Adv. Radio Sci., 11, 137:42 2013 -
www.adv-radio-sci.net/11/137/2013/ A(_:Ivanges in
doi:10.5194/ars-11-137-2013 Radio Science

© Author(s) 2013. CC Attribution 3.0 License.

A code-aided synchronization IP core for iterative channel decoders

I. Ali, U. Wasenmiiller, and N. Wehn
Microelectronic Systems Design Research Group, University of Kaiserslautern, 67663 Kaiserslautern, Germany

Correspondence td: Ali (imran@eit.uni-kl.de)

Abstract. Synchronization and channel decoding are integralmunication standards. As compared to non-iterative codes,
parts of each receiver in wireless communication systemsthey are capable of achieving a certain frame error rate (FER)
The task of synchronization is the estimation of the generakt significantly reduced signal-to-noise ratios (SNR). How-
unknown parameters of phase, frequency and timing offset asver the performance of the iterative codes implicitly as-
well as correction of the received symbol sequence accordsumes ideal synchronization of the received signal. Small
ing to the estimated parameters. The synchronized symbdrequency and phase offsets result in a severe loss of commu-
sequence serves as input for the channel decoder. Advancetcation performance in these decoders as statddeingali
channel decoders are able to operate at very low signal-toand D’Andrea(1997).
noise ratios (SNR). For small values of SNR, the parame- During the last decades, communication systems usually
ter estimation suffers from increased noise and impacts thevere operated at fairly high SNRs and synchronization was
communication performance. To improve the synchroniza-not a major source of communication performance degrada-
tion quality and thus decoder performance, the synchronizertion of a system as there are many well-established synchro-
are integrated into the iterative decoding structure. Interme-ization algorithms which can properly synchronize the sys-
diate results of the channel decoder after each iteration artems at high SNR. Such synchronizers carry out estimation
used to improve the synchronization. This approach is re-and correction of channel parameters prior to the decoding
ferred to as code-aided (CA) synchronization or turbo syn-and function in either data-aided or non-data-aided modes.
chronization. As mentioned earlier, Turbo and LDPC decoders can oper-
A number of CA synchronization algorithms have already ate at low SNR. Consequently, the channel parameters esti-
been published but there is no publication so far on a generienation suffers from increased noise at low SNR which de-
hardware implementation of the CA synchronization. There-grades the communication performance of the decoders. To
fore we present an algorithm which can be implemented effi-achieve sufficient parameter estimations with these conven-
ciently in hardware and demonstrate its communication pertional synchronizers the amount of known data symbols i.e.
formance. Furthermore we present a high throughput, flexipilot symbols had to be increased, which would result in a
ble, area and power efficient code-aided synchronization IRvaste of bandwidth. Therefore in new family of synchroniz-
core for various satellite communication standards. The corers, the synchronization is integrated into the iterative decod-
is synthesized for 65 nm low power CMOS technology. Af- ing structure.
ter placement and routing the core has an area of 0.144mm  Integration of the synchronization into the iterative decod-
throughput of 207 Msymbols/s and consumes 41.4mW afng process, commonly referred to as code-aided synchro-
300 MHz clock frequency. The architecture is designed innization (CA Sync.), is a promising approach to synchronize
such a way that it does not affect throughput of the system. a system at low SNRderzet et al.(2007). The basic idea
is to use the tentative a posteriori probability information of
the transmitted bits which is available after each decoding
iteration step to compute so-called soft symbols. These soft
symbols are used as known data symbols as in data-aided
synchronization to generate new parameter estimates; these

most popular iterative channel codes nowadays. Due to theif €W estimates are sub_sequently used tp cqrrect_ the received
impressive communication performance near the ShannoﬁIgnal prior to performing further decoding iteratioBsdt-
limit they have become part of a wide range of wireless com-mann and Mey(2006.

1 Introduction

Turbo and low-density parity-check (LDPC) codes are two
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Carrier phase, frequency and symbol timing of the re-IP core to accomplish throughput, flexibility and energy effi-
ceived signal are three primary channel parameters. For pasiency requirements of various satellite communication stan-
rameter estimation and decoding the received signal must bdards. To the best of our knowledge we are the first to publish
down-converted to the baseband. Due to a slight differencesuch an IP core.
of the oscillators frequencies in transmitter or receiver, a fre- This paper is structured as follows. Section 2 introduces
quency offset will arise. Furthermore a frequency offset canturbo codes while Sect. 3 explains code-aided synchroniza-
appear by the Doppler effect if the transmitter and the re-tion principle. In order to illustrate the advantages in com-
ceiver are in motion. Origin of the phase offset is given by munication performance due to the code-aided synchroniza-
the unknown transmission delay from the transmitter to thetion, simulation results are presented in Sect. 4. The hardware
receiver which results in a random phase offset in the re-architecture and its implementation results are described in
ceiver. This paper concentrates on the frequency and phasgect. 5 and conclusions of this work are given in Sect. 6.
offset estimation and correction (carrier synchronization) for
turbo decoding.

At present iterative codes are part of various satellite2 Turbo codes
communication standards like Digital Video Broadcasting
— Return Channel via Satellite (DVB-RCS), Digital Video With the introduction of binary turbo codes by Berrou in
Broadcasting — Satellite services to Handhelds (DVB-SH)1993Berrou et al(1993 near optimum error correction be-
and GEO-Mobile Radio Interface (GMR-1 3G). These stan-came possible. Due to these error correction capabilities, bi-
dards propose best combination of evolved data processingary and duo-binary turbo codes allow for low frame error
schemes at the transmitter to protect data from destructivéates (FER) at a low signal-to-noise ratio (SNR). Turbo codes
channel effects under different transmission conditions andyenerally consist of a serial or parallel concatenation of two
to support high data rate communication. While translatingcodes, so called component codes, and an interleaver.
these requirements on the physical layer of a radio terminal, Decoding of turbo codes is an iterative process where
a flexible and high throughput hardware platform is highly probabilistic information is exchanged between component
desirable. The same hardware architecture should be able @ecoders. A possible realization of a decoder for turbo codes
be configured to the required air interface and also be able tés given in Fig.1. The two component decoders that decode
accommodate future modifications of the standards. the two component codes are connected via interleaver and
deinterleaver. They useg lielihood ratics (LLR) 2%, , 3"

1.1 State of the Art 2 , o _ o
andk;’k of the systematic and parity information to compute
A number of code-aided synchronization algorithms basedhe extrinsic informationA5! and A¢? on the information

on Expectation-Maximization (EM), the Newton-Raphson bits. The iterative exchange oyffig and A;f between these
(NR), the Steepest-Descent (SD), the factor-graph repreeomponent decoders is referred to as turbo principle. One
sentation and the sum-product for implementation of EM, (full) iteration is done if Decoder 1 and Decoder 2 have run
NR and SD, pseudo-maximum-likelihood, and the correla-once. If only one decoder has calculated new information, we
tion are proposed by different authdgdtmann and Meyr  call this one half iteration.

(2006, Herzet et al(2007), Noels et al (2005, Lottici and The decoding algorithm consists of a forward and a back-
Luise (2004 andWasenniller et al.(2010. But no generic  ward recursion. It computes for each possible information
and flexible hardware implementation of the code-aided synor parity bit d; an a posteriori probability (APP) LLR:
chronization is published so far according to the best ofas, AP, APZ,

our knowledge. This motivates us to introduce an algorithm

which can be implemented efficiently in hardware and fur-

thermore design a generic, high throughput, and flexible ar3 Code-aided synchronization

chitecture for the code-aided synchronization to accommo-

date multiple wireless communication standards. The synchronization consists of the estimation of the un-
known parameters of timing, frequency and phase offset, and
1.2 New contributions the elimination of all possible negative influences introduced

by these parameters. We focus on the frequency and phase
This paper has three main contributions: (1) we demonstrataynchronization in conjunction with turbo decoding. We as-
communication performance of a code-aided synchronizasume, that the steps of gain control, timing synchronization,
tion algorithm under different transmission parameters (2)frame detection and coarse synchronization are properly car-
we investigate the impact on throughput and communicatiorried out before. The received sample sequenisegiven in
performance by running the decoder and the code-aided syrthe complex baseband according to EQ: (
chronization algorithm in serial and parallel (3) we imple-
ment a CMOS synthesis based code-aided synchronization(l) = s(l) - e/ @/+® L )y  1=0,1,...,L—1 (1)
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— The estimate of the phase offset is calculated with the help of
I A"z q' .
Al &
d ~ ~ ~ ~
:Component As Component{ 4+ ¢p=argZo+Z1)—L- fo-m (5)
Decoder 1 =—% | ~| Decoder 2

Al " — ' . . .

LA JF A oo ’_‘ A* The first decoder iteration is based on the LLR valmgks

Pz 1 2
Adk Af}k and/\fl’k calculated with the symbols of the coarse syn-

chronized received sequence. For the code-aided synchro-
Fig. 1. Turbo Decoder. nization an estimate of the transmitted symbols is used,
which is produced by the turbo code decoder after each it-
. . eration. The estimate of the transmitted symbols is gathered
Th.e sample sequen@eNlth L elements is based on modu- by the APP LLR of the decoder. A turbo code decoder com-
lation symbolss (/) with one sample per symbol and symbol putes APP LLR valueg* of the systematic bits by default.

du_:_ar\]tionTlé and is disturbed byf? noise seql;fence doh In code-aided synchronization applications the decoder must
€ unknown paramgters ot frequency o f@ﬁn phase additionally calculate the APP LLR valugg’®-? for the par-
offset ® have to be estimated for every received sample se

; . . ity bits. With the tentative soft values of systematic bits and
qguence. These parameters are considered fixed during an arity bits the sequence is generated and the described
timation interval; the sample sequence has to be correcte

. . ~ _ ode-aided synchronization process can be carried out. The
accordingly to the estimated frequency offsgtand esti-

mated phase offseb. The synchronization is done in two LLR are converted into symbols according to the ). (
main steps. Initially, a (coarse) carrier synchronization is per- 520 52 +1)

formed with the help of pilot symbols. Afterwards fine syn- s, (/) = tanh( 5 ) + jtanh 5 )

chronization is done iteratively with the additional use of ten-
tative decoder decisions after each decoder iteration which is [=01...L-1 (8
called here code-aided (CA) synchronization. This principle
improves the estimation parameters for synchronization. The I—_Iere v* respresents the sequence wof =7t and 772,
improved carrier synchronization is used to provide betterWhICh co_rresponds to fche transmltte_d symbols sequence .
The received sequeneds corrected with the new estimates

input data for the decoding process. This process is done it_ffre uency and phase offset. The svmbols correction is per-
eratively after each decoder iteration. Frequency and phas? q y P ' y P

offset can be optimally estimated on an unmodulated carrier.Ormed according to the Eq7)
With the assumption, that the transmitted symbol sequence

s of the burst is known the effect of the modulation by each” () =7() e
transmitted symbad (/) can be removed by:

—j@rfl+® 101, . L-1 (7)

In this way a new synchronized received sequericis cal-

F=rd)-s*() [=0,1,....L—1 2) culated after each full decoder iteration. The above presented
code-aided synchronization algorithm is very similar to that

However it must be considered, that usually the symbols ofpresented ituise and Reggiannirfil 995 andWasenniller

the burst are unknown or only some symbols, used for supet al.(2010.

porting the burst detection or supporting the coarse synchro-

nization are known. Thus we replace the transmitted symbol

sequence by an estimated symbol sequengeThe estima- 4 Communication performance simulations

tion of the transmitted symbol sequence is provided by the . ) o

turbo decoder. The code-aided estimation of frequency andi this section, we demonstrate the communication perfor-

phase offset is based on the average ptiassf the front part ~ mance of our system. The S|mulat|0ns were car_ned out with

and on the average phage of the rear part of the burst with bit true m.ode_ls of the harQWare units to take mtq apcount

a modulation removal by the estimated symbol sequence the quantization losses. It is assumed that ideal timing and

This is formally given by: and frame synchrqnization are dqne 'in advance. quther-

more a coarse carrier synchronization is assumed, which re-

_ L/2=14kL)2 solves phase ambiguities and limits the residual phase and
Zr= Z rd)-s;() k=01 () frequency offset. In current research only QPSK modula-
1=0+k-L/2 tion scheme was adopted and no pilot symbols were used

in the bursts. In all experiments, we used an additive white

Gaussian noise (AWGN) channel. To demonstrate the per-

formance of our CA-synchronization algorithm in challeng-

. argZo- ZN*{) ing conditions, we chose a constant value of frequency offset.
= Tor L 4) That results in linearly increasing/decreasing phase offset on

With the two phase values of E®)(the estimate of the fre-
quency offset can be calculated with:
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info bits 96; code rates (CR) 1/3 and 6/7; iter. no. 8 , info bits 1728; code rates (CR) 1/3 and 6/7; iter. no. 8
. ] T ; T 3 10° 3
=& perfect sync. CR 1/3 E M| =@ perfect sync. CR 1/3
=—e— with CA sync. CR 1/3 \& \| =— with CA sync. CR 1/3
== without CA sync. CR 1/3 [] Ky : = \ithout CA sync. CR 1/3 |
= ® = perfect sync. CR 6/7 d 10k i = @ = perfect sync. CR 6/7
= = = with CA sync. CR 6/7 B E b‘\ = = = with CA sync. CR 6/7
= A = without CA sync. CR 6/7 |1 A\ = % = without CA sync. CR 6/7 |
A i g \ :
AN E 107 b‘\ b} 3
: \
o \ A o \} »
(NN ' Ll A A
[ Ry P [ 5* .
b A _
iy : A E 10°E i A B
-\ X‘ £y N
be N, oy AA
N A
Q A R \ N
oy Py 10L A\ B
; {\ '\ \Q ‘\4
y
\
; ; ; N ; ; ; L4 N
o 1 2 3 7 8 9 10 o 1 2 6 7 8

4 5 6 3 4 5
SNR - Eb/NO (dB) SNR - Eb/NO (dB)
Fig. 2. Performance comparison, with and without CA Sync., short Fig. 3. Performance comparison, with and without CA Sync., long
block length, in presence of residual phase and frequency offset. block length, in presence of residual phase and frequency offset.

each symbols of a block. So we calculated the constant fre4.2  Block length and code rate variations
quency offset value for each block depending on its length.

The first symbol of the block gets a rotation-e22.5" then e carried out simulations with different block lenghts and
the offset Iinearly increases for each symbol in a block andcode rates in presence of residual phase and frequency off-
the middle symbol gets°(phase offset and the last symbol sets. In this paper, we present the communication perfor-
gets a phase offset of 22.5f the input symbols are rotated mance of the CA synchronization with the shortest and the
with an offset of+45° with QPSK modulation then the de- |ongest block lengths and, the lowest and the highest code
coder can not decode the data that's why in all experimentsates of DVB-RCS standard. The Figsand3 show the re-
we kept the offset within the limit45°). To get each result  sylts with 96 and 1728 bits block lengths and, 1/3 and 6/7
250000 blocks were simulated. code rates. The gain in communication performance due to
We used an 8-state duo-binary turbo decoder in our sSimCA synchronization depends upon code rate, block length,
ulations having Max-Log-Map with ESF (extrinsic scaling and residual phase and frequency offset. The figures show
factor) algorithm having value 0.75, sliding window with one that at FER 103 the performance gain is almost 0.25dB

trellis stage, next iteration initialization (NII) acquisition, the with code rate 1/3 and almost 1.6—2.0 dB with code rate 6/7
window length equal to the information bits, 8 iterations, 6 depending upon the block length.

bit quantization for the input LLR and 7 bit for the extrinsic
LLR.

We present frame error rate (FER) graphs to show the im
pact on communication performance of different parameters:
frequency offset, phase offset, block length and code ratelf the synchronization and the decoder function in serial, i.e.
Moreover, the effect on communication performance by run-the synchronizer waits for completion of the decoder iter-
ning the synchronization in parallel to the decoder is alsoation, then latency of the system is increased. As a conse-
shown. guence, the system throughput is heavily degraded. On the
other hand, if the synchronization and the decoder function
in parallel, i.e. both start their functions at the same time,
but the synchronization unit uses previous iteration results of
the decoder, then in this case there is no effect on the sys-
Figures? and3 show the performance of the decoder in pres-tem throughput but the communication performance gain of
ence of residual phase and frequency offsets. FER curvethe CA synchronization is degraded slightly. We show com-
with ideal synchronization i.e. zero phase and frequency off-munication performance graphs of the both situations in Fig.
set, with and without the CA synchronization are also shown4 which shows that we get a penalty in communication per-
in the figures. It is evident that the residual phase and freformance when the code-aided synchronization is running in
quency offsets degrade the decoder performance but the Cparallel to the decoder: 0.1 dB at iteration number 4 and 0.05
synchronization significantly improves the performance, i.e.dB at iteration number 8. The insignificant loss at higher
the communication performance is close to the ideal synchronumber of the decoder iterations instigates us to design an
nization by doing CA synchronization. architecture running in parallel to the decoder.

4.3 Synchronization running in parallel impact

4.1 Phase and frequency offsets impact
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Fig. 4. Performance comparison, CA Sync. running in serial and Fig. 5. Architecture of the code-aided synchronization.
parallel with the decoder.

Two LLR values are transferred to the “LLR to symbols”

module in one clock cycle to convert them into a symbol for

The architecture of the system is shown in Fig\We use QPSK modulation for implementation of Ec)( The sym-
bols received by the AWGN channel are stored into the DPR.

synthesizable VHDL for modeling and implementing the ar- bo! f h d th ¢ bol at th
chitecture. The modules shown with dotted box in the figure,One symbol from the DPR and the soft symbol at the output
f the “LLR to symbols” module are transferred to the “Cor-

demapper and decoder, are not part of the architecture andl 1€ - ; .
are shown here just for architecture operation explanation.re“”‘t,Ion module. One symbolis .processed in one clock cycle
We use Lookup Tables (LUTSs) to store the values of tanh,and n Eh's way t_he,,WhO'e bIO,Ck is processed. .

sin and cos which are required to convert the input LLR into The Correlation mo?ule implements E¢g)(and Its ”re-
symbols and for the symbols correction. We use STMicro—SUIt IS transferre(_j to the *LUT based angle calculatl_on _mod-
electronics ROMs for implementing all the LUTs and a DPR ule for computat|on“of angles (gee aﬂ?’“me”t function in Eq.
(dual port ram) 3072 20 to store the symbols. Two complex (4) and Eq. b)). The “Offsets reg|ster§ quule sav?s the re-
MAC (Multiply-Accumulate) units are implemented to per- sults Of, Eq & and E,q' b) for current iteration. The “ &f
form the correlation and correction functions in parallel. Sec-correction module implements Eq)(

ond term of Eq. %) is also mapped on the correlation MAC
unit to save an additional multiplier. Moreover a divider is
implemented to get the frequency offset as described in Eq

5 Architecture and its implementation

5.3 Synchronization running in parallel to decoder

@) To run the synchronizer in parallel to the decoder, the phase
' & frequency (@ & f) correction module remains idle during
the first decoder iteration. When the decoder executes its sec-
ond iteration and the LLR are available at its output and then

We use a LUT for phase calculation (Ed) @nd Eq. §)) the correlation and correction modules start their operations
instead of using a full CORDIC (Coordinate Rotation Digi- in parallel. A symbol is read from the DPR and it is trans-
tal Computer). The address of the LUT is generated by thderred to both the correlation and correction modules, in the
correlation function. However, the output of the correlation sSame clock cycle. In this way we save a lot of accesses to the
function is a complex number having large bitwidth. So it is DPR. So the correlation is performed on the decoder 1)-
required to reduce the bitwidth of the number in order to re-th iteration output while the correction is performed on the
duce the LUT size. Instead of directly truncating LSBs of a decoden-th iteration output. One symbol is corrected in one
complex number which can result a number with less infor-clock cycle and it is saved into the DPR again. So the DPR is
mation Carrying bitS, we do Sca”ng in a smart way. So first used to save the corrected SymbOIS also. After correction of
we truncate all possible no information carrying MSBs and @ complete block, it is transferred to the demapper for next
then the complex number is shortened and rounded to 10 bitdteration of the decoder.

5.1 LUT based phase calculation

5.2 Operation 5.4 Implementation results

After one iteration of the turbo decoder, LLRs of the system-The code-aided synchronization IP Core is implemented
atic and parity bits are available at the output of the decoderon a 65nm low power CMOS library. We considered the
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Table 1. Post-layout area results.

Component Case Max. clock freq. Area
DPR Worst 300 MHz 0.089 mfn
Logic Worst 300 MHz 0.041 mm

ROMs (LUTs) Worst 300 MHz 0.064 mfn
Sum 0.194 mrh

following process, voltage and temperature (PVT) parame$
ters: Worst Case (WC, 1.1V, 12&), Nominal Case (NOM,
1.2V, 25°C) and Best Case (BC, 1.3\40°C). Synthe-
sis was performed with Synopsys Design Compiler in to-
pographical mode, placement and routing (P&R) with Syn-
opses IC Compiler. The DPR can operate at maximum
300 MHz clock frequency so we synthesized the core atFig. 6. Physical design including the DPR.
this frequency. Tabld shows the results for area and the
final physical design is shown in Fids. We calculated
the power consumption of the physical design with Syn-core for the code-aided synchronization. The core functions
opsys PrimeTime-PX. The design consumes 51.0, 41.4 anth parallel to the decoder so it does not degrade its through-
35.4 mW at best, nominal and worst case, respectively, aPut.
300 MHz clock frequency.
The_ synthesis results show that we save a S|gn|f|cant ared tarences

by using a LUT for phase calculation. It occupies only
0.0186 mni area while a complete CORDIC implemented Berrou, C., Glavieux, A., and Thitimajshima, P.: Near Shannon
on a 65 nm ASIC takes 0.86 nfrareaQi et al.(2010. How- Limit Error-Correcting Coding and Decoding: Turbo-Codes, in:
ever the CORDIC can also perform several other functions Proc. 1993 International Conference on Communications (ICC
like conversions between polar and rectangular coordinates. '93), 1064-1070, Geneva, Switzerland, 1993.
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