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Joint Admission Control and Antenna Assignment
for Multiclass QoS in Spatial Multiplexing
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Abstract—We consider the problem of quality-of-service (QoS)
provisioning for multiple traffic classes in a MIMO wireless
network. This QoS provisioning is posed as a radio resource
management (RRM) problem at a wireless node (e.g., a wireless
mesh router) with multiple antennas. We decompose this RRM
problem into two tractable subproblems, namely, the antenna
assignment and the admission control problems. The objective of
antenna assignment is to minimize the weighted packet dropping
probability for the different traffic classes under constrained
packet delay. The objective of admission control is to maximize
the revenue of the wireless node gained from the ongoing connections for different traffic classes under constrained connection
blocking probability and average per-connection throughput. The
decision of antenna assignment is made in a short-term basis (e.g.,
for every packet transmission interval) while that of admission
control is made in a long-term basis (i.e., when a connection
arrives). Constrained Markov decision process (CMDP) models
are formulated to obtain the optimal decisions on antenna
assignment and admission control. To provide efficient channel
utilization, the RRM framework considers adaptive modulation
at the physical layer which exploits channel state information.
Performance evaluation results show that this joint antenna
assignment and admission control framework can provide classbased service differentiation while satisfying both the connectionlevel and packet-level QoS requirements.
Index Terms—Multiple-input multiple-output (MIMO) antenna system, antenna assignment, admission control, connectionlevel and packet-level QoS.

I. I NTRODUCTION

M

ULTIPLE-INPUT multiple-output (MIMO) antenna
technology has been identified as one of the enabling
physical layer technologies to provide high capacity wireless
links for next generation wireless networks [1] such as IEEE
802.11n [2] and IEEE 802.16e/Mobile WiMAX [3] networks.
MIMO systems are capable of enhancing the transmission
rate and improving the transmission reliability. Specifically,
when combined with adaptive modulation, a MIMO system
can achieve much higher transmission rate than that of singleinput single-output (SISO) system [4]. While numerous works
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in the literature studied the performance benefits of MIMO
links from a physical layer point of view, only some recent
studies (e.g., in [5]-[16]) have addressed the higher layer
protocol design issues in single-hop as well as multi-hop
MIMO wireless networks. To exploit the benefits of MIMO
links in a wireless network and quality-of-service (QoS)
provisioning for different classes of traffic, efficient radio
resource management methods (e.g., for power allocation,
antenna assignment, adaptive modulation, admission control)
need to be designed.
In this paper, we address the problem of radio resource
management (RRM) to support QoS for multiple traffic classes
in a wireless node1 with multiple antennas (for example, a
mesh router/access point/base station). The packets from the
ongoing connections in the same traffic class are buffered
in the same queue. This is in line with the differentiated
service (DiffServ) network architecture for QoS provisioning
in wired networks [17] which has the characteristics of selforganization, auto-configuration, and better scalability. The
spatial multiplexing mode for MIMO transmission is considered where multiple antennas can be used for transmission
of packets from the same queue or from different queues.
To improve transmission efficiency, adaptive modulation is
used. To ensure both the packet-level and the connectionlevel QoS for different traffic classes in the wireless router
and optimize the system performance, we develop a RRM
framework for antenna assignment and admission control
to control transmission of packets and to control arrival
of time-correlated packet traffic, respectively, at a MIMOenabled wireless router. In particular, the goal of antenna
assignment is to achieve the packet-level QoS objectives (e.g.,
meet the packet delay and the packet dropping probability
requirements). The goal of admission control is to guarantee
connection-level QoS performances (i.e., connection blocking
probability, average per-connection throughput) and maximize
the revenue of the router from the ongoing connections of
different traffic classes. These schemes are jointly optimized to
maximize the utility of the wireless router while guaranteeing
both the packet-level and connection-level QoS performances.
The RRM problem is decomposed into two subproblems – one
for antenna assignment and the other for admission control.
For these subproblems, the entire system state space (i.e., the
number of packets in the different queues and the number
1 From now on, this wireless node will be referred to as a wireless router
node.
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The problem of resource (i.e., antenna and power) allocation
and QoS provisioning for MIMO systems has been addressed
in recent literature. In [5], the problem of antenna assignment
to multiple users was formulated as a weighted bipartite
matching problem and Hungarian algorithm was used to obtain
the optimal antenna assignment when the number of antennas
is equal to the number of active users. In [6], the problem of
antenna assignment among users for downlink transmission
of a MIMO cellular system was formulated as a combinatorial optimization problem. The objective is to maximize the
capacity while maintaining user satisfaction and fairness. In
a similar spirit, a scheduling scheme was proposed in [7]
to obtain an optimal selection of users and the assignment
of their corresponding data to the transmit antennas in order
to maximize throughput under fairness constraint. Multiuser
scheduling schemes based on convex optimization were also
proposed in [8] considering the availability of full and partial
channel state information (CSI). The objectives, however, were
to guarantee the rate constraints for the users only. In [9],
the problem of transmit power allocation to channels in a
MIMO link was addressed considering simultaneous transmission of QoS-sensitive and best-effort traffic. In [10], the rate
and power control problem for spatial multiplexing MIMO
systems was posed as a stochastic optimization problem to
minimize the total transmission power over all transmitter
antennas under the constraint of average delay for unknown
channel/traffic statistics. A joint optimization model for power
control, beamforming, and link scheduling was proposed
in [11] to achieve proportional fairness and to support QoS
in terms of data rates of all users. The problem of power
allocation under QoS constraints was also addressed in [12]
and [13] in the context of a MIMO-OFDM system. Different
from the above works, the problem of resource allocation and
QoS provisioning in asynchronous/distributed and multihop
MIMO wireless networks was addressed in [5]-[16] (also see
some of the references there in).
The above works, however, did not consider the problem of
QoS provisioning (both connection-level and packet-level) for
multiple (more than two) classes of traffic. In this paper, we
solve this problem by using efficient antenna assignment and
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of ongoing connections for the different traffic classes) and
the action space (i.e., number of transmit antenna allocated
to queues and admission/rejection of incoming connections)
are decomposed accordingly. This improves the tractability of
the corresponding analytical and optimization models. Specifically, optimization models based on constrained Markov
decision process (CMDP) are formulated for each of these
subproblems.
The rest of this paper is organized as follows. Section II
presents the related work. Section III describes the system
model and assumptions. For the antenna assignment problem,
an optimization formulation based on CMDP is presented in
Section IV. Section V presents the optimization formulation
for the admission control problem. The performance evaluation results for the proposed RRM framework are presented
in Section VI. Section VII states the conclusions.
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Fig. 1. System model of a MIMO-enabled wireless router with multiple
traffic classes.

admission control methods taking the radio link level queueing
dynamics in a wireless router into consideration.
III. S YSTEM M ODEL AND A SSUMPTIONS
A. MIMO-Enabled Wireless Router
We consider a wireless router node with multiple transmit
antennas which serve multiple traffic classes. With a total of
𝐵 traffic classes, packets from all connections of traffic class 𝑏
are buffered in queue 𝑏 (𝑏 = {1, . . . , 𝐵}) as shown in Fig. 1. A
single-hop spatial multiplexing MIMO transmission to another
router node is considered where packet transmissions over the
MIMO link are time-slotted. In each time slot, the available
transmit antennas are allocated to the different queues. For
each traffic class, admission control is used to decide whether
an incoming connection can be accepted or not. The wireless
router operates in a noise-limited environment in which the
transmission channel is allocated to the router by a centralized controller. However, antenna assignment and admission
control for the different traffic classes are performed locally
at the router.
The packet arrivals for a connection in traffic class 𝑏 follow
a batch Markovian process with ℎ̃𝑏 phases. The corresponding
′(𝑎)
probability transition matrix is given by A𝑏
whose ele(𝑎)
′
′
ment is 𝐴𝑏 (ℎ, ℎ ) for 𝑎 ∈ {0, 1, . . . , 𝑎
˜𝑏 } arriving packets.
𝑎
˜′𝑏 is the maximum batch size of a connection in class 𝑏.
(𝑎)
𝐴𝑏 (ℎ, ℎ′ ) denotes the probability that there are 𝑎 arriving
packets and the phase changes from ℎ to ℎ′ . The ′matrix
′(˜
𝑎 )
′(0)
′(1)
A′𝑏 is [defined as A′𝑏 = A𝑏 + A𝑏 ]+ ⋅ ⋅ ⋅ + A𝑏 𝑏 . Let
′
𝝂 = 𝜈(1) ⋅ ⋅ ⋅ 𝜈(ℎ) ⋅ ⋅ ⋅ 𝜈(ℎ̃𝑏 ) denote the steady
state probability vector of packet arrival phase. The element
𝜈(ℎ) of this matrix is the steady state probability that the
phase of packet arrival is ℎ. This vector can be obtained
by solving 𝝂A′𝑏 = 𝝂 and 𝝂1 = 1. The average packet
arrival∑rate
of a( connection
) in class 𝑏 can be obtained from
𝑎
˜ ′𝑏
′(𝑎)
𝑎′𝑏 = 𝑎=1
𝑎𝝂 A𝑏 1 , where 1 is a vector of ones.
The packet arrival process of 𝑐′ connections of class 𝑏 can
be obtained from
∑
(𝑎)
(𝑔)
′(𝑔′ )
A𝑏 (𝑐′ ) =
A𝑏 (𝑐′ − 1) ⊗ A𝑏
(1)
{𝑔,𝑔′ ∣𝑔+𝑔′ =𝑎}
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(𝑎)

′(𝑎)

where A𝑏 (1) = A𝑏 , and ⊗ is the Kronecker product.
In this case, the aggregated packet arrival process of traffic class 𝑏 with total 𝑐𝑏 ongoing connections is defined as
(𝑎)
(𝑎)
˜𝑏 }, where 𝑎
˜ 𝑏 = 𝑐𝑏 𝑎
˜′𝑏
A𝑏 = A𝑏 (𝑐𝑏 ) for 𝑎 = {0, 1 . . . , 𝑎
is the maximum batch size. The average aggregated packet
arrival rate of class 𝑏 is obtained from 𝑎𝑏 = 𝑐𝑏 𝑎′𝑏 . The total
number of phases of aggregated packet arrival is ℎ̃𝑏 = (ℎ̃′𝑏 )𝑐𝑏 .
The state of the router can be defined by
(𝒞1 , 𝒳1 , ℋ1 , . . . , 𝒞𝑏 , 𝒳𝑏 , ℋ𝑏 , . . . , 𝒞𝐵 , 𝒳𝐵 , ℋ𝐵 ), where 𝒞𝑏
is the number of ongoing connections for traffic class 𝑏,
𝒳𝑏 is the number of packets in the corresponding queue,
ℋ𝑏 is the phase of packet arrival of traffic class 𝑏, and 𝐵
is the total number ∏
of traffic∏classes. Therefore,
∏𝐵 the size of
𝐵
𝐵
∗
the state space is
𝑏=1 𝑐𝑏
𝑏=1 (𝑋𝑏 + 1)
𝑏=1 ℎ̃𝑏 , where
𝑐∗𝑏 is the maximum number of ongoing connections, 𝑋𝑏 is
the maximum queue size, and ℎ̃𝑏 is the total number of
aggregated packet arrival phases.
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given the target bit error rate (BER) [19]. If 𝐽𝑘 ≤ 𝛾𝑖 < 𝐽𝑘+1
(𝑘 = 0, 1, 2, ⋅ ⋅ ⋅ , 𝐾), which will be called channel state
𝑘, modulation mode 𝑘 is employed. The probability that
modulation mode 𝑘 is used in subchannel 𝑖 can be obtained
as follows:
𝑅𝑖 (𝑘) = Ψ1 (1, 𝐽𝑘 /𝛾0 ) − Ψ1 (1, 𝐽𝑘+1 /𝛾0 )

(2)

where
Ψ1 (𝑐, 𝑥) is given by ] (6) in [4]. Let r𝑖 =
[
𝑅𝑖 (0) 𝑅𝑖 (1) ⋅ ⋅ ⋅ 𝑅𝑖 (𝐾) and 𝕊𝑏 denote the set of
antennas allocated to traffic class 𝑏. Based on the results
in [21], the average bit-error-rate (BER) can be approximated
as in [22]. For packet size of 𝐿 bits (header + payload) and
block coding with up to 𝑒 bits of error correction which can
be corrected in a packet, the average packet error rate can be
obtained as follows:
)
𝑒 (
∑
𝐿
𝑃 𝐸𝑅𝑘 = 1 −
(𝐵𝐸𝑅𝑘 )𝑗 (1 − 𝐵𝐸𝑅𝑘 )𝐿−𝑗 . (3)
𝑗
𝑗=0

B. RRM in the Wireless Router
For the system model described above, the huge state
space would make the analytical and optimization models
for RRM in the wireless router intractable. The concept
of hierarchical Markov decision process [18] is applied to
address this tractability issue. In this paper, the RRM problem
is decomposed into two subproblems, namely, the antenna
assignment and admission control problems (Fig. 2(a)). With
the decomposition of RRM, the decisions on antenna assignment and admission control can be made separately in the
different time scales (i.e., on short-term and long-term basis,
respectively) as shown in Fig. 2(b).
C. MIMO Transmission and Channel Model
A block fading frequency-flat MIMO channel with 𝑀 transmit and 𝑁 receive antennas is considered where the channel
matrix H is an 𝑁 × 𝑀 matrix composed of independent
complex Gaussian random variables with zero mean and unit
variance [4]. For time-slotted transmissions, perfect channel
information is assumed to be available at both the transmitter
and receiver side. The channel matrix is assumed to remain
constant within a time slot (i.e., quasi-static), but it varies
independently from time slot to time slot. Using the Singular
Value Decomposition (SVD) technique, the channel transfer
matrix H can be decomposed into 𝑚 parallel subchannels
(Fig. 1, [4]), where where 𝑚 = min(𝑀, 𝑁 ), and the subchannel power gains are given by 𝝀 = [𝜆1 , 𝜆2 , . . . , 𝜆𝑚 ], where
𝐻
{𝜆𝑖 }𝑚
where H𝐻 is the complex
𝑖=1 are eigenvalues of HH
conjugate transpose of matrix H. For total transmit power
𝑃
. The
𝑃 , the transmit power at each sub-channel is 𝑃𝑖 = 𝑚
𝑃 𝜆𝑖
received SNR can then be calculated as 𝛾𝑖 = 𝑚𝜎2 = 𝛾0 𝜆𝑖 ,
where 𝜎 2 is the noise power. Note that, this power allocation
is suboptimal given that perfect CSI is available. However, the
proposed optimization formulation is also applicable when the
adaptive weterfilling technique is used.
We adopt quadrature-amplitude modulation (e.g., 4-QAM,
16-QAM) with total number of modulation modes 𝐾. The
SNR at the receiver 𝛾𝑖 ∈ [0, ∞) is partitioned into 𝐾 + 1
finite intervals with the thresholds 𝐽0 (= 0) < 𝐽1 < 𝐽2 <
⋅ ⋅ ⋅ < 𝐽𝐾+1 (= ∞). Note that this threshold can be obtained

With an infinite-persistent automatic repeat request (ARQ)
protocol, the probability of 𝑑 packets successfully transmitted
on subchannel 𝑖 can be obtained from
(
)
𝐾
∑
𝑑′ −𝑑
𝑑ˆ𝑘
𝑅𝑖 (𝑘)
(4)
𝛽˜𝑖 (𝑑) =
(1 − 𝑃 𝐸𝑅𝑘 )𝑑 𝑃 𝐸𝑅𝑘
𝑑
𝑘=1

where 𝑑ˆ𝑘 is the total number of packets transmitted us˜ as 𝜷
˜ =
ing
transmission mode 𝑘. Let us] define 𝜷
𝑖
𝑖
[
˜
˜
˜
ˆ
𝛽𝑖 (0) ⋅ ⋅ ⋅ 𝛽𝑖 (𝑑) ⋅ ⋅ ⋅ 𝛽𝑖 (𝑑𝑘 ) . The matrix indicating
the probability of successfully packet transmission 𝛽𝑏 (𝑑) can
be obtained from
⊙
˜
𝜷=
(5)
𝜷
𝑖
𝑖∈𝕊𝑏

where 𝛽𝑏 (𝑑) is an element of this matrix 𝜷 for 𝑑 ∈
{0, 1, . . . , 𝑑˜𝑏⊙
} where 𝑑˜𝑏 = 𝑑ˆ𝐾 ∣𝕊𝑏 ∣, ∣𝕊𝑏 ∣ is the cardinality of
denotes the discrete convolution [20].
set 𝕊𝑏 , and
IV. O PTIMIZATION F ORMULATION FOR THE A NTENNA
A SSIGNMENT P ROBLEM
A. State Space, Action Space, and Decision Epoch for Antenna Assignment
The composite state of the CMDP formulation for antenna
assignment is defined as follows:
Φ

=

{(𝒳1 , ℋ1 , . . . , 𝒳𝑏 , ℋ𝑏 , . . . , 𝒳𝐵 , ℋ𝐵 );
𝒳𝑏 ∈ {0, 1, . . . , 𝑋𝑏 }, ℋ𝑏 ∈ {1, . . . , ℎ̃𝑏 }}

(6)

where 𝒳𝑏 is the number of packets in queue, 𝑋𝑏 is the
maximum queue size, and ℋ𝑏 is the phase of packet arrival
for traffic class 𝑏. The action space is defined as 𝕌 which
is the set of all possible antenna assignments. Given action
𝑢 ∈ 𝕌, the set of antennas allocated to traffic class 𝑏 is defined
as 𝕊𝑏 (𝑢). The number of packets in queue and the phase of
packet arrival are observed at the end of a time slot. Given
the observed state, at the beginning of the next time slot, the
decision on antenna assignment is made (Fig. 2(b)). During a
time slot, packets are retrieved from queue 𝑏 and transmitted
according to the achievable transmission rate which depends
on the set of allocated antennas 𝕊𝑏 (𝑢) and the modulation
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Once the probability transition matrix Q𝑏 (𝑢) of traffic class
𝑏 is obtained, then the probability transition matrix P(𝑢) of
the queues for all traffic classes can be obtained. According
to the action 𝑢 for antenna assignment, the packet arrivals and
transmissions for each queue in a time slot are independent
from those for other queues. Therefore, the probability transition matrix for the state space Φ can be obtained from

(𝑎)
Decis ion of
admis sion control

Decis ion of
admis sion control
C onnection
interarrival time

…

P(𝑢) =
T ime
s lot

…

…
Decis ion of
antenna ass ignment

(𝑏)
Fig. 2. (a) Decomposition of RRM problem for the wireless router and (b)
decisions of antenna assignment and admission control.

modes used in the subchannel(s). The set 𝕊𝑏 (𝑢) affects the
packet transmission probability (i.e., 𝛽𝑏 (𝑑)) as derived in (5).
As an example, let us consider the case of a router with
two queues (i.e., 𝐵 = 2), where 𝑏 = 1 and 𝑏 = 2 correspond
to QoS-sensitive and best-effort traffic, respectively. Then
the state space for antenna assignment is as follows: Φ =
{(𝒳1 , ℋ1 , 𝒳2 , ℋ2 ); 𝒳1 ∈ {0, . . . , 𝑋1 }, 𝒳2 ∈ {0, . . . , 𝑋2 }},
where 𝒳1 and 𝒳2 denote the number of packets in the
queues for QoS-sensitive and best-effort traffic, respectively.
The action space is 𝕌 = {1, . . . , 4}. The sets of antennas
allocated to QoS-sensitive and best-effort traffic are as follows:
𝕊1 (𝑢 = 1) = ∅, 𝕊2 (𝑢 = 1) = {1, 2}, 𝕊1 (𝑢 = 2) = {1},
𝕊2 (𝑢 = 2) = {2}, 𝕊1 (𝑢 = 3) = {2}, 𝕊2 (𝑢 = 3) = {1},
𝕊1 (𝑢 = 4) = {1, 2}, and 𝕊2 (𝑢 = 4) = ∅.
B. Transition Probability Matrix for Antenna Assignment
With general number of traffic classes 𝐵 ≥ 2, to obtain the
transition probability matrix P(𝑢) for the state space defined
in (6), we first derive the transition probability matrix Q𝑏 (𝑢)
for the queue of traffic class 𝑏. Q𝑏 (𝑢) is defined as in (7) where
element Q̂𝑏 (𝑥, 𝑥′ ) is the transition probability matrix when the
number of packets in queue of traffic class 𝑏 changes from 𝑥 in
the current time slot to 𝑥′ in the next time slot, 𝑑˜𝑏 is the maximum number of transmitted packets given a set of allocated
˜𝑏 is the maximum batch size of aggreantennas 𝕊𝑏 (𝑢), and 𝑎
gated packet arrival of traffic class 𝑏. The element Q̂𝑏 (𝑥, 𝑥′ )
∑
(𝑎)
can be obtained as Q̂𝑏 (𝑥, 𝑥 + 𝑧) = {𝑑,𝑎∣𝑎−𝑑=𝑧} A𝑏 𝛽𝑏 (𝑑),
′
˜𝑏 where 𝑑 ∈ {0, 1, . . . , 𝑑′ } and
for 𝑧 = −𝑑 , . . . , 0, . . . , 𝑎
′
𝑎 ∈ {0, 1, . . . , 𝑎
˜𝑏 }. 𝑑 indicates the maximum number of transmitted packets which can be obtained from 𝑑′ = min (𝑑˜𝑏 , 𝑥).
The element Q̂′𝑏 (𝑥, 𝑋𝑏 ) for 𝑥 + 𝑎
˜𝑏 > 𝑋𝑏 can be obtained
∑𝑎˜𝑏
Q̂
(𝑥,
𝑥 + 𝑎) and for 𝑥 = 𝑋𝑏 ,
from Q̂′𝑏 (𝑥, 𝑋𝑏 ) = 𝑎=𝑋
𝑏
𝑏 −𝑥
∑𝑎˜𝑏
′
we have Q̂𝑏 (𝑥, 𝑥) = Q̂𝑏 (𝑥, 𝑥) + 𝑎=1 Q̂𝑏 (𝑥, 𝑥 + 𝑎), where
Q̂𝑏 (𝑥, 𝑥′ ) denotes the probability transition matrices when
there is always enough space in queue to store the arriving
packets.

where

⊗

𝐵
⊗

Q𝑏 (𝑢).

(8)

𝑏=1

is the Kronecker product [23].

C. CMDP Formulation: Objective and Constraints
The objective of antenna assignment is to minimize packet
dropping probability (or equivalently to maximize throughput)
while maintaining the packet delay below the threshold 𝐷𝑏𝑚𝑎𝑥
for all traffic classes. For traffic class 𝑏, the long-term packet
delay and packet dropping probability are respectively defined
as follows:
𝑡
1∑
J𝐷,𝑏 = lim sup
𝐸 (D𝑏 (𝒮(𝑡′ ), 𝒰(𝑡′ )))
(9)
𝑡→∞
𝑡 ′
J𝐿,𝑏

=

lim sup

𝑡→∞

′

1
𝑡

𝑡 =1
𝑡
∑

𝐸 (L𝑏 (𝒮(𝑡′ ), 𝒰(𝑡′ ))) (10)

𝑡′ =1
′

where 𝒮(𝑡 ) ∈ Φ and 𝒰(𝑡 ) ∈ 𝕌 denote the state and
action of the antenna assignment algorithm, respectively, at
time 𝑡′ , and 𝐸(⋅) denotes the expectation. D𝑏 (𝑠, 𝑢) and
L𝑏 (𝑠, 𝑢) for 𝑠 ∈ Φ and 𝑢 ∈ 𝕌 denote, respectively, the
immediate packet delay and packet dropping probability of
traffic class 𝑏. These are functions of composite state 𝑠
and action 𝑢. Note that the composite state 𝑠 is defined as
𝑠 = (𝑥1 , ℎ1 , . . . , 𝑥𝑏 , ℎ𝑏 , . . . , 𝑥𝐵 , ℎ𝐵 ). The element of this
composite state 𝑠 is the realization of the variables defined
in the state space Φ, i.e., the number of packets in queue 𝑥𝑏
and the phase ℎ𝑏 of packet arrival.
The average packet delay can be expressed as a function
of average number of packets in the queue and the average
packet arrival rate as follows:
𝑡
1 ∑ 𝐸(𝒳𝑏 (𝑡′ ))
.
𝑡→∞ 𝑡
𝑎𝑏
′

𝐷𝑏 = lim

(11)

𝑡 =1

From long-term average delay defined in (11), the immediate
packet delay can be derived directly as D𝑏 (𝑠, 𝑢) = 𝑥𝑎𝑏𝑏 , where
𝑠 = (𝑥1 , ℎ1 , . . . , 𝑥𝑏 , ℎ𝑏 , . . . , 𝑥𝐵 , ℎ𝐵 ). It can be observed that
the immediate packet delay is independent of packet arrival
phase and action. However, in the long term, this state and
action will affect the probability of having 𝑥𝑏 packets in queue,
and subsequently the average packet delay.
The immediate packet dropping probability (i.e., loss probability) can be obtained from L𝑏 (𝑠, 𝑢) =
(∑
)
∑𝑎˜𝑏
∑ℎ̃𝑏
(𝑎)
′
𝑧
𝛽
(𝑑)
𝐴
(ℎ
,
ℎ
)
′
𝑏
𝑏
𝑧=𝑋𝑏 −𝑥𝑏 +1
𝑎+𝑑=𝑧
ℎ =1 𝑏
(12)
∑ℎ̃𝑏
∑𝑎˜𝑏
(𝑎)
′)
𝑎
𝐴
(ℎ
,
ℎ
′
𝑏
𝑎=1
ℎ =1 𝑏
where the numerator gives the average number of dropped
packets and the denominator gives the total number of arriving
packets given the state 𝑥𝑏 and ℎ𝑏 of traffic class 𝑏.
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⎡

Q̂𝑏 (0, 0)
⎢ Q̂ (1, 0)
𝑏
⎢
⎢
..
Q𝑏 (𝑢) = ⎢
⎢
.
⎢
⎣

⋅⋅⋅
Q̂𝑏 (1, 1)
..
.
Q̂𝑏 (𝑋𝑏 − 1, 𝑋𝑏 − 𝑑˜𝑏 − 1)

Q̂𝑏 (0, 𝑎
˜𝑏 )
⋅⋅⋅
..
.
⋅⋅⋅
Q̂𝑏 (𝑋𝑏 , 𝑋𝑏 − 𝑑˜𝑏 )

To achieve the objectives under the specified constraints,
an optimal decision (i.e., optimal policy) of the antenna
assignment can be obtained from the CMDP formulation.
A policy 𝜋 is defined as the mapping of state 𝑠 to action
𝑢, i.e., 𝑢 = 𝜋(𝑠) for 𝑢 ∈ 𝕌 and 𝑠 ∈ Φ. We consider a
randomized policy in which action 𝑢 to be taken at state 𝑠 is
chosen randomly according to∑
a certain probability distribution
denoted by 𝜇(𝜋(𝑠)) such that 𝜋(𝑠)∈𝕌 𝜇(𝜋(𝑠)) = 1 (i.e., 𝜇(𝑢)
is the probability of taking action 𝑢). The CMDP formulation
can now be expressed as follows:
Min:
Subj to:

𝐵
∑

𝑤𝑏 J𝐿,𝑏 (𝜋)

𝑏=1

J𝐷,𝑏 (𝜋) ≤ 𝐷𝑏𝑚𝑎𝑥 ,

∀𝑏 ∈ {1, . . . , 𝐵} (14)

D. Optimal Policy for Antenna Assignment
The solution of the CMDP formulation for antenna assignment is referred to as the optimal policy 𝜋 ∗ . To obtain 𝜋 ∗ ,
the CMDP formulation in (13)-(14) can be transformed into
an equivalent linear programming problem [24]. In particular,
there is a one-to-one mapping between the optimal solution
𝜙∗ of the linear programming problem and the optimal policy
𝜋 ∗ . Also, the solution of linear programming is feasible if
and only if a solution of the CMDP formulation is feasible.
Let 𝜙(𝑠, 𝑢) denote the steady state probability that action 𝑢 is
taken when the state is 𝑠. The linear programming problem
corresponding to the CMDP formulation can be expressed as
follows:
𝐵
∑
∑∑
𝜙(𝑠, 𝑢)
𝑤𝑏 L𝑏 (𝑠, 𝑢)
(15)
Min:
Subj to:

∑∑
∑

D𝑏 (𝑠, 𝑢)𝜙(𝑠, 𝑢) ≤

𝜙(𝑠′ , 𝑢) =

𝑢∈𝕌

∑∑

∑∑

𝐷𝑏𝑚𝑎𝑥 ,

𝑃 (𝑠′ ∣𝑠, 𝑢)𝜙(𝑠, 𝑢)(17)
𝜙(𝑠, 𝑢) ≥ 0

(18)

𝑠∈Ψ 𝑢∈𝕌
′

⎥
⎥
⎥
⎥
⎥
⎥
′
Q̂𝑏 (𝑋𝑏 − 1, 𝑋𝑏 ) ⎦
Q̂′𝑏 (𝑋𝑏 , 𝑋𝑏 )

(7)

𝜋 ∗ is a randomized policy which can be uniquely mapped
from the optimal solution of the linear programming problem
as follows:
𝜇(𝑢 = 𝜋 ∗ (𝑠)) = ∑

𝜙∗ (𝑠, 𝑢)
.
∗
′
𝑢′ ∈𝕌 𝜙 (𝑠, 𝑢 )

(19)

The optimal solution 𝜙∗ (𝑠, 𝑢) can be obtained by using a
standard method for solving linear programming. The optimal
policy can be calculated off-line and stored in a look-up table
to minimize computational overhead at a wireless router.

E. Packet-Level QoS Performance Measures
To obtain the packet-level QoS performance measures,
the steady state probability (when optimal policy 𝜋 ∗ is
applied) would be required. The steady state probability
for the system to be in state 𝑠 is denoted by 𝑝𝜋∗ (𝑠) for
𝑠 ∈ Φ, which can be obtained by solving the following
set of equations:
p𝜋∗ P(𝜋 ∗ ) = p𝜋∗ and p𝜋∗ 1 = 1, where
[
]
p𝜋∗ = ⋅ ⋅ ⋅ 𝑝𝜋∗ ((𝑥1 , ℎ1 , . . . , 𝑥𝑏 , ℎ𝑏 , . . . , 𝑥𝐵 , ℎ𝐵 )) ⋅ ⋅ ⋅ .
P(𝜋 ∗ ) is the transition probability matrix when the optimal
randomized policy 𝜋 ∗ (𝑠) of antenna assignment is applied.
The average number of packets in queue for traffic class 𝑏
can be obtained from
𝑥𝑏 =

𝑋𝑏
∑
𝑥𝑏 =1

𝑥𝑏

∑

for 𝑠 ∈ Φ, where 𝑃 (𝑠′ ∣𝑠, 𝑢) (which is an element of matrix
P(𝑢) defined in (8)) is the probability that the state changes
from 𝑠 to 𝑠′ when action 𝑢 is taken. The objective and the
constraint defined in (15) and (16) correspond to those in
(13) and (14), respectively. The constraint in (17) satisfies the
Chapman-Kolmogorov equation and (18) satisfies the basic
property of probability.
Let 𝜙∗ (𝑠, 𝑢) denote the optimal solution of the linear
programming problem defined in (15)-(18). The optimal policy

𝑝𝜋∗ ((. . . , 𝑥𝑏′ , ℎ𝑏† , . . .))

(20)

∀𝑥𝑏′ ,∀ℎ𝑏†

for 𝑏′ ∕= 𝑏 and 𝑏† ∈ 1, . . . , 𝐵.
The average packet dropping rate can be calculated from
⎛
⎞
𝑎
˜𝑏
ℎ̃𝑏
ℎ̃𝑏
𝑋𝑏
∑
∑
∑
∑
∑
(𝑎)
𝑥𝑑𝑟
𝑧⎝
𝛽𝑏 (𝑑)
𝐴𝑏 (ℎ𝑏 , ℎ′ )⎠
𝑏 =

∀𝑏 (16)

𝑠∈Ψ 𝑢∈𝕌

𝜙(𝑠, 𝑢) = 1,

Q̂𝑏 (1, 𝑎
˜𝑏 + 1)
..
.
Q̂𝑏 (𝑋𝑏 − 1, 𝑋𝑏 − 1)
⋅⋅⋅

𝑥𝑏 =0 𝑧=𝑋𝑏 −𝑥𝑏 +1

𝑏=1

𝑠∈Φ 𝑢∈𝕌

⎤

(13)

where 𝑤𝑏 is the weight of packet dropping probability for
traffic class 𝑏. Note that the long-term packet delay and packet
dropping probability here are defined as functions of policy
𝜋.

𝑠∈Φ 𝑢∈𝕌
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×

∑

ℎ𝑏 =1 𝑎+𝑑=𝑧

ℎ′ =1

𝑝𝜋∗ ((. . . , 𝑥𝑏′ , ℎ𝑏′ , . . .))

(21)

∀𝑥𝑏′ ,∀ℎ𝑏′

for 𝑏′ ∕= 𝑏. Then, the packet dropping probability for traffic
class 𝑏 is obtained as
𝐿𝑏 =

𝑥𝑑𝑟
𝑏
.
𝑎𝑏

(22)

The queue throughput is obtained from
𝑇 ℎ𝑏 = 𝑎𝑏 − 𝑥𝑑𝑟
𝑏

(23)

and average packet delay can be obtained from Little’s law as
follows: 𝐷𝑏 = 𝑇𝑥ℎ𝑏𝑏 .
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V. O PTIMIZATION F ORMULATION FOR C ONNECTION
A DMISSION C ONTROL (CAC)
A. Admissible Region
In a wireless router, the admissible region is defined by
the maximum number of ongoing connections for which the
packet-level QoS requirements can be satisfied for all traffic
classes. For example, the constraints on packet dropping
probability can be considered when determining the admissible region. Given the maximum packet dropping probability
, the maximum number of ongoing connections
threshold 𝐿𝑚𝑎𝑥
𝑏
of traffic class 𝑏 (i.e., boundary of admissible region) can be
obtained from
𝑐∗𝑏

=

arg max 𝑐𝑏
Subj to: 𝐿𝑏 (𝑐) ≤

(24)
𝐿𝑚𝑎𝑥
,
𝑏

∀𝑏 ∈ {1, . . . , 𝐵} (25)

where 𝐿𝑏 (𝑐) is the packet dropping probability of class 𝑏
which is defined as a function of 𝑐. This packet dropping
probability can be obtained as in (22). Here 𝑐 is a composite
state of number of ongoing connections of all traffic classes
defined as follows: 𝑐 = (𝑐1 , . . . , 𝑐𝑏 , . . . , 𝑐𝐵 ). In this case, the
packet dropping probability is obtained from (22) when the
optimal policy for antenna assignment is used. The admissible
region is defined as the following set:
𝔸 = {(0, . . . , 0, . . . , 0), . . . , (𝑐1 , . . . , 𝑐∗𝑏 , . . . , 𝑐𝐵 )}.
The simple admission control policy is to accept an incoming connection as long as the number of ongoing connections
lies in the admissible region. However, this simple admission
control policy cannot ensure the highest utility (or revenue)
for the wireless router and also may not meet the target
connection blocking probability requirement for each traffic
class. Therefore, an optimization problem based on CMDP is
formulated to obtain the optimal policy for admission control.
B. State Space, Action Space, and Decision Epoch for CAC
For the admission control problem, the system state is given
by the number of ongoing connections for the different traffic
classes as follows: Ω = {(𝒞1 , . . . , 𝒞𝑏 , . . . , 𝒞𝐵 ) ∈ 𝔸}, where 𝒞𝑏
is the number of ongoing connections for traffic class 𝑏. The
action space is defined as 𝕍, where action 𝑣 ∈ 𝕍 corresponds
to the decision of the admission controller to reject or accept
an incoming connection of that traffic class. This action of
admission controller is defined as 𝑣 = (𝑣1 , . . . , 𝑣𝑏 , . . . , 𝑣𝐵 ),
where 𝑣𝑏 denotes the admission control decision for an incoming connection of traffic class 𝑏. Specifically, 𝑣𝑏 = 1
if the incoming connection is accepted, otherwise 𝑣𝑏 = 0.
The system state is observed when there is either an arrival
or a departure of connection at the router. The decision on
admission control is made when a connection arrives.
As an example, let us again consider the case of a router
serving QoS-sensitive and best-effort traffic. The state space
for admission control is as follows: Ω = {(𝒞1 , 𝒞2 )}, where
𝒞1 and 𝒞2 denote the number of ongoing QoS-sensitive
and best-effort connections, respectively. The action space is
𝕍 = {(𝑣1 , 𝑣2 )} = {(0, 0), (1, 0), (0, 1), (1, 1)} whose elements correspond to the following actions: reject all incoming
connections (i.e., 𝑣1 = 0, 𝑣2 = 0), accept only QoS-sensitive

connection (i.e., 𝑣1 = 1, 𝑣2 = 0), accept only best-effort
connection (i.e., 𝑣1 = 0, 𝑣2 = 1), and accept all incoming
connections (i.e., 𝑣1 = 1, 𝑣2 = 1).
C. Transition Probability Matrix for CAC
We assume that connection arrivals follow a Poission process, while connection holding time is exponentially distributed. For traffic class 𝑏, let 𝛼𝑏 and 1/𝜃𝑏 denote, respectively, the average connection arrival rate and average
connection holding time. The transition rate matrix N(𝑣) can
be obtained for two cases, i.e., when a connection is accepted
and when it is rejected.
The transition matrix in this case can be expressed as in (26)
where N𝐵 (𝑐𝐵 , 𝑐′𝐵 ) is the transition matrix when the number
of ongoing connections of class 𝐵 changes from 𝑐𝐵 to 𝑐′𝐵 .
These matrices can be obtained from
⎧ ⎡
⎤
𝛼𝐵



 ⎢
⎥
..

⎨ ⎢
⎥
.
⎢
⎥ , 𝑣𝐵 = 1
N𝐵 (𝑐𝐵 , 𝑐𝐵 + 1) =
⎣
𝛼𝐵 ⎦



0 ⋅⋅⋅
0


⎩
0,
𝑣𝐵 = 0,
⎤
⎡
0
𝑐 𝐵 𝜃𝐵
⎢
.. ⎥
..
N𝐵 (𝑐𝐵 , 𝑐𝐵 − 1) = ⎣
(27)
.
. ⎦
𝑐 𝐵 𝜃𝐵

0

where 0 is a matrix of zeros. The matrix N𝐵 (𝑐𝐵 , 𝑐𝐵 ) is
defined as in (28) where N𝐵−1 (𝑐𝐵−1 , 𝑐′𝐵−1 ) is the transition matrix when the number of ongoing connections of
class 𝐵 − 1 changes from 𝑐𝐵−1 to 𝑐′𝐵−1 . The elements
N𝐵−1 (𝑐𝐵−1 , 𝑐𝐵−1 + 1) and N𝐵−1 (𝑐𝐵−1 , 𝑐𝐵−1 − 1) can be
obtained in a manner similar to that in (27) in which 𝛼𝐵
and 𝜃𝐵 become 𝛼𝐵−1 and 𝜃𝐵−1 , respectively. The matrix
N𝐵−1 (𝑐𝐵−1 , 𝑐𝐵−1 ) can be obtained in a manner similar to
that in (28). The transition matrices N𝑏 (𝑐𝑏 , 𝑐𝑏 −1), N𝑏 (𝑐𝑏 , 𝑐𝑏 +
1), and N𝑏 (𝑐𝑏 , 𝑐𝑏 ) for 𝑏 = {𝐵 − 2, 𝐵 − 3, . . . , 2, 1} can be
obtained similarly to those in (27) and (28).
Note that the diagonal element of the transition matrices
N(𝑣) for 𝑣 ∈ 𝕍 can be obtained from
∑
[N(𝑣)]𝑦,𝑦′
(29)
[N(𝑣)]𝑦,𝑦 = −
𝑦 ′ ∕=𝑦

where [N(𝑣)]𝑦,𝑦′ denotes the element at row 𝑦 and column 𝑦 ′
of matrix N(𝑣)
The rate transition matrix N(𝑣) can be transformed into
an equivalent probability transition matrix M(𝑣) by using
uniformization method. This probability transition matrix can
be obtained from
M(𝑣) =

N(𝑣)
+I
𝜈

for 𝑣 ∈ 𝕍 where I is an identity matrix and
)
(


𝜈 ≥ min [N(𝑣)]𝑦,𝑦  .
𝑦,𝑣

(30)

(31)

In other words, 𝜈 is greater than or equal to the absolute value
of the minimum diagonal element in N(𝑣).
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⎡
⎢
⎢
⎢
N(𝑣 = 1) = ⎢
⎢
⎣

⎡

N𝐵 (0, 0)
N𝐵 (1, 0)
..
.

N𝐵−1 (0, 0)
N𝐵−1 (1, 0)
..
.

⎢
⎢
⎢
N𝐵 (𝑐𝐵 , 𝑐𝐵 ) = ⎢
⎢
⎣

N𝐵 (0, 1)
N𝐵 (1, 1)
..
.

N𝐵−1 (0, 1)
N𝐵−1 (1, 1)
..
.
N𝐵−1 (𝑐∗𝐵−1 − 1, 𝑐∗𝐵−1 − 2)

J𝐵,𝑏
J𝑇 ℎ,𝑏
′

𝑡
1∑
= lim sup
𝐸 (R𝑏 (𝒞(𝑡′ ), 𝒱(𝑡′ ))) , (32)
𝑡→∞
𝑡 ′

=
=

lim sup

𝑡→∞

lim sup

𝑡→∞

1
𝑡

𝑡 =1
𝑡
∑

⎤

⎥
⎥
⎥
⎥
⎥
N𝐵 (𝑐∗𝐵 − 1, 𝑐∗𝐵 − 2) N𝐵 (𝑐∗𝐵 − 1, 𝑐∗𝐵 − 1) N𝐵 (𝑐∗𝐵 − 1, 𝑐∗𝐵 ) ⎦
N𝐵 (𝑐∗𝐵 , 𝑐∗𝐵 − 1)
N𝐵 (𝑐∗𝐵 , 𝑐∗𝐵 )

D. CMDP Formulation: Objective and Constraints
The objective of admission control is to maximize the longterm revenue of the router while satisfying the connectionlevel QoS requirements, namely, the target connection blocking probability and the target average per-connection throughput for all traffic classes. The long-term revenue, connection
blocking probability, and per-connection throughput of traffic
class 𝑏 are defined, respectively, as follows:
J𝑅,𝑏
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𝐸 (B𝑏 (𝒞(𝑡′ ), 𝒱(𝑡′ )))

(33)

𝑡′ =1

𝑡
1∑
𝐸 (T𝑏 (𝒞(𝑡′ ), 𝒱(𝑡′ ))) . (34)
𝑡 ′
𝑡 =1

N𝐵 (1, 2)
..
.

(26)

⎤
N𝐵−1 (1, 2)
..
.
N𝐵−1 (𝑐∗𝐵−1 − 1, 𝑐∗𝐵−1 − 1)
N𝐵−1 (𝑐∗𝐵−1 , 𝑐∗𝐵−1 − 1)

⎥
⎥
⎥
⎥
⎥
N𝐵−1 (𝑐∗𝐵−1 − 1, 𝑐∗𝐵−1 ) ⎦
N𝐵−1 (𝑐∗𝐵−1 , 𝑐∗𝐵−1 )

(28)

randomized
∑ policy with probability distribution 𝜒(𝜌(𝑐)) for
which
𝜌(𝑐)∈𝕍 𝜒(𝜌(𝑐)) = 1. The CMDP formulation for
admission control can now be expressed as follows:
𝐵
∑

Max:

J𝑅,𝑏 (𝜌)

(37)

𝑏=1

Subj to:

J𝐵,𝑏 (𝜌) ≤ 𝐵𝑏𝑚𝑎𝑥

(38)

J𝑇 ℎ,𝑏 (𝜌) ≥

(39)

𝐵𝑏𝑚𝑎𝑥

𝑇 ℎ𝑚𝑖𝑛
𝑏

𝑇 ℎ𝑚𝑖𝑛
𝑏

and
are the maximum
for 𝑏 = {1, . . . , 𝐵}.
connection blocking probability and minimum per-connection
throughput threshold, respectively. Note that the long-term
revenue, connection blocking probability, and per-connection
throughput here are defined as functions of policy 𝜌. Since
the long-term admission control depends on throughput performance, the MIMO channel parameters implicitly affect the
optimal admission control policy.

′

Here 𝒞(𝑡 ) ∈ Ω and 𝒱(𝑡 ) ∈ 𝕍 denote, respectively, the state
and action at time 𝑡′ . R𝑏 (𝑐, 𝑣), B𝑏 (𝑐, 𝑣), and T𝑏 (𝑐, 𝑣) for
𝑐 ∈ Ω and 𝑣 ∈ 𝕍 denote the immediate revenue, connection
blocking probability, and per-connection throughput of traffic
class 𝑏, respectively, which are functions of composite state
𝑐 and action 𝑣. Note that the composite state 𝑐 is defined as
𝑐 = (𝑐1 , . . . , 𝑐𝑏 , . . . , 𝑐𝐵 ). The element of this composite state
𝑐 is the realization of the variables defined in the state space
Ω, i.e., the number of ongoing connections for the different
traffic classes.
If 𝜅𝑏 denotes the weight corresponding to revenue gained
from traffic class 𝑏, the immediate revenue of the router can
be obtained as a linear function of the corresponding number
of ongoing connections as
R𝑏 (𝑐, 𝑣) = 𝑐𝑏 𝜅𝑏

(35)

for 𝑐 = (𝑐1 , . . . , 𝑐𝑏 , . . . , 𝑐𝐵 ). The immediate connection blocking probability can be obtained from
{ 𝛼𝑏
∗
𝜈 , (𝑐𝑏 + 1 > 𝑐𝑏 ) ∨ (𝑣𝑏 = 0)
B𝑏 (𝑐, 𝑣) =
(36)
0,
otherwise
where 𝛼𝑏 is the connection arrival rate of traffic class 𝑏,
∨ is the logical OR operator, and 𝜈 is obtained from (31).
The immediate per-connection throughput can be calculated
as T𝑏 (𝑐, 𝑣) = 𝑇 ℎ𝑏 (𝑐), where 𝑇 ℎ𝑏 (𝑐) can be obtained from
(23) given 𝑐𝑏 ongoing connections.
The admission control policy is denoted by 𝜌 for which
𝑣 = 𝜌(𝑐) for 𝑐 ∈ Ω and 𝑣 ∈ 𝕍. Again, we consider a

E. Optimal Policy for Admission Control
The solution of the CMDP formulation for admission control is referred to as the optimal policy 𝜌∗ which maximizes
the revenue of the wireless router while at the same time
satisfies the connection-level QoS requirements. To obtain
the optimal policy 𝜌∗ , the CMDP formulation in (37)-(39)
can be transformed into an equivalent linear programming
problem. The optimal solution of the linear programming
problem is denoted by 𝛿 ∗ . Let 𝛿(𝑐, 𝑣) denote the steady state
probability that action 𝑣 is taken when the state is 𝑐. The
optimization problem corresponding to the CMDP formulation
for admission control can be expressed as follows:
Max:

𝐵
∑∑∑

R𝑏 (𝑐, 𝑣)𝛿(𝑐, 𝑣)

(40)

𝑐∈Ω 𝑣∈𝕍 𝑏=1

Subj to:

∑∑

B𝑏 (𝑐, 𝑣)𝛿(𝑐, 𝑣) ≤ 𝐵𝑏𝑚𝑎𝑥 ,

∀𝑏 (41)

T𝑏 (𝑐, 𝑣)𝛿(𝑐, 𝑣) ≥ 𝑇 ℎ𝑚𝑖𝑛
,
𝑏

∀𝑏 (42)

𝑐∈Ω 𝑣∈𝕍

∑∑

𝑐∈Ω 𝑣∈𝕍

∑

𝛿(𝑐′ , 𝑣) =

𝑣∈𝕍

∑∑

∑∑

𝑀 (𝑐′ ∣𝑐, 𝑣)𝛿(𝑐, 𝑣) (43)

𝑐∈Ω 𝑣∈𝕍

𝛿(𝑐, 𝑣) = 1,

𝛿(𝑐, 𝑣) ≥ 0

(44)

𝑐∈Ω 𝑣∈𝕍

for 𝑐′ ∈ Ω, where 𝑀 (𝑐′ ∣𝑐, 𝑣) is the probability that the state
changes from 𝑐 to 𝑐′ when action 𝑣 is taken. This probability
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is the element of matrix M(𝑣) (e.g., defined in (30)). The
objective and the constraints defined in (40), (41), and (42)
correspond to those in (37), (38) and (39), respectively.
The probability distribution of optimal randomized policy
𝜌∗ can be obtained from
𝛿 ∗ (𝑐, 𝑣)
.
𝜒(𝑣 = 𝜌 (𝑐)) = ∑
∗
′
𝑣 ′ ∈𝕍 𝛿 (𝑐, 𝑣 )
∗

(45)

F. Connection-level QoS Performance Measures
The connection-level performance measures for admission
control can be obtained based on the steady state probabilities
when the optimal policy 𝜌∗ is applied. The steady state
probability for the system to be in state 𝑐 is denoted by 𝑞𝜌∗ (𝑐)
for 𝑐 ∈ Ω, which can be obtained by solving the following
set of [equations: q𝜌∗ M(𝜌∗ ) = q𝜌∗ and q𝜌∗]1 = 1, where
q𝜌∗ = ⋅ ⋅ ⋅ 𝑞𝜌∗ ((𝑐1 , . . . , 𝑐𝑏 , . . . , 𝑐𝐵 )) ⋅ ⋅ ⋅ . M(𝜌∗ ) is the
probability transition matrix when the optimal randomized
policy 𝜌∗ (𝑐) for admission control is applied.
The average number of ongoing connections for traffic class
𝑏 can be obtained from
⎛
⎞
𝑐∗
𝑏
∑
∑
𝑐𝑏 =
𝑐𝑏 ⎝
𝑞𝜌∗ ((. . . , 𝑐𝑏′ , . . .))⎠
(46)
𝑐𝑏 =1

∀𝑐𝑏′

for 𝑏′ ∕= 𝑏. The connection blocking probability can be
obtained from
)
(
∑
∑
B𝑏 (𝑐, 𝑣)𝑞𝜌∗ (𝑐)𝜒(𝑣) . (47)
𝐵𝑙𝑏 =
𝑐=(𝑐1 ,...,𝑐𝑏 ,...,𝑐𝐵 )

𝑣∈𝕍

The per-connection throughput can be obtained from
)
(
∑
∑
𝑇 ℎ𝑟𝑏 =
𝑇 ℎ𝑏 (𝑐)𝑞𝜌∗ (𝑐)𝜒(𝑣)
𝑐=(𝑐1 ,...,𝑐𝑏 ,...,𝑐𝐵 )

Number of antennas
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where 𝑇 ℎ𝑏 (𝑐) is obtained from (23) given the number of
ongoing connections of the different traffic classes.
VI. P ERFORMANCE E VALUATION
A. Parameter Setting
For numerical results, we consider a router with two
transmit antennas and two queues (i.e., 𝐵 = 2) in which
𝑏 = 1 and 𝑏 = 2 correspond to QoS-sensitive and best-effort
traffic, respectively. The size of each queue (𝑋1 , 𝑋2 ) is 12
packets. The set of actions for antenna assignment is denoted
by 𝕌 = {1, . . . , 4}. The number of modulation modes is
𝐾 = 2. The packet size is 𝐿 = 255 bits and block codes
are used for forward error correction in which errors up to
𝑒 = 2 bits can be corrected. QoS-sensitive traffic has the
maximum delay tolerance of 𝐷1𝑚𝑎𝑥 = 1.5 time slots, while
best-effort traffic has no strict delay requirement. For antenna
assignment, the weights corresponding to packet dropping
probability are 𝑤1 = 𝑤2 = 1. The largest eigenvalue of the
channel matrix is assumed to be 1. The target BER is 10−4 .
The average SNR for the two subchannels are 𝛾 1 = 𝛾 2 = 10
dB where 𝜎𝑃2 = 20. The packet arrivals for each connection
follow a Poission process with average rate of 𝑎1 = 𝑎2 =
0.2 packets/time slot. The average connection arrival rate
is 𝛼1 = 𝛼2 = 0.2 connection/min for both QoS-sensitive
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Fig. 3. Optimal policy for antenna assignment for (a) 𝐷1𝑚𝑎𝑥 = 1.5 and (b)
𝐷1𝑚𝑎𝑥 = 2.1 given the number of packets in queues for QoS-sensitive and
best-effort traffic.

and best-effort traffic. The average connection holding times
are 1/𝜃1 = 10 and 1/𝜃2 = 15 min for QoS-sensitive and
best-effort connections, respectively. The maximum tolerable
packet dropping probabilities for both QoS-sensitive and best= 𝐿𝑚𝑎𝑥
= 0.1. For admission control,
effort traffic are 𝐿𝑚𝑎𝑥
1
2
the weights corresponding to revenues from QoS-sensitive and
best-effort traffic are 𝜅1 = 1 and 𝜅2 = 0.2, respectively.
The maximum number of connections for both QoS-sensitive
and best-effort traffic are 𝑐∗1 = 𝑐∗2 = 10. The maximum
connection blocking probability and the minimum average
per-connection throughput are 𝐵1𝑚𝑎𝑥 = 𝐵2𝑚𝑎𝑥 = 0.05 and
𝑇 ℎ𝑚𝑖𝑛
= 𝑇 ℎ𝑚𝑖𝑛
= 0.1994 packets/time slot.
1
2
B. Numerical Results
The analytical framework for RRM can be used to quantitatively evaluate both the packet-level and connection-level QoS
performances and their interactions under wide variations in
different system parameters. For brevity of the paper, however,
only representative results are presented.
1) Optimal Policy for Antenna Assignment: Figs. 3(a)-3(b)
show the number of antennas allocated to QoS-sensitive traffic
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Fig. 4. (a) Average packet delay and (b) packet dropping probability of
QoS-sensitive and best-effort traffic (𝑐1 = 3).

(for the optimal policy) given the number of packets in the
queues of both QoS-sensitive and best-effort traffic. With small
delay requirement (i.e., 𝐷1𝑚𝑎𝑥 = 1.5 in Fig. 3(a)), we observe
that the optimal policy allocates all of the antennas to the
QoS-sensitive traffic if the corresponding queue is not empty.
However, if the number of packets in the queue for QoSsensitive traffic is small (i.e., 𝑥1 = 1, 2), some antennas are
allocated to best-effort traffic so that the packet dropping
probability is minimized. If the queue for QoS-sensitive traffic
is empty, all antennas are allocated to the best-effort traffic
instead. The optimal antenna assignment policy adapts to the
QoS requirement of the QoS-sensitive traffic. For example,
when the delay requirement of the QoS-sensitive traffic is
larger (i.e., 𝐷1𝑚𝑎𝑥 = 2.1 in Fig. 3(b)), the number of allocated
antennas to QoS-sensitive traffic becomes smaller.
The effect of adaptation (which is inherent in the optimal
policy) on average packet delay and packet dropping performances are shown in Figs. 4(a)-4(b) as the number of ongoing
best-effort connections varies. The optimal policy maintains
the average packet delay for QoS-sensitive traffic below the
maximum tolerable limits (i.e., 𝐷1𝑚𝑎𝑥 = 1.5 and 𝐷1𝑚𝑎𝑥 = 2.1
time slots). However, as the number of ongoing best-effort
connections increases, the packet-level performances of besteffort traffic degrade. In order to avoid this performance
degradation, admission control would be required.
2) Optimal Policy for CAC: Figs. 5(a)-5(b) show the probability of accepting QoS-sensitive and best-effort connections
given the number of ongoing connections. This probability
is obtained from the optimal policy for admission control.
As expected, when the number of ongoing connections of
both traffic classes is small, the admission controller accepts
incoming connections for both QoS-sensitive and best-effort
traffic. However, when the number of ongoing connections

Probability of accepting
best−effort connection

Packet dropping probability
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Fig. 5. Probability of accepting QoS-sensitive and best-effort connections
obtained from optimal policy for admission control.

is large, the admission controller prioritizes QoS-sensitive
connections over best-effort connections. This can be observed
from the higher acceptance probability at the same number of
ongoing connections. Note that outside the admissible region,
the probabilities of accepting the QoS-sensitive and best-effort
connection are zeros.
Figs. 6(a)-6(b) show the connection-level QoS performances
for QoS-sensitive and best-effort traffic with optimal admission control and with simple admission control (i.e., based
on admissible region only) when optimal antenna assignment
policy is used. Since QoS-sensitive traffic has a maximum tolerable delay requirement, each connection requires more radio
resources (i.e., transmit antennas). Therefore, with the simple
admission control method, more best-effort connections can
be accepted at the cost of increased connection blocking
probability for QoS-sensitive traffic. However, with optimal
admission control, connection blocking probability of QoSsensitive traffic is much lower than that of best-effort traffic.
Also, the connection blocking probability for best-effort traffic
is bounded at 0.05 which is the maximum tolerable limit
(Fig. 6(a)) and the average per-connection throughput does
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