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ABSTRACT

For the realization of future wireless networks, gigabit wireless technology, which can achieve higher-than-1 Gbps data
transmission with extremely low transmit power, is indispensable. We have been studying the distributed antenna network
(DAN) and the frequency domain wireless signal processing. In DAN, many antennas or clusters of antennas are spatially
distributed over a service area, and they are connected by means of optical fiber links with DAN signal processing center.
A number of distributed antennas cooperatively serve mobile users using spatial multiplexing, diversity, array, or relaying
technique. In this paper, the recent advances in single-carrier DAN are introduced. Copyright © 2011 John Wiley & Sons,

Ltd.
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1. INTRODUCTION

In the early 1980s, cellular mobile communication sys-
tems, which made “anytime, anywhere” communications
possible, appeared. Cellular mobile communication sys-
tems have evolved from narrowband networks of around
10 kbps (first and second generation systems) to wideband
networks of around 10 Mbps (third generation systems).
Along with the advancement of wireless techniques, wire-
less services have been shifted from simple voice to data
and then broadband Internet-related data services includ-
ing video data. Now, the third generation long term evolu-
tion systems with 100 Mbps peak data rate are deployed
in some countries [1]. A next step is the development of
broadband wireless technology that will be used in the
fourth generation systems of a peak data rate of around
1 Gbps.

In the future fixed networks, a variety of broadband net-
work services will be made available by the so-called cloud
computing networks. Along with this evolution of fixed
networks, wireless networks need to further evolve in order
to extend a variety of broadband network services available

Copyright © 2011 John Wiley & Sons, Ltd.

in the fixed networks to wireless users. Wireless access net-
works need to be enhanced to provide a gigabit wireless
pipe to each user mobile terminal (MT).

However, there are a number of important technical
issues to be addressed, for example, limited bandwidth,
frequency-selective fading, and limited transmit power. In
this paper, some of the aforementioned technical issues are
discussed, and then a distributed antenna network (DAN)
is introduced as a promising solution.

The gigabit wireless channels are extremely frequency
selective. The received signal spectrum is severely dis-
torted. An advanced equalization technique is necessary to
achieve high-quality gigabit wireless data transmissions in
a strong frequency-selective channel. A promising equal-
ization technique is frequency domain equalization (FDE)
[2-4]. FDE is an attractive equalization technique that
can be combined with transmit diversity, receive diversity,
beamforming, multiplexing, cooperative relaying, hybrid
automatic repeat request combining, and so on.

In addition, the path loss and shadowing loss cause
a severe power loss because the transmit power is lim-
ited. The communication range is limited by the uplink
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(MT-to-base station (BS)). With the same MT transmit
power as in the present wireless systems (i.e., third gen-
eration cellular systems), the communication range of the
gigabit wireless networks will significantly shrink, and
gigabit wireless services may be available near BS only.
Therefore, a fundamental change is necessary in wireless
access network architecture.

Distributed antenna system or DAN [5] combined with
frequency domain signal processing has a potential to solve
the aforementioned problems. For uplink signal transmis-
sions, the single-carrier (SC) transmission is promising
because it has a lower peak-to-average power ratio than
multicarrier transmission (using a transmit power amplifier
with the same peak power, SC provides longer communi-
cation range than multicarrier). Therefore, we have been
investigating the potential of SC-DAN [5].

In this paper, we first give an overview of DAN in
Section 2 and then present space—time-coded diversity
combined with one-tap FDE for SC-DAN downlink and
uplink in Section 3. In Section 4, spatial multiplex-
ing for SC-DAN is presented. Finally, Section 5 offers
conclusions.

2. OVERVIEW OF DISTRIBUTED
ANTENNA NETWORK

In DAN, as shown in Figure 1, the conventional BS is
replaced by the signal processing center (SPC), and many
antennas or clusters of antennas are spatially distributed
around the SPC so that some antennas can always be vis-
ible from an MT with a high probability. Antennas or
antenna clusters are connected to an SPC by means of opti-
cal fiber links or wireless links. A number of distributed
antennas cooperate and act as spatial multiplexing, antenna
diversity, relay, or antenna array. Probably the most pow-
erful application is distributed transmit/receive antenna
diversity combined with FDE. The problems that result
from distance-dependent path loss and shadowing loss as
well as from the instantaneous signal power variations due
to fading can simultaneously be mitigated.
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3. DIVERSITY

For DAN uplink and downlink transmissions, it is desir-
able to use as many distributed antennas as possible,
whereas the number of MT antennas is limited to one
or two because there is not enough space to equip too
many antennas at an MT. As a promising DAN down-
link transmit diversity technique, we have developed a
frequency domain space—time block-coded joint trans-
mit/receive diversity (FD-STBC-JTRD) combined with
transmit FDE [6]. The FD-STBC-JTRD is an extension of
joint transmit diversity/transmit FDE [7] by adding antenna
diversity reception and achieves an Ngan X Npcth order
(full) diversity gain, where Nga, and Ny represent the
number of distributed transmit antennas and that of MT
receive antennas, respectively.

The FD-STBC-JTRD allows the use of up to Ny =
4 MT receive antennas while requiring only simple addi-
tion, subtraction, and conjugate operations at an MT
receiver and thus alleviates the computational complex-
ity problem of MT receivers. Although the number of MT
receive antennas is limited to Ny, = 4, FD-STBC-JTRD
allows the use of an arbitrary number of distributed trans-
mit antennas, Ngay. There are two types of transmit FDE
weights: minimum mean square error (MMSE) weight and
maximum channel capacity weight.

For the uplink transmissions, frequency domain space—
time transmit diversity (FD-STTD) [8] is promising. This
is because FD-STTD allows the use of an arbitrary number
Ngan of distributed receive antennas although the number
Nt of MT transmit antennas is limited. A combination of
FD-STBC-JTRD for downlink and FD-STTD for uplink is
suitable for DAN.

In Section 3.1, we present the signal representation for
SC-DAN downlink using FD-STBC-JTRD. Section 3.2
introduces the transmit FDE weight for FD-STBC-JTRD.
The SC-DAN uplink using FD-STTD is described in
Section 3.3. Section 3.4 discusses the computer simula-
tion results. Section 3.5 compares the uplink and downlink
performances in terms of bit error rate (BER).
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Figure 1. Distributed antenna network (DAN). SPC, signal processing center.
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Figure 2. Downlink transmitter/receiver structure using frequency domain space—time block-coded joint transmit/receive diversity
(FD-STBC-JTRD): (a) signal processing center (SPC) transmitter and (b) mobile terminal (MT) receiver. FFT, fast Fourier transform;
Gl, guard interval.

Table . J, Q, and coding rate R.

No. of transmit antennas No. of receive antennas J Q Coding rate
Arbitrary 1 1 1 1

2 2 2 1

3 3 4 3/4

4 3 4 3/4

The SC signal transmission is a block transmission. In
this paper, a block size of N, symbols is assumed.

3.1. FD-STBC-JTRD (downlink)

The FD-STBC-JTRD transmitter/receiver structure using
Ngan distributed transmit antennas and Ny MT receive
antennas is illustrated in Figure 2.

At the SPC, a sequence of J blocks of N, symbols
each is transformed by an N.-point fast Fourier transform
(FFT) into a sequence of J frequency domain signals and
then encoded into Ng,, (the number of distributed trans-
mit antennas) streams of Q-coded frequency domain signal
blocks each. FD-STBC-JTRD decoding at an MT receiver
needs addition, subtraction, and conjugate operations only.
A combination of J, Q, and coding rate R are shown in
Table I for Ny = 1 to 4.

The achievable diversity gain increases with increasing
Nme; however, the coding rate reduces to 3/4 when Npy = 3
and 4. This suggests that the channel capacity or through-
put may be maximized at Ny = 2. Later, for the sake of
brevity, only the signal representation for Ny = 2 (there-
fore, / = Q = 2) is presented (for Ny = 3 and 4 [6]).
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However, the computer simulation results on the channel
capacity will be shown for Ny = 1 ~ 4 to confirm that
Nmt = 2 maximizes the channel capacity.

When Ny = 2, a pair of N, symbol blocks (J = 2)
to be transmitted are transformed by N.-point FFT into
a pair of frequency domain signals {D(k), Di(k); k
0 ~ N — 1} (Q = 2), which is represented by D(k) =
[Do(k) D1 (k)]T. D(k) is then encoded into Ny, pairs of
frequency domain-coded signal blocks as

So,0(k)
So,1(k)

S1,0(k)
S1,1(k)
Sstbc-jlrd (k ) = .

S0, Nym—1K) 81, Nggp—1(k)
:W(k)Dstbc—jtrd(k) (n
where Sgn(k), ¢ =0~ 1, is the kth frequency component
at the nth transmit antenna. In Equation (1), Dgwe—jira (k)
is the encoding matrix of size 2 x 2 for Ny = 2, given by
Do (k) }
Dy (k)

~D3 (k)

Dslbc-jtrd (k) = |: D(ﬂ; (k) (2)
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W(k) is the transmit FDE weight matrix of size 2 X Ngap,
given as

W(k) = A()H" (k) (©)

where

Ho,o(k) Ho,1(k)

_ Ho, Nyp—1(k)
H(k)_[ Hyo(k) Hiy(k) ) 1 }

Hi Ngyw—1(k)
4)

and ()H denotes the Hermitian transpose. In Equation (3),
A(k) is introduced to keep the transmit power intact after
the encoding and will be discussed in Section 3.2. Hy, 5 (k)
in Equation (4) is the channel gain between the nth
distributed transmit antenna and the mth MT receive
antenna. An N.-point inverse FFT (IFFT) is applied to
{S(k);k =0~ N —1} to obtain Ny, pairs of N symbol
blocks to be transmitted from Ny, distributed antennas.

At the MT receiver, a superposition of Nga, pairs of
coded N, symbol blocks is received by Ny = 2 antennas.
The received signals are transformed by N-point FFT into
frequency domain signals, {Ry,0(k)and Ry, 1(k);m =
0 ~ 1}, which can be expressed using the matrix form as

_ | Ro.o(k) Ro,1(k)
R(")‘[Rl.o(m Rl,l(k)}

%)
/2E5
= H(k)sstbc Jtrd(k) + N(k)

_ | No,o(k) No,1(k)
N(")‘[Nl,o(k) Nl,l(k)]

where
(6)

is the noise matrix with {Ny, g(k);m =0~1,4 =0~ 1}
being independent zero-mean complex Gaussian variables
having variance 2Ng /Ty, where No denotes the single-
sided power spectrum density of additive white Gaussian
noise and 7 denotes the data symbol duration.

The FD-STBC-JTRD decoding for Ny = 2 is carried
out to obtain the frequency domain signal vector ﬁ(k) =

. R T
[Do (k) Dl(k)] corresponding to the transmitted signal
vector D(k) = [Do(k)D1(k)]" as
. Ro,0(k) + RY (k)
D(k) = ’ g
“ [ Ro.1 (k) = R} o(k)

Ngan—1

2Es !
,/ AR S ST [ Hma0)’Dk) (7

m=0 n=0

No,o(k)+N{k,1(k)
No,1(k) = Ny (k)

Finally, N.-point inverse FFT is applied to transform
{f)(k);k —0~Ne—1
symbol blocks (J = 2).

} into a pair of soft decision N,
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It can be clearly seen from Equation (7) that the
downlink FD-STBC-JTRD using Ng,, distributed trans-
mit antennas and Ny, MT receive antennas can achieve an
Ngan X Nmi(= 2)th order (full) diversity gain.

In the following, we consider an SC-DAN with Ngap
distributed antennas and Ny, MT antennas.

3.2. Transmit FDE weight for
FD-STBC-JTRD (downlink)

Two types of transmit FDE weights are presented: joint
water filling and maximal ratio transmission (WF-MRT)
weight [9] and MMSE weight [6].

3.2.1. Joint WF-MRT weight.

The joint WE-MRT weight is the one that maximizes
the channel capacity. The problem formulation of channel
capacity maximization under the transmit power constraint
can be written from Equation (7) as

2
{?(%}C_i Zlogz ]+N A o)
Nm—1 Ngan—1

Z Z | o ()|

NL—l m[ 1
wf-mrt
s.t. ‘ Aslbc—jtrd (k) ’
k=0 m=0
jvdan_1
2
> |Hma)|" | = Ne
n=0

®)

. - - f- .
The solution of Equation (8) is denoted by {A:{bcn]ﬁd(k),
k =0~ N, — 1} and is given by

1
Wt mrt
k
stbc ]trd( )= Now— 1Ndan_l
Y Y |Hma®)]
m=0 n=0
o) (Ee/2N0) !
sz Nmt 1jvdm 1 ’
Y |Hun k)|
m=0 n=0
1
2
0 €)

where @, p is set so as to satisfy the transmit power con-
straint shown in Equation (8). Substituting Equation (9)
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into Equation (3) gives the joint WF-MRT weight. The
channel capacity C (bps/Hz) for the given channel real-
ization is given as

Nc—1

Nc z log,

ml lNddn 1 2
1+ 4 2 [Hma (0
x 1
max 4 ¢2p = — 1(512:21\]0) ,0
Y |Hpman k)
m=0 n=0
(10)

3.2.2. MMSE weight.
The MMSE weight is the one that minimizes the mean

R . . T
square error between D(k) = [Do(k) Dl(k)] and

D(k) = [Do(k) Dy (k)]". Similar to Equation (8), finding
the MMSE weight can be formulated as

—1 Npy—1 9
min e = |1§ (k)— D (k)”
{AGk)} ,;) mzo [ " "
NC 1 le 1
st Y |e A‘:;{;;S;rd(k)‘
k=0 =0
Ivdan_1 5
Z ‘Hm,n(k)’ = Nc
n=0
(1D
With Equation (11) being solved, {AZ?&S;T qk): k=
0~ N — 1} is given as [7]
mmse 1
AStbCJ[rd(k): le lNdm 1 -1
B L 5 Hua® 4 (F)
(12)
and
1 Ne—1 N,m—l
G={x 2 {4 moe ) >
k=0 m=0
1
Zvdan_1 5 2
> |Hma(k)| (13)
n=0

Substituting Equation (12) into Equation (3) gives the
MMSE weight.

3.3. Receive FDE weight for
FD-STTD (uplink)

The FD-STBC-JTRD is suitable for the downlink trans-
mission. For the uplink transmission, FD-STTD [8] is

Single-carrier distributed antenna network

suitable because FD-STTD allows the use of an arbitrary
number Ny, of distributed receive antennas, whereas the
number Ny of MT transmit antennas is limited. A pair
of N¢ symbol block (subscripts “0” and “1” represent-
ing even and odd blocks, respectively) are transformed by
N¢-point FFT into frequency domain signals represented
by D(k) = [Do(k) D1(k)]". The FD-STTD encoding is
expressed using the matrix form as [8]

Dya(k) = \@ (

Two pairs of FD-STTD codeword are transmit-
ted from Ny = 2 antennas and are received by
Ngan distributed antennas, followed by N.-point FFT.
Ngan pairs of the received frequency domain signals,
{Rpn,0(k) and Ry 1(k);n =0 ~ Ngan — 1}, are expressed
using the matrix form as

Do(k)  Di(k)
~D*(k) D(;(k)) 19

Ro,0(k) Ro,1(k)
Ry,0(k) Ry,1(k)
Rsttd(k): . :
RNgu-1,06) Rygyor,1(e) | (19
2E,
=\ HT(k)Dmd(kHN(k)
where
No,o(k) No,1(k)
Ni,0(k) Ny1(k)
N(k) = ) . (16)
NNdanflg()(k) NNdanfl,l(k)

is the noise matrix.
After the FD-STTD decoding, the frequency domain

. . T
[Do(k) Dl(k)] associated with
[Do(k) D1(k)]T is obtained as

signal vector ﬁ(k) =
D(k) =

1.0

E ® Distributed antenna

E MT of interest

MT location area

R e S £

Figure 3. Antenna distribution. MT, mobile terminal.
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Ngan—1
Rn,0(K)W,S o (k) + Z R 1.0K)Wn,1(k)
N — 0
D(k) NZan_l
> Ruo()W,' (k) — Z R,",‘,l(k)Wn,o(k)
n=0 n=0
2E 1 Ndan_l 5
s
=7 A(k)Z > [Hmn(o)]* D(k) (17)
=0 n=0
Naan—1
> Nuno()W, (k) + Z N,T,o(k)Wn,l(k)
| N

Z Nn,o ()W, (k) — Z N*l(k)WnO(k)

Similar to the downlink case, the MMSE weight matrix
that minimizes the mean square error between D(k) and
D(k) is given, for the case of Ny, MT antennas, as [8]

Wi (k) = Agg™ () H* (k)

B H* (k)
- Nm[ lNdam 1 -
1
Nont mgo n=0 ‘Hm”(k)’ (70)
(18)
where
1

Als?tr:ilse(k): 1 Np— 1Jvdm 1

S o ()

m=0 n—O
(19)
3.4. Computer simulation results

First, the WF-MRT weight and MMSE weight are com-
pared for SC-DAN downlink using FD-STBC-JTRD.
Then, the channel capacity and BER distributions are eval-
uated for joint WF-MRT weight and with MMSE weight,
respectively.

Figure 3 illustrates the DAN antenna distribution. N =
16 antennas are uniformly distributed with equal distance
between adjacent antennas. An MT having Ny antennas
is randomly located in the shaded area. Ng,, antennas are
selected for downlink transmissions, on the basis of the
local average received power (i.e., on the basis of the path
loss plus shadowing loss). The channel is assumed to fol-
low an L = 16-path frequency-selective Rayleigh fading, a
log-normally distributed shadowing having standard devia-
tion 0 = 7.0 dB, and a distance-dependent path loss having
path loss exponent o = 3.5.

3.4.1. Comparison of WF-MRT weight and
MMSE weight for SC-DAN downlink using
FD-STBC-JTRD.

A comparison between the WE-MRT weight and MMSE
weight is made for the case of Ny = 4 and Ny = 1.
The normalized transmit Eg/Np is set to —10 dB (i.e.,
the transmit power is the one that provides the received
Es/No = —10 dB at the adjacent antenna location).

For both the WF-MRT and MMSE weights, the
power allocation is carried out in antenna and frequency
dimensions. Figure 4 plots the channel transfer function
between transmit antenna 0 and n(= 0 ~ 3) and the
squared value of the corresponding transmit FDE weight.
Both weights allocate the transmit power across the trans-
mit antennas on the basis of maximal ratio strategy. There-
fore, irrespective of the weight, less transmit power is
allocated to the transmit antennas in a bad channel condi-
tion (Figure 4(al), 4(a2), 4(bl), and 4(b2)), whereas more
transmit power is allocated to the transmit antenna in a
good channel condition (Figure 4(a4) and 4(b4)). Power
allocation is carried out across the frequencies. In case of
the WE-MRT weight, more transmit power is allocated to
the frequencies in a good channel condition (Figure 4(b4)).

Figure 5(a) plots the equivalent channel transfer function

1
Nint—1 Negan—1

Z Z |Hyn ()|

whereas Figure 5(b) plots the squared value of correspond-
ing equivalent transmit FDE weight

H (k) =

Np—1 Nygan—1

> W 0]
m=0 n=0

It can be seen from Figure 5(b) that joint WE-MRT weight
allocates more transmit power to the frequencies in a better
channel condition (some frequencies in a bad channel con-
dition are not used at all). On the other hand, the MMSE
weight uses the frequencies even in a poor condition.

(W(k))zz

3.4.2. FD-STBC-JTRD with joint WF-MRT weight.
Figure 6 plots the 1% outage capacity of SC-DAN down-
link using FD-STBC-JTRD with joint WF-MRT weight,
below which the channel capacity falls with 1% probabil-
ity, for the normalized transmit Eg/No = 10 dB. The use
of N = 2 maximizes the channel capacity. This is a con-
sequence of the trade-off between diversity gain and coding
rate; as Npy increases, the diversity gain increases, but the
coding rate R reduces to 3/4 when Ny, = 3 (Table I).
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Figure 7 plots the required transmit Eg/ No for a 1% out-
age capacity of 5 bps/Hz as a function of Ny, for the case
of Ny = 2. Increasing Ngan reduces the required transmit
Eg/Np. The required Es/Ng reduction by increasing Ngap
from 1 to 6 is about 5.6 dB.

3.4.3. FD-STBC-JTRD with joint MMSE weight.
The BER performance of SC-DAN downlink using

FD-STBC-JTRD with MMSE weight is also evaluated.

Figure 8 plots the required transmit Es/No for a 1%
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outage BER of 10™* as a function of Ngan, when Ny = 2.
Increasing Nga, reduces the required transmit Eg/Ng. The

required Eg/Np reduction by increasing Nga, from 1 to 6
is about 6.5 dB.

3.5. Uplink/downlink performance
comparison

The BER performances are compared assuming FD-
STBC-JTRD using joint MMSE weight for the uplink

2
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=
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Figure 4. Channel transfer function and squared value of frequency domain equalization weight when Nyt = 1 and Ngan = 4: (al)
[Ho.0(K)I, (82) |Ho,1 (K)I, (@3) |Ho,2(K)I, (@4) [Ho,3(K)I, (b1) [Wo,o(K)I?, (b2) [Wo,1 (K1, (b3) [Wo2(K)I, and (b4) [Wo 3(K)|?. WRMRT,
water filling and maximal ratio transmission; MMSE, minimum mean square error.

Wirel. Commun. Mob. Comput. 2011; 11:1551-1563 © 2011 John Wiley & Sons, Ltd.

DOI: 10.1002/wem

1557



Single-carrier distributed antenna network

and FD-STTD using MMSE weight for the downlink. Ngapn
arbitrary distributed antennas and Ny, = 2 MT antennas
are assumed. The same antenna distribution pattern as in
Section 3.4 is assumed.

12
10
8t
=
~ 6F
T
4 F
2 -
0 . . . . .
0 50 100 150 200 250
frequency index k
(a) H(k)
2
joint WE-MRT
sk — MMSE
o
Sy
=
05F
0 . . ! !
0 50 100 150 200 250
frequency index k
(b) IW(k)I?

Figure 5. Equivalent channel transfer function and squared

value of equivalent transmit frequency domain equalization

weight when Nog = 1 and Naan = 4: (a) |H (k)| and (b) |W (k)|2.

WF-MRT, water filling and maximal ratio transmission; MMSE,
minimum mean square error.
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Figure 6. 1% outage channel capacity of single-carrier dis-

tributed antenna network downlink using frequency domain

space-time block-coded joint transmit/receive diversity with
joint water filling and maximal ratio transmission weight.
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Figure 7. Required transmit Es/Ny for a 1% outage capacity
of 5 bps/Hz. FD-STBC-JTRD, frequency domain space-time
block-coded joint transmit/receive diversity.
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Figure 8. Required transmit Es/Nyp for a 1% outage bit error

rate of 10~*. FD-STBC-JTRD, frequency domain space-time
block-coded joint transmit/receive diversity.

The complementary cumulative distribution function of
the measured downlink and uplink BERs are plotted in
Figure 9 for the normalized transmit Eg/No = 5 dB. It can
be clearly seen from the figure that well-balanced downlink
and uplink transmissions can be achieved. By increasing
Ndan (the number of distributed transmit/receive antennas),
the probability that the received signal power drops due
to path loss, shadowing loss, and frequency-selective fad-
ing can be more reduced and hence the BER can be
significantly reduced.

4. SPATIAL MULTIPLEXING

The spatial multiplexing is an attractive technique to
achieve highly spectrum-efficient transmission [10]. Mul-
tiple distributed antennas in DAN can be also used not
only for space diversity but also for the spatial multiplex-
ing to improve the throughput of the systems [11]. Here, we
consider the uplink case using Ny, transmit antennas and
Ngan receive distributed antennas (Ng,, receive antennas
are selected among N distributed antennas).
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Figure 9. Uplink/downlink performance comparison. BER, bit

error rate; FD-STTD, frequency domain space-time transmit

diversity; FD-STBC-JTRD, frequency domain space-time block-

coded joint transmit/receive diversity; MMSE, minimum mean
square error.

4.1. Signal detection for spatial
multiplexing

Recently, we proposed a maximum likelihood detection
(MLD) employing QR decomposition and M-algorithm
(QRM-MLD) [12] for the SC spatial multiplexing in
a frequency-selective fading channel [13]. The SC fre-
quency domain maximum likelihood block signal detection
employing QR decomposition and M-algorithm (QRM-
MLBD) is a powerful signal detection scheme combined
with FDE. The receiver structure of SC frequency domain
QRM-MLBD for a cyclic prefix (CP)-inserted SC (CP-SC)
spatial multiplexing is illustrated in Figure 10.

=

Y] > g %DE

: Sz |Y Z 2 Decision variable
2R s0

Y =° =

Nr =] E !

p= =

QR decomposition

Figure 10. Single-carrier frequency domain maximum likeli-
hood block signal detection employing QR decomposition and
M-algorithm. MLD, maximum likelihood detection.
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Assuming the Ny X Ngapn spatial multiplexing, the fre-
quency domain received signal vector at the nth receive
distributed antenna Y, = [Y,(0), ..., Yu(k),..., Yo (Ne—
DT is expressed as

N
> HypmFdy + Ny (20)

m=1

2Eg

s

Y, =

where F is the discrete Fourier transform matrix of size
NexNe,Hy g = diag[Hpm (0),.... Hym(k)..... Hym
(N¢ — 1)] is the frequency domain channel matrix between
the mth transmit antenna and nth receive antenna, and
Nu = [Na(0),....Nu(k),....Ny(Ne — D]T is the fre-
quency domain noise vector. From Equation (20), the
NganN¢e % 1 overall frequency domain received signal Y
is given by

T
Y:[ {YI}T {YNdan}T ]
HF H; >F Hy v, F
2K Hy F H > F Hy v, F
BRI : |
HNdzmle HNdunst HNdanmelF
dq Ny
X : + :
det NNdan
d;
_ ZESH ) N
Ts :
dn,,
210

where H is an equivalent channel matrix of size Ngay N X
NmiNe. QRM-MLBD can be applied to the SC spatial
multiplexing by treating a concatenation of the space and
frequency domain channel and discrete Fourier transform
as this equivalent channel.

The QRM-MLBD consists of two steps: QR decom-
position and M-algorithm. First, the QR decomposition
is applied to the equivalent channel matrix H to obtain
H = QR, where Q is an Ngan Ne X Nyt Ne unitary matrix
and R is an NpNe X NpeNe upper triangular matrix.
The transformed frequency domain received signal Y =

~ ~ ~ T
[Y(O), PG, P (N Ne — 1)] is obtained as

d;

Y=Q"v= [ZZ(R +QAN (22

Ay,

It can be understood from Equation (22) that the MLD
can be converted to the successive tree search problem and
that the computational complexity can be reduced by intro-
ducing the M-algorithm into the successive tree search.
SC frequency domain QRM-MLBD can achieve the BER
performance close to the MLD with significantly reduced
computational complexity compared with the MLD.
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Figure 11. (a) Cyclic prefix inserted single carrier (CP-SC) and (b) training sequence-aided single carrier (TS-SC). DFT, discrete
Fourier transform.

However, the CP-SC block transmission requires a fairly
large number of surviving paths in the M-algorithm; there-
fore, its computational complexity is still very high. To
overcome this problem, we suggested using a known train-
ing sequence (TS)-aided SC (TS-SC) transmissions, in
which the known TS in the previous block acts as the CP
in the present block, as shown in Figure 11 [14],[15]. The
known TS is exploited in the M-algorithm to reduce the
number of surviving paths.

1071
2x2 spatial multiplexing
QRM-MLBD
—— TS-SC MIMO
1072 F —— CP-SC MIMO
0 0 M=4
A A M=16
% { o M=256
o 3 —x— MMSED
o0 10
-
o
-
<
10 F
QPSK
N.=64
N,=16
1075 =5

10 15
Average received E, /N, per antenna (dB)

20

Figure 12. Bit error rate (BER) performance comparison

between cyclic prefixinserted single carrier (CP-SC) and train-

ing sequence-aided single carrier (TS-SC). QPSK, quadrature

phase shift keying; QRM-MLBD, maximum likelihood block sig-

nal detection employing QR decomposition and M-algorithm;

MIMO, multiple input multiple output; MMSED, minimum mean
square error detection.
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4.2. Computer simulation results

First, we compare CP-SC and TS-SC for point-to-point
transmission using 2 x 2 spatial multiplexing. We assume
a block transmission of N = 64 symbols. The channel is
assumed to be a symbol-spaced L = 16-path frequency-
selective block Rayleigh fading channel having uniform
power delay profile. Ideal channel estimation is assumed.
The average BER performance of SC frequency domain
QRM-MLBD is plotted in Figure 12. Also plotted is the
BER performance achievable by MMSE detection. As the
number M of surviving paths in the M-algorithm increases,
the BER performance improves. When TS-SC is used, the
required number of surviving paths in the M-algorithm
is greatly reduced while achieving almost the same BER
performance as CP-SC.

In DAN, seven antennas are distributed over an entire
cell to compare with the conventional cellular network as
illustrated in Figure 13. Figure 14 plots the complementary
cumulative distribution function of the computer-simulated
BER when Ny = Ngan = 2. The single-user and single-
cell uplink SC-DAN is considered. The normalized trans-
mit Eg/Np is set to 10 dB (i.e., the transmit power is the

(a) DAN

(b) Conventional network

Figure 13. System model: (a) distributed antenna network
(DAN) and (b) conventional network. Nyt = Ngan = 2.
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Figure 14. Complementary cumulative distribution function of

bit error rate (BER). Nt = Ngan = 2. QPSK, quadrature

phase shift keying; MMSED, minimum mean square error detec-

tion; QRM-MLBD, maximum likelihood block signal detection

employing QR decomposition and M-algorithm; CN, conven-
tional network; DAN, distributed antenna network.

one that provides the received Eg/Ng = 10 dB at the cell
edge). MT transmits Ny, parallel data streams by using
spatial multiplexing. It is assumed that Nga, distributed
antennas nearest from the MT are selected as receive anten-
nas. It can be seen that DAN can significantly reduce
the BER compared with the conventional network. When
QRM-MLBD with M = 16 is used, DAN can reduce the
outage probability by 20% compared with the conventional
network (the outage probability is defined as the proba-
bility that the BER exceeds the required BER = 1073
in this paper). Furthermore, QRM-MLBD can reduce the
BER compared with the MMSE signal detection. The
performance improvement is significant in DAN.

5. CONCLUSION

Distributed antenna network is a promising wireless tech-
nology to realize gigabit wireless data transmissions. In
this paper, we have introduced gigabit DAN combined
with SC frequency domain signal processing. Distributed
transmit/received diversity can solve the problems aris-
ing from severe channel selectivity and limited transmit
power. It is desirable to use as many distributed anten-
nas as possible to achieve higher diversity gain while
limiting the number of MT antennas to one or two so
as to alleviate the complexity problem of MT. It was
shown that the balanced downlink/uplink performance can
be achieved by using FD-STBC-JTRD for the downlink
and FD-STTD for the uplink. We also presented a spatial
multiplexing using TS-SC and QRM-MLBD to improve

Single-carrier distributed antenna network

the transmission performance compared with the MMSE
spatial filtering.
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