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Impact of Factor Graph on Average Sum Rate for Uplink
Sparse Code Multiple Access Systems
Zheng Yang, Jingjing Cui, Xianfu Lei, Zhiguo Ding, Pingzhi Fan, and Dageng Chen
Abstract—In this letter, we first study the average sum rate
of sparse code multiple access (SCMA) systems, where a general
scenario is considered under the assumption that the distances
between mobile users and base station are not necessarily identical. Closed-form analytical results are derived for the average
sum rate based on which an optimal factor graph matrix is
designed for maximizing the capacity of the SCMA systems.
Moreover, we propose a low complexity iterative algorithm to
facilitate the design of the optimal graph matrix. Finally, Monte
Carlo simulations are provided to corroborate the accuracy of
the theoretical results and the efficiency of the proposed iterative
algorithm.

random variables with distinct expectations [7] is applied to
derive a closed-form expression for the average sum rate
of SCMA systems. By elaborating the developed analytical
results, it is revealed that the maximal average sum rate can be
achieved when orthogonal resources are allocated for adjacent
users. We then propose an iterative algorithm with lower
implementation complexity to design an optimal factor graph
matrix for SCMA systems. Finally, numerical and simulation
results are presented to illustrate the accuracy of the analysis
and the validity of the proposed algorithm.

Index Terms—sparse code multiple access, average sum rate,
optimal factor graph.

II. S YSTEM M ODEL

I. I NTRODUCTION
Recently, sparse code multiple access (SCMA) has been
proposed as a promising non-orthogonal multiple access technology for fifth generation (5G) mobile networks, since it has
ability to support high throughput, low latency, and massive
connectivity [1]. The key idea of SCMA is that the coded
bits are directly mapped to multi-dimensional sparse codewords and codewords from different users are overlaid nonorthogonally using sparse spreading. The receiver performs a
message passing algorithm for data recovering [2].
Recently, there are a few studies devoted to the analysis and
the design of SCMA systems. Specifically, an energy efficient
uplink approach was proposed for SCMA systems in [3]. A
heuristic algorithm for subcarrier and power allocation was
devised in [4] by maximizing the weighted sum rate of the
uplink SCMA. In [5], the single-input multiple-output antenna
technique was applied to a downlink multi-user SCMA system
while a coordinated multipoint joint transmission scheme was
studied in [6]. To facilitate analysis, all existing works on
SCMA considered a simple scenario assuming the distances
between base station (BS) and mobile users are all equal.
In this letter, we consider a more general and practical
scenario for an uplink SCMA system, where the user-BS
distances are not necessarily identical. The goal of this letter
is to design an optimal factor graph matrix to maximize the
average sum rate for the SCMA systems. Firstly, an exact
cumulative distribution function (CDF) of a sum of Rayleigh
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Consider an uplink SCMA communication scenario with M
users or codebooks, where the length of the codeword is set K,
and the number of the non-zeros elements in each codeword
is N . Denote by di the distance between BS and user Ui , and
assume that all users know the distances di , i = 1, 2, · · · , M .
Without loss of generality, we assume that d1 ≤ d2 ≤ · · · ≤
dM . Because M users are multiplexed over K subcarriers, the
T
received signal over all subcarriers y = [y1 y2 · · · yK ] at BS
can be represented as
y=

M √
∑
Pm /N diag(fm )diag(hm )xm + w,

(1)

m=1
T

where xm = [xm1 xm2 · · · xmK ] is the transmit symbols
or codeword of user Um and Pm is the transmission power
T
of user Um . Let hm = [hm1 hm2 · · · hmK ] be theα channel
2
coefficient vector for user Um , with hmk = gmk /dm
, where
gmk ∼ CN (0, 1) is the Rayleigh fading channel gain between
the m-th user on the k-th subcarrier, and α is the path
T
loss exponent. fm = [fm1 fm2 · · · fmK ] denotes the binary
indicator vector of the m-th user, where fmk is the subcarrier
index with fmk = 1, if xmk ̸= 0, and fmk = 0, if xmk = 0.
w ∼ CN (0, I) is the additive white Gaussian noise (AWGN).
Based on (1), the average sum rate of the uplink SCMA
systems can be then given by [4]
(
K
M
(
))
∑
1 ∑
2 −α
R =
E log2 1 +
fmk Pm |gmk | dm
N m=1
=

k=1
K
∑

Rk .

(2)

k=1

By using (2), we can evaluate the average sum rate of uplink
SCMA systems, which will be studied in the next Section.
III. AVERAGE SUM RATE OF UPLINK SCMA

SYSTEMS

In this Section, we first derive the average sum rate of uplink
SCMA systems, then we obtain the optimal factor graph matrix
by elaborating the results.
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Theorem 1: The average sum rate of SCMA systems with
different distances between users and BS is given as
ik
1 ∑ ( ∏ rjk ) ∑ ∑
Ψil (−βik )eβik
βjk
ln 2
(rik − l)!(l − 1)!
j=1
i=1

K

R=

b

k=1

×

r∑
ik −l
n=0

b

r

l=1

(rik −l)
)
1 (
(−1)rik −l−n n Γ n, βik ,
n
βik

(3)

where Γ(s, x) is upper incomplete Gamma function [8, eq.
∏b
−rjk
dl−1
(8.350)], and Ψil (t) = − dt
, where b
l−1
j=0,j̸=i (βjk + t)
is the number of distinct βik for a given subcarrier k, and
△
α
βik = N dα
ik /Pi = N di /Pi , i.e., the user Ui is allowed to
access to subcarrier k. Note that βik is the inverse of link
signal-to-noise ratio (SNR) for Ui at subcarrier k.
Proof: See Appendix.
Note that the result in (3) is mainly depended on the factor
graph matrix of the SCMA systems, which indicates that
the subcarrier allocation pattern will significantly affect the
average sum rate of the system. To illustrate how to obtain an
optimal factor graph matrix maximizing the average sum rate
of SCMA systems in (3), we focus on the typical parameters
M = 6, K = 4, N = 2 with three users multiplexing on each
subcarrier [2]. Without loss of generality, we take the first
subcarrier as an example, i.e., k = 1 in (3), and analyse how
the link SNR of users affects its average rate. Furthermore,
assume that the distances between the three users and the BS
are di , dj , and dl , with the transmission power Pi , Pj , and Pl ,
respectively. To reveal some important insights, the following
four cases are considered:
• There are two users with the same link SNR, which are
smaller than the other one. Therefore, we can assume that
△
α
α
α
N dα
i /Pi < N dj /Pj = N dl /Pl , i.e., β11 = N di /Pi ,
△
β21 = N dα
j /Pj .
In this case, R1 in (3) can be rewritten as
2α
( α)
1
e
β21
E1 β11
(4)
α
α
2
ln 2 (β21 − β11 )
α
)
α α
( α)
α
eβ21 β11
β21 (
1
+
− E1 β21
+ α e−β11
α
α
ln 2 (β11 − β21 )
β21
α
α α
( α)
α
1 (
β21 ) β21
β11
β11
+
,
− α
e E1 β21
α
α
α
2
ln 2 (β11 − β21 ) (β11 − β21 )
α
β11

R1 =

where E1 (z) is exponential integral [8].
When β11 ≪ β21 ,
( α)
α
1 β11
e E1 β11
R1 ≈
,
ln 2

(5)

which means R1 mainly depends on β11 , i.e., better link SNR.
Furthermore, the derivation of R1 in (5) with respect to β11
is given by
)
α
∂R1
α ( α β11
α
=
β11 e E1 (β11
) − 1 < 0,
(6)
∂β11
β11
where the inequality is always true due to the fact that
xex E1 (x) < x ln(1+ x1 ) < 1 [8]. Therefore, R1 is a decreasing
function of β11 .
• There are two users with the same link SNR, which
is larger than the other one. Therefore, we can assume

△

that N dαi /Pi = N dαj /Pj < N dαl /Pl , i.e., β11 = N dαi /Pi ,
β21 =N dα
l /Pl .
In this case, R1 in (3) can be rewritten as
α (
α
α α β11
( α ) e−β11 )
1 β11
β21 e
R1 =
α − β α ) − E1 β11 + β α
ln 2 (β21
11
11
(
α
α α
( α)
α
1
β21
β11
β21 ) β11
+
− α
e E1 β11
α
α
α
2
ln 2 (β21 − β11 ) (β21 − β11 )
2α
( α)
α
β11
1
eβ21 E1 β21
.
(7)
+
α
α
2
ln 2 (β11 − β21 )
When β11 ≪ β21 ,
R1 ≈

( α)
α
1
1 β11
+
e E1 β11
.
ln 2 ln 2

(8)

Note that R1 also relies on the user with better link SNR, and
R1 is a decreasing function of β11 .
• The three users have different link SNR. Therefore, we
α
α
can assume that N dα
i /Pi < N dj /Pj < N dl /Pl , i.e.,
△
△
△
α
α
β11 = N dα
i /Pi , β21 = N dj /Pj , β31 = N dl /Pl .
In this case, R1 in (3) can be rewritten as
( )
1
β21 β31
eβ11 E1 β11
ln 2 (β21 − β11 )(β31 − β11 )
( )
1
β11 β31
+
eβ21 E1 β21
ln 2 (β11 − β21 )(β31 − β21 )
( )
β11 β21
1
eβ31 E1 β31 .
+
ln 2 (β11 − β31 )(β21 − β31 )

R1 =

When β11 < β21 ≪ β31 ,
( )
( )
1 β21 eβ11 E1 β11
1 β11 eβ21 E1 β21
R1 ≈
+
.
ln 2 (β21 − β11 )
ln 2 (β11 − β21 )

(9)

(10)

Furthermore, if β11 ≪ β21 ,
1 β11 ( )
e E1 β11 .
(11)
ln 2
From (10) and (11), we can also see that the average rate is
relevant to the user with the strong channel condition, and R1
is a decreasing function of β11 .
The fourth case is the three users have the same link SNR.
Since the link SNR of all users are the same, the subcarrier
allocation has no impact on the average sum rate for regular
SCMA systems.
The details to design an optimal factor graph matrix to
maximize the average sum rate for the SCMA systems is
discussed as follows. Assume that the highest link SNR in
each subcarrier is ρimax i = 1, 2, 3, 4, and ρ1max ≥ ρ2max ≥
ρ3max ≥ ρ4max . For all K = 4 subcarriers, based on (5), (8)
and (11), the average sum rate of uplink SCMA systems is
approximated as follows:
R1 ≈

R≈

4
∑

Rk ({ρimax }4i=1 ).

(12)

k=1

Note that R is an increasing function of {ρimax , i = 1, · · · , 4},
since each Rk is a decreasing function of 1/ρkmax . Therefore,
when ρ1max = ρ2max = ρ3max = ρ4max , we can obtain the
maximal of R.
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Furthermore, the optimal average sum rate is attained when
the top four link SNRs ρ1 , ρ2 , ρ3 , ρ4 should be separately
corresponded to different subcarriers. This results can be
proved by contradiction. Assume that the optimal subcarrier
allocation satisfies the condition that ρ3 and ρ4 are in the
same subcarrier 3, and ρ1 and ρ2 occupy the subcarrier 1 and
2, respectively. In this case, omitting the worse users’ rate, the
average sum rate R0 satisfies the following condition:
( )
( ))
1 ( ρ1 ( )
R0 ≈
e E1 ρ1 + eρ2 E1 ρ2 + eρ3 E1 ρ3
ln 2
( )
( )
1 ( ρ1 ( )
<
e E1 ρ1 + eρ2 E1 ρ2 + eρ3 E1 ρ3
ln 2
( ))
+ eρ4 E1 ρ4 .
(13)
Obviously, R0 is not optimal, which contradicts to the assumption. Similarly, we can verify the remaining cases, i.e., at least
one scbcarrier is shared by two users with better link SNRs,
are also not optimal.
From the above discussions, the binary indicator vector
of the first two best link SNRs should be orthogonal to
obtain the maximum average sum rate. Furthermore, it can
be observed from (10) that the average sum rate depends on
the former two better link SNRs, which means the best link
SNR should be grouped with third or fourth link SNR, while
the second link SNR should be grouped with third or fourth
link SNR. In other words, third link SNR and fourth link SNR
should be orthogonal. The remaining two link SNRs are also
orthogonal. Therefore, we can obtain two representative factor
graph matrices as follows:


1 0 1 0 1 0
 1 0 0 1 0 1 

F1 = 
 0 1 1 0 0 1 ,
0 1 0 1 1 0
and



1
 1
F2 = 
 0
0

0
0
1
1

0
1
0
1

1
0
1
0

1
0
0
1


0
1 
.
1 
0

Note that by changing any two orthogonal columns in F1
or F2 , together with the row transformation, we can obtain F2
or F1 . Furthermore, according to combinatorial mathematics,
there are totally 720 different factor graph matrices, out of
which 48 matrices can have the same performance as F1 or
F2 . Therefore, we only need to pay attention to F1 and F2 .
Based on the above discussions, we can conclude that we
should assign orthogonal resources to the adjacent link SNRs
in order to optimize the average sum rate of SCMA systems.
With more flexible system parameters, we should assign the
adjacent link SNRs to the orthogonal binary indicator vectors
as possible. In the next Section, we propose an iterative
algorithm to achieve this.
IV. O PTIMIZATION PROBLEM
As described in Section III, finding a good factor graph
matrix is essential to improve the average sum rate in SCMA

Algorithm 1 Subcarrier allocation algorithm
Initialization: m = 0, F∗ = ∅. Generate a factor matrix S
randomly.
while m ≤ M do
Update m = m + 1.
if mN ≤ K then
∗
∗
∗
Select fm
with {fm
} ∩ F∗ = ∅, {fm
} ∈ S.
∗
∗
∗
∗
F = F ∪ {fm }, S = S \ {fm }.
end if
Solve (17) with domain S, store one of the optimal
∗
solution fm
.
∗
∗
∗
∗
F = F ∪ {fm
}, S = S \ {fm
}.
end while
Output the optimal subcarrier allocation: F∗ .

systems, especially when the link SNRs among users are
significantly distinct. In the following, we discuss how to
design an optimal factor graph matrix in a general SCMA
system with only the knowledge of the average CSI. Different
from the algorithm in [4] which studied the design of an irregular factor graph matrix in low density signature-orthogonal
frequency division multiplexing (LDS-OFDM) systems, this
paper focuses on designing a regular factor graph matrix for
SCMA systems. The optimization problem can be formulated
as
max

{fik ,∀k,∀i}

s.t.

R

(14a)

K
∑

fmk = N,

(14b)

k=1

fmk ∈ F = {0, 1}K ,
fm ̸= fm′ ,

(14c)
(14d)

∀m, m′ ∈ M, m′ ̸= m, ∀k ∈ K,

(14e)

where fm = [fm1 , · · · , fmK ]T , M and K denote the set of
users and subcarrier respectively.
The above optimization problem is intractable as the objective function and the constraints are combinational with factor
graph matrix F, which proves to be NP-hard [9]. In addition, it
can be observed that the expression in (3) is very complex and
hard to transform. However, by applying Jensen’s inequality,
the expectation in (2) can be lower bounded by
(
K
M
(
))
∑
1 ∑
−α ln(|gmk |2 )
R=
E log2 1 +
fmk Pm dm e
N m=1
k=1
(15a)
K
M
(
)
∑
1 ∑
E[ln(|gmk |2 )]
≥
log2 1 +
(15b)
fmk Pm d−α
m e
N m=1
=

k=1
K
∑
k=1

M
(
)
∑
e−γ fmk Pm d−α
/N
,
log2 1 +
m
m=1

(15c)

∫∞
where E[ln(|gmk |2 )] = 0 e−x ln(x)dx = −γ with γ =
0.577 being the Euler’s constant.Regarding (15) as the relaxation of the average sum rate in (2), we propose a heuristic
algorithm as follows.
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−

K
∑

(
log 1 +

i=1
m−1
∑

)
e−γ Pm d−α
m fik /N .

△ [m]
(17)

(14b) & (14c) & (14d)
k ∈ K & m′ = 1, · · · , m − 1.

Inspired by the above discussions, an iterative algorithm is
proposed, where subcarriers for each user can be allocated
successively, which is summarized in Algorithm 1.
The complexity of Algorithm 1 is dependent on the relationship between M N and K. Specifically, if M N ≤ K, the
optimal solution can be found with M iterations. Otherwise,
the optimal solution can be found after performing (M −⌊ K
N ⌋)!
iterations. For example, when M = 6, K = 4, N = 2,
the complexity can be decreased 30 times compared with the
exhaustive search.
SNR (dB)
Case 1-F1
Case 1-F2
Case 2-F1
Case 2-F2

D =[1 2 3 4 5 6]
1

30
D’ =[1 2 3 4]
1

dashes line: simulation
solid line: analysis

20

D2=[ 2 4 6 8 10 12]

10

0
1.6368
1.6378
0.4919
0.4919

10
7.5053
7.5021
3.2521
3.2516

20
18.5585
18.5516
11.4573
11.4539

30
31.5127
31.5114
23.6342
23.6213

0

(16)

For the m-th user, the optimization problem can be transformed as

s.t.

40

D’2=[ 2 4 6 8]

i=1

k=1

max

1

SCMA with random factor graph
OFDMA

m
∑
(
)
log 1 +
e−γ Pm d−α
m fik /N

k=1
K
∑

{fmk ,∀k}

SCMA with factor graph F

40
44.7671
44.7604
36.7817
36.7745

Table I: Simulation results for outage probability of SCMA based on F1
and F2 , respectively, α = 2. Case 1 denotes that the distances between
users and base station D1 = [1 2 3 4 5 6], while Case 2 corresponds to
D2 = [2 4 6 8 10 12].

0
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40

50

SNR (dB)

Fig. 1. Sum rate comparison of SCMA and OFDMA systems with
α = 4 and total power is 6ρ, where P1 = ρ, P2 = 1.1ρ, P3 = 0.9ρ,
P4 = 0.7ρ, P5 = 0.8ρ, P6 = 1.5ρ, ρ is the transmission SNR.

is greater than that with random factor graph. Moreover, as
expected, SCMA can achieve superior average sum rate to
OFDMA for all presented cases. This comes from the fact
that the frequency resource is more efficiently used in SCMA
than in OFDMA systems. In addition, it is worth noting that
the analytical and simulated results are closely matched for
different parameters.

80
Optimal (4,2,6)
Random (4,2,6)
Optimal(6,2,15)
Random(6,2,15)
Optimal(6,3,20)
Random(6,3,20)

70

Average sum rate (bits/s/Hz)

△[m] =

50

age sum rate (bits/s/Hz)

Let Rsum [m] denotes the sum rate including the rates
of the first m users. △[m] = Rsum [m] − Rsum [m − 1]
is the increment of the system sum rate when the m-th
user get accessed, which denotes the achieved rate of the
m-th user. For the m-th user, the subcarriers are allocated
∗
∗
∗
satisfying (fm1
, · · · , fmN
) = arg max △[m]. Denote by fm
=
∗
∗
T
(fm1 , · · · , fmN ) for convenience. Two cases are discussed
as follows:
∗
1) When N m ≤ K, fm
can be obtained by allocating
orthogonal column of S.
2) When N m > K, △[m] can be given by

60
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V. N UMERICAL AND S IMULATION R ESULTS
In this Section, computer simulation results are provided
to verify the accuracy of analytical results and the efficiency
of the proposed optimization algorithm. In the simulation, the
number of the total subcarriers, the effective subcarriers and
the users are denoted as (K, N, M ), for convenience. In Table
I and Fig. 1, we focus on the parameters (4, 2, 6). Table I
shows the average sum rate of SCMA with the factor graph
matrices F1 and F2 . It can be observed that the average sum
rate with F1 is negligibly greater than that with F2 .
Fig. 1 illustrates the performance comparison of SCMA
and OFDMA as a function of SNR. It can be observed that
the average sum rate of SCMA with factor graph matrix F1

Average sum rate of SCMA systems with different factor
matrices with with α = 4.
Fig. 2.

The impact of the factor graph matrix is plotted in Fig.
2 based on the distance information of the users is selected
from a simple arithmetical sequence with D = {dm |dm ∈
{1, 2, · · · , M }}. It can be obviously seen from the figure that
the optimized factor graph matrix can significantly enhance the
SCMA system performance especially at high SNR region.
In addition, it shows that the performance gap between the
optimal factor matrix and the random factor matrix gets larger
as the overloading factor defined as λ = M
K increases. This
implies that the subcarrier allocation becomes more important
when SCMA system accommodates more users.
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VI. C ONCLUSIONS
In this letter, we have analysed the average sum rate of
the uplink SCMA under the scenario that the users’ distances
to the BS are not necessarily identical. We have derived a
closed-form expression for the average sum rate. Moreover,
we have proposed a low complexity iterative algorithm to
design the optimal graph matrix which maximizes the average
sum rate of the SCMA systems for the general parameters. It
has been revealed that the SCMA system can significantly
outperform the orthogonal OFDMA technique which is a
dominant multiple access scheme in current cellular systems.
A PPENDIX
Let Ymk = Pm |gmk |2 d−α
m /N , then the PDF of Ymk is given
as fYmk (y) = λmk e−λmk y , y > 0, where λmk = N dα
m /Pm .
∑M
Let Zk =
Y
,
assume
the
b
different
λm are
m=1 mk
△
rearranged as λ1k = · · · = λr1k = β1k , λr1k +1 =
△
· · · = λr1k +r2k = β2k , λr1k +r2k +···+r(b−1)k +1 = · · · =
△
λr1k +r2k +···+rbk = βbk , where rmk ≥ 1 and is an integral,

[3] S. Zhang, X. Xu, L. Lu, Y. Wu, G. He, and Y. Chen, “Sparse code multiple
access: An energy efficient uplink approach for 5G wireless systems,” in
Proc. IEEE Global Communications Conference, (GLOBECOM), Austin,
TX, USA, Dec. 2014, pp. 4782–4787.
[4] M. Al-Imari, M. A. Imran, R. Tafazolli, and D. Chen, “Subcarrier and
power allocation for LDS-OFDM system,” in Proc. IEEE Veh. Techno.
Conference, (VTC), May 2011, Budapest, Hungary, pp. 1–5.
[5] H. Nikopour, E. Yi, A. Bayesteh, K. Au, M. Hawryluck, H. Baligh, and
J. Ma, “SCMA for downlink multiple access of 5G wireless networks,” in
Proc. IEEE Global Communications Conference, (GLOBECOM) Austin,
TX, USA, Dec. 2014, pp. 3940–3945.
[6] U. Vilaipornsawai, H. Nikopour, A. Bayesteh, and J. Ma, “SCMA for open-loop joint transmission CoMP,” Available on-line at
http://cn.arxiv.org/abs/1504.01747.
[7] S. Nadarajah, “A review of results on sums of random variables,” Acta
Applicandae Mathematicae, vol. 103, no. 2, pp. 131–140, Sept. 2008.
[8] I. S. Gradshteyn and I. M. Ryzhik, Table of Integrals, Series and Products,
6th ed. New York: Academic Press, 2000.
[9] S. Burer and A. N. Letchford, “Non-convex mixed-integer nonlinear programming: A survey,” Surveys in Operations Research and Management
Science, vol. 17, no. 2, pp. 97 – 106, Jul. 2012.

Zheng Yang (S’12) received the B.S. and M.S.
degrees in mathematics from Minnan Normal Unithe sum of all rmk is M . Then the CDF of Zk is given by [7]
versity, Zhangzhou and Fujian Normal University,
Fuzhou, China, in 2008 and 2011, respectively. He
rik
2
2 ∑
(∏
)∑
is currently pursuing the Ph.D. degree in the Institute
Ψil (−βik )z rik −l exp(−βik z)
rjk
.
FZk (z) = 1 −
βjk
of Mobile Communications, Southwest Jiaotong U(r
−
l)!(l
−
1)!
ik
niversity, Chengdu, China. He was a Visiting Ph.D.
j=1
i=1 l=1
Student at the School of Electrical and Electronic
(18)
Engineering, Newcastle University, Newcastle upon
Tyne, U.K., from January 2014 to July 2014. His
By using (18), the average sum rate of the k-th subcarrier can
research interests include 5G networks, cooperative
be evaluated as
and energy harvesting networks, signal design and coding.

∫

∞

Rk =

log2 (1 + z)fZk (z)dz =
0

1
ln 2

∫

∞

0

1 − FZk (z)
dz
1+z

ik
1 ( ∏ rjk ) ∑ ∑
Ψil (−βik )
βjk
=
ln 2 j=1
(rik − l)!(l − 1)!
i=1 l=1
∫ ∞ rik −l
z
exp(−βik z)
×
dz.
1+z
0

b

b

r

(19)

Let t = 1+z, denote the integral in (19) as Q, can be evaluated
as
∫ ∞
Q = eβik
(t − 1)rik −l e−βik t /tdt.
(20)
1

Denote the integral in (20) as Q1 , and using binomial Theorem, which can be further evaluated as
∫ ∞
r∑
ik −l
n
rik −l−n
tn−1 e−βik t dt
Q1 =
Crik −l (−1)
=

n=0
r∑
ik −l

1

(
) n
Crnik −l (−1)rik −l−n Γ n, βik /βik
.

(21)

n=0

Substituting (19), (20) and (21) into (2), the R can be obtained.
The proof is completed.
R EFERENCES
[1] “Mobile and wireless communications enablers for the 2020 information
society,” EU FP7 ICT-317669-METIS, www. metis2020. com.
[2] H. Nikopour and H. Baligh, “Sparse code multiple access,” in Proc.
IEEE Inter. Symp. Personal, Indoor, and Mobile Radio Communications,
(PIMRC), London, UK, Sept. 2013, pp. 332–336.

Jingjing Cui (S’14) received the B.S. degrees in
communication engineering from Tibet university,
Lhasa, China, 2012. She is currently pursuing the
Ph.D. degree in the Institute of Mobile Communications, Southwest Jiaotong University, Chengdu,
China. Her research interests include 5G networks,
and MIMO systems.

Xianfu Lei (M’14) was born in December 1981.
He received the Ph.D. degree in Communication &
Information System from Southwest Jiaotong University in 2012. From 2012 to 2014, he worked as
a research fellow in the Department of Electrical
and Computer Engineering at Utah State University,
USA. Since 2015, he has been an associate professor with the School of Information Science and
Technology at Southwest Jiaotong University, China.
His current research interests include 5G wireless
communications, cooperative communications, cognitive radio, physical layer security, energy harvesting, etc. He has published
nearly 70 journal and conference papers on these topics. He currently serves
on the Editorial Board of IEEE Communications Letters, IEEE Access,
Wireless Communications and Mobile Computing, Security and Communication Networks, KSII Transactions on Internet and Information Systems, and
Telecommunication Systems. He has served as a Guest Editor of the special
issue on Non-orthogonal Multiple Access for 5G Systems in IEEE Journal
on Selected Areas in Communications in 2016 as well as the Lead Guest
Editor of the special issue on Energy Harvesting Wireless Communications
in EURASIP Journal on Wireless Communications and Networking in 2014.
He has also served as TPC member for major international conferences such
as IEEE ICC, IEEE GLOBECOM, IEEE WCNC, IEEE VTC Spring/Fall,
IEEE PIMRC, etc. Dr. Lei received an Exemplary Reviewer Certificate of the
IEEE Communications Letters and an Exemplary Reviewer Certificate of the
IEEE Wireless Communications Letters in 2013.

6

Zhiguo Ding (S’03-M’05-SM’15) received his
B.Eng in Electrical Engineering from the Beijing University of Posts and Telecommunications in 2000,
and the Ph.D degree in Electrical Engineering from
Imperial College London in 2005. From Jul. 2005 to
Aug. 2014, he was working in Queen’s University
Belfast, Imperial College and Newcastle University.
Since Sept. 2014, he has been with Lancaster University as a Chair Professor. From Oct. 2012 to
Sept. 2016, he has also been an academic visitor in
Princeton University.
Dr Ding’ research interests are 5G networks, game theory, cooperative
and energy harvesting networks and statistical signal processing. He is
serving as an Editor for IEEE Transactions on Communications, IEEE Transactions on Vehicular Technology, IEEE Wireless Communications Letters,
IEEE Communications Letters, and Journal of Wireless Communications and
Mobile Computing. He received the best paper award in IET Comm. Conf.
on Wireless, Mobile and Computing, 2009, IEEE Communications Letters
Exemplary Reviewer 2012, and the EU Marie Curie Fellowship 2012-2014.

Pingzhi Fan (M’93-SM’99-F’15) received his PhD
degree in Electronic Engineering from the Hull
University, UK. He is currently a professor and
director of the institute of mobile communications,
Southwest Jiaotong University, China. He is a recipient of the UK ORS Award, the Outstanding Young
Scientist Award by NSFC, and the chief scientist of
a national 973 research project. He served as general
chair or TPC chair of a number of international
conferences, and is the guest editor-in-chief, guest
editor or editorial member of several international
journals. He is the founding chair of IEEE VTS BJ Chapter and IEEE ComSoc
CD Chapter, the founding chair of IEEE Chengdu Section. He also served
as a board member of IEEE Region 10, IET(IEE) Council and IET AsiaPacific Region. He has over 200 research papers published in various academic
English journals (IEEE/IEE/IEICE, etc), and 8 books (incl. edited), and is the
inventor of 22 granted patents. His research interests include high mobility
wireless communications, 5G technologies, wireless networks for big data,
signal design & coding, etc. He is an IEEE VTS Distinguished Lecturer
(2015-2017), and a fellow of IEEE, IET, CIE and CIC.

Dageng chen received his M.Eng in Communication Engineering from Wuhan University in 2006.
From Jul. 2006 until now, he is working in Huawei
Technologies. His research interest includes 5G, new
technologies on PHY, M-MIMO, Channel Coding,
Multiple Access, Both Link-level and System-level
Evaluation and Field Trial. He is now charging the
5G trial in China representative his company.

