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Maximizing Effective Capacity Over Virtual-MIMO
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Abstract—To enable multiple mobile users to transmit their
signals simultaneously over the same sub-channels, the virtual
multiple-input multiple-output (V-MIMO) techniques can exploit
the multiple-input multiple-output (MIMO) spectrum efficiency
gain. Traditional V-MIMO transmission schemes mainly focus
on maximizing the throughput of grouped mobile users without
taking into account the quality-of-service (QoS) provisionings. In
this paper, we propose the optimal power allocation schemes with
statistical QoS provisionings to maximize the effective capacity
of non-collaborative/collaborative V-MIMO wireless networks,
respectively. For non-collaborative V-MIMO wireless networks,
the mobile users in one V-MIMO group transmit signals in-
dependently over the same sub-channels. In the view point of
existing mobile users, they solely occupy the sub-channels. Thus,
the existing mobile users employ the QoS-driven single-user
power allocation scheme to maximize their effective capacity.
By converting the non-collaborative V-MIMO transmission op-
timization problem into a strictly convex optimization problem,
we derive the QoS-driven power allocation scheme for the newly
added mobile users to maximize their effective capacity. For
collaborative V-MIMO wireless networks where the mobile users
in one group can collaboratively transmit their signals, we derive
the QoS-driven collaborative power allocation schemes for both
the existing and the newly added mobile users. Also conducted is
a set of simulation evaluations, showing that our proposed power
allocation schemes for V-MIMO wireless networks outperform
the other existing schemes.
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I. INTRODUCTION

DURING the past two decades, multiple-input multiple-
output (MIMO) techniques have been widely demon-

strated to achieve the high spectrum efficiency for wireless
communications [1]–[6]. By using spatial multiplexing, the
throughput of a MIMO system can linearly increase with
the minimum value between the number of transmit antennas
and the number of receive antennas [7]. However, due to
the size and cost limitation, multiple antennas are difficult
to implement and usually only one or two antennas should
be more practical to be equipped in the mobile users [8].1

Thus, although multiple receive antennas can be equipped at
the base station (BS), the throughput of the channel between
the user and the BS is constrained by the antennas equipped
in the user. Therefore, without loss of generality, we assume
that the mobile user is equipped with one transmit antenna.

The aforementioned difficulties can be overcome by allow-
ing two or more single-antenna users to independently transmit
data in the same sub-channels [9], which are implemented by
the same frequency bands and time-slots. This implies that
when one user starts to use some sub-channels, another one
or more than one user can also use the same sub-channels to
transmit their data. The users using the same sub-channels are
grouped to transmit data to the BS. From the view point of the
BS, it seems that the BS receives data from one user equipped
with multiple transmit antennas under spatial multiplexing
transmission mode. If the number of receive antennas on the
BS is equal to or larger than the number of transmitting
single-antenna users, the multiple data flows from different
single-antenna users can be decoded at the BS. This kind
of transmission is called as the virtual-MIMO (V-MIMO)
transmission in the uplink [10]–[12]. For current popular
V-MIMO wireless cellular networks, such as the V-MIMO
in Long Term Evolution (LTE), there is no collaboration
among mobile users. For future V-MIMO wireless networks,
collaboration among multi-mobile users can be possible.

Existing V-MIMO transmission schemes are designed to
maximize the total throughput of the grouped users [8], [10],

1We use the terms of “mobile user” and ”user” exchangeably in the rest
of this paper.
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[13]–[15]. Any user in one group has the same priority to
use the licensed sub-channels which were assigned to the
existing single-antenna user. This is unfair for the existing
user in the group because the throughput corresponding to the
existing user may be less than its throughput requirement due
to the interference from the newly added users. To make it
more fair for the existing user, when we design the V-MIMO
transmission scheme, the required throughput for the existing
user needs to be satisfied. Thus, we need to classify the users
in one group into two categories: the existing user and the
newly added users. Without using V-MIMO, the existing user
occupies the licensed sub-channels alone. Using V-MIMO, the
existing and the newly added users are grouped to transmit
their data via the same sub-channels simultaneously.

Notice that for both non-collaborative and collabora-
tive V-MIMO transmissions, our schemes differ from the
schemes of MIMO transmissions with per-antenna power
constraints [16]–[18] in the following aspects. On one hand,
in non-collaborative V-MIMO transmission, users are dis-
tributed in the wireless networks and have their own data
to independently transmit to the BS, respectively. Therefore,
the BS needs to distinguish the data from different users
for V-MIMO transmission. However, for MIMO transmission
with per-antenna power constraints where all antennas are
equipped on the same user. Thus, the data among different
antennas can be jointly coded at the transmitter and sent to
the receiver (BS) which may further increase the throughput
of MIMO transmission as compared with that of the V-MIMO
transmission. On the other hand, if applying collaborative
scheme in V-MIMO transmission, the channels’ states among
different users need to be estimated, which may cause the
extra costs in time frame or bandwidth. However, for MIMO
transmission, since all antennas are on the same user, there is
no need to estimate the channels’ states among all antennas.

In addition, due to the nature of the time-varying channels,
the deterministic quality-of-service (QoS) is usually difficult
to guarantee for real-time transmission in wireless networks.
Consequently, the statistical QoS guarantee, in terms of QoS
exponent and effective capacity, has become an important
alternative to support real-time wireless communications in
wireless networks [19]–[23]. Effective capacity is defined as
the maximum constant arrival rate which can be supported
by the service rate to guarantee the specified QoS exponent
θ. The effective capacity characterizes the system throughput
with different delay-QoS requirements [24], [25]. For real-
time traffic such as video conference, a stringent delay-bound
needs to be guaranteed and the effective capacity turns to
be the outage capacity. On the other hand, the non-real-time
traffic such as data disseminations demands high throughput
while a loose delay constraint is imposed and the effective
capacity turns to be the ergodic capacity. Existing works on
V-MIMO mainly consider the non-real-time traffic where the
delay constraint is very loose [8], [10], [13], [14], [26]–[28].
The drafts proposed in [8], [10], [14] focus on maximizing the
ergodic capacity of V-MIMO wireless networks. The authors
in [13] analyze the user-pairing algorithms for the non-real-
time traffic. The power allocation developed in [26] is also
applicable to the non-real-time traffic. For different applied
scenarios, the V-MIMO transmission for wireless sensor and

relay networks are proposed in [27] and [28], respectively,
for the non-real-time traffic. Unlike all the above mentioned
earlier works, to support QoS provisionings for V-MIMO
wireless networks, in this paper we propose the new V-
MIMO schemes by taking the statistical QoS guarantees into
account. In addition, how to implement and evaluate the QoS
provisiongings schemes for V-MIMO wireless networks has
not been well understood neither thoroughly studied in the
previous works.

To overcome the above problems, in this paper we pro-
pose the optimal power allocation schemes to support sta-
tistical QoS provisiongings for non-collaborative/collaborative
V-MIMO wireless networks,2 respectively. Our goal is to
maximize the effective capacity of newly added users while
guaranteeing the effective capacity of existing users. For non-
collaborative V-MIMO wireless networks, by using power
control for the newly added users, we confine the newly
added users’ interference on the existing user to an acceptable
level to guarantee the effective capacity requirement of the
existing user. We formulate the optimization problem for QoS-
guaranteed non-collaborative V-MIMO and convert it to a con-
vex optimization problem to maximize the effective capacity
of newly added users while guaranteeing the effective capacity
of existing users. Then, solving the optimization problem
for QoS-guaranteed non-collaborative V-MIMO, we derive
the QoS-driven power allocation scheme for newly added
users. For half-duplex and full-duplex collaborative V-MIMO
wireless networks,3 we formulate the optimization problems
for QoS-guaranteed collaborative V-MIMO as strictly convex
optimization problems. To this end, we propose the QoS-
driven power allocation schemes for both the existing and
the newly added users to maximize the effective capacity of
newly added users while guaranteeing the effective capacity of
existing users. For both the QoS-guaranteed non-collaborative
and collaborative V-MIMO wireless networks, we conduct
simulations experiments to evaluate our proposed power al-
location schemes.

The rest of this paper is organized as follows. Section II
describes the system model, where we design the QoS-
guaranteed V-MIMO transmission scheme and detail the oper-
ations for non-collaborative/collaborative V-MIMO transmis-
sion. Section III formulates the optimization problem for QoS-
guaranteed non-collaborative V-MIMO and develops the QoS-
driven power allocation scheme for the newly added users.
Section IV formulates the optimization problems for QoS-
guaranteed wireless half-duplex and full-duplex collaborative
V-MIMO and develops the QoS-driven collaborative power
allocation schemes for both the existing and the newly added
users. Section V conducts simulation results to evaluate our
proposed power allocation schemes for the QoS-guaranteed
non-collaborative and the QoS-guaranteed collaborative V-
MIMO wireless networks. The paper concludes with Sec-
tion VI.

2For non-collaborative V-MIMO wireless networks, there is no information
exchange among grouped mobile users. For collaborative V-MIMO wireless
networks, there exists information exchange among grouped mobile users.

3For collaborative V-MIMO throughout this paper, the relay mobile user
can select the transmission mode between the half-duplex collaboration and
the full-duplex collaboration.
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Fig. 1. System model for V-MIMO based uplink wireless networks.

TABLE I
MAIN NOTATIONS/VARIABLES

Notation Description
θ QoS exponent
β normalized QoS exponent

ν1,ν non-colloborative QCSI for User 1,User 2
P1(ν1), P2(ν) transmit power of User 1, User 2
Pave,1, Pave,2 average power constraint of User 1, User 2

Ppeak,1, Ppeak,2 peak power constraint of User 1, User 2
γ0 cut-off SNR threshold for User 1

RiS (P1(ν1), P2(ν)) non-collaborative transmission rate of User i
CiS (P1(ν1), P2(ν), θ) non-collaborative effective capacity of User i

γ̃ � (γ1, γ2, γ3) collaborative full CSI
ν̃ � (γ1, γ2, γ3, θ) collaborative QCSI
RiH (P1(ν̃), P2(ν̃)) HD collaborative transmission rate of User i
RiF (P1(ν̃), P2(ν̃)) FD collaborative transmission rate of User i

CiH (P1(ν̃), P2(ν̃), θ) HD collaborative effective capacity of User i
CiF (P1(ν̃), P2(ν̃), θ) FD collaborative effective capacity of User i

Notations. For the convenience of presentation, we use
Table I to summarize the main notations and variables used
in this paper. Also, HD and FD refer to half-duplex and full-
duplex, respectively.

II. SYSTEM MODEL

We consider the generic V-MIMO uplink transmissions
scenario depicted in Fig. 1, where the existing user (Mobile
User 1) and the newly added user (Mobile User 2) are
grouped to transmit their data to the BS equipped with N
receive antennas Bn (1 ≤ n ≤ N). The existing and newly
added users equipped with transmit antennas A1 and A2,
respectively, share the same sub-channels. In this paper, we
mainly focus on the scenario where only two users share the
same sub-channels, which can be applied to many practical
wireless communication scenarios. For instance, in 3GPP LTE
the configuration of uplink V-MIMO is 2Tx, 2Rx (two transmit
antennas at two single-antenna users and 2 receive antennas
at the BS) [14]. However, our proposed schemes can be

also extended to more than two users V-MIMO transmission
scenario as long as the total number of equipped receive
antennas at the BS is larger than or equal to the number
of single-antenna users. Correspondingly, in Sections III-C
and IV-D we also formulate the optimization problem to
derive the optimal power allocations for the three users non-
collaborative/collaborative V-MIMO transmission scheme, re-
spectively.

We denote the power gains of the channels from User 1
to the BS and from User 2 to the BS by γ1 = |h1|2
and γ2 = |h2|2, respectively, where h1 and h2 denote the
amplitude gains corresponding to the channels from User 1 to
the BS and from User 2 to the BS, respectively. We assume
that the channel between User 1 and User 2 is reciprocal
and denote the power gain of this channel by γ3 = |h3|2,
where |h3| is the corresponding channel’s amplitude gain
between User 1 and User 2. If User 1 and User 2 have no
ideal information of h3, they employ the non-collaborative
V-MIMO. While User 1 and User 2 can get the information
about h3, they use the collaborative V-MIMO. We assume a
flat fading channel model [29], [30]. All channel power gains
follow the stationary block fading model, where they remain
unchanged during a time frame with the fixed length T , but
vary independently across different time frames. The frame
duration T is assumed to be less than the fading coherence
time, but sufficiently long so that the information-theoretic
assumption of infinite code-block length is meaningful. We
set the system bandwidth to B, which may consist of several
subchannels. The transmit power of each V-MIMO user is
limited by the average and peak power constraints.

A. Statistical Delay-Bound QoS Provisionings for the V-
MIMO Transmission

For the uplink transmission, User 1 has its own data to be
transmitted to the BS. To increase the degrees of freedom and
the multiplexing gain, User 2 uses the same sub-channels (the
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same frequency bands and time-slots) as User 1 to formulate
the virtual antenna arrays with User 1. User 1 and User 2
share the same sub-channels, thus causing cross-interference
between each other in V-MIMO transmission. Conventional
V-MIMO transmission mode treats User 1 and User 2 as a
group and both of them have the same priority to transmit their
data. However, the interference caused by User 2 to User 1
may reduce the implemented throughput of User 1 to the level
lower than the throughput requirement of User 1. Thus, when
we design the V-MIMO transmission, we need to guarantee
the effective capacity QoS requirements for User 1, which are
elaborated on in more details as follows.

Based on large deviation principle, the author of [31]
showed that with sufficient conditions, the queue length pro-
cess Q(t) converges in distribution to a random variable Q(∞)
such that

− lim
Qth→∞

log(Pr{Q(∞) > Qth})
Qth

= θ (1)

where Qth is the queue length bound and the parameter
θ > 0 is a real-valued number. The parameter θ, which is
called the QoS exponent, indicates the exponential decay rate
of the delay-bound QoS violation probabilities. A larger θ
corresponds to a faster decay rate, which implies that the
system can provide a more stringent QoS requirement. A
smaller θ leads to a slower decay rate, which implies a looser
QoS requirement. Asymptotically, when θ → ∞, this implies
that the system cannot tolerate any delay, which corresponds
to the very stringent QoS constraint. On the other hand, when
θ → 0, the system can tolerate an arbitrarily long delay,
which corresponds to the very loose QoS constraint. The QoS
exponent θ specified by Eq. (1) characterizes the delay-QoS
requirement of the V-MIMO wireless networks. Since there
may be different traffics with various delay-QoS requirements
in V-MIMO wireless networks, we can provide a general
scheme for any θ varying from 0 to ∞, reflecting the variation
from the very loose QoS constraint to the very stringent QoS
constraint.

The sequence {R[k], k = 1, 2, ...} is defined as the data
service-rate, which is a discrete-time stationary and ergodic
stochastic process. The parameter k represents the time frame
index with a fixed time-duration equal to T . The R[k] changes
from frame to frame and S[t] � Σt

k=1R[k] represents the
partial sum of the service process. The Gartner-Ellis limit of
S[t], expressed as ΛC(θ) = limt→∞(1/t) log

(
E
{
eθS[t]

})
, is

a convex function differentiable for all real-valued θ, where
E{·} denotes the expectation. Inspired by the principle of
effective bandwidth [32], the authors in [19] defined effective
capacity as the maximum constant arrival rate which can be
supported by the service rate to guarantee the specified QoS
exponent θ. If the service-rate sequence R[k] is stationary and
time uncorrelated, the effective capacity can be written as [21]

C(θ) = −1

θ
log

(
E

{
e−θR[k]

})
. (2)

Due to the privilege of the existing mobile user (User 1), in
our QoS-guaranteed V-MIMO transmission mode we need to
guarantee the effective capacity QoS requirements for User 1.
We denote the applied traffic load of User 1 by C1. Then,

the effective capacity of User 1, denoted by C1(θ), needs to
satisfy the following equation

C1(θ) ≥ C1. (3)

For simplicity, we assume that the delay-bound QoS exponent
of User 2 is the same as that of User 1. Our purpose is to
maximize the effective capacity of User 2 with statistical QoS
provisionings specified by Eq. (3) for User 1 over V-MIMO
wireless networks, which is the optimization problem for QoS-
guaranteed V-MIMO transmission (for User 2).

B. Non-Collaborative V-MIMO Transmission

If there is no collaboration between User 1 and User 2, we
can derive the received signal under interference caused by
User 2 at the BS, denoted by y, as follows:

y =
√
P1(ν1)|h1|x1︸ ︷︷ ︸

Received Existing User′s Signal

+
√
P2(ν)|h2|x2︸ ︷︷ ︸

Received Newly Added User′s Signal

+ ω, (4)

where ν1 � (γ1, θ) is defined as the non-collaborative QoS-
based channel state information (QCSI) for User 1; ν �
(γ1, γ2, θ) is defined as the QCSI for User 2; P1(ν1) and
P2(ν) denote the transmit power of User 1 and User 2,
respectively; x1 and x2 represent the transmit signals of User 1
and User 2, respectively; ω is circularly symmetric complex
Gaussian noise and the variance of ω is denoted by σ2.

To simplify the analytical modeling, we define the non-
collaborative full channel state information (CSI) as γ �
(γ1, γ2). Without collaboration between User 1 and User 2,
although User 2 does not need to sense the channel from
User 1 to User 2, it needs to confine the cross-interference
to the acceptable level for User 1 at the BS. Thus, User 2
needs to have the acknowledge of the non-collaborative full
CSI γ, which can be fed back to User 2 from the BS through
the feedback channel.

Since there is no collaboration between User 1 and User 2,
User 1 still employs the QoS-driven single-user power alloca-
tion scheme which is denoted by P1(ν1) and given by [33]

P1(ν1)=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0, if γ1 < γ0;
Pave,1

γ
1

β+1
0 γ

β
β+1
1

−Pave,1

γ1
, if γ1 ≥ γ0 and

Pave,1

γ
1

β+1
0 γ

β
β+1
1

− Pave,1

γ1
≤Ppeak,1;

Ppeak,1, if γ1 ≥ γ0 and
Pave,1

γ
1

β+1
0 γ

β
β+1
1

− Pave,1

γ1
>Ppeak,1,

(5)
where Pave,1 and Ppeak,1 are the average and the peak power
constraints of User 1, respectively; β = (θTB)/ log 2 is the
normalized QoS exponent; γ0 is the cut-off signal-to-noise
ratio (SNR) threshold and can be numerically obtained by
plugging Eq. (5) into Eγ{P1(ν1)} = Pave,1, where Eγ{·} rep-
resents the expectation over γ. Based on the non-collaborative
full CSI γ, the QoS exponent θ, and the QoS-driven power
allocation scheme for User 1 P1(ν1), we need to find the QoS-
driven power allocation scheme for User 2, which is denoted
by P2(ν).
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We use the successive interference cancellation (SIC) [34]
to decode the signals of User 1 and User 2. The receiver at
the BS decodes the information of two users in two stages.
In the first stage, it decodes the data of User 2, treating the
signal from User 1 as Gaussian interference. The instanta-
neous transmission rate of User 2 of one frame, denoted by
R2S(P1(ν1), P2(ν)), can be derived as

R2S(P1(ν1), P2(ν)) = BT log2

(
1 +

P2(ν)γ2
P1(ν1)γ1 + σ2

)
. (6)

Once the receiver at the BS decodes the data of User 2, it
can reconstruct the signal of User 2 and subtract it from the
aggregate received signal. Then, the receiver can decode the
data of User 1. Practically speaking, it is impossible to achieve
error-free decoding for the data of User 2. We denote the
probability of incorrectly decoding the signal received from
the newly added user (User 2) as Pe ∈ [0, 1] [35]. Then,
after decoding the signal received from User 2, we can derive
the instantaneous transmission rate of User 1 of one frame,
denoted by R1S (P1(ν1), P2(ν)), as follows:

R1S (P1(ν1), P2(ν))=BT log2

(
1+

P1(ν1)γ1
PeP2(ν)γ2+σ2

)
. (7)

If Pe = 0, Eq. (7) is the User 1’s instantaneous transmission
rate corresponding to the perfect SIC where decoding of
User 1’s signal is error-free. If Pe = 1, Eq. (7) is the User 1’s
instantaneous transmission rate without using SIC.

C. Collaborative V-MIMO Transmission

C-1. Collaborative Transmission Mode
Under the collaboration mode, we develop a time-slot

allocation scheme for users in one V-MIMO group. The time-
slot allocation scheme is described as follows. We normalize
the duration of one frame into 1 time unit and divide one frame
into two stages. In the first stage, User 1, as the relay node,
helps User 2 to relay User 2’s signal to the BS. We assign μ
time duration of one frame to this stage. In the second stage,
User 2, as the relay node, helps User 1 to relay User 1’s signal
to the BS, we assign (1−μ) time duration of one frame to this
stage. In this paper, we apply amplify-and-forward (AF) relay
protocol [36] for the collaborative V-MIMO transmission. In
AF relay protocol, the relay node simply amplifies the received
signal and then forwards it to the destination. We define
the collaborative channel CSI and the collaborative QCSI as
γ̃ � (γ1, γ2, γ3) and ν̃ � (γ1, γ2, γ3, θ), respectively, for
the mathematical convenience. Since there exists collaboration
between User 1 and User 2, both of them can dynamically
control their transmit power allocations according to the
instantaneous collaborative QCSI.
C-2. Collaborative Half-Duplex Versus Collaborative Full-
Duplex

During either the μ time duration or the 1−μ time duration,
we can employ half-duplex and full-duplex transmission for
the relay node. With half-duplex transmission, the relay node
receives the data from the source node at the first half frame
and forwards it to the destination node (BS) at the second
half frame. With the full-duplex transmission, the relay node
receives the signal from the source node and forwards the
data to the destination node (BS) during the entire frame [23].

Source Node Tx + Relay Node Rx Relay Node Tx

T/2 T/2

(a) Time-duration allocations for half-duplex collaborative V-MIMO trans-
mission.

Source Node Tx + Relay Node Tx&Rx
T

(b) Time-duration allocations for full-duplex collaborative V-MIMO trans-
mission.

Fig. 2. Our proposed time-duration allocations for half-duplex and full-duplex
collaborative V-MIMO transmissions.

Figs. 2(a) and 2(b) illustrate our proposed time-duration allo-
cations for half-duplex and full-duplex collaborative V-MIMO
transmissions, respectively.
C-3. Instantaneous Transmission Rate Under Half-Duplex

Using our proposed time-slot allocation scheme with half-
duplex AF protocol, we can derive the instantaneous transmis-
sion rate of User 2 and User 1 at the BS of one frame, denoted
by R2H(P1(ν̃), P2(ν̃)) and R1H(P1(ν̃), P2(ν̃)), respectively,
as follows [37]:

R2H (P1(ν̃), P2(ν̃)) =
μBT

2
log2

(
1 + 2P2(ν̃)γ2

+
4P2(ν̃)γ3P1(ν̃)γ1

2P2(ν̃)γ3 + 2P1(ν̃)γ1 + σ2

)
(8)

and

R1H(P1(ν̃), P2(ν̃)) =
(1 − μ)BT

2
log2

(
1 + 2P1(ν̃)γ1

+
4P1(ν̃)γ3P2(ν̃)γ2

2P1(ν̃)γ3 + 2P2(ν̃)γ2 + σ2

)
, (9)

respectively, where User 1 and User 2 use the instantaneous
transmit power 2P1(ν̃) and 2P2(ν̃), respectively. For half-
duplex transmission, User 1 and User 2 employ 2P1(ν̃) and
2P2(ν̃), respectively, to maintain the same average power
consumption as that used for full-duplex transmission.
C-4. Instantaneous Transmission Rate Under Full-Duplex

Using our developed time-slot allocation scheme with full-
duplex AF protocol, we can derive the instantaneous transmis-
sion rate of User 2 and User 1 at the BS of one frame, denoted
by R2F (P1(ν̃), P2(ν̃)) and R1F (P1(ν̃), P2(ν̃)), respectively,
as follows [23]:

R2F (P1(ν̃), P2(ν̃)) = μBT log2

(
1 + P2(ν̃)γ2

+
δ̃P2(ν̃)γ3P1(ν̃)γ1

P2(ν̃)γ3 + δ̃P1(ν̃)γ1 + σ2

)
(10)

and

R1F (P1(ν̃), P2(ν̃)) = (1− μ)BT log2

(
1 + P1(ν̃)γ1

+
δ̃P1(ν̃)γ3P2(ν̃)γ2

P1(ν̃)γ3 + δ̃P2(ν̃)γ2 + σ2

)
, (11)

respectively, where User 1 and User 2 use the instantaneous
transmit power P1(ν̃) and P2(ν̃), respectively; δ̃ is defined
as the cancellation coefficient (0 < δ̃ ≤ 1) to characterize
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the effect of self-interference on full-duplex transmission. The
value of cancellation coefficient δ̃ depends on a number of
factors, such as system bandwidth, antenna deployment, and
transmit power. When δ̃ approaches to 0, it represents the
case that the self-interference has large interference on full-
duplex transmission. When δ̃ approaches to 1, it represents the
scenario that the self-interference causes little interference on
full-duplex transmission.

In the following two sections, we design and evaluate
the QoS-driven power allocations for non-collaborative and
collaborative V-MIMO wireless networks, respectively. In
particular, we first formulate optimization problem for our
QoS-guaranteed V-MIMO transmissions, and then we develop
the QoS-driven transmit power control schemes to maximize
the User 2’s effective capacity while guaranteeing the effective
capacity QoS requirements of User 1.

III. QOS-DRIVEN POWER ALLOCATION SCHEME FOR
NON-COLLABORATIVE V-MIMO WIRELESS NETWORKS

We first formulate the optimization problem for QoS-
guaranteed non-collaborative V-MIMO transmission to max-
imize the effective capacity of User 2 while guaranteeing
the effective capacity of User 1. Then, we develop the QoS-
driven power allocation scheme for the QoS-guaranteed non-
collaborative V-MIMO transmission.

A. Optimization Problem Formulation for QoS-Guaranteed
Non-Collaborative V-MIMO Transmission

From Eqs. (2), (6), and (7), we can obtain the effective ca-
pacity of User 2 and User 1 when using the non-collaborative
V-MIMO transmission, denoted by C2S(P1(ν1), P2(ν), θ) and
C1S(P1(ν1), P2(ν), θ), respectively, as

C2S(P1(ν1), P2(ν), θ)=−1

θ
log

[
Eγ

{
e−θR2S(P1(ν1),P2(ν))

}]
= −1

θ
log

[
Eγ

{
e
−β log

(
1+

P2(ν)γ2
P1(ν1)γ1+σ2

)}]
(12)

and

C1S(P1(ν1), P2(ν), θ)=−1

θ
log

[
Eγ

{
e−θR1S(P1(ν1),P2(ν))

}]
= −1

θ
log

[
Eγ

{
e
−β log

(
1+

P1(ν1)γ1
PeP2(ν)γ2+σ2

)}]
, (13)

respectively. For a fixed QoS exponent θ, our goal is to
maximize C2S(P1(ν1), P2(ν), θ) while guaranteeing the re-
quirement for C1S(P1(ν1), P2(ν), θ). Therefore, we can for-
mulate the optimization problem for QoS-guaranteed non-
collaborative V-MIMO transmission as follows:4

P1 : max
P2(ν)

{C2S(P1(ν1), P2(ν), θ)}

= min
P2(ν)

{
Eγ

[(
1 +

P2(ν)γ2
P1(ν1)γ1 + σ2

)−β
]}

s.t. : 1). C1S(P1(ν1), P2(ν), θ) ≥ C1; (14)
2). Eγ {P2(ν)} ≤ Pave,2; (15)
3). P2(ν) ≤ Ppeak,2, (16)

4Note that the power allocation for User 1 P1(ν1) is fixed by Eq. (5) when
there is no collaborative operation between User 1 and User 2.

where Pave,2 and Ppeak,2 denote the average and peak power
constraints for User 2, respectively. The constraint 1). given
in P1 implies that the effective capacity of User 1 needs to
be larger than or equal to the applied traffic load C1. The
constraints 2). and 3). given in P1 represent that User 2 needs
to satisfy the average and peak power constraints, respectively.

In order to derive the optimal solution for P1, it is desired
that P1 is a convex optimization problem. Therefore, we need
to analyze the convexity of P1, which is characterized by
Lemma 1 as follows.

Lemma 1: The following function defined in P1:

G (P2(ν)) �
(
1 +

P2(ν)γ2
P1(ν1)γ1 + σ2

)−β

(17)

is strictly convex with respect to P2(ν).
Proof: Since P1(ν1) is fixed and determined by Eq. (5),

analyzing the convexity of G(P2(ν)) is equivalent to studying
the convexity of function m(ω̃) = ω̃φ, where ω̃ is a positive
real-valued variable and φ is a negative real-valued number.
We can obtain the first and second derivatives of m(ω̃) with
respect to ω̃ as φω̃φ−1 < 0 and φ(φ − 1)ω̃φ−2 > 0. Thus,
m(ω̃) is strictly convex with respect to ω̃. Then, Lemma 1
follows.

On the other hand, it is easy to see that the item Eγ {P2(ν)}
is linear over P2(ν). Therefore, according to the convex
optimization theory [38], if C1S(P1(ν1), P2(ν), θ) is concave
over P2(ν), P1 is a convex optimization problem. Also
because (− log(α)/θ) is linear with α and Eγ(
) is linear
with 
, analyzing the concavity of C1S(P1(ν1), P2(ν), θ) is
equivalent to studying the convexity of the following new
function defined as

f(P2(ν)) �
(
1 +

P1(ν1)γ1
PeP2(ν)γ2 + σ2

)−β

. (18)

In the following analyses, we omit the symbols (ν1) and
(ν) in P1(ν1) and P2(ν), respectively, for simplicity. To study
the convexity of f(P2), we get the first and second derivatives
of f(P2) with respective to P2, denoted by ḟ(P2) and f̈(P2),
respectively, as

ḟ(P2) =
γ1γ2PeP1β

(γ2PeP2 + σ2)
2

(
1 +

γ1P1

γ2PeP2 + σ2

)−β−1

(19)

and

f̈(P2)=γ1(γ2Pe)
2P1β

[
(β − 1)γ1P1−2γ2PeP2−2σ2

]
×

(
γ1P1 + γ2PeP2 + σ2

)−β−2

(γ2PeP2 + σ)
−β+2

. (20)

From Eq. (19), we can see that ḟ(P2) > 0. Thus, f(P2) is a
monotonically increasing function. However, setting f̈(P2) =
0, we can find that there is an inflection point at

P2 = ρ � (β − 1)γ1P1 − 2σ2

2γ2Pe
. (21)

When P2 ∈ (−∞, ρ), f(P2) is strictly convex. When P2 ∈
(ρ,∞), f(P2) is strictly concave. Thus, f(P2) is not a strictly
convex function when P2 ∈ (−∞,∞). There are three cases
corresponding to three different kinds of inflection points of
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Fig. 3. Convex hulls corresponding to three different inflection points.

f(P2): ρ < 0, 0 ≤ ρ ≤ Ppeak,2, and ρ > Ppeak,2, as depicted
in Figs. 3(a), 3(b), and 3(c), respectively.

Due to the differences of convexity/concavity of these
three cases corresponding to ρ < 0, 0 ≤ ρ ≤ Ppeak,2,
and ρ > Ppeak,2, respectively, in the following, we discuss
these three cases and develop the opportunistic transmission
schemes to convert problem P1 to a convex optimization
problem, respectively.
Case I (ρ < 0): If ρ < 0 holds, f(P2) is concave over P2,

where P2 ∈ [0, Ppeak,2]. The convex hull boundary of the
2-dimension point set {(P2, f(P2))} can be given by

f̃(P2) = f(0) +
f (Ppeak,2)− f(0)

Ppeak,2
P2, (22)

which corresponds to the straight line in Fig. 3(a). Then, we
need to verify whether any point on the straight line can be
achieved. Any point on the straight line can be obtained using
the following scheme:
Opportunistic transmission scheme I: By assigning the
power P2 = Ppeak,2 and the power P2 = 0 with probabilities
η and (1 − η), where 0 ≤ η ≤ 1, any point on the straight
line (x, f̃(x)), where x ∈ [0, Ppeak,2], can be obtained.

Using Opportunistic transmission scheme I, f(P2) can
be converted to f̃(P2). Then, the maximum instantaneous
transmission rate of User 2 for this case can be derived as
follows:

R̃2S (P2) = 1− η + η

(
1 +

γ2Ppeak,2

γ1P1 + σ2

)−β

,

P2 ∈ (0, Ppeak,2] (23)

where η = P2/Ppeak,2 is the probability of P2 = Ppeak,2.
Case II (0 ≤ ρ ≤ Ppeak,2): If 0 ≤ ρ ≤ Ppeak,2 exists, there
are two different subcases.

First, if the following equation

f(Ppeak,2)− f(0)

Ppeak,2
≤ ḟ(P2)|P2=0 (24)

holds, the convex hull boundary of the 2-dimension point set
{(P2, f(P2))} and the maximum instantaneous transmission
rate of User 2 are the same as Eqs. (22) and (23).

Second, if the following equation

f(Ppeak,2)− f(0)

Ppeak,2
> ḟ(P2)|P2=0 (25)

holds, as shown in Fig. 3(b), we can find a unique real-valued
number κ (κ < ρ) so that the line

g(P2) = f(κ) +
f (Ppeak,2)− f(κ)

Ppeak,2 − κ
(P2 − κ) ,

P2 ∈ (κ, Ppeak,2] (26)

is tangent to the curve f(P2) at (κ, f(κ)). The pentagram
in Fig. 3(b) denotes the inflection point of f(P2). The value
of κ can be numerically obtained. The line g(P2) within
P2 ∈ [κ, Ppeak,2] together with the curve f(P2) within
P2 ∈ [0, κ] form the convex hull boundary of the 2-dimension
point set {(P2, f(P2))}. Any point on the line g(P2) within
P2 ∈ [κ, Ppeak,2] can be obtained using the following scheme:
Opportunistic transmission scheme II: By assigning the
power P2 = Ppeak,2 and the power P2 = κ with probabilities
ε and (1− ε), where 0 ≤ ε ≤ 1, any point on the straight line
(t, f̃(t)), where t ∈ (κ, Ppeak,2], can be obtained.

Thus, the convex hull boundary of the 2-dimension point
set {(P2, f(P2))} for this case can be derived as follows:

f̃(P2) =

{
f(P2), if P2 ∈ [0, κ] ;

g(P2), if P2 ∈ (κ, Ppeak,2] .
(27)
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Then, the maximum instantaneous transmission rate of User 2
can be obtained as follows:

R̃2S (P2) =

⎧⎪⎪⎨⎪⎪⎩
(
1 + P2γ2

P1γ1+σ2

)−β

, if P2 ∈ [0, κ] ;

G(κ) + P2−κ
Ppeak,2−κ [G (Ppeak,2)−G(κ)] ,

if P2 ∈ (κ, Ppeak,2] ,
(28)

where G(·) is defined in Eq. (17).
Case III (ρ > Ppeak,2): If ρ > Ppeak,2 holds, f(P2) is strictly
convex when P2 ∈ [0, Ppeak,2]. The convex hull boundary of
the 2-dimension point set {(P2, f(P2))} is f̃(P2) = f(P2), as
shown in Fig. 3(c). The maximum instantaneous transmission
rate of User 2 is given by

R̃2S(P2) =

(
1 +

P2γ2
P1γ1 + σ2

)−β

. (29)

Having obtained the maximum instantaneous transmission
rate R̃2S (P2) and the convex hull f̃(P2) for these three cases,
we can convert problem P1 to a new problem P2, which is
a strictly convex optimization problem and can be written as
follows:

P2 : min
P2

{
Eγ

[
R̃2S(P2)

]}
s.t. : 1). − 1

θ
log

[
Eγ

{
f̃(P2)

}]
≥ C1; (30)

2). Eγ {P2} ≤ Pave,2; (31)
3). P2 ≤ Ppeak,2. (32)

Problem P2 is a strictly convex optimization problem
because 1). the objective function given in P2 is strictly
convex over P2; 2). Eγ{f̃(P2)} is strictly convex over P2;
3). Eγ {P2} and P2 are both linear with P2. Then, solving
problem P2, we can obtain the QoS-driven non-collaborative
V-MIMO power allocation for User 2.

B. QoS-Driven Power Allocation Scheme for User 2

For mathematical convenience, we rewrite the constraint 1).
given in P2 as follows:

Eγ

{
f̃(P2)

}
− e−θC1 ≤ 0. (33)

In order to obtain the optimal solution of P2, we first construct
the Lagrangian function of P2, denoted by L1(P2), as follows:

L1(P2) = Eγ{J1(P2)}
� Eγ

{
R̃2S(P2) + λ

(
f̃(P2)− e−θC1

)
+μ (P2 − Pave,2)

}
, (34)

where λ and μ are both Lagrangian multipliers associated with
Eq. (33) and the constraint 2). given in P2, respectively. Then,
taking the derivative of J1(P2) with respective to P2, we can
obtain

J̇1(P2) =
˙̃
R2S(P2) + λ

˙̃
f(P2) + μ (35)

where J̇1(P2),
˙̃
R2S(P2), and ˙̃

f(P2) denote the derivatives of
J1(P2), R̃2S(P2), and f̃(P2) with respective to P2, respec-
tively.

Because P2 is a strictly convex optimization problem, we
propose the following S-P2 scheme to obtain the optimal
solution for P2 (we assume a ≤ P2 ≤ b):

S-P2 scheme:

1) Setting J̇1(P2) equal to 0;
2) If we can find a solution z ∈ (a, b) which satisfies

J̇(P2)|P2=z = 0, z is the optimal solution to P2;
3) If for ∀P2 ∈ (a, b), J̇1(P2) < 0 holds, the optimal

solution to P2 is b;
4) If for ∀P2 ∈ (a, b), J̇1(P2) > 0 holds, the optimal

solution to P2 is a.

Using S-P2 scheme, in the following, we derive the op-
timal solutions for P2 corresponding to Case I (ρ < 0),
Case II (0 ≤ ρ ≤ Ppeak,2), and Case III (ρ > Ppeak,2), re-
spectively.

For Case I (ρ < 0), because the derivatives of R̃2S (P2)

and f̃(P2) given by

˙̃
R2S (P2) = − 1

Ppeak,2
+

1

Ppeak,2

(
1 +

γ2Ppeak,2

γ1P1 + σ2

)−β

(36)

and

˙̃
f(P2) =

f (Ppeak,2)− f(0)

Ppeak,2
(37)

are both constant, we can obtain the optimal solution to P2
as follows:

Popt,2 =

⎧⎪⎨⎪⎩
Ppeak,2, if

[
˙̃
R2S(P2) + λ∗ ˙̃f(P2) + μ∗

]
< 0;

0, if
[
˙̃
R2S(P2) + λ∗ ˙̃f(P2) + μ∗

]
≥ 0,

(38)
where λ∗ and μ∗ are the optimal Lagrangian multipliers
associated with Eq. (33) and the constraint 2). given in P2.

For Case II (0 ≤ ρ ≤ Ppeak,2), if Eq. (24) holds, the opti-
mal solution to P2 is same as Eq. (38). If Eq. (25) and P2 ≥ κ
hold, the optimal solution to P2 is given by

Popt,2 =

⎧⎪⎨⎪⎩
Ppeak,2, if

[
˙̃
R2S(P2) + λ∗ ˙̃f(P2) + μ∗

]
< 0;

κ, if
[
˙̃
R2S(P2) + λ∗ ˙̃f(P2) + μ∗

]
≥ 0,

(39)
where ˙̃

R2S(P2) and ˙̃
f(P2) are given by

˙̃
R2S(P2) =

G (Ppeak,2)

Ppeak,2 − κ
=

(
1 +

γ2Ppeak,2

P1γ1+σ2

)−β

Ppeak,2 − κ
(40)

and

˙̃
f(P2) =

f (Ppeak,2)− f(κ)

Ppeak,2 − κ
, (41)

respectively. If Eq. (25) and P2 < κ hold, the optimal
solution to P2 can be numerically obtained using our proposed
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S-P2 scheme, where a is equal to 0, b is equal to κ, the
derivative of R̃2S (P2) is given by

˙̃
R2S(P2) = − βγ2

P1γ1 + σ2

(
1 +

P2γ2
P1γ1 + σ2

)−β−1

, (42)

and the derivative of f̃(P2) is given by

˙̃
f(P2) =

γ1γ2PeP1β

(γ2PeP2 + σ2)
2

(
1 +

γ1P1

γ2PeP2 + σ2

)−β−1

. (43)

For Case III (ρ > Ppeak,2), the optimal solution to P2
can also be numerically obtained using our proposed
S-P2 scheme, where a is equal to 0, b is equal to Ppeak,2,
the derivative of R̃2S (P2) is the same as Eq. (42), and the
derivative of f̃(P2) is given by Eq. (43).

The derivation of λ∗ and μ∗ needs to be performed by
numerical searching. In particular, to obtain λ∗ and μ∗, we
can construct the Lagrangian dual problem of P2, denoted by
P2-Dual problem, as follows:

P2-Dual : max
(λ,μ)

{
L̃1(P2)

}
s.t. : 1). λ ≥ 0; (44)

2). μ ≥ 0, (45)

where L̃1(P2) is the Lagrangian dual function defined by

L̃1(P2) = min
P2

{L1(P2)} = L1(P2)|P2=P2(λ,μ). (46)

Since P2 is a strictly convex optimization problem, the
duality gap between P2 and its dual problem P2-Dual is zero.
Thus, according to the convex optimization theory [38], the
optimal Lagrangian multipliers λ∗ and μ∗ of P2 are also the
optimal solutions of its dual problem P2-Dual. Consequently,
we can obtain λ∗ and μ∗ by solving the dual problem P2-
Dual.

From the convex optimization theory [38], L̃1(P2) is a
concave function over λ and μ, thus we can track the op-
timal Lagrangian multipliers λ∗ and μ∗ using the subgradient
method [38]:⎧⎨⎩ λ∗ =

[
λ∗ + ελ

(
Eγ

{
f̃(Popt,2)

}
− e−θC1

)]+
;

μ∗ = [μ∗ + εμ (Eγ {Popt,2} − Pave,2)]
+

(47)

where ελ and εμ are both positive real-valued numbers arbi-
trarily close to 0; [ỹ]+ represents the maximum value between
ỹ and 0.

C. Optimization Problem Formulation for the Three Users
Non-Collaborative V-MIMO Transmission With QoS-
Provisionings

Our proposed scheme for two users non-collaborative V-
MIMO transmission presented above can be also extended to
more than two users non-collaborative V-MIMO transmission
scenario. However, it is usually not desirable to employ too
many mobile users in one V-MIMO group because of the
following reasons. When the number of grouped V-MIMO
users gets too large, the complexity of system design, imple-
mentation, modeling, and analysis can increase significantly.

More importantly, the performance gain of V-MIMO can be
affected due to the increased interference level caused by
the significantly enlarged number of grouped V-MIMO users.
Therefore, for practical consideration, instead of extending
our two users V-MIMO scheme to the more general M
users scenario, in the following we only consider the three
users case as one example to show that our scheme can be
extended in principle to the more than two users case. For non-
collaborative V-MIMO transmission with three users in one V-
MIMO group, we need to treat User 1 and User 2 as the exist-
ing users while User 3 attempts to join the V-MIMO group. To
make the modeling analysis for three users’ case tractable, we
define the three users non-collaborative CSI and QCSI as Γ =
(γ1, γ2, γ3b) and Λ = (γ1, γ2, γ3b, θ), respectively, where γ3b
is the power gain of the channel from User 3 to the BS. Then,
we can derive the effective capacity for the newly added user
(User 3) and existing users (User 2 and User 1), denoted by
C3S3(P1(ν1), P2(ν), P3(Λ)), C2S3(P1(ν1), P2(ν), P3(Λ)),
and C1S3(P1(ν1), P2(ν), P3(Λ)), respectively, as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

C3S3 (P1(ν1), P2(ν), P3(Λ), θ)

=− 1
θ log

[
Eγ

{
e
−θBT log2

(
1+

P3(Λ)γ3b
P1(ν1)γ1+P2(ν)γ2+σ2

)}]
;

C2S3 (P1(ν1), P2(ν), P3(Λ), θ)

=− 1
θ log

[
Eγ

{
e
−θBT log2

(
1+

P2(ν)γ2
Pe3P3(Λ)γ3b+P1(ν1)γ1+σ2

)}]
;

C1S3 (P1(ν1), P2(ν), P3(Λ), θ)

=− 1
θ log

[
Eγ

{
e
−θBT log2

(
1+

P1(ν1)γ1
Pe3P3(Λ)γ3b+Pe2P2(ν)γ2+σ2

)}]
,

(48)
where P3(Λ) represents the transmit power of User 3, Pe3

and Pe2 are the probabilities of incorrectly decoding the
signal received from the newly added user (User 3) and the
existing user (User 2) for three users non-collaborative V-
MIMO transmission.

Applying the expression for P1(ν1) given by Eq. (5) and the
expression for P2(ν) derived in Section III-B, we can formu-
late the optimization problem P1-3 for QoS-guaranteed non-
collaborative three users V-MIMO transmission as follows:

P1-3 : max
P3(Λ)

{C3S3 (P1(ν1), P2(ν), P3(Λ), θ)}

s.t. : 1). C1S3 (P1(ν1), P2(ν), P3(Λ), θ) ≥ C1; (49)
2). C2S3 (P1(ν1), P2(ν), P3(Λ), θ) ≥ C2; (50)
3). Eγ {P3(Λ)} ≤ Pave,3; (51)
4). P3(Λ) ≤ Ppeak,3, (52)

where C2 is the applied traffic load of User 2, Pave,3 and
Ppeak,3 denote the average and peak power constraints for
User 3, respectively. Then, we can solve the optimization
problem P1-3 to obtain the optimal power allocation solution
for the three users case by applying the methods we developed
in Section III-A and Section III-B. We omit the detailed
and lengthy derivations/procedures for the solution to P1-3
and their performance analyses for lack of space. In general,
there is a tradeoff among the V-MIMO performance gain, the
system complexity, and the interference level caused by a large
number of grouped V-MIMO users.
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IV. QOS-DRIVEN POWER ALLOCATION SCHEMES FOR
HALF-DUPLEX AND FULL-DUPLEX COLLABORATIVE

V-MIMO WIRELESS NETWORKS

In this section, we formulate optimization problems for
QoS-guaranteed wireless half-duplex and full-duplex collabo-
rative V-MIMO transmissions, respectively. Both of these two
problems are strictly convex optimization problems. Then, we
develop the QoS-driven power allocation schemes for QoS-
guaranteed wireless half-duplex and full-duplex collaborative
V-MIMO transmissions, respectively.

A. Optimization Problem Formulation for QoS-Guaranteed
Wireless Half-Duplex Collaborative V-MIMO Transmission

From Eqs. (2), (8), and (9), we can obtain the ef-
fective capacity of User 2 and User 1 when employing
the half-duplex collaborative V-MIMO transmission, denoted
by C2H(P1(ν̃), P2(ν̃), θ) and C1H(P1(ν̃), P2(ν̃), θ), respec-
tively, as

C2H(P1(ν̃), P2(ν̃), θ)=−1

θ
log

[
Eγ

{
e−θR2H(P1(ν̃),P2(ν̃))

}]
=−1

θ
log

[
Eγ

{
e
−β2 log

(
1+2P2(ν̃)γ2+

4P2(ν̃)γ3P1(ν̃)γ1
2P2(ν̃)γ3+2P1(ν̃)γ1+σ2

)}]
(53)

and

C1H(P1(ν̃), P2(ν̃), θ)=−1

θ
log

[
Eγ

{
e−θR1H(P1(ν̃),P2(ν̃))

}]
=−1

θ
log

[
Eγ

{
e
−β1 log

(
1+2P1(ν̃)γ1+

4P1(ν̃)γ3P2(ν̃)γ2
2P1(ν̃)γ3+2P2(ν̃)γ2+σ2

)}]
,

(54)

respectively, where we define the normalized QoS exponent
for User 1 and User 2 with wireless half-duplex collaborative
V-MIMO transmission as β1 = [(1−μ)β]/2 and β2 = (μβ/2),
respectively.

Then, we can formulate the optimization problem for QoS-
guaranteed half-duplex collaborative V-MIMO transmission as
follows:

P3: max
(P1(ν̃),P2(ν̃))

{C2H(P1(ν̃), P2(ν̃), θ)}

= min
(P1(ν̃),P2(ν̃))

{
Eγ

[(
1 + 2P2(ν̃)γ2

+
4P2(ν̃)γ3P1(ν̃)γ1

2P2(ν̃)γ3 + 2P1(ν̃)γ1 + σ2

)−β2
]}

s.t. : 1). C1H(P1(ν̃), P2(ν̃), θ) ≥ C1; (55)
2). Eγ {P1(ν̃) + P2(ν̃)} ≤ (Pave,1 + Pave,2) ; (56)
3). P1(ν̃) ≤ Ppeak,1; (57)
4). P2(ν̃) ≤ Ppeak,2. (58)

The constraint 1). given in P3 denotes that the effective
capacity of User 1 needs to be larger than or equal to
the applied traffic load C1. The constraint 2). given in P3
denotes that the users in one group need to satisfy the average
power constraint. For collaborative V-MIMO transmission, we
assume that the average power constraint for the grouped V-
MIMO users is (Pave,1+Pave,2) to maintain the same average

power constraint as that employed for non-collaborative V-
MIMO transmission. The constraints 3). and 4). given in
P3 represent that User 1 and User 2 need to satisfy their
individual corresponding peak power constraints, respectively.
In the following analyses, we omit the symbol (ν̃) in P1(ν̃)
and P2(ν̃), for simplicity.

Lemma 2: Problem P3 is a strictly convex optimization
problem.

Proof: The proof is standard and we omit it due to lack
of space.

B. QoS-Driven Power Allocation Scheme for User 1 and
User 2 With Wireless Half-Duplex Collaboration

We construct the Lagrangian function of P3, denoted by
L2(P1, P2), as follows:

L2(P1, P2) = Eγ{J2(P1, P2)}
� Eγ

{
S(P1, P2) + λ̃

[
T (P1, P2)− e−θC1

]
+μ̃ (P1 + P2 − Pave,1 − Pave,2)

}
. (59)

where
S(P1, P2) =

(
1 + 2P2γ2 +

4P2γ3P1γ1
2P2γ3 + 2P1γ1 + σ2

)−β2

=

(
1 + 2P2γ2 +

4γ3γ1
2γ3

P1
+ 2γ1

P2
+ σ2

P1P2

)−β2

(60)

and

T (P1, P2) =

(
1 + 2P1γ1 +

4P1γ3P2γ2
2P1γ3 + 2P2γ2 + σ2

)−β1

. (61)

The Lagrangian multipliers λ̃ and μ̃ are associated with
the constraints 1). and 2). given in P3, respectively. Then,
to derive the optimal solutions to P3, we propose the
S-P3 scheme as follows:

S-P3 scheme (ε̃ and σ̃ are both small positive real-valued
numbers arbitrarily close to 0; The parameters λ̃∗ and μ̃∗

are the optimal Lagrangian multipliers associated with the
constraints 1). and 2). given in P3; The function Φ(P1, P2) �
∂S(P1, P2)/∂P1 + λ̃∗∂T (P1, P2)/∂P1 + μ̃∗ is defined to
simplify the mathematical expression):

1) Setting P2 equal to 0;
2) While P2 ≤ Ppeak,2

3) If (∃ z1(P2) ∈ [0, Ppeak,2] which satisfies
Φ(P1, P2)|P1=z1(P2) = 0)
z1(P2) is the optimal power allocation for User 1 when
the power allocation for User 2 is fixed to P2;

4) Else if (Φ(P1, P2) < 0, ∀ P1 ∈ [0, Ppeak,1])
z1(P2) = Ppeak,1 is the optimal power allocation for
User 1 when the power allocation for User 2 is fixed to
P2;

5) Else if (Φ(P1, P2) > 0, ∀ P1 ∈ [0, Ppeak,1],)
z1(P2) = 0 is the optimal power allocation for User 1
when the power allocation for User 2 is fixed to P2;

6) P2 = P2 + ε̃;
7) End if
8) End while
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9) If (∃P̃ ∗
2 ∈ {P2} which satisfies |Φ(P1, P2)| ≤ σ̃)

the optimal solutions to P3 is determined by (P̃opt,1 =

z1(P̃opt,2), P̃opt,2 = P̃ ∗
2 );

10) Else if (Φ(P1, P2) < 0, ∀(z1(P2), P2))
the optimal solutions to P3 is determined by (P̃opt,1 =

z1(P̃opt,2), P̃opt,2 = Ppeak,2);
11) Else if(Φ(P1, P2) > 0, ∀(z1(P2), P2))

the optimal solutions to P3 is determined by (P̃opt,1 =

z1(P̃opt,2), P̃opt,2 = 0).
12) End if

Since problem P3 is a strictly convex optimization problem,
the optimal Lagrangian multiplier λ̃∗ and μ̃∗ are also the
optimal solutions of P3’s dual problem P3-Dual, which is
formulated as follows:

P3-Dual : max
(λ̃,μ̃)

{
L̃2(P1, P2)

}

s.t. : 1). λ̃ ≥ 0; (62)
2). μ̃ ≥ 0, (63)

where L̃2(P1, P2) is the Lagrangian dual function defined by

L̃2(P1, P2) = min
(P1,P2)

{L2(P1, P2)}
= L2(P1, P2)|(P1=P1(λ̃,μ̃),P2=P2(λ̃,μ̃)). (64)

Using the convex optimization theory, the dual problem
P3-Dual is a convex optimization problem [38]. We can obtain
the optimal values of λ∗ and μ∗ using subgradient method⎧⎨⎩ λ̃∗=

[
λ̃∗ + ελ̃

(
Eγ {T (P1, P2)} − e−θC1

)]+
;

μ̃∗=[μ̃∗ + εμ̃ (Eγ {P1 + P2} − Pave,1 − Pave,2)]
+

(65)

where ελ̃ and εμ̃ are both positive real-valued numbers arbi-
trarily close to 0.

C. QoS-Guaranteed Wireless Full-Duplex Collaborative V-
MIMO Transmission

Comparing Eqs. (8) and (9) with Eqs. (10) and (11),
we can find that R2F (P1(ν̃), P2(ν̃)) and R1F (P1(ν̃), P2(ν̃))
are similar as R2H(P1(ν̃), P2(ν̃)) and R1H(P1(ν̃), P2(ν̃)),
respectively, except some constant coefficients. Thus, we
can similarly formulate the optimization problem for QoS-
guaranteed wireless full-duplex collaborative V-MIMO trans-
mission as problem P3. Then, we can solve this problem
using the way similar to Section IV-B. Due to lack of space,
we omit the derivation and the analytical results of the QoS-
driven power allocation for V-MIMO with wireless full-duplex
collaboration. But, we give the simulation results for wireless
full-duplex collaborative V-MIMO in Section V.

D. Optimization Problem Formulation for the Three Users
Collaborative V-MIMO Transmission With QoS-Provisionings

We can also extend our proposed scheme for two users QoS-
guaranteed collaborative V-MIMO transmission presented
above to more than two users QoS-guaranteed collaborative V-
MIMO transmission. However, due to the similar complexity
and interference problems discussed in Section III-C, it is

usually undesirable to extend our two users V-MIMO to the
more general M users scenario from the practical viewpoint.
Therefore, we only consider the half-duplex collaborative V-
MIMO transmission with three users in one V-MIMO group
as one example to show that our two users scheme can be
extended in principle to more than two users case in the
following. We normalize the duration of one frame into 1 time
unit and divide one frame into three stages: μ1 (0 ≤ μ1 ≤ 1),
μ2 (0 ≤ μ2 ≤ 1), and (1 − μ1 − μ2). In the first stage,
User 1 and User 2 help User 3 to relay User 3’s signal to
the BS. In the second stage, User 1 and User 3 help User
2 to relay User 2’s signal to the BS. In the third stage,
User 2 and User 3 help User 1 to relay User 1’s signal to
the BS. To simplify the analytical modeling for three users’
case, we define the three users collaborative channel CSI and
the collaborative QCSI as Γ̃ � (γ1, γ2, γ3b, γ3, γ13, γ23) and
Λ̃ � (γ1, γ2, γ3b, γ3, γ13, γ23, θ), respectively, where γ13 is the
power gain of the channel between User 1 and User 3, and
γ23 is the power gain of the channel between User 2 and User
3. Thus, we can derive the effective capacity for User 1, User
2, and User 3, denoted by C1H3(P1(Λ̃), P2(Λ̃), P3(Λ̃), θ),
C2H3(P1(Λ̃), P2(Λ̃), P3(Λ̃), θ), and C3H3(P1(Λ̃), P2(Λ̃), P3

(Λ̃), θ), respectively, as shown in Eq. (66), where P1(Λ̃),
P2(Λ̃), and P3(Λ̃) denote the transmit power of User 1,
User 2, and User 3, respectively.

Then, we can formulate the optimization problem for QoS-
guaranteed half-duplex collaborative three users V-MIMO
transmission as follows:

P3-3: max
(P1(Λ̃),P2(Λ̃),P3(Λ̃))

{
C3H3

(
P1

(
Λ̃
)
,

P2

(
Λ̃
)
, P3

(
Λ̃
)
, θ

)}

s.t. : 1). C1H3

(
P1

(
Λ̃
)
, P2

(
Λ̃
)
, P3

(
Λ̃
)
, θ

)
≥ C1; (67)

2). C2H3

(
P1

(
Λ̃
)
, P2

(
Λ̃
)
, P3

(
Λ̃
)
, θ

)
≥ C2; (68)

3). Eγ

{
P1(Λ̃) + P2(Λ̃) + P3(Λ̃)

}
≤ (Pave,1 + Pave,2 + Pave,3) ; (69)

4). P1(Λ̃) ≤ Ppeak,1; (70)

5). P2(Λ̃) ≤ Ppeak,2; (71)

6). P3(Λ̃) ≤ Ppeak,3. (72)

Then, we can solve the optimization problem P3-3 to obtain
the optimal power allocation solution for the three users
half-duplex case by applying the methods proposed in Sec-
tion IV-A and Section IV-B. We omit the detailed and lengthy
derivations/procedures for the solution and their performance
analyses to P3-3 for lack of space. Also, we can develop
the scheme and derive the observations for QoS-driven full-
duplex collaborative power allocation with three users in
the similar way for the QoS-driven half-duplex collaborative
power allocation with three users.

V. SIMULATION EVALUATIONS

We conduct simulation experiments to evaluate the perfor-
mance of our proposed optimal power allocation schemes for
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C1H3

(
P1

(
Λ̃
)
, P2

(
Λ̃
)
, P3

(
Λ̃
)
, θ

)
=− 1

θ log

[
Eγ

{
e
−θ

μ1BT
2 log2

(
1+2P1(Λ̃)γ1+

4P1(Λ̃)(γ3+γ13)(P2(Λ̃)γ2+P3(Λ̃)γ3b)
2P1(Λ̃)(γ3+γ13)+2(P2(Λ̃)γ2+P2(Λ̃)γ3b)+σ2

)}]
;

C2H3

(
P1

(
Λ̃
)
, P2

(
Λ̃
)
, P3

(
Λ̃
)
, θ

)
=− 1

θ log

[
Eγ

{
e
−θ

μ2BT
2 log2

(
1+2P2(Λ̃)γ1+

4P2(Λ̃)(γ3+γ23)(P1(Λ̃)γ1+P3(Λ̃)γ3b)
2P2(Λ̃)(γ3+γ23)+2(P1(Λ̃)γ1+P3(Λ̃)γ3b)+σ2

)}]
;

C3H3

(
P1

(
Λ̃
)
, P2

(
Λ̃
)
, P3

(
Λ̃
)
, θ

)
= − 1

θ log

[
Eγ

{
e
−θ

(1−μ1−μ2)BT
2 log2

(
1+2P3(Λ̃)γ1+

4P3(Λ̃)(γ13+γ23)(P1(Λ̃)γ1+P2(Λ̃)γ2)
2P3(Λ̃)(γ13+γ23)+2(P1(Λ̃)γ1+P2(Λ̃)γ2)+σ2

)}]
,

(66)

QoS-guaranteed V-MIMO wireless networks. Throughout our
simulations, we set the time frame length as T = 2 ms, the
signal bandwidth as B = 100 KHz, the required User 1’s
traffic load as C1 = 100 Kbits/s, and the noise variance
as σ2 = 1. All the channels’ amplitudes follow independent
Rayleigh distribution and the average SNR of each channel is
equal to 10 dB. We set the average and peak power constraints
for User 1 and User 2 as Pave,1 = Pave,2 = 1 W and
Ppeak,1 = Ppeak,2 = 1.2 W. Without loss of generality,
for non-collaborative V-MIMO wireless networks, we set
Pe = 0.1.

Figure 4 evaluates the QoS-driven single-user power allo-
cation for the existing user (User 1). As shown in Fig. 4,
without collaboration between the existing user (User 1) and
the newly added user (User 2), the existing user employs
the despicking water-filling scheme when the delay-QoS is
very loose and the despicking channel inversion scheme when
the delay-QoS is very stringent [33]. The despicking water-
filling scheme limits the instantaneous transmit power to the
peak power constraint in the high SNR region, which is
different from the traditional water-filling scheme where the
peak power constraint is ignored. The despicking channel
inversion scheme limits the instantaneous transmit power to
the peak power constraint in the low SNR region, which is
different from the traditional channel inversion scheme where
the peak power constraint is ignored.

When User 1 employs the QoS-driven single-user power
allocation, we can derive the QoS-driven non-collaborative
power allocation for User 2 under various delay-QoS con-
straints. As two typical examples for the QoS-driven non-
collaborative power allocation, Figs. 5 and 6 depict the QoS-
driven non-collaborative power allocations for User 2 when
the delay-QoS requirement is very loose (θ → 0) and very
stringent (θ → ∞), respectively. From Fig. 5, we can see that
when γ1 is very small (γ1 → −20 dB) and γ2 is very large
(γ2 → 20 dB), it is not advisable to use V-MIMO transmission
(P2 = 0) because in this case User 2 will cause a large
interference on User 1. When γ1 is very large (γ1 → 20 dB),
the interference from User 2 to User 1 is relatively small. Thus,
it is advisable to use V-MIMO transmission with the largest
available instantaneous transmit power P2 = Ppeak,2. From
Fig. 6, we can observe that the transmit power of User 2 is
almost allocated to the region where γ1 is around −5 dB,
which can be interpreted from Fig. 4. In Fig. 4, for very
stringent delay-QoS requirement (θ → ∞), the transmit power

of User 1 P1 starts to decrease from Ppeak,1 when γ1 is about
5 dB. Since P1 decreases as γ1 increases from γ1 = −5 dB,
the interference caused by User 2 to User 1 is relatively large
when γ1 is relatively large (γ1 is more larger than -5 dB).
Therefore, it is not advisable to use V-MIMO transmission
when γ1 is relatively large. For very stringent delay-QoS
requirement, it is advisable to use V-MIMO transmission when
γ1 is around −5 dB.

Figure 7 compares the effective capacity of using our
proposed QoS-driven non-collaborative V-MIMO power allo-
cation scheme, the despicking water-filling scheme (without
QoS provisionings), and the QoS-driven single-user power
allocation scheme under various delay-QoS requirements.
The required effective capacity of User 1 is also plotted.
As illustrated in Fig. 7, all our proposed QoS-driven non-
collaborative V-MIMO power allocation scheme, the despick-
ing water-filling scheme (without QoS provisionings), and the
QoS-driven single-user power allocation scheme can achieve
larger effective capacity than the required effective capacity of
User 1. Our proposed QoS-driven non-collaborative V-MIMO
power allocation scheme can achieve the largest effective
capacity as compared with the other schemes under various
delay-QoS requirements. The despicking water-filling scheme
(without QoS provisionings) can obtain the same effective
capacity as compared with our proposed QoS-driven non-
collaborative V-MIMO power allocation scheme when the
delay-QoS requirement is very loose (θ → 0). This is because
our proposed QoS-driven non-collaborative V-MIMO power
allocation scheme turns to the despicking water-filling scheme
when delay-QoS requirement is very loose (θ → 0). We can
also find that our proposed QoS-driven non-collaborative V-
MIMO power allocation scheme and the despicking water-
filling scheme achieve the same effective capacity when the
delay-QoS requirement is very stringent (θ → ∞). This is
because when the delay-QoS requirement is very stringent,
the interference caused by User 2 to User 1 is relatively large.
Thus, it is advisable to use single-user transmission.

Figure 8 plots four curves corresponding to the effective
capacity of using our proposed QoS-driven non-collaborative,
QoS-driven half-duplex collaborative, QoS-driven full-duplex
collaborative V-MIMO power allocation schemes with small
self-interference (δ̃ = 0.95), and the similar case with large
self-interference (δ̃ = 0.05), respectively, where we set μ =
0.5. In the legend of Fig. 8, the symbol SI denotes the self-
interference. As illustrated in Fig. 8, the collaboration among
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Fig. 4. The QoS-driven single-user power allocation for User 1.

the grouped users can increase the effective capacity of V-
MIMO transmission as compared with the non-collaborative
V-MIMO transmission under various delay-QoS requirements.
From Figs. 7 and 8, we can find that the QoS-driven half-
duplex and full-duplex collaborative V-MIMO power alloca-
tion schemes can supremely increase the effective capacity
of V-MIMO transmission when the delay-QoS is very loose
and very stringent. Also, due to the advantage of full-duplex
collaboration, if the self-interference is relatively small (δ̃ →
1), the QoS-driven full-duplex collaborative power allocation
scheme can achieve larger effective capacity than that of
the QoS-driven half-duplex collaborative power allocation
scheme. However, when the self-interference is relatively large
(δ̃ → 0), the effective capacity of the QoS-driven full-duplex
collaborative V-MIMO power allocation scheme may be lower
than that of the QoS-driven non-collaborative V-MIMO power
allocation scheme. This is because the relay hardly transmit
any data from the source to the destination when the self-
interference is relatively large. We can also observe that the
QoS-driven full-duplex collaborative power allocation scheme
cannot double the effective capacity as compared with that
of the QoS-driven half-duplex collaborative power alloca-
tion scheme. This is because the inevitable residual self-
interference will decrease the achieved effective capacity when
we use the full-duplex transmission for V-MIMO wireless
networks.

VI. CONCLUSIONS

We developed the optimal power allocation
schemes with statistical QoS provisionings over non-
collaborative/collaborative V-MIMO wireless networks. For
non-collaborative V-MIMO wireless networks, the existing
users are fixed to use the QoS-driven single-user power
allocation because they have no information about the
newly added users. Taking into account this assumption,
we proposed the QoS-driven power allocation for the newly
added users to maximize the effective capacity of newly
added users while guaranteeing the effective capacity of
existing users. For collaborative V-MIMO wireless networks,
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Fig. 5. The QoS-driven non-collaborative power allocation for User 2 under
very loose delay-QoS requirement.
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Fig. 6. The QoS-driven non-collaborative power allocation for User 2 under
very stringent delay-QoS requirement.

10−4 10−3 10−2 10−1
102

103

104

105

QoS exponent θ (1/bits)

E
ffe

ct
iv

e 
ca

pa
ci

ty
 (b

it/
s)

QoS−driven single−user power allocation
Non−collaborative V−MIMO without QoS provisionings
QoS−driven non−collaborative V−MIMO power allocation
Required effective capacity for User 1

V−MIMO

Fig. 7. Comparison of the effective capacity using our proposed QoS-driven
non-collaborative V-MIMO power allocation scheme, the despicking water-
filling V-MIMO scheme (without QoS provisionings), and the QoS-driven
single-user power allocation scheme under various delay-QoS requirements.



2056 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 31, NO. 10, OCTOBER 2013

10−5 10−4 10−3 10−2 10−1
0

0.5

1

1.5

2

2.5
x 104

QoS exponent θ (1/bits)

E
ffe

ct
iv

e 
ca

pa
ci

ty
 (b

it/
s)

Non−collaborative V−MIMO
Half−duplex collaborative V−MIMO
Full−duplex collaborative V−MIMO (small SI)
Full−duplex collaborative V−MIMO (large SI)

Fig. 8. The effective capacity of using our proposed QoS-driven non-
collaborative, QoS-driven half-duplex collaborative, and QoS-driven full-
duplex collaborative V-MIMO power allocation schemes.

the existing and the newly added users can cooperate
with each other. Thus, we proposed the QoS-driven power
allocation for both the existing users and the newly added
users with wireless half-duplex and full-duplex collaboration
to maximize the effective capacity of newly added users
while guaranteeing the effective capacity of existing users.
Simulation results show that under various QoS requirements,
our QoS-driven non-collaborative and collaborative V-MIMO
power allocation schemes can achieve larger effective
capacity than the effective capacity without considering QoS
requirements. If collaboration can be implemented among the
grouped users, the effective capacity of V-MIMO wireless
networks can be further increased. The wireless full-duplex
transmission can increase the effective capacity of V-MIMO
wireless networks as compared with the wireless half-duplex
transmission.

REFERENCES

[1] G. J. Foschini, “Layered space-time architecture for wireless commu-
nication in a fading environment when using multi-element antennas,”
Bell Labs. Technical J., vol. 1, pp. 41–59, Oct. 1996.

[2] S. M. Alamouti, “A simple transmit diversity technique for wireless
communications,” IEEE J. Sel. Areas Commun., vol. 16, no. 8, pp.
1451–1458, Oct. 1998.

[3] L. Zheng and D. N. C. Tse, “Diversity and multiplexing: a fundamental
tradeoff in multiple-antenna channels,” IEEE Trans. Inf. Theory, vol.
49, no. 5, pp. 1073–1096, May 2003.

[4] D. Gesbert, M. Kountouris, R. W. Heath, Jr., C.-B. Chae, and T. Salzer,
“From single user to multiuser communications: shifting the MIMO
paradigm,” IEEE Signal Process. Mag., vol. 24, no. 5, pp. 36–46, Sep.
2007.

[5] Y. Zhou and T. S. Ng, “Performance analysis on MIMO-OFCDM
systems with multi-code transmission,” IEEE Trans. Wireless Commun.,
vol. 8, no. 9, pp. 4426–4433, 2009.

[6] Y. Zhou and T. S. Ng, “MIMO-OFCDM systems with joint iterative de-
tection and optimal power allocation,” IEEE Trans. Wireless Commun.,
vol. 7, no. 12, pp. 5504–5516, 2008.

[7] E. Telatar, “Capacity of multi-antenna Gaussian channels,” Eur. Trans.
Telecomm. ETT, vol. 10, no. 6, pp. 585–596, Nov. 1999.

[8] 3GPP TSG-RAN1 WG1 #43 R1-051422, “UL virtual MIMO system
level performance evaluation for E-UTRA,” 2005, Seoul, Korea.

[9] X. Chen, H. Hu, H. Wang, H. Chen, and M. Guizani, “Double pro-
portional fair user pairing algorithm for uplink virtual MIMO systems,”
IEEE Trans. Wireless Commun., vol. 7, no. 7, pp. 2425–2429, July 2008.

[10] 3GPP TSG-RAN1 #42bis R1-0501162, “UL virtual MIMO transmission
for E-UTRA,” Oct. 2005, San Diego, USA.

[11] M. A. Ruder, U. L. Dang, and W. H. Gerstacker, “User pairing for
multiuser SC-FDMA transmission over virtual MIMO ISI channels,” in
IEEE GLOBECOM 2009, Dec. 2009, pp. 1–7.

[12] M. A. Ruder, D. Ding, U. L. Dang, and W. H. Gerstacker, “Combined
user pairing and spectrum allocation for multiuser SC-FDMA transmis-
sion,” in IEEE ICC 2009, June 2011, pp. 1–6.

[13] S. Dhakal and JoonBeom K., “Statistical analysis of user-pairing
algorithms in virtual MIMO systems,” in Wireless Telecommunications
Symposium (WTS), 2010, April 2010, pp. 1–5.

[14] 3GPP TSG RAN1 #46 R1-062074, “Link simulation results for uplink
virtual MIMO,” Aug. 2006, Tallinn, Estonia.

[15] L. Tian, Y. Zhou, Y. Zhang, G. Sun, and J. Shi, “Resource allocation for
multicast services in distributed antenna systems with quality of services
guarantees,” IET Communications, vol. 6, no. 3, pp. 264–271, 2012.

[16] R. Zhang, Y.-C. Liang, R. Narasimhan, and J. M. Cioffi, “Approaching
MIMO-OFDM capacity with per-antenna power and rate feedback,”
IEEE J. Sel. Areas Commun., vol. 25, no. 7, pp. 1284–1297, 2007.

[17] V. Mai, “MIMO capacity with per-antenna power constraint,” in IEEE
GLOBECOM 2011, Dec. 2011, pp. 1–5.

[18] M. Khoshnevisan and J. N. Laneman, “Power allocation in multi-
antenna wireless systems subject to simultaneous power constraints,”
IEEE Trans. Commun., vol. 60, no. 12, pp. 3855–3864, Dec. 2012.

[19] D. Wu and R. Negi, “Effective capacity: a wireless link model for
support of quality of service,” IEEE Trans. Wireless Commun., vol. 2,
no. 4, pp. 630–643, July 2003.

[20] X. Zhang and Q. Du, “Cross-layer modeling for QoS-driven multimedia
multicast/broadcast over fading channels in mobile wireless networks,”
IEEE Commun. Mag., vol. 45, no. 8, pp. 62–70, Aug. 2007.

[21] J. Tang and X. Zhang, “Quality-of-service driven power and rate
adaptation over wireless links,” IEEE Trans. Wireless Commun., vol.
6, no. 8, pp. 3058–3068, Aug. 2007.

[22] Q. Du and X. Zhang, “Statistical QoS provisionings for wireless
unicast/multicast of multi-layer video streams,” IEEE J. Sel. Areas
Commun., vol. 28, no. 3, pp. 420–433, 2010.

[23] W. Cheng, X. Zhang, and H. Zhang, “Full/half duplex based resource
allocations for statistical quality of service provisioning in wireless relay
networks,” in IEEE 31st INFOCOM, Orlando, Florida, USA, Mar. 2012.

[24] X. Zhang, J. Tang, H. H. Chen, S. Ci, and M. Guizani, “Cross-layer-
based modeling for quality of service guarantees in mobile wireless
networks,” IEEE Commun. Mag., vol. 44, no. 1, pp. 100–106, 2006.

[25] J. Tang and X. Zhang, “Cross-layer resource allocation over wireless
relay networks for quality of service provisioning,” IEEE J. Sel. Areas
Commun., vol. 25, no. 4, pp. 645–656, 2007.

[26] J. Jiang, M. Dianati, M. A. Imran, and Y. Chen, “Energy efficiency and
optimal power allocation in virtual-MIMO systems,” in IEEE Vehicular
Technology Conference (VTC Fall), Sep. 2012, pp. 1–6.

[27] J.-M. Chung, J. Kim, and D. Han, “Multihop hybrid virtual MIMO
scheme for wireless sensor networks,” IEEE Trans. Veh. Technol., vol.
61, no. 9, pp. 4069–4078, Nov. 2011.

[28] J. Park and S. Lee, “M2-m2 beamforming for virtual MIMO broad-
casting in multi-hop relay networks,” IEEE J. Sel. Areas Commun., vol.
30, no. 8, pp. 1358–1369, Sep. 2012.

[29] H. Zhu and J. Wang, “Chunk-based resource allocation in OFDMA
systems - part I: Chunk allocation,” IEEE Trans. Commun., vol. 57, no.
9, pp. 2734–2744, Sep. 2009.

[30] H. Zhu and J. Wang, “Chunk-based resource allocation in OFDMA
systems - part II: Joint chunk, power and bit allocation,” IEEE Trans.
Commun., vol. 60, no. 2, pp. 499–509, Feb. 2012.

[31] C. S. Chang, “Stability, queue length, and delay of deterministic and
stochastic queueing networks,” IEEE Trans. Autom. Contr., vol. 39, no.
5, pp. 913–931, May 1994.

[32] C. S. Chang, Performance Guarantees in Communication Networks,
Spinger-Verlag London, 2000.

[33] W. Cheng, X. Zhang, and H. Zhang, “Maximizing effective capacity
over wireless links under average and peak power constraints,” in IEEE
ICC 2012, Ottawa, Canada, June 2012.

[34] D. N. C. Tse and S. V. Hanly, “Multiaccess fading channels-part
I: poly-matroid structure, optimal resource allocation and throughput
capacities,” IEEE Trans. Inf. Theory, vol. 44, no. 7, pp. 2706–2815,
Nov. 2009.

[35] D. Tse and P. Viswanath, Fundamentals of Wireless Communication,
Cambridge University Press, 2005.

[36] T. Wang, A. Cano, G. B. Giannakis, and J. N. Laneman, “High-
performance cooperative demodulation with decode-and-forward re-
lays,” IEEE Trans. Commun., vol. 55, no. 7, pp. 1427–1438, July 2007.

[37] J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative diversity
in wireless networks: efficient protocols and outage behavior,” IEEE
Trans. Inf. Theory, vol. 50, no. 12, pp. 3062–3080, Dec. 2004.



CHENG et al.: QOS-AWARE POWER ALLOCATIONS FOR MAXIMIZING EFFECTIVE CAPACITY OVER VIRTUAL-MIMO WIRELESS NETWORKS 2057

[38] S. Boyd and L. Vandenberghe, Convex Optimization, Cambridge
University Press, 2004.

Wenchi Cheng received B.S. degree in Telecommu-
nication Engineering from Xidian University, Xi’an,
China, in 2008. He is currently working towards
a Ph.D. degree at School of Telecommunications
Engineering, Xidian University. He worked as a vis-
iting Ph.D. student with Prof. Xi Zhang at Network-
ing and Information Systems Laboratory, Depart-
ment of Electrical and Computer Engineering, Texas
A&M University, College Station, Texas, U.S.A.,
from 2010 to 2011, under the joint Ph.D. program
between Department of Electrical and Computer

Engineering, Texas A&M University and School of Telecommunications
Engineering, Xidian University.

His research interests focus on wireless full-duplex transmission, statistical
QoS provisioning, cognitive radio techniques, and energy efficient wireless
networks. He has published multiple papers in IEEE INFOCOM, IEEE
GLOBECOM, IEEE ICC, etc.

Xi Zhang (S’89-SM’98) received the B.S. and M.S.
degrees from Xidian University, Xi’an, China, the
M.S. degree from Lehigh University, Bethlehem,
PA, all in electrical engineering and computer sci-
ence, and the Ph.D. degree in electrical engineer-
ing and computer science (Electrical Engineering-
Systems) from The University of Michigan, Ann
Arbor.

He is currently an Associate Professor and the
Founding Director of the Networking and Informa-
tion Systems Laboratory, Department of Electrical

and Computer Engineering, Texas A&M University, College Station. He
was a research fellow with the School of Electrical Engineering, University
of Technology, Sydney, Australia, and the Department of Electrical and
Computer Engineering, James Cook University, Australia. He was with
the Networks and Distributed Systems Research Department, AT&T Bell
Laboratories, Murray Hill, New Jersey, and AT&T Laboratories Research,
Florham Park, New Jersey, in 1997. He has published more than 250 research
papers on wireless networks and communications systems, network protocol
design and modeling, statistical communications, random signal processing,
information theory, and control theory and systems. He received the U.S.
National Science Foundation CAREER Award in 2004 for his research in
the areas of mobile wireless and multicast networking and systems. He
is an IEEE Distinguished Lecturer of both IEEE Communications Society
and IEEE Vehicular Technology Society. He received Best Paper Awards
at IEEE GLOBECOM 2007, IEEE GLOBECOM 2009, and IEEE WCNC
2010, respectively. He also received a TEES Select Young Faculty Award
for Excellence in Research Performance from the Dwight Look College of
Engineering at Texas A&M University, College Station, in 2006.

Prof. Zhang is serving or has served as an Editor for IEEE TRANSACTIONS
ON COMMUNICATIONS, IEEE TRANSACTIONS ON WIRELESS COMMUNI-
CATIONS, and IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, twice
as a Guest Editor for IEEE JOURNAL ON SELECTED AREAS IN COMMU-
NICATIONS for two special issues on “Broadband Wireless Communications
for High Speed Vehicles” and “Wireless Video Transmissions,” an Associate
Editor for IEEE COMMUNICATIONS LETTERS, a Lead Guest Editor for IEEE
Communications Magazine for the special issue on “Advances on Cooperative
Wireless Networking” and a Guest Editor for IEEE Wireless Communications
for the special issue on “Next Generation CDMA versus OFDMA for 4G
Wireless Applications”, an Editor for Wiley’s JOURNAL ON WIRELESS
COMMUNICATIONS AND MOBILE COMPUTING, JOURNAL OF COMPUTER
SYSTEMS, NETWORKING, AND COMMUNICATIONS, and Wiley’s JOURNAL
ON SECURITY AND COMMUNICATIONS NETWORKS, and an Area Editor for
Elsevier’s JOURNAL ON COMPUTER COMMUNICATIONS, among others. He
is serving or has served as the TPC Chair for IEEE GLOBECOM 2011, TPC
Vice-Chair IEEE INFOCOM 2010, TPC Area Chair for IEEE INFOCOM
2012, Panel/Demo/Poster Chair for ACM MobiCom 2011, General Vice-
Chair for IEEE WCNC 2013, Panel/Demo/Poster Chair for ACM MobiCom
2011, and TPC/General Chair for numerous other IEEE/ACM conferences,
symposia, and workshops.

Hailin Zhang (M’98) received B.S. and M.S. de-
grees from Northwestern Polytechnic University,
Xi’an, China, in 1985 and 1988 respectively, and the
Ph.D. from Xidian University, Xi’an, China, in 1991.
In 1991, he joined School of Telecommunications
Engineering, Xidian University, where he is a senior
Professor and the Dean of this school. He is also
currently the Director of Key Laboratory in Wireless
Communications Sponsored by China Ministry of
Information Technology, a key member of State
Key Laboratory of Integrated Services Networks,

one of the state government specially compensated scientists and engineers,
a field leader in Telecommunications and Information Systems in Xidian
University, an Associate Director for National 111 Project. Dr. Zhang’s
current research interests include key transmission technologies and standards
on broadband wireless communications for B3G, 4G, and next generation
broadband wireless access systems. He has published more than 100 papers
in journals and conferences.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Cadmus MediaWorks settings for Acrobat Distiller 8)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


