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Abstract—Presented in this paper is a pipelined 285-MHz maximum a posteriori probability (MAP) decoder IC. The 8.7-mm2 IC
is implemented in a 1.8-V 0.18- m CMOS technology and consumes 330 mW at maximum frequency. The MAP decoder chip
features a block-interleaved pipelined architecture, which enables
the pipelining of the add-compare-select kernels. Measured results
indicate that a turbo decoder based on the presented MAP decoder
core can achieve: 1) a decoding throughput of 27.6 Mb/s with an
energy-efficiency of 2.36 nJ/b/iter; 2) the highest clock frequency
compared to existing 0.18- m designs with the smallest area; and
3) comparable throughput with an area reduction of 3-4 3 with
reference to a look-ahead based high-speed design (Radix-4 design), and a parallel architecture.
Index Terms—CMOS, iterative processing, maximum a posteriori probability (MAP) decoder, pipeline, turbo decoder, turbo
equalizer.

I. INTRODUCTION

S

INCE its introduction in 1993 [1], turbo codes have found
applications in several standards such as wideband CDMA
(WCDMA), the 3rd Generation Partnership Project (3GPP) for
IMT-2000 [2], Consultative Committee for Space Applications
(CCSDS) telemetry channel coding [3], UMTS [4], DVB-RCS
[5], IEEE 802.11n, and IEEE 802.16ab. The iterative techniques
employed in turbo decoders have been extended to other receiver types such as turbo equalization [6] and turbo space-time
decoders, all of which have shown remarkable (receiver) performance improvement over hard decision decoders and receivers
with separate equalization and decoding [7]. We refer to receivers employing iterative techniques as turbo receivers.
Turbo receivers are composed of two or more constituent softinput soft-output (SISO) decoders that communicate iteratively
through an interleaver/de-interleaver. The SISO decoders employ the maximum a posteriori probability (MAP) algorithm as
shown in Fig. 1 [7]. The throughput and complexity of turbo decoders and receivers is dominated by the SISO MAP decoders.
Therefore, high-throughput implementations of MAP decoders
are of great interest [8]–[18].
Extensive research has been done on investigating
high-throughput implementations of turbo decoders and
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turbo equalizers [8]–[18]. These high-throughput architectures
are based on parallel processing [8]–[16] and look-ahead
computation [17], [18].
The parallel architectures partition a data block into
segments and process these segments in parallel [8]–[10].
Specialized data transfer and storage-management techniques
and graph-theoretic approaches to model the resource time
scheduling of MAP recursions have been employed to derive
parallel high-throughput VLSI architectures [11]–[14]. The
interleaver can also be structured in parallel architectures so
that multiple memory accesses can be performed in parallel
[15], [16], thereby further increasing the throughput. These
approaches lead to an increase in hardware complexity that is
linear with speedup.
Look-ahead architectures [17], [18] process multiple trellis
sections per clock cycle. The state metric computations in the
MAP algorithm are approximated to further decrease the critical
path delay of the add-compare-select (ACS) recursions with an
acceptable impact on the bit error rate (BER). However, lookahead architectures have a complexity that increases exponentially with respect to throughput.
Each of these techniques achieves high throughput at the
expense of silicon area. In this paper, we present the use of
pipelining to enhance throughput with minimal impact on
silicon area. We employ block-interleaved pipelining (BIP)
[19], [20] at the architectural level to design a high-throughput
MAP decoder chip in a 0.18- m CMOS technology to achieve
a
–
increase in clock frequency while simultaneously
–
over
achieving a reduction in logic silicon area of
existing 0.18- m designs [12], [18], [21].
The remainder of this paper is organized as follows. Section II
describes the pipelined MAP decoder architecture. The implementation of the MAP decoder IC is described in Section III,
followed by a presentation of the results of testing the fabricated
chip in Section IV.
II. PIPELINED MAP DECODER ARCHITECTURE
In this section, we first describe the BIP technique, followed
by a brief description of the MAP algorithm and its data-flow
graph, and then describe the architecture of the pipelined MAP
decoder chip.
A. BIP Technique
Consider the recursive data path in Fig. 2(a). Note that the
data path in Fig. 2(a) cannot be pipelined or parallelized due
to the presence of the feedback loop. However, if the computations are block-based and the blocks can be partitioned into
independent recursive subblock computations, then the block-
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Fig. 1. Transmitter and receiver model in MAP-based turbo receivers, where I and I denote block interleaving and de-interleaving, respectively, and a recursive
systematic convolutional code (RSC) is employed. The subscripts and denote equalization and decoding, respectively, and the superscripts and refer to
the input and output, respectively. (a) Turbo equalization. (b) Turbo decoding.
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Fig. 2. Derivation of the block interleaved pipelined architecture. (a) Block-processing architecture. (b) Subblock parallel architecture. (c) Subblock interleaved
pipelined architecture. (d) Block interleaved pipelined architecture.

processing architecture in Fig. 2(a) can be parallelized into an
subblock parallel architecture [see Fig. 2(b)]. The
subblock parallel architecture of Fig. 2(b) can be interleaved
to obtain a subblock interleaved architecture
by a factor of
pipelining latches thus introduced
shown in Fig. 2(c). The
can be retimed as shown in Fig. 2(d) to generate the final block
interleaved pipelined architecture. This process of exploiting the
block processing nature of computations and the independence
of subblock computations to pipeline an architecture is referred
to as the BIP technique.

B. MAP Algorithm and Data-Flow Graph
A MAP decoder implements three types of computations: 1)
; 2) computation of
computation of the branch metrics
forward metrics ’s and backward metrics ’s; and 3) compu(LLR). These computatation of the log-likelihood ratio
tions are described via the following equations:
(1)
(2)
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Fig. 4.

Data-flow graph of subblock interleaved MAP computation.

Fig. 3. Data-flow graph of the sliding-window log-MAP decoder. It is assumed
that the computation and warm-up periods are equal to L.

(3)

(4)
where is the trellis index,
and are trellis states,
operation is defined as

is the data at the th trellis index,
is the LLR for , and the

(5)
Note that the computations described by (2) and (3) are nonlinear and recursive, which limits the achievable throughput. In
this paper, we employ the BIP technique to pipeline the computations in (2) and (3), and the detailed derivation of BIP architecture for MAP decoding is well described in [19] and [20].
This BIP technique can be applied to the MAP decoder for any
convolutional code regardless of its code polynomial.
We employ the sliding-window log-MAP algorithm [22] as it
minimizes the metric storage requirements. Another advantage
is that the log-MAP algorithm is formulated in terms of sums
rather than in products, which leads to area saving in comparison with direct implementation of MAP algorithm. The slidingwindow log-MAP algorithm can be derived via the warm-up
property which states that the forward and backward metrics
and
converge after a few constraint lengths
have been
traversed in the trellis, independent of the initial conditions. We
refer to the warm-up period as . The warm-up property can be
employed only for computing backward metrics as shown in the
data flow in Fig. 3, where the warm-up and computation period
are depicted using dashed and solid lines, respectively.
Application of the warm-up property to the backward metric
computation results in the data flow shown in Fig. 4 where
the block size
and
subblocks of size
are considered. The trellis sections between
th and
th
nodes can be employed for generating reliable forward metric
estimates for the second subblock [8]. No warm-up period is
required for computing the metrics for the first and last trellis

Fig. 5. Architecture of the MAP decoder chip, where W and W
the input data precision and the path-metric precision, respectively.

denote

window as these are known to the decoder of terminated codes.
For unterminated codes, the recursion can be initiated with equal
state metrics. Note that the data flow in Fig. 4 satisfies the conditions necessary for the application of the BIP technique as described in Section II because the subblock computations are:
1) block-based and 2) recursive. Although the BIP technique
is applied in a subblock level, we refer to this architecture as
block-interleaved pipelined architecture where we assume that
and the subblock size
are multiples of
the block-size
the warm-up period .
C. Architecture of the MAP Decoder Chip
The chip architecture of the MAP decoder is shown in Fig. 5.
This architecture implements the log-MAP algorithm with a
data-flow graph as shown in Fig. 4. This decoder architecture
is composed of a -unit, an -unit, a -unit, and a -unit. The
-unit has one
delay line, one
last-input
first-output buffer (LIFO), and three branch metric computation
is the input data precision. The LIFO buffer
blocks, where
is required to reorder the input sequence into the -unit since
,
the and units operate in a time reversed order. The
units have identical architectures as they implement a
and
state-parallel update employing
ACS kernels, where is
the constraint length as shown in Fig. 6(a). The -unit also has
LIFOs (each LIFO has the size of
) so that
backward path metrics for
each LIFO stores intermediate
each state. The -unit computes the output LLR using
,
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Fig. 7. Path metric rescaling logic, where the path metrics are represented in
two’s complement arithmetic.

[24], where is the memory order of the en, to
coder. Therefore, we choose the path metric precision,
. This enables us to check
satisfy
for overflow of each path metric by using the circuit in Fig. 7.
, then we subtract
If any path metric is greater than
from all state path metrics. In our design, the maximum
is less than
is 3, and
.
branch metric
Hence,
bits are assigned to the path metrics
and
. We also found empirically that 9 b of precision are sufficient
to prevent overflow due to rescaling. The precision of all the
signals in the decoder are shown in Fig. 6(b).
Fig. 6. State-parallel architecture of the ; b , and b units: (a) block diagram
and (b) the architecture of the pipelined ACS block.

and as described in (4). The -unit is not recursive and hence
does not limit the throughput.
Note that the only recursive blocks in Fig. 5 are the -unit and
the - and -units. Assuming that the clock distribution and
global interconnect are properly designed, it is the ACS units in
the -unit and the - and -units that will limit the maximum
achievable throughput. In order to enhance the throughput, we
apply the BIP technique described in Section II-A to pipeline
the ACS architecture resulting in the pipelined ACS architecture
shown in Fig. 6(b). The location of the pipelining latches are determined from circuit simulations. These latches are placed such
that the critical path of the ACS datapath is split approximately
in half.
D. Precision Requirements
The word lengths of internal variables of a MAP decoder are
determined via simulations. The word lengths are chosen such
that the loss in coding gain due to quantization effects is less than
when employed in a turbo decoder.
0.05 dB at a BER of
The precision of the path metrics in a MAP decoder should
be determined carefully in order to avoid overflow. In this paper,
we subtract a constant scale factor from all of the path metrics
in order to avoid overflow [23].
The updated path metric at time index is bounded by

(6)
where
and
is the maximum branch metric.
on the
In practice, is not known but the upper bound
path metric difference between any two state metrics is known:

III. MAP DECODER IC IMPLEMENTATION
In this section, we first describe the design methodology, the
floorplan and clock distribution network, and the design of the
pipelined ACS datapath.
A. Design Methodology
We chose a full-custom design methodology for implementing the MAP decoder in order to fully exploit the benefits
of using a 0.18- m CMOS process. The MAP decoder was first
implemented in VHDL and its functionality was verified using
a commercial register transfer language (RTL) simulator.
Each subblock in the RTL behavioral description of the MAP
architecture was translated into a transistor-level netlist using a
schematic design tool. The corresponding layouts were drawn
using a layout editor.
Layout-versus-schematic (LVS) and design-rule-checks
(DRCs) were followed by timing verification using commercial
static and dynamic timing analyzers at the subblock and full
chip levels. Chip level verification included the input and output
pads along with models of the off-chip load and drivers.
B. Floorplan and Clock Distribution Network
The chip floorplan shown in Fig. 8, where subblocks communicating to each other are placed close to each other, was designed to minimize the impact of interconnect delay on the critical path. Another factor contributing to the critical path delay
are the setup and hold times of a latch. Data, control, and clock
signals must be routed such that no setup and hold time violations occur. In order to prevent setup time violations, data and
control signals are propagated in a direction opposite to that of
the clock as shown in Fig. 8.
In order to minimize the hold-time, we employed C MOS
latches, whose properties measured from circuit simulations are
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TABLE II
MAXIMUM FREQUENCY OF AN 11-STAGE VCO (V
= 1 :8 ,
TEMPERATURE = 110 C, AND NOMINAL PROCESS CONDITION)

AREA
AN

TABLE III
SPEED OF THE ADDSUB BLOCK IN FIG. 6(b) WITH
= 1:8, TEMPERATURE = 110 C,
FO4 LOAD (V
AND NOMINAL PROCESS CONDITION)
AND

Fig. 8. Chip floorplan.

TABLE I
CHARACTERISTICS OF A C MOS LATCH WITH A 4 MINIMUM-SIZED
= 1:8, TEMPERATURE = 110 C,
INVERTER LOAD (V
AND NOMINAL PROCESS CONDITION)

the ACS unit was designed carefully to minimize the critical
path delay as described next.
C. ACS Datapath Design

Fig. 9.

Each stage circuit schematic of a ring oscillator in VCO.

shown in Table I. It should be noted that the C MOS latch has a
hold time of zero. Thus, the combination of the opposite propagation of data and clock, minimization of clock skew, the use
of zero hold time C MOS latches, and extensive timing verification over process corners provides confidence that no timing
violations will occur.
In order to generate an internal clock, an 11-stage
voltage-controlled oscillator (VCO) was implemented [25]. A
VCO stage shown in Fig. 9 consists of a variable resistor at the
input of an inverter. The resistor value is adjusted by controlling
the gate voltages of the PMOS and NMOS transistors. The
VCO tuning range is 1–540 MHz under various process corners
as shown in Table II.
From timing analysis tools, we determined that the critical
path occurs within the ACS kernel of the and units implying
that inter subblock interconnect delay does not dominate. Thus,

The ACS datapath shown in Fig. 6(b) is mainly composed
of additions. We chose a carry-select-adder (CSA) since
it provides a good compromise between a fast high-complexity carry-lookahead adder and a slow low-complexity
ripple-carry-adder (RCA). Table III shows the speed and area
comparison between the CSA and RCA adders in 0.18- m
CMOS with a fan-out of four (FO4) load. The delay reduction is
about 20% at a cost of 40% increase in area. The full adders in
the ACS circuitry are implemented in the classic 24-transistor
symmetric configuration.
The LUT is implemented using combinational logic with absolute value computation, where the logic gates are optimized
to reduce delay and to save area. The metric rescaling logic was
implemented as shown in Fig. 7 and a metric rescaling controller
ACS path
generates the enable signal whenever any of
metrics is greater than .
Circuit simulations were conducted in order to compare the
critical path delays of the pipelined and nonpipelined ACS data
path. The critical path delay without pipelining is 4.56 ns and
with pipelining is 2.68 ns.
IV. MEASURED RESULTS
The MAP decoder chip was designed and fabricated in
0.18- m, 1.8-V CMOS process from TSMC with one poly and
six metal layers and packaged in a 108-pin open cavity plastic
package.
Low-frequency ( 100 MHz) functional testing was done by
using the external pattern generator and indicated that the chip
functioned correctly with all the test vectors. High-frequency
testing was done by using the on-chip VCO and pseudorandom
binary sequence (PRBS) generator. The highest frequency at
which all the test vectors pass was recorded as the operational
frequency of the chip under the specified conditions. Via the test
block, we probed intermediate values of each module and found
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MAP DECODER IC CHARACTERISTICS

1723

TABLE V
COMPARISON WITH THE STATE OF THE ART

Fig. 11. Comparison of energy efficiency versus throughput. The energy
consumption of our design includes the estimated power consumption of an
interleaver (de-interleaver). The turbo decoder in [12] has 7 MAP kernels
in parallel and 71.7-Mb/s maximum throughput. This figure includes the
throughput number assuming two MAP kernels operate in parallel [12] since
= 2 BIP architecture.
our design employs the

M

Fig. 10. BER performance when the designed MAP decoder ([13,15] ) is
embedded into Turbo decoder.

that or computation units of the -unit failed first, and thus
the critical path of the MAP decoder IC is in the ACS units of
these blocks as planned during the design phase.
Table IV summarizes the features and measured characteristics the MAP decoder IC. The clock frequency of the MAP
decoder is same as the clock frequency of a turbo decoder that
employs the MAP decoder. The designed MAP decoder can be
employed as MAP kernel for turbo decoder and equalizer applications. The clock frequency of 285 MHz is the fastest reported to date for a MAP or turbo decoder in 0.18- m CMOS
and represents an increase of
–
over existing implementations. Fig. 10 shows the BER performance when applied
to turbo decoder applications.
Next, we compare the throughput and energy efficiency
achieved by our MAP decoder IC in the context of a turbo
decoder. A turbo decoder needs memory for interleaving and
de-interleaving in addition to a MAP decoder core. As our chip
does not include this memory, we estimated the memory power
via using Texas Instruments 0.18- m ASIC library, which
indicates the number 0.018- W/MHz/gate for typical design

power dissipation. Combining the memory power estimate and
the measured results indicate that a turbo decoder based on this
MAP decoder core can achieve a decoding throughput of 27.6
Mb/s with an energy efficiency of 4.8175 nJ/b/iter assuming
five iterations and 5 K interleaver size.
Table V shows the measured performance of the MAP
decoder IC. The data rate and energy-efficiency numbers in
Table V and Fig. 11 are those for a turbo decoder designed
using the proposed MAP decoder core. Thus, as mentioned
above, the energy-efficiency values for our work comprises
the measured energy consumption of the MAP decoder and
estimated energy consumption of interleaver/deinterleaver
memory. Compared to the highest data-rate design [18], our
smaller
decoder achieves comparable throughput with
logic area and a
improvement in energy efficiency. Compared to the best low-power design [12], our decoder achieves a
increase in throughput with comparable energy efficiency
and a
reduction in logic area. For the same throughput,
an energy-efficiency improvement in the range of
–
is
achieved. Thus, the proposed MAP decoder core enables the
design of a turbo decoder with the tradeoff between energy
efficiency and throughput.
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Fig. 12. Chip microphotograph.

The chip microphotograph is shown in Fig. 12.

V. CONCLUDING REMARKS
A pipelined MAP decoder IC was designed in TSMC 0.18m 1.8-V CMOS process technology. High-throughput operation was achieved via block-interleaved pipelining of the ACS
kernel. The 8.7-mm chip achieves a clock frequency of 285
MHz with 330 mW of power consumption at 1.8-V supply.
This core achieves the highest clock frequency reported for any
0.18- m designs and does so with the smallest area.
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