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The downlink performance and capacity of distributed antenna systems (DASs) with multiple receive antennas are investigated in
multi-input multi-output (MIMO) fading and multicell environment. Based on the moment generating function and performance
analysis, an exact closed-form expression of DAS ergodic capacity is derived, and it includes the existing capacity expression as a
special case. Moreover, a simple closed-form approximate expression of ergodic capacity is also derived by using the Taylor series,
and it has the performance result close to the exact expression. Besides, the outage capacity of DAS is analyzed, and an exact
closed-form expression of outage capacity probability is derived. All these expressions can provide good theoretical performance
evaluation for DAS. Simulation results corroborate our theoretical analysis.

1. Introduction

As a promising technique for future wireless communica-
tions, the distributed antenna system has received consider-
able attention in recent years. It can significantly improve
the system capacity and cell coverage and reduce power
consumption in comparison with traditional centralized
antenna systems, and thus it has become one of the key
technologies in next generation mobile communication
systems such as 3G-LTE (long term evolution) and IMT-
advanced [1-3]. Based on different system models, the capac-
ity performance of distributed antenna systems (DAS) has
been extensively studied in [4-9] and references therein. The
effect of maximal-ratio-combining- (MRC-) based macrod-
iversity on the outage capacity in code division multiple
access (CDMA) DAS is analyzed in [4]. The uplink capacity
in the generalized DAS environment is studied in [5], and
closed-form expressions of ergodic capacity are derived by
using two approximation distributions, but the performance
analysis is limited in single cell. The downlink capacity
of DAS in multicell environment is analyzed in [6], and

a closed-form expression of ergodic capacity is derived.
Considering different cooperation strategies, the capacity
performance of DAS under the downlink is investigated in
[7], but the influence of noise is neglected. The downlink
capacity of DAS in multiuser scenario is provided in [8], but
the performance analysis is limited in single cell with three
distributed antennas for analysis simplicity. The uplink and
downlink capacity of DAS over shadowed fading channels
are, respectively, studied in our previous papers [3, 9], and
approximate closed-form capacity expressions are derived
for single-cell case.

Although, in all these studies, the DAS capacity is well
analyzed, only limited work has been carried out for DAS in
the multicell environment. Especially, the capacity analysis
of DAS with multiple antennas at the mobile station (MS)
for multicell environment is not provided in the existing
literature. Motivated by the above reasons, in this paper,
we will address the downlink capacity study of DAS with
multiple receive antennas in the multicell environment and
focus on the derivation of accurate capacity expressions of
DAS in multi-input multi-output (MIMO) Rayleigh fading



channel. By using the moment generating functions (MGF)
and Taylor series expansion, the exact and approximate
closed-form expressions of ergodic capacity for DAS are
derived, respectively. Besides, the outage capacity of the
system is analyzed, and the corresponding outage probability
is derived. As a result, an exact closed-form expression of
outage probability is achieved. For a given outage probability,
a practical iterative algorithm based on Newton’s method
for finding the outage capacity is proposed. Based on these
theoretical expressions, the downlink capacity performance
of DAS can be effectively evaluated. Moreover, the derived
exact capacity expression avoids the error in the existing
theoretical expression. Computer simulation shows that our
exact expressions can match the simulation result very well,
and the approximate expression is also close to the exact
one.

The notations we use throughout this paper are as fol-
lows. Bold upper case letters denote matrices. E{-} denotes
the expectation. The superscripts ()7 and ()M are used to
stand for the transpose and Hermitian transpose, respective-

ly.

2. System Model

In this paper, we consider the distributed antenna systems
with multiple receive antennas in a multicell environment.
The main processing modules are centralized at a central
unit and are connected with distributed antennas (DAs),
and each of these DAs is also called an access point (AP).
Through coaxial cables, fiber optics, or radio links, all the
APs are connected with a home base station (BS) [3]. The
structure of DAS can refer to Figure 1 in [6], where a cell is
covered by a small BS and six APs, but each MS has N receive
antennas, which is different with [6] (only 1 receive antenna
is considered in [6]). The total transmit power in one cell is
assumed to be P, that is, Z6m:0 Pﬁ,f ) = P, where P;f ) is the
transmit power of the mth AP of the kth cell, the small BS
of each cell is indexed m = 0, and home cell is indexed by
k = 0. Similar to [6], a single user scenario is considered here
for analysis simplicity.

The transmitters from home BS and six APs and the
receivers from MS construct a macroscopic MIMO fading
channel, and channel matrix of the kth cell can be expressed
as

(k) k) (k) (k k)
i KIS B L
HW =] : | = : : - : ,
hg\]l() (k) (k) 1 (k) (k) (k) (k)
hyovLo " hyaVLi - -+ hye\Le
(1)
where h{® = [h<k> \/L(()k] h denotes the

short term fading from the mth AP to the nth receive antenna
in the kth cell. For Rayleigh fading channel, {thf,L} are mod-
eled as independent complex Gaussian random variables
with zero-mean and unit variance. The channel is assumed
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to be static during a symbol duration. L' denotes the long-
term fading corresponding to propagation pathloss from
the mth AP in the kth cell, which can be expressed as
L% = [d®#, B is the pathloss exponent, A% denotes the
normalized distance between the mobile user and mth AP in
the kth cell.

Let the transmitted signal vector be s®) = [sék),. o s(6k)] ,
then, for the downlink, the received signal from the nth
receive antenna of MS can be given by

s —h(o) (0)+Z Zh 2L +w,,

==t 2)

=D+I1+w,, n=12,...,N,

where s’ denotes the transmitted signal from the mth AP in

the kth cell with E{|s®'|"} = P, D = h?’s(® is the desired
signal, I is the interference signals from the other six cells.
w,, is the additive Gaussian noise for the nth receive antenna,
and it is a complex Gaussian random variable with zero mean
and variance ¢2. Because the number of the interference is
sufficiently large and interfering sources are independent of
each other, the interference plus noise is assumed to be a
complex Gaussian random variable z [6]. According to this,
and using the Central Limit Theorem, the variance of the z

can be written as 62 = >'¢_, 3¢ L' P +

3. Ergodic Capacity Analysis

In this section, we will give the downlink capacity analysis of
the DAS in a multicell environment. The ergodic capacity at
a given location of the target mobile station can be expressed
as

C. = E{C} = E{log2(1+p)} = (ﬁ) J:f(p) In(1+p)dp,
(3)

where C = log,(1 + p) is the channel capacity and f(p) is
the probability density function (PDF) of p. The signal to
interference plus noise ratio (SINR) p is expressed as p =
SN | pu after MRC, where p,, is the SINR of the nth receive
antenna, it is an independent random variable for different n
and is given by [6]

H 2
ChPC(n)” S || L P w
Pn - O_Zz - O_Zz >

where C is the covariance matrix of the transmitted vector
s and can be given by a diagonal matrix diag(P(()O),Pio),

Péo)). With (4) and considering that Ihsffzn is chi-square
distributed with 2 degrees of freedom, the MGF of p,, can be

-1
expressed as My, (s) = E{e} = [15,_o(1 + SLW P /62)
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Thus, utilizing the independence of {p,}, the MGF of p can
be given by

M,(s) = E{e*}

= ﬁE{e“P"}

N (5)
= nMpn(S)
n=1
o ( Ly P )N
= [T+
m=0 o,
According to [10], (5) can be further expressed as
N 6
Mp(s) = Z Z Wi (s + am) ", (6)

where a,, = 02/ (LS,?)PS,) )), and the coefficients w,, ,, are given
by

1 dN—n

T S [ M) (s + am) |

7)

Wnm =

S=—am

Using (6) and the inverse Laplace transform, the PDF of
p> f(p) can be obtained as

ij:l 251:0 Wump" ™! exp(—pam)
I'(n)

flp) =
(8)

zgzl quzo Wn)mpn_l eXp(—Uzzp/(ng)P,(g)) )
- I'(n) '

When N is equal to 1, the coefficients wy, ,, in (7) are changed
to

o? ﬁ L9 p a?

L$)P££)j:0,¢ ngg)Psl)) _ LEO)P](O) LE,,’P(

Wim = 0) Tl -

)

Thus, the corresponding PDF in (8) is reduced to (6) in [6].
This result shows that the PDF of p for single receive antenna
is a special case of (8).

Substituting (8) into (3) gives

. S S oW/ 2) [ I (14p)p Lexp (~o2p/L) PR
¢ T'dp

S S oWam Y 2) [ In (1+p) (@) "p™ Lexp (amp)
a Tmdp

(10)

Utilizing the equality d(- >, (amp) e~ P/IN)/dp =
(am)"p"~te=amP/T(n), (10) can be rewrltten as

SN S o Wamaz/In) [ (14p) "
Ildp

-1 I _
Ce= o (@mp) e

(11)

Lett = 1+ p, (11) can be further expressed as

Ce
_(/In DT S0 Wamay!) Simy @) e [Pt (=D et
Idt
1 N 6 "_le“m ! (l) l
= 72 Z W”)ma};n Z T Z X(_am) 7ur(ua am):
lnznzlm:O 1=0 I u=0 \U

(12)
where I'(+, ) is the incomplete Gamma function [10].

Using I'(u,v) = T'(u)P,(v) and I'(0,v) = E;(v) [10], (12)
can be simplified as

1 N 6
=1 Z D Wamy,
n=1m=0

nl m, Pu m,
{Z (am>E1<am>+ZWZle ((l“u) f)}»

1 N
722 anma

n—1
X {Pn(_am)El(ﬂm) + Z“:1 Py(am)Pn—u(—am) }

u

> o) ()
+> P = | Pou| ==
AV A0 A A

(13)

where P,(x) = Z,, xle=*/1! is the Poisson distribution and
E(-) denotes the first-order exponential integral function.
Equation (13) is an exact closed-form expression of ergodic
capacity of DAS in the multicell environment. It is shown
that this theoretical formula will have good agreement with
simulation result. When N is equal to 1, using (9), (12) is
reduced to

K
=12 > (Wimay, ) e Ey(am)

m=0

s ) ()
=——= > My exp E;
lnzm:() " L(O)P(O) Lm '(1?)

where E;(x) is the exponential integral function and E;(x) =
—Ei(—x). This is an exact capacity expression for single
receive antenna case, it has almost the same form as (7) in [6].
However, [6, equation (7)] has minor error in exponential
term, and thus it cannot match the simulation results well.

(14)




To further simplify the calculation in (13), we will give a
simple approximate capacity expression. We may use Taylor
series expansion at p = po = E{p} to approximate In(1 + p) as

In(1+p) =In(1+po) + (1+po) " (p — po)

(15)

—0.5(1+po) 2 (p — po)*.

Substituting (15) into (3) yields the approximate capacity
as

Co = éE{ln(Hpo) + (1+po) ' (p—po)
—0~5(1+P0)72(P_P0)2} (16)

= é[ln(l +P0) - 0.5(1 +P0)72(E{p2} _Pé)],

where
po = E{p}
=I pf(p)dp
XS LOPON" rr(n+ 1)

_ii L0p© "+2[r(n+2)]
= Wn,m 2 r(n) .

Equation (16) is an approximate closed-form expression
of ergodic capacity of DAS in the multicell environment.
Compared to the exact expression (13), it has simpler form.
Moreover, this approximate value will be shown to have
almost the same result as the exact value.

4. Outage Capacity Analysis

In this section, we will give the outage capacity analysis
of the DAS in a multicell environment and derive the
corresponding outage probability. Since the channel capacity
is a random variable, it is meaningful to consider its statistical
distribution. A useful measure of statistical characteristic is
the outage capacity [11]. For the given outage capacity C,,
P(C,) is defined as the probability that the channel capacity
C falls below C,. Thus, the outage capacity probability at a
given location of the target mobile station can be expressed
as

P(C,) = Prob(C < C,)=Prob(p < 2% -1) :JOZ ) 1f(p)dp.
(18)
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Substituting (8) into (18) yields

20: 1211 1Zm o Wamp"™ 1exp( zp/(L(())P(O)))
I'(n)dp

P(Co) =

- 1 —ij:l S o Wam Jyco_y p" Lexp (— o2p/ (LﬁS)P,S? )))
- [(n)dp ’

(19)

Using the incomplete Gamma function T'(y,v) £
1,77 t#= et dt [10], (19) can be further expressed as

N 6 n
LYPpY (2% —1)02
PPN ( )r( 0 )
nzlm:() z m m

(20)

P(Co) =

This is an exact closed-form expression of outage prob-
ability of DAS in the multicell environment, which is shown
to match the simulation well. For a given outage probability
a = P(C,), we propose a practical iterative algorithm based
on Newton’s method for finding the outage capacity C,.

In the following, we express solving the outage capacity
from (20) as finding the root of F(C,) = 0 with

F(sz) =

-5 S (LY
n=1m= Or(n) UZZ

Co_ 1) 2
xf(n,(z l)oz) - a,

Ly Py
where « is the given outage probability. We now show that
F(C,) is a monotonic function with F’(Cy,) > 0. Differentiat-
ing F(C,) with respect to C, gives

(21)

F(Cq
F,(Ca):aa(CC)
= f(2% - 1)2%n2
S n-1 (2% - 1)0?
_ n,m ZC”‘—I _72
zlmzzo (”)< ) exP( Ly Py )
x2%1n2 > 0.

(22)

The derivative F'(C,) is positive in (22). Thus, F(C,) is a
strictly monotonically increasing function of C,. From (21)
and (19), we can obtain
F(e) = lim F(C,) = 1-a>0,
o (23)
F(0) = —a < 0.

This is because outage probability & € (0, 1). Based on the
above analysis, the equation F(C,) = 0 is shown to have a
unique solution for C, > 0.

There are many methods such as bisection for finding
the root of a strictly monotonic function. We propose to
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use Newton’s method to find the root iteratively because
it has the quadratic convergence rate. Newton’s method is
described as follows:

3 F(Cun)
- Cac,n F, (Ca,n) b (24)

C(x,n+1
where C,,, is the outage capacity value at the nth iteration.
F(Cqpn) and F'(C,p) are computed by (21) and (22),
respectively.

In addition, the proposed analysis method for the
downlink capacity can be easily extended to the uplink case
by the appropriate transformation and mathematical cal-
culation, and correspondingly, closed-form expressions of
ergodic capacity and outage probability of DAS uplink can
be derived, respectively. Thus, some similar results can be
obtained. Here, we no longer give specific details due to
much more similarities.

5. Simulation Results and
Theoretical Evaluation

Simulation results are provided to evaluate the effectiveness
of the derived capacity expressions. We set the pathloss
exponent 8 = 4 and the total power to noise ratio P/o2 =
15dB. The transmit power of each AP is 0.1P, and the
transmit power of the home BS is 0.4P in DAS. The Monte-
Carlo method is employed for simulation. The exact and
approximate theoretical values of capacity are from (13)
and (16), respectively. The normalized distance from the
home BS to the direction of the worst position W (this
position can refer to Figure 1 in [6]) on the cell boundary
is indexed by d (0 < d < 1). “vRx” denotes the system with
v receive antenna. Three theoretical capacities are considered
in the comparison. The ergodic capacity described by (13)
is referred to as “theory 1,” the one described by [6, equation
(7)] is referred to as “theory 2,” and the one described by (16)
is referred to as “theory 3.

Figure 1 shows the ergodic capacity versus the normal-
ized distance from home BS d. The derived “theory 1”
and the existing “theory 2” [6] are compared. As shown
in Figure 1, the theoretical analysis from “theory 1”7 is in
good agreement with the simulation results, whereas the
theoretical evaluation from “theory 2” is different with the
simulation results. This is because the “theory 2” in [6] has
error. It is found that the systems with 2Rx outperform those
with 1Rx because the former has greater diversity than the
latter. From Figure 1, we can see nonmonotonic relationship
between the capacity and the normalized distance d. Namely,
when the MS is far away from the home BS and moves
around d = 0.4, the capacity is decreasing since the received
signal quality of MS starts to become worse. Whereas when
the MS moves from d = 0.4 to d = 0.6, the signal from
an AP becomes dominant, and the corresponding capacity
is increasing. However, when MS moves from d = 0.6 to
d = 1, the capacity is decreasing because the interference
signal from neighbor cell starts to become strong. The above
results show that the derived capacity expression of DAS is
effective.

40

35
30
25 D
20

15F
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0 0.2 0.4 0.6 0.8 1
Normalized distance d
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+: DAS (1Rx, theory 1)
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FiGure 1: Ergodic capacity versus the normalized distance from the
home BS.

In Figure 2, the approximate performance formula (the-
ory 3) is compared with the accurate performance formula
(theory 1). The number of receive antenna is set as to be
1, 2, and 3. It is found that “theory 3” has the values
very close to that of “theory 1” Moreover, the calculation
of the former is relatively simpler than that of the latter.
Thus, this approximate expression can be used for the
performance evaluation of DAS. Besides, as the number
of receive antennas increases, the performance of the two
theoretical formulae is both effectively improved due to the
greater diversity. The above results show that the derived
approximate expression of ergodic capacity is also valid.

In Figure 3, we plot the theoretical outage probability
and corresponding simulation of DAS with different receive
antennas. The outage capacity C, is set as to 6bit/s/Hz.
The theoretical outage probability is evaluated by (20).
Computer simulation results verify the accuracy of the
derived theoretical formula. It is observed that the outage
probability of DAS with three receive antennas is lower
than that with two receive antennas because the former has
greater diversity than the latter. For the same reason, the
DAS with two receive antennas has lower outage probability
than that with one receive antenna. Besides, some results
similar to Figure 1 can be found, that is, we can observe
nonmonotonic relationship between the outage probability
and the normalized distance d. Specifically, the outage
probability firstly increases when the MS is far away from the
home BS, and then the outage probability decreases when
the MS moves to d = 0.6. Finally, the outage probability
increases again when the MS moves to the cell boundary.
This is because the signal from an AP becomes dominant
near d = 0.6. The above result shows the derived outage
probability is also effective for the performance evaluation.
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FIGURE 3: Outage probability versus the normalized distance from
the home BS.

Figure 4 shows the outage capacity versus the normalized
distance from home BS d. The number of receive antenna
N =1, 2, and 3, the outage probability is set as to 0.05. The
outage capacity is calculated by (24). From this figure, we
can also see nonmonotonic relationship between the outage
capacity and the normalized distance d. The reason can refer
to the analysis in Figure 1. Moreover, the larger the value of
N, the bigger is the outage capacity as expected. Comparing
the results of Figures 4 and 2, we can find that the outage
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FIGURE 4: Outage capacity versus the normalized distance from the
home BS.

capacity is lower than the corresponding ergodic capacity
due to the limitation of the outage probability.

6. Conclusions

We have studied the downlink performance and capacity
of DAS in MIMO fading and multicell environment. The
MGEF and PDF of SINR of the system are derived. Based on
these results, exact and approximate closed-form expressions
of the ergodic capacity of DAS are obtained, respectively.
The exact expressions include the existing expression with
single receive antenna as a special case and correct minor
error of the latter. Moreover, according to the outage capacity
analysis of the system, an exact closed-form expression
of outage probability is also derived. Newton’s method is
proposed to find the outage capacity value for a given
outage probability. Computer simulation shows that the
derived theoretical expressions can match the simulation
results well, and the application of multiple receive antennas
can obviously increase the system capacity. Thus, these
expressions provide good performance evaluation for DAS in
the multicell environment and avoid the conventional need
for numerical integration or Monte Carlo simulation.
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