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Abstract—Facing the worldwide explosive growth of the wire-
less devices, the future wireless network is required to provide
seamless access for the users with diverse quality of service (QoS)
requirements. In this paper, a novel multiple access scheme based
on the principle of multi-domain index modulation is proposed
to address the downlink multiple access problem for users with
diverse QoS requirements, including the Internet of Things (IoT)
devices and the smart electronic devices. Unlike the conventional
non-orthogonal multiple access schemes which utilize power-
domain diversities to realize multiple access, in the proposed
scheme, information for different users is conveyed by different
domains of the transmitted signals, including the constellation
domain, frequency domain, time domain, and spatial domain. As
a result, the intra-cluster interference among users is alleviated
and the successive interference cancellation is avoided to reduce
the computational complexity of signal detection at the receiver
side, which is well-suited for the IoT devices. The closed form
lower bounds and approximations of the achievable rate of
the proposed scheme are further derived to provide accurate
estimation of the achievable rate of the communication system.
Simulation results validate the superior performance of the
proposed scheme over the conventional orthogonal and non-
orthogonal multiple access schemes.

Index Terms—Internet of Things, multiple access, multi-
domain index modulation, quality of service.

I. INTRODUCTION

In recent years, the Internet of Things (IoT) is rapidly
spreading and has found its application in many areas, in-
cluding smart cities [1], vehicle networks [2], and social
networks [3]. In the future, it is predicted that the number
of wireless communication devices will reach 28 billion by
2021 [4]. The quality of service (QoS) of the users will be
much more diverse as well. Therefore, the future wireless
communication networks are required to provide seamless ac-
cess for the users with diverse QoS requirements [5]. The IoT
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devices with low data rate requirements and limited computing
capabilities, and smart electronic devices with high data rate
requirements and sufficient computing resources are typical
users for the massive machine type communication (mMTC)
and enhanced mobile broadband (eMBB) scenarios in the 5G
communication systems [6]. These two kinds of users will still
play important roles in the future beyond 5G networks [7], [8],
and the design of efficient multiple access strategies for these
users will be important enabling technologies for the future
IoT networks.

The motivation of this paper is to address the multiple access
problem for both the IoT devices and the smart electronic
devices in the future beyond 5G networks. In this paper, a
novel multiple access scheme called index-domain division
multiple access (IDDMA) is proposed, which can support
both the IoT devices and smart electronic devices within
a single network simultaneously. This will further enhance
the number of connections and coverage of IoT applications.
Based on the principle of multi-domain index modulation (IM)
techniques [9], the information for different users is conveyed
by the multi-domain symbols to alleviate the intra-cluster
interference and to avoid the use of complicated detection
algorithms at the receivers. This is well-suited for the IoT
devices with limited computational capacities, and low-power
processors can be installed at the IoT devices to reduce power
consumption. Numerical results demonstrate that the proposed
IDDMA scheme can significantly reduce the detection com-
plexity and improve the sum achievable rate.

The innovation and contribution of this paper can be sum-
marized as follows.

o Based on the principle of multi-domain IM, a novel
IDDMA framework is proposed for the future wireless
communication system, which enables flexible multiple
access among high-speed smart electronic devices and
low-speed IoT devices. It can support both the IoT appli-
cations and mobile broadband applications within a single
network simultaneously. The proposed framework and its
special cases can be easily deployed in the widely used
wireless communication systems, such as the multiple-
input multiple-output (MIMO) system and the orthogonal
frequency-division multiplexing (OFDM) system.

o Corresponding low-complexity detectors are proposed to
detect the transmitted signals, which is more acceptable
for the IoT users with limited computational capacities.
In the proposed IDDMA framework, the information
for different users are conveyed by the constellation-
domain, frequency-domain, spatial-domain, and time-
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domain symbols. Therefore, the intra-cluster interference
is alleviated and the complicated detection algorithms
are avoided at the receivers. Thus, low-power processors
can be installed at the IoT devices to reduce power
consumption.

o Theoretical analyses and simulation validation are con-
ducted. Based on the mutual information analysis, closed
form lower bounds and approximations of the achievable
rate of the proposed IDDMA scheme are derived to
provide accurate estimation of the achievable rate of the
communication system. Simulation results validate the
superior bit error rate (BER) performance and reduced
complexity of the proposed scheme.

The rest of this paper is organized as follows. In Section II,
the related works are introduced. In Section III, the system
model is briefly described. Section IV focuses on the proposed
IDDMA schemes, where the frameworks of the transmitter
and the receiver are explained in detail. In Section V, the
performance of the proposed scheme is evaluated. Then,
simulation results and discussions are provided in Section VI.
Finally, the paper is concluded in Section VII.

Notation: We use the lowercase and uppercase boldface
letters to denote column vectors and matrices; Transposition,
conjugate transposition, inverse, and pseudo inverse are de-
noted by (), ()5, ()71, and (-)*, respectively; Determinant
of a matrix and Frobenius norm of a vector/matrix are denoted
by || and | - ||p, respectively; Finally, (7) and ® stand for
the binomial coefficient and convolution operation.

II. RELATED WORKS

In the literature, lots of multiple access techniques have been
proposed, which can be divided into the orthogonal multiple
access (OMA) techniques and the non-orthogonal multiple ac-
cess (NOMA) techniques [10]. Unlike OMA techniques which
employ orthogonal resource distribution, NOMA allocates
non-orthogonal resources to different users to improve the
system throughput. So far, several NOMA schemes have been
investigated, which can be divided into two categories [10],
the power-domain NOMA and the code-domain NOMA. The
power-domain NOMA utilizes power-domain diversities to
realize multiple access [11]. The code-domain one achieves
multiplexing in the code domain, including the low-density
spreading CDMA (LDS-CDMA) [12], the sparse code multi-
ple access (SCMA) [13], and so on. In power-domain NOMA,
successive interference cancellation (SIC) is widely used at the
receiver side to enable robust signal detection. However, with
a large number of users, the utilization of SIC involves high
computing complexity, which is not friendly to the IoT users
with limited computing capacities and power supplies.

In order to improve the energy efficiency of the communica-
tion systems, the concept of IM has been proposed recently [9].
Unlike conventional modulation schemes, only a fraction of
certain indexed resources are activated for data transmission
and others are kept unused [9]. The information bits can be
conveyed by not only the ordinary amplitude phase modulation
(APM) symbols, but also the indices of the activated resources.
Therefore, IM is capable of achieving similar throughput as

its conventional non-IM counterpart with reduced complexity
and energy consumption [9]. Various IM schemes have been
proposed and the dominated schemes can be classified into
three categories according to the manipulated signal domains,
including time-domain IM [14], [15], spatial-domain IM [16],
[17], and frequency-domain IM [18], [19], where the indexed
resources are time slots, transmit antennas, and subcarriers,
respectively. Various multi-domain IM techniques have been
adopted in diverse communication networks, including the
mmWave communication systems [20], massive MIMO sys-
tems [21], and visible light communication systems [22].
Therefore, IM techniques are able to be incorporated with
other key techniques in the future communication networks.

So far, many efforts have been made to combine the IM
techniques with the NOMA techniques in order to improve
the performance of the wireless communication systems.
In [23], the authors proposed a NOMA-based spatial-domain
IM scheme by introducing the concept of spatial-domain IM to
power-domain NOMA to achieve a trade-off between spectral
efficiency and interference mitigation. In [24], a transmission
scheme was proposed by cooperating spatial-domain IM and
power-domain NOMA, and the achievable spectral efficiency
of the proposed scheme is further analyzed through mutual
information analyses. A similar idea combining spatial-domain
IM and power-domain NOMA was proposed in [25], where
the pre-coding procedure is involved. However, because of
power-domain superposition coding, the SIC detections with
high computational complexity are necessary in these schemes,
which cannot be tolerated by the users with limited computa-
tional capabilities, especially when more users are supported.
Moreover, users’ QoSs are not taken into consideration, which
limit the efficiency of resource allocations. In order to reduce
the computational complexity at the receiver, novel spatial-
domain IM aided NOMA schemes have been proposed in [26]
and [27] by modulating the information for different users
on ordinary APM symbols and indices of activated antennas,
respectively. In [28], a novel frequency-domain index mod-
ulation aided multiple access scheme has been proposed for
the optical wireless communication system, by modulating the
information for different users on APM symbols and indices of
the activated subcarriers. However, since only single-domain
IM technique is taken into consideration in [26], [27] and [28],
only two users can be supported in each user cluster, which
limits the user capacity and flexibility of the multiple access
strategies.

III. SYSTEM MODEL

In this section, the basic system models of the widely em-
ployed wireless communication systems and various IM tech-
niques in multiple domains are briefly introduced. The single-
input single-output (SISO) system with time-domain IM, the
MIMO system with spatial-domain IM, and the OFDM system
with frequency-domain IM are introduced in Section III-A,
Section III-B, and Section III-C, respectively. Illustrations of
the multi-domain IM techniques are also provided in Fig. 1.
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Fig. 1. Illustrations of the multi-domain IM techniques: a) time-domain IM;

A. SISO System with Time-Domain IM

SISO format is the most straightforward wireless commu-
nication system. Only one transmit antenna is equipped at the
transmitter and one receive antenna is equipped at the receiver.
In each time slot, one complex symbol from a Q-level APM
constellation Q is sent from the transmitter to the receiver.
Supposing there are T time slots are in each frame. Thus, the
frame-wise received signals y7 € CT can be represented as

D

where x7 € CT*! and w7 € CT*! denote the transmitted
signals and the complex noise at the receiver. The additive
white Gaussian noise (AWGN) is one of the widely adopted
noise model. h7 € CZ*! represents the channel impulse
response (CIR) with length L.

In the literature, several time-domain IM schemes have
been proposed for the SISO systems to enhance energy ef-
ficiency [14], [15]. The principle of the time-domain IM is
activating a subset of the time slots in each frame to convey
additional information bits on the indices of the activated time
slots. Supposing T, time slots are activated in each frame, the
transmitted signals will have the following structure

v =hT @ x7 + w7,

T T

T T T
X :[ Ty ,Tg, Xy, ,Tp ]/7 (2)
T, non—zero elements and (T'—T,) zeros
where 2] (t = 1,2,---,T) denotes the transmitted symbol

at the t-th time slot in a signal frame. Specifically, there are
only T, non-zeros elements in each frame and the other (7" —
T,) elements remain zeros. As a result, log, (:,2 ) bits can be
conveyed by the indices of the activated time slots.

B. MIMO System with Spatial-Domain IM

By deploying more than one antennas at the transmitter
and the receiver, a MIMO system is capable of improving the
system throughput through spatial multiplying gain, which is
widely employed in the current wireless standards [29]. We
consider a MIMO system with /N transmit antennas and M
receive antennas. If the transmitted signals in each time slot

b) spatial-domain IM; c) frequency-domain IM.

are denoted as x° € CV*!, the received signals y° € CM*1
can be given by

vS — HS%S 4+ wS,

S c (CM><1

3)

where w represents the complex noise at the
receiver. HS is the channel coefficient matrix, which
can be further expressed as

c (CZMXN

S S S
s hsy  h3, h2,N
HS = | N 4)
m,n
S S S
hyra hare hyr N

where the element 5, , (m =1,2,--- ,M; n=1,2,--- ,N)
at the m-th row and the n-th column of the matrix stands for
the channel coefficient between the n-th transmit antenna and
the m-th receive antenna.

When applying spatial-domain IM, not all the transmit
antennas are activated at the same time to transmit signals,
however, the indices of the activated transmit antennas can be
utilized to transmit extra information bits [16]. Supposing N,
transmit antennas are activated at each time slot, log, ( 1{}2 ) bits
of information can be transmitted through the indices of the
activated antennas according to the principle of spatial-domain
IM. Mathematically, the transmitted signals can be expressed
as

S .S ]l’

S S
xl,xQ’ajS’...

7xN

&)

N, non—zero elements and (N—N,) zeros

where 5 denotes the transmitted signal at the n-th antenna.

C. OFDM System with Frequency-Domain IM

OFDM is a widely used technique for high data rate
transmission in modern broadband wireless communication
systems [30], such as Wi-Fi and Long-Term Evolution (LTE)
systems [31]. Using OFDM, the whole bandwidth is divided
into S; subcarriers. The frequency-domain signal x* € C*f is
generated from a Q)-level APM constellation Q. Then it is fed
into an S¢-point inverse fast Fourier transform (IFFT) module
to yield the time-domain signal. After that, the cyclic prefix
(CP) is appended to combat the inter symbol interference (ISI).



Bit
Spliter

Bit
Spliter

Assignment

|
|
|
1
|
: Subcarrier
|
|
T
|
|

IFFT CP

Spatial-domain Index Selector

Time-domain Index Selector

Antenna

Fig. 2. The block diagram of the transmitter in the proposed IDDMA scheme.

At the receiver, after the removal of CP, the time-domain signal
is fed into an Sg-point fast Fourier transform (FFT) module
to derive the received frequency-domain signal y* € C5r*1,
which can be given by

yf:fof+wf, (6)

where w” € C5*! and H” € C5*5¢ represent the complex
noise and the channel coefficient matrix, respectively. When
we consider a multi-path channel whose CIR is given by h” &
C¥, channel matrix H” is a diagonal matrix whose diagonal
elements are the S¢-point FFT of h”.

Using frequency-domain IM, the subcarriers are split into G
groups and each group consists of S = S;/G subcarriers. In
each group, S, out of S subcarriers are activated to transmit
information. According to the principle of frequency-domain
IM, log, ( i ) information bits are used to select the activated
subcarriers and other bits are utilized to decide the @-level
APM constellation symbols at the activated subcarriers [18].
Therefore, the transmitted frequency-domain signals in the g-
th subcarrier group x; (g = 1,2,---,G) can be expressed
as

].'

— [pF F F F 1!
Xy = [x(g—l)S-‘rl’x(g—1)5+2’x(g—1)5+37'” 7ng} (D

Sa non—zero elements and (S—S,) zeros

where 27 (s =1,2,---, S;) denotes the s-th symbol in x”.

IV. PROPOSED IDDMA SCHEME

Based on the principle of multi-domain IM, the IDDMA
scheme is proposed for the multi-user downlink transmission.
The designs of the transmitters and receivers are explained in
Section IV-A and Section IV-B. In Section IV-C, the special
cases are also provided to illustrate the proposed scheme.

A. Transmitter Design

In the proposed IDDMA scheme, the supported users are
divided into user clusters. Orthogonal resources are allocated
to different user clusters. Specifically, we divide the supported
users into clusters of K based on their QoS requirements.
In each cluster, only one user is a smart electronic device
with high data rate demands and the others are IoT devices
with low data rate requirements. The user devices are denoted
as Uy (k = 1,2,---,K), where U; represents the smart
electronic device and the others are IoT devices. We can
conduct the user clustering through many state-of-the-art user
clustering methods [32], [33].

In each user cluster, different from the conventional NOMA
schemes which utilize power-domain diversities to realize mul-
tiple access, the principle of the proposed IDDMA scheme is
conveying the information bits for different users on different
domains of the transmitted signals, including the constellation
domain, the frequency domain, the spatial domain, and the
time domain. By doing so, the intra-cluster interference among
user devices can be alleviated and the complicated SIC detec-
tors can be avoided at the receivers. Taking the constellation-
domain, frequency-domain, spatial-domain, and time-domain
manipulation into consideration, we can support up to K =4
users in each user group, which are denoted as U;, Us, Us,
and Uy. If we denote the information bits for the four users
as by, bo, b3, and by, they are modulated on constellation-
domain symbols, frequency-domain symbols, spatial-domain
symbols, and time-domain symbols, respectively. Specifically,
b; is used to decide the constellation-domain symbol from
a (Q-level APM constellation; bs is used to determine the
activated subcarriers; b3 is used to select the activated transmit
antennas; and by is used to choose the activated time blocks
in a frame.

Mathematically, we consider a multi-user MIMO-OFDM
transmitter using multi-domain IM. N transmit antennas are



equipped at the transmitter. The whole bandwidth W is
divided into St subcarriers, which are further grouped into G
subcarrier groups with S = S;/G subcarriers in each group.
The signals are transmitted in a frame consisting of 1" time
blocks. Due to the principle of multi-domain IM, N, out of
N transmit antennas, S, out of S subcarriers in each group,
and T, out of T time blocks in each frame are activated to
transmit signals.

The block diagram of the proposed IDDMA transmitter is
shown in Fig. 2. At the transmitter, the information bits by for
U, are fed into a bit spliter firstly to derive (N,G.S,) subsets
of bits to decide the constellation-domain symbols on each
activated subcarrier in each data stream. by for U, is fed into
a bit spliter as well to obtain (N,G) subsets to determine the
indices of the activated subcarriers in each data stream. We
denote the transmitted frequency-domain signals in the v-th
(v=1,2,---,N,) data stream and the g-th (¢ = 1,2,--- ,G)
subcarrier group as X, € CS*1, which can be expressed as

] .'L';S]/, (8)

Sa non—zero elements and (S—S,) zeros

v o v v v
Xg = [T{g-1)s410 Llg-1)s420 T(g-1)5+3)

where z; denotes the frequency-domain signal in the v-th data
stream and the s-th subcarrier. Only S, elements in x are non-
zero and the other (S —.S,) elements remain zeros. Therefore,
the whole frequency-domain signals in the v-th data stream

x? € C5*1 can be derived as

v o v/ v/ v/
X = [Xl )Xo, X3 e

gl )
Then, the frequency-domain signals are fed into an Sg-point
IFFT module to obtain the time-domain signals. We denote
the S¢-point FFT transformation matrix as D. Therefore, the
time-domain signals in the v-th data stream x¥ € C%>! can
be derived as

v v v
’XG} - [$1,$2,l‘3,~--

x' = D%V, (10)
After that, CP is added to the signals to combat ISI, whose
length is denoted as Ncp. We denote the signals with CP in
the v-th stream as XV € C(St+Ner)x1 Then, the generated
N, data stream need to be transmitted through N transmit
antennas. The information bits bs for user Us is utilized to
selected IV, activated antennas according to the principle of
spatial-domain IM. Therefore, the time-domain signals X e
CNx(Se+Ner) transmitted from N antennas can be expressed
as

X:[ 5'(1,)'&2,)"(3,”-,)"(1\[ ]/

N, non—zero elements and (N—N,) zeros

..1 ..1 ..1
Ty Zg :L.Sf+NCP (11)
.1.2 .,}52 .,'1/12
1 2 Sg+Ncp
- . . )
..N ..N ..N
Ty X LSe+Nep

where each row of X denotes the transmitted signals from
each transmit antenna and each column of X denotes the
transmitted signals at one time slot from N transmit antennas.
Due to the principle of spatial-domain IM, only N, rows are
non-zero.

In the next step, the information bits by for U, is used
to choose the activated time blocks in a frame. We add
superscripts to X to denote the signals transmitted in the ¢-th
(t =1,2,---,T) time block as X*). Due to the principle
of time-domain IM, the transmitted signals in each frame
X € CN*T(St+Ner) will have the following structure

X=[ XOXOX® .. X 1 (12

T, non—zero elements and (T'—T,) zeros

As a result, only T, elements are non-zero and the other (7' —
T,) elements are zeros.

In the proposed IDDMA scheme, the transmitter should
modulate the information bits for different users on the APM
symbols and the indices of the activated subcarriers, time slots,
and antennas, based on the principle of multi-domain IM. The
transmitter can use a look-up table to map the information
bits to the indices of the activated subcarriers, time slots, and
antennas directly [9]. Therefore, when we use a hash map to
store the look-up table, the complexity for selecting the indices
of the activated resources will be O(1). The complexity for
choosing the APM symbols on the activated resources will be
O(GS,N,T,). Thus, the total complexity for the transmitter is
O(GS,N,T,+1). As a result, the proposed IDDMA scheme
can decrease the computational complexity at the transmitter
and implement flexible multiple access for IoT devices and
smart electronic devices. However, a memory is needed to
store the look-up tables for the index selection process at the
transmitter.

B. Receiver Design

At the receiver side, each user device is equipped with
M, antennas to receive signals. The block diagrams of the
receivers for the four users in each user cluster are illustrated
in Fig. 3. At each user device, the CPs are first removed to
obtain the time-domain signals without CP, which can be given
by

Y =HIXO W, (13)

where X() denotes the time-domain signals without CP at
the t-th time block. Y” € CMexSt H e CMexN | and
VV,(:) € CMrxSt denote the received time-domain signals, the
Rayleigh flat fading channel, and the AWGN noise at the ¢-th
time block for the k-th user.

In the proposed IDDMA scheme, since the information bits
for the four users in each user cluster are conveyed by different
domains of the transmitted signals, the users U;, Us, Us, and
U, are required to demodulate the constellation-, frequency-,
spatial-, and time-domain signals, respectively. The maximum
likelihood (ML) detectors can be used to achieve optimal
detection performance. However, the exhaust search applied in
ML detectors involves intractable computational complexity,
which cannot be tolerated by the IoT devices Us, Us, and Uy.
Therefore, we propose a low-complexity detection method for
the IoT users based on the maximum ratio combination (MRC)
algorithms [34] in order to avoid the use of SIC and reduce
detection complexity.

For user Uy, the activated time blocks need to be detected.
We denote the estimated time-domain symbols as z4, which



|
|

|

Bit :
Combiner |
|

|

|

S R

Removal
M3

* | Removal
i

|
:
| .| CP
|
|
|
|

S R

Time-domain
Detector

I
|
|
|
|
CpP
|
: Removal Lt
|
|
S S
e
|
|
|
\ cp
|
: Removal aatl
|
|
“Userd
Yo
: CP

S R

Spatial-domain

Detector

S R

|
|

|

Bit !
Combiner |
|

|

|

|
S |
|

Bit !
Combiner |
|

|

|

:
|

Bit :
Combiner |
|

|

|

Fig. 3. The block diagrams of the receivers in the proposed IDDMA scheme.

can be derived by selecting T, time blocks with the largest
Frobenius norm, which can be expressed as

Ta
5 o (t5))12
Z4 = arg tl,tg}%)ftTa Z; Y57 % (14)

Then, the estimated Z, can be utilized to decode the informa-
tion bits by.

For user Us, a equalizer is applied firstly to equalize the
channel fading. The linear equalizers including zero forcing
(ZF) equalizer and minimum mean square error (MMSE)
equalizer can be adopted to reduce detection complexity. When
using ZF equalizer, the estimated time-domain signals can be
derived as

x® —gP'YY g HEXO - 1YW as)

We denote the estimated spatial-domain symbols for Us as z3.
Then, Us selects N, rows of Xt with the largest Frobenius
norm as the estimated activated transmit antennas, which can
be given by

23 = arg  max (ZI o )II%>, (16)
21,22, 3IN, =1
where )A(E:) N denotes the 7,-th row of )?((t). After that, the

estimated z3 is used to decode the bit information 63 for Us.
Here a threshold 73 is involved to prevent Us from decoding
zero time blocks caused by time-domain IM. The estimated

z3 will be decoded if HX(t) . |2 > n3, otherwise, it will not.

For user Us, after CP removal, the time-domain signals are
fed into an FFT module to derive the frequency-domain signals

Yét) € CM&xSt which can be expressed as
Y =YD = BYXOD + W'D = HY X 1w,
(17)

where X = XD’ and W = WD’ denote the
frequency-domain signals and noise, respectively. Then, a
equalizer is applied to obtain the estimation of the transmit-
ted frequency-domain signals. When using ZF equalizer, the
frequency-domain signals can be derived as

X0 — HO'YO — g THOXO L HO'WE (8)
where each row of X(*) represents the transmitted frequency-
domain signals from a specific transmit antenna. Recall that
the information for Us is conveyed by the indices of the
activated subcarriers in each subcarrier group. We denote
the n-th row of X® as x(tn) = [{tm) zltm) o 4 ”)]
Therefore, the estimated frequency- domam symbols for the g-
th subcarrier group can be derived by selecting S, elements

with the largest absolute value, which can be given by

iégﬂl) =arg, max (Z ||x(tgn)1)s+l F) ) (19)

Then, the estimated iég ") is used to decode the bit information
Bg for U,. Similar to Us, a threshold 7y is also involved to
prevent Us from decoding zero frequency-domain signals from
the inactive antennas caused by spatial-domain IM.

For user U;, which is a smart electronic device with



sufficient computing resources. The ML detection method can
be employed to achieve the optimal detection performance by
exhaust search in all possible constellation-domain symbols.
The estimated constellation-domain symbols z; can be given
by

Z1=arg max
J1,d2,,ins; €{0,Q}

(20)
where ji,j2, -+ ,jNs, denote NS; constellation-domain
symbols conveyed by X®. The specific transmitted
signals determined by ji1,72, - ,jns, are denoted as

X (®) [41,72, - ,Jns,)- Then, the estimated information bits
131 can be derived from z;. The MRC-based detection method
can also be employed to decrease detection complexity, which
consists of two steps. In the two-step method, the indices of
the activated resources are firstly decoded similar to Us, Us,
and Uy. Then, the APM symbols on the activated resources
are further decoded to get the information bits by.

In practical communication systems, the detection mecha-
nism of the IoT devices can be either pre-designed or flexibly
chosen, which should be selected based on the computational
capacities of the IoT devices. On the one hand, when the
IoT devices only have limited computational capacities, they
are encouraged to use the pre-designed mechanism, where
each device is equipped with one detector for specific domain
signals. The system should carefully group the users detecting
different domains in one user cluster, and divide the users
detecting the same domain in different user clusters. Corre-
sponding user grouping algorithms should be developed and
conducted at the transmitter. On the other hand, when the
IoT devices have enough computational capacities, the IoT
devices can be equipped with multiple detectors for different
domains and flexibly choose the domains. The time domain
can be used as the default option, and specific signals can
be used to indicate the right domain for the IoT devices in
their initialization phase to decrease the complexity at the IoT
devices.

C. Special Cases

Under the proposed IDDMA framework, the transmission
mechanism can be flexibly adjusted according to the require-
ments of the communication systems, which induces several
special cases of the proposed scheme. These special cases
are important components of the IDDMA framework and
can be easily employed in the current and future wireless
communication systems.

We can employ less domains of IM techniques for simplified
systems. For instance, we can employ the IM technique in
only one domain to facilitate multiple access services for two
users in each user cluster, i.e., a smart electronic device and
an IoT device. The information bits for the smart electronic
device is modulated on constellation-domain APM symbols,
and the information bits for the IoT device can be modu-
lated on time-domain symbols, spatial-domain symbols, or
frequency-domain symbols, when employing the time-domain
IM, spatial-domain IM, or frequency-domain IM, respectively.
We denote these cases as time-domain IDDMA (TD-IDDMA),

(HYY) _Hgt)X(t) [j17j27 o a]NSt]”%

spatial-domain IDDMA (SD-IDDMA), and frequency-domain
IDDMA (FD-IDDMA), accordingly, the block diagrams of
which are illustrated in Fig. 4(a), Fig. 4(b), and Fig. 4(c),
respectively. At the receiver side, the smart electronic device
needs to demodulate the APM symbols, and the IoT devices
nly need to decode the indices of the activated antennas,
bcarriers, or time slots, respectively. Due to the principle
of the proposed method, the information bits for the two users
in each cluster are modulated on different domains of the
signals. As a result, the intra-cluster interference is alleviated
and the SIC detectors are also avoided at the receivers, which is
friendly to the IoT devices with limited computing capacities.
We can also employ two domains of IM techniques in the
communication system to facilitate three users in each user
cluster. For example, when employing both frequency- and
spatial-domain IM in a MIMO-OFDM communication system,
we can support one smart electronic device and two IoT
devices in each user cluster. The information bits for the smart
electronic device and the two IoT devices can be modulated on
the APM constellation, the indices of the activated subcarriers,
and the indices of the activated antennas, respectively. Simi-
larly, no SIC detector is needed at the receiver side to manage
the interference of other users in the same user cluster.
According to [4], the key requirements of IoT applications
include massive connection, extended coverage, low device
cost, and low power operation. The proposed scheme is able
to support several IoT devices in the same spectrum bands
with smart electronic devices. Therefore, it can support both
the IoT applications and mobile broadband applications within
a single network. This will further enhance the number of
connections for IoT applications and will be a key enabler
for the future massive connections of IoT applications ac-
cording to [4]. Using the proposed scheme, the areas already
covered by mobile broadband network can also support IoT
applications easily, which will extend the coverage area of IoT
applications. Moreover, the proposed scheme is able to reduce
the computational complexity at the IoT devices. Thus, low-
power processor can be installed at the IoT devices to reduce
the power consumption of IoT devices.

V. PERFORMANCE ANALYSIS

In this section, we analyze the performance of the proposed
IDDMA scheme. In Section V-A, we analyze the achievable
rate of the proposed schemes through mutual information cal-
culation. Closed form lower bounds of the achievable rates are
derived and closed form approximations are further obtained
to provide efficient estimation of the achievable rate for the
special cases of the proposed scheme. Then, the computational
complexity at the receiver is evaluated as well in Section V-B.

A. Achievable Rate Analyses

We denote the constellation-domain, frequency-domain,
spatial-domain, and time-domain symbols as X C xr, xS,
and X7, respectively. In the following paragraphs, we derive
the lower bounds and approximations of the achievable rates
for the special cases SD-IDDMA, FD-IDDMA, and TD-
IDDMA, respectively. The lower bound of the achievable sum
rate using SD-IDDMA can be given in Proposition 1.
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scheme.

Proposition 1: For a multi-user MIMO communication
system defined in Section III-B with N transmit antennas at
the base station, M; and M, receive antennas at users Us
and Us,, where the proposed SD-IDDMA is adopted with N,
active antennas, the achievable sum rate for the two users in
each user cluster can be lower bounded by

A

W P
RS logy | 1+ —F— | +
el pzl 2 NN
(w)) () 25|
Wlogs | i, n ;;1 §:|254—25| ’

2n

where W, P, Ny, and ¥, denote the bandwidth, the total
transmit power of the signals, the power density of the
AWGN, and the index set of the p-th spatial-domain symbol,

respectively.

Proof: According to the system model in Section III-B,
the received signals by the two users Uy (k = 1,2) can be
given by

ye = HyxS +wy. (22)

Because of the chain rule of the mutual information, we have
I(x%y7) = T(XC, X% y3)

(23)
= TZ(XCy3|X%) + (X% y3).

Thus, the mutual information for the users can be di-
vided into two parts, the spatial-domain mutual information
(X 5, yk) and the constellation-domain mutual information
I(XCy | X9).

In the proposed scheme, only the constellation-domain
information is intended for the first user U;. We assume the
channel state information (CSI) is unknown at the transmitter,
and the transmit power is allocated to each antenna equally.



According to [35], on the condition that the spatial-domain
symbol is chosen, the constellation-domain mutual information
can be given by

P
T(XGyP XS = 0,y) = ) log, <1+ N NOW) e

qeY,

where o, , represents the g¢-th singular value of the sub-
channel matrix for the spatial-domain symbol ¥,,. Supposing
the input bits are selected arbitrarily, the spatial-domain sym-
bols are selected with equal probability. Therefore, the mutual
information for U; can be expressed as

(x)
Z(X%y7|x®) = ZPT(XS:\IIP)XI( Cyilas =)
p=1

(N
Na

> log, <1+ N N;})

(JJ\\TQ) p=1 qeVv¥,
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(25)

As a result, the achievable rate for the first user U; can be
expressed as

—~

RS = WxI(X;y5|x5) =

N
(Na p=1 qe¥,
(26)

On the other hand, only the spatial-domain information is
intended for the second user Us. The spatial-domain mutual

information can be expressed as
W) x [l = w,)x
ys

(we)
Z Pr(X

S|xs=w

%) p)> a3

logz( (v
(&)

Z/S P51 = w,)
Y2

N
N p=1

f yS XS
logQ ( ‘ p) dy287

where f(y$) and f(y5|X® = V,,) represent the probability
density function (PDF) of y5 and the conditional PDF of y5,
respectively. According to the total probability theorem, the
PDF of y$5 can be given by

(N
ey Zf Slas =w,).

And the conditional PDF can be further given by

7y2

27)

(28)

1 H_g—1
flys|x® =1,) = A [5S| exp (*yg =5 YQS) , (29)
where ES represents the covariance matrix of y5 when the
spatial- domaln symbol is XS = = W,,. The mutual information

in (27) has no closed-form expression. We further divide it

i)zlo 14 Zoal S
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into two parts

(x.)
1(x%;y5) Z (30)
(N p=1
The first part can be calculated as
Tpi & | f(y31XS = ;) xlog, (f(y5]A° = ¥,)) dy5
Y2
= —M;log,(me) —log, (|1Z51) ,
(€29)
and the second part can be expressed as
REA
Fp,zé/ P31 = W) xlog, | D f(y51AX% = 0,) | dys.
yzs (Nd) r=1
(32

Due to the concavity of the log,(-) function, the Jensen’s
inequality can be utilized to derive the upper bound of (32),
which can be expressed as
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Therefore, the lower bound of the mutual information for the
second user is yielded as

I(X5:y5) > log (N) Zl og ﬁ: 5
(34)

As a result, the lower bound of the achievable rate of the
second user Us is expressed as

RS = W x Z(XS:y5)

2W10g2<(22)> ——aZl
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Z |E$ + 22|

(35)

Finally, the lower bound of the achievable sum rate can be
derived as

R® =R{ + RS
W (Na) ( o2 p (M)
> log 1+p’q> + Wlog ( )
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An approximation of the achievable sum rate can be further
obtained in Corollary 1 to provide efficient estimation of the
achievable sum rate for the SD-IDDMA scheme.

Corollary 1: 1In the SD-IDDMA scheme, the achievable
sum rate of the two users in one user cluster can be approxi-
mated as

(37

Proof: It can be calculated that the lower bound of the
achievable rate of Us in (35) approaches —MsW log,(e/2)
and W log, ((ﬁ)) — MyWlog,(e/2) in the low and high
signal to noise ratio (SNR) regions. There exists a gap of
M>W log,(e/2) between the lower bound and the true value
in the low and high SNR regions, since the true value is
supposed to be 0 and W log, ((]1\\,2)) Thus, we apply a
constant shift of M>W log,(e/2) to the lower bound to derive
an approximation, which is

(1\;> 0% (Z\Iya) Na |ES|
RS ~ W log, (211\\[42 (N) Z Z ‘Es v
a/ p=1
(38)

Thus, the result (37) can be derived by substituting (26) and
(38) into RS = R{ + Ry. [ |

Then, we analyze the achievable rate of the FD-IDDMA
scheme, where the frequency-selective channel is considered.
The lower bound of the achievable sum rate can be derived in
Proposition 2.

Proposition 2: For a multi-user OFDM communication
system defined in Section III-C with Sy subcarriers divided
into G groups, where the proposed FD-IDDMA is adopted
with S, out of S subcarriers are activated in each subcarrier
group, the achievable sum rate for the two users in each user
cluster can be lower bounded by

information for the k-th user is given by

I( 7Yk) I(XC XfaYk) I(Xc’yk |X]: +I(X]:7Yk)a

(4D
where Z(X€;y7|AX7) and Z(X7;y{) represent the mu-
tual information conveyed by the constellation-domain and
frequency-domain symbols, respectively. For the first user,
the mutual information conveyed by the constellation-domain
symbols can be given by

(s.)
Z Pr(x o) XI(XC
(42)

where ®,, denotes the index set of the p-th frequency-domain
symbol. Supposing the index-domain symbols are selected
with equal probability and the power is allocated equally for
each subcarrier, the mutual information under Gaussian inputs
for the first user can be further given by

I( Y1 |XJT Y1 |X}- (I)P)v

1 HY,’P/GS,
i’ XF) = 1 “la 0
i) = o zq; o (14 2 s
S F 2
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43)
where HY }- denotes the ¢-th diagonal element of HY . Then,
the ach1evable rate for the first user can be derived as

St xGxKxI(
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For the second user, the data information is conveyed by the
frequency-domain symbols, the mutual information of which
is given by

HY,’PS
R” > I‘;VS }g\f] Zlog2 <1 + SLZ((T W) + 5 SWSZfV X - 1 (s.) -
(St + Nep) aiVo (St + Nep) (X7 y3) TZ/ flyy |X7 =®,)x
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(39) where f(y]|X7 = ®,) and f(y]) denote the conditional

where W, P, Ny, and Ncp denote the bandwidth, the total
transmit power, the power density of the AWGN, and the
length of CP, respectively.
Proof: The received signals by the two users Uy (k =
1,2) can be given by
yk = Hk x7 + Wk (40)

Due to the chain rule of mutual information, the total mutual

PDF and the PDF, respectively. Similar to the proof of
Proposition 1, we can utilize the Jensen’s inequality to derive
the lower bound

- (SS AN &z
I(X 3y2>>10g2 Zlog2 Z ‘E‘F+E‘F|
. (46)

Thus, the lower bound of the achievable rate for the second



user can be expressed as

St w
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(47)
Finally, the lower bound of the achievable sum rate can be
derived by combining (44) and (47).
|
The approximation of the achievable sum rate can be further
given in Corollary 2.

Corollary 2: In the FD-IDDMA scheme, the sum rate of
the two users in one user cluster can be approximated as

and time-domain symbols, respectively. For the first user
desiring constellation-domain symbols, the achievable rate can

be given by
Wy (M ’p
T %% NoW )

For the second user, the data information is conveyed by
the time-domain symbols, the mutual information of which is
given by

R] =

(52)

()
(12/ FTIAT = 0,)x

p=1

2

I(XT,YQ)
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(53)
log,

where f(yJ |7 = ©,) and f (y2) denote the conditional
PDF and the PDF, respectively. Similar to the proof of
Proposition 1, we can utilize the Jensen’s inequality to derive
the lower bound of the achievable rate for the second user

2
W SaSt H{ “PS W Se
Rf~— 22\ "] 1 4
Sf + Ncp Z 082 < + SaNoW * S(Sf —|—Ncp) x W (T) Ta |ET‘
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2\ 28 S(St+ New)(5) & 2 ISF+%7] | (54

(48)

Proof: The result can be derived by applying a constant
shift of W Stlogy(e/2)/(Ss + Ncp) to (39) due to the limi-
tation of (39) in low and high SNR regions.

Similarly, the lower bound of the achievable sum rate of the
TD-IDDMA scheme can be obtained in Proposition 3.

Proposition 3: For a flat fading multi-user SISO commu-
nication system defined in Section III-A with 7" time slots in
each frame, where the proposed TD-IDDMA is adopted with
T, time slots activated in each frame, the achievable sum rate
for the two users in each user cluster can be lower bounded

by
WT, KPP\ w (£)
T > a 1 o T.
R > log, <1+ N0W> + Tlog2 ( T
(Z) (1) ET| (49)
Z |ZT+ZT| ’

where W, P, and Ny denote the bandwidth, the total transmit
power, and the power density of the AWGN, respectively.
Proof: For the flat fading channel, the received signals in

each frame by the two users Uy (k = 1,2) can be given by
yk = hk xT + Wk (50)

The total mutual information for the k-th user can be expressed
as

Fin ly, the lower bound of the achievable sum rate can be
derived by combining (52) and (54).
|
In the end, the approximation can be further given in
Corollary 3.
Corollary 3: In the TD-IDDMA scheme, the sum rate of
the two users in one user cluster can be approximated as

WT, h’P\ W (7.)
1 1 —Ilo 2
T Og2<+NOW>+ g(QT

@ (@ e
Z|ET+ET|

R ~

(55)

Proof: The result can be derived by applying a constant
shift of W log,(e/2) to (49) due to the limitation of (49) in
low and high SNR regions. [ ]

B. Computational Complexity Analyses

In this subsection, the computational complexity of the pro-
posed detection method is analyzed. Similar to [36] and [37],
the total number of real floating-point operations (flops) are
investigated. We consider a communication system using ID-
DMA with four users supported in each user cluster.

For user Uy, the calculation of the Frobenius norm of Y(t)
in one time block contains (4M4S; — 1) flops. Selecting Ty,
from 7T time blocks contains 72 flops at most. Therefore, the
average complexity for Uy detecting the signals in one time
block contains (T'(4MyS; — 1) +T2)/T = (4MyS; — 1+ T)

For user Us, the ZF equalizer contains N Sg(8M5—2) flops.

I(x73y]) = T(X, X7 y]) = Z(XCy [ |AT)+Z(X 75y, flops.
(5D
where Z(XC;y/|X7) and Z(X7;y]) represent the mutual

information conveyed by the constellation-domain symbols

The calculation of the Frobenius norm of N rows in X (%)
contains N (4S; — 1) flops. Selecting N, rows with the largest
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Fig. 5. Achievable sum rate comparison of the proposed IDDMA scheme under different conditions: a) different numbers of activated time blocks T4; b)
different numbers of activated subcarriers Sy; c¢) different numbers of activated transmit antennas N,.

Frobenius norm contains N2 flops at most. Comparison with
the threshold 13 contains N, flops. Thus, the total complexity
for Uz is (8N M3S; + 2N S; + N? — N + N,) for detecting
the signals in one time block.

For user U,, the FFT operation and ZF equalizer contain
5M5St log,(S¢) and N.S¢(8My — 2) flops, respectively. For
each row of X(t), selecting the activated subcarriers and
comparing with 7o contain (G(35+5?)+GS,) flops in total.
As a result, the total complexity for Us is (5M2.S¢ log,(St) +
8MoNS; + NS;S + NGS, + NSf).

For user Uy, the ML detection method can achieve optimal
detection performance. However, the complexity is extremely
high. For detecting the constellation-domain symbols in one
time block, the search space is given by O((Q + 1)V5t). The
sphere decoding based methods [38], [39] and the compressive
sensing based methods [40], [36] can be used to reduce the
detection complexity for U;.

VI. SIMULATION RESULTS AND DISCUSSIONS

In this section, we provide simulation results and discus-
sions of the proposed IDDMA scheme. The achievable rate,
detection complexity, BER performance and special cases
of the proposed scheme are investigated in Section VI-A,
Section VI-B, Section VI-C and Section VI-D, respectively.
We consider a multi-user communication system supporting
four users in each user cluster, where U; is a smart electronic
device, while Us,, Uz and U, are IoT devices. At the base
station, N = 2 transmit antennas are utilized to support this
user cluster, and each user is equipped with M}y = 2 receive
antennas. The whole bandwidth is divided into S; = 64
subcarriers, which are further grouped into G = 8 subcarrier
groups with S = S¢/G = 8 subcarriers in each group. Each
frame contains 7' = 8 time blocks and the Rayleigh flat fading
channel is considered for each time block. The information
bits for different users are conveyed by the constellation-,
frequency-, spatial-, and time-domain symbols, respectively, as
explained in Section IV. The default numbers of the activated

resources are T, = 7, S, = 7, and N, = 1, unless particularly
stated.

A. Achievable Rate

Firstly, we analyze the achievable rate of the proposed
IDDMA scheme. The achievable sum rate under different
conditions is provided in Fig. 5 through Monte-Carlo method.
The achievable sum rates with different numbers of activated
resources Ty, S,, and N, are illustrated in Fig. 5(a), Fig. 5(b),
and Fig. 5(c), respectively. It can be seen that the achievable
sum rates increase with the rise of SNR under each condition.
It can also be seen that the achievable sum rates increase with
the rise of the numbers of activated resources T,, S., and
N,. This is mainly because that more degrees of freedom are
available for data modulation by activating more resources.
It can be seen that the gaps between the lines in Fig. 5(a),
Fig. 5(b), and Fig. 5(c) are different, which shows that the
number of activated time blocks 7T,, subcarriers S,, and
transmit antennas N, have different impacts on the achievable
sum rates of the system. Therefore, flexible multiple access can
be employed by adjusting the numbers of activated resources
according to the requirements of the users.

B. Detection Complexity

We further investigate the computational complexity of the
proposed detection method in this section. We consider a
similar multi-user communication system as Section VI-A.
The system parameters are the same as Section VI-A, except
that only one receive antenna is equipped at each user. We also
simulate the detection complexity of the conventional OFDM-
NOMA system [41] as comparison, which overlaps the signals
with diverse power levels for different users on each subcarrier.
The SIC detection method using ZF equalizer is adopted
for OFDM-NOMA. The simulated computational complexity
for the IoT users Us, Us, Uy is illustrated in Fig. 6, where
4QAM modulation is considered and the common complexity
caused by FFT is omitted. We use different colors to indicate
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the computational complexity caused by decoding the desired
information and the SIC in OFDM-NOMA. It can be seen
that the proposed IDDMA scheme enjoys much less detection
complexity than the conventional OFDM-NOMA scheme.
This is mainly because that in the proposed scheme, the SIC
is avoided by modulating information for different users on
different domains of the signals. Moreover, the detection of the
indices of the activated resources in IDDMA involves much
less complexity than the detection of the APM symbols in
conventional OFDM-NOMA.

C. BER Performance

In this subsection, we investigate the BER performance
of the proposed IDDMA scheme. The system parameters
are the same as those in Section VI-A. In the simulation,
the proposed low-complexity MRC-based detection method
is used. For Uz and Us, the MMSE equalizers are adopted.
For Uy, the two-step detection method is used to decrease
complexity. The simulation results are given in Fig. 7, where
4QAM modulation is considered. It can be seen that the
BER performances of the users are different. U, enjoys the

lowest BER. Uj exhibits higher BER than Uy, which is mainly
because the MMSE equalizer cannot cancel the interference
from the transmit antennas completely. Uy and U; have the
worst BER performances. This is mainly because the FFT
process is applied to recover the frequency-domain signals,
which spreads errors and make it difficult for the users to
detect the indices of the activated subcarriers and the APM
symbols.

The MRC-based detection methods used in this paper can
serve as benchmarks for future research. Other detection meth-
ods for IM, including sphere decoding based methods [38],
[39], compressive sensing based methods [40], [36], and log-
likelihood ratio based methods [42], [43], can also be used
to improve the detection performance, while more complexity
will be expected.

D. Special Cases

The special cases explained in Section IV-C are important
components of the proposed IDDMA framework and can be
easily employed in the current and future wireless communica-
tion systems. In this section, we investigate the performance of
the special cases TD-IDDMA, FD-IDDMA, and SD-IDDMA
when applied to SISO systems, OFDM systems, and MIMO
systems, respectively. The detailed simulation parameters are
provided in Table I. Two users are supported in each user
cluster. In conventional power-domain NOMA schemes, 8 dB
difference in propagation loss is required for user pairing [11].
Therefore, the propagation loss of U, is set to be 8 dB worse
than U; in the simulation. The accuracy of the proposed
approximations and lower bounds of the achievable sum rate
is investigated in Fig. 8. The exact values through Monte-
Carlo method, the proposed approximations, and the derived
lower bounds are illustrated as solid lines, dotted lines, and
dash-dotted lines, respectively. It can be seen that the lower
bounds can track the trends of the exact values very well.
And the further proposed approximations are very close to the
exact values under all the simulated situations, which proves
that the proposed approximations can be used to calculate the
achievable sum rate efficiently with high accuracy.

In Fig. 9, we further compare the achievable sum rate of
the proposed scheme with conventional NOMA schemes [10]
and orthogonal frequency division multiple access (OFDMA)
schemes. In the proposed scheme, the numbers of activated
resources are 1, = 7, S, = 7, and N, = 3 for TD-
IDDMA, FD-IDDMA, and SD-IDDMA, respectively. In the
conventional NOMA schemes, the information for the two
users are transmitted with different power. aP is allocated
to Uy, and (1 — «)P is allocated to Us, respectively. The
first user utilizes SIC to remove the interference caused by
the second user. In practical system, the imperfection of SIC
has a great impact on the performance [44]. Thus, we use
€ to denote the cancellation error term [45] that represents
the remaining portion of the canceled signals by SIC. In the
OFDMA scheme, we allocate 5P power and YW bandwidth
to Uy, and (1—/3) P power and (1—+)W bandwidth to Us. The
simulation results are shown in Fig. 9 with a = 0.2, 3 = 0.7
and v = 0.7. It can be seen that the proposed schemes can



TABLE I
SIMULATION PARAMETERS

Systems SISO System | OFDM System | MIMO System
Transmit Antennas N=1 N=1 N =14
Receive Antennas M, =My=1 M,y =My=1 My =My =4
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Fig. 9. Achievable sum rate comparison of the proposed schemes, conventional NOMA schemes, and conventional OMA schemes: a) the TD-IDDMA scheme;

b) the FD-IDDMA scheme; ¢) the SD-IDDMA scheme.

achieve better performance than the OFDMA schemes, which
is mainly because of the alleviated interference. It can also be
seen that in Fig. 9(a) and Fig. 9(b), the proposed schemes
can achieve similar performance with the NOMA schemes
from low to medium SNR regions with perfect SIC. However,
the performance of conventional NOMA decreases a lot even
with slightly imperfect SIC. It can be seen that the proposed
schemes obtain much higher sum rates than the NOMA
schemes with € = 0.01 and € = 0.02. In the MIMO system
shown in Fig. 9(c), the proposed scheme outperforms the

conventional NOMA scheme even with perfect SIC detection.
This is mainly because that the intra-cluster interference is
increased with more transmit antennas in conventional NOMA
schemes, which is alleviated in the proposed scheme.

VII. CONCLUSION

In this paper, a novel IDDMA scheme has been proposed
for the beyond 5G wireless communication systems, which
builds a framework based on the principle of the multi-domain
IM to enable flexible multiple access between the two kinds



of key users in the future wireless communication systems,
namely, the smart electronic devices and the IoT devices. Due
to multi-domain consideration and manipulation, the intra-
cluster interference is alleviated and the complicated SIC is
avoided at the user side. The achievable rate of the proposed
scheme has been analyzed and a closed-form approximation
of the achievable sum rate has been derived. The superior
performance compared with the conventional multiple access
schemes are validated through numerical simulations. The
proposed scheme and its special cases can be easily deployed
in the widely used wireless communication systems, including

the

multi-user MIMO systems and the multi-user OFDM

systems.
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