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Abstract—Previous research has focused on improving the HARQ receiver’'s operation. Since the appropriate number is

throughput of Hybrid Automatic Repeat reQuest (HARQ) difficult to predict in advance, an intelligent on-line Barl
schemes. However, since turbo codes have been introducedan Stopping (ES) approach is needed.

HARQ schemes, their complexity has increased owing to the .
iterative Bahl, Cocke, Jelinek and Raviv (BCJR) operations Many ES approaches have been proposed since turbo codes

that are required following each retransmission. This pape Were invented. Most of these ES schemes [5-9] halt the
explores the complexity of turbo HARQ schemes and proposes a iterative decoding process when the magnitude of Logaiithm

new Early Stopping (ES) approach for iterative decoding basd | jkelihood Ratios (LLRs) exceeds an appropriately chosen
on Mutual Information (M), which dynamically determines — y,.oqhold. The earliest schemes quantify the cross entropy

the appropriate number of BCJR operations to be performed L L
following each Incremental-Redundancy (IR) transmission We between the distributions of thee posteriori LLRs generated

demonstrate that the proposed ES based Multiple-Component by the two BCJR decoders [5, 6]. The authors of [8] suggested
Turbo Code (MCTC) aided and systematic Twin-Component estimating the mean of the LLRs’ absolute values, while Li
;l'urggo/COdg (TdCTC) a|SSl$ttedf HASRNQR Sth:elmeS §§S'b't _3‘?0‘% and Wu in [9] employed the cross correlation between the

(0] o reaucea compiexity for S below — , Withou ; : :

degrading the Packet Loss Ratio (PLR) and the throughput. LLRs. In classic turbo F:odes opera-tllng. without ARQ, .th.ese
ES approaches determine the specific instant to curtad-iter

tive decoding by considering the expected BER performance.

. INTRODUCTION However, in turbo HARQ schemes, the ES approach decides

Hybrid Automatic Repeat reQuest (HARQ) has proved T’\(/)vhen t(_) request a new incremental tran_smlssmn, rather than

. . . .___.Increasing the number of BCJR operations for the current

be an essential error control technique in communicatign o )

codeword, hence striking a tradeoff between the attainable

networks [1, 2]. This combines ARQ and Forward Error Corfhroughput and the complexity imposed.

rection (FEC) to achieve a vanishingly low Bit Error Ratio In this paper, we propose a new ES approach that is

(BER)’. which cannot be achieved by g|ther method along'ecmcally designed for turbo HARQ, based on the Mutual In-
A particular focus of recent research into HARQ schem ) : : )
. . . . ormation (MI) improvement after each BCJR operation. This
has been that of improving their throughput. For this reasan . :
- . . ; IS based on the observation that the Ml is expected to gridual
combining the corrupted retransmitted replicas using durb

codes has received attention, as a benefit of their poten%ﬁrove as iterative decoding proceeds, as quantified by the

) X . . : T charts [10]. We refine this approach in order to strike
of near-capacity operation. Souza's HARQ scheme [3] a|d% attractive tradeoff between the achievable throughgnsiis

by systematic Twin-Component Turbo Codes (TCTC) an e complexity imposed for different packet lengths. Welgapp

Chase combining, as well as our previously proposed MekHipl :

Component Turbo Coded (MCTC) HARQ scheme [4] havgr ES approach to the above mem'oned TCTC and M.CT.C
s . : aided HARQ schemes, demonstrating that the complexity is

been shown to achieve high throughputs. The receivers 0

both schemes perform an iterative decoding process aﬁégnificantly decreased, while maintaining similar thrbpgts

each retransmitted packet is received. These iterativd, Batﬁ) those presentgd in [3] "?‘”d [4] : .
IThe rest of this paper is organized as follows. Section Il

Cocke, Jelinek and Raviv (BCJR) operations continue untjl , . :
the Cyclic Redundancy Check (CRC) is satisfied or a pr%—eta'ls the schematic of our MCTC HARQ scheme and

defined number of BCJR iterations is reached, whereup ﬁrsiggts)esngs Zr:;?nd;?griggg gj::o?(;n%sergcésss'asef;'ggh4Ill_ﬂgn
another retransmission is requested and iterative degod P prop . app : '
reCOMMENces the performance of the schemes operating with and without

However the choice of the affordable number of BCJBY" ES approach is characterized in Section IV. Section V

iterations employed in these schemes significantly affbets concludes the paper.

performance. If the number is set too low, then unnecessary

retransmissions may be requested and the throughput will Il. SYSTEM MODEL
suffer. If the number is set too high, then unnecessary BCJ
operations will be performed and hence the complexity véll b[
increased. In fact, we will demonstrate that different nensb
of BCJR operations are appropriate at different stages ef

RThe complexity of a tubo decoder may be quantified in
erms of the total number of trellis states per bit [11], whic
is expressed a€'omplexity = 2™ - K, where 'm’ is the
umber of memory elements employed in the convolutional
Copyright (¢) 2011 IEEE. Personal use of this material ismjwed. €ncoders’ generator polynomial}” is the number of states in
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possible memory length ofnt = 1’ is desirable. However,
for the systematic TCTC aided HARQ scheme, both the a° ¥
Packet Loss Ratio (PLR) and throughput performance degrade

L an
! (P
g‘z

BCIR =~

severely when adopting the polynomials(@f 3), [4], as we Eﬂ
will demonstrate in Section IV. On the other hand, [12] has
demonstrated that the polynomial pair @ 3), is desirable
for MCTC, since it is the one that achieves the lowest BER and
facilitates the closest possible operation to the Diseirgtat
Continuous-output Memoryless Channel's (DCMC) capacity.
Therefore, in this paper, the MCTC is employed in the HARQ
scheme in order to facilitate the employment of the low
complexity generator polynomialg, 3),.

BCIR ~——

BCIR ~—

URC —=b:
URC, (—=b2 N
BCIR (~——
URGs =b3
Fig. 2. The decoder structure of the HARQ scheme using MCTer af
IR-transmissions.
recent operation of all other activated decoders. The decod
St s b BCJR; combines thea priori uncoded LLRsa$ with the
1 Fansmiss1on: URG =Di a priori encoded LLRsb;, in order to obtain the extrinsic
uncoded LLRsa$. Following this, thea posteriori uncoded
Fig. 1. The encoder structure of the HARQ scheme using MCTC. LLRs a” are obtained by interleaving and then summing the

The transmitter schematic of MCTC aided HARQ is i”usgxtrinsic uncoded LLRs provided by the most recent opemnatio
trated in Figure 1, where the input bits are obtained by of all activated decoders. A hard decision is made for each bi

appending CRC to the information bits. Then, the dif“feryantlOn the basis of tha posteriori uncoded LLRs” and then the

interleaved copies; are forwarded to recursive Unity RateCRC check is performed. If the CRC fails and our proposed

Code (URC) encoders. Note that these interleaving opeatid-> aPProach (represented by the blocks in the dashed polygon
71,11 may be realized by the same interleaver desigﬂf Figure 3 and detailed in Sectipn 1) is not satisfied, tlegtn
without degrading the system performance. This approash IR decoder to be operated is selected as the one that was
the advantage of reducing the implementational complexigPerated earliest, because it is the one that is most likely t
The encoded bitdb, are sequentially transmitted at regu|aprOV|de the largest Ml mc_rement. As a result, a_partlcular M
intervals, until a positive ACKnowledgement (ACK) messagi2!ué can be reached using less BCJR operations, compared
is received. to other selection strategies. When the proposed ES agproac

The receiver schematic is displayed in Figure 2 and tﬁ% satisfied while the CRC sitill fails, a new IR-transmission
flow chart of the decoding process is illustrated in Figure ® requested and the new round of turbo decoding is repeated

As seen in Figure 3, the receiver performs a single BC}ﬁml the corrected decoded bits are obtained, or the rétry |

operation following the reception of the first encoded blf "eached.

sequenceb;, when thea priori LLRs a? of the BCJR;

have zero values. A hard decision is carried out on thHl. EARLY STOPPINGAPPROACH FOR THEMCTC AIDED
basis of the outpua posteriori LLRs a? in order to obtain HARQ SCHEME

the decoded bits. If the CRC fails for the decoded bits, The complexity metric of Section Il suggests that once the
the receiver will wait until the transmitter times out anq2,3)o polynomials have been adopted, the total number of
transmits the second encoded bit sequéncdurbo decoding BCJR operationsk” performed during turbo HARQ decoding
commences after the reception lof. Generally, whenever ajs the key factor that determines the complexity. Our ES
set of encoded LLR®; (i > 2) is received during theéth  appr0ach aims for an efficient yet low-complexity dedign
Incremental Redundancy (IR)-transmission, the corre$ipan having a minimum number of parameters in order to maximize

decoderBCJR; is activated. It is immediately operated anghe generality and applicability of the algorithm. There ar

becomes available for operation during the subsequeatiiter

decoding processes, yielding tireomponent MCTC shown A complex strategy may outperform our efficient design at ¢bet of

in Figure 2. Whenever a decodBCJR, is operated, tha @ disproportionately higher complexity. For example, outufe work will
- - . . . determine whether to trigger the turbo decoding followiragte transmission,

priori uncoded LLRsa$ are obtained by interleaving and

. - ) based on a prediction whether the MI of the current MCTC mayclyse to
summing the extrinsic uncoded LLRs provided by the mostaccording to a lookup table.
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@ the turbo iterations should be stopped. Specifically, whene
a BCJR decoder is operated, the Ml increment is expressed by
I (&) — I,—1 (a5), wherel}, (&%) is the extrinsic Ml obtained
after thekth operation ofBCJR; and Iy(a$) is assumed to

(2

be 0. Therefore, when the Ml increment falls below a certain

get first transmission
perform BCJR operation

passed CR> threshold, this may be considered as the stopping criterion
which we refer to as the convergence threshbigl..
not . . . . .
passed The decoding iterations continue, as long as the MI incre-

ment is higher thaff;,,., while an IR-transmission is requested
when the increment drops beldly,,., as shown in Figure 3.
Different values ofT},. result in different tradeoffs between
the attainable throughput and the complexity imposed. &sinc
the MI value varies from) to 1.0, the MI increment must
also be confined to this range. When we hdyg. = 0, the
receiver will only request a new IR-transmission when it is
sure that it is not possible to satisfy the CRC without doiog s
because for example a high number of BCJR operations have
been performed and hence convergence to the wrong legitimat
codeword is achieved. As a result, this approach minimizes
the number of IR-transmissions at the cost of imposing a

send ACK
Packet i :
successfully : . . . .
received” potentially high complexity. Wheff;,, . assumes the maximum
‘ value of 1.0, the receiver will request new IR-transmissions

S Tno as often as it can, in order to minimize the number of BCJR

Foose [aast recan % m operations that are performed before the CRC is satisfied. As
operated BCJR decode

a result, this approach minimizes the complexity at the obst
having a low throughput. In Section 1lI-B, we will observe

Fig. 3. The flow chart of the decoding process for the MCTC&HARQ the relationship between the attainable throughput and the

scheme. complexity imposed by using differer;,,. values for three
typical packet lengths.

two elements to our ES approach, both of which employ 2) Dumping threshold: The MCTC aided HARQ scheme

MI thresholds. One MI threshold is proposed to dynamlcalll)( s an inherent problem, which prevents it from guarantaing

adjust the number of BCJR operations that are performE R of zero, even when an infinite number of IR-transmissions

following each IR-transmission. We refer to this threshold . g
; , IS_permitted. Specifically, turbo decoders are capable af co
as the ‘convergence threshold’. The second MI threshold is’ e . :
rging to a legitimate bit-sequence for an MI tfbut still

. Y
proposed to _guarantee_ a zero PLR for the MCTC a_lde_d HAR@tput the wrong bit sequence. This occurs when the received
scheme relying on an infinite number of IR-transmissions. We

refer to this threshold as the ‘dumping threshold’. These Wsoft-sequences are “closer _to the incorrect bit sequeiga t
) . ; . o0 the correct sequence. This effect accounts for the ewor fl
thresholds are discussed in the following sections.

in the BER performance of turbo decoders at high Signal
Noise Ratios (SNRs), where the EXIT chart tunnel is wide
A. Analysis of the convergence and dumping thresholds open. In the MCTC aided HARQ scheme, the decoding of the

1) Convergence threshold: The MI of an LLR sequence earlier few IR-transmissions may converge towards the gron

gives an indication of confidence obtained for the corregporPUt legitimate bit sequence associated with a high confielenc
ing hard decisions. According to [13], the Ml can be estirdatdike in @ standard turbo code. In this case, the CRC fails and

]
‘ get retransmission |
|

perform correspondi
BCJR operation

using the following equation: hence further IR-transmissions are requested. Unforélyat
the influence of these later IR-transmissions may become
3 1 & etlail/2 insufficiently decisive to guide the decoder away from the

@) ~1- NZH” (e+|&j/2 +e|&j/2) > (M \wrong bit sequence associated with Mi 1 and towards
=t the correct one, regardless of how many IR-transmissioms ar

whereN is the packet lengthg;| is the LLR’s absolute value received. As mentioned in Section Il, when an IR-transrissi

at the bit positionj and ‘H;’ is the binary entropy function. is received, the decoder first decodes this most recent IR-
Equation 1 maps the sequence of LLRs to a confidence metrignsmission. In a conventional regime following simplgito
confined to the range d0, 1], where0 implies no confidence, the previously received codewords would providepriori

1 means absolute confidence. It is widely recognized thiaformation for this most recent IR-transmission. However
EXIT charts illustrate the MI transfer between the compan this scenario the previously received codewords may have
nents of turbo codes. The bit-by-bit Monte-Carlo decoding high extrinsic Ml as a result of a comparatively high
trajectory steps within the EXIT chart tunnel may be treatatumber of iterations, which is the reason for the relatively

as the MI increment after each iteration. The MI incrememfluence for the most recent IR-transmissions. In otherdspr
typically becomes smaller and smaller when the trajectotlyis approach activates the BCJR decoders corresponding to
approaches the convergence point in the EXIT charts, whehe earlier IR-transmissions more frequently than the rothe
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decoders. This lends these earlier IR-transmissions aehigBince the two stopping thresholds depend on the packetigengt
influence, allowing them to persistently sway the iterativihey were fitted to100 bits, 1000 bits and 10000 bits in
decoding process towards the incorrect uncoded bit sequenar simulations. In each simulation, a statistically sfigaint
associated with Mk 1. Therefore, repeated IR-transmissionaumber of packets was transmitted through a quasi-static
will be requested again and again. If the IR-transmissitry re Rayleigh fading channel using Binary Phase-Shift Keying
limit is high, both the throughput and the complexity suffe(BPSK) modulation.
significantly. Furthermore, the CRC may never be satisfied. For the sake of conciseness, we detail only the process of
A dumping threshold’,.... is employed to circumvent this selecting the preferred values of the convergence threéshol
problem as detailed below. When the MI of the extrinsic LLR$;,,., as provided in Table | for packets comprisifigo,
a° obtained after some BCJR operation become higher thawm00 and 10000bits. The corresponding preferred values of
Tz, While the CRC has not been satisfied, all extrinsithe dumping threshold’,,.. of Table | were selected using
LLRs are reset to zero and an improved iterative decodia@ analogous process, which is not detailed in this paper. In
procedure is activated, since the decoder is now in posgsessummary, when the dumping threshal¢},... is set t00.99
of potentially numerous received replicas of the origimal i for the 100-bit packets, and t6.999 for both the1000-bit and
formation. More explicitly, until this event the early régds 10000-bit packet lengths, we obtain the highest throughput and
may have activated a higher number of iterations and hertbe lowest complexity for the scenarios considered.
may have driven the MI to high values, which lent them an
increased influence over the more recent replicas. Recall th
IR-transmission was only requested, when the CRC of the

TABLE |
THE PREFERRED THRESHOLDS FOR DIFFERENT PACKET LENGTHS

. . . . . Packet Length|| 100 bits || 1000 bits || 10000 bits
earlier ones failed. At this stage, we hence reactivatatiter T — 099 0999 0999
decoding by exchanging extrinsic information amongst all Tine 0.017 0.009 0.0032

replicas, lending them an equal influence, as a benefit of the

above-mentioned LLR dump operation. For most cases, this_ )
re-initialized iterative process may lead to a better chanic ~ Figure 4 plots the throughput versus SNR for different con-

successful decoding. In the exceptionally rare case teaivih Vergence thresholds;,.. and packet lengths, when employing
obtained following a BCJR operation again becomes largd}e corresponding dumping threshold val@&s,. of Table I.
thanT},.., without satisfying the CRC, the receiver dumps afriere thg thro_ughpu_t is defined as the ratio of the number of
extrinsic LLRs once more and request a new IR-transmissidfformation bits delivered to the total number of transett
This process is repeated until the packet is correctly dettodPitS: Figure 5 provides the corresponding complexity versu
Assuming a perfectly reliable CRC, this allows a zero PLRNR curves, where the complexity metric was defined in

to be attained, provided that the IR-transmission retrjtlim S€ction Il.
sufficiently high. Figures 4 and 5 show that as the convergence threshold

As With T},,., there is a tradeoff associated with the specifiinc Was increased, both the throughput and the complexity
setting ofTynas. If Thnae assumes a large value closelithe Was reduced for all the packet lengths considered, as pre-
receiver may require more IR-transmissions than necessarylicted in Section Ill-A. However, the throughput reduction
ensure that the CRC will be satisfied, unless the extrinsR4.L Was relatively modest, while the complexity was signifigant
are dumped and the decoder is re-initialized. As a resuth bgeduced, asi,. was increased frond.0001 to 0.01. Since
the throughput and complexity suffer compared to adoptifghieving a high throughput is the design target of HARQ
a smaller value off},,,. On the other hand, if,,., is set schemes, we specify an average throughput reduct|ﬁr[)(_)5_ _
too small, the receiver may mistakenly think that the CR@S the maximum loss that can be tolerated, when optimizing
will not be satisfied by performing more BCJR operationdh€ corresponding’y,. values for all three packet lengths.
As a result, ‘genuine’ LLRs will be dumped and more IRYE appropriately adjusted;,,. values in order to obey this
transmissions will be requested, degrading both the thrpuy throughput reduction limit. Quantitatively, we fqund thae
and complexity. Thus, the most appropriate valueTgf,, Preferred values werj,. = 0.017 for the 100-bit, Tin. =

solves the wrong decision problem as well as approaching fh809 for the 1000-bit and Ti,. = 0.0032 for the 10000-
optimum throughput at a low complexity. In Section 11I-B, welit packet lengths, which yielded the lowest complexityeTh

will determine the most desirable value Bf, .. curves of the throughp_ut and c_omp_lexity corresponding to
these values were also included in Figures 4 and 5.

B. Determining the stopping thresholds

In this section, we investigate the variation of the MCTC
HARQ throughput and complexity with the value of stopping In order to demonstrate the advantages of our ES approach,
thresholdsT;,,. andT),qz. the PLR, throughput and complexity metrics are compared for

During our simulations, we determined the throughput ar8buza’s systematic TCTC aided HARQ scheme [3] and our
complexity that results for each combination @f,. € MCTC aided HARQ scheme.

{1.0,0.1,0.01,0.001,0.0001} and T} € {0.9,0.99,0.999}, The systematic TCTC of Souza’s scheme employs the poly-
at a range of channel SNRs and packet lengths. For the sakeafials of (17, 15), and uses a transmission limit of= 6.
observing the full influence of different stopping threstelan During ther = 6 transmissions, the transmitted sequences are
unlimited number of IR-transmissions was allowed in oraer quivalent taa, b1, bs, a, b; andb, from Figure 1, whera is
ensure that a PLR of zero was attained at all SNRs considertg vector of systematic bits, while, andb, are the encoded

V. PERFORMANCERESULTS
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(a) 100bits, Tyna. = 0.99 (b) 1000bits, Tyaz = 0.999 (c) 10000bits, Tz = 0.999

Fig. 4. Throughput with differentl;,,. values for three different packet lengths. Transmissiake fplace over a quasi-static Rayleigh channel with an
infinite number of retransmissions for a given packet, uhig correctly received.

250 250 250
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Tine = 0.001 —&— Thne = 0,001 —&— The = 0.001 —&—
200 Tine = 0.017 —5— | 200 Tine = 0.009 —B— | 200 Tine = 0.0032 —8— |
Tine = 0.01 —e— T Tine = 0.01 —o— \‘\ Tine = 0.01 —e—
2 150 4 Tine =01 —x— 1| Z 150 Tine =01 —%— || Z 150 Tine = 0.1 —x— | ]
B z\’\ Te=1 —%— || & 4 \ Tie=1 —%— || & The =1 —%—
B & g I
3 100 2100 g 100 Dy \
O QO [ \\ O B\E
50 g 50 S 50 8
0 = @ 0 B 0 s
8 6 4 2 0 2 4 6 8 8 6 4 2 0 2 4 6 8 8 6 4 2 0 2 4 6 8
SNR(dB) SNR(dB) SNR(dB)
(@) 100bits, Tynax = 0.99 (b) 1000bits, Tnaz = 0.999 (C) 10000bits,T)nqs = 0.999

Fig. 5. Complexity with differentT;,,. values for three different packet lengths. Transmissi@ke fplace over a quasi-static Rayleigh channel with an
infinite number of retransmissions for a given packet, uhig correctly received.

bits generated by a pair of URC encoders that are separdi@dthe 1000-bit length packets. We also apply the proposed
by an interleaver. This is in contrast to Souza’'s origin&S approach to Souza's HARQ scheme in order to evaluate
scheme, in whicha, by) are transmitted together during theour technique’s generality. Likewise, the preferred cogeace
first transmission, and the symbol enerfly is doubled for and dumping thresholdg;,,. andT;,,, can be obtained using
the subsequent transmissions. However, we introduced thiswulations similar to those described in Section Ill. The
modification in order to maintain the same coding rate for thresultant preferred values for Souza’s systematic TCTC BAR
two HARQ schemes and to maintain the same symbol enegpgheme were found to ¥6,,. = 0.1 andT,,,,, = 0.999 for the

for each transmission. Furthermore, the receiver comngend@00-bit length, when the average throughput loss is limited
iterative decoding after the third transmission. The LLR® 0.005. Additionally, since Souza's original HARQ scheme
obtained from the incremental transmissions of two replicadopts the memory lengtm = 3 generator polynomials of

of the same bit sequence are added together. For examfl&, 15),, we consider the effect of the code’s memory length
when the LLRs of the systematic bitsare soft-demodulated on the complexity by also employing the modified polynomials
during the fourth transmission, they will be combined whie t of (2,3), for Souza’'s scheme. For further exploring the ES
systematic LLRs obtained from the first transmission. Theagvantages, our MCTC aided HARQ scheme was also config-
the twin-component turbo decoding recommences, presgrvimed to perform a pre-defined numberldof BCIR operations
any extrinsic LLRs that were obtained following the thirdollowing each transmission, in order to obtain an add#ion
transmission. The same procedure continues for the fifth amenchmarker that does not employ ES. All the transmissions
sixth transmissions, if they are needed. are over a quasi-static Rayleigh fading channel using BPSK

The packet length is set to a modest valug @0 bits for modulation.

both HARQ schemes. For the sake of fair comparison, theFigure 6 illustrates the attainable PLR versus SNR per-
transmission limit is set te = 6 for the MCTC aided HARQ formance, while Figure 7 shows the throughput versus SNR,
scheme. Hence, some packet loss events are expected atvdwere the throughput has the same definition as in Figure 4.
SNRs according to the flow chart of Figure 3. As suggestdidcan be observed from these two figures that our ES-based
in [3], Souza’'s scheme performs a pre-defined number BICTC aided HARQ scheme using the = 1 polynomials of

10 BCJR operations before stopping iterative decoding fo(2, 3), succeeds in maintaining a similar PLR and throughput
lowing each transmission. Correspondingly, our MCTC aidegmerformance as that offered by Souza’s more complex scheme
HARQ scheme uses the two stopping thresholds discusseduging them = 3 polynomials of (17,15),, regardless of
Section lll. Given that the permitted throughput reductisn whether the proposed ES approach is adopted or not. However,
0.005, according to Table I, the preferred dumping thresholabth the PLR and throughput are significantly decreased if
Timaz 1S 0.999 and the convergence threshdlg,. is 0.009 the polynomials are changed (@, 3), for Souza’'s scheme,
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Fig. 6. The packet loss ratio versus SNR for transmissiom avguasi-static
Rayleigh channel, with the retransmission limit set to 6 trepacket length
set to 1000 bits.

1

Fig. 8. Complexity versus SNR for transmission over a qstatic Rayleigh
channel, with the retransmission limit equal to 6 and thekpatength set to
1000 bits.

Souza’sﬂ(l?, lfﬁ‘) e
09 L S()uzais,(l?ﬁ% O,Eg -
08 L A?EATEL(? 2 397ES = employment of ES is for a turbo HARQ scheme. The PLR
07 MCTC,(2.5)p.No-BS — and throughput performances recorded for the No-ES MCTC
o HARQ scheme exhibit an insignificant degradation. Further-
206 /"’ more, the complexity more than doubles compared to that of
205 e the ES aided MCTC HARQ scheme for low SNRs, namely
E 04 below —2dB. This illustrates that a fixed number od BCIR
] 0.3 e MX*M operations is insufficient for reaching the maximum PLR and
' 'i‘;)»“’( throughput that the MCTC HARQ scheme achieved for most
0.2 »s situations, when the EXIT tunnel is open. By contraki,
0.1 W;«”‘X BCJR operations appear to be excessive for most situations
0 associated with closed EXIT tunnels, hence imposing an
8 6 -4 -2 0 2 4 6 8

q excessive complexity.
SNR/(dB . . .
(4B) Finally, Table Il compares the minimum number of variables

that must be stored per bit of, for the MCTC HARQ
scheme employingg = 6 BCJR decoders and for Souza’'s
systematic TCTC HARQ scheme. Both schemes need to
. . . . o store one extrinsic LLR per BCJR decoder, namglin the
showmg that this low-complexity polynomial pair is onlyy;c1c scheme and in the TCTC scheme. Additionally, it
appropriate for the proposed MCTC HARQ scheme. is necessary to store one channel LLR per transmitted bit

Figure 8 shows the complexity benefits achieved. by tré%quence, namelyin the MCTC scheme anglin the TCTC
p_rop_o_sed ES-based MCTC_alded HARQ s’cher?n(_a, which hagcq'leme. Furthermore, the authors of [14] demonstratecathat
significantly lower complexity than Souza's original syste | 50m apha values per bit of have to be stored between the
atic TCTC HARQ scheme relying on the: = 3 polyno-  t5\varq and backward recursions of the log-BCJR algorithm,
mials of (17, 15),. Specifically, for SNRs below-2dB, the 16 aipha may be seen in Equation (5) of [15]. In summary,
complexity is reduced bg0% to 85%. At higher SNRs, the when assuming a retransmission limit of= 6, the total

complexity is similar, because the CRC is typically SattSﬁememory requirements aiiel for the MCTC scheme ant8 for

for all schemes after a few BCJR operations. On the Othl‘ﬁre TCTC schemes. Only one extra variable has to be required

hand, if Souza’s systematic TCTC HARQ scheme using tiﬂg be stored in memory per bit af by the ES aided MCTC

m = 3 polynomials 0f(17,15), adopts our proposed ES appapq scheme, in order to achieve its remarkable performance
proach, its complexity can be significantly reduced. How'ev‘?mprovement.

its complexity still remains higher than that of our MCTC
aided HARQ scheme, because it has to adopt those longer
memory length polynomials. Although Souza’s scheme using
our proposed ES approach can achieve the lowest complexity

Fig. 7. Throughput versus SNR for transmission over a gstasie Rayleigh
channel, with the retransmission limit set to 6 and the patdegth set to
1000 bits.

TABLE Il
MEMORY REQUIREMENTS COMPARISON ASSUMING THAT THE
RETRANSMISSIONLIMIT IST = 6.

for the m = 1 polynomials of(2, 3),, this is achieved at the

I er bit of MCTC HARQ ]| TCTC HAR
cost of sacrificing the PLR and throughput performance, as é‘;t,msic LE‘Q 6 Q > 9
demonstrated in Figures 4 and 5. channel LLR 6 3
The PLR, throughput and complexity curves were recorded alpha value 2 8

for the MCTC HARQ scheme without ES in Figures 6, 7
and 8, which further demonstrate how critical the careful

Copyright (c) 2011 IEEE. Personal use is permitted. For any other purposes, Permission must be obtained from the IEEE by emailing pubs—permissions@iee:



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.

V. CONCLUSIONS

Classic turbo HARQ schemes [3] [4] may have a consi
erable complexity, since a pre-defined fixed humber of turk
decoding iterations are performed following each transiois
without considering the channel conditions. In this papes,
have proposed an iterative decoding ES approach that mg
tains a high throughput and low PLR at a lower complexit
When comparing MCTC and systematic TCTC aided HAR®
schemes, our simulation results show that the proposed ES
approach is capable of decreasing the complexity imposed
by as much as5%. In our future work, we will focus our
attention on the prediction of the stopping thresholds for
different channel conditions in order to further reduce the
complexity imposed.
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