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Optimum Time Resource Allocation for TDMA-Based Differential
Decode-and-Forward Cooperative Systems: A Capacity Perggtive

Li Wang and Lajos Hanzo

Abstract—It is widely recognized that differential decode-and- Il. SYSTEM ARCHITECTURE& CHANNEL MODEL
forward (DDF) cooperative transmission schemes are capablof
achieving a cooperative diversity gain, while circumventig the
potentially excessive-complexity and yet inaccurate charel esti-
mation, especially in mobile environments. In this letter,we find

' U . Dy, D,q
the optimum transmit-interval duration for the source and r elay, | - >
which is commensurate with their adaptive channel-code rat P
in the context of TDMA-based DDF-aided half-duplex systems ﬂ : E
BS

for the sake of maximizing the achievable network throughpd. SoqurceMS\~ ﬂf/‘

We also demonstrate from a pure capacity perspective, in wha
scenarios the introdution of cooperation improves the aclavable Cooperating MS
throughput.

Fig. 1. Single-relay-aided cooperative cellular uplink.

I. INTRODUCTION

User-cooperation based transmit diversity techniqueg][1, The TDMA-based DDF cooperative cellular uplink (UL)
constitute powerful arrangements of mitigating the deletes considered is illustrated in Fig. 1, where a single cooegat
effects of fading by creating a Virtual Antenna Array (VAA)Mobile station (MS) is activated to forward the source MS'’s
from the single-antenna based shirt-pocket-size wiretless signal to the base station (BS). Each MS employs a single
vices, hence improving the end-to-end system performanceantenna, owing to their cost- and size-constraints. Inroiale
order to avoid channel estimation which may impose both @yoid CSI estimation, both the source and RS employ con-
excessive complexity and a high pilot overhead in coopezativentional differential modulation schemes, such as DQPSK.
systems, especially in mobile environments associatetl wiince our emphasis is on investigating the TRA, we stipulate
relatively rapidly fluctuating channel conditions, difetially the simplifying assumption of equal power allocation and-mi
encoded transmissions combined with non-coherent derectPoint RS location, as shown in Fig. 1.
and hence requiring no channel state information (CSl) @t th In order to provide a good approximation for TDMA-
receiver becomes an attractive design alternative, eslhecibased cooperative systems and to facilitate the non-cohere
in TDMA-based differential modulation assisted coopegti detection-based system capacity analysis, we consitlera
communications [3-6]. selective block-fading Rayleigh channel [8], where the fading

However, the recent TDMA-based cooperative system ogoefficients exhibit correlation within a fading block acgimg
timization efforts have been mainly focused on power ao the normalized Doppler frequengy induced by the relative
location and relay station (RS) selection [1,6,7] based @Rovement of the tranceivers, and changes in an i.i.d. manner
a fixed and predetermined time resource allocation (TRAbm block to block.

betyveen the source and RS. In this IetFer., we deduce theThe signals consecutively received within a fading block
optimum TRA policy for the sake of maximizing the DDF-gj,o of 77" at the RS during the broadcast Phase I, when a
aided cooperative system's capacity, by utilizing infotlm@ 01 ot 1 symbols per transmission block are transmitted
theoretical tools, which become useful in the design ofneqFom the source MS, may be formulated as:
capacity coding/decoding schemes conceived for cooperati ' '
systems, since the code rate employed by the source and yh = \/PsSﬁsh,w +wr, (1)
RS is directly related to their allocated transmission targa 7 . . ,

. . wherey;, h,., and w, represent the received signal's col-
and may be adaptively selected according to our proposemn vector, the fading coefficients’ column vector obey-
TRA scheme. Furthermore, it is important to note that th '

i : T 5
cooperative diversity gain and the reduced-path-lossed| ng a complex va]ued Gaussian d'St”buF'dN(O’q“? and
the Gaussian noise column vector having a distribution of

power gain are achieved by a half-duplex relay at the co 5 . . T
of suffering a significant throughput loss imposed by thé}\[(o’%“’)’ respectively. The diagonal matri;, ; may be

I I I I ; H
relay’s transmissions. Hence, in the interest of achievingSXPressed asy, , = diag{s,}, wheres; is the transmitted

high spectral efficiency, we also identify the scenariosemh signal’'s column vector hosting th#, symbols of a fading

the introduction of cooperation becomes beneficial frommpLPLOtﬁk dBuSrigg .Pha;ﬁ . SiT"agyl’l the bk:ock—wise signal mbil_e |
capacity perspective. at the uring Phases | and Il can be expressed respectively

as:
The authors are with the school of ECS, University of Soubiam, yh = /P.SL h.+ wy, (2)
Southampton, SO17 1BJ, UK (e-ma{llw5,lh} @ecs.soton.ac.uk). ’
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[1l. THE TRA-OPTIMIZED NETWORK CAPACITY indicating that the TRA-factotx of (6) plays a crucial role in

determining the network’s capacity.
A. Decode-and-Forward Cooperative Network Capacity

Let ider th itv of the DDF-aided B. Optimum Time Resource Allocation for the DDF System
et us now consider the capacity of the DDF-alded COOper-) o\ 1. the optimum TRA-factore?, which maximizes

ative system of Fig. 1. Based on the general upper and low ) : . . .
bounds on the capacity of half-duplex relay systems presen ﬁe achievable |_nformat|on_ ra}te O.f as ingle-relay-aided D
ased cooperative transmission, is given by:

in [7] and on the fact that in our DDF-aided half-duplex rela

system, the source MS remains silent during Phase Il, when .~ = I(st;ylh) 9
a total of L, symbols are transmitted by the RS, we may ¢ (%) = 1L yD) — I(sL,yh) + I(sITy 1)’ ©)
obtain simplified capacity upper and lower bounds for the DDF._ . . .

system of Fig. 1 as: yielding the globally maximum achievable rate of

I(shyD (st ylTy

Coonpl0?: @) < min{al(s]337.37) Coomn 05 67) =TTy~ 1Ty + 16Ty
srdr s1J9d rJd
ol (sg;ya) + (1 —a)I(s;55yq)} (4) (10)
and Proof of Lemma 1. For a giveny?¢, we can finda = aq,

which satisfies:(sl; y1) + (1 — a)I(s!; y21) = al(s;y1),
hence the resultant network capacity of (8) becomes:

Cooop(16:a) = al(si;yg) + (1= a)I(sy;y4")
wherel(a; b) represents thaverage mutual information (MI) i (sl ;l ¢ 11
between the channel inpat and the corresponding channel =al(ss;yy)- (11)
outputb, while the TRA-factora is defined as: Furthermore, due to the path-loss-induced power gain, whic
. L R, implies that we haver; | < a?w, and owing to the equal
T IL.1L. R+ R’ (6) power allocation assumption, i.€; = P,, it is evident that

Ccoop(Vga Oé) > min{aI(Sg; Y£)7
al(sy;yg) +(1—a)(s;';v)},  (5)

«

since the ratio of the time durationd.,, L,) used by the I(shyh) < I(s5yih). (12)
source and RS is inversely proportional to the ratio of t
channel code ratesz,, R,.) employed by therh Note that the
capacity upper and lower bounds of (4) and (5) are functiobs(s’; y})+(1-b)I(s!t; yi!) < al(s!;yh)+(1—a)I(slt;yiD),
of the network’s overall equivalent SNR.e.~? and the TRA- (13)
factora of (6). The constrained information ratesk&!; y%), which in turn results in

I(sit:yIN, I(st;yI)andI(s!;y!, yI) can be evaluated usin
oY) S s Yoy 9 br(sliyh) + (- b)I(s!Tiyd) < al(sliyl) < bI(sliy).
(14)

the method presented in [8].
On the other hand, given a fading blO.Ck .S'% and a Hence, according to (8), the network capacity associatéd wi
M.-ary DPSK scheme, the actual transmission rdtg,., — b mav be expressed as:

of the cooperative system of Fig. 1 is a function of both ~ y P '

hF‘hus, for anya = b > a, we have:

R, and «a, which may be expressed a@Rc.o.p(Rs, ) Comn(,b) = bI(shiyh) + (L =0)I(sl;yl).  (15)
aR,T=1log, M., where the ratio of’.=1 accounts for the _ _
modest rate-loss induced by the known reference symbokof llﬁased on (11), (13) and (15), we arrive at:

classic differential signalling process. Furthermoreyrider for CEOE;';(V& b) < C?OE;Z(V& a), ifb>a. (16)
the RS to decode the received signal correctly thus avoiding ]

the potential error propagation, the source transmissioe r On the other hand, according to (11) and (12), for any
should be below the non-coherent constrained informatiee r ¢ < @ We have:

of the source-relay link, thus we have: cI(sﬁ;yé) . C)I(Sfl;yél)

Reoop(Rs, @) < aCl(70) = oI (sk; yl). @) >al(shyyl) + (1= a)I(s! vl )y = al(sh;yl).  (17)

Consequently, according to (4), (5) and (7), the DDF-aidéilditionally, sincec < a, we have:
cooperative network capacity can be written as: cI(shyT) < al(shyT), (18)
CDDF

o

coop (12 (j) , L o which in turn yields cI(sl;yl) + (1 — o)I(sil;yll) >

=min{al(ss;y,), al(sgya) + (1 —a)l(s, ;¥4 )} (8) cI(sl;yl). Again, according to (8), the maximum achievable
information rate associated with = ¢ may be formulated as:

1The flexibility of code-rate-allocation may be ensured bigless codes, DDF I I

for example. Ccoop(Vga ) =cl(sgyr) (19)
2The terminology of ‘equivalent SNR’ is used here to indictite fact that - .

it quantifies the ratio of the transmit power and the rec&vaoise, which Consgquently, by refemng to (11)' (18) and (19)’ it beceme

are measured at physically different point$. denotes the network's overall plausible that:

equivalent SNR, having the following relationship with thguivalent SNRs, DDF DDF

42 and~Z at the source and relay transmitterg + v2 = 72 = P/202,. Cooon (72,0) < Cor(v2,a), if c<a. (20)

coop coop
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Fig. 2. Capacity of the single-relay-aided DDF cooperatiystem. Fig. 3. Capacity comparison of the single-relay-aided eoative system

and its direct-transmission based counterpart.
Hence, based on (16) and (20), the optimum TRA-factor that

! : : . . in" order to achieve a spectral efficiency 0f5 bits/s/Hz.
maximizes the achievable network information ratextg* = . . . .
. . . . However, the achievable capacity gain may be substantially
a, which can be computed with the aid of (11). Fianlly, we . . )
feduced, if we encounter a free-space propagation scenario

arrive at. [ associate_d With_u = 2 _since_t_he redL_Jced—path-loss—related
47 () = I(s:5y4) (21) Power-gain achieved is insufficiently high to compensate fo
T I(shyl) — I(skyl) 4+ I(skyil)’ the significant multiplexing loss inherent in the singléaye
which in turn leads to the globally maximum achievabl@ided half-duplex TDMA system. Moreover, as the overall
network information rate as: equivalent SNR increases to a relatively high value, the
(sl v\ (1T T benefits of invoking a single-relay-aided cooperative eyst
C?OE;Z(’YS, Gty = R AUCEND ) for achieving a high spectral efficiency erode.
I(sh;yl) = I(sL;yh) + I(sIT;y}h)
(22) V. CONCLUSION

This completes the proof of Lemma In this letter, we proposed an optimum TRA scheme for
the DDF cooperative system, which was verified to be capable

IV. NUMERICAL EVALUATION AND DISCUSSIONS of maximizing the network capacity through the analysis and

numerical simulations.
In Fig. 2 the single-relay-aided cooperative system’s capa
ity associated with different values ef is depicted versus
¢ using (8) in comparison to that of its adaptive-TRA-aide@] J: N- Laneman, D. N. C. Tse, and G. W. Wornell, “Coopeatiliversity

. . . ith th . n . in wireless networks: Efficient protocols and outage bedrdvilEEE
counterpart in conjunction with the optimum o (9) Ina Transaction on Information Theory, vol. 50, pp. 3062—-3080, Dec. 2004.

typical urban cellular radio scenario associated with ththp [2] K. G. Seddik, A. K. Sadek, W. Su, and K. J. R. Liu, “Outagealysis
loss exponent of) = 3. It is observed that the latter exhibits ~ and optimal power allocation for multinode relay netwdrk&EE Signal

L . . . . Processing Letters, vol. 14, pp. 377-380, June 2007.
significant capacity gains over the former with the aid of th@] T. Himsoon, W. Su, and K. J. R. Liu, “Differential transssion for

adaptive TRA scheme. amplify-and-forward cooperative communicationdSEE Signal Process-
In order to gain further insights into the benefits of th(fﬁ] ing Letters, vol. 12, pp. 597-600, Sept. 2005.

. . . . Q. Zhao and H. Li, “Performance of differential modutatiwith wireless
single-relay-assisted DDF cooperative system over its-c relays in rayleigh fading channeld EEE Communications Letters, vol. 9,

ventional direct-transmission based counterpart from g pu pp. 343-345, Apr. 2005.

capacity perspective, the capacity of the adaptive-TRfeai [5] L. Wang and L. Hanzo, “The amplify-and-forward cooperatuplink
rativ tem is depicted in mparison to that of th using multiple-symbol differential sphere-detectioh2EE Sgnal Pro-
cooperative system IS depicte comparison to that Of e ceng Letters, vol. 16, pp. 913-916, Oct. 2009.

direct-transmission based one in Fig. 3. It may be obsenved[§] L. Wang and L. Hanzo, “The resource-optimized diffefeity modu-
the figure that when the overall equivalent SNR is relatively 'ated hybrid AF/DF cooperative cellular uplink using mpili-symbol
- . L differential sphere detectionJEEE Sgnal Processing Letters, vol. 16,
Iqw,_t_he TRA-_optlmlzed DDF cooperative system e_xhlblts a pp. 965-968, Nov. 2009,
significantly higher capacity than its direct-transmissb@sed [7] A. Hst-Madsen and J. Zhang, “Capacity bounds and powercation
counterpart in typical urban cellular radio scenarios. &lor f/%rl ";‘;e'ggszfg';‘g ggigniu’ffgoggmmons on Information Theory,
specifically, in a Shadowed.urban area associated with4, [8] R-R. Chen, R. Koetter, and U. Madhow, “Joint noncoherdemodu-
the DDF system only requires one third of the total transmit lation and decoding for fast Rayleigh fading channeBghference on

power necessitated by its direct-transmission based etpart Information Sciences and Systems, Mar. 2003.
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