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The Internet of Things (IoT) is expected to foster the development of 5G wireless networks and requires the efficient support for
a large number of simultaneous short message communications. To address these challenges, some existing works utilize new
waveform andmultiuser superposition transmission schemes to improve the capacity of IoT communication. In this paper, we will
investigate the spatial degree of freedomof IoT devices based on their distribution, then extend themultiuser shared access (MUSA)
which is one of the typical MUST schemes to spatial domain, and propose two novel schemes, that is, the preconfigured access
scheme and the joint spatial and code domain scheduling scheme, to enhance IoT communication. The results indicate that the
proposed schemes can reduce the collision rate dramatically during the IoT random access procedure and improve the performance
of IoT communication obviously. Based on the simulation results, it is also shown that the proposed scheduling scheme can achieve
the similar performance to the corresponding brute-force scheduling but with lower complexity.

1. Introduction

Smart IoT devices are increasingly becoming an integral
part of our lives. Such devices are being used in wide areas
such as intelligent transportation, health care, environmental
monitoring, energy metering, and asset tracking [1]. It is
estimated that the number of such devices will grow into
billions within few years. While IoT applications are char-
acterized by some unique features which are different with
the traditional mobile users, such as huge number of devices,
low power consumption, high frequency access of network,
massive connectivity, and shortmessage communication, this
puts a great pressure for the existing LTE networks. For
tackling the new IoT requirement and improve the network
efficiency for IoT communication, the related standardization
work has been carried out in 3GPP, such as the Rel-13
LTE MTC (machine type communication), where its feature
enables a 1.4MHz compatible carrier which could be overlaid
within 20MHz LTE signal without interference [2], and the
Rel-14 NB-IoT (Narrow-Band Internet of Things), which is
further improving the LTE IoT support and will provide
support of a massive number of low-throughput devices,

low delay sensitivity, ultralow device cost, low device power
consumption, and optimized network architecture [3]. The
NB-IoT can be deployed in-band, utilizing resource blocks
within a normal LTE carrier, or in the unused resource
blocks within an LTE carrier’s guard-band, or stand alone for
deployments in a dedicated spectrum.

Even with the new support from LTE-A MTC and NB-
IoT, the varied service requirements of IoT are not satisfied
sufficiently because the new features introduced by either
MTC or NB-LOT have to consider a certain degree of
backward compatibility with current LTE system, therefore
sacrificing the flexibility of system design and new technical
introduction. So all professionals agree that the scenario and
requirement of IoTwill still be one of the key research areas in
the next generation systemdesign and these rapidly increased
requirements are expected to be satisfied finally in the 5th
generation (5G) wireless communications [4, 5], for example,
higher spectral efficiency, massive connectivity, and lower
latency.

One of main challenges of IoT communication is massive
connectivity and shortmessage communication: for example,
such devices aremost of the time inactive but regularly access
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the network for minor/incremental report updates with no
human interaction. To address this challenge, a few schemes
have been proposed recently. A new waveform scheme
based on biorthogonal frequency division multiplexing was
proposed to allow unused frequencies such as guard bands
to transmit IoT data [6]. Some multiuser superposition
transmission (MUST) schemes have been recently actively
investigated [7–11]; MUST can improve spectral efficiency
and accommodate much more IoT devices by introducing
the controllable interferences to realize overloading with the
cost of slightly increased receiver complexity. In [12], a novel
scheduling scheme was proposed to reduce the collision rate
for IoT access. It can be observed that all of these above works
aim to improve the connectivity and communication capabil-
ity for 5G IoT communication by varied approaches, such as
new waveform, new spreading code, and scheduling scheme.

On the other hand, it is well known that massive MIMO
is one of the core technologies expected to be adopted by
5G systems. With massive MIMO, one sector can serve tens
of user equipment (UEs) simultaneously on the same time-
frequency resource; therefore, many schemes were proposed
to maximize utilization of the spatial degree of freedom
(DOF) introduced by massive MIMO to improve the cellular
system performance [13–16]. However until now, utilizing
this additional spatial degree of freedom to enhance the
IoT communication is not investigated deeply. Moreover, for
IoT devices, their distribution, and traffic type are different
with traditional mobile UEs, such as their semistatic spatial
distribution, short message transmission, and dense commu-
nication requests within the short span of time. Therefore,
the spatial DOF utilization and resource scheduling for IoT
devices have unique features and shall be well exploited.

In this paper, the spatial grouping of IoT devices based
on their distribution is investigated, and the novel precon-
figured access scheme is proposed to reduce the collision
rate of random access; furthermore, the joint spatial and
code domain scheduling scheme is proposed to improve
the performance of IoT communications. The performance
of the proposed scheme is illustrated by simulations and
compared with the random scheduling scheme. The results
show that the proposed scheme outperforms the random
schedulingwith andwithoutMUSAbecause of the additional
spatial-domain multiplexing gain. It is also shown in our
simulations that the proposed scheduling scheme can exhibit
the close performance to the brute-force scheme with lower
computational complexity.

In this paper, in order to clarify the IoT device and
conventional mobile subscriber, the word “users” refers to
IoT devices and word “UEs” refers to conventional mobile
subscribers.

The remainder of this paper is organized as follows:
Section 2 describes the system model and the features of IoT
scheduling utilized to introduce the novel access and spatial-
domain scheduling scheme. Section 3 discusses the proposed
access and scheduling scheme based on user spatial grouping.
Furthermore, the performance and computational complex-
ity of the proposed scheme are analyzed. In Section 4, the
simulation results are provided. Finally, Section 5 concludes
the paper.
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Figure 1: A massive MIMO BS to serve IoT devices.

2. System Model and Feature of
IoT Scheduling

2.1. SystemModel. In this section, the uplink massive MIMO
system is given, as shown in Figure 1; as most of IoT devices
are the monitors and sensors, they gather information from
the monitoring equipment and environment and then report
to control center.

The base station (BS) is equipped with 𝑁𝑟 antennas to
receive the messages from 𝑈 IoT devices with one antenna.

We assume that H𝑛 = [h1,𝑛, . . . , h𝑛𝑟 ,𝑛, . . . , h𝑁𝑟,𝑛]𝑇 is the
frequency channel matrix of size 𝑁𝑟 × 𝑈 that represents
the channel between the BS and 𝑈 IoT devices on the 𝑛th
subcarrier.

h𝑛𝑟,𝑛 = [ℎ1,𝑛𝑟 ,𝑛, . . . , ℎ𝑢,𝑛𝑟 ,𝑛, . . . , ℎ𝑈,𝑛𝑟 ,𝑛], ℎ𝑢,𝑛𝑟 ,𝑛 is the channel
statistic information of device 𝑢 on the 𝑛th subcarrier in 𝑛𝑟th
antenna.

The received signal of BS is denoted as

y𝑛 = H𝑛x𝑛 + n𝑛, (1)

where y𝑛 denotes the collection of received symbols from
all the 𝑈 IoT devices on the 𝑛th subcarrier and x𝑛 is
the transmitted signal vector of dimensions 𝑈 × 1, x𝑛 =
[𝑥1,𝑛, 𝑥𝑢,𝑛, . . . , 𝑥𝑈,𝑛]𝑇, where 𝑥𝑢 is the transmitted symbol for
user 𝑢 on the 𝑛th subcarrier. n𝑛 denotes additive complex
Gaussian noise with zero mean and variance 𝜎20 .

Based on the system model described in (1), the MMSE
frequency-domain equalization is performed to mitigate the
user interference, where the MMSE matrix can be expressed
as

wMMSE = (H𝐻𝑛 H𝑛 + 𝜎2I)−1H𝐻𝑛 . (2)

The estimated symbol x̂𝑛 after MMSE frequency-domain
equalization (FDE) is

x̂𝑛 = wMMSEy𝑛. (3)

For uplink, BS can achieve channel statistic information
(CSI) H𝑛 of all users by using the uplink pilot send by UEs;
then SINR for each user can be calculated by

SINR𝑢,𝑛 =
h𝑢,𝑛2

𝜎20 + ∑𝑢 ̸=𝑢 h𝑢 ,𝑛2 , (4)

where h𝑢,𝑛 = [ℎ𝑢,1,𝑛, . . . , ℎ𝑢,𝑁𝑟 ,𝑛]𝑇 is the channel statistic
information of𝑁𝑟 antennas of 𝑢th user on the 𝑛th subcarrier
and the SINR𝑢,𝑛 is the SINR of 𝑢th user on 𝑛th subcarrier.
Based on SINR𝑢,𝑛, BS can schedule the properUEs to transmit
their information in uplink.
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2.2. Feature of IoT Scheduling. For conventional cellular
system, the main target of the scheduling scheme is max-
imizing the cell throughput and spectral efficiency on the
basis of maintaining user fairness to fulfill user growth traffic
requirement; therefore, based on this scheduling target, the
cost function can be mathematically described by

(𝑆𝑈, 𝑆𝑁) = argmax ∑
𝑢∈𝑆𝑈, 𝑛∈𝑆𝑁

log2 (1 + SINR𝑢,𝑛) , (5)

where 𝑆𝑈, 𝑆𝑁 are the sets of all user and subcarrier indexes
and 𝑆𝑈, 𝑆𝑁 are the sets of indexes corresponding to the
scheduling users and their operating subchannels, respec-
tively. However, considering some unique features of IoT
application, as mentioned before, the target of scheduling
scheme for IoT communication is different from the conven-
tional mobile system and shall be to maximize the number
of active IoT devices to fulfill their dense communication
requests within short span of time.

Therefore, we define a utility function that

sgn (𝑥) = {{{
1, 𝑥 ≥ 0,
0, otherwise,

(6)

and the cost function of the number of active user maximiza-
tion can be described by

(𝑆𝑈, 𝑆𝑁) = argmax ∑
𝑢∈𝑆𝑈, 𝑛∈𝑆𝑁

sgn (SINR𝑢,𝑛 − 𝑉SINR) , (7)

where 𝑉SINR is the predetermined threshold of SINR which
shall be the minimum value of SINR to maintain the normal
operation of IoT devices and𝑉SINR is assumed to be equal for
all IoT devices in this paper.

In order tomaximize the number of the active IoT devices
and system spectral efficiency, some multiuser superposition
transmission (MUST) schemes have been proposed recently
[7–11]; MUST introduces some controllable interferences
to realize overloading at the cost of slightly increased
receiver complexity. As a result, higher spectral efficiency and
more connectivity can be achieved. However, the existing
scheduling schemes of MUST mainly force on the power-
domain or code domain to schedule users to multiplex the
same time-frequency resources and not exploit the spatial
degree of freedom (DOF) based on the user distribution
to accommodate more user access and improve the system
spectrum efficiency, especially for IoT communication.

Multiuser shared access (MUSA) is one of the typical
MUST schemes recently proposed. In the uplink MUSA
system, symbols of each user are spread by a spreading
sequence which is picked randomly from a sequence pool
by access user. Then all spreading symbols are transmitted
over the same time-frequency resources [21, 22]. At the
receiver, SIC is performed to separate superimposed symbols
according to the SINR difference. The typical overloading
factor of MUSA is 150%.

Actually if the spreading sequences of MUSA in the
resource pool can be reused by the different IoT devices based
on their spatial distribution and proper scheduling, then the

access number and performance capacity can be improved
dramatically. Hence, the user spatial DOF shall be introduced
in the scheduling scheme of MUSA to accommodate more
user access and improve system capacity for 5G IoT commu-
nication.

If we research the distribution and location of IoTdevices,
we will find that different types of IoT devices may have
the different spatial distribution. For example, as shown in
Figure 2, there are three types of IoT devices: one is the
sensors around the parking spots; the location height of this
type of sensors is below 2m; the second type of IoT devices
is the traffic monitor located on the street pole; the height of
them is about 6–8m; the third type is thewireless surveillance
cameras or environment detectors installed in the shopping
mall or high rise building; the height of this type is a uniform
distribution on the vertical height from about 3m to the top
of the building. So it can be observed that the different usage
types of IoT devices may be in different spatial locations;
meanwhile, once the IoT devices are installed, their positions
are not changed frequently, not like conventional mobile
users. Based on their static spatial characteristic, IoT devices
can be separated into different spatial groups previously, and
the devices in different spatial groups can share the same set
of spreading sequences for random access and data transmis-
sion. Therefore, with multiplexing the spreading sequences,
the overloading factor of systems can be increased obviously.

Meanwhile, because of the lack of site, the eMBB and
eMTC services may be deployed in the same site in most
cases; this condition is similar to the current 4G condi-
tion. Utilizing the advantage of eMBB and eMTC colocated
deployment, we can use massive MIMO which is used
for eMBB originally to enhance the eMTC performance
conveniently. Hence, we can use the spatial DOF to increase
the number of active IoT devices in 5G massive MIMO
system.

Although BS can schedule uplink multiuser transmis-
sion based on channel estimation by brute-force scheduling
scheme, with the explosion of communication request from
IoT devices, the complexity of the brute-force scheduling will
increase considerably and become unacceptable.

Hence, in the next section, the preconfigured access
scheme and the joint spatial and code domain scheduling
scheme with lower complexity are proposed to improve the
system performance based on user spatial grouping.

3. On Novel Access and Scheduling Schemes

In the proposed schemes, the strategy is designed in the
following three parts:

(1) Based on user (IoT device) location and their channel
measurement, BS can split whole channel space into
several disjoint subspaces by using prebeamforming
matrix and then partition its serving user into several
subspace groups with approximately similar channel
covariance eigenvectors.

(2) Based on the spatial grouping of users, the preamble
code can be reused by users in different spatial group
during the random access procedure.
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Figure 2: The spatial distribution of varied IoT devices.

(3) For IoT scheduling, the spatial and code domain
characters of each user can be identified by a set
of indices, that is, {spatial group index 𝑔, spreading
sequence index 𝑚}. For users marked with different
spreading sequence indices or users marked with
same spreading sequence index and different spatial
group indices, they can be scheduled on the same
time-frequency resource.

Among the above, the user spatial grouping, preamble
multiplexing, and user scheduling in spatial and code domain
are three key issues for the system performance; the following
discussion will focus more on the strategies of these three
issues.

3.1. User Grouping. As mentioned before, in order to exploit
effectively the access and joint scheduling approach, the
users will be partitioned into spatial groups according to the
following qualitative principles: (1) users in the same group
have channel covariance eigenspace spanning approximately
a given common subspace, which characterizes the spatial
group; BS can get this information byUECSI estimated based
on uplink pilots; (2) the subspaces of different spatial groups
which served on the same time-frequency resource by joint
scheduling must be approximately mutually orthogonal or at
least have empty intersection.

In this paper, the fixed quantization algorithm of user
grouping is employed; it is considered as an effective and
low complexity scheme for the implementation in practical
network.

In fixed quantization algorithm, based on the geometry
of the user locations and their channel scattering,𝑈 users can
be divided into 𝐺 subspace groups, and the subspace of 𝑔th
group is V𝑔 ∈ R𝑁𝑟×𝑟𝑔 , 𝑔 ∈ {1, 2, . . . , 𝐺}. As the locations of
most IoT devices are almost fixed, the subspace V𝑔 can be

predetermined based on the CSI of IoT devices and fulfill the
maximal 𝑑𝑉𝑔 , 𝑔 ∈ {1, 2, . . . , 𝐺}. 𝑑𝑉𝑔 is

𝑑𝑉𝑔 = min {𝑑𝑐 (V𝑔,V𝑔)}
𝑑𝑐 (V𝑔,V𝑔) = V𝑔V𝐻𝑔 − 𝑉𝑔𝑉𝐻𝑔 2𝐹 ,

(8)

where 𝑑𝑐 is the chordal distance of two matrices, 𝐺 is the
number of spatial groups, 𝑟𝑔 is the number of dominant
eigenvalues of channel covariance R𝑔, V𝑔 is the dominant
eigenvectors of 𝑅𝑔 with respect to 𝑟𝑔, and R𝑔 is the channel
covariance matrix of users in 𝑔th subspace group.

It is easy to see that if ∑𝐺𝑔=1 𝑟𝑔 = 𝑁𝑟, then we can choose
{V𝑔} as disjoint subsets of the columns of a unitary matrix
of dimensions 𝑁𝑟 × 𝑁𝑟, such that all group subspaces are
mutually orthogonal and 𝑑𝑉𝑔 is maximized. Here the disjoint
blocks of adjacent columns of the unitary DFT matrix can be
used as group subspaces.

For example, if we suppose 𝐺 = 3 and assign 𝑟𝑔 =⌊𝑁𝑟/𝐺⌋ = 𝑟, and let F denote the unitary DFT matrix, then,
we haveV𝑔 formed by taking the (𝑔−1)×𝑟+1 to𝑔×𝑟 columns
of matrix F [23].

Once V𝑔 is predetermined, based on the set of user
channel information h𝑢,𝑛, 𝑢 = 1, 2, . . . , 𝑈, the users can be
partitioned into different spatial groups.

For user grouping, there is a threshold 𝛼 and let 𝑑∗𝑐 =𝑑𝑐(V𝑔,V𝑔), 𝑑𝑔,𝑢= 𝑑𝑐(V𝑔, h𝑢,𝑛); if this user’s 𝑑𝑔,𝑢 < 𝛼𝑑∗𝑐 , we
assume that the 𝑢th user only belongs to spatial group 𝑔 and
if 𝛼𝑑∗𝑐 < 𝑑𝑔,𝑢 < 𝑑∗𝑐 and 𝛼𝑑∗𝑐 < 𝑑𝑔 ,𝑢 < 𝑑∗𝑐 , this means that 𝑢th
user is located in the intersection of V𝑔 and V𝑔 subspaces;
hence, user 𝑢 can be assigned to both 𝑔th and 𝑔th spatial
groups. Based on the user grouping, two sets 𝑆𝑢 and 𝑆𝑔 can
be obtained, 𝑆𝑢 is a set of the spatial group indexes 𝑔 ∈ (1, 𝐺)
that the 𝑢th user belongs to, and 𝑆𝑔 is a set of the user indexes𝑢 ∈ (1, 𝑈) that the 𝑔th spatial group contains.
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In this algorithm, the group subspaces are fixed a priori
based on the geometry of users and their CSI. When we
increase the number of fixed quantization subspaces to
reduce coverage holes, the overlapping between different
spatial groups will also increase and cause the strong inter-
ferences of intergroups. In this case, we allocate different
orthogonal spreading sequences dynamically for users who
belong to adjacent groups in order to reduce the interference
of intergroups, and the dynamic allocation scheme of the
spreading sequences will be given in the proposed joint
scheduling scheme in Section 3.3.

As the location of IoT devices is fixed, their channel
characteristic is more static than the traditional mobile UEs;
therefore, the spatial grouping for IoT devices is more easily
performed.

3.2. Preconfigured Scheme for Random Access. Random
access is generally performed when the IoT devices turn
on and send their reports to control center. In the random
access procedure, a user sends a random access preamble to
BS by choosing it randomly from a preamble pool which is
preallocated by BS. Once the different users send the same
preamble, the collision of random access will happen.

In our scheme, based on the spatial orthogonal user
grouping, the preamble codes can be shared in the different
spatial groups; therefore, more IoT devices can initiate a
random access procedure to transmit the uplink message.

However, as the users located in the overlapping areas of
different spatial groups can cause the random access collision
with the users in adjacent spatial groups if they select the
same preamble code, the preconfigured scheme is proposed
to reduce the collision rate of these users by preconfiguring
preamble pools of spatial groups for these users selection in
their random access procedure.

The proposed preconfigured scheme is suggested to
schedule the users to start from the user who has the largest
number of spatial groups that this user belongs to, because
this user has the most spatial group resource available for
preconfiguration.

In this sense, assuming that user𝑢0 has the largest number
of spatial groups that it belongs to, therefore the set 𝑆𝑢0 can be
obtained, and in addition we have the set 𝑈𝑔0 = {𝑔, 𝑔 ∈ 𝑆𝑢0}.

The 𝑔∗th spatial group, of which the preamble pools can
be used for the 𝑢0th user, can be selected by [24]

𝑔∗ = argmax
𝑔∈𝑈𝑔0

(𝑁∗𝑔 ) , (9)

𝑁∗𝑔 = min
𝑢∈𝑆𝑔 , 𝑔∈𝑈𝑔0

(size (𝑆𝑢)) , (10)

where size(𝑆𝑢) is the utility function to measure the size of
the set 𝑆𝑢. The above process follows the principle of leaving
the maximal spatial groups for the next loop to perform the
preamble pool preconfiguration.

The preconfigured scheme for random access can be
described as follows:

(I) Partition users into predetermined 𝐺 spatial groups
based on their CSI.

(II) Preconfigure the preamble resources which are used
for user random access. Note that we can share the
same preamble resources for users in different spatial
groups.

(III) For the users belong to several spatial groups, they can
select the preamble resourceswith one of these groups
which is selected based on (9) in their random access
procedure.

3.3. Joint Scheduling in Spatial and Code Domain. In this
section, we discuss the scheduling scheme for IoT commu-
nication. Based on user spatial grouping and their initially
estimated SINR, the joint spatial-code scheduling scheme is
proposed tomaximize the number of active users. Compared
with brute-force search scheme with exponential complexity
[24], the proposed scheme has less complexity and close
performance.

In proposed scheme, a schedulingmatrixM𝑆 with the size
of 𝐺 × 𝑈𝑁𝑐 is defined. The row wise of M𝑆 stands for the
spatial group indexes, and the column wise of M𝑆 stands for
the user index and subcarrier index which the user requests.𝐺 is the number of spatial groups; 𝑈 and𝑁𝑐 are the number
of users and subcarriers, respectively. If the 𝑢th user and
his request 𝑛th subcarrier in the 𝑔th group have not been
scheduled, the (𝑔, (𝑢 − 1)𝑁𝑐 + 𝑛) entry of M𝑆 denoted by𝑚𝑔,𝑢,𝑛 is set to “1” (or otherwise “0”). Andwe define a resource
matrixM𝐶with the size of𝐺×𝐶𝑁𝑐, the rowwise ofM𝐶 stands
for the group indexes, and the column wise of M𝐶 stands
for the spreading sequence and subcarrier index. 𝐶 is the
number of spreading sequences.The (𝑔, (𝑐−1)𝑁𝑐+𝑛) entry of
M𝐶 stands for the 𝑐th spreading sequence and its responding
to 𝑛th subcarrier resource in the 𝑔th spatial group, and if
this spreading sequence and subcarrier resource have been
allocated to the users; the (𝑔, (𝑐 − 1)𝑁𝑐 + 𝑛) entry of M𝐶
denoted by 𝑐𝑔,𝑐,𝑛 is set to “0” (or otherwise “1”).

The proposed method is to schedule the users to start
from the group 𝑔0 whose set S𝑔0 contains the largest number
of users needed to be scheduled because such spatial group
can provide the greater flexibility in user scheduling.

The index of such group is denoted by

𝑔0 = argmax
𝑔∈[1,𝐺]

(𝑁𝑆𝑔) , (11)

𝑁𝑆𝑔 = ∑
𝑢∈𝑆𝑔, 𝑛∈[1,𝑁𝑐]

𝑚𝑔,𝑢,𝑛. (12)

Based on the set of user indexes S𝑔0 , we can select the 𝑢th user
who requests the resource of spatial group 𝑔0 (i.e., 𝑢 ∈ S𝑔0)
to form the set 𝑆𝑢, which contains the spatial group indexes
requested by the 𝑢th user (i.e., 𝑔∈ S𝑢). Then we can obtain𝑁min
𝑢 via

𝑁min
𝑢 = min

𝑔∈𝑆𝑢
(𝑁𝑆𝑔) . (13)

If 𝑢th user belongs to spatial group S𝑔0 and also fulfilling the
condition

𝑢 = argmax
𝑢∈𝑆𝑔0 , 𝑔∈𝑆𝑢

(𝑁min
𝑢 ) , (14)
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then, we will allocate the spreading sequence and subcarrier
resources of spatial group 𝑔0 to the 𝑢th user. The above pro-
cess follows the scheduling principle; that is, the scheduled
user needs to satisfy the following:

(1) Its spatial groups have the largest number of users
which need to be scheduled.

(2) After this user is scheduled, the maximal spatial and
code resource can be left for the next loop to perform
resource allocation.

Afterwards, the scheduled user, the allocated spreading
sequence, and subcarriers need to be marked in the schedul-
ingmatrixM𝑆 and resourcematrixM𝐶.Then repeat the above
process until there are no resources to allocate.

To sum up, the proposed scheme can be described as
follows:

(I) Partition users into predetermined 𝐺 spatial groups
based on their CSI.

(II) Select 1, . . . , 𝑈 users where SINR > 𝑉SINR from the
users which need to be scheduled.

(III) Initialize sets 𝑆𝑔, 𝑆𝑢 and matrixes M𝑆, M𝐶 based on
step (I) and step (II).

(IV) Set 𝑖 = 0.
(V) While 𝑖 ⩽ 𝐺 ∗ 𝐶 ∗ 𝑁𝑐:

(a) increase i by 1,
(b) update 𝑆𝑢 and 𝑆𝑔,
(c) select the set 𝑆𝑔0 based on (11),
(d) schedule the user 𝑢 in group 𝑔0 based on (13)

and (14),
(e) allocate the resource indices (𝑔, 𝑐, 𝑛) to user 𝑢,
(f) replace the element of 𝑔th row and (𝑢−1)𝑁𝑐 +𝑛

column with 0 inM𝑆: that is,𝑚𝑔,𝑢,𝑛 = 0,
(g) replace the element of 𝑔th row and (𝑐 − 1)𝑁𝑐 +𝑛

column with “0” inM𝐶: that is, 𝑐𝑔,𝑐,𝑛 = 0,
(h) if M𝐶 orM𝑆 is a zero matrix, break.

(VI) End while.

In the above process, for each loop, one spreading
sequence and subcarrier in one spatial group are allocated to
a selected user. Therefore, the total number of loops is equal
to the number of scheduled users of the system. According
to the objective of the number of active users maximization,
the scheduling method is considered to be optimum if the
number of loops is maximized. However, in general, the
proposed method cannot guarantee such global optimality.
Instead, it can achieve local optimality by giving the maximal
number of residual scheduling resources for the next loop to
perform resource allocation.

In the case of existing multiple solutions to (11), we select
a spatial group as 𝑆𝑔0 with its term max(𝑁min

𝑢 ) to be the
maximum among all the candidates. Based on our discus-
sions above, such selectionmaintains the suboptimality of the
proposed method.

3.4. Performance Analysis. As the spatial DOF is introduced
as a critical factor to maximize the number of active users in
the proposed scheduling scheme, the probability of attaining
maximal DOF can be employed to analyze the scheme
performance [24].

We define 𝜌𝑢,𝑔,𝑐,𝑛 to be the probability for the 𝑢th user
to be scheduled to the 𝑐th spreading sequence and 𝑛th sub-
carrier in the 𝑔th spatial groups and assume 𝑈 users are dis-
tributed evenly onto𝐺 orthogonal spatial groups where there
exist𝐺𝐶𝑁𝑐 unassigned spatial-code and frequency resources
which are statistically independent with each other. Mean-
while, we assume 𝜌𝑢,𝑔,𝑐,𝑛 ∀𝑢, 𝑔, 𝑐, 𝑛, are identical with respect
to the indexes (𝑢, 𝑔, 𝑐, 𝑛), and thus 𝜌𝑢,𝑔,𝑐,𝑛 is denoted by 𝜌.

For the first user, there exist 𝐺𝐶𝑁𝑐 unassigned spatial-
code resources in a subcarrier. Hence, the probability for the
first user to have one spatial-code resource to access is

𝐺∑
𝑔=1

𝐶∑
𝑐=1

𝑁𝑐∑
𝑛=1

𝜌𝑢,𝑔,𝑐,𝑛 = 𝐺𝐶𝑁𝑐𝜌. (15)

Once the first user is assigned, the second user has only𝐺𝐶𝑁𝑐–1 options. Accordingly, the 𝑢th user has only 𝐺𝐶𝑁𝑐 −𝑢+1 options, and its probability to have one resource to access
is (𝐺𝐶𝑁𝑐 − 𝑢 + 1)𝜌.

Hence, the probability for all of𝐺𝐶𝑁𝑐 users to be assigned
is

𝐺𝐶𝑁𝑐∏
𝑢=1

((𝐺𝐶𝑁𝑐 − 𝑢 + 1) 𝜌) = (𝐺𝐶𝑁𝑐)!𝜌𝐺𝐶𝑁𝑐 . (16)

In total, there exist 𝐶𝐺𝐶𝑁𝑐𝑈 groups as above; thus, the overall
probability of achieving the maximal degree of freedom is
given by

Probmax = ( 𝑈
𝐺𝐶𝑁𝑐) (𝐺𝐶𝑁𝑐)!𝜌

𝐺𝐶𝑁𝑐 . (17)

From equation (17), it can be observed that the maximal
spatial-code domain DOF can be attained with very high
probability for the proposed scheme when the number of
users 𝑈 is large (e.g., massive number of IoT devices).

3.5. Computational Complexity Discussion. For the proposed
scheme, the computational complexity mainly comes from
the order statistics in (11)–(14). Given the maximal DOF
of 𝐺𝐶𝑁𝑐, the complexity of order statistics in (11) is upper
bounded by𝑂((𝑈𝐺𝑁𝑐)2); the same upper bound applies also
to the procedure from (12) and (14). Since the maximal num-
ber of loops is𝐺𝐶𝑁𝑐, the overall computational complexity is
upper bounded by 𝑂((𝑈𝐺𝑁𝑐)2𝐺𝐶𝑁𝑐), which is significantly
lower than the exponential complexity offered by the brute-
force search [25].

4. Performance Evaluation and Analysis

In this section, computer simulations were used to evaluate
the proposed schemes in terms of the probability of attaining
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Table 1: Major simulation parameters.

Parameters Values

Tx power 23 dBm for 3D-UMa 500m for UEs and IoT
devices

Duplex FDD
Tx antenna
configurations

Tx antenna elements config.: 1 omni for both
UEs and IoT devices

Rx antenna
configurations

BS Rx antenna elements config: 8 × 4 × 2(±45),
0.5 𝜆H/0.8 𝜆V

Traffic model
Date rate 0.5Mbps TR36.814 Ftp model 2 for
UEs [17]
Data rate 80 kbps for IoT devices

Modulation AMC for UEs
QPSK for IoT devices

Coding scheme AMC for UEs
Turbo Code (code rate 0.23) for IoT

System bandwidth 10MHz (50 PRBs)

Power control Open loop fractional power control for UEs;
alpha = 0.7 𝑃0 = −80 dBm

Network
synchronization Synchronized

MUSA Spreading sequences are generated by
pseudorandom sequences

UE distribution Number of UEs = 300, distribution according
to 36.873 [18], Poisson arrival with rate 10/sec

IoT distribution
Number of devices varied from 1 to 30000 in
steps of 3000, distribution according to 36.873
Access intensity as traffic model 2 in [19]
Non-ideal channel estimation

Receiver MMSE-IRC, detailed guidelines according to
Rel-12 assumptions [20]

SRS 1Tx, 5ms periodicity, wideband

maximal number of active users, the collision rate, and
throughput performance.

In our simulation, there is a single BS (Macro) covering an
area that includes UEs and IoT devices. BS is equipped with
antenna array of 8×8 x-pol elements. For the simulation, there
are𝐺 = 8 prebeamforming groups by using prebeamforming
vectors V𝑔, 𝑔 ∈ 1, . . . , 8 which can be given by the unitary
DFTmatrix F of size 8×8.V𝑔 is formed by taking the (𝑔-1)×𝑟 + 1, 𝑟 = 1. Hence, UEs and IoT devices in serving cell can
be partitioned into eight spatial groups based on their CSI
estimation. For IoT scheduling, the threshold of SINR𝑉SINR is
0 dB. The major simulation assumptions are listed in Table 1.

4.1. The Probability of Attaining Maximal Number of Active
IoT Devices. Figure 3 displays the simulation results of the
probability of obtaining maximal number of active users
for the joint spatial-code scheduling scheme and the brute-
force scheme. It can be observed that, with the number of
IoT devices varying from 3000 to 30000, the probability of
attaining maximal number of active users increases from
about 50% to 90%. Meanwhile, the result shows that the
probability of the proposed scheme and the brute-force
scheme is almost the same to each other and the trend of
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Figure 3: The probability of attaining maximal number versus the
number of IoT devices.
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Figure 4: Collision rate versus the number of IoT devices.

simulation results is coincided with that of analytical method
of (17).

4.2. The Collision Rate of Random Access. Let us denote total
number of devices which send random access request as 𝐾𝑝
and total number of devices that experienced collision as 𝐾𝑐.
Then, we define the collision rate 𝐶𝑅 as

𝐶𝑅 = 𝐾𝐶𝐾𝑃 . (18)

Figure 4 displays the collision rate of the preconfigured
access scheme against the random access scheme with and
without MUSA and the brute-force scheme with different
numbers of IoT devices.
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Figure 5: Collision rate versus the number of IoT devices and UEs.

The results show that, with the number of IoT devices
from 3000 to 30000, the collision rates of the random access
scheme without MUSA increase from 1.7% to 47.2% and the
collision rates of the random scheme with MUSA increase
from 0.9% to 23.2%. As introduced in the spatial DOF, the
collision rate of the proposed scheme can reduce to about 5%
when the number of IoT devices is 30000. From Figure 4, it
can also seem that the performance of the proposed scheme
and the brute-force scheme is close to each other.

Figure 5 displays the performance of these schemes
with different numbers of IoT devices and UEs. The results
show that the proposed access scheme still has the better
performance than the random access scheme. Meanwhile, as
the number of UEs is very small compared with IoT devices,
they have no effect on the result of collision rate. Hence, the
simulation results of collision rate with UE and IoT random
access in Figure 5 are almost the same to the results of only
IoT random access in Figure 4.

4.3. Throughput Performance. The simulation results of cell
average spectrum efficiency are provided in Figures 6 and 7.
Figure 6 displays the cell spectrum efficiency of the proposed
scheme, the random scheduling scheme with and without
MUSA and the brute-force scheme versus the number of
IoT devices. The results show that the proposed scheme can
achieve higher average spectrum efficiency than the random
scheduling both with and without MUSA as it can achieve
additional spatial-domain multiplexing gain. The proposed
scheme achieves about 63.3% and 104.9% of the mean
improvement rate of spectrum efficiency compared with the
random scheduling with and without MUSA, respectively,
with the number of IoT devices varying from 3000 to 30000
per cell.

Figure 7 displays the average spectrum efficiency of these
schemes versus the number of IoT devices and UEs. It
can be observed that the proposed scheme still have the
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Figure 6: Cell average spectrum efficiency (SE) comparison versus
the number of IoT devices.
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Figure 7: Cell average spectrum efficiency (SE) comparison versus
the number of IoT devices and UEs.

significant performance gain compared with the random
scheduling scheme with and without MUSA and the mean
improvement rate of spectrum efficiency is about 42.4% and
91.9%, respectively. Furthermore, as AMC is used in uplink
UE scheduling procedures, the data transmission of UEs can
achieve higher spectrum efficiency than IoT devices in the
hybrid scheduling of UEs and IoT devices. Therefore, the
results of spectrum efficiency in Figure 7 are higher than that
in Figure 6.

FromFigures 6 and 7, it can be observed that the proposed
scheduling scheme has the similar performance to the brute-
force scheme with computation complexity reduction.
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5. Conclusion

In this paper, two novel schemes are proposed to enhance
random access and improve the system capacity for IoT
communication based on user spatial grouping.

In the proposed preconfigured access scheme, the pream-
ble resources are multiplexed to reduce the collision rate of
random access based on user spatial grouping. In the pro-
posed joint scheduling scheme, each IoT device is identified
with a set of spatial-code indices; based on these indices,
BS can schedule users to transmission on the same time-
frequency resources to achieve additional spatial-domain
multiplexing gain. The simulation results validate that the
preconfigured access scheme can obviously reduce the col-
lision rate and the proposed scheduling scheme can achieve
about 63.3% and 104.9% of the mean improvement rate of
spectrum efficiency compared with the random schedul-
ing with and without MUSA, respectively. Furthermore,
the results show that the proposed scheduling scheme can
achieve similar performance to brute-force scheme with
lower scheduling complexity.
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