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Abstract

Thisis a tutorial paper meant to introduce the reader to the new concept of turbo codes. This
is a new and very powerful error correction technique which outperforms all previous known
codingschemes. Itan be used in any communication system where a significant power saving is
requiredor the operating signalttotnoise ratio (SNR) is very [D&ep space communications,
mobile satellite/cellular communications, microwave links, paging, ate.some of the possible
applicationsof this revolutionary coding technique.

Part| of the paper discussed the history of turbo codes, why they &eeedif from
traditional convolutional/block codes, the turbo encoder structaresissues related to the
interleaverdesign.

Partll addresses the decoder architecture, the achievable performance for turbo codes for a
wide range of coding rates and modulation techniques and discusses delay and implementation

issues.



1 Introduction

The optimum decoding of turbo codes is the maximum likelihood decoding algorithm
appliedto the turbo code trellis structure. Howe\dre to the interleaver embedded in the turbo
encodeythe turbo code trellis will have an extremlygamumber of states. This fact makes the
maximum likelihood decoding process almost impossible to implement in practice @er lar
interleaversizes.

A more practical approach is an iterative decoding approach where the maximum
likelihood decoding algorithms applied to the elementary convolutional/block codes of the
turbo code.

This iterative process raises the question of how close its performance is to the performance
of the optimum decoding process. In [itlvas shown that turbo codes are neartoptimal codes.
Simulationresults based on iterative decoding approach within 0.7 dB of the spheretpacking
lower bound for various code rates and information block size from 100 to 10,000 bits.
Therefore this iterative technique is a venyfiefent way to decode turbo codes ancthieve
performance close to the theoretical limits.

The second question related to the iterative process is how to pas#otineation from one
decodetto the other We answer this in the following section. Howevers worth mentioning
herethat due to the iterative process, some parameters can gitnity unless special care is
takenin the decoding algorithm. Limitations imposed on these parameters can have negative
effectswhen very low BERs are simulated. Anotleause for the limitation in BER performance
is a poor interleaver design. Dueltighly correlated sequences, the BER decreases to a certain
level from where there is no further improvement in tleeoding process. This is called the
aerror floor® effect of the turbo code BER curve.

Figurel.1l. shows three curves. The 2error flootftve is typical of bad interleaver design
or truncations in the decoding algorithm. The simulat@sult curve also presents a change in

slopebut at very low BERSs, when the theoretical bound for the turbo code is reached.
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Figure 1.1: Ypical BER curve for turbo codes.

2 Turbo Decoding

Considerthe generic turbo encoder in Figure 2.1. The outputs of the turbo encoder are the

information sequencB,, renamed aXy together with the corresponding parity sequeYige

producedy the encoder blockENC and the parity sequen()(ﬂ'< produced by the encoder block

ENC! attimek. These sequences are modulated and sent through the channel. The interleaved
datasequence(L is not senbecause it can be regenerated at the receiver by interleaving the

receivedsequence correspondittgX . Upper case is used for the binary turbo encoder outputs.

Lower case is used for the noisy received signals at the turbo decoder

Dk ® Xk:
Yk

¢ > ENC >
| |
Xl | vl

Figure 2.1: Generic turbo encoder

At the receiverdecoding is performed in an iterative process as shown in Figure 2.2.
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Figure 2.2: Generic turbo decoder Output

Considerfor example the case where a single iteration is employed using two soft decision
decoders.DecodeDEC provides a soft output which is a measure of the reliability of each
decodedbit. From this reliability information, the extrinsic information is produced, which does

not depend orthe current inputs to the decodéris extrinsic information, after interleaving, is
passedn to DEC! which uses this information to decode the interleaved bit sequence. From the

soft outputs ofDEC!, the new extrinsic information is fed back to the inpub&C and so on.

If an error occurs at the output of the first decoder due to a very noisy input, it might very
well be corrected by the second decoder

A soft decision decoder outputs a real number whiehnieasure of the probability of a
correct decision. This real number is calledahmosterioriprobability (APP). There are two
typesof soft decision decoding algorithms which are typically useslfirst being a modified
Viterbi algorithmwhich produces soft outputs and hence is called a soft outeuabalgorithm
(SOWA) [2]. A second is the maximuemposteriori(MAP) algorithm [3,4]. Estimates put the
complexityof the MAP algorithm at two times that of th&erbi algorithm. Howeverthe MAP
algorithmresults in better performance at low SNR due to a more accurate evaluation of the APP

The performance of a turbo coding schamprovesas the number of decoder iterations is
increased.However the coding gain from one iteration to anotlisrcreases with the number of
iterations. Each iteration involves two decoding stages. Therefore, the overall complexity of a
turbo decoder depends on howigknt the decoding algorithm is implemented.

Thereare other algorithms that might be used in a turbo decdder softinput soft output
(SISO)algorithm described in [5] is very similar to the MAP algorithm but easier to use in the

case where there are parallel paths between two states in a trellis diagram.



Recently a new algorithm based on the list outputiekbi algorithm (LOW) [6] was
appliedto turbo codes [7]. This algorithm is proposed aaltarnative technique to reduce the
aerror floor® of turbo codes. The overall receiver structure combines the conventional turbo
decoderalgorithm with a list decoderAfter eachiteration, the turbo decoder output is checked
for errorsusing the CRC check. If the test is passed in less than a prexdefined number of
iterations the block is accepted, otherwise a list decoder is invoked and a list of L probable paths
is produced. The algorithm used is similar to the soft lirli algorithm (SVA) presented in
[8].

In order to reduce theomputational complexity of the turbo decqder early detection
methodwas presented in [9]. Based on a confidence criteria, some information symbols, state
variablesand parity symbols are detected early on during decoding. This early detection allows
sectionsto be removed from the constituent trellises, resulting in spliced trellises that can be
decodedaster and with a lower computationdlioe.

A reducedtsearch MAP algorithm was used in [10] where a reduction in computational
complexityis achieved based on a threshold scheme. This scheme uses only the state metrics that
are above a certain thresholth computing the bit estimates. Howevéhe variable
computationakffort required might present é@iculties for hardware implementation.

Given the principles of iterative decoding presented in [4, 12], the detailed
implementatiorof an iterative rate 1/2 decoder is described in Figure 2.3. This represents only
oneiteration of the decoding process. The whole block can be repeated for the number of desired
iterations(less than 10 usually).

For an ANGN channelx, andy, represent the received noisy valuesXgfandY,

respectivelywhich are scaled by the reliability value of the chanhel, % where E/Ng is
0

the SNR. For example, if the binary X transmmited, thegwalue used by the decoder is:
Es

Xk 4N— (1 2Xk nk) (1)
0

whereny is the noise sample at time k.
A turbo decoder starts by first decoding the data transmitteq land Y . The input to

thefirst decoder must then bg andyy , the punctured version gf.



Figure2.3 shows the inputs to the first decodBEC ) asx, La (d,) andyx . The
inputL 5 (d,) represents tha priori information about the transmitted information kit dn the
first decoding stage, we know nothing aboytaihd soL 5 (d,) is set to zero. A positive value of
La (d,) would indicatethat ¢ = 0 was likely to have been transmitted, while a negative value of
La (dy) would indicate thatyd= 1 was likely to have been transmitted.
It can be shown that the output@EC is equal to
L) % La(d) Le(d) 2)

wherethe subscript j = k £ D, D is the delay of the decoderLa@(bIj) is the extrinsignformation
of d. We can think ofL¢ (dj) being a correction term produced ttne decoder to correct any

errorson the channel.

In Figure 2.3 we see that, (d)) is subtracted from L{jito give X; L (d;). Since

La (dj) 0 for the first iteration, this has nofeft on later decodings, but as will be explained

later, this is a very important computation.
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Figure 2.3: Rate 1/2 turbo decoder
We now come to a very important block of a turbo decother interleaver A normal
decodemvill try to find the closest code sequence to the received noisy sequence that minimises
someprobability of error criteria. A good code has its code sequences separatedds a lar
numberof bits. Thus, it takes a @@ amount of noise in a short period of timeaose a decoder
to make an errorTherefore, a decoder will produce its errors in bursts, instead of randomly as in

anAWGN channel. The interleaver is used to randomise the burst error®#an . The lager



theinterleaverthe better thahe error bursts can be dexcorrelated. After interleaving, the data

becomest; L. (d;) which now corresponds to the data that is inpuREC!.

The extrinsic information from the first decoder can be thouglat fiori information for
thesecond decoderSo we let_ (d;) LK) and feed inx;  LL(d;) and yl, the punctured
versionof y, corresponding t&|,, in DECl. The output oDEC!is

L(dy) X, LKdy Lidy) 3)
whereh =i+ D ancLL,(dh) is the new extrinsic information providégt DECl. We can make a

hard decision onL(d;) and output the decoded data. Singehds been interleaved, a
deinterleavers required to provide the corrected data in the correct.oBiecex; LLl(di) has
fewererrors than xalone,DEC!is able to correct more errors using the information fngm

We can now use the new information frddEC! and feedt into the nextDEC . To do this
we want to obtain tha priori information fromL(d,). We see from Figure 2.3 that we subtract
x, Lid,) from L(d,) to leave onlyLKd,). We then deinterleave.Kd,) to form
LKd, ) La(d, )where isthe total delay oDEC ,DEC!, INT and DEINTL, (d, )
thenbecomes tha priori information for the nexDEC and the decoding process starver
again.

Note that we do not includdlL\(dh) Le (d; p) in La(dy ). This is because after
deinterleaving,Le (d; p) becomed e (d, ). Thus any error bursts ine (d, ) would now
reappearvhich we should avoid feeding inLEC . Howeverany error bursts illL(dh) will be
dezxcorrelatethy DEINT. This is also the reason why we subtrlagt(dj) from L(dj) (sincelNT
will rexcorrelate the error burstslin (dj)).

The above process is iterated many times until eventually all the errors are comected,

there remains an error pattern that can not be corrected, despite the interleaving and

deinterleavingorocesses.



3 Performance of turbo codes
The performance of turbo codes depends on the interleaver size, the interleaver design, the

constituentodes, and the number of decoder iterations. Tgerahne interleaver size, the lower
the bit error ratio which can bachieved. Since increasing the interleaver size increases the
encodingand decoding delayo achieve the best performarfcem a turbo code requires adar
correspondinglelay However even for small delays which imply small interleaver sizes, their
performancas still better than angther conventional codes of similar complexitye compare
the performance of turbo codes forfeifent interleaver sizes andféifent number of iterations
with the performance of the industry standard @8 constraint length (K) seven, convolutional
code[13], labelledas 2cc® in Figures 3.1 and 3.2. In all simulations,ittaximum a posteriori
(MAP) algorithm was used [3]We also used Sttype interleavers as described in Section 4.7 of
Partl. Because PCCC schemes (Figure 3.2 of Part 1) achieve better BER at low SNR than other
codestructures, we show mainly results for these type of codes.

Figure3.1 shows the performance of a 16 state rate 1/2 turbo codes for up to 8 iterations that

we simulated for an interleaver of 200 bits.
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Figure 3.1: BER for rate 1/2 turbo codes, 200 bit interleaver
QPSK modulation, WGN channel.



This size is close to the short fraraiezes required in GSM (189 bits) or Digital Cellular
SystemDCS1800, (192 bits) and is limited by the maximum acceptable delay in the system. The
two bit error rates (BER) of interest are 4%46or speech and #0 for data transmissionge can
seethat turbo codes have a significant coding gain for the above BERs when compared with the
performanceof the industry standard convolutional code [14].

Figure3.2 shows the performance of a 16 state rate 1/2 turbo codes that we simulated for an
interleaverof 2000 bits and QPSK modulation. This size is suitable for applications which

requirea delay of less than 100ms and bit rates of 64kbit/s.
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Figure 3.2: BER for rate 1/2 turbo code, 2000 bit interleaver
QPSK modulation, WGN channel.

For higher interleaver sizable performance of turbo codes improves significaniligo,
thetime to run the simulations increases to days and weeks. Figure 3.3 shows the performance of
turbo codes for interleaver sizes of 16,384 and 65,536 bitslfd, The BER curves are as
follows:
+ R1: two 16state rate 2/3 constituent codes used to construct a rate 1/2 turbo code,
12iterations, 16,384 bits interleaver
+ R2: two 32state rate 1/2 constituent codes used to construct a rate 1/2 turbo code,

differentialencoding, 18 iterations, 16,384 bits interleaver



+ R3: two 16 state rate 1/2 punctured constituent codes used to construct a rate 1/2

turbocode, 18 iterations, 256x256 bits interleaver
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Figure 3.3: BER for rate 1/2 turbo code, 16,348 (R1, R2) and
65,536 (R3) bit interleavers, QPSK modulatioly@&N channel.

Thebest performance achieved with turbo codes so far is a BER lower t#aat D035 dB
abovethe Shannon limit [17]. This is the highest coding gain ever achieved.

For 2 bit/symbol bandwidth &tiency, Figure 3.4 shows the performance of rate 1/2 turbo
codes we simulated (labelled @TCP°) for an interleaver size of 4096 bits and 16QAM [18]. In this
casewe compare the turbo code performance with the performance of trelliszroodethtion
(TCM) schemes as follow:

R1 = a rate 1/2 turbo code, 4096 bits interleawéh 16QAM [19]
R2 = a rate 2/3 TCM 64 state with 8PSK [20]
R3 = arate 1/2 TCM 64 state code with 4AM.

10
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Figure 3.4: BER for rate 1/2 turbo codes and TCM,
AWGN channel, 2 information bit/symbol.

Figure 3.5 shows results for 16,384 bits interleaver size. W8ed the same code and
mappingas described in [18] for the curve labelled 8TC°. This code is compared against the
performanceof turbo trellistcoded modulation (TTCM) schemeddascribed in [15]. The
curvesare given for the following schemes:

+R1: TTCM, two 16 state rate 4/5 constituent codes used to corestratet 2/3
turbocode, 8 iterations, 16,384 bits interlea\8®?SK.

+R2: TTCM, two 16 state rate 2/3 constituent codes used to corestratet 1/2
turbo code, 9 iterations, 16,384 bits interleausQAM.

Figure 3.5 clearly shows that turbo codes give excellent performanteonly for
BPSK/QPSKmodulations, but even for higher order modulationsrder to achieve higher
bandwidth efficiencies. The curve labelled 2R3° is for a TTCM scheme using 64QAM
modulation. Two 16 state rate 4/5 constituent codes were used to construct a rate 2/3 turbo code.

Theresults are for 10 iterations and 16,384 bits interleaver size.

11
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Figure 3.5: BER for higher order modulation schemes,
8PSK/16QAM/64QAM, 2/2/4 information bit/symbolWAGN channel.

For two dimensional turbo codes (two sets of parity data without puncturing), the BER is

proportionalwith N*1whereN is the interleaver size. &ktan add a second interleaver and a third

encodetto produce a rate quarter code which is a three dimensional turbo code. Generalising, for

a D dimensional turbo code, the BER is proportional with'®. This formula is accurate for

large interleavers and high SNR values.

The simulation results for 16 state rate 1/3 and 1/4 turbo codes for 200 andi2000

interleaversizes in an WGN channel are given in Figure 3.6.

12
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Figure 3.6: BER for rate 1/3 and rate 1/4 turbo codes
for 200 and 2000 bit interleaye®WGN channel.

Forlower bandwidth diciencies, as in the case of deeptspace applications, the delay is not
important and therefore huge interleavers of 16,384 bits can be used with very small coding rates.
Figure3.7 shows BER curves for rate 1/3 addtgérations, rate 1/4 and 13 iterations, rate 1/15 and
12 iterations [15].

Turbocodes also perform very well in a fading environment. The interleaver emhbiedded
the turbo encoder helps to recover data from small fades better than traditional convolutional
codes. Turbo codes are currently being tested for mobile satellite/cellular charedturbo
diversitycombining scheme&e described in [21] can be usedjige better results than maximum
ratio combining of convolutional codes. This scheraa transform a transmitted rate half turbo

codeinto a received rate third turbo code if both channels are received.

13
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Figure 3.7: BER for low rate turbo codes and 16,384 bits interleaver
BPSK modulation, WGN channel.

4 Implementation complexity

Theturbo encoder is equivalent to two convolutional encoders plus, a look+up table (LUT)
to store the interleaver addresses. Turbo decoder includes two soft output decoders plus a
randomaccess memory (RAM) for the interleaver/deinterleaver functions. The soft output
decodersan be either soft outpuiterbi decoders or MAP decoders. MAP decoders give 0.5 to
1.0dB more coding gain than soft outputérbi decoders and are approximately two times more
complexin number of equivalerdomputations. All previous results were obtained using MAP
decoders.

For a DSP implementation we need to estimate the numbiaswiictions needed per

decodedbit. Considering the encoder memorjor eachrecursive systematic code, the total

numberof instructions for the MAP algorithm can be estimaied 2 ! per decoded bit.
Sincethe MAP algorithm is used twice in each iteration of the turbo decoding algorithm, the

requiredDSP speed (in instructions per second) is

fi 3k 2 2 f, (4)

where k is the number of iterations agdsfthe required bit rate (in bit/s).

14



The SO\A algorithm is considerably simpler than &P algorithm. It is basically the
Viterbi algorithm with some smatlhanges. The lgest change is in the addtcomparetselect
(ACS) circuit where the dierence between path metrics into a state is calculated. Teeedife
for each state is stored along with the path decisi@ceback occurs as normal with #iesolute
differenceused tandicate the reliability of a decoded bit. Afdifence of zero indicates that the
bit is very unreliable, while a Ige value indicates a reliable value.

It is assumed that each instruction on the DSP chip can perform an addition or a subtraction.

Thus2 linstructions areequired for the path metric computations &ndhstructions for the
subtraction. The traceback involves reading the memory and logic shifting a register for each
decodedbit. It is assumed that this requires 2 instructions. Each decoded bit will require this
operationto be performed twice, giving a total of 4 instructions. The total number of instructions

perdecoded bitisthu8 2 4.

5 Decoder Delay
An important consideration is the decoder del@ie dominant factor in this delay is the

interleaver Let f(i) be the interleaved address of the input i. Thecarntbe shown that the
minimuminterleaver delay [ can be made equal to
D, max|i f(i)] fromi=1toN. (5)

It is usually possible to design a good interleaver such thatND2. For an encodgihe
delaywill therefore be equal to N/2. For low data rates, we let the receiver wait until a whole
block of data is received. This causes an additional delay equal to N. Then, the decoder can
iteratively decode the received data while the next data block is arriving. For an infinitely fast
processqgrwe could do this in zero time, implying a total delay equal to 1.5N. Kkéadestically
we would spread the processing load while receiving the next block so that the delay would be
equal to 2.5N.

For higher data rates, decoding must be done in pipeline. The total delay woultethen
equalto

Dp 2N(Dp D) ()
whereN; is the number of iterations andgys the decoder delayThe decoder delay can be

significantlyreduced to a few hundred bits by using a continuous decoding algorithin p2]1

15



As can beseen from the above equation, the total bit delay can be qgée |Bbloweversince the

datarate is high, the corresponding time delay can be made very small.

6 Examples of turbo decoders
Thefirst commercially available turbo decoder chip was produced in association with the

inventorof turbo codes, Claude Berrou [23]. Tiate 1/2 decoder implements five eight state
SOVA decoders in parallel (2.5 iterationajd four 32x32=1024 bit interleavers/deinterleavers
to achieve 40 Mbit/s and a delay of 2318 bits. A BER@P is achieved at angiNg = 2.7 dB.

A single iteration of two state S@Vdecoders in parallel with 64x32=2048 bit
interleaver/deinterleavavas later implemented in the 2turbo4° chip [24]. This single iteration
hasa delay of 2178 bits and achieves a BER éPHdan /Ng = 2.1 dB for three iterations and
ratel/2.

A flexible turbo decoder that is programmable down to I&tefrom 4 to 512 states, and
interleaver sizes up to 65,536 bits was developed at ITR using Xilinx XC3000 field
programmablegate arrays (FPGA) [25]. For 16 state codes, a decoder speed up to 356 kbit/s was
achieved.With seven iterations in parallel tllecoder obtained amylg of 0.32 dB and +£0.30
dB at rates 1/3 and 1/7, respectivelyach decoder iteration was implemented on a 6U size card.

Another turbo decoder using Actel FPGAs has been implemented by Jet Propulsion
Laboratory[26]. This decoder operates down to rate 1/10, up to 64 states, and interleaver sizes to
65,536bits. Like the decoder in [25], the log+tMAP [4, 27] algorithm is used.

Although not a turbo decodea 16 state MAP decoder implemented in a sidgli@x
XC4000FPGA is available froni28]. This is a continuous logtMAP decoder with a maximum
delayof 257 bits and decoding speeds up to 1.6 Mbit/s. The decoder provides softtinputs and
outputsthat allow it to be used in a turbo decoder if desired.

Recently ITR designed a flexible turbo decoder in VHDL using a single Altera FPGA [18].
VHDL is an acronym that stands for VHSIC Hardware Description Language. VHSIC is another
acronymwhich stands for &y High Speed Integrated Circuits. The whole turbo decoder fits on a
mezzanineard as shown in Figure 6.1.

Thecard can fit on any DSP board which has a PMC slot and two fast 4 bit seridbports

datatransfer One single card can run all required number of iterations, or can run a single MAP

16



decoder(half of an iteration) and be connected in a daisy chain with other cards to increase the

decodingspeed. A typical MAP decoding speed is 800 ns/bit, that is an information data rate of
1.25Mbit/s.
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Figure 6.1: Tirbo decoder card

The turbo decoder card can be mounted on a DSP card as shown in Figure 6.2.
The DSP card can implement aflodulator and demodulator functions at baseband. An IF

card can be used to translate the signal from baseband to the required intermediate frequency and
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vicetversa.Both the DSP and IF cards can be controlled via the PCI bus of a PC. A userzfriendly

graphicalinterface is used to set up the modem parameters and monitor its performance.

Figure 6.2: DSP Card with mezzanine turbo decoder card

/ Conclusions
Therecent developments the area of turbo codes foWMGN and fading channels showed

the great potential of this new coding technigue in achieving communications at very low values
of Ex/Ng. The performance of turbo codes depends on the interleaver design which is embedded

in the turbo encoderA larger interleaver size, which means a longer decoding ,dgilsss a

18



lower bit error rate. Due to their excellent performance, it is expected that turbo codes will

becomethe standard coding technique by the end of this millennium.
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