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Multi-Stage Turbo Equalization for MIMO Systems
with Hybrid ARQ

Sangjoon Park and Sooyong Choi

Abstract: A multi-stage turbo equalization scheme based on the
bit-level combining (BLC) is proposed for multiple-input multiple-
output (MIMO) systems with hybrid automatic repeat request
(HARQ). In the proposed multi-stage turbo equalization scheme,
the minimum mean-square-error equalizer at each iteration cal-
culates the extrinsic log-likelihood ratios for the transmitted bits
in a subpacket and the subpackets are sequentially replaced at
each iteration according to the HARQ rounds of received sub-
packets. Therefore, a number of iterations are executed for differ-
ent subpackets received at several HARQ rounds, and the trans-
mitted bits received at the previous HARQ rounds as well as the
current HARQ round can be estimated from the combined in-
formation up to the current HARQ round. In addition, the pro-
posed multi-stage turbo equalization scheme has the same compu-
tational complexity as the conventional bit-level combining based
turbo equalization scheme. Simulation results show that the pro-
posed multi-stage turbo equalization scheme outperforms the con-
ventional BL C based turboequalization schemefor MM O systems
with HARQ.

Index Terms: Bit-level combining (BLC), hybrid automatic repeat
request (HARQ), minimum mean-square-error (MM SE) equalizer,
multiple-input multiple-output (MIMO) systems, turbo equaliza-
tion.

[. INTRODUCTION

TURBO equalization schemes based on the minimum medh

schemes do not only require a significantly larger compauati
complexity than BLC based detection schemes, but they soe al
applicable only in the cases where there is at least onetextiga
transmitted symbol by retransmissions, e.g., Chase cangpin
based HARQ (CC-HARQ). Meanwhile, BLC based detection
schemes can be applied even when there is no repeatedly trans
mitted symbol by retransmissions, e.g., incremental rdelnny
based HARQ (IR-HARQ), and they require a smaller compu-
tational complexity than SLC based detection schemes. How-
ever, the error performance of the BLC based detection seeem

is inferior to that of the SLC based detection schemes and the
BLC based turbo equalization schemes also show a worse per-
formance than the SLC based turbo equalization schemes [4]-
[6], [8]-{13].

Therefore, in order to improve the performance of the BLC
based turbo equalization schemes without increasing tng@ae
tational complexity, we propose a new BLC based turbo equal-
ization scheme for MIMO systems with HARQ. In general,
the turbo equalization scheme with the MMSE criterion con-
sists of the MMSE equalizer and the forward error correction
(FEC) decoder. Only the extrinsic log-likelihood ratiod_fs)
for the transmitted bits received at the current HARQ round
are calculated by the MMSE equalizer in the conventional BLC
based turbo equalization scheme [5], [6]. However, in the pr
posed turbo equalization scheme, the subpacket estimgted b
e MMSE equalizer is sequentially replaced at each iwmati

square-error (MMSE) criterion are known as the sutgceording to the HARQ rounds of received subpackets. There-

fore, the extrinsic LLRs for the transmitted bits receivédha

optimal detection schemes for multiple-input multipletjmut )
(MIMO) systems and their error performances are compaf{€vious HARQ rounds as well as the current HARQ round are

ble to the optimal detection schemes with a reduced computRdated at every retransmission in the proposed turbo equal
tional complexity [1]-[7]. When hybrid automatic repeaguest ization scheme. Consequently, the proposed turbo equaliza

(HARQ) is employed in MIMO systems for packet transmi<ion scheme can exploit more information from HARQ retrans-
sions and retransmissions, the combining of previouslgived missions than the conventional BLC based turbo equalizatio

signals and retransmitted signals can provide the adaitigin SCheme for MIMO systems with HARQ. Since multiple turbo
versity or coding gain [3]-[17]. Therefore, turbo equaliaa iteration stages are executed for different subpacketiwed at

schemes should be modified to consider the combining proc8g¥eral HARQ rounds, the proposed turbo equalization sehem
for retransmissions in MIMO systems with HARQ. Is considered as the multi-stage turbo equalization scheme

The combining process for HARQ retransmissions is mainlyThls paper is organized as follows. Section Il presents the

classified into the symbol-level combining (SLC) and the pif'MO system model with HARQ. Section Il describes the

level combining (BLC) [3]-[13]. In general, SLC based geconventional BLC based turbo equalization scheme, and Sec-

tection schemes outperform BLC based detection schemes!fgp 1V explains the proposed multi-stage turbo equalarati

MIMO systems with HARQ. However, SLC based detectioﬁCheme and compares the proposed turbo equalization scheme
' to the conventional one. Section V shows simulation resaiftd

Manuscript received December 17, 2014; approved for pafidic by Section VI makes conclusions.

Shigeaki Ogose, Division Il Editor, December 1, 2015.

This work was supported by Institute of BioMed-IT, Enerdydnd Smart-IT
Technology (BEST), a Brain Korea 21 plus program, Yonseversity.

S. Park and S. Choi (corresponding author) are with the Safdelectrical
and Electronic Engineering, Yonsei University, Seoul 2@, Korea, email:
{azssa, csyong}@yonsei.ac.kr.

Digital object identifier 10.1109/JCN.2016.000049

. SYSTEM MODEL

Consider a spatially multiplexed MIMO system with;
transmit andN, receive antennas. The subpacket generation
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process at the transmitter is illustrated in Fig. 1. For @Qiv Fig. 2. The reception process of the conventional BLC basémtequalization
packet, a data bit sequence of lendbhis encoded using the  scheme for theth HARQ round of a packet.

FEC encoder to produce a coded bit sequence of lefigtor

the coded bit sequence, a puncturing algorithm accorditigeto

employed HARQ retransmission strategy is performed tacsele

P bits that will be included in the subpacket for thta HARQ T = MMSE (ﬁ, ﬁt,prt) )
round of the packet (denoted as title subpacket in the sequel)

fromt = 1tot = T, whereT is the maximum HARQ round and

allowed by the system. If the packet is not successfully dedo - ~

whent < T, then the(t + 1)th subpacket for the packet is trans- Le {1,y = DEC (Lp7{1,~»t})' (3)
mitted during the next transmission interval. If the padé&stuc-

cessfully decoded arreachesT", then the packet is terminatedn (2), Tt andH; are the sets of the receive signal vectors and
and the first subpacket for a new packet containing a new déi& channel matrices for thigh subpacket, respectively, ; is
bit sequence is transmitted during the next transmissiemial. the set of the inpué-priori LLRs to the MMSE equalizer for

Let {x,1,---,x, x} denote a set of the coded bits selectelffe coded bits in theth subpacket{x; 1, -+, x¢ x }, andle, is
from the punctunng Stage that W|” be |nc|uded |n tlhb Sub_ the set Of the Output eXtr|nS|C LLRs from the MMSE equa“zer
packet, wherex; , = {X; 1, -, Xepn tfor 1 < k < K. for{x; 1, -, %, x}. In(3), Lp (1, Is the set of the inpua-

Eachx;,, for 1 < n < N; consists of) coded bits, thereby priori LLRs to the FEC decoder for the entire coded bits trans-
KN,Q = P. Eachx;y for 1 < k < K is modulated as mitted up to the/th HARQ round, which is a combination of
the V; x 1 transmit symbol Vectos; k = [Str1, -, St ’,  all L. vforl <t <t andLe {1,--¢} is the set of the output
where eacls; ;, , for 1 < n < N;is modulated fromctvk’n us- extrinsic LLRs from the FEC decoder for the entire coded bits
ing the2@-ary constellation sef that satisfies , s s =0and transmitted up to theth HARQ round.

>ees|s|?/29 = 1. Then,{s¢ 1, -,s¢ k} is the symbol se-
guence for theth subpacket, and the input-output relatlonshlpIII

of the system fos, , from k = 1 to k = K can be written as CONVENTIONAL BIT-LEVEL COMBINING BASED

TURBO EQUALIZATION SCHEME

_H 1 The reception process of the conventional BLC based turbo
e R 1) equalization scheme for MIMO systems with HARQ [5], [6] is
illustrated in Fig. 2. Before the first iteration, the inupriori

wherer, ;. is the N, x 1 receive signal vector anH, ; is the . o
N, x N; channel matrix fos, .. Further,n; ; is the N, x 1 LLRs to the MMSE equalizer for coded bits in tttl subpacket,

noise vector whose elements are i.i.d. complex Gaussian ran &€ all initialized to zero. Then, at the beginning of dtie
dom variables with zero mean and variance Therefore, the 't€ration to detect the packet at ith HARQ round, the MMSE
signal-to-noise ratio (SNR) is defined b&2. equalizer is executed to obtain the extrinsic LLRs for colii¢sl

To describe the reception procedures of the turbo equ'tmlhzatIn thetth subpacket as

schemes, the MMSE equalizer and the FEC decoder of the turbo
equalization schemes are separately modeled. Since tke inn
operathns of the MMSE. eq_uahzer and th_e FEC decod_er n ttFﬁen, the calculatetl, ; is combined withl, , for 1 < ¢/ <
conventional turbo equalization scheme will not be modjfikd L~ ' ’ _

detailed descriptions on the inner operations of both mesiuf — 1 10 obtainLy, 11 ...+, and the FEC decoder is executed
are omitted in this papér.The MMSE equalizer and the FECUSINGL, (1 ... s} as

decoder can be respectively modeled using their inputedutp _ -

relationships as L 1,...,} = DEC (Lp,{l,w,t})' ()

1., = MMSE (Ft, ﬁt,Tpi). (4)

For the detailed descriptions on the inner operations ofttbeules in the Th_en’ Le7{1,~_‘7t} from.th.e dth iteration is used to qbtaitb-,t
conventional turbo equalization scheme, please refef{L]- which is the inputa-priori LLRs to the MMSE equalizer at the
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Signal reception | t andt’ # o(t,d) to obtainf‘p,{L,,,,t}, and the FEC decoder is
from the channel| ¥ .~
executed usindi.;, (; ... 1} as

vy
| Receiver buffer | LLR buffer| 9max ) ~ ~
e T T e R turbo terations Le_{l,.._t}=DEC(Lp7{1_..._t}). (7)
. Fu(/‘cl) ﬁu(ml) Stored TcA/"ISt'St’ t'io(t,d) “‘ ’ ’ ’ ’
e - : Then, L. (1 ...,» from the dth iteration is used to obtain
.lp,u(m/) ~ — lcn(/,di - 7{ )T }
5 MMSE (%00 Hogray Ty ) [ 1,.0(¢,a+1) Which is the input-priori LLRs to the MMSE equal-

5 No: izer at the nextd + 1)th iteration. Therefore, we can obtain a

Hld=d+1, obtain T, from L, [Treration stopping : more accuraté, . 4+1)- This process is repeated until an iter-

] criterion is satisfied?| [, = ation stopping criterion is satisfied, e.d.reachesl,, ..

il | Since there are no modifications on both the MMSE equalizer
Yes: End of the process and the FEC decoder, the proposed multi-stage turbo equaliz

tion scheme has the identical computational complexityhto t
conventional turbo equalization scheme for a gi¥gR,. In ad-
dition, the proposed multi-stage turbo equalization sahésn
applicable to both CC-HARQ and IR-HARQ since it is built on

next(d + 1)th iteration? This process is repeated until an iterat-he conceptof _the BLC [3}-{13] T_he c_)nly addmon_al cost by t
. : o e . proposed multi-stage turbo equalization scheme is the&sed
tion stopping criterion is satisfied, e.g.reaches the maximum

allowed number of turbo iterations, .. receive_r bu_ffer size to stong: andﬁt/ forl1 <¢ <t—-1,as
shown in Figs. 2 and 3.
The proposed multi-stage turbo equalization scheme can be
IV. PROPOSED MULTI-STAGE TURBO EQUALIZATION distinguished from the BLC based turbo equalization sctsgme
SCHEME [3], [7] that execute the equalization procedures for alkreed
) ) _ ) ) subpackets before the combining process, which providas-an
. A§ described in Section lll, in the conventional turbo equaﬂ)roved performance at the expense of a high complexity. in ad
ization scheme for theth HARQ round of a packet, the MMSE wjio “the proposed multi-stage turbo equalization sahésn
equallzer calculatek ; regardless ofl. Sincel.; is obtained zi5o different from the approaches in [14]-[16] that reuee t
from1, ; which was obtained from the combined LLRs up to thextrinsic information generated from the decoding procesiu
tth HARQ round L. (1 .... +}, Lo+ is calculated by using the en-of previous HARQ rounds, e.g., reusiﬁgt/ with ¢’ < ¢t at the
tire information obtained up to thgh HARQ round. However, initialization.
eacﬁlve_,t/ for1 <t < t—1 estimated at the previou$h HARQ _
round is not updated at théh HARQ round. That is, eacig_,t/ A. Subpacket Order Calculation
for 1 < t' <t —1is estimated by using the information ob- As shown in Section Ill, the performance of the proposed
tained up to the’th HARQ round, and the information obtainednulti-stage turbo equalization scheme is greatly affebtethe
from the(¢ + 1)th HARQ round to theéth HARQ round is not order of the subpackets estimated by the MMSE equalizer in
utilized for the estimation 0~]fe’t,_ each iteration,o(t,d). In order to achieve fine error perfor-
To update as maniéy for 1 < ¢ < t as possible at every Mances, the order can bg calculated by tracking th_e errer per
retransmission, we propose the multi-stage turbo equigiiza formance of the coded bits or convergence behavior of each

scheme based on the BLC. Fig. 3 illustrates the reception prb!PPacket during the iterative reception process, e.glyan
cess of the proposed multi-stage turbo equalization sclieme'N9 the extrinsic information transfer (EXIT) charactdans [2].
MIMO systems with HARQ. Before the first iteration, the in10Wever, such approaches do not only require the heavy com-

puta-priori LLRs to the MMSE equalizer for the coded bits ifPutational burden, but they also need to be performed neawly f
the tth subpacketTp ., are all initialized to zero. Lei(t, d) de- every channel variation and iteration, which is not sugafolr

note the HARQ round of the subpacket in which the coded bRgactlcal syst(_ams._ . o

are estimated by the MMSE equalizer at tfth iteration dur- Th_erefore, in this sgbggchon, we propose a criterion teat d
ing the reception process for thh HARQ round of a packet. termmeSO(t_, d) at a S|gn|f|cantl_y IO.W complexity for the pro-
Then, at the beginning of théh iteration, the MMSE equalizer posed multi-stage turbo equalization scheme. The goaleof th

is executed to obtain the extrinsic LLRs for the coded bithen CTiterion is to update as mary, for 1 < " < ¢ as possible
o(t, d)th subpacket as by using the entire information obtained up to ttle HARQ

round. For example, consider the case whes 2 and the
iterative reception process is not started yet. Then, letioe

first iteration, the numbers of updates fer, andl. » during

the reception process at the second HARQ round are equal to 0,
and the numbers of updates ﬁg_n andLyz during the recep-

tion process at the first HARQ round are respectivgly, and
combining procedures for obtainirfgp’{l,,,,’t} froml, , for1 < ¢/ < ¢ can 0. Although the numbers of updates~for bmh andle’2 atthe

be different according to the puncturing rule and the mdébnaype. second HARQ round are equal to zekg, was already updated

Fig. 3. The reception process of the proposed multi-stag®taqualization
scheme for theth HARQ round of a packet.

L.o(.0) = MMSE (Fo(t,d)v ﬁo(t,d)jp,o(t,d))- (6)
Then, the calculateﬂ7o(t7d) is combined Witﬁe,t/ forl <t <

2The detailed procedures for obtainiﬁlgt from ie,{l,m,t} as well as the
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Table 1. The calculation processdf, d). Table 2. Numbers of updates fby; by the MMSE equalizer whe® = 3.
gtep O; zetc =1. - Conventiona] Proposed
tep 1 enerate a s}, = {t*|t* = argminj<y <, S T T

f(t/,tc,df 1)} ~le,1 <*~1p71 <*~Le,{1} (til) Amax max
Step 2) |f|TtC| =1, SetO(f, d) = ﬁ*(e th) and Stop the le,l %lp,l <¥L€7{1a2} (t:2) 0 Ldmax/2J

process. Otherwise, IfT; | > 1, sett. :=t. — 1 EY Y = _ d d 9

and go to Step 3). ~le’2 ilp’Q %NLQ’{LQ} (1=2) — [t /21
Step3) Generate a &, = {t*|t* = argminger, ,, Lo 1p 14 Lo (123) (t=3) 0 [ dmax /3]

f(t/ytc;dmax)}- T %T %i t=3 0 d 3
Step4) If|T;, | = 1, seto(t,d) = t*(€ T, ) and stop the| |2~ P27 {128} (1=3) [Gonae/ 3]

process. Otherwise, IT;_| > 1, sett. :=t, — 1 le 3 1p 34 Lo (123 (t=3) dinax [dmax/3]

and go back to Step 3).

dates are performed. Meanwhile, in the proposed multiestag
at the first HARQ round. Therefore(2, 1) should be set to 2 turbo equalization scheme, eve?eyt, for1 < ¢ < tis up-

to updateieg at the first iteration. Consequently, after the firsjated fromTp,t which was obtained frorﬁ,ey{l_,__yt}. Although

iteration, the numbers of updates fior, andl.» at the second the number of updates fdg ; by the MMSE equalizer in the
HARQ round are now 0 and 1, respectively. Further, shige proposed multi-stage turbo equalization scheme is snthkber
experienced more updates tﬁ@ﬂ at the second HARQ round, that in the conventional turbo equalization scheme, thpsed
0(2,2) should be set to 1 to update; at the second iteration, multi-stage turbo equalization scheme can update dvgryor
and so on. 1 < ¢/ < t using the entire information obtained up to ttile
Thereforep(t, d) can be calculated by the sequential compaARQ round if diax > t. Therefore, the proposed multi-stage
ing procedures of the numbers of updatesﬁgr 1<t<t turbo equallzatlt_)n _scheme can exploit more |nformat|c_)m_nfro
by the MMSE equalizer during the reception process at eddftRQ retransmissions than the conventional turbo equidiza
HARQ round, as described in Table A(t, t., d) in Table 1 in- scheme ag,,..x increases.
dicates the number of updates i@_rri/ by the MMSE equalizer
until the dth iteration at the..th HARQ round. At Step 1), the
numbers of updates fdr » (1 < ¢’ < t) by the MMSE equal-
izer until the(d — 1)th iteration at theth HARQ round are cal-  In this section, the performances of the BLC based turbo
culated, and the HARQ rounds of the received subpackets wafiualization schemes are numerically compared. In additio
the minimum number of updates are selected. If there are méfdhe conventional BLC based turbo equalization scheme and
than one HARQ rounds satisfying the above condition, amoffég Proposed multi-stage turbo equalization scheme, tie pe
the selected HARQ rounds from Step 1), the numbers of updai@gnance of the experimentally scheduled turbo equabmati
foﬁe,t, (t' € T,) atthe previougt — 1)th HARQ round are cal- scheme is qlso evaluated as a control group. I_n each iteratio
culated, and the HARQ rounds of the received subpackets wihthe experimentally scheduled turbo equalization schehee
the minimum number of updates are selected. This procesS{opacket ordeo(t, d) is decided tot*(1 < ¢* < ¢) if the
repeated until only one HARQ round is remained and selectgmber of bits errors after the FEC decoding procedureseat th
aso(t,d). Thereforep(t,d) can be pre-determined before thelth iteration is minimized when t_he*th subpgcket_ls utilized
iterative reception process at ttth HARQ round® as the input for the MMSE equalizer at thth iteration. T_hat_
The conventional turbo equalization scheme can be condf-©(%: d) in the experimentally scheduled turbo equalization
ered as the special case of the proposed multi-stage tudatreqS/Ch,eme car) be decided 4after the numerical simulations ffor al
ization scheme witho(#, d) = ¢ regardless of andd. By up- ¢ Withl<t'<tateachi® .
dating moreTe,t/ for 1 < ' < ¢ with new information pro- _A rate-1/2 low-density pa_rlty-chgck (LDPC) code in [17]
vided by retransmissions, the proposed multi-stage tugiale With D = 576 andC’ =1,152 is considered as the mother code.
ization scheme can achieve a better performance than the Oh = 4’_N° - 2, and quadrature phase s_h'ft keY'”g (QP_SK)
ventional turbo equalization scheme for MIMO systems witfiodulation with@ = 2 is used. IR-HARQ is considered with
HARQ. Table 2 shows the numbers of updatesﬁgr by the T = 3. A punctured codeword by the rate-compatible punctur-

MMSE equalizer in the conventional and proposed turbo equl’é]eg 33?;?\,?&[1?] gggﬁ d:t:aGnSS';];:ggugztf:eaijge;gg ??(I)r
ization schemes whef = 3, where|-|, [-], and[ - | in Table 2 9 n P

. : . each HARQ round. A symbol interleaver is applied to the sym-
denote the floor, ceiling, and nearest integer functiorspee- . . o
. : . ) bol sequence, where the interleaving pattern is fixed over on
tively. Sinceo(t, d) = t regardless of andd in the conventional : :
bo equalization scheme, each: for 1 < ¢ < ¢ is updated subpacket and varies from the previous subpacket to the next
trbo eq . o L =7 = P subpacket [12]. A time-varying frequency-flat Rayleighifeg
from1, » which was obtained frorh y; ... 1 and no other up-

V. SIMULATION RESULTS

4Furthermore, the experimentally scheduled turbo equadizascheme re-

3 Although the calculation 0b(t, d) proposed in this paper can be done by ajuires the perfect knowledge about the transmitted bitheteceiver before

much simpler procedure, e.@(t, d) = t —[(d — 1) /¢] with the nearest integer the end of the iterative reception process, which is impbesgor practical sys-
function[-] for anyt andd, we described the calculation oft, d) as in Table 1. tems.
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=
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Fig. 4. Average PERs of the BLC based turbo equalizationraeBewhen Fig. 6. Estimated average SNRs to achieve a PER 0f0—2 for the BLC
dmax = 8 andt = 2. based turbo equalization schemes according,te. when f;Ts = 1072,

formance improvement is more significant when= 2 than
whent = 3. Meanwhile, the experimentally scheduled turbo
equalization scheme achieves the lowest average PERglregar
less oft and f;T, and the proposed multi-stage turbo equal-
ization scheme shows the slightly worse average PERSs tlean th
experimentally scheduled turbo equalization scheme iitpe
SNR region. However, the performance gap between the pro-
posed multi-stage turbo equalization scheme and the erpari
tally scheduled turbo equalization scheme is negligiblm-co
pared to that between the proposed multi-stage turbo eguali
tion scheme and the conventional turbo equalization scheme
In Fig. 6, the estimated average SNRs to achieve a PER of
0 1 2 2-10~2 for the turbo equalization schemes accordingtg, are
derived whery,;T; = 10~2. This figure shows that the proposed
Fig. 5. Average PERs of the BLC based turbo equalization reebewhen Multi-stage turbo equalization scheme outperforms theeaon
dmax = 8 andt = 3. tional turbo equalization scheme regardlessafdd .. Sim-
ilar to the results in Figs. 4 and 5, the SNR gains of the pregos
multi-stage turbo equalization scheme over the conveation
channel with a normalized Doppler frequeng)yT; is consid- turbo equalization scheme are more significant whea 2
ered with the perfect channel estimation at the receivee Tthan whent = 3. In addition, it is shown that the SNR gains
standard belief propagation decoding algorithm [19] isduse of the experimentally scheduled turbo equalization schevee
the FEC decoder, and the number of total FEC decoding itethe proposed multi-stage turbo equalization scheme arigasim
tions is fixed to 120 regardless @f, .. for all di,ax. In other words, regardless of the number of turbo
The average packet error rates (PERs) of the turbo equaliterations, the proposed multi-stage turbo equalizatreme
tion schemes at theh HARQ round whenl,,.. = 8 are com- that updates as mardy, for 1 < ¢’ < ¢ as possible provides
pared in Figs. 4 and 5 far = 2 andt¢ = 3, respectively. It is comparable error performances to the experimentally sdbdd
shown from Figs. 4 and 5 that the proposed multi-stage turbhobo equalization scheme. Furthermore, for the subpamket
equalization scheme outperforms the conventional turlualeq der calculation, the proposed multi-stage turbo equatinate-
ization scheme regardlessoénd f;7. In addition, the SNR quires a simple calculation procedure with a significanthy |
gains of the proposed turbo equalization scheme over the coomplexity, while the experimentally scheduled turbo digaa
ventional turbo equalization scheme are more significargrwhtion scheme requires the equalization procedures foregived
faTs = 1073 than whenf;Ts = 10~. In particular, when subpackets at each iteration.
t = 2, the SNR gains at a PER af- 102 are about 0.85 dB  Fig. 7 compares the average numbers of retransmissions per
and 0.95 dB forf,7, = 10! and10~?, respectively. These packet for the turbo equalization schemes wiighi, = 102
gains are significantly increased when= 2, which are about andd,,., = 4. As shown in Fig. 7, the conventional turbo equal-
2.65 dB and 4.8 dB foify T, = 10—j and10~3, respectively. ization scheme requires more numbers of retransmissions pe
Since the number of the updates for; (1 < ¢ < t) by the packet than the proposed multi-stage turbo equalizatiberse
MMSE equalizer with a gived,,,,, increases asdecreases in and the experimentally scheduled turbo equalization seHam
the proposed multi-stage turbo equalization scheme, the pe entire SNR region. Specifically, when the average SNR is 4

Average PER
S
T

—m— Conventional, /(/Y:\_ZIO !
—@— Proposed, fL/Tl\:107l
—&— Experimental, JT=10 !
—— Conventional, »del\*lof3
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Average SNR [dB]
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VI. CONCLUSION

In this paper, the multi-stage turbo equalization scheme is
proposed for MIMO systems with HARQ. Since the proposed
multi-stage turbo equalization scheme is built on the cphoé
the BLC, the proposed multi-stage turbo equalization seéhem
is applicable to both CC-HARQ and IR-HARQ. Further, the
proposed multi-stage turbo equalization scheme has the ide

Average # of retransmissions per packet

2 3 4
Average SNR [dB]

Fig. 7. Average numbers of retransmissions per packet éBtC based turbo
equalization schemes wheaTs = 10~2 anddmax = 4.

(1]
500 ‘ : [2]
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2 350
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2 300F ~
£ 250
S (5]
2200
< 150 [6]
=
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Q% 50 [7]
0 L L L L ||
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Fig. 8. Average numbers of successfully received data keitggtransmission
for the BLC based turbo equalization schemes wiighi, = 10-2 and [9]
dmax =4.
[10]
[11]

dB, the conventional turbo equalization scheme requiresrat

tical computational complexity to the conventional BLC b&as
turbo equalization scheme. Therefore, the proposed rstaltje
turbo equalization scheme can be considered as an effsative
optimal receiver for MIMO systems with HARQ. From the sim-
ulation results, it is verified that the proposed multi-stagrbo
equalization scheme outperforms the conventional BLC dase
turbo equalization scheme in terms of error performance.
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