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ABSTRACT

This paper presents a joint control method for low-energy im-
age transmission. The proposed method is based on universal
distortion-rate characteristics, which are pre-determined charac-
teristics of a source coder. This method relieves the computa-
tional cost of the joint optimization involving source coder, chan-
nel coder and modulation by separating source coder and other
communication subsystems. The results show that an average of
23% energy saving over reference system can be achieved when
targeting mid-quality of image (33d B PSNR) under fading chan-
nel when fading figure is 3.

1. INTRODUCTION

Wireless communication market is expanding rapidly along with
the growing demand for robust and efficient services of voice, data,
image and video transmission over wireless communication chan-
nel. Among them, image and video transmissions are especially
challenging due to increased computation, bandwidth efficiency
and transmission speed requirements as well as the time varying
characteristic of the communication channel. On the other hand,
integrating more and more components in a single device and pow-
ering them by limited energy source like battery have become an
important issue in wireless communication.

Recently, micro-cells have become the center of interest for
near-distance (1~100m) communication. In this communication
range, transmission energy is not a dominant factor in total com-
munication energy [10, 11]. The baseband processing units and the
analog front-end circuitry contribute a substantial portion of the
total dissipated energy. In [1, 2], authors tried to optimize energy
cost to communicate a signal between transmitter and the receiver.
They considered the energy dissipations of channel coder and ana-
log/RF circuitry. Modulation scaling was introduced in [3, 4, 5]
and the effects of different modulation schemes on communica-
tion energy were investigated considering total transmission time.
In [6, 7], authors specifically considered image and video trans-
mission and introduce joint source and channel optimization meth-
ods to minimize communication energy. They focused mainly
on source coding and channel coding rates to trade-off energy
and image quality. The above techniques were to achieve the de-
sired quality of service (QoS) using the right amount of energy. It
can be easily imagined that an optimization technique simultane-
ously considering adaptive modulation and souce/channel coding,
can further minimize the total energy. However, it is difficult to
consider modulation and source/channel code rates altogether, be-
cause it increases computational complexity significantly. Hence,
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Fig. 1. Energy-aware image transmission

there is a need for a simpler method for optimizing the communi-
cation energy.

In this paper, we propose a joint optimization method consid-
ering source coder, channel coder and modulator to minimum en-
ergy consumption in image transmission. The proposed method is
based on universal distortion-rate characteristics (UDRC) which
are the characteristics of each source coder [8]. It is shown that
source coder and other communication blocks can be considered
separately due to the feature of UDRC and optimized system con-
figurations can be obtained with lower complexity.

2. WIRELESS LINK

Traditionally, communication systems are designed for worst chan-
nel conditions. Though these approaches provide robust services,
usually they sacrifice energy efficiency. Multimedia systems re-
quire large DSP components which are very computationally in-
tensive. Energy dissipation in digital processing block and analog
circuitry contributes a substantial portion of the total energy con-
sumption. Generally, transmission power is determined by SNR
(signal to noise ratio) requirement of arriving signal at the receiver.
The SNR requirement can be varied by changing the error correc-
tion capability and the channel error sensitivity of source coded
image. This in turn, affect the energy cost of digital processing
blocks. Hence, total communication energy can be reduced by
properly controlling the error sensitivity of signal and the trans-
mission power.

An energy controllable communication system can be obtained
by implementing reconfigurable source/channel coder and modu-
lator where power performance trade-offs can be made. Figure
1 shows a diagram of multimedia system. The wireless system
dynamically selects the configuration of each subsystem based on
multimedia quality requirement and the channel condition. Energy
aware controller plays the role of a system manager to control each
subsystem for high energy efficiency.

It is assumed that channel coder can be reconfigured to Viterbi
and turbo coder (7¢: coder type) with several different code rates
(R¢) and iteration number (I. for turbo). We also assume that

ICASSP 2005



modulation order (m) and compression rate (R,) of source coder
can be reconfigured by the system controller. These enable us to
exploit the trade-offs between the transmission energy and the cir-
cuit processing energy. We investigate the impact of communi-
cation subsystems on total communication energy by focusing on
the following subsystems: source coder, channel coder, modulator,
analog circuitry and the RF amplifier. For simplicity of analysis,
perfect channel feedback is assumed and complex issues in analog
circuit implementation for higher order modulation are ignored.

The objective is to minimize the energy cost to transmit an
image under quality constraints. The total communication energy
cost per pixel, €pizer has two components: digital processing en-
ergy (%) and analog/RF processing energy (€¢q1)- e? has two
components which are the energy consumption in source coder
(es) and the energy consumption in channel coder (e.). Since, €5
is a function of (Rs), ec is a function of (T, R, I.) and €7,,,,; is
determined by (Rs, Rc,Tc, I, m), system configuration parame-
ters, (Rs,Te, Re, I, m) determine €p;qe;. The energy minimiza-
tion problem then can be expressed as

s.L.Qr > Qe (1

where @, and Q. represent the image quality at the receiver and
minimum image quality constraint, respectively. @), is determined
by errors occurred in source coder and the communication channel,
which are also affected by (R, T¢, Rc, Ic, m).

In conventional joint source and channel coding with fixed
modulation scheme, the image distortion caused by errors is deter-
mined by joint code rate Rs+. = Rs/R. and the optimization of
Q- is performed based on the rate-distortion curve (RDC). How-
ever, as the number of system parameters affecting the channel
error increases, the complexity of this method increases dramati-
cally, since RDC needs to be re-calculated on all pairs of system
parameters. We also consider ¢, I. and m as system parameters
and hence, it is not preferred to use conventional method.

Figure 2(a) shows example plots of universal distortion-rate
characteristics (UDRC), which were introduced in [8]. These char-
acteristic curves are obtained considering P, (bit error rate) and
R instead of Rs+.. Here, P, is an accumulated statistical er-
ror affecting the channel without considering any particular fac-
tor. Hence, UDRC shows the inherent characteristic of a source
coder and it does not have to be re-calculated though any parame-
ter (T¢, R, I, m) or channel condition is changed. It is therefore,
possible to consider source coder and other subsystems separately
for overall energy optimization reducing the computational com-
plexity. P, is a parameter which interlocks source coder and other
subsystems.

It was presented that system configurations for channel coder
and modulation to minimize communication energy, can be ob-
tained under BER constraint without considering the source coder
[10]. Similar approach can be applied to multimedia transmission
by using UDRC of source coder without significantly increasing
the computational complexity.

Epizel Can be expressed as

a

epivel = V;S}I b R.- ec(T, Re, I, Te) ;;Etotal(Rmmv’Y)
where K is the frame length for channel coder, b- R, is the number
of bit per pixel and b is the bit length for a pixel. W and H are
the width and height of the image, respectively. . and ¢, are
energy dissipations to process K bits of incoming sinal to channel
coder. Hence, (e + €¢51q;)/K represents the energy dissipation
to transmit one bit (£ps¢).

The optimization of communication energy is performed as
follows:

argmin (Rs,T¢,Ic,Re,m) Epizel

2

IS 4\ 2| m=———r
» S T~
[ o AN
< w \
N R, = \
e \
. IS
Ry l‘
P P
By /Py Y  SNR
(a) UDRC (b) BER curve
Fig. 2. Minimization based on UDRC
Data Quanti- Entropy ~ Compressed
In Wavelet » zation = Encoding Data
Transform - -

Rate-Distortion Opt.

Fig. 3. Diagram for wavelet-based image compression

Analysis Filter Coefficients Complexity
LP —m[Qn,—2]+2a:[27.,—1]+6:1é[2n]+2;1:[2n+1] —w[2nt2] S SH3 A2 S
HP m[2n,]—2m[2n; 1]4z[2n+2] 2SH+1 A+ S

Synthesis Filter Coefficients Complexity
LP z‘[2n]+21‘[2n;1]+1‘[2n+2] > SH+2 A
HP 2[2n=2]+2s[2n =16z [2n]+2a[2n+1]4o(2n+2) S SH+4 A+S

e SH: shift operation, A: addition, S: subtraction

Table 1. Coefficients of 5/3 wavelet filters

For a given Q., possible pairs of (P, R) are obtained from UDRC
(Figure 2(a)). For each pair of (P, Rs), the channel configuration
(T, Re, I, m) and SNR requirement which minimize €4;: under
BER constraint (§) is determined (Figure 2(b)). Finally, the opti-
mized configuration set is determined by comparing €pizer of all
configurations.

The energy and performance model of each subsystem are de-
scribed in the following section.

3. SYSTEM PERFORMANCE

3.1. Performance of Source Coder

Figure 3 shows the block diagram of source coder. Image compres-
sion is performed based on wavelet transformation implemented
using an energy reconfigurable technique called H* elimination
[12]. Table 1 shows 5/3 taps filters which are used for wavelet
transformation. 2D wavelet transformation (WT) divides the im-
age into four frequency bands (LL, LH, HL. and HH). In most
cases, LL band is considered to include large values, while other
bands include small values. In H* elimination, all data includ-
ing high frequency component are ignored from further processing
(Figure 4(a)) to reduce energy cost. For example, let us assume 2D
WT is applied [ times. Then, the image will be divided into several
frequency bands which are similar to Figure 4(a) where [ = 3. If
LH, HL and HH of level 1 are decided not to be used, only LL; is
computed and u, the smallest level index which is used for trans-
formation, is set to 2.

Performance of source coder is tested after quantizer, arith-
metic coder and simple distortion-rate optimization block are added.
Figure 4(b) shows example characteristic graphs of H* elimination
when (I,u) = (6,2). From our simulation, three pairs of (,u),
{(6,1), (6,2), (6,3)} show reasonable performance enough to re-
construct an image with 29d B PSNR.
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Fig. 5. Transceiver architecture

3.2. Performance of Convolutionary Coded MQAM
It is well known that the symbol error rate of MQAM under Nak-

agami fading channel is represented as [9]

¢ =4gl3(1 - e ol
afa(—1)fa=1  gfa—1 (1
e S

O A+ A
—deZO) ) @)

where A = | /HLA, 0= ,/1+ %, fais fading figure, 7 is average
received SNR. A = Q and p = 51092% andg = 1 — ﬁ
(M =2™). The BER can be obtained by dividing ¢} by v/M. In
our simulation, m is selected from {2, 4, 6, 8, 10}.

It is hard to formulate the performance of Viterbi or turbo de-
coder in a closed form as a function of (Rs,m). Hence, the per-
formances of two convolutional decoders are estimated by coding
gain which is independent of the modulation scheme. A Viterbi
coder [13] and a parallely concatenated turbo coder [14] are im-
plemented in C program with finite precision. Their coding gains
are obtained from simulation for different code rates and iteration

1 1 1 1
numbers. Code rate of Viterbi 4de§0(gerlls 1{1, 2,53 1 5t and
code rate of turbo decoderis {%, 5, 5,5, 3> 7> 3} Maximum it-

eration of turbo coder is limited to 8.

4, ENERGY MODEL

[Digital Processing] The source/channel coder consists of mem-
ory and basic arithmetic computation logic like adder, subtrac-
tor and ACS. Complexities of source/channel coder are calculated
based on the total number of basic computations and memory ac-
cess frequency. Table 2 summarizes the estimated energy models
based on the equations which are introduced in [13, 14]. e4(=
Esienc + Es:dec) 18 the total energy consumption of source coder to
encode and decode an image with W (width) and H (height). e,
is the energy dissipation of channel decoder to decode K bits.

The energy estimation of basic blocks like adder, subtractor,
ACS, VM (vector multiplication for Viterbi decoder), memory etc.
is summarized in Table 3 and 4. These data are obtained from
HSPICE simulation using netlists obtained from layouts. On the
other hand, energy dissipation of each memory access is estimated
using Cacti simulator [15]. TSMC .25um technology with 2.5V
nominal supply voltage is assumed and 8bit wordlength is used for
all internal values of source/channel coder.

\ [ Eabpp | Esus | Facs | EWUSLTiI [ Evu |

| Unit [ul] | 2.7 |27 [ 147 ] [ 111
Table 3. Energy dlSS ipation in basic arithmetic blocks
Memory Constraint Energy [n]]
Size Length
Image coding W - H bytes 4.09
Viterbi (K+7)-T7 w 7 7.29
(PMU) 5 1.3
3 0.87
Turbo (BMU) 2K -T' - w 5 1.3
Turbo (FMU) 2K - T"-w 5 1.06

*w is wordlength, K is frame length for decoder, 7 is constraint length
T is total number of states in trellis

Table 4. Energy dissipation per memory access

[Analog Front-End/RF] Figure 5 shows a simple diagram of low-
IF transceiver. Effects of ADC and DAC are ignored for simplicity.
Energy dissipation of analog front-end and RF amplifier can be
expressed as [10]
a C c P, t
Etotal (Ptr + Prec + 77(Pt) ) Ton (4)
Where Py, and Py, are the power dissipations of analog cir-
cuitry (filters, mixer, LNA, frequency synthesizer etc.) in trans-
mitter and the receiver, respectively. P; is RF transmit power and
n(P;) is the power aided efficiency (PAE) which is calculated as
Nmaz/ Pt/ Pt maz. First-order approximation allows us to esti-
mate Py, and PS.. as 82.5mW and 106.1mW , respectively [4].
Transmitted signal suffers from propagation loss and fading
effect over the communication channel. P is calculated following
equation (5) where -y is the required SNR at the receiver to meet
the BER constraint [10]

P, =~ (2B-No) -NF-~-M,-(4n)*-d° )

where B is bandwidth for modulated symbol and NF is noise

figure. For our simulation, maz = 50%, Prmaz = 100mW,
No = —174dBm/Hz, B = 100KHz and NF = 10dB. An
additional link margin(M;) of 35dB is also considered. Finally,
energy dissipation per bit in analog and RF circuitry can be ex-
pressed as

(PG + P&y + Y tmez . /By dB)

. € ta Nmaz
e = g - P T ©
where yp =2 No- NF - M; - (47)* and Ton = § - -
5. RESULTS

The proposed communication system is simulated for various com-
munication distances with a range from 5m to 200m. m is consid-

ered to be {2 4 6 8,10}. Code rates for Viterbi and turbo coders
43 2 1

are{Z7 % 5, g, Zv g} and{%, 3,3, 3, 5, Z’ g}respectlvely Max-
imum iteration of turbo decoder is limited to 8. Regarding source
coder, R is assumed to be between 1:1 and 1:60. Various channel
conditions are considered by changing fading figures (1 (rayleigh),
3, and 6). UDRC of source coder is calculated statistically for each
pair of (Lu), {(I,v)|(6,1), (6,2),(6,3)}, by testing with 512 x
512 Lena image 100 times. Q. is set to 29 or 33dB in PSNR.
Figure 6 shows the comparison between minimum energy and
energy of fixed systems. Fixed systems are assumed to have (I, u) =
(6,1), m = 2 and R. = 1/2(Viterbi),1/3(turbo, 6 maximum it-
erations). However, R, is assumed to be optimally selected in
terms of energy. In case of fq = 3 and Q. = 33dB, 23% energy
saving is obtained over reference system on average. When tar-
geting 29d B PSNR, energy can be saved by 18% over reference
system on average. The reference system is assumed to be able to

IIT - 531



Source coder | Encode HW{ 1-(})"™" (8Esuirr +3Fapp +2Esus + 2Bmread + Bmurite)+
€s:enc E(L) ™ (1 =47 (Emread + Emuwrite) + 4 ()7 = (2)! (10Esugrrr +4Eapp + 3EsUB)}
Decode HW{ 1—(H)""' 2Bsuirr +2EApD + Emread + 2Emuwrite)+
Es:dec () (1 =47 Y (Emread + Bmwrite) + 2 (2" = (2)! (10Esuirr +6Eapp + ESUB)}
Viterbi decoder (K+7){2"(n—1)-Eapp + Facs - T} + KT +1)- (Bvm + 2 Emrcad + Emuwrite)
Turbo decoder (K+7){2T - Eapp +2T - (n+1) - Eypr+1 +40 - Eacs + Esup +2(T = 1) - Exraxy
+KT(BEmwrite + 6 Emuwrite)

e [ frame length of channel decoder, 7: constraint length, I': total number of states in trellis ® MULTTT: multiplication with =1, Es i1 Fr is assumed to be zero

Table 2. Energy models of digital baseband blocks

— Win. enerc — Min. ener
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~ - QPSK & Trubo 1/3
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y

- QPSK& Viterbi 1/2

~ - QPSK&Trubo 1/3
aPsk

Energy requirement per pixel (mJ)
Energy requirement per pixel (mJ)

200 o 50 200

100 100
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(a) Qc = 29dB (b) Qc = 33dB
Fig. 6. Total energy (fa = 3)

reconfigure itself to optimally uncoded system and Viterbi coder
(R. = 1/2) with QPSK.
Especially when targeting low quality of image (29dB), even

though (I, ) = (6, 3) can achieve 29d B PSNR with lowest &, /pizel,

it is proved that it does not guarantee minimum energy cost for a
short communication distance. It is due to degraded channel sensi-
tivity. It is shown in Figure 7(a) which describes best configuration
of source coder depending on communication distance. In addi-
tion, Figure 7(b) shows efficient channel coder at each communi-
cation distance under rayleigh channel. It is found that turbo coder
can be useful for energy efficiency despite its own high complex-
ity when channel condition is not good. The coding gain of turbo
decoder is preferred to be controlled by I. rather than R.. In ad-
dition, high code rate proves to be energy efficient rather than low
code rate which has strong coding gain. This shows that energy
efficient design need to have different reconfigurable features.

(61) 1 1 /Uncoded lteration number

Viterbi 1
il [T I ;

* Turbo -
576 o8| %
N b s E Constraint Length :
(w062 2. J .
oy g £
. Code rate i g‘
5 - 04} ;T
(u=63) (290B.fd=6) o

Ey

W w0 a Eaar

W w0 @ [T
Communication distance [m]

I
‘Commurication distance (m]

(a) Source coder (b) Channel coder
(Q-=33dB,Rayleigh)

Fig. 7. System configuration

6. CONCLUSION

A joint control method with reduced complexity is presented to
minimize the energy cost. The suggested method is based on uni-
versal distortion-rate characteristics. Source/channel coder and
modulation schemes can be optimized jointly without increasing
computational complexity by separating source coder from other
subsystems. On average 23% energy saving is obtained over ref-
erence system when targeting 33dB PSNR of image distortion.
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