Hindawi Publishing Corporation

EURASIP Journal on Wireless Communications and Networking
Volume 2008, Article ID 378097, 9 pages
doi:10.1155/2008/378097

Research Article

Other-Cell Interference Reducing Resource Allocation in
OFDM-Based Asynchronous Cellular Systems

Jin-Woo Lee, June Moon, and Yong-Hwan Lee

School of Electrical Engineering and INMC, Seoul National University, P.O. Box 34, Kwanak, Seoul 151-600, South Korea

Correspondence should be addressed to Jin-Woo Lee, jinu@ttl.snu.ac.kr

Received 4 April 2007; Accepted 25 September 2007

Recommended by Hikmet Sari

INTRODUCION

Orthogonal frequency division multiplexing (OFDM) is considered as one of the most promising techniques for next-generation
wireless access systems. However, it may suffer from the so-called other-cell interference (OCI) in cellular environments. In this
paper, we consider a novel resource allocation scheme to reduce the OCI in OFDM-based asynchronous cellular systems. The
proposed scheme can reduce the OCI by exploiting repetitive properties of cyclic prefix of OFDM symbol and asynchronous
properties between the user and the base stations in other cells. The proposed scheme can be applied to various types of OFDM-
based systems such as orthogonal frequency division multiple access (OFDMA) and multicarrier code division multiple access
(MC-CDMA) systems. Simulation results show that the proposed scheme can reduce the OCI by nearly up to 1 dB compared to
conventional schemes, yielding an increase of the throughput of about 15% near the cell boundary in OFDM-based asynchronous
cellular environments.

Copyright © 2008 Jin-Woo Lee et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

tems [8]. They can provide a diversity gain as a result of

Broadband wireless packet access systems have attracted for
the achievement of high-speed transmission capacity. Or-
thogonal frequency division multiplexing (OFDM) is known
as one of the best transmission techniques for this purpose
due to the simplicity of channel equalization even in severely
frequency selective wireless channel by converting wideband
frequency selective fading into a series of narrowband flat
fading [1-3]. However, it may suffer from other-cell inter-
ference (OCI) in cellular environments that use the same fre-
quency band for all cells [4]. As a consequence, the system
capacity is mainly limited by the OCI rather than other noise
in interference-limited environments.

A number of researches have been reported on the miti-
gation of OCI. They can be classified basically into two cat-
egories according to the mitigation strategy of OCI: OCI av-
eraging and OCI avoidance. OCI averaging schemes require
a simple transceiver structure and can easily control the ra-
dio resource with the aid of spread spectrum and/or fre-
quency hopping (FH) techniques [5, 6]. These techniques
have been exploited in multicarrier code division multiple
access (MC-CDMA) [7] and frequency hopping orthogo-
nal frequency division multiple access (FH-OFDMA) sys-

channel and/or OCI averaging effect. However, the perfor-
mance of MC-CDMA and FH-OFDMA systems is typically
limited by the amount of average OCI. As a result, they may
not provide significant performance improvement in cellular
environments. On the other hand, OCI avoidance schemes
can reduce the interference by dynamically avoiding adja-
cent base stations (BSs) to use the same frequency resource
used by the target BS. Dynamic packet assignment (DPA) [9]
and fractional frequency reuse (FFR) [10, 11] are typical ex-
amples of OCI avoidance schemes. However, OCI avoidance
schemes require a large amount of additional information
exchange among the BSs through backbone networks. What
is worse, they may not be applicable to OFDM-based asyn-
chronous cellular systems due to inherited timing difference
among the BSs [12].

In this paper, we propose a novel resource allocation
scheme that can reduce the OCI in OFDM-based asyn-
chronous cellular systems. By reducing the power of the last
portion of the OFDM symbol used as the cyclic prefix (CP),
the proposed resource allocation scheme can noticeably re-
duce the OCI. The proposed scheme can easily be applied to
OFDMA [13] and MC-CDMA systems [3], providing signif-
icant throughput improvement near the cell boundary.
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F1Gure 1: OFDM system model.

The remainder of this paper is organized as follows.
Section 2 describes the system model in consideration. In
Section 3, the proposed OCI reducing scheme is described.
Then, the proposed resource allocation methods are applied
to OFDM-based cellular systems in Section 4. The perfor-
mance of the proposed schemes is verified by computer sim-
ulation in Section 5. Finally, conclusions are summarized in
Section 6.

2. SYSTEM MODEL

Consider the transmission of the mth OFDM symbol ma-
trix from the Oth cell (i.e., the target BS), which is de-
fined by X9 = [(X%), --- (X%, ,] in the frequency
domain. Figure 1 illustrates the discrete time OFDM sys-
tem model in consideration. The OFDM transmitter con-
verts X9, into a time domain OFDM symbol matrix X¢, =
[()?21)0 e (XNSI)N—I] by the inverse discrete Fourier trans-
form (IDFT) D! as

T o\ T

(%,) =Dp'(XS), (1)
where a and a!, respectively, denote the transpose, inverse
of matrix a, and D is an (N x N) discrete Fourier transform
(DFT) matrix defined by [14]

1 1

1 e—j27r1 -1/N
D2 L

vN

e—j2ml-(N=1)/N

i e—jZn(I\;—l)-l/N e—jZn(N—.l)(N—l)/N

(2)

Here, N denotes the number of subcarriers (i.e., the OFDM
symbol duration in the sample time domain) and j = +/—1.
To mitigate the intersymbol interference (ISI) and inter-
carrier interference (ICI) due to multipath delay spread, a CP
which is a replica of the last portion of the OFDM symbol is
inserted at the beginning of each OFDM symbol as [1]

0 _ 0 30
Xm - [(Xm){(N—Ng):(N—I)} Xm:| b) (3)

where ag,,.,1 2 [an, an, | and N is the CP duration in
the sample time domain. Assume that the channel impulse
response matrix hY, = [(h(,)y,,Ng) oo (h9)N_1] affects the

signal x{, only by the path-loss propagation (i.e., all the el-
ements of h!, are equal to 1/ (ro)*, where ry is the distance
between the transceivers in the Oth cell, and « denotes the
path-loss exponent). Then, the mth received OFDM symbol
matrix including the CP from the Oth cell can be represented
as

C
0 _ 1.0 0 ¢
ym—hmxxm—i-an

c=1

. (4)
= xﬁ/(ro)a/2 + anw
c=1

where n, = [(n7,)_y, (n5,)x_1] denotes the OCI
from the cth cell, C is the number of other cells, and
symbol “x” denotes group direct product defined by a X
b £ [aib anby] when a = [a; an] and b =
[bi -+ by].

The mth received OFDM symbol matrix ), from the 0th
cell can be obtained by discarding the first N, samples (i.e.,
the CP) of y?, as

Vo = (V) w1 (5)
Then, it is demodulated by DFT as
(%) = (). (©)

where D denotes a DFT processor.

Since the OCI from other cells is not synchronized with
the signal from the Oth cell in an OFDM-based asynchronous
cellular system, it can be represented as

C
>omg,
c=1

/2
{ [(xic’nfl){(Nﬁ—Ng—Ac);(N—])} (x3) {~Ng:(N—-1-A,)} ]/(”c)a b

1
(7)

where A, denotes the timing offset between the Oth cell and
the cth cell. Figure 2 illustrates the shape of asynchronization
between the OCI and the desired signal.

C

C

3. CONCEPT OF THE PROPOSED OCI REDUCTION

A CP is inserted at the beginning of each OFDM symbol to
mitigate the ISI and ICI due to the multipath delay spread in
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Figure 2: OCI distribution in OFDM-based asynchronous cellular systems.
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F1GURE 3: The concept of signal power reduction.

OFDM systems. Since the CP itself is a redundancy requiring
additional power, it may be desirable to reduce the power of
the CP. If the power of the CP can be reduced, the average
transmit power can be reduced and thus the power of OCI
to other users can also be reduced in an OFDM-based asyn-
chronous cellular system.

In a conventional OFDM system, the CP is generated as a
replica of the last portion of the OFDM symbol with the same
power and thus it has the same average transmit power as the
rest of OFDM symbol, as illustrated in Figure 3(a). To reduce
the power of the CP, it is required to design the OFDM sym-
bol to have lower power in its last portion corresponding to
the CP. Figure 3(b) illustrates the design of OFDM symbols
for the proposed scheme.

As illustrated in Figure 3, let G and S be the average power
of the last portion of the OFDM symbol corresponding to the
CP and the rest of the OFDM symbol, respectively, as

G =yl ol

5= N%NgH(X;){O:(N*Ng

ennll =

1 o
el

) (8)

where ||a|| denotes the Euclidean norm of a. Thus, the aver-
age OCI power from the cth cell can be represented as

NG+ (N-Np)S 1

= N B )
Thus, the total average OCI power can be represented as
c c
N,G+(N-N)S& 1
p=>p =-% £ - 10
gl N CZZ:I () (

Figure 4 illustrates the signal distribution when the pro-
posed signaling is applied to an asynchronous OFDM cellular
system. Since the signals from the target BS are synchronized
to the desired signal, the power reduction of the last portion
of the OFDM symbol corresponding to the CP does not affect
the reception performance. However, it can be seen that the
average OCI power from other BSs is reduced in the presence
of symbol timing misalignment between the transceivers in
this asynchronous cellular system. (In an OFDM-based syn-
chronous cellular system, on the other hand, the OCI reduc-
tion gain cannot be achieved since the power reduced CP of
OCI at the outside of the DFT window is also perfectly re-
moved as that of signal from the intra BS (i.e., P = P’ when
0 <A <Ng).)

The average OCI power from the cth cell can be repre-
sented as

Pi(A)
*E{H {(N+Ng Ac):(N )}( C){ —Ng:(N=1-A.)} ||}
’NgG+(Nng)S 1
> 0<A.<N,
N (re) ¢
AG+(N-A)S 1
, N, < A. < 2N,
N (re)” ¢ =0T
= J2N,G+ (N —2N,)S
G+ o) 10“ 2N, <A <N
N (76)
(N+2Ng —A)G+ (A —2Ng)S 1
N (rc)(x’
N <A <Ng+N,

(11)

where E{a} denotes the expectation of a. Since A, is slowly
varying due to the propagation delay between the two
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F1GURE 4: Reduced OCI power in OFDM-based asynchronous cellular systems.
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transceivers, it can be assumed that A, is uniformly dis-
tributed. Then, the average OCI power is changed by the pro-
posed scheme as

_ 2N,G+ (N -N,)S 1

Pl = E, {P/(A)} = . 12
c Ac{ c( )} (N+Ng) (rc) (12)
and the total average OCI power becomes as
c c
2N,G+ (N - N )S} 1
PP=>p =1 £ z (13
2= R

Note that the average power of the OCI in the conventional
scheme is P. Letting # be the ratio of the OFDM symbol du-
ration to the CP duration (i.e., # = N/N,) and f3 the ratio of
the average OFDM symbol power to the average CP symbol
power (i.e., B = §/G), define the OCI power reduction ratio
by

ré%: n (1 ! (14)

n+1 +1+(;71)ﬁ>'

Figure 5 depicts the amount of OCI power reduction ac-
cording to the values of 7 and f3. It can be seen that the gain of
the proposed scheme over the conventional one increases as
n decreases and/or f§ increases. In practice, # is designed by
considering the maximum delay and Doppler spread [15].
For example, # = 4 in the radio access system in [16] and
# = 8 in the mobile WIMAX system in [17]. Since # is a fixed
parameter in practice, the performance can be improved by
increasing f.

4. PROPOSED RESOURCE ALLOCATION FOR
MULTIUSER OFDM SYSTEMS

In this Section, we propose a novel resource allocation rule
to increase 5 in multiuser OFDM systems such as OFDMA
system and MC-CDMA system. Unless all the resources (e.g.,
subcarriers in the OFDMA and spreading codes in the MC-
CDMA) of multiuser OFDM systems are fully utilized for the
signal transmission (i.e., no room for the signal design with
increased f3), we can reduce the power of the CP by exploiting
the proposed resource allocation scheme.

4.1. OFDMA system

The OFDMA divides the whole frequency band into multiple
subcarriers and assigns subcarriers to each user at an OFDM
symbol time. It supports flexible data transmission by for-
matting the digital modulation on each subcarrier.

4.1.1.  Optimum subcarrier allocation

To maximize f3 (i.e., to minimize the average power of the last
portion of the time domain OFDM symbol X¢,), we exploit
the reciprocal characteristics between the time domain and
the frequency domain. In what follows, the subscript m and
the superscript ¢ of X¢, are omitted for simplicity of descrip-
tion.

Assume that there are U users. Then, X can be repre-
sented as

X = [)?o - )?N—l]
=w [bo s byoy v - VN—U—I] (15)
=w[b v],
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FiGURE 6: Power of the proposed optimum OFDMA signal when
N = 64.
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FIGURE 7: The proposed suboptimum resource allocation scheme.

where w is a weighting constant for the power normalization

determined as
Ibl?
w= | —>—, (16)
bl + [Ivll?

b is the data symbol matrix of U users, and v is a redundant
signal matrix to be designed to make the last portion of the
time domain OFDM symbol X zero as

X = [)Nil iz] = [)Nil 0]. (17)
Here X, = i{o:(U—l)} and X, = i{U:(N—l)} =0.
Decompose D into four partial matrices as
D, D,
D|:D3 D4]’ (18)

where D; is a (U X U) matrix, Dy isa (U X (N — U)) matrix,
Dsisa ((N—U)xU) matrix,and Dyisa (N—-U)x (N —-U))
matrix. Then, we have

®' -p®",
w[b v]T = [g; gi} [)N(l O]T. (19)
Since
w(b)" =Dy (%), (20)
(%,)" can be obtained by
(%) =wDi'(b)". (21)
Since
wv)' = Ds(%)", (22)
v can be designed by
v = b(Dl_l)T(D3)T. (23)

Let mp(k) be the data symbol allocated to the kth sub-
carrier. Then, the subcarrier for the OFDMA signal can be
allocated as

k=0,1,...,U-1,

24
k=UU+1,...,N. 24

mp(k) = {Wb"’

WVk-U>

Note that, when U < N —N,, it can be possible to make 3 infi-
nite by making the average power G of the CP zero. Figure 6
depicts the average signal power of the proposed OFDMA
signal for different values of U when N = 64. It can be seen
that the power of the last portion of the signal can perfectly
be controlled when U < N — N;. When U > N — N,, the
resource will be allocated to the last portion of the OFDM
symbol in the time domain, yielding somewhat performance
degradation.

4.1.2.  Suboptimum subcarrier allocation

Although the optimum subcarrier allocation rule can pro-
vide significant performance improvement, it may not be ap-
plicable in practice due to the implementation complexity.
Thus, we consider a simple subcarrier allocation rule to in-
crease 3 in multiuser OFDMA environments.

The proposed scheme allocates each pair of data symbols
to the adjacent subcarriers with opposite signs as illustrated
in Figure 7. Let mp(k) be the data symbol allocated to the
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F1GURE 8: Power of the proposed suboptimum OFDMA signal when
N = 64.

kth subcarrier. Then, the subcarrier for the OFDMA signal
can be allocated as

mr (k)

(brn/ /2, k=0,2,...,2,(U-1)

) —b(k_1)/2/\/§, k=13...,2(U-1)+1

when U < N/2
[ (bxs2s k=0,2,...,2,(U-N/2—1)
bn/2+ks k=1,3,...,2(U-N/2-1)+1
bia/ 2, k=2(U-N/2),...,2(N/2-1)

—b(kfl)/z/ﬁ, k=2(U-N/2)+1,...,
2(N/2-1)+1,
when U > N/2.
(25)

Note that when U < N/2, each pair of symbols allocated
to the adjacent subcarriers will have opposite signs. How-
ever, when U > N/2, (U — N/2) pairs of symbols allocated
to the adjacent subcarries do not have opposite signs. The
proposed resource allocation rule generates an OFDM sig-
nal that has a N-shaped power characteristic in the time do-
main as shown in Figure 8 (refer to the appendix). Thus, the
proposed scheme can increase 3 compared to conventional
schemes, reducing the average OCI power without the in-
crease of complexity.

Figure 8 depicts the average signal power of the proposed
OFDMA signal for different values of U when N = 64. It can
be seen that the OFDM signal has a Nn-shaped power char-

10
N =64
5¢ . i
2
5 O I
g (] Q0
: — 0
&
(4
E 15[ R B O R : .
>
e sl e ul
10

20 30 40 50 60
Sample time (n)

—8— WH§;
—e— WHS;

FIGURE 9: Power of the proposed suboptimum MC-CDMA signal
with WH spreading code when N = 64.

acteristic and the average signal power corresponding to the
CP is noticeably reduced when U < N/2.

4.2. MC-CDMA system

The MC-CDMA system transmits multiuser signals by using
orthogonal spreading codes. The use of spreading codes can
reduce the fluctuation of channel and/or interference, yield-
ing a diversity gain.

4.2.1. Optimum WH code allocation

Real-valued binary codes (e.g., Walsh-Hardamard (WH)
codes) are often employed as the spreading code due to their
simplicity [18]. If the spreading factor L is equal to N, there
can exist N spreading codes. The WH code can optimally be
allocated for the reduction of 8 by exhaustive search using
the spectral properties of the WH code [19].

4.2.2. Suboptimum WH code allocation

The optimum WH code allocation rule can significantly re-
duce the OCI. However, it may not easily be realizable be-
cause it is associated with the values of N and #. Thus it may
be desirable to employ a suboptimum allocation rule robust
to the variation of these parameters.

The WH codes have a property that each pair of adjacent
chips with an odd index and an even index has opposite signs
and the same signs, respectively. For example, WH codes of
length 4 can be represented as WHg ={1,1,1,1}, WH‘l1 =
{1,-1,1,-1}, WH; = {1,1,-1,-1}, WH3 = {1,-1,-1,1},
where WH. denotes the kth WH code of length 1. As illus-
trated in Figure 9, the WH codes with an odd index make the
OFDM signal with a Nn-shaped power characteristic. Thus,
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the WH spreading codes with an odd index have preference
for the allocation over those with an even index.

When a WH code is used as the spreading code, the re-
source can be allocated for the MC-CDMA system as

[ bg-1ypy  k=1,3,...,2U -1,
when U < N/2
mwu(k) =1 [bxk-1y2, k=13,...,N—1
binikyz, k=0,2,...,2(U—-N/2-1),
when U > N/2

(26)

where mwn (k) denotes the data symbol allocated to the kth
WH spreading code of length N (i.e., WHY).

4.2.3.  Optimum DFT code allocation

The OCI can further be reduced by employing a DFT basis as
the spreading code. Let DFT, = e~i27"! be the kth spreading
code of length I [20]. Since the IDFT of DFT} is an impulse
function located at time k as depicted in Figure 10, the MC-
CDMA signal can be allocated using a DFT spreading code
as

mDpT(k) = bk, k=0,1,...,U* 1, (27)
where mpgr(k) denotes the data symbol allocated to the kth
DFT spreading code of length N. Thus, the power loss due
to the CP can completely be eliminated when U < N — N,
as depicted in Figure 10, yielding substantial reduction of the
OCI power.

5. PERFORMANCE EVALUATION

The performance of the proposed resource allocation
schemes is verified by computer simulation. Figure 11 de-
picts the OCI power reduction ratio I' as a function of
the number of users when N = 64 and n = 4. It can
be seen that the proposed resource allocation schemes no-
ticeably reduce the OCI unless U is too large. When ap-
plied to an OFDMA system, the proposed optimum allo-
cation scheme reduces the OCI by nearly up to 1dB when
U < N - N,. When U > N — N, the resource will be
allocated to the last portion of the OFDM symbol in the
time domain, yielding performance degradation. The pro-
posed suboptimum allocation scheme provides a power re-
duction gain of nearly up to 0.6dB when U < N/2. When
U > N/2, T increases as U increases because (U — N/2)
pairs of symbols allocated to the adjacent subcarriers have
the same signs. When applied to an MC-CDMA with the
use of WH codes, the proposed optimum WH code allo-
cation scheme provides an OCI power reduction of nearly
up to 1dB when U is very small. In addition, the proposed
suboptimum WH code allocation scheme provides an OCI
power reduction of nearly up to 0.6 dB. It can be seen that
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F1GUre 10: Power of the proposed optimum MC-CDMA signal with
DFT code when N = 64.
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the MC-CDMA with the use of DFT spreading codes pro-
vides performance better than the use of WH codes. The pro-
posed scheme provides an OCI reduction of nearly 1 dB with
the use of DFT code when U < N — N, since f8 is infinite
(ie, Tp-ow = 5/(n +1)). When U > N — Ng, the resource
will be allocated to the last portion of the OFDM symbol in
the time domain, yielding substantial performance degrada-
tion.

Figure 12 depicts the average throughput of users near
the cell boundary (i.e., 0.8 < rp < 1km) when N = 64



8 EURASIP Journal on Wireless Communications and Networking

1.6

1.55

1.45 |

User throughput (bit/s/Hz)

1.4 +

0 10 20 30 40 50 60
Number of users (U)

—8- OFDMA (optimum)

—&— OFDMA (suboptimum)

—o— MC-CDMA with WH code (optimum)
—e— MC-CDMA with WH code (suboptimum)
—&— MC-CDMA with DFT code

FiGURE 12: The average user throughput near the cell boundary in
a 19-cell configuration.

and # = 4. Here, we assume that 19-cell configuration
with cell radius R = 1km and path loss exponent o = 4
as considered in [21]. It can be seen that when applied to
an OFDMA system, the proposed scheme can increase the
average throughput of users near the cell boundary by nearly
up to 0.21 bit/s/Hz (or increase of the average throughput by
approximately 15%) when U < N — N,. It can also be seen
that when applied to an MC-CDMA with the use of DFT
spreading codes, the proposed scheme can increase the av-
erage throughput of users near the cell boundary by nearly
0.21 bit/s/Hz. This implies the effectiveness of OCI reduction
near the cell boundary.

6. CONCLUSIONS

We have proposed novel resource allocation schemes that
can reduce the OCI in OFDM-based asynchronous cellu-
lar systems by reducing the power of the last portion of
the OFDM symbol, corresponding to the power of the CP.
The proposed resource schemes can easily be applied to
OFDMA and MC-CDMA systems. Simulation results show
that the proposed schemes can reduce the OCI power by
nearly up to 1 dB, yielding an increase of the throughput of
users near the cell boundary by about 15% in MC-CDMA-
and OFDMA-based cellular environments. Notice that there
may be a slight increase of the peak-to-average power ra-
tio (PAPR) due to the use of unequal power for the OFDM
signal generation. Further consideration may need to opti-

mize the OCI reduction without noticeable increase of the
PAPR.

APPENDIX

A. CHARACTERISTICS OF THE PROPOSED
SUBOPTIMUM OFDMA SIGNAL

We prove that the proposed suboptimum resource allocation
scheme generates an OFDMA signal with a N-shaped power
characteristic. When U < N/2, X (i.e., mp(k)) can be de-
composed into two terms by the proposed suboptimum al-
location method (25), )?,‘j and )?,2, with odd and even indices
as

5o {bk/z/ V2, even k,

X¢ =
k7o, odd k,
(A.1)
even k,

ry 0
XP =
k {—b(kl)/z/ﬁ, odd k.

Then, the time domain signal can be obtained by the IDFT
operation as

1 N—-
72 ej27mk/N
NS
o (A.2)
1 ~ .
_ ﬁ (XIS +X’¢;)e]2nnk/N’
k=0

where # is the sample time index of the OFDM symbol. Since
X¢ = —X{ |, (A.2) can be rewritten as

(f;(z _ )?ffl)ejhnk/N
v (A.3)
_ ,j2mi/N e ,j2nnk/N
(1-e ) > Xfe )
k=0

The average power at symbol time # can be obtained by

P, = E{|I%|I°} = 4S., (A4)
where
A= 1E‘| NZﬁl)z'eejZHn/N 2}
N7 e ’ (A.5)
Sp=]1- ej2nn/N|2_

Note that A is a constant indifferent from the time index # in
an average sense. Thus, the shape of P,, depends only on that
of §,. Since S, has a N-shape, Py, also has a N-shape. Note
that 3 can be obtained by

N-N,-1

NZnon

N - NgZ

B = (A.6)

n=N-N; Sn
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