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Abstract—This paper proposes low complexity resource alloca-
tion in frequency domain non-orthogonal multiple access where
many devices access with a base station. The number of the
devices is assumed to be more than that of the resource for
network capacity enhancement, which is demanded in massive
machine type communications (mMTC). This paper proposes
two types of resource allocation techniques, which are named
as “CGVS” and “LLRVS”, all of which are based on the MIN-
MAX approach. CGVS seeks for nicer resource allocation with
only channel gains, while LLRVS applies the message passing
algorithm (MPA) for better resource allocation. The proposed
resource allocation techniques are evaluated by computer sim-
ulation in frequency domain non-orthogonal multiple access.
Whereas LLRVS achieves only 0.1dB better performance than
CGYVS in the multiple access with the overloading ratio of 1.5 at
the BER of 10™%, CGVS can be implemented with 10~° smaller
computational complexity than LLRVS. CGVS attains a gain of
about 10dB at the BER of 10™* in the multiple access with the
overloading ration of 2.0. The complexity of CGVS is 107 !¢ as
small as the conventional technique.

Index Terms—Non-orthogonal access, low complexity, message
passing algorithm, subcarrier allocation

I. INTRODUCTION

Machine-type communications (MTC) have been identified
as a part of the fifth generation mobile communication system
and the beyond 5th generation system for the society with
Internet of things (IoT). The society with the IoT needs a
lot of sensor devices with wireless communication function-
ality, which are going to be scattered around us. Massive
connectivity is demanded for the connection with those devices
when the number of those devices grows extremely high. In a
word, network capacity has to be increased for such massive
MTC (mMTC), though amount of data sent by a device
might not be huge. Many techniques have been proposed for
enhancement of the wireless network capacity. For instance,
multi-user multiple input multiple output (MU-MIMO) [1] and
orthogonal frequency division multiple access (OFDMA) [2],
that are classified into orthogonal multiple access, have been
investigated. Non-orthogonal multiple access also has been
considered, because non-orthogonal multiple access poten-
tially achieves higher capacity than orthogonal multiple access.
Non-orthogonal multiple access (NOMA) [3]-[9], low-density
signature (LDS) [10], [11], and sparse code multiple access
(SCMA) [12], [13] have been proposed as non-orthogonal
multiple access techniques. Adaptive resource allocation has
been proposed for non-orthogonal multiple access based on
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low density signature [14]. Although the adaptive resource al-
location improves the transmission performance, the allocation
technique executes the message passing algorithm (MPA) [15],
[16] for all the subcarrier allocation patterns to find the
best resource allocation at the transmitter, which results in
prohibitive high computational complexity.

In this paper, we propose low complexity resource allo-
cation in frequency domain non-orthogonal multiple access
where many devices access with a base station. Whereas our
proposed techniques search better resource allocation based
on the MIN-MAX approach, our proposed techniques can
be classified into tow types. One of them seeks for nicer
resource allocation with only channel gains. The other applies
the message passing algorithm (MPA) only for the nice candi-
dates of resource allocation, while the conventional technique
executes the MPA for all the resource allocation patterns.
The performance of those proposed techniques are evaluated
by computer simulations. The proposed techniques achieve
as near optimum performance as the conventional technique.
However, the proposed techniques can be implemented with
much less computational complexity than the conventional
technique.

Throughout the paper, j, and c* represent the imaginary unit,
and complex conjugate of a complex number c. Superscript T
and H indicate transpose and Hermitian transpose of a matrix
or a vector, respectively. In addition, diag [V], A;, Ay and
A, indicate a diagonal matrix with a vector V in the diagonal
position, an Ith column vector, a kth row vector, and a (k,[)
element of a matrix A, respectively.

II. SYSTEM MODEL

We assume that a user owns L IoT devices for collecting
information measured with the sensors on the devices, and
one resource block is allocated to the user. In other words,
the user communicates with those IoT devices through wire-
less communication within the allocated resource block. The
number of the devices is possibly increasing regardless of the
resource. The transmitters on the IoT devices are assumed to
have always some information to send, which forces all the IoT
devices to send their packet simultaneously for the receiver on
the base station. Only one antenna is installed on every IoT
device and the base station. The available frequency resources
are defined using a set Bp = {b(0),b(1),--- ,b(Ns — 1)}
where Ny € N and b(l) € R denote the number of the



subcarriers in a resource block and I/th subcarrier number in
the resource block. Let Np € N and n € N represent the
number of the discrete Fourier transform (DFT) points and
an iteration stage number defined afterwords, the [th device
transmits a signal vector Sl(") € CN* with a partial discrete
Fourier transform matrix (PDFT) F ¢ CNsxNr as,

S\™ = FHEX () . (1)

In (1), X("(I) € C: represents a modulation signal vector
sent from the Ith device. Let F),, € C represent a (p,q)
element of the PDFT matrix, the PDF matrix F is defined
as,
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Though the device transmits the signals in multiple frequency

resources, i.e. subcarriers, the same modulation signal z (1) €
C is sent in the subcarriers.

XM(1) = C[Ma(0), 3)
In (3), Cl(”) € R™: represents a subcarrier allocation vector for

(n) (n) m 1"
the /th device, which is defined as C;’ = {cl 0 g Ns_l}

where ¢ | € R indicates the ith element of the vector C\™.

The element defines availability of the subcarrier for the device
to send the signals, which is defined as follows.

li—1 = 4

)

(ny _ J 1 (ithsubcarrier is available)
0 (i th subcarrier is not available)

As is shown in (3) and (4), the device actually only transmits
the same packet in the M subcarriers where M indicates the
number of the subcarriers allocated to an IoT device. Let
C™ ¢ CN+*L denote a subcarrier allocation matrix, the
matrix is defined as C™ = [c{" ... c{"|.

All the devices simultaneously send their packets for the
base station after the cyclic prefixes are added to those signals.
The base station receives those transmission signals that have
passed through multipath fading channels, where the path
length is less than the cyclic prefix length. Let H; € CNe*Ne
denote a channel matrix between the [th device and the base
station, a received signal vector Y € CV¥ in the time domain
can be written as,

L
Y =Y HS"+N. (5)
=1

In (5), N € C™F represents an additive white Gaussian noise
(AWGN) vector. As is shown in (5), the received signal is
superposition of the transmission signals from the L devices.
The received signal vector in the time domain is transformed
into the frequency domain as,

L
FY =Y FH;S["™ + FN
=1
= T'™WX 4+ FN (6)

Y:

In the above equation, Y € CV: and X denote a received
signal vector in the frequency domain and a transmission
signal vector containing all the devices’ transmission signals
defined as X = (2 (1)---2 (L))". In addition, (™) € CN=*L
represents an equivalent channel matrix defined as,

rm = rL)c|. 7
In (7), T'(I) € CN=*Ns denotes a diagonal matrix with the
frequency responses between the Ith device and the base
station in the diagonal positions, which is expressed as follows.

T (1) = diag [vi(0) vi(1) - - - (Ns — 1)] ®)

In (8), v;(m) represents a frequency response in the mth
subcarrier between the [th device and the base station, which
is defined as,

Lp—1
W(m) = > hi(p)exp (ijrzﬁ : ©)

p=0

where L, € N and h;(p) € C denote the number of the paths
in the multipath fading channel and a complex path gain of
the pth path in the channel between the [th IoT device and the
base station.

Even when superposition of the transmission signals sent
from the L terminals is received at the receiver on the
base station, if the equivalent channel matrix is sparse, a
low complexity detector based on the MPA can be applied,
which achieves almost the same performance to the maximum
likelihood estimation.

For enhancing transmission performance, the adaptive re-
source allocation has been proposed [14]. However, it needs
the prohibitive high complexity that grows exponentially
with the number of the terminals L; the MPA is executed
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modulation, because the exhaustive search is applied.

We propose low complexity resource allocation algorithm
in the following section.

times, where () represents cardinality of the

III. REDUCED COMPLEXITY RESOURCE ALLOCATION

Even when a detector based on the MPA is applied at the
receiver, the performance is dependent on the channel matrix
in the system. This means that the detection performance could
be estimated through analysis of the channel matrix in the
system with the frequency domain non-orthogonal multiple
access. This section proposes low complexity resource alloca-
tion based on analysis of the channel matrix.

A. Least Channel Gain Maximization With Channel Vector
Swapping

This section applies vector swapping to the subcarrier
allocation matrix, with which resource allocation can be imple-
mented. The vector swapping is iterated until better resource
allocation is found in the proposed technique. Let T'(") denote
an equivalent channel matrix at the nth iteration stage, first of



all, the position of the minimum channel gain f‘ggz)ln € Cin

the equivalent channel matrix is searched as,

(kn,l,) = arg min Hf‘f:l)u .
(k,1)eB™

B(™) in (10) represents a set containing the positions of
the non-zero elements in the matrix T'("™), which is defined
as B = {(k,]) |I_‘§:l) # 0}. For the vector swapping, a
permutation matrix J(I1 <+ l3) € NE*E ig introduced to swap
{1th column and [5th column as follows.

(l) (l2)

(10)

1

A candidate subcarrier allocation matrix CI™l € Cs*Z and
a candidate equivalent channel matrix T'l'»] € CN:*L are
obtained with the permutation matrix as follows.

clra] C™I(l, <> 1)
g rct. e

12)
13)

In (12) and (13), r, € N represents a column index different
from [,,. Let Bl[T"] denote a set containing the positions of the
nonzero elements in the [th column vector of the matrix L',
the set is defined as B! = {k|T!"")  0}. The position of
the minimum non-zero element in the [/,,th and r,,th column
vectors is searched as,

(k[”‘],l[r”]) = arg min Hﬂ;ﬂ%n

| as

(k1.ln) € By
(ka,r0) € By

Since the [,,the column can be swapped with all the columns
except for [,,th column, we find the best column that provides
the biggest value I‘E:[’;i] Jrn1» Which is written as follows.

T, = arg max {I_‘E:[Zl]’l[,,n]} (15)
Tn

Tn € N represents a column index that makes the permu-

tation provide the biggest value I‘E:l’;’l] Jre) 1D the indexes

r, = 1--- L. The best candidate subcarrier allocation matrix

C(t1/n) ¢ CN-*L can be obtained with the column index

T, as follows.

cn+t/m) CMI (1, < 7p) (16)

The above signal processing is depicted by Fig. 1 where the
equivalent channel matrices with Ny =4, M =2, and L =6
are shown. v;(k) is equal to a (k,!) element of the channel
matrix T, ie., y(k) = f‘,(:l). The channel gain v4(2) is

assumed to be the smallest in the upper matrix in the figure.
The subcarriers allocated to the 4th device are attempted to
be reallocated to the other device '. If the subcarriers are
swapped with those to the 3rd device, for example, the lower
equivalent channel matrix will be obtained. The smallest gain
in the subcarriers for the 3rd and 4th devices is searched,
which is implemented in (14). The above attempt is repeated
with all the possible columns, and the smallest gains given by
all the attempts are compared. When the attempt with the 7,
th device attains the largest gain, which is done in (15), the
subcarriers allocated to the 4th device are swapped with those
of the 7,th device. The permutation matrix corresponding to
the swap is selected for the best candidate subcarrier allocation
matrix as shown in (16).
The subcarrier allocation matrix C(™ is updated as,

n n ~(n) =7
C(”+1): C( +1/ ) ‘I‘knJ" < Fk[Tﬂ],l[T”] (17)
cm otherwise

This means that the subcarrier allocation matrix is updated
only if the update of the subcarrier allocation matrix makes the

[Tn]

absolute value ‘I‘ k(] 17n]

‘ bigger than that of the minimum

non-zero element ‘f‘g;) L ’ Otherwise, the subcarrier allocation
is not update, which means the end of the iteration in the pro-
posed technique. Even in the following proposed techniques,
if the subcarrier allocation matrix is not updated, the iteration
is terminated.

The subcarrier allocation technique described in the section
is called “Least Channel Gain Maximization With Channel
Vector Swapping”, which is abbreviated as “CGVS”.

B. Least LLR Maximization With Channel Vector Swapping

In the proposed techniques described above, the subcarrier
allocation is searched for maximizing the least channel gain
in the equivalent channel matrix. On the other hand, the MPA
output signals can be used as better metric to select the
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Fig. 1. Vector swapping in CGVS

'The number of the non-zero elements in the row vector of the subcarrier
allocation matrix and that in the column vector correspond to that of the
devices sending the packet in the subcarrier, and that of the subcarriers
allocated to the device, respectively. Instead of non-zero element or column
number, We explain the proposed technique with the terms of subcarriers and
devices in this paragraph for readers to understand easily.



best permutation than the channel gains, because the MPA
is employed at the receiver. In a word, it is better to use
the MPA output signals for getting better subcarrier allocation
matrix. As is done in the resource allocation with the vector
swapping, firstly, the signal processing described in (12) and
(13) is carried out to get the candidate subcarrier allocation
matrix. With the matrix, the log-likelihood ratio is calculated
in the following equation. Let X(® ¢ C denote a fth
candidate of the transmission signal vector, a received signal at
the kth subcarrier y( ) (k) € C in the non-orthogonal noise-
free channel with the candidate subcarrier allocation matrix
CI] is written as,

(18)

L
r] Zf‘rn] (B

plr] x (8)
=T /x®.

In (18), x(m( )
X0 e, XP) =
of the signal x(ﬁ)( )c

e€Cr epresents an Ith element of the vector
[z (1) --- @ (L)]T. The symbol LLR
can be obtained as follows.

P(a(l) = a| g (k)

P(a(l) =a |y, (k)

AP (@) =a) = log

[Tn 5

. P(a(i)
~5H )~ T X P e

i€B{ L

~ max
z(l)=«

P(z(i))

PN 56 -m

=a
ieBn\ )=a)

— max W)( k) —

z(l)=a [rn]

L log Pi (19)

In (19), AT ]k( z(l)=a) € R, P(a), P(Q|R), X € CF and
@, represent a symbol LLR of the modulation signal (1) = «,
probability that an event a happens, conditional probability of
an event () when an event R occurred, a tentative transmission
signal vector, and a reference modulation signal, respectively.
In addition, Bﬂ"; indicates a set containing positions of non-

zero element in the row vector I‘H?, ie. BE’Z} ={l|T}; (7]
0}. Let apmax denote a modulation signal that maxumzes the
LLR among all the modulation signal candidates except for the
transmission signal (%) (1), the reliability of the /th modulation
signal AN | (a(1)) € R is defined with the LLR as [14],

AP (1) = —AL) (@) = max)

+Afff],k(x(l):xw)(l)) (20)

AAET )] {x(l)) € R can be regarded as reliability of the
Ith modulation signal in the kth subcarrier. Assuming that
all the transmission signal vectors are generated with equal

probability, the average reliability over all the subcarriers

TABLE I
SIMULATION PARAMETERS

Modulation scheme QPSK / OFDM

Number of DFT points 128

Channel coding Half rate convolutional code

Constraint length 3
Decoding Viterbi algorithm
Number of transmit antennas 1
Number of receive antennas 1
Number of subcarriers per device M 2
Number of IoT’s devices 6,10, 15
Number of subcarriers per resource block 4,5, 6

Channel model Multipath fading

can be defined as the reliability of the [th IoT device. The
minimum reliability fy[r"] € R can be found as,

fyr[f"] = mln Z Z AAEE’M

B k=0

2n

Since the IoT device index r,, ranges from 1 to L, the best
IoT device index 7,, that maximizes the average reliability
AA[f ! {x(l)) is searched, and the best candidate subcarrier
allocation matrix C(™*+1/7) is obtained with the search result
as follows.

Tn = arg max ['y[”’q (22)

Tn

cn+i/m) CMI (1, < 7) (23)

As is done in the technique described above, the subcarrier
allocation matrix C(™) is updated only if the swapping at this
stage increases the smallest average reliability, which is written
as,

C(n-i—l):{ Clrti/m) qlTnial < ] (24)

c otherwise

The subcarrier allocation technique proposed in the section
is called “Least LLR Maximization With Channel Vector
Swapping (LLRVS)”.

IV. COMPUTER SIMULATION

The performance of the frequency domain non-orthogonal
multiple access based on the proposed subcarrier allocation is
evaluated by computer simulation. The modulation scheme is
quaternary phase shift keying (QPSK), and the half rate con-
volutional code with a constraint length of 3 is used. Multipath
Rayleigh fading based on the Jakes’ model is applied to the
channels between the base station and the devices. The number
of the subcarriers Ng and that of the subcarriers allocated
to one device M are 128 and 2, respectively. The resource
block size Ny and the number of the devices L are set as
(Ns, L) = (4, 6), (5, 10), and (6, 15), which correspond to
the overloading ratios of 1.5, 2.0, and 2.5, respectively. Table
I summarizes the simulation parameters. The performance of
the fixed subcarrier allocation (FSA) is also evaluated as a
reference, which is referred as the FSA in this paper.
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A. Comparison of Proposed Techniques

The proposed subcarrier allocation techniques are compared
with each other in terms of the average bit error rate (BER)
performance in Fig. 2. Horizontal axis is the F},/Ng (dB).
Overloading ratio is 1.5, i.e., (N5, L) = (4, 6). 4 consec-
utive subcarriers are allocated to one resource block, which
corresponds that b(k) = kg + k — 1 where kg represents an
index of the subcarrier allocated to the first device. 4-path
Rayleigh fading is applied to all the channels. In the figure,
the performances of the FSA and the conventional technique
are added as references 2. The proposed CGVS and LLRVS
achieve about 4dB better BER performance than the FSA at
the BER of 10~*. They achieve the same performance to the
conventional technique proposed in [14]. Fig. 3 shows the
BER performance of the proposed techniques in the channel
with the overloading ratio of 2.0, i.e., (Ng, L) = (5,10). N
consecutive subcarriers are allocated to one resource block. 4-
path Rayleigh fading is applied. While the performance of
the FSA is drawn as a reference, the performance of the

>The conventional technique has been proposed in [14], which is named
as “MLR”. The MLR is shown to achieve the best performance among the
techniques proposed in the literature.
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Fig. 4. BER performance (overloading ratio:2.5)

conventional techniques can’t be obtained due to prohibitive
high complexity, which will be shown in the following section.
Fig. 4 shows the BER performance of the proposed techniques
in the channel with the overloading ratio of 2.5, i.e., (Ng, L) =
(6,16). The channel model applied in Fig. 3 is also used. The
performance of the FSA is added. The proposed techniques
achieve similar performance even when the overloading ratio
is increased from 1.5 to 2.5. Actually, CGVS and LLRVS
attain a gain of about 10dB at the BER of 10~* when the
overloading ratio is 2.0. When the overloading ratio is raised
to 2.5, the gain is reduced to about 4dB at the BER of 10~*.

B. Complexity

The complexity of the proposed techniques are evaluated
in terms of the number of multiplications. Fig. 5 shows the
number of complex multiplications that is needed to get the
subcarrier allocation matrix converged in the proposed tech-
niques. Since the conventional technique executes the MPA for
all the possible subcarrier allocation matrices generated by the
vector swapping, the conventional technique has the highest
complexity. On the other hand, LLRVS execute the MPA only
if the vector is swapped. The LLRVS can be implemented
with about 10~° smaller number of complex multiplications
than the conventional technique, when the overloading radio
is 2.0. The complexity of CGVS is about 10716 as small as
the conventional technique. Those complexity gap gets higher
as the overloading ratio becomes bigger.

V. CONCLUSION

This paper has proposed low complexity subcarrier allo-
cation for frequency domain non-orthogonal multiple access
where many devices access with a base station. In the multiple
access, a few subcarriers are allocated to each device, even if
we assume that the number of the devices is more than that
of the subcarriers a resource block. The proposed subcarrier
allocation techniques adaptively search for subcarrier alloca-
tion that improves the transmission performance such as the
average BER performance. This paper proposes 2 subcarrier
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allocation techniques, which are called “CGVS” and “LL-
RVS”. While they seek for better subcarrier allocation based
on the MIN-MAX approach, the former technique searches
nicer subcarrier allocation with only channel gains, which
implements them with low computational complexity. The
other technique applies the MPA to seek for better subcarrier
allocation.

The proposed subcarrier allocation techniques are evaluated
by computer simulation in frequency domain non-orthogonal
multiple access. The proposed techniques achieve better trans-
mission performance than the fixed subcarrier allocation in
spite of the overloading ratio. In non-orthogonal multiple
access with overloading ratio of 1.5, the “LLRVS” achieves
the same performance to the conventional technique, which has
been regarded as a technique to achieve the best performance.
CGVS attains a gain of about 10dB at the BER of 10~* in
the multiple access with the overloading ration of 2.0.

The complexity of the proposed techniques are also eval-
uated by computer simulation in terms of the number of the
complex multiplications. While LLRVS can be implemented
with smaller complexity than the conventional technique, the
complexity grows exponentially with the overloading ratio.
On the other hand, the other proposed technique “CGVS”
can be implemented with 10716 smaller complexity than the
conventional technique when the overloading radio is set to
2.0.
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