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Abstract—A cellular distributed antenna system (DAS) allows
mobile user terminals (UTs) to be served at higher data rates as
compared to conventional cellular systems by reducing the path
loss and attaining macrodiversity gains. Moreover, such a cellular
DAS can be perceived as a distributed multi-user multiple-input
multiple-output system. In this paper, the block diagonaliza-
tion and zero-forcing dirty-paper coding downlink transmission
schemes are extended for a single-cell DAS with multi-antenna
distributed antenna ports (DAPs) and multi-antenna UTs, where
only a subset of all DAPs in the cell transmit to each UT. The
aggregate cell spectral efficiency that is achieved by these schemes
per frequency-time resource block is compared for both DAS
and collocated antenna system (CAS) architectures, subject to
the same total power constraint. The gains of the cellular DAS
over the cellular CAS are demonstrated, and the effect of the
number of antennas per DAP on the performance of the cellular
DAS is investigated.

Index Terms—Distributed antenna system, coordinated trans-
mission, multi-user MIMO, block diagonalization, zero-forcing
dirty-paper coding.

I. INTRODUCTION

Future cellular networks are expected to provide high data
rate service throughout the cell. In conventional cellular net-
works, a user terminal (UT) nearby the base station (BS) can
be served at a relatively high data rate. However, UTs that
are further away from the BS experience significant path loss,
which leads to low data rates. A cellular distributed antenna
system (DAS) is a promising candidate architecture that can
help in enabling ubiquitous coverage over the entire cell.
In a cellular DAS, several antenna ports are geographically
separated from each other, and each distributed antenna port
(DAP) is connected to the BS via a fiber optic link or another
dedicated wired medium.

Distributed antenna systems were first introduced in [1] to
improve the coverage distance for mobile UTs in an indoor
environment, and early research on DAS was in this context
[2]. Early works on the integration of DAS in cellular networks
appeared in [3]-[7]. In [3], the uplink outage probability
of a generalized DAS was evaluated for various diversity
combining schemes using a composite fading channel model.
In [4], a code division multiple access (CDMA) sectorized

distributed antenna architecture was proposed. Outage capacity
analysis of a CDMA DAS was performed for both uplink
and downlink in [5], and the outage capacity of multiple-input
multiple-output (MIMO) DAS was studied in [6], [7].

In comparison to the collocated antenna system (CAS),
i.e., a conventional cellular system, deploying a DAS leads
to reduced path loss from certain DAPs to a particular UT,
as well as independent shadowing statistics from/to each
DAP. Additionally, all antennas at the BS are usually used
to transmit to each UT in a CAS, whereas in the case of
a DAS, the distance from certain DAPs may be too large to
spend power for transmission to particular UTs. Subsets of the
available DAPs can, instead, be used to transmit to individual
UTs [8]. As a result, it may not be necessary for some DAPs
in the cell to be active if no UTs are nearby.

A single-cell CAS with multi-antenna UTs can be modeled
as a Gaussian MIMO broadcast channel (BC), for which the
optimal transmission scheme is dirty-paper coding (DPC) [9].
However, DPC is difficult to implement in practice due to
its computational complexity, and several sub-optimal linear
and non-linear transmission schemes have been proposed for
mitigating inter-user interference [10]-[16]. In [10], the zero-
forcing dirty-paper coding (ZF-DPC) scheme is proposed,
which performs LQ decomposition on the aggregate channel
matrix consisting of the channel matrices of all single-antenna
UTs, to eliminate a part of the inter-user interference. The re-
maining interference is mitigated by means of successive dirty-
paper encoding. ZF-DPC is shown in [10] to be asymptotically
optimal with increasing signal-to-noise ratio (SNR). ZF-DPC
has been extended to incorporate multi-antenna UTs in [11]—
[14]. A linear scheme that mitigates inter-user interference is
zero-forcing beamforming (ZFBF), which orthogonalizes all
single-antenna UTs using the pseudo-inverse of the aggregate
channel matrix. An extension of this scheme for multi-antenna
UTs is block diagonalization (BD) [15], in which each UT’s
precoding matrix is designed such that its transmitted signal
lies in the null space of the channel matrices of the other UTs.

With the incorporation of port selection, the CAS-based
versions of these schemes cannot be directly applied to a DAS,
and processing modifications are necessary. In this paper, the



ZF-DPC and BD schemes are extended to fit the cellular DAS
architecture. In [17], the performance of various multi-user
transmission schemes, including BD, is explored in the context
of a single-cell DAS with multi-antenna DAPs. However, the
schemes presented in [17] do not incorporate port selection.
Furthermore, single-antenna UTs are mainly assumed and
spatial multiplexing of multiple data streams for each UT is
not included. Both these features are considered in this paper.
In [18], port selection is explored for a multi-user cellular DAS
with the selection criteria being based on path loss alone, as
well as a combination of path loss and multipath fading. How-
ever, the UTs are orthogonalized through orthogonal frequency
division multiplexing (OFDM), whereas orthogonalization is
achieved through spatial precoding in this paper.

II. SIGNAL AND CHANNEL MODELS

Consider a single-cell DAS with D M-antenna DAPs,
including one at the BS itself. All DAPs are located uniformly
throughout the cell, and are connected to the BS by a lossless
and delayless link. There is a central processor at the BS,
which has perfect knowledge of the instantaneous channel
gains between each active DAP and each UT in the network,
i.e., perfect channel state information at the transmitter (CSIT).
There are K N-antenna UTs in the cell. Such a cellular DAS
is illustrated in Fig. 1. Let S be the set of indices of all DAPs
in the system, where |S| = D and | - | denotes the cardinality
of the enclosed set. Let A represent the set of all active DAPs
(A C S). Also, let Ci, and Zj, represent the set of DAPs that
cooperatively transmit to the k' UT and the set of DAPs that
cause interference to that UT, respectively.

A. Signal Model

The received signal at the k' UT can be expressed as
y,=Hrx+ng k=1,... K, (1)

where y, € CN*1, H;, € CN*IAIM is the channel transfer
matrix between the k' UT and all active DAPs in the cell,
containing path loss, shadowing, as well as multipath fading,
ny € CNV*! is a zero-mean complex Gaussian noise vector
with covariance matrix E[n;ni!] = 021y, and x € CHAIMx1
is the transmitted signal defined as

K
x =Y Fidy, )
k=1

where d;, € CV*! is the data vector of the k' UT, and
F) € CMIMXN g jtg precoding matrix. This precoding matrix
is of the form F) = FA?, where F € CMHAIM*N s the
transmit beamforming matrix and Ay € CV*¥ is a diagonal
power allocation matrix. Eq. (1) can then be re-written as

K
1 1
y, = HyFyAidy+ H, Y FiAidi+ng, (3
i=1, i#k
where the second term on the right-hand side of (3) represents
the inter-user interference experienced by the k' UT.

The cellular DAS is subject to a total power constraint,
F [:m:H } < P,, where P, is the total available transmit power.
Assuming that the data vectors, dy,Vk = 1,..., K, are zero-
mean with identity covariance matrix, this constraint can be
written as Y1, Tr(S)) < P;, where Sy = F,F}7 is the
transmit covariance matrix of the k* UT [19], and Tr(-) is
the trace operator.

It is worth noting that a per-DAP power constraint is more
practical; however, we consider the total power constraint to
enable a fair comparison between the performance of the DAS
and of an equivalent CAS.

B. Channel Model
The channel matrix Hy, in (1) for the DAS is of the form

H, = [HS) HY HSAD} k=1, K @

i -B

. . (i) N/ .

where H,(;) = sg) (d‘fgs>) H,(;) s dg) is the distance
k

between the k' UT and the i DAP, d,(CBS) is the distance
between this UT and the/ BS, i.e., the cell center, § is the
path loss exponent, H\" € CN*M
fading coefficients, and s,(j) is the shadowing coefficient,
which is assumed to have a gamma distribution with shape
parameter m, and scale parameter % where ) is the mean
power in the cell area. The gamma distribution approximates
the lognormal distribution, which is conventionally used to
model shadowing in wireless channels. This approximation
is generally adopted due to the analytical simplicity of the
gamma distribution [20].

In the case of a CAS, the channel matrix can be written as
H), = /5% HY, (5)

where sy, is the shadowing coefficient between the k*"* UT and
|A|M antennas collocated at the BS, and Hj, € CN*IAIM
is the multipath fading coefficient matrix. The path loss
component is set to unity due to the normalization by d;cBS).

contains the multipath

III. PROPOSED DOWNLINK TRANSMISSION SCHEMES
A. DAS Block Diagonalization

Considering the first term on the right-hand side of (3),
the rows of F'; corresponding to those columns of H, that
represent the transmit antennas of the DAPs in Z;,, must be set
to zero, since those particular DAPs do not transmit desired
signals to the k** UT. The remaining non-zero rows of F
then constitute the submatrix F', € CICxIMxN

Eliminating inter-user interference requires the following
condition to be satisfied: H;Fy = 0, V i # k, which can
be reduced to H, F, = 0, V i # k, where H, e CNxICIM
is a channel matrix containing only those columns of H, that
correspond to the transmit antennas of the DAPs in Cj. The
interference matrix of the k* UT is defined as

= — H ~ H - H -
H) = [Hl,k v Hpq g Hiypq oo Hig| s (6)

k=1,...,K,



where H ik € CNxICkIM i a submatrix containing only
those columns of H; that correspond to the transmit antennas
of the DAPs in Cj. Assuming that Hj is full-rank, let

Ly = rank(H}) = min{N(K — 1),|C;|M}. The singular
value decomposition (SVD) of Hy, is given by

Ao o [o® o

H,=U, 5, {Vk v, } , (7

~ (1 R = . .
where V,(C ) contains in its columns the first L; right singular
o = (0 . .. =
vectors of H, and V;C ) contains the remaining |Cy|M — Ly,

right singular vectors. In order for \% . to be non-empty for
all k, the condition,

N(K-1)<

min

M
ke{1,...,K}(|Ck| ), ®

must be satisfied. This is the dimensionality constraint of a
cellular DAS with port selection, which limits the number of
UTs that can be simultaneously served in a particular time and
frequency slot, which is hereby referred to as a resource block
(RB)!. The columns of ‘7](90) then form an orthogonal basis
for the null space of H,,. F, can, therefore, be designed by
using a linear combination of the columns of ‘7;0)’ such that
the effective channel gain is maximized. This is achieved by
performing the following SVD [15],
S H
av =0 0| [

_ 0, [ ©)

where 35, € CLv*Lk is a diagonal matrix comprised of the
as its diagonal elements, L; =
rank(H k‘}]io))’ and Vil contains the first /V right singular

vectors of H kf/'ko . Then, 13'k is defined as

Po=vv

singular values of H kf/(o)

(10)

Note that this transmit beamforming matrix is designed to only
mitigate inter-user interference. The task of separating multiple
data streams per UT is left for the processing at each UT
itself, since complete orthogonalization of all data streams at
the transmitter is suboptimal in terms of maximum achievable
aggregate cell spectral efficiency [15]. Each UT can separate
its own data streams by using a decoding matrix of ij, where
U’k is obtained from (9). The optimal power allocation matrix,
A = diag(A4,...,Ak), is obtained by performing water-
filling on the diagonal elements of 3 = diag(21,...,3k)
under the total transmit power constraint P;. The aggregate
cell spectral efficiency per RB is given by

~H 1\ 2
K (0 HiFiA)
Z logy det | Iy +
k=1

Rcell,BD 2
Un

(11)

Il
(]~
5}
o
()
[
&
/N
~
z
+
|\
ESI®)
g
=~
~—

'The DAS dimensionality constraint does not, however, impose a strict
limit on the overall number of active UTs since a different set of UTs can be
selected for service in another RB using an appropriate scheduling algorithm.

B. DAS Zero-Forcing Dirty-Paper Coding

The formulation in this section is an extension of the ZF-
DPC scheme described in [12] for multi-antenna UTs. Let 7
represent a permutation operator for UT ordering. Successive
dirty-paper encoding is performed to generate the (k)" UT’s
data vector d ), such that interference from all UTs that have
a lower index is eliminated, while the remaining interference
is mitigated by means of BD-based zero-forcing.

Similar to the DAS BD scheme, the interference matrix of
the 7(k)*" UT is now defined as

H — H
H gy = H) r0) Hr@)nr) -

H H
H‘rr(k—l),‘n'(k)] s (12)
k=2 .. K

The transmit beamforming matrix design and power allocation
from this point onward are identical to those described for the
DAS BD scheme. Note that no interference matrix exists for
the 7(1)** UT since the beamforming matrices of all other UTs
are designed to mitigate interference to this UT. In this case,
SAVD is applied directly to H x(1)> and the resulting matrix

3 (1) is used for power allocation. The maximum achievable
aggregate cell spectral efficiency per RB is given by

K - 2

E A
77(](;) Tr(k)
RC@ — == 1 d t - 5 b
1, ZF-DPC Hlfrixg ‘ ogydet | Iy + %

(13)
where the maximization over 7 is due to the fact that UT or-
dering affects the achievable spectral efficiency. For simplicity,
however, we consider an arbitrary UT ordering in this paper.

IV. PERFORMANCE EVALUATION

The performance of the cellular DAS transmission schemes
is evaluated through Monte Carlo simulations, and is compared
with that of the equivalent schemes in a corresponding cellular
CAS. The same total power constraint is applied to both
architectures to enable fair comparison. As well, the number
of active antennas that transmit to each UT in the DAS, is
preserved in the case of the CAS by selecting those |Cr|M
antennas out of the total |A|M available antennas in the CAS
that have the largest channel gains (including both large-scale
and small-scale fading) to the k** UT.

Port selection can be viewed as a special case of transmit
antenna selection. With antenna selection, a subset of all
transmit antennas with the largest channel gains to a particular
UT are selected to transmit to it, whereas with port selection,
antennas at each DAP are selected as a group. We explicitly
point out that unlike antenna selection, the criteria used for
port selection in our simulations is large-scale fading (path
loss and shadowing) only. The performance of both approaches
is compared in this section and it is shown that although port
selection is less flexible, the performance gap between the two
approaches is negligible. Hence, we do not consider antenna
selection beyond this initial comparison.

The following parameters have been used for the Monte
Carlo simulations: . = 1km, where r. denotes the cell radius,
0 =4, Qs =1, mg =1 (which corresponds to a lognormal




shadowing standard deviation of approximately 7.5dB [20]),
and K = 3. There are seven DAPs in the cell, six of which
are located uniformly at a distance of %7‘5 from the BS, while
the seventh DAP is collocated with the central processor at the
BS (see Fig. 1). The UTs are randomly dropped in the cell
with uniform distribution during each iteration.

Figure 2(a) shows the ergodic aggregate cell spectral effi-
ciency per RB achieved by BD and ZF-DPC in both the CAS
and DAS architectures versus p, where p = P;/o2, and Fig.
2(b) shows plots of the outage probability versus the aggregate
cell spectral efficiency per RB for each of these schemes at
p = 20dB. In this scenario, |Cyx| = 3 for all k, N = 2,
and M = 2. The performance gains of the cellular DAS
are apparent as both DAS schemes achieve higher aggregate
spectral efficiencies than their CAS counterparts. More specif-
ically, at p = 20dB in Fig. 2(a), each DAS scheme achieves
over 60% higher ergodic aggregate cell spectral efficiency per
RB than the corresponding CAS scheme. Moreover, DAS ZF-
DPC outperforms DAS BD by approximately 20%. It is also
apparent that both antenna selection and DAP selection for
each DAS scheme result in almost the same performance.

Figure 3 shows plots that are similar to those in Fig. 2
with the same parameters, except that now M = 3. It can be
observed that a single additional antenna at each DAP results
in improved performance for both DAS schemes. The gap
between both DAS schemes is also reduced with DAS ZF-DPC
only achieving approximately 6% higher ergodic aggregate
cell spectral efficiency than DAS BD at p = 20dB. In fact,
as shown in Fig. 4, adding more antennas at each DAP leads
to even better performance, which can be attributed to the
availability of excess spatial degrees of freedom since the DAS
dimensionality constraint is more than barely satisfied beyond
M = 2. However, this improvement diminishes as the number
of antennas per DAP becomes large.

V. CONCLUSION

We have extended the BD and ZF-DPC transmission
schemes to fit a single-cell DAS architecture with multi-
antenna DAPs and multi-antenna UTs, and incorporated port
selection into these schemes. Each of the two schemes allows
multiple UTs to be served in a single RB. Both schemes
are simulated for the DAS and CAS architectures under the
same total power constraint, which has been imposed for fair
comparison. Using the aggregate cell spectral efficiency per
RB as the performance metric, we have shown through simu-
lations that the proposed cellular DAS schemes outperform the
corresponding CAS schemes. It has also been shown that port
selection, although more restrictive, achieves almost the same
performance as the more flexible antenna selection scheme.
Furthermore, our simulation results indicate that deploying
a greater number of antennas per DAP leads to improved
performance, but these performance gains diminish as the
number of antennas per DAP becomes large. Although DAS
has higher initial deployment costs and additional synchro-
nization complexity as compared to a CAS, the performance

improvement that it offers motivates its deployment in future
cellular networks.
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