Analysis and Design of Cooperative BICM—OFDM
Systems

Toufiqul Islam,Student Member, IEEERobert Schobeifellow, IEEE Ranjan K. Mallik, Senior Mem-
ber, IEEE and Vijay K. Bhargavafellow, |IEEE

Abstract—In this paper, we propose a novel cooperative di- performance and system design was not investigated in [7]—
versi_ty_scheme for wireless systems employing the combinan [9].
of bit—interleaved coded modulation (BICM) and orthogonal For point-to—point transmission, the combination of bit—

frequency division multiplexing (OFDM). The proposed schene . . .
utilizes an amplify—and—forward protocol where relays are as- interleaved coded modulation (BICM) [10] and OFDM is

signed to multiple groups. Relays in the same group transmit @ popular approach to exploit the inherent diversity offlere
concurrently over disjoint sets of sub—carriers and relaysin dif- by frequency—selective fading channels. In particulamyats
ferent groups.transmit in different time slots. We deriye .cbsed— shown in [11] that BICM—OFDM can extract the full diversity
form expressions for the asymptotic worst-case paiwise @ ggrared py the wireless channel assuming that the adopted
probability and the diversity gain of the proposed cooperaive de h fficiently | f dist A It BICM
BICM-OFDM scheme. Based on the derived analytical results code has a sufiicien _y arge free distance. As a resut, -
we deve|op design guide"nes for sub-carrier a||ocati0n’ er]ay OFDM fOI‘mS the baSIS Of the IEEE 80211 and 80216 famllleS
grouping, and relay selection. Simulation results corrobeate the of standards and most emerging wireless standards will also
derived analytical results and confirm the effectiveness othe adopt this technique. Hence, BICM—OFDM based cooperative
developed optimization framework. diversity schemes have tremendous potential for congidera
Index Terms—BICM, OFDM, Cooperative Diversity. in next generation broadband wireless communication sys-
tems. To the best of our knowledge, the analysis, design, and
optimization of cooperative BICM—OFDM systems has not
i ) , i been considered in the literature yet.
I N recent years, cooperative dl\_/ersny techniques have at,'ln this paper, we propose a BICM—OFDM based cooperative
tracted considerable research interest due to their POSHliersity scheme, where the available relays are dividéal in

ble use in future cellular, ad-hoc, and sensor networks [1}inje groups. In the first time slot, after coding, ines-

Because of its simplicity and low complexity, amplify-ands,q “ mapping, and modulation, the source transmits a data

fprward (A,F) relay_ing is one of the most popular Coo,pereb'acket to the relays and the destination. The relays adopt an
tive diversity techniques. The pe.rformancg of pooperg@ﬁe AF protocol to forward the received signals to the destorati
relay systems has been e_xtenswely studied in the I'tmratu\ﬁ/here relays in different groups transmit in different time
cf. e.g. [2]- [4], and various power allocation and relay s ht relays in the same group transmit concurrently ove
selection strategies have been proposed in [2], [3], [S) [§jsjoint sets of OFDM sub—carriers. The destination corabin
In [2]-[6], and in the majority of the existing literature,y,q gignals received in the different time slots and perform
fr.equency—flat fading ghannels and .elther uncoded transn}éﬁandard Viterbi decoding. We derive a closed—form exjmass
sion or chanqel capacities are c9n3|dered. However,_pmcufOr the asymptotic worst—case pairwise error probabiftgp)
broadband wireless commu_nlcatlo_n systems are typlcall_y %ff the proposed cooperative diversity scheme. This exjmess
fected by frequency-selective fading and employ non-idegl,;ijes significant insight into the impact of system param
channel coding schemes. A widely used approach to OVercogg,s g,ch as the sub—carrier allocation, the number of rela
the negatlvg .e.ffects Of frequency—selectlvny IS orthcm-jongroups, the number of relays in a group, the free distandeeof t
frequency division multiplexing (OFDM). OFDM based AFcode, and the frequency diversity of the links in the network

cooperative diyersity systems_ have been studied in [7]- [gﬂhe derived asymptotic PEP expression is exploited to devel
However, the impact of practical channel coding schemes gl)ijelines for sub—carrier allocation within a relay group
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Fig. 1. Schematic block diagram of proposed cooperativersity system. ()
Different line styles for the arrows indicate transmissiouifferent time slots.
Note that relays within the same group do not have to be gpbgmally close
to each other and can be placed arbitrarily. Fig. 2. Block diagram of (a) source, (b) relay, and (c) desiim.

det(-) denote statistical expectation, transposition, Hermitia Throughout this paper we assume conventional OFDM
transposition, the magnitude of a scalar or the cardinafi® processing at the source, the relays, and the destinatib@ an
set, theL,—norm of a vector, and the determinant of a matrixyfficiently long cyclic prefix (CP) to avoid interference-be
respectively\,,(X), 1 < m < rank{X}, denotes the non— tween sub—carriers. Thus, the received signal at the @istin
zero eigenvalues of matriX’ and I, is the M x M identity jn the first time slot and théth sub—carrier can be modeled
matrix. [-| denotes rounding to the closest integer value ang

a function f(z) is o(g(x)) if lim. o f(z)/g(x) = 0. Yo[k] = /PoHo[k| X [k] + No[k], k€N, (1)

where P, is the average transmit power in each sub—carrier
at the sourceNy[k] is zero—-mean complex additive white
The considered system consists of one soufedrminal, Gaussian noise (AWGN) with variane¢, and Hy[k] is the
G groups of relays withK, relays in thevth group,1 < frequency response of th& — D channel. The frequency
v < G, and one destinationZ{) terminal, cf. Fig. 1. In the response is given bydy[k] = wf[k]ho, where wolk] =
following, we denote the set of groups by= {1, 2, ..., G} [1,wk, ... wo=DK|T 4y £ ¢=327/Ne (N,: total number of
and the set of relays in theth group by/C,. In this section, sub-carriers, including both data and pilot sub—carrjensy
we describe the processing required for cooperative BICMslumn vectorh, (02 £ £{h} ho}) contains theL, channel
OFDM at the source, the relays, and the destination, cf.Zig.impulse response (CIR) coefficients of tie— D channel.
The received signal at thih relay of group/, R,,;, j € K.,
A. Signal Model v € @, in the kth sub—carrier in the first time slot can be
modeled as

Il. SYSTEM MODEL

The adopted relaying protocol comprisést 1 time slots.
In the first time slot, the source transmits and both the eelay Uy, k] = VPoHy,, [K]X[E]+ N, k], keN, (2)
and the destination receive unless stated otherwise. In the ) . .
(v 4+ 1)th time slot, theK, relays of thevth group transmit where N, [k] is zero-mean complex AWGN with variance

concurrently over disjoint sets of sub—carriers, where g. ¢ and fi,; (k] = wil, [k]hy,, is the frequency response
The source employs conventional BICM—OFDM [11], i.ef the S — R, link. Here, column vectot, ,; (o7, =
the output bitsc,,, 0 < k' < logy(M)N, of a binary E{hfl,th,jj}) contains thel.; ,; CIR coefficients of thes' —
convolutional encoder with minimum free distandg are Ry, link and w1 ,,, [k] £ [1,wk7,,,,w(L1vvr1)’f]T_

interleaved and Gray mapped onto symhblg] € X, k € N,

In the (v + 1)th time slot, relayR,. selects a seV,, C N
N £2£1{0,1,..., N—1}, whereXx denotes an/—ary symbol ( ) Yt ’

. A of sub—carriers, amplifies the signal received on these sub—
alphabet such as/-ary phase-shift keyingW~PSK) orM— ¢4 1jers in the first time slot and sets the signals in therothe

ary quadrature amplitude modulatiod/tQAM) and N i g carriers to zero, cf. Fig. 2(b). The sets of sub—careee
the number of data sub—carriers in one OFDM symbol. Th&,osen such thatl, NN, = 0, i # j andZKU N, | =N
Uj Vi — 1 7 j:l 17 .

transmitted symbols are assumed to have unit average enefgy, s n_carrier selection will be discussed more in detail |

Le., E{|X[K][*} = L. The/ effect of the inte/rleaver can begection IV-A. The signal received at the destination in sub—
modeled by the mapping’ — (k, i), wherek’ denotes the .rierr « A, in the (v + 1)th time slot is given by
original index of coded bit;., andk and: denote the index ’

of symbol X[k] and the position ot in the label of X[k],  Y.[k] = A, [k]H2,, [k]U,,[k] + Nu[k], je€K,, veQ,
respectively. Assuming the worst—case error event of tlie co 3)
spansd > d; consecutive bits, the interleaver ensures that where A, [k] denotes the amplification gain applied at relay
least anyd consecutive bits at the output of the encoder ad,; in sub—carrierk € N,;, N,[k] is zero-mean complex
mapped to different sub—carriers [11]. AWGN with variances?, and Hs,,, [k] £ wy!, [klha,, is



the frequency response of thie,, — D link. Here, column de-interleaved and Viterbi decoded as usual [10], [11Fidf.

vector hy (o—%uj = E{hgl,j hs,.,}) contains theL,,, 2(c).
CIR coefficients of theR,, — D channel andws,,, [k] £ In some applications, the dire6t— D link is not exploited
[1,wk, ... w2 =D, because of heavy attenuation or because the destinatien doe

not receive in the first time slot. In this case, the first term
(v = 0) is omitted in the sum in (10).
B. Amplification Gain

For the amplification gainj,, [k], several choices have been

proposed in the literature. The most widely used gain is [2] Ill. PERFORMANCEANALYSIS

P In this section, we derive an upper bound on the asymptotic
A, k] = \/ el 5 5, k€ Ny, jeK,,veg, worst-case PEP of cooperative BICM-OFDM and investigate
PolHyv, [K]* + o the diversity gain of the system. The insights gained froe th
proposed analysis will be exploited for system optimizatio
in Section IV. For the presented analysis, it is convenient t
defme the average sub— carrler SNRs 0f$he» D,S— Ry,
andR,, — D links as¥, £ Pyot/o?, 7, = £ Pyo? V]/a
nd%,l,j =P, 02,1,],/0—2 respectively, wherg € K, andv €
G. Furthermore, we assume mutually independent Rayleigh
fading for aII links and introduce the normalized corredati
f f I " e hat for the matricesCg £ E{hoh{}/03, C1.,, £ E{h1,,h], }/0},
or performance analysis. It is well-known that for the hig
SNR regime the gains in (4) and (5) yield practically ideaitic Eg\(jecfull rami{hQ’V] hQ’”j}/UQ’”j' which are all assumed to

performances [2]. In this paper, we will also adopt the gain i
(4) but resort to the gain in (5) for the performance analysis

presented in Section IIl. A. Asymptotic PEP

4
which maintains a constant average transmit paerat relay
R,, in each sub-carriek. As this choice does not usually
lead to a tractable mathematical analysis, it is customary |
the literature, e.g. [2], to approximate this relay gain as

P,

Al =\ R T

keN,,jeK,veg, (5)

In this subsection, we analyze the worst—case PEP for

C. Diversity Combining and Decodin .
/ ° ? Yor V1w, Vo, — 00, J € Ky, v € G. For this pur-

We assume perfect synchronlzatlon,chanr_lel estimatiah, se, we first define vectors;, 2 [h’,{ul"' h{uK 7,
demodulation at the relays and the destination. From (})—( A T T A T T
. . . . . . . . 2y = [h2 PEERE h2 i, ] , hy = [h1,17"'7h Ne! ] , and
the received signal at the destination in sub—cafriand time ho & BT BT X ; de with free di
slot » can be modeled as 2 = [hy,,...,hy o]". Assuming a code with free distance

R dr, the worst—case PEP of two codewordande conditioned
Y, [k] = U, [k]X[k] + N,[k], keN,ve0UG, (6) onhg,hi, hy, can be expressed as [11]

where, forj € K.,

\IJ [k] \/?OHO[ ] ke N7 V= 0, (C C|h0’ h17h2 ;;mk Ck/ > %mk Ck/ ’ (11)
\/P()A,,J[ ]Hl l,][ ]HQ_’V].[I{:L kENV]., Ve g, ! !
%) where the sum in (11) is over; distinct sub—carriers
and {k1, ko, ..., kq,}, which are determined by the interleaver,
d ¢r and ¢ denote bits in the codewords and ¢
- Nolk], keN, v=0, andocw k { ,
N, [k] & { Ay, (W) Ho, [N, [K] + Ny[k], k€N, v €. respectively. The PEP in (11) can be upper bounded as [11]
. ® P(c, elho, hi, h2)< 1 i Z Z |\Ij ; (12)
Here, N, [k] is the zero—mean effective noise at the destination ko.ds v—0 a5

in sub—carrierk and time slotv with variance . .
where d,,;, denotes the minimum Euclidean distance of the

o2[k] 2 { o2, ) ) ) keN, v=0, signal constellatiort’. Averaging (12) ovehg, b1, ho v €
(1Av, [K]*| Ha v, [K]]* + 1)o®, k€N, ¥ €G. G \we obtain the unconditional PEP in (13) as shown at the
(9) top of the next page.
For convenience, leg £ d2, /4. Using (7) and (9), | can

Following [10], [11], the bit metric for theth bit in the label be written as [13] min
of X[k] is calculated as )
I =
i _ |Y — \IJV ] |2 det(ILo + f%WoCo)
milew] = Join {Z ag[k] oo 1

1
= — (14)
, o [0y Am(WoC ( ”’) ’
where X} denotes the subset of all symbals € X whose (€70)" Tanma Ama(WoCo) o

label has valué € {0, 1} in positioni. The bit metrics are where W, = D kds wolk]wl [k] andrg = rank{ W,Cy} =



1 2o ok ) | & 2~ [V [E])

< = _ min _ min .

P(c,¢) < 5 Ehy § €XP 4 ;;d 2] | |1 Ehyyiha, § XD 1 E = (13)
,af v=

| I,

min{d¢, Lo} [11]. From (13), I, can be written as In particular, for channels that are rich in frequency dbitgr
X i.e., Lo > dy andmin{L; ,,, Lo, } > ds,;, j € Ky, v € G,
_ - |, [K]|? we obtainGy = (G + 1)d;. Eq. (19) also gives important
= Eniha { P _52 Z o2[k] - (19) insight for system design. For example, if there is one group

J=1 kodty, with only one relay and th& — R; and Ry — D channels

where dr,, denotes the number of bits belonging to thare rich in diversity withmin{L; 1, Lo1} > di (we drop
considered error event sent by rel&y, , and consequently, index v for convenience), the system achieves the maximum
Zf:"l dr,,, = dp. Using (5), (7), and (9), we get (16) as showliversity gainGy = ro+ds with this single relay. On the other
at the top of the next page from (15), where we exploitdeand, if theS — R, and R; — D channels are not rich in
the definitions of the average link SNRs and the fact that tidéversity andmin{L; 1, L2 1} < dr,1 = df, we can improve
CIR coefficients of different links are mutually indepentlenthe diversity gain by adding a second relay which transmits
Although deriving an exact closed—form expression foy Ih  every second bit of the coded bit stream. In doing so, we
(16) does not seem feasible, adopting a similar approachdggreasd; ; by a factor of two (assuming ; is even) and we
was used for uncoded transmission and frequency—flat fadifgy achieve the maximum diversity gain provided that the new
in [2, Appendix], we derive the following asymptotic uppe¥s,1 andds > = di — d¢ 1 do not exceednin{L, 1, L1} and

bound in the Appendix min{L; 2, L2}, respectively. Roughly speaking, by adding
1 more relays to theith group, we decreasg ,,, j € K., and
I, <— pa— as a result make up for missing frequency diversity by adding
(E71,0,)"7 Tz Am (W, Cy) more spatial diversity. For example, in the extreme caserah
1 (17) al § - R,, and R,, — D channels are frequency flat,

+ T . . X
(92.,)"" Tl A (W2, Ca,) ds relays are needed in each group to achieve the maximum
o diversity gain possible with a code with free distanfe On
where W1, 2 3, wi,[kwi, [, Wa,, £ the other hand, by adding an additional group, we can inereas
Zk,df way, [/f]’wfyj (%], rlj_’,jj £ ran{W,.Ci1,,} = the diversity _gain by_ up ta; at thg expense of a_decrease in
min{dij.,Ll J1oand r., A rank(Ws, Cay} = spectral efficiency since an additional time slot is needed f

min{ds, . L, }. tran.smission. -
Combining (13), (14), (16), and (17) and assuming the high " 'ir‘sa:%tvz‘;er(‘ft(elgartemit:se f;%eimzr;t;hf g'rsf"g D

SNR regime, g, 71,72, — 00 j € Ky, v € G, an ' e

asymptotic upper bound for the worst—case PEP is obtained

in (18) as shown at the top of the next page. We note that if\V. DEsIGN OFCOOPERATIVEBICM—OFDM SYSTEMS

the directS — D link is not exploited, (18) remains valid if

we set the term outside the double product equal to one. In this section, we exploit the analytical results from

Section 1l for the design and optimization of cooperative

o . BICM—OFDM systems. In particular, we discuss sub—carrier

B. Diversity Gain allocation, relay grouping, and relay selection. While the
To get more insight into the system performance, weroposed sub—carrier allocation scheme is based on tighinsi
investigate the diversity gain of cooperative BICM-OFDMgained from the diversity analysis in Section 11I-B, the eth
Considering the casg, = 7, ,. = 7, ,. = 7, we define the optimization problems directly exploit the upper bound be t

R R . .
diversity gain as the negative slope of the PEP in (18) asagdymptotic worst—case PEP. However, the PEP in (18) depends

function of ¥ on a double—logarithmic scale. From (18) wen the sub—carriers involved in a particular error eventesin

obtain the diversity gain as Wy, Wi, and Wy, depend on the sub-carriers. Since
o K this dependence is cumbersome for optimization, we first find
Gyg=r1r9+ Z Z min{7°17,,j,7°27,,j} A ) 70
i ® = _min [T A (WoCo), (20)
G K, m=1
=min{d, Lo} + > min{ds,,, L1, L2, }. (19) R .
v=1j=1 Ty £, min ﬂl':[l An(W1b,C1.,), (21)
Eqg. (19) reveals that the maximum diversity gain of the 2,
proposed system is limited by either the free distance of the 20y Sy min H An(Ws,,Cs,),  (22)

code, the frequency diversity offered by the channel, ohbot Wow€Wau; = 7



T, V2,0, [ Hw, (K| Ha,, [K] 2

K,
N, =11¢hn. hsw qexp | —¢ - = )
v 71;[1 BCRE k%; Vi, 10, [K][2 + 7o, [Ha o, (K]

(16)

J

I,

G K,
1 1 1
Ple,d)< N n N (18)
@ T amwaes 111 (m,yj) L W, Cr) (@ T AW, O >)

where Wy, W1 ,,,, and W, . are the sets of all possiblesub—carriers. The chunks are definedCas {i—1,i—1+
matricesWo, W, andW ., j € K,, v € G, respectively. d,i—1+2d,...,i—14+(N.—1)d}, 1 < i < d. Since onlyd; out
These sets are defined by the sub-carrier allocation at tifel consecutive bits at the output of the encoder contribute to
relays and the interleaver at the source and can be eatllg diversity of the system, we first consider the allocatbn
determined. Using®, ®;,,, and ®,,, in (18) implies a d; out of d chunks. Considering theth group, we first assign
further upper bounding of the worst—case PEP. each relay one chunk and the remainifyg— K, chunks are
assigned to the relays according to the diversity orderbeif t

A. Sub-carrier Allocation and Interleaver Design respective channels. For this purpose, we compute

The results on diversity in Section IlI-B show that the inter ) = min(L1,y,, L2y, ) jekK,, (23)

leaver and the the sub—carrier allocation should be dedigne N S min(Ly,,, Lay,)

such thatdy,,; and min{L, ,;, Ls,,,} are matched to eachich reflects how strong ths — R,, andR,, — D links of
other for all relay groups and any consecutive bits at the relay R,, are in terms of frequency diversity compared to the
output of the encoder, wheré > d; denotes the length of jinks of the other relays in group. Next, for simplicity, we

the worst—case error event: Within thegeconsecutive bits, grqerthe relays according to thejr, values and re—label them
two codewords corresponding to the worst-case error evgfith thatr,, is the relay with the largest valug,{) and so on.
differ in d; bits. While there exist many different designs thayow, we are ready to determine the number of chunks assigned

guarantee full diversity, we propose here two simple SUly the relays according to their rank. In particular, refy,
carrier allocation schemes, which can be combined with gceives additionaN¢ 2 (¢, (di — K,)| chunks, and has a
1% 11 v 1

conventional rectangular interleaver wit,,, = N rows and iyt5] of N,, =1+ N chunks. Similarly, relayR,, receives
. . . V1 1
Neol = logy, M columns, i.e., the interleaver is chosen SucgdditionaIN,‘} A (¢, (df — K,)] chunks, and has a total of
2 1

that coded bitsy; and ¢y, with |k} — ky| < d are mapped | | Nd chunks. This procedure is continued until
onto different symbols. Note that the interleaver is indefmnt %}K,, N - df2 The remainingl — 4, chunks are allocated

of the number of groups and independent of the number gf/=1 "/

relays in a particular group which makes the design simpllg such away as to ensure that the maximum diversity order is
. - ¢hieved for anyl consecutive bits and th¥,,., 1 < j < K,
We assume in the following thak, < d;, v € G, because yl vir = =J = B

havi thard: rel ! Ci th are incremented accordingly. This typically means thase¢he
aving more thariy relays in a group cannot increase %—df chunks have to be allocated to the relay(s) whose links

diversity gain of the system. . : . .
In the proposed sub—carrier allocation schemes, the se%ffrthe most frequency diversity. Which relay should st

. N . . ich chunk(s) depends on the exact locations ofdhbits
data sub—carriers/’ is divided into a_ number of subsets Wh'd}hat determine the free distance of the code within the span o
are referred to ashunks We consider two schemes for th

locati fh hunks to the relavs: 1) Unif li tethed consecutive bits of the error event. These locations are
allocation ot In€se chunks 10 the relays. ) Uniform allao known a priori from the trellis structure of the code.
and 2) Non—uniform allocation.

1) Uniform Allocation : In this scheme, the relays uniformly Example: To better illustrate the interleaving and sub—
share the sub—carriers carryidgonsecutive bits. For theth carrier allocation among relays we consider an example.

group withK, relays, the set of data sub—carridrss divided We assumeN = 60 data sub—carriers, one group with
into K, chunksC]jj, 1 <j < K,, where each chunk containsKk = 3 relays Ry, R,, and Rs; (we drop group index
N.,, = N/K, sub—carriers (we assume théif, v € G,isa » = 1 for convenience), 16—-ary modulation, and a rate

factor of N). The chunk assigned to reldy,, contains sub— 1/2 convolutional code with generator polynomidlg 5)s,
carriersCy, 20i-1,j-1+K,,j—14+2K,,....,j—14+ d = 6, andd; = 5. The total number of coded bits is
(Ne,, — 1)K, }, j € Kj, v € G. Note that the number of Nlog, M = 240. At the output of the interleaver, bits are
chunks and the chunk size may be different for each groupead as 0,60, 120,180, 1,61,...,239. For uniform allooatio
2) Non-uniform Allocation: Here, sub—carriers are allo-each relay is assigned a chunk &%/ K = 20 sub—carriers
cated to the relays in a group according to the frequenwayth C* = {0,3,6,...,57}, and so on, cf. Fig. 3. For non-
diversity of the relay links. In this scheme, the set of dataniform allocation, we havel = 6 chunksC;, 1 < i < 6,
sub—carriersV is divided intod chunks, where we assumewhere C; = {0,6,12,...,54}, Co = {1,7,13,...,55},
that d is a factor of N and each chunk containS. = N/d and so on. Furthermore, assumimgin(L;1,L21) = 5,



3, 1, and 1 bits of the relevadt = 5 bits that define the free

R, R, R; distance of the code for any possible worst—case error ®@fent
lengthd = 6 and the resulting diversity gain &, = ro+5. In
bitindex I 0120180 | Leviaiisi | 262122182 contrast, for the uniform allocation, two relays carry twitsb
subcarrier index and the third relay carries three bits and which relay carrie
- 0 ! 2 three bits depends on the position of the considered eremtev
3,63,123,183 4,64,124,184 5,65,125,185 in the data packet. Thus, the diversity gain is ofilly = rq+4
3 4 5 in this case.

B. Relay Grouping

Relay grouping addresses the following question: Assuming
we haveK relays available and can affo@d+1, G > 2, time
slots for transmission, how should we assign the relaysdo th
57 58 59 G groups? Since the ultimate goal is to minimize the error
rate, we base the relay grouping criterion on (18) and (20)—
(22), which leads to the following cost function

57,117,177,237 | 58,118,178,238 | 59,119,179,239

Fig. 3.  Uniform sub-carrier allocation to 3 relay?;, R, and R3 for G K 1 1
d = 6, df = 5, 16—ary modulation, andv = 60 data sub—carriers in each Jrg = H H — = + — - .
OFDM symbol. (E1,0,) @1y (E92,,)"" Pay,

v=1j=1 (24)
The optimum relay grouping is obtained from
R R R R R R .
2 1 3 1 1 1 ©* = arg min Jg, (25)
oCcF
060,120,180 | 161121181 | 262,122,182 | 363123183 | 464,124,184 | 565125185 where F is the set of all possible groupings of
G . .
0 1 ) 3 A 5 Y1 K, = K relays into G groups, and® is one
element of 7. For example, if there areG = 2
6,66,126,186 767,127,187 8,68,128,188 969,129,189 | 10,70,130,190 | 11,71,131,191 grOUpS andK — 3 relays’ Rlu RQ , R3, then j’f‘ é

6 7 8 9 10 11 {{(Rl)v(R27R3)}a {(R2)7(R17R3)};{(R3)7(R13R2)}}'
where the relays inside parenthesis belong to the same group
Note that the order of the groups does not affect performance
i.e.,, {(R1), (R2, R3)} is equivalent to{(Ra, R3), (R1)}.

54,114,174,234 | 55,115,175,235 | 56,116,176,236 | 57,117,177,237 | 58,118,178,238 | 59,119,179,239 .
C. Relay Selection

Another interesting problem is relay selection, where only
a subset of the available relays is selected for transnmssio
i _ _ , in order to reduce complexity. For simplicity, we assume tha
Fig. 4. Non-uniform sub—carrier allocation to 3 relais, R2, and R3 for

d = 6, dy = 5, 16—ary modulation)N- = 60 data sub—carriers in each OFDM there '_S only one relay .gro_up In thls SeCtlor_‘ and drop the
symbol. HereLy 1 = Loy =5, L2 = Loo =2, andLy 3 = Ly s = 1. group indexv = 1. Considering again the derived analytical

54 55 56 57 58 59

Bit and sub—carrier indices are similar to those in Fig. 3. expression for the worst—case PEP, the cost function fayrel
selection is chosen as

min(L172,L272) = 2, and min(L173,L273) = 1, we obtain JrS(D) = H < L + L >, (26)

Ni = 4 (the additionald — di = 1 chunk is allocated to €71, ) 9 Pry  (€72,5)727 P

Ry), N = 1, and N3 = 1. For the considered 1/2 rate <P
code, all error events start at even indidésof the coded

bit stream and the bit in the fourth position out of every ) . .
consecutive bits does not contribute to the free distance c&n&der two different relay selection problems.

the code. For example, tHest possible worst—case error event 1) Best_Re_Iay_ Subset Sele(iuonln th'.s case, we are
starts atk’ — 0 with the irrelevant bit ati’ — 3. the 2nd interested in finding that subs&t* C K which achieves the

possible worst—case error event startskat= 2 with the optimal performance without limiting the number of relays i

irrelevant bit atk’ = 5, and so on. To maximize diversity,D' The corresponding selection criterion is

we have to allocate the chunks to the relays in such a manner D* = arg min {J,(D)}. (27)
that Zfz”l d,, = dy is satisfied for all possible worst-case (SIS

error events. For the considered case, this is accomplisidte size of D* strongly depends on the SNRs and the
by assigning chunk€} = {C2,C4,C5,Cs}, Cy = {C1}, and frequency diversity of the involved links, cf. Section V.

Cy = {Cs} to Ry, R,, and R3, respectively, cf. Fig. 4. With  2) Best Relay Selectionin practice, we may want to limit
this allocation of chunksR;, R2, and R3, respectively, carry the number of relays that can be chosen in order to limit the

where D is a subset ofC and, since only the relays i®
gansmit, we have noijeD d¢,; = dy. In the following, we



signaling overhead required for synchronization and ckhi
estimation. In the extreme case, we may lifitin (27) to 1078
have only one element, which leads to the best relay setec A
problem. For high SNR, the best relay selection criter 1%}
according to (27) simplifies to a max—min selection criteric

J7 = arg Ijnea}é({min{(fﬁ,j)m’j@l,ja (§72,7)7 @251}, (28) *

where j* is the index of the best relay. For the special ci
of frequency—flat fading, we have; ; = r;; = 1 and
¢, ; = ®o 5, and (28) is equivalent to the conventional ma
min criterion [14] developed for uncoded transmission o
frequency—flat channels. However, for the general case -
frequency—selective fading, (28) achieves a superioropel

mance compared to the conventional max—min criterion. -

Bit Error Rate
=
S,

.
C‘

i
12 14 16 18 20 22 24 26 28

V. SIMULATION RESULTS SNR (dB)

In this section, we present Monte—Carlo simulation regualts
illustrate the perfor_mance of cooperatiye BIC_M—_OFDM and t8g. 5. BER vs. SNR of cooperative BICM—OFDM with two relaysdne
support the analytical results and design guidelines dgeel group and two groups, respectively. No dirétt— D link, equal SNRs for
in Section Il and Section 1V, respectively. Throughoutsthia!l links, and uniform sub—carrier allocation.
section we adopt the rate/2 convolutional code with gener-
ator polynomialg7, 5)s, worst—case error event length= 6, ] )
and free distance; = 5, 16~QAM modulation with Gray at the expense of a de_creas_e in throughput. In partl_cular, fo
labeling, andN, = 64 sub—carriers of whictV = 60 are data L = 3 and L = 4, G is limited to d; = 5 for the single
sub—carriers. The sub—carrier allocation and the integlea 970UP; but increases #ands for two groups, which have a
are designed as outlined in Section IV-A. Unless specifigg@ximum diversity gain ofs; = 10, which would be attained
otherwise, we employ uniform sub—carrier allocation, assu for L = 5 (not shown in the figure). In contrast, fdr = 1
SNRY = 1., = 2., j € Ky, v € G, and the direct — D and L = 2, respectively, the single group and the two groups
link is not exploited. The coefficients of the CIRs of all linksachieve the same diversity gain. Nevertheless, two groiilps s
are independent, identically distributed (i.i.d.) Ragtefading. achieve an SNR gain of about 5 dB compared to one group
We first discuss the diversity gain of the proposed systédgcause of the noise averaging facilitated by the recemtion
before we present results for various system design prableffultiple copies of the transmitted signal.
Where appropriate, we drop group indexor convenience. ~ Next, in Fig. 6, we compare the performance of uniform
Diversity Gain: First, we consider a system witk = 2 and non-uniform sub—carrier allocation for a system wite on
relays distributed over one group and two groups, respagtiv group containing two relays. We assume ; = Lo ; = Lj,
We assume that the CIRs of &l — R; andR; — D links j € {1,2}, and consider three cases; = 1, L, = 4 (Case
have identical lengthd,; ; = L for i € {1,2},j € {1,2}. 1), L1 = 2, Ly = 3 (Case 2), andl; = L, = 3 (Case
Fig. 5 shows the bit error rate (BER) vs. SNRor different 3). First, we consider uniform allocation, where for allegr
CIR lengthsL. First, we consider the case were both relaygases, depending on where in the codeword the worst-case
are placed in a single group (solid lines). For the unifor@ror event startsR; carries 2 or 3 bits (i.e.ds1 = 2 or
sub—carrier allocation in Section IV-A, consecutive bitohe dr,1 = 3) and Ry carries the remaining; » = dy — dy 1 bits.
error event are transmitted via different relays. Thus,haf t Hence, considering the worst case, we obtain from (19)=
d¢ = 5 bits that determine the free distance of the codd,+ 1 =3, Gqg =2+ 2 = 4, andG, = 5 for Cases 1, 2,
one relay carries 3 bits (e.gs; = 3) and the other relay and 3, respectively. In contrast, for non-uniform sub-earr
carries 2 bits (e.gds 2 = 2). Fig. 5 confirms that fo, = 1, allocation, independent from where in the codeword the trors
we obtain a diversity gain ofy = min{ds 1, L1 1, L2} + Case error event starts, the bits are assigned suclithat 1
min{ds 2, L19,La2} = 1+ 1 = 2 as expected from ouranddr> = 4 in Case 1d;,; = 2 andds> = 3 in Case 2,
analysis in Section IlI-B. Fod. = 2 this gain increases toandds; = 3 anddss = 2 ordg; = 2 anddy 2 = 3 in Case
Gy = 2+ 2 = 4 and for L > 3 the maximum achievable 3, cf. Section IV-A. Thus, non—uniform sub—carrier alldoat
diversity gain (withoutS — D link) of G4 = df = 5 is achieves the maximum diversity order @f; = 5 in all cases.
attained. The additional performance gain when increasin§is clearly illustrates the benefits of matching the subriea
L from 3 to 4 can be attributed to the lower correlatiogllocation to the frequency diversity of the channel. Fos€a
between sub—carriers for larger CIR lengths resultingiigda 3, the diversity gains for uniform and non-uniform allooati
eigenvalues\,,(-) in (18). Now, we consider the case wher@re identical but uniform allocation seems to lead to a lower
the relays are placed in two different groups (dashed line§prrelation between sub—carriers resulting in largerrigkies
As expected, Fig. 5 shows that potentially a higher diversit»(-) in (18) and thus, in a superior BER performance.
gain can be achieved with two groups compared to one grougRelay Grouping: Next, we consider the problem of assign-



(RrRz) in.Group 1,

/(RS,RA,RS) in Group 2 4

107k (R1’R2’R3) in Group.1,
(RA,R5 in'Group 2

!
A

Bit Error Rate
=
1S
Bit Error Rate

10~ —g— Case 1 (L1:1, L2:4) : Uniform
- g =Casel (L1:1, LZ:A) : Non-uniform

Case 2 (L,=2, L,=3) : Uniform (Rl’Rz‘Ra'R4) in Group-1,

10°L Case 2 (L,=2, L,=3) : Non-uniform 10°F : (R).in Group 2
—— Case 3 (L1 = L2 = 3) : Uniform
- ¢ -Case3 (L1 = L2 =3) : Non-uniform
1077 L . : B 10'7 I I I I I I I I I I
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14 16 18 20 22 24 26 SNR (dB)

SNR (dB)

Fig. 6. BER vs. SNR of cooperative BICM—OFDM with two relaysdane Fig. 7. BER vs. SNR of cooperative BICM—OFDM for differentay group-
group. No directS — D link and equal SNRs for all links. ings. No directS — D link, equal SNRs for all links, uniform sub—carrier
allocation, Ly ; = Lo ; = 1fori € {1,2,3,4}, andL1 5 = L2 5 = 5.

ing five relaysR;, j € {1, ..., 5}, to two groups. We assume
Ll,i = L277j =1forie {1,2,3,4}, L175 = L2)5 = 5, and
equal SNRs for all links. In Fig. 7, we show the BER for thos
three assignments which achieve the highest performamee. -
assignments considered in Fig. 7 afB3, R2) in group 1 and
(Rs, Ry, R5) in group 2 (Choice 1){R;, Ra, R3) in group
1 and (R4, Rs) in group 2 (Choice 2), andR;, Rz, R3, R4)

in group 1 andRs in group 2 (Choice 3). For this scenaric
and at SNR = 20 dB, we obtain from (24), = 10~49,
Jig = 107517 and J,, = 107588 for Choices 1, 2, and
3, respectively. Thus, Choice 3 is adopted according to t
criterion in (25), which is also verified by the results show
in Fig. 7. This result is intuitively pleasing since Choice :
yields highest diversity gaind; = 9) among all possible
relay groupings.

Relay Selection:In Fig. 8, we consider the optimal relay
selection problem for a cooperative BICM—OFDM syster 15 16 1 SN}j(dB) 19 0 A
without direct S — D link and with a single group. In
particular, we consider the case where the number of se- _ . .

. . L. Fig. 8. BER vs. SNR of cooperative BICM-OFDM with selectiohtioree
lected relays is not fixea priori. We assume thak’ = 5 or less of K = 5 relays. No directS — D link and uniform sub—carrier
relays are available for selection with; ; = Lp; = 2, allocation.

:Yl,j = :)/27‘]' =7 (dB) forj S {1, 2, 3} andLLJ— = LQ_J‘ =3,
M, =72, =7+ 2 (dB) for j € {4, 5}. We assume that a . _
maximum of three relays can be selected for cooperation. JimpPared to the remaining three relays. Thus, adding anothe
Fig. 8, we show the four selections which achieve the highd§f@y 10 £+ and R can only degrade performance“smce EUb_
performanceRs, Rs, Ra), (Rs, Ry, Rs), (R, Ra, R3), and carriers woulc_j have to“be take;n away from the “strorigy

(Ra, Rs). All these combinations provide; = 5. Assuming aNd s and given to a “weaker” relay.

a target SNR of 20 dB, we obtaid,s(2,3,4) = 10739,

Jrs(3,4,5) = 107433, J,((1,2,3) = 107378, and J,s(4,5) = VI. CONCLUSIONS AND FUTURE WORK

10~%%%, i.e., the proposed relay selection criterion in (27) In this paper, we have proposed a novel cooperative BICM—
would indeed select relayB, and Rs5, which also yield the OFDM scheme where groups of relays assist a source in
best performance according to Fig. 8. Interestingly, irs thtcommunicating with a destination. Relays in the same group
case, it is preferable to select only two relays for coopamat transmit concurrently over disjoint sets of sub—carriensl a
instead of the maximum allowed three relays, since thessays in different groups transmit in different time slovge

two relays enjoy more frequency diversity and a higher SNRave derived closed—form expressions for an upper bound on

Bit Error Rate




71 u72u|w{11/[k]hll/|2|w5[1/[k]h2 l"|2
az [ [ e |- s 2y Oy P 00, B2 TN (s, Yl s, (34)
haw |2<e Jha, k%j V1, L1, € + T [ wh, [K]ho,,, 2 j j : !

the asymptotic worst—case PEP and the achievable diversitythe top of this page. Fq'wf,jj [k]hs,,|? # 0, we have

gain of the considered system. Based on these analytical '

results, we have developed design criteria for sub—caalier lim lim T2, w2, v [k]ha,u,| 1

cation to relays, relay grouping, and relay selection. $then <0+ 7,72, ~o\ V1, L1,v,€ + Vo, , |wi! ', [klhoy, 2

results have corroborated our analytical findings and coefir (35)

the effectiveness of the proposed design guidelines. Exploiting (35) and noting that the contribution of vectors
Interesting topics for future work include the design anliz., fulfiling |wi’, [klhs, |* = 0 to the integral in (34)

optimization of such generalized cooperative BICM—OFDN§ z€ero, we can simplify (34) to

systems, where each relay is allowed to transmit in multiple

. 1 v
time slots! A g/ / exp | =& > A, [wl, [Kh,|?
h ha,y; k,ds .,
L)

x p1(h1,y,)p2(ha,,)dhy ,, dhsy . (36)

Since the integrand in (36) is independentaf, ,, similar to
(14), we obtain

APPENDIX

From (16) we obtain

1
. A< —
u] /h L f hl V]7h2 uj)pl(hl uj)p2(h2 uj)dhl u]dh2 Vi det(ILl,uj +§71,UjW1anC17Vj)
1, v 2, v
(29) 1 1
where 7S — 0| oy |-
(671,1/]') ’ Hm /\ (Wl v Cl l/]) V1, WVj
f(hiw;, hau,) (37)
= H 2, H 2 L .
—exp(-¢Y V1w, V2w, WL KR, Plws,, [kl | Similarly, from (33), we obtain
k df ’Yl Wi |w1 v [ ]hl’Vj |2 +72,uj |'11)ng [k]h2yl’j |2 B < 1
(30) - det(IL2)Vj + 6727%. WZ,UJ- CQ,UJ')
andpi(hy,.) andps(hs,,.) are the probability density func- . 1 1
tions of h . and hs,,, ]res ectively. Recall thak and T2,v; tolz=r )
1,v 2,5 p y. _171’1' i (5’72 1/]) Hm 1 (W2 Vj 02 VJ) 2 Vi
h2,uj are zero—mean Gaussian random vectors with covariance (38)
matricesC, ,, and C,,,, respectively. For the asymptotic o ]
regime of high SNR7, ,,,, 72, — oo, decision errors only Combining (31), (37), and (38) yields (17).
occur if [|hy,,||* — 0 and/or||h2,, [|> — 0 [15]. Thus, an
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