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Abstract

In this paper, considering that perfect channel state information (CSI) is hard to achieve in
practice, the downlink capacity of distributed antenna systems (DAS) with imperfect CSI and
multiple receive antennas is investigated over composite Rayleigh fading channel. According
to the performance analysis, using the numerical calculation, the probability density function
(PDF) of the effective output SNR is derived. With this PDF, accurate closed-form
expressions of ergodic capacity and outage probability of DAS with imperfect CSI are,
respectively, obtained, and they include the ones under perfect CSI as special cases. Besides,
the outage capacity of DAS in the presence of imperfect CSlI is also derived, and a Newton’s
method based practical iterative algorithm is proposed to find the accurate outage capacity. By
utilizing the Gaussian distribution approximation, another approximate closed-form
expression of outage capacity is also derived, and it may simplify the calculation of accurate
outage capacity. These theoretical expressions can provide good performance evaluation for
downlink DAS for both perfect and imperfect CSI. Simulation results verify the effectiveness
of the theoretical analysis, and the system capacity can be improved by increasing the receive
antennas, and decreasing the estimation error or path loss. Moreover, the system can tolerate
the estimation error variance up to about 0.01 with a slight degradation in the capacity.
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1. Introduction

Distributed antenna system (DAS), as a promising technique for next generation wireless

mobile communications, has received much attention due to its power efficiency and capacity
improvement over the traditional co-located antenna system (CAS) [1][2][3][4][5]. Different
from the CAS, the remote antennas in DAS are separated geographically and connected to a
central processing unit (CPU) via dedicated wires, fiber optics, or an exclusive radio
frequency link. The antenna selection transmission with maximal-ratio combining (MRC) is
an effective diversity scheme to increase the performance while significantly decreasing the
hardware complexity and cost [6][7]. Therefore, effective combination of DAS and antenna
selection technique will improve the system performance greatly with efficient hardware
complexity and cost.

Channel capacity, as a measure indicator of the system performance, plays important role in
communication systems. Based on different system models, the capacity performance of DAS
has been extensively studied in [8]-[26] and references therein. The performance of downlink
DAS over multicell Rayleigh and Nakagami fading channels are, respectively, analyzed in [8]
and [9], where the closed-form expressions of ergodic capacity are derived for the
corresponding fading channels, but the derived expression in [8] has minor error, and [9] needs
iterative calculation. For this reason, an accurate closed-form expression of ergodic capacity
of downlink DAS in Nakagami fading multicell environment is derived in [10]. The ergodic
capacity of downlink DAS is analyzed in [11] by using different cooperation strategies, and an
adaptive cooperation is presented to improve the capacity, but the influence of noise is
neglected for analysis simplicity. In [12], the uplink ergodic sum capacity performance of
multicell and multiuser DAS is studied under an interference-limited scenario. Considering
single cell composite fading (including small- and large-scales fading), the capacity
performance of DAS is studied in [13]-[19]. In [13], [14], [15] and [16], approximate
expressions of the ergodic capacity are derived for downlink DAS over composite Rayleigh
and Nakagami fading channel, respectively, but the derived capacity expressions are not
accurate enough to reflect the actual values, and the analysis is limited in single receive
antenna case. For this, tightly-approximate closed-form expressions of ergodic capacity for
downlink DAS with multiple receive antennas are provided in [17], which are more accurate
than the previous expressions. By high signal to noise ratio (SNR) analysis, an approximate
expression of ergodic capacity of downlink DAS is derived in [18], which is close to the actual
cell average ergodic capacity at high SNR. By assuming double-sided spatial correlation, an
analytical lower bound of the ergodic capacity of uplink DAS in composite Rayleigh fading
channel is provided in [19], but the capacity is accurate in the low and high SNR regimes only.
Besides, the outage performance of DAS in fading channel has been also studied. For the
downlink, an approximate outage probability is derived for DAS with single receive antenna
over composite Rayleigh fading channels in [20]. For the uplink, the approximate outage
probability is analyzed and derived for DAS in composite Rayleigh fading channels [21][22],
in composite Nakagami fading channels [23], and in composite generalized-gamma fading
channels [24], where the mobile terminal (MT) is equipped with one antenna only. In [25], a
closed-form approximation of the outage probability for the DAS downlink and uplink is
derived, and this approximation is tight only when the rate or the number of nodes and
antennas of the system becomes large. The impact of MRC-based macro-diversity on the
capacity of code division multiple access (CDMA) DAS is analyzed in [26], and the
expressions of outage probability on the reverse link and the forward link are derived,
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respectively.

Although in all these studies, the capacity and outage performances are well analyzed, the
performance analysis is based on perfect channel state information (CSI), whereas in practice,
the perfect CSlI is difficult to obtain due to channel estimation error. Moreover, most of the
above references consider single receive antenna case for analysis convenience, so the derived
capacity expressions lack generality and the system performance is also limited. Motivated by
the reasons above, we will address the performance study of downlink DAS with transmit
antenna selection and multiple receive antennas in the presence of imperfect CSI, where both
small-scale Rayleigh fading and large-scale path loss are considered. The main contributions
are summarized as follows:

1) The ergodic capacity of DAS in the presence of imperfect CSl is analyzed. According to
the performance analysis under imperfect CSI, and using numerical calculations, the
probability density function (PDF) of the effective output SNR of DAS is derived. With this
result, accurate closed-form expressions of ergodic capacity and second moment of channel
capacity are achieved, respectively. These expressions match the corresponding simulations
very well. Thus, they can provide good theoretical evaluation for downlink DAS capacity
under imperfect CSI.

2) The outage performance of DAS with imperfect CSI is presented, and an accurate
closed-form expression of outage probability of DAS for a given outage capacity is derived.
For a given outage probability, a practical iterative algorithm based on Newton's method is
presented for obtaining the accurate outage capacity. Besides, by utilizing the Gaussian
distribution approximation, an approximate closed-form expression of outage capacity of
DAS is also derived, and it has the value close to accurate one, but no iteration is required.
With these expressions, the outage performance of downlink DAS under imperfect CSI can be
effectively evaluated, and correspondingly, the conventional requirement for Monte Carlo
simulation will be avoided.

3) The derived theoretical expressions include the ones under perfect CSI and/or single
receive case as special cases. Thus, they can also be used for evaluating the performance of
downlink DAS under perfect CSI. For the given outage probability, it is shown that the
solution of outage capacity does exist and is unique. Based on this, we propose to use
Newton’s method to obtain the solution due to its quadratic convergence rate.

The notations we use throughout this paper are as follows. Bold upper case and lower case
letters denote matrices and column vectors, respectively. E{-} denotes the expectation. The
superscripts ()" is used to stand for the transpose. Iy denotes the NxN identity matrix.

2. System Model

In this paper, we consider a DAS with M remote antennas (RAs) and N receive antennas in a
single cell environment as shown in Fig. 1, the RAs are distributed in the cell and connected
with the central base station (BS, also named as RA;) via coaxial cables, fiber optics or radio
links, where the i-th RA is denoted as RA;, and the MT is equipped with N antennas. It is
assumed to be independent and uniformly distributed in the cell as in [8] [18]. To improve the
system performance, the antenna selection diversity scheme is employed for RAs. If RA;
(i=1,...,M) is selected to transmit the signals, the received signals at MT can be expressed as

y,=yPhb+z=/RIh,h,,...h T b+z (1)
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where Y; =[Yy;, Yoo yN,i]T . ¥;i1s the received signal from the j-th antenna at MT, P is

the transmit power. h;; is the element of channel vector h; and denotes the composite channel
fading coefficient between RA; and the j-th antenna of MT. b is the transmitted signal from RA;
with unity energy. z is the noise vector, whose elements are independent, identically
distributed (i.i.d) complex Gaussian random variables (r.v.s) with zero-mean and variance o’ .

Due to the structural feature of DAS, h;; can be modeled ash;; = g, ;+/L; ,where g;; represents

the small-scale fading between RA; and the j-th receive antenna of MT. For Rayleigh fading
channel, {g;;} are modeled as independent complex Gaussian r.v.s with zero-mean and

unit-variance. L; denotes the pass loss between RA; and MT, and is expressed as L, =(d,/d,)*,

where «; is the path loss exponent, do is the reference distance and d; represents the distance
from RA; to MT.

According to (1), when single RA; is selected, the output SNR after MRC can be obtained as
—'N — N —
Pi :pzjzllhj,i |2:pizj:l|gj,i |2:pi‘§i )

N
where p' = pL., p=P /o’ isthe average SNR, and & =Zj:1| 9, .

In practice, the CSI will be imperfect due to the channel estimation error. So in this paper,
we will investigate the effect of imperfect CSI on the system performance with estimation
errors modeled as complex Gaussian random variables [27]. We assume that the channel is
perfectly known at the receiver, but there is error in the channel state information feedback
from the receiver to the transmitter. The large-scale fading may be perfectly estimated due to
very slow change. According to [27][28], the channel estimate of small-scale fading
coefficients g; derived at the transmitter can be expressed as

A

0;=0;+¢ 3)

where g;, i=1,...,M, denotes the actual channel, g; is channel error vector independent of g;. The
elements of g; are assumed to be independent complex Gaussian random variables with zero
mean and variance o, where o2 reflects the estimation quality. The larger the variance &7 is,

the worse the estimation quality will be. When o2 = 0, the channel is perfectly known.

Based on the analysis above, the estimated SNR /Si between RA; and MT can be written as
~ 2 N | A
P = pi& = pizj=1| 9. |2 4)

where 5, =ZL| @j,i I, jS is the element of g;. According to the Bayesian Linear Model

and Theorem 10.3 [29], gi conditioned on g; is a complex Gaussian vector, and the
corresponding mean and covariance can be given by

E{g; |@i}= (1+O-e2)71gi ) C{o; |gi}=0ez(1+o-e2)_llN ®)

where C{-} denotes the covariance. Utilizing Eq.(2.1-118) in [30], the PDF of & given & is
noncentral chi-square distributed, and can be expressed as

2\N (N-1)/2 2\2
() (le)zw[q p(wj.[ﬂ] ©
el (o} y (o}

. O'e2(1+of) .
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where Ii() is the kth-order modified Bessel function of the first kind [31]. With (6), by means
of the transformation of variables, the conditional PDF of p; given /5, is obtained as

. A+ (p" 1 2./pp
f,|ﬁ,(P|P)=%(£»} expl - P+( +c)p I _’Pf 0
2RV o (1+07) Pl

With (4), p: is central chi-square distributed with 2N, and thus its PDF and cumulative
distribution function (CDF) can be, respectively, written as

~N-1

(P P 1(P'Q
S i T ™ xp(- A/ (PAL+52)) (8)

ad  Fy (0)=1-exp(-p/(Al1+a2)) Y (51 (AA+L)) /mt ()

where I"(-) is Gamma function [31]. As analyzed in section 2, the selective diversity scheme is
applied to the transmitter, i.e., based on the estimation information feedback at the transmitter,
one ‘best” RA is selected for transmission to maximize the estimated SNR. Thus, we have:

p=max{p,,.... Py } (10)

Fig. 1. Diagram of DAS structure.

It is reasonable to assume that { p, } are independent of each other due to the large space
among remote antennas. Hence, using (9) and [32, (47)], the CDF of p, F(p), can be
obtained as

Fy(p) = HF- = H[l exp(—— =
With (11), the PDF of p can be given by

N-1 1

Zn!(_,(1+ ——)"1 (11)

(1 ;) ;)
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,(5)= Zf (p)mrl[# F, (P)= ;Ff'N)g D3 ew-plA s ;Iﬂ»ZmM_J“*“
(12)

where B =[p/L+2)]™", £(p,M —1)is the set of (M-1)-tuples such that 7(p,M —1) =
ol b b)) e 03X 1=p30=3" K, K, =I(N-),

UM =1 ={(k,.k_ .k ., ):kve{O,l,...,Kv},Z k=U} Ay,= ¥ IM[ (ﬂv)kv.

v=1,#m @(u,M-1) v=1,zm kv l

3. Ergodic Capacity of DAS

In this section, we will give the PDF derivation of effective SNR and ergodic capacity
analysis of DAS in the presence of imperfect CSI. Firstly, the PDF of effective output SNR of

the system is derived. Let p denotes the effective output SNR and @ = arg max { pi} , then with
ieM

(7), (8) and (9), the PDF of p can be expressed as

3 " 5 3 ~ ~ ~ ~
L) =2, a0l 4 = pa=Pulasilf =) (3 = P)dp
(13)
—Zf 5 (0lP)f, (p)H F, (0)dpdp

m=1,#i

where Rob(a=i|/3i:ﬁ)fﬁl(ﬁizﬁ):fﬁl(ﬁ)n F, () [33] and the conditional PDF

m=1=#i
fa(elp=pa=i)="1 . (p|p) isdefinedas (7).
Substituting (7)-(9) into (13), and using (12), (13) can written as

(1+a) U ( pra+al)p), [(2Jpp
oI S5 (]l 28 (o

pl e pl e
F(N) ( 1° F%‘,DEXIO( P(p; + ;lﬂ))zﬁw LP P
_¥ a+od) p(“l ((1+a)p] ; a4
IZ: ﬁl'o-e2 =P i“e §( ) T(FJZM:DF(N)ZAJM B

0

XJ‘ ~Au+(N-1)/2 eXp( p(ﬂ + Z |ﬂ +ﬂ|Ge ))lNl(Z\/E/(p| ))dla

0 v=1,#i

Utilizing Eqgs.(6.643.4) and (8.406.3) and Eq.(8.970.1) in [31], (14) can be simplified as
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M (N-1)72 2 M— J
p (+o;)p X 1
f,(p)= — exp[- — J A ——
r Z:ll plo’ pol )53 Z:(} r(p,ZM—l) T(N)p™"
u I _ t+(N-1)/2 —r__2\u-t+1 M 15
qu—(utljt 1) ,0 plae) eXp[(ﬁ;aez)z z Ivﬂv"'ﬁi,o-ezJ ( )
= ;—)Ir (.;.2) Z I ,B +1]u+N+t v=1#i

v=1#i

By further simplification, Eq.(15) can be expressed as follows:

—-N M-1 s 1 M1t+N1—Irez
HCEYT MDD 3 (g = VAl GO o) e

—r 2 u+N+t
=1 p=07(p,M l)uOtO )Zv1¢|V ¥ 1]

M M
where 4 =(/p)+ > 1B,/ (1+pc? > 1,5, . This is PDF of the effective output SNR of the

v=1,#i v=1,#i
system. When ¢,°=0 (corresponding to perfect CSI), (16) is reduced to
,B’ RS N-1 S I
f(p)=27—=> >, Z( DA yp" N exp(- p( =) @)
i=1 1—‘(N)p 07(p,M-1)u=0 ' vl;tlpv

Equation (17) is the PDF of the effective SNR of the system under perfect CSI, which is the
same as (12) for ,°=0. Namely, under perfect CSI, their PDFs are identical as expected.

In what follows, we will give the derivation of ergodic capacity. Ergodic capacity is an
appropriate capacity metric for channel that varies quickly, or where the channel is ergodic
over the time period of interest [34], it is equal to Shannon capacity in an Additive White
Gaussian Noise (AWGN) channel with log,(1+p), averaged over the distribution of p, here we
consider capacity per unit bandwidth (in bits/s/Hz). Thus, the corresponding ergodic capacity
is expressed as

C, = E{C}=E{log, (1+ p)}= @/In 2)]: f(p)In (1+ p)dp (18)
Substituting (16) into (18) yields

—r—N -1

SRy) LUl i N -1
= Y% S it

N (19)
0 _1 y u-t
XJ‘ ( ) A.I M—l(p ) pt+N—1 In(1+p)e—pﬂ1dp
ﬁlr :)Zv e Vﬂ +1 u+N-+t
According to the results in Appendix, we have:
°°+_ o It+N t+N_l+7—ﬂfI7Dﬂ1
1= [ s e = I R (B G + 3 TR o)
0 =
where E;(-) denotes the first order exponential integral function, 2 (X) = zn “xle /1 is

the Poisson distribution [31].
Substituting (20) into (19) gives
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M M -

P Wieen-1y (DPA . (Pol)
2 ZF(N)MZ > S3ufe )

i=1 p=0 #(p,M-1) u=0 t=0 —’ Z)Zv o |Vﬂv+1]u+N+t

LN RG-S “N-k(‘:“'m““') }

Eq.(21) is an accurate closed-form expression of ergodic capacity of DAS under imperfect CSI,
and can agree the simulation very well. When the CSl is perfectly known with ¢,°=0, (21) is
reduced to

(21)

L ¢ S DA UEN)
C. =
a szr(ple)§ F(N)|n2ﬂ,“+N,BI'N (22)
AR CAEMA)+ 2 R CAR(A) K Y

where 4 (1/,0,)+Z:V i (L7 p;), equation (22) is an accurate closed-form expression

u+N-1

of ergodlc capacity of DAS under perfect CSI.
M
Besides, for single receive antenna, N=1, the corresponding K,=I,(N-1)=0, U = Z K,=0,
and resulting u=0 in (21). Thus, (21) is reduced to
r 1M-1 1)°P 1
C =3RS Y SRR
n p=0#(p.M-1) (p|o- )Zv 1% vﬁ +1
1 M M-1 1 p .
=3y ¥ =) & E,(4)
N2 o epmnl+(U+0? )plz i 1,5,

Based on the analysis above, the derived (21) includes the ones under perfect CSI and single
receive antenna as special cases.

(23)

4. Outage capacity of DAS

The outage capacity and probability are important performance measure of communication
systems in fading channels [21][22][23][24]. However, the related research is relatively less,
especially the analysis under imperfect CSI is much less. For this reason, we will give the
outage performance analysis of the DAS in the presence of imperfect CSI, and derive the
closed-form outage capacity and 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 [35]. For the given outage capacity C,, P(C,) is defined as
the outage probability that the channel capacity C=log,(1+p) falls below C,. Thus, the outage
probability can be expressed as

P(C,)=Pr(C <C,)=Pr(p<2%-1) =F (p,,) (24)

where p,, =2% -1is the outage threshold, F, (p) is the CDF of p and can be obtained from (16)
as follows:
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(25)

M & S&ulfuen-1) (DA (Bed) (N, p2)
(p) Z Z Z |( u-t )[(ﬁl’ ez)z\’:ﬂlilvﬁ +1]U+N+tﬂft+N

where y(a,v) A J'Outa*le*tdt is the lower incomplete Gamma function [31]. Substituting (25)
into (24) yields

p:O 7 -1) u=0 t=0

—1-N M-1

o(C )N P 0, & ulfus N -1) (D) Ay (P/o?) 7 (t+N, (2% D)4)
RRIIPIP I s (FoD)Yy, L, v O

Equation (26) is an accurate closed-form expression of outage probability of DAS with
imperfect CSI for the given outage capacity C,, which is shown to accord with the simulation.
When ¢.°=0, (26) is reduced to

—r-N M-1

PC)=Y LS T SR N DAL e

i=1 p=0 7(p,M-1) u=0

Eq.(27) is an accurate closed-form expression of outage probability of DAS with perfect CSI.
Besides, for single receive antenna, N=1, (26) is reduced to the following (28).

15 (-1 [L-exp(-(2™ -1)4)]

P(C)=2=
i-1 O ;f(p,zM—l) [(po ez)zvl 1,8, +1A

This is an accurate closed-form expression of outage probability of DAS with single receive
antenna under imperfect CSI.

For a given outage probability eP(C,), using (26) or (27) to calculate the outage capacity
C, directly will be difficult. For this reason, we propse a practical iterative algorithm based on
Newton’s method to obtain C,. With (26), we express solving the outage capacity as finding
the root of ¢(C,) =0 with

#(C,)=F,(p)-¢=F,(2%-D-¢
—Z ,5,"“ S 5 iiul(um 1) (D" Aua(pod)" N2 -DA) - (29)
oM-1) t! u-t [(,5: eZ)ZM ilvﬂv'l'l]wNHﬂ-iHN
Differentiating ¢(C,) with respect to C, gives
#'(C,)=0¢(C,)/0C, = f (2%-1) 2% In2 >0 (30)
This is because In2, 2% and the PDF f, (2%-1) are all positive. So the derivative ¢'(C,)
is positive, and accordingly, #(C,) is astrictly monotonically increasing function of C,. With

(29), and considering the outage probability £<(0, 1), we have:
#(0)=0-g=-£<0,and ¢(oo):clim #(C,)=1-¢>0 (31)

(28)

pOr -1) u=0 t=0

According to the analysis above, the equation ¢(C,) =0 is shown to have a unique
solution for C,>0. Substituting (16) into (30) yields
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: SV S U S ulfusN-1) DPA,L(po)"
¢(C0):Z§(N) Z Z (u+ ) —y 2 AJM = 1LI+N+t
i=1 p=07(p,M-1) u=0 t= o L )ZV =1,#i V'B + ] (32)
x (280 -1)t#N exp(—(2C° -1)4)2% In2

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

Co,k+1 = Co,k _¢(Co,k)/¢’(co,k) (33)
where C, « is the k-th iterative value of outage capacity. ¢(C,,)and ¢'(C, ) are calculated

by (29) and (32), respectively. With (33), the accurate outage capacity can be obtained, and
may agree the simulation well.

To avoid the above iterative calculation, we also provide a closed-form expression for
computing C,. With (16), using the upper incomplete Gamma function I'(-,-), and let x=1+p,
then the second moment of the channel capacity C=log,(1+p) can be given by

E(C?) = j " (log, @+ p))* f(p)dp = (log,x)° f,(x—~1)dx

—r—-N M-1 _1p~ —r__2\u-t
- pl Z Z ZZ (u:Tt 1) —f 2) AJM_I(IOI ) u+N+t (34)
iz L(N) 50 #(pm-1) im0 10 )ZV i 1,5, +1]
2¢ Nil( )‘*(N+t 1)40'4 Njx-l(ln X)T(t+ N —g, A x)dx
(In 2)?
Using Meijer's G-function and Eq.(7.831) in [31], (34) can be simplified as
M  —=r-N M-1 1 —r __2\u-t
E(CZ)—Z Pi Z z Zz (u+N 1) _f 2) A\;M L(pioy) —
izt T (N) 520 2(p.m—1) im0 t=0 )Zvl¢I 1,5, +1]
2e" &' q(Nwt-1) gtN_40( |1 1 1
(|I‘l2) Z( b ( )}L G34[A'OO,N+t—q,O]
From (35) and (21), the variance of the channel capacity C can be written as
V, =E(C*)-[E(C)) =E(C*)-C; (36)

With the mean value (21) and the variance (36), using a Gaussian distribution
approximation, the CDF of C can be approximated as

F.(c) ~ _[ \/_exp( ( ) \/i} (37)

where erfc{ - } denotes the complementary error function [31]. By setting the above Fc(c)
equal to the given outage probability £(i.e., Fc(c)=¢), the outage capacity C, can be calculated
from (37) as

(35)

——2~)dx =1-0.5erfc{

C, =2V erfc*{2(1-£)}+C, (38)
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where erfc™*{ . } denotes the inverse complementary error function. Eq. (38) is a closed-form
expression of outage capacity, and may obtain the value close to the actual simulation.
Moreover, from (38) and (26), it is found that C, will increase as sincreases, and decrease as &
decreases, as expected. Hence, the derived expressions may provide a good method to assess
the outage performance of DAS under imperfect CSI. Besides, (38) is relatively simpler
because it has closed-form expression and does not need any iterative calculation.

5. Simulation results

In this section, we use the derived theoretical performance formulae and computer simulation
to evaluate the performance of the DAS over composite Rayleigh channels including path loss.
In simulation, the cell shape is assumed to be circle with radius R for analysis convenience.
The BS (RA,) is in the center of the cell, and the other M-1 RAs are uniformly distributed over
a circle with radius r. Correspondingly, the polar coordinate of the i-th RAis (r, 2z(i-1)/(M-1)),
i=2,3,...,M. Unless otherwise specified, the main parameters are listed as: M=7; r=2R/3; the
reference distance d,=80m; radius of the cell R=1000m. The simulation results are illustrated
in Figs. 2-7.

8 z z

. —— Theory (csg:O) /
x  Simulation (c2=0) / /

6 - ——&— Theory (02:0.3) /
O  Simulation (csﬁzO.S) ///

5

Ergodic capacity(bit/s/Hz)
N
<
N

0 5 10 15 20 25 30
SNR (dB)

Fig. 2. Ergodic capacity of DAS with different receive antennas and estimation errors
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In Fig. 2, we plot the theoretical ergodic capacity and corresponding simulation of the DAS
with different receive antennas and estimation errors, where path loss exponent a=2, N=1, 2,
perfect CSI (0.°=0) and imperfect CSI (0.°=0.3) are compared. The theoretical ergodic
capacity is calculated by (21). As shown in Fig. 2, the theoretical capacities are in good
agreement with the simulated ones for different estimation errors and receive antennas.
Moreover, due to the estimation error, the capacity under imperfect CSl (¢,°=0.3) is lower than
that under perfect CSI (0.>=0) as expected. Besides, it is observed that the DAS with two
receive antennas outperforms that with single receive antenna because of greater diversity,
which accords with the existing knowledge. The above results show that the derived ergodic
capacity is valid.
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Fig. 3. Ergodic capacity versus estimation error variance for DAS with different path loss exponents

In Fig. 3, the effect of the estimation error on the capacity is evaluated, and the ergodic
capacity versus channel estimation error variance (c.”) for DAS with imperfect CSl is plotted,
where nine RAs and single receive antenna are considered. The average SNR is set equal to
20dB, path loss exponent a=2 and 2.3. From Fig. 3, it is found that the theoretical capacity can
agree the corresponding simulation very well due to its accuracy. The ergodic capacity of DAS
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with a=2.3 is lower than that with a=2 because of large path loss as expected. Besides, as the
estimation error increases, the capacity will decrease gradually since the CSI becomes less
reliable. Moreover, the results show that the system can tolerate the estimation error variance
up to about 0.01 with a slight degradation in the capacity. When the estimation error variance
increases beyond 0.01, however, the capacity performance will degrade notably. Besides, we
may see that the capacity performance with M=9 in Fig. 3 is superior to that with M=7 in Fig.
2 due to great spatial diversity.

In Fig. 4, we plot the theoretical outage capacity and corresponding simulation of DAS with
different receive antennas and estimation errors, where the outage probability ¢ is set as 0.1.
6.°=0, 0.3, =2, and N=1, 2. The accurate and approximate outage capacities are, respectively,
calculated by (33) and (38), and they are referred as ‘“Theory 1’ and ‘“Theory 2’, respectively.
As shown in Fig. 4, the theoretical values are all close to the corresponding simulated ones.
Especially, the ‘“Theory 1’ from the Newton’s method has more accuracy than the *Theory 2’
from Gaussian distribution approximation, but the latter does not need iterative calculation.
Due to the estimation error, the outage capacity of DAS with imperfect CSI (o= 0.3) is lower
than that with perfect CSI (g.°=0). Besides, the outage capacity of DAS with N=2 is higher
than that with N=1 because multiple receive antennas are employed and more diversity is
obtained. By comparing Fig. 2 and Fig. 4, it is observed that the outage capacity in Fig. 4 is
lower than the corresponding ergodic capacity in Fig. 2 due to the constraint of outage
probability.
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Fig. 4. Outage capacity of DAS different receive antennas and estimation errors.
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Fig. 5 shows the outage capacity of DAS with different path loss exponents and outage
probability under imperfect CSI, where N=2, &=0.1, 0.2, 6.°=0.3, and 0=2, 3. “Theory 1’ and
‘Theory 2’ are used to compute accurate and approximate theoretical outage capacity,
respectively. From Fig. 5, we can see that the derived theoretical outage capacity matches the
corresponding simulation result well, with only minor differences for “Theory 2’. It is shown
that the outage capacity of DAS with a=3 is lower than that with a=2 since the former
experiences larger path loss. Besides, the outage capacity of DAS with ¢=0.2 is higher than
that with &=0.1 since larger outage probability is allowed, which accords with the theoretical
analysis in section 4. The above results indicate that the derived theoretical formulae are valid
and reasonable.

7 T T T T T

*  Simulation (¢=0.1)
61" | —*— Theory1 (¢=0.1)
~=%-Theory2 (¢=0.1)
5| O Simulation (¢=0.2)
—©— Theory1 (6=0.2)
~~O Theory?2 (£=0.2)

Outage capacity(bit/s/Hz)

0 = = il 1
0 5 10 15 20 25 30

SNR (dB)

Fig. 5. Outage capacity of DAS different path loss exponents and outage probability.

In Fig. 6, we plot the theoretical outage probability and corresponding simulation of DAS
with different receive antennas and estimation errors, where the outage capacity C, is set as to
2bit/s/Hz, 5.>=0, 0.3, N=1, 2, and 0:=2. The theoretical outage probability is calculated by (26).
As shown in Fig. 6, the theoretical outage probability agrees the corresponding simulation
well. It is shown that the outage probability of DAS with imperfect CSI (o= 0.3) is higher
than that with perfect CSI (g.°=0) due to the impact of estimation error. Besides, the system
with two receive antennas has lower outage probability than that with single receive antenna
since the former has greater diversity than the latter. The above results indicate that the derived
outage probability is effective for the outage performance evaluation.
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Fig. 7 shows the outage probability of DAS with different path loss exponents and outage
capacity constraints under imperfect CSI, where N=2, 6.°=0.3, a=2, 3, C,=2, 4bit/s/Hz. It is
observed that the theoretical outage probability is still good agreement with the corresponding
simulated one. Moreover, DAS with a=2 has better outage performance than that with o=3
because of smaller path loss, which accords with the existing knowledge. Besides, the outage
probability with C,=2bit/s/Hz constraint is lower than that with C,=4bit/s/Hz constraint since
smaller outage capacity is required. The above results further verify that the derived outage
probability is valid and reasonable.
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Fig. 6. Outage probability of DAS with different receive antennas and estimation errors.

6. Conclusion

We have studied the downlink performance of DAS with transmit antenna selection and
multiple receive antennas in the presence of imperfect CSI, and analyzed the ergodic capacity
and outage capacity over composite Rayleigh channel. The PDF of the effective output SNR is
derived mathematically in detail. With this result, accurate closed-form expressions of ergodic
capacity and outage probability of DAS are obtained, respectively. These expressions are in
good agreement with the corresponding simulations, and include the ones under perfect CSI as
special cases. For a given outage probability, a practical iterative algorithm based on Newton’s
method is presented to obtain the accurate outage capacity. Moreover, to avoid the iterative
calculation of accurate outage capacity, an approximate closed-form outage capacity is also
derived by using the Gaussian distribution approximation, and this approximate expression
can simplify the calculation of accurate one due to its closed form. The analysis shows that the
capacity is insensitive to the estimation error variance smaller than 0.01. Besides, simulation
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results verify the effectiveness of the theoretical analysis, and the system capacity can be
improved effectively as the number of receive antennas increases and/or path loss exponent
decreases and/or estimation error decreases. Based on this, these expressions may provide
good performance evaluation for the DAS under imperfect CSI in theory, and avoid the
time-consumed Monte Carlo simulation. Considering only downlink performance is analyzed
in this paper, in the future work, we will further study the performance of uplink DAS with
imperfect CSI, where transmit beamforming and receive combining vector will be considered.
It is expected that superior performance can be achieved.
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Fig. 7. Outage probability of DAS with different path loss exponents and outage capacities

Appendix
In this appendix, we will give the derivation of (20). Eq.(20) can be rewritten as:

C(t+N) N+t1joO j{ljpje’pﬂfi

: (39)
Z = R ()

which utilizes the equality p"te~ = M"F(n)]di(—ZE (o) e 1 jt).
P

Let x=1+p, EQ. (39) can be changed to
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_F(t+N) N+t—1(_ﬂ1)J’°°(1_X)j F(t+N) N+t—l( /1)1 i XKL
J= ﬂ/HN = e—&ij!J. Xeﬂ,ix dx = ﬂﬁHN - z 1 z( ) ( jJ. e21x

(40)

A N+t-1 I
F(t+N)e Z (- i) Z( )" (ji"l‘(k )

//iﬁt+N = .
where T'(a,v) A _[Mta*le*‘dt is the upper incomplete Gamma function [31], and can be

expressed as I'(u,v) =T'(u)P,(v) and I'(0,v) = E, (v), where 72 (X) = Z x'e ™ /il

is the Poisson distribution, and E;(-) is the first order exponential integral function. Based on
this, (40) can be simplified as

TC(t+N) Netst ﬁ,leﬂ“ N-+t-1 /'LJe/% i j
1=EGEA S CAE e 3 RS Ay (! Jreean @
i j=1

Using Poisson distribution and E;(-) function, and let s:j-k, (41) can be further simplified as

N+t-1 N+t—k-1
I =C(t+N)A VIR CAEMR) + 2 RA) Y, (—A)e* [(s1K)]
k=1 s=0 (42)
N+t-1
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