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Abstract

In this paper, we propose and present implementation results of a high-speed turbo decoding algorithm, The latency
caused by (de) interleaving and iterative decoding in a conventional maximum a posterioriMAP) turbo decoder can
be dramatically reduced with the proposed design. The source of the latency reduction is come from the combination
of the radix-4, dual-path processing, parallel decoding, and-early-stop algorithms. This reduced latency enables the use
of the turbo decoder as a forward error correction scheme in real-time wireless communication services. The proposed
scheme results in a slight degradation in bit-error rate(BER) performance for large block sizes because the effective
interleaver size in a radix-4 implementation is reduced to half, relative to the conventional method. Fixed on the
parameters of N=212, iteration=3, 8-states, 3 iterations, and QPSK modulation scheme, we designed the adaptive
high-speed turbo decoder using the Xilinx chip (VIRTEX2P (XC2VP30-5FG676)) with the speed of 17.78 Mb/s. From
the results, we confirmed that the decoding speed of the proposed decoder is faster than conventional algorithms by

8 times.
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[ . Introduction

For wireless communications, channel coding is an
important tool for improving communications reliability.
In satellite communications and 3rd generation mobile
communication system, turbo codes have been adopted
for high-speed data transmissions. Turbo codes, introdu-
ced in [1] and [2], have been shown to perform near the
capacity limit in additive white Gaussian noise (AWGN)
channels. Such a powerful coding technique offers great
promise for improving the reliability of com- munication
over wireless channels. Wireless communication systems
are moving today from the conventional narrow-band
voice service to the wide-band multimedia service requi-
ring high-speed turbo decoders. Important issues in
high-speed applications of turbo decoders are decoding
delay and computational complexity. To solve the laten-
cy problem, in this paper four decoding algorithms are
presented and combined into one decoder architecture.
The first algorithm is the radix-4 decoding algorithm,
where the previous state at =k—2 goes forward to the
current state at =k, and the reverse state at =k+2 goes
backwards from the current one such that the time
interval from =k -2 to =k is merged into =k. There-
fore, we can decode two source data bits at the same
time without any performance degradation while redu-
cing the block size buffered in memory. In order to
apply the radix-4 algorithm, we derived the branch me-
tric(BM), forwardstate metric(FSM), @, backward state
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metric(BSM), £, and log likelihood ratio(LLR), A.

The second algorithm is the dual-path processing. In
a conventional scheme, the decoder must wait for fini-
shing the BSM (or FSM) calculations before calculating
the LLR. The dual-path processing doesn't need to wait.
The decoder calculate the FSM (left to right) and BSM
(right to left), simultaneously. When the FSM and BSM
reach the same point, then the decoder begins to cal-
culate the LLR.

The third algorithm is the full parallel decoding
algorithm. Different from the original turbo decoder con-
sisting of two decoders concatenated in a serial fashion,
we propose a parallel decoder structure using the pa-
rallel sum, where the two decoders operate in parallel
and update each other immediately and simultaneously
after each one has completed its decoding. In decoding
the estimated data, we use the sum of the LLR outputs
of the parallel decoders to reduce the latency to half
while maintaining the same performance level.

The fourth algorithm is the hard-decision-aided(HDA)
algorithm implementing the early-stop algorithm. It com-
pares each decision generated by the two decoders, and
when the two sets of decisions match, it stops decoding
the current block and outputs the hard decision bits.

These schemes are desirable in designing a high-
speed turbo decoder because they provide significant re-
ductions in decoder memory requirements as well as
allowing increased parallelism. To verify the high-speed
feature of the decoder, we implemented the proposed
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combined schemes Xillinx FPGA chip (VIRTEX2P (XC2
VP30-5FG676)) and compared its decoding speed to a
conventional design. The proposed architecture is de-
monstrated for a 8-state, R=1/2 turbo maximum a pos-
teriori(MAP) decoder.

The paper consists of the following sections. In
section II, we present and analyze the four algorithms.
Section III describes computer simulation results of the
new high-speed turbo decoder based on combining these
algorithms. In section IV, we present the optimal para-
meters and design of the FPGA-based high-speed turbo
decoder. Section V concludes the paper.

II. High-Speed Turbo Decoding Algorithm

Since convolutional turbo codes are very flexible
codes, easily adaptable to a large rate of block sizes and
coding rates, they have been adopted in the DVB stan-
dard for return channel via satellite(DVB-RCS). The use
of RCST(RCS Terminal) includes individual and collec-
tive installation(e.g. SMATV) in domestic environment.
However, the applications of turbo codes are limited to
specific data such as low data-rate services because of
their limit of decoding speed. Therefore, it is highly
required to develop the high-speed turbo decoder. To
solve the problem with latency of turbo decoder, four
kinds of algorithms are introduced. The first algorithm
is radix-4 algorithm and the second algorithm is the
dual-path processing algorithm. The third algorithm is
the full parallel decoding algorithm. The fourth algori-
thm is the early-stop algorithm based on hard-decision-
aided(HDA) scheme. The decoding iteration processes
until a certain stopping condition is satisfied then hard
decisions are made based on the reliability measures of
the decoded symbol at the last decoding iteration.

2-1 Scheme 1: Radix-4 Algorithm

The first algorithm is the radix-4 decoding algorithm,
where the previous state at =k —2 goes forward to the
current state at =k, and the reverse state at =k+2 goes
backwards from the current one such that the time
interval from r=k—2 to =k is merged into =k. There-
fore, we can decode two source data bits at the same
time without any performance degradation while redu-
cing the block size buffered in memory. Using the uni-
fied approach to state metrics, a 2 '-state trellis can be
iterated from time index n—k to n by decomposing the
trellis into 2" * sub-trellises, each consisting of k itera-
tions of a 2*-state trellis. Each 2*-state’s sub-trellis can
be collapsed into an equivalent one-stage radix-2* trellis
by applying & levels of look-ahead to the recursive
update. Collapsing the trellis does not affect the decoder

148

performance since there is a one-to-one mapping be-
tween the collapsed trellis and radix-2 trellis. An exam-
ple of the decomposition of a 4-state radix-2 into an
equivalent radix-4 trellis using one stage of look-ahead
is shown in Fig. 1, where v=3, g1=(Toctat, £27=(5)octat With
v denoting the constraint length.

For radix-4 trellis iterations time k& to k—2 time
backward state for calculating the % and from time
k+2 to time k forward state for calculating the B7% can

be expressed
My o(dp_y, dyomp) = (dy_, BdDmy N(d,Dmy Dm, ;)
My o(dpiy. Ay, my) = (dipy 1By ,Dmy PNI(d, . Bmy Dmy
(1)

where d; and m; mean uncoded data bit state values at
time of &, and (a||b) means concatenate the a and b. We
have that mu={mox,mis....,m,—1x} corresponding to the
encoder state. my_, is used for calculating the «%* and

mi+2 1s used for calculating the g7+ at £ times.

A. Derivation of 87a78% and A7

We consider an AWGN channel with zero mean and
variance o2 In radix-4 MAP decoder, branch metric
8% ™ for received signal, at time k, can be expressed;

pm
é'k =P, (Dk =p, Sk =ny, Rk)

B O = Ve S = KD

=By =t Sp=my . R B, =i S =y, By )

= B Gy |y g St ) B Oy | e Sy = D7 12
By G | 4 =ty Sp=my) B (3 Ve =iy, S :mk)gjf /2"

2
=K 3 Caea Wiealin e 1) (2)

where i is the value of information bit at time %, and
P=lk-1]lir. Therefore we have that /={0, 1}, and p={00,
01, 10, 11}. Ky is a constant and x; and y; are received
in-phase signal and quadrature signal. Y; is coded bit as
a function of the input bit di and encoder state my. For-
ward state metric at time £ and m state o’p can be ex-

my_2 Mgy " g

k-2 k-1 k k-2 k k+2
(a) 4-state radix-2 trellis (b) 4-state radix-4 trellis

Fig. 1. Four-state radix-2 to radix-4 trellis.
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pressed;
m k-2 N k=2
o =L Ry | Dp=p,8=m, R") =P (Ry " |5 =my)

3
k-2
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(3)
where R}={R,R,+1,-,R,}.

b(p,my) is previous k~—2 time stage given an input p
and state my

b(p, m=mi—(di-1, di, mi) (4

In similar way, after the whole block of data is
received, we can recursively calculate the probability A7
from the probability 8% ,.

BT =B RY |5, =my)

3 N
=% 3 P (Dy=p.Sy,=m.Ry |Sy=m
50 [t Pr =Sk = By 1S =m)

3 N

=S 5 P.(D,=p.S,.n=m.R, R, |S, =m

o 2o 1 Pr =P Sa = R Ry 15y =)
3 flpm) pm

=% Py Co "

=0 (5)

where flp, mi) is next k+2 time stage given an input p
and state my With the Equation (1), fp, mi) is ex-
pressed;

Ap, mpy=mt2(dien, diez, M) (6)
Taking into account the fact that events after time &
are not influenced by that part of observation up to time
k, that is R%* and RY,, are independent. Finally, with
Equations (2), (5) and (6), the LLR of radix-4 algorithm
can be written as;
N
AP D= p. S =m|Ry))
N N
= B.(Dy=p.Sp=m R )/ PAR)
2 N N
= P (Dy=p.Sp=mR Ry )/ E(R])
-2 N N
= BBy D =p.Sp=m ROF Reap | Dy =p:Sp =m: By)
P.(Dp=p.S;=m, Rk)/Pr(RlN)

) p. N
=g F P 1 p (R

(7

In order to decode the two bits Di=d;1||ds, equation
(8) can be used.

D= max { ZA%(m), S48 (m), SaL(m), Sak(m) 3)

Where A(dP) denotes corresponds to LLR value for two
input bits '00".

2-2 Scheme 2: Dual-Path Processing

In a conventional scheme, the decoder must wait for
finishing the backward state metric(BSM) (or forward
state metric(FSM)) calculations before calculating the
extrinsic information. The dual-path processing method
doesn't need to wait. The decoder calculates the FSM
(left to right) and BSM (right to left), simultaneously.
When the FSM and BSM reach the same point, then the
decoder begins to calculate the extrinsic information.
Fig. 2 shows the operation of dual-path processing.

The procedure of the dual-path processing is as follows.

Step 1: Initialize the forward state metric and
backward state metric.
ap(si(m) =1 for m=0
=0, else
Bi(si(m)=1 for m=10
=0, elbe (9
a'{m) and B'(m) are FSM and BSM at time of £,

information bit of i, and state of m.

Step 2: After receiving the whole set of received
symbols of N, FSMs (left to right) and BSMs (right to
left) are calculated simultancously.

@/ ()= exp( L (it 3 Yi(im) Z, @ (S0m)
(10)

B = 3, Beosm b B (o 4 301G, S 0m))
(n

Step 3: At the middle point, begin to calculate the log
likelihood ratios(LLR).

Saai(m) By(m)

L{dy= logm(k= (N/2), -, (N—=1)) 12

m

N

Sk =0...(N/2)~-1)

ST (k=N-L..(N/D)-1)
[ NI NN N NN N NN RN NN N

af' (k=0...(N/2)-1)
Ry

ﬂ/:_"(k =N-L.(N/2)-]
Q0O 0000060000009

Bl E=N/2)-1...0) af (k=0...(N/2)=1)

S—

LLRy(k=(N/2)-1,...0)

LLRy(k=0,..(N/2)-1)

0 N/2)-1

Fig. 2. Dual-path processing.
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L(d,) means LLR outputs in the direction of right to

left and L(:i‘.) means LLR outputs in the direction of
left to right.

2-3 Scheme 3: Parallel Decoding Algorithm'®

Different from the original turbo decoder consisting
of two decoders concatenated in a serial fashion, we
present a parallel decoder structure using the parallel
sum, where the two decoders operate in parallel and
update each other immediately and simultaneously after
each one has completed its decoding. In decoding the
estimated data, we use the sum of the LLR outputs of
the parallel decoders to reduce the latency to half while
maintaining the same performance level.

2-4 Scheme 4. Early Stop Algorithm

The decoding iteration processes until a certain sto-
pping condition is satisfied, hard decisions are made
based on the reliability measures of the decoded symbol
at the last decoding iteration. HAD algorithm is used as
an early-stop algorithm. It compares each decision gene-
rated by the two decoders, and when the two sets of
decisions match, it stops decoding on the current block
and outputs the hard decision bits. As shown in Table
1, at an Es/Ng of 2 dB, it requires about 2.8 iterations
relative to 8 for a given performance. This means that
the decoding speed is improved or the power consump-
tion (cost) is reduced by 64.6 %.

. Computer Simulation Results

The bit-error rate(BER) performance of the new high-

z, e B

gl s |
—» (D DEC A -
t +

( {DELAY 2',
=:\,) INT

E
DECODED BITS

Fig. 3. Parallel decoder structure.
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Table 1. The average number of iterations according to
Ey/Ny (the predetermined number of iterations

is 8).
Average number of Decoding speed
Ev/No[dB] iterations improvement(%)
1 6.21 224
1.5 431 46.1
2 2.83 64.6

speed turbo decoder architecture combining the four
schemes is analyzed in this section.

For a comparison purpose, Fig. 4 shows the perfor-
mance of the new decoder and a conventional one using
K=3 turbo codes with generator polynomials g21=(7)ocrat,
2:=(5)ocir as a function of interleaver size N and as a
function of the number of iterations /. In the radix-4
method, the symbol interleaver, takes an information
stream of length Ns composed of 2-bit words and feeds
it to a random interleaver. From the figure, it can be
verified that the performances of the proposed decoder
architecture is very close to the conventional decoder for
small block sizes (less than 300 bits). For large inter-
leaver sizes (more than 300 bits), the performance of the
new decoder is slightly degraded relative to the conven-
tional one because the randomness of the symbol inter-
leaver is reduced. Therefore, it can be concluded that
the proposed decoder reduces the decoding latency while
maintaining almost the same performance of a conven-
tional algorithm.

IV. Design of High-Speed Turbo Decoder

A schematic diagram of the high-speed turbo decoder
for implementation is shown in Fig. 5(a). A detailed
signal flow of internal MAP based on high-speed algori-
thms is shown in Fig. 5(b). In Fig. 5(a), MAP 1 and
MAP 2 decoders are operated in parallel, with their
outputs being log-likelihood ratios of input bits as
shown in Fig. 5(b). For instance, LLKOn»-v denotes
log-likelihood ratios of input bits "00", N/2~N denotes
from the time of N/2 to N, and the arrow — denotes
the direction of the LLR calculation, that is, left-to-right.
The ALU(arithmetic logic unit) calculates the extrinsic
information using LLR outputs, the received symbol and
the previous extrinsic information. To add the extrinsic
information exactly in the next iteration, the decoder
needs the dual port RAM(128x36) buffered ALU block.
As shown in Fig. 5(b), the decoder consists of six major
units, the Radix-4 forward branch metric unit (R4FB-
Mu), Radix-4 backward branch metric unit (R4BBMu),
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Fig. 4. Performance of the proposed decoder over an AWGN channel compared with that of a conventional algorithm
as a function of interleaver size and number of iterations.

Radix-4 forward state metric unit (R4FSMu), Radix-4
backward state metric unit(R4BSMu), forward LLR
unit(FLLRu), backward LLR unit (BLLRu). After
receiving the whole set of received symbols, the
quantized / and Q samples are fed to the R4FBMu and
R4BBMu at the same time. The branch metrics between
the branch codeword "0000" and the received symbols
is denoted by "bmO0000". The R4FBMu and R4BBMu
calculate the branch metrics for four samples of received
data in the direction of left to right and right to left
simultaneously. As shown in Fig. 5(b), [(n=1,2) and
On(n=1,2) are fed to R4FBMu to calculate forward
branch metric and /,(#r=1,2) and Q.(n=1,2) are also fed
to R4BBMu to calculate backward branch me-

tric. From the second iteration, R4FBMu and R4BBMu
need extrinsic information, Ex,, that is LLR of input bit
"1, i2". The index n of Ex, means 2xi+i;. R4FSMu
calculates forward state metrics in the direction left-to-
right and R4BSMu calculates backward state metrics in
the direction right-to-left. The data calculated from R4-
FSMu and R4BSMu are buffered in dual-port RAM
with size of 64x72. Therefore we need the two dual-port
RAM that is R4AFSM _RAM and R4BSM_RAM. When
the R4FSMu and R4BSMu reach the same point, then
FLLRu and BLLRu begin to calculate the LLR of
information » using the data read from R4FSM_RAM
and R4BSM_RAM respectively. ALU block shown in
Fig. 5(a) begins to calculate the extrinsic information
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Table 2. The optimum quantized bits of the adaptive tur-
bo decoder(R=1/2, 8-states, N=212 bits, 3 ite-
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(b) Signal flow of internal MAP

Fig. 5. The block diagram of proposed high-speed turbo
decoder.

and store extrinsic information in dual-port RAM with
size of 128%36 in order to input to next iteration.

In order to implement optimally the high-speed de-
coder, we determined the optimum quantized bits of
each block shown in Fig. 5, r; bits of received in-phase
and quadrature signals, b, bits of R4FBMu and R4BB-
Mu outputs, s, bits of R4FSMu and R4BSMu outputs,
and /, bits of FLLR and BLLR. By fixed-point com-
puter simulation, the output of the demodulator is quan-
tized to 8 bits. The internal parameters of the turbo de-
coder were always saturated to 9 bits, and the optimum
quantization bits of the turbo decoder derived from the
fixed-point simulations are listed in Table 2.

We design the adaptive turbo decoder using VHDL
(Very High-speed hardware Description Language) and
verified its operation by RTL simulation. During the
verification, some errors were added in C-description.
Then we confirmed that the errors were corrected while
being processed in RTL simulation. VHDL and C lan-
guage process communicate with each other through
program language interface. The decoder designed by
VHDL was synthesized using the Xillinx FPGA chip
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Numver of optimized quantization bits
rq 8 bits
b, 9 bits
Sq 9 bits
I 9 bits

Fig. 6. The implement chip-set of the adapted high-speed
turbo decoder.

(VIRTEX2P(XC2VP30-5FG676)) as shown in Fig. 6,
The received data file generated by C language process
at Ep/Np of 2 [dB] is fed into internal memory of Xillinx
FPGA chip.

We designed the high-speed adaptive turbo decoder
with 8-state, V=212, R=1/2, and QPSK modulation sche-
me. In order to compare the decoding speed of the
conventional serial turbo decoder based on radix-2 trellis
structure. To compare the decoding speed between con-
ventional and high-speed adaptive turbo decoder, we
implemented the conventional decoder using the same
procedures. Based on Table 1, since the required itera-
tion number is 3 in the case of Ey/No=2 [dB], we fixed
the iteration number to 3. The maximum operating clock
speed of the conventional and proposed decoders is 18
[ns] Table 3 shows comparison of decoding speed be-
tween conventional and high-speed decoder. In the case
of combining the radix-4 and parallel and dual-path
process, the proposed high-speed decoder is faster than
conventional one by 8§ times.

V. Conclusion

To extend the application area of turbo decoding to
real time services, it is important to reduce the latency
in the decoding process of turbo decoders. In this paper,
we proposed a new high-speed turbo decoding algorithm
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Table 3. Comparison of decoding speed between a con-
ventional method and the proposed method (N
=212, iteration=3, 8-state, 8PSK, main clock speed

=18 ns).
Radix Radix Radix | Radix 4+Parallel+
-2+ -4+ -4+ Dual-path
Serial Serial | Parallel Processing
Main clock| 18 ns 18 ns 18 ns 18 ns
Execution
‘li‘ﬁROf 95163 ns|47418 ns|23643 ns 11919 ns
output
Decoding |5 57 M | 447 M | 8.96 M 17.78 M
speed

and architecture that provides a solution. Two new al-
gorithms are presented, radix-4 and dual-path proce-
ssing that are combined to two other techniques to re-
duced latency. The different decoding algorithms are in-
corporated into a decoder design architecture to show
how much the decoding latency can be reduced. To
extend the application area of turbo decoding to real
time services, it is important to reduce the latency in the
decoding process of turbo decoders. In this paper, we
proposed a new high-speed turbo decoding algorithm
and implementation architecture. Two new low latency
version of decoder are presented, radix-4 algorithm and
dual-path processing that are combined to parallel mode
and early-stop algorithm. Fixed on the parameters of
N=212, iteration=3, 8-states, 3 iterations, and QPSK mo-
dulation scheme, we designed the adaptive high-speed
turbo decoder using the Xilinx chip (VIRTEX2P (XC2
VP30-5FG676)) with the speed of 17.78 Mb/s. From the
results, we confirmed that the decoding speed of the
proposed decoder is faster than conventional algorithms
by 8 times.
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