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Abstract—In this paper, we consider a relaying system which
consists of a multiple-antenna source node (SN), M singleantenna destination nodes (DNs) and a multiple-antenna relay
node (RN). The RN possesses a buffer and it is able to store
the decoded message before retransmitting the message to the
DNs. We use the joint link-and-user scheduling method to maximize the long term average achievable rate of a multiple-input
multiple-output (MIMO) relaying system. The optimal scheduling
criteria is obtained and a two-step approach is proposed to
implement it. In addition, we propose a rate allocation scheme
of the source-relay (S-R) link to preserve the ﬂow conservation
constraint of each individual user. Furthermore, two reduced
complexity joint link-and-user scheduling methods which use
the zero forcing (ZF) beamforming in the relay-destination (RD) link are investigated. It is shown that joint link-and-user
scheduling can signiﬁcantly increase the average achievable rate
of the system.

I. I NTRODUCTION
Cooperative relaying technique has attracted a lot of attentions in the last decades as it can increase the system capacity
and improve the system reliability [1], [2], [3]. In traditional
relaying systems, the relay node (RN) receives and transmits
packets in two successive slots. As a result, the capacity of
the relaying system is restricted by either the source-relay (SR) link or the relay-destination (R-D) link with poor channel
quality.
Recently, a buffer-aided relaying scheme has been proposed
in [4] and [5]. With the help of a buffer, the RN can
temporarily store the received packets before retransmitting
them to the destination node (DN). Thus the RN with a buffer
can adaptively choose to transmit or to receive based on the
channel quality of the S-R link and the R-D link. Compared
with the conventional relaying technique, the buffer-aided
relaying system can beneﬁt from the multihop diversity [6].
In [4], the optimal link adaptation scheme and the achievable
diversity order of a three node buffer-aided relaying system
were investigated. In [7], the buffer-aided relaying scheme
is combined with the relay selection method. The authors
proposed the max-max relay selection (MMRS) scheme and
showed that the MMRS scheme could achieve some coding
gains as compared with the traditional relay selection scheme.
However, no extra diversity gain can be achieved by the
MMRS scheme as it uses the ﬁxed reception and transmission
method. The max-link relay selection method in which the
strongest link is chosen to receive or transmit in a given slot
was proposed in [8]. It was shown that the max-link relay
selection method could achieve the diversity order twice of

that of the MMRS scheme. To improve the spectral efﬁciency
of the relaying system, the buffer-aided successive relaying
scheme were investigated in [9] and [10]. By assuming that
there is no inter relay interference, it has been shown in [9]
that the buffer-aided successive relaying scheme can achieve
the same diversity order as that of the MMRS scheme. In
[11], a buffer-aided two-way relaying system was studied. To
improve the long term average capacity of the buffer-aided
two-way relaying system, different transmission modes were
deﬁned and the system switched adaptively between these
modes based on the quality of the channel response. In all
the above works, it is assumed that all nodes in the relaying
system have single antenna.
In this paper, we consider a relaying system which includes
a multiple-antenna source node (SN), a multiple-antenna RN
with buffer and M single-antenna DNs. It can be considered
as the typical down link of the LTE-Advanced relaying system
where a ﬁxed access-point relay is deployed. We aim to
maximize the long term average sum rate of the system and
use the joint link-and-user scheduling method to decide which
link to be active and which subset of users to be served in each
time slot. The optimal scheduling criterion is ﬁrst obtained and
a two-step method is proposed to implement it. The joint linkand-user scheduling method was also investigated in [12], but
our work is different from theirs mainly from the following
aspects: 1) In [12], all nodes are assumed to have single
antenna, however, in our system, multiple-antenna SN and
RN are used. This extension makes the joint link-and-user
scheduling problem more complicated. 2) In [12], the ﬂow
conservation constraint is only satisﬁed for the sum rates of the
S-R link and R-D link. In our model, we assume that the buffer
of the RN is split into M logical parts and each part stores
the information of one DN. The ﬂow conservation constraint
should be satisﬁed for each individual DN. To satisfy this
requirement, a rate allocation method of the S-R link is
proposed. In addition, two zero forcing (ZF) beamforming
based user selection methods which are performed in the
ﬁrst step of the joint link-and-user scheduling scheme are
investigated. Furthermore, a real-time based approach which
is similar to the one used in [12] is proposed to optimize the
scheduling scheme and ﬁnd the optimal rate allocation factors
of the S-R link. Numerical results show that the proposed joint
link-and-user scheduling approach can signiﬁcantly increase
the average achievable rate of the system.
The rest of the paper is organized as follows. Section
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DNs. The channels are assumed to be reciprocal as a timedivision-duplexing method is used. Thus the SN can use these
feedbacks to acquire the channel state information of the SR link and therefore the SN and the RN can adjust their
transmitting rates to the channel achievable rates. Without
loss of generality, we assume that the additive white Gaussian
noise received at each receive antenna has zero mean and unit
variance.
B. Problem Formulation

Fig. 1. System model: Buffer-aided MIMO multiuser relaying system.

II describes the system model and formulates the problem.
In Section III, the optimal joint link-and-user scheduling
criteria is derived and a rate allocation method of the S-R
link is proposed. Two reduced-complexity joint link-and-user
scheduling methods which use ZF beamforming in the R-D
link are also investigated in this section. Numerical results are
presented in Section IV and conclusion is drawn in Section V.
II. S YSTEM M ODEL AND P ROBLEM F ORMULATION
A. System Model
As shown in Fig. 1, the system consists of an SN with
Ns antennas, a Nr -antenna RN and M (M > Nr ) singleantenna DNs. We assume that there is no direct link between
the SN and the DNs. The messages are delivered from the
SN to the DNs with the help of the RN. After receiving the
messages from the SN, the RN decodes them and stores them
temporarily in the buffer before forwarding the messages to
the respective DNs. As there are M DNs, the buffer of the RN
is split into M logical parts and each part stores the messages
of one DN. It is assumed that the RN can store inﬁnite number
of messages. In each time slot, the RN decides to receive or
to transmit based on the channel qualities of the S-R link and
the R-D link. If the SN is scheduled to transmit, it encodes
all the messages which are to be delivered to all the DNs
into one code word and transmits it to the RN through the
point-to-point MIMO channel formed by the SN and the RN.
After successfully decoding the code word, the RN stores the
messages into the corresponding logical parts of the buffer. If
the RN is scheduled to transmit, the RN ﬁnds out the particular
DNs that are scheduled based on certain scheduling criterion
and then the information from the corresponding parts of the
buffer is extracted and delivered to these DNs. Moreover, we
assume that the RN works in a half-duplex mode.
We assume a block ﬂat fading channel model in which the
channel impulse response is constant during one time slot and
changes independently from one time slot to another. All the
channel gains are independent Rayleigh distributed random
variables with unit variance. In a given time slot, the RN ﬁrst
acquires the channel state information of the S-R link and
the R-D link by using the reference signals transmitted by
the SN and the RNs. Based on this channel state information,
the RN makes the link and user scheduling decisions. Then
these scheduling decisions are fed back to the SN and all

For a particular time slot k, we denote Rsr [k] as the
achievable rate of the S-R link. The achievable rate of the
ith (i = 1, 2, · · · , M ) user of the R-D link is denoted
as Rri [k]. Note that Rri [k] depends on the speciﬁc signal
transmitting method (ZF beamforming etc.) used at the RN.
In each time slot, the RN is responsible to select the active
link and users. We use ξ[k] to denote the set of node(s) (SN
or DNs) scheduled in the kth time slot. For instance, if the
RN decides to transmit information to user 1 and user 2,
we have ξ[k] = {D1, D2}; if the SN is chosen to transmit,
ξ[k] = {SN }. We use Rsr [k] and Rri [k] to denote the actual
rates transmitted to the RN and user i, respectively. Therefore,
Rri [k] = Rri [k] if user i is scheduled in the kth time slot,
otherwise it is set to be 0.
As the SN needs to send information to all the DNs, the
rate transmitted in the S-R link should
M be properly allocated
to the DNs. We use αi Rsr [k],
i=1 αi = 1, to denote
the fraction of information sent to user i when the SN is
scheduled to transmit. Our objective function for joint linkand-user scheduling is to maximize the average sum rate of the
relaying system. Thus we can form the following optimization
problem:
M
max
R̄ri
ξ[k],αi ,∀k,i

i=1

subject to R̄ri ≤ αi R̄sr , i = 1, 2, · · · , M,
(1)


N
N
where R̄ri = N1 k=1 Rri [k], R̄sr = N1 k=1 Rsr [k] are the
average rates of user i and the S-R link, respectively, and N
is the total number of time slots used. The constraints of (1)
result from the ﬂow conservation law which guarantees that the
long-term average rate of each DN input to the corresponding
parts of buffer matches the average rate output from these
parts.
III. J OINT L INK - AND -U SER S CHEDULING
A. Optimal Scheduling Criterion
To solve problem (1), a proposition is ﬁrst presented in
the following. Based on this proposition, we simplify the
optimization problem and derive the optimal joint link-anduser scheduling criterion.
M
Proposition 1: If the condition i=1 R̄ri ≤ R̄sr is satisﬁed,
we can always ﬁnd a sequence of αi , i = 1, 2 · · · , M which
satisﬁes all the constraints
(1).
of
M
M
Proof : Let αi = R̄ri / i=1 R̄ri . If it satisﬁes i=1 R̄ri ≤
M
R̄sr , then we always have R̄ri = αi ( i=1 R̄ri ) ≤ αi R̄sr .

Following that, it can be easily
that the value of αi ,
checked
M
for i = 1, 2, · · · , M , satisﬁes i=1 αi = 1.
Remark 1: Proposition 1 implies that if the average sum
rate of the R-D link and the average sum rateof the S-R
M
link satisfy the sum ﬂow conservation constraint ( i=1 R̄ri ≤
R̄sr ), we can always ﬁnd a set of αi , for i = 1, 2, · · · , M ,
which satisﬁes the individual ﬂow conservation requirement.
Hence, the SN can adjust the fractions of information allocated
to each DN to satisfy the ﬂow conservation requirements of
all the DNs.
Based on Proposition 1, (1) can be rewritten as the following
equivalent problem:
max

R̄rd

ξ[k],∀k

M

R̄rd ≤ R̄sr ,

s.t.

(2)

where R̄rd = i=1 R̄ri is the sum rate of the R-D link. In
the following, we solve the equivalent simpliﬁed optimization
problem in (2) by using the Lagrangian dual method, which
yields:
min Q(λ),
λ

(3)

where λ ≥ 0 is the Lagrange multiplier and
Q(λ) = max R̄rd − λ(R̄rd − R̄sr ).
ξ[k],∀k

(4)

N
By using the facts that R̄ri = N1 k=1 Rri [k], R̄sr =

N
1
k=1 Rsr [k], (4) can be rewritten as
N
N
1 
Q(λ) = max
(Rrd [k] − λ(Rrd [k] − Rsr [k])) , (5)
ξ[k],∀k N
k=1

M
where Rrd [k] = i=1 Rri [k]. It can be observed that problem
(5) can be divided into N independent subproblems with
the same structure and each subproblem corresponds to one
time slot. As the subproblems have the same structure, it can
be concluded that the optimal joint link-and-user scheduling
strategy of one time slot is also the optimal scheduling method
of the system. Therefore, the problem in (5) is equivalent to
the following problem:
max (1 − λ)Rrd [k] + λRsr [k].
ξ[k]

(6)

As only one of the two links (the S-R link and the R-D
link) can be scheduled in each time slot, the solution of (6)
which also provides the optimal joint link-and-user scheduling
criterion for a given λ can be expressed as
ξ[k] = arg max {(1 − λ)Rrd [k], λRsr [k]}.
ξ[k]

(7)

Note that in (7), Rrd [k] denotes the sum rate of the set of
scheduled DNs of the R-D link. Based on the scheduling
criteria presented in (7), the following two steps can be
applied by the RN to implement the optimal joint link-anduser scheduling:
1) User scheduling step: In the kth slot, the RN chooses

the set of users 
that maximize the sum rate of the R-D
M
link (Rrd [k] = i=1 Rri [k]).
λ
2) Link scheduling step: If it satisﬁes Rrd [k] > 1−λ
Rsr [k],
then the R-D link is scheduled and the RN transmits
messages to the set of scheduled DNs; otherwise, the
S-R link is scheduled and the SN transmits messages to
the RN.
To solve the problem in (7), the optimal value of λ needs
to be found. It has been shown in [4] that there always exists
a unique optimal λ which makes R̄rd = R̄sr . We denote
fRsr (r) and fRrd (r) as the probability density functions
(PDFs) of the average sum rates of the S-R link and the R-D
link, respectively. Let FRsr (r), FRrd (r) be the corresponding
cumulative distribution functions (CDFs), the average achievable rates of the S-R link and the R-D link can be expressed
as


 ∞
λr
R̄sr (λ) =
dr
rfRsr (r)FRrd
1−λ
0


 ∞
(1 − λ)r
dr.
(8)
R̄rd (λ) =
rfRrd (r)FRsr
λ
0
The optimal λ, denoted as λ∗ , should satisfy R̄sr (λ∗ ) =
R̄rd (λ∗ ). If fRsr (r) and fRrd (r) are available, the bisection
searching method can be applied to ﬁnd λ∗ .
As the condition R̄sr = R̄rd is always satisﬁed under the
optimal scheduling scheme, the optimal value of αi can thus
be obtained as
αi∗ =

R̄ri (λ∗ )
, ∀i = 1, · · · , M,
R̄sr (λ∗ )

(9)

in which the long term average achievable rate of the ith user
can be written as
 ∞
R̄ri =
rfRri (r)Prob(User i is scheduled|Rri = r)dr.
0

(10)

Under this rate allocating method, it can be checked that
the constraints of (1) are all satisﬁed with equality R̄ri =
αi∗ R̄sr , i = 1, 2, · · · , M,. Thus the ﬂow conservation constraints of all the DNs are satisﬁed.
For the S-R link, the SN and the RN form a point-to-point
MIMO channel which is denoted as a Nr by Ns matrix Hsr .
Denote the transmit power of SN as Ps , then the achievable
rate of the S-R link in slot k can be expressed as


m
sr

Ps j
Rsr [k] =
log2 1 +
γsr [k] ,
(11)
msr
j=1
j
[k] denotes the jth
where msr = min{Ns , Nr }. Note that γsr
H
H
eigenvalue of Hsr [k]Hsr [k], where (·) stands for conjugate
transpose of a matrix. To make the problem more trackable
and to focus on the joint link-and-user scheduling method,
we do not consider the power allocation problem (waterﬁlling) of the S-R link in this paper. As we assume that
the channel responses are identically independent Rayleigh
distributed variables, according to the results of [13], fRsr (r)
can be closely approximated as Gaussian distribution with

2
mean value μsr and variance σsr
given by
 ∞
m
sr

(j − 1)!
log2 (1 + ρsr z)
μsr =
(j
−
1
+ |Nr − Ns |)! 0
j=1
|N −N |

r
s
× [Lj−1
(z)]2 z |Nr −Ns | e−z dz
 ∞
m
sr

(j − 1)!
2
2
=
[log2 (1 + ρsr z)]
σsr
(j
−
1
+
|N
−
N
|)!
r
s
0
j=1

|N −Ns |

r
× [Lj−1
m
sr m
sr


−

l=1 j=1



∞
0

(z)]2 z |Nr −Ns | e−z dz

(j − 1)!(l − 1)!
×
(j − 1 + |Nr − Ns |)!(l − 1 + |Nr − Ns |)!
|N −Ns |

r
log2 (1 + ρsr z)Lj−1

|N −Ns |

(z)Ll−1r

(z)

2
z |Nr −Ns |
dz
ez
(12)

s
where ρsr = mPsr
is the average signal-to-noise ratio (SNR)
of each substream of the MIMO channel, |Nr − Ns | denotes
|Nr −Ns |
(z) is the Laguerre
the absolute value of Nr − Ns , Lj−1
polynomial of order j − 1.
For the R-D link, the achievable sum rate Rrd [k] depends on
the user scheduling method used in step one. For different user
scheduling approaches, fRrd (r) has different forms. In the
following, we will investigate two ZF beamforming-based user
scheduling approaches which have relative low computational
complexity.

B. ZF Beamforming-Based Joint Link-and-User Scheduling
In the ﬁrst step of obtaining the optimal scheduling criterion,
the RN needs to ﬁnd out the subset of DNs that maximize
the sum rate of R-D link. However, to maximize the sum
rate of R-D link, the dirty paper coding method and the
exhaustive searching method should be performed for the
broadcast channel formed by the R-D link [14], which makes
the system to be extremely complicated. Thus in the following,
we investigate two ZF beamforming-based user scheduling
approaches, namely the ZF-based round robin (RR) user group
scheduling and the ZF-based selective user group scheduling,
which have low implementing complexity.
1) RR User Group Scheduling scheme: At the RN, ZF
beamforming is applied to avoid interference between the
DNs. As the RN has Nr antennas, it can transmit information
to at most Nr DNs simultaneously using the ZF beamforming
method. Thus the DNs are divided into groups with Nr users in
each group and these groups are in turn served by the RN in the
time slots that the R-D link is scheduled. Note that although
the system can not beneﬁt from the multiuser diversity by
using the RR user group scheduling, it can still achieve the
multi-hop diversity through the link adaption process of step
two. During a speciﬁc slot, the received signal of user i can
be expressed as
yi =

Pr H
w hri xi + ni ,
Nr i

(13)

where wi is the beamforming vector for user i, which has
a Frobenius norm wi  = 1, hri is a column vector which
stands for the channel response between user i and the RN,
ni is the additive Gaussian noise received by user i which
has unit variance, xi is the signal transmitted to user i which
satisﬁes E{|xi |2 } = 1 and Pr is the transmitting power of the
Pr
RN. We assume that equal power N
is allocated to the Nr
r
users of one group.
The beamforming vector wi must satisfy wi ∈ null(Hi ),
where null(Hi ) denotes the null space of the matrix Hi which
is formed by the channel responses of the rest Nr − 1 users of
the group. As Hi is a Nr by Nr − 1 matrix, there is only one
beamforming vector wi for user i which lies in the null space
of Hi . Thus the equivalent channel response h̃ri = wiH hri
of user i is an complex Gaussian random variable with zero
mean and unit variance. The received SNR of the ith user ρi
is a exponential distributed random variable with mean value
Pr
γ=N
. As the achievable rate of user i is Rri = log2 (1+ρi ),
r
the CDF and the PDF of the achievable rate of user i can be
expressed as:
2r − 1
),
γ
r
2 −1
2r − 1
fRri (r) = ln 2
exp(−
).
(14)
γ
γ
M
As the sum rate of the R-D link is Rrd [k] = i=1 Rri [k],
we have
FRri (r) = 1 − exp(−

FRrd (r) =

A i∈Ω

fRri (ri )dri . . . drNr ,

(15)


where Ω is the set of users in one group, A = { i∈Ω ri ≤ r}
is the integrating area. The PDF can be obtained as fRrd (r) =
dFRrd (r)
. By combining these results with (8) and applying the
dr
bisection searching approach, λ∗ can be obtained numerically.
Remark 2: Under the assumption that all channel gains of
1
the R-D link are identically independent distributed, αi∗ = M
for the RR user group scheduling scheme. This can be explained as follows: for the RR user group scheduling scheme,
the users are served in turn in the time slots the R-D link
is scheduled, thus we can conclude that all the DNs have
equal probability to be scheduled. Furthermore, as the channel
responses of all DNs have the same distribution, according to
(10), all the DNs have identical long term average achievable
rates.
Although the RR user group scheduling scheme has low
complexity, the system can not beneﬁt from the multi-user
diversity. In the following, the selective user group scheduling
scheme which can beneﬁt from the multiuser diversity is
investigated.
2) Selective User Group Scheduling scheme: For the ZF
beamforming-based transmitting scheme, the optimal user
scheduling approach for the RN is to exhaustively search
all possible user subsets to ﬁnd the speciﬁc user set which
maximizes the sum rate of the R-D link. However, this method
still has high complexity if the number of users M is large.

Algorithm 1 Find λ∗ and αi∗
Initialization:
Initialize R̄sr [0] = 0, R̄rd [0] = 0, λ[0] = λ0 ;
Iteration:
for k = 1 to N do
Generate random channel realizations;
Find the set of DNs using selective user group scheduling
approach and ﬁnd the beamforming vectors;
Calculate the achievable rates Rsr [k] and Rrd [k];
λ[k−1]
Rsr [k] then
if Rrd [k] < 1−λ[k−1]
R̄sr [k] = R̄sr [k − 1] + (Rsr [k] − R̄sr [k − 1])/k;
else
R̄rd [k] = R̄rd [k − 1] + (Rrd [k] − R̄rd [k − 1])/k;
R̄ri [k] = R̄ri [k − 1] + (Rri [k] − R̄ri [k − 1])/k, ∀i;
end if
Let λ[k] = λ[k − 1] + δ(R̄rd [k] − R̄sr [k]);
end for
λ∗ = λ[N ], αi∗ = R̄ri [N ]/R̄sr [N ], ∀i
return λ∗ αi∗ , ∀i
In Algorithm 1, δ is the step size used to control the
convergence speed of the algorithm. In Fig. 2, the recursively
updated values of λ[k] using algorithm 1 are shown. We
generate N = 5 × 105 channel realizations randomly. It can

0.65
selective user group scheduling, SNR=20dB
RR user group scheduling, SNR=20dB
0.6

0.55
λ

To reduce the complexity, an ZF beamforming-based selective
user group scheduling method which was proposed in [14]
will be investigated.
Denotes U = {1, 2, · · · , M } as the set of indices of all
M users, and let Sn = {s1 , · · · , sn } ⊂ U denote the set of
n ≤ Nr selected users. The selective user group scheduling
method can be described as follows:
1) Initialization:
• Set n = 1.
H
• Find user s1 as s1 = arg maxi∈U hri hri .

• Set S1 = {s1 } and denote Rrd (S1 ) =
i∈S1 Rri .
2) while n < Nr :
• let n = n + 1.
• Find user sn as sn = arg maxi∈U \Sn−1 Rrd (Sn−1 ∪
{i}).
• Set Sn = Sn−1 ∪ {i} and denote Rrd (Sn ) =

i∈Sn Rri .
• If Rrd (Sn ) ≤ Rrd (Sn−1 ), break, decrease n by 1.
3) The set of scheduled users are Sn .
Note that to ﬁnd sn , for n ≥ 2, the ZF beamforming
is performed in each iteration. Compared with the RR user
group scheduling, the selective user group scheduling method
can beneﬁt from the multi-user diversity while it still has
relatively low complexity. However, for the selective user
group scheduling method, it is difﬁcult to ﬁnd the distribution
of the sum rate Rrd of the relay-destination link. As a result,
we can not use (8) and the bisection searching method to ﬁnd
the optimal λ. Actually, it is not easy to calculate (15) when
Nr ≥ 3. Thus in the following, we use an alternative algorithm
to ﬁnd λ∗ and αi∗ iteratively.
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Fig. 2. Recursively updates λ using algorithm 1.

be observed that λ[k] converges as k increases. As the long
term average sum rates of the S-R link and the R-D link
satisfy R̄rd = R̄sr , the optimality of the obtained λ[N ] is
demonstrated.
Remark 3: In practical systems where the PDFs of the
channel impulse responses are not perfectly known, Algorithm
1 can serve as an effective method to ﬁnd λ∗ and αi∗ .
IV. N UMERICAL R ESULTS AND D ISCUSSION
In this section, some numerical results are provided to
evaluate the performance of the joint link-and-user scheduling
method of the buffer-aided relaying system. We set Ns =
3, Nr = 3 and M = 6. In the ZF-based RR user group
scheduling, the users are divided into two groups and each
group has 3 users. The average achievable rate is obtained
through 106 channel realizations and we assume that the SN
and RN use the same transmit power P and SN R = NP0 . In
addition, to reduce the inﬂuence of the case that the buffer
is empty, we assume that there is an initialization process to
input enough data into the buffer (for instance, half of the
buffer). This assumption is also adopted in [12].
In Fig. 3, the long term average sum rate of the joint
link-and-user scheduling relaying system is presented. The
performance of the relaying system without buffer at the RN
is also presented as a comparison. For the relaying system
without buffer at the RN node, the long term achievable
rate can be expressed as 12 E(min{Rsr , Rrd }). To evaluate
the performance gain of user scheduling, the performance
of the ZF-based selective user group scheduling method and
the ZF-based RR user group scheduling is compared. It can
be observed from Fig. 3 that with buffering at the RN, the
achievable rate of the system can be increased. For the RR
user scheduling method, the achievable rate can be increased
by 50% for SN R = 15dB with the help of the buffer
of the RN; for the selective user group scheduling, a 16%
performance gain can be achieved. Furthermore, by comparing
the performance of the ZF-based exhaustive searching user

It can be observed from Fig. 4 that as the buffer size
increases, the achievable rate of the ﬁnite buffer size system
approaches the achievable rate of the system with inﬁnite
buffer. When the buffer size is greater than 300, similar
performance can be achieved for the ﬁnite and inﬁnite bufferaided relaying system.

12
Exhaustive searching scheduling with buffering
Selective user group schduling with buffering
Selective user group schduling without buffering
RR user group scheduling with buffering
RR user group scheduling without buffering
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Fig. 3. Performance comparison of different scheduling schemes with and
without buffer.

scheduling method and the selective user group scheduling
method, it can be observed that the performance loss between
them is negligible. Thus the selective user scheduling method
can achieve a good tradeoff between complexity and system
performance. The selective user group scheduling outperforms
the RR user group scheduling scheme as it can beneﬁt from
the multiuser diversity.
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Fig. 4. Rate ratio for different buffer size, Ns = Nr = 3, M = 6.

In Fig. 4, the effect of ﬁnite buffer size is investigated. The
joint link-and-user scheduling is performed the same way as
the system which has inﬁnite buffer size except the case when
the buffer is full. If the buffer is full, the source is forced to
transmit in the next slot. The simulation is performed for the
selective user group scheduling scheme with different SNR.
An initialization process is used and half of the buffer is ﬁlled
with data when the simulation is carried out. The buffer size
shown in Fig. 4 refers to the total buffer of the RN which is
split into M logical parts and shared by all the DNs. As long
as the total buffer is not full, the RN can receive information.

In this paper, we considered a buffer-aided relaying system which consists of a multiple-antenna source, a multipleantenna relay node with buffer and multiple destinations. We
adapted the joint link-and-user scheduling approach to maximize the long term average rate of the system. The optimal
scheduling criteria was obtained and a two-step method was
proposed to implement it. A rate allocation method was also
proposed to make all the buffers of the relay node satisfy the
ﬂow conservation constraint. Two zero forcing beamforming
based user scheduling method which have reduced complexity
were investigated. It was shown that the joint link-and-user
scheduling approach can effectively improve the achievable
rate of the MIMO relaying system by making use of the
multiuser diversity and the multi-hop diversity.
R EFERENCES
[1] A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperation diversity.
Part I. System description,” IEEE Trans. Commun., vol. 51, pp. 1927–
1938, Nov. 2003.
[2] Y. Hu, K. H. Li, and K. C. Teh, “An efﬁcient successive relaying
protocol for multiple-relay cooperative networks,” IEEE Trans. Wireless
Commun., vol. 11, pp. 1892–1899, May 2012.
[3] S. Luo, Q. Li, Y. Hu, and K. C. Teh, “Diversity-multiplexing tradeoff
of opportunistic relay system with multiple-antenna destination,” IET
Commun., vol. 8, pp. 2563–2573, Sep. 2014.
[4] N. Zlatanov, R. Schober, and P. Popovski, “Throughput and diversity
gain of buffer-aided relaying,” in Proc. 2011 Global Telecommunications
Conference, pp. 1–6.
[5] N. Zlatanov, R. Schober, and P. Popovski, “Buffer-aided relaying with
adaptive link selection,” IEEE J. Select. Areas Commun., vol. 31,
pp. 1530–1542, Aug. 2013.
[6] A. Zafar, M. Shaqfeh, M.-S. Alouini, and H. Alnuweiri, “Resource
allocation for two source-destination pairs sharing a single relay with a
buffer,” IEEE Trans. Commun., vol. 62, pp. 1444–1457, May 2014.
[7] A. Ikhlef, D. Michalopoulos, and R. Schober, “Max-max relay selection
for relays with buffers,” IEEE Trans. Wireless Commun., vol. 11,
pp. 1124–1135, Mar. 2012.
[8] I. Krikidis, T. Charalambous, and J. Thompson, “Buffer-aided relay
selection for cooperative diversity systems without delay constraints,”
IEEE Trans. Wireless Commun., vol. 11, pp. 1957–1967, May 2012.
[9] A. Ikhlef, J. Kim, and R. Schober, “Mimicking full-duplex relaying using
half-duplex relays with buffers,” IEEE Trans. Veh. Technol., vol. 61,
pp. 3025–3037, Sep. 2012.
[10] S. M. Kim and M. Bengtsson, “Virtual full-duplex buffer-aided relayingrelay selection and beamforming,” in Proc. 2013 Personal Indoor and
Mobile Radio Communications, pp. 1748–1752.
[11] M. Shaqfeh, A. Zafar, H. Alnuweiri, and M.-S. Alouini, “Joint opportunistic scheduling and network coding for bidirectional relay channel,”
in Proc. 2013 Information Theory Proceedings, pp. 1327–1331.
[12] A. Zafar, M. Shaqfeh, M. Alouini, and H. Alnuweiri, “Exploiting multiuser diversity and multi-hop diversity in dual-hop broadcast channels,”
IEEE Trans. Wireless Commun., vol. 12, pp. 3314–3325, July 2013.
[13] N. Zlatanov and R. Schober, “Buffer-aided half-duplex relaying can
outperform ideal full-duplex relaying,” IEEE Commun. Lett., vol. 17,
pp. 479–482, Mar. 2013.
[14] G. Dimic and N. Sidiropoulos, “On downlink beamforming with greedy
user selection: performance analysis and a simple new algorithm,” IEEE
Trans. Signal Process., vol. 53, pp. 3857–3868, Oct. 2005.

