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Abstract— This paper proposes a new weight control method while avoiding the noise enhancement at the equalizer, but
for a pre-FFT type adaptive antenna array applied to a sin- gsp can suppress the delayed signals beyond the Gl. The
gle carrier modulation system with cyclic prefix. The weight proposed method is an extension of the method in [5], and

control method is based on the maximization of the signal-to- . : Lo .
interference-plus-noise power ratio (SINR) at the discrete fre- the weight control is based on the maximization of the signal-

quency domain equalizer output, therefore, the proposed scheme to-interference-plus-noise power ratio (SINR), where the term
can increase the received signal power by capturing multiple “interference” includes the ISI and the IBI' component after
delayed signals within the guard interval (Gl), while avoiding the discrete frequency domain equalization. The performance

the noise enhancement at the equalizer. Moreover, it can suppress ; ; ; ;
the delayed signals beyond the GI, which is the cause of both .Of the proposed method is evaluated via computer Simulations

the intersymbol interference (1SI) and the interblock interference in terms of antennf';l beam patterns, the SNR at _the equaiizer
(IBI). The performance of the proposed method is evaluated via Output, and the bit error rate (BER), comparing with the

computer simulations, comparing with the performance of weight
control methods for the OFDM array and the conventional weight
control method.

. INTRODUCTION

A single carrier modulation system with cyclic prefix (SC-
CP) scheme [2]-[4] employs a block transmission with the
insertion of a cyclic prefix (CP) as a guard interval (Gl),
which is also employed in the orthogonal frequency division
multiplexing (OFDM)[1] scheme. When delayed signals exist
only inside of the Gl, the insertion of CP converts the effect of
channel from a linear convolution into a circular convolution.
Since the circular convolution in time domain corresponds
to the multiplication in discrete frequency domain[12], the
received signal can be equalized by multiplying complex
weights after FFT operation on the signal. The reception of
al the delayed signals within the GI can increase the received
signal power and it may improve the performance of the SC-
CP system, but it also increases the possibility that the channel
transfer function has a zero (or zeros) on the FFT grid, which
results in serious noise enhancement. We have proposed a
multiple delayed signal reception method[5], where weights
of a pre-FFT type adaptive antenna array are calculated based
on the maximization of the signal-to-noise power ratio (SNR)
at the equalizer output. Computer simulation results show
that the method can improve the SC-CP system performance
significantly.

In the same way as the OFDM system, the performance of
the SC-CP system is deteriorated by delayed signas beyond
the GI, which are the cause of the intersymbol interference
(I1Sl) and the interblock interference (IBI). In this paper, uti-
lizing the interference cancellation ability of adaptive antenna
array, we propose a new array weight control method, which
not only can receive multiple delayed signals within the Gl,

performances of weight control methods for the OFDM array
and a conventional weight control method.

Il. ANALYTIC BER oF SC-CP AND OFDM SYSTEM

It has been shown in [6] that the BER of the binary phase
shift keying (BPSK) based SC-CP system BER,.., and the
BER of the BPSK based OFDM system BER,fqm, Can be
respectively written as

M
BERsccp = Q (4 % Z SNRm) ) (1)
m=1

M
BERqfam = % > Q(VSNE.), @)
m=1

where Q(+), M, and SN R,,, denote the complimentary error
function, the length of the FFT, and the SNR at the m-th
FFT grid, respectively. (1) and (2) mean that the overall BER
of the OFDM system depends on the average BER of the
each subchannel, which is determined by the SNR at the each
subcarrier, while, in the SC-CP system, the overall BER is
determined by the average SNR of each FFT grid. So far, a
considerable number of the weight control methods for the
OFDM adaptive antenna array [8],[7] have been proposed,
however, from (1) and (2), we can see that such methods
are not suited for the SC-CP system. The SC-CP system can
achieve the best BER performance by maximizing the average
SNR at the equalizer outpuit.

I1l. SYSTEM MODEL

Fig.1 shows the configuration of the proposed system, where
a pre-FFT type adaptive antenna array with P elements is
followed by a zero-forcing (ZF) based discrete frequency
domain equdizer. At time n, the transmitted signal block s’(n)
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Fig. 1. Configuration of the SC-CP adaptive antenna array

of size (M + K) x 1 is generated from the information block
s(n) of size M x 1 by inserting the CP of K symbols length
as the GI.

s'(n) = Teps(n), ©)

where T, denotes the (M + K) x M CP insertion matrix
defined as

1
Top= |, % |, 4
P [IJ\IXM} “)
Lp = [Oxxv-k) Irxx]. ®)

Ok x(M—K) IS azero matrix of size K x (M — K), Inxar is
an identity matrix of size M x M.

Let L, h,, and n,(n) dencte the channel order, the channel
impulse response vector (M x 1) a the pth antenna element
h, = [h1p,h2p, ..., hep0,...,0]", and the noise vector
((M + K) x 1) added to the received signa block at the pth
antenna element, respectively. Here, []7 is the transpose and
each element of n,(n) is assumed to be the zero-mean white
noise with the variance of o2. At the array output, the channe!

impulse response vector h = [hl,hg,...,hL,O,...,O]T and
the noise vector n’(n) are written as

h=Hw, H=|hy,...,hp], (6)

n’(n) = N(n)w, N(n)=[ni(n),...,np(n)], (@

where w = [wy,wo,...,wp]” and []¥ denote the array

weight vector and Hermitian transpose, respectively.
The received signal block r’(n) is given by

r'(n) = Hos'(n) + His'(n — 1) + n’(n). 8

Here, Hy and H; are (M + K) x (M + K) channel matrices
defined as

(hy 0 0 ... 0]
: hi 0 ... 0
Ho=|p, ... 0 ... |5 9
: . 0
L0 hi hy
0 hi hs ]
: 0
H; = | hy (10)
0 0 0 |

After discarding the CP from the received signa block
r’(n), we have the received signal block r(n) of size M x 1,

r(n) = Repr'(n)
=R, HoT¢ps(n)
+ R, HiTeps(n — 1) + Repn' (n), 1y

where R, denotes the M x (M + K) CP discarding matrix
defined by

Rep = [Omxx Tnrsn] - 12
IV. PROPOSED ARRAY WEIGHT CONTROL METHOD

In this section, we consider the array weight control method
when L > K (however L < M), namely, there exist some
delayed waves beyond the GI. In this case, since R.,Hy in
(11) is no longer a circulant matrix[10] and R ., H; is not a
zero matrix, it is impossible to eliminate the ISl and IBI by
the ZF based channd equalization in the discrete frequency
domain.

In order to express the residua 1Sl and 1BI components after
the ZF based channe equalization, we separate the matrix H
defined by (6) into two M x P matrices, the component from
the channel response within the GI H** and the component
from the outside the GI H°“¢,

H = H" + H™", (13)
[ hi1 hi,p]
in __ hKJ e hK7P
H™ = 0 - 0 ’ (14)
. 0 O -
S 0
0 0
hry11 hri1,p
H = | : (15)
hr hr.p
0 0
0 0

The received signal block after discarding the CP can be
written as

r(n) = Cs(n) + Crsrs(n)

+ Crprs(n —1) +n(n), (16)
where
C = Cir[H"w], (17)
Crsr = RepHo T, — C, (18)
Crer =R, ,H, T, (19)
n(n) = Repn'(n). (20)



Cir[a] denotes a circulant matrix whose first column is the
vector a. Here, we aso have

Crsr + Crpr = CirffH*"'] = DFTD. (21)
The ZF based channel equalization is achieved by
T=C !'=DHA'D, (22)

therefore, the received signal block after the channel equaliza-
tion becomes

r(n) =s(n) + TCrsrs(n)

+ TCrprs(n—1) + Tn(n). (23

Starting from the left, each term in the right side of (23)
denotes the desired signal component, the residual 1SI com-
ponent, the residual 1Bl component, and the noise component,
respectively. In this paper, we treat the residua ISl and IBI
components as the interference signal, and derive the array
weight control algorithm, which maximizes the SINR at the
equalizer output, or rather say, minimizes the interference-
plus-noise power at the equalizer output.

For the derivation of the cost function, it is necessary
to calculate the interference signal power at the equalizer
output, however, the interference signal includes two different
information signal blocks, namely s(n) and s(n—1). Focusing
attention to the interference components in ¥(n) and ¥(n+ 1)
caused by the nth information block s(n), we can see that s(n)
causes the ISl in £(n) as TCrsrs(n) and the IBl in #(n+1)
as TCyprs(n). The sum of the ISl and the IBI components
caused by s(n) in the two consecutive received signal block
r(n) and ¥(n + 1) can be written as

i(n) =

In this paper, we consider the power of i(n) at the equalizer
output.
From (21) and (22),

T(Crsr+ Crgr)s(n). (24)

i(n) can be written as
i(n) = DYAITDs(n). (25)

therefore, the interference signal power at the equaizer output
becomes

[ "1l

M
Z W RWLW

26

wiR,,w’ (26)
where tr[A] and E[] denote the trace of matrix A and the
ensemble average operation, respectively. Also, R,,, and R,,
are defined as

Ry = hybfl,  [hy,.. hy] = (DH™)T,

Rm = hm,hf;{7 |:f11, e ,flj\41| — (DHOut)T.

TABLE |
SYSTEM PARAMETERS

Mod./Demod. Scheme QPSK/Coherent Detection

Block Length M+K=80

Guard Interval K=16

Antenna Configuration 8 Elements Circular Array

Antenna Spacing Half of Carrier Wavelength
Root-Nyquist

(role-off factor = 0.5)

Pulse Shaping Filter

The noise power at the equalizer output is given by
P, = E [tr[Tn(n)(Tn(n))"]]
=o’wlw x tr DT AIA~ D]
M
m=1

Therefore, the proposed scheme employs the solution of the
minimization problem of

O'QWHW

(27)

wiR,,w

j A
wHR,,w + o?ww

M
W, = argmin E
w
m=1

as the array weight.
If we employ the steepest decent method[11] for the adap-
tive algorithm, the adaptation of the weight vector is given

by

(28)

wiR,,w

w(k+1)=w(k) —

= wH ()R, w(k)
- (a2wH(k)w(k) n wH(k)me(k))
R, w(k) 29)
(wH (F)Rpw(k))? )

where w(k) and . denote the weight vector at the kth iteration
and the step-size parameter, respectively.

V. COMPUTER SIMULATION
A. Smulation Condition

Computer simulations are carried out for the following four
weights control methods;

« proposed weight control method (Proposed),
« weight control method, which maximizes the SNR at
array output (MSA),
« weight control method, which utilizes filtered reference
signa (FRS),
« conventional weight control method, which captures only
the primary wave (Conventional).
The MSA is proposed for the OFDM adaptive array [8] and
the array weights are obtained as an eigenvector corresponding
to the maximum eigenvalue of the correlation matrix of the
received signal. The FRS is originally proposed for co-channel
interference cancellation in a spatial and temporal equalization
system[9] and is applied to the OFDM array in [7]. The FRS
can receive the delayed waves only within the Gl by generating



TABLE Il
CHANNEL MODELS

Model A B C D
# of paths within Gl 7 7 7 7
# of paths beyond Gl 0 0 1 1
Amplitude of each path || flat | Rayleigh | flat | Rayleigh

30
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Fig. 2. Antenna beam patterns: without a path beyond Gl

the reference signal with a transversal filter, which has the
same filter length as the channel order.

System parameters used in the simulations are summarized
in Table I. The transmitted signa block (80 symbols length)
consists of the information signal block of 64 symbols length
and the CP of 16 symbols length. The first two blocks
are used for the transmission of the pilot signal, which is
utilized to estimate the channel response and the cal culation of
the weights. The subsequent 10 received information bearing
signal blocks are demodulated using the weights.

Table Il shows the channel models used for the evaluation of
the SNR and the BER performance. In al the channel models,
the delay time of each delayed signal within the GI follows a
uniform distribution inside the GI, whereas the distribution of
the directions of arrival (DoA) of each path is assumed to be a
uniform distribution over a 360[deg] range. The SNR and the
BER are evaluated by the average of 100,000 times simulation
trials.

B. Antenna Beam Patterns

Fig. 2 shows examples of antenna beam patterns of the
weights control methods, where the number of incoming
waves is 3 and the DoAs are fixed to be 0, 60, -80[deg],
respectively. All the delayed waves are within the GI. In the
figure, the conventional method forms nulls toward the delayed
waves, while the other methods give gain not only to the
primary wave but also to the delayed waves. This means that
that the proposed method, MSA and FRS can receive multiple
incoming waves, which have different delay times.

On the other hand, Fig. 3 shows antenna beam patterns,
where two delayed waves within the Gl are incoming from
0 and 60 [deg], respectively, and one delayed wave beyond
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Fig. 3. Antenna beam patterns: with a path beyond Gl
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Fig. 4. [Es/Np at the array output (model A)

the GI is in the direction of -80[deg]. Since the MSA can
not suppress the delayed wave beyond the Gl, here after, the
performance of the MSA will not be evaluated when there
exists a delayed wave beyond the Gl. The antenna beam
pattern of the conventional method in Fig. 3 is amost the
same as the pattern in Fig. 2. Thisis because the performance
of the conventional method does not depend on the delay times
of incoming signals. The proposed method and the FRS give
gain to the delayed wave within the GI, while they form anull
toward the delayed wave beyond the Gl.

C. IR at the Array Output and the Equalizer Output

Figs. 4 and 5 show the ratio of the average energy per
symbol to the noise power density (Fs/Ny) at the array output
versus the E; /Ny at the array input in channel model A and
B, respectively. In both of the channel models, the MSA can
achieve the highest F;/N, at the array output. From the
figure, we can see that the proposed system, the MSA, and
the FRS can increase the E, /N, at the array output due to
the multiple delayed signals reception.

Figs. 6 and 7 show the E5 /N, at the equalizer output versus
the E;/Ny a the array input in channel model A and B,
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Fig. 5. Es/Np at the array output (model B)
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Fig. 6. Es/Ny at the equalizer output (model A)

respectively. Now, the proposed system achieves the highest
E,/Ny at the equalizer output in both of the channel models.
Although the MSA and the FRS can capture not only the
primary wave but also the delayed waves, they can not increase
the F; /N, at the equdizer output so much. Thisis because the
MSA and the FRS do not care about the noise enhancement
a the equalizer.

D. BER Performance

Figs. 8-11 show the BER performance versus the average
received energy per bit to the noise power density (E;/No)
per antenna element in channel modd A, B, C, and D. The
MSA and the FRS can improve the BER performance of the
SC-CP system compared as the conventional method, however,
the proposed method can achieve the best BER performance
among the four weight control methods in al the channel
models.

VI. CONCLUSION

We have proposed a new weight control method for the
pre-FFT type SC-CP adaptive antenna array based on the
maximization of the average SINR at the equalizer output.
Since the BER of the SC-CP system depends on the average
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Fig. 7. Es/Np at the equalizer output (model B)
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Fig. 8. BER performance (model A)

SNR at the equalizer output, the proposed scheme can achieve
the optimum weights when there exists no delayed waves
beyond the GI. Moreover, the proposed method can suppress
the delayed waves beyond the GI, and hence, the ISl and IBI
component after the discrete frequency domain equalizer. The
antenna beam patterns, E; /Ny at the equalizer output, and the
BER performance of the proposed method are evaluated via
the computer simulations, comparing with the performances
of the other weight control methods, such as the MSA, the
FRS, and the conventional method. From all the results, it can
be concluded that the proposed weights control method can
achieve the best performance among the four methods, and
the weight control methods for the OFDM adaptive array do
not necessarily improve the performance of the SC-CP system,
athough they can receive not only the primary wave but also
the delayed waves.

We are currently investigating the extension of the proposed
method to the single carrier block transmission with zero-
padding system.
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Fig. 10. BER performance (model C)
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