided
as

- 1\X
Per(K) = (1 — N—P> . (17)

75(7/6‘{, > ym|K) is the probability that the SINR of device
d after CB processing is larger than the threshold y,, which
is the same as equation (7).

C. OPTIMIZATION PROBLEM

In the proposed access scheme, before a time frame starts,
the BS decides which devices should be allocated to the
grant-based segment as well as the access probabilities for the
rest of devices that compete with each other in the grant-free
segment so that the total expected throughput of that time
frame is maximized. This problem can be formulated as
follows

maximize Sgp + Sgf,
X,P
subject to: C18.1: x4 s € {0, 1}, Vd,s,
Cl18.2: zgpa =0, Vd,
Cl183:z5 €{0,1}, Vd,
Cl184:0<pg <1, Vd,
C18.5: Ngb < Ngb, max, (18)

where Sy, and Sgr are given in (5) and (8), respectively.
Condition C18.2 is to ensure that each device is only
assigned to either grant-based or grant-free segment. Condi-
tion C18.3 guarantees that each device is allocated at most
one time slot and condition C18.4 ensures the access proba-
bility is between 0 and 1. Finally, condition C18.5 is to limit
the length of the grant-based segment to Ngp, max time slots.

IV. PROPOSED ALGORITHM

It is obvious that (18) is a mixed-integer optimization prob-
lem. In addition, in (6), (7) and (11), since the decision
variables X and P appear in the upperbound of the sums,
taking derivatives becomes difficult. Furthermore, branch-
and-bound method is also inapplicable since X has a huge
number of elements and, consequently, the search space is
inherently large. To address this issue, we propose a subop-
timal algorithm with affordable computational complexity,
namely Algorithm 1.

In this iterative Algorithm 1, the length of the grant-based
segment is initially set to 0 and then increased by one time slot
at each iteration. Furthermore, in each iteration, the problem
is divided into two sub-problems performed in two steps:
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Algorithm 1 Hill-Climbing Algorithm for Solving Prob-
lem (18)
Initialize Nop = 0,5 =0,5'=0,X' =0,P' =0
repeat
Step1: S < 5, X < X', P < P, Ngp < Ngp + 1
Step 2: Solve X’ by Algorithm 2
Step 3: Solve P’ by the method in section IV-B
1) Solve (23) to obtain the initial value of Ug¢
2) Use the obtained initial Uyt to solve (22) by
hill-climbing integer search to obtain the optimal value
of Uyt
3) Solve (24) using the optimal value of Ugf
Step 4: §' « Sgp + Sgf, AS < S -8
until AS < 0 or Ngp = Neb, max
if AS <0 then
return X and P
else
return X' and P
end if

1) Choosing devices for the grant-based segment and assign-
ing them to their corresponding time slots, 2) Deriving P
for the remaining devices to maximize the throughput of this
segment. The iteration continues until no further throughput
enhancement can be achieved by increasing the length of the
grant-based segment or the length of grant-based segment
exceeds its set limit Ngp, max. In the following, we present how
to solve each of these two sub-problems.

A. GRANT-BASED SCHEDULING SUB-PROBLEM

In this subsection, we present an algorithm to maximize the
expected throughput of this segment. In particular, given
the fixed length of the grant-based segment, the expected
throughput of the segment depends on which devices are
chosen for this segment and how these devices are grouped
such that devices belong to the same group are allocated the
same time slot to transmit over it.

In order to maximize the expected throughput of this seg-
ment, devices with the highest non-empty queue probabilities
are chosen. The reason is that in the grant-based segment,
time slots are allocated to devices, and to maximize the
expected throughput, time slots should be allocated to devices
that have a packet for transmission. However, when the num-
ber of devices transmitting in a same time slot increases,
interference also increases. Consequently, the probability that
the SINR of each device is larger than or equal to the threshold
decreases and the expected throughput of that time slot will
decrease if the interference is too high. Therefore, in the
proposed Algorithm 2, first, we sort devices in the set D
according to their probabilities of having non-empty queues
in a descending order. Then, an iterative procedure starts and
iterates over the devices in D. In each iteration, the algorithm
considers a device in D and iterates over the time slots in the
grant-based segment to find a time slot that the device can be
allocated to without causing throughput decrease. Figure 3
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Algorithm 2 Grant-Based Scheduling Algorithm
Sort devices in D with respect to their non-empty queue

probabilities in descending order.
SetX=0,D,=0,D,=40,...,

Dy =#.5=1,i =0.

repeat
Set c = 0.
i<—i+1.

Set d < device iy, in D.
while ¢ < Ngp and x; ¢ =0V 5" € [1, Ngp] do
Step 1: Consider allocating device d to time slot s:
Add d to Dy and calculate the expected through-
put of D; before and after adding d.
if |Ds| < N, and adding d does not decrease the
expected throughput of D, then
X5 < 1.
Add d to Dy.
end if
Step 2: Update the number of time slots that have
been considered:
c<«c+1.
Step 3: Move to the next time slot:
s < s+ 1.
if s > Ny, then
s < 1.
end if
end while
until Each time slot in the grant-based segment has Np
devicesori > D
return X

shows an example of this algorithm with 11 devices, 3 time
slots and 3 preambles.

B. P-DERIVATION SUB-PROBLEM
Given the fixed value of X, the sub-problem of solving P is

maximize Sgf,
P
subject to: C19.1: 0 <pg <1, Vd. (19)
Based on equation (8), this problem can be written as

.. d
maxi’mlze Z PabaP Ugf,
dEDgf
subject to: C19.1: 0 <pg <1, Vd. (20)

In problem (20), the objective function is discrete and the
decision vector P appears in the sum bound of the success
probability P?, therefore traditional methods such as convex
optimization are inapplicable. To tackle this issue, a new
variable Ugs = ) ;.. _( Pafa is introduced, which is the aver-
age number of devices in the grant-free segment. Obviously,
K = | Uyt — 1] and problem (20) is equivalent to

maximize Sgf,

P, Nyt
subject to: C21.1: 0 <py <1, Vd,
C21.2: Y paba = Ug. 1)
d:zg=0
65553



IEEE Access

A. D. Shoaei et al.: Reconfigurable Access Scheme for Massive-MIMO MTC Networks

(o [ [ a[a]a]a|a]a]a]alaw]

6h=1 6,=095 03=091 63 =088 03 =085 63 =085 63=0.8 63=0.7 6;=065 63=06 63=05 ;

(a) A set of devices that have been sorted in the order of non-increasing probabilities of having

non-empty queue.

device
Space 7
A 1 g

Slot 1 Slot 2 Slot 3 Time

(c) Device 7 is first consid-
ered for time slot 1 but adding
device 7 causes throughput of
time slot 1 to decrease so it is
considered for time slot 2 and
it does not cause throughput

Space
A

Preamble

Preamble | | device device device
2 4 5 6

Preamble| [ device device device
1 1 2 3

>
Slot 1 Slot 2 Slot 3 Time

(d) Device 8 is considered
for time slot 3 but it causes
throughput decrease to this
time slot. It is then consid-
ered for time slot 1 but it still
causes throughput decrease. It

Preamblef
3

Preamblef [ device
2 4

Preamblef [ device device device
1 1 2 3

Slot 1 Slot 2 Slot 3 Time

(e) Device 9 is first considered
for time slot 3 and adding de-
vice 9 to this time slot does not
cause throughput decrease so
this device is added to time slot
3.

2
Preamble| | dev device device
1 1 2 3

Slot 1 Slot 2 Slot 3 Time

(b) Device 1 is granted time
slot 1, device 2 is granted time
slot 2 and device 3 is granted
time slot 3. Then, device 4, 5
and 6 is granted time slot 1, 2
and 3, respectively.

device
Space 10
A 1
Preamble} [ device device device
3 10 9 7
Preamble} [ dev device
2 4 6

device
5
Preamble} [ dev device device
! 1 2 3

Slot 1 Slot 2 Slot 3 Time

(f) Device 10 is considered for
time slot 1 and adding device
1 does not cause throughput of
time slot 1 to decrease so it is
allocated time slot 1. Now all
resource blocks of the grant-

also cannot be allocated time
slot 2 as this time slot does not
have any available preambles.
Device 8 will not be allocated
to the grant-based segment.

decrease. Therefore, it is allo-
cated time slot 2.

FIGURE 3. An example of Algorithm 2 for Ngp, = 3 and Np = 3.

The benefit of introducing Uy is that when it is fixed,
the success probabilities are fixed and optimization prob-
lem (21) becomes a linear programming problem, which can
be solved efficiently. In other words, the introduction of Uyt
and constraint C21.2 aids in dealing with the problem of
decision variables in the sum bounds. Having introduced Uy,
problem (21) can be solved in two steps: first, obtaining Ut
and then solving P. The following subsections will discuss
these two steps in detail.

1) DERIVATION OF U
With the introduction of Uy, the sub-problem to obtain this
variable can be written as

maximize PngfU of s

Ugt
subject to: C22.1: 0 < Ugr < 0g. (22
d:zg=0
The remaining issue is how to efficiently search for the

optimal value of Ugs. It can be seen that Ser is a piecewise
function. Moreover, when Uy takes values between any two
consecutive integers x and x + 1, Sy is an increasing function
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based segment have been oc-
cupied so the algorithm stops
and returns the allocation ma-
trix X.

since K will be a fixed value and the success probability
remains the same. The jumps (either up or down) of Sgf occur
at points making Uy integer values. Thus, we only need to
search within the set of integer values of Uyt for the optimal
value. For integer value search, hill-climbing can be utilized.
However, for hill-climbing search, we need a good initial
value, otherwise, the number of iterations will be large. The
proposed approach to initialize a value of Ugy is as follows.
First, consider the case that M is very large, according to [21],
the success probability approaches (1 — (1/Np))Ys~!. In this
case, problem (22) reduces to

1

imize (1 — —)Ys 1 UyN,

maxl}guze( Np) of Vgt

subject to: C23.1: 0 < Ugr < Z 64, (23)
d:zg=0

which is a strictly quasi-concave problem with differentiable
objective function and constraints. Thus, its local maximum
is also a global maximum, and we can utilize a non-linear
programming technique to obtain its optimal value. After
obtaining the solution of problem (23), we use this value of
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Uyt to start hill-climbing search for solving problem (21).
Note that problem (23) is not equivalent to problem (22), it is
only a problem that we solve to obtain a fairly good initial
value of Uyt.

2) DERIVATION OF P
After obtaining the optimal value of Ngf, the success proba-
bility ¢ can be calculated and problem (21) becomes

maximize Sgf
P
subject to: C24.1: 0 <py <1, Vd,

C24.2: Y paba = Ug. (24)
d:zg=0

In problem (24), the problem of decision variables in the
sum bound has been solved. Therefore, it becomes a linear
programming problem, which can be solved efficiently by
traditional linear programming methods.

C. COMPLEXITY OF THE PROPOSED ALGORITHM

In this subsection, we present the complexity of Algorithm 1.
For the grant-based scheduling sub-problem, in the worst
case, we have to consider Ny, time slots for each device,
therefore we have to perform DNy, operations for each value
of Ng. If the optimal value of Ngp iS Ngp max, We have to
vary Ngp from 0 to Ngb max. Therefore, the maximum number
of operations for the grant-based scheduling sub-g)roblem
. DNgb, max (Ngb,max+1

is D(1 + 2 + ... + Ngpmax) = —255225— Thus,
the complexity of this subproblem is (’)(DNg ), which is
polynomial.

For the grant-free sub-problem, for each value of Ngp,
we have to solve the single-variable problem (23), and to cal-
culate the objective function of (22) at most Np times. Finally,
we have to solve the linear programming problem (24), which
has polynomial complexity [31].

On the other hand, if we need to solve problem (18)
optimally, we can use the branch-and-bound algorithm for
the grant-based scheduling sub-problem with an exponential
complexity, which becomes infeasible when D is large.

b, max

V. NUMERICAL RESULTS

In order to evaluate the performance of the proposed access
scheme, simulations on Matlab environment are conducted
and its optimization toolbox is used to solve problem (23).
To simulate the heterogeneous traffic in mMTC network,
the arrival rates of devices are generated as follows. Devices
are divided into four groups, each of which has 25% of
devices. For the first group, the arrival rates are generated
from the uniform distribution on the interval [0.01, 0.25].
For the second group, the arrival rates of devices are ran-
domly and uniformly distributed in the interval [0.25, 0.5].
Similarly, the arrival rates of the third and the fourth groups
are randomly distributed in the intervals [0.5,0.75] and
[0.75, 1], respectively. Other simulation parameters are listed
in Table 2.
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TABLE 2. Simulation parameters.

D 700
N, 20
M 50

PR 1dB

Yo | 8dB
New 20
Ngb,max 12

In order to show the effectiveness of our proposed scheme
in terms of achieved throughput and average packet delay, it is
compared to the pure grant-free random access scheme with
optimized access probability, referred to as Optimized RA
from this point onward. In this scheme, in each time slot, with
an access probability of py, each device d randomly chooses
a preamble and transmits this preamble along with its data
packet. The transmission of a device is considered successful
if it does not have preamble collision and its SINR after
beamforming is larger than a threshold. The access probabil-
ities are optimized by solving problem (19). For simulations,
the throughput is measured in terms of the average number
of packets successfully received at the BS per time frame
(pckt/tf) and the delay is measured in terms of the number
of time frames. The results are shown in Figures 4-9.

Throughput (pckt/tf)

a —©— Reconfigurable Access (ZF)
50 = / ) N
. A — B —Reconfigurable Access (CB)
. A A/ —#— Optimized RA (ZF)
— A —Optimized RA (CB
0A—A AL 4 . . . T T s T (\ ) T
20 40 60 80 100 120 140 160 180 200 220 240

M

FIGURE 4. Throughput vs M.

It can be seen from Figure 4 that when M increases from
20 to 30, there is a significant improvement in through-
put of the proposed access scheme with ZF beamforming
since when M increases the received SINR also increases as
pointed out in [21]. However, from M = 30 to M = 240
the improvement is not significant, which means that M =
30 for ZF almost converges to the case of large M while
for Optimized RA with ZF beamforming, the proportion of
improvement is still significant in this interval. In addition,
in the case of ZF beamforming, the throughput achieved
by the proposed approach is usually three times more than
that of Optimized RA. This is because the grant-based seg-
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FIGURE 7. Throughput vs D.

ment allows devices with high expected throughput to trans-
mit without preamble collisions, the achieved throughput of
each time slot in the grant-based segment will be higher
than that of the grant-free segment. For CB, when M is
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small, the achieved throughput is low for Optimized RA and
the reconfigurable access scheme. However, with higher M,
the throughput also increases and eventually converges to the
throughput achieved by ZF beamforming.

In Figure 5, the throughput achieved by different values
of pr is plotted. When pr varies from —7dB to —5dB,
the throughput achieved by the proposed scheme with ZF
beamforming is improved significantly and from —5dB
to higher values, the improvement becomes insignificant.
Meanwhile, for Optimized RA with ZF, the improvement
is not as much as the proposed scheme with ZF beam-
forming and then it almost saturates from pr = —5dB.
Similar to Figure 5, the throughput achieved by the pro-
posed scheme with ZF beamforming is approximately three
times more than that of Optimized RA with ZF beamform-
ing. For CB, the proposed scheme also yields much higher
throughput than that of Optimized RA with the same beam-
forming technique. Overall, when pRr is low, increasing it
(by raising the transmission power) can improve throughput
significantly since this helps in overcoming the influence
of noise. However, further increase in transmission power
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(and subsequently the SNR) does not cause significant
throughput improvement since interference also increases.
In this situation, having more antennas at the BS is desirable.
For example, for the proposed scheme using CB, increasing
PR to higher than —1dB does not improve its throughput,
however, as shown in Figure 4, increasing M leads to further
throughput gain since the interference cancellation becomes
better at high M.

In Figure 6, throughput for different values of yy, is
shown. In general, when yy, increases, the throughput of all
access schemes deteriorates. However, with ZF beamform-
ing, the throughput of the reconfigurable access scheme only
decreases significantly when yy, is 14dB while Optimized
RA with ZF beamforming decreases sharply since 8dB. For
CB, the throughput of both the reconfigurable access scheme
and Optimized RA exhibits a similar trend, i.e., it decreases
quickly when py, increases from 6dB to 8dB. In general,
for the same beamforming technique, the proposed scheme
always achieves significantly higher throughput than Opti-
mized RA as expected.

In Figure 7, the proposed scheme achieves higher through-
put when D increases from 300 to 600 and then saturates at
approximately 280 while the Optimized RA with ZF beam-
forming offers the same throughput of about 115 over a wide
range of D. Similar to other figures, in Figure 7, the proposed
access scheme also achieves significantly higher throughput
than Optimized RA with the same beamforming technique,
which shows the advantage of the proposed scheme in terms
of achieved throughput. Overall, the benefit of the proposed
scheme is more pronounced when D is high because in this
case, the traffic demand is high and a pure random access
scheme will suffer from severe collisions. In contrast, the pro-
posed scheme allocates devices having high non-empty queue
probabilities to the grant-based segment, which allows them
to transmit in a collision-free manner and reduces the traffic
load on the grant-free segment.

Figure 8 illustrates the average packet delay versus M
of the proposed access scheme and Optimized RA. For the
same beamforming and M, the proposed access scheme
offers significantly lower delay than Optimized RA. For the
same access scheme (Optimized RA or proposed scheme),
ZF-beamforming yields a delay almost the same for a wide
range of M and lower than CB-beamforming. The delay
provided by CB-beamforming is significantly reduced by
increasing M and approaches that provided by ZF beamform-
ing at large M.

In Figure 9, the average packet delay versus D is plot-
ted. For the same access scheme, ZF-beamforming provides
shorter delay and its delay increases faster with increasing D,
as compared to CB. For the same beamforming type, the pro-
posed scheme offers much shorter delay than Optimized RA,
e.g., about 16/22 for CB and 4 /12 for ZF beamforming when
D =700.

For further performance assessment of the proposed algo-
rithm, we develop the optimum algorithm for solving (18),
called Algorithm 3, in the appendix, and compare the
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FIGURE 10. Throughput vs M using ZF beamforming.
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FIGURE 11. Throughput vs M when CB is used.

achieved throughput versus M of the proposed algorithm and
Algorithm 3 (Optimal) using ZF beamforming (Figure 10)
or CB (Figure 11). In Figure 10, we use the simulation
parameters in Table 2, however, in Figure 11, we reduce D to
245 devices, Nis to 10 time slots, Ngp max to 6 time slots and
Np to 14 preambles. The reason for these reductions is that
in the case of CB, the optimal grant-based scheduling (25)
takes too long to converge when D is large. In both figures,
when M is small, the proposed algorithm offers a slightly
worse throughput than the optimal Algorithm 3. However,
when M becomes larger, this performance gap vanishes.
The reason is that when M is small, Ugpmax < Np and
thus, devices must be carefully chosen for the grant-based
segment so that the expected number of devices in each
time slot does not exceed Ugp max- When M is large enough,
Np devices can be allocated to a time slot without causing
throughput decrease so both algorithms will try to allocate
devices having highest non-empty queue probabilities to the
grant-based segment. In other words, as M increases, the pro-
posed algorithm can offer the same throughput as the optimal
Algorithm 3.
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VI. CONCLUSION

This paper considers a network of massive machine-type
devices, where to provide massive connectivity, a mas-
sive MIMO BS is deployed. Aiming to maximize the
expected throughput of the network consisting of devices
with diverse packet arrival probabilities, a reconfigurable
and traffic-aware access scheme is proposed. At each time
frame, the proposed scheme dynamically switches from
the grant-based scheme to the grant-free scheme, as the
grant-based scheme is more efficient for devices with high
chance of packet transmission and the grant-free scheme can
gain better throughput for devices with low probability of
having packet for transmission. To maximize the expected
throughput of each time frame, an optimization problem to
decide which devices should be assigned to the grant-based
or grant-free segment along with the optimal access proba-
bilities for devices in the grant-free segment is formulated.
To solve this optimization problem, an iterative algorithm
with affordable computational complexity is proposed. Per-
formance comparison of the proposed access scheme and
the grant-free random access scheme with optimized access
probability under different numbers of antennas at the BS,
different SNR and SINR threshold is conducted. We also
compare the proposed algorithm with the optimal algorithm.
Simulation results reveal that the proposed access scheme
offers significant improvement in both throughput and aver-
age packet delay as compared to optimized random access
using the same beamforming technique. Moreover, the pro-
posed low-complexity algorithm can approach the perfor-
mance of the optimal algorithm when the number of antennas
is sufficiently large.

APPENDIX A

OPTIMAL ALGORITHM

From (18), it is clear that for a given Ngp, maximum total
throughput is obtained when both Sy, and Sy are maximized.
Sgf is globally maximized by solving problem (19). There-
fore, optimum solution of (18) can be achieved by optimally
solving for X instead of using Algorithm 2.

From (6) and (7), it is clear that 73()/Zdf > ) 1S
non-continuous and has the decision variable X in its sum
bounds. Therefore, Sy, is non-convex even if the integer con-
dition of X is relaxed. To overcome this problem, we use the
constraint that the expected number of devices in each time
slot should not exceed a certain threshold, Ngp, max, beyond
which the interference will be too high that the expected
throughput of the time slot decreases. Using this constraint,
an optimization problem to select and schedule devices in the
grant-based segment for a given Ny, is formulated as follows

Ngb D

max%{mize Z Z Oayd.j

j=1d=1
Ngb
subject to: C25.1: Zyd,,- <1, Vd,
j=1
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D
C25.2: Y yaj < Np, Vj.
d=1

D
C25.3: Zedyd,j < Ugbmax> V),
d=1

where Y : D x Ngp corresponds to the first Ngp columns
of X and yy ; denotes the element at row d and column j
of Y. Condition 25.1 ensures that each device is allocated at
most one time slot. Condition 25.2 ensures that at most Np
devices are allocated to a time slot. Condition 25.3 limits the
total expected number of devices in each time slot to Ugh, max
so that the throughput of that time slot does not decrease
due to high interference. Ugp max is obtained by solving the
following optimization problem
maximize P(yu = yn)Ugy
gb

subject to: C26.1: 0 < Ugp < Np,
C26.2: Uy is integer. (26)

In (26), depending on the type of beamforming technique
used, P(y4 > yw) is calculated by (6) and (7) with Ky =
Uygp — 1. This problem is one-dimensional so it can be solved
by hill-climbing method or exhaustive search. After obtaining
Ugb,max» (25) becomes a mixed integer linear programming,
which can be solved by many solvers. In this work, we use
MOSEK [32] to solve it.

The optimal algorithm to solve (18) is summarized in
Algorithm 3.

Algorithm 3 Optimal Algorithm for Solving (18)
Initialize Nop = 0,5 =0,5'=0,X' =0,P' =0
repeat
Step1: S < 5", X < X', P < P/ Ny < Ngp + 1
Step 2: Obtaining Ugp, max by solving (26) then solve for
Y from problem (25). Set the first Ngp, columns of X’ to
Y and other columns to zeros.
Step 3: Solve P’ by the method in section IV-B
1) Solve (23) to obtain the initial value of Ugy¢
2) Use the obtained initial Uyt to solve (22) by
hill-climbing integer search to obtain the optimal value
of Ugs
3) Solve (24) using the optimal value of Ugf
Step 4: §' < Sop + Sgf, AS < N
until AS < 0 or Ngp = Ngp, max
if AS <0 then
return X and P
else
return X' and P/
end if
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