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Abstract: Considering that perfect channel state information (CSI) is hard to obtain in practice, the capacity of

downlink distributed antennas system (DAS) with imperfect CSI is analyzed over Rayleigh fading channel. Based

on the performance analysis, using the probability density function and numerical calculation, an accurate closed-

form expression of ergodic capacity of downlink DAS under imperfect CSI is derived. It includes the one under per-

fect CSI as a special case. This theoretical expression can provide good performance evaluation for downlink DAS

for both perfect and imperfect CSI due to its accuracy. Simulation results indicate that the theoretical analysis a-

grees well with the corresponding simulation, and the capacity can be increased effectively by decreasing the esti-

mation error and /or path loss.
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0 Introduction

Distributed antenna system (DAS), as a
promising technique for next generation wireless
mobile communications, has received significent
attention thanks to its power efficiency and capac-
ity improvement over traditional co-located anten-
na system (CAS)'?. Different from convention-
al CAS, DAS consists of several widely spaced
antennas, and each of them is called an antenna
port (AP). Through coaxial cables or fiber op-
tics, all the APs are connected to the main pro-
cessing unit (MPU).

Ergodic capacity, as a measure of the system
performance, plays an important role in commu-
nication systems. Based on different system mod-
els, the capacity of DAS has been extensively
studied®™. Ref. [3]analyzed the channel capaci-
ty of uplink, but neglected the large-scale fading

for convenient analysis. The performance of DAS

capacity over a composite fading channel was

Article ID:1005-1120(2016)06-0733-06

studied in Refs.[4—7]. Considering selective
transmission and maximal ratio combining, using
a log-normal distribution instead of the actual
gamma-log-normal distribution, approximate ex-
pressions of the ergodic capacity were derived for

downlink DASM*®, where Rayleigh fading chan-

[5-6] l!’ﬂ

nel and Nakagami-m fading channe were
considered, respectively. However, the derived
theoretical capacity formulae are not accurate to
reflect the actual value because of the approxi-
mate substitution. For high signal-to-noise-ratio
(SNR) analysis, Ref. [7] derived a simple ergodic
capacity expression, which was close to the actual
cell ergodic capacity at high SNR.

According to the analysis above, although
the capacity of DAS has been well studied, the
performance analyses were based on perfect chan-
nel state information (CSI). Whereas in practice,
the perfect CSI is difficult to obtain due to chan-

nel estimation error. Therefore., we study DAS

capacity with imperfect CSI over composite Ray-
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leigh fading channel, where both small-scale fa-
ding (Rayleigh fading) and large-scale fading
(path loss) are considered. The channel model
from imperfect estimation is firstly presented for
DAS, and then the probability density function
(PDF) and conditional PDF of output SNR are
derived by means of Bayesian linear model. With
these PDFs, using the numerical calculation, an
accurate closed-form ergodic capacity expression
of downlink DAS with imperfect CSI is derived.
With this expression, the ergodic capacity in the
presence of imperfect CSI can be effectively evalu-
ated. Moreover, it includes the capacity expres-
sion under perfect CSI as a special case. Simula-
tion results verify the effectiveness of our theoret-

ical analysis.
1 System and Channel Models

We consider a distributed antenna system
with multiple APs in a single-cell environment,
and the APs are distributed in the cell with radius
R and connected to the main processing unit via
dedicated wireless (e. g. fiber option) for signal
processing, where N, APs are considered, and
the ith AP is denoted as AP;. Considering the im-
plementation of mobile terminal (MT), single re-
ceive antenna is available at the MTP® . This is
also due to the limitation of volume and size of
the MT. The positions of the MT and the ith AP
are denoted by the polar coordinates (p, v) and
(R;s ;)5 i=1,--, N,, respectively, where p and
y are the distance and the angle of the MT to the
cell center, respectively. R; and z; are the distance
and the angle of the ith AP to the cell center, re-
spectively. To improve the performance, the an-
tenna selection technology is employed for APs.
If AP; is selected to transmit signals, the received
signals at MT can be expressed as

v =+/P hx + = i=1,,N, @))
where y,; is the received signal at MT, P the
transmit signal power, h; the composite channel
fading coefficient between AP; and MT, x the
transmitted signal from AP; with unity energy. z

a complex Gaussian noise with zero mean and va-

riance N,. Thus, the average SNR)//:P(/NO.
Due to the structural features of DAS, h; can
be modeled as
h, ="k, /L, )
where k; represents the small-scale fast fading be-
tween AP; and MT, L, the path loss between AP;
and MT. The envelope of the fast fading is as-
sumed to undergo a Rayleigh fading. The path
loss term L; can be modeled as
L.=d,/d)?" (3
where §3; is the path loss exponent, d, the refer-
ence distance and d; represents the distance from
AP; to MT. Based on this, the output SNR 7, af-

ter maximal-ratio combining can be expressed as

2

v, =l h 1*y=g7. » whereY/=7L, and g, = | &,
In practice, the perfect CSI is hard to achieve
due to the channel estimation error. Therefore,
we investigate the effect of imperfect CSI on the
system performance with estimation errors mod-
eled as complex Gaussian random variablest®.
We assume that the channel is perfectly known at
the receiver, but there is estimation error in the
channel state information feedback from the re-
ceiver to the transmitter. For noisy channel esti-
mation, the estimation of true channel &,.%, , is
related to &, ast®"-
ki =k +e 4)
where e, is the estimation error independent of &;,
and it brings about the imperfection of CSIL. &,
and e; are assumed to be independent and identi-
cally distributed (i.i. d.) complex Gaussian ran-
dom variables with zero mean and variances given
by 1 and s’ , respectively. The larger the variance
o’ is, the worse the estimation quality will be.
When &°
According to the analysis above, the esti-
mated SNR 7, between AP, and MT can be ex-

pressed as

=0, the channel is perfectly known.

90— ~ 7
Y =837 (5

v =l h

2

where g, =| &, Based on the Bayesian linear
model and Theorem 10, 3", givenk, , &, is a com-
plex Gaussian variable, and its mean and covari-
ance are given by
E[k; | k]
Clk; | &;]

=+ ks
—ot(1+o) " (6)
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Thus, giveng;,g; is noncentral chi-square distrib-

uted, and corresponding conditional PDF is ex-

pressed as
f‘g,\ﬁ, (g‘g):
1+46° g+ A+s)g 2«/(£,g
7 exp( QPSR )IO( : )(7)

where I, (x) is the modified Bessel function. U-
sing Eqgs. (5),(7) as well as the transformation of

variables, the conditional PDF of y given 7 is ob-

tained as
fy,\%, Q"i’):
144 v+ A+ (27
,,Zex(fw : ) VIV (8)
Yo, Yie.(1+a.) e

With Eq. (5), g; is chi-square distributed with 2

degrees of freedom, and its PDF can be written as

fi(g) =" £ ) (9

Thus, through the variable transformation,
the PDF of 7, is
S5 () =A,exp(—yA)
where A, =1/7:(1 +¢%)

In this paper, the antenna selection scheme is

(10)

applied to the transmitter to improve the per-

formance. Namely, based on the estimation in-
formation at the transmitter, one "best” AP is se-
lected for transmission to maximize the estimated
SNR. Accordingly, the estimated SNR ¥ can be
expressed as

y=max{¥i sV} (11D
y: is independent of each other due to the features
of DAS , and then the cumulative distribution
function (CDF) of ¥ can be obtained as
N, ) N,
FG) =11 (|, ra7) = I[a—excia0)=

Z(—D Z exp(—7 -+ 2 A (A2)

(i,
where (i, N,) is the set of N*tuples such that
Zw

. With the above CDF, the PDF of ¥ can be given
by

[11-12]

T(i’Nz>:{(t1"“vf\ )i €4

f7<7>—2fy 2 H F; (1) =

p=1.pFi
N[ N/*l ;\[
D10 D) (—DrAexp(—y(A + GAD)
i=1 p=0z(p.N,—D k=1,k#i
(13)

where (i, N, — 1) is the set of (N, —1)-tuples
such that 2N, — 1) = {(e1 s*** st stirr s sen )
Lk 6 Z Chr *l

k=1,%#n

2 Ergodic Capacity Analysis

In this section, we will give the capacity a-
nalysis of the DAS with imperfect CSI. The erg-
odic capacity of the mobile terminal at a given lo-

cation can be expressed as

—E, {log, (1 + 7)) =J:“10g2 A+ f,(dy—

N,
Jo JO Zlogz 1 +7)fy,\?} (y | 5/1‘ :&,l:u) X
i=1

flG=uly. =7 P =7 dydy=

N,
JJ 2olog: A+ 1 O L 1 f5,(0) -
0Jo T

N,
11 F;, (»dydy (14)
pApri
Where f(7 = u ‘ 5’1‘ = ’})Prol)(’;/i = ‘A}/) -
N,
£ 10 F, R A O A A
p=Tpt
fy15(r | v) and u =argma z,ey {7,} . The inner

integration in Eq. (14) can be given by

N[

ZJ fy\y (7‘7’)][7 ('}’) H F ()’)d}’_
i=1 =1.p#i

N, N1

(—D'A, (0 +4)  ( A+d)y
;;;wgn V0! Xp( Vo >><
N,
oGy t A 2 aa0)

k=1,k#i

(15)

7)o

Oe

Using me"*”'sef“”'Izv(Zﬁ Va ))dax -
0

F(u+‘U+O 5) 20 —u—uv—1/2 éz .

el D B a X exp( . ) and Egs.

(6.643.2),(9.220.2) in Ref. [13], Eq. (15) can
be further simplified as

N,

ZJ A ARNEAS2 H F, (ndy=

i=1 p = l.pFi

N, N,-1

IDINDY — X

- t
i=1p=02pN D _, ;o
7i<1+7i05 §: lkAk)

k= 1,k#i
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N, Table 1 Simulation parameters of DAS
A
1 X :21:, I.Ll‘ g Parameter Value
exp|— (= + X, Yyl (16) R/m 1 000
1+ Ys! Z Ay N, 5,9
k= 1,k#i
Substituting Eq. (16) into Eq. (14) yields B 2,4
N1 Cosv) (400,7/4)
C= ZZ D =D % (R v7) (0,0)
i=1 p=0 (p:N,~D =1 O Ri.ti) »i=2,-.N, (2R/3.2r(i—1)/(N,— 1)
U T 1 Aty D) add] Rzt (RS 2l )
k=1, k=i dy/m 80
,\"[ f\"/
A, (A, . . .
E 1 + A,ZZH,I ! 1 ,C:]Z,#,/ ‘ In Figs. 1—2, we plot the theoretical capaci-
T N | exp |7 T N
Vi IS Vi Lo ty and corresponding simulation of DAS with per-
1+7/,05 2 v 1+7/il7f Z vy Y ) : & ) P
Py E=T okt fect CSI (62 =0) and imperfect CSI (s =0.3),
(17) where the path loss exponent §=2,4. The num-
where E, (x) is the exponential integral func- ber of APs. N,= 5 and 9 are considered in Fig. 1
tion"". Eq. (17) is an accurate closed-form ex-

pression of ergodic capacity of DAS under imper-
fect CSI, and will provide good agreement with
simulation result., For perfect CSI, ¢ =0, and
Eq. (17) is reduced to
N,~1
(—D?

-y ¥ x

i=1p=02pN—D !

In2[1 + ¥/ Z vl

k:w;t,
N
1 t
E (5 + )exp( a E )
i ko= 1.k k =Tz Yk
(18)

Eq. (18) is an accurate closed-form expression of
ergodic capacity of DAS with perfect CSI, and can
match the simulation well. According to this, the
derived Eq. (17) includes the ergodic capacity un-

der perfect CSI as a special case.

3 Simulation Results

In this section, we use the derived theoretical
formula and simulation results to evaluate the er-
godic capacity of DAS with antenna selection un-
der imperfect CSI. In the simulation, N, APs are
evenly and symmetrically placed in the cell, that
is, the distances between each AP and the MPU
are the same, and the angles between every two
neighboring APs are also the same®. The
Monte-Carlo method is employed for simulation
and single receive antenna is considered. The
simulation results are illustrated in Figs. 1—3.
The main simulation parameters are listed in Ta-

ble 1.

and Fig. 2, respectively. The theoretical capaci-
ties are calculated by Egs. (18) and (17) for per-
fect and imperfect CSI, respectively. From these
two figures, it is observed that the theoretical ca-
pacity agrees well with the simulation result. The
capacity can be effectively improved with the de-
crease of path loss exponent. This is because the
corresponding path loss becomes smaller. Be-
sides, the capacity under imperfect CSI is lower
than that under perfect CSI due to the estimation
error. By comparing Fig. 1 and Fig. 2, it is found
that the capacity of DAS with N, =9 is larger
than that with N,=5 since the former has higher
diversity gain. The results show that the derived
theoretical formula is valid.

In Fig. 3, we evaluate the impact of the esti-

mation error on the ergodic capacity, and plot the

Capacity / (b * (s * Hz) ")

Fig. 1  Capacity of DAS with different path loss expo-

nents and estimation errors (N, =5)
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Capacity / (b * (s * Hz) ")

SNR / dB

Fig. 2 Capacity of DAS with different path loss expo-

nents and estimation errors (N, =9)

DAS capacity versus channel estimation error va-
riance, where the average SNR is set as 20 dB,
path loss exponent f=4. As shown in Fig. 3, the
theoretical formula is consistent with simulation
result due to its accuracy. The capacity of DAS
with N,=9 is higher than that with N, =15 since
more APs are employed. As the estimation error
increases, the system capacity will decrease be-
cause the reliable CSI becomes less, which ac-
cords with the existing knowledge. Besides, we
observe that the system can tolerate the estima-
tion error variance up to about 0. 01 with a slight
degradation in the capacity. But when ¢ increases
beyond 0. 01, the capacity will decrease gradual-
ly. The above results further indicate that our

theoretical analysis is effective.

Fig.3 Capacity of DAS with different estimnaton errors
and APs

4 Conclusions

We have studied the performance of down-
link DAS capacity with imperfect CSI caused by
estimation error in composite Rayleigh fading
channel. Based on the performance analysis and
established channel model, the closed-form PDF
and CDF of the estimated SNR are derived, re-
spectively. Using these functions and numerical
calculation, an accurate closed-form capacity ex-
pression of DAS with single receive antenna under
imperfect CSI is obtained. When channel estima-
tion has no error, this expression is reduced to
the one under perfect CSI. Using this expression,
the capacity of downlink DAS in the presence of
perfect and imperfect CSI can be effectively evalu-
ated. The analysis indicates that DAS capacity is
insensitive to the estimation error variance smal-
ler than 0. 01. Simulation results show that the
derived capacity expression can match the corre-
sponding simulation well, and the capacity may
be improved by decreasing the estimation error

and/or path loss exponent, and /or increasing the

number of APs.
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