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Resource Allocation for Radio Access Network Slicing
With Delay Guarantees: A Lyapunov Optimization Method

Rong Chai and Shaowei Wang , Senior Member, IEEE

Abstract—In this paper, we present a delay-guaranteed resource allo-
cation method for radio access network slicing based on Lyapunov opti-
mization theory. The proposed approach can dynamically monitor network
traffic and channel conditions, and jointly optimize resource blocks and
power allocation so as to satisfy delay constraints of users served by each
slice. Numerical results demonstrate that the performance of our proposed
algorithm significantly outperforms other ones.

Index Terms—Network slicing, radio access network, radio resource
allocation.

I. INTRODUCTION

5G and beyond mobile networks are envisioned to support a wide
range of vertical industries, including human-centric multimedia ser-
vices with high data rates and time-sensitive industrial applications.
Conventional networks typically adopt one-size-fits-all architectures,
offering homogeneous service treatments that fail to meet the diverse
requirements of heterogeneous applications in terms of throughput,
delay, and reliability. Network slicing provides a promising solution
by enabling multiple isolated subnetworks, i.e., network slices, to
operate on shared physical infrastructure, allowing mobile operators
to deploy tailored services for specific market scenarios in a flexible
and cost-efficient manner [1], [2].

Achieving slice isolation in radio access networks (RAN) remains
challenging due to the coupled and non-scalable nature of radio re-
sources, the heterogeneous requirements of RAN slices, and wireless
channel variability. Recent studies have explored inter-slice resource
allocation with performance guarantees. In [3], a stochastic network
calculus approach is proposed to conservatively estimate the resources
required to satisfy delay constraints. In [4], an online convex optimiza-
tion framework is introduced to learn instant resource allocation from
empirical data, achieving low packet loss while satisfying multi-slice
delay constraints.

Joint optimization of spectrum and power allocation for multiple
users across slices entails high complexity, due to variable traffic and
the dynamic nature of wireless channels, particularly the user-specific
fading across resource blocks (RBs). Adaptive resource management is
required to cope with time-varying, frequency-selective channels across
users and RBs, as well as the coupling between power and spectrum
allocation [5].

In [6], [7], Lyapunov optimization is applied to spectrum and power
allocation to improve system utility, while frequency-selective fading
is simplified for the sake of analytical tractability. In [8], Q-learning is
leveraged for online mode selection and resource management, where
the complexity of multi-carrier power allocation is circumvented by
restricting each user to a single subcarrier. In [9], a joint spectrum
and power allocation algorithm is developed for vehicular networks,
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which accounts for frequency-selective fading across RBs and proves
convergence with respect to the objective function value, while the
properties of the convergence point remain uncharacterized.

In this paper, we investigate the online resource allocation for
RAN slicing with delay guarantees, where Lyapunov optimization is
employed to jointly allocate RBs and power, aiming to satisfy delay
requirements of different slices while reducing power consumption
and improving spectrum efficiency. Our proposed algorithm can dy-
namically adjust RB allocation and power configuration in each slot,
and converges stably. Numerical results demonstrate that the proposed
method ensures slice isolation and significantly reduces resource con-
sumption while satisfying delay constraints.

II. SYSTEM MODEL AND PROBLEM FORMULATION

Consider downlink transmissions in a cellular network consisting of
a base station and I users from various slices. Let the set of users be
denoted by I = {1, 2, . . . , I}. Time is divided into slots, each lasting
φ seconds and indexed by t ∈ {1, 2, · · · }. The amount of data arriving
for user i ∈ I in slot t is denoted as ai,t. The expected delay from data
arrival to transmission completion is constrained by Φi seconds.

The available spectrum is divided into J RBs, each with bandwidth
B, indexed by J = {1, 2, . . . , J}. Let hi,j,t represent the channel gain
for user i on RB j ∈ J during slot t. With transmission power pi,j,t,
the rate achievable by user i on RB j is determined as

ri,j,t = B log2

(
1 +

pi,j,t |hi,j,t|2
N0B

)
, (1)

where N0 denotes the power spectral density of the Gaussian noise.
The achievable throughput for user i is given by

bi,t = φ
∑
j∈J

xi,j,tri,j,t, (2)

wherexi,j,t = 1 indicates that RB j is allocated to user i, andxi,j,t = 0
otherwise.

Data arriving in each slot may not be immediately transmitted due to
fluctuations in transmission rates, which arise from time-varying chan-
nel conditions and competition among users for limited resources. Each
user is assigned a buffer to store data awaiting transmission, modeled
as a first-in, first-out queue. Assuming the expected transmission time
is a constant ϕ, the average number of slots for which data remains
in the buffer should not exceed Di = �Φi−ϕ

φ
�. The queue backlog for

user i in slot t is denoted by qi,t, which is updated as

qi,t+1 = max (qi,t + ai,t − bi,t, 0) . (3)

RBs and power are allocated to users in each slot, represented
by matrices Xt = [xi,j,t] ∈ R

I×J and P t = [pi,j,t] ∈ R
I×J , respec-

tively. The normalized resource consumption G(Xt,P t) is defined as
a weighted sum of the ratios of allocated RBs and transmission power to
the available RBs and maximum allowable power, respectively, given
by

G(Xt,P t) =
α

J

∑
i∈I

∑
j∈J

xi,j,t +
1 − α

Pmax

∑
i∈I

∑
j∈J

pi,j,t, (4)

where Pmax denotes the maximum allowable power, and α ∈ [0, 1]
is a weighting factor. This formulation ensures unit consistency and
normalization, enabling a fair comparison between spectrum and power
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usage while balancing their contributions to the overall system resource
consumption.

We aim to design a resource allocation scheme that provides de-
lay guarantees while minimizing average resource consumption, to
satisfy slice requirements, enhance resource efficiency, and mitigate
over-provisioning. Let the sequences of resource allocation decisions
be denoted as {Xt} and {P t}, we formulate the following problem:

min
{Xt},{P t}

lim
T→∞

1
T

T∑
t=1

G(Xt,P t)

s.t. C1 : lim
T→∞

1
T

T∑
t=1

bi,t ≥ lim
T→∞

1
T

T∑
t=1

ai,t, ∀i,

C2 : lim
T→∞

1
T

T∑
t=1

qi,t ≤ Di lim
T→∞

1
T

T∑
t=1

ai,t, ∀i,

C3 :
∑
i∈I

xi,j,t ≤ 1, ∀j, t,

C4 :
∑
i∈I

∑
j∈J

pi,j,t ≤ Pmax, ∀t,

C5 : xi,j,t ∈ {0, 1} , ∀i, j, t,
C6 : pi,j,t ≥ 0, ∀i, j, t. (5)

C1 ensures queue stability by guaranteeing that the average transmis-
sion rate is no less than the arrival rate. Littles Law states that the average
queue length equals the product of the arrival rate and the mean queuing
delay. Accordingly, C2 satisfies the delay requirement by ensuring that
the average queue length does not exceed the product of the arrival rate
and the queuing delay constraint. C3 and C5 ensure that each RB is
allocated to at most one user. C4 and C6 ensure that the transmission
power does not exceed the constraint.

III. DELAY-GUARANTEED RAN RESOURCE ALLOCATION

We introduce two virtual queues, yi,t and zi,t, for each user to
represent the constraints C1 and C2 in (5), respectively. These virtual
queues are updated as follows

yi,t+1 = max(ai,t − bi,t + yi,t, 0),

zi,t+1 = max(qi,t+1 − ai,tDi + zi,t, 0),
∀i. (6)

If the virtual queues satisfy limt→∞
E(|yi,t |)

t
= limt→∞

E(|zi,t |)
t

= 0,
they are considered mean rate stable, ensuring that the associated con-
straints are satisfied [10]. LetYt = {yi,t}i∈I andZt = {zi,t}i∈I denote
the sets of virtual queue backlogs for all users. We define Lyapunov
function as F (Yt,Zt) =

1
2

∑
i∈I(y

2
i,t + z2

i,t), with its temporal dif-
ference ΔFt = F (Yt+1,Zt+1)− F (Yt,Zt) referred to as Lyapunov
drift. We then define a drift-plus-penalty structure as μG(Xt,P t) +
ΔFt, where μ > 0 is a penalty factor controlling the trade-off between
the two components. Using the inequality max(x, 0)2 ≤ x2, we derive
an upper bound for the drift-plus-penalty structure as follows

μG(Xt,P t) + ΔFt ≤ M + μG(Xt,P t)

+
∑
i∈I

yi,t(ai,t − bi,t) +
∑
i∈I

zi,t(qi,t+1 − ai,tDi), (7)

where M is a constant satisfying

M ≥ 1
2

∑
i∈I

[
(ai,t − bi,t)

2 + (qi,t+1 − ai,tDi)
2
]
.

Algorithm 1: Delay-Guaranteed Resource Allocation.

We employ Lyapunov optimization method to solve (5) by mini-
mizing the upper bound of the drift-plus-penalty structure [10]. The
resource allocation decision in each slot is determined by solving the
following subproblem:

min
X,P

μG(X,P ) +
∑
i∈I

yi(ai − bi)

+
∑
i∈I

zi [max(qi + ai − bi, 0)− aiDi]

s.t. C3, C4, C5, C6 in (5). (8)

For simplicity, the slot index is omitted here. Equation (8) defines an NP-
hard mixed-integer programming problem, which becomes intractable
as the problem size increases [5]. To address this, we first solve the
continuous relaxation of (8) and subsequently round the non-integer
solutions to obtain feasible results. By substituting (1) and (2) into (8)
and approximating the function max(x, 0) by 1

2 (x+
√
x2 + ε), where

0 < ε � 1, the objective function becomes differentiable, as shown
in (9) at the bottom of the next page.

Algorithm 1 outlines the delay-guaranteed resource allocation
method we propose. Specifically, we employ a two-block coordinate
descent method to solve (9), with its global convergence and complexity
analyzed later in this section. The RB allocation matrix obtained by K
iterations with block coordinate descent method is denoted as X(K).
If X(K) is not an integer solution, it must be rounded. For each
x
(K)
i,j ∈ X(K), ifx(K)

i,j > 0.5 and i = argmaxi1∈I x
(K)
i1,j

, roundx(K)
i,j to

1; otherwise, round it to 0. The rounded RB allocation matrix is denoted
as X∗. Finally, substitute X∗ into (9) to solve for the transmission
power allocation matrix P ∗.

Lemma 1: Consider two sequences {c(k)} and {d(k)} within a
closed convex set X ∈ R

n, and a differentiable function f : X → R.
For all k ∈ N, assume the sequence {d(k)} is bounded, with c(k) +

d(k) ∈ X and ∇f(c(k))Td(k) < 0. There exist γ
(k)
1 , γ

(k)
2 ∈ (0, 1)

such that

f
(
c(k) + γ

(k)
1 d(k)

)
≤ f(c(k)) + γ

(k)
2 ∇f(c(k))Td(k). (10)
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As k → ∞, if c(k) → c and f(c(k))− f(c(k) + γ
(k)
1 d(k)) → 0, then

lim
k→∞

∇f
(
c(k)

)T
d(k) = 0. (11)

For brevity, the details of Lemma 1 can be found in [11]. To simplify
notation, we vectorize X and P as x and p, respectively, with their
corresponding feasible regions denoted as X and P . Let f represent
the objective function of (9). The following theorem is presented to
analyze the convergence of the two-block coordinate descent method.

Theorem 1: Starting from any feasible solution, the two-block co-
ordinate descent method for problem (9) converges to a critical point
where f does not decrease in any feasible direction. Specifically, the
sequences {x(k)} and {p(k)}must have limit pointsx ∈ X andp ∈ P ,
such that

∇xf (x,p)T (x′ − x) ≥ 0, ∀x′ ∈ X ,

∇pf (x,p)T (p′ − p) ≥ 0, ∀p′ ∈ P. (12)

Proof: Please refer to Appendix. �
Algorithm 1 employs a two-block coordinate descent method, al-

ternately fixing X and P to convert problem (9) into a convex sub-
problem, which is subsequently solved via the interior-point method.
The iteration complexity of the interior-point method is given by
O(

√
C log( C

ρδ
)), where C is the number of constraints, satisfying

C ≤ IJ + J , ρ is the accuracy parameter of the initial point, and δ is
the stopping criterion [12]. Accordingly, the computational complexity
of Algorithm 1 is O(K

√
IJ log( IJ

ρδ
)).

IV. NUMERICAL RESULTS

Consider an urban cell with a radius of 150m, where the base station
is centrally located and operates at a center frequency of 2.6 GHz. The
parameters are set as: φ = ϕ = 1 ms, B = 180 kHz, Pmax = 40 dBm,
and J = 25. Let di represent the distance between the base station and
user i. Path loss is calculated by 40.74 dB + 10n lg( di

dr
) + ξσ , where

the reference distance dr = 1m, the path loss exponent n = 3.19,
and ξσ is a Gaussian random variable with zero mean and a standard
deviation of σ = 8.2 dB, modeling shadow fading [13]. Without loss of
generality, multipath effects are modeled using a Rayleigh distribution
with unit second moment.

The network supports two slices, with arrival traffic modeled as
Poisson processes and corresponding delay constraints of 5 ms and
10 ms, respectively. We assume an equal number of users per slice and
a uniform spatial distribution of users within the cell. For our proposed
method, the parameters are set as α = 0.5, μ = 1000, ε = 10−6, and
K = 10. All simulations were conducted over 10,000 slots. Slice isola-
tion is evaluated by assessing the impact of traffic variations in one slice
on the other. Specifically, we fix the arrival rate per user in slice 1, vary
the arrival rate per user in slice 2, and analyze the resulting changes in
the mean delay and average achievable rate for each user in both slices.

Fig. 1. Mean delay with different arrival rates.

Fig. 2. Average achievable rate with different arrival rates.

Figs. 1 and 2 illustrate the variations in mean delay and average
achievable rate of the two slices, respectively. Each slice contains 10
users, with the arrival rate of users in slice 1 fixed at 1 Mbps, while
the arrival rate of users in slice 2 increases from 2.2 Mbps to 4 Mbps.
As shown in Fig. 1, the mean delay of users in slice 1 exhibits a slight
upward trend while consistently satisfying the delay constraint. For
slice 2, as the arrival rate increases, the mean delay also rises, yet it
remains within the delay constraint.

In Fig. 2, the average achievable rate of users in slice 2 increases with
the arrival rate, effectively accommodating the growing traffic demand.
Meanwhile, the average achievable rate of users in slice 1 slightly
decreases but remains around 3 Mbps, which is significantly higher
than their arrival rates, ensuring compliance with both delay and queue
stability constraints. These numerical results confirm that the proposed
algorithm effectively maintains slice isolation while satisfying the
throughput and delay requirements of users in each slice.

We compare the proposed method with three alternatives: equal
resource allocation (ERA), Lyapunov optimization with constant power
(LOCP), and Q-learning. ERA equally allocates RBs and power among
users, with each user applying the water-filling algorithm to adjust
power across RBs. LOCP applies Lyapunov optimization to minimize
the drift-plus-penalty upper bound in each slot by optimizing RB allo-
cation, with all users transmitting at constant power on their assigned

min
X,P

μG(X,P ) +
∑
i∈I

yi

[
ai −Bφ

∑
j∈J

xi,j log2

(
1 +

pi,j |hi,j |2
N0B

)]
+
∑
i∈I

zi
2

√√√√[qi + ai −Bφ
∑
j∈J

xi,j log2

(
1 +

pi,j |hi,j |2
N0B

)]2

+ ε

+
∑
i∈I

zi
2

[
qi + ai −Bφ

∑
j∈J

xi,j log2

(
1 +

pi,j |hi,j |2
N0B

)]
−
∑
i∈I

ziaiDi

s.t. C3, C4, C6 in (5),

C7 : 0 ≤ xi,j ≤ 1, ∀i, j. (9)
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Fig. 3. (a) Resource consumption, (b) mean delay in slice 1, and (c) mean delay in slice 2 with different numbers of users per slice.

RBs [7]. We can employ the Q-learning approach to solve subproblem
(8) as discussed in [8].

Fig. 3(a) illustrates the normalized average resource consumption of
various methods with different numbers of users per slice. The arrival
rates of users in slice 1 and slice 2 are set to 1 Mbps and 4 Mbps, re-
spectively. The resource consumption of the proposed method increases
slightly as the number of users grows. Compared to the alternatives, the
proposed method dynamically evaluates queue congestion and channel
conditions, jointly optimizing both power and RB allocation, which
significantly reduces system power consumption and enhances spectral
efficiency.

Fig. 3(b) and (c) depict the mean delay of the two slices for different
numbers of users per slice. When the number of users reaches 8,
LOCP fails to satisfy the stringent delay constraint of slice 1. As the
number of users increases to 9, all the compared methods fail to meet
the requirements of high data rate applications in slice 2, resulting in
mean delays that significantly exceed the constraints. For the proposed
method, the mean delay increases slightly with the number of users
but consistently remains within the constraint, demonstrating that the
proposed algorithm can detect data congestion in each slot and dynam-
ically adjust resource allocation both across slices and among users
within slices, ensuring robust performance. Error bar analysis reveals
that the proposed method attains the smallest discrepancy between the
maximum and mean delays within each slice, highlighting its effec-
tiveness in ensuring user fairness. Compared to LOCP, the proposed
method optimizes resource allocation across both the spectrum and
power domains, providing more stable delay guarantees as the number
of users increases.

V. CONCLUSION

In this paper, we developed a delay-guaranteed resource allocation
scheme for RAN slicing in mobile networks, where we introduce
a set of parallel queues to model network congestion and regulates
average backlogs, and leverage Lyapunov optimization theory to design
a drift-plus-penalty scheme and jointly allocate RBs and power across
slices by minimizing the upper bound in each slot. An efficient rounding
algorithm with global convergence is proposed to solve this mini-
mization problem and make resource allocation decisions. Numerical
results demonstrate that the proposed method outperforms others by
consistently meeting delay constraints for heterogeneous slices and
significantly reducing resource consumption. These findings provide
valuable insights for guiding resource allocation in RAN slicing.

APPENDIX

PROOF OF THEOREM 1

We first prove that by fixing either x or p, problem (9) is convex
with respect to the other variable. The feasible region of (9) is convex.
To establish the convexity of f(x,p) with respect to one variable when
the other is fixed, we consider the bivariate function g(x, p) = Γ−
x log2(1 + γp), where Γ ∈ R and γ > 0. It is evident that the function
g(x, p) is convex with respect to one variable when the other is fixed.
Consider the function h(w) = w +

√
w2 + ε. It is straightforward to

verify that h(w) is strictly increasing and convex for w ∈ R and ε > 0.
The composite functionh(g(x, p)) is therefore also convex with respect
to one variable when the other is fixed. Since the objective function
f(x,p) is a sum of h(g(x, p)), g(x, p), and affine functions, it follows
that f(x,p) is convex with respect to one variable when the other is
fixed. Fixing x or p transforms (9) into a convex problem that can
be efficiently and accurately solved using the interior-point method,
yielding

x(k) ∈ argmin
x∈X

f
(
x,p(k−1)

)
,

p(k) ∈ argmin
p∈P

f
(
x(k),p

)
. (13)

From the optimality of x(k), it follows that

∇xf
(
x(k),p(k−1)

)T (
x′ − x(k)

) ≥ 0, ∀x′ ∈ X . (14)

According to Bolzano-Weierstrass theorem, since X and P are both
bounded and closed, the sequence {(x(k),p(k−1))} has a limit point
(x,p) ∈ X × P . There exists a subset K1 ⊆ N such that the sequence
{(x(k),p(k−1))}k∈K1 converges to (x,p). Since f is continuous, the
sequence {f(x(k),p(k−1))}k∈K1 converges to f(x,p). Given that
f(x(k+1),p(k)) ≤ f(x(k),p(k−1)), the sequence {f(x(k),p(k−1))} is
non-increasing and bounded below, and thus converges to f(x,p).
Noting that f(x(k+1),p(k)) ≤ f(x(k),p(k)) ≤ f(x(k),p(k−1)), the
sequence {f(x(k),p(k))} also converges to f(x,p). By the continuity
of ∇xf and in conjunction with (14), it follows that

∇xf (x,p)T (x′ − x) ≥ 0, ∀x′ ∈ X . (15)

Reasoning by contradiction, we assume that there existsp′ ∈ P such
that

∇pf (x,p)T (p′ − p) < 0. (16)

Let d(k) = p′ − p(k−1), where the sequence {d(k)} is bounded. By the
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continuity of ∇pf , there exists a subset K2 ⊆ K1 such that

∇pf
(
x(k),p(k−1)

)T
d(k) < 0, ∀k ∈ K2. (17)

By Lemma 1, for all k ∈ K2, there exist γ(k)
1 , γ

(k)
2 ∈ (0, 1) such that

f
(
x(k),p(k−1) + γ

(k)
1 d(k)

)
≤ f

(
x(k),p(k−1)

)

+ γ
(k)
2 ∇pf

(
x(k),p(k−1)

)T
d(k) ≤ f

(
x(k),p(k−1)

)
. (18)

Since P is convex, p(k−1) ∈ P , p(k−1) + d(k) ∈ P , and γ
(k)
1 ∈

(0, 1), it follows that p(k−1) + γ
(k)
1 d(k) ∈ P . From (13), we ob-

tain f(x(k),p(k)) ≤ f(x(k),p(k−1) + γ
(k)
1 d(k)) ≤ f(x(k),p(k−1)).

As both {f(x(k),p(k))} and {f(x(k),p(k−1))} converge to f(x,p),
it follows that

lim
k→∞,k∈K2

f
(
x(k),p(k)

)− f
(
x(k),p(k−1) + γ

(k)
1 d(k)

)
= 0. (19)

By Lemma 1, we obtain ∇pf(x,p)
T (p′ − p) = 0, which contradicts

(16). Therefore,

∇pf (x,p)T (p′ − p) ≥ 0, ∀p′ ∈ P. (20)

REFERENCES

[1] T. Wang and S. Wang, “Inter-slice radio resource allocation: An online
convex optimization approach,” IEEE Wireless Commun., vol. 28, no. 5,
pp. 171–177, Oct. 2021.

[2] A. Banchs, D. M. Gutierrez-Estevez, M. Fuentes, M. Boldi, and
S. Provvedi, “A 5G mobile network architecture to support vertical in-
dustries,” IEEE Commun. Mag., vol. 57, no. 12, pp. 38–44, Dec. 2019.

[3] J. Zhu and S. Wang, “QoS-guaranteed resource allocation in mobile
communications: A stochastic network calculus approach,” IEEE/ACM
Trans. Netw., vol. 32, no. 6, pp. 5159–5171, Dec. 2024.

[4] T. Wang and S. Wang, “Online convex optimization for efficient and robust
inter-slice radio resource management,” IEEE Trans. Commun., vol. 69,
no. 9, pp. 6050–6062, Sep. 2021.

[5] Y. Liu and Y. Dai, “On the complexity of joint subcarrier and power
allocation for multi-user OFDMA systems,” IEEE Trans. Signal Process.,
vol. 62, no. 3, pp. 583–596, Feb. 2014.

[6] G. Zhou, L. Zhao, K. Liang, G. Zheng, and L. Hanzo, “Utility analysis of
radio access network slicing,” IEEE Trans. Veh. Technol., vol. 69, no. 1,
pp. 1163–1167, Jan. 2020.

[7] A. Papa, M. Klugel, L. Goratti, T. Rasheed, and W. Kellerer, “Optimizing
dynamic RAN slicing in programmable 5G networks,” in Proc. IEEE Int.
Conf. Commun., Shanghai, China, May 2019, pp. 1–7.

[8] H. Xiang, M. Peng, Y. Sun, and S. Yan, “Mode selection and resource
allocation in sliced fog radio access networks: A reinforcement learning
approach,” IEEE Trans. Veh. Technol., vol. 69, no. 4, pp. 4271–4284,
Apr. 2020.

[9] Y. Chen, Y. Wang, M. Liu, J. Zhang, and L. Jiao, “Network slicing
enabled resource management for service-oriented ultra-reliable and low-
latency vehicular networks,” IEEE Trans. Veh. Technol., vol. 69, no. 7,
pp. 7847–7862, Jul. 2020.

[10] M. J. Neely, S. T. Rager, and T. F. La Porta, “Max weight learning
algorithms for scheduling in unknown environments,” IEEE Trans. Autom.
Control, vol. 57, no. 5, pp. 1179–1191, May 2012.

[11] L. Grippo and M. Sciandrone, “On the convergence of the block nonlinear
Gauss–Seidel method under convex constraints,” Oper. Res. Lett., vol. 26,
no. 3, pp. 127–136, Apr. 2000.

[12] S. Boyd and L. Vandenberghe, Convex Optimization. Cambridge, U.K.:
Cambridge Univ. Press, 2004.

[13] K. Haneda et al., “5G 3GPP-like channel models for outdoor urban
microcellular and macrocellular environments,” in Proc. IEEE 83rd Veh.
Technol. Conf., Nanjing, China, May 2016, pp. 1–7.

Authorized licensed use limited to: Nanjing University. Downloaded on January 11,2026 at 04:29:36 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


