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Abstract—In this paper, we present bandwidth efficient overall throughput of communication systems [2], [3].
retransmission method employong selective retransmissio |n the event of packet failure, an advanced form of
approach at modulation layer under orthogonal frequency HARQ incorporates joint decoding by combining soft in-

division multiplexing (OFDM) signaling. Our proposed . . L .
cross-layer design embeds a selective retransmission supformation from multiple transmissions of a failed packet.

layer in physical layer (PHY) that targets retransmission ¢ 1hus, HARQ is one of the most important technologies
information symbols transmitted over poor quality OFDM  adopted in the latest communication standards such as

sub-carriers. Most of the times, few errors in decoded bit hjgh-speed down link packet access (HSDPA), universal
stream result in packet failure at medium access control mobile telecommunications system (UMTS) that pervade

(MAC) layer. The unnecessary retransmission of good qual- . L
ity information symbols of a failed packet has detrimental 3G and 4G wireless networks to ensure data reliability.

effect on overall throughput of transceiver. We propose a [N type-I HARQ, the receiver requests retransmission
cross-layer Chase combining with selective retransmissio of an erroneous packet and discards observation of

(CCSR) method by blending Chase combining at MAC the failed packet. Type-ll HARQ is most commonly
layer and selective retransmission in PHY. The selective used method and achieves higher throughput. The type-

retransmission in PHY targets the poor quality informa- ) - . L
tion symbols prior to decoding, which results into lower II' HARQ is divided into Chase combining HARQ

hybrid automatic repeat reQuest (HARQ) retransmissions (CC-HARQ) and incremental redundancy HARQ (IR-
at MAC layer. We also present tight bit-error rate (BER) HARQ). In CC-HARQ, the receiver preserves observa-

upper bound and tight throughput lower bound for CCSR  tions of the failed packet and requests retransmission of
method. In order to maximize throughput of the proposed full packet. The Chase receiver combings [4] observa-

method, we formulate optimization problem with respect .. . .
to the amount of information to be retransmitted in se- HONS of the failed packet and retransmitted packet for

lective retransmission. The simulation results demonstre JOint decoding. In the event of packet failure under IR-
significant throughput gain of the proposed CCSR method HARQ), the receiver requests retransmission of additional

as compared to conventional Chase combining method.  parity bits to recover from errors. In response to the
Keywords: Hybrid ARQ, LDPC, throughput, OFDM, retrar!smission request, transmitter sends more par_iiy bit
retransmission, cross-layer, LTE. lowering the gode_ rate of FE_C code. After receiving
requested parity bits, the receiver combines new parity
bits with buffered observations for FEC joint decoding.
Most of the research conducted on HARQ focuses on
The contemporary wireless communication standarddfkQ and FEC[[3],[5] without exploring the modulation
such as LTE-advancedI[1] integrate new technologies lyer. Throughput of capacity achieving FEC codes such
meet increasing need of high data rate. The current aasl low density parity check (LDPC) codes and turbo
future communication systems employ multiple-inputodes is optimized for Rayleigh fading channel fin [6]
multiple-output (MIMO) technology due to its potentialwith ARQ and HARQ protocols. Mutual information
to achieve higher data rate and diversity. In order to abased performance analysis of HARQ over Rayleigh fad-
sure error-free communication with high throughput oveng channel is provided iri [7]. Optimal power allocation
dynamic wireless channels, many packet error detectitor Chase combining based HARQ is optimized[ih [8]—
and correction protocols have evolved over timé [2]12]. Without exploiting channel state information and
The automatic repeat reQuest (ARQ) methods combditsquency diversity of the frequency selective channel,
packet loss that occurs due to channel fading of wirelepartial retransmission of the original symbol stream of a
networks and achieves error-free data transfer usifajled packet is addressed in [13]=[15]. These methods
cyclic redundancy check (CRC) approach. The concemtransmit punctured packet in predetermined fashion
of HARQ integrates ARQ and forward error correctiomithout using channel knowledge. Furthermore, the com-
(FEC) codes to provide effective means of enhancirgexity of joint detection forpartial retransmission is
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not tractable [[13],[[14],[116]. Partial retransmission oform for selective retransmission. The simulation results
orthogonal space-time block (OSTB) coded|[17] OFDMiemonstrate that the proposed method offers substantial
signaling is proposed in_[15]. In_[18], for conventionathroughput gain as compared to the conventional CC
ARQ protocol, full packet retransmission at modulatiomethod in low SNR regime. The results of proposed
layer is employed when channel gain is below a thresmethod show that there is marginal gap between analyti-
old value without buffering observations of low signalcal bounds and simulation results (Monte Carlo method)
to-noise ratio (SNR) channel realization. for both BER and throughput. The simulation results
In a typical failed packet, there are small numbeieveal that throughput gain of the proposed scheme also
of corrupted bits and retransmission of full packet igold with LDPC FEC code.
not necessary. The receiver can recover from errors byWe organize this manuscript as follows. First, we
retransmission of potentially culprit bits. The OFDMpresent the system model in Sectioh Il and problem
signaling allows to identify poor quality bits correspondformulation of CCSR method for OFDM system in
ing to the sub-carriers that have low SNR. Selectiv@ection[Tll. In Sectio 1V, we present BER analysis
retransmission at modulation layer of OFDM signalof the CCSR method in terms of BER upper bound.
ing proposed in[[19]-[22] achieves throughput gain aBhroughput analysis for the proposed CCSR is presented
compared to conventional HARQ methods. Howeveiy Section[Y. Throughput optimization is performed in
throughput optimization of selective retransmission angectioriLV]. We discuss the results in Secfion VII. Finally,

performance analysis is not addressed i [19]. we conclude the proposed work in Section VIII.
In LTE, two-levels packet retransmission achieves sig-
nificant throughput gain and reduction in latency of the II. SYSTEM MODEL

system. In the event of CRC failure, MAC sub-layer of Th ¢ del und iderati | th
user plane initiates retransmission request which reSlilIts € system mogel under consideration empioys three

into low latency and higher throughput. The radio lin evels of retransmission as depicted in Figlite 1. The

control (RLC) sub-layer combats residual packet erro%’o'Iayer ARQ approach in LTE achieves low latency

by ARQ retransmissiori [23] [24]. These retransmissio?\nd high throughputl1]. The system model in Figllre 1

schemes do not exploit channel state information (CS mbeds an additional retransmission sub-layer in PHY

Most of the contemporary communication standards su (H selective retrgnsm|33|on under OFDM _modulatlon
: gnth N, sub-carriers over frequency selective channel

&J L coefficients. An OFDM signaling converts fre-

to inherent robustness to combat multi-path effect . . :
P ency selective channél into N parallel flat-fading

wireless channel and low complexity transceiver desi | The el ts of h | qai ‘
[25]. In OFDM based systems, information symbol annels[[25). The elements E a channel gain vector
corresponding to the different coherence bandwidth eﬁ[ = [H(1) sH(() H(],VS)] » Where channe v_ectoH .
counter different channel gains. The motivation of sé? gene]rvateg by applying Fourier transformation matrix
SX s I

lective retransmission owing to the fact that in the evedt € € on frequency selective channdl, are

of failed packet under OFDM signaling at MAC |ayer’|n_dep(_end_ent_and identically d|str|buted_(|.|.d.) alongéi
often receiver can recover from error(s) by retransmittingfith distribution A’(0, 1) [25]. The matrix model of the
partial information corresponding to the poor qua"t);ecelved vectoy over N, sub-carriers can be written as

sub-carrie_rs. An _OFDM _signaling allows sel_ective re- y = diag H)s + w, 1)
transmission of information symbols transmitted over

poor quality sub-carrier at PHY level. After receivingwhere vectorw ~ N(0,NoI) is an additive white
the copy of information symbols corresponding to th&aussian noise vector. A typical failed packet has few
poor quality sub-carriers, receiver jointly decodes datxroneous bits. If we can identify unreliable bits, then ful
in Chase combining fashion. In this work, we propospacket retransmission is unnecessary to recover failed
a low complexity and bandwidth efficient CCSR crosgpacket. In OFDM modulation, information bits transmit-
layer design at modulation layer for OFDM signalingted over sub-carriers with small channel nojd (¢)||?

We also provide BER and throughput analysis in ternmere more susceptible to the channel impairments. Thus,
of tight upper BER bound and lower throughput boungagn OFDM signaling allows retransmission of targeted
respectively, for the proposed retransmission schenieformation symbols corresponding to the poor quality
The amount of information to be retransmitted for eacbub-carriers instead of unnecessary retransmissionlof ful
sub-carrier in the event of failed packet is a functiopacket[[19]. As shown in Figufd 1, transmitter preserves
of signal-to-noise ratio (SNR) of the correspondingrformation symbol vectos = [s(1) ... s(N,)]* and
sub-carrier. In order to maximize throughput, we usgansmits OFDM modulated signal. The selective re-
norm of channel gain for each sub-carriers as chanriedinsmission module of the receiver requests retransmis-
quality measure and optimize threshatdon channel sion of information transmitted over the poor quality
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on the channel norm{H (¢)||* of the ¢-th sub-carriers
controls amount of information to be retransmitted
in selective retransmission with objective to maximize
Fig. 1. Cross-layer system model for Chase combining wikbctee throughput _Of the Commum?at,lon system. We optimize
retransmission for OFDM system at PHY layer thresholdr in order to maximize throughpuj of the

' transceiver under selective retransmission. Throughput
of selective retransmission is function of probability of

sub-carriers prior to decoding through partial channgfror, which in fact is function of-.
feedback (PCFB). The norm of gain of a sub-carrier
is measure of SNR of the sub-carriers. The receiver lll. PROBLEM FORMULATION
marks information symbols for selective retransmission Now we present proposed cross-layer CCSR method
corresponding to the sub-carriers, which have norfor OFDM signaling. Similar to conventional HARQ,
of gain below thresholdr. The thresholdr controls in CCSR method, MAC layer initiates retransmission
amount of information to be retransmitted discussed in the event of CRC failure. The additional selective
Section[IV. In response to the selective retransmissiostransmission sub-layer in PHY layer initiates selec-
in PHY, peer selective retransmission module of thive retransmission of information symbols transmitted
transmitter appends requested information symbols éver poor quality OFDM sub-carriers prior to decoding.
the next OFDM symbol vector. Thus, each OFDMote that OFDM signaling allows retransmission of
symbol vector consists of new information symbols anithformation symbols transmitted over poor quality sub-
information symbols from the buffer in response tearriers ((H(¢)||> < 7 ) selectively avoiding overhead
the selective retransmission request. The receiver thefretransmission of information symbols corresponding
performs joint detection by combing observation ofo good quality sub-carriers, where is threshold on
the first transmission and subsequent selective retrashannel norm of a sub-carrier. The receiver feeds back
mission to enhance log-likelihood ratio (LLR) of bitsthe partial channel state information (PCSI) when each
for FEC decoding. Partial retransmission at modulatiasbherent time is elapsed. We assume that due to longer
layer by targeting poor quality observations selectivelyetransmission delay, each retransmission encounters in-
improves BER and consequently lowers average numlmpendent channel. Next, we present CCSR method
of retransmissions at MAC layer. HARQ layer deliv-under OFDM signaling.
ers successfully decoded data units to the ARQ layer.The proposed CCSR method is depicted fore= 2
When timeout for missing data unit occurs, ARQ layetransmission rounds in Figurgl 2(a). Similar to con-
request retransmission of corresponding packet from thentional CC-HARQ method, MAC layer initiates full
peer ARQ layer of the transmitter. We propose CCSRetransmission in the event of CRC failure. The proposed
selective retransmission method that achieves significa®@€SR method is different from conventional CC-HARQ
throughput gain as compared to the conventional C@iethod in the sense that CCSR method employs an ad-
HARQ. ditional selective retransmission of information symbol
Note that retransmission of more information does nabrresponding to the poor quality sub-carriers at PHY
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level for each transmission at MAC layer. For the firsivhere a(¢) ~ N(0,||H1(¢)]|"2Nol>) and w(f) ~
transmission of each MAC packet, proposed selectivé(0, Nol2). Note that MAC layer is unaware of se-
retransmission sub-layer initiates retransmission of thective retransmission sub-layer in PHY. The selective
information symbols corresponding to th&, many retransmission followed by joint detection at modulation
sub-carriers which havéH,(¢)||* < 7, where H;(¢) layer enhances reliability of the decoded bits resulting
represents gain of théth sub-carrier corresponding tointo few CRC failure at MAC layer by selectively
full transmission of the first round at MAC layer. Forretransmitting poor quality information symbols.
example, upper dotted rectangle of Figlite 2(a) showsln the event of CRC failure, MAC layer initiates
that OFDM sub-carriers 4, 8, 12 and 14, (= 4) have next round of HARQ retransmission by sending NACK
||H1(¢)||* < 7 and are marked for retransmission, whersignal to the peer MAC layer for the full retransmission
¢ is index to the sub-carrier. Selective retransmissiarf failed data as shown in the lower dotted rectangle
sub-layer of the transmitter in response to the selegf the Figure[2(a). In response to NACK from MAC
tive retransmission through feedback channel appendger, transmitter retransmits failed full packet similar
requested information symbols to the very next OFDMonventional CC-HARQ as shown in Figlide 2(a). Similar
symbol. Note that for a very poor channel realization$p the first transmission, selective retransmission sub-
the proposed selective retransmission sub-layer in PHayer initiates selective retransmission of poor quality
may request retransmission of all information symbokymbols of retransmitted full packet from MAC layer. As
(81 = Ny). Similarly, for good quality channel re- a result of selective retransmission, transmitter appends
alizations, selective retransmission sub-layer can omit many (3, = 3 in Figure[2(a) ) information symbols
retransmissiond; = 0). On arrival of requested selectiveto the next immediate OFDM symbol. When selective
information, receiver performs joint detection and busferretransmission is employed in PHY, Chase combining
81 + N, observations of first transmission and selectiverocesse2N, + 31 + 32 observations instead &fN,
retransmission. Note that both transmitter and receivebservations for joint detection. Note thdt[5;] =
keep track of information symbols which has been corfs [32] = N.P(||H1(¢)||? < 7) = NsP(||H1s(0)||? <
sidered for selective retransmission in one transmissiof = N,m, where H;,(¢) is channel gain of thé-th
round. Each information symbol in one transmissiosub-carrier during selective retransmission.
round is consider only once for selective retransmission. Let p be the maximum number of allowed retransmis-
With maximum transmission roungsat MAC layer, an sion of a MAC packet and be the round counter for the
information symbol can be considered at mpstimes transmission of thé-th MAC packet of a HARQ process
for selective retransmission at PHY level. for CCSR method. At the end of thé-th round, where
Let H,,(¢) be the gain of the/-th sub-carrier cor- J = 1,..., u, receiver combines buffered observations
responding to the selective retransmission for the firef full transmissions and selective retransmissions/ of
transmission round, where subscript "s" stands for selgeunds for joint detection. If CRC fails after rounds of
tive retransmission. Then the combined channel respordéC layer, receiver clears observations from the buffer
Hi(0) = [Hi (L) ng(y)]T for 3, many sub-carriers is and sends signal to the ARQ layer. In response to the
constructed by stacking channel of the first transmissidacket failure, ARQ layer initiates new retransmission
and selective retransmission. If there @emany sub- round by initiating retransmission request to the peer
carriers with | H,(¢)|2 < 7, then there will be joint ARQ layer. The flow graph of CCSR protocol for
detection for3; sub-carrier for the first round of CCSRthe k-th MAC packet is presented in Figué 2(b) and
method. The estimate df]s _ ﬂl information Symbo|s described in Algorlthnﬂl If CRC failure occurs after
which have sub-carrier gaifH; (¢)||2 > 7 after equal- MAC retransmissions, retransmission of failed packet
ization is is initiated from ARQ layer. The algorithm of CCSR

method is described as follows:
Hi()w(l)

8(0) =s(0) + THOP ~ s(0) +u(0), () IV. PERFORMANCEANALYSIS

In this section, we present tight upper bounds on BER
of joint detection after signal combining and prior to
Fgannel decoding for cross-layer CCSR method. One
ound of transmission of CCSR method includes one
ull transmission of MAC packet followed by selective

retransmission of information symbols corresponding to
4 —29/H (p\ & the sub-carriers which ha 0)||? < T, whereH (¢) is
3(0) =s(O) + [Ha (O Hy (OW(0), 3 gain of /-th sub-carrier. nggs(sgjune that full tran(srzﬂssion
a(6) by MAC layer and subsequent selective retransmission

where u(¢) is the effective noise with distribution
N(0,||H (£)||=2Nyp). Also the estimate of; information
symbols corresponding to the poor quality sub-carrie
from the first full transmission as a result of joint;
detection is




Algorithm 1 CCSR protocol of that particular sub-carriers.
1: J = 1 corresponds to the first transmission of the When events¢ occurs for¢-th sub-carrier, selective

k-th MAC packet retransmission sub-layer request retransmission of that
2: Selective retransmission off; sub-carriers and very information symbok(¢) and receiver performs joint
buffering of N observations detection by combining observation of the full trans-
3: Joint decoding fromJ/N, + Zle B; observations mission and subsequent selective retransmission. Note
and CRC check that the random variablg#; (¢)||? in (3) also has chi-
4: if CRC satisfieshen k = k+1, discard observations square distribution of degree Also that || (¢)||* =
andgotol X1 + x2, where chi-square random variablgs and

s: if J > p then declare packet loss, discard observayxz = ||[His(¢)||? are i.i.d. of degree each. The bit-error
tion, ARQ sub-layer initiates NACK for retransmis-probability of joint detection for selective retransmsi
sion of packet and go to 1 over Rayleigh fading channel is

6: J = J+ 1 and gO tO 2 P61 — EH |:P(§) Pe|§ +P(§c) Pe|§"' , (4)

where P, and P, .. are the conditional bit-error prob-
by PHY layer encounter independent channel realizabilities of detection from single observation and joint
tions. In this analysis, we consider maximumyofrans- detection, respectively.
mission rounds at MAC layer. Similar to conventional The probability of error for joint detection of first
Chase combining, joint detection for thé&th round round of CCSR is

combines observations buffered up Jdorounds. Thus, - X1 c
probability of errorP., of the joint detection of the'-th ¢ — P&)eEme {Q <\/ gﬁo)] +P(E)cBe

round is lower than that of —1-thround ., < P.,_,), X1+ xe
whereJ < p € IT. In order to evaluate throughput {Q <\/g N )] : (5)
of the proposed CCSR method in Sectioh V, we derive 0

closed form expression for the upper bound on BER ¥there Epjc. and Ey . are conditional expectations.
joint detection of J-th round under maximum numberAISO, ¢ andg are modulation constants [25]. The condi-

of 4 transmission rounds of a MAC packet. Now wdional probability density functiorf,, ¢ (z1) of fy, (1)

evaluateP. , for the J-th round. whenx; > 7is fy, e (21) = flg((;;)' In order to solve

first term of [3), we have([27]
A. BER analysis of the first round of CCSR o
Let H, and H;, be the complex gain vectors of En {Q( 9&)] =/ Q (q/gﬂ) fro (xl)dfvl
1 1s p g |§ NO - NO P(E) (6)

length N, corresponding to the full transmission by

MAC layer and subsequent selective retransmission from
PHY layer, respectively. Each eleméidt (¢) and H (/) Similarly,
of the complex channel gain vectors of OFDM sub- X1+ x2 T o0 T+ 7o
carriers follows Gaussian distribution with zero-meaf Hlce [Q (\/QT)] :/ / Q( 9T>
and unit variance[25]. One MAC data unit is mapped ’ “1=0Jw2=0 0
to NN, information symbols using M-QAM modulation, Fa (2 Fra (22)
where N, is the number of sub-carriers of an OFDM P(ee)

symbol. Prior to decoding, selective retransmission subhe upper bound o, in (§) using approximation of
layer initiates selective retransmissiongfpoor quality Q-function [28], [6) and[{[7) can be written as[22],27]

dl‘g dl‘l (7)

information symbols as shown in upper dotted rectangle c [ T c [™
of Figure[2(a). We denote the outcor’rﬁaﬁ.l@ﬂ2 > P < E/T eXP(—gz—NO)fxl (z1)dx1 + Z/T
and || H1(¢)||* < 7 of the first full transmission by the r

4
events¢ and<e, respectively. The probabilities of eventsexp(— i)fx1 (x1)dzy + £ exp(—gi)fx1 (x1)

g
¢ and¢° are P(¢) = P(|Hi(0)]* < 7) and P(&) = 52 12Jo 2No

P(|[H.(¢)||*> > 7), respectively, where random variabla;lxl/ exp(_gﬂ)fxz (z2)dzs + E/ exp(—g 4z, )
x1 = ||[Hi(0)||* has chi-square distribution of degree /o N 2No ) 4 Jo 3.2N,
2 [26] and P(¢¢) = 1 — P(¢) = P(x1 < 7) . For - dx/ expf— g2 oV 8
Rayleigh fading channel, real and imaginarycomponen{?( 1)day 0 xp( 93.2N0)f"2( 2)drs, ®)

of complex channel coefficient of a sub-carrier have Note that N, N, q
zero-mean and variane€ = % When event occurs, ote thatp = V 9o o P1 =\ o N, andg: =

selective retransmission sub-layer omits retransmissigf. For 4-QAM constellatiory = 2 andc = 5. By



simplifying (8), we have upper bound on probability of  retransmission of the second round of packet at
error of the joint detection of the first round as follows  MAC layer.

[26] 4) Event & occurs when |[H;(¢)|> < r and
¢ /p\2 - ¢ /p1 - [H2(0)]° < 7. The resulting joint chan-
P, Sﬁ (;) exp <_ﬁ> +Z (—) exp <—ﬁ> nel for joint detection of CCSR isH4(¢) =
\ A [Hy(¢) Hys(6) Ho(f) Hay(f)]T, where Hy,(f)
L& (B) (1 — exp <_L>) + and Ho,(¢) are the channels corresponding to the
12 %o 2p? selective retransmissions of the first round and sec-
c (&)4 <1 e <_L . ©) ond round, respectively. Note that random variables
4\ o 2p3 || H1s(¢)||? and || Has(¢)||* are also i.i.d. with chi-

Now we evaluate BER upper bound of joint detection ~Square distribution of degreeeach.

for second round under CCSR method.
The second and third terms if_{10) are equivalent

B. BER analysis of second round of CCSR due to the fact thatP({&) = P(&3) and random
Let H,(¢) be the gain of the/-th sub-carrier corre- Variables [Ha()|| and [[#;(()[ are iid. Therefore,
sponding to the full retransmission initiated from the?m | P(&2)Peje, + P(&3)Peje,| = 2Em | P(&2) e|£2:l

MAC layer as a result of CRC failure of MAC packetNote that all channel realizations of tidigh sub-carrier
of the first round andH,,(¢) be the channel gain for of an OFDM system are i.i.d. with Gaussian distribution
selective retransmission. In a similar fashion to the firsif zero-mean and unit variance. In order to achieve upper
round, the receiver marks data symbol of the secomsund on BER for joint detection of CCSR method, we
round transmitted over-th sub-carrier for selective rewrite [10) as follows:
retransmission for the second round|iflz||*> < 7. The
channel gaing; (¢) and Hy(¢) of the full transmission
of the first and second round, respectively, of the
th sub-carrier are independent, which results into four
possible joint channel vectors for joint detection. We P., = cEy
denote each possible outcome of joint channel vector
by an event. The probability of error of joint detection

Q (

P(&)Q( pAE ) +2P(E)
ol Hal O

¢ gl Ha(O)|?
N +P(£4)Q( o )] (11)

of the second round is

P., =Ep [P(&1)P.je, + P(&2)Peje, + P(£3) Peje, +

P(&4)Peye, ], (10)
where eventg;, &, & and &y correspond to the four
joint channel vectors defined as follows: Note that||#1(¢)||* = x1 + x2 in the first term of [(I1)

1) Event & occurs when ||Hi(¢)|?> > 7 and is sum if two i.i.d. chi-square random variables , where
|H2(€)||> > 7 for the first and second full trans-x; > 7 andxz > 7. Using approximation of Q-function
missions, respectively. The resulting joint chanin [28] and, following [6) and[{7), we have
nel for joint detection of CCSR isH;(¢) =
[H1(0) Ha(0)]", where Hy(¢) and Hy(¢) are i.i.d.
channel realizations with Gaussian distribution of
zero-mean and unit variance. The channel norm g”,Hl(é)”Q’gl
[41(0)] = [ Ha(O]]* + | Ha(0)|* has chi-square By [P(&:) Peléa) =B | PE)Q| | =3

distribution.

2) Event &  occurs  when |[Hi(¢)|? < c [ o Lo
rand||Hy(¢)|> > 7. The resulting joint Slz/ exp(—g 95N, )fxl(wl)dwl/T eXP(—QQ—NO)
channel response for joint detection of CCSR oo day
is Ha(¢) = [H1(¢) His(0) Hz(0)]". fX2($2)d$2+1/ exp(—g5 57 (21)don

3) Event & occurs  when |[Hy(0)|? > - T oo
rand|Hx(¢)|> < 7. The resulting joint / exp(—g 2N — ) fro (22)do
channel response for joint detection of CCSR /r 3.

is Hs(0) = [Hi(f) Ha(l) Has(0)T, where ¢ [p\* BRI AN
Hy4(¢) is channel gain of thel-th sub-carrier 1 (a’) b 2p2 "’Z(g) oxp 203
(12)

selected for retransmission during selective



Similarly, Proposition 1. The upper bound on BER for joint
decoding ofJ transmission rounds under selective re-

P(§2)Q< %)] transmissions is

J . (J—1)
T 00 J\ ¢ 2(J+1i) T
C T1s _ B R
<13 ), P95 )fxl(xl)dxl/o exp(—gone)  Fer = 2 { (z) 12 (cr) <eXp( 2p2)>

Forlor)dnn, [ exp(-g52) fyu(as)doat

T

Ey [P(&)P.|&2)=cEn

c 41,

b Tex Ay i (T1)dxy Ooex - ( —t ‘
L [ by (N e

i 4z
Fron 1) / exp(—gffvom (e2)drs, (13 1

wherex; < 7, x1s € R and x, > 7. Simplifying (I3),

we have Proof: For J transmission rounds, there afe

possible joint detection channel vectors and we define

c /p\© T : i N ioi
By [P(€&)P)6) < — (_) (1 —exp (__)) J+ 1 events. T_hg evert; cqn3|sts of(z) joint cha_lnnel
12 \o vectors. Each joint vector includes channel gains from

T c /p1\© T the full transmissions and selective retransmissionse Not
(eXp <_2_p2>) T (?) (1 - exXp <_2_p§)> that when channel gain of théth sub-carrier of the
- full transmission of each round hdg7;||*> > 7, where
(eXP ( 5 2>) (14) j=1,...,J, the size of joint channel vector i§. The
event¢; occurs wheni sub-carrier realizations out of
Also, it can be shown that J realizations of the/-th sub-carriers corresponding to
the full transmissions havgH; (¢)||? < 7 in any order.

P1

gHH4 || ]54 Thus, there aré”) joint channel vector realizations out
1 [P(6a)Pel&a] = cEn [ (€)@ (\/ of 27 possible outcomes which havesub-carrier gains
below thresholdr in any order for the joint detection
¢ /p\8 T ¢ /pi\8 of the J-th round. For example, for joint detection of 4
SE(E) 1= eXp - _2 T 1(;) round of CCSR { = 4) andi = 2, there are2 channel
gains out of 4 for which channel-norm is lower than
T in any order. The possiblé‘;) = 6 many joint channel
1 —exp _) , (15) gain vectors belong to the evefy are
wherex; < 7, x1s € R, x2 < 7 and xa2s € R. Now B T
using M)’m) and:ClS) "ml). we have 52_{[H1(£) Hls(é) ( ) HZS(K) (Z) ( )] 7T
5 [H:1(€) His(¢) Ha(f) Hs(l) Hss(€) Ha(C)]',
P < 1_02(3)4<exp(_2_72)> Lo(ay’ HL(0) His() Ho(t) Hy(0) Hu(6) Hun(0)"
g g T
) g [H1(¢) Ha(€) Has(€) Hs(€) Hso(t) Ha(0)]'
oo~ ) + 5(3)6<exp(_ ;)) [H1(6) Ha(0) Ha(0) Hs(t) Ha(6) Has(O)"
2
21 0ha 2 [H1(€) Ha(6) Hs(6) Hss(€) Hi(0) Has(0)]"}.

varianceo? = % All the 6 joint channel vectors have
equal impact on BER and are equivalent. Therefore,
)2 without loss of generality, all 6 channel gain vectors of

T c/p1\6 T
oo(-52)) <520 (= (- ) o st i v s
< P 2p? ) 2\ o P 2p7 The elements of joint sub-carrier gain vectors are in-
( >2 dependent with Gaussian distribution of zero-mean and

T f(ﬂ)s 1—exp ( _ LZ (16) eventé, can be represented by a single joint channel
4\o 201 vector

The following proposition generalizes BER upper bound

on joint detection forJ transmission rounds: Ho =[H1(¢) Ho(f) Hs(¢) Hy(0) Hys(€) Has(€) ]T.



The joint gain vector, which represents all joint channels Now by substituting? [P(gi)Pe‘&] in (I8), we have

of the event; of the J-th round can be written as

H, :[Hl(ﬂ)...Hi(é) Hipr(0) ... H,(0)

1H; (02 <7 1H;(O2=7

T
Hiy(0). .. His(z)] :

and probability of occurring event; is P(§;) =
i’ pb (), where P(| H;(0)[* > 7) = P(¢) = px
and P(|[H;(0)||> < 7) = P(£°) = p2. Note thati
gains of #; have| H,||* < 7, wherej = 1,..., i and
J — i gains of joint channel; have||H;||* > 7, where

j=1i+1,..., J.The eventf, has all channel gains
with ||H;||* > 7 and event{; has all channel gains

with ||H;||? < 7. Furthermore, all elements of vect;

J J\ ¢ p 2(J414) - (J—14)
roo3 (D5 (o (-55))
(on() ) + ()52

(J—1) i
(exp (—2%)%) ) (1 — exp (—2—;%) ) . (20)

[ |
In order to compute probability for error of the pro-
posed CCSR method with (maximum allowed MAC
retransmissions), we considér}20) with highest possible
J=pu, whereJ =1,2,..., pu.
In next section, we present throughput analysis and
optimization with respect parameterfor CCSR for

have chi-square distribution of order 2. The probabilit)(/IAC retransmissions (rounds)

of error of joint detection of the/-th round is

J J
Pe, =FEg [Z P(&i)Pe|£¢:| = Z Ep [P(&)Peye,]-
=0 i=0
(18)

Now we evaluate g [P(gi)Pe&] as follows:

glIHi(0)]|2[¢;
Ny

J—1
J\ ¢ & T

<(7)<£ g2k d
(]l [ ewtogitutnn
T T, Lo Ths
A O TERTEY | e

k=1

J—1
I\ ¢ o 4ay,
kas(xks)dxks'i' (Z>ZH/T eXp(_g3.2N0)

41'19

J .
Frla)dzy [ /OGXP(—Q?)QNO)JCX;C(%WM

k=J—i+1

: o 4171@5
H/ eXP(_93.2NO)kas(IkS)dxks
k=170
) (J=1)
12\ (cr P T2
‘ e [T\ /p1\2I+)
) +Z(i> (?)

En [P(&)Pesléi] = cEn | P(&)Q

J

I1

k=J—i+1

V. THROUGHPUTANALYSIS

Now we present throughput analysis of the proposed
CCSR method. In throughput analysis, we consider non-
truncated ARQ which has infinite many retransmission
rounds. There arg retransmissions rounds of a HARQ
process at MAC layer in one ARQ round as depicted in
Figure[2. One retransmission round of HARQ process
consists of a full transmission of HARQ packet fol-
lowed by a selective retransmission in PHY. In practice,
transceiver pair continues retransmission rounds until
error-free packet is received or maximum number of
retransmission rounds are reached. For throughput anal-
ysis, we follow conventional definition of throughput
which is the ratio of error-free information bits received
k to the total number of bits transmitted n = %). Note
that P, is the bit-error probability of the joint detection
of the J-th round of MAC transmission given if_(R0).
Assuming that each bit in the frame is independent, prob-
ability of receiving an error-free packet of length with
probability of bit-errorP,, is p., = (1 — P.,)%s. The
probability of receiving a bad packetijs, =1 — p,,.

As a direct consequence of joint detection, probability
of bit-error P, > P., > ... > P., and probability of
receiving correct packet., < pc, <...<pc,.

One transmission round of HARQ layer consists of
k information bits of the full transmission anthk
bits of selective retransmission, where = p, =
P(||H1(0)||*> < 7). Thus, there ard = k(1 + m) bits
transmitted in one transmission round of MAC layer to
the receiver. As a result of joint detectioR,, < P, ,,

De, > Pe,_, andpe, < pe, ,. The probability that a
packet fails after two transmissions, p.,. Note that if

CRC failure occurs after transmissions at MAC layer,
receiver discards observations pf transmissions and



ARQ layer initiates a new round of transmission of théhe proposed CCSR method are][29]

failed packet. Thus probability of CRC failure at the end
H nu = Ipcl + 2Ip61p02 + 3Ip61p62p03 + A + MIp€1p€2p€3

e Dep_1Pe, + (1t 4+ 1) Ipe, PesPes - - - Pe,Per + (1 + 2)Ip2,

j=1
probability of a packet to fail afteg transmissions with Pe;Pe; - - - D, Des + (n+ 3)117?11)321)63 <o PeyDes + -+
joint detection ofy transmissions at MAC layer is (p+ M)nglpgnga . 'pgqu% + ...+ (yp+ 1)Ip? pl

of ;1 transmissions isx = Hpéj = Dey-Pey - - - Pe,,- TE

D8 Pey + (v 2)IpY P, - P PeyPes, + (Yt 3)
Ipl pl, ...l Pe,Pespes + -+ (yu+ ) Ipl pd, ...l

J J
_ v Y
= Deg - - - I I =« | | - (21
P (pél b pé“) j:lpé.ji] Peass ( ) PeiPes -+ - Peyy—1Pe,, +... (24)

j=1
By rearranging[(24), we have

wherey = |2, J = [(¢—1) mod ] + 1 and
pe, = 1. Note thaty = 0,1,...,00, J = 1,2,...,u
_re_present transmission count at MAC layer. Sinc_e there js_) + Ipe, Dey (2 +(u+2)a+ 2u+ 2)a2 + (3p+2)
joint detection of at most; packets and observations are

discarded in the event of successful decoding or failure’ + . . ) + .ot IpePey - Pey 1 Dey (J + (u+ J)at+
of every u-th packet, the probability receiving error-free 5 5

packet in the event of, + 1-th transmission of a packet (2p + J)a” + Bu + J)a” + .. ) toHIpepe -

iS p.,. The probability of successful decoding gfth 9 24 (3 3
transmission of a failed packet js . PeuiPes (u Tt et Qo™+ (3 pat

ny = Ipe, (1 + (4 Da+ 2u+1a? + (Bu+ 1)+

The number of bits transmitted in transmissions of - - ) (25)
a packet isk(1 + m)q. The average number of bits that
transmitter transmits:, for successful decoding of a
packet in given channel condition with transmission n, = b (1 +(p+Da+ 2u+1)a? + Bu+ 1)+
rounds at MAC layer in one ARQ round is stated as
follows: ) + b (2 F (4 2)a+ (2u+2)a? + (3u + 2)a’

Proposition 2. The expected number of information bits + - . ) +...+by (J +(u+ Da+ 2u+ J)a*+
under maximum number @f rounds at MAC layer and 3
non-truncated retransmissions at ARQ layer is sum of (34 +J)a” +.. ) ot by (“ + (u+ pat

summation series as 2+ p)a? + Bu + p)ad + .. ) (26)
where by = Ip., bo = Ip,p., and b; =
J
I
Ipe. Pe, ... De e, = k(1 <, .De,. Note that
n =3 (22) PaPe - Pesape, = K +m)1;[lp s
J=1 there areu summation series i|ﬂ]26) anbth summation

series in the above expression is

where g =Jby + (J + pbyo+ (J + 2um)bsa® + (J + 3p)
bJa3+.... (27)

= Jby + (J 4+ pbya+ (J +2u)bya’+ . o
el s+ wbsa+( b Therefor, expected number of information bits need to

3
(J+3p)bsa + ..., (23)  pe transmitted to delivek(1 + m) information bits is
1% b
@ = Hpéj' by = IpaPes---Pey 1P, = k(1 + M = ZnJaH' (28)
j=1 J=1

[ |
Now we are ready to state proposition for throughput
of CCSR method with joint detection gi packet at
Proof: The expected number of information bitsMAC layer. The following proposition presents through-
transmitted to deliver error-freg information bits for put of CCSR method:

m)H Pe;_,;Pe, @Ndpe, = 1.
j=1
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Proposition 3. Throughput of CCSR method under Note thatyn, of CCSR is function of parameterthat
maximum number gfi rounds at MAC layer and non- controls the information to be transmitted during selec-

truncated retransmissions at ARQ layer is tive retransmission. The parametercan be optimize
(1—a)? to maximize throughput under OFDM signaling. Next,
Ny = — @ , (29) we discuss search for optimalfor the proposed CCSR
method to enhance throughput of an OFDM transceiver.
L+m)> " [ pespe, (J+ (n— J)a) anp

J=1j=1
VI. THROUGHPUTOPTIMIZATION

In this section, we optimize throughput of the pro-
posed selective retransmission method at modulation
] . . layer. The amount of information that a receiver requests

Proof: From proposition 2, average number of b|t§ . ) .
n, required to deliver error-free packet to the receivey the.transmltter in the event of a packet f§1|lure has

n e : . Jlrect impact on the throughput of the transceiver. Most
consists of summation gf terms. That is, . : A . .

of the time, especially in high SNR regime, receiver
H can recover from bit errors by receiving little more
Ny = Z Ngp =1+ N2+ 7 (30) information and employing joint detection. In selective
J=1 retransmission at modulation level, thresholdn chan-
The J-th summation series is nel norm of a sub-carrier is measure of channel quality.
By choosing proper threshold, receiver can request
i =bs (J + (et Do+ 2p+ J)a® + (Bu+ 1)’ minimum information needed to recover from errors for
n ) (31) the failed paf:ket. The threshold is function of SNR .
and modulations such as 4-QAM and 16-QAM. It is
clear from [29) that throughput of CCSR method is a
function of frame-error rate (FER). Furthermore, FER is

o
wherea = H pe, andp,, = 1.
J=1

nyula—1) = bJ( —J = po — po® — pa® — ) not a linear or quadratic function of SNR and parameter
_ 7 1 9 3 7. Now we write unconstrained optimization problem for
- J( —J-pa(ltata’ o+ ')) throughputy with respect to parameter as follows:
_ _ g _ ko
= bJ( J 1- a))- (32) To = arngax n= f(r,SNR). (37)
Thus, Since throughput is non-convex function in parameter
J+(p—J)a
nNju = bJ(l(l—Lia)Q) (33)
I . ~SNR=45d8B
Substitutingd ; in (33), we have
J
J+(p—J)a
Nju = (1 + m) H Pej_yPcy # (34)
k=1

The average numben, of transmitted bits required
to deliver single error free bit at receiver under
transmission rounds at MAC layer of CCSR method is

SNR=12dB

Throughput n

]
SNR=8dB

a g J+(u—J)a
n, = Z Ny, = (1+m) Z H De,_ Doy K ool [ro=[3 1.347 0.358 0.238 0.118 0.048 0.019 0.0078 0] |
) —J _ 2 ’
J=1 J=1j=1 (1-a) o1
(35) ‘/SNR=0dB
. 00 0; Z _I‘g___;___zdey____;_ 3‘5 4
Throughput of CCSR method is Threshold ©
1 (1—-a)?
Ny = — = 7 Fig. 3. Analytical throughpul{29) vs for SNR operating points of
Ny " CCSR method fop: = 2 transmission rounds.
(L+m) Z HpEJ—ijJ (J + (1 — J)O‘)

J=1j=1 7, optimal = that maximizes throughput for each
36
(36) SNR can be computed off-line using exhaustive search.
B Thus, a table of optimal threshold which maximizes
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throughput for SNR operating points can be generatt
using throughput expression ih {29) for CCSR metho 1w
Note that throughput of the proposed CCSR method
functionn = f(r, SN R) given in [29).

In Section[VIl, we maximizen = f(r, SNR) with
respect to parameter. Note that parameter appears

10°?

in probability of frame errorp,., which is function of R
probability of bit-error presented ii(R0) Sectiod IV. The £

optimal 7, can be computed off-line from throughput w0l
lower bound for CCSR usind_(29). Based on chann
condition, amount of information to be transmitted cal
be controlled using vector,. Figure [3 shows that
optimal thresholdr, for SNR points which maximizes
throughput CCSR method fop = 2. In low SNR 10k
regime, throughput) is more sensitive to threshold & (B)

as compared to high SNR regime due to the fact tha.

in high SNR regime, very few errors occur during ﬁrshg. 4. Monte Carlo simulation Vs BER upper bound](20) of CCSR

transmission resulting into fewer retransmissions. method foru = 1,2 and4 transmission rounds with optimal threshold
To-

10°F

VIl. SIMULATION

p=1
p=2
pu=3
u=4

Now we present performance of the proposed CCS
method in comparison with conventional Chase combii
ing methods. In throughput performance, we considi
optimized thresholdr, which controls the amount of
information in selective retransmission for OFDM sys
tems. In simulation setup, we consider 4-QAM conste
lation and OFDM signaling withV, = 512 sub-carriers
over 10-tap Rayleigh fading frequency selective chann
Each complex OFDM channel realization has Gaussii
distribution with zero-mean and unit variance? (= 1).
We assume block fading channel in quasi-static fashic
such that channel remains highly correlated during tran
mission of one OFDM symbol. First, we present com \ : T
parison of BER upper bound and BER from Monte Carl &@n)
simulation denoted bys E R, and BE'R,,, respectively,
for CCSR method. We also provide throughput resuligg s L5 ys optimal threshold-, which maximizes throughput of
of CCSR method in comparison with conventional ChasgcSR-ARQ method fop, = 1,2,3 and 4 transmission rounds.
combining method. We denote analytical and simulation
throughput byn, and n,,, respectively. In order to
maximize throughput, threshold on channel norm of an associated thresholg, which maximizes through-
OFDM sub-carriers is optimized for each SNR point oput at that very SNR point. For analytical BER and
CCSR protocol. We compute threshold vectgr off- throughput performance, we ude(20) ahdl (29), respec-
line to maximize throughput of CCSR method from théively. We denote CCSR and conventional CC methods
analytical throughput usind (R9). We also demonstravgithout FEC by CCSR-ARQ and CC-ARQ, respectively.
that our proposed CCSR method holds throughput gafigure [4 provides BER comparison of Monte Carlo
with FEC. We consider half-rate LDPC code (648, 324imulation and BER upper bound of CCSR-ARQ method
to evaluate efficacy of CCSR method as compared for 1 = 1,2, and 4. Figure[4 reveals that there is
conventional CC-HARQ. We denote CCSR method witharginal gap between analytical and simulation bit-error
FEC enabled by CCSR-HARQ in simulation results. ratesBER, and BER,,, respectively.

First, we present BER and throughput performance In Figure [, we present optimal threshotd as a
of CCSR method in comparison with conventional C@unction of SNR. As Figurél5 shows, #— > &dB,
for © = 1,2 and 4 transmission rounds using optimaloptimal 7, for © = 4 converges to the, for p = 3.
thresholdr without FEC. Note that each SNR point hasimilarly, at EZ > 12dB, optimal 7, for 4 = 3 and

Hit

Threshold T
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Fig. 6. Monte Carlo simulations Vs analytical throughpuings{29) Fig. 7.  Throughput comparison of conventional Chase coimgin
of CCSR-ARQ method fop, = 1,2 and 4 transmission rounds with CC-ARQ p = 2,4 transmission rounds and optimal CCSR-ARQ for
optimal thresholdr,. n=1,2,3,4 transmission rounds using Monte Carlo simulations.

— — By
r= 4 Icor;verge_t;) thi—o?)ford“ ~ i At x, = 1628' gain over conventional CC-ARQ method for = 1,
optimalr, orju =2, it = o andu = conyergetot € 9 3 and4 transmission rounds. Note that throughput
for u = 1. This is due to the fact thata% increases, the CC-ARQ for 1 — 2 is similar to that of CCSR for
probability of entering into next round of transmission = _ 1 up to £= — 8dB. This is due to the fact that in
(retb[ansmission) at MAC layer decreases. For examp Sw SNR regij\r{F’]eT which maximizes throughput of the

_b HH Vo
a; tN = 8.dB.’ pro bab|I|t|y that j)_/s.tetrr:j r::'acthes 4ioznd§ystem has large value resulting selective retransmission
0 ransm|sE<,|otrt11|s _V(_EI’¥ dovJ\[/ a?_ Jofm 7e3e<i/\|/on t‘gr_ of first round of CCSR into full packet retransmission.
c_on_\llergtes c(; tgbl‘{”m Z;C |or;| 12:15 f. eﬁogser\(/je Thus, amount of information transmitted in first round
;'m' ar re;_n Iam - an orp=»sand CCSR-ARQ equals amount of information of two

» Fespectively. . rounds of CC-ARQ. Forkt > 8dB underp = 1 for

Th_rou.ghput is the key performapce metric of a C.OmCCSR-ARQ,TO decreases as SNR increases and selec-
munication system. Now we provide results for tlghfive retransmission becomes more effective providing

tween CCSR-ARQ and CC-ARQ methods. For throughé"lgnificant throughput gain of CCSR-ARQ method over
put computation, we use standard 2ef|n|t|on of throug “C-ARQ method in moderate and high SNR regime.
put of a communication systeml[2] as In CCSR-ARQ We notice similar trend when we compare CCSR-ARQ
method, threshold vector, in FiguTrLeIIp is computed for ¢ = 2 and CC-ARQ fory = 4. It is important
offline using [3¥) to maximize throughput Figure to note that in low SNR regimes, converges to large
presents comparison of analytical throughput usingilues and throughput of CCSR-ARQ converges to that
(29) with Monte Carlo throughput of CCSR-ARQ usingof CC-ARQ. Figurélr also reveals that large transmission
optimal 7, for p = 1,2 and 4 transmission rounds. rounds are more effective in low SNR regime.
Marginal gap between analytical and simulation through- Aforementioned results demonstrate  significant
put demonstrate thdt (P9) provides tight throughput lowéfiroughput gain of CCSR-ARQ method over CC-ARQ
bound for CCSR-ARQ fop = 1,2, 4. Consistent with method (without FEC). Now we present BER and
Figure[B, aty: > 8dB, throughput foru = 4 converges throughput performance comparison between CCSR
to the throughput fox = 3. Similarly, at]’i—z > 12dB, and CC methods with FEC. We denote CCSR and CC
throughput forp, = 4 converge to the throughput formethods with FEC by CCSR-HARQ and CC-HARQ,
u = 2. Also, atf,—z > 16dB, throughput for, = 2 and  respectively. Figurd18 presents simulation results of
1 = 4 converge to the throughput for = 1. BER performance of conventional CC-HARQ and
Now we provided throughput comparison betweeproposed CCSR-HARQ methods with half-rate LDPC
CCSR-ARQ and CC-ARQ methods for different num¢{648,324) encoder under OFDM signaling. For BER
ber of transmission rounds. Figuré 7 demonstrates thsmnulation of CCSR-HARQ method, we use optimal
CCSR-ARQ method achieves significant performandbreshold r, which maximizes throughput of CCSR-
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TABLE |
SNRVS 7, FORpu = 1,2,3 AND 4

f,z /,u -8 -6 -5 -3 -2 0 1 2 3 4 5 6 7 8
1|3 3 3 2.2 1 0.595| 043 | 0.301| 0.16 | 0.090 | 0.030 | 0.006 | O 0
213 3 2.82 1.274| 0.423 | 0.9 0.5 035 | 0.2 0.11 | 0.034 | 0.004| O 0
3|3 1.9 1.741| 097 | 0.4 0 0.7 0.407 | 0.204 | 0.118 | 0.002 | O 0 0
41 24| 1338 0949 | 0.072| 0.023 | O 0.63 | 0.36 | 0.235| 0.09 | 0.0038 | 0.009 | 0.0005| O

of joint detection of CCSR-HARQ fop transmission

e rounds is same as that of CC-HARQ fap rounds.
L CeomtRe 12 In Figure[8, we use optimal threshotg on selective
e retransmission in PHY which maximizes throughput
u —8— CCRS-HARQ =t In high SNR regime, single round = 1 of CC-HARQ

method achieves low probability of error resulting into
low packet error rate and low probability of enetering
into second round of transmission. In such scenario,
optimal thresholdr, — 0 and CCSR-HARQ method
becomes CC-HARQ method. Fd: > 4dB, 7, — 0
and BER curve of CCSR-HARQ for, = 1 merges
with BER of CC-HARQ method. Similarly, we notice
that undery, = 2 at Eb > —2dB, optimal threshold-,
t ‘ which maximizes throughput is very small resulting
B " into merging of BER fory = 2 and . = 1. In low
SNR regime, BER and throughput of large transmission
Fig. 8. BER comparison of CCSR-HARQ and conventional ccrounds is better than small transmission rounds. As
HARQ methods fop: = 1,2, 4 using half rate LDPC code (324, 648) channel condition improves, the CCSR-HARQ with
with optimal 7. large ;1 behaves similar to CCSR-HARQ method with
small ;. Furthermore, at a given SNR, there are multiple
values ofr which achieve similar throughput. The small
threshold on channel norm has lower retransmission
overhead and results into higher BER. As Figlie 8
,{," | reveals, BER marginally degrades wh%% improves
? | from 5 to 8 dB and still provides optimal throughput

L (aB)

=-@= CC-HARQ  p=1
—8— CCSR-HARQ =1
0.45 b CCSR-HARQ =2
=—f— CCSR-HARQ u=3
0.4 == CCSR-HARQ p=4
=== CC-HARQ p=2
0.35) =< = CC-HARQ u=4

‘ 1 We present throughput of proposed CCSR-HARQ
method in comparison with conventional CC-HARQ
method in Figurd19. We provide Monte Carlo simula-
tion results of throughput for CCSR-HARQ and CC-
HARQ methods forpy = 1,2,3, and 4 transmission
rounds using simulation setup of Figure 8. Throughput
of CCSR-HARQ foru = 1 is significantly higher than
- throughput of CC-HARQ fop: = 1, which demonstrates
¢ 6 8 0w the efficacy of CCSR method. Also throughput of CCSR-
HARQ for M = 1 and CC-HARQ foru = 2 are very
Fig. 9.  Throughput comparison CC-HARQ far = 1,2,4 and close Whe < 0dB. However, for = 0dB, CCSR-
CC.SR'-HARQ forp = 1,2,3,4 transmission rounds with half rate HARQ has h'gher throughput than CC HARQ. For larger
LDPC code(324,648) using = 7,. transmission rounds, CCSR-HARQ is more effective in
low SNR regime as shown in Figulré 8. Note that impact
of selective retransmission in CCSR-HARQ method is
HARQ method fory = 1,2, and 4. The threshold not significant fory = 4 in higher SNR regime due
vectors fory = 1,2, and4 used in Figurél8 and Figureto the fact that CCSR-HARQ has low probability of
[7 are given in Tabldll. Note that CCSR-HARQ andCRC failure. Figurd® also reveals that CCSR-HARQ
CC-HARQ methods are same far = 0. For very for u = 4 first converges to CCSR-HARQ for = 3 at
large value of thresholds — oo, BER performance J’f,—f) > —6dB. Both curves continue in overlap fashion

Throughput 7
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and converge to CCSR-HARQ for = 2 at f,—z > 0dB [13]
and thenpu 2,3, and 4 follows CCSR-HARQ for
p=1at g > 3dB similar to Figurd.

VIII. CONCLUSION [14]

We presented bandwidth efficient cross-layer design
under OFDM modulation using selective retransmigs)
sion sub-layer at PHY level. The throughput per-
formance comparison demonstrated that the propos[(fa
CCSR method outperforms conventional Chase combing
method. In performance analysis, we provided tight BER
upper bound and throughput lower bound for the prém
posed CCSR method. The simulation results suggest that
BER and throughput performances from Monte Carli38]
runs have marginal performance gap from that of BER
upper bound and throughput lower bound, respectivelyg)
In order to maximize throughput of the CCSR method,
we optimized threshold- which controls amount of [20]
information to be retransmitted by embedded selective
retransmission at PHY level. The simulation results also
demonstrate significant throughput gain of optimize@1
selective retransmission method over conventional Chase
combining method with and without channel coding.
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