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ABSTRACT reality the situation is more complicated. Becaubke

decoding of a powerful outer code, such as Turlecds

Redundancy, which is added in transmitter in stethda an iterative process, the computational complexity

OFDM in form of Cyclic Prefix (CP) is usually discked in  resulting super-iterative decoder in the receivan de

the receiver. However, it can be interpreted aspeetition  prohibitively high. Other problems arise from treectf that
code, which repeats only part of the symbols. Toeeeit is  the inner code operates on complex numbers inithe t
a rather weak error control code. Neverthelessr¢beiver domain, while the outer code is a binary code (GF(2

could be modified to implement a signal processingoased) and operates in frequency domain — after axiel
technique using the CP redundancy, which allowdrequency domain equalization. In turbo decodinige t

increasing of error correcting capability of aneuLDPC  partial decoders must share extrinsic informatiothe form

code. The details on such a modification and cpoeding  of Log-Likelihood Ratio (LLR), which is defined gnlfor

simulations results are presented in this paper. binary random variables. For the inner complexdfiebde
(CFC), there is no compatible LLR definition. Tipisoblem
1. INTRODUCTION is addressed in [3], where it is suggested, thatdicoding

of the inner code must be transformed to an ecqeival

All practical Coded OFDM (COFDM) systems contain decoding operation in frequency domain that operater
redundancy not only in the error control code (eTgrbo-  binary codes and can use LLR values.
code or LDPC), but also in the form of a cyclicfpcéCP), Even with the problem of cooperation of decoders
added by the OFDM transmitter to eliminate therileck  solved, other problems remain. In a multipath cleanthe
interference (IBI) caused by multipath propagatigxs inter-block interference always affects OFDM traission.
shown in later sections this redundancy turns theal The redundancy in CP allows the elimination of this
channel convolution, represented by the channelulisep interference. This is implemented usually by drogpthe
response h, into cyclic convolution, thus allowing a affected prefix samples in the receiver. On theiottand, if
computationally feasible frequency-domain equailimat the information from the CP is to be used in theoding,
(FDE) also described in [1]. The added redundarxy isamples of the prefix cannot be dropped. In [2] e n
usually discarded in the receiver. method for eliminating 1Bl from OFDM transmissiohy

As described in [2] and [3], the CP insertion dan applying additive and subtractive corrections ia thceiver
understood as a short repetition-like code over gemn under the assumption of perfect channel state rimdtion
numbers in time domain with only part of the synsbol (CSI) knowledge in the receiver is presented alaity a
repeated. The high coderate and simplicity givdhsarle a  suboptimal method for improving the decoding of Gasr
very weak error correcting capability. However,sibme codes by exploiting the redundancy in the OFDM icycl
conditions are met, the inverse Fourier transformai prefix. The presented method proposed addition of a
COFDM transmitter can approximate the operationanf transmitted block reconstruction in the receiverhisT
interleaver and such transmitter can be unders@®da reconstruction block involves also a turbo-code oélivy
system with serial concatenation of codes, as défin [4].  process that uses the already decoded data béstitoate
The two concatenated codes — outer ECC defined by the transmitted OFDM block and remove interference.
communication standard and inner repetition canthem  Unfortunately, errors in the decoded data streartiphuin
decoded iteratively according to the well knownbtur the subsequent turbo-encoding operation and thdtires
decoding principle defined in [5]. Even a weak inne system outperforms the original system by a meted®
repetition code can improve the decoded error ratithe  while the computational complexity of the modifiesteiver
present powerful outer error correcting code. kotly such is more than double.
a modification is easy to implement in an SDR systin
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OFDM transmitter Multipath channel OFDM receiver

| ECC |+{ CM || IDFT |-+ CPI}—{D/A ] o[ & @ » A/D |- CPR |-+ DFT [—{FDE [ APP |

AWGN

Fig. 1: OFDM transmission in a multipath channeheTECC block represents a powerful Error Correct@ade specified in a
communication standard, Constellation Mapping (GNbick maps bits to complex numbers, Inverse DiscFaurier Transform block
maps vectors of complex samples in frequency dortmitime domain. Cyclic Prefix Insertion (CPI) blointroduces redundancy
necessary to eliminate IBI, which is then removedhe Cyclic Prefix Removal (CPR) block in the iigee. FDE block implements a
simple Frequency Domain Equalization. The ECC dedken decoded by utilizing an A-Posteriori Prabigh(APP) decoding algorithm.

This paper examines the effect of the prefix sampleThe next well known matrix models are the models of
extraction method presented in [2] when a moreabilét channel convolution. The linear channel convolutidrthe
LDPC ECC along with a simple Min-Sum (MS) decodingtransmitted block with channel’s impulse responsean be
algorithm is used. The simulation results confirfme t expressed as multiplication by a convolution malttjx

theoretical predictions, that such a decoder otdpes ™, 0 0 0 0 0 0 O
Turbo-code based system in terms of both bit eatio and hh b, 0 0 0 0 0 O
computational complexity. In the next section a pam C h - 0 0 0 0 0
more formal definition of the prefix information reales h/ :2 ' o 0 0 o0
extraction, compared to somehow intuitive defimitio [2] '
is presented. The third section then describesraenew (B+v-1)xB) _ 0 h ) ‘O 0 0
alternatives of receiver design modification usibgw- Hi =0 0 - _ 0 0
Density-Parity Check code as an ECC. The simulation 0 0 0 - h O
results in the last section evaluate the errorgoevénce of 06 0 0 0O hh hy
various configurations of the modified system. 0 0 0 0 0" @ h
0 0 0 0 0 O0h °
|0 0 0 0 0 0 0h|

2. MATRIX MODELS
The size oH_depends on the input vector sBand size of
In this section, formal matrix models for the msportant  the impulse response The linear convolution prolongs the
system blocks are presented. Some of them arekwelW, transmitted block by - 1 samples. Circular convolution on

other are original. The motivation for matrix madeglis the r 7
] . } h 0 0 0O O Hh ..M
desire to express the whole system operation amples 0 0 0 0
matrix-vector multiplication. Ry oo
The first well known model is the discrete Fourier . b 0 0 0 0 h
transform rqater defined in [6]: i b (NXN) _ h, .. » h 0 0 0O O
1 1 1 1 ¢ Oh ..hHh h 0 0 O
1 o N1 0O oh .. hHL hh O O
W:i 1 o o L2(N-1) 0 0 oh .. hHh K O
JIN (0 0 0 0h ..h hj
the other hand preserves the transformed vecter 8]z
1 N1 2N H(N-D(N-1) H. is a square circulant matrix , that can be diatiped by
Wherea)der;ends on the transform size: N multiplication with the Fourier transform matrics7]:
_27j -1
w=e N Dp =W x H xW

WhereD;, is a diagonal matrix with nonzero entries equal to

Since W i it trix, the IDFT trix i il ? i
ince W IS @ unrary matrix, the matrix 15 eastly samples of al-point DFT of the channel impulse response:

obtained by means of Hermitian transpose:

wl=w’ diag(Dp,) =[ H(0), H(e ZI/N). . H(e 2T N =Dy
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The key point in cyclic prefix insertion and rembis the
transformation of actual channel linear convolutiorcyclic
convolution. This can be easily shown if propernfat
models of prefix operations are at hand. Despiteir th
simplicity, the following models are usually misgirin
literature:

ooy [ 07N g
In

0 is the cyclic prefix insertion matrix. The muligation of
a vector of sizeN by Q implements the operation of
inserting a cyclic prefix of siz&®, resulting in a longer
vector containingN + O samples.Q is very simple — it
consists of identity and zero matrices of properesi
Similarly, the cyclic prefix removal matri¥¢ implements
corresponding operation in the receiver:

q,(NX(N+O+v—1)):[ON><O N ON><V—1:|

Under the condition thaz < O+1 the conversion dfl, to
H. is trivial:

HC(NXN) ¥ xH L((N+O+V‘1)x( N+0) « 0
After the channel convolution matrix can be conside

circulant, a simple per-component frequency eqatbn
takes place in most modern OFDM receivers:

S=p,txz=s+Dp07x N

However this graphical intuitive description desera more
formal equivalent. It is presented in the followisection.

2.1. Matrix segmentation

Let A = (g;) be a matrix of complex numbeis;: € C, of size
RxS:

1 A2 a1s

a a
A=| 221 23

ar1 a2 aRrs

It is possible to define two sefd, and N, of positive
numbers:

sz { I, o ..
No={s,% ...

. I}, Wherev r; >0, r;=Rand| M, | =m
,Shh, WhereV 5> 0, 5 =Sand|N, | =n

My is the set of row groups' dimensions afiddenotes the
set of column group's dimensions.is the number of the
row groups anch is the number of column groups. These
groups of rows and columns partition the matixnto a
grid of submatrices:

A1 A A1n

A A
A= :21 2n

Aml Amz A mn

WhereA; is the submatrix o with r; rows ands columns.
This partitioning will be calledsegmentation of matriA.

WhereS’ is an estimate of the transmitted frequency domaif’Sing this partitioning, a usual matrix-vector nplication
samplesS and N is a Fourier transform of channel noise OPeration:

vector (andZ are unequalized frequency domain samples).
The method for extracting the prefix redundancyspnted
in [2] is based on identification of a second ciac
submatrix in the linear channel convolution matis
demonstrated in Fig.2:

tCPZ tNP tCP tCPz tNP tCP

X X

Ie,
A
IRC

r,’ | = *~
| I\-k3X
l"T

Fig. 2: Second circulant submatrix in linear chdnz@volution
matrix after a correction is applied in receiver.

y= AX X

can be expressed in terms of subvectorsarid
submatrices o\ defined by the partitioning above:

n
yi:ZAjXXj i=1,2..m.
=1

where vectorx is partitioned into subvectors in a similar
manner using the set of subvector sixgs

2.2. Segmentation of channel convolution matrix

The segmentation of the linear channel convolutiadrix is
defined by the segmentation of the transmitted racdived
vectort andr. The definition of the setsl, andN, is given
by the analysis of the operation of an OFDM sysiem
multipath channel conditions:

Np={O,N-0O,0Q

M,={O,N-0O, Oy-1}
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This definition of subvector sizes defines the iiarting of It is obvious that received vectos is related to transmitted

transmitted vector ( || denotes vector concatenation): vectors by a multiplication with circulant matrid.. :
H(N+Op) [y (O (N=ORD) [ (OD) b (NxN) Hoz HoitH 3
CP2 NP CP C H H H
_ _ _ 32 H31*tH 33
It is necessary to define two subvectors of thesmatter
output: Similarly the second received vectgp can be expressed as
(Nx1) _T¢ i a result of multiplyings, with matrix H,’, which is not
S ‘[ Nl CP] circulant :
Nx1) _
5N =[tepa Il tne] o= Hi Hiz
Vector s is the original data vector, while vectsy is the L Ho1 Hoo

rotated version o containing the redundant cyclic prefix
samples. SimilarlyM, defines the partitioning of the

) Therefore the desired circular dependence betwgeand
received vector:

s, must be created artificially by introduction of additive
r :[rCP(Oxl) [Ir g (N=OD) | 5 (O<D) (b= 2 l)} correction :

. . . r =H 3, xt
Again, two subvectors are particularly interestiogour cor2 327°NP

purposes : This correction must be applied to the proper sotoreof

rD(le) =[rD' Iro ] the received block : _
(Nx1) _ ' If we redefinerp, to use this corrected values, vectogs

o2 =[replirp] fcp' =Tcp+ cor =H 114 cp+H 32% N

ro is the received subvector processed in current MDF 5nqs, become bound by a circulant matkb , same as in

systems andp; is the second received subvector, processegtandard processing branch :

in the modified receiver in the added processiranoin.

Vector ry denotes the prolonging of the transmitted block He :[Hll Hio+H 32}

and since it overlaps withcp from the next transmitted Ho1 H 22

OFDM block, it is discarded in current systems.sTimiter-

block interference can be described by introdudihgck Fig. 3 summarizes all the definitions in one exampf

linear channel convolution matrix segmentation:

indexn :
—_ t §
NBI (n) _rCP(n) +rT( n-1) [s7 8 9 sl0]sl s2 s3 s4 s3 s6]s] s8 s9 si0
. T 7 §
If the samples ofcp are to be processed further, a simple A~ IS :
i i i imi 2| r h2 hl
subtractive correction has to be appliedtp to eliminate e s
IBI: o || h3 h2 hi
— — 5 h3 h2|hl
feort(n) ="' 1(n-1) =H 43(n-1)Xt cr(mr1) rg ol m
T ' 2
This correction depends on presence of the propose i 'D h3 gg El i
. . . - T d

transmitted block reconstruction block in the reeei 10| h3 h2 hl
Vectors rp and rp, are not completely independent, they n R

. . . "
contain a common subset of sampigs The information 13 N b3 ﬁ EI .

. . . |r14] 2
from these samples is taken into account in twadiras of s, B 2
rle| T h3

the modified receiver proposed in further secticrxd
therefore affects the resulting decoding twice.sTls an  Fig. 3: Example channel matrix segmentation alorith whe
obvious drawback that renders this design suboptima ,s\li%gegtj'gg don :trgnsmltted and received time dorectors for
Finally, the setdVl, and N, define the segmentation of the '
channel convolution matrix: Because the redundant samples in subbleckof the
transmitted block undergo exactly the same transdition
Hy(9) H 14 (9 H 1499 as payload samples, the received subvector thginatées
Hzl((N—O)XO) H 22(( N-Ox(N-Q) 4 2§( N-Ox @ from them can be equalized in exactly the samews#yg a
Hsl(oxo) H 32(0(( N-0) H 33§O<Q simple per-component frequency domain equalization.

H DOy (EDKN-0)  y  (-1x0)

HL:
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Furthermore, the equalization of these redundanipkss  algorithm, used for decoding of LDPC codes delivers
uses exactly the same channel frequency estimdiesva posterior LLR values for all the bits in the codedjonot
Since vectorrp; is a rotated version af,, a constant phase just for the data bits as is common in turbo-cadiesoding.
correction must be applied to its equalized form inThis greatly improves the overall decoding process;e no

frequency domain:

Jan k-1)
S =D e S k=1,...N

3. PROPOSED RECEIVER MODIFICATION

The previous section formally described the proceks
extraction of two transmitted vector estima®s and S,”

from one received OFDM samples block. Although theresulting samples,”

additive noise was omitted from the formulas far fake of
brevity, these vectors are vectors of complex sampl the

encoding operation is necessary in the transmiteput
estimation block, thus no extra errors are intrediuihere.

The second processing branch consists of proper
subblock selection (PBS — Prefix Block Selectiohatt
selects theap, subvector of the received block. In Additive
Correction (AC) block bothe,; andr,, are applied. The
DFT and FDE blocks are exactly the same as intdredard
processing branch while the Spectral Shift (SS)clblo
implements the multiplicative phase correction. The
then enter a second LDPC decoder
(#2) that performs the same number of iteratiofter as
decoder #1. The posterior LLR estimates from both

frequency domain affected by complex AWGN noise. Asbranches then enter the repetition code decodeceSioft

shown in Fig. 4, in current OFDM systems vecigrenters
the LLR computation block followed by a soft-inpsmft-
output ECC decoder. After several decoder iteratiarhard
decision (HD) is made based on the posterior LLiRnates
of received bits and the decoded data is fed t@ugyers.
The purpose of the modification shown in Fig. 4tds
improve the BER of the decoded data stream biziati
the redundancy in cyclic prefix samples while preisg
compatibility with present communication standard

decoding of a repetition code is just a summatibimldR
values [2,3] this block brings almost no additional
complexity. The resulting improved LLRs then eraethird
LDPC decoder, where several extra iterations arlopeed.
The resulting data stream should contain fewenettan in

a standard receiver implementation.

5. SIMULATION RESULTS

without imposing any additional requirements fore th The simulation parameters were set to be as closedl

transmitter.

Unlike the modification described in [2],
system utilizes the decoded data in a very effectray: the
decoded posterior LLR estimates from decoder #Etared
in memory (M) while the transmitter output is restincted

world values as possible. The OFDM system parameter

the new values were taken from the WiMax standard |IEEE 862.

2009 [9]. The used LDPC code defined in this steshdieas
a coderate R = 1/2 with codeword size n = 1152 Bite
OFDM symbol consisted oN = 1152 BPSK mapped

and a second set of LLR is computed in the addedamples. The size of the cyclic prefix was setrie eighth

processing branch. The Min-Sum (MS) decoding

of the useful data samples.

Standard OFDM receiver

Channel #1 nlter
samples LDPC Decoded
—-+—» CPR —» DFT —»FDE — LLR—» decoder —T—b HD - Data
Added processing M | & Al #3 xlter
Transmitted block estimation
_ C+ 0 PPPC D s
Constellation decoder ‘
IDFT <«— . , [
EppIng A2 Improved
_ #2 nlter Decoded
PBS —» AC FDE | SS LDPC Data
Bl — DFT — — > LLR ™ 4ocoder

Fig. 4: Modification of an OFDM system. Added tramier output estimator serves as a basis for camgeorrections necessary for
prefix redundancy extraction. The decoded LLRs flmth processing branches are then combined.
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The channel was modeled as a multipath quasi-staticnplementation, eventually enabled and disableg gy

Rayleigh fading channel with Doppler shift parameset to
zero. The number of the multipath components wagsE3
with path gains distributed according to [10].

on the fly. Simulation results confirm that deperdon the
desired BER, the proposed suboptimal modification
improves decoding in multipath channel with AWGN by

Various configuration parameters of the modified1 to 4dB if a prefix redundancy of one eighth o tiseful

receiver from Fig. 4 were tested and compareddtamadard
system implementation that used 8 decoder itersitidine
first configuration of the modified design useter = 8 in
both processing branches and zero extra iterakties = 0
of the third LDPC decoder, therefore it is denofgd+ 0].
The second configuration usatter = 7 andxlter = 1 and is
denoted [7 + 1]. The last configuration was [5 + 3]

=
BER|
10° b . . . : ;
18 20 22 24 26 28 3
Eb/No [dB]

Fig. 5: Various receiver modifications error penfance. Standard

system with 8 iterations (no marker). [8 + 0] sefipangular
marker), [7 + 1] setup (star) and [5 + 3] (square).

As shown in Fig. 5, the last configuration's ([5 3}
performance is best among all simulated configorsti
Especially in the range of error ratios between BER0*

and BER = 10 it outperforms the standard receiver by
about 4dB. The price for this improvement is the[7]
approximate 65 % increase in receiver computational

complexity (total 13 LDPC decoder iteration compmhate
original 8).

6. CONCLUSION

This paper has shown how it is possible to imprtve

decoding of LDPC codes used in modern communication

standard such as IEEE 802.16-2009 in systems @iV
modulation with cyclic prefix. The presented mochfiion

doesn't impose any restriction to the communication

standard and it reuses as many existing receivestiinal
blocks as possible, making it ideal for

an SDR

payload samples is used and perfect channel state

information is present in the receiver. The modifieceiver
computational complexity is approximately 65 % dgh
than the complexity of the original system.
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