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Abstract—Panoramic virtual reality video (PVRV) is becoming
increasingly popular since it offers a true immersive experience.
However, the ultra-high resolution of PVRV requires significant
bandwidth and ultra-low latency for PVRV streaming, something
that makes challenging the extension of this application to
mobile networks. Besides bandwidth, the frequent perspective
viewport rendering induces a heavy computational load on battery-
constrained mobile devices. To attack these problems jointly,
this paper proposes a PVRV streaming system that is designed
for modern multiconnectivity-based millimeter wave (mmWave)
cellular networks in conjunction with mobile edge computing
(MEC). First, mmWave is deployed to support the high bandwidth
needs of PVRV streaming. Next, the multiple mmWave links that
tend to suffer from outages are coupled with a sub-6 GHz link to
ensure disruption-free wireless communication. With the help of
an MEC server, the tradeoff among link adaptation, transcoding-
based chunk quality adaptation, and viewport rendering offloading
is sought to improve the wireless bandwidth utilization and
mobile device’s energy efficiency. Simulation results show that the
proposed scheme can improve the streaming performance in both
energy efficiency and the quality of received viewport over the
state-of-the-art schemes.

Index Terms—Link adaptation, millimeter wave mobile
networks, mobile edge transcoding, panoramic VR video, viewport
rendering offloading.

I. INTRODUCTION

IN RECENT years, the convergence of advanced virtual re-
ality (VR) technologies and fast video processing hardware

has created a totally new media form, namely the immersive
panoramic (360-degree) VR video. Panoramic VR video
(PVRV) can provide a 360-degree view angle to obtain an
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omni-directional viewport of the scene and consequently it is
particularly suitable for events like exhibitions, sports, concerts
and films [1].

A key feature of PVRV is the ultra-high spatial resolution.
This means that an extremely unprecedented amount of data is
generated and must be delivered to a user. However, this has not
been a problem until now since even though PVRV applications
are rapidly increasing, most of the PVRVs are watched offline
(video is completely downloaded and viewed locally by moving
the viewport in real-time). At the same time mobile displays
are becoming better by the day and an increasing number of
people prefer to experience PVRV at any time and any place
[2]. Hence, similar to other types of video, PVRV will have to
be delivered over a network. In addition, users today consume
their media through wireless mobile devices. Consequently, the
combination of a very high data rate demand by PVRV with a
bandwidth-limited and error-prone wireless channel is a recipe
for poor quality-of-experience (QoE) in PVRV delivery.

By looking at the problem of wireless PVRV streaming we
notice that it can be broken down to three fundamental chal-
lenges. The first challenge is that the available bandwidth for
PVRV delivery over wireless networks is a limited resource due
to multi-user channel access. Ultra-high resolution PVRV typ-
ically requires a bandwidth that is 4∼ 5× of what is used for
delivering a regular high-definition (HD) video [3]. Even cur-
rent state-of-the-art video coding standards like H.265/HEVC
can improve compression efficiency relative to the past, but the
data rate of PVRV after compression is still very high for current
wireless networks. For example, the data rate of PVRV for an
advanced experience is typically more than 350 Mbps. Hence,
when multiple PVRV applications compete for one network,
the data rate requirement for the network will be up to several
Gbps [4]. Even for a basic experience, the data rate of PVRV
for a single user can reach up to 20 Mbps [4]. To cater for the
high bandwidth demand of such elephant flows, next generation
wireless networks (5G) focus on using spectrum resources that
were unused in previous communication standards.

The second major challenge is that PVRV applications must
perform a pixel-by-pixel computation of the viewport rendering
[5] on the mobile device or the head mounted display (HMD).
Fig. 1 illustrates in detail the process of viewport rendering. A
certain region of data in PVRV is extracted (pixel position A),
then transformed into a spherical port (pixel position B), and
finally projected to the viewport plane (pixel position C). This
operation requires pixel-by-pixel position transform with ma-
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Fig. 1. Illustration of viewport rendering.

trix computations. Since these types of devices are powered by
batteries, this type of computation consumes power from the
mobile device that is unlike any other form of video playback.
Unfortunately battery capacity is always a limited resource in
mobile devices and so it is impossible to render a PVRV for an
extended time period.

A third problem is that intermediate processing for PVRV
playback increases latency, something that is considerably dif-
ferent from the classic video streaming applications. To be
more precise, when PVRV is requested interactively by the
end-user, several intermediate communication and computing
processing operations are needed to provide the user with the
requested viewport, i.e., PVRV transmission over the network
(from source provider to user equipment), PVRV decoding, and
frequent viewport rendering on user equipment (UE) that are
caused by dynamic viewport changes. These operations are
finished with a significant computational cost that generates
an additional end-to-end latency. Generally, the transmission
of PVRV in full resolution can significantly contribute to the
end-to-end latency. Current immediate PVRV computing oper-
ations can take as much as 6∼100 ms, and communication de-
lay (source provider to user equipment) can reach 10∼200 ms.
Since HMD updates the viewport data very quickly, typically
with a frequency between 60 Hz and 120 Hz [6], HMD re-
quires an strict latency bound about 20 ms for data input. Thus,
the increase of the end-to-end latency will degrade the QoE of
interactive PVRV playback significantly.

To deal with the above challenges, past research efforts were
on PVRV streaming schemes by looking at the problem both
from a compression and a networking perspective. However,
most of the approaches in the past aimed at wireline transmission
or offline viewing and they were not concerned with wireless
access which is a key part of modern networks.

At the same time that video communication technology is
moving forward with PVRV, wireless communication pushes
into the future with millimeter Wave (mmWave) systems. In 5G
systems mmWave provides ultra-low latency and high band-
width [7]. However, the mmWave channel is prone to outages
since it requires line-of-sight (LOS), i.e., different physical ob-
stacles in the environment may break completely the link. To
make up for the uncertainty of mmWave communication, ex-
isting sub-6 GHz frequencies band can be used as a backup
for the mmWave band. A fast handover architecture among
mmWave and sub-6 GHz links has already been successfully
tested for UDP applications [8]. This dual radio architecture is

envisioned to be typical in 5G systems. Naturally, mmWave can
be used to transmit high bitrate PVRV to meet the ultra-low
delay requirement for viewport requests. However, PVRV re-
quires interactive playback of viewport. This characteristic of
PVRV emphasizes the importance of a user-specific viewport
region. In light of these advances a problem can be easily de-
scribed: how to adapt the unequally important regions in PVRV
to the unsteady mmWave network for improving the streaming
performance and user experience.

While mmWave communication is the future of wireless ac-
cess, the core wireline network is transformed by the mobile-
edge computing (MEC) paradigm that is emerging as an efficient
solution for content caching and in-network computing at the
edge of mobile network [9]. In our case it offers a platform where
we can investigate wireless PVRV streaming: First, MEC can
be deployed near the macro or micro base-station (BS) as a
cache server to push the PVRV data close to the mobile user.
Thus, the video transmission delay can be reduced significantly.
Second, MEC can reduce the computational load on the mo-
bile device by providing computational resources to the UE.
In this paper we propose the tight coupling of MEC with the
multi-connectivity (MC-based) mmWave cellular network so as
to enable and optimize wireless PVRV streaming. The contribu-
tions of the paper address one-by-one the previously mentioned
challenges and are described next.

First, we propose the use of an MC-based mmWave/sub-
6 GHz communication architecture as a basis for satisfying
the high bandwidth demand of PVRV streaming. By fully ex-
ploiting the advantage of mmWave in terms of communication
capacity, the sub-6 GHz frequencies band is used to compensate
for the problems of rapid channel disruptions in the mmWave
band. The proposed architecture is accompanied by algorithms
for importance-based mmWave link adaptation with unequal-
error protection and goodput-oriented sub-6 GHz link adapta-
tion. Their joint operation ensures that the PVRV representation
adapts smoothly to the fluctuating wireless conditions.

The second contribution is that MEC functionality is designed
jointly with the PVRV streaming system so as to reduce system
latency and the UE’s energy consumption that are incurred by
the viewport data decoding and rendering. More specifically we
propose the use of an MEC server for proactive PVRV content
caching, real-time PVRV transcoding, and finally low-latency
and energy-efficient offloading of the viewport rendering. A
key feature is that our MEC-based real-time PVRV transcoding
considers region-based unequal bitrate allocation of the locally
cached data. This transcoding offers the mmWave link uncom-
pressed PVRV data that leads to reduction of the intermediate
processing latency. Energy efficiency is accomplished because
viewport rendering is selectively offloaded to the MEC server
to reduce the energy consumption of the UE that is raised by the
pixel-by-pixel viewport rendering. To the best of our knowledge,
no previous research work has focused on improving energy-
efficiency of mobile devices, together with lowering the latency
of PVRV streaming.

Our third contribution is that we formulate a novel com-
munication and computation resource allocation problem for
the MEC server and the UE. The problem is shown to be a
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multi-objective combinational optimization problem, subject to
the viewing-delay constraint. More specifically, the transcod-
ing chunk quality, the modulation and channel coding schemes
(MCS) for different links, and the viewport rendering offload-
ing determination parameter are calculated to maximize the
viewport quality, while minimizing the energy consumption of
the UE.

The rest of the paper is organized as follows. Section II pro-
vides a detailed analysis of the related work. In Section III, the
system model of the proposed MEC-assisted PVRV streaming
scheme over MC-based mmWave network is presented. The
problem formulation and our solution approach are described in
Section IV. Section V presents the simulation results. Finally,
Section VI concludes the paper.

II. RELATED WORK

A. PVRV Delivery

The spatial resolution of PVRV is considerably larger
than HD video. Consequently, the delivery of high-quality
PVRV to the mobile device is very challenging due to the
bandwidth-constrained network. To save bandwidth, one could
use high-efficiency compression techniques, e.g., H.264/AVC-
based PVRV coding [10], and H.265/HEVC-based PVRV
coding [11]. Since compression is closely related to data repre-
sentation, the studies in [12] and [13] have proposed content-
adaptive or viewport-centric-adaptive representations that of-
fer flexible delivery options. To facilitate interactive viewport
streaming, a tile-based/strip-based encoding scheme was pro-
posed in [14]. For interactive PVRV streaming, only tiles within
the field of view (FOV) are delivered to the end-user. Consid-
ering dynamic FOV, a viewport-dependent adaptive streaming
system was proposed in [15] to reduce the bandwidth require-
ments. By exploiting the advantages of HTTP-based adaptive
streaming, tiling-based PVRV streaming over DASH was also
proposed to optimize QoE [16]–[18].

The previous studies are aimed primarily at wireline PVRV
transmission or offline delivery with local viewing on the device.
Current PVRV delivery mechanisms lack an optimized deliv-
ery that is tailored to wireless networks. Since mobile network
capacity is gradually growing, it can accommodate multi-user
PVRV traffic and lead to a new era of video communication.
However, traditional mobile streaming schemes are not very
efficient for PVRV due to the high bitrate of PVRV. Conse-
quently, more sophisticated PVRV streaming schemes have to
be designed for emerging mobile wireless networks.

B. Video Communication Over mmWave

Recent advances in mmWave wireless communication allow
for the support of high throughput applications. Preliminary
results indicate that a high data-rate mmWave link can commu-
nicate ultra-low delay and uncompressed video traffic without
problems [19]. However, one of the key challenges of mmWave
communication is channel dynamics: The channel varies rapidly
and the link maybe completely broken due to non-LOS paths
between the transmitter and the receiver. For video traffic over

mmWave, the authors in [20] proposed to use a receiver buffer
and data transmission scheduling for video bitrate adaption that
matches the channel. In another work [8], an MC-based LTE-5G
integrated architecture was proposed to improve the reliability
of mmWave communication but not for video traffic. Classic
techniques for low-delay video streaming with unequal error
protection were proposed in [21] but in this case for a 60 GHz
mmWave link. Similarly, by adopting network coding to en-
hance the packet transmission reliability, the work in [45] con-
firmed the feasibility of streaming video over cellular MC-based
mmWave links.

Furthermore, two recent works have proposed the delivery
of virtual reality game videos over mmWave networks. To cope
with the problem of PVRV signal intermittence caused by block-
ages, the authors in [22] proposed to add a mmWave mirror
device to relay the blocked signal, but they ignored the signal
blockage problem of the added mirror device. In [23], the en-
ergy efficiency of a mmWave BS was optimized with dynamic
power allocation for PVRV transmission.

The previously mentioned techniques exploit to the fullest
mmWave communication for ordinary video traffic. However,
they are not directly applicable to PVRV streaming since PVRV
traffic has certain specific characteristics. Though the recent
works have tried to optimize PVRV applications over mmWave
networks, they were still focused on the mmWave network opti-
mization and were not concerned with the particular characteris-
tics of PVRV traffic. It is still unclear how PVRV streaming per-
formance is related to the dynamics of an MC-based mmWave
channel, when it is affected by image tiling and viewport
changing.

C. Mobile Edge Computing

Modern mobile applications are sophisticated and usually
have a high computational load. This is unacceptable for a
power-limited mobile device. The rise of MEC makes up for
the inability of mobile devices to dedicate computing resources
for a protracted time period [24]. Mobile computation on the
UE can be partially transferred/offloaded to the MEC server.
Even though there have been studies on computational offload-
ing in mobile networks, they did not focus on the internals of the
communication system during computational offloading. Within
the communication subsystem, link adaptation and video chunk
quality selection can be jointly optimized with a trade-off be-
tween communication and computational offloading to further
improve the system performance. Additionally, when the MEC
architecture is extended to PVRV streaming, the system opti-
mization problem needs to consider adaptive viewport rendering
offloading.

III. SYSTEM MODEL

The proposed PVRV streaming system consists of three key
elements: the content provider, the MEC server and the MC-
based mmWave/sub-6 GHz cellular network. We provide a brief
overview of the overall system functionality in the first subsec-
tion. In the remaining subsections we discuss the necessary
mathematical models for transcoding, the wireless links, and
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Fig. 2. MEC-assisted PVRV streaming system over the MC-based mmWave
mobile networks.

their impact on latency and energy. Then, the resulting models
are used in our optimization described in the next section.

A. System Overview

The content provider is responsible for storing the PVRV
source content that is compressed. In the distribution network,
caching for frequently requested content is enabled at the MEC
server [26] which is located at the edge of the radio access
network (RAN). When users within the coverage of the RAN
request interactively the viewport data from the content provider,
the requested data will be retrieved from the cache of the MEC
server. In this work we assume that all PVRVs that the users
request are available at the MEC server before performing the
proposed optimization, and only one bitrate representation of a
PVRV with the same quality for all tiles is cached at the MEC
server.

The PVRV that is at the MEC server is delivered through
the RAN that uses MC-based sub-6 GHz and mmWave links.
The end-user uses a UE that is a multi-radio device that can
simultaneously connect to the sub-6 GHz and mmWave links.
This architecture is illustrated in Fig. 2, where the MEC platform
is deployed near the sub-6 GHz BS in the RAN and acts as an
intermediate server. At the MEC server, a PVRV transcoding
module is in charge of the PVRV transrating for adapting to the
sub-6 GHz link dynamics and also provides the uncompressed
PVRV for the mmWave link. During the interactive request of
PVRV, the user’s viewport changes rapidly. To avoid a large
motion-to-photon latency in the HMD, the full-resolution video
is fetched at the HMD.

Regarding the cellular network, both the mmWave and sub-
6 GHz bands are enabled. As shown in Fig. 2, the sub-6 GHz
BS is used as a master BS and the mmWave BSs is the sec-
ondary BSs. The mmWave BS can communicate with the sub-
6 GHz BS through an X2 link. The transmitted data packets over
the sub-6 GHz and mmWave links converge at the integrated
packet data control protocol (PDCP) layer in the user plane. The
mmWave link with the maximal signal interference to noise ratio
(SINR) is selected among all the available that are not in outage.

Alternatively, when none of the available mmWave links can sat-
isfy the transmission requirements, the sub-6 GHz link is used
as a backup.

In this work we also exploit the radio network information
service (RNIS) that is available for authorized mobile edge ap-
plications. RNIS can collect not only the radio network informa-
tion but also the context information regarding UEs connected
to the radio nodes that associated with the mobile edge host [25].
In our system with the help of RNIS, the MEC server estimates
periodically the wireless sub-6 GHz link quality, and collects
the device power information and the viewport information for
a given UE. On the other hand the mmWave downlink quality
is estimated from the uplink sounding reference signals that are
periodically broadcasted from the UE over the whole angular
space.

Based on the collected link quality information and user’s
viewport information, the MEC server first performs link selec-
tion and then executes link adaptation and viewport rendering
offloading optimization for the selected link. In the optimiza-
tion, the PVRV quality, wireless link adaptation and compu-
tational resources on the MEC server are jointly selected un-
der the given latency limitation. For wireless link adaptation,
a goodput-oriented MCS selection for the sub-6 GHz link and
an importance-based MCS selection for the mmWave link are
performed to optimize the overall wireless transmission perfor-
mance.

After that, the information of the selected link and the op-
timization result will be sent to the UE. The UE will make
the specific request to the appropriate BS for the correct chunk
quality depending on the optimization result. Finally, the MEC
server will configure the actual communication and computation
subsystems to satisfy the user’s request.

B. Mobile Edge Transcoding

To provide the appropriate data representations for different
links, a real-time transcoding module is designed, as shown in
Fig. 3. Originally, PVRV is encoded with spatial tile partitioning
to facilitate viewport cropping. The stream of each tile is then
segmented into chunks temporally. During transcoding, a chunk
from the original PVRV stream is first decoded into uncom-
pressed video that includes the viewport-covered tiles and the
non-viewport tiles. Based on the periodic feedback of the avail-
able channel goodput, the appropriate quantization parameters
(QPs) are selected in terms of the rate-quantization relationship
[27], and then used to re-encode the viewport tiles and non-
viewport tiles. Uncompressed PVRV data including viewport
data are transmitted over the high-speed mmWave link, while
compressed PVRV data including the viewport data are trans-
mitted over the sub-6 GHz link when all the mmWave links are
in outage.

After transcoding, two candidate PVRV representations are
available to be transmitted over the sub-6 GHz link, as shown
in (A) and (B) in Fig. 3. For the full-resolution video to be
delivered over the sub-6 GHz link, the tiles within the view-
port region may be transcoded into a higher-quality viewport
stream on the MEC server. The remaining tiles outside the
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Fig. 3. The proposed MC-based mobile edge transcoding framework supports different wireless transmission links.

viewport will be allocated with a lower quality and will be
used as standby tiles. When the viewport data cannot keep pace
with the fast viewport changes, the standby tiles with a lower
quality are projected to the necessary viewport at the mobile
device for smoothing viewport transition. Thus, the data of the
rendered higher-quality viewport, together with the remaining
lower-quality standby tiles constitute the full-resolution video
((B) in Fig. 3) that will be delivered to the UE. Besides viewport
rendering on the MEC server, another candidate PVRV repre-
sentation renders the viewport locally on the mobile device. In
this case, the tiles within the viewport are compressed in an
appropriate quality and together with the compressed standby
tile data ((A) in Fig. 3) are delivered to the UE. The output data
stream from the transcoder is segmented into a series of chunks
with a duration of one group of pictures (GOP) that consists
of four frames. This relatively short chunk allows us to trade-
off PVRV compression performance and data synchronization
efficiency at the HMD.

Regarding the viewport quality it is controlled by the
transcoding bitrate that depends on the selected QP. To for-
mally capture the above, we use qo to denote the quality of the
original bitrate representation of PVRV that is already cached
at the MEC server, and the vector πtrs

i , i = 1, . . . , Ntrs denotes
the set of transcoded bitrate representations of PVRV, where
Ntrs is the number of the transcoded bitrate representations.
The quality set for the tiled chunks after transcoding is de-
noted as Qtrs = qi(πtrs

i ), i = 1, . . . , Ntrs , where q1(πtrs
1 ) is

the highest quality and qN t r s (πtrs
N t r s ) is the lowest quality.

For the mmWave link, there are also two candidate data rep-
resentations for transmission, as shown in (C) and (D) in Fig. 3.
One is the uncompressed full-resolution PVRV ((D) in Fig. 3).
In this case viewport rendering will be performed locally at the
mobile device. Another data representation is a rendered view-
port plus the uncompressed standby tiles ((C) in Fig. 3). For
this representation, the viewport is rendered on the MEC server.
Obviously, the quality of the viewport and the quality of the
uncompressed standby tiles are both determined by quality qo .

C. Communication Model

The sub-6 GHz and mmWave link work in a time-division
multiplexing mode. Next we describe their operation in detail.

1) MC-based mmWave Communication: For the mmWave
link, its quality is tracked in real-time to calculate the prob-
ability of link intermittence. By predicting the availability of
each mmWave link, we schedule the time slots to different
links through a coordinator that is located at the sub-6 GHz
BS. The metric used for selecting the mmWave link is the in-
stantaneous SINR from the BS to the UE. Each UE broadcasts
directionally uplink sounding reference signals to the mmWave
BS. The uplink sounding reference signal is then used to es-
timate the mmWave downlink channel quality. The mmWave
BS also needs to align its beam direction with the UE to find
the best transmission direction. The corresponding SINR for the
best alignment is recorded and sent to the coordinator. The coor-
dinator reports the optimal transmission direction and the SINR
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Fig. 4. Scheduling of MC-based mmWave and sub-6 GHz links. Green circles
indicate the mmWave band communication states and pink circle indicates the
sub-6 GHz band communication state. The arrows indicate the transitions from
one communication state to another state when the corresponding transition
condition is satisfied.

value of the mmWave link to the UE via the sub-6 GHz link. If
all the mmWave BSs cannot receive synch or reference signals
from the UE or the SINR values of all the mmWave links cannot
meet the desired transmission requirement, the sub-6 GHz link
will be used to transmit the application data.

To model the previous communication system, we denote
with γb the LOS (line-of-sight) baseline SINR value. If the SINR
value of the mmWave link is less than γb + Δ, then mmWave
is considered to be in the NLOS (non-line-of-sight) state (that
the mmWave link may be blocked). Δ is a scaling factor that
accounts for the SINR decrease in the blocking state compared
to the un-blocked state [8]. Also γ1 , γ2 , . . . , γn indicate the
SINR values of the 1, 2, . . . , n mmWave links. Link switching
is illustrated in Fig. 4. In Fig. 4, we assume that n mmWave
bands and one sub-6 GHz band are available for communication,
and c1 , . . . , cn , υ1 , . . . , υn , τ1 , . . . , τn , c′ and c′′ are a series of
transition conditions for different communication states. When
the transition conditions are satisfied, the communication link
will be switched to the next mmWave communication link.

2) Goodput-oriented sub-6 GHz Link Adaptation: The ex-
pected effective goodput for a wireless link is defined as the
ratio of the expected delivered data payload to the transmis-
sion time. Clearly, depending on the data payload length and
the wireless channel conditions, the expected effective goodput

varies with different transmission strategies. The more robust
the transmission strategy, the more likely the data will be deliv-
ered successfully with fewer retransmissions. The key idea of
goodput-oriented link adaptation is to select the most suitable
transmission strategy for the current channel conditions.

In this work, Release 12 of Long Term Evolution-Advanced
(LTE-A) [28] is considered as the sub-6 GHz communication
system. In the LTE downlink, the available goodput for trans-
mitting video chunks depends primarily on the link quality, the
selected MCS mode and the number of the allocated resource
blocks (RB). Typically, the number of available RBs is estimated
based on the ratio of user’s minimum data rate requirement to
the channel gain [29]. Consequently, the achieved goodput for
a given user depends on the link quality and the selected MCS
mode once the number of RBs is determined. To estimate the
goodput Gsub−6GH z (m) for the sub-6 GHz link, the mutual in-
formation effective SINR mapping Ψ(m) is utilized to measure
the downlink quality as [30]

Ψ(m) = υ(m)

[
Υ−1

(
1
S

S∑
i=1

Υ
(√

ϕi

υ(m)

))]2

, (1)

where S is the number of allocated subcarriers, ϕi is the SINR
value at the ith subcarrier, and υ(m) is the calibration factor
for MCS mode m. The mutual information functions Υ(·) and
Υ−1(·) are defined as (9) and (10) in [30]. Based on Ψ(m), the
Block Error Rate (BLER) θ(Ψ(m)) is estimated as

θ(Ψ(m)) =
1
2
erfc

(
Ψ(m) − b(m)√

2c(m)

)
, (2)

where erfc(·) is the complementary error function, b(m) and
c(m) are the “transition center” and “transition width”, respec-
tively.

Due to the truncated automatic repeat request (ARQ) mecha-
nism, RBs that are received in error during the original transmis-
sion might be retransmitted up to a maximum of Nr times. In the
LTE system, Chase Combining (CC) and Incremental Redun-
dancy (IR) can be used for data retransmission. In this work, we
assume that chase combining with reduced half size retransmis-
sion is used [31] and each retransmission uses the same MCS
mode with the original transmission, thus ε(m) = θ(Ψ(m))
and the average number of transmissions per RB can be
calculated as:

N̄(ε(m), Nr ) =
Nr∑
i=1

i · (1−εi(m)) ·
i − 1∏
j=0

(εj (m)) + 1 (3)

The information bits contained in each symbol is r(m) =
Rc · log2(Hm ), where Rc is the forward error correction code
rate and Hm refers to a Hm -QAM constellation for MCS mode
m. Usually, each RB contains 7 OFDM symbols in the time
domain and 12 subcarriers in the frequency domain. There-
fore, the information bits carried per RB for an MCS mode m
is 	(m,Nr ) = 12 · 7 · r(m). When truncated ARQ is adopted,
each RB is transmitted N̄(ε(m), Nr ) times on average. Assum-
ing that the total number of RBs Bnum is allocated for delivering
one video chunk and that all the RBs adopt the same MCS mode,
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the achieved goodput of the sub-6 GHz link is

Gsub-6GH z (m)

=

∑Nr

i=1 [ 1
2i · 	(m,Nr ) · Bnum · (1−εi(m)) ·∏i − 1

j=0 (εj (m))]
N̄(ε(m), Nr )

+
	(m,Nr ) · Bnum

N̄(ε(m), Nr )
(4)

3) Importance-based mmWave Link Adaptation: For un-
compressed PVRV the tiles have different importance levels
to satisfy the demand of transient viewport viewing [32]. The
tiles within the viewport at the precise time instant of PVRV
viewing are more important than the remaining tiles outside the
viewport. With bit-interleaving, the RGB data of the uncom-
pressed PVRV are further grouped into the most significant bits
(MSBs) and least significant bits (LSBs) for transmission.

At the physical layer of the mmWave link the MCS can be
configured to provide different error-resilience and transmis-
sion capacities. Hence, we propose an importance-based MCS
adaptation scheme by considering the different importance lev-
els of the bit data in different tiles of the image. Note that a
mmWave link in 5G adopts different protocol design from an
LTE-A system. To capture the characteristics of the mmWave
link more accurately we adopt a different link abstraction from
the sub-6 GHz link. In one mmWave transmission slot, the trans-
mission block (TB) is composed of several coding blocks. Thus
the error rate of the coding blocks directly affects the quality of
the received video. Based on the mean mutual information per
coded bit (MMIB), the BLER for each codeblock (CB) can be
modeled with a Gaussian cumulative model similarly to (2),

CBLER, i(xi) =
1
2
erfc

(
xi − bC size,m√

2cC size,m

)
, (5)

where CBLER, i(xi) is the BLER at xi and xi is the MMIB for
the ith CB with MCS mode m in one TB. Parameters bC size,m

and cC size,m are the mean and standard deviation of the Gaus-
sian distribution [33], [44]. Then, the BLER for one TB that
contains I CBs is

TBLER = 1 −
I∏

i=1

(1 − CBLER,i(xi)). (6)

To control the BLER of different tiles of the image, the ap-
propriate MCS is selected for each TB in term of its level of
importance. Assume that the MCS are ranked in an ascending
order. Hence, larger MCS can provide higher transmission rate
with lower protection strength and fewer redundancy bits. In the
proposed scheme, according to the viewport requesting informa-
tion, the viewport tiles and non-viewport tiles are first identified
on the MEC server. As shown in Fig. 5, bit-interleaving will
generate different TBs with four importance levels. We sort
these levels in a decreasing order as: MSBs of the viewport
tiles (MSBV), LSBs of the viewport tiles (LSBV), MSBs of the
standby tiles (MSBS), and LSBs of the standby tiles (LSBS).
The sequentially decreasing MCSs are selected accordingly for
the TBs. Assume that MCS mmv is selected for a TB that be-
longs to a MSBV and mmax denotes the maximal MCS index

Fig. 5. The importance-based link adaptation. The red solid line arrow indi-
cates the bit-interleaving processing, the purple dot line arrow indicates the
tile bit-interleaving processing and the black dash line arrow indicates the
importance-based MCS adaptation.

in the candidate MCS set. The intervals between mmv and the
MCSs of LSBV, MSBS, and LSBS are Δ1, Δ2, and Δ3, re-
spectively. In this paper, after performing extensive tests in a
5G mmWave simulation module [33], [44], we empirically set
Δ1 = 1, Δ2 = 3, and Δ3 = 5. Thus, the MCS m for one TB is
selected as

m =

⎧⎪⎪⎨
⎪⎪⎩

mmv , if the TB belongs to MSBV
min(mmax,mmv + Δ1), if the TB belongs to LSBV
min(mmax,mmv + Δ2), if the TB belongs to MSBS
min(mmax,mmv + Δ3), if the TB belongs to LSBS

(7)
The size Tsize of one TB with an associated MCS m can be ob-

tained based on the total number of subcarriers per RB (derived
from the customized configuration of each user), the number
of symbols per slot, and the number of reference symbols per
slot [33], [44]. In a practical environment, the mmWave MIMO
channel may suffer from poor spatial diversity that results in
lower capacity due to the deficiency of parallel information
paths. The recent work in [46] confirmed that with molecular
absorption, the MIMO capacity increases linearly as the num-
ber of antennas increases. Consequently, when no retransmis-
sion scheme is used (for low-latency), the transmission goodput
GmmW (m) for one TB over a K × K MIMO mmWave channel
is calculated as

GmmW (m) = (1 − TBLER ) · 1000 · Tsize · (λf · K + bf ),
(8)

where λf and bf are two parameters for fitting the linear relation-
ship between the MIMO capacity and the number of antennas
K at mmWave frequency f . In this paper, we adopt λf = 0.184
and bf = 0.816 (In terms of [46, Fig. 7]) for a 73 GHz mmWave
MIMO channel.

D. Latency and Energy Model

The perspective viewport can be rendered on the MEC server
or locally on the mobile device. These approaches will result in
different energy consumption and transmission latency that must
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TABLE I
NOTATIONS IN SUBSECTION D OF SECTION III

be carefully analyzed. For simplifying notation, we use the term
ql to denote the quality representation ql(πl). The notation for
the other quality representations are also similarly simplified
in the remaining of this paper. For ease of reference, all the
notations introduced in this subsection are listed in Table I.

1) Local Viewport Rendering for the Sub-6 GHz Band: In
this case, the delivered data representation corresponds to case
(A) in Fig. 3. For a session that starts from the request of the
viewport until its rendering, there are typically several necessary
data-processing steps: first transcoding the original chunk on the
MEC server, then transmitting the transcoded chunk from the
MEC server to the UE, decoding the received chunk and also
rendering the viewport on the mobile device. Recall our assump-
tion that all the requested PVRV tiles have already previously
been cached at the MEC server which means that the data de-
livery latency from source provider to the MEC server should
not be included in the overall latency.

Assume that the computation task dl(bl(ql) · tc) for rendering
the viewport for a chunk on the mobile device requires bl (ql )·tc

bz l

CPU cycles. To finish this task, the UE needs to request the
full-resolution chunk data of [bl(ql) + b(Δql)] · tc bits from the
MEC server, where bl(ql) · tc and b(Δql) · tc are the numbers
of bits of viewport and standby tiles, respectively. Transmitting
the requested chunk over the sub-6 GHz link from the MEC
server to UE requires [bl (ql )+b(Δql )]·tc

Gs u b -6 G H z (m ) seconds. For preparing
the requested data of a chunk, transcoding on the MEC server

will be dedicated to two tasks: the original PVRV data decoding
that requires time bl (qo )·tc

v d e
f

and the PVRV data re-encoding that

consumes time equal to [bl (ql )+b(Δql )]·tc

v e n
f

. On the mobile device,

decoding the received viewport data requires bl (ql )·tc

v d e
l

seconds

and the viewport rendering is then finished in bl (ql )·tc

zl ·bz l
seconds.

The standby tile data will be decoded on the mobile device only
when it is used for rendering a new viewport. Consequently, the
decoding time for standby tiles does not have to be included
in the latency computation for a viewport requesting session.
Thus, the overall latency from time the chunk is requested to
the display of the viewport is written as

tl =
[bl(ql) + b(Δql)] · tc

Gsub-6GH z (m)
+

bl(qo) · tc
vde

f

+
[bl(ql) + b(Δql)] · tc

ven
f

+
bl(ql) · tc

vde
l

+
bl(ql) · tc
zl · bzl

(9)

Regarding energy, the first component of the required energy
is spent on data reception. The energy for receiving data volume
[bl(ql) + b(Δql)] · tc in the UE is computed as [34]

erev ([bl(ql) + b(Δql)] · tc) =
[bl(ql) + b(Δql)] · tc · Pb

brev
,

(10)
where Pb denotes the basic circuit power in one second and brev

is the receiving data rate for the UE. Similarly, the PVRV view-
port tile data decoding on the mobile device will also consume
energy and that is computed as [35]

ede(bl(ql) · tc) = μ2E0 , (11)

where μ is the frequency scaling factor that is related to the
number of decoder data bits bl(ql) · tc , and E0 is the energy that
is consumed for a task without any frequency scaling.

Besides the above task, the viewport rendering will also
consume energy and it is calculated as ξ · bl (ql )·tc

zl ·bz l
, where ξ

(joules/second) denotes the consumed energy in one second
within the CPU computation capability zl . Therefore, the to-
tal energy that is consumed for local viewport rendering on a
mobile device is calculated as

el = erev ([bl(ql) + b(Δql)] · tc) + ede(bl(ql) · tc)

+ ξ · bl(ql) · tc
zl · bzl

(12)

2) Mobile Edge Viewport Rendering for the Sub-6 GHz
Band: When the viewport rendering is finished on the MEC
server, decoding the original chunk data and re-encoding the
viewport data and the standby tiles are also needed. This spe-
cific transcoding route corresponds to part (B) in Fig. 3.

Now let us assume the original data representation of PVRV
with bitrate bf (qo) is used for transcoding. The PVRV decod-

ing on the MEC server requires bf (qo )·tc

v d e
f

seconds. Next, task

df (br
f (qf ) · tc) that is responsible for rendering the viewport

on the MEC server needs
br

f (qf )·tc

bz f
CPU cycles and it will take

br
f (qf )·tc

zf ·bz f
seconds. Furthermore, depending on the processing
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power of the MEC server, encoding the rendered viewport and

also the standby tiles will take
[br

f (qf )+b(Δqf )]·tc

v e n
f

seconds. Fi-

nally, decoding the viewport data on the mobile device will re-

quire
br

f (qf )·tc

v d e
l

seconds. Thus, adding the transmission time the

total time for requesting a viewport with mobile edge viewport
rendering is

tf =
bf (qo) · tc

vde
f

+
br
f (qf ) · tc
zf · bzf

+
[br

f (qf ) + b(Δqf )] · tc
ven

f

+
br
f (qf ) · tc

vde
l

+
[br

f (qf ) + b(Δqf )] · tc
Gsub-6GH z (m)

(13)

Now at the mobile device, for the case of a sub-6 GHz link
only two computational tasks are needed in a session with mo-
bile edge viewport rendering. The first corresponds to the recep-
tion of [br

f (qf ) + b(Δqf )] · tc bits which is negligible in time
and consumes energy of erev ([br

f (qf ) + b(Δqf )] · tc) joules (it
is computed similar to (10)). The other task corresponds to the
decoding of the viewport data bits br

f (qf ) · tc and the result-
ing energy consumption ede(br

f (qf ) · tc) can be computed sim-
ilar to (11). Hence, the energy that is consumed on the mobile
device is

ef = erev ([br
f (qf ) + b(Δqf )] · tc) + ede(br

f (qf ) · tc) (14)

3) Local Viewport Rendering for the mmWave Band: Recall
that the goodput estimate of the mmWave link is GmmW (m).
Unlike the case of sub-6 GHz link, uncompressed viewport
video data are transmitted over the mmWave link. The data
preparation follows path (D) in Fig. 3. The needed tasks in
a viewport requesting session include decoding the original
data representation on the MEC server, transmitting the un-
compressed PVRV data over the mmWave band, and rendering
the viewport on the mobile device.

Before the data transmission, decoding bf (qo) · tc bits to ob-
tain the uncompressed xo

v (qo) + xo
s(qo) bits on the MEC server

requires bf (qo )·tc

v d e
f

seconds. At the mobile device, the local view-

port rendering will consume xo
v (qo )

zl ·bz l
seconds. So the overall la-

tency is

tl =
xo

v (qo) + xo
s(qo)

GmmW (m)
+

bf (qo) · tc
vde

f

+
xo

v (qo)
zl · bzl

(15)

In the case of local viewport rendering the energy model for
the mmWave band is similar to that for sub-6 GHz band. Since
uncompressed data are delivered over the mmWave band, no
decoding is necessary on the mobile device. The energy is then
equal to

el = erev (xo
v (qo) + xo

s(qo)) + ξ · xo
v (qo)

zl · bzl
(16)

4) Mobile Edge Viewport Rendering for mmWave Band: Ac-
cording to (C) in Fig. 3, with the mobile edge viewport rendering
for the mmWave band, the necessary computation tasks on the
MEC server include decoding the original data and rendering the

viewport. The only one task on the mobile device is to receive
the PVRV data when the viewport that is rendered on the MEC
server perfectly matches the one the user requests. Usually, this
task is completed in a very short and negligible time. Together
with the time for data communication, the overall latency for
requesting a viewport is

tf =
bf (qo) · tc

vde
f

+
xo

r (qo) + xo
s(qo)

GmmW (m)
+

xo
v (qo)

zf · bzf
(17)

Since only the task for receiving data is necessary on the
mobile device, the required energy is

ef = erev (xo
r (qo) + xo

s(qo)) (18)

A note regarding user requests: It is important to stress that
in this work, we estimate in advance the PVRV system latency
and the UE energy consumption under different system param-
eter configurations. The computations are based on the assump-
tion that the already delivered viewport match the one the user
requests. In practical PVRV streaming, the already delivered
viewport does not always match that the user requests. In such
cases, the low quality standby tiles are used for rendering the
necessary viewport on the mobile device. Since these cases are
very hard to predict we do not consider them at the cost of
missing minor potential performance improvements.

IV. PROBLEM OPTIMIZATION AND SOLUTION

With the proposed system model we desire to find a trade-
off between the quality of the received PVRV viewport and
the energy cost at the UE. To simplify this problem, the best
way is to break the system optimization into two stages. The
first stage consists of choosing the appropriate link for PVRV
transmission. Then link scheduling is executed as described
in the subsection C of Section III. In the second stage, link
adaptation is jointly optimized with the adaptive offloading of
the viewport rendering.

In the proposed scheme, the decision to offload the viewport
rendering or not depends on the trade-off between the energy
consumption and the corresponding transmission latency. Dur-
ing PVRV streaming, the viewport is dynamically moved so
that the system latency is constrained to one threshold value
denoted by Tmax . Current literature review [13] suggests that
the viewport response latency should be less than 10ms when
the HMD refresh rate is up to 120 Hz. In such a case, it requires
PVRV to be captured with 120 frames per second (fps). How-
ever, current PVRV applications in mobile devices use 30 fps as
the input data rate of the HMD to seek an early-stage immersive
experience [4]. For these cases, Tmax is approximately 35 ms.
Also in this case since low-quality tiles outside the viewport are
always delivered to the UE, the UE can play the viewport video
smoothly.

At the physical layer the MCS is adaptively tuned to cater
for the chunk quality selection in the sub-6 GHz band or the
unequal tile protection in the mmWave band. Hence, two opti-
mization objectives need to be satisfied at the same time. The
first is to maximize the quality of the chunk that is delivered,
and the second to minimize the energy cost of the mobile de-
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vice for rendering the chunk. For the first objective, since chunk
quality is a discrete value that is usually greater than zero, max-
imizing q can be transformed to a minimization of 1

q . By using
multiple-objective combinational optimization theory [36], the
above optimization problem can be formulated as a two objec-
tive problem: O1 for minimizing the energy consumption and
O2 for maximizing the quality of the received viewport,

O1 : min
{m,q,η}

{η · el + (1 − η) · ef }

s.t. η · tl + (1 − η) · tf < Tmax

m = η · ml + (1 − η) · mf

q = η · ql + (1 − η) · qf

ml ∈ M,mf ∈ M, ql ∈ Q, qf ∈ Q, η ∈ {0, 1}

O2 : min
1
q

s.t. η · tl + (1 − η) · tf < Tmax

q = η · ql + (1 − η) · qf

ql ∈ Q, qf ∈ Q, η ∈ {0, 1} (19)

In the above the notation M = Ms corresponds to sub-6 GHz
communication and M = Mmm to mmWave communication.
Ms and Mmm are the candidate MCS sets for sub-6 GHz and
mmWave bands, respectively. ml and mf are the MCS modes for
cases of local and mobile edge viewport rendering, respectively.
In this optimization, we assume that the MCS does not change
during the transmission of one chunk and thus the MCS selection
is synchronized with chunk selection.

In (19), ql and qf are the chunk qualities of the viewport tiles
that are selected for local and mobile edge viewport rendering,
respectively. To reduce the variables in the solution vector, we
assume that the chunk quality of the non-viewport tiles is Δql =
ϑl · ql with Δql ∈ Q for local viewport rendering, and Δqf =
ϑf · qf with Δqf ∈ Q for mobile edge viewport rendering. ϑl

and ϑf are the scaling factors between viewport quality and non-
viewport quality for local and mobile edge viewport rendering,
respectively. Similarly, Q = {qo} for mmWave band and Q =
Qtrs for sub-6 GHz band. η is a binary variable that indicates
viewport rendering offloading or not. When zero, the viewport
rendering is offloaded to the MEC server, otherwise the viewport
is rendered locally at the mobile device.

The formulation (19) allows to optimally select for each
chunk the quality q, the link MCS m, and whether viewport
rendering will be offloaded or not with η. In this formulation
we notice the multiple objectives and the discrete combinational
decisions. Hence, (19) is a constrained multiple objective prob-
lem and is NP-hard. For this class of problems, near-optimal
solutions (Pareto-optimal solutions [36]) can be found within a
bounded amount of time. Genetic algorithms (GA) are a pop-
ular meta-heuristic that is particularly well-suited for this type
of problems. Due to the computationally fast and elitism strat-
egy in GAs, the non-dominated sorting GA (NSGA II) [37]
promises better performance than other GAs. Hence, we use
NSGA II to solve the problem in (19). In (19), the vector of vari-

ables (m, q, η) is considered as an individual that symbolizes a

Algorithm 1: GA for PVRV Transmission Optimization

Require: Ngen , O1(X ), O2(X ), X = (m, q, η)
Ensure: The optimal solution Xopt

1: Generate the initial parent population U0 ;
2: Evaluate the objective functions for each individuals in

U0 to obtain O1(Xi) and O2(Xi) from i = 1 to N;
3: Perform the binary tournament, crossover and mutation

operators to create the offspring population V0 of
size N;

4: for i < Ngen do
5: Fast non-dominated-sorting for the combined

population of the parent and offspring Ri = Ui ∪ Vi

of size 2N;
6: Crowding distance sorting;
7: Perform selection operation to obtain Ui+1 of size N

by crowded-comparison operator;
8: Perform crossover and mutation operation to

generate Vi+1 of size N;
9: i = i + 1;

10: end for

candidate solution, and the constraints can be used to determine
whether the candidate solution is feasible.

The proposed optimization scheme is performed in real-time
for each chunk and the optimization is executed once during
the chunk playback. The GA for the transmission optimization
of each chunk is shown in Algorithm 1. Initially, the number of
population generations Ngen and the objective functions are ini-
tialized. In the following steps, the initial parent population that
includes N individuals (namely X1 ,X2 , ...Xi , . . . ,XN) is gen-
erated. After computing the fitness (objective function) values
for all the individuals in the initial population, the binary tourna-
ment, crossover, and mutation are executed sequentially on the
initial population to create the offspring population. In the next
step, the combinational ith-generation population Ri = Ui ∪ Vi

of size 2N is obtained. The operations of non-dominated sorting
and crowding-distance sorting are executed on the set Ri . The
next generation populations Ui + 1 and Vi + 1 are then obtained
by the crowded-comparison operator, crossover and mutation,
respectively. The procedure for generating Vi + 1 will be recur-
sively executed until i = Ngen . Finally, the optimal solution will
be selected from the population of the last generation.

V. SIMULATION AND EVALUATION

Ns-3 was used to simulate the MC-based mmWave communi-
cation scheme [8]. The different layers of the LTE and mmWave
protocol stacks were extended from their respective counterparts
of the ns-3 LTE module and mmWave stacks [33] and they were
modified to create the dual-radio framework [44]. A UDP-like
streaming service for the PVRV packets over the MC-based
mmWave framework was also implemented. According to the
user’s head motion recordings for requesting the PVRV tiles, the
data packets of tiled chunks were delivered over the MC-based
mmWave framework. During the simulation, the streaming trace
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TABLE II
SIMULATION PARAMETERS

Fig. 6. One example of the simulated urban environments. The grey rectangles
indicate buildings.

data were recorded. The simulation trace data were finally used
to reconstruct the PVRV playback for evaluating the viewport
quality, the latency and the energy performances.

We also implemented the real-time PVRV transcoding mod-
ule by using the high efficiency video coding (HEVC) model.
The MEC server in Fig. 2 was modeled by assuming one cache
server in which the viewport rendering and transcoding mod-
ules were implemented. Table II shows the detailed simulation
parameters that were used for the proposed PVRV streaming
system. The link qualities in terms of SINR values were col-
lected under different urban environments where the buildings
were randomly deployed affecting thus considerably channel
dynamics in the mmWave band [8]. One example of the simu-
lated deployments of the city buildings is shown in Fig. 6. There
are two buildings and each of them is 15 meters high. Three
mmWave BSs are located at coordinates BS1 = (25, 75), BS2
= (110, 125) and BS3 = (200, 75), at a height of 10 meters.
The sub-6 GHz BS is co-located with mmWave BS2. In the
simulation, one UE moved from (0, 25) to (200, 25) along the
x-axis with a speed of 5 meter per second.

TABLE III
VIEWPORT TRAJECTORIES IN THE SIMULATION

Regarding the content, several PVRV datasets [38]–[41] are
available with realistic head movement traces for exploring user
viewing behavior patterns in PVRV applications. Unfortunately,
these PVRV datasets provided the compressed formats, but not
the original YUV data. Consequently, the computation of the
peak signal to noise ratio of the viewport (VPSNR) for these
PVRVs is infeasible since they lack the original signal needed
for reference. Consequently, we used 4K PVRV clips with 300
frames from MPEG [42]. In particular, the used video clips
include DrivingInCity, AerialCity, DrivingInCountry and Pol-
eVault_le. The viewport was extracted by the 360lib software
provide by MPEG [43]. Different viewport trajectories with
random and dynamic viewport modes were used for evaluating
streaming performance. The statistics on the users’ viewport
movements [39] show that users typically change their view-
port once significantly (The viewport tiles are changed) with an
interval that is ranged from 2 frames to more than 30 frames.
Consequently, given a start-up position of viewport at the first
frame and an end position of viewport at the last frame, view-
port trajectories with different switching frequencies from 1 Hz
to 15 Hz were recorded for simulating PVRV streaming. The
start and end positions of viewport are listed in Table III. The
viewport size was set to 856 × 856. A total of three simulations
were executed for each viewport trajectory and the average re-
sult over three runs is presented. Since only one viewport is
watched by the end-user at a specific moment, the VPSNR be-
tween the viewport that is rendered from the original PVRV and
the one that is rendered from the received PVRV is computed
to evaluate streaming performance.

We compared the performance of the proposed MEC-assisted
mmWave PVRV streaming scheme (mc-mmW-w-MEC) with
several reference scenarios. The first one considers sub-6 GHz
PVRV streaming with MEC (sub-6GHz-w-MEC). The sec-
ond adopts MC-based mmWave streaming without MEC (mc-
mmW-w/o-MEC).

A. PVRV Streaming Performance

1) Mobile Edge Transcoding: Fig. 7 (a) and (b) show the
viewport qualities in terms of VPSNR for unequal quality
transcoding of mc-mmW-w-MEC, equal quality transcoding of
mc-mmW-w-MEC, and mc-mmW-w/o-MEC (no transcoding)
schemes for an average channel SINR of 20 dB and 30 dB, re-
spectively. For each video clip the average VPSNR value over
all viewport paths was measured. It can be seen in Fig. 7 that
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Fig. 7. Viewport quality comparisons for different streaming schemes.

the proposed unequal quality transcoding offers superior qual-
ity over equal quality transcoding and the streaming scheme
without transcoding. The quality improvements of the proposed
scheme over mc-mmW-w/o-MEC, indicate that the MEC plays
a crucial role in quality optimization (MEC enabled real-time
transcoding or processing for PVRV quality optimization) of
PVRV streaming. At the same time, the results also demon-
strate that unequal quality allocation over the tiles in the image,
can improve the viewport quality subject to the limited available
bandwidth.

2) Link Adaptation: In the proposed scheme, viewport-
optimized link adaptation is used to ensure the tight coupling
between the streaming PVRV bitrate and the available link band-
width. Fig. 8 shows the impact of link adaptation under different
network conditions (in terms of the average SINR value). This
figure clearly illustrates that link adaptation is very efficient (at
least 30% better) particularly at low SINR (15 dB), while in the

Fig. 8. The link adaptation efficiencies under different networking conditions.

high SINR regime (around 30 dB) performance benefits are also
significant (at least 3 dB).

3) Quality of the Received Viewport: To evaluate the overall
performance of the proposed scheme, we measured the qual-
ity of the received viewport for our scheme and the reference
schemes. The average VPSNR values for different viewport tra-
jectories are plotted in Fig. 9. The results indicate the clear
benefits of the proposed scheme over all the other schemes. The
reason is that the proposed mc-mmW-w-MEC system exploits
to the fullest not only the high capacity of the mmWave link
with conquering the interruptions but also the computational
capabilities of the MEC server.

B. Latency

System latency is a key performance indicator of the PVRV
system. During our simulations we recorded the latency of each
viewport request. Fig. 10 shows the instantaneous latency re-
sults for one viewport trajectory for streaming DrivingInCity
clip. The proposed scheme has a clear advantage over the other
schemes in terms of system latency. After collecting extensive
data sets of the viewport latency we plot in Fig. 11 the cu-
mulative distribution functions (CDF) of this viewport request
latency for different viewport trajectories and over all PVRV
clips. As illustrated in Fig. 11, during 60% of the time, the
proposed scheme achieves a viewport request latency less than
20 ms. The competing schemes achieve the viewport request
latency of less than 20ms for only 20% of the time. Also, it is
interesting to note that the schemes with MEC achieve lower
latency than those without MEC, something that it is indicative
of its contribution to the overall latency.

C. UE Energy Consumption

We also conducted extensive UE energy measurements un-
der different viewport switching frequencies. For each viewport
switching frequency we measured the ratio between computa-
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Fig. 9. The quality of the received viewport. (a) Avg. SINR = 20 dB (b) Avg.
SINR = 30 dB

tions of the viewport rendering on the MEC server and the total
computations for viewport rendering that were performed on
both the MEC and the UE (for all video clips). We named this
ratio “the viewport rendering offloading ratio”, as shown in the
left side of Fig. 12(a). The energy-saving ratio between the UE
energy of the proposed mc-mmWave-w-MEC and that of mc-
mmWave-w-MEC without viewport rendering offloading is also
computed over all different viewport switching frequencies. It
is shown in the right side of Fig. 12(a). The average wireless
SINR for the results of Fig. 12(a) is 30 dB. The energy-saving
ratio is gradually reduced with increasing viewport switching
frequency and an average of 30% energy reduction is achieved
for viewport rendering over all viewport switching frequencies.
This indicates that the ratio of viewport rendering offloading is
gradually reduced with more frequent viewport switchings and
this exactly matches with the curve in the left side of Fig. 12(a).
When the viewport moves faster, the pre-rendered viewport at

Fig. 10. The viewport latency for one trajectory at SINR of 30 dB.

Fig. 11. The CDF of viewport-request latency at SINR of 30 dB.

the MEC server will not match the actual browsing viewport
and thus more viewport rendering operations will be executed
at the UE. Consequently the energy consumption is increased.

At a viewport switching frequency of 4Hz, we computed the
viewport rendering offloading ratio and the energy-saving ratio
over all video clips, and the results are shown in Fig. 12(b).
Both metrics increase with improving link quality. For high link
quality, the goodput is relatively larger than that for low link
quality. Hence, the transmission time for the rendered viewport
is reduced accordingly and the optimization will be more in-
clined to offload the viewport rendering to the MEC server. This
energy curve follows a similar pattern with the offloading ratio.



LIU et al.: MEC-ASSISTED PANORAMIC VR VIDEO STREAMING OVER MILLIMETER WAVE MOBILE NETWORKS 1315

Fig. 12. The energy-saving ratio and viewport rendering offloading ratio
(a) for different viewport switching frequency and (b) for different SINR values.

VI. CONCLUSION

In this paper we presented an MEC-assisted PVRV streaming
scheme that is designed to operate over MC-based mmWave
mobile networks. By complementing the mmWave link with
sub-6 GHz wireless communication, the MC-based mmWave
mobile network offers both sufficient bandwidth and steady
communication for PVRV streaming. Furthermore, we intro-
duced MEC as an intermediate processing component not only
to enable real-time transcoding to offer the appropriate PVRV
representations for the matched transmission links, but also to
execute real-time viewport rendering computations that reduce
the energy consumption of the UE. Through MEC, the delivery
of a PVRV representation is tightly coupled with the specific
link so as to maximize the utilization of the wireless bandwidth.
A comprehensive optimization that jointly optimizes the video
chunk quality, link adaptation, and adaptive viewport rendering
offloading is casted as a multi-objective optimization problem
that is solved by a fast GA. Simulation results demonstrate that
the proposed scheme can improve the PVRV streaming perfor-
mance significantly over the traditional schemes in system la-
tency, energy efficiency, and the quality of the received viewport.
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[26] E. Bastuğ, M. Bennis, and M. Debbah, “Living on the edge: The role of
proactive caching in 5g wireless networks,” IEEE Commun. Mag., vol. 52,
no. 8, pp. 82–89, Aug. 2014.

[27] C. Herglotz, A. Heindel, and A. Kaup, “Decoding-energy-rate-distortion
optimization for video coding,” IEEE Trans. Circuits Syst. Video Technol.,
2017, doi: 10.1109/TCSVT.2017.2771819.

[28] 3GPP, “Technical specification group radio access network; Study on small
cell enhancement for (E-UTRA) and (e-TRAN); Higher layer aspects
(Release 12), TR 36.842, 2013.

[29] Z. Shen, J. G. Andrews, and B. L. Evans, “Adaptive resource allocation in
multiuser OFDM systems with proportional rate constraints,” IEEE Trans.
Wireless Commun., vol. 4, no. 6, pp. 2726–2737, Nov. 2005.

[30] P. Zhao et al., “SSIM-based cross-layer optimized video streaming over
LTE downlink,” in Proc. IEEE Global Commun. Conf., Auxtin, TX, USA,
Dec. 8–12, 2014, pp. 1394–1399.

[31] M. Woltering, D. Wbben, A. Dekorsy, V. Braun, and U. Doetsch, “Perfor-
mance of HARQ with reduced size retransmissions using network coding
principles,” in Proc. IEEE 77th Veh. Technol. Conf., 2013, pp. 1–6.

[32] K. Liu, Y. Liu, J. Liu, A. Argyriou, and X. Yang, “Joint source encoding
and networking optimization for panoramic video streaming over LTE-A
downlink,” in Proc. IEEE Global Commun. Conf., Singapore, Dec. 4–8,
2017, pp. 1–7.

[33] M. Mezzavilla, S. Dutta, M. Zhang, M. Akdeniz, and S. Rangan, “5G
MmWave module for the ns-3 network simulator,” in Proc. 18th ACM
Int. Conf. Model. Anal. Simul. Wireless Mobile Syst., Cancun, Mexico,
pp. 283–290.

[34] L. Lei et al., “Resource scheduling to jointly minimize receiving and
transmitting energy in OFDMA systems,” in Proc. 11th Int. Symp. Wireless
Commun. Syst., 2014, pp. 187–191.

[35] Z. Lu et al., “Reducing multimedia decode power using feedback control,”
in Proc. Int. Conf. Comput. Des., San Jose, CA, USA, Oct. 2003, pp. 489–
406.

[36] M. Ehrgott and X. Gandibleux, “Multiple objective combinatorial
optimization—A tutorial,” in Multi-Objective Programming and Goal
Programming, Advances in Soft Computing, vol. 21. New York, NY, USA:
Springer, 2003.

[37] K. Deb, A. Pratap, S. Agarwal, and T. Meyarivan, “A fast and elitist multi-
objective genetic algorithm: NSGA-II,” IEEE Trans. Evol. Comput., vol. 6,
no. 2, pp. 181–197, Apr. 2002.

[38] C. Wu, Z. Tan, Z. Wang, and S. Yang, “A dataset for exploring user
behaviors in VR spherical video streaming,” in Proc. 8th ACM Multimedia
Syst. Conf., Taipei, Taiwan, Jun. 20–23, 2017, pp. 193–198.

[39] W. Lo et al., “360 video viewing dataset in head-mounted virtual reality,”
in Proc. 8th ACM Multimedia Syst. Conf., Taipei, Taiwan, Jun. 20–23,
2017, pp. 211–216.

[40] X. Corbillon, F. De Simone, and G. Simon, “360-degree video head move-
ment dataset,” in Proc. 8th ACM Multimedia Syst. Conf., Taipei, Taiwan,
Jun. 20–23, 2017, pp. 199–204.

[41] Y. Song et al., “Modeling attention in panoramic video: A deep reinforce-
ment learning approach,” 2017, arXiv:1710.10755.

[42] E. Alshina, J. Boyce, A. Abbas, and Y. Ye, “JVET common test conditions
and evaluation procedures for 360◦ video,” JVET-H1030, Macao, China,
Oct. 18–24, 2017.

[43] Y. He, B. Vishwanath, X. Xiu, and Y. Ye, “AHG8: InterDigital’s projection
format conversion tool,” Joint Video Exploration Team of ITU-T SG16
WP3 and ISO/IEC JTC1/SC29/WG11, JVET-D0021, Oct. 2016, Chengdu,
China.

[44] M. Mezzavilla et al., “End-to-end simulation of 5G mmWave networks,”
IEEE Commun. Surv. Tut., vol. 20, no. 3, pp. 2237–2263, Third Quarter
2018.

[45] M. Drago, T. Azzino, M. Polese, C. Stefanovic, and M. Zorzi, “Reli-
able video streaming over mmWave with multi connectivity and network
coding,” in Proc. Int. Conf. Comput. Netw. Commun., 2018, pp. 508–512.

[46] S. Amir Hoseini, M. Ding, and M. Hassan, “A new look at MIMO ca-
pacity in the millimeter wave,” in Proc. IEEE Global Telecommun. Conf.,
Singapore, Dec. 4–8, 2017, pp. 1–7.

Yanwei Liu (M’14) received the B.S. degree in ap-
plied geophysics from Jianghan Petroleum Univer-
sity, Jingzhou, China, in 1998, the M.S. degree in
computer science from China Petroleum University,
Beijing, China, in 2004 and the Ph.D. degree in com-
puter science from Institute of Computing Technol-
ogy, Chinese Academy of Sciences, Beijing, China,
in 2010. He is currently an Associate Professor with
the Institute of Information Engineering, Chinese
Academy of Sciences. He has published more than 60
scientific papers. His research interests include digi-

tal image/video processing, multiview/3-D video/VR video processing, wireless
multimedia networking. Dr. Liu serves on the TPCs of several international con-
ferences in the area of multimedia, communications, and networking.

Jinxia Liu received the B.S. degree and M.S. degree
in physics from Harbin Normal University, Harbin,
China, in 1994 and 2005, respectively. In 2005, she
joined the Zhejiang Wanli University. She is currently
a Professor with Zhejiang Wanli University, Ningbo,
China. Her research interests include laser imaging,
digital image/video processing, multiview and 3-D
video coding, and wireless communication.

Antonios Argyriou (S’00–M’07–SM’15) received
the Diploma degree in electrical and computer en-
gineering from Democritus University of Thrace,
Xanthi, Greece, and the M.S. and Ph.D. degrees in
electrical and computer engineering (as a Fulbright
Scholar) from Georgia Institute of Technology, At-
lanta, GA, USA, in 2001, 2003, and 2005, respec-
tively. He is currently an Assistant Professor with the
Department of Electrical and Computer Engineering,
University of Thessaly, Volos, Greece. From 2007 to
2010, he was a Senior Research Scientist with Philips

Research, Eindhoven, The Netherlands. From 2004 to 2005, he was a Senior
Engineer with Soft.Networks, Atlanta, GA, USA. He currently serves on the
Editorial Board of the Journal of Communications. He has also served as Guest
Editor for the IEEE TRANSACTIONS ON MULTIMEDIA Special Issue on Quality-
Driven Cross-Layer Design, and he was also a Lead Guest Editor for the Journal
of Communications, Special Issue on Network Coding and Applications. His
research interests include wireless communication systems and networks, and
video delivery. Dr. Argyriou serves on the TPCs of several international confer-
ences and workshops in the area of communications, networking, and statistical
signal processing.

Song Ci (S’98–M’02–SM’06) received the B.S. de-
gree from the Shandong University of Technology
(now Shandong University), Jinan, China, in 1992,
the M.S. degree from the Chinese Academy of Sci-
ences, Beijing, China, in 1998, and the Ph.D. degree
from the University of Nebraska-Lincoln, Lincoln,
NE, USA, in 2002, all in electrical engineering. He
is currently an Associate Professor with the Depart-
ment of Electrical and Computer Engineering, Uni-
versity of Nebraska-Lincoln. He serves as an Editor,
Guest Editor or Associate Editor in editorial boards

of many journals, including the IEEE TRANSACTIONS ON CIRCUITS AND SYS-
TEMS FOR VIDEO TECHNOLOGY, the IEEE TRANSACTIONS ON MULTIMEDIA, the
IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, and the IEEE ACCESS. His
current research interests include dynamic complex system modeling and opti-
mization, content-aware quality-driven cross-layer optimized multimedia over
wireless, energy internet, and green computing. Prof. Ci also serves as the TPC
member for numerous conferences. He is a member of ACM and AAAS.

https://dx.doi.org/10.1109/TCSVT.2017.2771819


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

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


