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ABSTRACT

In this paper, we optimize antenna locations for a distributed antenna system (DAS) with distributed antenna (DA)
ports equipped with multiple antennas under per-DA port power constraint. Maximum ratio transmission and scaled
zero-forcing beamforming are employed for single-user and multi-user DAS, respectively. Instead of maximizing the
cell average ergodic sum rate, we focus on a lower bound of the expected signal-to-noise ratio (SNR) for the
single-cell scenario and the expected signal-to-leakage ratio (SLR) for the two-cell scenario to determine antenna
locations. For the single-cell case, optimization of the SNR criterion generates a closed form solution in comparison
to conventional iterative algorithms. Also, a gradient ascent algorithm is proposed to solve the SLR criterion for the
two-cell scenario. Simulation results show that DAS with antenna locations obtained from the proposed algorithms

achieve capacity gains over traditional centralized antenna systems.
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I. Introduction

Over the past decade, a distributed antenna
system (DAS) has drawn attention as a new
structure for wireless communication due to its
advantages over conventional centralized antenna
systems (CAS). With distributed antenna (DA)
ports separated geographically within a cell, DAS
provides an increase in system capacity and
coverage and a reduction in the access distance,
which lead to decreased transmit power and
co-channel interference' ™. Thus, designing the
location of DA ports is a critical issue in
enhancing the performance of DAS.

Recently, several papers proposed algorithms
for determining the location of DA ports which
are equipped with a single antenna. In [4] and
[5], the squared distance criterion (SDC) was
presented to design the antenna location which
maximizes a lower bound of the cell average
ergodic capacity for the single-cell DAS. The
authors of [4] studied the problem of antenna
positioning for the uplink DAS in which all DA
ports receive the signal from a mobile station
(MS). The work in [5] has applied results in [4]
into downlink DAS confined to selective
transmission (ST) where one DA port is selected
for transmitting data to a MS. In [6] and [7],
sub-optimal DA port locations which maximize
lower bounds of the expected signal-to-noise ratio
(SNR) and the expected signal-to-leakage ratio
(SLR) were suggested for single-cell and two-cell
DAS. However, aforementioned works are not
suitable for DAS which is equipped with multiple
antennas. The authors of [8] proposed an iterative
algorithm to determine optimal deployment of
antenna locations based on stochastic
approximation theory for DAS with multiple
antenna DA ports. However, this algorithm is
feasible only for the single-cell single-user case
and requires an iterative method.

In recent years, optimal transmission schemes
with per antenna power constraint have been
studied for traditional downlink CAS [9] and [10].

The optimal transmission was established which
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achieves multiple-input single-output capacity with
per-antenna power constraint in [9]. Also the
authors in [10] suggested transmitter optimization
using uplink-downlink duality. Furthermore, scaled
down zero-forcing beamforming (ZFBF) was
proposed in [11] to reduce the complexity of the
optimal transmission scheme. Meanwhile, for the
single-cell single-user DAS with multiple-antenna
ports, maximum ratio transmission (MRT) at each
DA port is shown to be the optimal beamforming
scheme which can achieve the ergodic capacity
under per-DA port power constraint'"".

In this paper, we extend the works in [7] to
more generalized DAS scenarios with DA ports
equipped with multiple antennas under per-DA
port power constraint. The MRT in [12] and the
scaled ZFBF in [11] are applied for single-user
and multi-user DAS, respectively. Since the
extension from DA port equipped with single
antenna to multiple antennas causes increase in
dimensions and per-DA port power constraint, we
apply some approximations and inequalities to
properly formulate the optimization problem. The
locations of DA ports are obtained by considering
the following performance metrics. For the
single-cell scenario, a lower bound of the
expected SNR is maximized for identifying the
locations of DA ports. This optimization problem
is convex and generates a closed form solution.
Simulation results show that DA port locations
determined by the proposed algorithms are almost
the same as the optimal locations from
conventional algorithms in [8] with much lower
complexity. Also, our closed form solution
provides insight on the antenna placement when
planning the DAS with given number of DA
ports, while the conventional algorithms in [8]
derives the antenna location which alters for every
calculation due to different initial points and
number of iterations. For the two-cell scenario,
locations of DA ports are found by maximizing a
lower bound of the expected SLR. The SLR
criterion is suitable for multi-cell environments
since  other-cell interference is taken into

consideration. In this case, we apply an iterative
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gradient ascent algorithm as the optimization
problem is non-convex.

The rest of our paper is organized as follows:
the
transmission schemes. In Section III, we formulate
the

algorithms for antenna location designs. Numerical

Section II describes channel model and

optimization problem and propose new
results are illustrated to show performance gains

of the proposed schemes in Section IV, and

Section V concludes this paper.

I. System Model

We consider a multi-cell downlink DAS. There
are /N DA ports equipped with 7" antennas, and K
MSs equipped with a single antenna in each cell
where all MSs are assumed to be uniformly
distributed within a cell. We assume a cell with the
radius of R with circular antenna layout and the
distance between centers of adjacent two cells is set
to \/§ R. Bach cell is divided into /V equal area
regions and a DA port with multiple antennas is
located in each region. The location of the ¢-th DA

port is expressed as

P, = Rexp(j0,), fori=1,--,N

(M
where R; and 0, are the magnitude and the phase
of the 7-th DA port with R, , < R, < R, and
Omin,; = 0; =< 0y, ;> respectively.

The channel model for DAS encompasses not
only small scale fadings but also large scale fadings
including shadowing and pathloss [2]. It is assumed
that perfect channel state information and MS
locations are known to all DA ports. We concentrate
on fully cooperative networks in which the DA ports
are connected via ideal backhaul in each cell but

with no inter-cell cooperation. First, we define the

K
precoded signal vector as W= E fﬂ)u;” at cell

k=1
[, where f(l)— f(l)T f(l )7 indicates the
NTX1 beam- forming vector for the k-th MS in

cell [ with || f%,)n I 2§ P and u}cl) represents the

complex-valued data symbol for the k-th MS in cell

[ with E“ug)ﬂ =1 . Here, P denotes the power
available at each DA port.

Then, the 7'} 1 channel vector from the n-th
DA port in cell ¢ to the k-th MS in cell j is

defined as

i) Sk’;n (i,5) (i,5) T
g%’,{)— ( i)\ [hkl,(lml) hkl,(ln?T)]
did)
k,n
where hgj(',zt) equals an independent and
identically distributed zero-mean unit- variance

complex Gaussian random variable representing

t-th antenna of n-th

DA port in cell i to the k-th MS in cell j, 57

small scale fadings from the

is a log-normal random variable corresponding to

large scale fadings from the n-th DA port in cell ¢

to the k-th MS in cell j, ie. 10logosyy) is

(4,5)

. . . 2
zero-mean Gaussian with variance oy, d;;,’ stands

for the distance between the n-th DA port in cell ¢
to the k-th MS in cell j, and « indicates the path
loss exponent.

The received signal for the k-th MS in cell [ can

be expressed as

!
u =g

04 Sl 0o

=1

(1)

where z;° is the additive complex Gaussian noise

at the k-th MS in cell [ with zero mean and

variance o~ and g(”) (k=1,---,K) equals an

NT<1 channel vector from all DA ports in cell ¢

to the k-th MS in cell j. Here, g(” ) can be

decomposed into

(6,5) T ..

gzgi’j): 9k, 1

,7 . T T
gk i

For the single-user DAS, the MRT is applied for
each DA port since it is the optimal precoding
design in the single-cell single-user DAS under

t[12]

per-DA port power constrain® ~. Then, we obtain

867

www.dbpia.co.kr



g EA818] =77] *12-10 Vol.37A No.10

the precoding vector of the m-th DA port in cell ¢

as

, i)
gf)n: VP I EZ) | @
1,n

Then, the ergodic sum rates for the single-user DAS
in single-cell and two-cell cases are given,

respectively,

N 2
33 [ g0 | )

n= 3
Rgg:]Eh,s,p log,| 1+ ! )

2

0

N 2
2 321 g0 )

=1
R;g:]EhyW ZZlogQ 14+ —2
=1

o +[gftOfPf

where K, . indicates the expectation with respect
to small scale fadings, shadowing and the position
of MS and we define (=1 if [=2 and [=2 if
I=1.

For the case of multi-user DAS, there is no closed
form solution for the optimal beamforming scheme
because of the complexity in solving the
optimization problem [10]. Therefore, we apply
scaled ZFBF as precoding vectors for the multi-user

DAS. Denoting F' @ as the precoding matrix for
cell 7, F(i) can be obtained as [11]

N

F=
i 2
maXlSnSN” ”n) H I

where W= [VVI(’) T.. Wj(\f)T " s the right
G(i,i)(G(i,i)HG(i,i))_l of
NTX K  channel  matrix G GOH
G U= [ggi’i)"' g%i)] , wid) equals  the

Pseudo inverse

n
non-scaled beamforming matrix of the n-th DA port
for all MSs in cell 7 and Il « [l ; defines the
Frobenius norm. Then, we can compute the
precoding vector with the scaled ZFBF for the k-th

MS in cell 7 as

868

9= F3 @

where A () denotes the k-th column vector of a

matrix A.
For multi-user DAS, the cell average ergodic sum
rates for single-cell and two-cell cases are expressed

as

oy [ [ e
Ré,‘éU: Ejsp l;llog2 1+T

[ 2 & |gz(f’l)f§f)’2
Ré\’ICU: IEh.s.p ZZIOgQ 1+ K
I=1k=1 2 Rrok
+ ’
0. kgl‘gk fr ‘

®
Note that precoding vectors in both scenarios satisfy

per-DA port power constraint .
. Antenna Placement

The optimization problem of antenna locations
which maximize the cell average ergodic sum rate
(3) and (5) are quite complicated to solve in general.
Therefore, in this section, we formulate the
performance metrics derived by lower bounds of the
expected SNR and SLR for the single-cell and
two-cell scenarios, respectively as suggested in [6].
Then, we introduce new algorithms to determine
antenna  locations by  maximizing obtained

performance metrics.

3.1. SNR Criterion
In the single-cell DAS scenario, the cell average
ergodic sum rate can be approximated by applying

Jensen’ inequality as
K
Rge~ 2 logy(1+E, , ,[SVRM]).
k=1

From this relation, instead of maximizing the cell
average erogdic capacity, we focus on maximizing
the SNR criterion derived by the lower bound of the
expected SNR.

1) Single-user Case: For the single-cell single-user

case, each DA port uses a beamforming vector with
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MRT in (2). Then, a lower bound of the expected

SNR can be written as

P [/ N 2
Byop SNEY] = By, (21 g0 | ) }
P
= —ZE}L,sp Z ” g(l 1) }
g, ln=1
P N s RED | }
o _2 h,s,p «
P 7!1, =1 (dgl;lU)
pCLY ij _
1 (1,1)\—«
= 2 Ep Z (dllﬂll )
o n—
where the  first inequality = comes  from
Cauchy-Schwarz  inequality and the second
inequality follows from the -coefficient Cn(lliﬁ):
min [|s00] RS | - |80 1 RS 1 2]
Assuming that MS 1 is located in the region of

<1,1)>—

a .
1n for a simple

DA port i, we focus on (d

derivation. Finally, applying Jensen’ inequality from

«
the fact that (—) is convex for a = 0, a lower
T

bound of the expected SNR for the single-cell

single-user scenario can be obtained as

(1,1)
B, [svr0] = T [(gv)e] @
O'
(11 _a
> Do g [(atn)?] 2.
ag

2) Multi-user Case: For the single-cell multi-user
case, the beamforming vector with scaled ZFBF in
(4) is applied. Since every MS has the same
formulation of the expected SNR, we take the
expected SNR of MS 1 into consideration without
loss of generality. Then, the expected SNR of MS 1

can be lower bounded as
2
Eh,s,p[SNRl(l)] = 5

>
3
S

Z ain "

7171

1
U—%Ehvs,p "21‘9(1 I)H }

(1,1 Hh(l A1) H.

\%

1,n

1 B
- —E,,
O'? h,s,p Z <d1n ) }
1) N
= Ty ()

where the first equality comes from the fact that

(1,1) (1,1)*

h;p[glnglm ] 0 for n= m and the

D11)f

el

Similar to the single-cell smgle—user scenario, a
lower bound of the expected SNR of the k-th MS

can be derived as

from

_7| (11)

inequality follows

min “31 |h(1 A Hpll )|

D(liJ) o
=B [ 7 o)

z

E,.,[SNRY] =

Maximizing (6) and (7) is equivalent to minimizing
2

]Ep1 [ (d,(i;l)) } . Finally, for the single-cell DAS, we

determine the SNR criterion which minimizes the

SNR metric [’ éﬁ&R as
®

3.2. SLR Criterion
In the two-cell DAS scenario, the cell average

ergodic sum rate can be computed by

2 K
RTC Eh $,D15 Py Zkz 10g2(1+S]NRk ))
k=1
®
(1,1) H £(1) |2
where S]NR,E,])Z ‘g[,; f ‘
1,0 Hp(1)]?
03+k21’g§c i
Similar to the single-cell scenario, we try to

optimize a new metric instead of maximizing the
cell average ergodic sum rate. Maximizing the
expected signal-to- interference plus noise ratio
(SINR) take other-cell
interference the

expected SINR is still difficult to deal with because

may be suitable to

into consideration. However,
of its coupled nature in two cells causing high
computational complexity. Therefore, we focus on
the expected SLR as an alternative approach.
With high SINR approximation and interference

limited assumptions, (9) can be expressed as a
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function of SLR as

[ 2 K
RTC ~ Eh,s«,l)ppz Z ZIOgQ(S]NRk(Z))]

li=1k=1

2 K
= By Z ZlogQ(SLNRk )}
L
~ h,8,p1s Do ; ; OgQ(SLRk(l))}

where the first equality is derived by using the
property of logarithm and p; and p, indicate the

position of MSs in cell 1 and 2, respectively. Also,

signal-to-leakage plus noise ratio
(L0 He(0)]2
SLNR)" = |9;;( 1 and
y 2
ot + 33 lgt )
k=1
‘ g(ll ‘
SLR\ = ,— where SLR;I) is
1 2
3 05
k=1

defined as the ratio of the signal power of the k-th
MS in cell [ to the power that leaks from all MSs

in cell [ to the k-th MS in cell 1.

After  applying Jansen’s  inequality, the

cell-averaged sum rate can be bounded as

RMY < l;kzllogQ( hospps | SLRY ]).

1) Single-user Case: For the two-cell single-user
case, each DA port uses a beamforming vector with
MRT in (2). Without loss of generality, we take the
expected SLR of MS of cell 1 into account. Then,
a lower bound of the expected SLR can be derived
as

N 2
P( 2 [ g | )

n=1

Ehvs"p[SNRl(l)]:Eh,s,p],pz ‘9(1’2)1.11‘,(1)‘2
1 1

EDIFEY )

n=1

hy8,D1,Ds 2 2
TP A
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2
=—E, Wl[(nzl ” g(l 1) ) l (10)

1

N
3 || gl

n=1

<X E

hys,py

where the inequality comes from Cauchy Schwarz

inequality and the second equality follows from the

fact that || f%r)z ” =
With the result of (6), the first term of (10) can

be lower bounded by Cll/Epl[(d(lil))Q]?.

min k.1

Also, the second term of (10) can be expressed as

1

Ehs&pz N

Z || 911 2)

n=1

1

Y -«
g(ln) ‘ln‘”h H

=K

h;s,py

(1D

where the inequality comes from q;la;i):

SsU2N A2 ] and

(11) is approx1mated by assuming that distances

max“s1 ’ [ h(1 2|

from any DA port in cell 1 to MS 1 in cell 2 are
equidistant. Finally, inserting the two terms into
(10), a lower bound of the expected SLR of the MS
in cell 1 for the two-cell single-user scenario can be

obtained as

(1,1) E d(122) «
[SLRW] > CC:H;I)HNQ o[ () I
max Epl [(d(ll,zl)> ] 2

E

- (12)

hys,p1spy

2) Multi-user Case: For the two-cell multi-user
case, the beamforming vector with scaled ZFBF (4)

is employed similar to the single-cell multi-user
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case. We focus on the expected SLR of the MS in
cell 1 without loss of generality. Then, a lower
bound of the expected SLR of MS 1 in cell 1 can

be written as
1,1) H p(1)|2
gV Y]

K
DT ikt i

k=1

E,.,,|SNR{"]|=E

h,8,p15Ds

g0 07

= E’Ls&pppz 9 N
E Z | g2 730 1A
k=1In=1 n=1
1
= D KNP h 9p1“ . I)Hf(l)‘ }
1
><Eh,s,pz N
> g2
n=1

13)

where inequalities comes from the Cauchy-Schwarz
inequality and per-DA port power constraint as in
the two-cell single- user scenario.

From (7), the first term of (13) can be lower

bounded by Dmlml)/ E, [( 11)) ] . Also, the
second term of (13) can be expressed as
1
Ehﬁsspz N
> lgh2 |
n=1
1
- Eihsspg N
E( ln > ’ 1rL ’” h(12) ||
n=
1 1
o2 Pl T
e E( 171 )
n=
~ p [ 7(1 l
max
(14)
where the inequality comes from Crfqlai =

max [|s{52) || Ay K2 1°] and

(14) follows from the equidistance assumption.

Finally, by combining the two terms of (13), a lower
bound of the expected SLR of MS 1 in cell 1 for

the wo-cell multi-user scenario can be given as

oy B, ()]

E [SLRV]> —== —
E, (4]

- (15)

h,S,p15Ps

Maximizing lower bounds of the expected SLR

(12) and (15) is equivalent to maximizing

E, [(d*)]

J= o Since this term cannot be
Epl [(dglll))Q] ?

computed with general «, we reformulate the cost

function in order to make it easy to deal with. After
putting the logarithm operation and Jensen’

inequality, the cost function < can be lower
bounded as

3
2

= () ), (a1
= E :

{2y -, [y

-+ e [t ] o, [(aF])

Then, for the two-cell DAS, we can obtain the SLR

criterion which maximizes the SLR metric I’ b(’LL)R

Fé?RZ [ln 12)] InE, [(d“))Q].

(16)

3.3. Optimization of DA Port Placement

As shown in Sections III-1 and III-2 in DAS with
multiple-antenna ports, the SNR and SLR criteria
are expressed through deriving lower bounds of the
expected SNR and SLR for the single-cell and
two-cell scenarios, respectively. Therefore, an
antenna  placement optimization problem is
determined by the SNR criterion (8) for the
single-cell case and by the SLR criterion (16) for
two-cell case with position of DA ports given in (1).

1) Single-Cell Case: For the single-cell scenario,
the location of the i-th DA port can be obtained by

the following optimization problem:

871
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{ﬁ A} argmin, 91*55}3 for i=1,---\ N
5.t Rmm i = R = Rmax.i emm i = 9 = emax.i
17)

By solving (17) using the result in [7], a closed

form solution for the location of the  ¢-th DA port
is given as
3 3
S 2(}zmalx i len z)
R= 2 2
3(Rmax,i_ Rminﬁ) R
(Sil’l (emax,z’ - 02) +sin (91_ emin,i)>
X
(emax,i_ emin,i)
(18)
~ 1 Cosemax,i_coseminei
;= tan - -
SIng ;= sinb .
(19)

2) Two-Cell Case: For the two-cell scenario, the
location of the ¢-th DA port in cell 1 can be

determined by solving the optimization problem:

n ——

}i,@}:argmaxﬁ 01*;‘2]3 for i=1,---, N
t. R, <R <R 0 <0, <90

min,i — max,i ~min,; — max,

@D

Since (20) is not a convex problem, we employ a
gradient ascent method to find a local optimal
solution.

Applying the results in [7], the two gradients with

respect to f?; and 6; are computed as

VL in
i)
rlsvm
(R, — v/3 Rcos¥,) D or p<R
_ I }92/1)?
v I
2 SV
—(R,— V3 Rcos0,)— R(Z_) forp>=R
SNR
(22)
VoL in
\4 I{SNH
2f—s1n9 . for p< R
— o
Zf s1n9 v, I
o1 svr 23)
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where p = \/Rf—i- 3R*—2+/3 RR;cosf; and
Vel (SZ])V z and V, I f;'}VR are the gradients of

r 5(63;]? with respect to R; and 6, respectively.
Now, with (21) and (22), we propose an iterative
algorithm which solves (20) as follows:

Algorithm

Step 1) Initialize the position of the
i-th DA port in cell 1.

Step 2) Update the position with

R Ri+6p + V o I'), and
0, <—0;+6p ¢ Vaf(si%ﬁt‘

Step 3) Compute I’ b(JL)R with the
updated position.
Step 4) Go back to Step 2) until

convergence.

In our algorithm, we choose the step sizes 05 and
0y adopting Armijo’s rule which provides provable

convergencem]. After the positions of DA ports are
decided in cell 1, the positions of DA ports in cell
2 can be determined by using symmetry between
cell 1 and 2.

IV. Numerical Results

In this section, simulation results are presented to
evaluate the performance of the proposed SNR and
SLR criteria. We adopt the MRT and the scaled
ZFBF for the single-user and multi-user scenario,

respectively, and set =1 km, o ;, =4 dB, and

a = 3.75 throughout the simulations. In Figure 1,
we plot the locations of DA ports for V= 3,---, 8
for the single-cell case which are computed from the
SNR criterion (18) and (19). In this figure, the
asterisks represent the optimal locations of DA ports
from the algorithms given by [8], and the circles
indicate the locations of DA ports from the proposed
algorithm. Existence of a center antenna is decided
by comparing the SNR criteria [6]. Note that the

proposed closed form solution gives DA port

www.dbpia.co.kr
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locations almost identical to the scheme in [8] with

much lower computational complexity.
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Fig. 1. Locations of DA ports in single-cell

60

—H&— DAS under per-DA power constraint n

Cell Average Ergodic Capacity [bpsiHz]

0 5 10 15 20 25 30 35 40
SNR [dB)

Fig. 2. The cell average ergodic sum rate for the single-cell
DAS and CAS with N=7

For the single-cell DAS and CAS, the cell
average ergodic sum rate curves are illustrated as a
function of SNR in Figure 2. We adopt antenna
locations illustrated in Figure 1 for the DAS and set
=2, N=17
for A= 1, 2 and 3. For fair comparison between
DAS and CAS, CAS with per-group power
constraint is considered where antennas are divided
into /V groups which contains 7’ antennas in each
group with power constraint 20 dB, DAS with the
proposed antenna locations provides sum rate gains
of about 9%, 13% and 16% over the CAS with

per-group power constraint for A= 1, 2 and 3.

Fig. 3. Locations of DA ports for DAS in two-cell

In Figure 3, we plot the locations of DA ports for
N=3,---,8 for the two-cell case determined by
the proposed iterative algorithm in Section III-3. The
dots indicate the locations of DA ports decided by
the SNR criterion while the asterisks stand for the
locations of DA ports obtained by the proposed SLR
criterion. As shown in this figure, port locations
with the SLR criterion are shifted against the other
cell to reduce inter-cell interference.

For two-cell environment, we compare the
performance of DAS with the port locations
determined from the SNR criterion with DAS from
the SLR criterion. We set 7= 2 and

Cell Average Ergodic Sum Rate |bps/Hz]

—+H— DAS based on the SLR criterion

—=— DAS based on the SNR criterion

1 | 1 1
0 5 10 15 20 25 30 35 40
SNR [dB]

Fig. 4. The cell average ergodic sum rate for the two-cell
DAS with N=3
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Fig. 5. The cell average ergodic sum rate for the two-cell
DAS and CAS N=7

N=3 for following simulation. In Figure 4, we
illustrate the cell average ergodic sum rate curves
for the two-cell case with respect to SNR.
Simulation shows that DAS with the proposed SLR
criterion has performance gains of about 5%
compared to DAS with the SNR criterion for A =
2, 3 at a SNR of 30 dB. This performance gain
results from the fact that the SLR criterion takes the

leakage power term into consideration.

V. Conclusion

In this paper, we have addressed the problem of
antenna placements for the single-cell and two-cell
DAS with DA ports equipped with multiple
antennas under per-DA port power constraint. We
have adopted MRT and scaled ZFBF for single-user
and multi-user cases, respectively. By applying
approximations and inequalities to properly manage
the problem due to the extension in number of
antennas of DA ports, we have formulated the
optimization problems and proposed algorithms to
obtain locations of DA ports. For the single-cell
scenario, we have derived the SNR criterion and
computed a closed form solution. The locations
determined from the proposed SNR criterion are
quite close to the optimal locations attained by
conventional iterative algorithms. For the two-cell

scenario, we have adopted the SLR criterion and
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presented an iterative gradient ascent algorithm.
Simulation results exhibit that both single-cell and
two-cell DAS outperforms CAS in terms of the cell

average ergodic sum rates.
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