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Abstract—Low Power is an extremely important issue for future mobile  change over time (fading), some blocks can be decoded with less
radio systems. Channel decoders are essential building blocks of base-bandjterations (better channel characteristics), whereas other blocks
signal processing units in mobile terminal architectures. Thus low power o .
irT?pIemF:entationsgof advanced channel decoding techniques are mar?datory. cannot be (_jeCOC_iEd (\_NOII’SE channel characterlstlcs_), even I_f the
In this paper we present a low power implementation of the most sophisti- number of iterations is increased. The last case is especially
cated channel decoding algorithm (Turbo-decoding) on programmable ar- important in packet oriented network protocols like TCP/IP. In-
chitectures. Low power optimization is performed on two abstraction lev- teIIigent power control mechanisms as in wideband CDMA (air
els: on system level by the use of an intelligent cancellation technique, on . . . .
implementation level by the use of dynamic voltage scaling. With these interface in UMTS [3]) try to compensate this fading, however
technigques we can reduce the worst case energy consumption to 55% us-these techniques are imperfect and induce latency. This “dy-

ing data of state-of-the-art processors. Our approach is also applicable for namic throughput behavior’ can be exploited to save power.
hardware implementations. To the best of our knowledge, this is the first

in-depth study of low power implementations of Turbo-decoders based on To _aChleve thIS.StOpplng criteriaon system Ievahrg necessary
voltage scheduling for third generation wireless systems. which stop the iteration process as soon as possible.

Assuming that such stopping criteria exist, energy can be
saved orimplementation leveby either shutting down the pro-
cessor or using dynamic voltage scheduling which is much more

Channel coding and decoding are essential componentsitergy efficient. Recent developments in microprocessor tech-
mobile terminal architectures. Channel coding is necessaryntlogy, €. g. the Crusoe Processor from Transmeta [4], offer the
correct errors which are induced by noisy channels. Forwardssibility to operate over a range of supply voltages and can
error correction (FEC) is a very common technique to corregary their clock speedf(:x) and supply voltagel(pp) at run
these errors as much as possible: on the transmitter side, a chiare depending on actual throughput requirements (“Dynamic
nel encoder adds redundancy to the data to be transmitted. Mgkage Scaling”).
redundancy is exploited on the receiver side by the channel de-
coder to correct the errors. A common measure for the perfor- Il. RELATED WORK

mance of a_coding sch_eme i_s the bit-error-rate (BER) as a funcy, [5], dynamic voltage scheduling (DVS) is referred to as
tion of the signal-to-noise ratio (SNR), /No. Turbo-Codes [1], «the most revolutionary low power technique to date” and is su-

first published in 1993, show the best forward error Co”eCti%riorto a processor power-down mode due to the square depen-
performance known up to now. Thus Turbo-Codes became Rgthcy of the supply voltage on the energy. Since variable volt-
of the third generation wireless systems (UMTS) [2] standagde processors like the Transmeta processor enter mainstream
which offers high data-rate services (up to 2MBit/s) for intemeL o0y, this technique will become more and more impor-
and multimedia applications. Turbo-Codes are also in disCygp; Recent results on the theory and technical viability of DVS
sion for other wireless standards, e. g. WLAN applications. p5ve been published in [6], [7], [8], [9]. DVS can only be bene-
Software implementation of the baseband functionality fg;a) if the maximum CPU speed is needed just in a fraction of
an important issue in future multistandard mobile terminal ame. Thus, a fixed iteration implementation of a Turbo-decoder
chitectures (Software Radio). Low power implementation @frocessing at maximum speed can not benefit from DVS.
Turbo-Codes on programmable architectures is therefore a reley, the case that the channel charactistioprovetemporar-
vant matter. ily compared to the working point, the iterations can be stopped
The complexity of a Turbo-decoder is much higher than thg soon as the overall quality of the decoded bits is sufficient.
complexity of the encoder (see Section Ill-A). Thus we put eMrechniques presented in [10], [11] can be used to derive such
phasis only on the decoder. Turbo-Codes work on block levgl.criterion. However, the most efficient technique is the use
i.e. the data is Separated into blocks (a typlcal block Iength iﬁ, Cyc"c redundancy CodeS:RC) [12] This requires that the
e.g., 600 symbols). On the decoder side such a block is @gta frames are protected by a CRC-check. Depending on the
coded in an iterative procedure [1]. It can be shown that fRC-check result, the iteration can bemped or has to be con-
practical implementations a fixed number of iterations is suffinued. CRC-checks are common techniques used in standards
cient to obtain the desired BER at a given SNR. Thus the Mae UMTS [2]. The computational complexity of this check is
jority of the published implementations use a fixed number Qéry low.
iterations (typical values are in the range of 5 to 10). HoweverThe reverse case, i. e. temporanilprsechannel character-
as the channel characteristic (e.g. SNR) in mobile systems ¢&fts compared to the working point, is more complex to treat.
IThis work has been supported by tBeutsche ForschungsgemeinschaftIt Cz.m be shown .that in such cases (unde.r re.allstlc erelegs Sce
(DFG) under Grant We 2442/1-1 within tHechwerpunktprogramm "Grund- harios) the required BER cannot be maintained even with the
lagen und Verfahren verlustarmer Informationsverarbeitung (VIVA)” maximum number of iterations. To the best of our knowledge
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a stop criterion for this case has not been addressed by current Fig. 2. Turbo-decoder

literature. Simply using an estimated channel SNR as a criterion 16
is too coarse and may trash too many decodable blocks. w 1‘2‘ e
Only one approach in literature applies DVS to Turbo-Codes % |, _

[13]. CRC-protection is added to each data frame and is checked%'
after every iteration. An ASAP (as-slow-as-possible) and an g
SNR-assisted DVS-heuristic is presented which adjusts the de-3
coding speed and supply voltage. However this paper lacks
several issues: only temporarilypprovedchannel characteris-

tics are considered. Thus a lot of optimization potential is lost. _
The DVS heuristic is based on SNR estimates, but SNR estima- Iteration
tion in the context of Turbo-codes is unnecessary [14]. The pa-

per lacks simulations of realistic wireless environment scenarios
and power models. Fig. 3. Mean of LLRs for decodable and undecodable frames at SNR =-2.00 dB
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I1l. NEW APPROACH If not otherwise stated, an AWGN channel model is ap-

We consider packet oriented network protocols such Eléed. All investigations are based on the following Turbo-

TCP/IP. In these protocols, the number of bit errors per da glcoder/Dec/oderfdetallls. cc:;}stiamt-len@(tjh: 4 ge_nerator
frame is of no interest. Faulty frames will be discarded arggynor_ns 15/13, frame engly = 600, code ratelz = 1/2,
must be sent again. Thus we consider in the following frame- P.P mterleayer, no tailing schem_e, ITog-MAP decod_ers, a
error-rates (FER) instead of BER. In this paper we present ximum of5_ iterations, and a quantization model of 9 bit total
the first time an in-depth study of low power implementation%nd 4 bit fractional part.
of Turbo-decoders based on voltage scheduling for third gengr-
ation wireless systems [2] on processors which can operate with
variable supply voltages. In detail it contributes to the following The Turbo-decoder calculates the logarithmic likelihood ra-
new issues: tios (LLRs)A2(d},) as soft-outputs at the end of each iteration.

« We present a new approach for early stopping the iteratioh@€ Signs of these numbers indicate the respective 0/1-decision.
over the full SNR range for AWGN and Rayleigh fading chantne absolute values are measures of the confidence in the re-

Cancellation Algorithm

nels. spective 0/1-decision. Our Turbo-Code model uses saturation to
« A new robust voltage scheduling algorithm is introduce@Strict the bit-width during calculation. As a result, all LLRs
which adjusts the supply voltage and frequency. lie in the range between -16 and 16. Therefore an absolute value

« The power model used to evaluate the benefit of our appro&¥ht6 indicates the highest confidence in the decoded bit. Fur-
is based on commercially available state-of-the-art proces&¢rmore, we can calculate the mgag of the absolute values
data sheets. of the LLRs as a measure of confidence in the decoding of the
« We have validated our approach by extensive simulatiof§tire frame. _

based on realistic wireless scenarios of UMTS and demonstrat®Ur investigations show that the mean vajug, increases
that the worst case energy consumption can be reduced to 559§ iteration to iteration, saturating as it approaches the maxi-
compared to a traditional approach with a fixed iteration schenfdum value of 16. Moreover, the mean vajug, after the first

Our approach is not limited to software implementations, |ﬁelr:1t|on is higher for h'g?e(; chagnt()ell qual(l;ues.d dable d
can be also used for accelerator hardware. we compareu;, of decodable and undecodable data

frames, the increment from iteration to iteration is quite dif-
ferent (see Fig.3). The mean of a undecodable data frame is
well beneath the mean of a decodable frame. The slope is much
We refer to Turbo-Codes as presented in [1]. The assumedier for undecodable frames as well. As the difference is quite
Turbo-decoder system model (see Fig. 2) comprises two masmarkable, this behavior may serve as a stop criterion for un-
imum a posteriori (MAP) decoders (MAP1, MAP2), an interdecodable data frames. We optimized the bounds for the mean
leaver (INT), and two deinterleavers (DE). These are the buildalue ;. through simulation and developed an “intelligent can-
ing blocks of the iterative Turbo-decoding process. Details oéllation” algorithm to detect the undecodable data frames as
the Turbo-decoder system model and the MAP algorithm agarly as possible (Algorithm 1). The standard deviatighmay
given in [15] and [16]. also serve as a stop criterion, but the mean is preffered, because

A. Turbo-Decoder Model



Algorithm 1 Intelligent Cancellation Algorithm

{1 ] - threshold values for mean pf; }
{Ausp[] : threshold values for diff. of succ. mean val.
{LLR: Variable LLR is ARRAY of REAL}
uw<=0, idter<=1
while remaining decoding timdo

LLR < (Max)LogMAPIteration(frame )

if CRCCheck(LLR ) # ERRORthen

exit while  {block successfully decodéd

a constant number of clock cycles, which is a fair assumption,
since the (Log-)MAP algorithm shows no data dependent run-
time, and the number of clock cycle per iteration only depends
on the frame length. The switching activity per iteration is con-
stant over all data frames.

Let T be the frame periods, i. e. the time between the arrival
of successive frames, addbe the latency requirement in terms
of frame period (DVS requires > 1). We assume that for a
targeted system throughput the processor is able to process the

end if maximum number of iterations at its peak performance within
totd <= 1, < Mean(LLR) the frame period’.
Ap <= p— frora To simplify the DVS algorithm, we consider five discrete iter-

if 1 < pepliter] or Ap < Apgpliter] then
exit while  {block undecodable

ation delays27, 2T, 2T, T, andT. An iteration delay o£ T
is equivalent to the maximum speed of 5 iterations per frame pe-

end if riod (common value for a fixed iteration scheme). In our model
iter < iter + 1 these iteration delays correspond to the multiple, £, 1 and
end while L of the maximum clock frequenc,q, .
The DVS-heuristic presented in [13] has one major drawback:
100% * o an estimation of the current SNR is required to predict the num-
o 0% \\ ber of iterations. In a realistic environment, this information
s o may be inaccurate, is varying quickly, or is not available at all.
g 60% s Thus it is not a robust algorithm. Our algorithm adjusts the
é 50% d //“\\g,% processor supply voltage and clock frequency for iterajtioh
8 ;ng / framei on the basis of the remaining decoding time satisfying
£ 200/3 .//I/ A the latency requiremeidtand the average number of iterations
S 1% < of the last three data frames (Algorithm 2). At first an estimated
0% A , T T T , number of iterationd is calculated. An offset is added to the
-850 800 250  -200  -150  -100  -0.50 average of iterations, as a more pessimistic assumption will re-
E/N, [dB] sult in a better energy consumption. The speed is chosen to

average the workload during the estimated number of iterations,
taking in regard that all remaining iterations are processed at
maximum CPU speed. In our normalized energy models a min-
imum CPU speed of f,nq, is required (i. e 27 iteration delay)

o ) o as the targeted processors are not specified to operate below a
it is easier to calculate, it is preferred. Recently our approach

was confirmed theoretically by [17].
Fig. 4 shows the results of our cancellation method. The ndxlgorithm 2 VS-heuristic: iteratiory of frames

malized number of iterations is compared to a CRC-controlled s : remaining decoding time in terms éﬂ"}

scheme. Our method reduces the number of iterations over th?tm : iteration delay in terms of 7'}

complete SNR range. The algorithms implies some degradatior{jmam : maximum number of iterations (=5)

in the FER. However, this is negllglble smaller than 1.5% at {IS - assumed number of iterations for frarr}ei

-2.25 dB (worst case). {#iter(frame, ,): number of iterations for frame— k}
We proved our method to be applicable for Rayleigh fading {Estimate number of iteratiohs

channels, too (data not shown for space limitation).

—4&— CRC-controlled —M— Intelligent Cancellation =~ —&— Optimum

Fig. 4. Normalized number of iterations of stop-criteria

I, = #iter(frame,;,1)+#iter(fgame,;,2)+#iter(framei,3)+1-7J

if Iy > I,. then
. . . Is = Iz
For the terminology of dynamic voltage scaling we refer to o if

[18]. The following systems assumptions are made: {Calculate iteration deldy

All iterations are processed on a single variable supply volt- j j > I, then
age processor, that can vary its clock spegg. ) and supply tij =0 — (Imaw — J)
voltage {/pp) at run time. This is a fair assumption since vari- g|ge
able supply voltage processors now enter mainstream technol- 4+, . — [L—U]

i,J I,—j+1

ogy, e. g. the Crusoe processor from Transmeta [4]. end if

Energy consumption of the processor during idle cycles is Ne-it ;< 3then
glected since DVS reduces the idle time by slowing down the ™ 7 _ g {4 and 5 must not be selecied
clock speed (remaining idle cycles are a minority). end if

The s i
_ ystem must provide the nex.t da_ta fra}me.before COmp',eSetProcessorSpee(di,j % %T)
tion of the last frame. Turbo-decoding iteration is processed.in

C. Dynamic Voltage Scheduling Algorithm




TABLE | 100%
NORMALIZED ENERGY MODEL OF STARCORESC140 DSP 90% {\
§ 80%
L 70% )%
Iter. fCLK VDD PuP ECycle ENorm LICJ 60% /./
Delay | [MHz] [V] [mW] [nJ]  [%] T s [ LN
%T 300 1.50 198.00 0.660 100.0 % 40?’ / , ;.
T | 150 100 4400 0293 444 E oo T/r S
T 100 0.83 20.37 0.204 30.9 Z % —-
%T 75 0.75 12.38 0.165 25.0 0% 4 T T T T T '
T 60 070 862 0144 218 -3.50 -3.00 -2.50 -2.00 -1.50 -1.00 -0.50
E./N, [dB]
minimum clock frequency and supply voltage. The normalized—e— crc-controlied —#— Intelligent Cancellation
energy of each iteration depends on the scheduled iteration delayA— cRc-controlled with Vs Intelligent Cancellation with VS

and the targeted processor (see Tab.l). Note that DVS reduces

‘ - Fig. 5. Normalized energy consumption of Turbo-decoding
energy without further degradation of the FER.

D. Processor Models Our future work will concentrate on the following issues: re-

] . finement of our models and consideration of multi-processor or
Different state-of-the-art processor models are considered.t ti-core environments.

quantify the advantage of our new DVS algorithm in com-
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