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Abstract—Coded cooperation can achieve diversity
through channel coding. The traditional Coded
Cooperation framework is not an efficient transmisgn
scheme since in some cases the base station hasaay
decoded a particular set of information bits usinga
user’s initially transmitted parity and not all par ity bits
are required. The user however is not informed by re
base station of this. This paper proposes an effent
transmission scheme called Cross Layer Hybrid ARQ 2
Cooperative Diversity (HARQ 2). By combining HARQ
2 (at the link layer) with Cooperative Diversity (& the
physical layer) feedback from the base station is
available for users. Users can then transmit increemtal
parity packets and await feedback from the base stion
to decide whether further parity is required for a
particular set of information bits. Improvements in Bit
Error Rate (BER) and throughput are observed by the
cross layer design over Coded Cooperation. BER
theoretical bound analysis is performed and is vadiated
by simulations in a block fading channel.

Index Terms—Cooperative Diversity, Cross Layer

Hybrid ARQ 2 Cooperative Diversity, Coded
Cooperation, Block Fading Channel.
I. INTRODUCTION

IRELESS partnership pairs are formed between The cross

The traditional Coded Cooperation framework is aot
efficient transmission scheme since in some cdsedase
station has already decoded a particular set ofrimdtion
bits using a user’s initially transmitted paritydamot all the
parity bits. The user however is not informed bg thase
station of this. In order to improve the efficignover
Coded Cooperation, this paper introduces a crogar la
network design into the Cooperative Diversity areal|ed
Cross Layer Hybrid ARQ 2 Cooperative Diversity.

This framework combines HARQ 2 at the data linkelay
with cooperative diversity at the physical layerain effort
to allow for feedback to occur between the basgostand
the users. With feedback available and by the dstheo
incremental redundancy nature of HARQ 2, the users
transmit the amount of parity required by the bsisgion.
Cross Layer Cooperation partitions a full paritgeavord
into incremental parity packets or sub code wotdshis
paper the sub code words or incremental parity giackre
created by the use of Rate Compatible Punctured
Convolutional (RCPC) Codes [18].

ARQ 2 signalling from the base station and increfalen
parity transmission differentiates Cross Layer Gvafion
from Coded Cooperation and results in BER and
throughput improvements over Coded Cooperation.eGod
Cooperation allows for a lot of parity to be wastey
partners cooperating with the base when the bad®rst
has already decoded a user’s information bits.

layer design consists of two users

wireless nodes in [1]-[7] in an effort to achievecommunicating with the base station. The inter teed

diversity via a signalling method that enables tingle
antenna mobiles to transmit their information jlyinising

uplink channels are modelled as block fading chknne
This is due to each incremental parity packet ugalag a

both their antennas over independently faded uplinkifferent fading and is thus modelled as identicall

channels. In [1]-[7], the method of cooperative edsity
implemented allows for a user to “listen” to thertpar’s
transmission and retransmit the received versiorthef
partner’s signal - using repetition coding methods.

The repetition coding methods involves the useneeit
retransmitting an amplified version of the partsesignal
(amplify and forward) or estimating the partnerignsl
and retransmitting an estimate of the partnersnalig
(detect and forward). In [8]-[16] a cooperative atisity

framework called Coded Cooperation was implementédven by Vi )

which introduced channel coding into cooperatiwesdiity.
Here code words are segmented into two frames wdnieh

independent distributions (i.i.d).

Users’ transmissions occur orthogonally and can be
adopted on a Time Division Multiple Access (TDMA),
Code Division Multiple Access (CDMA) or Frequency
Division Multiple Access (FDMA) scheme. Perfect @hal
State Information (CSI) is assumed at all receivaise
instantaneous Signal to Noise Ratio (SNR) betwessrsu
iandj, during fading blockl and time instantn, is

(n) and is exponentially distributed. The

isl;

mean value ofy ;| (n) "

transmitted from the user and partner's antennaer o The fading coefficients @, |, (n)are modelled as

independent uplink channels respectively.

independent samples of a Rayleigh random procesa fo
particular blockl .



TABLE |

In Section Il the fading channel model is explained CROSS LAYER HYBRID ARQ2 TRANSMISSION SCENARIOS
Section 1l presents Cross Layer Hybrid ARQ 2 gyste Case derg dcre cra Ccre
model based on incremental redundancy. In Secticting 1.1 0 0 0 0
end to end Bit Error Probability (BEP), analytidadund 1.2 0 0 0 1
derivation for Cross Layer Hybrid ARQ 2 Cooperatisn 13 0 0 1 0
explained based on the Pairwise Error Probabifti#R). 14 0 0 1 1
Section V contains the performance analysis of €tager 51 0 1 0 0
Hybrid ARQ 2 cooperation. The simulations confirimet 55 0 1 0 1
analytical BER bounds from Section IV. Section VI :
concludes the paper. 2.3 0 1 1 0

24 0 1 1 1
Il. FADING CHANNEL MODEL 3.1 1 0 0 0

A block fading model is adopted based on [17].Bjnar 3.2 1 0 0 1
Phase Shift Keying (BPSK) modulation is employed an 3.3 1 0 1 0
the received sample at time instantis, for a particular 3.4 1 0 1 1
block | , is given by: 4.1 1 1 0 0

4.2 1 1 0 1

yi,j,l(”):ai,j,l(”)\/gﬁ,u(”)”‘j(”) @) j:j, i i i 2

wherei 0{1,2 ,j0{0,1,2 i#j 10{ 1,2,3}

the framework is generic to any puncturing, conatiag
andn{1,2,-- K}

or product code family. The best case cooperatuel Mi' i

: " is defined to be the maximum amount of parity bitsserl
In (1), | denotes the transmitting user for tha . o

S . ) ) transmits for userjdivided by the mother code encoded
transmission, | is the receiving user anH is the fading ) ) ]

) ) = length. Two cooperation levels are consideredsi08 and
block index. Note thatj =Odenotes the base station.ogoy During 50% best case cooperation a user trigsism

Eb'i is the energy of a transmitted Symb“h“ is a BPSK two incremental packets to the base station ihytiad.

N, N,
modulated symbol i.ex ; (N)0{-1,1} at time instantn B, (t)=B,;,+B,, =>|B,Jot-a)+ Y [B, Ja(t-q)
e q=1 q=N;+1

and N, (n) accounts for additive noise at receiverand is 2
modelled as samples of a zero mean Gaussian randdfiere the notationi/ j denotes eithei or j . Note that
variable with variance ofN; /2 . O(.)denotes the unit impulse function. During 25%

cooperation a user transmits 3 incremental packétally
Ill.  CROSS LAYER HYBRID ARQ2 COOPERATION SYSTEM to the base station i.e.
MODEL N,

A brief discussion of cross layer cooperation igssented B (t) =Bt B2t By s z B Jla—(t - q) e

here. The reader is also referred to [20]. Crosgela N N ot
Cooperation maintains the same code rReas that of a 22: |B . |6(t—q)+ 23: |B . |6(t—q)
comparable non cooperative system but allows fa@ th 4, 1.2 ) 1.3
transmitted symbols to be shared across both usgligks,
with independent fading via the use of HARQ 2.

The two usersi andj have K bit information blocks

g=N,+

@)
Since the initially transmitted packets collectivellow
for sufficient parity to be available for the deouyl of a
which include € Cyclic Redundancy Check (CRC)yser's information bits - the base station mightealy
concatenated bits. Eaghbit information block is encoded decode a user’s parity based on the initial tragsio.
into a N bit parity block using a rate % motherThis results in the initially punctured parity nbeing
convolutional code from the RCPC code family ofemih  required to be transmitted for that set of inforimratbits for
[18]. Each user'sN parity bits are partitioned into four & user and results in bandwidth savings. Basedhen t
feedback from the base station i.e. the base staliRC

i ki ie.B,,B_,B.B f | si : :
parity packets l.e 2B, OF equal size syndrome calculation and the inter user CRC stdt6s,

1,17

N1, N; 5, N; 5 N; ,The length of N is calculated such transmission scenarios are possible for a user.seThe
4 scenarios are tabulated in Table (1) above.
that length(N) = z|en9th(Nr) ) A user will first evaluate his inter user CRC flagd the

r=1 base station CRC for himself and his partner argh th
Even though an RCPC code implementation using tigiecide on whether to cooperate or not. Generaley us
Cross Layer Hybrid ARQ 2 framework is presentedeher will evaluate crg derg and dergand decide upon the



transmission scenario. In order for udeto cooperate the  On the other hand if the red packets were decoded
inter user CRC flag, crchas to reflect correct CRC incorrectly then user 1 will incrementally transniite
syndrome calculat_ions for the decoded partner'siaini green packets for himself which would be pari&lgand
transmission. Uset will then look at his partner's CRC

flag i.e. dcrgand will transmit incremental parity for the Bl,4'f needed). Note that the subscript™is used in the

green packets foB, ;and B ,because user 1 could also be

transmitting incremental cooperation packets foerug
(user 1 is cooperating) sindéZJ{l, 2} in this context.

Similarly user 2 transmit$3,,and B, , (yellow packets)

for himself initially. Based on the feedback frotretbase
station to user 2, which is inherited by user W #re inter
user CRC states, user 2 will either cooperate uggér 1 by
transmitting the light blue packets for the part(Bf ;and

B, ,if needed) or user 2 would not have to cooperaté an

could have his own initial parity decoded corredilythe
base station, in which case user 2 will transmat plurple
packets for himself (which is new parity for a neet of
information bits) i.e. B, and B, ,. The subscript i is

S used in the light blue packets f@, ;and B , because user

2 could also be transmitting incremental paritykets for

himself since againi D{l,Z} in this context (during non

Fig. 1. Cross Layer HARQ 2 Cooperation System Biayg cooperation). Note that in Fig. 1 the transmissiohnsser 1
and 2 are symmetrical about the dashed line.

partner if derg=0. If dcrg=1 then no further incremental
parity is required for the partner for that seirdérmation
bits. If useri ’s inter user CRC flag is incorrect then uger ~ The end to end BEP for Cross Layer Hybrid ARQ 2
can only transmit incremental parity for himselsed on Cooperative Diversity is a weighting of the coopieracase
the base station’s feedback. probability and the uplink BEP for that specificsea The
As an example take case 1.4 from Table 1, hereldfrc factor [, (9= W,I’)J. denotes the BEP for a specific case
decre=0, crg=1 and crg=1. Usef looks at cr¢ which is 1
(ACK) and hence realises that he has decoded user
initial transmission correctly and can transmitrgmental  P(€ =W, r)j denotes the case probability. The end to end
parity for user 2 after realising that_e>_<tra paigyneeded pEP pound for during 50%
for user 2 since dcgg0 (NACK). Similarly user 2 has |,
cre=1 (ACK) and can transmit incremental parity foeus

IV. THE END TO END BEP BOUNDS

the uplink  channel  whilst the factor

best case cooperationivisng

2 4 4
1 after realising that incremental parity is reqdifor user pg => > > pb(é’:W,r)j p(é’:W,r)j (4)
1 since dcrg is equal to 0 (NACK). This is a full w=lr=1 j=2
cooperation case. And during 25% best case cooperation:
Fig. 1 above illustrates the system diagram fors€ro R
9 y g Ps =2 > > B (8=wr) p(6=wr), 5)

Layer Hybrid ARQ 2 Cooperative Diversity. Initipliser 1
transmits B, ;and B, , to the base station shown by the red

packets in Fig. 1. The base station and the paraemive The only difference between (4) and (5) is that 2586
these two red packets and decode them using abVitecooperation level is taken into account in (5) bamging
decoder and then compute the CRC syndrome. The baise lower limit of the subscript] i.e. 3 initial parity
station sends either an ACK or NACK to user 1, ba t . . _ .

downlink, which is inherited by user 2. Based dre t PACKES aré transmitted. Singg, (6= w.r), is the BEP
received CRC signal from the base station and titeri at a specific instance off (the transmission case
user CRC, the users decide whether to cooperatetorf  probability) it can be generalized as:

for example user 1's red packets were decodedattytbe 11 e

first time by the base station, and user 1 is noperating,  p,(6=w.r), <[min > > c(d)p(d1y) p(y)dy (©)
then user 1 will transmit the two dark blue pachketsch is v

c d=0fe
new parity (B,,and B, ,) for a new information packet for  since y is the vector state of the channel, for a specific
himself.

w=1lr=1j=3



transmission scenario, (6) has to be expanded laséoe
individual case. The conditional PEP i.p.(d |y) has to

also be determined for each case. Note tﬂug&is the free

distance of the convolutional code andc(d) is the
multiplicity of information bit error events withamming

d.

instantaneous SNR distribution.

The transmission case probability is dependantten t
block error probability (BLEP) of the first frame
transmissions by the user. The BLEP for a convohai
code is bounded below:

P () s1-(1-P.(¥))" <BR.(y)

block

weight The function p(y)is the exponential

7

gsaaas 6’:1.1|y1v2,11y1,2,2vy1,1""

2Trans .!;J;J;-[)-[)-[)p V2 VanV oo J

ﬁ p(yl,Zi ) Elil p(yl,j ) Elj p(ka) Elﬁldylyzz El_zldy]s -
1= = - - i

'jdyz,h
_ (12)

This happens during 50% best case cooperation,ehenc
the subscript “2Trans.” Note that in (12) the unditional
case probability is not averaged OVEr, .,V , 2V 211V 21,
but only over); ,., V; , ; since the channel is assumed to be
reciprocal.

The numbeB denotes the number of branches in the During 25% best case cooperation the case protyafuiti

trellis for the transmitted code anld, is the amount of
input bits
trellis. P (y)is the first event error probability as is
bounded by — [19]:

Pe(v)< 2 a(d)P(dly)

d=d;

information in each branch of the

<

(8)

In (8) a(d)is the multiplicity of code word error events

with hamming weighd . The conditional PEP for case 1.1,
as in Table 1, is given by:

p(d | y1,11y1,21y1,31y1,4) :Q[ﬂ, ZZ d 1}/ l,J

Equation (8) and (9) are used in (7) together wita
limit before averaging techniques, as outlined 24]] to
obtain tight bounds for the transmission case hitibas.

In (9) Q() denotes the Gaussid@ function. During case

(9)

1.1 the conditional probability given by:
p(ezl'llyl,z,l Vi22V 11V 12V 20/ 2,}

2Trans -
1—[1— min[

(@) p(c Mz,.)]]B -
1—[1— min[l, 3 a

d=dge
1—[1— min[
(10)

To obtain the wunconditional case probability the
conditional case probability is averaged over thdirfg
distribution i.e.

P(6)=[P(81y)p(y)dy

2

D 1,ia

d=dfre

(d) p(d Iyl,j)DB 0.

¥ a

d=dfre

(d)p(d IVz,k)DB

(11)

Using (10) the case probability for case 1.1 iSweel to
be:

case 1.1 can be calculated in a similar way buntaknto
account that three incremental packets are tratesirirst
and by performing integration over all the fading
distributions of the uplinks of the users. Simietthe case
probabilities can be calculated for the other trmaission
cases based on the inter user and base statiors@RS.

V. PEFORMANCE ANALYSIS

The performance analysis of Cross Layer HARQ 2
Cooperation is analysed here using the BER perfooma
metric. The mother code is still kept at R= 1/4 themory

length, M = 4and the family of RCPC codes is again used
from [18]. The amount of information bits in theusoe
packet is kept atK =128 bits. The distance spectra

a(d)and C(d)are computed via computer enumeration
as well as the separation of the minimum distaddato
d,, ord,,, wherev(}{,2,3,4}.

Error detection is handled via 16 bit CRC (augménte
into the K bit source packet) with the generator

polynomial equal to gcrc(x):15935 in hexadecimal

notation.
Fig. 2 shows the performance of BER under symredtric
uplink (F,,=l,,) channels for 50% best case
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Fig. 2. 50% cooperation with symmetric uplinks.



cooperation, with reciprocal inter user channelditons The performance of user 1 reduces slightly by craatpey
i.€. ¥, =¥,y Wherel O{1,2}. under poor uplink conditions but this is negligilzad

Cross layer HARQ 2 cooperation shows massiViénproves as the uplink quality improves. Note ttnat inter
user channel quality is set to 5dB so this alsdrdautes to

block fading channel, as the inter user channellityua the S"th degradadtlon otf) BER focr: userLl. lnHIZg. 52
improves. Even under 0dB inter user channel cooruti comparisons are done between Cross Layer Q

Cross layer HARQ 2 cooperation shows a 0.6 dgooperation and Coded Cooperation at 0dB and 568 in
' user channel conditions. Cross Layer Hybrid ARQ 2

Cooperation always performs better than coded catipe
10° = even under poor inter user channel conditions with

improvements in performance over non cooperationttfe

= Indepen

T T =
dantinteruser chamnal=

o

- f==Caded Fooperation- -~ - - - -

r_— —CrosstayerHARQ 2 Goo*perart'mﬁ
ot . . .
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Fig. 3. Independent vs. Reciprocal inter user nélsrfor
50% best case cooperation.
Fig. 5. Comparison between Cross Layer HARQ 2

improvement in performance over non cooperationths Cooperation and CodeZooperation

inter user channel quality improves the BER of Griosyer
HARQ 2 coop.e_ratlon also improves. At 10dB 'me”u‘?’eﬁerformance gain of as high as 2.1 dB at OdB iner
channel conditions Cross Layer HARQ 2 Cooperatio

intai 21 dB qai " ERB channel conditions. Note that during higher inteseru
maintans a . gain over non cooperation & channel conditions 25% cooperation outperforms 50%

0f10™. Note that since this is a block fading channel thcooperation with high uplink conditions for both dzal
SNR regime is smaller over the range of BER. Cooperation and Cross Layer HARQ 2 Cooperation.

Fig. 3 shows a comparison between reciprocal and
independent inter user channel conditions for 5@%i base  Due to space considerations, throughput analysis an
cooperation. The loss in BER performance betweatedo simulations could not be included in this papere Taader
cooperation and cross layer HARQ 2 cooperatiorivigys s referred to [20], where the throughput of thessrLayer
within 1 dB. Hybrid ARQ 2 Cooperative Diversity is derived, frdimst

In Fig. 4 Cross Layer HARQ2 Cooperation duringprinciples, and then confirmed via simulations. Tasults
asymmetric uplink channels is shown. User 1's Wplinshow that higher throughput performance is obsefoed
channel is fixed at 8dB and user 2’s uplink vaf@sn 0- Cross Layer HARQ 2 Cooperation, over Coded
8dB. User 2's BER improves dramatically by coop@@t Cooperation, under both 50% and 25% best case
with user 1 even under poor inter user channelitiond. cooperation levels.

Cross Layer HARQ 2 Cooperation always maintains a
competitive throughput performance gain over Coded
Cooperation due to the incremental nature of thatogpl
over Coded Cooperation, which in some cases traasmi
ez oo e s . parity when it is not needed.

o= = Cross Layer HARQ 2 Cooperation is thus bandwidth
efficient whilst also using CRC to adapt to channel
conditions. In this way BER and throughput are ioved
during Cross Layer HARQ 2 Cooperation over Coded
Cooperation since Coded Cooperation will alwaysiltes
a user transmitting all its available parity withahecking
or realizing that sufficient parity has been traitted to the
base station - for the decoding of a particulaprimfation
bit block.

Bit Error Probability

Average Received SNR at Base Station (dB)

Fig. 4. Asymmetric uplink conditions
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