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Abstract. Cooperative relaying recently has emerged as a means of providing
gains from spatial diversity to devices in a distributed manner. A cooperative
relaying system deploying Alamouti’s space-time coding (STC) design is
investigated in this paper. According to amplify-and-forward (AF) and
decode-and-forward (DF) modes, two TDMA-based cooperative transmission
schemes are presented. Considering resource utilization efficiency, adaptive
power allocation (PA) algorithms are proposed to adjust the power of each hop
based on different channel conditions. Most importantly, the PA results also can
be used to decide whether or not to relay, which recovers the loss of spectral
efficiency due to the orthogonal transmission to a great extent. Numerical
results indicate that the cooperative system with adaptive PA significantly
outperforms the direct transmission system. Compared with the uniform power
allocation (UPA), the proposed PA algorithm with power constraint of 1W can
provide (52, 54)% capacity gains at most for Scheme (I, I1), respectively.

1 Introduction

The next generation wireless systems are supposed to have an intense requirement for
the very ambitious throughput and coverage, as well as the power and bandwidth
efficiency. Transmission over wireless channels suffers from random fluctuations
known as fading and from co-channel interference. Diversity is a powerful technique
to mitigate fading and improve robustness to interference. Spatial diversity techniques
are particularly attractive since they provide diversity gain without incurring an
expenditure of transmission time or bandwidth. It has been indicated that
Multiple-Input-Multiple-Output (MIMO) systems can combat the effects of fading in
wireless system and provide better spatial diversity and higher system capacity [1][2].

In a different context, relaying is often regarded as a means of improving the
performance of infrastructure-based networks by increasing their coverage [3].
However, the reduced end-to-end path loss comes at the cost of an inherent rate
increase and the repetition-coded nature of relaying systems. Yet, relaying is a viable
option for infrastructure-based networks, and it is a basic means for service
provisioning in mobile ad-hoc networks. In addition, the integration of the cellular
networks and the Wireless Local Area Networks (WLANS) has drawn considerable
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attention from the research and commercial communities, which can both enhance the
capacity of the cellular systems and extend the coverage area of 802.11 terminals [4].

Cooperative relaying brings together the worlds of MIMO and relaying systems.
By allowing multiple users to cooperate and share their antennas effectively, virtual
antenna arrays [5][6] can be built to realize spatial diversity gain in a distributed
manner, which overcomes the size constraint of mobile terminal and some drawbacks
of conventional relaying due to repetition coding. In [5][7], it is also shown that for
channels with multiple relays, cooperative diversity with appropriately designed
codes, such as space-time coding (STC), realizes full spatial diversity gain.

In this paper, the cooperative system adopting Alamouti’s STC design is extended
for a multi-antenna system based on multi-relay cooperation. Two TDMA-based
cooperative transmission schemes are specialized for amplify-and-forward (AF) and
decode-and-forward (DF) modes, respectively. Taking account of resource utilization
efficiency, the adaptive power allocation (PA) algorithm, which usually remains to
discuss or is replaced by the uniform power allocation (UPA) algorithm, is provided
to enhance the system performance. The end-to-end achievable rate of the proposed
system is investigated and compared to that of the conventional multi-antenna system.

2  System Model
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Fig. 1. Cooperative Relaying System and Two TDMA-based Transmission Schemes

The cooperative system analyzed in this paper is shown in Fig.1, which uses two relay
terminals, R; and R,, to relay the information transmitted by a source terminal S, to
the destination terminal D. The terminal S is equipped with two antennas denoted by
S; and S,, and the other terminals are each with single antenna. Time division
multiple access (TDMA) is adopted assuming a terminal cannot transmit and receive
simultaneously. An Alamouti’s STC design is employed in the source terminal S, and
the relay terminal, R; (j=1,2) assists in communication with the destination terminal D
by either AF or DF mode. In the AF mode, R; simply amplifies and retransmits the
signal received from S, which is corrupted by fading and additive noise. In the DF
mode, the signal received from S is demodulated and decoded before retransmission.
In this paper, it is assumed that the transmissions suffer from the effects of



frequency-flat fading, no channel knowledge in the transmitters, perfect channel state
information in the receivers and perfect synchronization. Based on Alamouti’s STC
scheme, at a given symbol period, two symbols, x; and x,, are simultaneously
broadcasted by terminal S from its two antennas. The symbol transmitted from
antenna S, is denoted by x; and from antenna S, by (—x,). During the next symbol
period, symbol x, and x; are transmitted from antenna S; and S, respectively, where
* is the complex conjugate operation, and the symbol energy of x; and x, are both unit
1. Assuming the effects of the transmission attenuation and multi-path fading between
the transmitter and the receiver are constant during two adjacent symbols, then during
two consecutive symbols (t=1,2), the signals received by the terminal D, y{, are

yég = 4/Ps (hs1p X, —hgyp X;) + ng)) ) Yézo) = \/P_s(hsm Xy + Ngyp X;) + nézo) 1)

where Ps is the transmit power at antenna S; (i=1,2), hgip captures the path loss and
multi-path fading between the source transmit antenna S; and the destination terminal
D, nQ) is the additive white noise, which is zero-mean, independent identical
distributed (i.i.d.) Gaussian random variable with variance o, . The Alamouti’s
receiver [1] is used at the destination terminal D to process the received signals, then,
the following estimated symbols, X,, and X,q, , can be built for the direct link.

SZl,SD = \/P_s(h;w ySB, + hszo yé%)) ) ) SZZ,SD = \/P_s(_hszo yég + h;lD yé%)) (2)

With transmission attenuation and fading realizations, hs;p, the signal to noise ratio
(SNR) of direct link can be expressed as [1]

Ysp = (@sip + Aspp ) Ps /GSZD =S Ps/o'éo (3)

where agp = hgphgp (i=1,2). Given W as the available bandwidth, the end-to-end
achievable rate for direct transmission in terms of bps/Hz can be obtained as

COM =log, 1+ gp) @

Similarly, for the relay terminals, the signals received at R; (j=1,2), ySy, , are

o _ * (€] ) _ * (2)
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where hgig; (i=1,2; j=1,2) captures the path loss and multi-path fading between S; and
R;, né‘R)j is a zero-mean, i.i.d. Gaussian random variable with variance aSZR]. . After
the signal from S is received at R;, it is processed and forwarded to D by R; with
either AF or DF mode. According to different relaying methods, two cooperative
schemes are introduced and the associated signal models are also discussed in Sec. 3.

3  Cooperative Schemes and Performance Analyses

Fig. 1 describes two TDMA-based cooperative schemes, which employ different
types of processing by the relay terminals. The transmission consists of two phases. In



phase I, S broadcasts information to R;, R, and D with Alamouti’s STC. In phase II,
for Scheme I, S keeps silent, while R; and R, communicate with D simultaneously
using AF mode. However, since in AF mode, the received signal, which is transmitted
by STC design, is only amplified and repeated, this scheme can be regarded as
semi-STC-based retransmission. Scheme Il operates in similar fashion to Scheme I,
except that R; and R, decode, re-encode, and retransmit using a suitable STC. This
scheme can be considered as STC-based retransmission. For both schemes, the
destination terminal D combines the signals received in the previous two phases.

3.1 Scheme | (AF mode)

In this scheme, the relay terminal R; first normalizes the received signal, and then
retransmits it to D with power Pg;. This process can be regarded as amplifying signals
with the amplification factor Gg = Py /[(crsye; + Grspn)Ps + Odg] . Where
Asi; = NeinNaig; - Using (5), the signals y) (t=1,2) received at D in phase Il are

@ _ () () 1 _ *
Yro = NrioGriYsri T NrapGra Ysra + Nrp = HiX —Hy X, + Ny

N (6)
y% = thDGmyé% + hRZDGRZyéZR)Z + n% =HX; +Hyx +N,
with
H, = \/P_S(hSithRlDGRl + hSiRZhRZDGRZ) (i=1,2 : t=1,2) @)

_ (t) (t) (t)
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where hg, (7=1,2) captures the path loss and multi-path fading between R; and D,
nt) is a zero-mean, i.i.d. Gaussian random variable with variance o3,. The
estimated symbols, Xz, and X, gp , for the relaying link can be obtained as

Xiro = HYy@R +H,y8 Xoro = —H,y +H Y@ ®)

Assuming the noises at different receivers are uncorrelated, then N,N, = N,N,, and
the SNR of the estimated signal in (8), 7%, can be written as

m _ H,H, +H,H; _ Ps(ﬂlGél +ﬂ2G§2 + BsGriGr2)
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where

B = (Csirs + Aspr1)rip + Ba = (Asipa + Asopa ) Arap
B = (Ne1riNsiry + NoriNsora )i Nean + (hirihsirs + Neorihsora) Nrsnhean

Combines the signals received in two phases with the MRC receiver, the end-to-end
achievable rate for Scheme | in terms of bps/Hz can be derived from (3) and (9) as

C(I)/W :%[IOQZ(]-"‘?/SD +7ég )] (11)

(10)



where the factor 1/2 accounts for the fact that information is conveyed to the
destination terminal over two phases.
3.2 Scheme Il (DF mode)

In this scheme, DF mode is adopted in phase Il. Before forwarding, two relays detect
the received signal with Alamouti’s decoder [1]. According to (5), the estimated
symbols, X,z and X, , for the 1st hop are as follows.

S _h yO @ pt ) (O
Xisr = Nsir1Ysri +NsoriYsri +Nsira Ysra +Nsor2 Ysra

N N (12)
Xo5r = Ngops Ve +Ngrt Ve —Nora Y& +Ngiro YiRo
With (5) and (12), the 1st-hop SNR for Scheme Il can be written as
(Qsiry + Asomt + Asiry + Aspry )2 P
7/SR _ S1R1 S2R1 S1R2 S2R2 S (13)

- 2 2
(@sir1 + Asop1)Tsp1 T (Asiry T Asora ) Tsro

Assuming that the received signal is decoded correctly at the two relays, the
estimated symbols, X, and X,, are transmitted to D also with Alamouti’s STC
scheme. The transmit power at R; is denoted as Pg;. The symbol energy is unit 1. The
destination terminal D receives signals from the two relays are

1) _ ] o (1)
Yap = Mrioy/ Pro X1 = Nrop 4/ Pro X2 + Nep
(2) _ ] o* (2)
Yro = Nripy/ Pri X2 + Nropf/ Pro X1 + Nep

Also using Alamouti’s combiner at the terminal D, the 2nd-hop SNR for Scheme 11 is

(14)

VSID) = (@rip Pri + %rop Pro )/GlgD (15)

Similarly, the destination D combines the signals received in the two phases with

the MRC receiver. Requiring both the relays and destination to decode perfectly, the
end-to-end achievable rate for Scheme Il can be readily shown to be [5]

cw = L1og, fminfo-+ e )+ 7o + 40 ) 49

From (4), (11) and (16), it can be seen that the price to be paid for the relaying
transmission over two phases is a reduction in spectral efficiency accounted for by the
factor 1/2 in front of the log term.

4  Adaptive Power Allocation

Although the idea of deploying multi-antenna techniques through cooperation can
enhance the system performance, the UPA algorithm, which allocates equal power to
each hop in the network, does not utilize the system resources effectively [8][9]. So



the adaptive PA algorithms, which adjust the power of each hop based on different
channel conditions, are proposed in this section for different relaying schemes.

In order to provide a fair comparison, it is crucial that the total consumed energy of
the cooperative relaying system does not exceed that of the corresponding direct
system. In the conventional direct transmission system, the source terminal S
transmits signals with total power 2Ps=P, over a period T. Its consumed energy is
PoT. For the relaying transmission, the source terminal S first broadcasts information
with power of 2Ps over a period of T/2. Assuming two relays transmit with equal
power, i.e. Pri=Pr,=Pg, the total power over the next T/2 is 2Pg. Then the consumed
energy in the relaying system is 2Ps(T/2)+ 2Pg(T/2). Thus, the consumed energy and
total transmit power should be normalized as follows.

Py=P+P, =PO =pW 17)

where P and P! are the power constraint for Scheme 1 and I1, respectively. For the
proposed system, the achievable rate can be regarded as a function of Pg and Pg.
Therefore the object of the PA algorithm is to characterize these two parameters to
maximize the achievable rate under a certain power constraint.

4.1  Adaptive PA for Scheme |

Taking the achievable rate as the optimization criterion, with (11), the PA issue for
Scheme | can be described as

1
max{C "} = = maxilog, L+ v + 7
Ps,PR{ } 2PS~PR{ 9,1+ 7sp 7RD} (18)
s.t. Py+P,=PY (0<P,<P®,0<P, <P

For simplicity, it is assumed that the noises at different receivers are with identical
power . Using (3) and (9), after some elementary manipulations, (18) can be
equivalent to maximize the function F(P;) with condition 0<P; <P® and

Bty + Bt + Boy 11,

PO _p
fif,+(arpf+ar,o f1)(P(I)—PS)( s) (19)

P
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with
f; = (Qsiry + Asor; )Ps + 0'5 (j=1,2) (20)

Applying Lagrange Multiplier, Ps can be obtained through a polynomial after some
elementary manipulations. The coefficients are very complicated and not presented
here. Comparing the achievable rates, which are derived from the boundary point
ps=p( (means direct transmission) and other values of Pg obtained from the above
method (means relaying transmission), P’ which maximizes the data rate and
sa’Ei)sfies()0< F(’sg" <P® can be chosen as the optimal solution, and accordingly,
PO =p® -p",



4.2  Adaptive PA for Scheme II

For cooperative Scheme I, also taking the achievable rate as the optimization
criterion, with (16) the PA issue for Scheme Il can be described as

e )= 5 maxbog. infe i)+ o + A8 )

st Po+Py=PY (0<P <P®, 0<P, <PY)

(1)

The possible solutions to such optimization issue have been discussed in [9].
Similarly, for (21) only when B> B, there may exist the optimal PA solution
determined by ye =y +ro0  for the relaying transmission, where
By =0agp + sy aNd By, = dpyp + Qg - Otherwise, Ps=P!" is the final PA result,
i.e. the direct transmission is favorable. Thus the optimal PA solution to Scheme 1l is

(1
Ps _ ﬂhopzp

ﬂ(tzl +ﬁr;2);f§) ; ﬂhopl = IBO and ﬂhopz > ﬂo (22)
p — Whopt T )T

- =
ﬁhopl + ﬂhopz - ﬂo

where B = Gsipy + Osppy + Asipp + Aspmp - Note that in (22), the constraint
Bropt = B, comes from the power constraint 0<P, <P™ . From the above
analyses, it can be concluded that if the conditions S, > 8, and B, > B, are
not satisfied, i.e. both channel conditions of the two hops are not better than that of
the direct link, it may be beneficial to allocate all transmit power for direct
communication rather than splitting power between the two hops.

Based on the discussions for the two schemes, it can be seen that the proposed PA
algorithms not only can adjust the transmit power of each hop adaptively, but also can
decide whether or not to relay grounded on the PA result, e.g. if Pr=0, it means that
using the direct link only is superior to relay-assisted communication.

5 Numerical Results and Discussions

The performance of the cooperative system with two relaying transmission schemes
and the efficacy of the proposed PA algorithms are assessed here with Monte Carlo
simulation. The source terminal S and the destination terminal D are located at (0,0)
and (1,0) respectively, and the two relays range from 0 to 1 along the x-axis and —0.5
to 0.5 along the y-axis. It is assumed that the two relays are spatially sufficiently close
as to justify a common path loss; however, sufficiently far apart as to justify
uncorrelated fading. Pass loss is given by d* where d is the distance between the
transmitter and receiver. The channel is assumed to obey the flat Rayleigh fading with
an average power unity, and the noise power is normalized to unity.
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Fig.2 shows the system achievable rate comparison between the UPA and the
adaptive PA algorithm with Py =1W, where (a) is for Scheme 1, and (b) for Scheme II.
It shows that for both schemes, the system obtains the best performance when the
relays are close to the midpoint between the source and destination terminals. As the
distance with respect to that midpoint position increases, the performance degrades.
Compared with the UPA, our proposed PA algorithm improves the achievable rate of
the cooperative relaying system in the whole studied area.
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Fig. 3. Rate Comparison between Cooperative Relaying and Direct Transmission

In order to show the results more clearly, Fig.3 gives the rate comparison when the
relays move along the line between S and D, where Py =1W. From Fig.3 it can be
seen that with the proposed PA algorithm, the cooperative relaying transmission
significantly outperforms the conventional direct transmission, especially with



Scheme I, since DF mode improves the performance in exchange of an increased
complexity. However, for the UPA algorithm, when the relays are around the
terminals S or D, the relaying transmission is even inferior to the direct transmission
since UPA cannot switch the relaying to the direct transmission adaptively as the
proposed PA algorithm. Compared with UPA, for Scheme I, the adaptive PA can
provide the gains of (40, 52)% for the cases when the relays are around S and D,
respectively. For Scheme Il, the gains are (36, 54)% correspondingly. When the
relays are around the midpoint of the terminals S and D, the gains decrease to (5, 9)%
for Scheme (I, 1), respectively on account of the similar PA solutions caused by the
parallelism of the two-hop channel conditions.
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Fig. 4. Impact of the two-hop channel conditions on the performance of relaying system

Fig.4 depicts the data rate ratio of the relaying transmission to the direct
transmission as a function of p, where p = Bnop ! Bhopz represents the relationship
between the two-hop channel conditions. The adaptive PA algorithm is adopted. For
Po=1W, it can be observed that the performance gain provided by the cooperative
relaying is significant when p=~1,and if p>>1 or p<<1, i.e. the two hops are
badly unbalanced, the gain decreases, especially for Scheme Il. Scheme I is less
sensitive to p, since the AF mode responds gracefully to the channel condition on
any individual link between two terminals, while the DF mode introduces decoding
error if any hop produces error. On the other hand, it can be seen from (11) that there
is not much immediate influence of p on the performance of Scheme I, which is
different from Scheme Il (see (16)). At high power constraint (P,=10W), the
advantage of relaying transmission weakens since the cooperative diversity may not
recover fully from the loss in spectral efficiency due to transmission over two phases.
If it were not for the adaptive PA algorithm, direct communication would be even
more attractive somewhere, which is testified in Fig.3 when UPA is used. In addition,
it also can be seen that for high power, when p>>1 or p<<1, Scheme I



outperforms Scheme 11 since the latter may be limited with the deteriorated quality of
channel at the worse hop which may becomes a bottleneck.

6  Conclusions

A cooperative relaying system is studied in this paper, where Alamouti’s STC design
is extended for a multi-antenna environment based on multi-relay cooperation.
According to different relaying methods, AF or DF mode, two TDMA-based
cooperative transmission schemes are presented and their performances are also
analyzed. Considering the resource utilization efficiency, the adaptive PA algorithms
are proposed to adjust the power of each hop with the achievable rate as the
optimization criterion. Most importantly, the proposed PA algorithms can adaptively
switch relaying to direct transmission based on PA results, which recovers the loss of
spectral efficiency due to the orthogonal transmission to a great extent. The numerical
results indicate that with low power constraint (P,=1W), the cooperative system with
adaptive PA algorithm significantly outperforms the direct transmission system,
whose achievable rate can be improved to 2~3 times than before averagely by Scheme
I and Il respectively. With high power (P,=10W), the superiority of the relaying
transmission weakens, however, there are still performance gains if the adaptive PA
algorithm is utilized. It can be concluded that with efficient PA algorithm and
appropriate relaying selection criterion, the idea of applying cooperative schemes into
effective point-to-point relaying channels can be easily extended to larger networks
and more complex transmission environments.
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