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Abstract—In this paper, we present a new relaying protocol allocation for regenerative relaying schemes assuminfggter
for coded OFDM-based relaying systems. The classical Deced decoding at the relay is investigated in [9] and generaliped
Forward (DF) protocol exploits the coding gain within the relay, an adaptive relaying scheme in [10].

however the overall performance suffers from error propagdion in thi ¢ danti lavi
in case of decodings errors at the relay as no reliability indr- n thiS paper we present a new non-adaptve relaying

mation about the source-relay (SR) link can be exploited. Tis  Pprotocol called Decode-Quantize-Forward (DQF) to redbee t
drawback is avoided by the proposed Decode-Quantize-Forwd average number of erroneously transmitted code bits at the
(DQF) scheme, where the code bits estimated by the decoderre|ay. To this end, not the log-likelihood-ratios (LLRS) thie
in the relay are directly forwarded to the destination. Baseél on ;¢ rmation bits but the LLRs of the code bits are quantized
the observation, that code bit errors at the relay occur likdy . .
on subcarriers with low signal to noise ratio (SNR) on the SR at the relaY' This does not guarantee,_that Val_'d C_Ode V_Vords
link, we propose a modified maximum ratio combining (MMRC) are transmitted by the relay. However, in combination with a
scheme for the destination. As this approach exploits the vging modified MRC (maximum ratio combiner) the varying link
channel reliapility per subcarrier it outperforms the well -known quality per subcarrier can be considered at the destination
DF protocol significantly. yielding improved performance.

|. INTRODUCTION The remainder of this paper is organized as follows.
The OFDM relaying system is introduced in Section Il. In
8kction 111 the basic relaying protocols are presented with
emphasize to OFDM specific implementation aspects. The
distribution of decoding errors at the relay is investigedad

The usage of relays to support the communication fro
source to destination has attracted increasing attentidhed
last years. Several relaying protocols like Amplify-Fordia

(AF), Decode-Forward (DF), and Quantize-Forward (QF) hayg, ", , approach DQF as well as the modified MRC are

been presented for single-carrier systems [.1]’ [2]. The 'Serived. The different concepts are compared in Section IV
generative protocol DF makes use of the discrete alphal%%t

and of coding gain available in coded systems, but suffersd the results are summarized in Section V.
from error propagation in case of decoding failures at the Il. SYSTEM DESCRIPTION
relay. To overcome this drawback, soft information relayin
techniques like Decode-Amplify-Forward (DAF) [3], [4] and
Decode-Estimate-Forward (DEF) have been developed [B], [6
The main challenge is the consideration of the differerk lin
gualities at the receiver.

Most of the relaying protocols discussed in the literature
have been restricted to single-carrier systems. Howenwer, i VED
practical mobile communication systems OFDM (orthogonal dsp ven
frequency division multiplexing) is the main technique to )@
exploit the benefits of frequency selectivity while keeping hsp
::hFeTcompleXIty of equallzatlpn low. By- the application ofFig. 1. Relaying system consisting of a souf;e relayR and a destination
(fast Fourier transformation), IFFT (inverse FFT) ahel t °
transmission of a cyclic prefix the frequency selective cighn
is divided into a large number of parallel subcarriers. This We consider an OFDM-based relaying system consisting
multiplexing in frequency domain require; modifie(_j relag/inOf a sourceS, a relayR and a destinatioD as depicted
functions, as the different subcarriers of a link experéeveary- in Figure 1. All nodes are equipped with single antenna and

in_g reliability. Approaches to_ conside_r this variation iih(_er operate in half-duplex mode. At the information bit vector
discussed for non-regenerative relaying [7], [8] or coasd |, g oncoged by a linear channel codeand the code bit

in adapted resource allocation schemes. For example, POWELtor e e T is interleaved by a random interleavelr The

This work was supported in part by the German Research Fiond®FG) interleaved code bit vectar is finally mappe_d td\/'(; SYmb_O'S
under grant Wu 499/7. of the chosen'\/-QAM symbol alphabet, withV¢ indicating




the number of subcarriers. Denoting the transmit symbiblthe amplification should take place in time domain or in
on subcarrierk by zgj, the receive signals on subcarriefrequency domain. For the later, on each subcarrier the same
1 <k < Nc atR andD are given by transmit powerPr = Pr/Nc is achieved. In order to meet
this power constraint per subcarrier, the amplificatiorntdac

Yskk = hSR.kTs,k + MRk (18) o0 subcarriet: calculates as
YsD,k = hsp kTs,k + NsD k - (1b) p
Using the receive signal vectgtr = [ysr.1 ... ysr.ne| . the B = Lk . 3)
1+ YSR,Nc |hsr,k|?Ps,k + 02

relay generates the transmit vectar = [zr,1 ... yr,ne|” for
the second transmission phase based on the selected gelayife transmit signal on subcarriéris zr,r = Br - Ysr,k-
protocol described in the subsequent section. Thus, theveec Correspondingly, the receive signal (2)Iatequals

signal on subcarriet < k < Nc atD is

YRD,k = PRD,k Bk * YSR,k + PRD,k (4a)
YRD,k = ARD,kZR,k + NRD,k - (2) = Brhrp khsr k - s k+ BrhRD KNSR &+ NRD,E (4D)
At the destination we restrict ourself to MRC, i.gsp and = hsRD,k - TS,k + NSRD,k (4c)

yrp are linearly combined to achieve the resulting Sign@\'/ith equivalent channel coefficie — Bk L
Zmre,r With maximum SNR. By a demapper the LLRs for, d Mk, = OriRD. kSR K

. . nd equivalent noise ter = Brh of
the permuted code bits are determined and fed after qe;?{rian(leaQ _ (ﬂ2|i?BRD7|kQ+16{];211%33152];:;3338%&
interleaving to the a-posteriori probability (APP) decndeg. n,SRD,k kI *RD,k n

. sp andygrp are than combined using MRC per subcarrier.
Sum—Product—AIgorthm (SPA) for LDPC (_:o_des or BCJR allé; ordert to achieve the maximum SNR on each subcarrier, the
gorithm for convolutional codes. By quantizing the calteith

) . ; . . ) varying noise variances of both links have to be considared i
LLRs for the information bits the estimates for the inforioat theyMgC as

bits are achieved. As MRC is assumedIat for decoding

i ~ th k hERD k
based relaylng protocols the same chan_nel cBdand the FMRC,E = —o - YSDk + —3——  YRD,k (5a)
same modulation scheme has to be applie® &nd S. The On On,SRD,k
average transmit power of the source on subcakrisdenoted = AMRC.E - TS,k + IMRC.E (5b)

by Psr =E {|xs7k|2}. Throughout the paper perfect channel

state information (CSI) is assumed at the receiving terisjnaVith €quivalent parameters

however no CSI information is available at the correspogdin "  |hspil® | |hsrpkl? (6a)
transmit terminal. Thus, equal power is allocated on all-sub MRC,k = o2 + o2 nb

. . . . m n,
carriers and the total transmit power of the source is given 9 o S 6b
by Ps = N¢ - 'Ps7k. Similarly, PR,k = E{|xR7k|2} and In,MRC,k = "MRC,k - ( )

Pr denote the average transmit power on subcakiend B. Amplify-Forward with Constant Gain (AF-CG)
the total transmit power at the relay. However, the power , conast to AF-CP an amplification in time domain does

is not necessarily equal on all subcarriers as d|scussedn6} require any FFT or IFFT & and corresponds to an equal

Section lI-B. ain on all subcarriers (compare instantaneous powemsgali

The distances of the source-destination (SD), the sour FPS) in [7]). In order to meet the power constraif, the
relay (SR), and the relay-destination (RD) links are giveé"mplificatiori factor calculates as '

by dsp, dsr, anddgrp, respectively. The frequency selective
transmission channels are modeled as block Rayleigh fading Pr
channels containingVy taps in time domain. As equal power p= [hsr|>Ps.r + Nco?
delay profiles are considered, the channel coefficients have o o )
variance ofo = 1/(Nud®) with o denoting the path loss and the transmit signal on subcamkr is now given by
factor and distancel € {dsp,dsr,drp}. The coefficients Zr.x = 5 ysr.x. Thus, more power is allocated by the relay
hsp .k, hsr.r, andhgp. i in (1) and (2) correspond to the FETtO subcarriers with receive signals of larger amplit{igig: x|,

of the time domain channel coefficients. Finally, all aditi i-€., to subcarriers with high SNR on the SR link. The MRC
noise terms are assumed to be i.i.d zero-mean complex rancfials (5) and (6) with constayit

variables with variance?. C. Decode-Forward (DF)
I1l. RELAYING PROTOCOLS In order to exploit the channel code at the relay, the

In this section, the basic relaying protocols are presenttkfeive sequencgsg is demodulated and an APP decoder
for OFDM systems_ Aﬁer Considering AF and DF the ne\Aﬁ used to calculate the LLRs for the information and the

()

approach DQF is described in detail. code bits as shown in Figure 2. The calculated LLERsfor
] ] the information bits are quantized and the estimaigs for
A. Amplify-Forward with Constant Power (AF-CP) the information bits are than re-encoded by the same channel

For AF, the relay simply retransmits an amplified copy ofode C yielding the estimatetpr € I' for the codeword.
the received signal [1]. For OFDM systems the question syris@ he interleaved code bits are again mappedvto M -QAM
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METY N -1 DEC Ly SI_\IRSR,k- and the CBE is observable. _In case _of a decoding
v failure (i.e., bpr # b), an erroneous information sequence

is used for the re-encoding leading to a wrong code word
. R A ¢pr and interleaved code word,,. Based on the encoder
< M Ifﬂ o 2 Ene M structure, information bit errors may distribute over thieole
code word and, thereby, over the whole OFDM wskd Thus,

it is difficult to achieve some kind of reliability informatn

Fig. 2. Block diagram for a Decode-Forward (DF) relay, whtyeeestimated of the SR-link at the destination subcarrier-wise.
information bits bpr given by the quantized LLRd., are used for re-

encoding. D. Decode-Estimate-Forward (DEF)

One approach to exploit the varying reliability of the bits
at R is given by the application soft information relaying
techniques. In case of Decode-Estimate-Forward (DEF) the
expectation values for the code bits are transmitted by the
relay [6]. However, as the transmit signal is now contindpus
distributed, the distribution oty ; has to be determined in

symbols and the corresponding OFDM wotd is transmitted
to the destination.

Assuming perfect decoding at the relay (i=g = xg), the
optimum MRC at the destination is given by

~ 1 der to calculate the corresponding LLRs at the destinatio
i =— (hip,- + R0 % - URD. 8aq) oraer P 9
MRe o ( SDk " YSD,k DR yRD‘k) (82) correctly. For single-carrier systems the distributiom dze
= hMmRO,k - TS,k + NMRC,k (8b) approximated by investigating the sequence of soft bitseas d

scribed in [6]. In case of OFDM, the quality of the subcawgier

with equivalent parameters varies and consequently it is not possible to determine the

_ 1 2 2 distribution of the soft bits in this way [11]. Thus, in order
farek = 2 (|hSD’k| + [hmo i ) (%3) utilize the channel quality of th&€R-link at the destination,
UgyMchk = hMRC.E - (9b) the new approach DQF is proposed subsequently.

However, in general the decoding Rtis not perfect leading = Decode-Quantize-Forward (DQF)

to decision errors at the relay. If the RD link is much strange For the new Decode-Quantize-Forward (DQF) approach not
then the SD link, these decision errors will have an domimgati the LLRs Z;, for the information bits but the LLR%.. for the
impact to the performance @ as perfect decoding is thecode bits determined by the APP are quantized leading to the
underlying assumption for the MRC (8). Consequently, fistimateépqr for the code bits as shown in Figure 4. In
would be very beneficial to exploit knowledge about relidpil contrast to DF, this estima@pqr is not necessarily a valid

of the relay at the destination, e.g., by using knowledgaiabgode word ofT".

the SNR on the SR link.
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Fig. 4. Block diagram for a Decode-Quantize-Forward (DQ#y, where
the estimated code bitsqr given by the quantized LLR5. are transmitted.
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As can be observed in Fig. 3, for DQF less CBEs occur at
high SNRsyr 1, whereas erroneous estimates for the code bits
are more likely for low SNRg . In order to exploit this effect,
Fig. 3. SNRg, and normalized code bit errors (CBEs) of DF and DQrRa modified MRC (mMRC) for the destination is proposed
for an arbitrary channel realization withy = 5 taps in time domain and which reduces the influence of decoding errorRafTo this
Nc = 256 subcarriers. .

end, we construct a modébr the relay based on a linear

Fig. 3 shows for a fixed arbitrary channel the SNR on trf()eem forcing (ZF) equalizer and derive the correspondingdMR

. . " his DQF I Itis i hat thi

Nc = 256 subcarriers of the source-relay link. Additionally. ased on this DQ m°.de t_|s Important to note, that this

. . . , MMRC follows a heuristic and is not constructed to guarantee
the normalized bit errors for the interleaved code l6its. h .
achieved by the transmission of a large number of bloclt<se maximum ?NR ag,: i th tout

. . . min inear izer

over this channel are shown. For these simulations, BPSKAssu g afinea y;q:a er &, n:Ro: pu
modulation and an optimized LDPC code have been applied. IR, ZF & = " : . :
Obviously, the code bit errors (CBESs) are uniformly digitxl SR,k SR,k
over the subcarriers and no direct relationship between the = X3,k T NZFk (10b)

A I | I |
50 100 150 200 250

k

=zsk + (10a)



corresponds to the transmit signal ;, disturbed by an equiv- transmit power per subcarrier (AF-CP), AF with equal gain
alent noise terrmyzp ;, with varianceo2. , = o2/|hsrk|>. per subcarrier (AF-CG), DF, and DQF with common MRC
Thus, weak subcarriers lead to a strong amplification of tifeMRC) as well as with modified MRC (mMRC). In order
effective noise and would likely cause decision errors. Howo compare systems of same spectral efficiency, 4-QAM is
ever, as such a quantization would again neglect religpilitonsidered for direct transmission and 16-QAM is used for
for the derivation of the DQF model it is assumed, that thelaying systems. For coding either optimized LDPC codes of

equalizer output (10) is directly forwarded 1o yielding the
receive signal

YRD,ZF,k = hRD,k - TR,ZF,k + NRD,k (11a)
h

= hRrp,k - T3,k + hRD’kTLSR,k +nrp,r  (11b)

SR,k
= hRD,k * TS,k + NRD,ZF,k (11c)

with equivalent noise termgp zr 5 Of variance
hrp,k|?
JZ,RD,ZF,k = <1 + hsp |2 z. (12)
|hsr,k|

Following the idea, that the transmit signak of the DQF

relay and the transmit signal of the ZF equalizer (10) shaee t
same property that a weak SR link leads to strong disturbanct |
one may use the MRC being optimum for (11) and (12) as ar

approach for DQF.

Using this ZF based model for the DQF relay, the receivec 10

signalsysp andygrp are once again combined by MRC

. h$p i hRp,k

TmMRC,k = —5 "YSD,k + —5——— " YRD,k (13a)
n 0., RD,ZF k
hsp 1 hRp.k
= ~ - Ysp,k + —5 : -yrD,k (13D)
7 Th Lt e
= hmMRC,k * S,k + MmMRC,k (13c)
with equivalent parameters
h MRC.k = — (thD k|2+ |hRD,k|2 ) (14a)
T g2 ’ 1+ |hgp,k|?/|hsr & |?

U’?L,mMRC,k =hmMRC,k - (14b)

rate Rc = 0.5 in combination with SPA or non-recursive non-

systematic convolutional encoder of same rate with coimstra

length5 in combination with BJCR decoder are used.
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Fig. 5. BER for Decode-Forward (DF), Amplify-Forward witho@stant
Power (AF-CP), Amplify-Forward with Constant Gain (AF-GQ@ecode-
Quantize-Forward (DQF) with common and with modified MRC R®|

mMRC) and 16-QAM transmission, LPDC code with code r&e = 0.5,

Ny = 5 channel taps, path loss factar= 4, Nc = 256 subcarrier. Direct
transmision (DT) with 4-QAM. Relay located in the middle weenS and
R.

Figure 5 shows the BER assuming LDPC codes and the
relay positioned in the middle betwe&nandR, i.e., dsg =
drp = 0.5. Obviously, the relaying approaches outperform the
direct transmission in this system configuration signifian
The new approach DQF in combination with the modified

This approach performs a weighting with respect to tH4RC achieves the best performance results, as the effect
SNRsg.x or, correspondingly, with respect to the reliabilityof €rmor propagation based on decoding errors at the relay
of the estimates of the decoder output. Fati x| > |hrp.x| 1S limited py the mMRC. For example, it _outperfo_rms DF
this MMRC equals the common MRC (cMRC) where perfe@ approximately2.5 dB at BER 10~°. Additionally, it can
decoding at the relay is assumed inherently. In contrast, 8¢ observed that DQF with a common MRC (based on the
very unreliableSR subcarriers (i.e.|hsr x| < |hrpi|) the @ssumption of error—fr_ee decoding at the rel_ay (8)) Ieads_ to
signal yrp x is discarded at the destination. Thus, a simpl¥orse performance. Finally, the new scheme is able to aehiev
approach for exploitation of the varying decoding reliapil the same diversity as both AF schemes.

at the relay is achieved, which does not suffer from any Figure 6 shows for the same relay position the BER in
computational problems as DEF [11]. case of convolutional codes. Basically, the same perfooman

behavior is observable, i.e. DQF with mMRC outperforms
IV. SYSTEM EVALUATION DF significantly and achieves diversity comparable to the AF
In this section we present simulation results for an OFDMapproaches. The AF approaches behave quite similar, with
based relaying system witltNc = 256 subcarriers, where slight gains for AF-CP. Taking the reduced complexity of AF-
block fading channels of lengttVy, = 5 with a path loss CG due to the direct amplification in time domain into account
factor of « = 4 are assumed. The SD distance is fixed tthe later one achieves a good tradeoff between performance
one (i.e.,dsp = 1) and the distancedsr and drp are and complexity.
normalized with respect tdsp. Investigated are the BER at Figure 7 shows for the LDPC coded system and fixed
the destination for direct transmission (DT), AF with equak; /Ny, = 4 dB the BERSs for varying positions of the relay on



10 ‘ Quantize-Forward (DQF). In combination with a modified
—w—oT maximum ratio combiner (mMMRC) this approach outperforms
=—O— AF-CP P
107 - - AF-CG | the well-known Decode-Forward (DF) method significantly.
—u— DF In the future, improved combining schemes should be inves-
e =—0— DQF, cMRC tigated.
10 —— DQF, mMRQ
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