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Designers of fifth-generation (5G) wireless networks 
are focusing on enabling highly reliable low-laten-
cy communications that support a high data rate 
and allow massive connectivity. Nonorthogonal 

multiple access (NOMA), an essential enabling technology 
tailored to accommodate a wide range of communication 
requirements, shows potential as a tool for helping 5G net-
works to fulfill these promised capabilities. By coordinat-
ing connections for massive numbers of devices within 
the same resource block on power domain, frequency 
domain, or code domain, NOMA is superior to convention-
al orthogonal multiple access in terms of network connec-
tivity, system throughputs, and other characteristics. 
Sparse code multiple access (SCMA) is a kind of multicar-
rier code-domain NOMA and has been studied extensively. 
The challenge in designing a high-quality SCMA system is 
crafting feasible encoding and decoding schemes to meet 
the desired requirements. In this article, we describe re -
cent progress in designing multidimensional codebooks, 
a practical low-complexity decoder, and grant-free multi-
ple access for SCMA systems. Our particular focus is on 
showing how the designs of the multidimensional constel-
lation and factor graphs (FGs) have formed the foundation 
of SCMA codebooks. In addition, we review various low-
complexity SCMA decoders with a special emphasis on 

sphere decoding. Also, we introduce SCMA grant-free 
transmission based on the framework of belief propaga-
tion (BP) and discuss the problem of collision resolution.

Background
New features for the next generation of wireless networks 
have emerged from the 3rd Generation Partnership Proj-
ect. These features include enhanced mobile broadband 
(eMBB), massive machine-type communications (mMTC), 
and ultrareliable low-latency communication (URLLC). 
The aim of eMBB is to permit a high data rate for wireless 
networks because the typical 5G transmission rate will be 
1 Gb/s, with the peak rate faster than 10 Gb/s, which is 
roughly ten or 100 times faster than that of the fourth-
generation networks. Besides enabling these speeds, 
mMTC should accommodate massive connectivity by 
allowing networks to connect millions of devices within a 
single square kilometer, a capacity far greater than that 
permitted by today’s conventional networks. Meanwhile, 
URLLC should reduce end-to-end delay to a matter of mil-
liseconds, thereby supporting such communication capa-
bilities as real-time mobile control and vehicle-to-vehicle 
applications and communications.

Conventional orthogonal multiple access, such as time-
division multiple access, code-division multiple access, 
and orthogonal frequency-division multiple access 
(OFDMA), assigns the orthogonal resource to each user 
exclusively. However, as massive numbers of devices are 
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connected at the same time, available time–frequency re-
sources quickly become scarce. With massive connectiv-
ity, the inefficiency of giving every user exclusive access 
to such limited resources becomes apparent. Moreover, 
channel codes, as they have evolved, have pushed conven-
tional point-to-point transmission nearly to the Shannon 
limits. Thus, it is essential to explore network communi-
cation using next-generation wireless interface technolo-
gies that take full advantage of the spectral efficiency, offer 
more throughputs, and accommodate more connected 
users. To this end, NOMA, which allows multiple users to 
transmit simultaneously within the shared resources, rep-
resents a promising frontier for study.

Developers have proposed various NOMA techniques 
based on differing principles. These include power-do-
main NOMA, low-density signatures (LDSs), SCMA, and 
pattern-division multiple access. While the techniques 
have different rationales, they share an underlying goal: 
that multiple users should be able to transmit simultane-
ously in each orthogonal time–frequency resource. Here, 
we comprehensively review recent progress on SCMA [1], 
a code-domain NOMA. The focus is on designing codes 
to make SCMA especially reliable. Also, a practical low-
complexity decoder for the multiuser system needs to 
be developed to accommodate massive connectivity de-
mands. To enable the low-latency communication, grant-
free multiple access may be the preferred alternative to 
conventional request–grant multiple access. Thus, it is 
interesting to consider SCMA combined with grant-free 
transmission. We specifically look at the low-complexity 
grant-free receiver design and the collision resolution 
problem within the contention-based transmission.

SCMA
In this section, we provide a brief introduction to SCMA. 
Figure 1 depicts the block diagram for the uplink SCMA 
system. In the encoder, coded bits are modulated to the 
multidimensional sparse codewords consisting of the 
high-dimensional lattice points. As an example, Figure 2 
illustrates the four-dimensional sparse codewords with 
two nonzero entries. The nonzero entries can be modulat-
ed to OFDMA subcarriers or the multiple-input, multiple-
output (MIMO) antennas. Note that choosing the positions 
of nonzero entries can be viewed as a combi national 
problem. Therefore, at most, 

N
K` j users can be accommo-

dated, where K is the total number of subcarriers and N 
denotes the number of nonzero entries. To enable the 
sparse structure of codewords, the number of nonzero 
entries should satisfy .N K%  This reduces the likelihood 
that users will experience collisions in a single subcarrier 
and further simplifies decoding. For the four-dimensional 
codewords in Figure 2, the maximum number of users 
is six, whereas, due to the sparsity of codewords, the num-
ber of possible collisions among users is reduced to three 
per subcarrier.
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The SCMA codebook construction can be formulat -
ed as a suboptimal multiple-stage optimization problem. 
Initially, a mother constellation based on high-dimen-
sional lattice points was constructed. Thereafter, lattice 
rotation for the mother constellation was further applied 
to optimize the product distance of the constellation 
and induce the dependency and power variations among 
the lattice dimensions. The subsequent design of the co-
debook addresses the needs of distinct users by intro-
ducing the constellation function operators, including 
complex conjugates, phase rotations, and dimensional 
permutations for the lattice constellations. Those opera-
tors only render the distinct codewords for the users while 
leaving the minimum Euclidean distance of the constel-
lations unchanged. 

After receiving the superimposed codewords, the de-
coder performs a channel estimation and data decoding 
based on pilots as well as data signals. The active user 
identification is also necessary if grant-free transmission 
is considered. The sparse structure of SCMA codewords 
can be represented by an FG as in low-density parity 
check (LDPC) codes. This structure enables the decoder 
to employ the message-passing algorithm (MPA) for the 
iterative decoding of the data. 

SCMA Encoder Design and the Performance  
Limits Analysis
As a code-domain NOMA, SCMA requires, on average, 
less energy for signal constellation because of the shap-
ing gain of multidimensional codewords. Thus, the code-
book design helps the SCMA system to perform better. In 
this section, we review the literature about SCMA code-
book design and provide insights regarding performance 
limits of the SCMA system.

SCMA Codebook Design
As a multicarrier NOMA, the codebooks of SCMA are 
essentially multidimensional constellation points. SCMA, 
as originally planned, presented a systematic construc-
tion method for codebook design where the high-dimen-
sional constellation points were generated based on 
square-quadrature amplitude modulation (QAM). Star-
QAM has emerged as an alternative approach offering 
better bit-error-rate (BER) performance in the fading 
channels. It also outperforms the square-QAM in peak-
power-limited systems. Consequently, researchers brought 
forward a star-QAM-based codebook design for SCMA [2]. 
By optimizing the coordinates of the signal points in dif-
ferent rings of the star-QAM, the star-QAM-based SCMA 
enjoys a larger minimum Euclidean distance compared 
with LDS and the codebooks in [1].

To leverage the ratio of peak-to-average power as well 
as the spectrum efficiency, spherical codes have been 
adapted as another approach for the high-dimensional 
codebook design of SCMA [3]. Various good spheri-
cal codes have been constructed through binary codes, 
shells of lattices, permutations of vectors or computer 
searching, and by other means. The optimal spherical 
codes with low dimensions were shown to have large 
coding gains. An SCMA codebook with good perfor-
mance can be obtained by concatenating those low-di-
mensional spherical codes.

Apart from the mother constellation design, the FG is 
another important feature in elevating the performance 
of the SCMA system. A properly designed FG may expand 
system capacity, reduce the interference of each subcar-
rier, and reduce decoding complexity for the receiver. 
In [4], the capacity of uplink SCMA is derived when the 
covariance matrix of the codewords is diagonal. The FG 

Codebook 1 Codebook 2 Codebook 3 Codebook 4 Codebook 5 Codebook 6

00 01 11 00 01 10

Subcarrier 1

Subcarrier 2

Subcarrier 3

Subcarrier 4

Figure 2 a four-dimensional Scma codebook structure.
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design is formulated as an integer programing optimi-
zation problem with the object function being the sum 
rate of the system. Each link between the variable node 
and function node in the FG is determined by maximiz-
ing the individual user rate in one subcarrier iteratively. 
In Figure 3, the throughputs of different FG construction 
and power-allocation schemes are compared. This shows 
that, through the optimization of FGs, some users may 
occupy one subcarrier exclusively and experience no in-
terference from other users. In other words, the irregular 
SCMA was shown to have a better system performance.

Performance Limits of the SCMA System
A system based on multidimensional SCMA codewords 
can be viewed as equivalent to an MIMO system. In addi-
tion, the MPA receiver may reduce or even eliminate the 
multiuser interference in each subcarrier. Thus, the SCMA 
system can be treated as a kind of single-user MIMO sys-
tem. With the known results of MIMO, the process of 
deriving the lower bound of symbol error rate for SCMA 
is straightforward [5]. Furthermore, an inspection of the 
pair-wised probability of MIMO SCMA with a large-scale 
fading channel shows that the diversity order of SCMA 
is mainly due to two factors: the number of received 
antennas and the signal-space diversity of the SCMA 
multidimensional codewords [6]. In addition, evidence 
shows that large-scale fading only affects the coding gain 
of the system.

SCMA Decoder Design
The invention of turbo codes has inspired developers to 
apply the turbo principle in the design of communication 
systems. The turbo principle has also led developers to 
implement soft information between the SCMA decoder 
and the forward error correction decoder. This technique 
lowers the coded BER of SCMA [7]. However, im  proved 
BER performance increases decoding complexity for the 
receiver. This is why a low-complexity decoder is espe-
cially essential for SCMA.

As the LDPC codes, SCMA can be represented by the 
FG. Thus, it is natural to use the BP or MPA for the SCMA 
decoder. Due to the sparsity of the codewords, MPA has 
reasonable decoding complexity for the low and middle 
modulation order systems. However, when the number 
of users is increasing or the modulation order is high 
(e.g., the 32- or 64-ary SCMA), decoding becomes pro-
hibitively complex. As such, satisfactory low-complexity 
decoders for SCMA are needed.

One such decoder is based on partial marginaliza-
tion [8], an idea grounded in the observation that the 
convergence rate of message passing for different users 
may be different. Partial marginalization demonstrates 
that it is better to analyze the transmit symbols for us-
ers with faster convergence rates before the algorithm 
termination. Those symbols can be subtracted from the 

received signals. For the remaining users, message pass-
ing will only be involved in the subsequent iterations. 
Theoretically, the complexity of partial marginalization 
is exponential, and the performance is highly dependent 
on which portion of users are chosen to be judged first.

While most work in this area focuses on simplifying 
decoding on the receiver side, a proper constellation de-
sign can also streamline computing demands [9]. The 
idea is shown in Figure 4. For the multidimensional SCMA 
codewords with a modulation order M, one can project 
that to the constellation with m M1  points. Evidently, 
this will cause some overlaps on the point labeling. Nev-
ertheless, the decoder is able to distinguish points from 
one another as long as the overlap points are separa -
ted on the other dimensions (e.g., points 01 and 10 over-
lap on dimension 1 but are separated on dimension 2). 
Since ,m M1  the decoding complexity is reduced from 
Mdc  to ,mdc  where dc  is the number of collision users in 
each subcarrier.

Researchers working on improving MPA are concen-
trating on updating the function nodes. In each iteration, 
the MPA decoder seeks the point that is most likely to be 
transmitted. However, the scheme requires an exhaus-
tive search through all possible combinations of trans-
mitted signals, making it inefficient. As an alternative 
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approach, the decoder can also proceed in a more effi-
cient way by considering only the signal points near the 
received signals. The idea is essentially the same as that 
of a sphere decoder. For the SCMA, the decoder seeks a 
candidate list first by list-sphere decoding (LSD). Next, 
MPA can be operated within the candidate list, thus sim-
plifying decoding [10], [11]. The size of the candidate set 
can be tuned to balance the decoding complexity and 
the performance. Essentially, a sphere decoder can be 
viewed as a kind of depth-first tree search algorithm. 

Figure 5 shows an example of a searching tree with 
L 5=  levels. The search process starts from the root 
node and proceeds to the leaf nodes. All solid lines cor-
respond to the survival paths during the search, while 
the dotted lines correspond to the eliminated paths. 
The decoding complexity depends on the number of vis-
ited nodes on the binary tree during the search process. 
Thus, by avoiding the unnecessary visits to nodes, a 
simpler search is possible if some branches of the tree 
are pruned properly. SCMA is a kind of multisubcarrier 
NOMA. As such, instead of carrying out sphere decoding 
on different subcarriers independently, the messages 
are exchanged from different subcarriers so that some 
branches may be pruned in advance on the lower search 

levels. More specifically, when a point is reported to be 
excluded in the list by one subcarrier, the other subcar-
riers can circumvent the route to this point by pruning 
the unnecessary branches of the searching tree.

Figure 6(a) shows the number of visited nodes with 
node pruning (NP-LSD-MPA) versus the conventional 
methods (LSD-MPA). Figure 6(b) demonstrates that node 
pruning results in improved BER performance. In fact, 
an LSD error occurs when the actual transmit point is 
not contained within the candidate list. Hence, if the re-
dundancy nodes are pruned within the list, the actual 
transmit point would likely enter the final list and, thus, 
improve the performance. A sphere decoder for SCMA 
also has the advantage of being applicable to the low 
number of projection codewords proposed in [9] (see 
[11] for a detailed discussion).

SCMA with Grant-Free Transmission
Another challenge for the advanced multiple-access tech-
nique developers is to address the issue of user schedul-
ing. In long-term evolution networks, user scheduling is 
realized through the request-grant procedure, where 
active users periodically send scheduling requests to the 
base station (BS) and wait for the grants as well as 
resource assignments. However, the handshakes between 
the BS and the active users may result in considerable 
delays. Meanwhile, the dynamic signaling degrades the 
spectral efficiency of the network. Thus, contention-based 
grant-free transmission is advocated in the future 5G net-
work. Instead of the handshakes, active users contend the 
shared resources and transmit directly to the BS. Howev-
er, two problems arise in grant-free multiple access: user 
identification and collision resolution.

Identification of Active Users for Grant-Free SCMA
For typical 5G scenarios, such as those involving mMTC, 
the number of users connected to the network is pre-
sumed to be huge. While millions of devices are con-
nected to the network, only a few users are communicating 
at the same time. Thus, the task of identifying active 
users is generally framed as a kind of compressed sens-
ing problem.

With the understanding that inactive users are send-
ing no data symbols and have no channel responses, 
the channels from all users can be viewed as a sparse 
vector with nonzero entries representing active users. 
Therefore, active users can be recognized by detecting 
support of the sparse vector. In [12], three algorithms 
are proposed that use pilot signals only to estimate the 
sparse channel vectors.

Generally, channel estimates based on data are more 
accurate than those based only on pilot signals. Further, 
user activity information is contained not only in the re-
ceived pilot signals but also the data signals. Thus, one 
proposed receiver would, by exploiting both pilot and 
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Figure 4 a low number of projections for a four-ary Scma.
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Figure 5 a sphere decoder depth-first tree search.
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data signals, perform joint user identification, channel 
estimation, and data decoding [13]. For the problem of 
estimating hybrid continuous (channel coefficients) and 
discrete (data symbols) variables, direct maximum like-
lihood detection is unrealistic because it is so complex. 
Thus, a low-complexity iterative decoder based on the 
FG of SCMA is necessary.

The FG representation of SCMA with estimation of 
hybrid variables is formulated in Figure 7(a). The repre-
sentation shows three loops: one for estimating channels, 
one for detecting data, and one for detecting user activ-
ity. In the data-detection loop, the term ( )p cxk k  denotes 
the mapping function of SCMA encoder k, which maps the 
coded bits to the SCMA codewords. The function node 
ftn  corresponds to the likelihood function on the tth time 
slot, subcarrier n. For the channel-estimation loop, the 
tapped-delay channel model with length L is considered. 
The function ,n kz  corresponds to the Fourier transfor-
mation of channel responses from the lag domain to the 
frequency domain. To facilitate the detection of sparse 
signals, the two-layer hierarchy channel model is used 
for modeling each channel tap .hkl  On the first layer, the 
channel is assumed to follow the Gaussian distribution 
with variance .klm  On the second layer, the variance 
is further modeled as a gamma distribution ( , )a bklmC  
with a noninformative priori parameter of, for instance, 
a 10 7= -  and .b 10 7= -  Such a formulation of channel re-
sponses leads to the Student’s t distribution when inte-
grating out the variables .klm  The Student’s t distribution 
exhibits heavy tails and thus favors sparse solutions for 
the problem of identifying active users.

With the formulation of FG, the message passing for 
data symbols may be calculated based on BP. However, the 
direct BP updating is cumbersome for the hybrid continu-
ous and discrete variable models. The idea for rendering 
a tractable computation is to approximate the virtual 
variables, defined as the production of discrete data sym-
bols and channel coefficients, into some continuous distri-
butions for the sake of low-complexity computation; see 
Figure 7(b) for illustrations. To ensure the accuracy of ap-
proximation, the true distribution of variables is projected 
into Gaussian distribution for each user individually with 
the minimized Kullback–Leibler (KL) divergence. This 
coincides with the idea of expectation propagation (EP) 
message passing. With Gaussian distributed messages, BP 
updating is now tractable by some simpler computation.

Figure 8, which demonstrates the performance of a re-
ceiver based on EP message passing, examines machine-
type communications where 256 coded bits are contained 
in each packet. The user identification comparison by the 
joint and pilot-aided-only detector is shown in Figure 8(a). 
The activity for each user is determined by the power of 
the estimated channels since inactive users experience the 
equivalent of zero channel coefficients. Clearly, by explor-
ing the pilot and data symbols concurrently, the joint detec-
tor can achieve a much lower error-detection rate. Figure 8(b) 
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compares the BER performance for different decoding algo-
rithms. The pilot-aided MPA (P-MPA) algorithm, which relies 
on pilots only for channel estimation and user detection, 
has the worst performance. Other joint message-passing 
receivers, such as BP-MF and BP-GA, are less effective due 

to their inaccurate approximation for the true probability. 
Because the probability estimate stems from minimized KL 
divergence, the performance gap between the BP-GA-EP re-
ceiver [13] and a receiver (Genie) with exact channel state 
information and user activity is only roughly 1 dB.
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Collision Resolution for Grant-Free SCMA
The radio resources for grant-free transmission are defined 
in [12]. The basic radio resource, which is referred to as a 
contention transmission unit (CTU), is defined as the com-
bination of time data, frequency data, SCMA codebook 
data, and pilot data. The user equipment (UE) is (possibly) 
mapped to CTUs via the mapping rule CTU UEindex ID=  
mod ,NCTU  where NCTU  denotes the number of CTUs. In 
mMTC, the number of UEs would always exceed the 
number of available CTUs. As a consequence, multiple 
UEs can be mapped to the same CTU for data transmission. 
A collision happens when two or more active UEs transmit 
concurrently within the same CTU.

To resolve the UE collision problems, the conventional 
approach conducts a retransmission by the random back-
off mechanism. However, if the static mapping rule is 
used, constant collisions may happen when bursty traffic 
occurs even when the random back-off is used. Further, 
some CTUs may be allocated with more UEs due to the 
number of UEs exceeding that of CTUs. To circumvent the 
prior described issues, an UE-to-CTU mapping rule based 
on acknowledgment (ACK) feedback is proposed [14]. The 
idea is to use the conventional static mapping rule in the 
first round of handshaking between BSs and UEs. Next, 
an ACK list containing the detection and decoding results 
for all UEs is fed back from the BSs to receivers. For each 
UE, two bits are assigned to indicate the status: (0, 0) for 
no data received, (1, 1) for data successfully decoded, and  
(0, 1) for retransmission needed. Figure 9 is an illustration 
of the mapping rule based on ACK feedback.

Figure 10 depicts a detailed grant-free transmission 
procedure with a mapping rule based on ACK feedback. 
Transmission delay is assumed to be three time slots, 
and MAPi denotes the mapping rule generated in the ith 
time slot. To start with, MAP1 in the first time slot is set 
based on a conventional static mapping rule. Afterwards, 
with the receipt of ACK from the BS, an adaptive MAP4 
is determined by UEs. Specifically, for UE j, if the code is 
01, indicating that UE j needs to retransmit, an exclusive 
CTU is immediately assigned again. The BS counts the 
number of CTUs associated with only one UE, i.e., Nsingle  
and set .modCTU j Nindex single=  If the code is not 01, an 
exclusive CTU is unnecessary. The BS now counts the 
number of CTUs associated with multiple UEs, i.e., Nmulti  
and set .modCTU j N Nindex multi single= +  The subsequent 
slots can be handled in a similar manner. Theoretical 
analysis of methods based on ACK feedback shows that 
the collision probability would always be less than that 
of conventional static mapping rules.

Conclusions and Future Challenges
This article reviewed the state of the art for SCMA 
technologies. We specifically considered techniques 
using a code-domain NOMA, SCMA, as a promising for 
wireless interfaces of the future. We showed how a 

proper mother constellation design as well as the dynam-
ic FG construction can lead to an improved SCMA code-
book design. This article also described issues related 
to low-complexity decoders accommodating multiuser 
decoding for SCMA. The idea is based on sphere 
decoding, which avoids exhaustive searching during 
the MPA. To meet the URLLC requirement, SCMA sys-
tems adopt grant-free transmission methods. We intro-
duced a receiver that performs joint channel estimation, 
data decoding, and the detection of active users based 
on EP message passing. Finally, a UE-to-CTU mapping 
rule based on ACK feedback, a solution to the user-col-
lision problem.
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Issues related to SCMA that require fur-
ther investigation include the following:

 ■ The decoding of SCMA relies on the loopy 
BP algorithm. However, conventional BP 
exhibits poor convergence behavior on the 
loopy FGs. The convergence rate is slow, 
and algorithms occasionally achieved local 
optimal points. BP rules are the conse-
quence of minimizing the constrained 
Bethe free energy, which is no longer con-
vex when FG contains loops. To overcome 
this poor convergence, convex Bethe free 
energy needs to be constructed for loopy 
FG. Furthermore, when combined with 
other 5G techniques, such as massive 
MIMO, the design of the SCMA decoder 
should also be recast. The decoding com-
plexity would typically grow exponentially 
with the number of antennas. Thus, there 
is an emerging need to develop a low-com-
plexity receiver for massive MIMO SCMA.

 ■ Since multiple users share the same re -
source element in NOMA, the user pairing
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 serves as another interest problem. For power-domain 
NOMA, with fixed power allocation, the sum rate can 
be enlarged by selecting users with distinctive channel 
conditions. On the other hand, it is better to pair the 
users with similar channel conditions in cognitive 
radio-inspired NOMA [15]. Unlike power-domain 
NOMA that transmits on a single resource element, the 
situation for SCMA is rather complex when the user 
paring is performed on multiple carriers.

 ■ Artificial intelligence (AI) combined with 5G is 
another research trend. AI can be used to solve 
problems that are intractable in a classical commu-
nication system. For instance, combinatorial optimi-
zation is typically the NP-hard problem and is 
frequently encountered in SCMA, such as in issues 
related to codebook assignment, user selection, and 
resource allocation. Alternative solutions to those 
problems might be found by AI using machine-learn-
ing-based methods. The SCMA system can also be 
formulated as an autoencoder, where the end-to-end 
communication can be joint-optimized through the 
construction of deep neural networks. The autoen-
coder is trained through the BER or block error rate 
and can accommodate various channel conditions 
as well as system parameters. The performance of 
SCMA would likely improve with the much lower 
computational complexity.
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