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Abstract—Millimeter wave (mmWave) communication is a
promising solution for future fifth generation (5G) cellular networks to offer extremely high capacity. Because of the propagation
characteristics of mmWave band, 5G users with high mobility in
metropolitan areas could suffer frequent link outages resulting in
challenges on video quality provisioning. In this paper, a playout
buffer is used to regulate and maintain the video playout quality.
We formulate the problem of using dynamically allocated bandwidth to charge the buffer as a Markov decision process (MDP),
aiming to maximize video playout quality for all the users moving
in the whole coverage area. Dynamic programming is adopted to
solve the MDP problem with state aggregation considering the
characteristics of mmWave network. Numerical results demonstrate that the resultant optimal policy of the MDP model can
effectively maintain video playout quality for high-mobility users
with intermittent mmWave connection.
Index Terms—Millimeter wave, 5G cellular networks, link outage, video quality provisioning.

I. I NTRODUCTION

F

UTURE 5G cellular networks come with fundamental
changes to satisfy the overwhelming capacity demands,
brought on by the continuing advances and discoveries in
computing and communications [1]–[4]. 5G cellular networks
are expected to provide data rates of multi-Gbps range for
bandwidth-intensive multimedia applications with stringent
quality of service (QoS) requirements (e.g., uncompressed
video streaming requires mandatory rate of 1.78 or 3.56 Gbps).
To achieve this, more spectrum availability is essential. Millimeter wave (mmWave) communication is a very promising
solution for future 5G cellular networks to overcome the global
bandwidth shortage at saturated microwave spectrum for most
commercial access technologies [1].
mmWave communication has huge available bandwidth [2],
which can be translated directly into extremely high capacity
[5], [6]. The recent advances of mmWave Radio Frequency
Integrated Circuits (RFIC) design also motivate the intensive
industrial interest in leveraging mmWave communication for
future 5G cellular networks [7]. However, a few challenges on
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network connectivity could be created by the unique propagation characteristics of mmWave band. First, the mmWave band
has limited diffraction capability because of the short wavelength. The line-of-sight (LOS) transmissions can be easily
blocked by obstacles and moving people. Since non-line-ofsight (NLOS) transmissions suffer from significant attenuation
and a shortage of multipaths [8], link outage can happen if LOS
link is blocked. Second, mmWave signals have difficulties in
penetrating through solid building materials, e.g., at 40 GHz,
178 dB attenuation for brick wall [2], [9]. Such high attenuation makes mmWave connection unavailable sometimes in
an environment with dense high-rise buildings. mmWave link
outage can occur more frequently in such environment for highmobility users, such as vehicular users.
The fundamental question is how to maintain the video playout quality for high-mobility 5G users suffering from frequent
mmWave link outage. We embed a buffer in each mobile device
to store the data transmitted with extra allocated mmWave
bandwidth when mobile user is in the areas with mmWave
connection available. Larger allocated mmWave bandwidth can
result in more data stored in the buffer, and thus the mobile
users can maintain video playout quality for a specific time
duration even if they move into areas where mmWave connection is unavailable. On the other hand, with larger allocated
mmWave bandwidth to each user, fewer users can be supported
in the network, causing inefficient resource utilization. Additionally, due to finite buffer size, larger allocated bandwidth can
result in packet overflow and quality loss for video applications.
Therefore, how to properly allocate the mmWave bandwidth
to dynamically charge or discharge the buffer to maintain the
playout quality of multimedia applications is an important and
challenging issue.
There are three main contributions in this paper to deal with
the challenges mentioned above for video quality provisioning
in mmWave 5G cellular networks. First, a buffer system to
store the data used for the period when mmWave connection is
unavailable is proposed to maintain the playout quality. Second,
we formulate the dynamic bandwidth allocation problem in
mmWave network as a Markov decision process to maximize
the playout quality for a number of moving users with finite
buffer size in the coverage area. Third, to provide a general and
applicable solution to the Markov decision process, we propose an approximate dynamic programming solution with state
aggregation considering the characteristics of the mmWave
network.
The remainder of the paper is organized as follows. In
Section II, related works are presented. Network architecture
and the proposed buffer system are described in Section III. In
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Section IV, the Markov decision process model is given. An
approximate solution is proposed in Section V. Numerical results are shown in Section VI, followed by concluding remarks
in Section VII.
II. R ELATED W ORK
Quality provisioning in wireless networks has been intensively studied in [10]–[19]. One category of video quality
provisioning research focuses on wireless resource allocation
[10]–[16]. Load-balancing between cellular networks and wireless local area networks (WLANs) considers the available
networks individually to satisfy the bandwidth requirements
of video application [10]–[12]. In [10], an economic model is
used to allocate radio resource between 3G cellular network
and WLAN network, aiming to optimize the total welfare of
the two networks. In [11], the performance of WLAN-first admission scheme is analyzed for cellular and WLAN integrated
networks. In [12], a generalized admission control scheme is
considered to analyze the dependence of resource utilization
and the impact of user mobility and traffic characteristics on
admission parameters. To fully exploit the available resources
of multiple networks, quality provisioning in [13]–[15] assumes
that each mobile station can jointly utilize the available resources from multiple networks. In [13], video applications
attain the bandwidth from 4G cellular network and WLAN to
maximize the system utility based on the load characteristics
of each network. Literature [14] provides a practical resource
allocation scheme in a distributed manner for 3G mobile users
with multihoming capability, considering both constant bit rate
(CBR) and variable bit rate (VBR) traffic. Most of these works
focus on how to allocate the resources to achieve video quality
provisioning without addressing mmWave link outage problem
which does not occur frequently in microwave frequency band.
Another category of video quality provisioning is to mitigate the effect of wireless channel fluctuation by buffering a
certain amount of video data to reduce video playout freezing [17]–[19]. In [17], an analytical framework is developed
to investigate the impacts of network dynamics on the user
perceived video quality by modeling the playback buffer at the
receiver by a G/G/1/M and G/G/1/N queue. To reduce the video
frozenness possibility resulting from buffer starvation during
the playback period, mobile video applications (e.g., Youtube)
tend to download video data aggressively in a periodical manner
without the consideration of buffer status and network bandwidth availability [18]. In [19], an intelligent cost-aware buffer
management strategy for mobile video streaming applications
is proposed to minimize cost induced by un-consumed video
data while respecting certain user experience requirements.
Video quality provisioning is a significant issue in mmWave
networks due to the intermittent connection. mmWave link
outage problem has been investigated in mmWave WLANs/
WPANs [20], [21]. A hop selection metric is proposed to select
appropriate relay hops to replace the blocked link and improve
flow throughput [20]. A multi-hop concurrent transmission
scheduling scheme is then proposed to allow multiple hops to
operate simultaneously in order to improve system capacity. In
[21], cross-layer modeling and design approaches are used to
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address the problem of directionality and link blockage due to
the limited ability to diffract around obstacles. It uses minimum
number of hops for data transmission. The relaying method is
not suitable to solve mmWave link outage problem in 5G cellular networks since it involves long setup time with directional
communication to discover the blocked link, select the relays,
and re-build the path. Users with high mobility suffer from
very frequent link outage and the relaying method should be
repeated very frequently, resulting in significant video quality
degradation.
In this paper, we jointly consider the bandwidth allocation
and buffer management to provide video quality provisioning for 5G mobile users in order to overcome the impact of
mmWave link outage. Compared with existing work on buffer
management, the novelty of this paper includes: 1) due to
user mobility, limited penetration and diffraction capability,
mmWave connection would suffer from frequent link outage
which makes buffer management more difficult than that at
lower frequency band with channel fluctuation; 2) most of the
existing works consider buffer management to provide video
quality provisioning for a single user. This paper optimizes the
video playout quality for all the users in the system over long
time period under the capacity constraint of each mmWave base
station considering the movement of each user; and 3) the allocated bandwidth for users in each stage can achieve optimality
on video playout quality, i.e., allocating proper bandwidth in
each stage, rather than heuristic bandwidth allocation scheme
or bandwidth allocation without consideration of buffer status
and connection availability.
III. S YSTEM M ODEL
In this section, the system model is described, including the
heterogeneous network architecture with embedded buffer to
maintain playout quality for multimedia applications, and the
coverage model based on mmWave signal propagation.
A. Heterogeneous Architecture With Embedded Buffer
Current 4G cellular network operating in microwave frequency band can provide seamless coverage and reliable communication. To achieve smooth and cost-efficient transition
from 4G to 5G, the hybrid 4G+mmWave system structure
shown in Fig. 1 is a good candidate for 5G to provide ubiquitous
coverage and high data rate in most coverage areas. 5G cellular
networks are expected to support multiple kinds of applications.
Low rate applications (such as voice call and Web browsing)
can be supported with perfect QoS in 4G network. In this paper,
we consider the challenging case, playout quality provisioning
for non-real time multimedia applications with high CBR requirement (such as video streaming) in mmWave network.
The hybrid system is composed of 4G base stations,
mmWave base stations, and mobile stations. 4G based stations
are deployed in the center of each cell while mmWave base
stations are deployed densely in small cells with grid topology
to provide high data rates and aggregate capacity. Each mobile
station has both mmWave access mode and 4G access mode,
with fast mode transition between them. All mobile stations and
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TABLE I
P ROPAGATION PARAMETERS

using statistical model [23], [24]
PL(d)[dB] =  + 20log10(f ) + 10φlog10(d) + E

Fig. 1. 5G heterogeneous system architecture with mmWave coverage holes.

where φ is the path loss exponent;  is the parameter specified
for scenario and antenna configuration; and E is a random
variable which describes shadow fading effect with E = 0 for
LOS scenario. For outdoor scenario, because of the directional
antenna and high frequency band, mmWave propagation is
short of reflections and multi-paths. Thus, only LOS transmissions are considered in mmWave outdoor communication [25].
For indoor environments [23], E follows Gaussian distribution
in dB (log-normal distribution in absolute scale) with zero mean
and shadow fading standard deviation σ for NLOS scenario.
The path loss parameters for LOS scenario and indoor NLOS
scenario are shown in Table I [29].
With the above path loss model, the whole area in Fig. 1 can
be classified into two categories (namely single-coverage areas
and double-coverage areas) based on the instantaneous path
loss. The areas satisfying
PL(d)[dB] ≥ PLthr

Fig. 2. Buffer system to maintain QoS at end user.

4G base stations have omni-directional antenna for 4G communications. All mobile stations and mmWave base stations are
equipped with electronically steerable directional antennas with
beamforming technologies [22] for mmWave communication.
As discussed in Section I, frequent link outage could occur
to mmWave signal because of the limited diffraction and penetration capability. mmWave transmission rate could descend
dramatically with link outage, which results in video frozenness. To improve user’s video playout quality, we propose an
integrated system with playout buffer to deal with mmWave
link outage problem. As shown in Fig. 2, the data is transmitted
through mmWave channel to the buffer. The data in the buffer
is combined into frames and injected into the end user. Video
playout quality can be maintained for a specific period after
mmWave link outage occurs, with the data stored in the buffer.
Mobile users alternatively move between areas with mmWave
connection and areas without mmWave connection, and the
playout buffer can be charged or discharged dynamically.
B. mmWave Propagation and Coverage
Slow fading is considered in mmWave propagation. Instantaneous path loss values in dB of mmWave signal are generated

(1)

(2)

are considered as single-coverage areas, where PLthr is the
path loss threshold to determine if the mmWave connection
is available. Other areas with PL(d)[dB] < PLthr are defined
as double-coverage areas. As shown in Fig. 1, there are some
single-coverage areas without mmWave connection disjointedly distributed in whole area. Mobile users pass through the
single-coverage and double-coverage areas alternatively.
IV. P ROBLEM F ORMULATION
In this section, the problem of bandwidth allocation and
video playout quality provisioning for N mobile users dynamically moving in the whole coverage area is formulated as an
MDP problem composed of the state space, the control space,
the state transition probabilities and the cost function.
A two-dimensional 5G system with a set of M mmWave
base stations (B = {B1 , B2 , . . . BM }) is considered in this paper.
Each mmWave base station Bm has a specific capacity Cm with
Cm ∈ C = {C1 , C2 , . . . CM }. The capacity Cm can be affected
by several factors, such as transmission range and building
distributions in the cell. It is assumed that the capacity set C
is available for a given 5G system. The mth cell covered by
into Sm regions. The total number
base station Bm is partitioned

of regions is S = M
S
and
we denote each region as s ∈
m=1 m
S = {1, 2, 3, . . . , S}. Each region s is small enough so that the
propagation effects on all signals in region s can be considered
to be equivalent. Therefore, the users in each region s can
be assumed to have the same instantaneous transmission rate.
With AWGN channel, the instantaneous transmission data rate
(denoted as Rs ) for all users in each region s can be estimated
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by Shannon capacity formula. Since mmWave network adopts
TDMA/STDMA-based MAC [20], [26], [27] (i.e., the users
associated with each mmWave base station share the mmWave
channel by obtaining a specific number of time slots among all
the time slots within each superframe), the allocated bandwidth
to the nth mobile user Un in region s can be a portion of the
instantaneousrate Rs . Given a setof available rates in each
region Rs = 0, K1 Rs , K2 Rs , . . . , Rs , the allocated bandwidth
to the nth mobile user Un in region s denoted by Bn,s could be
Bn,s = Kk Rs with k = 0, 1, 2, . . . , K, where k is the number of
time slots allocated to mobile user Un and K is the total number
of time slots in each frame. To make the analysis tractable,
Rs = 0 if region s is single-coverage area.
A. The State Space
Given the set of regions in the whole area S = {1, 2, 3, . . . ,
s, . . . , S} and the set of active users U = {U1 , U2 , . . . , Un ,
. . . UN }, bandwidth allocation in 5G system at any particular
time is then characterized by a N × S matrix:


 B1,1
B1,2
···
B1,S 


 B2,1
B2,2
···
B2,S 


(3)
B = Bn,s N ×S =  .
..
.. 
..

 ..
.
.
.


BN ,1
BN ,2
···
BN ,S 
where Bn,s is the allocated bandwidth to user Un in region s and
is defined as

k
Rs , (Un in s)
Bn,s = K
(4)
0,
(otherwise)
Bn,s = 0 occurs either user Un is not in region s or mmWave
connection is unavailable in region s even if user Un is located
in region s. Since each user Un can only locate in one specific
region at any particular time, at most one element in each row
of matrix B is non-zero.
To describe the random movement of the users U = {U1 , U2 ,
. . . , Un , . . . UN } among the regions S = {1, 2, 3, . . . , s, . . . , S},
the following N × S matrix is defined,


 w1,1
···
w1,S 



.. 
..
W = wn,s N ×S =  ...
(5)
.
. 


wN ,1

···
wN ,S
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the matrix W. Thus, there are only two elements with non-zero
value in the matrix W and all the other elements are zero.
The state of mmWave bandwidth allocation for all the mobile
users in 5G cellular networks is composed of the following two
components:
• The primary state component B describes the allocated
bandwidth to all the users U in the whole area S;
• The random state component W describes the movement
of a particular user among different regions.
Therefore, the state space D composed of all possible combinations of the primary state component and random state
component can be given by
D = {i = (B, W) | B ∈ B, W ∈ W}

(7)

where B is the set of all bandwidth allocation solutions based
on the available rates Rs in each region, and W is the set of all
events consisting of a single user moving from one region to
another.
Remark: When a user Un moves from region s to s , described by matrix W, there would be new bandwidth allocated
to Un in region s . Thus, the system state transition occurs when
a single user moving from one region to another.
The time duration for the user Un staying in region s until it
moves to region s is independent of the previous visit regions
and the previous length of connection, and is exponentially
distributed with rate ξnss . The probability that a mobile user
Un currently in region s moves to region s is independent of
the
 regions Un has already visited and is given to be qnss with
s qnss = 1. Thus, the arrival of the random event that a user
changes its region is a Poisson process with rate of qnss ξnss .
The process of all the users moving in the whole area is the
combination of the independent Poisson processes. Based on
these assumptions, the next state j = (B, W) only depends on
the current state i and the allocated bandwidth for the user
moving into the new region, i.e., Markov property.
This paper considers the general cases that the knowledge
of where a particular user Un is heading or the history of Un ’s
locations are unavailable. However, our methodology extends
to cases where such information is available. The statistical
parameters regarding these information, such as qnss and ξnss ,
can be obtained either through measurements or other means.
Since we consider the bandwidth allocation problem for existing mobile users in 5G cellular networks, the admission control
for new arrivals and user departures of the system are beyond
the scope of this paper.

where

wn,s

⎧
⎪
⎨−1, (Un moves out of s)
= 1,
(Un moves into s)
⎪
⎩
0,
(otherwise).

B. The Control Space
(6)

Given a user Un moving from region s to s , we have wn,s = −1
and wn,s = 1. The process of all the users moving in the whole
coverage area is very complex. To make the process tractable,
it is assumed that the process of all the users moving among
different regions is composed of a series of random events, each
of which describes a single user movement characterized by

For each state i = (B, W) ∈ D, the control set A(i) is the
into
available rate set in the region s for new
 user Un moving 
1  2 



region s . Specifically, A(i) = Rs = K Rs , K Rs , . . . , Rs if
wn,s = 1 with wn,s ∈ W ∈ i. Therefore, the control space is
A=

A(i) =
i∈D

Rs

(8)

s ∈S

Given the state i with the random component W describing
user’s movement from region s to region s , the control of state
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i determines a selected rate from the set of available rates Rs in
region s . The selected rate is the newly allocated bandwidth to
the user Un moving into region s .
The selected rate for each user passing different regions has
significant impact on the playout quality of multimedia applications. Specifically, if the packet arrival rate into the buffer
(which can be translated from the selected rate) is less than the
packet departure rate, the playout buffer would be discharged
and it is possible that the video is frozen when the buffer is
empty. The larger allocated bandwidth can smooth the playout
quality and charge the buffer, while it would result in less
bandwidth allocated to other users in the same region, which
causes frozenness for other users. Therefore, how to select the
bandwidth from available rate set for the users going through
different regions to optimize the playout quality of all the users
is a challenging and important issue. Note that all the possible controls would be zero if mmWave signal is unavailable
in region s .
C. The State Transition Probabilities
For any bandwidth allocation configuration B, the time
duration until the next random event W occurs depends on
the movements of all the users in the network. For each user,
the arrival of random event is a Poisson process with rate of
qnss ξnss . The overall rate B at which random events occur
starting from a bandwidth allocation configuration B is the sum
of the rates of all possible events and is given by
N

B =

In,s qnss ξnss

In,s qnss ξnss
1



 N
n=1
s∈S
s ∈S In,s qnss ξnss
(13)

where 1/ is the probability of selecting one rate from 
available rates in region s if region s is double-coverage
area with Rs > 0.  is maximum integer within the range of
0 ≤  ≤ K satisfying the capacity constraint of mmWave base
station. Specifically, assuming the moving-in region s is within
the coverage of mmWave base station Bm ,  is the maximum k
satisfying the constraint of
⎛
⎞
N
k
⎝
Bn,s ⎠ − Bn,s + Rs ≤ Cm
(14)
K
s∈Bm n=1

if the moving-out region s and the moving-in region s are
within the same mmWave base station Bm . Otherwise, if only
the moving-in region s is within the coverage of mmWave base
station Bm , the constraint should be
⎛
⎞
N
k
⎝
Bn,s ⎠ + Rs ≤ Cm .
(15)
K
s∈Bm n=1

For the scenario that the moving-in region s is single-coverage
area, the only control we can select is a = 0. Thus, the state
transition probability is
p(j | i, a) = pi,j (a) = N 

where In,s indicates if user Un is in the sth region and defined as

1, (Un in s)
In,s =
(10)
0, (otherwise)
Assuming the control takes effect immediately, the total state
transition rate from state i under control a ∈ A(i) to next state is
then B . We denote the expected time duration of the transition
from state i under control a to the next state as τ i (a)
1
B

p(j | i, a) = pi,j(a) =

(9)

n=1 s∈S s ∈S

τ i (a) =

the state transition probability from state i = (B(i) , W(i) ) ∈ D
to state j = (B(j) , W(j) ) ∈ D is the rate at which the event occurs
divided by the total transition rate:

(11)

For state i, given the random state component W(i) with
= −1 and w(i)
state component B(i) , and
n,s = 1, the primary


the control a ∈ A(i) = Rs = K1 Rs , K2 Rs , . . . , Rs , the next

w(i)
n,s

primary state component B(j) = Bn,s N ×S can be given as
⎧
(i)
⎪
(n = n, s = s )
⎪
⎨a ∗ wn,s ,

(j)
(i)
Bn,s = B(i)
(12)
n,s 1 + wn,s , (n = n, s = s)
⎪
⎪
⎩B(i) ,
(otherwise).
n,s

The probability distribution of the next random event W(j)
depends on the bandwidth allocation configuration resulting
from the current state i and control a ∈ A(i). Given B(j) by (12),

n=1

In,s qnss ξnss

s∈S
s ∈S In,s qnss ξnss

(16)

with Rs = 0.
Remark: As shown in (13) and (16), the state transition
probability is a function of the probability qnss . The state
transition probability for a user moving to non-neighboring
regions would be zero if we assume a user can only move to
its neighboring regions, i.e., qnss = 0 if s is not a neighboring
region of s.
D. The Cost Function
The objective is to properly select controls at each state
to maximize the playout quality, which is the smooth playout
duration over the whole transmission period for all the users
in the network under the capacity constraint of each mmWave
base station Bm . To evaluate the smoothness of multimedia
applications at the user, we define quality consistency as the
percentage of time when there is no frozenness or/and no packet
dropping at the user out of the total operation period of video
traffic.
With the proposed buffer system, there are N queues in the
system with each queue corresponding to one user. Fig. 3 shows
the timing structure of the system and recursive queuing model
for the user Un with packet arrivals, departures, and queue
state. The timing of the whole system is divided into stages.
Each stage is characterized by a specific state. The system is in
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dropped. Therefore, the recursion of the queue state can be
given as follows,




(l)
(l)
(l)
(l)
(y)
=
min
G,
max
0,
(y
−
1)
−
V
(y)
+
A
(y)
.
n
n
n
n
(20)
Based on the recursion (20), we can obtain the queue state n (t)
for the user Un at anytime t corresponding to the yth time slot
in lth stage, which can be defined as
n (t)

Fig. 3. The recursive queue model for user n.

the same stage until state transition occurs. A new stage starts
(previous stage ends at the same time) when the system enters
a new state with any user moving into a new region. We need
to allocate a new bandwidth for the user moving from previous
region to new region. In other words, in each stage, all the users
utilize the same bandwidths as those in previous stage except
for the user triggering the new stage. Let tl denote the starting
time of the lth stage of the MDP, thus τl = (tl+1 − tl ) is the
duration for the lth stage. Time set T = {t1 , t2 , . . . , tl , . . . , tL }
indicates the starting time for each stage where L is the total
number of stages. For the lth stage corresponding to the state
with user Un moving from region s to region s , the stage
duration can be given as
τl =

1

(17)

ξnss

The queue state at the beginning of each stage is used in the
cost function as shown in the following of the paper. Therefore,
we recursively derive the queue state based on the slotted
time structure resulting from TDMA-based MAC in mmWave
networks. As shown in Fig. 3, there are nτl time slots during
the lth stage and each time slot has a fixed duration T with
τl = Tnτl . It is assumed that the packets move out of the queue
at the beginning of each time slot and the arriving packets enter
the queue throughout the time slot. For user Un in the yth time
(l)
slot of the lth stage, let ϒn (y) denote the number of packets
(l)
left in the queue after Vn (y) packets move out of the queue,
then we have


(l)
ϒn(l) (y) = max 0, (l)
(y
−
1)
−
V
(y)
(18)
n
n
where (l)
n (y − 1) is the queue length for user Un at the end of
the (y − 1)th time slot. The number of free slots in the queue at
the beginning of yth slot is thus:
Fn(l)(y) = G − ϒn(l) (y)

= G − max 0,



(l)
n (y),

with t ≥ 0.

(21)

n (t) can be affected by the initial queue state and the packet
arrival/departure rates. It is known that the packet delay mainly
results from the randomness of packet arrival and departure
[28]. Since the emerging high-rate video applications have
stringent requirements on delay and data rate, massive packets
come intensively to the buffer with much lower randomness.
Taking into account the fact that the scale of stage duration is
much larger than the scale of packet randomness, the randomness of packet arrival and departure is not considered in the
cost of each stage, in order to make the analysis tractable. Let
X(t) represent the state for the system at time t with X(t) =
(B(t) , W(t) ) ∈ D, and a(t) represents the control at time t for
state X(t) with a(t) ∈ A. The allocated bandwidth for user Un
in the lth stage can be obtained from X(t) and a(t). Specifically,
B(t) describes the allocated bandwidth for each user in different
regions; W(t) determines the user to re-select the allocated
bandwidth; and the control a(t) determines the new allocated
(l)
bandwidth to the moving user selected by W(t). Let λn denote
(l)
the packet arrival rate of user Un in the lth stage. λn can be
determined by the bandwidth allocation as follows:


⎧
(tl )
(tl )
⎨a(tl )/Z,
if wn,s
= 1 and wn,s
 = −1 ,
 (t )
(22)
λ(l)
n =
⎩ Bn,sl /Z, (otherwise).
s∈S

where Z is the packet size.
The video application on each mobile user Un has a specific
data rate requirement rn with n ∈ {1, 2, . . . N }. The packet
departure rate for the nth queue does not depend on the stage
(l)
and can be given as μn = rn /Z. With packet arrival rate λn ,
packet departure rate μn , and initial queue state n (tl ), the lth
stage cost of user Un (denoted by Gln ) comes from the following
two aspects:
• Quality loss duration is the total time duration when
video quality loss results from the arrival packet dropping
if the buffer is full;
• Frozenness duration is the total time duration when the
video suffers from frozenness if there is no packets in the
buffer for playout.
(l)

(l)
n (y



− 1) − Vn(l) (y) .

(19)

where G is the buffer size. If the number of arriving packets in
(l)
(l)
the yth slot A(l)
n (y) is larger than Fn (y), only Fn (y) packets
(l)
(l)
enter the queue and the other [An (y) − Fn (y)] packets are

If λn ≥ μn , there is no frozenness duration for Un in the lth
stage and the stage cost is the quality loss duration. The time
to fully charge the buffer in the lth stage (denoted by tc(l) ) with
initial buffer state n (tl ) is given as
tc(l) =

G−
λ(l)
n

n (tl )

− μn

(23)
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If the stage duration τl ≤

G− n (tl )
,
(l)
λn −μn

there is no packet dropping

and the stage cost Gln = 0. Otherwise, with the stage duration
(l)
τl > G−(l) n (tl ) , the total number of dropping packets is (λn −

 λn −μn
μn ) τl − G−(l) n (tl ) . Thus, the stage cost in terms of quality
λn −μn

loss duration is given as


(l)
λn − μn τl −
Gln =
μn

G− n (tl )
(l)
λn −μn


.

(24)

If λ(l)
n < μn , there is no quality loss duration for Un in the lth
stage and the stage cost is the frozenness duration. The time to
fully discharge the buffer in the lth stage (denoted by td(l) ) with
initial buffer state n (tl ) is given as
(l)

td =
If the stage duration τl ≤

n (tl )
μn − λ(l)
n

n (tl )
(l) ,
μn −λn

(25)

there are always packets in

the buffer to transmit and there is no frozenness duration in the
lth stage with Gln = 0. Otherwise, with the stage duration τl >
n (tl )
(l) , the total number of extra packets to be provided for
μn −λn


n (tl )
smooth quality at user is (μn − λ(l)
)
τ
−
l
n
(l) . Thus, the
μn −λn

stage cost in terms of frozenness duration is given as



(l)
n (tl )
μn − λn
τl −
(l)
μn −λn
Gln =
.
μn

(26)

Therefore, the stage cost of user Un in the lth stage can be
summarized as
Gln =

⎧

G− (t )
(l)

⎪
λn −μn τl − (l) n l
⎪
⎪
λn −μn
⎪
,
λ(l)
⎪
n
⎪
μn
⎪
⎪

⎪
⎪
⎪
⎪
0,
λ(l)
⎨
n

⎪
(l)
⎪
0,
λn
⎪
⎪
⎪
⎪



⎪
⎪
(t )
(l)

⎪
μn −λn
τl − n l(l)
⎪
⎪
μn −λn
⎪
⎩
,
λ(l)
n
μn

≥ μn , τl >

G− n (tl )
(l)
λn −μn


,

≥ μn , 0 < τl ≤

G− n (tl )
λ(l)
n −μn

< μn , 0 < τl ≤

n (tl )
(l)
μn −λn

< μn , τl >

n (tl )
μn −λ(l)
n


,


,



Our goal is to select a proper control at each possible state
that minimizes the expected average cost per unit time. Given
the set of initial queue state for all the users { 1 (0), 2 (0),
. . . , N (0)} and the set of required data rates {r1 , r2 , r3 , . . . ,
rN }, we can obtain the stage costs for all the users in the
whole process including L stages. Therefore, the objective cost
function can be the sum of the stage costs of all the users over
the total time as follows (P1):
1
L→∞ E(tL )

L

N

Gln .
l=1 n=1

1
L→∞ E(tL )

L

N

lim

ρn(l−1) Gln .

(29)

l=1 n=1

(l−1)

where ρn
is the coefficient for Gln , obtained according to the
bandwidth allocation records of previous (l − 1) stages for user
Un . Specifically, we have
ρn(l−1) = 

βn


α
1 − g(l−1)
+
n

(30)

where  is a small positive scalar to prevent zero denominator,
βn is a weight for user Un to provide differentiated services, and
α is a parameter to make a tradeoff between fairness and total
(l−1)
cost. gn
is the average cost per unit time during the previous
(l − 1) stages and is given as
=
g(l−1)
n

l−1 h
Gn
h=1
l−1
h=1
τh

(31)

With a large value of α, users with less accumulated smooth
(l−1)
duration (calculated by 1 − gn ) in the previous stages have
larger values of ρ, so that they have less chance to obtain cost
in the following stages. Thus, better fairness can be achieved.
When α = 0, the bandwidth resources are allocated to users
without taking into account the history of the obtained cost.
V. S OLVING THE MDP M ODEL

.
(27)

lim

Note that the objective function describes the average cost per
unit time, resulting from the packet dropping and frozenness.
The quality consistency can be obtained by (1 − P1). A policy
ψ determines the controls for all the stages of P1. By minimizing P1, we can maximize the playout quality of all the users.
For mmWave 5G cellular networks with dense population,
the bandwidth resources are not sufficient for all the users to
achieve smooth playout quality. Thus, the dominant cost in
each stage is the frozenness duration. It is obvious that the
optimal policy ψ ∗ for P1 will cause a biased solution, i.e.,
the bandwidth allocation would incline towards those users
with lower required data rates while some unlucky users will
suffer from lots of frozenness periods. To ensure long-term
fairness among the competing users, a parameter ρ based on
the weighted fair queuing [28] is adopted. The objective cost
function can be given as (P2):

(28)

In Section IV, we formulated the dynamic bandwidth allocation problem as an average cost Markov decision process,
including the state space D, the set of available controls A(i)
for each state i ∈ D, the state transition probabilities pi,j (a), and
the cost function. In this section, we discuss how to solve the
Markov decision progress with dynamic programming method.
A. Bellman’s Equation
Bellman’s Equation is an effective dynamic programming
method to solve the MDP problem achieving optimality [31].
Given any stationary policy ψ, ψ(i) ∈ A(i) is the control of
state i. The average cost obtained by minimizing (28) or (29)
under policy ψ is denoted by v ψ while v ∗ is the average cost
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under an optimal policy ψ ∗ . The average cost v ψ is independent
of the initial state for a stationary system. Consequently, we use
“differential cost” to compare different states. The differential
cost starting in state i under a policy ψ is denoted by hψ (i)
while the differential cost under an optimal policy ψ ∗ is h∗ (i).
The optimal differential cost set h∗ = {h∗ (i)|i ∈ D} and scalar
v ∗ satisfy the Bellman’s equation. Specifically, we have for
all i ∈ D
⎧
⎫
⎨
⎬
h∗ (i) = min G(i, a) − v ∗ τ i (a) +
pi,j (a)h∗ (j) , (32)
⎭
a∈A(i) ⎩
j∈D

where G(i, a) is the stage cost corresponding to state i and is
given as
N

G(i, a) =

G(i)
n .

(33)

n=1

Given the optimal average cost v ∗ and the optimal differential
cost set h∗ = {h∗ (i)|i ∈ D}, the optimal control ψ(i) can be
obtained by minimizing the current stage cost minus the expected average cost of the stage plus the remaining expected
differential cost based on the possible resulting states, i.e., for
all i ∈ D
⎧
⎫
⎨
⎬
pi,j(a)h∗ (j) .
ψ ∗ (i) = arg min G(i, a) − v ∗ τ i (a) +
⎭
a∈A(i) ⎩
j∈D

(34)
Specifically, if the instantaneous rate in the destination region
s is Rs = 0, we have for all i ∈ D
⎧
⎫
⎨
⎬
ψ ∗ (i) = arg min G(i, a) − v ∗ τ i (a) +
pi,j (a)h∗(j) ;
⎭
a∈Rs ⎩
j∈D

(35)
Otherwise, the destination region is single-coverage area with
Rs = 0 and there is no control to exercise, i.e.,
ψ ∗ (i) = 0.

(36)

Several methods can be used to obtain the optimal average
cost v ∗ and the optimal differential cost set h∗ = {h∗ (i)|i ∈ D}
[31]. In this paper, we adopt the iteration method to achieve
optimal v ∗ and h∗ . Initially, we set v0∗ = 0 and h∗0 = 0. For
the βth iteration step, each h∗β (i) for all i ∈ D and vβ∗ are
calculated according to (32) based on the newly obtained values
by traversing all the possible controls of state i. If the obtained
control set in the βth iteration step is the same as that of
the (β − 1)th iteration step, the iteration is considered to be
converged and the achieved vβ∗ and h∗β are the optimal values.
The computational complexity of the iteration algorithm is
O(AD2 ) [32], where . is the cardinality of a set. The
number of controls for each state i is the number of available rates in the moving-in region s . Thus the total number
of controls in the control space A is A ≈ KS. Each state
i ∈ D is determined by both B(i) and W(i). B(i) describes
the location of N users among S regions and the allocated
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bandwidth for each user with B(i)  ≈ SN KN . W(i) determines
the moving user from N users and the moving-in/movingout regions with W(i)  ≈ N S(S − 1). The cardinality of D
is D ≈ SN KN N S(S − 1) = SN +1 KN N (S − 1). Therefore,
the computational complexity of the iteration algorithm to
obtain the optimal v ∗ and h∗ is
 

2 

O AD2 ≈ O KS SN +1 KN N (S − 1)
≈ O(K2N +1 S2N +5N 2 )

(37)

From (37), it is shown that the iteration algorithm to obtain
optimal v ∗ and h∗ introduces extremely high computational
complexity. The computation can be done off-line with highspeed computer systems (which are separate and independent of
the real system), before the real system starts to operate. Once
the iterations are completed, the optimal decision at each stage
can be determined quickly according to Bellman’s equation.
However, even off-line computation, the iteration complexity
required to determine the optimal average cost v ∗ and the
optimal differential cost set h∗ is overwhelming due to the
exponential complexity as shown in (37). As a result, lowercomplexity method is necessary. In Section V-B, approximation method is used to significantly reduce the complexity by
reducing the number of states taking into account the unique
characteristics of mmWave network.
B. An Approximate Solution
Equation (37) shows that the iteration complexity greatly
depends on the number of mobile users N in the system, the
number of available rates K in each region, and the number
of regions S of the whole area. In this section, we give an
approximate solution for the MDP problem by reducing the
number of regions S and the number of available rates K in
each region, given the number of mobile users N .
In 5G cellular networks, mmWave base stations are likely
to be densely deployed in small cell to provide high capacity
to satisfy the demand of ultra-high traffic volume density.
In addition, mmWave communication range is confined due
to the severe propagation loss in mmWave frequency band.
Therefore, the transmission range of mmWave communication
in 5G cellular networks is relatively shorter than the range of
previous generations of cellular networks. According to (1),
the shorter transmission distance results in less differences on
the path loss over distance and so does the transmission data
rate. Thus, the whole double-coverage region is considered to
have uniform instantaneous data rate of mmWave transmission
denoted by Rd , where the subscript d indicates the doublecoverage region. Therefore, the whole single-coverage area (or
the whole double-coverage area) is considered to be a single
region since each region has the same instantaneous transmission rate. In the whole 5G coverage area, there are only two
regions, namely, single-coverage region and double-coverage
region. With the simplifications on instantaneous transmission
rate, the total number of regions is reduced from S to 2 by considering mmWave propagation characteristics. With above approximations, the set of regions in the whole area is S = {s, d}
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and the available rate set in double-coverage area is Rd . For
each state i = (B, W) ∈ D, B is simplified as
 



 B1,s
B1,d 
B1,d 
 0



 B2,s
B2,d 
B2,d 
 0


(38)
B= .
..  =  ..
.. 


 ..
.  .
. 


BN ,s
BN ,d  0
BN ,d 
where Bn,d ∈ Rd if user Un is in double-coverage region while
Bn,d = 0 if user Un is in single-coverage region; W can be
simplified as
 



 w1,s
0 
w1,d 
  0


 ..
.. 
..   ..
  .
 .

.
.
 





w
w
w
w
=
(39)
W=
n,d 
n,d 
 n,s
 n,s
 ..
..   ..
.. 

 .
. 
. 
  .




wN ,s
wN ,d
0
0 
where wn,s = 1 and wn,d = −1 if user Un moves from doublecoverage region to single-coverage region while wn,s = −1
and wn,d = 1 if user Un moves from single-coverage region to
double-coverage region.
The iteration complexity shown in (37) can be further
reduced if we choose the control for each state from less
number of available rates in the double-coverage region. The
number of available rates in the double-coverage region determines the fineness of bandwidth allocation. In the MDP
model in Section IV, the available rates depend on the number
of time slots in each superframe,
i.e., the available
rate set


1
2
in double-coverage area is K Rd , K Rd , . . . , Rd . In the approximate solution, we adopt larger fineness
of rate selection,


η
2η
i.e., the available rate set is Rd = K Rd , K Rd , . . . , Qη
R
d
K
 
K
with Q = η where η
1. Thus the number of available
rates in the double-coverage region can be reduced from
K to Q. The simplified control
space is A = A(s) ∪ A(d) =


η
2η
Qη
0, K Rd , K Rd , . . . , K Rd .
For the case that 20 users move in the area with 100 regions,
the iteration complexity after simplification is 1/(2865136) of
the original iteration complexity if 10 rates are available for the
users to select in double-coverage region. In the approximation
solution, we consider the case that all the users are uniformly
distributed in the whole area, thus the capacity constraint is for
all the users in the whole coverage area. The optimal policy can
be obtained by Bellman’s equation based on the MDP model
described in Section IV-C and D with the simplified states.
C. Implementation Considerations
To implement the proposed method on video quality provisioning, there is a controller connected with all the mmWave
base stations in the coverage area. In each mmWave base station, there is an index table saving the information of each state
and the corresponding control obtained by off-line calculation
with Bellman’s equation. When a user Un enters the new region,
the associated mmWave base station determines the new state
based on previous state and the moving-in region of the user

Un . Then, the associated mmWave base station allocates the
bandwidth to the user Un immediately according to the index
table. The movement of the user Un is reported to the controller
by the associated mmWave base station. The controller broadcasts the new state to all the mmWave base stations and the
whole system waits for another user entering the new region to
trigger the incoming new state. Note that there is only one user
with mmWave bandwidth re-allocation when system enters a
new state and other users have the same bandwidth allocations
as the previous state. The user entering a new region can obtain
the newly allocated bandwidth immediately and does not need
to wait for the updated information from the controller to start
bandwidth allocation.
VI. N UMERICAL R ESULTS
In this section, numerical results are provided to demonstrate
the performance of the bandwidth allocation solution obtained
from the MDP model with state aggregation, compared with
another two solutions, namely random policy solution and normal transmission solution. Random policy solution is based on
the proposed buffer system and randomly selects the allocated
bandwidth of the user among available rates in each MDP
stage. In normal transmission solution, the buffer system is not
installed in the user to mitigate the effect of link outage and
the allocated bandwidth for each user is based on the required
data rate of video applications. The performance of the obtained
optimal policy with state aggregation is mainly demonstrated
by quality consistency. Additionally, we show the distribution
of the frozenness duration, the impact of buffer size on quality
consistency, and the number of supported traffic in mmWave
network.
The numerical results are conducted in a square area with
side length of 10 Km. Initially, a number of users are randomly
located in the whole area with none packets in each buffer.
mmWave base stations are distributed in the whole area in grid
topology with the distance of 500 m. The instantaneous data
rate in double-coverage region is estimated by


PT GR GT λ2
(40)
R ≈ W log2 1 +
16π 2 (N0 + I)Wd n
where PT is the transmitted power, GT and GR are respectively
the antenna gains of the transmitter and receiver. λ is the wavelength, W is the system bandwidth, N0 and I are the one-side
power spectral densities of white Gaussian noise and broadband
interference, respectively. d is the transmission distance and the
maximum link operation range is adopted for link budget to
determine the instantaneous rate in the double-coverage area.
The propagation-related parameters are shown in Table II.
The time durations of each user staying in single-coverage
region and double-coverage region are exponentially distributed with rate ξnsd and ξnds , respectively. Each
 ξnsd for user Un
1 1
is randomly selected within the range of 15
, 30 while each
Un is also randomly selected within the range of

ξnds for user
1
1
80 , 120 . The required data rate of the multimedia application
in each user is randomly selected from the range of [1.5 Gbps,
2 Gbps]. The system-related parameters are shown in Table III.
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TABLE II
P ROPAGATION R ELATED PARAMETERS

TABLE III
S YSTEM R ELATED PARAMETERS
Fig. 5. Quality consistency of different buffer sizes.

Fig. 6. Probability distribution of frozenness duration.

Fig. 4. Quality consistency via the number of traffics.

A. Quality Consistency
Fig. 4 shows the numerical results on quality consistency
of the four solutions with various numbers of video traffic.
The optimal policy and approximate solution achieve much
better quality consistency than random policy and normal transmission. As more traffic is involved, the quality consistency
goes down when the total allocated bandwidth reaching the
system capacity. By allocating more bandwidth than the required bandwidth to the users in the double-coverage region, the
stored data in the buffer can be used to maintain video playout
quality in single-coverage region. The proposed buffer system
can mitigate the impact of link outage on video playout quality
at the cost of the storage space and extra bandwidth.
Fig. 5 shows the impact of buffer size on maintaining quality
consistency for both approximate solution and random policy
solution. It is shown that as buffer size increases, the quality
consistency can be improved. Large buffer size has the robustness on allocated bandwidth of each user to improve quality

consistency. Specifically, on one hand, large buffer has lower
probability to be overflowed, which results in lower packet
dropping probability; On the other hand, large buffer can store
more packets for users spending longer time in single-coverage
area without suffering from frozenness. The extreme case is
that we can achieve 100 percentages quality consistency for
a stationary system if we use infinite buffer at the user and
allocate very high bandwidth to each user.
B. Frozen Duration Distribution
Fig. 6 shows the probability distribution of the normalized
frozenness period suffered by all the users in the network. The
probability distribution of frozenness duration shows that the
obtained approximate solution with buffer system can greatly
reduce the frozenness duration compared with the other two
solutions, since most of the frozenness durations in approximate solution are in the short duration range. The proposed
method using dynamic bandwidth allocation to maintain video
quality is very effective when mmWave links suffering from
frequent link outage. The random policy solution can reduce
the frozenness duration compared with normal transmission
solution because of the buffer system.
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the playout quality of multimedia applications would descend
because of the lower transmission rate of 4G network.
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Fig. 7. Number of supported traffic.
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