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Heterogeneous Statistical QoS Provisioning
Over 5G Mobile Wireless Networks
Xi Zhang, Wenchi Cheng, and Hailin Zhang
Abstract

As a critical step towards the next new era of mobile wireless networks, recently
5G mobile wireless networks have received significant research attention and
efforts from both academia and industry. The 5G mobile wireless networks are
expected to provide different delay-bounded QoS guarantees for a wide spectrum
of services, applications, and users with extremely diverse requirements. Since the
time-sensitive services in 5G multimedia wireless networks may vary dramatically in
both a large range from milliseconds to a few seconds and diversity from uniform/constant delay-bound to different/variable delay-bound guarantees among
different wireless links, the delay-bound QoS requirements for different types of services promote the newly emerging heterogeneous statistical delay-bounded QoS
provisioning over 5G mobile wireless networks, which, however, imposes many
new challenging issues not encountered before in 4G wireless networks. To overcome these new challenges, in this article we propose a novel heterogeneous statistical QoS provisioning architecture for 5G mobile wireless networks. First, we
develop and analyze the new heterogeneous statistical QoS system model by
applying and extending the effective capacity theory. Then, through the wireless
coupling channels, we apply our proposed heterogeneous statistical QoS architecture to efficiently implement the following powerful 5G-candidate wireless techniques: 1) device-to-device networks; 2) full-duplex networks; and 3) cognitive
radio networks, respectively, for providing heterogeneous statistical delay-bounded
QoS guarantees. Finally, using the simulation experiments we show that our proposed architecture and schemes significantly outperform the existing traditional statistical delay-bounded QoS provisioning schemes in terms of satisfying the
heterogeneous delay-bounded QoS requirements while maximizing the aggregate
system throughput over 5G mobile wireless networks.

A

s the fourth-generation (4G) wireless communications and networks are becoming more and more
mature and widely implemented in the mobile
wireless industrial and commercial products, the
fifth-generation (5G) mobile wireless communication technologies are rapidly emerging in research fields. The emerging
5G wireless networks aims at ensuring that various contemporary wireless applications can be timely and satisfactorily
served at any time and any place, and in any way [1–3]. One
of the most important services in 5G wireless applications is
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the bandwidth-intentive and time-sensitive multimedia, even
including 3D immersive media, transmissions that were previously confined to wired networks such as the Internet, but are
now making forays into mobile devices and wireless networks.
Video traffic constitutes a significant 51 percent of the mobile
traffic volume and is expected to increase to 67 percent by
2017 [4, 5]. Full high definition (FHD) video is also being
increasingly shared through popular media such as YouTube,
and ultra high definition (UHD) and 3D video content will
eventually take over in the not so distant future.
To support these highly bandwidth-intentive and time-sensitive multimedia services for the emerging 5G wireless networks, for the last several years the telecommunications
academia and industry have made a great deal of effort/processes in investigating various advanced wireless techniques
such as device-to-device (D2D) communications [6], wireless
full-duplex (FD) communications [7, 8], advanced cognitive
radio (CR) communications [8], and so on, as well as quality
of service (QoS) provisioning techniques. The key design issue
for multimedia wireless services is how to efficiently guarantee
timely multimedia data transmissions within specified delay
bounds. Because of the highly varying wireless channels, the
deterministic delay-bounded QoS requirements for high-volume multimedia wireless traffic are usually hard to guarantee.
Alternatively, the statistical delay-boundeded QoS provision-
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ing theory has been proposed and shown to be a powerful
technique to characterize and implement the delay-bounded
QoS guarantee for wireless real-time traffic [9, 10]. The traditional statistical delay-bounded QoS guarantee technique,
called homogeneous statistical delay-bounded QoS provisioning, typically assumes that the QoS provisioning for each link
can be individually processed.
However, examining the new existing and expected wireless
communication techniques for 5G wireless networks, we
observe that more than one type of traffic corresponding to
different delay-bounded QoS constraints typically coexist in
the 5G mobile wireless networks. Therefore, 5G mobile wireless networks need to provide different delay-bounded QoS
guarantees for diverse types of services, applications, and
users with extremely diverging requirements in different 5G
candidate-technique-based networks. Since the time sensitivities of different sets of services vary from 1 ms to a few seconds across different wireless links for different mobile users,
the delay-bounded QoS guarantees for different types of services in 5G mobile wireless networks demand new heterogeneous statistical delay-bounded QoS provisioning
architectures, frameworks, schemes, and algorithms, thus
imposing many new design problems not encountered before
in 4G wireless networks.
To overcome the above-mentioned challenges, in this article we propose the novel heterogeneous statistical QoS provisioning architecture over 5G mobile wireless networks. We
identify and analyze three promising 5G candidate-techniques-based networks:
• D2D technique-based networks, where the D2D communication and the cellular communication are performed at the
same time
• FD technique-based networks, where two wireless FD terminals send their own data to each other using the same
frequency-time channel simultaneously
• CR technique-based networks where the secondary transmitter sends its own data to the secondary receiver when
the primary/licensed transmitter and receiver are not using
the licensed channel
We build up our 5G-candidate techniques-based heterogeneous QoS provisioning system model and characterize the
common features of having two coexisting wireless communications pairs over the three 5G technique-based wireless networks by employing the wireless coupling channels
communications model. Using these system models, we develop the heterogeneous statistical delay-bounded QoS provisioning architecture for the generic 5G candidate-techniques-based
networks and analyze the heterogeneous statistical delaybounded QoS provisioning for the D2D technique-based networks, the FD technique-based networks, and the CR
technique-based networks, respectively. We also develop the
heterogeneous QoS-based power allocation schemes to maximize the aggregate effective capacity of the 5G-candidate
technique-based networks, which are evaluated by the simulation results.
The rest of this article is organized as follows. We establish
the system model for the heterogeneous statistical delaybounded QoS provisioning architecture over 5G wireless networks, which consists of the cloud radio access network
(Cloud-RAN) infrastructure [11], the three 5G candidate
wireless-techniques-based networks, and the wireless coupling
channels model. We extend the effective-capacity-based
homogeneous statistical delay-bounded QoS provisioning
existing in 4G wireless networks into the heterogeneous statistical delay-bounded QoS provisioning for 5G wireless networks. We apply our proposed architecture to implement the
heterogeneous statistical delay-bounded QoS provisioning for
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D2D-5G networks, FD-5G networks, and CR-5G networks,
respectively. We simulate and evaluate our proposed heterogeneous QoS architecture-based power allocations schemes in
terms of the aggregate effective capacities for the three types
of 5G candidate-techniques-based wireless networks. We then
conclude this article.

The System Model for Heterogeneous QoS
Provisioning Architecture Over 5G Wireless
Networks
Figure 1 depictures the architecture model for the 5G mobile
wireless networks, which is applied and integrated with the
following three promising 5G-candidate wireless communications techniques:
• D2D wireless communication technique
• FD wireless communication technique
• CR wireless communication technique
As shown in Fig. 1, the 5G wireless network consists of a
number of 5G candidate-techniques-based networks, each of
which is implemented with one type of 5G candidate technique specified by the performance requirements such as
throughput, delay bound, and spectrum/energy efficiency. All
5G candidate-techniques-based networks are connected to the
big data center/server facilitated by the super base station system with distributed massive multiple-input multiple-output
(MIMO) of the Cloud-RAN infrastructure [1]. Also, as illustrated in Fig. 1, the three 5G candidate- techniques-based networks are implemented by the three highly demanded and
promising 5G wireless communication techniques, including
the D2D wireless communication, wireless FD communication, and CR wireless communication techniques, respectively.
We call 5G wireless networks using the D2D wireless communication [2], FD wireless communication technique [1, 7], and
CR wireless communication technique [8], respectively, D2D5G networks, FD-5G networks, and CR-5G networks, respectively, which are further elaborated on in the following.
•D2D-5G networks: As depicted in Fig. 1, D2D communications enables the exchange of data directly between two
mobile users without the use of a base station (BS) or the
core network other than for assistance of setting up direct
connections. D2D communications is beneficial in increasing
area spectrum efficiency and cellular coverage while decreasing end-to-end delay, cellular interference, and power consumption. Thus, D2D is a very promising candidate technique
for 5G wireless networks. In D2D-based networks, D2D
devices implement the direct half-duplex communication
(D2D communication) with each other, bypassing the BS,
while cellular devices need to communicate through the BS. A
pair of D2D communication parties forms a D2D pair, where
the D2D communications is conducted. In contrast, the cellular communication goes through the BS. Under our proposed
D2D and cellular communication model as shown in Fig. 1,
D2D-5G consist of a D2D pair, a cellular device, and a BS.
•FD-5G networks: As illustrated in Fig. 1, an FD BS transmits and receives from different mobile users simultaneously
using the same frequency channel. Thus, FD communication
can potentially double the spectrum efficiency of wireless networks while improving the energy efficiency of wireless communications, making FD another very strong candidate
technique for 5G wireless networks. In FD-based wireless networks, the mobile device performs the wireless FD communication with the BS, which enables transmitting and receiving
simultaneously by using the same frequency-time channel and
thus can significantly increase the spectrum efficiency of the
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techniques-based networks
networks, a T1 and R1 communication
pair denotes the D2D communication
pair while T2 and R2 denote the other
Base station (BS)
Mobile device
coexisting communication pair between
the cellular device and the BS, respecWireless half-duplex communication link/channel
tively, with different delay-bounded QoS
Wireless full-duplex communication link/channel
constraints for the two communication
Transmitter 1 of wireless coupling channels
T1
pairs. For FD-5G, T1 and R2 denote the
communication pair between the transR1
Receiver 1 of wireless coupling channels
mitter and the receiver, respectively, of
the FD device, while T2 and R1 denote
T2
Transmitter 2 of wireless coupling channels
the other coexisting communication pair
between the transmitter and the receiver,
R2
Receiver 2 of wireless coupling channels
respectively, of the BS, where the delay
bound QoS requirements are different
Figure 1. The heterogenous statistical QoS system architecture model for 5G
between the two communication pairs.
mobile wireless networks supported by the Cloud-RAN infrastructure, which is
For CR-5G networks, T1 and R1 denote
centered with the big data center/server facilitated by the super base station (BS)
the communication pair between the prisystems equipped with distributed massive MIMO.
mary device and the primary BS, respectively, while T2 and R2 denote the other
communication pair between the secondary device and the secondary BS, respectively, with two
wireless networks. The key technique to successfully impledifferent delay-bounded QoS constraints for the primary
menting wireless FD communication is how to cancel/mitigate
and secondary communications pairs.
the self-interference, which is the interference at the receiver
For one wireless coupling channel of the D2D-5G networks
caused by the local transmitter.
and the CR-5G networks, there are four mobile devices (T1
•CR-5G networks: As shown in Fig. 1, CR communicaand R2 are two different mobile devices, while T2 and R1 are
tions allows secondary mobile users to share spectrum
also two different mobile devices). However, for one wireless
bands with licensed users in either an underlay (interfercoupling channel of the FD-5G networks, there are only two
ence-tolerant) or overlay (interference-free/minimization)
mobile devices (T1 and R2 are the same device, while T2 and
basis with the primary users receiving higher priority. CR
R1 are also the same device).
can also significantly increase spectrum efficiency and energy efficiency, thus making CR a very powerful 5G candidate technique. Within CR-based networks, primary
communication is defined as the communication between
The Effective Capacity Theory for
the primary device and the primary BS. Secondary commuHeterogeneous Statistical Delay-Bounded
nication is defined as the communication between the secondary device and the secondary BS. The primary device
QoS Provisioning Over 5G Mobile Wireless
has higher priority to implement the primary communicaNetworks
tion with the primary BS than the secondary device because
the channel is licensed to the primary device and primary
Using the system model for heterogeneous QoS provisioning
BS. To increase the spectrum efficiency of CR-based netover 5G wireless networks, we develop the effective capacity
works, the secondary device communicates with the sectheory for heterogenous delay-bounded QoS provisioning over
ondary BS using the channel licensed to the primary devices
5G mobile wireless networks.

48

CR techniquebased 5G
networks

IEEE Network • November/December 2014

ZHANG_LAYOUT.qxp_Layout 1 11/14/14 2:40 PM Page 49

Statistical Delay-Bounded QoS
Provisioning over the Traditional 4G
Wireless Networks

Upper-layer
packets
FIFO

Upper-layer
packets
Transmitter

Receiver

We introduce the fundamentals of homogeLink layer
Link layer
neous statistical delay-bounded QoS provisioning for 4G wireless networks, which is
QoS constraint
Wireless
θ
based on the effective capacity theory [9, 10,
fading
channels
12]. Inspired by the principle of effective
Physical layer
Physical layer
bandwidth, the authors in [9] defined the
effective capacity as the maximum constant
arrival rate that can be supported by the
service rate to guarantee the specified statisFigure 2. The homogeneous statistical QoS provisioning over the traditional
tical delay-bounded requirement over a
wireless channel in 4G wireless networks.
wireless channel. The specified statistical
delay-bounded requirement, called QoS
exponent and denoted by q, is a positive real-valued number
Heterogeneous Statistical Delay-Bounded QoS
that builds up the relationship between the queue length
Provisioning through the Wireless Coupling Channels
threshold and the probability of queue length exceeding the
Model in 5G Wireless Networks
given threshold. Figure 2 shows the homogeneous statistical
delay-bounded QoS provisioning framework over the tradiUnlike 4G wireless networks, where the homogeneous statistitional wireless link. The upper-layer packets are first
cal delay-bounded QoS provisioning can guarantee the QoS
buffered in first-in first-out (FIFO) queues to be transmitrequirements of the wireless networks, 5G wireless networks
ted to their destinations. Then, at the link layer, the packets
need more sophisticated statistical delay-bounded QoS proviare divided into frames and then split into bitstreams at the
sioning strategy because different links have different delayphysical (PHY) layer. Based on the service-determined QoS
bounded QoS requirements, and thus, the diverse statistical
exponent q corresponding to the real-time traffic of this link
delay-bounded QoS provisioning requirements need to be
and the channel state information (CSI) fed back from the
jointly considered for all links over 5G candidate-techniquescorresponding receiver, we need to develop the homogebased networks. We call this type of wireless traffic delayneous delay-bounded QoS-driven strategies to optimize the
bounded QoS requirements heterogeneous statistical
system performance under the given QoS exponent q. For
delay-bounded QoS provisioning.
the traditional wireless link (Fig. 2), the probability of
Figure 3 shows an example of the heterogeneous statistical
queue length exceeding the given threshold is given by
delay-bounded QoS provisioning framework over the wireless
e –qQ th , where Q th is the queue length threshold. The QoS
coupling channel for the generic 5G candidate-techniquesbased networks. As illustrated in Fig. 3, transmitter 1 (T1)
exponent measures the exponential decay rate of the delayand transmitter 2 (T2) send their signals to receiver 1 (R1)
bounded QoS violation probabilities. A larger q corresponds
and receiver 2 (R2), respectively, using the same/shared freto a faster decay rate, which implies that the system can
quency-time channel. The QoS constraints q 1 and q 2, correprovide a more stringent QoS requirement. A smaller q
leads to a slower decay rate, which indicates a looser QoS
sponding to T1 and T2, respectively, need to be jointly
requirement. Asymptotically, when q  •, it is implied that
guaranteed at the same time. Because q1 and q2 typically have
the system cannot tolerate any delay, which corresponds to
different values, we need to jointly provide the heterogeneous
the very stringent statistical delay-bounded QoS constraint.
statistical delay-bounded QoS provisioning for the links from
On the other hand, when q  •, the system can tolerate an
T1 to R1 and from T2 to R2 simultaneously. The upper-layer
arbitrarily long delay, which corresponds to the very loose
packets processes follow the same procedure as in the homostatistical delay-bounded QoS constraint. Then we can
geneous statistical delay-bounded QoS provisioning framederive the analytical expression of the effective capacity,
work. Based on the service-determined QoS constraints (qi, i
denoted by C, as follows [10, 12]:
= 1, 2) corresponding to the real-time multimedia traffic of
two channels and CSI fed back from the receivers to the cor1
responding transmitters, we need to develop heterogeneous
−θ TR
C = − log E e
(1)
delay-bounded QoS-driven strategies to optimize system perθ
formance in terms of effective capacity under the given hetwhere R is the instantaneous transmission rate of one time
erogeneous QoS exponents q1 and q2.
frame, T is the fixed length of each time frame, and E {◊}
To quantitatively characterize the heterogeneous statistical
denotes the expectation.
delay-bounded QoS provisioning, we introduce and define the
Although homogeneous statistical delay-bounded QoS proaggregate effective capacity, denoted by Ca(q 1, q 2, R1, R2), as
visioning can guarantee the QoS requirements of the 4G wirethe sum of the effective capacities corresponding to the links
less networks, it has inherent deficiencies to be implemented
over the wireless coupling channels from T1 to R1 and from
in 5G wireless networks. Because more than one type of trafT2 to R2, where R1 and R2 denote the instantaneous transmisfic corresponding to different delay-bounded QoS constraints
sion rates corresponding to the wireless coupling channels
typically coexist in the 5G mobile wireless networks, 5G
from T1 to R1 and from T2 to R2, respectively. Then, extendmobile wireless networks need to provide different delaying the derivation for Eq. 1, we can derive the generic analytibounded QoS guarantees for diverse types of services, applical function for the aggregate effective capacity Ca(q1, q2, R1,
cations, and users with extremely divergent requirements in
R2) over the wireless coupling channel as follows:
different 5G candidate-techniques-based networks. However,
1
1
homogeneous statistical delay-bounded QoS provisioning can
Ca (θ1 ,θ 2 , R1 , R2 ) = − log E e−θ1TR1 −
log E e−θ 2TR2 (2)
θ1
θ2
only guarantee one type of traffic, which violates the diverse
delay-bounded QoS requirements of 5G wireless networks.
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Heterogeneous Statistical DelayBounded QoS Provisioning for D2DBased 5G Mobile Wireless Networks

For D2D-5G networks, the delay-bounded
QoS constraints (q i , i = 1, 2) for cellular
communication and D2D communication
typically differ from each other. Although
two D2D devices communicate with each
Figure 3. The heterogeneous statistical QoS provisioning over the “wireless couother bypassing the BS, both of them are
pling channels model” in all 5G candidate-technique-based networks.
still controlled by the BS. There are two
fundamental modes for D2D-5G networks:
the co-channel and orthogonal-channel modes. The co-chanFor heterogeneous statistical delay-bounded QoS provisionnel mode is defined as that where the D2D and cellular
ing over 5G wireless networks, our objective is to maximize
communication use the entire frequency-time resource of the
the aggregate effective capacity of each type of 5G candidateD2D-5G networks. On the other hand, the orthogonal-chantechnique-based networks. However, the heterogeneous statisnel mode is defined as that where D2D communication uses
tical delay-bounded QoS provisioning imposes the new
one part of the entire frequency-time resource, and cellular
challenges that the resource allocation for each link depends
communication uses the other part, which is orthogonal to
not only on its own corresponding delay-bounded QoS
the first part of the frequency-time resource in D2D-5G
requirement, but also on the delay-bounded QoS requirenetworks.
ments corresponding to all the other links in the 5G wireless
Regardless of whether D2D-5G networks uses the conetworks.
channel or orthogonal-channel mode, the delay-bounded
If the delay-bounded QoS provisioning for each link can be
QoS requirements q 1 and q 2 for D2D communication and
individually processed, this type of wireless network scenario
is suitable to be characterized by the homogeneous statistical
cellular communication are typically different from each
delay-bounded QoS provisioning scheme. If more than one
other and also need to be jointly guaranteed at the same
type of traffic corresponding to different delay-bounded QoS
time, which defines the heterogeneous statistical delayconstraints typically coexist for each link, this type of wireless
bounded QoS provisioning framework for D2D-5G networks.
network scenario can be better characterized by the heterogeThen the aggregate effective capacity of D2D-5G networks
neous statistical delay-bounded QoS provisioning scheme.
is the sum of the effective capacities for D2D communicaUsing derivations similar to those used for the homogetion and that for cellular communication over wireless couneous QoS-driven power allocations over the corresponding
pling channels. Thus, we can derive the aggregate effective
traditional wireless networks [10], we can derive the statistical
capacities for D2D-based 5G wireless networks under the
delay-bounded QoS-based power allocation strategies for the
co-channel and orthogonal-channel modes as Ca(q1, q2, Rd1,
three types of 5G candidate-technique-based networks, called
R d2 ) and C a (q 1 , q 2 , aR d1 , (1 – a)R d2 ), respectively, where
the heterogeneous QoS-based power allocation schemes,
the generic aggregate effective capacity function Ca(◊, ◊, ◊, ◊)
which can efficiently maximize the aggregate effective capaciis specified by Eq. 2, R d1 and R d2 denote the instantaneous
ties for the three types of 5G candidate-technique-based nettransmission rates of the D2D and cellular communication,
works, respectively, as detailed in the next section.
respectively, for D2D-based 5G wireless networks, and a
and (1 – a) represent the percents of time lengths of one
time frame used for D2D and cellular communication,
respectively, when D2D-5G networks employ the orthogoApplications of Heterogeneous Statistical
nal-channel mode. For D2D-5G networks under heterogeDelay-Bounded QoS Provisioning
neous delay-bounded QoS constraints, the design objective
is to maximize the aggregate effective capacities for the coArchitecture for Implementing Three 5G
channel mode and orthogonal-channel mode, respectively.
Candidate-Techniques-Based Wireless
Clearly, the aggregate effective capacities jointly depend on
both the QoS exponents q 1 and q 2 for the D2D and cellular
Networks
communication. Thus, we can derive the optimal power
allocation strategies to maximize the aggregate effective
In this section, we show how our proposed heterogeneous stacapacities by jointly taking into account q 1 and q 2 over the
tistical delay-bounded QoS provisioning architecture can support the implementations for the following three powerful 5G
wireless coupling channels at the same time in D2D-5G
candidate wireless techniques:
networks.
Physical layer
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Heterogeneous Statistical Delay-Bounded QoS
Provisioning for FD-Based 5G Mobile Wireless
Networks
For FD 5G networks, the FD device sends its own data to the
BS while the BS transmits its own data to the FD device using
the same frequency-time resource over the wireless coupling
channels simultaneously. Because both the FD device and the
BS use the wireless FD transmission mode over the wireless
coupling channels, the different delay-bounded QoS constraints (q1 and q2) for the two channels from the FD device
to the BS and from the BS to the FD device (along the wireless coupling channels) need to be jointly guaranteed at the
same time, which defines the heterogeneous statistical delaybounded QoS provisioning framework for FD 5G networks. The
aggregate effective capacity of FD 5G networks is the sum of
the effective capacities that correspond to the channel from
the FD device to the BS and the channel from the BS to the
FD device, respectively, over the wireless coupling channels.
Thus, we can derive the aggregate effective capacity of FD 5G
networks as Ca(q 1, q 2, Rf1, Rf2), where the generic aggregate
effective capacity function C a(◊, ◊, ◊, ◊) is specified by Eq. 2,
and Rf1 and Rf2 denote the instantaneous wireless FD transmission rates over the wireless coupling channels from the FD
device to the BS and the BS to the FD device, respectively.
For FD 5G networks, under the heterogeneous delay-bounded QoS constraints (q 1 and q 2), our objective is to maximize
the aggregate effective capacity, which jointly depends on
both the QoS exponents q1 corresponding to the channel from
the FD device to the BS and q2 corresponding to the channel
from the BS to the FD device. We can further derive the optimal power allocation strategies to maximize the aggregate
effective capacity under the two QoS exponents (q 1 and q 2)
for FD-based 5G wireless networks.
The self-interference severely impacts the statistical delaybounded QoS guarantees. First, the self-interference decreases the received SNR of the mobile devices, thus decreasing
the effective capacity of FD 5G wireless networks. Second, the
self-interference increases the error probability for channel
estimations, thus also decreasing the effective capacity of FD
5G wireless networks.

Heterogeneous Statistical Delay-Bounded QoS
Provisioning for CR-Based 5G Mobile Wireless
Networks
For CR-based 5G wireless networks, we mainly focus on the
interference-tolerant mode of CR wireless networks, where
the communications between the primary device and primary
BS and between the secondary device and secondary BS are
concurrent over the wireless coupling channels as long as the
interference caused by the secondary communication is below
the given interference-noise floor/threshold. Clearly, the
delay-bounded QoS requirements q 1 and q 2 for the primary
and secondary communications over the wireless coupling
channels typically differ from each other and thus need to be
jointly guaranteed at the same time, which defines the heterogeneous statistical delay-bounded QoS provisioning framework
for CR-5G networks. Then the aggregate effective capacity of
CR-5G networks is the sum of the effective capacities corresponding to the primary and secondary communications over
the wireless coupling channels. Thus, we can derive the aggregate effective capacity of CR-5G networks as Ca(q 1, q 2, Rc1,
Rc2), where the generic aggregate effective capacity function
C a (◊, ◊, ◊, ◊) is specified by Eq. 2, and R c1 and R c2 are the
instantaneous transmission rates for the primary and secondary communications, respectively. Under the heteroge-
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neous delay-bounded QoS provisioning framework for CR-5G
wireless networks, our objective is to maximize the aggregate
effective capacity, which depends not only on the QoS exponent q1 over the primary channel, but also on the QoS exponent q2 over the secondary channel. Thus, we can derive the
optimal power policies that aim at maximizing the aggregate
effective capacity by jointly taking into account the two QoS
exponents q 1 and q 2 at the same time for the CR techniquebased 5G wireless networks. Unlike in D2D- and FD-5G wireless networks, where the two coupling channels receive the
same priority, the primary communications channel needs to
be given higher priority than the secondary communications
channel, which also needs to be taken into account when
determining the values of q1 and q2 in CR-5G networks.
The homogeneous statistical delay-bounded QoS provisioning scheme can only be used for CR-5G wireless networks
when the delay-bounded QoS requirements for the primary
and secondary devices are equal. If the delay-bounded QoS
requirements for the primary and secondary devices are different, the heterogeneous statistical delay-bounded QoS provisioning scheme can support delay-bounded QoS guarantees,
while the homogeneous statistical delay-bounded QoS provisioning scheme cannot guarantee the delay-bounded QoS for
CR-5G wireless networks.

Performance Evaluations
We conduct simulation experiments to validate and evaluate
our proposed heterogeneous statistical delay-bounded QoS
provisioning architecture and the related resource allocation
schemes for D2D-5G, FD-5G, and CR-5G networks, respectively. We use the Nakagami-m channel model, which is very
generic and often best fits land-mobile and indoor-mobile
multiple propagations. We set the bandwidth for the 5G networks B = 100 kHz and the fading parameter m of Nakagami-m distribution with m = 2.
For the D2D technique-based networks [2], the average
—
power degradation of each channel is determined by g = K
h
(d0/d) , where d is the transmission distance, d0 is the reference distance, K is a unitless constant corresponding to the
antenna characteristics, and h is the path loss exponent. In
our simulations, we set d0 = 1 m, h = 3, and T = 2 ms. Fur—
thermore, we choose K such that g = 0 dB at d = 100 m.
Also, we set the average —power constraint for the D2D technique-based networks as P = 1 W. The coordinates of the BS,
the cellular device, and two D2D devices are randomly chosen
as (0, 0), (37.13, 27.85), (–20.76, –41.50), and (–5.76, –56.50),
respectively, in a 2D space. Figure 4 plots the aggregate effective capacities using heterogeneous statistical delay-bounded
QoS provisioning and homogeneous statistical delay-bounded
QoS provisioning for the D2D-5G networks under the cochannel mode and orthogonal-channel mode, respectively,
where the QoS exponent of the cellular communication (q2) is
set as 10–2, while the QoS exponent (q1) of the D2D communication varies from 10–4.5 to 10–1.5. As illustrated in Fig. 4, for
both the co-channel and orthogonal-channel modes, the heterogeneous statistical delay-bounded QoS provisioning
scheme can achieve significantly larger aggregate effective
capacity than that for the homogeneous statistical delaybounded QoS provisioning scheme. The homogeneous statistical delay-bounded QoS provisioning scheme can obtain the
same aggregate effective capacity as that for the heterogeneous statistical delay-bounded QoS provisioning scheme only
when the delay-bounded QoS requirement (q 1) for the D2D
communication is equal to the delay-bounded QoS requirement (q2) for cellular communication at q1 = q2 = 10–2. This
is expected because the heterogeneous statistical delay-bound-
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Figure 4. The aggregate effective capacities comparison
between heterogeneous statistical delay-bounded QoS provisioning and homogeneous statistical delay-bounded QoS
provisioning for D2D-5G mobile wireless networks under
the co-channel mode and orthogonal-channel mode, respectively.

ed QoS provisioning scheme in fact reduces to the homogeneous statistical delay-bounded QoS provisioning scheme
when both the D2D communication and cellular communication have exactly the same delay-bounded QoS requirements
(i.e., q 1 = q 2), verifying the correctness of our system model
and analyses in this aspect.
For the FD technique-based networks [1, 7], we set the
average received average signal-to-noise ratio (SNR) as –3
dB, the average transmit power constraint as 1 W, and the
time frame length T as 2 ms. Without loss of generality, we
set the self-interference mitigation factors1 for both the FD
device and the BS as 0.95. Figure 5 illustrates the aggregate
effective capacities comparison between heterogeneous statistical delay-bounded QoS provisioning and homogeneous statistical delay-bounded QoS provisioning for FD-5G, where we
consider two cases:
• The required QoS exponent (q 1) for the FD device varies
from 10–4.5 to 10–1.5, while the required QoS exponent (q2)
for the BS is 10–4.2).
• The required QoS exponent (q 1) for the FD device varies
from 10–4.5 to 10–1.5, while the required QoS exponent (q2)
for the BS is 10–2.
As can be observed from Fig. 5, when q 1  q 2, the heterogeneous statistical delay-bounded QoS provisioning scheme
always yields the larger aggregate effective capacity as compared to the homogeneous statistical delay-bounded QoS provisioning scheme for the FD-5G networks. The homogeneous
statistical delay-bounded QoS provisioning scheme can
achieve the same aggregate effective capacity as that for the
heterogeneous statistical delay-bounded QoS provisioning
scheme when the required QoS exponents q 1 and q 2 are the
same (Fig. 5) because under this condition the heterogeneous
statistical delay-bounded QoS provisioning scheme actually
already reduces to the homogeneous statistical delay-bounded
QoS provisioning scheme for FD 5G wireless networks. This
observation also verifies the correctness of our system model
1 The self-interference mitigation factor, denoted by k = (SNR /SNR ),
s
r
is defined as the impact of self-interference on the local received SNR,
where k Œ (0, 1], the symbol SNRs denotes the received SNR using the
self-interference mitigation techniques, and the symbol SNRr represents the received SNR without taking into account the self-interference impact caused by wireless FD transmission.

52

Aggregate effective capacity (b/s)

Aggregate effective capacity (b/s)

105

Hetero. delay-bound QoS scheme
Homo. delay-bound QoS scheme
Imperfect hetero. delay-bound QoS scheme
Hetero. delay-bound QoS scheme
Homo. delay-bound QoS scheme
Imperfect hetero. delay-bound QoS scheme

105

θ2 = 10-2
104
10-5

10-4

10-3
QoS exponent θ1 (1/b)

10-2

10-1

Figure 5. The aggregate effective capacities comparison
between heterogeneous statistical delay-bounded QoS provisioning and homogeneous statistical delay-bounded QoS
provisioning for FD-5G mobile wireless networks.

and analyses in this aspect. The imperfect information
exchange of the QoS exponents decreases the obtained aggregate effective capacity in approximately uniform fashion (Fig.
5).
For CR-5G networks [8], we set the required primary traffic load as 100 kb/s, the average SNR of each channel is equal
to 10 dB, and the time frame length T is 10 ms. We set both
the average power constraints for the primary and secondary
devices as 1 W. Figure 6 plots the aggregate effective capacities using heterogeneous statistical delay-bounded QoS provisioning and homogeneous statistical delay-bounded QoS
provisioning, respectively, for CR-5G networks, where the primary communication’s QoS exponent q 1 is set to 10–2 while
letting the secondary communication’s QoS exponent q2 vary
from 10 –4.5 to 10 –1.5 . For comparison purposes, Fig. 6 also
plots the required effective capacity for the primary communication, which is always equal to 103 b/s. From Fig. 6, we can
observe that the achieved aggregate effective capacity using
the heterogeneous statistical delay-bounded QoS provisioning
scheme is significantly larger than that using the homogeneous statistical delay-bounded QoS provisioning scheme. The
achieved aggregate effective capacity using the homogeneous
statistical delay-bounded QoS provisioning scheme is equal to
that using the heterogeneous statistical delay-bounded QoS
provisioning scheme only at q 2 = 10 –2 when the QoS exponents for the primary and secondary communications are the
same at q 1 = q 2 = 10 –2 (Fig. 6). This is expected because
when q 1 = q 2, the heterogeneous statistical delay-bounded
QoS provisioning scheme in fact reduces to the homogeneous
statistical delay-bounded QoS provisioning scheme for CR-5G
wireless networks, showing that the homogeneous statistical
delay-bounded QoS provisioning scheme is a special case of
the heterogeneous statistical delay-bounded QoS provisioning
scheme.

Conclusions
To overcome the new challenges imposed by efficiently supporting bandwidth-intensive and time-sensitive multimedia
services over the emerging 5G mobile wireless networks, we
propose the novel heterogeneous statistical delay-bounded
QoS provisioning architecture for 5G mobile wireless networks that integrates three promising 5G candidate techniques. Under the proposed architecture, we develop the
wireless coupling channel, joint heterogeneous QoS-exponents
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Figure 6. The comparison of effective capacities corresponding to the secondary communication using heterogeneous
statistical delay-bound QoS provisioning and homogeneous
statistical delay-bound QoS provisioning for CR-5G mobile
wireless networks.

optimizations, and system integration models that can support
the implementations of D2D-, FD-, and CR-based 5G networks, respectively. Using the developed system models, we
derive the heterogeneous QoS provisioning architecture-based
power allocation schemes that can maximize the aggregate
effective capacities for the three 5G candidate-techniquesbased wireless networks, respectively. Using the simulation
experiments, we evaluate the achieved aggregate effective
capacities of our proposed heterogeneous delay-bounded QoS
architecture for D2D-5G, FD-5G, and CR-5G networks,
respectively. The obtained simulation results validate our proposed architecture and also show that our proposed heterogeneous statistical delay-bounded QoS provisioning architecture
and its corresponding power allocation schemes significantly
outperform the existing traditional homogeneous statistical
delay-bounded QoS provisioning schemes in terms of satisfying the heterogeneous delay-bounded QoS requirements while
maximizing the aggregate system throughput over 5G mobile
wireless networks.
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