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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 BLC based turbo equalization scheme for MIMO systems
with HARQ.

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

I. INTRODUCTION

TURBO equalization schemes based on the minimum mean-
square-error (MMSE) criterion are known as the sub-

optimal detection schemes for multiple-input multiple-output
(MIMO) systems and their error performances are compara-
ble to the optimal detection schemes with a reduced computa-
tional complexity [1]–[7]. When hybrid automatic repeat request
(HARQ) is employed in MIMO systems for packet transmis-
sions and retransmissions, the combining of previously received
signals and retransmitted signals can provide the additional di-
versity or coding gain [3]–[17]. Therefore, turbo equalization
schemes should be modified to consider the combining process
for retransmissions in MIMO systems with HARQ.

The combining process for HARQ retransmissions is mainly
classified into the symbol-level combining (SLC) and the bit-
level combining (BLC) [3]–[13]. In general, SLC based de-
tection schemes outperform BLC based detection schemes for
MIMO systems with HARQ. However, SLC based detection
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schemes do not only require a significantly larger computational
complexity than BLC based detection schemes, but they are also
applicable only in the cases where there is at least one repeatedly
transmitted symbol by retransmissions, e.g., Chase combining
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 redundancy
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 schemes
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 the compu-
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 ratios (LLRs)
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 pro-
posed turbo equalization scheme, the subpacket estimated by
the MMSE equalizer is sequentially replaced at each iteration
according to the HARQ rounds of received subpackets. There-
fore, the extrinsic LLRs for the transmitted bits received at the
previous HARQ rounds as well as the current HARQ round are
updated at every retransmission in the proposed turbo equal-
ization scheme. Consequently, the proposed turbo equaliza-
tion scheme can exploit more information from HARQ retrans-
missions than the conventional BLC based turbo equalization
scheme for MIMO systems with HARQ. Since multiple turbo
iteration stages are executed for different subpackets received at
several HARQ rounds, the proposed turbo equalization scheme
is considered as the multi-stage turbo equalization scheme.

This paper is organized as follows. Section II presents the
MIMO system model with HARQ. Section III describes the
conventional BLC based turbo equalization scheme, and Sec-
tion IV explains the proposed multi-stage turbo equalization
scheme and compares the proposed turbo equalization scheme
to the conventional one. Section V shows simulation results, and
Section VI makes conclusions.

II. SYSTEM MODEL

Consider a spatially multiplexed MIMO system withNi

transmit andNo receive antennas. The subpacket generation
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Fig. 1. The subpacket generation process at the transmitter.

process at the transmitter is illustrated in Fig. 1. For a given
packet, a data bit sequence of lengthD is encoded using the
FEC encoder to produce a coded bit sequence of lengthC. For
the coded bit sequence, a puncturing algorithm according tothe
employed HARQ retransmission strategy is performed to select
P bits that will be included in the subpacket for thetth HARQ
round of the packet (denoted as thetth subpacket in the sequel)
from t = 1 to t = T , whereT is the maximum HARQ round
allowed by the system. If the packet is not successfully decoded
whent < T , then the(t+1)th subpacket for the packet is trans-
mitted during the next transmission interval. If the packetis suc-
cessfully decoded ort reachesT , then the packet is terminated
and the first subpacket for a new packet containing a new data
bit sequence is transmitted during the next transmission interval.

Let {xt,1, · · · ,xt,K} denote a set of the coded bits selected
from the puncturing stage that will be included in thetth sub-
packet, wherext,k = {xt,k,1, · · · ,xt,k,Ni

} for 1 ≤ k ≤ K.
Eachxt,k,n for 1 ≤ n ≤ Ni consists ofQ coded bits, thereby
KNiQ = P . Eachxt,k for 1 ≤ k ≤ K is modulated as
theNi × 1 transmit symbol vectorst,k = [st,k,1, · · · , st,k,Ni

]T ,
where eachst,k,n for 1 ≤ n ≤ Ni is modulated fromxt,k,n us-
ing the2Q-ary constellation setS that satisfies

∑
s∈S s = 0 and∑

s∈S |s|
2/2Q = 1. Then,{st,1, · · · , st,K} is the symbol se-

quence for thetth subpacket, and the input-output relationship
of the system forst,k from k = 1 to k = K can be written as

rt,k = Ht,kst,k + nt,k, (1)

wherert,k is theNo × 1 receive signal vector andHt,k is the
No × Ni channel matrix forst,k. Further,nt,k is theNo × 1
noise vector whose elements are i.i.d. complex Gaussian ran-
dom variables with zero mean and varianceσ2. Therefore, the
signal-to-noise ratio (SNR) is defined as1/σ2.

To describe the reception procedures of the turbo equalization
schemes, the MMSE equalizer and the FEC decoder of the turbo
equalization schemes are separately modeled. Since the inner
operations of the MMSE equalizer and the FEC decoder in the
conventional turbo equalization scheme will not be modified, the
detailed descriptions on the inner operations of both modules
are omitted in this paper.1 The MMSE equalizer and the FEC
decoder can be respectively modeled using their input-output
relationships as

1For the detailed descriptions on the inner operations of themodules in the
conventional turbo equalization scheme, please refer [1]–[7].
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Fig. 2. The reception process of the conventional BLC based turbo equalization
scheme for thetth HARQ round of a packet.

l̃e,t = MMSE
(
r̃t, H̃t, l̃p,t

)
(2)

and

L̃e,{1,···,t} = DEC
(
L̃p,{1,···,t}

)
. (3)

In (2), r̃t andH̃t are the sets of the receive signal vectors and
the channel matrices for thetth subpacket, respectively,l̃p,t is
the set of the inputa-priori LLRs to the MMSE equalizer for
the coded bits in thetth subpacket,{xt,1, · · · ,xt,K}, and̃le,t is
the set of the output extrinsic LLRs from the MMSE equalizer
for {xt,1, · · · ,xt,K}. In (3), L̃p,{1,···,t} is the set of the inputa-
priori LLRs to the FEC decoder for the entire coded bits trans-
mitted up to thetth HARQ round, which is a combination of
all l̃e,t′ for 1 ≤ t′ ≤ t, andL̃e,{1,···,t} is the set of the output
extrinsic LLRs from the FEC decoder for the entire coded bits
transmitted up to thetth HARQ round.

III. CONVENTIONAL BIT-LEVEL COMBINING BASED
TURBO EQUALIZATION SCHEME

The reception process of the conventional BLC based turbo
equalization scheme for MIMO systems with HARQ [5], [6] is
illustrated in Fig. 2. Before the first iteration, the inputa-priori
LLRs to the MMSE equalizer for coded bits in thetth subpacket,
l̃p,t, are all initialized to zero. Then, at the beginning of thedth
iteration to detect the packet at itstth HARQ round, the MMSE
equalizer is executed to obtain the extrinsic LLRs for codedbits
in thetth subpacket as

l̃e,t = MMSE
(
r̃t, H̃t, l̃p,t

)
. (4)

Then, the calculated̃le,t is combined with̃le,t′ for 1 ≤ t′ ≤

t − 1 to obtain L̃p,{1,···,t}, and the FEC decoder is executed

usingL̃p,{1,···,t} as

L̃e,{1,···,t} = DEC
(
L̃p,{1,···,t}

)
. (5)

Then, L̃e,{1,···,t} from the dth iteration is used to obtaiñlp,t
which is the inputa-priori LLRs to the MMSE equalizer at the
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Fig. 3. The reception process of the proposed multi-stage turbo equalization
scheme for thetth HARQ round of a packet.

next(d+ 1)th iteration.2 This process is repeated until an itera-
tion stopping criterion is satisfied, e.g.,d reaches the maximum
allowed number of turbo iterations,dmax.

IV. PROPOSED MULTI-STAGE TURBO EQUALIZATION
SCHEME

As described in Section III, in the conventional turbo equal-
ization scheme for thetth HARQ round of a packet, the MMSE
equalizer calculates̃le,t regardless ofd. Sincẽle,t is obtained
from l̃p,t which was obtained from the combined LLRs up to the
tth HARQ round,L̃e,{1,···,t}, l̃e,t is calculated by using the en-
tire information obtained up to thetth HARQ round. However,
each̃le,t′ for 1 ≤ t′ ≤ t−1 estimated at the previoust′th HARQ
round is not updated at thetth HARQ round. That is, each̃le,t′
for 1 ≤ t′ ≤ t − 1 is estimated by using the information ob-
tained up to thet′th HARQ round, and the information obtained
from the(t′ + 1)th HARQ round to thetth HARQ round is not
utilized for the estimation of̃le,t′ .

To update as manỹle,t′ for 1 ≤ t′ ≤ t as possible at every
retransmission, we propose the multi-stage turbo equalization
scheme based on the BLC. Fig. 3 illustrates the reception pro-
cess of the proposed multi-stage turbo equalization schemefor
MIMO systems with HARQ. Before the first iteration, the in-
put a-priori LLRs to the MMSE equalizer for the coded bits in
thetth subpacket,̃lp,t, are all initialized to zero. Leto(t, d) de-
note the HARQ round of the subpacket in which the coded bits
are estimated by the MMSE equalizer at thedth iteration dur-
ing the reception process for thetth HARQ round of a packet.
Then, at the beginning of thedth iteration, the MMSE equalizer
is executed to obtain the extrinsic LLRs for the coded bits inthe
o(t, d)th subpacket as

l̃e,o(t,d) = MMSE
(
r̃o(t,d), H̃o(t,d), l̃p,o(t,d)

)
. (6)

Then, the calculated̃le,o(t,d) is combined with̃le,t′ for 1 ≤ t′ ≤

2The detailed procedures for obtainingl̃p,t from L̃e,{1,···,t} as well as the

combining procedures for obtaining̃Lp,{1,···,t} from l̃e,t′ for 1 ≤ t′ ≤ t can
be different according to the puncturing rule and the modulation type.

t andt′ 6= o(t, d) to obtainL̃p,{1,···,t}, and the FEC decoder is

executed using̃Lp,{1,···,t} as

L̃e,{1,···,t} = DEC
(
L̃p,{1,···,t}

)
. (7)

Then, L̃e,{1,···,t} from the dth iteration is used to obtain

l̃p,o(t,d+1) which is the inputa-priori LLRs to the MMSE equal-
izer at the next(d + 1)th iteration. Therefore, we can obtain a
more accuratẽle,o(t,d+1). This process is repeated until an iter-
ation stopping criterion is satisfied, e.g.,d reachesdmax.

Since there are no modifications on both the MMSE equalizer
and the FEC decoder, the proposed multi-stage turbo equaliza-
tion scheme has the identical computational complexity to the
conventional turbo equalization scheme for a givendmax. In ad-
dition, the proposed multi-stage turbo equalization scheme is
applicable to both CC-HARQ and IR-HARQ since it is built on
the concept of the BLC [3]–[13]. The only additional cost by the
proposed multi-stage turbo equalization scheme is the increased
receiver buffer size to storẽrt′ andH̃t′ for 1 ≤ t′ ≤ t − 1, as
shown in Figs. 2 and 3.

The proposed multi-stage turbo equalization scheme can be
distinguished from the BLC based turbo equalization schemes in
[3], [7] that execute the equalization procedures for all received
subpackets before the combining process, which provides anim-
proved performance at the expense of a high complexity. In ad-
dition, the proposed multi-stage turbo equalization scheme is
also different from the approaches in [14]–[16] that reuse the
extrinsic information generated from the decoding procedures
of previous HARQ rounds, e.g., reusingl̃p,t′ with t′ < t at the
initialization.

A. Subpacket Order Calculation

As shown in Section III, the performance of the proposed
multi-stage turbo equalization scheme is greatly affectedby the
order of the subpackets estimated by the MMSE equalizer in
each iteration,o(t, d). In order to achieve fine error perfor-
mances, the order can be calculated by tracking the error per-
formance of the coded bits or convergence behavior of each
subpacket during the iterative reception process, e.g., analyz-
ing the extrinsic information transfer (EXIT) characteristics [2].
However, such approaches do not only require the heavy com-
putational burden, but they also need to be performed newly for
every channel variation and iteration, which is not suitable for
practical systems.

Therefore, in this subsection, we propose a criterion that de-
termineso(t, d) at a significantly low complexity for the pro-
posed multi-stage turbo equalization scheme. The goal of the
criterion is to update as manỹle,t′ for 1 ≤ t′ ≤ t as possible
by using the entire information obtained up to thetth HARQ
round. For example, consider the case whent = 2 and the
iterative reception process is not started yet. Then, before the
first iteration, the numbers of updates forl̃e,1 and l̃e,2 during
the reception process at the second HARQ round are equal to 0,
and the numbers of updates forl̃e,1 and l̃e,2 during the recep-
tion process at the first HARQ round are respectivelydmax and
0. Although the numbers of updates for bothl̃e,1 andl̃e,2 at the
second HARQ round are equal to zero,l̃e,1 was already updated
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Table 1. The calculation process ofo(t, d).

Step 0) Settc := t.
Step 1) Generate a setTtc = {t

∗|t∗ = argmin1≤t′≤tc

f(t′, tc, d− 1)}.
Step 2) If|Ttc | = 1, seto(t, d) = t∗(∈ Ttc) and stop the

process. Otherwise, if|Ttc | > 1, settc := tc − 1
and go to Step 3).

Step 3) Generate a setTtc = {t
∗|t∗ = argmint′∈Ttc+1

f(t′, tc, dmax)}.
Step 4) If|Ttc | = 1, seto(t, d) = t∗(∈ Ttc) and stop the

process. Otherwise, if|Ttc | > 1, settc := tc − 1
and go back to Step 3).

at the first HARQ round. Therefore,o(2, 1) should be set to 2
to updatẽle,2 at the first iteration. Consequently, after the first
iteration, the numbers of updates forl̃e,1 and l̃e,2 at the second
HARQ round are now 0 and 1, respectively. Further, sincel̃e,2

experienced more updates thanl̃e,1 at the second HARQ round,
o(2, 2) should be set to 1 to updatel̃e,1 at the second iteration,
and so on.

Therefore,o(t, d) can be calculated by the sequential compar-
ing procedures of the numbers of updates forl̃e,t′ (1 ≤ t′ ≤ t)
by the MMSE equalizer during the reception process at each
HARQ round, as described in Table 1.f(t′, tc, d) in Table 1 in-
dicates the number of updates forl̃e,t′ by the MMSE equalizer
until thedth iteration at thetcth HARQ round. At Step 1), the
numbers of updates for̃le,t′ (1 ≤ t′ ≤ t) by the MMSE equal-
izer until the(d − 1)th iteration at thetth HARQ round are cal-
culated, and the HARQ rounds of the received subpackets with
the minimum number of updates are selected. If there are more
than one HARQ rounds satisfying the above condition, among
the selected HARQ rounds from Step 1), the numbers of updates
for l̃e,t′ (t′ ∈ Tt) at the previous(t− 1)th HARQ round are cal-
culated, and the HARQ rounds of the received subpackets with
the minimum number of updates are selected. This process is
repeated until only one HARQ round is remained and selected
aso(t, d). Therefore,o(t, d) can be pre-determined before the
iterative reception process at thetth HARQ round.3

The conventional turbo equalization scheme can be consid-
ered as the special case of the proposed multi-stage turbo equal-
ization scheme witho(t, d) = t regardless oft andd. By up-
dating morẽle,t′ for 1 ≤ t′ ≤ t with new information pro-
vided by retransmissions, the proposed multi-stage turbo equal-
ization scheme can achieve a better performance than the con-
ventional turbo equalization scheme for MIMO systems with
HARQ. Table 2 shows the numbers of updates forl̃e,t by the
MMSE equalizer in the conventional and proposed turbo equal-
ization schemes whenT = 3, where⌊·⌋, ⌈·⌉, and[ · ] in Table 2
denote the floor, ceiling, and nearest integer functions, respec-
tively. Sinceo(t, d) = t regardless oft andd in the conventional
turbo equalization scheme, eachl̃e,t′ for 1 ≤ t′ ≤ t is updated
from l̃p,t′ which was obtained from̃Le,{1,···,t′} and no other up-

3Although the calculation ofo(t, d) proposed in this paper can be done by a
much simpler procedure, e.g.,o(t, d) = t− [(d−1)/t] with the nearest integer
function[ · ] for anyt andd, we described the calculation ofo(t, d) as in Table 1.

Table 2. Numbers of updates forl̃e,t by the MMSE equalizer whenT = 3.

Conventional Proposed

l̃e,1← l̃p,1← L̃e,{1} (t=1) dmax dmax

l̃e,1← l̃p,1← L̃e,{1,2} (t=2) 0 ⌊dmax/2⌋

l̃e,2← l̃p,2← L̃e,{1,2} (t=2) dmax ⌈dmax/2⌉

l̃e,1← l̃p,1← L̃e,{1,2,3} (t=3) 0 ⌊dmax/3⌋

l̃e,2← l̃p,2← L̃e,{1,2,3} (t=3) 0 [dmax/3]

l̃e,3← l̃p,3← L̃e,{1,2,3} (t=3) dmax ⌈dmax/3⌉

dates are performed. Meanwhile, in the proposed multi-stage
turbo equalization scheme, everyl̃e,t′ for 1 ≤ t′ ≤ t is up-
dated from̃lp,t which was obtained from̃Le,{1,···,t}. Although

the number of updates for̃le,t by the MMSE equalizer in the
proposed multi-stage turbo equalization scheme is smallerthan
that in the conventional turbo equalization scheme, the proposed
multi-stage turbo equalization scheme can update everyl̃e,t′ for
1 ≤ t′ ≤ t using the entire information obtained up to thetth
HARQ round ifdmax ≥ t. Therefore, the proposed multi-stage
turbo equalization scheme can exploit more information from
HARQ retransmissions than the conventional turbo equalization
scheme asdmax increases.

V. SIMULATION RESULTS

In this section, the performances of the BLC based turbo
equalization schemes are numerically compared. In addition
to the conventional BLC based turbo equalization scheme and
the proposed multi-stage turbo equalization scheme, the per-
formance of the experimentally scheduled turbo equalization
scheme is also evaluated as a control group. In each iteration
of the experimentally scheduled turbo equalization scheme, the
subpacket ordero(t, d) is decided tot∗(1 ≤ t∗ ≤ t) if the
number of bits errors after the FEC decoding procedures at the
dth iteration is minimized when thet∗th subpacket is utilized
as the input for the MMSE equalizer at thedth iteration. That
is, o(t, d) in the experimentally scheduled turbo equalization
scheme can be decided after the numerical simulations for all
t′ with 1 ≤ t′ ≤ t at eachd.4

A rate-1/2 low-density parity-check (LDPC) code in [17]
with D = 576 andC =1,152 is considered as the mother code.
Ni = 4, No = 2, and quadrature phase shift keying (QPSK)
modulation withQ = 2 is used. IR-HARQ is considered with
T = 3. A punctured codeword by the rate-compatible punctur-
ing algorithm in [18] withP = 768 is modulated as the symbol
sequence withK = 96 and transmitted as the subpacket for
each HARQ round. A symbol interleaver is applied to the sym-
bol sequence, where the interleaving pattern is fixed over one
subpacket and varies from the previous subpacket to the next
subpacket [12]. A time-varying frequency-flat Rayleigh fading

4Furthermore, the experimentally scheduled turbo equalization scheme re-
quires the perfect knowledge about the transmitted bits at the receiver before
the end of the iterative reception process, which is impossible for practical sys-
tems.
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channel with a normalized Doppler frequencyfdTs is consid-
ered with the perfect channel estimation at the receiver. The
standard belief propagation decoding algorithm [19] is used for
the FEC decoder, and the number of total FEC decoding itera-
tions is fixed to 120 regardless ofdmax.

The average packet error rates (PERs) of the turbo equaliza-
tion schemes at thetth HARQ round whendmax = 8 are com-
pared in Figs. 4 and 5 fort = 2 andt = 3, respectively. It is
shown from Figs. 4 and 5 that the proposed multi-stage turbo
equalization scheme outperforms the conventional turbo equal-
ization scheme regardless oft andfdTs. In addition, the SNR
gains of the proposed turbo equalization scheme over the con-
ventional turbo equalization scheme are more significant when
fdTs = 10−3 than whenfdTs = 10−1. In particular, when
t = 2, the SNR gains at a PER of2 · 10−2 are about 0.85 dB
and 0.95 dB forfdTs = 10−1 and10−3, respectively. These
gains are significantly increased whent = 2, which are about
2.65 dB and 4.8 dB forfdTs = 10−1 and10−3, respectively.
Since the number of the updates forl̃e,t′ (1 ≤ t′ < t) by the
MMSE equalizer with a givendmax increases ast decreases in
the proposed multi-stage turbo equalization scheme, the per-
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formance improvement is more significant whent = 2 than
when t = 3. Meanwhile, the experimentally scheduled turbo
equalization scheme achieves the lowest average PERs regard-
less oft andfdTs, and the proposed multi-stage turbo equal-
ization scheme shows the slightly worse average PERs than the
experimentally scheduled turbo equalization scheme in thehigh
SNR region. However, the performance gap between the pro-
posed multi-stage turbo equalization scheme and the experimen-
tally scheduled turbo equalization scheme is negligible com-
pared to that between the proposed multi-stage turbo equaliza-
tion scheme and the conventional turbo equalization scheme.

In Fig. 6, the estimated average SNRs to achieve a PER of
2·10−2 for the turbo equalization schemes according todmax are
derived whenfdTs = 10−2. This figure shows that the proposed
multi-stage turbo equalization scheme outperforms the conven-
tional turbo equalization scheme regardless oft anddmax. Sim-
ilar to the results in Figs. 4 and 5, the SNR gains of the proposed
multi-stage turbo equalization scheme over the conventional
turbo equalization scheme are more significant whent = 2
than whent = 3. In addition, it is shown that the SNR gains
of the experimentally scheduled turbo equalization schemeover
the proposed multi-stage turbo equalization scheme are similar
for all dmax. In other words, regardless of the number of turbo
iterations, the proposed multi-stage turbo equalization scheme
that updates as manỹle,t′ for 1 ≤ t′ ≤ t as possible provides
comparable error performances to the experimentally scheduled
turbo equalization scheme. Furthermore, for the subpacketor-
der calculation, the proposed multi-stage turbo equalization re-
quires a simple calculation procedure with a significantly low
complexity, while the experimentally scheduled turbo equaliza-
tion scheme requires the equalization procedures for all received
subpackets at each iteration.

Fig. 7 compares the average numbers of retransmissions per
packet for the turbo equalization schemes whenfdTs = 10−2

anddmax = 4. As shown in Fig. 7, the conventional turbo equal-
ization scheme requires more numbers of retransmissions per
packet than the proposed multi-stage turbo equalization scheme
and the experimentally scheduled turbo equalization scheme in
the entire SNR region. Specifically, when the average SNR is 4
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Fig. 7. Average numbers of retransmissions per packet for the BLC based turbo
equalization schemes whenfdTs = 10−2 anddmax = 4.
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Fig. 8. Average numbers of successfully received data bits per retransmission
for the BLC based turbo equalization schemes whenfdTs = 10−2 and
dmax = 4.

dB, the conventional turbo equalization scheme requires around
1.22 and 1.25 times greater numbers of retransmissions than
the proposed multi-stage turbo equalization scheme and theex-
perimentally scheduled turbo equalization scheme, respectively.
Meanwhile, the numbers of retransmissions for the proposed
multi-stage turbo equalization are nearly identical to those for
the experimentally scheduled turbo equalization scheme regard-
less of the average SNR.

Finally, in Fig. 8, the average numbers of successfully re-
ceived data bits per retransmission are compared for the turbo
equalization schemes whenfdTs = 10−2 anddmax = 4. Sim-
ilar to the previous simulation results, the proposed multi-stage
turbo equalization scheme outperforms the conventional turbo
equalization scheme and achieves similar performances to the
experimentally scheduled turbo equalization scheme regardless
of the average SNR.

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 concept of
the BLC, the proposed multi-stage turbo equalization scheme
is applicable to both CC-HARQ and IR-HARQ. Further, the
proposed multi-stage turbo equalization scheme has the iden-
tical computational complexity to the conventional BLC based
turbo equalization scheme. Therefore, the proposed multi-stage
turbo equalization scheme can be considered as an effectivesub-
optimal receiver for MIMO systems with HARQ. From the sim-
ulation results, it is verified that the proposed multi-stage turbo
equalization scheme outperforms the conventional BLC based
turbo equalization scheme in terms of error performance.
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