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To Cooperate or Not:

A Capacity Perspective

Li Wang, Lingkun Kong, Soon Xin Ng and Lajos Hanzo

Abstract—It is widely recognized that differential decode-and-
forward (DDF) cooperative transmission scheme is capablefo
providing a superior performance compared to classic diret
transmissions employing differential detection, where na@hannel

coding is used. However, the diversity gains achieved by the

cooperative system become modest in practical channel catie

scenarios, where the interleaving and channel coding gains

dominate. Therefore, when a cooperative wireless commuration
system is designed to approach the maximum achievable speait
efficiency by taking the cooperation-induced multiplexingloss
into account, it is not obvious, whether or not the relay-aictd
system becomes superior to its direct-transmission basecgn-
terpart, especially, when advanced channel coding technigs are
employed. Hence in this paper the capacity of the single-ray/-
assisted DDF based cooperative system was studied in comfsan
to that of its direct-transmission based counterpart in order to
answer the above-mentioned dilemma.

|. BACKGROUND AND MOTIVATION

modulated cooperative cellular uplink. Naturally, in tHean-
nel uncoded context, the resultant cooperative systenoperf
mance is expected to be better than that of the non-cooperati
transmission [5, 6], owing to the cooperative diversityngaas
well as the path loss reduction.

However, the cooperative diversity gains promised by the
cooperative system considered are actually achieved abtie
of suffering a significant so-called multiplexing loss ccamgxd
to direct transmissions, imposed by the half-duplex commun
cations of practical transceivers. Furthermore, the cripe
diversity gains achieved by the relay-aided system over its
direct-transmission based counterpart may become madest i
practical channel coded scenarios, where the interleaan
channel coding gains dominate. Therefore, in the interést o
achieving a high spectral efficiency, we have to answer the
grave fundamental question, whether it is worth introdgcin
cooperative mechanisms into the development of wireless
networks, such as the cellular voice and data networks.

The technological advances in integrated circuits andbradi  The outline of the paper is as follows. Sections Il and
frequency electronics facilitate the employment of everenolll specify the system’s architecture and the channel model

sophisticated signal processing and coding algorithmgh@at

In order to answer the above-mentioned question about the

same time, it is increasingly important to find energy- andltimate spectral efficiency of repetition-based coopeeat

bandwidth-efficient solutions for reliable digital comnicex

relay-aided systems, the fundamental performance limitseo

tion over time-varying wireless channels. Multiple antennnon-coherent detection aided direct-transmission bagstdra
aided diversity techniques [1] constitute powerful armngwill be first studied in Section IV. Then, in Section V the
ments of mitigating the deleterious effects of fading, leenaon-coherent Disrecte-input Continuous-output Memayle
improving the end-to-end system performance, which is usGhannel's (DCMC) capacity [9, 10] of the differential deesd
ally achieved by multiple co-located antenna elements et tand-forward (DDF) assisted cooperative system [6] will be

transmitter and/or receiver. However, it is often impreati

investigated in comparison to that of its direct-transipiss

for the mobile to employ a large number of antennas fdrased counterpart.

the sake of achieving a diversity gain due to its limited
size. Fortunately, in multi-user wireless systems codpega
mobiles may share their antennas in order to achieve uplink
transmit diversity by formig avirtual antenna array(VAA)

Il. SYSTEM ARCHITECTURE

in a distributed fashion [2,3]. On the other hand, in order '

to avoid channel estimation for a VAA-aided system, which ﬂ

relatively rapidly fluctuating channel conditions, diéatially

may impose both an excessive complexity and a high pilog \ /
overhead, especially in mobile environments associatéld wpource MS ﬂ
BS

encoded transmissions combined with non-coherent detecti

and hence requiring no channel state information (CSI)
the receiver becomes an attractive design alternativdjriga

Cooperating MS

ﬁ&; 1. Single-relay-aided cooperative cellular uplink.

to differential modulation assisted cooperative commamic The differentially modulated TDMA cellular uplink is con-

tions [4-6].

sidered without any loss of generality, where no CSI estirnat

In point-to-point communication systems using a singlés required. For the sake of simplicity, we consider a single

antenna or co-located multiple antennas, it is feasible

telay-assisted scenario of Figure 1, where only one cotipgar

achieve a high spectral efficiency by approaching Shannon®bile station (MS) is activated in order to decode and re-
capacity limit with the aid of channel coding [7, 8]. Howeyerencode the signal received from the source MS prior to for-

in contrast to the well-understood limitations of pointgoint
single-user transmissions, researchers are only beginoin

warding the signal to the base station (BS). The employment
of a single antenna for each terminal is assumed, owing to

understand the fundamental performance limits of wirelefize cost- and size-constraints of portable transceivareeS
multiuser networks, such as, for example the differentialthe emphasis in this treatise is on investigating the aeliev
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network capacity of a general repetition-coded coopezativ

scenario, we simply assume here that the total transmit powe
is equally divided between the source MS and the single
cooperating RS, which is assumed to be located half-way
between the source MS and the BS, as depicted in Figure 1.
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More specifically, for the sake of analytical tractabilitye wherey![x] represents the channel's autocorrelation function,
simply assume that the sum of the normalized distad2gs which can be expressed agi[x] £ E£{h[n + k]h*[n]} =
between the source MS and the RS, and that between thé2r f,x), with Jo(-) denoting the zeroth-order Bessel func-
RS and the BS, which is represented Dy,, is equal to the tion of the first kind and as usuafy represents the normalized
normalized distancé®,, between the source MS and the BSDoppler frequency.

Naturally, the normalized SD-distance is equal to unity. As

a result, observe in Figure 1 that we have;, = Drq = IV. NON-COHERENT CHANNEL CAPACITY FOR

3Dsa = 1. Furthermore, the normalized average powgr POINT-TO-POINT LINKS

at the output of the channel is inversely proportional to the

inter-node distanc®; ;, which may be rewritten as follows: Let us now first focus our attention on the non-coherent

DCMC capacity of the classic single-antenna-assistedtpoin
aﬁj =D77 i, j€{s, r, d}, (1) to-point communication scenario, based on which the non-

1,7 ?
.coherent DCMC network capacity of the DDF-aided cooper-
wherev denotes the path-loss exponent [11] and the subscnggﬁ/e system will be studiedpin gection V. The PDE of l?he

tsi{/glandd represent the source, relay and destination, resp Ceived signal vectoy in Eq. (2) was conditioned on the
y- transmitted signal vectas, which may be readily expressed
[1l. CHANNEL MODEL as [13]:

: exp(—y" ¥ 'y)
Throughout this paper we assume that the complex-valued p(yls) = —det(r )
basedband signals undergo Rayleigh fading, which is mod- et(m¥)

elled by multiplying the transmitted signal by a complexyhere we havel = E{yy™|s} = SaXiSY + 20217, with
valued Gaussian random variable. In order to provide a gopﬂ denoting the(T} x T;)-element identity matrix.
approximation for TDMA-based cooperative systems and toSince differentially encoded modulation schemes, such as
facilitate the study of the non-coherent detection-basethe DQPSK, are assumed to be employed at MSs, and each
nel capacity, we consider a block-fading Rayleigh chann@llements; of the transmitted signal vecteris chosen inde-
where the fading coefficients are assumed to change in ghdently from a finite constellation st with equal prob-

independent and identically-distributed (i.i.d.) mantfiem apilities, the non-coherent DCMC capacity can be expressed
block to block. On the other hand, instead of employing thgs a function of the SNR as follows:

standard block-fading channeWhere the fading coefficient
remains constant over the duration of several consecutive C(SNR) = H(y) — H(yls), (5)

symbol periods, we consider heréme-selective block-fading \here 17 represents the differential entropy [14] of a random
model[12], which includes the former as a special case. Wriable x defined asH(x) = — [ p(x)log, p(x)dx, with
the time-selective block-fading channel model considetieel »() denoting the corresponding PDF. According to [14], the

channel’s envelope exhibits correlation within a transiols ; ; .
block according to the Doppler frequency induced by th%lfferentlal entropyH (yls) may be readily calculated as:

relative movement of the tranceivers. H(y|s) = log det(me®) bits. (6)

Consider a single-antenna-assisted point-to-point tnésis )
sion scheme communicating over a block-fading channg,n the other hand, the entrop¥(y) of the continuous-valued

4

which exhibits a correlated envelope for the duration ¢fded and noise-contaminated received signal vecteannot
T, consecutive symbols. Then, the received signal may BE evaluated in a closed form. When the fading block gize

formulated as: over which the fading envelope is assumed to be correlated

y = Sqh + w, @2 is limited, a practical approach to the numerical evaluatb

T H(y) is to carry out Monte-Carlo integration as follows [10]:

where we havey = [y1, w2, - ,yn] =
[h1, ha,- - ,thAT, andw = [wy, wa,--- ,wr,] represent- H(y) =— /p(Y) log p(y)dy ()
ing the received signal column vector, the fading coefficien
column vector obeying a complex-valued Gaussian disiohut — el 1 Z ox (_ Hy—1 )
CN(0,07%) and the Gaussian noise column vector having a dis- 62 M det(n¥) & Py y ’

tribution of CN/(0, 202)), respectively. The diagonal matrs; ®)
in Eqg.(2) hosts thd};, consecutively transmitted signals within

a block, which may be expressed$is= diag{s}, where we where y is the set of allAM/”* hypothetically transmitted
haves — [51, Sg, -+ 75TJT_ Furthermore, in the cooperativesymbol vectorss. The expectation value in Eq. (8) is taken
communication scenario of Figure 1, the normalized channith both respect to different channel impulse respons&)Cl
fading variancer? of each link was formulated in Eq.(1) byrealizations and to the noise.

taking the path-loss into account. Given the assumption ofThe non-coherent DCMC capacity of the standard block-
Rayleigh fadingh is a zero-mean complex-valued Gaussiafading channel computed using the DQPSK modulation
vector with a(T} x Tj)-element covariance matri;,, which scheme is plotted in Figure 2(a) for various fading bloclesiz
may be written as: of T, = 2, 4 and7. As observed in Figure 2(a), although an
identical differential modulation scheme (DQPK) is emm@dy

S =E{hh'} the maximum achievable spectral efficiency associated avith
©'0] 1] e Ty — 1] sufficiently high SNR is dependent on the fading block size
) ot [-1] ©'[0] e oHTy — 2] Ty. This is not unexpected, since the differential signaling

=0}, : : . : » (3) process commences by transmitting a reference symbol for

i e ; each fading block [9], which does not contain any informatio
PL-T] ¢'2-T) - ©*'[0] This reference symbol constitutes unexploited transwomssi
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Fig. 2. Non-coherent DCMC capacity of the single-input &ngutput time-
selective block-fading channel. Fig. 3. The single-relay-assisted cooperative systentistemt code-rate-ratio
based DCMC capacity curves for the ‘perfect-SR-link’ baseénario.

overhead, which hence imposes a diminishing capacity ero-

sion, as7, is increased. Thus, as the SNR increases, thef - . s, .
: : - . refer to it in parlance as the ‘perfect-SR-link’ based cétyac
achievable bandwidth efficiency., saturates at: By contrast, in Section V-B its ‘imperfect-SR-link’ based
Nmaz = logy M. x (Ty, — 1) /Ty,  bits/s/Hz, (9) counterpart will be investigated by considering the specifi
) ) ) performance limitations imposed by the potentially eposne
which approahes that of the coherent detection aided trag$ |ink.
mission scheme, if the fading block siZg increases towards
infinity. ) _
On the other hand, according to [12], the predictability o Perfect-SR-Link Based DCMC Capacity
the channel is characterized by the ra@kof the channel's  According to the above definition, under the assumption
covariance matrix:,, formulated in Eg. (3). For example, theof an equal-power-allocation and a mid-point RS location,
block-fading channel, where the fading envelope remaims cdhe corresponding network’s ‘perfect-SR-link’ based DCMC
stant over the entire fading block is associated with thetmasmpacity may be formulated as:
predictable fading envelope, when the channel's covagianc coop overall
matrix has a rank of) = 1. By contrast, the fading process  Cpcmc (@ SNRY )
has a finite differential entropy and becomes less predetab = aCEdCA4c(SNRz) +(1— O‘)CBdCJWC(SNRZ)v (10)
when we havé) = T;. Figure 2(b) compares the non-coherent c gNRoverall 9
DCMC capacity of the time-selective block-fading channel ~— ¢ poc( e /2)
computed from Eq. (5) for the DQPSK modulation scheme (1 —a)Cpeme [SNRgvemll/ng 10log,o(02,)|, (11)
and for various normalized Doppler frequencies. When we )
have an increased channel unpredictability owing to irewda where
Doppler frequency, a capacity loss is observed in Figurg. 2(b oo _Ls R
Hence, the observation of Figure 2(a) and 2(b) suggests that Lis+L, R,+R,’
the non-coherent DCMC capacity of a time-seletive bloclkg, o the ratio of the differential-encoding frame lengtised
fading channel is dependent on both the fading block $ize . the source and relay is inversely proportional to theorati
and the fadmg corrglatlon over blocks characterized by tf&%’ the channel code ratéR,, R.) employed by the two.
corresponding covariance matf. In Eq. (11), 02, characterizes the reduced-path-loss related
power-gain, which was given by Eq. (1) ar@pcmc(:)
V. RELAY-AIDED COOPERATIVENETWORK CAPACITY represents the SISO non-coherent DCMC capacity formula of
Let us now commence to investigating the DCMC capacil%Q- (5). FurthermoreSNR; and SNR, in Eg. (11) represent
of the differentially modulated single-relay-aided comgtive the equivalent SNRs at the source and relay transmitters,
system of Figure 1.We first define the two-hop Sing|e_respect|vely, which have the following relat|onsh|p wittet
relay-aided network’s capacity as the maximum achievablgtwork's overall equivalent SNRSNRZ"“"*, as SNR{ =
rate attained during the transmission of the source MS BNR, = %SNRZ””“”.
the broadcast phase, namely, Phase |, which consists ofTherefore, in contrast to the independence of the DCMC
L, symbol periods, and an independent transmission by thapacity of the channel code rate employed in the scenario of
RS during the relaying phase, namely, Phase Il, wiign the conventional direct-transmission based system, thid©C
symbols are transmittedhitially a perfect SR link is assumed capacity of the relay-aided cooperative system is dependen
in Section V-A in order to guarantee “error-free” relayingon the ratio% of the channel code rates employed by the
Thus the above-mentioned network capacity is termed as swurce and relay or, equivalently, dependentoin Figure 3
cooperative system’s DCMC capacity, which is not affectetie cooperative system’s DCMC capacity curves associated
or constrained by the quality of the SR link. Hence waeiith different values ofa are depicted based on Eqg. (11)

(12)
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Fig. 4. The single-relay-assisted cooperative systemisstemtfz; based Fig. 5. Non-coherent DCMC capacity of the SR link and its esponding
DCMC capacity curves. capacity-achieving channel code rai& employed by the source MS.

for the ‘perfect-SR-link’ scenario at &onstant code-rate- values.
ratio in comparison to the DCMC capacity curve of the
direct-transmission pased system. As observed in Figutee3, 5 | barfect-SR-Link Based DCMC Capacity
cooperative system’s DCMC capacity is gradually decreased i ) .
asa is increased. This is not unexpected, since the weight ofUntil now the single-relay-assisted DDF cooperative sys-
the second term in Eq. (11) decreases as that of the first tdgff’'S capacity has been investigated under the assumption
increases, while the second term is typically larger than tRf an idealized error-free SR link. However, in practice the
first term owing to the reduced-path-loss related power.galireless channel connecting the source and relay MSs is typ-
Furthermore, since the half-duplex constraint imposestarpo ically far from perfect and its quality plays an importantero
tially substantial multiplexing loss, the system’s consizode- N determining the overallicoop_eratlve network’s achidgab
rate-ratio based ‘perfect-SR-link’ associated DCMC citgac Performance, as observed in [6] in the context of uncoded sce
may become even lower than that of the direct-transmissipaios. Furthermore, in order to create a near-capacitigules
based system, as seen in Figure 3, if both the overall eguivalfor the overall cooperative system, near-capacity trassiom
SNR anda is sufficiently high. over the potentlally error-mfes_te_d SR I|_nk d_urlng the loast

On the other hand, given the channel code réfes R,) Phase | is a natural prerequisite, which in turn leads to the

employed by the source and relay, the resultant bandwid@yestigation of the performance limitations imposed bg th
efficiency,,, may be expressed as: SR link on the overall cooperative system.
Under the assumption of equal-power-allocation and a mid-
L;R; Tp—1 Ty, —1

_ logs M. — aR point relay location, the non-coherent DCMC capacity of the
T Lo+ L. T, B2 Me = Al T, SR link may be expressed as:

n logy M,.. (13)
Hence, by fixing the value o2, and varying that ofa, erall gNRoverall )

the resultant bandwidth efficienoy can be calculated using Chec (SNRZ“""“ ) = Cpcmc + + 10logyg(0%,) | »
Eq. (13). Based on Eqg. (13) the corresponding minimum over- (14)

all equivalent SNR required by near-error-free transroissi . :
may be found with the aid of the constant code-rate-ratf§lere agairCncoarc(-) was formulated in Eqg. (5). Hence, the

based ‘perfect-SR-link’ associated DCMC capacity curvies BOn-coherent DEMC capacity of the SR link may be plotted
Figure 3. versus the overall equivalent SNR, as shown in Figure 5.

Consequently, the cooperative system's consfant- Then, we can calculate the capacity-achieving channel code

‘perfect-SR-link’ based DCMC capacity curves were plottefft® employed by the source as:
from Eq. (13) based on Figure 3 for various valuesf T, . Csr (SNR‘”’E””)

in Figure 4, where we observe that the capacity increases as, . (SNR‘”’E””) _ b ¥poMmc e

R, increases. However, all the constdit-related capacity s,capacity e (T, — 1) - log, M, ’
curves depicted in Figure 4 would intersect the capacityeur (15)

of the direct-transmission based system plotted in Figyre\8hich is also depicted versus the overall equivalent SNR in
if the overall equivalent SNR becomes sufficiently highFigure 5. Therefore, the minimum overall equivalent SNR
Therefore, based on the observation of Figures 3 and 4, a@responding to a certain value &f, which faciliates near-
may state that although the cooperative system’s capadatyor-free information delivery from the source to the yela
increases steadily as the overall equivalent SNR increasesy be observed in Figure 5. These minimum overall equiva-
it might remain lower than that of its direct-transmissiofent SNRs characterize the performance limits imposed &y th
based counterpart, even under the assumption of an idealipeactical imperfect SR link on the entire cooperative syste
error-free SR link, if bothR; and o are of relatively high when the corresponding rate, is employed by the source.
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Fig. 6. Imperfect-SR-link based DCMC capacity.

1.8

from a pure capacity perspective, the ‘imperfect-SR-link’
based DCMC capacity of the cooperative system associated
with bothv = 2 andv = 3 is depicted in comparison to
that of the direct-transmission based one in Figure 7. It may
be observed in the figure that when the overall equivalent
SNR is relatively low, the single-relay-assisted coopeeat
system exhibits a significantly higher capacity than itectr
transmission based counterpart in typical urban cellddior
scenarios, e.g. when having a path-loss exponent ef 3.
However, the achievable capacity gain may be substantially
reduced if we encounter a free-space propagation scenario
[11],i.e.v = 2, since the reduced-path-loss-related power-gain
achieved is insufficiently high to compensate for the sigaiit
multiplexing loss inherent in the single-relay-aided Fdijplex
cooperative system. Moreover, as the overall equivalerR SN
increases to a relatively high value, there is no benefit in
invoking a single-relay-aided cooperative system, sirtse i
capacity becomes lower than that of the conventional point-
to-point system.

VIlI. CONCLUSION

The non-coherent DCMC capacity of the single-relay-
assisted DDF cooperative system was investigated. We found

—=&— Direct Transmission System

1.6| —*— Cooperative System (v=3)

15
14r
13
12r
11r o
1t 1 (1]
0.9 8l
0.8
0.7
0.6
05
04r f
0.3F T
0.2
0.1

—o— Cooperative System (v=2)

C (bit/s/Hz)

(2]

(3]

i ﬁ [4]

-5 0 5 10 15 20 [5]
Overall Equivalent SNR (dB)

25

6]
Fig. 7. Capacity comparison of the single-relay-aided eoative system
and its direct-transmission based counterpart.

[71
Given these minimum overall equivalent SNRs associateld wit
different values ofR,, we can now draw the cooperative [g]
system’s ‘imperfect-SR-link’ related DCMC capacity based
on the constank, ‘perfect-SR-link’ based DCMC capacity
curves of Figure 4. More specifically, observe in Figure Gg
that in order to find, for example, the cooperative system’s
‘imperfect-SR-link' based DCMC capacity fok, = 0.3, we [0
locate the particular point on the constdfy-‘perfect-SR-
link' based DCMC capacity curve associated with = 0.3,
whose horizontal coordinate is equal to the correspondiﬁd]
minimum overall equivalent SNR 6f5.3 dB found previously
in the context of Figure 5. Then, the vertical coordinate ¢f2]
the point is the ‘imperfect-SR-link’ based DCMC capacity
of the cooperative system faR, = 0.3 or when we have [13]
SNRever!l = —5.3dB.

[14]

VI. CAPACITY COMPARISON AND DISCUSSIONS
In order to gain an insight into the benefits of thét®!

single-relay-assisted DDF cooperative system over its- con
ventional point-to-point direct-transmission based derpart

that classic direct transmissions might outperform sirglay-
aided cooperative systems, unless countermeasures, such a
successive relaying [15] are invoked, which will be considie
in our future work.
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