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Abstract: The quasi-complementary turbo codes (QCTC)
proposed by Kim [1] is used for a fast hybrid ARQ scheme
with incremental redundancy and adaptive modulation coding
in the cdma2000 1xEV-DV [2]. The QCTC provides various
code rates with good performance, a very simple encoder
structure, and an inherent channel interleaving. It is shown
that the QCTC is a unified scheme of channel coding and
channel interleaving. In this paper, we introduce the properties
of QCTC and various hybrid ARQ-QCTC schemes for the
system.

L. INTRODUCTION

The latest release of c¢dma2000 Ix standards,
referred to the Release C or 1XEV-DV (the 1x evolution
with data and voice), significantly increases the
efficiency of the air interface by introducing a new
packet channel with a peak data rate up to 3.09Mbps [2].
To support efficient mobile communications, adaptive
modulation and coding (AMC) and fast hybrid ARQ

schemes (automatic repeat request) have been considered.

The quasi-complementary turbo codes (QCTC) proposed
by Kim [1] has been used for both AMC and fast hybrid
ARQ with incremental redundancy (IR).

In the 1XxEV-DV, a fast hybrid ARQ scheme using -

asynchronous and adaptive incremental redundancy (A’IR)
has been investigated to maximize channel utilization. In
order to support A’IR, flexible turbo codes were required
with providing variable code rates and various redundancy
patterns, maintaining backward compatibility, and achieving
the maximal coding gain with soft combining. For lots of
combinations of code rates and modulations more than 600
cases in A’IR, conventional hybrid ARQ schemes using
optimal puncturing patterns such as the rate compatible
punctured turbo codes (RCPT) or the rate compatible
punctured convolutional codes (RCPC) can not be used due
to their complexity [3]-[6]. Furthermore, RCPC or RCPT is
used for a fixed code rate and fixed puncturing period. On
the other hand, the AYR has requested flexible
combinations of code words with different rates, code bit
composition, and puncturing periods. In addition, a channel
interleaving must be performed before a redundancy
selection to avoid storing all possible interleaving or
deinterleaving patterns according to packet sizes.

In general, convolutional codes have equal code bit
error sensitivity with a maximum likelihood decoding
such as Viterbi algorithm. So, the performance of
convolutional codes is good such that “self-decodable,”
only if a code rate is less than 1.0 [8], [9]. However, the
situation is different in turbo codes. Unlike convolutional
codes, turbo codes have unequal bit error sensitivity. The
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systematic puncturing provides better performance than
that of nonsystematic puncturing as code rate increase
[7]-{9]. Turbo codes are usually composed of two
constituent encoders linked by a turbo interleaver. Since
a maximum likelihood decoding is practically impossible
in turbo codes, an iterative decoding algorithm is
frequently used that works on the individual trellis of a
constituent code at each time [10]. This implies that
actual code rate of constituent code can be greater than
1.0 although the overall code rate of turbo code is
smaller than 1.0. For example, the decoding fails if the
actual code rate of constituent code is greater than 1.0
although the extrinsic information provides the reliable
information. We introduce a criterion for “self-decodable
turbo codes.” The QCTC is designed to avoid the
situation by the proposed encoder structure and the
puncturing-repetition method.

In section II, we present an overview of the QCTC
and its properties. In Section IlI, we provide several
transmission protocols for a type II and I hybrid ARQ-
QCTC schemes. Section IV contains numerical results
and an analysis of performance of QCTC in the
¢dma2000 1xEV-DV. Finally, in Section V, the
conclusions are given.

I1I. QUASI-COMPLEMENTARY TURBO CODES

In a conventional physical layer structure of
wireless communication systems, the fixed channel
interleavers and puncturing-repetition are used after a
channel encoding. However, that structure has a problem
regarding an AMC with incremental redundancy due to
lots of code rates and puncturing-repetition patterns.

2.1 Construction of a Family of QCTC

The encoder structure of quasi-complementary
turbo codes is given in Fig. 1. The encoder of QCTC
consists of two parts such as a conventional turbo
encoder with code rate R and a proposed permutation
block where systematic symbols X and parity symbols of
Yo, Yy, Y, Y’°; are separated into sub-blocks,
respectively [11]. Each sub-block has a sub-block
interleaving to randomize input symbols as well as to
maintain uniformity of puncturing in systematic symbols
and parity symbols independently. After that, the
permuted parity symbols are interlaced each other to
provide uniform puncturing and the balance of number
of punctured symbols. The QCTC symbol selection
block performs the formation of sub-code word every
transmission. The number of QCTC code symbols is
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same as in a turbo code with code rate of R. In the QCTC,
the separation of systematic symbols is used in order to
enhance performance of a high rate turbo code. The
QCTC is regarded as a two dimensional turbo code for
an adaptive incremental redundancy scheme such that
code rates and puncturing patterns are selected
simultaneously. The QCTC uses a flexible puncturing
period that is determined automatically by a code rate
and an initial position for the QCTC symbol selection. It
is different to the RCPC and the RCPT using a constant
puncturing period.

2.2. High Rate Turbo Codes and Iterative Decoding

In Fig. 2, a turbo code of code rate of 1/5 and the
corresponding SISO decoder are given. Let us assume
that the information block length is L bits. To make a
code with code rate of R,=4/5, we have to select 5L/4
among 5L code bits. Let us assume that a random
permutation is used in the symbol selection block in
order to uniformly distribute systematic symbols and
parity symbols. Then, the actual code rate R, of the first
constituent decoder in Fig. 2 is 4/3 because only 3L/4
input code symbols such as L/4 systematic symbols, L/4
Y, parity symbols, and L/4 Y, parity symbols contributes
the first decoder. The situation is same in the second
constituent decoder. Therefore it can not be expected for
an R-4/5 turbo code to have good performance. In high
rate turbo codes, the following criterion is strictly
required for good performance.

Criterion for self-decodable turbo codes

The turbo code is self-decodable if and only if a turbo
code has code rates of each constituent code less than
1.0. It is equal to that

0]

where k is an index for a constituent encoder and K is
the number of constituent encoders. N° and N mean
the number of systematic symbols and the number of
parity symbols of k'th constituent code in a puncturing
matrix A with a puncturing period P, respectively.

From (1), two necessary conditions are induced for
the symbol selection of turbo codes in a type II or II
hybrid ARQ scheme. First, it is better to select the
systematic symbols for a given code rate R;. Because of
the systematic symbols are counted in every constituent
code. Second, the criterion will be satisfied as much as
the puncturing period P increases through increase of
freedom of code symbol selection. According to the
criterion and analysis, it is shown that a turbo code is
likely to have decoding failure if a code rate R; is greater
than 3/5 under an uniform distribution of systematic and
parity symbols. The QCTC is designed to avoid the
situation and to mitigate the impact by adopting the
proposed encoder structure and the puncturing method.

*(NS+N)> P.

2.3. Soft Combining

A hybrid ARQ scheme with soft combining has the
inherent imbalance of symbol energy level due to symbol
combining according to a retransmission protocol. So,
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the imbalance of symbol energy levels should be
minimized as possible as a hybrid ARQ scheme can do.
A hybrid ARQ-QCTC scheme resolves this issue by
transmitting code symbols sequentially on the circle that
is a code word with code rate of R. At the receiver, the
initial packet and retransmitted packets are combined on
the circle. The symbol energy levels are accumulated if
the number of code symbols becomes larger than L/R
where L is the information block length. The normalized
symbol repetition factor (or energy level) Ng is given
by (2) where Npg is the total number of received code
symbols. So, all symbols are repeated as much as N
and the rest symbols are distributed evenly over them. So,
QCTC provides the balanced code symbol energy levels
in a turbo decoder regardless of the number of
retransmission and soft combining.

J

III. HYBRID ARQ SCHEMES USING QCTC
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3.1 Sub Packet Formation with QCTC

It is assumed that transmission and re-transmission
units for incremental redundancy are the sub-packets
where the QCTC are used for sub-packet formation. The
encoder packet can have various sub-packets. Let the
sub-code rates be R, i=0,1,2,.., N,-1, where N, is the
number of possible sub-code rate R;. Let the sub-code set
size be S; that is the number of code words in C;. Then a
QCTC sub-code Cy ;j=0,1,2,..S; -1 in §; and R; are
defined as a sub-code. The transmitter sends sub-code Cj
corresponding to the sub-code rate and incremental
redundancy.

An example of encoder packet encoding and sub-
packet formation with the QCTC is depicted in Fig. 3.
Three sub-code sets are used for sub-packet formation in
which Ry, R;, and R; are 1/7, 2/7, and 4/7, respectively.
For a conventional type I or type III hybrid ARQ
scheme with a fixed code rate of Ry, the sub-codes Cy,
Jj=0, 1, 2, ..., §-1 are used. Any sub-codes Cj; is selected
according to sub-code rate and incremental redundancy
at each time. As it is shown, any combination of sub-
codes is possible in the QCTC symbol selection and sub-
packet formation [11].

3.2 QCTC Symbol Selection Modes

The code symbol selection for sub-packets is
performed according to sub-packet sizes, data rates,
encoder packet sizes, and available Walsh codes in the
¢dma2000 1XEV-DV. Let £ and Ngp be the sub-packet
index and the number of bits in the encoder packet,
respectively. Let Ny be the number of 32-chip Walsh
channels for the k-th sub-packet and let N, be the
number of 1.25-ms slots for the k-th sub-packet. Finally,
let m; be the modulation order for the A-th sub-packet (m,
= 2 for QPSK, 3 for 8-PSK, and 4 for 16-QAM). It is
assumed that the symbols in the concatenated sequence
of QCTC symbols are numbered from zero. Let Lgc; be
the length of the £-th sub-packet and F;; and L;, be the
positions of the first symbol and the last symbol of the &-
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th sub-packet, respectively. It is assumed that SPID is
the sub-packet ID for the k-th sub-packet and has value
of 0, 1, 2, or 3. For all modes, the initial packet has to
use F;, of zero [2], [11].

SSPM (Sequential Starting Point Mode)

The positions of the first and last symbols of sub-
packets are determined by the Nz and Lgcy. All sub-
codes are linked each other sequentially at the receiver.
The SSPM has the advantage of maximizing a coding
gain but it has the disadvantage in terms of robustness in
missing sub-packets. If a previous sub-packet is missed
then error propagation can occur for that encoder packet.

N
LSC,k = 1536XMX mk stlots,k (3)
F,=(L,, +1)mod (5xN,,) 4)
L, =(F,+L,—1)mod (5xNp,) (5)

FSPM (Fixed Starting Point Mode)

For a simple protocol for a type III hybrid ARQ
scheme, the starting position of sub-packet can be fixed
to g(SPID,) corresponding to SPID,. The g(SPID}) is a
predetermined constant in [0, SNg-1]. The advantage is
that a receiver can know the exact first symbol position
regardless of missing previous packets and there is no
error propagation as in the SSPM. However, the FSPM
has performance degradation due to imperfect
concatenation of sub-codes. In FSPM, the SPID; is
determined by a transmitter to minimizing the latency
(puncturing) or the overlapping (repetition) between
consecutive sub-packets as in (7). On the other hand, a
receiver knows the exact F,; by the received SPID;
directly without examination. Lgc,, and L, are same as
in (3) and (5), respectively.

F,,=g(SPID,) ©)
0 for k=0

P00 = min| [ (SPID, mod (5, )] L, | othrnise
%)

PCCM (Partial Chase Combining Mode)

For a Chase combining (a type I hybrid ARQ), the
first position F;, of sub-packet corresponding to all
SPIDy is fixed to zero [12]. If the length of sub-packet is
not constant (or sub-code rate is not a constant) then this
protocol supports the partial Chase combining (PCC).

IV. NUMERICAL RESULTS

Simulations were performed to analysis the
properties of QCTC. The Max-log-MAP algorithm was
used for a turbo decoding. In these simulations, a rate-
1/5 turbo code with constraint length 4 and 16-QAM
were used in the cdma2000 1xEV-DV([2].The channel
was assumed to be an AWGN channel. A 16 bits CRC
code in [2] was used to detect errors. For a soft metric,
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we have used the dual minimum metric (DMM). The
throughput 7 is defined as Ngp/Ny where Ny is the total
number of transmitted bits per the correctly decoded
encoder packet.

In Fig. 4, the bit error rates for various puncturing
patterns are given for the encoder packet size of 1024
and QPSK. The bit error rate with puncturing period 2
has shown bit error rate flow that can be estimated by the
fact that the actual code rate R; of the first constituent
encoder is 1.0. Puncturing patterns and periods are given
in Table 1.

Table 1. Puncturing patterns of R-2/3 turbo codes

Puncturing Period
Output 2 4
X 10 1111
Yo 01 1000
Y, 00 0000
X’ 00 0000
Y’ 10 0010
Y’ 00 0000

In Fig. 5, the throughput of SSPM and PCCM are
shown where the initial sub-code rate is 4/5 and
maximum two retransmissions are allowed. The encoder
packet of 3072 and 16-QAM were assumed. The ratio in
dB between the energy accumulated over one PN chip
period (Ec) to the total transmit power spectral density,
Ec/lor, is fixed to -1.0dB [2], [11]. The SSPM yields
remarkable throughput gain about 3.5dB compared to
Chase combining with a retransmission and the
performance gap becomes larger as the retransmission
increases. In Fig. 6, we have shown the combined
symbol energy level of a turbo decoder using QCTC.
The QCTC provides almost uniform symbol energy level
of code bits that promises good decoding performance.

V. CONCLUSIONS

We have presented in this paper a new class of turbo
codes called the quasi-complementary turbo codes
(QCTC). The advantage is that the QCTC provides
various code rates with good performance, a very simple
encoder structure, and an inherent channel interleaving.
These features are desirable especially in AMC with
incremental redundancy. It was shown that the
systematic puncturing is required to maintain good
performance with high rate turbo codes and an iterative
decoding can limit the maximal code rate of turbo code
in hybrid ARQ schemes.
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