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ABSTRACT

Single-carrier frequency domain adaptive antenna array (SC-FDAAA) has been proposed and proved in our previous study
to be effective in suppressing multiple access interference in a severely frequency selective fading channel. In this paper,
we studied the performance of SC-FDAAA in a distributed antenna network (DAN). To make it clear whether the perfor-
mance of SC-FDAAA can benefit from the distributed nature of DAN or not, we made a comparison between DAN and the
traditional cellular network, that is, central antenna network. The bit error rate distribution and the system capacity (both
link capacity and cellular link capacity) are presented. It is shown that by using the SC-FDAAA, cellular link capacity is
maximized by using single frequency reuse. In addition, the capacity of SC-FDAAA can also benefit from the distributed
nature of DAN. Copyright © 2012 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The target data rate for the next generation wireless
communication network will be around 1 Gbps. To realize
such a high data rate transmission, broadband transmis-
sion has been used in the current wireless communica-
tion network, and it is also going to be employed by the
next generation network. Because of the multi-path fad-
ing with large delay spread, broadband wireless channel
is characterized by severe frequency selectivity [1]. As a
result, it is necessary to suppress the inter-symbol inter-
ference (ISI) at the receiver. The ISI can be suppressed by
time domain equalization techniques such as the maximum
likelihood sequence estimation [2]. However, when the
data rate increases, the number of resolvable propagation
paths increases as well, and hence, the complexity of the
maximum likelihood sequence estimation grows exponen-
tially to the number of paths. Fortunately, the ISI problem
can be solved by introducing frequency domain equaliza-
tion (FDE) [3] at the receiver. It is well known that the
frequency selectivity problem can be solved by the use of
multi-carrier transmission technique such as the orthogonal
frequency division multiple access (OFDMA) [4] for the
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downlink (from base station (BS) to mobile users) trans-
mission. However, the multi-carrier transceivers are suf-
fering from high peak-to-average power ratio (PAPR)
problem that can lead to severe performance degrada-
tion. To solve the high PAPR problem, conventional
single-carrier (SC) transmission, again, attracted much
interest. Recently, the combination of SC-FDE and fre-
quency division multiple access (called SC-FDMA) [5]
has been considered as a more suitable solution for the
uplink (from mobile users to BS) transmission. On the
other hand, to save the bandwidth usage, the same carrier
frequency/frequencies may be reused by neighboring
cells to increase the bandwidth efficiency. As a result,
co-channel interference (CCI) [6] becomes the dominant
performance limitation instead of the thermal noise. In
addition, multi-user interference (MUI) occurs when mul-
tiple users transmit simultaneously within the same cell
(the MUI and CCI together is called multiple access inter-
ference). Therefore, interference cancelation is necessary
in uplink transmissions.

Recently, distributed antenna network (DAN) [7] has
been proposed to solve the transmit power problem in
broadband signal transmissions. As the data rate increases,
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impractically large transmit power will be required to real-
ize the high data rate if cell coverage is kept unchanged.
Otherwise, the cell coverage has to be reduced if the
transmit power is kept unchanged. DAN was proposed
as a solution to increase the cell coverage while main-
taining the low transmit power. In the DAN, a num-
ber of antennas are distributed in each cell, and those
antennas are connected with the DAN central proces-
sor (which is similar to the BS in conventional cellular
system) through optical cables. A mobile user can com-
municate with its nearby located antennas even when it is
at the cell edge. Therefore, the transmit power in DAN
can be kept low while the coverage of the cell can be
greatly increased.

In our previous studies [8,9], we have proposed an SC
frequency domain adaptive antenna array (SC-FDAAA)
for the uplink transmission. It has been shown that the
SC-FDAAA can effectively suppress multiple access inter-
ference in a severely frequency selective fading chan-
nel. In this paper, we will study the performance of
DAN SC-FDAAA. To find out how the the distributed
nature of the DAN may affect the performance of SC-
FDAAA, we will compare SC-FDAAA in DAN and in
conventional cellular system with centralized antennas at
the BS (referred to as central antenna network (CAN)
system hereafter).
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The rest of the paper is organized as follows. The system
model is given in Section 2. SC-FDAAA for DAN and
CAN will be described in Section 3. The post SC-FDAAA
signal to interference plus noise (SINR) will be analyzed in
Section 4. The performance of SC-FDAAA will be shown
in Section 5, both bit error rate (BER) distribution and the
system capacity will be presented. Finally, the paper will
be concluded in Section 6.

2. SYSTEM MODEL

In cellular system, the same carrier frequency/frequencies
will be reused in neighboring cells to effectively utilize
the limited spectrum. Cellular structures with frequency
reuse factors (FRFs) of 1, 3, 4, and 7 are shown in
Figure 1 as examples of frequency reuse. And FRF = 1,
3,4,7,9, and 12 will be considered in this study. The
commonly used first layer CCI model is used here, that
is, only the CCI from the first layer neighboring cells
will be considered and the number of CCI cells will be
B = 6. As stated in the Introduction, we are going to
use both CAN and DAN in each cell. CAN and DAN
structures are shown in Figure 2. There are totally N,
centralized / distributed antennas. In the DAN system,

@ Cell of interest @ Co-channel BS O Non-interfering BS

Figure 1. Frequency reuse in cellular system.
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Figure 2. (a) Central antenna network (CAN) system and (b)
distributed antenna network (DAN) system.

those antennas are connected to the DAN central proces-
sor by optical fibers. The received signals will be trans-
mitted to the DAN central processor, and to lower the
cost, signal processing will be carried out by the DAN
central processor.

It is assumed that there are U users within each cell,
and each user is equipped with one omni antenna. A
block fading channel between each user and each antenna
is assumed, that is, the channel remains unchanged dur-
ing the transmission period of a block. In this paper, the
symbol-spaced discrete time representation of the signal
is used.

Assuming an L-path channel, the impulse response of
the channel between the uth user and the mth antenna can
be expressed as

L-1

hy,m(t) = Z hu,m,ls(f_rl) )]
1=0

where h,, ,,, ; and 7; are the path gain and time delay of the
[th path, respectively. &, ,,, ; follows complex Gaussian
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distribution and satisfies ZIL;OI E {‘hu,m,l 2} =1, where

E{-} represents the expectation. It is assumed that the
time delay is a multiple integer of the symbol duration,
and t; =1 is used. The cyclic-prefixed (CP) block signal
transmission is used to make the received symbol block
to be a circular convolution of the transmitted symbol
block and the channel impulse response as well as to avoid
inter-block interference. It is also assumed that the CP is
longer than the maximum path delay of the signal. In the
following, we omit the insertion and removal of the CP
for the simplicity.

The baseband equivalent received signal block {r;(?) :
t =0~ N.} of N, symbols at the mth antenna is
given by

L—-1
rm(t) = \JPoSg% > " hom 50t —1)
=0

U—-1 L—1
+ > PSS Y hymasu(t = 1)
=1 =0

B U;—1 @

+ Z Z V Pisui Si_,gj,m
i=1u;=0
L—1

X Z hui,m,lsui =1+ nm(r)
=0

where sy,(¢) and P, are, respectively, the transmit signal
and transmit signal power of the uth user (u =0~ U —1),
sy; and Pj ; are, respectively, the transmit signal and
transmit signal power of the u; th user in the i th co-channel
cell, 8o, represents the distance between the desired user
and the mth antenna, §; ;, represents the distance between
the ith interfering user and the mth antenna, &; y, » and
hy; m, are, respectively, the distance and channel gain
between the CCI user and the mth antenna, o represents
the path loss exponent in decibels, and 7,,(¢) is the addi-
tive white Gaussian noise. To simplify the analysis, no
shadowing loss is assumed.

Let the transmit signal from the u = Oth user be the
desired signal and the transmit signals from the other
users be the interfering signals. The frequency domain
representation of (2) is given by

U—-1
R (k) = Ho,m (k)So(k) + Y Hum (k) Su (k)

u=1

B U;i—1 3)

+ Z Z Hu,-,m(k)Si,ui (k) + Nm(k)

i=1u;=0
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where

1 N1 t
Su(k) = —— ./ Pu6;;% t —j2wk—
6= B X e (20 )

Ne—1

1
Sia () = = [P 850 D iy (1)
t=0

) t
X exp —]2ﬂkﬁ
c

L—1Ng—1 ,
Hymk)= Z Z Nym,1 €XP (—jZHkE)
=0 t=0
L—1N.—1 {
Hy; m(k) = Z Z hu; m,1 €Xp (—jZJTka)
c
[=0 t=0
Nc—1

N (k) = \/le > i) exp (—jznkNi)
c t=0 C
4)

The first term in (3) is the desired signal, the second term
is the MUI, the third term is the CCI and the last term is
the noise component.

The received signals {Ry; (k);m = 0 ~ N,} are then
expressed in a matrix form as

U—-1
R(k) = Ho(k)So(k) + | Hy (k) Sy (k)

u=1
B U;i—1 ®)

+ Y Y Hiy; (k)i (k) + N(k)
i=1u,—=0
where R(k) = [Ro(k) R (k) -+ Ry,—1(K)]". Hy (k) =
[Huo(k) Hyy(k) -+ Hyn,—1 ()], and N(k) =

T .
[No(k) Ni(k) -+ Ny,—1(k)]" with [T
the transpose operation.

representing

3. SINGLE-CARRIER FREQUENCY
DOMAIN ADAPTIVE ANTENNA
ARRAY

The structure of the SC-FDAAA transceiver in both CAN
system and DAN system can be generalized and shown in
Figure 3. Binary data sequence is modulated and divided
into a sequence of blocks of N, data symbols. The last
Ng symbols in each block are copied and inserted as CP
into the guard interval and placed at the beginning of each
block. The received signal is transformed by an N.-point
fast Fourier transform (FFT) into the frequency domain
signal, and SC-FDAAA weight control is then performed
on each frequency as

R(k) = WT (k)R (k) (6)

where W(k) = [Wo(k),..., Wy,_1(k)]". Tt should be
noted that the SC-FDAAA is different from the multi-
carrier transmission case. The major difference between
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Figure 3. Single-carrier frequency domain adaptive antenna
array (SC-FDAAA) transceiver structure. (a) Transmitter and
(b) receiver. GI, guard interval; MUX, multiplexing.

the SC-FDAAA and the multi-carrier case is that in SC
case, each transmitted symbol will be transmitted over
the whole bandwidth. Therefore, even if the channel is
frequency selective, the signal spectrum will be only par-
tially affected at frequencies experiencing deep fading.
Furthermore, in the SC case, the frequency diversity can
be gained by the use of FDE. On the other hand, in the
multi-carrier case like OFDMA, different symbols will be
transmitted in parallel over different orthogonal subcarriers
(frequencies); no frequency diversity can be gained, and
furthermore, high PAPR will occur.

The SC-FDAAA weight that minimizes the mean
squared error between R(k) and the reference signal
So (k)(the pilot signal will be used as the reference signal)
is given by [10,11]

W(k) = C! (k)Crq (k) (7)

where C; (k) = E {R*(k)R(k)} is the correlation matrix
of the received signal, C,4 (k) = E {R*(k)So(k)} is
the cross-correlation vector between the received signal
and the reference signal, and * denotes complex conju-
gate operation.

Crr(k) = E {R*(k)R(k)}
U-1
= AG()A0 (k) + ) Aj(k)Au (k)
u=1
B U;—1 ®)
+Y 0 AL (DA, (k) + Nol

i=1u;=0

= AL(k)Ag(k) + N'(k)
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and

Cra(k) = E {R*(k)So(k)} = Ao(k)So(k) ~ (9)

U-1
where Ag (k) = Ho(k)So (k) [12], N'= Y A (k)Ay (k) +
B Ui—1 u=1
>y A;'k,u,- (k)A; u; (k) + Nol is used to represent the
i=1u;=0
interfé:rence plus noise.
In the next, time domain signal block estimate is then
obtained by an N,- point IFFT for data decision as

1 Ne—1

~ ~ . t
d(t):m 1;) R(k)exp(]anFc) (10)

4. POST SC-FDAAA SINR
ANALYSIS

The post SC-FDAAA SINR on the kth frequency can be
evaluated by [13]

WH (k)R (k)W (k)

PO= WH iRy (oW )

(11)

where Rg (k) and Ry (k) are the auto-correlation matrix
of the received desired signal and the interference plus
noise, respectively.

Property: if a matrix Z can be written as Z = T~ +
PQ_IP*, then the inverse matrix of Z can be obtained
by [14]

27! =T —TP(Q + P*TP)~'P*T (12)

Let Z = Crr(k), T = RyL(k), P = Af(k) where
Ao (k) = Ho(k)So(k) and Q = 1, then the inverse matrix
C,_r1 (k) can be calculated by submitting Z, T, P, and I
into (12)

G} =Ry (k) — Ry (K)AS (k)

x I+ Aog (k)R;l,Aé ()] Ao (k)R&l, (k)

3 A§ () Ao (k)R Y} (k) (13)

L+ Ao(k)RJIAE (k)

=Ry} (k) |:I

_ 1 -1
- [1 + Ao(k)R—l,A;;(k)} Ry (0)

The SC-FDAAA weight is then obtained by substituting
(9) and (13) into (7), given by

} Ry} (k)Ao (k) So (k)

14
Finally, the SINR after the weight control can be expressed
by substituting (14) into (9) as

W(k) = |: 1 —1 A%
1+ Ao (k)RyAE (k)

T (k) = Ao (k)R (k)AG (k) 15)
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5. SIMULATION RESULTS

Performance of DAN SC-FDAAA system will be inves-
tigated in this section as a reference for comparison; the
performance of CAN SC-FDAAA will also be evaluated.
Cellular structures using FRF = 1, 3,4, 7, 9, and 12 will
be considered. The parameters used to generate the results
are listed in Table I. No channel coding is used for sim-
plicity, and we assume that the transmit signal-to-noise
ratio is 10 dB. The distributed antennas are located in a
cell as shown in Figure 4. In this study, scheduling among
the distributed antennas is not considered. The scheduling
algorithm and more complicated situation remain as the
topics of our future work.

Bit error rate performance is investigated at first. To find
out behaviors of both average BER and outage BER, the
cumulative distribution functions (CDFs) of BER perfor-
mance are calculated and shown in Figures 5-7 where the
FRF equals to 1, 3, and 4, respectively. For the cases of
FRF 7, 9, and 12, the results are not shown for brevity.
Figure 5 shows a comparison between the CDFs of BER

Table I. Simulation parameter.

QPSK
Frequency selective
block Rayleigh fading

Modulation
Channel Channel model

Number of paths L=16

Power delay profile Uniform

Path loss a=35
SNR 10 dB
Number of co-channel cells B=6

Number of antennas of mobile user 1

Number of users per cell U=2~6
User location distribution Random
Number of antennas N, =6
FFT (IFFT) points N, = 256

SNR, signal-to-noise ratio; FFT, fast Fourier transform; IFFT, inverse
fast Fourier transform; QPSK, Quadrature phase shift keying.
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Figure 4. Antenna distribution in distributed antenna net-
work system.
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Figure 5. Cumulative distribution function (CDF) of bit error rate
(BER) performance, frequency reuse factor (FRF) = 1.

in DAN system and CAN system when FRF = 1. The
x-axis is the BER abscissa, and the y-axis is the probability
that BER < abscissa. It can be observed that DAN SC-
FDAAA outperforms CAN SC-FDAAA by having better
BER performance. It can also be observed that when
the number of users increases, the BER performance of
SC-FDAAA will degrade in both DAN and CAN systems,
which can be intuitionally expected because of the reduc-
tion of the degree of freedom. From the results shown in
Figures 6 and 7, it can be further observed that when FRF
increases, the CDF curves of BER performance ‘shift’ to
the right side, which means that the BER performance
improves because of the reduction of CCI power. In addi-
tion, DAN SC-FDAAA always achieves better BER perfor-
mance than CAN SC-FDAAA no matter how FRF varies.
The results of BER performance have shown that the dis-
tributed nature of DAN system can significantly improve
the BER performance of SC-FDAAA over CAN system.

System capacity given by bits/s/Hz can be calculated
by Shannon capacity definition [15,16] by using the SINR
given in (15). However, the number of users that can be
accommodated is a practical criterion to be considered
as system capacity. Therefore, the following results will
focus on the number of simultaneous users instead of the
value given by bits/s/Hz. The average BER performance
of DAN SC-FDAAA as a function of FRF is shown in
Figure 8. Because uncoded system is assumed, average
BER = 1072 is used as a criterion to see how many
users can be accommodated using DAN SC-FDAAA. In
the next, link capacity (maximum number of users/cell)
and cellular link capacity (link capacity/FRF) of DAN
SC-FDAAA are evaluated, and the results are shown in
Figures 9 and 10.

Figure 9 shows the link capacity of DAN SC-FDAAA
and CAN SC-FDAAA. It is shown that four users can
be accommodated by DAN SC-FDAAA when FRF 1 is
used, whereas two users can be accommodated by CAN
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SC-FDAAA; therefore, the link capacity can be doubled by
using DAN SC-FDAAA. As the FRF increases, link capac-
ities increase as the CCI power decreases. And when FRF
is larger than 4, six users can be accommodated. Because
N, = 6 and the AAA receiver can deal with up to N, — 1
interference, it can be concluded that the maximum num-
ber of users/cell of the DAN SC-FDAAA can approach its
maximum value when FRF is larger than 4.

Larger FRF means more bandwidth will be consumed.
To measure the spectrum efficiency, cellular link capacity
is calculated, and the results are shown in Figure 10. It is
shown that cellular link capacity of DAN SC-FDAAA can
achieve its maximum value when FRF = 1 and decreases
when FRF increases. Note that in our previous work on the
cellular link capacity for conventional cellular system [17],
it has been pointed out that the cellular link capacity can be
maximized using FRF = 1 in the area near the cell center
and FRF = 3 in the area near the cell edge. Therefore, by
using the DAN SC-FDAAA, a smaller FRF can be used
and the spectrum efficiency can be greatly improved as a
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result. In addition, taking FRF = 1 as an example, DAN
SC-FDAAA achieves twice of the cellular link capacity as
CAN SC-FDAAA does.

6. CONCLUSIONS

In this paper, we have studied the performance of DAN
SC-FDAAA and also the performance of CAN SC-
FDAAA as a reference. Both the BER distribution and
capacity (link capacity and cellular link capacity) have
been evaluated. It has been shown that by using the DAN
SC-FDAAA, cellular link capacity is maximized when
FRF = 1. Therefore, the DAN SC-FDAAA can use the
single frequency reuse (i.e., FRF = 1) and improve the
spectrum efficiency greatly. In addition, the performance of
DAN SC-FDAAA can benefit from the distributed nature
of DAN, and it can double the cellular link capacity by
using the single frequency reuse when compared with
CAN SC-FDAAA.
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