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Abstract—In this paper, we propose a joint cooperative-
transmit/receive frequency-domain equalization (coopeative-
Tx/Rx FDE) with incremental relaying (IR) for broadband sin gle-
carrier (SC) transmission under the total and individual transmit
power constraint at a source node $) and a relay node R). We
derive the optimum cooperative-Tx/Rx FDE weights to minimie
the mean square error (MSE) after packet combining at a
destination node D). We show that the optimum cooperative-
Tx FDE weights allocate the transmit power in minimum mean
square error (MMSE) sense in frequency domain and in maximal
ratio transmission (MRT) sense in spatial domain. To relax
the condition that the complete channel state information CSI)
needs to be shared among all nodes, selection-based suboptim
cooperative-Tx FDE weights are derived. Computer simulatn
verifies the effectiveness of the proposed schemes and shdvatt
the 5%-outage throughput of the system can be increased by
around 30% over the conventional IR with only Rx FDE.

Index Terms—Cooperative relay transmission, Single-carrier
transmission, Frequency domain equalization (FDE)

|. INTRODUCTION

Broadband wireless channel is mainly characterized by t\%?e throughput performance even with HARQ. Recently, coop-

componentsfrequency-sel ective fading andlarge scale fading
such as distance-dependent path-loss, log-normallyitalistd

shadowing-loss [1]. In order to overcome the severe freguen

selective fading, various equalization strategies havenb
proposed for broadband single-carrier (SC) transmis2pna [

[4]. One-tap frequency-domain equalization (FDE) has be

gaining much attention for its simplicity, affinity for misdt
carrier (MC) transmission, e.g., orthogonal frequencysitivm

multiplexing (OFDM), and extendibility to more advance
equalization techniques, e.g., turbo FDE [5], [6]. The on
tap FDE can be implemented at either the transmitter or
the receiver and same performance can be achieved [7], [g]d

To further improve the performance, a joint transmit/reeei

(Tx/Rx) FDE has been proposed for point-to-point SC tran
mission in [9], in which one-tap FDE is implemented at
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both the transmitter and the receiver by sharing the channel
state information (CSI). The Tx/Rx FDE weights are jointly
designed based on the minimum mean square error (MMSE)
criterion under the transmit power constraint. In [10], J[11
extension of joint Tx/Rx FDE to hybrid automatic repeat
request (HARQ) with chase combining [12] was presented;
the Tx/Rx FDE weights, which jointly minimize the mean
square error (MSERfter packet combining at the receiver

side, are applied to the packet upon each request of packet
retransmission. It was shown that the joint Tx/Rx FDE is
effective to obtain higher packet combining gain and impsov
the throughput performance.

In a cellular network, the received signal power fluctuates
due to the large scale fading such as path-loss and shadowing
loss. Frequency-selective fading may further degrade ke s
tem performance. Although the aforementioned joint Tx/Rx
FDE can mitigate the effect of frequency-selective fadind a
exploits it as diversity to improve the transmission perfor
mance, it cannot compensate for the power fluctuation due to
the large scale fading. This power fluctuation severely aldes

erative relaying has been extensively studied in [13], ,[a4H
references therein. A relay nodR)(is deployed to assist the
transmission from a source nod®) to a destination noded).

can help to compensate for the aforementioned power fluc-
tuation. Among many relaying protocols, incremental reigy

?I'?-?) [13] is effective to achieve high throughput. In IR joins

the retransmissions only when the packet has been correctly

éiecoded atR, but not atD. Use of R provides a spatial

diversity gain, hence effective to improve the performance
We are therefore motivated to study the joint Tx/Rx FDE
IR to achieve high throughput even under the severe
ing channels. We target to improve the throughput per-
fsqrmance by optimizing the Tx FDE weights & and R

N a cooperative manner. A joint cooperative-transmitgiee
cooperative-Tx/Rx) FDE for broadband SC-IR is proposed.
If a packet sent by& has not been correctly decoded 2t

but at R, retransmission is cooperatively carried out 8y
andR through cooperative-Tx FDE. The retransmitted packets
are combined with earlier received packets in frequency-
domain using Rx FDE dD. We first derive a set of optimum
FDE weights among nodes based on the MMSE criterion
with the total and individual transmit power constraint at
S and R. The optimum weights jointly minimize the MSE
after packet combining at D. We show that the optimum
cooperative-Tx weights allocate the transmit power in MMSE
sense in the frequency domain (across the subcarriers) and

e_



in maximal ratio transmission (MRT) sense in the spatial S transmits
domain (across the transmitting nodes). The optimum FDE
weights design, however, needs to share the complete C<
of all links among all the nodes. To relax this constraint,
we propose a suboptimum cooperative-Tx/Rx FDE weights
design. By solving the optimization problem, we show that th

ACK
suboptimum weights are selection-based. Computer sifoaolat
shows that the suboptimum selection-based cooperatiV@xTx Retransmission
FDE weights provide almost the same performance as the ‘ — fromSandR
optimum ones. It is shown that the 5%-outage throughput - cooperatively
of the system can be increased by around 30% over the NACK
conventional IR with Rx FDE only. ACK

The rest of the paper is organized as follows. The principle
of SC-IR with joint cooperative-Tx/Rx FDE is described in
Section 1l. In Section lll, the optimum FDE weights desigﬁ:'g'
is provided. The suboptimum cooperative-Tx FDE weights

are derived in Section IV. Computer simulation results are | ) )
provided in Section V. Section VI concludes this paper. ~ Fourier transform (FFT) and inverse FFT (IFFT) points for
Notations (.)*, ()7, and ()7 denote conjugate, FDE. Without loss of generality, a signal representatiorofce

transpose, and Hermitian transpose operation, respkyctivé\fc'symbm block is considered. The data block is expressed

L Retransmission
from S only

1. Flowchart of IR.

tr{A} denotes the trace operation of matrixd. USing a vector formad = [d(0),---,d(i),--- ,d(N. —1)|".
diag{ag, - ,ai, -+ ,an} expresses an/ x M diagonal d is transformed into frequency-domain signal By.-point
matrix whoseith element is given by,;. E[.] denotes the FFT as
ensemble average operation. D =Fd, 1)
whereF is an N, x N. FFT matrix.
Il. SC-IRwWITH JOINT COOPERATIVETX/RX FDE At each transmitting node, each frequency component of
A. Basis Concept of Incremental Relaying (IR) the signal is multiplied by a cooperative-Tx FDE weight. The

Figure 1 shows the flowchart of IRS generates a packe’t""‘aighte(j frequency_—dc_)ma_in signal at node (m € {S,R})
from a data sequence. A packet transmitted f@is received [0F the ¢th retransmission is represented as
by both R and D due to the broadcast nature of radio S?¢ = U D, @)
propagation. IfD correctly decodes the packet, it sends an _ . .
acknowledgment (ACK) signal t8. If D does not decode theWhere U'_?” Is the Ne * Ne matrix representation of the
packet correctly, it broadcasts a nonacknowledgment (NAC ooperative-Tx FDE weights for thgh retransmitting packet.
signal to request for retransmission. If the packet is athye

4 is expressed as
decoded aR, the retransmission is cooperatively performed U{ = diag{UZ(0),--- ,Ud(k),--- ,U(N. — 1)}

by S & R; otherwise, it is done by only. for 0<¢<Q, (3a)
In the following, without loss of generality, the signaling 0 for 0 ; q ; i ’
process for thgth (0 < ¢ < Q) retransmission is considered, ;¢ _ diag{U2(0), -, Ul(k),--- UqZN - 1’)} (3b)
R ’ » YR ) » YR c

where ) is the maximum allowable number of retransmis- R
sions. Althoughg = 0 indicates the initial transmission, )
the terminology “retransmission” is used for simplicity ofAS it will be shown later, the Tx FDE weights are computed
explanation. Let us denote the retransmission index attwhignder the total and individual transmit power constraint.

R correctly decodes the packet hy(0 < § < Q). Forg < g, The signal is transformed back to the time-domain signal
the retransmission is done I8 only. The retransmission is PY Ne-point IFFT. The time-domain signal block at node
cooperatively done bg andR from the ¢+ 1)th retransmis- (™ € {S,R}) is represented as

sion. In this paper, we call the retransmiss_ion fox G as si =FHsa (4)
broadcast phase and that forqg > ¢ as cooperation phase.

forg<qg<Q.

After the CP insertion, the signals are transmitted fromheac
B. Transmitted Signal node.

The maximum delay of the channel impulse response d$ Received Signal during Broadcast Phase

assumed FO be W't.h'n the_ cyclic prefix (CP)_Iength and symbol—.l_he packet is retransmitted by alone duringbroadcast
spaced discrete-time signal representation is used for t

e . - . X
< -
system model. Hwase i.e.,q¢ < q. At noden (n € {R,D}), the time-domain

A binary information bit sequence of lengtNiyz, bits received signal at theth retransmission after removing the

is first Turbo-encoded and then data modulated. A dat(a:lP IS written as

modulated symbol sequence is divided iM@oqc blocks rd = [r8(0),- -, 7 (i), - i (N — 1)]" 5)
having N.-symbols each, wheréV. is the number of fast =h{ sd+m],



whereh? , (m € {S,R} andn € {R,D}) is an N. x N. D link but also theS — R link as S broadcasts the signal to
circulant matrix representing the impulse response of thethR andD. If Tx FDE weights are derived to minimize the
channel from noden to noden at theqth retransmission [9] MSE atR, the possibility of cooperation increases. However,
andmd = [72(0),--- ,mi(i),--- ,74(N. — 1)]T is the noise the probability that the packet is correctly decodeB® aannot
vector at theyth retransmission with each elemerft(i) being be improved. On the other hand, if Tx FDE weights are derived
a zero-mean additive white Gaussian noise (AWGN) havirig minimize the MSE aD (this is the optimum in the case

variance2s?. hd, . is expressed as of direct transmission), the probability thRt can decode the
' packet does not improve aRicannot join the retransmissions.
hi, . =d.%, X 8hn -+ (6) Accordingly, the benefit of IR cannot be enjoyed.
large scale fading small :af:fading Hence, in addition to the case with no Tx FDE, two types of

) Tx FDE weights are considered &tduring broadcast phase.
whered,, , andn,, , are the distance and the log-normally
’ : o No Tx FDE: The total power is uniformly allocated to

distributed shadowing-loss with the standard deviatiot pf he whole f band Il th bearri d
dB between noden and noden, respectivelyn is the path- the w ole frequency ban (or, 0 all the subcarriers) an
the weights become

loss exponent, ang? . is complex circulant channel matrix.

m,n

r¢ is transformed into frequency-domain sig_nBI;IL = \U§’(k)|2 — 9P Vk. (12)
[RZ(O)v e 7R%(k>a e aR(rIL(NC - 1)]T by Nc—pomt FFT,
which is given as o Type | (denoted as “type | Tx FDE”): Tx FDE weights
are derived such that MSE after packet combinindgat
R? = Fr¢ N . .
n n 7) is minimized and the weights are given as [10]
=H{ SI+11Y _ .
with HY, , = Fh?, , F7 andII} = Frd. Due to the circulant |U¢(k)[* = max l qg 5= ;D(k) 50| VE.
property ofhy, ,, the channel gain matrik, ,, of size N.. x Ve |Hs p(k )‘ ‘HS,D(]C)| (13)
N. becomes diagonal and can be expressed as « Type Il (denoted as “type Il Tx FDE"): Tx FDE weights
H! = diag{HZ ,(0),--- ,HI (k), - ,H% (N, —1)}. are derived such that MSE after packet combinindRat
7 7 ' ' (8) is minimized and the weights are given as [10]
After receiving thegth retransmitted packet, node (n € 5 —q
{R,D}) has(q + 1) received packets, i.e., during the initial \U_éf(k)f — max [_ g - Zr (k) 2,0] V.
transmission and the retransmissions, in its buffer to recover VI |H5q7R(k)| |HE o (k)|
the packet. They are combined in frequency-domain as [15] ’ (14)
q In (13) and (14)max[a, b] returns the larger value af andb,

D, = [Dn(0),++, Dn(k), -+, Dp(Ne—1)]" = ) VZRY, uisdetermined to guarantee the total transmit power canstra

q'=0 © [10], andZ%(k) (n € {R,D}) is defined as

where V¢' = diag{V4(0),---, V. (k),--- ,VZ (N, — 1 _ : e

(0 < ¢ <q)are tgh{e RX( IzDE Weigﬁtg for pack(et comb)liing Eh(k) = 0® + Z ‘Hg,n(k)Usq (k)| ‘ (15)

at noden.
After combining all the packets in frequency-domain, the

signal is transformed back to the time-domain signaldy E. Received Sgnal at D during Cooperation Phase

point IFFT as Once the packet is correctly decodedRt the packet is
A s 5. 5 t HA retransmitted byS and R cooperatively forg > ¢. At D, the
dn = [dn(0); -+, dn(i), - dn(Ne = D = F¥Dn. (10) e 4omain received signal at thgh retransmission after

Then, the log-likelihood ratio (LLR) is calculated for chresd removing the CP is written as

decoding. IfD correctly decodes the packet, ACK signal is

broadcasted. rp = hg psg + hg psg + mp, (16)

where h{ , and hg , are both circulant matricesry, is

D. Joint TX'Rx FDE Weights during Broadcast Phase transformed into frequency-domain signll by N. pomt

During broadcast phase, the retransmission ffoto node FFT, which is given as
n (n € {R,D}) is the same as the Joint Tx/Rx FDE witven RY — Fr!
D — D

Tx FDE weights,U{. Hence, the optimum Rx FDE weights 7 «q 4 «q q (17)
at noden (n € {R,D}) are given by [10] = Hg pSs + Hg pSg + L5,
HY (UL ()V* After receiving thegth retransmitted packeb has(q + 1)
/ {HE, (VY (k)} ot receing the itted pac 14D
o opt (F) = - > 0 . (11) received packets. They are combined in frequency-domain as
q¢'=0 |Hs,n(k3)Us (k)‘ + 20 [15] ,
However, the design criterion of the Tx FDE weightsSat Dp = Z V%/R%/. (18)

i.e., U¢, during broadcast phase depends on not onlysthe



After combining all the packets in frequency-domain, the  cooperative-Tx FDE weights are derived based on the

signal is transformed back to the time-domain signalMyy obtainedoptimum Rx FDE weights.
point IFFT as 2) Theoptimum cooperative-Tx FDE weights are derived for
dp = FDp. (19) arbitrarily-given Rx FDE weights. Then, theptimum Rx

FDE weights are derived based on the obtaiogtiimum
cooperative-Tx FDE weights.
In the following subsections, we take the first approach, i.e
e optimum Rx FDE weight$Vy, ;0 < ¢’ < ¢} atD for
packet combining is derived for arbitrarily-given coopere:
Tx FDE weights atS andR for the gth retransmissionlJd
and U%. Then, for the derivec{Vf’D’ppt;O < ¢ < q}, the
optimumU¢ . and U} . are obtained. In Appendix, the
In this section, we develop the optimum cooperative-Tx/Rxeight derivation for the second approach is given. It isrgho
FDE weights design for the cooperation phase, i€, g. that the derived cooperative-Tx/Rx FDE weights are the same

Then, the log-likelihood ratio (LLR) is calculated for chreet
decoding. If there is residual error after channel decading
NACK signal is broadcasted. Otherwise, ACK signal is broaqﬁ
casted.

IIl. OPTIMUM JOINT COOPERATIVETX/RX FDE
WEIGHTS DURING COOPERATIONPHASE

B. Optimum Rx FDE Weights

dThe set of the optimum Rx FDE weights for packet com-
Blning atD should satisfy

A. Mean Sguare Error (MSE) and Optimization Problem

Let us define the error vector betyveen the transmitted a
the equalized data blocks as2 d — dp. Then, the MSE is

given as _ 9§ Vg and Vk. (23)
e = tr[E{ee’}] Vo (k)
N A These optimum weights can be easily derived using (21) as
~ tefB{(d — dp)(d — dp) "'} 59e oP . Y 9D
Nc.—1 (20) Vg.opt (k)
2 2 l / ' / /
i E[ 2 [P0 bol | (U () + HE o (VR ()Y
k=0 = _ > >
q
H 1" " 2
From (2), (17), and (18) can be rewritten as Z |H§’,D(k)U§ (k)\
N.—1 ¢ , ) q"'=0
(& :20'2 Vq k} Kl " " " 7" 2
k; q’Z=0| s @) + Y [HE (U (k) +HE 5 (k)UR (k)] + 207
q"'=G+1

Ne—1 a , , (24)
1-— Ve (k)HE (kK)Ud (k
’ kz::() ‘ q,z::o o (MHs (])Us (k) Since the optimum Rx FDE weight is a function of the
cooperative-Tx FDE weights and the current and past chan-
nels,D needs to update the Rx FDE weights as it receives the
retransmitted packet.
Substituting (24) into (22a), the optimization problem )22

Retransmission in broadcast phase

— > VW {EE UL )+ HE BT k) [

it can be rewritten as
Retransmission in cooperation phase N.—1 9
(21) min e = Z 20 5
In this paper, the transmit signal power of each retransariss | =78 k=0 24(k) + |HE o (F)U (k) + HE o (k)Ug (k)]
is assumed to be limited byP. Therefore, an optimization (25a)
problem to derive the FDE weights for tiyéh retransmission N1 g ezl )
in the cooperation phase is formulated as sty |UZR)[T+ D |UR(R)|T —2P <0, (25b)
k=0 k=0
ot osesa’ @2 jugw] <o, |uge <o v, (250)
Ne—1 N.—1 where
5.t ST+ Y U] < 2P, a ,
pary P Qi(k) 2 Y |HE (kUE (k)|
(22b) q'=0
—|Ud®)|® <0, —|UL(k)|* < 0 VE. -1 , , ,
) e (22¢) * 3 |0 1) + oK ()] + 20
q9'=q
To obtain the optimum cooperative-Tx/Rx FDE weights, there (26)
are two different approaches: From (26),Q¢(k) only depends on the previous retransmis-

1) The optimum Rx weights are derived foarbitrarily- sions. Hence it can be considered as a constant value at the
given cooperative-Tx FDE weights. Then, tloptimum  ¢th retransmission.



C. Optimum Cooperative-Tx FDE Weights Solving the above conditions, we have

We proceed to derive the optimum cooperative-Tx FD@‘J +P§10 (k)
weights atS and R for the gth retransmission. By applying P

_ Q4 (k) 0
Cauchy-Schwarz inequality to the denominator of right hane max { f\/|H (k)| +‘H D(k)f ‘Hg(k)|2+|H,§(k)‘ ) ,
side (RHS) of (25a), we have (32)
- Ni? 20 where is determined to satisfy
2 2 ’
= [ ant)+ {200 + 2000} :
2 9 Z {P5q7opt(k> + Plgppt(k)} = P (33)
x{|U_éf(k:)| T U] } =

(27)  Finally, from (28) and (32), the optimum cooperative-Tx FDE
where equality holds, i.e., MSEis minimized, if and only if weights for noden (m € {S,R}) become

the following condition is satisfied:
{Hy p(F)}"

{02} _ (U} _ RN T L
Hés’,o(k) = HE,D(k) —0cR VE  (28) VI 0] + |Ha o (k) (34)

X 4/ P2 k) + P? k).
Note thatR® represents a set of real numbers. \/ Sop () Fopi (k)
By taking (28) as an additional constraint, the optimizatioFrom (32) and (34), the optimum cooperative-Tx FDE weights

problem can be rewritten as can be interpreted as two-dimensional weights; one diroansi
N is frequency and the other is space, i.e., transmitting ntale
i e Z o? ing \/|Hg7D(k)\2 + |H,‘.\Z7D(k)\2 as an equivalent channel gain,

P (k), PR (k) o Qq(k)+{|Hg D(k)\QHHg_D(k)\Q} we allocate the frequency-domain power based on MMSE as
' . g (32). Then, the allocated power at each frequency is then
X{PS (k) +PR(k)} distributed toS and R, where the phases of the weights
(29a) are decided based on (34). At each frequency, the transmit
FDE weights are maximal ratio transmission (MRT) weights

s.t Z {P(k)+ Pi(k)} — P <0, (29b) betweenS andR [19]. By substituting the obtained optimum
k=0 cooperative-Tx FDE weight&/?, . (k ) (m € {S,R}) into
—Pg(k) <0 and — Fg(k) <0 Vk, (29¢) (24), the optimum Rx FDE weigh§ Ve, . (k);0 < ¢’ < g},
- . I~ is obtained.
where Q4(k) £ £H) and pi(k) £ W0 and pi(k) 2
IU"‘(k)I2
To solve (29), a Lagrange function is defined as D. Optimum Cooperative-TxX/Rx FDE Weights for Incremental
Redundancy
N.—1 .. .
° In the case of chase combining, every packet contains the
A
J= e*“{ Z {Psq(k) + Plg(k)} o P} same data symbol block. Hence all the packets are combined

h=0 (30) in the frequency domain (18) and the cooperative-Tx/Rx FDE

N weights are derived by taking into account all the retrarttsahi
_ q q q q
> {nf(k)PE(k) +nd (k) Pa(k) }, packets as shown in (24) and (26). On the other hand, the same
data symbol block is retransmitted evdpypackets in the case
where 1 and {n?(k),n%(k);0 < k < N.} are non-negative of incremental redundancy, where denotes the number of
Lagrange multipliers. Since (29) is a convex optimizatioRuncturing patterns. Hence, when incremental redundascy i
problem [16], the solution satisfies the Karush-Kuhn-Tucké&sed for the HARQ strategy, only the packets which carry

(KKT) condition [17], [18], which is expressed as the same data block are taken into account to derive the
cooperative-Tx/Rx FDE weights and only those packets are
aJ a9J combined in frequency domain.
=0 =0,P3k)>0,Pik)>0
an(k:) 76P|g(k3) ’ S( )— ) R( >_ ’
N.—1
{P (k) + PR(k)} — P <0,u>0, IV. SUBOPTIMUM COOPERATIVE-TX FDE WEIGHTS

0 DURING COOPERATIONPHASE
1 > > Pi(k) = (k)PL(k) = . . . .
771(1;[0__10, 3 (k) 2 0, (k) P/ (k) = 0,115 (k) Py (k) = 0, To obtain the set of optimum cooperative-Tx FDE weights,
M{ (PY(k) + PL(k)} — P} —0. a complete set of CSI needs to be shared among all the nodes.
P > : In order to reduce the overhead to share the CSI, we consider
(31) a suboptimum Tx FDE weights design method.




Let us revisit the MSE to be minimized, which is expressed

a1 o?
" U B = AN
N.—1 20_2 | m,SCS( >| =max - Qq(k) _ 0
e=>_ P p a2 , (39) |me )|
k=0 < Q(k) ‘|" ‘HSD(TQ)H |U¢ (]|€2)| if m= argmax‘Han/ D(k)‘2
+|Hgp (k)| |UR(F)|" + W(k) 2 7
e Unsos®)"=0,
whereQ9(k) is given in (26) and otherwise (38)
o« TNS based suboptimum cooperative-Tx FDE weights

U(k) = 2Re [Hg,D(k)USq(k>{Hg7D(k>Ug(k)}*}' (36) are given by

o2

To guarantee the spatial diversity gain, it is easy to set tha 1 e
VIS [, 50

2

V(k) should be greater than or equal to 0. To maké) > 0, 2

(k) shou 9 e ie) 2 0 U oxs (k)| =max Qq|k ’
we have following approaches: S 51 () R

1) To let either of the weights be 0 such thiatk) = 0. £ — Nﬂ[ﬁ;‘ 1|2

2) To use the Tx FDE weights which compensate the phase thm = argmax Yo | m ol )|

rotation of the channel such thét(k) > 0. Ul TNS(k)|2207
The first approach is a selection-based approach. In this otherwise

approach, the MRT-based cooperative-Tx FDE is replaced by (39)

selection-based one, which is similar to antenna selection . .
versity. The second approach is an equal-gain (EG) compiniB- Equal Gain (EG) Weights
approgch. Only its own channel © is necessary for the For equal gain (EG)-based suboptimum Tx FDE weights,
selection-based approach. Furthermore, the phase infiormathe cooperative-Tx FDE weights are chosen to satisfy
of its own channel toD is unnecessary as MMSE-FDE is . . . . . . 2 9
used atD, ie., the phase rotation caused by the channel He(k)US(R){HE(k)US(k)}" o< [HE o (k)| |Hg p (k)]
can be compensated Bt Hence, the requirement for weight (40)
derivation can be relaxed. In the following subsectiong, trand Noo1 Noo1
detail of each suboptimum Tx FDE weight is given. Z |U§1(k>|2 " Z |U§(k)|2 _ap <. (a1)
k=0 k=0
_ ) _ o Hence, we can choose
A. SubCarrier-Selection (SCS Weights and Transmitting {Hq (k)}*
Node-Selection (TNS) Weights UgL,EG( k) = VP x m,D (42)

. .
Two selection-based cooperative-Tx FDE weights are con- ‘H"”’D(k)‘

sidered: subcarrier-selection (SCS) and transmittingenod=rom (42), the available transmit power is equally distigol

selection (TNS). In SCS, different transmitting node malp the two nodes, and hence the amplitude information of

be selected for different subcarrier. In TNS, eitf®ror €ach channel is not required at transmitting nodes. Thes, th

R is selected for retransmission across all the subcarrigi@quired system complexity can be reduced.

The optimization problem for the selection-based apprasch

formulated as V. PERFORMANCEEVALUATION
N1 ) A. Smulation Parameters
min e = Z 20 ! - (372) In this section, we present the simulated performance of the
{0, Ug} o [ Q9(k) + |qu7D(k)| |UZ(k)| proposed schemes. The simulation parameters are sumuharize
+|HE D(k)\Q\Ug(k)\Q in Table 1. Figure 2 illustrates the deployment®fR, andD.

We consider a linear network model. The distances between

Ne—1 N.—1 . \
s.t Z }Usq(k)}Q + Z |U§(k)|2 — 2P < 0,(37h) two nodes arenormalized such th_at the_d|stance betweBn
=0 =0 and D becomes 1.0. The normalized distance betwsemnd
D is denoted byd and is varied froml.2 ~ 2.1. For the
_|ug)[® <0, —|ULR)[P <OvE  (370) y

propagation channel, path-loss exponent is set$63.5, log-

. . _._normally distributed shadowing-loss with standard déorat
The above problem is again a standard convex optimizatign ~_ ¢ dB, and L-path frequency-selective block Rayleigh

problem. I_—|_ence, _the ;olution Is obtaine_d by solvi_ng thl%ding having uniform power delay profile are considered.
KKT conditions given in (31). The following suboptimumg, .ot for Fig. 5 (a)/ is set to 16. The channel is constant

cooperative-Tx FDE weights are obtained during one packet but is independent from one packet to
o SCS based suboptimum cooperative-Tx FDE weights amaother. The transmit poweF, is determined so as to make
given by the received signal-to-noise power ratio (SNR) at the dista



S R D TABLE |

O O O SIMULATION PARAMETERS

1.0 Channel Parameters
e/ Normalized distance d=12~21
Normalized distance Path-loss exponent a=35
Fig. 2. Node deployment. Shadowing standard deviation oc=28dB
Number of resolvable paths L=1,2,4,8,16
Power delay profile Uniform
Normalized SNR SNRy.; =0.0~9.0dB
1.0 to be SN R,¢ (this is referred to as reference SNR in Signaling Parameters
this paper). Hence, we have = d“ - SN R,.s. Each data Turbo coding with(13, 15)
symbol block is turbo-coded with code rate®fand generator _ _ two RSC encoders /
polynomial of (13, 15)s. The information bit length is set to Coding / Decoding Log-MAP decoders
Ninto = 1018 bits. The output sequences from encoder are with 8 iterations
punctured according to the puncturing patterns in Table Il t Coding rate R=1/3,2/3
generate a sequence with code raterof= 1/3 and 2/3. Data modulation QPSK
One packet is composed a¥,iocc = 6 and Ny = 4 Number of FFT/IFFT points . = 256
blocks for R = 1/3 and2/3, respectively. For soft-input soft- Number of GI samples N, =32
output (SISO) decoder & and D, Log-MAP decoding with Chase combining
8 iterations is used. Quadrature phase shift keying (QPSK) Type of HARQ Incremental redundancy
data-modulation is used. Ideal channel estimation is asdum Maximum number of retransmissiong Q=10
and required CSI are assumed to be available at each node tthannel estimation and error detectign Ideal
calculate FDE weights. Chase combining [12] and incrententa Feedback delay None
redundancy [20] are used for HARQ strategy. Except for Fig. Correlation between channel gains Independent
6, chase combining is used. The maximum allowable number for retransmission
of retransmissions is set Q@ = 10.
The throughput is defined as TABLE Il
N PUNCTURING PATTERS
T — info
Te x (Ne + Ng) X Nplock (43) Chase combining
o (1/1T) X — Prr,;(]1 (bps/Hz), R=1/3 R=2/3
DS ) () ()
) 1 0 1 0 0 0
where P, and P, are the number of packets transmitted 0 1 00 1 0

and that of successfully received, respectively. The symbo
duration is denoted by, and the frequency bandwidth of
the signal become% accordingly. The required number of

o : - _ 11 0 0 0 0
retransmissions for successful reception of giie packet is ( 0 0 ) ( 1 0 ) ( 0 1 )

Incremental redundancy

g mod3=0 ¢ mod3=1 g mod3=2

denoted by;;eq. In the following simulations, we sdt., = 41. 0 0 0 1 10

We use the following notations. The performance of IR
with the optimum joint cooperative-Tx/Rx FDE is denoted
by “JC-MRT” and those of suboptimum ones are denoted
by “JC-SCS”, “JC-TNS", and “JC-EG”, respectively. The3- From the figure, type | Tx FDE provides higher throughput
performance of joint Tx/Rx FDE without IR [10] is denotedthan type Il Tx FDE ford = 1.2. On the other hand, type ||
by “JFDE” and that of IR with Rx FDE ab only by “IR”. Tx FDE provides much higher throughput performance than
In the case of IR, onceR correctly decodes the packettype | Tx FDE whend = 1.5 and 1.8. The reason for these
the retransmission is performed by node (m € {S,R}) phenomena can be explained as follows. WHes small, it

whose average channel gain over all frequencies is larger, iiS better to increase the possibility of correct decodingpat
m— argmaxsz“gl |H? D(k)‘Q by matching the Tx FDE weight to th® —D channel rather
m’ = m’, '

than to increase the possibility of correct decoding a®n the
. o other hand, when d is large, i.e., the transmission perfoc@a
B. Selection of Transmit Weights for Broadcast Phase betweenS andD is poor due to the high path-loss, hence it is
Firstly, the impact of the Tx FDE weights selection &t better to makeR join the retransmission as much as possible
during the broadcast phase on the throughput performancdys matching the Tx FDE weights to th8—R channel .
evaluated. The joint cooperative-Tx/Rx FDE weights durin§urprisingly, No Tx FDE achieves the best performance excep
the cooperation phase is derived based on the optimum desfgn low throughput region withl = 1.8 as it requires the help
i.e., (24) and (34). The normalized distance betwSeamdD of R due to the poo6—D channel condition. This is because
is set tod = 1.2, 1.5, and 1.8. The cumulative distributionit can achieve a compromise between type | Tx FDE and type
function (CDF) of the throughput' (bps/Hz) is shown in Fig. Il Tx FDE. Hence, in the following, no Tx FDE is applied at
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Fig. 3. Impact of Tx FDE weights & during broadcast phase.

S during the broadcast phase.

C. Optimum Cooperative-Tx/Rx FDE and Suboptimum
Cooperative-TX/Rx FDE

In this subsection, the performances of the system with the
optimum cooperative-Tx/Rx FDE weights and that with the
suboptimum weights are shown. In Fig. 4, the complementary
CDF (CCDF) of the number of required retransmissigjfs,
that of packet loss rat@, = Pt%tprx and the CDF of the
throughputT' (bps/Hz) are shown. The normalized distance
betweenS andD is set tod = 1.5 and the normalized SNR
is set toSNR,.. = 3 dB.

From Fig. 4 (a), the conventional JFDE [10] requires large
number of retransmissions due to the large path-loss batwee
S andD. Accordingly, the packet loss rate of the conventional
JFDE is significantly high as it requires large number of
retransmissions as it is shown in Fig. 4 (b). By introducing
the IR, the performance is significantly improved thanks to
the spatial diversity gain and the smaller path-loss betwee
R andD. The performance improvement is further enhanced
by the proposed joint cooperative-Tx/Rx FDE approaches.
The performance improvement provided by the proposed joint
cooperative-Tx/Rx FDE over the Rx FDE only becomes more
significant when the coding rate iB = 2/3. Figure 4 (c)
clearly shows that significant throughput enhancement can
be achieved by the proposed joint cooperative-Tx/Rx FDE.
Especially, JC-MRT, is effective to increase the throughpu
performance of the users who are experiencing bad chan-
nel conditions, i.e., the lower throughput users. The joint
cooperative-Tx/Rx FDE is more effective when the code rate
becomes higher. For example, the 1% (5%)-outage throughput
of the system is increased by 20% (15%) f&r = 1/3

i 0 0 _ ; Fig. 4. Performance improvement obtained by the proposetigooperative-
while by 24% (21%) for 2/3 compared fo IR with Tx/Rx FDE (a) Required number of retransmissions per pafiketorrect
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CDF
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Throughput (bps/Hz)

(c)

Rx FDE only. Herep%-outage throughput is defined as th@ecoding (b) Packet loss rate (c) Throughput (bps/Hz) .

throughput which(1 — p)% users of the system achieve. This
is because the achievable spatial and frequency diveraifsg
by the joint cooperative-Tx/Rx FDE become more dominant



when the coding gain becomes smaller. As a consequence,
the performance improvement over the IR becomes smaller
in the case of JC-EG when coding rate becomes higher, i.e.,
R = 2/3, because it cannot fully exploit the spatial and
frequency diversity gains.

As it can be seen from figures that the throughput perfor-
mance with the suboptimum approaches, i.e., JC-SCS and JC-
TNS, degrade compared to the optimum JC-MRT. However,
the performance degradation is slight and still can prottde
throughput enhancement compared to the conventional JFDE
and IR with Rx FDE only.

D. Impact of Channel Model

In this subsection, the impact of the channel model on the
throughput performance is shown.

Fig. 5 (a) shows the 5%-outage throughput of the system as
a function of the number of multipathi's From the figure, the
throughput performance increases as the number of mudispat
L increases thanks to the larger frequency diversity gaie. Th
figure also shows that the proposed joint cooperative-Tx/Rx
FDE can enhance the throughput performance even under
the small number of multipaths, e.d., = 2 or 4. The 5%-
outage throughput is plotted in Fig. 5 (b) as a function of the
normalized SNR,SN R, with d = 1.5. To achieve certain
target throughput, the required SNR is reduced by about 3
dB when the joint cooperative-Tx/Rx FDE is used compared
to IR. Figure 5 (c) shows the 5%-outage throughput as a
function of the normalized distance betwegmndD, d, with
SN R,.s = 3dB. From the figure, the throughput performance
degrades as the normalized distadcbecomes larger. When
d = 2.1, the performance of the proposed joint cooperative-
Tx/Rx FDE is almost the same as that of the conventional IR.
The reason is explained as follows. Since the distance leetwe
S andR is large whend is large, it requires large number
of retransmissions for the correct decoding of the packet at
R. Furthermore, the advantage of participationSofnto the
retransmission is negligible due to the large path-lossdde
all the joint cooperative-Tx/Rx FDE approaches degenerate
into JC-TNS, i.e., the selection of transmitting node, and
almost alwaysR is selected for retransmission. Thus, the
performance difference between the joint cooperativeRXx/
FDE and IRx becomes smaller dsbecomes larger.

E. Chase Combining and Incremental Redundancy

Finally, the throughput performance of the proposed system
with different HARQ strategy is shown in Fig. 6. As it can
be seen from the figure that the proposed joint cooperative-
Tx/Rx FDE is also effective when incremental redundancy is
used. By the use of the optimum joint cooperative-Tx/Rx FDE
(suboptimum cooperative-Tx/Rx FDE), the 5%-throughput ca
be increased by 23% (19%) compared to the conventional IR
with Rx FDE only.

Fig. 5.
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VI. CONCLUSION

In this paper, we proposed a single-carrier incremental
relay system using joint cooperative-Tx/Rx FDE. The packet
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Since the set of the optimum cooperative-Tx FDE weights

Fig. 6. Throughput performance with different HARQ stragsg should satisfy

oJ
GUZ(F)

we have the following optimum cooperative-Tx FDE weights
at nodem (m € {S,R}).

{(VE(k)HE, o (k)}

retransmission is cooperatively carried out 8yand R, and
the packet combining is done by using FDE. We first
derived the optimum cooperative-Tx/Rx FDE weights which

=0 and

0

Let us redefine the Lagrange function as

aJ
Ur(k)

=0 Vk,

10

HE o (k)UE ()}

(44)

(45)

jointly minimize the MSE after packet combining Bt We Un (k) =
then proposed the suboptimum cooperative-Tx FDE weights
to reduce the amount of CSI shared among all the nodes.
We showed that the optimum cooperative-Tx FDE weightith
allocate the transmission power in minimum mean square
error (MMSE) sense across the subcarriers and in maximud (
ratio transmission (MRT) sense across the transmittingesod
The suboptimum selection-based methods, subcarriettiegiec
(SCS) and transmitting node selection (TNS), can reduce the
amount of overhead to share CSI while providing almost
the same performance as the optimum cooperative-Tx FDE
weights.

21— Z Ve (k
q’'=0
qg—1
> Ve

q'=q+1

Computer simulation showed that the required number &n as
retransmissions for successful reception of the packdd at
can be significantly reduced compared to the conventionalJ =

Nc.—1

|V (k) |*{ | p (k)

q
HSD

k){HE o (K

|+ [HE o (k

k)

UL (k) +

i |2 (k)|

)"} +u

x ®(k)

(46)

HE o (k)UE (k)}.

(47)

By substituting (46) into (44), the Lagrange function is riégw

2 2 2
methods. Although they are suboptimum, SCS and TNS can =0 |VS(F)| {|HZp(k)|” + |HE 5 (F)| "} + 1 48)
provide almost the same performance as the optimum weights. Ne—1 ¢ L
+ 202 Z Z IV (k)|” — px 2P.
k=0 ¢'=0
The optimum Rx FDE weights should satisfy
oJ
———— =0 for 0<¢ < qand VE, (49a)
ovg (k)
APPENDIX aJ
DERIVATION OF SET OF COOPERATIVETX/RX FDE PN 0. (49Db)
o[V ()]
WEIGHTS
From (49a), we have
{ud wud i)}
2
aa(ky+222 {[vew ] (| o) +] 2 o0]7) }
for 0 < ¢ <4¢,

In this appendix, we derive the set of optimum cooperatlve-Vq (k) =
Tx/Rx FDE weights as follows. Theptimum cooperative-
Tx FDE weights are derived foarbitrarily-given Rx FDE
weights. Then, theptimum Rx FDE weights are derived based
on the obtaineaptimum cooperative-Tx FDE weights.

{ug (ud ®)+uE (U ()}
au(k)+222 {[vew " (|ag o) | +| g o] ) }
for ¢ < ¢ <gq.

(50)
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We can further/ modify the Lagrange function by substituting Hence, by plugging (54) with (57) into (50) and (56), the
the obtained/ (k) into (48) as Rx FDE weights become

. ) , {Hg’D@)UQ’(kHHq’ (k)UE (k)}*
= Z 20 Ve (k) = q q H a071.)]2
5 Qa()+ 22 (V) [P{ B o (o) P+ [ HE o (1)} } (k) + [HS p (R)US (k) + Hig o (K)UR (k)]
for 0 < ¢ < gq,

Ne—1 2
+20% x Z ‘Vg(k)‘ — % 2P,
k=0

V0 = |/ sz (|02 + U )

(51)

|H§D (k)U (k) + Hg p (k) UR(F)|
By solving KKT conditions, we obtain Qa(k) + |Hg o(k)Ud(k) + HE D(k)Ug(k)|2'
(58)
M 1
Vi = \/2"2 |12 o) |+ 2 o ()] These optimum Rx FDE weights are exactly the same as (24).
‘ D )| = max o 201(k) 0 Hence, we have proved that the direction of derivation of the
27% | ag o) |+ H o ()] optimum cooperative-Tx/Rx FDE weights does not affect the
(52) results.

From (47) and (50), we have

<V (00 + |1 o

)|2}+u}

o4 (k

200 (k) + 22 V3 () [ { | HE o (0)|* + [ Hi o (0)]"}
(53)
Then, (46) becomes
o 22 VI HY, (R}
Um(k) - 202 q 2 q 2 q 25
QQq(k)JF_‘ k)| {|HS,D(k)‘ Jr|HR,D(k)‘ I
1 (54)

By defining P2 (k) = ‘ (m € {S,R}) and substituting

(52) into (54), we have

r\/IH" ®[’ +|H o)’
Qr’(k)

H [+ L )|

Pd(k) + Pi(k) = max

with p/ = 2u. (55) is exactly the same as (32).
Furthermore, the following relationship is derived fron2)5
and (55):
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