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Abstract This paper presents a novel scheme for satellite hyperspectral images broadcasting
over wireless channels. First, a simple pre-processing is performed. Then, a new hyperspectral
band ordering algorithm that improves the compression performance is implemented. The ordered
image data is also normalized. The discrete wavelet transform with three-level decomposition is
used to divide each hyperspectral image band into ten wavelet sub-bands; nine of them are the
details and the last LL-LL-LL is an approximation version of the band. Coset coding based on
distributed source coding (DSC) is used for the LL-LL-LL sub-band to achieve high compression
efficiency and low encoding complexity. Then, without syndrome coding, the transmission power
is allocated directly to the band details and coset values according to their distributions and
magnitudes without forward error correction (FEC). Finally, these data are transformed by the
Hadamard matrix and transmitted over a dense constellation. Satellite hyperspectral images from
an Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) satellite are used for the validation
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of the proposed scheme. Experimental results demonstrate that the proposed scheme improves the
average image quality by 6.91, 3.00 and 7.68 dB over LineCast, SoftCast-3D, and Softcast-2D,
respectively. It also achieves up to a 5.63 dB gain over JPEG2000 with FEC.

Keywords Joint source-channel code (JSCC) .Wireless communication . Hyperspectral band
ordering . AVIRIS .Wavelet transforms . DSC . LineCast . SoftCast

1 Introduction

Wireless image and video communication has been studied for a long time. Shannon concluded two
main issues are required to transmit data over wireless channels: source coding (data compression)
and channel coding (forward error correction (FEC) and modulation scheme) [33, 34]. This
conventional scheme with separate source coding and channel coding is based on Shannon’s
source-channel separation principle, and it is the most classic digital scheme. Source coding is
designed independently of channel coding. Using this classical scheme, the source data can be
transmitted without any loss of information, if the channel is point-to-point (i.e., unicast communi-
cation). The channel quality is known or can be easily measured at the source, by the selection for
the optimal transmission rate for the channel and the corresponding FEC and modulation [34].
However, for digital broadcast/multicast, a cliff effect challenge is found, where each receiver
observes a different channel quality. Thus, the bitrate selected by a conventional wireless image
delivery scheme cannot fit all receivers at the same time. If the image is transmitted at a high bitrate,
it can be decoded only by those receivers with better quality channels, but it is not reasonable for
receivers withworse quality channels. On the contrary, if it transmits at a low bitrate supported by all
receivers, it reduces the performance of the receivers with better quality channels, and it is not
optimal for performance. In order to overcome the cliff effect, many researchers propose different
joint source-channel coding (JSCC) frameworks for distributed image/video transmission [27, 42].
Except for these JSCCworks, the transmission of distributed coded video is still similar to that of the
conventional scheme. In contrast to the separate design, there aremany joint image/video coding and
transmission schemes [15, 22, 23, 41] that have been proposed for wireless image/video
multicasting. SoftCast [22, 23] is one of the analog approaches that is designed within the JSCC
framework. The SoftCast encoder consists of the following steps: transform, power allocation and
direct dense modulation. A line-based coding and analog-like transmission is proposed in [41],
called LineCast, which consists of three steps, reading the image line by line and the decorrelation of
each line by DCT, scalar modulo quantization, and finally power allocation and transmission.

Currently, satellite hyperspectral images have been used in a wide variety of applications and
remote sensing projects ranging from independent land mapping services to government and
military activities [8, 18, 29, 40, 41]. Some of these applications and projects desperately need the
use of wireless communication to transmit satellite images [6, 11, 13, 20, 24, 41]. Therefore, satellite
wireless systems have become an important topic of study. In agriculture, the need for observational
data, aircraft, and satellite remote sensing plays an important role in farm management due to the
large volume of information represented in the satellite images. Moreover, for meteorologists,
satellite images play an essential role to explorewater vapor, cloud properties, aerosol, and absorbing
gases.

Satellite hyperspectral images have significant information for different applications. Only
three selected bands can be transmitted for the true color image. Furthermore, more than three
bands can be selected to represent the vegetation features of the Earth’s surface. This paper
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suggests that all the image bands can be transmitted and then the images can be classified on
the receiving end. Therefore, using a separate wireless design is not the best solution with
various quality channels. As a result, a new distributed coding and transmission scheme is
proposed in this paper for broadcasting satellite hyperspectral images to a large number of
receivers. The scheme avoids the cliff effect found in the digital broadcasting schemes by
using linear transform between the transmitted image signal and the original pixels luminance.
In the proposed scheme, the transform coefficients are directly transmitted through a dense
constellation after allocating a certain power without FEC and digital modulation. In
multicasting, each user can optimal quality matching for its channel conditions. A distributed
source coding (DSC) is applied based on the Slepian-Wolf theory [35] to achieve efficient
compression and low encoding complexity. Moreover, a simple and more efficient algorithm is
proposed for satellite hyperspectral band ordering to achieve better compression efficiency.
The original satellite image band ordering is used in SoftCast, and thus, it is inefficient in the
removal of spectral redundancy. Furthermore, the 3D DCTwhich has been used is insufficient
for removing most of the redundancy in the satellite images. In contrast to SoftCast, the
proposed scheme adopts a new band ordering algorithm to remove spectral redundancy in the
hyperspectral image. Moreover, the DSC provides lower encoding complexity than those of
traditional compression techniques. LineCast does not exploit the spectral correlation between
bands. Therefore, this leads to LineCast being inefficient for satellite images containing more
than one band. However, most satellite images have more than one band and these bands
contain spectral redundancies. In conclusion, LineCast is able to provide better performance
than the state-of-the-art 2D broadcasting schemes because of its high efficiency and flexibility
of line prediction. However, without a spectral decorrelator, it is still not efficient enough for
the use of 3D satellite images. Unlike LineCast, the proposed scheme removes redundant
information within a spectral dimension. Furthermore, the proposed scheme presents a band
ordering algorithm for the satellite hyperspectral images. Experimental results on the selected
hyperspectral datasets demonstrate that the proposed scheme improves the average image
quality by 6.91 and 3.00 dB over LineCast and SoftCast, respectively, and it achieves up to a
5.63 dB gain over JPEG2000 with FEC.

The rest of the paper is organized as follows. Section 2 briefly reviews some related works.
Section 3 introduces the proposed scheme with detailed explanations of each component.
Section 4 presents the experimental results. Finally, Section 5 concludes this paper.

2 Related works

2.1 Digital broadcasting

Digital broadcasting systems separate source coding and channel coding based on Shannon’s
source-channel separation theorem [33, 34].

2.1.1 Source coding

In the source coding, one of many lossy compression techniques is selected to achieve the target
compression ratio. Recently, several techniques have been used to compress satellite images [8]. One
of them is the JPEG2000 standard [37]. This standard is based on wavelet coding. JPEG2000
supports the 9/7 and the 5/3 integer wavelet transforms. After transformation, coefficient
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quantization is adapted for individual scales and sub-bands, and quantized coefficients are arithmet-
ically coded. In addition, in order to improve the coding performance of this technique, a common
strategy for hyperspectral images is to first decorrelate the image in the spectral domain.

Previous research on satellite image compression concluded that JPEG2000 (wavelet-based
algorithm) gives better results than those based on DCT such as JPEG as described in [8, 19, 29].
The research in [19] showed that, for lossy compression of satellite multi-spectral images,
JPEG2000 (wavelet-based algorithm) produces better results than JPEG. Also, the research in [8]
compared several techniques with different compressionmethods. All of thesemethods arewavelet-
based algorithms and they showed that the results of these methods are better than other methods.
Moreover, the research in [29] showed that, for lossy compression of satellite hyperspectral images,
using discrete wavelet transform (DWT) and Principal Component Analysis (PCA) provided
improved compression quality when comparedwith others. In conventional frameworks JPEG2000
with PCA the spectral decorrelator [29] is used in the digital source coding. The researches in [4, 7]
present a new hyperspectral image coding scheme using orthogonal optimal spectral transform
(OrthOST). The actual drawback of these transforms is their heavy computational complexity. In the
presented experiments, JPEG2000 with OrthOST is used in the digital source coding. In [39], a
general framework to select quantizers in each spatial and spectral region of a hyperspectral image is
presented. This framework achieves the desired target rate while minimizing distortion. The rate
control algorithm allows for achieving lossy near-lossless compression and any in-between type of
compression, e.g., lossy compression with a near-lossless constraint. While the target bitrate for this
framework is greater than 1bpppb. Recently, a 2-step scalar deadzone quantization (2SDQ) scheme
has been presented in [2, 5]. The main insights behind 2SDQ are the use of two quantization step
sizes that approximate wavelet coefficients with more or less precision depending on their density,
and a rate-distortion optimization technique that adjusts the distortion which decreases the produced
distortion when coding 2SDQ indexes. The applicability and efficiency of 2SDQ are demonstrated
within the framework of JPEG2000. Several works have been reported by several authors to design
compression algorithms for satellite multispectral and hyperspectral images using JPEG2000 [8, 9,
12, 19, 28, 29].

2.1.2 Channel coding

In the channel coding, FEC and digital modulation are used in the digital scheme. However, all
channel conditions cannot be accommodated simultaneously for all receivers in a broadcasting
scenario, because the transmission rate has to be adapted to the actual channel conditions by
adjusting the channel coding rate and modulation. In order to improve the digital broadcast, some
layered digital schemes consisting of layered source coding and layered channel coding have been
proposed [17, 30, 31, 43–46] such as H.264/SVC [32], with hierarchical modulation (HM) [25] and
multi-resolution coding [30]. Although the layered digital scheme has better performance than a
separation coding scheme, it is unable to be adapted to users with different classes of channel
conditions. Different from digital broadcasting, the proposed scheme avoids the cliff effect (i.e., in
multicast, each user can obtain the best quality matching its channel conditions).

2.2 SoftCast

Softcast [22, 23] is a JSCC scheme for wireless image/video multicasting. SoftCast transmits a
linear transform of the source signal directly in an analog channel without quantization,
entropy coding and FEC. These schemes can optimize received distortion by a linear
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combination of original signals, which are then directly transmitted over a dense constellation.
This principle naturally enables a transmitter to satisfy multiple receivers with diverse channel
qualities.

On the server side, the SoftCast first transforms the original image data. In the second step,
power allocation minimizes the total distortion by optimally scaling the transform coefficients.
Then, SoftCast employs a linear Hadamard transform to make packets with equal power and
equal importance. Finally, the data is directly mapped into wireless symbols by a very dense
QAM. In the transform, there are two versions of SoftCast: SoftCast-2D [22] and SoftCast-3D
[23]. For SoftCast-2D, a 2D discrete cosine transform (2D DCT) is used to remove the spatial
redundancy of an (image band/video frame). For SoftCast-3D, 3D DCT is used to remove
spatial and spectral redundancies for a group of (image bands/video frames).

To reconstruct the signal at the receiver, SoftCast uses a linear least square estimator
(LLSE) as the opposite operation for power allocation and Hadamard transform. Once the
decoder has obtained the DCT components, it can reconstruct the original signal by applying
the inverse DCT. Almost all the steps in Softcast are linear operations, and thus the channel
noise is directly transformed into reconstruction noise of the signal. Therefore, there is no need
to know a user’s channel conditions, and each receiver can receive a quality matching its
channel conditions.

2.3 LineCast

LineCast [41] is a line-based framework that provides a natural way method to avoid
broadcasting the entire area of the images to all the users. On the server side, the LineCast
encoder consists of reading the image line by line, transformation, power allocation and
transmission. In the first step, the LineCast reads the image line by line. In the transform,
lines are decorrelated with DCT transformation. After that, scalar modulo quantization is
performed on the DCT components with the same technique used in [14, 15], which partitions
source space into several cosets and transmits only the coset indices to the decoder. After the
scalar modulo quantization, a power allocation technique is employed for these frequencies,
which are scaled with different parameters at different frequencies to minimize the total
distortion between them. Like SoftCast, LineCast employs a linear Hadamard transform to
achieve resilience against packet losses. Finally, the data is directly mapped into wireless
symbols by a very dense 64 K-QAM without digital forward error correction and modulation.

At the receiver, LineCast uses LLSE to reconstruct the line signal from the DCT compo-
nents. Moreover, side information is generated to aid in the recovery of transform coefficients
in the scalar modulo dequantization. Finally, a minimum mean square error (MMSE) approach
is used to denoise the reconstructed signal.

3 The proposed scheme

The proposed scheme directly transmits a hyperspectral image over the raw orthogonal frequency-
division multiplexing (OFDM) channel without FEC and digital modulation. In the proposed
scheme, the first band is compressed and transmitted as in SoftCast, which consists of DCT, power
allocation, and Hadamard transform. In the rest of this section, the compression and transmission of
the remaining hyperspectral bands is discussed from the second band to the final band. Figure 1
shows the server side of the proposed scheme and the receiver side is depicted in Fig. 2.
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On the server side, the proposed scheme adopts simple pre-processing, which consists of
two steps, applying a hyperspectral band ordering algorithm to exploit the spectral redundancy
in the original image data x, and normalizing the ordered image data r. Then, every band in the
normalized data n is coded and transmitted, separately. The selected band s is first decomposed
by spatial 2D-DWT with three level decomposition, and the resulting w is divided into two
groups. The differences between group wd, is that it contains nine wavelet sub-bands LH, HL,
HH, LL-LH, LL-HL, LL-HH, LL-LL-LH, LL-LL-HL, and LL-LL-HH, where the average
group wLL, contains the third level of average wavelet sub-band LL-LL-LL. The proposed
scheme first transforms the wLL group into a DCT domain. Then, it applies coset coding on the
transform DCT coefficients d to get the coset data c. In the next step, the coset data c is
combined and the differences between group wd is in the one signal data t. Due to the output t

Fig. 1 Server side of the proposed scheme

Fig. 2 Client side of the proposed scheme
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having different distributions, a power allocation technique is employed to protect signal t
against channel noise. Before transmission, the proposed scheme employs a Hadamard
transform to redistribute energy as is used in communication systems to obtain weighted
frequencies. Finally, the weighted frequencies y are transmitted through a raw OFDM channel
without FEC or digital modulation as shown in Fig. 1.

On the client side, after the physical layer (PHY) returns the list of coded data y′, LLSE is
applied to provide a high-quality estimate of the recovery data. The output t′ consists of two
groups. The first group is wd′ that contains the nine reconstructed wavelet sub-bands LH, HL,
HH, LL-LH, LL-HL, LL-HH, LL-LL-LH, LL-LL-HL, and LL-LL-HH, while the other group
is c′, contains the reconstructed coset values of the LL-LL-LL wavelet sub-band. The coset
decoder uses the side information (i.e., the DCT coefficients that come from the previous
reconstructed LL-LL-LL wavelet sub-band) to reconstruct the DCT coefficients d′ for the
wavelet sub-band LL-LL-LL, and then applies an inverse DCT transform for d′ and gets a
reconstructed wavelet sub-band LL-LL-LL in w′LL. Once the decoder has obtained all the
reconstructed wavelet sub-bands in w′, the decoder reconstructs the original band data s′ by the
inverse 2D-DWT (three level decomposition). Finally, the reprocessed data is used to recon-
struct the entire hyperspectral image in x′ as shown in Fig. 2.

In the following subsections, each aspect of the proposed scheme is described.

3.1 Pre-processing

Before wavelet transformation, the hyperspectral image is first processed in two steps which
are hyperspectral band ordering in order to exploit the spectral redundancy in the original
image data, and normalization to normalize the energy of the ordered image data.

3.1.1 Band ordering

Satellite hyperspectral images include several hundred bands. These bands contain spectral
redundancies which need to be removed. Therefore, optimal band ordering for satellite images
is imperative.

Different from the correlation coefficient algorithms [19, 36, 38], a simple and more efficient
algorithm for satellite band ordering is proposed.

r ¼ order xð Þ ð1Þ
This algorithm is based on the mean value of each band. The problem of optimal image band

reordering is equivalent to the problem of finding a minimum spanning tree (MST) in weighted
graphs as is expressed in [38]. In the proposed algorithm, the nodes of the spanning tree are assumed
to be represented by hyperspectral bands, and the weighted values are represented by the absolute
mean difference between bands as shown in Fig. 3. Kruskal’s algorithm [26] is used to construct this
MST. For example, if there are three bands A, B, and C and they are connected to each other, the
weighted values are represented by the absolute mean difference between these three bands as
shown in Fig. 3. After the Kruskal’s algorithm is applied, one out of three results will be obtained,
representing the new ordering of these three bands (i.e., the outputs are ABC, BAC, or BCA) as
shown in Fig. 3.

Kruskal’s algorithm is applied to all hyperspectral image bands and the output of the algorithm is
a set of band numbers corresponding to the path that indicates how the image bands should be
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rearranged in order to achieve a minimum distortion between the bands. Eventually, bands with a
similar or close mean value are allocated together.

3.1.2 Data normalization

In the second step of pre-processing, the ordered hyperspectral image r is normalized by
subtraction of the integer mean valuems for each band s and then is divided by the scaled value
zs.

ns ¼ rs−msð Þ=zs; ð2Þ
and

ms ¼ mean sð Þj jRound; zs ¼
ffiffiffiffiffiffiffiffiffiffi
sk k2
NM

s
ð3Þ

where each band s contains N rows and M columns. For each band s, the mean value ms and the
scaled value zs need to be transmitted to the receiver as metadata so that s can be recovered. The first
band of the normalized hyperspectral image is coded and transmitted similar to SoftCast, which
consists of DCT, power allocation and the Hadamard transform. In the rest of this section, the focus
will be about the compression and transmission of the other bands (i.e., the sequence of bands from2
to λ, where λ is the number of spectral bands).

Fig. 3 Example of band ordering for selected three bands A, B, and C
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3.2 Wavelet transform

Each band s of the remaining bands in the hyperspectral image is first decomposed by spatial
2-D-DWTwith 3 level decomposition to obtain ten wavelet sub-bands in w containing wd and
wLL. Nine of these wavelet sub-bands are LH, HL, HH, LL-LH, LL-HL, LL-HH, LL-LL-LH,
LL-LL-HL, and LL-LL-HH that represent the details of the image band in wd. The tenth
wavelet sub-band is LL-LL-LL in wLL. The Daubechies 9/7 filter-bank, introduced in [1], is
used for transformation.

w ¼ DWT sð Þ ð4Þ
With the DWT, all the wavelet differences are obtained from the image band and LL-LL-LL

wavelet sub-band. The coset values for the LL-LL-LL wavelet sub-band are achieved instead
of the whole image which decreases the computational complexity. Moreover, compression is
gained, because the wavelet differences and the coset index typically have lower entropy than
the original source values.

3.3 Coset coding

The details sub-bands of the full size image band s is already obtained in the DWT step in wd

and there is still an average sub-band in wLL (i.e., LL-LL-LL wavelet sub-band). In the
proposed scheme, the coset coding scheme proposed in [16] is used only for the LL-LL-LL
wavelet sub-band for each image band. Coset coding is a typical technique used in DSC, and
here the coset values represent the details of the LL-LL-LL wavelet sub-band. As mentioned
above, coset coding achieves compression, because the coset values typically have lower
entropy than the source values. Moreover, the DSC produces a lower encoding complexity
than the traditional compression techniques.

In the proposed scheme, DCT is applied to the LL-LL-LL wavelet sub-band of band s, and
encode the DCT coefficients d to get coset values c.

c ¼ d−
d
qs

þ 1

2

� �
qs ð5Þ

where qs is the coset step for band s calculated by estimating the noise of the decoder
prediction as shown in [16]. We combine the coset data c and the differences group wd in
one signal data t to transmit it over the wireless channel.

3.4 Power allocation and transmission

Before the transmission, the signal data t for band s has different frequencies. So, signal data t is
scaled for optimal power allocation in terms of minimizing the distortion [22] with the scaling factor
gs against channel errors.

gs ¼ υi
−1=4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PX K

i¼1

ffiffiffiffi
υi

p

vuut
0
B@

1
CA ð6Þ

where υi is the variance of ti, K is the number of frequencies, and P is the total transmission power.
The signal t after power allocation is
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u ¼ gs⋅t ð7Þ
After power allocation, to redistribute energy, the whitening module protects the

weighted signal u against packet losses by multiplying it by the Hadamard matrix H.
The outputs are then transmitted using the raw OFDM without FEC or modulation.

y ¼ H ⋅u ð8Þ
In addition to the image data, the encoder sends a small amount of metadata which

contains ms, zs, and {υi} to assist the decoder in inverting the received signal. The
metadata is transmitted using a traditional digital method (i.e., OFDM in 802.11 PHY
with FEC and modulation). Here a binary phase shift keying (BPSK) is used for
modulation and a half-rate convolutional code is used for FEC to protect the metadata
from channel errors.

3.5 LLSE decoder

At the receiver, for each transmitted signal y, a noisy signal is received.

y0 ¼ nþ y ð9Þ
where n is a random channel noise. The LLSE is used to reconstruct the original signal as
follows:

t0 ¼ ΛtRs
T RsΛtRs

T þ Λn
� �−1

y0 ð10Þ
where Rs =H · gs for band s, Λn and Λt are the covariance matrices of n and t, respectively.

3.6 Inverse coset and transforms

Now, the signal t′ that contains two wavelet groups is obtained and they are the reconstructed
wavelet differences sub-bands in w′d, and the reconstructed coset values for the LL-LL-LL wavelet
sub-band in c′.

For c′ the side information is generated at the receiver to help the coset decoder to
reconstruct the DCT coefficients for the LL-LL-LL wavelet sub-band. Here, the side
information SI is the DCT coefficients that come from the previous reconstructed LL-
LL-LL wavelet sub-band as shown in Fig. 2. Then, the inverse of coset coding is
applied to the reconstruction of signal c′ as follows

d0 ¼ c0−
SIs−1−c0

q0s
þ 1

2

� �
q0s ð11Þ

where SIs − 1 is the side information for band s that comes from the previous
reconstructed band s-1, and q′s is the coset step for band s calculated based on the
noise and the previous received band as shown in [16]. Once the decoder has
obtained all the reconstructed DCT coefficients in d′, group w′LL is recovered by
applying the inverse DCT (i.e., the reconstructed LL-LL-LL wavelet sub-band for
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band s). In the final step, the two groups w′LL and w′d are combined into one data set
w′, and the inverse 2D-DWT is applied with three level decomposition to get the
reconstructed band s′.

s0 ¼ IDWT w0ð Þ ð12Þ

3.7 Reprocessing

After the reconstructed bands are completed, all reconstructed bands are collected to represent the
normalized hyperspectral image in n′. Then it is reprocessed to get the final reconstructed
hyperspectral image in x′.

r0s ¼ n0s⋅zsð Þ þ ms ; for everyband s ð13Þ

x0 ¼ reorder r0ð Þ ð14Þ
Note that the scaled value zs and the mean value ms are transmitted as metadata by the

encoder for the selected band s.

4 Experimental results

4.1 Dataset

The proposed scheme has been tested on several hyperspectral images from the Airborne Visible/
Infrared Imaging Spectrometer (AVIRIS) sensor developed by theNASA Jet PropulsionLaboratory in
1987. It provides spectral images with 224 contiguous bands covering the spectral ranges from
0.41μm to 2.45μm spectrums in 10 nm bands. The datasets provided by the consultative committee
for space data system (CCSDS) [10] is comprised of five uncalibrated radiance hyperspectral images,
acquired over Yellowstone,WYin 2006, and is publicly available from the AVIRIS web site [21]. All
images are 16 bits per pixel per band (bpppb). Technical names and sizes are provided in Table 1.

4.2 Pre-processing assessment

In this subsection, the performance of the pre-processing step is evaluated and it shows that
there is an improvement in the image quality compared to the scheme without pre-processing
(see Table 2).

Table 1 Selected Uncalibrated Yellowstone, WY for the 2006 AVIRIS hyperspectral images

Name Technical name (Scene id) Size (x × y × z) Bit rate (bpppb)

Image 1: Yellowstone Uncalibrated Sc0 f060925t01p00r-12_usc0 680 × 512 × 224 16

Image 2: Yellowstone Uncalibrated Sc3 f060925t01p00r-12_usc3 680 × 512 × 224 16

Image 3: Yellowstone Uncalibrated Sc10 f060925t01p00r-12_usc10 680 × 512 × 224 16

Image 4: Yellowstone Uncalibrated Sc11 f060925t01p00r-12_usc11 680 × 512 × 224 16

Image 5: Yellowstone Uncalibrated Sc18 f060925t01p00r-12_usc18 680 × 512 × 224 16
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Quality is computed by comparing the original image x(M,N,λ) with the recovered image x′(M,
N,λ). Thesemethods are evaluated using the peak signal-to-noise ratio (PSNR), a standardmetric of
image/video quality.

PSNR dBð Þ ¼ 10⋅log10
L2

MSE

� �
dBð Þ ð15Þ

MSE ¼ 1

M ⋅N ⋅λ

XM
i¼1

XN
j¼1

Xλ

k¼1

x i; j; kð Þ−x0 i; j; kð Þ½ �2 ð16Þ

where λ is the number of satellite image bands, and L is the maximum possible pixel value of
the satellite image (i.e., L = 2B – 1 , where B is the bit depth). Typical values for the PSNR in
lossy hyperspectral image compression are between 60 and 80 dB, provided that the bit depth
is 16 bits.

The reconstructed images PSNRs are compared in Table 2. According to the result, it can be
seen that the proposed scheme with the pre-processing step achieves better performance when
compared with the others without pre-processing.

Table 2 Evaluation of the pre-processing used in the proposed scheme

Proposed Scheme SNR (dB) Reconstruction PSNR (dB)

Image 1 Image 2 Image 3 Image 4 Image 5

Without Pre-Processing 5
15
25

54.5244
62.9597
72.1553

55.4568
64.0626
73.2081

58.7999
67.4751
77.0210

55.4356
63.7978
72.9881

53.3077
61.8114
71.0090

With Pre-Processing 5
15
25

55.7220
64.3620
73.4753

56.9420
65.6037
74.6665

59.8052
68.5459
78.0507

56.7945
65.4395
74.6534

54.1741
62.9056
72.0720

Table 3 Combinations of source rates, FEC rates and modulation in different JPEG2000 methods

FEC + Modulation Source Rate (bpppb) Reconstruction PSNR without channel noises (dB)

JPEG2000
PCA [37]

JPEG2000
OrthOST [4, 7]

JPEG2000
CB-2SDQ [2, 5]

1/2 FEC + BPSK 0.25 51.5265 51.6905 51.8615

1/2 FEC + QPSK 0.5 54.2062 54.4591 54.7414

3/4 FEC + QPSK 0.75 56.4995 56.8303 56.7499

1/2 FEC + 16QAM 1.0 58.5115 58.8744 60.1838

3/4 FEC + 16QAM 1.5 62.4443 62.7542 62.8914

2/3 FEC + 64QAM 2.0 66.1545 66.3743 67.5299

3/4 FEC + 64QAM 2.25 67.8358 68.0069 68.8899
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4.3 Broadcasting results

In this subsection, the performance of the proposed scheme in broadcasting channels is
evaluated, and is compared to SoftCast-2D, SoftCast-3D, LineCast, and JPEG2000 with
different combinations of FEC rates and modulation methods. All frameworks have been
implemented using MATLAB R2014a. Five tests were conducted.

In the SoftCast-2D [22], the 2D DCT is applied for every band separately in the
selected hyperspectral images, whereas the SoftCast-3D [23] uses the 3D DCT to
remove both spectral and spatial redundancies from the hyperspectral image data.
SoftCast-3D divides the image data into groups of bands (each group includes four
bands). Different from SoftCast, LineCast compresses every scanned line of an image
by the transform-domain scalar modulo quantization without prediction. LineCast [41]
has been implemented for every band separately in the selected hyperspectral images.
In conventional frameworks based on JPEG2000, DWT and PCA are often used as
spectral decorrelators [29]. In the presented experiments, JPEG2000 with PCA in the
spectral decorrelator is used in the digital source coding and is called JPEG2000-PCA.
The hyperspectral image data is first decorrelated with PCA and then a 2D DWT with
5 level decomposition is used for spatial decorrelating. In the DWT, the 9/7 filter was
used. Also, JPEG2000 with OrthOST transform [4, 7] is used in the digital source
coding and is called JPEG2000-OrthOST. Moreover, JPEG2000 with CB-2SDQ [2, 5]
is used in the digital source coding and is called JPEG2000-CB-2SDQ. The reference
software BOI [3] was used for JPEG2000 implementation.

The bit rates for the conventional framework based on JPEG2000 are shown in
Table 3. For SoftCast, LineCast, and the proposed scheme, there is no bit rate but only
a channel symbol rate. The channel noise is assumed to be Gaussian and the channel
bandwidth is equal to the source bandwidth. All the frameworks consume the same
bandwidth and transmission power. The proposed scheme improves the average image
quality by 5.63, 5.42, and 4.72 dB over JPEG2000-PCA, JPEG2000-OrthOST, and
JPEG2000-CB-2SDQ, respectively.

The reconstructed satellite images PSNRs of each scheme under different channel SNRs
between 5 and 25 dB are given in Fig. 4. It can be seen that the proposed scheme achieves
better performance than the other schemes in the broadcasting of satellite hyperspectral
images.

In Fig. 4, the separable source channel coding (i.e., JPEG2000 with FEC and
modulation) exhibits the cliff effect for all seven conventional transmission ap-
proaches. For example, the approach ‘JPEG2000, 3/4FEC, QPSK’ performs well when
the channel SNR is between 10 and 12 dB, but it is not good when the channel SNR
is beyond this range. There is no improvement in the image quality for SNR higher
than 12 dB.

Note that the result in Fig. 4 does not mean the proposed scheme can outperform
JPEG2000-PCA, JPEG2000-CB-2SDQ, or JPEG2000-OrthOST in compression effi-
ciency. These methods are satellite image coding standards, while the proposed is a
wireless satellite image transmission framework. The compression methods have very
high compression efficiency but the bitstream is not very robust to error. This why the
bitstreams need additional FEC bits for protection. However, the proposed scheme is
robust to channel noise. Thus, it can skip FEC, and is able to achieve high transmis-
sion efficiency.
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4.4 Visual quality

Visual quality comparison is given in Fig. 5. The channel SNR is set to be 5 dB. Hyperspectral
image 2, the YellowstoneUnSc3 band 152 is selected for comparison. The proposed scheme
shows better visual quality than the others. The proposed scheme delivers a PSNR gain up to
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Fig. 4 Broadcasting performance comparison

Fig. 5 Visual quality comparison at SNR = 5 dB. a Image 2: YellowstoneUnSc3 band 152. Full size. b and c
First and second rectangular regions, respectively. The six results from left to right, top to bottom are: Original,
JPEG2000 at 0.25bpppb with 1/2 FEC and BPSK, SoftCast-2D, SoftCast-3D, LineCast and Proposed,
respectively

b
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6.91, 3.00, 7.68 and 5.63 dB over LineCast, SoftCast-3D, SoftCast-2D, and JPEG2000 with
FEC and modulation, respectively.

4.5 Encoding complexity

At the encoder for the proposed scheme, coset coding based onDSC is used for the wavelet LL-LL-
LL sub-band. The DSC provides a lower encoding complexity than traditional compression
techniques. Moreover, the proposed scheme does not apply DCT to the wavelet details sub-bands.
Therefore, low complexity has been achieved during the encoding process. Figure 6 shows the
average encoding time per hyperspectral image using different schemes (JPEG2000 with FEC and
modulation, SoftCast, LineCast and proposed scheme). The test machine has an Intel(R) Xeon(R)
CPU E3-1230 V2 @ 3.30GHz 3.70GHz, 32GB internal memory and Microsoft Windows 8.1
Enterprise 64-bit. All the encoding time results shown in Fig. 6 are measured in seconds.

As shown in Fig. 6, in the case of JPEG2000 with FEC and modulation, the encoding time
becomes longer when the bitrate increases. The proposed scheme has less encoding time than
JPEG2000, when the FEC is 3/4 and the modulation is 16QAM, whereas it is approximately equal
to that of JPEG2000,when the FEC is 1/2 and themodulation is 16QAM. The proposed scheme has
neither FEC nor modulation. SoftCast-3D has the longest encoding time due to the 3DDCTused in
the encoding process. It can be seen that the proposed scheme has less encoding time than all state-
of-the-art schemes (i.e., SoftCast-3D, SoftCast-2D, and LineCast).

5 Conclusions

An efficient joint source-channel coding scheme for transmission of satellite hyperspectral
images is proposed in this paper. This scheme is based on discrete wavelet transform (DWT)
and distributed source coding (DSC). A new band ordering algorithm for satellite
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hyperspectral images is first proposed. Furthermore, the benefits from the wavelet transform
are taken to represent the details of the image band. Coset coding is used to achieve low
encoding complexity and efficient compression performance. The proposed scheme avoided
the cliff effect found in digital broadcasting schemes by using linear transform between the
transmitted image signal and the original pixels luminance. Experimental results on the
selected hyperspectral datasets demonstrate that the proposed scheme is more effective than
other schemes.
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