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ABSTRACT

The aim of this work is to present a robust stilge

spectrum of the transmitted signal undergoes auéecy
expansion during transmission. This effect is chlle
frequency dispersiorThe value of the frequency dispersion

transmission scheme and to show its performancenwhe mainly depends on the maximum Doppler frequencythad

used on a mobile fading channel. After a reviewhef main
physical effects induced by mobile fading chaniaeld how

to model them, we describe the WTSOM (Wavelet
Transform Self-Organizing Map) image transmission
scheme. In section 2, we describe a two-stagéegiran
order to use WTSOM on fading channels. The firagst
consists in classical Error Control Coding (ECC)evdas
the second stage is based on an inpainting modéinfage
reconstruction. The combination of these technigiglsls a
very good visual quality of the received imagesravavide
range of Doppler frequencies.

1. THE CHALLENGE OF A MOBILE FADING
CHANNEL

1.1. Thephysics

In mobile radio communications, the emitted
electromagnetic waves often do not reach the reupiv
antenna directly due to obstacles blocking the-tifisight
(LOS) path. In fact, the receiving waves are a gupstion

of waves coming from all directions due to reflenti
diffraction and scattering caused by buildings.esreand
other obstacles. This effect is known asultipath
propagation[1]. As a result, the received signal consists of
an infinite sum of attenuated, delayed, and phbgted
replicas of the transmitted signal, each influegceach
other. Depending of the phase of each partial wihe,
superposition can be constructive or destructiygarAfrom
that, when transmitting digital signals, the form the
transmitted impulse can be distorted during trassimn and
often several individually distinguishable impulssscur at
the receiver due to multipath propagation. Thisedffis
called impulse dispersion The value of the impulse
dispersion depends on the propagation delay diféere and
the amplitude relations of the partial waves.
consequence of this effect is a distortion of thegdiency
response characteristic of the transmitted signal.
Besides the multipath propagation, also Bwppler effect
[1] has a negative influence on the
characteristics of the mobile radio channel. Beeanisthe
mobility of the receiver, the Doppler effect causas
frequency shift of each of the partial waves. Agsult, the

amplitudes of the received partial waves. In theeti
domain, the Doppler effect implicates that the itepu
response of the channel becomes time-variant.

Multipath propagation in connection with the movernef

the receiver and/or the transmitter leads to draatid

random fluctuations of the received signal. Fade80to

40dB and more below the mean value of the recesigual

level can occur several times per second as caede on
the following figure:
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Fig.1: Fading channel received signal amplitude

In digital data transmission, the momentary fadofgthe

received signal causdsurst errorsi.e. errors with strong
connections with each others. Therefore, a fadimgrval

produces burst errors, where the burst length tieroéned

by the duration of the fading. Corresponding tos tlai

connecting interval produces a bit sequence alrnest of

errors. From this, one can easily understanddea¢loping

efficient error protection strategies for digitaarismission
systems implies a good knowledge of the fading obbn
statistics.

The 1.2. Statistical fading channel models

For the choice of a transmission technique andldségn of
digital receivers it is vital to be able to simalahe effects

transmission of a fading channel. Since the pioneering work lafrke [2]

in the late sixties there has been a lot of thémaketvork
completed by measurement campaigns showing thttein
case of non frequency-selective channels, theudiitins of



the received signal can be modelled by multiplyihg
transmitted signal with an appropriate stochasticdeh
process. In urban and suburban areas, where thaeliOS
component, the transmission can be modelled byyieligh
process. In rural regions, however, the LOS corapbis
often part of the received signal, so that the Riceess is
more appropriate. These two processes can be gtauape
the following expression for the amplitude z of teeeived
signal:

=2 D] o KD 0

where Pr is the power of the received signl) Is the -
order modified Bessel function of the first kinddald is the
so-called Rice factor. The value of this K-factadicates
the importance of fading. If K = 0, the fading iximum
and equation (1) models a Rayleigh process. For Kwe
get a Rice process and for Kesthere is no fading. For the
phase distribution one can show that
distribution is accurate.

Besides the probability density of the amplitudal ahe
phase, the shape of the Power Spectral Density B5be
previously presented processes models the Dopfitart ef
the channel. Measurements have shown that
described by the so-called Jakes PSD (althouglad fivst
derived by Clarke). Figure 2 shows a Jakes PSDthed
corresponding autocorrelation function.
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Fig.2: Jakes PSD and autocorrelation function

For the modelling of frequency-selective channets can
use the Wide Sense Stationary Uncorrelated Saadteri
(WSSUS) assumption introduced by Bello [3]. In thase,
the channel impulse response is a superpositicsewéral
independent delayed non-frequency selective
responses (individual paths).

When it comes into practical implementation, a widege
of standardized statistical channel models, eadhtsda for
a particular application (e.g. indoor WLAN, outdaupbile
telephony) exists. These models use
assumption. One well-known example
COST207 channel models established for the deployofe
second generation mobile telephony [4]. In theofwlhg,
we will use the COST207 TU (Typical Urban) channel
model.

2. TRANSMITTING COMPRESSED IMAGESON
NOISY CHANNELS: THE WTSOM SCHEME

the uniform

it can be

impulse

The motivation of our work comes from the fact thia¢
transmission of JPEG or JPEG2000 images over insgcu
noisy channels even with low Bit Error Rates (BERN
lead to severe consequences on decoded visuaiation.
The reason for such high error sensitivity is tdemion of
Variable Length Coding (VLC) schemes. Although Vafe
known to achieve better compression rates thandFixe
Length Codes (FLC), they also introduce dependence
among codewords. Figure 3 below shows the resuthef
transmission of a JPEG2000 image over a Rayleiginrod
with an SNR of 26dB using a Star 16QAM modulation
(header not corrupted):
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Fig.3: JPEG 2000 image transmission

The WTSOM image coding system combines two well-
known technigques in the image processing community:
Wavelet Transformation (WT) and Vector Quantization
(VQ). The first stage of our compression schemesistsiin
applying a wavelet decomposition up to level 3 gsm
Daubechies 9/7 filter bank. After this operatiorg discard

the less important subbands keeping only the most
significant ones (see Figure 4).
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Fig.4: WTSOM Wavelet decomposition

The second stage is to apply VQ on the remainitdpands

the WSSUSof the wavelet decomposition. To do this, we usbdt®n’s
is the set of Self-Organizing Map (SOM) algorithm, because of its

interesting property of auto-organization: closetues in
terms of Euclidian distance correspond to closécaslin
terms of location in the self-organized codebookisT
makes it really appropriate for transmission, siweecan fit
such a codebook on digital modulation points, afirmize
noise-related distortion of codebook elements [Bhe
corresponding transmission chain is representdéigure 5.
Each codebook contains 256 vectors and only théorsec



indices are transmitted. Thanks to these techniques
obtain a compression rate in the order of 25 faysgeale

images.

The first WTSOM scheme used to transmit only gralesc
images so we decided to go a step further by applthie

techniques presented previously on a color imagding

2DASK and 8DPSK. Three of the four bits are modadat
by a Gray encoded 8DPSK. The remaining bit is amnngbéi
modulated by a 2DASK scheme: a “0” doesn’t charge t
amplitude while a “1” changes it. Figure 6 shows #ignal
constellation of the 16DASPK modulation. For our
application we have optimised the Star 16QAM key

into account works showing that human beings areemo parameters i.e. the ring ratio and the bit mappivgre

sensitive to fast luminosity changes than to fadorcand
saturation changes, we decided to adopt gCy€olor space
rather than the traditional RGB color space.
representation has also the advantage of decangeltie
three color planes of the image. Finally, the pditg
techniques are applied on the three color plandéisecimage
except that in the case of thg &d G planes we only keep
the LL3 subband. This yields a compression ratbénorder
of 42.
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Fig.5: WTSOM transmission chain

3. TRANSMITTING WTSOM IMAGES ON FADING
CHANNELS: A TWO-STEP STRATEGY

details about this can be found in [8].

This In the WTSOM scheme, the quantized low-frequency

subbands (LL3) contain the most important inforowati
about the image. This is the reason why we apply a
(255,205) Reed-Solomon (RS) block code on these
subbands. In the case of slow fading, this ECC lkan
completed by a symbol block interleaver, which ageeout
burst errors over a large number of symbols so asta
exceed the RS code burst error correction capabikitgure

7 gives an example of a transmission using thedeigues
where the right image shows artefacts due to uactable
errors.

Figure 8 summarizes the behaviour of our comprassio
scheme in terms of Peak Signal-to-Noise Ratio (PSN@r
three decades of the normalized Doppler frequegty (fp

= Doppler frequency in Herz andsT= symbol time in
seconds). One can notice that the average PSNRe (blu
curve; averaged over 50 transmissions p&g alue) of the
transmitted “fruits” image is quite insensitivettee Doppler
frequency. The red curve (second from the top)esgmts
the best case PSNR over 50 transmissions wheredsattk
curve represents the worst case. One can alscertbtit the
difference between these two curves is larger dor ;T
values. This is a classical characteristic of fgdithannels:
low fpTs values imply longer fade intervals thus producing
long error bursts but also long connecting intexwakaning
that one can get no errors at all during an image
transmission.

Another interesting feature to underline is WTSOM&y
good tolerance to high BER values (between 2 angl. 3%

Although WTSOM's very good performance has been These high BER values are to be compared to tremgered

demonstrated even on very noisy ionospheric charjgla

by JPEG or JPEG2000 images which have to be ioriher

more challenging task appears when trying to trénsm of 1g2

images over mobile fading channels. In the follayiwe
describe a two-stage strategy. The first stage dassical,
yet simple, Unequal Error Protection (UEP) ECC sohe
The second stage deals with a post processingniipgi
reconstruction algorithm. The two stages can bebdoeal
to give better results.

3.1. Star 16QAM and UEP EEC

Differential modulation/demodulation
proved to be very robust due to the fact that teap
mitigate the phase distortions caused by fadingreldeer,
as no channel estimation is needed, the systemlegitypis
reduced significantly.

In order to keep the same bandwidth efficiency rashie
AWGN case [6], we use a 16-point constellation thay be
differentially encoded and decoded. This schemen@vn
as Star 16QAM [7] and uses a combination of inddpah

techniques dav

1BDAPSK Constellation

Gluadrature

In-Phase

Fig.6: Star 16QAM constellation

In order to be able to use our reconstruction #lgar
(described in the next section), we calculate ali€yc
Redundancy Check (CRC) on each of the indices ef th



three low frequency subbands. The parity words ineth
are appended to the image data and are protected by
(255,187) RS code. The combination of these teckesiq
yields a compression rate of Rc = 29 for color ierag
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after ECC otion
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Fig. 7: Example of a WTSOM transmission
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Fig. 8: WTSOM “Fruits” image PSNR versuysT
3.2. Inpainting reconstruction algorithm

As pointed out in the previous sections of this woent,
one major advantage of the combined WT/VQ appraach
the WTSOM algorithm is the fact that key elemenfs o
image geometry are preserved throughout the comsipres
process. Not only does this feature allow us taicedthe
impact of transmission errors on original/receiviethge
distortions, it also provides us with a fkeucture being

actually able to handle image processing-basedr erro

concealment techniques.

As image processing applications require higheelewf
reliability and efficiency, mathematical image peesing,
especially Partial Differential Equations (PDE)-bds
approaches, have become very popular over thetwast
decades. LetlI(x,y)=I be a still, gray-level image,

represented by a function @i(i02_. [0 that associates to a

pixel (x,y)IQ its gray-level valuel(x,y); Q is the support

of the image. In [9], Alvareet al. show that Perona-Malik's
well known anisotropic diffusion model for edge-$eeving
filtering [10] can also be written as follows:

{al(x’y't)=C€| &+Cylng
1(x,y,0)=l0o(X,y)

2

where |0 denotes a noisy version df, |l& and |,, the
second derivatives of in orthogonal directiong and,
and n and ¢ the gradient and orthogonal-gradient
directions.

For ce=1 and ¢;=1, this equation actually is the heat
equation, hence the concept diffusion each gray-level
intensity 1(x,y) happens to diffuse over neighbouring pixels
(x+dx,y+dy) for a given timet, creating a (Gaussian)
smoothing effect on the overall image. Knowing thatt
vector £ is actually tangent to the edge curve for every
point of the image, as shown on Figure 9, we casilyea
understand how by describingaa-weighted (with ¢;=0),
tangential diffusion ofl(x,y) along local edges, Alvarezt

al.’s formulation can allow us to interpolate exigtin
structures into missing areas.

Existing structure

Missing structure
———J Curvature-driven flow

Fig. 9: Interpolation using geometry-driven flows

In [11] a 2* order digital inpainting model for error
concealment in color JPEG images was proposed. This
model is based on Tschumperlé’'s tensor-based iffus
model, and can be written as:

{%Itiztrace(THi)+,16(|i—|o) for i=12..m (3)
li(x,y,0)=lo (X, Y)

where | =[l1l2..1n|" denotes a vector-valued functiomd. a
RGB image with m=3),Hi the Hessian matrix ofli,
Ae=A(1-yo) an extended Lagrange multiplier using the
characteristic function (mask)o(x,y) of the inpainting
domainD ( yo=1 if inside, O if not), and where matrik is
referred to as diffusion tensarand defines a direction and



strength for the smoothing effect based on locaingsry.
More details about this inpainting model can benfbun
[11].

Using the PDE inpainting model described previousky
apply the following algorithm to the received image

« An error is built from CRC

verification,

map xo(x,y)

4. CONCLUSION

We have presented a robust image compression scheme

working on fading channels with BER as high a 2.83ar
results show a constant visual quality over threeades of
the normalized Doppler frequencyTs. This image coding
system works in two stages which can be combinegivi®
better results. The first stage is a classical ECit2me, yet

« First inpainting phase based on Tschumperlé's simple and efficient, combining a bandwidth-effitie

diffusion model is applied on all LL3 streams,

differential modulation and an RS block code. Theosnd

«  WT level LL2 is reconstructed using the inpainted Stage is based on a digital inpainting algorithit iis able

LL3, the error map yo(x,y) is up-sampled to

match the LL2 size, the second inpainting phase is

applied to LL2,

« Previous step is repeated up to the last level lwhic
represents the decoded and error-concealed image.

Figure 10 shows an example of the reconstructiaecgss
applied on a distorted image where the PSNR gaiohes
2.24dB. Figure 11 shows the PSNR gain of our inpain
model versus fTs when applied to the most degraded
images of our transmission series. This gain isstzon
over the three decades gfTf and is in the order of 2.8dB.

N b) Received WTS0Oislge
after inpainting
PSNR = 24.83dB

after ECC correction
fpT=0.0005, SNR=17dB
BER=2.8%, PSNR=22.59dB

Fig. 10: WTSOM transmission with reconstruction

Frits image PSR = f(f,T) before and after reconstruction
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. 11: WTSOM “Fruits” image PSNR versysS§

to get rid of most visual artefacts induced by dhannel
yielding a minimum PSNR gain of 2dB. This algorittzan
therefore be a good alternative to high compleghgnnel
coding strategies.
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