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Abstract—To supporting the systematic requirements of
higher spectrum efficiency and user deployment density
in future Industrial Internet of Things (IIoT), traditional
orthogonal multiple access schemes, such as orthogonal
frequency-division multiplex, are quite limiting. Nonorthog-
onal multiple access (NoMA) has been recognized as one
of the enabling technologies for IIoT in 5G network. In this
paper, we have proposed an alternative NoMA scheme
called interleave-grid multiple access (IGMA). Depending
on interleaving and grid-mapping process, IGMA is capable
to provide reliable block error rate performance, marvelous
user multiplexing capability, as well as robustness against
intercell interference. IGMA can apply various detection
and decoding techniques at receiver sides to improve the
detection performance with acceptable complexity. Both
of link-level and system-level results show the promising
benefits of IGMA, in particular that nearly seven times user
multiplexing gain compared with orthogonal frequency-
division multiple access has been observed in the system-
level simulation. In addition, a hardware test bed has been
implemented to verify the IGMA performance and the test-
ing results proved the strong competitiveness of IGMA over
orthogonal frequency-division multiple access in terms of
block error rate performance in user overloading scenarios.

Index Terms—5G, Industrial Internet of Things (IIoT), in-
terleave, nonorthogonal multiple access (NoMA), user over-
loading.
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I. INTRODUCTION

TO SUPPORT different demands of various scenarios that
should be realized by 5G wireless communication sys-

tems, especially in the context of Industrial Internet of Things
(IIoT) [1], a number of new technologies have been proposed.
Typically, nonorthogonal multiple access (NoMA) is one of the
promising candidates for significantly increasing the number of
connections in IIoT [2], [3]. The utilization of NoMA in IIoT
can be described as the following aspects. For massive machine-
type communications (mMTC) services in IIoT scenarios, the
sensor connection density shall reach 106 devices/km2, whereas
the spectrum efficiency shall be further improved for enhanced
mobile broadband service (eMBB). Finally, the demand of re-
ducing the transmission latency while keeping the communica-
tion reliability is the key target for ultrareliable and low latency
communications (URLLC) in IIoT scenarios [4]. Thus, how to
contribute all three cases is making the development of NoMA
schemes absolutely appealing.

In the current literature, the research works of NoMA
have been widely developed toward enhanced spectrum effi-
ciency compared to traditional orthogonal multiple access. More
specifically, in [5], Viterbi proved that nonorthogonal transmis-
sion could achieve better transmission performance by utilizing
all the bandwidth for coding. Following the idea of [5], a series
of research works toward nonorthogonal transmission have been
proposed as in [6]–[14]. Especially, in [13] and [14], Ping et al.
proposed a class of efficient NoMA techniques as interleave
division multiple access (IDMA), which utilizes the chip-level
interleaver for distinguishing multiple users. Recently, with the
boost of mMTC, lots of new NoMA techniques have been pro-
posed as in [15]–[19]. These aforementioned NoMA techniques
could achieve different balanced tradeoff among spectrum effi-
ciency, number of maximum connections, transmission perfor-
mance, and invoked complexity for NoMA detector.

In general, a NoMA scheme contains the sophisticatedly
designed signal processing part (e.g., interleaving, spreading,
and/or sparse mapping) at transmit side and corresponding
deprocessing part to handle multiuser interference (MUI) at
receiver side. NoMA, allowing for sharing the same time–
frequency resource among multiple users concurrently, targets
to support adaptability toward massive connections, higher spec-
trum efficiency with greater flexibility, as well as strong robust-
ness against channel variance and MUI, for fitting emerging
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application scenarios. In conjunction with the design of grant-
free transmission, the NoMA scheme should further achieve
less latency, less signaling overhead, importantly without the
reduction of desired communication reliability.

Driven by supporting new verticals and improving better user
experience for variant new services, RAN plenary #75 is target-
ing for concluding the potentials of NoMA for 5G application
scenarios, including IIoT [4]. This study will progress on the
evaluation of NoMA schemes focusing on uplink, and provide
recommendation on the NoMA scheme(s) to be specified later
on. The detailed transmit-side design including bit-level and/or
symbol-level processing will be discussed along with the related
procedure design, e.g., hybrid automatic repeat request (HARQ)
process, link adaption, etc. Generally speaking, this nonorthog-
onal characteristic is pronouncedly attractive when system load
increases via using overlapped resource. The benefits of NoMA,
particularly when enabling grant-free transmission, may encom-
pass a variety of use cases or deployment scenarios, including
eMBB, URLLC, mMTC, etc.

Followed by the concept of low density spreading introduced
in [16], sparse code multiple access (SCMA) [16] and pattern
division multiple access [17] have been proposed. Meanwhile,
multiuser shared access, which is based on sequence design ap-
proaches, has been proposed by utilizing the specially designed
low correlated spreading sequences [18]. For detection of multi-
ple users, the successive interference cancelation is adopted for
suppressing MUI. However, the spreading process is not always
favorable especially in terms of performance for those NoMA
schemes. The study in [19] shows that the performance can be
improved by replacing spreading with low coding rate. More-
over, the number of supported users for schemes like SCMA,
etc., is still limited by the specially designed spreading sequence.
When enjoying merits from the sparsity, practical systems are
also concerning the implementation complexity at the receiver
side. Meanwhile, when using the elementary signal estimator
(ESE), this simple detector still requires the low coding rate to
guarantee the detection performance, and the detection perfor-
mance degrades in high coding rate. The detection complexity
by using near-optimal algorithms like MPA or MAP will be con-
siderably high. Therefore, achieving the balance/flexibility on
complexity control and performance obtaining is vital to design
a practical NoMA scheme.

Considering those aspects above, the contributions of this pa-
per are summarized as follows. First, the interleave-grid multiple
access (IGMA) scheme is evaluated in this paper. The IGMA
jointly utilizes the bit-level interleaving and symbol-level sparse
grid mapping for simultaneously supporting the sufficient num-
ber of multiple access signatures and the reduced detection com-
plexity due to signaling sparsity. Along with iterative detection
and decoding receiver, IGMA can provide compelling overload-
ing gain (user multiplexing capability) and achieve very reliable
transmission. Meanwhile, IGMA can also leverage the appli-
cation in mMTC and/or URLLC scenario. Second, evaluation
results including link-level simulation (LLS) and system-level
simulation (SLS), conducted based on 3GPP 5G new radio (NR)
evaluation assumptions and metrics [20], can show the advan-
tages of IGMA, and accordingly IGMA is being considered as a

Fig. 1. Schematic example of IGMA transmitter.

5G NoMA alternative candidate. Third, to verify the feasibility
of IGMA under realistic channel environment, a test bed with
up to 12 user equipment (UEs) is also implemented. The results
obtained from hardware test bed doubly prove the superiority of
IGMA over conventional orthogonal multiple access schemes.

The rest of this paper is organized as follows. The transmis-
sion and receiving schemes of the proposed IGMA are intro-
duced in Sections II and III, respectively. In Sections IV and
V, the evaluation results, including LLS and SLS, are demon-
strated to show the performance gain of the proposed IGMA.
Section VI introduces the test-bed implementation of IGMA.
Finally, conclusions are drawn in Section VII.

II. IGMA TRANSMISSION SCHEMES

We proposed the original idea of IGMA as a class of novel
NoMA transmission techniques in [21] and [22]. As shown
in Fig. 1, an IGMA multiple user case is considered. The
kth user data sequence is denoted as dk , the coded bit se-
quence bk is obtained by the channel coding process, i.e.,
bk = [bk (1) bk (2) . . . bk (M)]T , where M is the length of bk

and (·)T denotes the transpose operation. Here, the channel cod-
ing process could either apply low rate forward error correction
(FEC) code directly or a combination of a moderate rate FEC
code and repetition code to achieve low coding rate. When the
repetition code is used, there is a tradeoff between sacrificing a
certain level of coding gain and reducing the processing com-
plexity.

A. Interleaving Process

For a bit-level interleaver represented by θk−b , the coded bit
sequence bk is permuted, where length of θk−b is equal to length
of bk . The interleaving process is based on a permutation matrix
αI , e.g., as shown in (1) when M = 4, θk−b , αI could be

θk−b = {4, 2, 3, 1} → αI =

⎡
⎢⎢⎢⎢⎣

0 0 0 1

0 1 0 0

0 0 1 0

1 0 0 0

⎤
⎥⎥⎥⎥⎦

(1)

where the position of “1” element in the θk−b indicates each
row of permutation matrix αI . Thus, the bit sequence through
interleaving process is ck = αI · bk .

Note that the bit-level interleaver in IGMA schemes is one
dimension for user multiplexing. In other words, the IGMA
system can separate different UEs based on the UE-specific bit-
level interleaver only. In the practical scenario, the scrambling
process that has similar functionality could be considered to
replace the interleaving process. After bit-level interleaving, the



5438 IEEE TRANSACTIONS ON INDUSTRIAL INFORMATICS, VOL. 14, NO. 12, DECEMBER 2018

Fig. 2. Grid-mapping example with N = 4, ρk = 0.5, and L = 8.

interleaved bit sequence is passed through modulation module
to generate symbol sequence.

B. Grid-Mapping Process

In grid-mapping process, the modulated symbol sequence
sk = [sk (1) sk (2) . . . sk (N)]T is first processed according to
different grid-mapping patterns, and processes targets to map
the modulated symbols into the allocated resource elements
(REs) sparsely. In general, further symbol-level interleaving
or symbol-level scrambling could be considered to pursue fur-
ther interference randomization. Thus, symbol-level interleav-
ing processor θk−s and zero padding processor are used to exe-
cute the grid-mapping process.

In the grid-mapping pattern, a density ρk is defined as ρk =
Nused/Nall , where Nused is the actually occupied RE number,
and Nall is the overall assigned RE number. Various level of
diversity order can be adopted by choosing different value of ρk .
After the grid-mapping pattern, the obtained symbol sequence is
denoted as xk = [xk (1) xk (2) . . . xk (L)]T . Thus, the number
of “0” elements in xk is (L–N). Taking a grid-mapping process
example of N = 4, ρk = 0.5, and L = 8, the symbol-level
processor θk−s , the density ρk , and a permutation matrix αGM
are formulated as

{
θk−s = {4, 0, 2, 0, 0, 3, 0, 1}

ρk = 0.5
→ αGM =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 1

0 0 0 0

0 1 0 0

0 0 0 0

0 0 0 0

0 0 1 0

0 0 0 0

1 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(2)
As shown in Fig. 2, the zero value denotes the correspond-

ing “0” row of the permutation matrix αGM , and the nonzero
value in θk−s represents the position of “1” element in the corre-
sponding row of permutation matrix αGM . Furthermore, the xk

is obtained by αGM · sk = [sk (4)0 sk (2)0 0 sk (3)0 sk (1)]T .
It is worth noting that it is still preferred to configure with

identical density at the same resources for the purpose of user
multiplexing, even though the density is different by meeting
different UEs various requirements. The reason behind is that

Fig. 3. Two subcarrier mapping ways.

the complexity from joint detection and decoding in practical
scenario, and a regular sparse mapping is beneficial even with
mathematic proof [23].

By utilizing symbol-level interleaving process, the symbol
sequence order after the grid-mapping process is randomized.
This randomness supports to obtain further benefits on combat-
ing multipath fading and intercell interference (ICI). In addition,
the grid-mapping pattern is also capable for providing another
dimension for usermultiplexing. Thus, the IGMA system could
either make the user-specific grid-mapping pattern only (or bit-
level interleaver only), or it can separate users based on the
bit-level interleaver and grid-mapping pattern simultaneously.

It is worth noting that the grid-mapping process can achieve
another advantage with proper operations of IGMA. That is,
the ICI can be further reduced by fully utilizing the sparse
feature of grid mapping for the purpose of coordination among
different base stations. Taking an example with two adjacent
base stations, if two groups of nearly orthogonal grid-mapping
patterns choosing, the number of overlapped symbols among all
signals is reduced, leading to the ICI being obviously alleviated.
In the simulation part, simulation results will prove the benefits
for ICI cancelation.

C. Low Peak-to-Average Power Ratio (PAPR)
Consideration

During the standardization discussion of 5G, it has al-
ready agreed that orthogonal frequency-division multiplexing
(OFDM) is mostly used for the uplink transmission. However,
severer PAPR will result in UE suffering from nonlinear dis-
tortion when passing through high power amplifier. Hence,
discrete Fourier transform (DFT) spreading OFDM (DFT-s-
OFDM) with lower PAPR is adopted in the 4G Long Term
Evolution (LTE) system. Thus, using DFT-s-OFDM will be an
attractive solution for the mMTC UE.

Fig. 3 shows two ways of subcarrier mapping for combining
IGMA with DFT-s-OFDM. In Fig. 3(a), localized subcarrier
mapping is utilized, which means that continuous subcarriers
are selected for one or a group of UEs. Meanwhile, in Fig. 3(b),
distributed subcarrier mapping is considered. For each UE or
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Fig. 4. Schematic example of IGMA receiver.

UE group, subcarriers with equal distance are chosen for data
transmission. According to the property of DFT and inverse
DFT (IDFT), if distributed subcarrier mapping way in Fig. 3(b)
is deployed, and the IDFT size is integer times of DFT size, then
the output of IDFT is repetition of input of DFT. As a result,
the PAPR of DFT-s-OFDM-based IGMA is only determined by
modulation level and the density of grid mapping. Note that for
IGMA combining with DFT-s-OFDM, subcarrier mapping can
be also regarded as one way to distinguish UEs.

Assuming for the kth UE, the sequence vector after grid-
mapping operation is denoted as vk with length L; the transmit-
ted symbol vector xk with length LN is calculated as

xk = W−1
LN

PWLvk (3)

whereWL ∈ CL×L denotes L-point DFT matrix and its element
on the nth row and mth column is exp{−j2π mn

L }. W−1
L denotes

L-point IDFT matrix and P ∈ CLN ×L denotes a permutation
matrix representing subcarrier mapping operation. Specifically,
if the mth element after DFT is mapped to the nth subcarrier,
then the elements on the nth row and mth column of P is 1,
otherwise 0.

III. IGMA RECEIVING SCHEMES

In this section, we first develop and compare different kinds
of detection algorithms for IGMA as making balanced tradeoff
between computational complexity and system performance.
The receiver diagram of IGMA is shown in Fig. 4. To improve
the detection performance, the iterative detection and decoding
structure is applied. The received signal passes through RF-to-
baseband and waveform demodulation module, and is inputted
to multiuser detector. The multiuser detector processes the re-
ceived signal with the a priori information of data for each UE
from previous iterations, and outputs the extrinsic information
of data for each UE. Note that to simplify the calculation, soft
information, which is presented by log-likelihood ratio (LLR),
is utilized in the iteration procedure. For binary information,
LLR for bit b is calculated as

LLR (b) = ln
P (b = +1)
P (b = −1)

. (4)

For the kth UE, the output LLRd
k of multiuser detector passes

through bit-level deinterleaver and decoder. The a posteriori

probability decoder is applied. The extrinsic information LLRc
k

of UE k after the decoder is generated according to the a poste-
riori information from decoder and the input of decoder. LLRc

k

passes through bit-level interleaver and is used as a priori in-
formation LLRa

k for the next iteration. Note that considering
there is no a priori information for the first iteration, we as-
sume LLRa

k = 0. The iteration between detection and decoding
exchanges the extrinsic information and reliability is improved
after each iteration. The iteration is stopped if the predefined
maximum iteration number is reached and the hard decision is
used as the estimated data for UE k.

For such a receiver structure depicted in Fig. 4, the re-
ceiver complexity mainly comes from detector. For the ben-
efits of using bit-level interleaver, which decorrelates the adja-
cent coded bits, and grid-mapping procedure, which provides
symbol-level density, the detection complexity of IGMA can be
significantly reduced. Here, two detection algorithms for IGMA
are introduced, namely elementary symbol estimator (ESE) and
chip-by-chip MAP detector. While the former is to achieve
the tradeoff between detection complexity and detection per-
formance, the latter one holds the preference to obtain better
detection and decoding performance.

A. Elementary Symbol Estimator for IGMA

For simplicity of illustration, BPSK is assumed to be used
in this section. Actually, it is easy to extend the ESE detection
algorithm to higher order modulation schemes, for example,
QPSK. The OFDM is utilized as the scheme of carrier mod-
ulation and carrier demodulation has been performed, which
means that single-tap frequency-domain channel coefficient is
considered.

When the IIoT application employing IGMA with shared
time–frequency resources, the UEs data bits transmit over mul-
tiple access channels, and the received signal r(m) is the sum-
mation of all users’ signals plus the additive white Gaussian
noise e(m)

r (m) =
K∑

k=1

hkxk (m) + e (m) , m = 1, 2, . . . ,M (5)

where hk denotes the kth user’s frequency-domain channel co-
efficient and m denotes the bit index. Focusing on the kth UE’s
data xk (m), the IGMA receiver will consider others’ signals as
MUI. Thus

r (m) = hkxk (m) + δk (m) (6)

where δk (m) denotes the overall interference plus noise as

δk (m) =
∑

k ′ �=k,k ′∈Gk (m )

hk ′xk ′ (m) + e (m) (7)

where Gk (m) denotes the set contains all the UEs superposed
on the mth chip according to the grid-mapping pattern.

By recalling from the central limit theorem, δk (m) could be
approximated as a Gaussian variable, and the mean E(δk (m))
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and variance Var(δk (m)) are given as

E (δk (m)) = E (r (m)) − hkE (xk (m)) (8)

Var (δk (m)) = Var (r (m)) − |hk |2Var (xk (m)) . (9)

Furthermore, based on (8) and (9), the conditional probability
density function of r(m) is obtained by

p (r (m) |xk (m) = ±1) =
1√

2πVar (δk (m))

× exp

(
− (r (m) − (±hk + E (δk (m))))2

2Var (δk (m))

)
. (10)

Based on (10), the extrinsic LLR for UE k can be calculated.
According to the central limit theorem approximation, more

UEs will make the approximation even more accurate in the case
of multiuser multiplexing. This is reasonable in the IIoT appli-
cations in which massive connected sensors/devices coexist in
the same environment.

From the above-mentioned derivation, we can observe that by
utilizing central limit theorem (CLT) approximation, the com-
plexity of multiuser detector is reduced significantly. From the
performance perspective, ESE is very suitable for low coding
rate schemes. However, for high coding rate schemes, the per-
formance degradation is large, since the coding gain is less such
that it cannot compensate the performance loss caused by MUI.

B. Chip-by-Chip MAP Detector

Considering for IGMA, bit-level interleaving can reduce the
correlation between adjacent coded bits, which facilitate chip-
by-chip detection. Meanwhile, grid-mapping procedure makes
that the number of UEs superposed at the same symbol is limited,
which can reduce the detection complexity. All above factors
make it possible for IGMA to use chip-by-chip MAP detector.

The probability density function of r(m) conditioned on the
bk (m) is calculated as

p (r (m) |bk (m) = b) =
1√

2πσ2

∑
{x(m ),bk (m )=b}

× exp

⎛
⎜⎝−

[
r (m) −∑K

i=1 hixi (m)
]2

2σ2

⎞
⎟⎠ (11)

where the summation condition {x(m), bk (m) = b} denotes all
the possible combinations of {xi(m), i = 0, . . . ,K − 1} with
bk (m) = b, taking the grid-mapping pattern into considerations.

For IGMA, the LLR for the kth UE is calculated as

LLRd
k (m) = ln

p (r (m) |bk (m) = +1)
p (r (m) |bk (m) = −1)

. (12)

By using max-log-MAP approximation, the computational
complexity of (12) can be further reduced.

C. Modified ESE for Low PAPR IGMA

For DFT-s-OFDM-based IGMA proposed in Section II,
the chip-by-chip MAP detector will introduce much higher

complexity, due to the property of DFT-s-OFDM. Meanwhile,
the ESE introduced in Section III should be modified. Specifi-
cally, joint Gaussian distribution is utilized, and the matrixwise
operations are applied to replace the elementwise operations in
(5)–(10).

D. Complexity Analysis

In this section, we analyzed the complexity of the proposed
detection algorithms based on real-valued flops, which can be
denoted as a real-valued multiplication or addition.

For specific matrices A ∈ Cm×n , B ∈ Cn×p , C ∈ Cn×1,
and D ∈ Cn×1, the operations of AB, ‖C‖2

F , and C ± D re-
quire 8mnp − 2mp, 4n − 1, and 2n flops, respectively.

Accordingly, the complexity of the IDMA-MAP detector
CMAP and the modified IDMA-ESE detector CESE can be com-
puted by

CMAP = 13 NKNrM
K

+ TN
{
(1 + K)MK + 2KMK + K

}
(13)

and

CESE = KNr (24KN + 46N + 16N) . (14)

The details of the complexity of the IDMA-MAP detector
CMAP and the modified IDMA-ESE detector CESE are given
as follows. First, the complexity of the IDMA-MAP detector
CMAP is mainly invoked by (11). In (11), 13NKNrM

K flops
are desired.

1) The calculation of the message from the user node to the
source node is TN(1 + K)MK .

2) The calculation of the posterior probability of each user
is 2TNKMK .

3) The calculation of the extrinsic information of each user
is TNK.

The complexity of the modified IDMA-ESE detector CESE
is mainly invoked by the following three aspects.

1) The calculation of the mean of variance of the received
signal is KNr (24KN).

2) The calculation of the mean of variance of the interference
signal is KNr (46N).

3) The calculation of the ESE estimator is KNr (16N).
In general, the complexities CMAP and CESE are simplified

to the order of magnitudes as

CMAP = O(NKMK ), CESE = O
(
NK2Nr

)
. (15)

IV. LINK-LEVEL EVALUATION RESULTS

In this section, simulation results have been conducted to ver-
ify the gains of IGMA. Here, the results of link-level evaluation
are presented in this section. First, the evaluation assumptions
are listed in Table I. Note that the SNR is defined as per UE
transmitted SNR.

In Fig. 5, the evaluation results by using ESE detector with
120-b transport block size (TBS) are demonstrated. As can be
observed, the differences between the performances for variable
supported number of UEs are negligible; for the case of 6 UEs,
8 UEs, and 10 UEs, the block error rate (BLER) performances
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TABLE I
LLS EVALUATION PARAMETERS

Fig. 5. Grid-mapping example with N = 4, ρk = 0.5, and L = 8.

are nearly the same. Even for 12 UEs case, only some trivial
the performance degradation is observed. For BLER = 10–2,
the performance difference is less than 0.5 dB. Note that 120-b
TBS will result in using a low coding rate, which is suitable for
ESE detector. For higher coding rate, the detection performance
will be degraded.

Fig. 6 shows the sum-throughput evaluation results. The sum
throughput is calculated for BLER = 0.1. As shown in the
figure, with low coding rate (low sum-throughput region), in-
creasing the number of supported UEs will directly increase

Fig. 6. Sum-throughput evaluation for ESE detector.

Fig. 7. Sum-throughput evaluation for chip-by-chip MAP detector.

the achievable sum throughput. For example, at SNR = –2 dB,
compared with 6 UEs case, the sum throughputs are increased by
15%, 33%, and 42%, if the supported UE number is increased to
8, 10, and 12, respectively. However, for high coding rate (high
sum-throughput region), the enhancement on sum throughput is
not as large as that for low coding rate. This is caused by the fact
that ESE detection algorithm is very effective for low coding
rate scenarios, but not suitable for high coding rate scenarios
[11].

In Fig. 7, the sum-throughput evaluation results by utilizing
chip-by-chip MAP detector are illustrated. The detection perfor-
mance is improved with chip-by-chip MAP detector, especially
for high coding rate. From Fig. 7, we can observe that even for
high sum-throughput region, the performance improvement due
to increasing the number of UEs is still significant. Compared
with 6 UEs case with ESE detector, the sum throughputs are
increased by 60% and 100% for 6 UEs case and 12 UEs case
with chip-by-chip MAP detector, respectively. Considering that
by using grid mapping with sparsity, the detection complexity is
reduced and the tradeoff between complexity and performance
can be achieved.

The performance of IGMA with realistic channel estimation
is also evaluated and the corresponding results are shown in
Fig. 8. Two types of demodulation reference signal (DMRS)
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Fig. 8. Performance comparison between perfect and real channel
estimation.

Fig. 9. Performance evaluation with 1 ICI-UE.

are considered. Specifically, the first-type DMRS (V1) denotes
using the combination of cyclic shift based on the same root
sequence and orthogonal cover code, whereas the second-type
DMRS (V2) denotes using the combination of orthogonal cover
code, comblike structure, and cyclic shift. The MMSE channel
estimation with linear interpolation is applied in the simulation.
As can be observed in Fig. 8, the performance loss caused by
realistic channel estimation is acceptable. There is about 1.5 dB
loss for BLER = 10–1. Note that the different types of DMRS
have negligible influence on performance.

For multicell scenario, ICI caused by UEs in the neighbor-
ing cell will degrade the performance of UEs in the targeting
cell. For NoMA scheme, ICI will become more serious since
a larger number of UEs occupy the same time/frequency re-
sources. However, due to the sparsity of grid mapping, IGMA
can provide ability of combating ICI. Here, we also evaluate the
performance of IGMA under multicell scenario.

Figs. 9 and 10 show the evaluation results of IGMA under
multicell scenario, with 1 ICI-UE and 2 ICI-UEs, respectively.
In the evaluation, the densities of grid-mapping pattern are set
as ρ = 0.5 and ρ = 0.25. TBS is fixed as 120 b and the number

Fig. 10. Performance evaluation with 2 ICI-UE.

of UEs in target cell is set to 6. From the evaluation results, we
can observe that by reducing the density of grid-mapping pat-
tern, the performance of IGMA is also improved, especially for
the case with 2 ICI-UE. For example, for BLER = 10–2, the
performance is improved by more than 6 dB if the density is re-
duced from 0.5 to 0.25. Note that with the coordination between
adjacent base stations, the effect of ICI can be further reduced
since quasi-orthogonal grid-mapping patterns, or even orthogo-
nal grid-mapping patterns can be selected by these base stations.

Above evaluation results show that the proposed IGMA
scheme has the ability of supporting much more UEs, and com-
bating ICI in multicell scenario. Following demonstration will
show that with the same evaluation assumption, IGMA will
outperform the conventional OFDMA scheme. To ensure fair
comparison, the number of supported UEs and transport block
(TB) size are set to the same. Specifically, the number of UEs
is 6 and the TB size is 120 b. For OFDMA, each UE occu-
pies one physical resource block (PRB) in a distributed way so
that frequency diversity gain can be obtained as well. Here, two
modulation coding scheme (MCSs) are considered for OFMDA,
e.g., QPSK with 1/2 coding rate and 16 quadratic-amplitude
modulation with 1/4 coding rate.

The evaluation results are shown in Fig. 11. Note that the
SNR definition is different from above figures. Specifically,
SNR in Fig. 11 is defined as total received SNR. From Fig. 11,
it is obvious that with the same spectral efficiency, IGMA out-
performs conventional OFDMA scheme in terms of reliability.
At BLER = 10–2, the performance gain of IGMA is about
1–2 dB, for different MCSs. It should be noted that if larger TB
size or larger number of UEs is considered, the performance
gain of IGMA will be larger, since the equivalent coding rate of
OFDMA is higher.

V. SYSTEM-LEVEL EVALUATION RESULTS

In this section, the system-level evaluation for IGMA is intro-
duced to show the performance gain over conventional OFDM
schemes. For SLS, the performance metric of packet drop rate
(PDR) is considered for a given packet arrival rate (PAR). The
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Fig. 11. Performance comparison between IGMA and OFDMA.

TABLE II
SLS EVALUATION ASSUMPTIONS

evaluation assumptions are listed in Table II. The number of
UEs is set as fixed as 20 per sector.

Note that to enhance the reliability, the HARQ retransmission
is employed. To simplify the evaluation, we assume that all the
UEs are under radio resource control (RRC)-connected mode
and base station can combine each retransmission for each UE.
In the evaluation, dropping timer is defined as maximum trans-
mission duration for one package. One package will continue

Fig. 12. SLS evaluation results of IGMA.

retransmissions until the successful reception or reaching the
dropping timer. Two dropping timers are defined, i.e., 1 and
10 s. Besides, the duration between two retransmissions for the
same package is set to eight transmission time intervals.

In Fig. 12, the SLS evaluation results are shown. It is clear that,
even with realistic channel estimation, IGMA scheme achieves
significant gains over OFDM schemes. Under the assumption
of 1-s dropping timer, compared with LTE OFDM scheme with
ideal channel estimation, for 5% PDR, IGMA can provide more
than seven times higher PAR, even with realistic channel estima-
tion. For 10-s dropping timer, the performance improvement for
IGMA is even larger, since the reliability of data transmission
is better. This result indicates that IGMA can provide capability
to support much more UEs compared with existing OFDM.

In the SLS, the number of UEs is fixed to simplify the evalu-
ation. Considering that the interference level for small number
of UEs with large PAR is nearly the same with large number of
UEs with small PAR, we can deduce the connection density with
the assumption of PAR of mMTC scenario. Assume the PAR
of mMTC scenario is λmMTC , the number of UEs set for SLS
evaluation is NUE per sector, and the maximal PAR obtained by
SLS evaluation for given PDR threshold pSLS% is λSLS ; then,
the connection density for mMTC scenario is calculated as

ρmMTC =
NUEλmMTC

λSLS

1
Ssector

(16)

where Ssector denotes the area of each sector.
Assume PAR per UE for mMTC scenario is 2 h and 8 min

(7680 s), which is the same with the assumption for narrow-
band Internet of Things. According to Fig. 12, the maximal
PAR and 1-s dropping timer is 5.82 packets/s per UE for 1%
PDR threshold with realistic channel estimation. Based on above
evaluation results, the connection density for IGMA assuming
six PRBs is calculated as

ρIGMA , 1s =
20∗7680∗5.82

SSector
= 1.03∗106 per km2. (17)

While for 10-s dropping timer, the maximal PAR is about
11 packets/s per UE, and the connection density assuming six
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Fig. 13. Test bed for IGMA verification.

TABLE III
EVALUATION ASSUMPTIONS FOR IGMA TEST BED

PRBs and 1% PDR is computed as follows:

ρIGMA , 1 0 s =
20∗7680∗11

SSector
= 1.95∗106 per km2. (18)

From (17) and (18), we can observe that even with realistic
channel estimation and 1-s dropping timer, the one million per
km2 connection density requirements for mMTC scenario can
be fulfilled by IGMA. Note that six PRBs are assumed in evalu-
ation. If larger bandwidth is allowed, larger connection density
can be achieved.

The above evaluation demonstrates that the proposed IGMA
scheme has the potential to satisfy the requirements on connec-
tion density of NR mMTC scenario.

VI. TEST-BED IMPLEMENTATION OF IGMA

In this paper, we also set up one test bed by using National
Instrument software defined platform to verify the feasibility
of IGMA under realistic channel environment. As shown in
Fig. 13, 12 UEs with single antenna are considered. Meanwhile,
two received antennas are equipped at receiver. The distance
between UEs and receiver is 35 cm. The evaluation assumptions
are listed in Table III.

The evaluation results obtained from test bed are illustrated
in Fig. 14. Both 6 UE case and 12 UE case are evaluated. To

Fig. 14. Evaluation results for IGMA test bed.

Fig. 15. Sum data rates comparison in kbits for three transmit schemes.

verify the performance gain of IGMA, OFDMA with 6 UEs is
also evaluated under the same configurations. To get a fair com-
parison results, the data rates for IGMA and OFDMA are set to
be the same. Note that for OFDM, 144 subcarriers are occupied
by each UE. From Fig. 14, it can be observed that with the same
number of UEs, IGMA outperforms OFDMA. For example, for
BLER = 10–1, the performance gain over OFDMA is more
than 0.5 dB. Even with doubled number of UEs, IGMA still
outperforms OFDM. At BLER = 10–1, IGMA with 12 UEs
has about 0.2 dB performance gain compared with OFDM with
6 UEs. This result is aligned with LLS evaluation results, which
indicates the validity of test-bed evaluation results.

To further illustrate the gain of IGMA, the sum data rate
is also obtained from test bed and the corresponding results
are shown in Fig. 13. The SNR is selected as 7 dB since the
BLERs are around 10–1. The BLER is considered during the
sum data rate calculation. From Fig. 13, we can observe that
by increasing the number of UEs, IGMA can improve the sum
data rate significantly compared with OFDM in terms of overall
received data rates. In the case shown in Fig. 15, the system data
rate is improved more than two times.

Fig. 16 compares the complexity of the IDMA-MAP de-
tector CMAP and the modified IDMA-ESE detector CESE for
the QPSK-aided IGMA systems with N = 864, Nr = 2, and 6
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Fig. 16. Complexity comparison of the IGMA-MAP detector and the
modified IGMA-ESE detector.

UEs. As shown in Fig. 16, the modified IDMA-ESE detector
can achieve 62% complexity reduction over the IDMA-MAP
detector.

VII. CONCLUSION

IIoT is a network consisted of multiple devices. Compared
with cellular communication system, the number of devices is
usually much larger, with relatively low data rates. Meanwhile,
the low cost devices are more preferable in IIoT scenario and the
reliability is also a key metric, especially for factory scenarios.
In this paper, we have proposed an alternative NoMA scheme,
namely as IGMA. Typically, IGMA can provide high adaptabil-
ity toward massive connections, and efficiently support higher
capacity and robustness with greater flexibility by utilizing
the interleaving and grid-mapping process. Hence, IGMA is
very suitable for IIoT scenario, since the number of supported
devices can be increased. Considering low coding rate is used,
reliability can be also guaranteed. Sparsity introduced by
symbol-level grid mapping provides robustness to interference,
especially ICI. Evaluation results, including LLS and SLS, show
that IGMA can achieve significant performance gain in terms of
BLER, sum throughput, and supportable connection density in a
limited bandwidth compared with LTE OFDMA, e.g., as much
as seven times in terms of supported UE number. Furthermore,
a hardware test bed verified the practical feasibility of the
proposed IGMA and proved the advantage of IGMA, e.g., as
twice sum data rate as that of LTE OFDMA. Conclusively,
the developed IGMA was motivated by industry interest of
new 5G usage scenarios and turns out to be a strong enabler
for 5G business thriving, with great practical potentials and
implementability.
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