We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



8

Downlink Capacity of Distributed Antenna
Systems in a Multi-Cell Environment

Wei Feng, Yunzhou Li, Shidong Zhou and Jing Wang

State Key Laboratory on Microwave and Digital Communications

Tsinghua National Laboratory for Information Science and Technology
Department of Electronic Engineering, Tsinghua University, Beijing 100084,
P. R. China

1. Introduction

The future wireless networks will provide data services at a high bit rate for a large number
of users. Distributed antenna system (DAS), as a promising technique, has attracted
worldwide research interests (Feng et al., 2010; 2009; Saleh et al., 1987; Ni & Li, 2004; Xiao et
al., 2003; Zhuang et al., 2003; Hasegawa et al., 2003; Choi & Andrews, 2007; Roh & Paulraj,
2002b;a). In DAS, the antenna elements are geographically separated from each other in the
coverage area, and the optical fibers are employed to transfer information and signaling
between the distributed antennas and the central processor where all signals are jointly
processed. Recent tudies have identified the advantages of AS n terms of increased system
capacity (Ni & Li, 004; Xiao et al., 2003; Zhuang et al., 2003; Hasegawa t al., 2003; Choi &
Andrews, 2007) and acro diversity (Roh & Paulraj, 2002bja) as well as coverage
improvement (Saleh et al., 1987).

Since the demand for high bit rate data service will be dominant in the downlink, many
studies on DAS have focused on analyzing the system performance in the downlink. In a
single cell environment, the downlink capacity of a DAS was investigated in virtue of
traditional MIMO theory (Ni & Li, 2004; Xiao et al., 2003; Zhuang et al., 2003). However,
these studies did not consider per distributed antenna power constraint, which is a more
practical assumption than total transmit power constraint. Moreover, the advantage of a
DAS should be characterized in a multi-cell environment. (Hasegawa et al., 2003) addressed
the downlink performance of a code division multiple access (CDMA) DAS in a multi-cell
environment using computer simulations, but it did not provide theoretical analysis. A
recent work (Choi & Andrews, 2007) investigated the downlink capacity of a DAS with per
distributed antenna power constraint in a multi-cell environment and derived an analytical
expression. However, it was only applicable for single-antenna mobile terminals.

In this chapter, without loss of generality, the DAS with random antenna layout (Zhuang et
al., 2003) is investigated. We focus on characterizing the downlink capacity with the
generalized assumptions: (al) per distributed antenna power constraint, (a2) generalized
mobile terminals equipped with multiple antennas, (a3) a multi-cell environment. Based on
system scale-up, we derive a quite good approximation of the ergodic downlink capacity by
adopting random matrix theory. We also propose an iterative method to calculate the
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174 Communications and Networking

unknown parameter in the approximation. The approximation is illustrated to be quite
accurate and the iterative method is verified to be quite efficient by Monte Carlo
simulations.

The rest of this chapter is organized as follows. The system model is described in the next
section. Derivations of the ergodic downlink capacity are derived in Section 3. Simulation
results are shown in Section 4. Finally, conclusions are given in Section 5.

Notations: Lower case and upper case boldface symbols denote vectors and matrices,
respectively. (.)" and ()" denote the transpose and the transpose conjugate, respectively.
CM*Nrepresents the complex matrix space composed of all M x N matrices and CA denotes a
complex Gaussian distribution. E() and Var(.) represent the expectation operator and
variance operator, respectively. I, is an identity matrix with the dimension equal to n. “®”
denotes the Kronecker product.

2. System model

The architecture of a DAS with random antenna layout in a multi-cell environment is
illustrated in Fig. 1, where a cell is covered by N uniformly-distributed antennas (DAs), and
each cell is loaded with a single randomly-deployed mobile terminal! (MT), which is
equipped with M antenna elements (AEs). The optical fibers are employed to transfer
information and signaling between the central processor and the DAs.

We consider the 1-tier cellular structure (Choi & Andrews, 2007) with universal frequency
reuse, where a given cell (indexed by i = 0) is surrounded by one continuous tier of six cells
(indexed by i =1 ~ 6) as shown in Fig. 1.

Basically, the downlink of the considered DAS is a N xM MIMO system with interference
and noise. The received signal vector of the terminal in the Oth cell can be expressed as
(Telatar, 1999)

y(o) = (signal)+ (interference)+ (noise)

0)4(0) 4 S py(i)(i (1)
“HOXO + S HOXO 4 p,
i=1

where HY ¢ CM*N i = 0,1, ...,6, denotes the channel matrix between the DAs in the ith cell
and the MT in the Oth cell, x() = [xgi),x(;),---,x%)] eCN i=0,1,---,6, is the transmitted signal
vector of the DAs in the ith cell, n e CM*! denotes the white noise vector with distribution
CN (0, 52 In). The per distributed antenna power constraint is considered, we have

"2 .
EUx,(j)‘ }SP,ﬁ”,n=1~N,i=0~6, 2)

where P!} denotes the power constraint of the nth DA in the ith cell.

The composite fading channel matrix HY, i = 0,1, ...,6, encompasses not only small-scale
fading but also large-scale fading (Roh & Paulraj, 2002b;a), which is modeled as

1 The system corresponds to the set of MTs using a particular orthogonal dimension, e.g., a time slot
for time division multiple access.
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g Distributed Antenna ~# Mobile Terminal

_ Antenna FElement _.. Antenna Elements l Central Processor

Fig. 1. Illustration of a DAS in a multi-cell environment.

H = HS,)L(l)

nG) R
LIVRN 10 (3)
[ 19819
LTI

where HY) and L® reflect the small-scale channel fading and the large-scale channel

fading between the DAs in the ith cell and the MT in the Oth cell, respectively.
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{h,(;?1 |m=1,2,---,M; n=1,2,---,N;i=0,1,---,6} are independent and identically distributed
(ii.d.) circularly symmetric complex Gaussian variables with zero mean and unit variance,
and {lff) |n=1,2,---,N;i=0,1,---,6} can be modeled as

10 =\ [0 ] 7 s n=1~N,i=0~6, (4)
where D) and S% are independent random variables representing the distance and the
shadowing between the MT in the Oth qell and the nth DA in the ith cell, respectively,
ydenotes the path loss exponent. {S,([) |n=1,2, ... ,N;i=0,1, ... ,6} are iid. random
variables with probability density function (PDF)

1 (Ins)?
=——exp| ———*—1{,5>0, 5
270 p[ 22%c7 ] ®)
where o5 is the shadowing standard deviation and 4 = hi(l)o .

Since the number of interfering source is sufficiently large and interfering sources are
independent with each other, the interference plus noise is assumed to be a complex
Gaussian random vector as follows:

N =Y HO +n, (6)

The variance of A is derived by the Central Limit Theorem as

Var(N) = [ZZV l)+0':|IM 7)

i=1n=1
=o°Iy,. (8)
Therefore, (1) is rewritten as
v = HOLOXO 4 A7, 9)

3. Downlink capacity characterization

3.1 Problem formulation

Since the small-scale fading always varies fast but the large-scale fading usually varies quite
slowly, we can regard L) as a static parameter in calculating the downlink capacity. Thus, if
the channel state information is only available at the receiver, the ergodic downlink capacity
is calculated by taking expectation over the small-scale fading H®), which is expressed as
(Telatar, 1999)

C= EH<0> {logZ det(I,, + %(H(LS)L(O))P(O)(H;‘)))L(O))H)} ) (10)
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where PO = diag{P(”,P{",...,P{")} is the transmit power matrix of the DAs in the Oth cell.
Unfortunately, it is quite difficult to get a more compact expression of the ergodic downlink
capacity. Therefore, we propose the operation of “system scale-up” to study a simplified
method to calculate the capacity as accurately as possible.

3.2 System scale-up

The basic idea of system scale-up is illustrated in Fig. 2. Assuming the proportion between
the initial system and the scaled-up system to be ¢ (a positive integer), we can summarize
the characteristics of system scale-up as follows:

e Each DA with a single AE is scaled to a DA cluster with ¢t AEs.

e  The number of AEs equipped on the MT is increased from M to Mt.

e The system topology is not changed.

e The variance of NV is not changed.

e  The large-scale channel fading is changed from LY to LY we have

1" =191, (11)

The small-scale fading is changed from Hg) e CMN o Hg)t eCMHNE i -0,1,---,6, let
H) e C™ 1<m<M,1<n<N,i=0,1,---,6 , we have

| H) ... H{
HO =]+ 1 1i=0,1,-,6. (12)
H) ... H{),
H' s also a matrix with i.i.d. zero-mean unit-variance circularly symmetric complex
Gaussian entries, which is the same as H S,) .
e The total power consumption is not changed. In detail, the transmit power of each DA
in the initial system will be equally shared by the t AEs within a DA cluster in the
scaled-up system. We can express the new transmit power matrix as

PO - %diag{ PO, PO, PO} o1, (13)

It is well known that the channel capacity of a MIMO system can be well approximated by a
linear function of the minimum number of transmit and receive antennas (Telatar, 1999) as
follows:

C ~min(a,b)x A, (14)

where C is the capacity of a MIMO channel with a transmit antennas and b receive antennas,
A is a corresponding fixed parameter determined by the total transmit power constraint. If
the number of transmit antennas and receive antennas increase from a to ta, from b to b,
respectively, the channel capacity is derived as

C ~ min(ta, th)x A ~ tC. (15)

www.intechopen.com



178 Communications and Networking

Fig. 2. Illustration of system scale-up.
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Since the considered DAS is a special MIMO system, we directly hold that the system
capacity scales linearly in the process of system scale-up, which can be partial testified by
the following Theorem.

Theorem 1:

If the proportion between the initial system and the scaled-up system is ¢, an upper bound
for the downlink capacity of the scaled-up system can be expressed as

(0)
PP —tleogz[lJrZ&j. (16)

n=1 o}

Proof:
Based on (10), the capacity of the scaled-up system can be derived as

C; =Epor [logz det(I,;, + %(HES”L””)P}O)(H;?)fL(O)f)H)}, (17)
According to Hadamard Inequation, we have
Co<E o Sloe. (14 [ EHOTLOHPO OO 18
<y 2 loga 1+ —[ HOLOROEDLO)] ), (18)
=1

Directly put E inside log,, according to Jenson Inequation, we have

C,<E ())t210g2(1+ Eor | HOTO)PO (HO'L ”)H]Uj]), (19)
j=1

Then, from (11), (12) and (13), we can further derive

(I (0)) p
C, <txMlog, 1+Z— . (20)
o
Thus,
CI"P" = tx Mlog, 1+ZT . (21)
n=1
n
Let
1(0 (0)
C, =Mlog, (1+ Zuj (22)
o
From Theorem 1, we have
C/PF" =txC,. (23)

It is observed that the upper bound of the system capacity scales linearly in the process of
system scale-up.
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3.3 Calculation of the downlink capacity
Based on the foregoing argument, we derive an approximation of the downlink ergodic
capacity as

C~ %EHW {log2 det{l i + %Hg‘))Pt(O)HgO)H }} (24)

where H{" is the channel matrix of the scaled-up system

0) (0 0) (0
OHO . OHY,
HY=| S (25)
0 0)gg(0
10O 1OHO),
We rewrite (24) as
1 H
C= H<° log, det IMt+ HH p (26)
where H e CM"N and
© ]
z<0>‘/1’1 HO . _PZZ H)
H= (27)

(0)/ H(O , <0)/ H(o
Theorem 2:

The ergodic downlink capacity described in (10) can be accurately approximated as

C~C= Zlog2(1+ L [1OP POWIM) + Mlog, (W) - Milogye[1-W™], (28)

n=1

where W is the solution of the following equation

N [1 1(0) ]2 p(O)

W=1+ 0
S+ [P POWIM

(29)

Proof:
Let o' : [0,M)x[0,N) - R be the variance profile function of matrix H, which is given by

o' (x,y)=t-Var(H(i,j)), x €

where H(i, j) is the entry of matrix H with index (i, j). We can further find that as t - o,
v(x,y) converges uniformly to a limiting bounded function v(x,y), which is given by
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o(x,y) =[PP}, x€[0,M); y e[n—1,n). (30)

Therefore, the constraints of Theorem 2.53 in (Tulino & Verdu, 2004) are satisfied, we can
derive the Shannon transform (Tulino & Verdu, 2004) of the asymptotic spectrum of HH' as

1
Vign (V) = lim—E o oy [log, det(I+ vHH)] (31)

= Ey[log,(1+ vEx[v(X,Y)I"
+Ex[log,(1+ vEy[v(X, Y)Y

X,v) )]
Y,v) X)])]

HH”(

2 (
X, v)Y Y,v)]log, e,

HH ( HH? (

with I', . i () and Y .) satisfying the following equations

HHH (-

1

Figer (00) = 1+vEy[o(x, Y)Y, i (Y, V)] (32

1

Y W) =17 VEX[00, )T (X, V)] 53)

where X and Y represent independent random variables, which are uniform on [0,M) and
[O,N), respectively, v is a parameter in Shannon transform. Given v, based on (30), we
can observe that I' . (x,v) is constant on x € [O,M) and Y, n(y,v) is constant on
y € [n — 1,n). Thus, we define

T (6V) Lo, =W, (34)
Y, o (V) lyeno1m= Uy - (35)
From (32) and (33), we have
W = 1+1/Z[l PO, (36)
n=1
u, =1+v[IVPPOWIM, 1<n<N. (37)

Assuming v = % , we can further derive
(o2

L _
C =V ( Zlog21+—[l 'PPOW M)+ Mlog, (W) - Mlog,e[ 1-W™ | (38)

n=1

Moreover, from (36) and (37), W can be calculated by solving the following equation

[l(O)] pO
W=1+
,;a +[1OPPOWIM
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182 Communications and Networking

The unknown parameter W in Theorem 2 can be easily derived via an iterative method as
presented in Table 1. The efficiency of the iterative algorithm will be demonstrated in
Section 4.

Initialization :
W%=1; e=1.0x107.
Loopstep :
)

Table 1. The iterative method to calculate WV.

4. Simulation results

In this section, Monte Carlo simulations are used to verify the validity of our analysis. The
radius of a cell is assumed to be 1000rm. The path loss exponent is set to be 4, the shadowing
standard deviation is set to be 4 according to field measurement for microcell environment
(Goldsmith & Greenstein, 1993), and the noise power oy is set to be -107dBm. The per
distributed antenna power constraint takes value from -30dBm to 30dBm.

Without loss of generality, four different simulation setups are considered as follows:

e Case1: N =M =4, with randomly-selected system topology as shown in Fig. 3-A;

e Case 2: N =M =4, with randomly-selected system topology as shown in Fig. 3-B;

e Case 3: N =M = 8, with randomly-selected system topology as shown in Fig. 3-C;

e (Case 4: N =M = 8, with randomly-selected system topology as shown in Fig. 3-D;

Both analysis and simulation results of the ergodic downlink capacity for the four cases are
presented in Fig. 4. It is observed that the two kinds of results are quite accordant with each
other, which implies the high accuracy of the approximation in Theorem 2.

The total error covariance (A in Table 1) of the iterative method to calculate WV is illustrated
in Fig. 5. We can observe that 40 iteration steps are enough to make A be less than 1.0 x 107°.
In summary, we can conclude that the approximation is accurate and the iterative method is
efficient.

5. Conclusions

In this chapter, the problem of characterizing the downlink capacity of a DAS with random
antenna layout is addressed with the generalized assumptions: (al) per distributed antenna
power constraint, (a2) generalized mobile terminals equipped with multiple antennas, (a3) a
multi-cell environment. Based on system scale-up, we derive a good approximation of the
ergodic downlink capacity by adopting random matrix theory. We also propose an iterative
method to calculate the unknown parameter in the approximation. The approximation is
illustrated to be quite accurate and the iterative method is verified to be quite efficient by
Monte Carlo simulations.
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Fig. 4. Ergodic downlink capacity.
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Fig. 5. Convergence performance of the iterative method.
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