
A 0.92mm2 23.4mW Fully-Compliant
CTC Decoder for WiMAX 802.16e Application

Shao-Wei Yen, Ming-Chih Hu, Chih-Lung Chen, Hsie-Chia Chang, Shyh-Jye Jou, and Chen-Yi Lee
Department of Electronics Engineering

National Chiao Tung University, Hsinchu 300, Taiwan

Abstract—An area-efficient and fully-compliant decoder for
convolutional turbo code (CTC) of WiMAX 802.16e is presented.
The proposed decoder can support all 17 modes specified in IEEE
802.16e system. By scaling the extrinsic information, the Max-Log
MAP algorithm is used to reduce the hardware complexity with
the minimized performance loss. A two-phase extrinsic memory
and reversed sliding window technique are demonstrated for less
memory requirement and decoding latency. Moreover, a division-
free reconfigurable interleaver architecture is implemented by
simple addition and subtraction instead of division. Fabricated
with the 90nm CMOS process, the proposed CTC decoder chip
which occupies core area of 0.92mm2 can achieve 30Mb/s with
23.4mW power consumption.

I. INTRODOCTION

Turbo code [1], [2] is very attractive for its error-correcting
performance near the Shannon limit. Many standards such
as 3GPP [3] and IEEE 802.16e [4] adopt turbo codes to
enhance error correction for wireless communication. There
are several interesting research works on the implementation
of turbo code [5], [6]. Compared to other channel coding in
the standard previously mentioned, turbo codes has better BER
performance gain than LDPC codes [7], [8].

In IEEE 802.16e, convolutional turbo code (CTC) uses
double-binary turbo codes [9] to improve error correcting
performance and decoding throughput, and it consists 17
modes including HARQ mechanism with block size from 24 to
2400. Fig. 1 illustrates the turbo encoder block diagram which

A

B

A

B

CTC

Interleaver

Constituent

Encoder

Y1/Y2

W1/W2

A

B
+ S1 + S2 + S3

+

+ Y

W

Fig. 1. CTC Encoder Block.

consists of a constituent encoder of rate 1/3. The encoder
produces two additional parity bits (Y1W1/Y2W2) using two

information bits (AB/interleaved AB). The trellis diagram can
be generated by the constituent encoder. For example, the
trellis diagram for state index=3 is constructed in Fig. 2. For
convenience, k is defined as time index from 0 to N-1 where
N is the block length in this paper. Four branch metrics, which
represent four different information symbols, are sent to state
Sk, and Sk also sends four branch metrics to other states Sk+1.
As a result, radix-4 ACS unit is used to decode the double-
binary trellis diagram.
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Fig. 2. CTC Trellis Diagram.

There are three design issues for CTC decoder. First, the
MAP decoder of double-binary turbo codes has high com-
putation complexity according to the trellis diagram. Second,
the parameterized interleaver for different modes is required to
configurably generate corresponding memory address. Third,
the large extrinsic memory storage is also a great issue in our
concern. In this paper, a low complexity MAP decoder and a
configurable interleaver are proposed to a fully-compliant low
power CTC decoder.

This paper is organized as follows. Section II introduces
the decoding algorithm of double-binary turbo code. Section
III describes the proposed turbo decoder and each functional
unit. Section IV shows the implementation and measurement
results. Finally, section V gives a conclusion of this paper.

II. MODIFIED DOUBLE BINARY TURBO CODES DECODING

ALGORITHM

In order to simplify the implementation complexity, Max-
Log-MAP algorithm is used to treat each binary symbol as a
LLR (Log Likelihood Ratio) value. Hence, the multiplication
and division operation in MAP algorithm are converted to
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addtion and subtraction. The ratio function is described as

Li(dk) = log
P (dk = i)

P (dk = 00)
for i = 00, 01, 10, 11 (1)

where dk is the information symbol at time index k and i is
the symbol value. Since L00(dk) always equals to 0, only 3
LLR values is required for probability values of dk.
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Fig. 3. MAP Decoding Diagram.

To match the trellis diagram, the symbol-level probability
representation is used instead of the bit-level probability repre-
sentation. Fig. 3 is the main idea of MAP decoding algorithm
based on the trellis diagram. Each state has two probabilities
which indicate forward state metric α and backward state
metric β respectively. The branch metric γ represents symbol
information i probability. Compared to original turbo decod-
ing, the double-binary turbo decoding requires more hardware
and storages for probability computation. The modified Max-
Log-MAP decoding procedure is summerized in six steps:
Step 1: branch metric calculation:

γi(Sk−1, Sk) = (−1)b0
· A + (−1)b1

· B
+(−1)b2

· Y + (−1)b3
· W + APPi

(2)

γi(Sk−1, Sk) denotes the branch metric i from state Sk−1

to state Sk. It computes the symbol probability according
to the correlation of received information (ABY W ) and the
expected symbol (b0 to b3). APPi is the intrinsic probability
representing symbol value i, which is the extrinsic probability
from the previous SISO decoder.
Step 2: forward state metric calculation

αk(Sk) = max
Sk−1

[γi(Sk−1, Sk) + αk−1(Sk−1)] (3)

Step 3: backward state metric calculation

βk−1 (Sk−1) = max
Sk

[γi (Sk−1, Sk) + βk (Sk)] (4)

αk and βk are the probabilities of Sk propagated from
Sk−1 and Sk+1 respectively. The current state probability
αk/βk is derived from the previous state metric αk−1/βk+1

plusing the current branch metric γ(Sk−1, Sk)/γ(Sk, Sk +1).
Instead of summing up total probabilities from different i, max
function only selects the maximum probability to reduce the
computation complexity.
Step 4: Log likelihood ratio calculation

Li (dk) ≈ max [γi (Sk−1, Sk) + αk−1 (Sk−1) + βk (Sk)]
− max [γ0 (Sk−1, Sk) + αk−1 (Sk−1) + βk (Sk)]

(5)

After step 2, 3 and 4, the probability for symbol dk = i can
be obtained by summing up αk, βk and γi and then taking
the maximum value. For LLR representation, Li(dk) is the

difference between dk = i and dk = 00 as ratio function in
(1).
Step 5: Extrinsic probability calculation

Le

i (dk) = Li (dk) − ln
P [dk = i]

P [dk = 00]
− APPi (6)

The extrinsic probability Le
i
(dk) will be sent to the next SISO

MAP decoder as the intrinsic probability APPi.
Step 6: Final decision

L01(dk) = Le
01(dk) − max[0, Le

01(dk), Le
10(dk), Le

11(dk)]
L10(dk) = Le

10(dk) − max[0, Le
01(dk), Le

10(dk), Le
11(dk)]

L11(dk) = Le
11(dk) − max[0, Le

01(dk), Le
10(dk), Le

11(dk)]

dk =















01, if L(dk) = L01(dk)
10, if L(dk) = L10(dk)
11, if L(dk) = L11(dk)
00, otherwise

where L(dk) = max(0, L01(dk), L10(dk), L11(dk))
(7)

Although Max-Log MAP algorithm can reduce the imple-
mentation complexity, it invokes the performance loss since
the approximated maximum function usually overestimates
messages. In order to compensate the performance loss, a
scaling factor ρ to scale down the extrinsic message [10] is
introduced as

APPi(dk) = ρ × Le

i (dk) (8)

The optimal value of ρ can be obtained through performance
simulation.

III. THE PROPOSED CTC DECODER ARCHITECTURE

Fig. 4 shows the overall CTC decoder architecture with
single SISO MAP decoder. Input memory and extrinsic mem-
ory stores channel values and extrinsic values for next MAP
decoding respectively. There are two stages in one iteration:
normal stage and interleave/de-interleave stage. In normal
stage, MAP decoder receives channel and intrinsic information
in normal order and carries out extrinsic information to the
extrinsic memory. In interleave/de-interleaver stage, the inter-
leaver changes channel and intrinsic information order into
interleaved order and sends to MAP decoder. De-interleaver
changes extrinsic information order into normal order and then
sends to extrinsic memory.
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Fig. 4. CTC Decoder Architecture.
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A. MAP Decoder with Reversed Sliding Window

In Fig. 4, MAP buffers stores input information for comput-
ing α and β. Branch metric unit (BMU) processes the branch
metric calculation corresponding to Step 1 in Section II. Each
ACS unit performs Add-Compare-Select operations. In order
to avoid computing initial value β from the last symbol, we
use ACSU-βd from the end of the next sliding window to
derive the approximated initial state of β. For reversing the
output order of α, the Last-In-First-Out (LIFO) α Buffer is
used.

Fig. 5 indicates the timing flow of MAP decoder. In sliding
window Wi, βd is computed first and then α is computed.
After getting β, the dotted line LLR indicates the calculation
of LLR value. The decoding latency of MAP decoder is
less than 4×L where L is the window size. To collocate
with the backward state metric calculation, we proposed the
reversed sliding window. The input order of MAP is from the
end of the sliding window to the beginning of the window.
Since receiving input information and computing ACSU-βd

can be operated at the same time, MAP buffer for βd can be
eliminated to achieve 33.3% MAP buffer reduction.
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Fig. 5. MAP Decoder Timing Diagram.

B. Division-Free Reconfigurable Interleaver

In 802.16e, five parameters, including the block length N,
P0, P1, P2 and P3 are specified. The interleaver address in
CTC is shown as Table I, where j is the index of memory
address for MAP decoder 2 (for decoding interleaved data) and
P (j) is the index of memory address from MAP decoder 1 (for
decoding deinterleaved data). The most important operation in
this table is the modulo operation. It requires a divider which
occupies large area and increases the critical path delay. So we
proposed a division-free reconfigurable interleaver to reduce
hardware complexity and path delay.

In Fig.6, some additions and divisions (simplified to shifter
because of dividing by 2) can be derived as constant values due
to all known parameters. Because we use single SISO MAP
decoder, only one address for accessing memory is required
and one adder is used to accumulate P0 each cycle. In 17
modes of CTC codes, P0 is smaller than N. The value of the
accumulator P0 ∗ (j − 1) + j ranges from 0 to 2N-1, so the
modulo operation can be simplified to one subtractor and one
2-to-1 multiplexer. Since the constant value from the 4-to-1
multiplexer and the accumulated value are smaller than N, the

TABLE I
INTERLEAVER FUNCTION

for j = 0 to N − 1
Case(j mod 4)

Case0 : P (j) = (P0 ∗ j + 1)) mod N
Case1 : P (j) = (P0 ∗ j + 1 + N/2 + P1)) mod N
Case2 : P (j) = (P0 ∗ j + 1 + P2)) mod N
Case3 : P (j) = (P0 ∗ j + 1 + N/2 + P3)) mod N

modulo for summing up the two values is also replaced by
one subtractor and one 2-to-1 multiplexer.
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Fig. 6. Interleaver Architecture Design.

C. Two-Phase Extrinsic Memory

In conventional decoder, MAP decoder accesses extrinsic
memory twice within one cycle for reading input information
and writing extrinsic information, so one dual-port extrinsic
memory or two single-port extrinsic memories are needed.
To reduce extrinsic memory area, a two-phase memory ar-
chitecture is proposed to read and write extrinsic single-port
memory in one cycle. In Fig. 7(a), the single-port register file
operates at double operating clock rate. Write-address (from
de-interleaver) and read-address (from interleaver) are gener-
ated at the original clock rate. A multiplexer selects correct
address according read/write condition. Fig. 7(b) illustrates the
timing diagram of read/write operation. As a result, we can
eliminate one 50.4 Kbits (37K gate count) extrinsic memory,
which saves 50% extrinsic memory usage.

IV. SIMULATION AND IMPLEMENTATION RESULTS

Based on the modified Max-Log MAP algorithm, the sim-
ulation results are presented in Fig. 8. Fig. 8(a) is BER
performance with different scaling factors. The modified al-
gorithm has only less than 0.1dB performance loss compared
to Log-MAP algorithm at BER=10−5 with the scaling factor
ρ=0.75. Fig. 8(b) is the performance with different block
lengths. The minimum length is 24 and the maximum length
is 2400. According to different performance requirements, our
reconfigurable design can meet the 17 block lengths including
HARQ modes.

A CTC decoder chip of the modified Max-Log MAP and the
divsion-free reconfigurable interleaver is fabricated in 90nm
CMOS process. Fig. 9 is the chip photo of CTC decoder and
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Fig. 7. Two-Phase Access Scheme. (a) Extrinsic Memory Read/Write
Architecture and (b) Read/Write Timing Diagram..

193M-09-3



(a)

(b)

Fig. 8. Simulation results. (a) Different Scaling Factors for Block Length=240
and (b) Different Block Lengths from 24 to 2400.
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Fig. 9. Chip Photo of CTC Decoder.

two test memories. The total gate count is 230K (excluding
the additional test memories) and the combinational logic part
is only 30K since the memory blocks occupy more than 60%
area. After measurement, the operating frequency can achieve
up to 160MHz for the maximum throughput 30Mb/s which
meets the standard requirements. Compared to other works in
Table II, the proposed decoder occupies smaller area and less
power consumption such that it is the most energy efficient.

V. CONCLUSION

This paper introduces an area-efficient and fully-compliant
CTC decoder for IEEE 802.16e applications. To reduce
computation complexity, modified Max-Log-MAP algorithm
and the divion-free reconfigurable interleaver are proposed.
Furthermore, a scaling factor is adopted to maintain simi-
lar performance as Log-MAP algorithm. Two-phase extrinsic
memory and reversed sliding window are also introduced to

TABLE II
SUMMARY OF IMPLEMENTATION RESULTS AND COMPARISON

This work [5] [6]

Technology (nm) 90 130 130
Block Length 24 to 2400 24 to 240 2400

Support HARQ Yes No NA
Iteration 4.5 4 8

Sliding Window Size 12 24 32
Input Bit Width (bits) 6 7 6

MAP radix-4 radix-4 radix-4
Operating Frequency (MHz) 160 100 200

Core Area (mm2) 0.92 5.12 2.24
+0.2(Test) NA NA

Total Gate Count 230K+73K(Test) NA NA
Combinational part 30K NA 65.7K

Highest Throughput (Mb/s) 30 115.4 24.26
Power Consumption (mW) 23.4 183.7 274
Energy Efficiency (nJ/bit) 1 0.780 1.592 11.294

note Measurement Synthesis Post-layout
1 Energy Efficiency = Power / Throughput

eliminate 50.94k bits memory usage and decrease the decoding
latency. Implemented in 90nm technology, the CTC decoder
chip with 303K gate counts can achieve 30Mb/s and consumes
only 23.4mW at 0.9V with the energy efficiency 0.78nJ/bit
according to measurement results.
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