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ABSTRACT

This paper proposes a cooperative power allocation with the use of partial channel information (e.g., the
average signal-to-noise ratio (SNR) and transmit correlation) in multi-cell dual-hop multi-input single-output
(MISO) relay systems. In a dual-hop MISO relay channel, it is desirable to allocate the transmit power between
dual-hop links to maximize the end-to-end capacity. We consider the maximization of the end-to-end capacity of
a dual-hop MISO relay channel under sum-power constraint. The proposed scheme adaptively allocates the
transmit power considering the average channel gain of the target relay and the transmit correlation of the
desired and inter-relay interference channel from adjacent relays. It is shown by means of upper-bound analysis
that the end-to-end capacity can be maximized by making the angle difference of the principal eigenvectors of
the desired and inter-relay interference channel orthogonal in highly-correlated channel environments. Finally, the

performance of the proposed scheme is verified by computer simulation.

I. Introduction The use of wireless relays with multi-antennas,
so-called multi-input multi-output (MIMO) relays,
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has received great attention in wireless networks
(e.g., IEEE 802.16 WiMAX and 3GPP LTE
standards) due to its potential for the enhancement
of capacity and cell coverage[l]fm. Much effort has
been concentrated on resource allocation to
maximize the end-to-end capacity of a MIMO relay
channel ™™ It has been shown that the end-to-end
capacity of a MIMO relay channel can be increased
by properly allocating the resource according to the
channel condition®.

The end-to-end capacity of a dual-hop MIMO
relay channel can be improved by allocating the
transmit power according to the average signal-to-
noise ratio (SNR)HO]. However, the end-to-end capacity
can be reduced due to the rank deficiency in the
presence of channel correlation”'. This problem can
be alleviated by allocating the transmit power
according to the correlation information as well as
the average SNR!"'M"! Nevertheless, the performance
can be degraded in the presence of interference from
adjacent relays, so-called inter-relay interference, in
cellular environments "',

The use of coordinated eigen-beamforming can
alleviate the inter-relay interference problem by
making adjacent relays yield less interference to the

target user'"®!

. It employs a collaborative scheduler
that selects a pair of users, one from the target relay
and the other from adjacent relay, whose principal
eigenvectors yields the largest angle difference
between them. The adjacent relay generates the
beamforming weight in the direction of the principal
eigenvector of the desired channel. However, it may
not maximize the end-to-end capacity since the
transmit power is allocated based on the average
channel gain without taking the effect of inter-relay
interference into consideration"®!. It may be desirable
to allocate the transmit power jointly with the
mitigation of inter-relay interference to maximize the
end-to-end capacity.

In this paper, we propose a cooperative power
allocation scheme based on partial channel state
information (CSI) such as the average SNR and the
transmit correlation in multi-cell multiuser dual-hop
multi-input single-output (MISO) relay systems. We
also consider the use of coordinated eigen-beamforming
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that can statistically avoid the interference'"®. The
proposed scheme allocates the transmit power according
to the angle difference of the principal eigenvector
of the desired and interference channel as well as
the average SNR. It can be shown by means of
upper-bound analysis that the proposed scheme can
maximize the end-to-end capacity by minimizing the
inter-relay interference and allocating the transmit
power when the principal eigenvectors of the desired
and interference channel are orthogonal to each
other.

The remainder of this paper is organized as
follows. Section II describes a correlated multi-user
dual-hop MISO relay channel in consideration. Section
III briefly discusses conventional power allocation
schemes. Section IV proposes a new power allocation
strategy that maximizes the end-to-end capacity of a
dual-hop MISO relay channel with the use of
coordinated eigen-beamforming based on partial
CSI. Section V verifies the analytic results by
computer simulation. Finally, conclusions are given

in Section VI
II. System model

We consider a correlated dual-hop MISO relay

channel in multi-cell multi-user cellular systems as
shown in Fig. 1, where the source S @ transmits the
signal using //, transmit antennas to relay 72 @ by

means of beamforming, the relay R @ receives it
using a single receive antenna and re-transmits it

using M, transmit antennas to the destination DY

by means of beamforming, and the destination DY
receives it using a single receive antenna. We
assume that the first and second hop equally share
the channel bandwidth, and that the total power of
the source and relay is /. We also assume that the

direct link between the source and destination is
unavailable due to large path loss.

Let P,Si) and w”) be the transmit power and

n
beamforming weight of the n-th hop, respectively,

S(/) (i) and h:) (i

e o be the transmit signal and channel

vector of the k'-th destination in the i-th relay
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R Then, the received signal of the relay RY can
be represented as

e A ygi) =V ul 1 hgllw1 St )1 +Z$) Y]

and the received signal of the kY th destination

D;f; can be represented as

R(i)‘)Dk(:(z;; :y(Qi) — uéi)]\, P(i) h; ) ’Wé>sél>]‘ Q)

+@/u(] P(])h(] ,w2 ()k(/—O—z;

where the first- and second-term in (2) denote the
desired signal from R @ to D,f{ﬁ% and the inter-relay

interference signal from R U o DIE({; , respectively,
zEf) denotes zero-mean additive white Gaussian

. 3
noise (AWGN) with variance /N, and “:‘)k("(: d:)km)

denotes the large-scale fading coefficient of the n-th
hop. Here, d;ﬁ)km is the propagation distance and (3
is the path loss exponent. To preserve the transmit
power constraint, |w'/|,. is set to one, where |wl;
denotes the Frobenius norm of w.

Assuming that each hop channel experiences
spatially correlated Rayleigh fading, the channel

[21]

vector h can be represented as

D

b0 =n" RO ©)

w,n, A n,k

where hfz)n 40 denotes the uncorrelated channel

vector, whose elements are independent and
identically distributed (i.i.d) zero-mean complex
Gaussian random variables with unit variance, and

R:),\/g) denotes the square root of the transmit

covariance matrix Rff_),‘,m defined by

@)/ (i)*
an,k {hnlk hn I } (4)
(@), —1
1 pmkw
*(i )M -1
P 1

Here, the superscript * denotes conjugate transpose,

E{x} denotes the expectation of x, and
. . 0% . .
p:)k<,)(: af;')k(,)e'/ "k ) denotes the transmit correlation
coefficient between adjacent antennas, where

Fig. 1. A multi-cell dual-hop MISO relay

(0<a 40 <1) and 6’ [1(0<6 27r) denote
its amplitude and phase, respectively. Since Rff_)km is

a positive semi-definite Hermitian matrix, it can be

decomposed as™”
() (@)*
Rn B Un 2 Z‘fl K Un,,k(’) (5)
@) — [,,@ () (@) :
where U ) [un I\“‘1’un‘k(’)j’""un,km“lrl,] is an

M, X M, unitary matrix whose columns are the

normalized eigenvectors of RS @ and Z’(’ ) is an

M, < M diagonal matrix whose diagonal elements
A A

Sy Moy} are  descending  ordered

=20

: (i)
non-negatlve real values, ie., A S Z Ay =

=\ o, = 0. We define the principal eigenvector

k"
correspondmg to the largest eigenvalue /\nl.k[') of

,1
R(z (@) (i) )

@ie. umk(') _un £ max”*

2,k by un £ max

II. Previous works

In this section, we briefly review conventional
power allocation schemes for easy description of the

proposed scheme.

3.1 Average SNR-based power allocation
In an uncorrelated dual-hop MISO relay channel,
the transmit power for the first- and second-hop can

be determined as ™

B j
1+ 3/ Ao 144 §Jp

<P1(.,i g:wz ) P‘z( l 351\'3 ) = [
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47 NI

where Agp = [
2.1{'(”
M, +1/2
M , I(z) denotes Gamma

E{ Il }= A

function [10]. It can be seen that P,Ef’LNR is inversely

Here,

proportional to the average channel gain of the n-th
hop.

3.2 Correlation-based power allocation

In a correlated dual-hop MISO relay channel, the
eigen-beamforming can maximize the received SNR
of each hop with the use of the transmit correlation®.
The transmit power is determined by maximum
eigenvalue of the transmit correlation matrix as well

as the average SNR of h 11 and h L0 as tH

) ) P, P,
pl) .7P(7/) = 0 0 7
( 1,corr 1,mrl) 1+A 1+Aw” ( )
A® pi B
where A—%[ 1;1j . When M, =M,
A0 40 (é.k(’)
1+al” ) d oy
=2, A,., :7( (1)‘1‘“‘“) [—;1 ] since A" )k
(1+a’kw‘ma_\') d(QV.k[” " o

2,
=1 +afj‘>k(,) for M, =2 [4]. It can be seen that the
transmit power can simply be determined by the

ool and ) d)).

g

IV. Proposed scheme

In this section, we consider partial CSI-based
power allocation in a dual-hop MISO relay channel.
We first derive the end-to-end capacity of a
dual-hop MISO relay with the use of coordinated
eigen-beamforming, and then determine the transmit

power to maximize the end-to-end capacity.

4.1 Upper-bound analysis of end-to-end capacity
In a correlated single-user MISO relay channel,
the beamforming weight can be determined by the
principal eigenvector of the transmit correlation
matrix of each hop when the transmit correlation is
available to the transmitter. The end-to-end capacity

of the k“-th destination is upper-bound by M

890

C;Z?EBF < min logz(l +'y§’§/\§l§ Tax) ®)
Ing(l +’YQ )\Zlkm max)
where 7(1)1 *u(l’)lp )/NO and ’ygl ) —u ’)/NO

Notice that this upper-bound may not be achlevable
in practice due to the inter-relay interference psiae

It has been shown that the inter-relay interference
can be minimized by means of coordinated eigen-
beamforming"®. Its end-to-end capacity is upper-bounded
by

C)f(i’)).Cuop.EBF < min 10g2(1+7§7)1“(11 ()
2

o Lo(1+a))
? ’yij o (1+ ) cos AG})+ 1
)
where ( IOOk(/ 0 ’l I) denotes the phase

difference between h2" i) and héﬁk(,). It can be seen

that C ), Coop.EBF is maximized when the principal

eigenvectors of hg)km and h;jl_(/> are orthogonal to

each other (ie., Ag%i) =7 1)

4.2 Proposed cooperative power allocation

Since the inter-relay interference severely affects
the end-to-end capacity, it may be desirable to
allocate the transmit power considering the
inter-relay interference to balance the capacity of
dual-hops. In fact, the end-to-end capacity is
determined by the minimum capacity of dual-hops
Bl It is desirable to allocate the total power to
maximize the minimum capacity. Fig. 2 illustrates
that the end-to-end capacity depends on the transmit
power of the source and relay as well as the channel
condition of dual-hops, and that the optimum
allocation is determined by the crossing point of the
end-to-end capacity curve and the sum-power
constraint. Thus, the optimum power allocation
problem can be formulated as

C’(ZQ = maXC

k" pro ('oop EBF

o

1,pro

(Pf"%P(”) (10)

(PV).c, (AY)]

=max min
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Power constraint:

PI@-: P 0 P

Max~min solution:

R::;jmp R lep(‘P”]_ ‘ant‘pu J

Fig. 2. Design concept of the proposed scheme

where P+ P\ =P, It can be shown that C,fﬁl;; o
can be maximized by making [20]

C('l')

1,pro

(AV)= et (B) (11

Assuming that A/, = M, =2, it can be shown that

the transmit power can be determined as

For A0,
(i) (i) B— v C — B+ VB—4AC
(Pl,pru’PZ.pro ): PU 24
For A=0,
(PO El0 )= (B[S \B\)
(12)
where
A:ugg ;Z <1+a<12>(1+a()(1>cosA9 ) (13)
B=ul)(1+a{}) Ny +ulo(1+al)0) N~ (14)
1+ ol (1 e con 89)

C=—uj(1+a}) AN, (15)

Proof: In the coordinated eigen-beamforming, the

condition satisfying (11) is given by

(L +az)

(21 5 cosAG )

r(1+al))= xOn (l+a ; (16)
2,k k'

From vg,)k(,) :zp(rf,)k(,)tp,@/ N, and Pl(i)-ﬁ- Pg(i’): F,, (16)

can be rewritten as

AP+ AP+ C=0. 17

If A#0, the optimum transmit power can be
determined by

(P P )=(p - B—\/B*—4AC B—/B*—4AC
1,pro’* 2,pro 0 24 ? 24
(18)
Otherwise,
(i) (i)
(Pl.pru P’) ]no) ( ‘ B‘ ’ B’) (19)

It can be seen that the transmit power can be
optimally determined by the average channel gain,
the correlation amplitude, and the phase difference
of the transmit correlation coefficient between the
desired and interference channel from RY. In fact,

PY s inversely proportional to the capacity of

n,pro

the n-th hop. As Aﬁéﬁ increases, C\"  increases

2,pro

due to the reduction of inter-relay interference. In

this case, it needs to decrease PQ(Z)",O while increasing
Pl(?ﬂ,o to balance the capacity of dual—hops, and vice
versa. When A&( =7 and a =1 (ie., A=0),

the proposed scheme prov1des an end-to-end
capacity nearly similar to the correlation-based
scheme. This is mainly because the inter-relay
interference can almost be eliminated in an average
sense, so the transmit power of the two schemes
becomes equal. The overall procedure of the

proposed scheme is summarized in Fig. 3.
V. Simulation results

The analytic results and the performance of the
proposed scheme are verified by computer simulation.
For comparison, the performance of the average
SNR-based"” and the correlation-based power allocation
scheme''"! is also considered. The common simulation
parameters are summarized in Table 1.

Fig. 4 depicts the performance of the proposed
scheme in a correlated dual-hop MISO relay channel

according to A6y when d) =dY,=0.7 km,
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Recaive uplink confrol channel
from all users

}‘7

Exchange the channel information
through a back-bone network

User selection : €1, ={k, 1} ‘

)

Beam generafion :

Determuine the transuut power

fi B—«;‘B —34C —B—«fB 410 4e0
I3

- e

where .1:_.'4',1.[ J(1+al])(1+al), cozadl?)

+al|N,

(1rall, )N, = (1+alf o, (140, cos a6l | B

(1+al ) RN,

1
Calculate the system capacity
cpd B

| Fpiog = T |

A

hes )= € Bl s Pl
.-/---

---I-Yas

Diata tranzmission to relay

Fig. 3. Overall procedure of the proposed scheme

= 0.3 km, agﬁl = aﬁ{)l =0.7,

a(;;i,m :ag«m —a(J)o —a;’i/ 0.9, and v, =0 dB.

d;l;)km = dgizcm

It can be seen that unlike other two schemes, the

proposed scheme adaptively allocates the transmit
power according to Aﬂfj). It can also be seen that
the capacity of the second hop increases due to the
reduction of the inter-relay interference from RY as

AB(ZJ) increases. This implies that it needs to

Table 1. Simulation parameters
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Fig. 4-a. Allocated transmit power according to Aﬁéj)
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Parameters Values
Cell
. ¢ . 2-cells, 2-relays
configuration
Cell radius 1 km
Frequency reuse 1

Spatially correlated Rayleigh

Fading channel fading

Path loss 4

Ideal (i.e., using the Shannon’s

Link adaptati
i adaptation capacity formular)

Comparison
schemes

Average SNR-based PA [10]
Correlation-based PA [11]
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Fig. 4-b. End-to-end capacity according to Af)éj).

decrease P2 ‘Prop While increasing P1 Prop - 1t can also
be seen that the proposed scheme noticeably
outperforms the other two schemes. This is mainly
due to the power gain obtained by allocating the
transmit power considering the inter-relay interference
channel condition.

Fig. 5 depicts the performance of the proposed
scheme according to -, when cl(l’)1 :dgj)l =0.7 km,

dj=d)y =03 km, oy =al =07,
afﬁs/ - 0‘2 [ 32@ 32@ 0.9, and Agéﬂ') =

It can be seen that the proposed scheme outperforms
the other two schemes; yielding a spectral efficiency
enhancement of 0.182 bps/fHz (or 81 %
improvement) and 040 bps/Hz (or 10.6 %
improvement) over the correlation-based scheme
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Fig. 5-b. End-to-end capacity according to ~,.

without increase of the total transmit power when
7Y =0 dB and v, =10 dB, respectively. It can also
be seen that the proposed scheme provides nearly
the same performance as the correlation-based
scheme when +, is very low. This is mainly because

both schemes similarly allocate the transmit power
in noise-dominant environments.

VI. Conclusions

In this paper, we have proposed a cooperative
power allocation strategy that controls the transmit
power considering the inter-relay interference channel
condition in multi-cell dual-hop MISO relay
systems. The proposed scheme dynamically allocates
the transmit power according to the correlation

amplitude and the angle difference of the principal

eigenvectors of the desired and interference channel
as well as the average channel gain. It has been
shown that the proposed scheme maximizes the
end-to-end capacity by making the angle difference
orthogonal in highly correlated channel environments.
Numerical results show that the proposed scheme
can provide noticeable performance improvement
over the conventional SNR-based and the
correlation-based schemes in interference-limited

channel environments.
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