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Abstract—We consider a 3-node buffer-aided relaying network
with statistical quality-of-service (QoS) constraint in terms of
maximum acceptable end-to-end queue-length bound outage
probability. In particular, we study the adaptive link selection
relaying problem that aims to maximize the constant supportable
arrival rate µ to the source (i.e., the effective capacity). Fixed
and adaptive source and relay power allocation are investigated.
By employing asymptotic delay analysis, we first convert the
QoS constraint into minimum QoS exponent constraints at the
source and relay queues. We then derive the link selection
and power allocation solutions as functions of the instantaneous
link conditions and QoS exponents using Lagrangian approach.
Solutions for various special cases of link conditions, and QoS
constraints are presented. Moreover, we compare the effective
capacities of the proposed relaying schemes and other existing
schemes under different link conditions and QoS constraints.
Illustrative results indicate that the proposed schemes offer
substantial performance gains, and power adaption outperforms
fixed power allocation at low signal-to-noise power ratio (SNR)
region or under loose QoS constraints.
Index Terms—Buffer-aided relaying, statistical QoS constraint,
adaptive link selection, adaptive power allocation.

I. I NTRODUCTION
Wireless relaying is considered as a cost-effective solution
to improve wireless network performance, which has been
adopted by recent wireless communications standards, e.g.,
3GPP-Long Term Evolution (LTE) [1]. There has been a
great deal of research on dual-hop networks under different
configurations, (e.g., with or without direct source-destination
link) and relaying schemes, (e.g., decode-and-forward or
amplify-and-forward relaying) [2]– [5]. However, most of
these research works assume non-buffer relaying where the
relay forwards the received signal in the next time-slot, which
is referred to as fixed relaying in the sequel. Alternatively, this
current work considers buffer-aided relaying where the relay
can store received packets for future transmissions.
Buffer-aided relaying has been shown to offer performance
enhancement over non-buffer relaying under smart relaying
schemes [6]– [9]. In general, fixed relaying schemes developed
under non-buffer relaying setting can be modified to exploit
the relay buffering but this may fail to achieve the maximum
diversity gain over the non-buffer relaying [10]– [13]. This
is because in fixed relaying operating over fading channels,
Manuscript received March 10, 2015; revised August 16, 2015; revised
November 13, 2015; accepted December 27, 2015.
K. T. Phan and T. Le-Ngoc are with the Department of Electrical and
Computer Engineering, McGill University, Montreal, QC, Canada H3A 0E9
(email: khoa.phan@mail.mcgill.ca; tho.le-ngoc@mcgill.ca). L. B. Le is with
the Institut National de la Recherche Scientifique (INRS), Université du
Québec, Montréal, QC, Canada H5A 1K6 (email: long.le@emt.inrs.ca).

one link (source-relay or relay-destination) is active even
under unfavorable channel conditions which may lead to
performance degradation. Thus, to exploit the transmission
flexibility offered by the relay buffer, adaptive relaying, where
the relay transmission and reception schedule is not fixed,
must be considered [14]– [21]. Such adaptive relaying, which
efficiently schedules the source-relay and relay-destination
links depending on their channel conditions in each frame,
can result in significant throughput gains over fixed relaying
[19], [20].
Despite these potential advantages, engineering of bufferaided relaying considering delay QoS constraints is very
under-explored in the literature. In fact, most existing bufferaided relaying schemes are developed under the unconstrained
(i.e., infinite) delay setting [10], [11], [14]– [20], [22]. In
particular, [19], [20] study throughput-optimal adaptive relaying schemes under infinite delay assumption (i.e., QoS-blind
relaying). Such design would not be able to support many
delay-constrained wireless applications. Furthermore, several
adaptive relaying schemes have been developed by heuristically modifying the QoS-blind relaying schemes to provide
average delay QoS guarantees [19]– [21]. In general, average
delay guarantees may not be sufficient for certain wireless
applications such as real-time wireless multimedia and video
streaming, where the key QoS requirement is the maximum
delay-bound. Once a received packet violates the delay-bound,
it is considered as useless and will be discarded. Toward this
end, in designing buffer-aided relaying schemes, we consider
statistical QoS constraint, where the end-to-end queue-length
(or delay) is allowed to exceed a queue-length (or delay)
bound within a maximum acceptable outage probability. Such
statistical QoS constraints relax the need for prohibitively high
power consumption required for deterministic QoS guarantees
in wireless communications due to fading effects [24]– [29].
Based on the aforementioned motivations, the current work
addresses the design problem of QoS-aware buffer-aided adaptive relaying under statistical QoS constraint. The design goal
is to maximize the constant supportable arrival rate µ to the
source, (i.e., the effective capacity). Table I summarizes the related existing works with respect to the current work. Although
adaptive relaying has been studied in [19], [20], these papers
do not account for the statistical QoS constraints. Moreover,
in this work, adaptive relaying is also jointly considered with
power allocation at the source and relay in each transmission
frame to further enhance the network performance. The main
contributions of this work can be summarized as follows.
1) Using asymptotic delay analysis [30], [31], we show that
to meet the QoS constraint, the supportable rate µ has to satisfy
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a set of equations involving the minimum exponential decay
rates of the tail distributions of the queue-lengths, and the
link selection variables. This result enables us to formulate the
constrained optimization problem to maximize µ that depends
not only on the instantaneous link conditions (as in the case
of infinite delay assumption) but also on the QoS exponents.
2) The study is extended to the joint adaptive link selection
and power allocation problem. The solutions are derived by
using Lagrangian approach and convex optimization techniques, capturing the link fading distributions and link average
signal-to-noise power ratio (SNR) values through the means of
Lagrange multipliers. We then develop approaches to compute
these multipliers for the cases of known and unknown link
fading statistics.
3) Based on the derived optimal solutions, impacts of the
QoS constraint on the link selection and power allocation
solutions are studied. Specifically, the power allocation solution is shown to converge to the conventional water-filling
and channel-inversion policies under very loose and stringent
QoS constraints, respectively. In general, the power allocation
solution swings between the two policies. In addition, we show
that, under very loose QoS constraints, the link selection and
power allocation solutions converge to the solutions derived
in [19].
4) We numerically compare the effective capacities of the
proposed QoS-aware buffer-aided adaptive relaying schemes
and other existing schemes under different SNR and QoS
constraint regimes: 1) QoS-aware buffer-aided fixed relaying
[12]; 2) QoS-blind buffer-aided adaptive relaying [19]; 3)
Non-buffer relaying [5]. It is revealed that adaptive relaying
performs better than fixed relaying under sufficiently loose
QoS constraints, which includes the case of the infinite delay
as the limiting case. Under more stringent QoS constraints,
fixed relaying is more advantageous because both links now
have chance to transmit during any frame, which helps to
increase the supportable rate. Moreover, QoS-aware relaying
achieves higher effective capacity than QoS-blind relaying and
both achieve similar effective capacities under very loose QoS
constraints as expected. It is demonstrated that buffer-aided
relaying is more beneficial than non-buffer relaying under
QoS constraints. Moreover, adaptive power allocation can
provide noticeable capacity gains over fixed power allocation
at low SNR region or under loose QoS constraints. At high
SNR region and under stringent QoS constraints, the effective
capacity is dominated by the QoS constraints, and hence,
power adaption has less influence on the network performance.
In general, the simulation results show that buffer-aided adaptive relaying is beneficial as long as a certain delay can be
tolerated.
The remaining of this manuscript is organized as follows.
Section II provides the system model and analytical framework
for the buffer-aided relaying network with the adaptive link
selection and statistical QoS constraint. Sections III and IV
study the adaptive relaying schemes with fixed and adaptive
power allocation, respectively. Illustrative results are provided
in Section V, followed by the conclusions in Section VI.

TABLE I
E XISTING RELATED BUFFER - AIDED RELAYING WORKS

Without QoS
constraints
Average delay
QoS constraints
Statistical QoS
constraints

µ

Fixed relaying

Adaptive relaying

[10], [11]

[14]– [20]
[19], [20], [21]

[12], [13], [23]

Current work

Q2

Q1
S

R

D

Fig. 1. Buffer-aided relaying network with statistical QoS constraint.

II. B UFFER - AIDED ADAPTIVE RELAYING MODEL
A. Transmission model
We consider a relaying network where a source (S) communicates with a destination (D) with the help of an intermediate
relay (R) using the same channel with bandwidth B (Hz)
as shown in Figure 1. Data traffic is assumed to arrive to
the source with the constant rate µ. We assume no direct
communication link between the source and destination, which
can be the case when the destination is outside coverage area
of the source, or under extensive shadowing. Hence, the source
first transmits data to the relay that decodes the received signal
and then forwards the re-encoded data to the destination.
We assume block-fading channels with fading duration
equal to the transmission frame T (seconds), i.e., the channel
power gains remain unchanged during a frame but vary
independently from frame to frame. Let h1 [t] = |α1 [t]|2 /N0 ,
and h2 [t] = |α2 [t]|2 /N0 denote the normalized channel power
gains of the S-R and R-D links in frame t = 1, 2, . . .,
respectively, where α1 [t] and α2 [t] are the complex fading
coefficients of the corresponding links; N0 is the additive white
Gaussian noise (AWGN) power. Moreover, hi [t], i = 1, 2 are
assumed to be statistically independent with means E[hi ],
where E[.] denotes the statistical expectation operator. Let
P1 and P2 denote the power levels of the source and relay,
respectively. The instantaneous SNR values of the S-R link
and R-D link in frame t are thus snr1 [t] = P1 h1 [t], and
snr2 [t] = P2 h2 [t], respectively. Using Shannon’s formula,
the corresponding instantaneous link transmission rates (in
b/s/Hz) if active are:
ri [t]

=

log2 (1 + snri [t]), i = 1, 2.

(1)

The average link SNR values are SNRi = E[snri [t]], i = 1, 2.
Note that to achieve the rates in (1), ideal adaptive modulation
and coding schemes at the source, relay, and destination would
be employed, which require the channel state information
(CSI) of the links associated with them in general.
In this work, we consider the adaptive link selection problem described as follows. Let ϕ[t] ∈ {0, 1}, ∀t denote a binary
variable for frame t where we set ϕ[t] = 1 if the R-D link is
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active and ϕ[t] = 0 if the S-R link is active. We next describe
the objective and the constraint for the link selection problem.
B. Queue dynamics
As shown in Figure 1, the source utilizes its buffer to store
the arriving traffic with the constant rate µ (in b/s/Hz). The
relay also employs its own buffer to store the received data
from the source before transmitting to the destination. Using
the above notations, the service processes of the source and
the relay queues are (1 − ϕ[t])T Br1 [t], and ϕ[t]T Br2 [t], t =
1, 2, . . ., respectively.
Denote Q1 [t], Q2 [t] ≥ 0 as the queue-lengths of the source
and relay buffers, respectively, in frame t = 1, 2, . . . (or more
precisely, at the beginning of frame t). Then, the corresponding
queue-length dynamics are given as:
{
}
Q1 [t + 1] = Q1 [t] − min Q1 [t], (1 − ϕ[t])T Br1 [t] + T Bµ,
{
}
Q2 [t + 1] = Q2 [t] + min Q1 [t], (1 − ϕ[t])T Br1 [t]
{
}
− min Q2 [t], ϕ[t]T Br2 [t] ,
where we account for the fact that the maximal number of
bits transmitted from the source (or the relay) is limited by
the number of bits available in the source (or the relay) buffer
and the instantaneous capacity of the S-R link (or the R-D
link). The last term of the second equation represents the actual
amount of data arriving at the destination.
C. Statistical QoS constraint
Assume stable source and relay queues, i.e., the queuelengths Q1 [t] and Q2 [t] do not grow unboundedly large as
t → ∞, and hence, having steady-state distributions. Denote
the steady-state queue-length random variables as Q1 and Q2 .
In this work, we consider the statistical QoS constraint on the
maximum acceptable end-to-end queue-length Q = Q1 + Q2 ,
which can be expressed as:
(
)
Pr Q > Qmax ≤ ζQ ,
(2)

It can be seen that, to solve problem (3), we need to know
the tail distribution of Q, which is very difficult to obtain in
general. One way to circumvent this problem is to consider
the large queue-length (or delay) region and then employ the
asymptotic delay analysis to attain the tail distribution of Q
[30], [31]. Hence, in the remaining of this paper, Qmax is
assumed to be sufficiently large (but finite).
We next briefly review some background on the asymptotic
queue-length analysis, which is useful to study the problem at
hand.
E. Asymptotic analysis of a dynamic queue
Consider a discrete-time stable queue with infinite buffer
size and stationary ergodic arrival process a[t], and service
process c[t], t = 1, 2, . . . satisfying the Gartner-Ellis limit, i.e.,
for all θ ≥ 0, the differential asymptotic logarithmic moment
generating functions (LMGFs) defined as:
[ ∑t
]
1
log E eθ τ =1 a[τ ] ,
t→∞ t
[ ∑t
]
1
Ωc (θ) = lim log E eθ τ =1 c[τ ]
t→∞ t

Ωa (θ) = lim

(4)

exist.1 If there exists a unique achieved QoS exponent θa,c > 0
satisfying:
Ωa (θa,c ) + Ωc (−θa,c ) = 0,
(5)
then, for sufficiently large x, we have the following result for
the tail distribution of the steady-state queue-length Qa,c [32,
Theorem 2.1]:
(
)
Pr Qa,c > x = e−θa,c x .
(6)
F. Asymptotic delay analysis of two queues in tandem

for given Qmax ∈ (0, ∞) and ζQ ∈ (0, 1]. The constraint on a
small delay-outage probability ζQ is applicable to delay QoS
requirements, in which the user applications are acceptable as
long as the queue length (or delay) does not exceed a threshold
Qmax , and ζQ indicates how stringent the QoS constraint is.
For a given Qmax , smaller ζQ indicates more stringent QoS
constraints. As ζQ approaches 0, the queue length cannot
exceed Qmax . As ζQ approaches 1, we allow unconstrained
queue length.

Assume that the optimal relaying scheme ϕ∗ [t] of (3)
achieves QoS exponents θ1 , and θ2 at the source and relay
queues, respectively with maximal supportable arrival rate µ∗ .
We can see that the relaying scheme ϕ∗ [t] must attain the
QoS constraint (2) with equality; otherwise, we can always
increase the supportable arrival rate µ∗ without violating the
QoS constraint. On the other hand, for a given (end-to-end)
queue-length bound, the optimal relaying scheme ϕ∗ [t] with θ1
and θ2 must achieve the smallest outage probability. From (6),
for sufficiently large x, we have the following tail distributions
of the queue-lengths:
(
)
(
)
Pr Q1 > x = e−θ1 x , Pr Q2 > x = e−θ2 x .

D. Adaptive link selection problem formulation

Hence, the probability density functions (pdfs) of the corresponding queue-lengths are given by:

We formulate the adaptive relaying design problem to maximize the supportable rate µ to the source under the statistical
QoS constraint as follows:
µ∗ =

max
µ,ϕ[t]∈{0,1}

µ

s.t.: (2).

(3)

The optimal value µ∗ is called the effective capacity of the
buffer-aided adaptive link selection relaying.

fQ1 (x) = θ1 e−θ1 x ,

fQ2 (x) = θ2 e−θ2 x .

1 For independent and identically distributed (i.i.d.) processes, the LMGFs
in (4) are simplified as [25, Eq. (3)-(4)]:

[
]
Ωa (θ) = log E eθa[t] ,

[
]
Ωc (θ) = log E eθc[t] .
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We can derive the end-to-end queue-length Q = Q1 + Q2
outage probability as follows [23]:
(
)
(
)
Pr Q > x = 1 − Pr Q1 + Q2 ≤ x
∫ x
∫ x−y
= 1− fQ1 (y)
fQ2 (z)d zd y
=

θ1 e

0
−θ2 x

0
−θ1 x

− θ2 e
θ1 − θ2

=

[ eθ∆ x − 1
θ∆

]
θM + 1 e−θM x , (7)

where θM = max{θ1 , θ2 }, 0 ≤ θ∆ = max{θ1 , θ2 } −
min{θ1 , θ2 } < θM . For the assumed sufficiently large x ≫ 1,
as θ∆ decreases, the term (eθ∆ x − 1)/θ∆ decreases and
reaches the smallest value at θ∆ = 0 (i.e., θ1 = θ2 ),
which is limθ∆ →0 (eθ∆ x − 1)/θ∆ = x by using L’Hopital
rule. In other words, the optimal relaying scheme ϕ∗ [t] must
achieve
θ)1 = θ2 to obtain the smallest outage probability
(
1x
Pr Q > x =( (1 + θ1 x)e−θ
QoS constraint (2)
) . Hence, the
max
max
= (1 + θ1 Qmax )e−θ1 Q
= ζQ .
becomes: Pr Q > Q
The QoS exponents can be computed as:
(
)
( ζ )
1
Q
tar
θ1 = θ2 = θ , − max 1 + W−1 −
,
(8)
Q
e
where W−1 (.) denotes the lower branch of the real-valued
Lambert W function, and the Lambert W function is the
inverse of Z(W ) = W eW .
Note that by applying Little’s law for the considered source
and relay queues in tandem and using tail distribution of the
end-to-end queue-length Q, we can express the tail distribution
of the end-to-end delay D (in seconds) with θ1 = θ2 = θtar
as follows:
(
)
(
)
∗
tar
Pr D > x = Pr Q > xµ∗ B = (1+xµ∗ Bθtar )e−xµ Bθ ,
where µ∗ is the optimal value of (3).
III. F IXED POWER ALLOCATION
A. Problem reformulation
By applying condition (5) at the source and relay queues,
from the analysis in the previous section, we can see that in
order to obtain the largest supportable arrival rate µ while
satisfying the QoS constraint (2), the following conditions
must be satisfied:
T Bµθ1 + Ω1 (−θ1 ) = 0,
Ωarv
2 (θ2 ) + Ω2 (−θ2 ) = 0,
tar

From (9) and (11), we have: Ωarv
2 (θ) = T Bµθ.
In the following, for notional simplicity, we replace θ1 , θ2
by θtar . The problem (3) can be now re-formulated as:
µ s.t.: T Bµθtar +Ωi (−θtar ) = 0, i = 1, 2.

max
µ,ϕ[t]∈{0,1}

(12)
The problem (12) involves link selection variables whose
solutions are studied next.
B. Optimal link selection solution via Lagrangian approach
Using the expressions in (10) and the increasing monotonicity of the log function, after some simple manipulations, the
problem (12) can be re-expressed as follows:
[ tar
]
min
E e−θ (1−ϕ[t])T Br1 [t]
ϕ[t]∈{0,1}
[ tar
]
[ tar
]
s.t.: E e−θ (1−ϕ[t])T Br1 [t] = E e−θ ϕ[t]T Br2 [t] . (13)
We can see that the objective function and the left-hand
side of the equality constraint increase while the right-hand
side decreases with increasing ϕ[t]. Hence, we can replace
the equality constraint in (13) by the greater-than-or-equal
inequality constraint without loosing optimality because the
inequality constraint must be met with equality under optimal
solution ϕ∗ [t]. Otherwise, we can always find another feasible
solution with smaller objective value. In other words, the
problem (13) can be expressed as:
[
]
min
E e−θ(1−ϕ[t])r1 [t]
ϕ[t]∈{0,1}
[
]
[
]
s.t.: E e−θ(1−ϕ[t])r1 [t] ≥ E e−θϕ[t]r2 [t] , θ , T Bθtar . (14)
The effective capacity µ∗ is:
[
]
∗
µ∗ = − log E e−θ(1−ϕ [t])r1 [t] /θ.

We can observe that under more stringent QoS constraints,
i.e., larger θ, the effective capacity is smaller and approaches
zero as θ tends to infinity.
To solve problem (14), we employ the Lagrangian approach
[19], [33], [34], [35]. Toward this end, for ease of understanding, we re-write the optimization problem (14) for T → ∞ as
follows:
min
ϕ[t]∈{0,1}

(9)

as well as θ1 = θ2 = θ , where Ω1 (θ) and Ω2 (θ) are
the LMGFs of the service processes of the source and relay
queues, i.e.,:
]
]
[
[
Ω1 (θ) = log E eθ(1−ϕ[t])T Br1 [t] , Ω2 (θ) = log E eθϕ[t]T Br2 [t] ,
(10)
where r1 [t] and r2 [t] are given by (1). Ωarv
2 (θ2 ) is the LMGF
of the arrival process to the relay which is the same as the
LMGF of the the departure process of the source and is given
by [32, Example 2.5]:
{
T Bµθ,
0 ≤ θ ≤ θ1 ,
arv
Ω2 (θ) =
(11)
T Bµθ1 + Ω1 (θ − θ1 ), θ > θ1 .

(15)

s.t.:

T
1 ∑ −θ(1−ϕ[t])r1 [t]
e
T t=1

T
T
1 ∑ −θ(1−ϕ[t])r1 [t]
1 ∑ −θϕ[t]r2 [t]
e
≥
e
.
T t=1
T t=1

(16)

The equivalent Lagrangian function of problem (16) can be
written as follows:
T
]
1 ∑[
(1−λ)e−θ(1−ϕ[t])r1 [t]+λe−θϕ[t]r2 [t] , (17)
L(λ, ϕ) =
T t=1
where ϕ = (ϕ[1], . . . , ϕ[T ]) denotes the vector of (binary)
link selection variables; λ is non-negative Lagrange multiplier
associated with the inequality constraint in (16). Note that if
we are to minimize L(λ, ϕ) with respect to ϕ for a given
λ, and λ is determined to satisfy the constraint in (16) with
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equality at optimality, we will obtain the optimal solution of
(16) as follows [34].
First, we need to determine the optimal solution ϕ∗ =
(ϕ∗ [1], . . . , ϕ∗ [T ]) for a given value of λ to minimize the
Lagrangian, i.e.,:
min
ϕ[t]∈{0,1},t=1,...,T

L(λ, ϕ).

(18)

By carefully studying the Lagrangian function (17), we can see
that the optimization problem (18) can be decomposed into T
sub-problems, each for one particular frame t = 1, . . . , T as:
min
ϕ[t]∈{0,1}

(1 − λ)e−θ(1−ϕ[t])r1 [t] + λe−θϕ[t]r2 [t] .

(19)

By computing the objective function value at ϕ[t] = 0 or 1, the
optimal link selection solution ϕ∗ [t] in frame t can be easily
obtained as:
{
0, (1 − λ)e−θr1 [t] + λ ≤ (1 − λ) + λe−θr2 [t] ,
∗
ϕ [t] =
(20)
1, otherwise.
Note that, the tie-break rule can be arbitrary. It must hold
true that λ ∈ (0, 1). Otherwise, we would have trivial solution
ϕ∗ [t] = 1 (for λ = 0) or 0 (for λ ≥ 1),∀t.
Second, the multiplier λ is determined such that ϕ∗ satisfies
(16) with equality. In general, a closed-form solution for λ
does not exist, however, we can use numerical search to find
λ.
For further analysis, we define ξ = λ/(1−λ) > 0, and have
the following cases:
(i) For ξ ∈ (0, 1), the link selection solution (20) can be
expressed as:
(
)
{
1
−θr2 [t]
0,
r
[t]
≥
−
log
1
+
ξ(e
−
1)
,
1
θ
ϕ∗ [t] =
(21)
1, otherwise.
(ii) For ξ = 1, the link selection solution (20) can be
expressed as:
{
0, r1 [t] ≥ r2 [t],
∗
ϕ [t] =
(22)
1, otherwise.
(iii) For ξ ∈ (1, ∞), the link selection solution (20) can be
expressed as:
(
)
{
0, r2 [t] ≤ − θ1 log 1+ξ −1 (e−θr1 [t] − 1) ,
∗
(23)
ϕ [t] =
1, otherwise.
For each of the above three cases, the multiplier ξ can be
determined so that the inequality constraint in (14) holds with
equality. Hence, ξ captures the statistical information on the
link fading and SNR values. The link selection exploits the
fading diversity. In case (ii) with ξ = 1, the link selection
depends only on the instantaneous link rates. However, in
both cases (i) and (iii), the link selection depends on the
instantaneous link rates as well as the QoS exponent θ. For
example, more insights into the link selection solution can be
revealed by considering the case
( (i) with ξ ∈ (0, 1).
) When r2 [t]
is sufficiently small, − θ1 log 1 + ξ(e−θr2 [t] − 1) approaches
0, and the S-R link is often selected. Moreover, when r2 [t]
is very large, it approaches a strictly positive constant value,

(
)
namely − log 1 − ξ /θ. Hence, only when r1 is larger than
this value, the S-R link is selected.
C. Special cases
1) Case of very loose QoS constraints: When θ approaches
0, using L’Hopital rule, we can derive the following limits:
(
)
1
ξr2 [t]e−θr2 [t]
lim − log 1 + ξ(e−θr2 [t] − 1) = lim
θ→0
θ→0 1 + ξ(e−θr2 [t] − 1)
θ
= ξr2 [t],
(
)
1
lim − log 1 + ξ −1 (e−θr1 [t] − 1) = ξ −1 r1 [t],
θ→0
θ
for the cases ξ ∈ (0, 1), and ξ ∈ (1, ∞), respectively.
Hence, in this case, the link selection solutions (21) and
(23) converge to the following general form:
{
0, r1 [t] ≥ ξr2 [t]
ϕ∗ [t] =
(24)
1, otherwise,
for ξ ∈ (0, ∞). In addition, this solution satisfies the following
condition:
]
]
∗
∗
1 [
1 [
lim − E e−θ(1−ϕ [t])r1 [t] = lim − E e−θϕ [t]r2 [t] . (25)
θ→0
θ→0
θ
θ
Again, by applying the L’Hopital rule for both sides, the above
condition becomes:
[
]
[
]
E (1 − ϕ∗ [t])r1 [t] = E ϕ∗ [t]r2 [t] .
(26)
The link selection solution (24) was derived in [19] under apriori unconstrained delay assumption. Hence, the our analysis
with statistical QoS constraint contains the unconstrained
delay assumption as a special case.
2) Case of very stringent QoS constraints: When θ approaches ∞ (as the outage probability ζQ approaches 0),
ξ = 1 and the link selection solution (22) applies. However,
as mentioned previously, under very stringent QoS constraints,
the effective capacity approaches 0.
3) Case of negligible fading variation: When the R-D
link has an almost constant capacity due to negligible fading
variation r2 [t] = R2 , ∀t, the link selection solution (21) is
used with r2 [t] = R2 and ξ < 1. As a result, the S-R link is
selected when its instantaneous rate r1 [t] is larger than a (fixed)
threshold, otherwise, the R-D link is selected. Similarly, when
the S-R link has negligible fading variation with an almost
constant rate r1 [t] = R1 , ∀t, the link selection solution (23)
applies with r1 [t] = R1 and ξ > 1.
4) Case of similar link fading distributions: When both the
S-R and R-D links have similar fading distributions, whether
ξ is less than, equal to, or larger than 1 depends only on the
average link SNR values SNR1 and SNR2 .
If SNR1 = SNR2 , then ξ = 1, and the link selection
solution (22) applies. If SNR1 < SNR2 , then ξ increases with
increasing θ, approaches 1 for sufficiently large θ, and the
link selection solution (21) applies. If SNR1 > SNR2 , then
ξ decreases with increasing θ, approaches 1 for sufficiently
large θ, and the link selection solution (23) applies.
The above results can be used to devise a numerical search
algorithm for the multiplier ξ as follows.
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For x, ψ > 0, and( θ̂ = θ/ log(2), define:)r(x) = 2x − 1,
(
)
and f (x, ψ) = − log 1 + ψ((1 + x)−θ̂ − 1) / θ̂ log(2) .
We first consider case (i) with ξ ∈ (0, 1). Then, the link
selection solution (21) can be expressed in terms of the link
instantaneous SNR values as follows:
{
0, snr1 [t] ≥ r(f (snr2 [t], ξ)),
ϕ∗ [t] =
(27)
1, otherwise.
Hence, we can compute the expectation terms in (14) as:
[
[
] ∫ ∞ [∫ r(f (x2 ,ξ))
∗
E e−θ(1−ϕ [t])r1 [t] =
1
∫

0

0

]

∞

]

(1 + x1 )−θ̂ fsnr1 (x1 )d x1 fsnr2 (x2 )d x2 , (28)

+

)
ξ −1 )/θ . We can compute the expectation terms in (14) as
follows.
(
)[
[
] ∫ r − log(1−ξ−1 )/θ [∫ r(f (x2 ,ξ))
∗
E e−θ(1−ϕ [t])r1 [t] =
1
0

∫
+

r(f (x2 ,ξ))
∞

∫

(

+

r − log(1−ξ −1 )/θ

[
] ∫
∗
E e−θϕ [t]r2 [t] =

[
] ∫
∗
E e−θϕ [t]r2 [t] =
∫

r

)[
− log(1−ξ)/θ
[∫

∞

+
r(f (x1 ,ξ −1 ))

∫ ∞
+ (

0

]

]
(1 + x2 )−θ̂ fsnr2 (x2 )d x2 fsnr1 (x1 )d x1

r − log(1−ξ)/θ

[ ∫
[

(31)
∫

r(f (x1 ,ξ −1 ))

∞

1+
0

r(f (x1 ,ξ −1 ))

]

]
(1 + x2 )−θ̂ fsnr2 (x2 )d x2 fsnr1 (x1 )d x1 .

(32)

r(f (x1 ,ξ −1 ))

1
0

∞

) fsnr2 (x2 )d x2 ,

0

r(f (x2 ,ξ))

(

0

]
]
−θ̂
(1 + x1 )
fsnr1 (x1 )d x1 fsnr2 (x2 )d x2

∞

) fsnr1 (x1 )d x1 ,

(29)

where fsnr1 (x1 ) and fsnr2 (x2 ) denote the probability density
functions of snr1 [t] and snr2 [t].
Notice that the terms increase in (28), and decrease in (29)
with increasing ξ. Hence, as described in Algorithm 1, a
simple one-dimension bisection search over ξ ∈ (0, 1) can be
carried out to determine ξ in which the terms in (28), (29) are
equal. Such value can be computed offline since these terms
involve only statistical properties of the S-R and R-D links.
Algorithm 1 Bisection search for ξ ∈ (0, 1)
Input: ε > 0 is a given tolerance.
Initialization:
Set ξmin =[ 0, ξmax = 1, ξ ]= (ξmin
[ + ξ∗max )/2.
]
−θ(1−ϕ∗ [t])r1 [t]
Set ϵ = E e
− E e−θϕ [t]r2 [t] .
while ϵ > |ε| do
if ϵ > ε then
Update ξmax = ξ.
else
Update ξmin = ξ.
end
Update ξ = (ξ[min + ξmax )/2. ]
]
[
∗
∗
Update ϵ = E e−θ(1−ϕ [t])r1 [t] − E e−θϕ [t]r2 [t] .
end
We now consider case (iii) with ξ ∈ (1, ∞). The link
selection solution (23) can be expressed in terms of the link
instantaneous SNRs as:
{
0, snr2 [t] ≤ r(f (snr1 [t], ξ −1 )),
∗
ϕ [t] =
(30)
1, otherwise.
When snr1 [t] becomes very large, r(f (snr1 [t],( ξ −1 )) approaches a strictly positive constant value r − log(1 −

Similarly, we can find ξ such that the two terms (31) and (32)
are equal.
5) Rayleigh fading links: For Rayleigh fading links, we
have the pdfs for the two links as fsnr1 (x) = ζ1 e−ζ1 x where
ζ1 = 1/SNR1 and fsnr2 (x) = ζ2 e−ζ2 x where ζ2 = 1/SNR2 .
Let us first consider the case ξ ∈ (0, 1). From (28), we have:
[
[
] ∫ ∞
−θ(1−ϕ∗ [t])r1 [t]
E e
=
1 − e−ζ1 r(f (x2 ,ξ)) + ζ1θ̂ eζ1
0

]
))
Γ −θ̂ + 1, ζ1 r(f (x2 , ξ)) + 1
ζ2 e−ζ2 x2 d x2 ,
(

(

∫∞
where Γ(s, x) = x ts−1 e−t d t is the incomplete gamma
function. Similarly, from (29), we have:
(
)[
[
] ∫ r − log(1−ξ)/θ
∗
−1
E e−θϕ [t]r2 [t] =
1 − e−ζ2 r(f (x1 ,ξ ))
0

(

+ζ2θ̂ eζ2 Γ

(

−θ̂ + 1, ζ2 r(f (x1 , ξ
(

(

−1

)) + 1

+ exp −ζ1 r − log(1 − ξ)/θ

)

))

]
ζ1 e−ζ1 x1 d x1

)
.

We can evaluate these functions using available software such
as MATLAB. The expectation terms (31) and (32) for the case
ξ ∈ (1, ∞) can be computed analogously. We omit the details
for brevity.
For numerical illustration, we fix the average SNR2 = 10
dB and we plot ξ versus θ for SNR1 = 5, 15 dB in Figure 2.
It is observed that ξ increases, and decreases with increasing
θ for SNR1 < SNR2 and SNR1 > SNR2 , respectively.
Moreover, when θ becomes larger, ξ approaches 1 in both
cases. When θ becomes sufficiently small, ξ approaches its
minimum and maximum values (which is ξ0 satisfying (24)
and (26)), respectively.
To further illustrate the effect of QoS constraint on the link
selection solution, in Figure 3, we plot the following function:
(
)
1
(33)
F (θ, r2 ) = − log 1 + ξ(e−θr2 − 1)
θ
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slots with (possibly) unequal durations. In the first slot of
duration τ T (seconds), τ ∈ (0, 1), the source transmits packets
to the relay with rate r1 [t] and in the second slot of duration
(1 − τ )T (seconds), the relay transmits its currently buffered
packets to the destination with rate r2 [t]. The effective capacity
of the fixed relaying scheme with equal QoS exponent θ at the
source and relay is given as [12]:
[
]
†
1
µfixed (Qmax , ζQ ) = − log E e−θτ r1 [t] ,
(34)
θ
where τ † ∈ (0, 1) satisfies:
[
]
[
]
†
†
E e−θτ r1 [t] = E e−θ(1−τ )r2 [t] ,
(35)

2
SNR1 = 5 (dB)
SNR1 = 15 (dB)

1.8
1.6

Multiplier ξ

1.4
1.2
1
0.8
0.6
0.4
0.2

−3

−2

10

10

−1

where r1 [t] and r2 [t] are given by (1).
2) QoS-blind buffer-aided adaptive relaying: The QoSblind adaptive relaying scheme maximizes the (ergodic) capacity under unconstrained delay assumption [19]. It has the
following form:
{
0, r1 [t] ≥ ρr2 [t],
ϕ[t] =
(36)
1, otherwise,

0

10

10

Delay exponent θ

Fig. 2. ξ versus θ with SNR2 = 10 dB.

3

2.5

θ=.1
θ=1
θ=10
ξ0 × r2

where ρ is determined to maintain the following equality:
[
]
[
]
E (1 − ϕ[t])r1 [t] = E ϕ[t]r2 [t] .
(37)
We can see that ρ in this case is optimized in consideration
of the link fading distributions and average SNR values only.
Recall that (37) is the limiting case of (21) or (23) when θ
approaches 0 as we discussed previously. It can be shown
that the effective capacity of the QoS-blind relaying scheme
is given by:
{
}
1
1
max
µQoS−blind (Q
, ζQ ) = min − Λ1 (−θ),− Λ2 (−θ) , (38)
θ
θ

F(θ,r2)

2

1.5

1

0.5

0
0

1

2

3

4

5

6

Rate r2 (b/s/Hz)

Fig. 3. F (θ, r2 ) versus r2

where Λ1 and Λ2 are, respectively, the LMGFs of the service
processes of the source and relay queues, which are computed
using the relaying scheme (36) as follows:
∫ ∞[[∫ (1+x2 )ρ −1
∫ ∞
]
Λ1 (θ) = log
1+
(1+x1 )θ/ log(2)

versus r2 for three values of θ = 10−1 , 1, and 10 for SNR1 =
5 dB (and hence, ξ < 1). Note that from (21), the S-R link is
selected in frame t if and only if r1 [t] ≥ F (θ, r2 [t]). We also
plot the linear function ξ0 × r2 . We can observe that when θ is
sufficiently small, e.g., θ = 10−1 , F (θ, r2 ) becomes linear as
expected. It can be seen that the QoS constraint has different
Λ2 (θ) =
impacts on the link selection. For example, for large θ, when
∫ ∞
r1 [t] ≤ 1.8, the S-R link is selected whenever r1 [t] ≥ r2 [t].
However, when r1 [t] > 1.8, the S-R link is always selected. +

0

(1+x1 )1/ρ −1

D. Performance comparisons
We compare the effective capacity of the proposed QoSaware (buffer-aided) adaptive relaying with those of the QoSaware (buffer-aided) fixed relaying [12], QoS-blind (bufferaided) adaptive relaying [19], and non-buffer relaying [5]. We
next describe these relaying schemes and present how to derive
the corresponding capacities.
1) QoS-aware buffer-aided fixed relaying: In the fixed
relaying, each transmission frame t is divided into two time

0

]

(1+x2 )ρ −1

fsnr1 (x1 )d x1 fsnr2 (x2 )d x2 ,
∫

∞

[ ∫
[

(1+x1 )1/ρ −1

log

1
0

0
θ/ log(2)

(1 + x2 )

]
]
fsnr2 (x2 )d x2 fsnr1 (x1 )d x1 .

Note that the first term and the second term in (38) are the
effective capacities of the S-R link, and R-D link, respectively.
The end-to-end effective capacity is the minimum of the two.
The proof can be adapted from that in [12] and is omitted
for brevity. We can see that the capacity µQoS−blind = µ∗ is
achieved only under the following two scenarios:
• either θ is close to 0, i.e., very loose QoS constraints,
• or the S-R and R-D links have similar fading distribution
and average SNR. In this case, the two adaptive relaying
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schemes are the same where the link with better instantaneous rate is selected.
In other scenarios, it is expected that µ∗ > µQoS−blind .
3) Non-buffer relaying: In the non-buffer relaying, (i.e., the
relay queue Q2 in Fig. 1 does not exist), the relay forwards
the received packets from the source immediately in the next
time-slot. Consider the constant arrival rate µnon−buﬀer to the
source buffer and suppose that each frame t is divided into
two equal time slots. During the first time-slot, the source
transmits packets to the relay. In the second time-slot, the relay
decodes and forwards the decoded packets to the destination.
As previously defined, P1 , and P2 are the power levels of the
source and relay. The achievable rate in frame t is given by
[3]:
{
}
1
re2e [t] = min log2 (1 + P1 h1 [t]), log2 (1 + P2 h2 [t]) .
2
With non-buffer relaying, the packets are delayed at the source
buffer only. The effective capacity of the non-buffer relaying
is given by:
[
]
−1
T B log(ζQ )
µnon−buﬀer =
log E e−θe2e re2e [t] , θe2e = −
.
θe2e
Qmax
In Section V, we will compare the effective capacities of these
relaying schemes under different QoS constraints and link
average SNR values.
IV. A DAPTIVE P OWER A LLOCATION
In the previous section, we have assumed fixed source
and relay transmit power levels P1 , and P2 , respectively.
However, we can jointly and adaptively optimize the link
selection and power allocation in each transmission frame to
potentially enhance the capacity as follows. Denote the source
and relay transmit power levels in frame t as P1 [t] and P2 [t],
respectively. If ϕ[t] = 0 then P1 [t] ≥ 0 and P2 [t] = 0 while
if ϕ[t] = 1 then P1 [t] = 0 and P2 [t] ≥ 0. Then, the average
total power is given by:
[
]
P av = E (1 − ϕ[t])P1 [t] + ϕ[t]P2 [t] .
(39)
In this section, we consider the joint adaptive link selection
and power allocation problem under the statistical delay and
the maximum average power constraints.
A. Optimal solution via Lagrangian approach

8

if P1 [t], P2 [t] are fixed, then the problem (40) reduces to the
problem (14). The effective capacity with joint adaptive link
selection and power allocation is:
[(
)−θ̂(1−ϕ∗ [t]) ]
−1
µ∗APA =
log E 1 + P1∗ [t]h1 [t]
, (41)
θ̂ log(2)
where P1∗ [t], P2∗ [t], and ϕ∗ [t] are the optimal solutions of (40).
To solve (40), again, we employ the Lagrangian approach.
The Lagrangian of (40) is:
[
(
)−θ̂(1−ϕ[t])
L = E L[t] = (1 − ω) 1 + P1 [t]h1 [t]
]
(
)−θ̂ϕ[t]
(
)
+ω 1+P2 [t]h2 [t]
+σ (1−ϕ[t])P1 [t]+ϕ[t]P2 [t] , (42)
where ω, and σ are the non-negative Lagrange multipliers
associated with the inequality constraints in (40). Again, we
can see that ω ∈ (0, 1); otherwise, we would have trivial
solution ϕ∗ [t] = 1, ∀t.
We first study the power allocation solution assuming the
link selection solution is given. First, suppose that ϕ∗ [t] = 0,
then we have:
{
}
(
)−θ̂
∗
P1 [t] = arg min (1 − ω) 1 + P1 [t]h1 [t]
+ σP1 [t] . (43)
P1 [t]≥0

The second-order derivative of the objective function of (43)
is found as:
(
)−θ̂−2
(1 − ω)θ̂(θ̂ + 1)(h1 [t])2 1 + P1 [t]h1 [t]
,
which is non-negative for P1 [t] ≥ 0. Hence, the objective
function is a convex function in P1 [t], and (43) is a convex
optimization problem. Thus, by differentiating the objective
function, setting it equal to 0, and accounting for the nonnegativeness of the power allocation, we can derive the optimal
power allocation P1∗ [t] as:

 1 ( (1−ω)θ̂h1 [t] )1/(θ̂+1)
σ
− h11[t] , h1 [t] ≥ (1−ω)
,
∗
σ
θ̂
P1 [t] = h1 [t]

0,
otherwise.
(44)
Now consider the case ϕ∗ [t] = 1, then we have:
{
}
(
)−θ̂
∗
P2 [t] = arg min ω 1 + P2 [t]h2 [t]
+ σP2 [t] . (45)
P2 [t]≥0

After some simple manipulations, similar to (14), the joint
adaptive relaying and power allocation problem to maximize
the capacity can be equivalently written as:
[(
)−θ̂(1−ϕ[t]) ]
min
E 1 + P1 [t]h1 [t]

Analogous to (43), we can derive the optimal power allocation
P2∗ [t] as follows:

 1 ( ωθ̂h2 [t] )1/(θ̂+1)
− h21[t] , h2 [t] ≥ ωσθ̂ ,
∗
σ
P2 [t] = h2 [t]
0,
otherwise.

s.t.:
[(
)−θ̂(1−ϕ[t]) ]
[(
)−θ̂ϕ[t] ]
E 1 + P1 [t]h1 [t]
≥ E 1 + P2 [t]h2 [t]
,
[
]
E (1 − ϕ[t])P1 [t] + ϕ[t]P2 [t] ≤ P max ,
(40)

(46)
Using the derived power allocation solutions P1∗ [t] and P2∗ [t] ,
we can derive the optimal link selection solution to minimize
the Lagrangian (42) in each frame as follows:

∗
−θ̂
∗

0, (1 − ω)(1 + P1 [t]h1 [t]) + σP1 [t] + ω
ϕ∗ [t]=
≤ (1 − ω) + ω(1 + P2∗ [t]h2 [t])−θ̂ + σP2∗ [t],


1, otherwise.

P1 [t]≥0,P2 [t]≥0,ϕ[t]∈{0,1}

where P max denotes the maximum average power constraint.
We can see that at optimality, the inequality constraints in
(40) must be met with equality. Also, it can be verified that
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B. Special cases
θ=1

5

θ = 10−1

4.5

θ = 10−2

4

*

Allocated power P1[t]

5.5

3.5
3

1) Case of very loose QoS constraints: When the QoS constraint becomes very loose, i.e., θ̂ is small, the power allocation
P1∗ [t] in (44) and P2∗ [t] in (46) approach the following:
{
(1−ω)θ̂
− (h1 [t])−1 , h1 [t] ≥ σ/((1 − ω)θ̂),
∗
σ
P1 [t] =
0,
otherwise
and

2.5

{

2

P2∗ [t] =

1.5

− (h2 [t])−1 , h2 [t] ≥ σ/(ω θ̂),
0,
otherwise.
ω θ̂
σ

1
0.5
0
0

5

10

15

20

25

30

35

40

45

50

Channel gain h1[t]

Fig. 4. Allocated power P1∗ [t] versus h1 [t].

The Lagrange multipliers ω and σ can be determined so
that the inequality constraints in (40) are met with equalities.
We can see that at optimality, all the power budget must be
consumed as expected.
To obtain more insights, we study the optimal power allocation policies P1∗ [t] and P2∗ [t]. By examining ∂P1∗ [t]/∂h1 [t]
(or ∂P2∗ [t]/∂h2 [t]), we can see that P1∗ [t] (or P2∗ [t]) increases
with increasing h1 [t] when h1 [t] is less than a threshold value
and then decreases with increasing h1 [t] otherwise. Hence, the
power allocation solutions swing between the water-filling (for
smaller h1 [t]) and channel inversion (for larger h1 [t]) policies.
Remark 1: The considered maximum sum power constraint
can be relevant in many scenarios [36]– [40]. Although the
source and relay may not be able to share the power, the
maximum sum power constraint allows performance comparison with other schemes to support the same source-destination
path (e.g., direct source-destination link, buffer-aided relaying,
non-buffer relaying, QoS-aware relaying, QoS-blind relaying,
fixed relaying, adaptive relaying, and so on) in a fair manner
on the basis of the same maximum total power constraint.
Furthermore, the total power constraint is a way to limit the
interference from one network to other coexisting networks in
a HetNet environment.
Remark 2: The proposed solution approach can be extended
to study the problem with individual power constraints at the
source and relay. By introducing three Lagrange multipliers:
one for the QoS constraint and the other two for the source
and relay individual power constraints, the link selection and
power allocation solution in each frame t depends on these
Lagrange multipliers. It can be verified that the QoS constraint
and at least one of the two power constraints must hold with
equality at optimality. Detailed analysis of each possible case
must be developed to determine the Lagrange multipliers. Due
to the space limit, we would like to leave this for our future
works.

Hence, the power allocation solutions tend to the conventional
water-filling policies, albeit with two different water-levels.
Again, this result has been derived in [19] under infinite delay
assumption.
2) Case of very stringent QoS constraints: When the QoS
constraint becomes more stringent, i.e., θ̂ becomes large, the
power allocation P1∗ [t] in (44) and P2∗ [t] in (46) become:
[
]
( (1 − ω)θ̂ )1/(θ̂+1)
1
σ
P1∗ [t] =
− 1 , h1 [t] ≥
h1 [t]
σ
(1 − ω)θ̂
and
P2∗ [t]

[
]
1 ( ω θ̂ )1/(θ̂+1)
=
− 1 , h2 [t] ≥ σ/(ω θ̂)
h2 [t]
σ

which are similar to the channel-inversion policies. We reemphasize that under very stringent QoS constraints, the
effective capacity still approaches 0, even under optimal power
allocation.
Intuitively, under loose QoS constraints, since the queuelength bound violation is allowed with large probability, more
data is stored in the (source and relay) queues for longer
duration. Hence, it is better to transmit at higher power under
more favorable channel conditions to exploit the temporal
fading diversity, i.e., the water-filling policy. On the other
hand, under more stringent QoS constraints, in order to avoid
queue-length bound violation, it is better to transmit at lower
power levels under more favorable channel conditions, i.e.,
channel-inversion policy. For illustration, in Figure 4, we plot
P1∗ [t] versus h1 [t] for ω = 0.1, σ = 0.05, and different
values of θ = 10−2 , 10−1 , and 1. This figure shows that
the power allocation policies approach the water-filling and
channel-inversion policies for small and large θ, respectively,
as analyzed. For medium θ, the allocation policy swings
between these two policies as we discussed above.
C. Adaptive link selection and power allocation over unknown
fading links
The link selection and power allocation solutions depend on
the fading statistics through the Lagrange multipliers ω and σ,
which are determined so that the inequality constraints (40) are
met with equality. We can use a (two-dimension) numerical
search method as in the case of fixed power allocation. However, such numerical approach has two possible limitations: 1)
It requires the fading statistics to be known, which is usually
not the case in reality; 2) Even when the fading statistics are
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−(1 +

∗

P1∗ [t]h1 [t])−θ̂(1−ϕ [t])

)

]1

[
(
σ[t + 1] = σ[t] + ϵ[t] (1 − ϕ∗ [t])P1∗ [t] + ϕ∗ [t]P2∗ [t]
)]L
−P max

1.8
1.6
1.4

Capacity (b/s/Hz)

known, it may be complicated, if not impossible, to compute
the expectation terms in closed-form which are then used
for numerical computation. Hence, in general, it may not
be possible to employ the numerical method to compute the
Lagrange multipliers ω and σ. To overcome these limitations,
we can utilize the following online allocation algorithm. We
initialize the Lagrange multipliers with ω[1] ∈ (0, 1), and
σ[1] > 0. Then, in transmission frame t = 1, 2, . . ., we carry
out the following updates:
[
(
∗
ω[t + 1] = ω[t] + ϵ[t] (1 + P2∗ [t]h2 [t])−θ̂ϕ [t]

1.2
1
0.8
0.6
SNR1 = 5 (dB)
0.4

SNR = 10 (dB)
1

SNR1 = 15 (dB)

0

0.2 −2
10

−1

10

0

10

Scaling parameter υ

1

10

2

10

Fig. 5. Effective capacity versus scaling parameter υ.

0

[x]ba

where
denotes the projection of x on the interval [a, b]
for a ≤ b and L is sufficiently large to ensure boundedness
of σ[t + 1]. The decreasing positive sequence ϵ[t] that dictates
the convergence speed, satisfies:
∞
∑

ϵ[t] = ∞;

t=1

∞
∑
(ϵ[t])2 < ∞.
t=1

P2∗ [t], and ϕ∗ [t] in frame t
The allocation solutions
are computed using the current estimates ω[t] and σ[t]. These
iterative stochastic-approximation updates are guaranteed to
converge to the optimal multipliers. We can see that these
updates do not require the fading statistical knowledge and
have very low implementation complexity. Moreover, the
allocation algorithm does not assume any specification on the
fading statistics, and it converges for any independent link
fading distributions. Hence, it is very robust to channel model
variations.
P1∗ [t],

V. N UMERICAL RESULTS
A. System configurations
For illustrative purposes, we assume Rayleigh fading links
with block-fading duration T = 5 ms, the bandwidth B =
10 kHz. For the statistical QoS constraints, we fix the endto-end queue-length bound Qmax = 3 × 103 (bits) to obtain
numerical results in this section. The outage probability ζQ
can be fixed or varied depending on the simulation scenarios.
B. Fixed power allocation
1) Optimal delay provisioning at the source and relay:
For a given QoS constraint (2), we wish to demonstrate that
by provisioning similar delay statistics (performance) at the
source and relay, i.e., θ1 = θ2 , we can achieve the largest
effective capacity.
We fix ζQ = 10−2 and SNR2 = 10 dB and assume θ1 =
υθ2 where the scaling parameter υ > 0 represents the relative
required delay performance at the source and relay queues.
In particular, υ < 1 means that more delay is allowed at the

source than the relay due to θ1 < θ2 . On the other hand,
υ > 1 means that more delay is allowed at the relay. Since the
optimal adaptive relaying is not derived for the case θ1 ̸= θ2 ,
we use the (buffer-aided) QoS-aware fixed relaying scheme for
illustration of the capacity. In Figure 5, we plot the capacity
versus υ ∈ [10−2 , 102 ] for SNR1 = 5, 10, 15 dB. We use (7)
to compute the QoS exponents θ1 and θ2 corresponding to
each value of υ. We can see that for all three values of SNR1 ,
the capacities are largest when υ = 1, i.e., θ1 = θ2 . Even
when the links have different signal strengths, applying the
same QoS exponent at the source and relay queues achieves
the largest capacity. This is because the QoS-aware relaying
scheme takes into account the delay allocation at the source
and relay and link average SNR values. In contrast, it can be
observed that provisioning different delay performance at the
source and relay reduces the capacity.
2) Power allocation at the source and relay: We study the
power allocation at source and relay to achieve the largest
capacity under the same average total power. Note that this
power allocation is determined before transmission (i.e., offline calculation). For this purpose, we fix ζQ = 10−2 and set
up the experiment as follows.
First, we assume that E[h1 ] = E[h2 ] = 1 for convenience.
Hence, P1 and P2 are also the average link SNR values.
Now, for unequal power allocation at the source and relay,
we fix P2 = 10 dB and vary P1 . For each value of P1 , we
determine the optimal adaptive relaying scheme and compute
its corresponding capacity µUNEQ . We also compute the
average total power as follows:
(
)
(
)
P av = Pr ϕ∗ [t] = 0 P1 + Pr ϕ∗ [t] = 1 P2 .
(47)
We next compute the capacity µEQ of the adaptive relaying
scheme with equal source and relay transmit power level.
To ensure that the two schemes utilize the same average
power, in the latter scheme, the source or the relay transmit
with power P av in (47) if active in each frame. In Figure
6, we plot the capacities versus P1 . We can see that equal
power allocation at the source and relay, and hence, equal link
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average SNR, achieves the highest capacity. Otherwise, the
link with smaller average SNR becomes the bottleneck link
that reduces the capacity even though the adaptive relaying
scheme does consider the link average SNR values. However,
note that equal average SNR might not achieve the highest
capacity if the links have different fading distributions.
3) Capacity comparisons: We numerically compare the
capacities of the proposed QoS-aware buffer-aided adaptive
relaying and the other relaying schemes: 1) QoS-aware bufferaided fixed relaying [12]; 2) QoS-blind buffer-aided adaptive
relaying [19]; 3) Non-buffer relaying [5]. The capacities of
these schemes are described in Section III. To conduct the
comparisons, we fix SNR2 = 10 dB.
First, we set ζQ = 10−2 . Figure 7 shows the capacities of
the relaying schemes versus SNR1 . It can be observed that the
QoS-aware adaptive relaying attains the highest capacity for
all values of SNR1 . Note that when SNR1 = 10 dB, the QoSaware and QoS-blind adaptive relaying schemes are similar,
hence, they achieve similar capacity. Also, QoS-blind adaptive

relaying does not capitalize on the increased SNR1 when
SNR1 > SNR2 because the S-R link is forced to transmit less
often resulting in small supportable arrival rates. Moreover,
it can be seen that the gain due to adaptive link selection
relaying over fixed relaying is reduced when SNR1 becomes
larger. In this case, fixed relaying performs well since both
links now have favorable channel conditions in each frame.
When SNR1 is small, the S-R link is still active in each
frame even if it might have unfavorable channel conditions,
which leads to reduced capacity for the fixed relaying. We
can see that buffer-aided relaying is more effective than nonbuffer relaying to support delay-sensitive applications because
in non-buffer relaying, the end-to-end rate is dominated by the
weaker of the two links.
Figure 8 shows the capacities of the relaying schemes
versus the outage probability ζQ for SNR1 = 5, 15 dB. It
is clear that as the outage probability becomes larger, higher
capacities can be achieved for all schemes. For each case,
we can see that adaptive relaying outperforms fixed relaying
when the outage probability ζQ is higher than a certain
threshold and this threshold is smaller for smaller SNR1 . QoSaware relaying performs better than QoS-blind relaying for all
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1) Convergence of the iterative algorithm: We assume the
maximum average power constraint is P max = 10 dB. The
outage probability is taken to be ζQ = 10−3 . The initial values
of the Lagrange multipliers are set to ω[1] = .1 and σ[1] = .01.
The decreasing step-size sequence is set as ϵ[t] = t−.85 . In
Figure 9, we show the convergence of the stochastic updates
for the Lagrange multipliers ω[t] and σ[t]. The convergences
of the average power and effective capacity estimates are also
plotted. In frame t, the average power can be estimated from
the past samples as:
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(48)

P[t] is expected to approach P max at convergence, i.e., the
maximum power constraint is satisfied. The effective capacity
µALS−PA [t] in frame t (in b/s/Hz) can be estimated as:
(
)
t
]
1 [∑
−1
∗
−θ(1−ϕ∗ [η])/ log(2)
log
(1 + P1 [η]h1 [η])
. (49)
θ
t η=1
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Fig. 9. Convergence of the iterative algorithm: (a) Lagrange multipliers; (b)
Estimated average power; (c) Estimated effective capacity.

outage probabilities as shown previously and the gain becomes
smaller under looser QoS constraints.
C. Adaptive power allocation
In this numerical study, we assume that E[h1 ] = E[h2 ] = 1
for convenience.

µALS−PA [t] converges to the optimal capacity in (41). We
can observe from Figure 9 that the plotted quantities converge
after a certain number of iterations. The multipliers converge
quicker than the average power in general. At the beginning,
when σ[t] is small, more power is allocated. After that, σ[t]
is gradually increased and less power is allocated to meet the
maximum power constraint.
2) Capacity comparisons: We study the capacity gains
achieved by the adaptive power allocation over fixed power
allocation. We assume equal average power consumption
P max in both relaying schemes. For fixed power allocation, we
further assume P1 = P2 = P max in order to attain the highest
capacity as studied in Figure 6. For the case that P1 ̸= P2 in
fixed power allocation scheme, we expect to achieve higher
gains due to power adaption for the same average power.
Figure 10 shows the capacities of the relaying schemes versus
P max for different outage probabilities ζQ = 10−2 , 10−1 . It
can be observed that power adaptation is more beneficial at
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arrival rate µ to the source using Lagrangian approach and
convex optimization. The effects of the QoS constraint on the
derived solutions are identified. Illustrative results compare the
capacities of the proposed relaying schemes and other existing
schemes under different signal-to-noise power ratio (SNR)
region and QoS constraints. In general, the simulation results
show that buffer-aided relaying with adaptive link selection is
beneficial as long as a certain delay can be tolerated.
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lower SNR, e.g., P max ≤ 5 dB. This can be explained as
follows. At low SNR, since the capacity is dominated by
the transmission rates, and hence, by adaptively allocating
the power to the source and relay to exploit the link and
temporal diversities, higher capacity gains can be achieved.
On the other hand, at high SNR, the capacity is dominated
by the QoS constraint, and hence, power adaption is not
much advantageous. As a result, under more stringent QoS
constraints, the gains due to power adaptation are expected
to be reduced. This observation is further confirmed in the
following investigation.
We plot the capacities of the relaying schemes versus outage
probability ζQ for average power P max = 0, 5 dB in Figure 11.
We can see that power adaptation is less beneficial under more
stringent QoS constraints because the capacity is dominated
by the QoS constraints. Particularly, for large P max , the
gains are marginal under stringent QoS constraints. However,
under looser QoS constraints, power adaption can provide
significant capacity gains over fixed power allocation. Since
data transmissions can be delayed for longer time, temporal
diversity can be exploited better by transmitting more under
more favorable channel conditions and vice versa. From the
above numerical studies, we can conclude that power adaption
is useful when sufficiently long delay can be tolerated and/or
when the power budget is limited.
VI. C ONCLUSIONS
In this paper, we have studied buffer-aided relaying network
over fading channels with the statistical quality-of-service
(QoS) constraint on the end-to-end queue-length. To exploit
the relay buffering capability and link fading diversity, adaptive link selection relaying schemes with fixed and adaptive
source and relay power allocation are proposed. In each
transmission frame, the relay can be activated adaptively
to receive packets from the source or to transmit packets
to the destination depending on the instantaneous channel
state information. The link selection and power allocation
solutions are derived to maximize the constant supportable
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