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OmniCast: Wireless Pseudo-Analog Transmission
for Omnidirectional Video

Jing Zhao, Ruiqin Xiong , Senior Member, IEEE, and Jizheng Xu , Senior Member, IEEE

Abstract— Wireless virtual reality (VR) applications that pro-
vide users extraordinary viewing experience are now drawing
great attentions. Transmitting VR video via wireless channel to
users’ head-mounted display devices efficiently with low latency
is very important for many emerging VR applications. In this
paper, we propose a pseudo-analog transmission framework
named OmniCast, which provides graceful quality degradation
and competitive performance for unpredictably varying wireless
channels while featuring low latency, low complexity, and low
energy cost. In particular, we analyze the influence of projection
between the spherical representation and the 2-D plane represen-
tation, and derive a power optimization scheme to minimize the
distortion on the sphere. In addition, we develop an approach to
measure the efficiency of decorrelation transform in the spherical
domain. Based on that, an appropriate transform option can be
determined. Experimental results show that the proposed frame-
work improves the transmission efficiency of omnidirectional
videos, while achieving elegant quality degradation for channel
fluctuation in a wide channel SNR range.

Index Terms— Virtual reality, omnidirectional video,
pseudo-analog transmission, spherical-domain distortion,
power-distortion optimization.

I. INTRODUCTION

W ITH the rapid development of information technology
and computing hardware, there is a proliferation of

virtual reality (VR) applications recently. Nowadays, there are
a great number of virtual reality (VR) head-mounted display
(HMD) devices on market, such as Oculus Rift [1], HTC
VIVE [2] and so on. However, most of the existing HMDs
require cable connections to work stations (e.g. PC). This
severely limits the users’ mobility and experience. In order to
provide fully immersive environment, many researchers focus
on wireless VR applications.

To transmit high-resolution omnidirectional videos over a
wireless networks efficiently and reliably is really a challeng-
ing problem. Firstly, in order to provide good VR experience,
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the transmission latency should be very small. When users
move or turn their head, the displayed image of interest should
be updated accordingly. A latency of more than 15ms in
refreshing the display can cause motion sickness [3]. Secondly,
the computing power of HMD is typically quite limited by
the weight and bulkiness of the headset itself. Moreover, the
movement of users in the VR environment may cause the
quality of wireless channel fluctuate drastically. Although
the conventional coded digital transmissions have achieved
great success for video communications, they usually do not
work well with highly dynamically varying wireless channels.
First, most of the recent standardized codecs achieve excellent
coding performance by using many coding tools with a large
set of coding modes, together with a very time-consuming rate-
distortion optimization procedure to choose the optimal coding
mode or parameters. Such schemes typically exhibit very high
complexity in encoding. These schemes may also lead to
remarkable coding delay due to the hierarchical inter-frame
prediction structure, and the prediction loop inside a single
frame to support intra-prediction. These aspects make them
less suitable for latency-sensitive and computation-constrained
real-time VR applications. Furthermore, the conventional dig-
ital coding framework is sensitive to bit errors - even a
single flip of bit may turn the stream of a whole slice into
useless. Therefore, it is desired to develop a new system
to transmit VR videos over wireless channels efficiently and
robustly, while achieving the features of low latency and low
complexity.

Recently, a novel pseudo-analog transmission framework
called SoftCast [4]–[6] has shown great potential for wireless
visual communication. It is a simple but comprehensive
design for wireless transmission, integrating the functionality
of signal compression, data protection and transmission in
one framework. Different from the conventional approaches,
SoftCast decorrelates the signals into a stream of coefficient
numbers by a linear transform and then modulates the
number stream directly to a dense constellation, skipping
the non-linear coding operations such as quantization,
entropy coding and channel coding. This significantly reduces
the computation and delay. Although the pseudo-analog
transmission framework is simple, it not only provides an
elegant way to deal with transmission errors and channel
quality degradation, but also achieves competitive performance
compared with the state-of-the-art coding methods under the
threshold channel condition. For these reasons, it has attracted
much attention in recent years [7]–[19].

Although significant advancement has been achieved in this
field, the previous schemes are not designed for VR videos
and cannot work very efficiently. Unlike conventional videos,
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VR videos represent the visual scenes on a sphere covering
the entire 360-degree field of view to provide the immersive
environment. In VR systems, it is common practice to map the
visual information on the spherical surface to a set of pixels
at regular locations on a flat two-dimensional plane, so that
the omnidirectional signal can be recorded in existing format
and processed by existing encoding and decoding systems
conveniently. However, these projections are non-uniform and
typically over-sample some areas than the others. This causes
a waste of resource in the image representation and coding.
To reduce such inefficiency in projection, a variety of mapping
schemes [20]–[23] have been investigated, but the problem is
not completely solved.

In this paper, we propose a pseudo-analog wireless transmis-
sion framework called OmniCast for omnidirectional videos.
The main contributions are summarized as follows. We make
the first attempt to apply pseudo-analog transmission to
VR applications and propose a comprehensive transmission
framework. Specially, we theoretically analyze the relationship
between the distortion in the original spherical domain and the
projected 2-D plane, and propose a spherical power-distortion
optimization strategy to improve the quality of spherical
panorama reconstruction. In addition, to further optimize the
performance of the proposed system, we develop a quantitative
measurement to evaluate the decorrelation transform efficiency
and propose two adaptive non-uniform block partition algo-
rithms for different omnidirectional video projections.

The rest of the paper is organized as follows. Section II
introduces omnidirectional videos and briefly reviews the
basic pseudo-analog transmission scheme. Section III presents
the proposed OmniCast framework. Section IV studies the
relationship between the spherical distortion and plane distor-
tion, and develops a spherical power-distortion optimization
method. Section V derives a formulation for the end-to-end
overall performance, and describes the proposed partition
algorithms. VI considers the viewport-based scenarios. Exper-
imental results are reported in Section VII and Section VIII
concludes the paper.

II. BACKGROUND

A. Omnidirectional Videos

In order to create immersive environments, multiple
cameras are usually deployed in VR systems to cap-
ture the 360-degree real-world scenes. Based on the 7-D
(X,Y, Z , θ, φ, λ, t) plenoptic function [24], the VR scenes
are represented by omnidirectional videos with image-based
rendering (IBR) [25]. In some scenarios, the plenoptic function
is simplified to a 2-D (θ, φ) function for each frame of the
VR video, as we assume the camera location (X,Y, Z ) is
fixed while the wavelength parameter λ can be represented
by RGB or YUV channels. To facilitate encoding and trans-
mission, various projection methods have been proposed to
map the spherical surface into a flat pixel plane. We briefly
review the commonly used ones as follows.
• Equirectangular Projection (ERP): It is usually used as

the default projection format. As shown in Fig. 1(a),
ERP has only one face, where the horizontal and the

Fig. 1. Visualization of different types of projections. (a) The map projected
by ERP. (b) The map projected by CMP.

vertical coordinates correspond to the longitude and lati-
tude in the spherical domain. In ERP, the width normally
doubles the height, since the longitude varies in the range
of (0, 2π) while the latitude varies in the range of (0, π).
One can note that there is significant stretching in the
pole areas, which brings high data redundancy in those
areas.

• Cubemap Projection (CMP): It uses the six faces of a
cube as the map shape. The spherical surface is pro-
jected onto the cube faces. Usually, the six faces will
be rearranged into a rectangle of size 3×2, as illustrated
in Fig. 1(b). Also, one can note that the areas correspond-
ing to the center of a face are sampled more sparsely than
other areas.

The projection methods provide different representations
for omnidirectional videos. Each projection mode essentially
defines a non-uniform sampling grid on the VR sphere. In such
case, the traditional PSNR is no longer a suitable quality
metric, since it measures the mean square errors of pixels on
the projection map but does not reflect the mean distortion
on the original spherical surface. Considering the effect of
non-uniform sampling, a number of quality metrics have been
proposed for omnidirectional videos. S-PSNR [26] was pro-
posed in the spherical domain, since the frames will ultimately
be rendered on the sphere. The calculation is performed
on a set of points uniformly sampled on the sphere. Like
S-PSNR, CPP-PSNR [27] converts the inputs into the
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Fig. 2. The proposed OmniCast framework for omnidirectional video transmission.

Crasters Parabolic Projection (CPP) domain [28] and then
calculate PSNR. Instead of re-mapping the pixel plane,
WS-PSNR [29] evaluates the distortion using certain weights
corresponding to the sampling rates. This paper uses
WS-PSNR as the quality metric to evaluate the performance
of the transmission schemes.

B. Pseudo-Analog Transmission of SoftCast

SoftCast is a simple but comprehensive design for
wireless video transmission, integrating the functionality of
signal compression, data protection, and transmission into one
framework [5]. It is particularly designed to achieve graceful
quality degradation for wireless channels whose condition may
vary unpredictably and drastically. It is also very suitable for
broadcast scenarios where different receivers have very diver-
sified channel qualities. Different from conventional schemes
that compress image signal into bits and strive to deliver the
discrete bits intactly, SoftCast convert the signal into a set
of real-number coefficients, and send out the coefficients in
a lossy and pseudo-analog way, minimizing the distortion of
received coefficients subject to a pre-specified constraint of
transmission power.

The SoftCast encoder consists of the following stages.
Firstly, it uses a decorrelation transform (e.g. DCT) to remove
the spatial redundancy among video frames and produce a
stream of coefficient numbers. Then, it scales these coeffi-
cients individually for power allocation, so as to minimize
the expected distortion at receiver. Next, it applies Walsh-
Hadamard Transform (WHT) to whiten the whole stream and
reduce its peak-to-average ratio (PAR). Ultimately, the coef-
ficients are mapped via dense modulation to OFDM symbols
for subsequent transmission. At the decoder side, SoftCast first
recovers the coefficients with the best possible fidelity by a
linear least square estimator, and then reconstruct the frames
via a series of inverse transforms. Since almost the transfor-
mations and mappings in all stages of SoftCast are continuous,
the noise introduced by channels is directly transformed into
reconstruction noise, resulting in the quality of received videos
commensurate with the channel noise condition.

III. THE PROPOSED OMNICAST FRAMEWORK

We propose a new pseudo-analog framework for the trans-
mission of omnidirectional videos. The framework is called
OmniCast and illustrated in Fig. 2.

At the sender, OmniCast first projects the 360-degree
video to a 2-D plane. The projection image of 4K or even
higher resolution is divided into some blocks of smaller size.
Each block is transformed into coefficients by block-DCT
(discrete cosine transform) and processed in SoftCast-like
way, using power allocation, whitening and dense modulation
for transmission. Compared with SoftCast, OmniCast has
two new tools. First, since the transform of various block
sizes has quite different decorrelation capabilities, Omni-
Cast chooses the block partition adaptively, according to the
local image content and its correlation strength. It allows
different regions to choose different block partition sizes.
Second, when choosing the scaling factor of each coefficient
for performance optimization, we have to consider the fact
that the pixels in the 2-D projection plane have non-equal
importance when they are projected back to the VR sphere.
To address this, OmniCast establishes a spherical distortion
model to describe the relationship between the distortion in
spherical domain and that in the projected 2-D plane. This
model is exploited to evaluate the importance of different
transform bands, resulting a spherical power-distortion opti-
mization strategy for choosing the optimal scaling factors
of each transform coefficient. This process provides adap-
tive unequal protection for different coefficients at different
blocks.

At the receiver, the decoding process is similar to the
original SoftCast [4]–[6]. It first extracts the constellation
points contained in the OFDM packet, and then inverse
whitening and linear least square estimation are applied
to recover the coefficient number. Finally, OmniCast per-
forms inverse DCT transform to reconstruct the projection
image and converts it to the spherical domain for immersive
experience.

IV. SPHERICAL-DOMAIN POWER

DISTORTION OPTIMIZATION

Power-distortion optimization (PDO) is the most
important module in pseudo-analog transmission. As shown
in Fig. 3, due to the non-uniform sampling of projection
process, the distortion in 2-D projection plane is not directly
proportional to the distortion in the spherical surface.
Therefore, we develop a new power-distortion optimization
method, based on a spherical distortion model that addresses
the non-uniform mapping between the two domains.
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Fig. 3. Illustration of projection from spherical surface to 2-D plane.

A. Spherical Distortion Model

Suppose the projection maps point (θ, φ) on spheri-
cal surface to point (x, y) on 2-D plane, denoted as
P : (θ, φ) → (x, y). Here θ and φ are the longitude
and latitude on the sphere, x and y are the horizontal and
vertical coordinates. Suppose hs(θ, φ) and hp(x, y) represent
the signals on the sphere and the 2-D plane, respectively, and
ĥs(θ, φ) and ĥp(x, y) represent their reconstructed versions.

Suppose ds(θ, φ) = ĥs(θ, φ) − hs(θ, φ) and dp(x, y) =
ĥp(x, y) − hp(x, y). Then the distortion in projection plane
can be expressed as

Dp =
∫∫

x,y

[
ĥp(x, y)− hp(x, y)

]2
dxdy

=
∫∫

x,y
dp(x, y)2 dxdy (1)

and the distortion in spherical domain is:

Ds =
∫∫

θ,φ

[
ĥs(θ, φ)− hs(θ, φ)

]2
d S(θ, φ)

=
∫∫

θ,φ
ds(θ, φ)

2 cos(φ) dθdφ (2)

Since dθdφ = J (x, y)dxdy where J (x, y) is the Jacobian
determinant calculated by:

J (x, y) = ∂(θ, φ)

∂(x, y)
=

∣∣∣∣∣∣∣

∂θ

∂x

∂θ

∂y
∂φ

∂x

∂φ

∂y

∣∣∣∣∣∣∣
(3)

Then the spherical distortion can be reformulated as:

Ds =
∫∫

x,y
dp(x, y)2w(x, y) dxdy (4)

with w(x, y) defined by

w(x, y) = cos(φ)J (x, y). (5)

Comparing Eq. (1) and Eq. (4), we may interpret the distor-
tion on spherical surface as a “weighted” distortion on the
2-D projection plane. The distortion weight w(x, y) can be
calculated for each projection model easily, according to (5).
Fig. 4 shows the weight maps of some projection formats.

B. Distortion Weights in Transform Domain

The distortion model in Eq. (4) is built upon distortion
weights of the pixels in spatial domain. However, just like
in SoftCast, the transmission of image in OmniCast is per-
formed and optimized in the domain of transform coefficients.

Fig. 4. Illustration of distortion weight maps for different projection models.
(a) For ERP. (b) For CMP.

Fig. 5. The process to evaluate the distortion weight for each coefficient
band.

Therefore, we further study the distortion model in transform
domain. To be specific, we evaluate the distortion weight of
each transform coefficient band.

Fig. 5 illustrates the process to achieve this purpose. Sup-
pose F = ( f1, f2, . . . , fN ) is the DCT data of a block
containing N (e.g. N = 8× 8) pixels. For the u-th frequency
component, fu , we add a small impulse δ to fu and convert
the whole DCT block to image domain via inverse DCT. Then
we calculate the spherical distortion of this modified block.
Suppose Bu is the DCT basis for fu , then the corresponding
spherical distortion can be formulated as:

Du =
∑

i

w(i) · (δBu(i))
2, (6)

where Bu(i) is the i -th item of Bu and w(i) is the distortion
weight for the pixel corresponding to index i . Thus, the dis-
tortion weight for frequency component fu can be calculated
by:

wu = Du

δ2 =
∑

i

w(i) · B2
u (i). (7)

It is obvious that the DCT bases {Bu} and the weights {wu}
depend on the size of DCT transform.

C. Power Spherical-Distortion Optimization

Based on the above analysis on spherical distortion, we re-
study the problem of power-distortion optimization, aiming
to minimize the total distortion of VR spherical surface.
Suppose F = ( f1, f2, . . . , fN ) ∈ R

N is the random vector of
transform coefficients to transmit. For efficient power usage,
each coefficient fu is scaled by gu individually, and the
encoder send out yu = gu · fu directly. The transmission power
for sending fu can be represented as:

Pu = E[y2
u ] = g2

u · E[ f 2
u ] (8)

After transmission in channel and demodulation,
the decoder receives ŷu = yu + nu , where nu is the noise.
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Then the decoder gets an estimation of fu by f̂u = ŷu/gu =
fu + nu/gu and the expected distortion of coefficient fu can
be written as E[( f̂u − fu)

2] = σ 2
n /g2

u , where E[·] stands for
expectation and σ 2

n is the power of channel noise. According
to Sec. IV-B, the expected spherical distortion caused by
noise on fu can be easily derived:

Du = wu E[( f̂u − fu)
2] = wu · σ 2

n /g2
u (9)

According to (8) and (9), we can express the relationship of
power and spherical distortion as:

Du(Pu) = σ 2
n

Pu
·wu · E[ f 2

u ] (10)

To achieve optimal performance, we allocate the transmis-
sion power among the coefficients F = ( f1, f2, . . . , fN ) by

(P) : minimize
∑

u
Du s.t.

∑
u

Pu � Ptotal (11)

The problem can be solved by setting ∂Du/∂Pu of all
element fu to be equal. This eventually leads to:

Pu = Cσn ·
√
wu · E[ f 2

u ] (12)

Du = 1

C
σn ·

√
wu · E[ f 2

u ] (13)

By substituting (12) into (8), we can get the optimal scaling
factor for sending fu

gu ∝ √σn ·
(
wu/E[ f 2

u ]
)1/4

(14)

Thus the expected total spherical distortion under power
optimization is

Dtotal =
∑

u

Du = σ 2
n

Ptotal

(∑
u

√
wu E[ f 2

u ]
)2

(15)

V. ADAPTIVE BLOCK PARTITION FOR DECORRELATION

TRANSFORM OPTIMIZATION

As we all know, there are typically very strong cor-
relation among the neighboring pixels of image signals.
Xiong et al. [14] has proved that boosting the energy diversity
in signal representation by an efficient transform is crucial
to pseudo-analog transmission and an appropriate transform
size can bring significant performance gain. In this section,
we focus on the transform size optimization of OmniCast.
We first introduce a quantitative measurement to evaluate the
decorrelation transform efficiency of OmniCast and further
propose two non-uniform partition algorithms to achieve better
transform performance and improve the quality of ultimate
reconstructions.

A. Transform Efficiency Evaluation

Different from the SoftCast, the decorrelation transform in
our proposed OmniCast not only changes the complexity of
signal but also influences the frequency domain conversion
weight WF = (w1, w2, . . . , wN ), which also has an important
influence on the performance of reconstructions. In the ideal
case, the final performance can be estimated by (15).

However, the analysis is based on the assumption that the
actual scaling factor gu is used by both encoder and decoder.
An alternative scheme is to share the signal energy statics
between the sender and the receiver to derive the scaling factor
according to (14). Obviously, sending one scaling factor gu

(or one E[ f 2
u ]) for each element is unrealistic. To be more

practical, we exploit the precise log-linear signal energy
modeling method proposed in [9] to approximate the energy
distribution. With this model, both the sender and the receiver
can create an estimate of the E[ f 2

u ] via a small number of
parameters, and the system can implement power allocation
with low meta data overhead.

Suppose Z̃ = (̃z1, z̃2, . . . , z̃N ) ∈ R
N , where z̃u is the

estimate of E[ f 2
u ] produced by the energy modeling. Recall

the spherical power-distortion optimization scheme in IV-C,
the scaling factor should be selected by gu ∝ (wu /̃zu)

1/4.
Thus, the actual scaling factor for fu can be expressed as
follow

gu = K · (wu/z̃u)
1/4 (16)

where K is the normalization factor determined by the con-
straint on power.

In this case, the actual power for sending fu would be
Pu = K 2 · (wu /̃zu)

1/2 E[ f 2
u ], and the expected distortion is

Du = K−2σ 2
n (wu /̃zu)

−1/2. Therefore, the power allocation
procedure guided by z̃u leads to

Ptotal = K 2 ·
∑

u

(wu /̃zu)
1/2 · E[ f 2

u ] (17)

Dtotal = K−2σ 2
n ·

∑
u

(wu /̃zu)
−1/2 (18)

To make discussion precise, we define λ = (λ1, λ2, . . . ,

λN ) ∈ R
N , where λu

�= (wu /̃zu)
−1/2. According to (17)

and (18), we can formulate the ultimate total distortion in
sphere as

Dtotal(λ) = σ 2
n

Ptotal

(∑
u

λu

)(∑
u

E[ f 2
u ]

λu

)
(19)

We can observe that the performance of Omnicast depends on
the transform domain weights and the transform coefficients,
which are both determined by the decorrelation transform.
In particular, this formulation can be used as a criterion to
evaluate the efficiency of decorrelation transform.

B. Adaptive Block Partition

In order to provide immersive experience, the images in
VR applications are usually required to be with high reso-
lution. Since the transform of various block sizes has quite
different decorrelation capabilities, the system first divides the
images into several blocks of proper sizes, and then performs
decorrelation transform on the divided blocks. In particu-
lar, the process of mapping typically brings redundant data
to the 2-D images and leads to a wide variability of the
correlation strength in different regions of one image. For
example, for ERP format, the pixels in poles are usually more
correlated than the pixels around the equator. For boosting the
energy diversity in signal representation efficiently, we propose
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Fig. 6. Illustration of block partition result for ERP format. (a) Example of
transform tree, where 1 represents horizontal cut and 2 represents vertical cut.
(b) Example of corresponding block partition scheme.

Fig. 7. Illustration of block partition result for CMP format. (a) Example of
transform tree. (b) Example of corresponding block partition scheme.

two non-uniform partition algorithms based on the objective
criterion described in V-A for ERP and CMP respectively so
that the system can divide the image adaptively according to
the local image content and its correlation strength.

For the ERP format, it has only one face and the cor-
relation rule in horizontal direction is totally different from
the correlation rule in vertical direction. Thus, we consider
the partition in horizontal direction and in vertical direction
respectively. For each block, we check whether a horizontal
cut or a vertical cut can bring more spherical transform gain
iteratively. In this paper, we build a structure of binary tree
to describe a partition scheme of ERP format. The nodes of
the tree are corresponding to the blocks of the image and
the actual transform is performed on the leaf nodes. Fig.6
illustrates an example of transform tree and corresponding
partition scheme. The detailed partition algorithm for ERP is
described in Algorithm 1.

Since the signal is sampled in different manner and exhibits
different correlation rule in different projection format, the
partition algorithm for CMP is different from the algorithm
for ERP slightly. The CMP projection has six faces which
possess similar correlation rule and we regard each face as
an original division element. Moreover, the correlation rule
in horizontal direction and in vertical direction is similar:
the signal in the sides of each face is more correlated due
to oversampling. Thus, in the algorithm for CMP projec-
tion, we consider horizontal cut and vertical cut uniformly
for simplicity and explore whether dividing original block
into four small blocks with half height and half width can
achieve better transform performance. As shown in Fig.7,
we use a structure of quadtree to describe the partition
scheme of CMP format. The detailed algorithm is presented
in algorithm 2.

Algorithm 1 Non-Uniform Partition Algorithm for ERP
(NPAE)
Input:

2-D projected image I
all transform domain weight matrix WF

Output:
The number N of blocks after partition.
The list L of indexes (Top, Left, Height, Width) of blocks.

1: initialize N ← 0
2: if height ≤ 8 or width ≤ 8 then
3: N ← N + 1
4: push the index of this block into list L
5: return
6: end if
7: I1 ← I , I2 ← I
8: F0 ← DCT (I )
9: D0 ← the expected distortion for transmitting F0

10: split I1 horizontally into two equal size blocks(B1, B2)
11: F1 ← DCT (B1), F2 ← DCT (B2)
12: D1 ← the expected distortion for transmitting F1 and F2
13: split I2 vertically into two equal size blocks(B3, B4)
14: F3 ← DCT (B3), F4 ← DCT (B4)
15: D2 ← the expected distortion for transmitting F3 and F4
16: if D0 ≤ D1 and D0 ≤ D2 then
17: N ← N + 1
18: push the index of I into list L
19: return
20: else if D1 ≤ D0 and D1 ≤ D0 then
21: call NPAE for B1, B2
22: else
23: call NPAE for B3, B4
24: end if

VI. EXTENSION FOR VIEWPORT

In addition, people may be more concerned with the context
in a certain direction in many VR applications. To handle
this scenario, we give an example of generating viewport
dependent weights considering that the pixels in viewport are
more important. For the pixels in the viewport, the weights
are set to 1, while the weights of other pixels degrade
to 0 according to the distance away from the viewport in
longitude and latitude. For example, if there is a viewport
with 2 × b angle of view and its center is (0, 0), the weight
factors in latitude and longitude can be described as

ψ(m, n) =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

1−
(

m − b

n − b

)k

m ∈ (b, n)

1 m ∈ [−b, b]

1−
(−b − m

n − b

)k

m ∈ (−n, b)

(20)

wlat(θ, φ) = ψ(θ, π)
wlgt(θ, φ) = ψ(φ, π/2) (21)

where k is the parameter that determines the rate of decay and
b is the field of view (FOV).
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Algorithm 2 Non-Uniform Partition Algorithm for CMP
(NPAC)
Input:

2-D projected image I
all transform domain weight matrix WF

Output:
The number N of blocks after partition.
The list L of indexes (Top, Left, Height, Width) of blocks.

1: initialize N ← 0
2: if height ≤ 8 or width ≤ 8 then
3: N ← N + 1
4: push the index of this block into list L
5: return
6: end if
7: I1 ← I
8: F0 ← DCT (I )
9: D0 ← the expected distortion for transmitting F0

10: split I1 into four squared blocks(B1, B2, B3, B4) with equal
size

11: transform B1, B2, B3 and B4 into DCT domain and get
the set of coefficients F1

12: D1 ← the expected distortion for transmitting F1
13: if D0 ≤ D1 then
14: N ← N + 1
15: push the index of I into list L
16: return
17: else
18: call NPAC for B1, B2, B3, B4
19: end if

Then, we can get the viewport dependent weight of pixel
(x, y) in 2-D projection plane.

wv(x, y) = w(x, y) · wlat(θ, φ) · wlgt(θ, φ) (22)

where (θ, φ) is the corresponding position in sphere and can
be easily derived from (x, y). Fig. 8 shows a visualization of
the viewport based weights in ERP format.

Thus, the viewport-based spherical distortion can be
expressed as

Dvs =
∫∫

x,y
wv(x, y) · dp(x, y)2dxdy (23)

If we are more concerned about the quality of viewport, we can
use the viewport-based spherical domain distortion as the
evaluation metric. To minimize the viewport-based spherical
distortion, we can easily replace the conversion weigh w with
the viewport-based conversion weight wv and leave all other
settings of the proposed OmniCast unchanged.

VII. EXPERIMENTAL RESULTS

This section reports experimental results. Firstly, we conduct
some experiments to represent the influence of different trans-
form options on pseudo-analog transmission for VR videos.
Secondly, we verify the performance of the proposed spherical
power-distortion optimization scheme. Then, we simulate the
proposed OmniCast with spherical power-distortion optimiza-
tion and non-uniform partition algorithm to show the overall

Fig. 8. The example for viewport based weights, where FOV is π/2 and
parameter k is 0.125.

Fig. 9. The WS-PSNR results of simulated basic pseudo-analog transmission
for ERP with different transform size options.

Fig. 10. The WS-PSNR results of simulated basic pseudo-analog transmis-
sion for CMP with different transform size options.

performance and compare it with SoftCast and conventional
digital separable source channel coding schemes. Finally,
we report the results of the viewport-based scenarios.

A. Experiments Setting and Quality Metric

The 8192× 4096 images, ChairliftRide, Gaslamp, Harbor,
KiteFlite, SkateboardInLot, Trolley and the 6144×3072 images
Ballboa, BranCastle, Broadway, Landing in the standard test
sequences provided by GoPro [30] and InterDigital [31] are
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Fig. 11. The comparison of simulated pseudo-analog transmission for ERP images with different PDO options and various transform options.

TABLE I

COMPARISON OF POWER DISTORTION OPTIMIZATION

FOR ERP (WS-PSNR, CSNR = 4DB)

used as test images. Prior to the encoding, high fidelity test
materials are converted into lower resolution projections. Two
typical projection formats (ERP and CMP) are used in this
paper. For ERP format, the projection size is 4096×2048, and
for CMP format, the projection size is 2880 × 1920. When
simulating the transmission procedure, the AWGN channel
is considered. To derive the scaling factors, the piecewise
log-linear modeling proposed in [15] is used to estimate the
energy distribution at both the sender and the receiver. In this

TABLE II

COMPARISON OF POWER DISTORTION OPTIMIZATION

FOR CMP (WS-PSNR, CSNR = 4DB)

paper, the commonly used metric WS-PSNR [29] is examined
to evaluate the performance of the proposed transmission
framework.

B. OmniCast Performance

We first simulate the SoftCast procedure for transmitting
omnidirectional images and investigate the influences of using
different transform sizes. For the ERP, the transform size
options include 8× 8, 16× 16, 32× 32, 64× 64, 128× 128,
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Fig. 12. The comparison of simulated pseudo-analog transmission for CMP images with different PDO options and various transform options.

Fig. 13. The comparison of the OmniCast and the conventional framework. The channel SNR is unknown to all the encoders.

256×256, 512×512. For the CMP, the transform size options
include 8×8, 16×16, 32×32, 64×64, 120×120, 240×240,
480 × 480. The channel SNR considered in this experiment
is 4dB. For each of the scheme, we simulate the transmission
process for 10 times and measure the average performance for
accuracy.

The WS-PSNR results are shown in Fig. 9 and Fig. 10
respectively. We note that the WS-PSNR goes up first and then
drops as the transform size increases. 128× 128 or 256× 256
may be a reasonable transform size for ERP format images,
while 120×120 or 240×240 is an appropriate transform size

for CMP format images. Moreover, we can observe that an
appropriate transform can provide around 10dB performance
gain.

Then we evaluate the performance of the proposed spherical
power-distortion optimization scheme for transmitting omni-
directional images. To that end, we simulate the pseudo-
analog transmission framework with the proposed spheri-
cal power-distortion optimization (SPDO) scheme and the
framework with the conventional plane power-distortion
optimization (PPDO) scheme. For the ERP projection format,
the transform sizes of 64 × 64 and 128 × 128 are tested.
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Fig. 14. The viewport of reconstructed images (Ballboa, ChairliftRide and Gaslamp) in pseudo-analog transmission. From left to right: transmission with
conventional PPDO and 64×64 BDCT, transmission with conventional PPDO and non-uniform partition scheme for transform and transmission with proposed
SPDO based on viewport weights and non-uniform partition scheme for transform. Please enlarge the figure to observe details.

For the CMP projection format, the transform sizes of 64×64
and 120×120 are tested. The channel SNR considered in this
experiment is 4dB. For each of the scheme, we simulate the
transmission process for 10 times and measure the average
performance.

Table I and Table II show the results of fully data trans-
mission considering that the pixels in the sphere are of
uniform importance. The result of ERP projection is presented
in Table I and the result of CMP projection is presented
in Table II. We can observe that the performance of proposed

SPDO scheme is always superior to the performance of
PPDO scheme used in conventional SoftCast framework. For
the ERP format, the proposed SPDO scheme can provide
about 0.31dB gain to the framework with the transform size
of 64× 64 and about 0.24dB gain to the framework with the
transform size of 128 × 128. For the CMP format, the pro-
posed SPDO scheme can provide about 0.16dB performance
gain to the framework with the transform size of 64 × 64
and 0.12dB gain to the framework with the transform size
of 120× 120.
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TABLE III

COMPARISON OF POWER DISTORTION OPTIMIZATION FOR VIEWPORT-BASED ERP (VIEWPORT-BSED WS-PSNR)

TABLE IV

COMPARISON OF POWER DISTORTION OPTIMIZATION FOR VIEWPORT-BASED CMP (VIEWPORT-BSED WS-PSNR)

We then evaluate the overall performance of the proposed
OmniCast. We consider three options, i.e. the conventional
transmission framework with PPDO and uniform block dis-
crete cosine transform (BDCT), the transmission framework
with PPDO and non-uniform BDCT and the proposed Omni-
Cast with SPDO and non-uniform BDCT. For the framework
with uniform BDCT, it divides the high-resolution images into
several blocks with identical size and then perform a discrete
cosine transform on each block as SoftCast dose. For the
uniform BDCT, we consider several transform sizes, including
64 × 64, 128 × 128 and 256 × 256 for ERP, and 64 × 64,
120× 120 and 240× 240 for CMP. For the framework with
non-uniform BDCT, it first divides images into several blocks
with various sizes using the proposed non-uniform partition
algorithms proposed in V-B and then conducts a discrete
cosine transform on each block. The SNR range considered
in this experiment is 4-12 dB. Like the above experiment, for
each of the option and channel configuration, we simulate the
transmission process for 10 times and average the performance
for accuracy.

The results are represented in Fig. 11 and Fig. 12 respec-
tively. These results verify that the proposed pseudo-analog
transmission framework can achieve a smooth quality degra-
dation for wide channel SNR range. Moreover, we note that
the option of transform size is crucial to the performance of
the reconstruction. Although the proposed partition algorithm
slightly adds the complexity of the framework, it improves the
reconstructed quality visibly. For the ERP images, the pro-
posed framework can provide about 1dB performance gain
compared to the conventional pseudo-analog transmission
framework with a reasonable identical transform size of
256 × 256. For the CMP images, the proposed framework
can provide up to 0.55dB gain compared to the conventional
framework which uses a competitive identical transform size
of 240× 240.

Finally, we compare the performance of OmniCast with
the conventional digital framework in bandwidth confined
and power limited scenarios. We implement the conventional
framework based on JPEG2000 and 802.11, and test dif-
ferent combinations of EFC rates and modulation methods.
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The SNR range considered in this experiment is 4-20dB.
Fig. 13 shows the average results of fifty runs.

We note that the digital separable source channel coding
exhibits an obvious cliff effect, where below a certain SNR,
the reconstructed quality drops dramatically while above it the
quality maintains a constant value. In contrast, the proposed
OmniCast shows a graceful degradation while achieving com-
petitive reconstructed quality.

C. Viewport Related Results

In this subsection, we consider the condition where people
may be more concerned about the context in a certain direction
and verify the performance of the viewport-based spherical
power-distortion optimization scheme (VSPDO). In this exper-
iment, the parameter k determining the rate of decay is set
to 0.125. The channel SNR is 4 dB and the evaluation metric
is viewport-based WS-PSNR.

The numerical results of ERP and CMP for FOV = π/2
and FOV = π are presented in Table III and Table IV.
We can observe that there is more than 2dB average per-
formance improvement compared to the conventional PPDO
scheme when FOV is π/2. For the FOV = π , the average
gain is more than 1dB. Fig. 14 shows the reconstructions of
the concerned viewport. We note that the transmission using
the proposed spherical power-distortion optimization produces
much better reconstruction quality in the viewport.

VIII. CONCLUSIONS

In this paper, we propose a wireless pseudo-analog transmis-
sion framework called OmniCast for VR applications which
demand high-resolution, low latency, low complexity and low
energy cost. In OmniCast, a spherical domain power-distortion
optimization method is designed to guide the process of power
allocation and a quantitative measurement is developed to
measure the efficiency of decorrelation transform in spherical
domain. Moreover, based on this measurement, we further
propose two adaptive block partition algorithms to achieve
better decorrelation performance. Experimental results show
that the proposed OmniCast scheme can not only provide
elegant quality degradation for wide channel SNR range but
also outperform JPEG2000-based solution and the baseline
SoftCast for transmitting omnidirectional videos.
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