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Performance Evaluation of Interference-Aware Multi-Cell
Beamforming for an Overlapping Cells Environment

Tomoki MURAKAMI'?, Riichi KUDO, Takeo ICHIKAWA *, Naoki HONMA ',

SUMMARY  As wireless LAN systems become more widespread, the
number of access points (APs) is increasing. A large number of APs cause
overlapping cells where nearby cells utilize the same frequency channel. In
the overlapping cells, inter-cell interference (ICI) degrades the throughput.
This paper proposes an interference-aware multi-cell beamforming (IMB)
technique to reduce the throughput degradation in the overlapping cells.
The IMB technique improves transmission performance better than con-
ventional multi-cell beamforming based on a decentralized control scheme.
The conventional technique mitigates ICI by nullifying all the interference
signal space (ISS) by beamforming, but the signal spaces to the user termi-
nal (UT) is also limited because the degree of freedom (DoF) at the AP is
limited. On the other hand, the IMB technique increases the signal space to
the UT because the DoF at the AP is increased by selecting the ISS by al-
lowing a small amount of ICI. In addition, we introduce a method of select-
ing the ISS in a decentralized control scheme. In our work, we analyze the
interference channel state information (CSI) and evaluate the transmission
performance of the IMB technique by using a measured CSI in an actual
indoor environment. As a result, we find that the IMB technique becomes
more effective as the number of UT antennas in nearby cells increases.

key words: MIMO, multi-cell beamforming, inter-cell interference (ICI),
WLAN, decentralized control scheme

1. Introduction

Due to rising demand for wireless communication such as
that over wireless LAN (WLAN) systems, the number of
wireless devices is greatly increasing. The widespread use
of WLAN systems results in many closely located access
points (APs) and consequently the number of overlapping
cells is increasing. Throughput in overlapping cells de-
grades by inter-cell interference (ICI) because the transmis-
sions must be separated in time domain by carrier sense
multiple access/collision avoidance (CSMA/CA). Further-
more, the number of available channels is decreasing be-
cause of the increased bandwidth of each channel. In the
IEEE802.11n standard, the bandwidth is extended from
20 to 40MHz and it has been virtually agreed that the
IEEE802.11ac standard will extend the maximum band-
width from 40 to 80 or 160 MHz [1]. The large number
of wireless devices and the increased bandwidth accelerates
the shortage of frequency channels and increases ICI. These
problems are especially severe in closely spaced residences
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like apartments in Japan [2].

To improve the system throughput in overlapping cells,
references [3]-[9] focused on multi-cell beamforming tech-
niques. These techniques can be divided into two con-
trol schemes: centralized [3]-[5] and decentralized [6]-[9].
Although a centralized control scheme can achieve high
throughput, all the APs must be synchronized and share all
of the transmit data and channel state information (CSI). On
the other hand, a decentralized control scheme can also im-
prove the throughput by using the CSI between the AP and
user terminal (UT) of its own cell and between the AP and
UT of a nearby cell, so the CSI and the transmit data are not
shared. Although a decentralized control scheme offers less
throughput improvement than a centralized control scheme,
it significantly lightens the requirements on the APs. Since
the owners of the APs in WLAN systems are generally dif-
ferent, the decentralized control scheme is more suitable for
WLAN systems.

Therefore, we consider a multi-cell beamforming tech-
nique based on a decentralized control scheme for MIMO-
OFDM downlink transmission. Some papers have investi-
gated this type of multi-cell beamforming technique from
a theoretical viewpoint [6],[7]. Reference [6] considered
multi-cell beamforming based on zero forcing (ZF) un-
der limited backhaul information exchange in cellular sys-
tems. Reference [7] considered joint beamforming to miti-
gate ICI of a primary user in cognitive radio networks. Ref-
erence [8] proposed cooperative transmission on the basis
of a decentralized control scheme and this scheme attains
a high achievable bit rate in an overlapping cell environ-
ment through the assumption of a virtual wall. Although the
above conventional method improves the system through-
put, the signal power is degraded because the degree of free-
dom (DoF) at the transmitter decreases by nullifying all the
antennas at the receiver of the neighboring cell. In addi-
tion, [9] investigated the precoding design of interference
alignment (IA) which achieves the sum capacity as C(SNR)
= K/210g(SNR) + o(log(SNR)) where SNR is the signal to
noise ratio between transmitter and receiver, K is the num-
ber of user. Each transmitter using IA transmits data by us-
ing transmitter weight based on CSI of all links, thus the
amount of CSI is larger than that of [6]-[8] which use part of
CSI. Also this precoding design requires phase synchroniza-
tion among multiple APs, which is not practical for different
owner’s APs.

In this paper, we propose an interference-aware multi-
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cell beamforming (IMB) technique. This technique pre-
vents DoF degradation by selecting interference signal space
(ISS) so as to allow a small amount of ICI. Since the DoF
at the AP increases by reducing the number of nullify-
ing beams, the total achievable rate can be increased. For
single-cell environment, [10] has proposed the generalized
approach to the block diagonalization (GBD) based on a
concept of projecting the inter-user interference to a lim-
ited vector space. This paper focuses on multi-cell environ-
ment. The proposed technique selects the ISS to prevent the
ICI from becoming more than the allowable interference to
noise power ratio P. To evaluate the transmission perfor-
mance of the proposed technique we measured a CSI in an
actual apartment environment. We used the measured CSI
in closely spaced residences to analyze the ICI conditions in
the apartment and clarify the effectiveness of the proposed
technique.

This paper is organized as follows. Section 2 intro-
duces the system model. Section 3 describes multi-cell
beamforming including the conventional and proposed tech-
niques. Section 4 details our measurement experiment and
interference CSI analysis. Section 5 clarifies the effective-
ness of the IMB. We conclude with a summary of key points
in Sect. 6.

This paper will use the following mathematical nota-
tions: [-]7 for Hermitian transposition, det(A) for the deter-
minant of A, ||A]|r for the Frobenius norm of A, and £{A}
for expectation of A.

2. System Model

We assume MIMO-OFDM downlink transmission in an
overlapping cell environment where two APs utilize the
same frequency channel (Fig. 1). This system model indi-
cates one specific subcarrier in all the subcarrier. It is as-
sumed that both APs are equipped with N transmit antennas
for communication with their own UTs equipped with M re-
ceive antennas (N > M). Hjj4) and Hayppy € CM*N denote
the CSI of kth (k = 1,..., K) subcarrier of a desired signal
between AP 1 and UT 1 and between AP 2 and UT 2, re-
spectively. Hia) and Hy ) € CM*N denote the interference
CSI of kth subcarrier of an interference signal between AP
1 and UT 2 and between AP 2 and UT 1, respectively. In
this paper, we assume that each AP estimates downlink CSI
using received signals in uplink transmission by the channel
reciprocity in time division duplex (TDD) systems. Thus,
each AP obtains CSI corresponding to all UTs which in-
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Fig.1  System model.
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cludes the other cell’s UTs. In this system model, the re-
ceived signal vectors of kth subcarrier, y;4) € CY*! at UT
1 and yag) € CM*! at UT 2, are expressed by the transmit
signal vector of kth subcarriers x;) € CNsm®>x! of AP 1 and
Xok) € CNom2oX1 of AP 2 as

Yiw = HugpWin VPioXie
+Ha100 Wa vP2Xow + i
Y = Hazgy Wae vPawXaw |
+Hia Wi vVPraoXie + g

where N1y and Ny are the number of streams at the
AP 1 and AP 2, and W and Wy, are the transmission
weights of kth subcarrier of AP 1 and AP 2 in calculating
CSI including estimation error, respectively. njg) and myg,
are additive white Gaussian noise vectors, respectively, with
E[nl(k)nf(k)] = E[l’lz(k)nzk)] = oL L is the identity matrix.
Py € CNsmiXNsmiy qnd Py € CNsm2toXNsma)  qre diago-
nal matrices with the diagonal elements of p)/Ngm1) and
P/ Nsmak) for the AP 1 and AP 2, respectively. p, is trans-
mit power of kth subcarrier. In this paper, since the measure-
ment environment of this paper is high SNR environment,
we assumed equal power is allocated to each data stream.
This is because the gain of power allocation technique such
as water-filling is less at high SNR environment [11].

We assume that CSI at the transmitter includes esti-
mation error due to estimation noise such as thermal noise,
quantization error, a reduced amount of feedback informa-
tion, and time variation of the channel [12]-[14]. The im-
perfect CSI including the estimation error H;j(k) is defined
as

(D

Hijg = Hijoy + Aijao, Vi, j=1,2 )

where A;jy) is assumed to be as all i.i.d. zero-mean complex
Gaussian values with the variance of o-%.

3. Multi-Cell Beamforming Techniques
3.1 Conventional Technique

In the conventional technique [8], both APs communicate
with their own destination UT and mitigate ICI to the other
cell’s UT by ZF transmission [15],[16]. The desired sig-
nals are transmitted by using eigenvector transmission [17].
Next we explain the transmission weight of each AP and the
achievable rate of the conventional technique.

By using singular value decomposition (SVD), the es-
timated CSI including estimation error as CSI at the trans-
mitter, H/12(k) and H; 1k are expressed as

P () m \H
My = Ungo (B 0) (Vi Vi) 3)
H’21(1<> = Ui (Z210 0) (V(zsl)(@ V(zr;)(k))

where Ujpy) and Uy € CY*M are the left singular vec-
tors and (V'9 V(I"Z)(k)) and (VY V(;;)(k)) e CVM¥ are the

12(0) 21()
. . (5) (s) NxM (n)
right singular vectors. Vlsz(k), stl(k) e CVM and Vz';(k),
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o)
A 12(k)

spectively. Xjoq) and Xojp) € are diagonal matri-
ces and the diagonal elements of X4 and Xy repre-
sent the square roots of the eigenvalues, 121, - - - » d12k).m
and A2 1, - - - > A21(k), M- TESPECtively, where ;)1 = ... 2
Aijw,m- To calculate the transmission weight, the SVD

€ CNXN=M) correspond to signal and null space, re-
CMXM

is performed for the null space CSI, H’”(k)V(l"z)(k) and
’ (n)
H, 00 Vai as
(1)
H}, 0 Viaw _
_ (i fw V[ Eiuw 0o gm
_(Ull(k) Ull(k))( 0 0)(V11(k) Vll(k)) (4)

’ (n) s
H22(k)V2 1(k)
\‘7(")

_(re mm V[ 2w 0) o H
= (U22<k> Uzz(k))( 0 0)(V22<k> 22<k>)

i7(s) () 7(s) i7(n) MxM
where (U”(k) U”(k)) and (U22(k) U22(k)) e C are the

left singular vectors and (V(1S1)(k) V(I';)(k)) and (V(z‘;)(k) VZ’?(k)

€ CIN-MX(N-M) gre the right singular vectors. V¥ V%

11k Y 2200
NXNyim () () NX(N—M~-Ngm)
eC ® and Vll(k)’ sz(k) eC ®) correspond to

signal and null spaces, respectively. Hereafter, the number
of data streams, Ny, is defined as min(M, N — M). Thus,
conventional multi-cell beamforming cannot be used when
the receive antenna number is equal to the transmit antenna
number, N = M. Iy, and I, are diagonal matrices
and the diagonal elements of > 11(k) and i‘.gz(k) represent the
square roots of the eigenvalues, A1) 15 - - -» A11(k).Nyg, @D
A2, 15 -+ » A22(0) N,y TESPECtively, where Ay = ... 2
Aii(). N+ Thus, the transmission weights of AP 1 and AP
2, W10, and W, 5, are expressed as

12(k)

_ v )
Wz = Vi Voo

—_vm g
{ Wi vl 5)
We next explain the achievable rate of the conventional tech-
nique using the transmission weights of AP 1 and AP 2 as
expressed in (5). The achievable rates of each cell, C, ¢
and C, ), are expressed by

Caaw = logy det| Iy,

H yH
HiioWaiw0PiiwW, i H

11(6)
TRy
+ Ho100 Wa20 P2uo Wi 50 Ha) ) ]

2
o INArm(k)

Cupw = logy det| Iy,

H yH
Ho200 Wa2a P2 W, 50 H

2(k) ]
H A
+ HigoWai0PruoW, o

2
o INArm(k)

(6)

Moreover, the total achievable rate C,y) is taken to be the
summation of C, ;) and C,ox). In the conventional tech-
nique, ICI is mitigated by nullifying all the ISS by beam-
forming, but the signal space to the UT is also limited be-
cause the DoF at the AP is limited.
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3.2 Interference-Aware Multi-Cell Beamforming (IMB)

In this subsection, we introduce an interference-aware
multi-cell beamforming (IMB) technique including a
method of selecting the ISS. The IMB technique is able to
increase the signal space by increasing the number of col-
umn vectors of V(l"z)(k) and V(Z’i)(k)’ respectively. To increase
the signal space, both APs set a common allowable inter-
ference to noise power ratio P in all of the subcarriers and
add § 1) column vectors of V(lsz)(k) and S, column vectors
of V(zi)(k) in each subcarrier, respectively. Here, P is deter-
mined by Scheme I in last of this section. Provided that it
is necessary that the initial value of P is set as low value
in order to maximize the total achievable rate. The added
S 1 and Sy are selected to ensure that the corresponding
eigenvalues are less than P. This is expressed as

M

A12(k),i
S 1) = argmax Z (Z)J
s o
i=M-s+1
u A12(k),i
subject to Z —= <P
i=M-s+1 o
M , @)
A21k),i
S o) = argmax Z >
s o
i=M—s+1
J A12(k),i
subject to Z — <P
=5+l

where Ajp,; and Ay ), are the eigenvalues of Hg(k)le(k)

and HZ = Hoq, respectively. The extended null matrices,

21(k)
Q) NX(N=M+S 1)) Q) NX(N—M+S 35)
Viws €C ‘@ and Vy, ¢ € C ) are
expressed as
) L m
Y M-5100+010 " I Py T Yv-mie
() _ . . . .
Viw.s = : o : . :
(s) (s) (n) (n)
VM-8 10+ DN® " MNP ING " FN-M)NK)]
() on® (n) . pn) 1°
’B(M—Szm*'l)](k) BMl(k)'Bll(k) ’B(N—M)l(k)
(n) _ . . . . .
Vaiws = o :
(s) () (1) (1)
'B(M—S 2w+ DN 'IBMN(k INGK) ©° ’ﬁ(N—M)N(k)_
3
where “Ej’()k) and al(.;,'()k) are elements in the i-th row and j-th
(s) (n) () (1) :
column of Vi and Vi), | ﬁi_j(k) and ,Bi;’(k) are elements in
the i-th row and j-th column of V(;])(k) and V(Z'?(k). The SVD
: . ’ (n) ’ (1)
is carried out for H“(k)Vlz(k)’S and H22(k)V21(k),S as

’ (n)
Hl 1(k) \ 12(k),S
[__](”)

() Liws 0\ (g0 o  \
- (U] 1(k),S 1 l(k),S) ( 0 0 ) (Vl 1(k),S Vl l(k),S)

’ (n)
H22(k) V2 1(k).S

) 0) s 0 (i) o\
- (U22(k),S U22(k),S)( 0 0 ) (V22(k),S V22(k),S)

€))
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= (5) = (1) (s) (1) MxM
where (Ull(k),S Ull(k),S) and (UZZ(k),S _U22(k),S)_ €C

are the left singular vectors and (V(1S1)(k)s V(lnl)(k)S) €
CN=M+S 10)X(N=M+5 1) and (V(zsz)(k)s vgg(k)S) €
CIN-M+S20)X(N-M+S200)  gare the right singular vectors.

v(s) NXNim 7 (s) NXN ok (n)
Viws € C W, Vous € C 0 and Vi, o €
CNXN-M+S 10-Nama) §O ¢ CNXN-M+320-Nanw) corre.-

22(k).8
spond to signal and null space, respectively. The numbers of

data streams for UT 1 and UT 2, N1 and Ngo(), are ex-
pressed as min(M, N—M +S 1)) and min(M, N — M + S o)),
respectively. Since the number of each AP’s streams in the
IMB technique is adaptively determined by P, the number
of nullified interference signal spaces (ISS), S 1) and Soq)
are optimized for each subcarrier in OFDM systems. Thus,
the transmission weights of AP 1 and AP 2, W;,;, and W, 5,
are expressed as

_ v ()
Wb,l(k) - V12(k),SV11(k),S (10)
W =V n) ‘_](S) ’
b,2(k) 21(k),S ¥ 22(k),S

Next, we explain the achievable rate of the IMB tech-
nique using transmission weights of AP 1 and AP 2 as ex-
pressed in (10). The achievable rates between AP 1 and UT
I and between AP 2 and UT 2, Cp, 1) and Cp, k), are calcu-
lated by

Cp10) = log, det (IN.vrmHk)
H H
Hi100 WoawP1io Wi, 100 ) ]
H H
T W + Horto Wo2w oo Wy o Baiy )

+

Cb’Q(k) = 10g2 det|Iy

stm2(k)

H H
H22(k) Wb,2(k) P2(k)Wb’2(k) H22(k) ]

* 21 +H W P, W7 HY
O IN o 12(6) YYD, 1)L 1) Y¥ i, 1) 120k)

Moreover, the total achievable rate of the optimal selection
method for the IMB technique, Cy), is expressed by the
summation of Cp, ) and Cp ).

‘We next describe the transmission scheme of each AP
including the setting method of an allowable interference to
noise power ratio P in Scheme I. In this scheme, Py [dB]
is the initial value of P and is set up a low value such as
the noise power. AP [dB] is the value for updating of P and
is set up several decibels. C,, [bit/s/Hz] is the rate-update
margin against the rate deviation caused by noise and is set
up several bits/s/Hz.

Scheme I: The transmission scheme for the IMB technique

1): Initialization: P = Py, Cpp =0
2): Repeat
2a): Select S 1(k) OF SZ(k) by (7)

2b): Transmit data using transmission weight in
(10)
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20)1 Calculate Cb,l(k) and Cb,2(k) in (1 1) for all sub-
carriers at UT 1 and UT 2, respectively
2d): Feed the information of the averaged achiev-
able rate for all the subcarriers, Zf: 1 Chaw /K
and Y, Cpo/K, back to both APs and
calculate the total achievable rate Cj that
is the summation of Zszl Chiw/K and
S Coow/K
2e): if C; - Cpo =2 -Cy,
UpdateP = P+AP, Cpp = C,,
else
End

4. CSI Measurement Experiment
4.1 Experiment Setup

To evaluate the effectiveness of the IMB technique, we mea-
sured the CSI for OFDM systems in an actual apartment
using a MIMO-OFDM testbed. Figure 2 shows an apart-
ment in Japan. The height, width and depth of the room
are 3, 3, and 4.4m, respectively. We conducted the ex-
periments in rooms 1-5. The configuration of our MIMO-
OFDM transceivers [18] is shown in Fig.3. Its main pa-
rameters per room are given in Table 1. The MIMO-OFDM
transceivers transmit the pilot signal based on short and long

Fig.2  Photograph of measured apartment.
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Fig.3  Configuration of MIMO-OFDM measurement testbed.
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Table1 Measurement parameters per room.
Number of antennas 8 (Tx), 8 (Rx)
Center frequency 4.85 GHz
Bandwidth 20 MHz
Number of FFT points 64
Number of subcarriers, k 52
Interval of subcarriers 312.5kHz
Element spacing 0.5\
Antenna height 0.9 m
Tx antenna position 1
Rx antenna position 4
Total transmmission 9 dBm
power
Noise power per -113.26 dBm
subcarrier
Antenna element
| @008 APantenna location |
4.4m i UT antenna location !
1
3
3m

Fig.4 Room layout, measurement locations.

preambles of the IEEE802.11n standard. Thus, the CSI for
the 52 subcarriers were estimated in 20 MHz bandwidth.
Noise power per subcarrier was —113.26 dBm.

In the experiment, we measured 8§ x 8§ MIMO-OFDM
CSI between the AP and UTs in a single room and between
different rooms by using our MIMO-OFDM transceivers
[18]. In this paper, since we assume that the proposed tech-
nique applies to WLAN systems, we use eight transmitter
and eight receiver antennas. This is because the maximum
antenna number in IEEE802.11ac [2] is eight. Figure 4 in-
dicates the room layout and the locations of the AP and
UTs. UTs are set four locations in order to evaluate dif-
ference environments such as multipath and fading. The AP
and UT antennas had uniform linear array (ULA) with eight
element dipole antennas and element spacing of 0.5 wave-
lengths. Figures 5(a) and 5(b) show the AP and UT antennas
we used. Both antennas are 0.9 m high. The total transmis-
sion power of each AP is 9 dBm.

4.2 Interference CSI Analysis

In this subsection, we analyze the amount of ICI and the
eigenvalue distribution of interference CSI, Hj,), which
correspond to the CSI between the AP in Room 1 and UTs
in Room 2, 3, 4, and 5, and Hj ), which correspond to the
CSI between APs in Room 2/3/4/5 and UTs in Room 1.
Figure 6 plots the ratio of the signal power from AP in
Room 1 to the interference power from AP in other rooms
at UTs in Room1. Plots of the signal to interference ratio

IEICE TRANS. COMMUN., VOL.E96-B, NO.6 JUNE 2013

Fig.5 Photographs of AP antenna (a) and UT antenna (b).

30 \ \ \
11n path loss model [20]
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hagyel Interference from Room 4
< B
e 8 -20- -
=
o o
30 —0
Interferenc‘e from Roo‘m 5 ‘
4% 5 10 15 20

Distance between AP and UT [m]

Fig.6  Ratio of the signal power from AP in Room 1 to the interference
power from AP in other rooms at UTs in RoomlI.

(SIR) is calculated by,

P el (-
. { l (12)

£ {P2(k) ||H21(k,l)“i}’

where Hj; ) is the CSI between AP in other rooms and /th
UT in Room 1. The SIRs calculated by (12) are plotted at
the distance of each AP position and the center of Room 1.
This figure also shows the theoretical line according to the
indoor propagation model described in IEEE802.11n [19].
In this theoretical line, we assumed that wall loss value is
0dB and signal power is received power when distance AP
and UT is 1 m. In this apartment, the walls were made of
plaster board that had low propagation loss because of low
permittivity [20]. We found that SIR is about —30dB when
the AP and UT are set in Rooms 1 and 5. Therefore, we can
see that the AP incurs severe ICI in this environment.
Figure 7(a) shows the cumulative distribution functions
(CDFs) of eigenvalues for i.i.d. channel matrices when the
total power is 0 dBm. It was found that the ratio of the high-
est eigenvalue, 4, to the lowest eigenvalue, g, on median
value is 25 dB. Figures 7(b)—(e) show the CDFs of eigenval-
ues for the measured interference CSI, Hjok  and Hoj ),
of the four points of the UT and the 52 subcarriers. To en-
sure that the fading among subcarriers would not affect the
distributions of eigenvalues, the Frobenius norm of the CSI
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Fig.7 CDF of eigenvalues of interference CSI. (a) is eigenvalues of i.i.d.
channel, (b) is eigenvalues of interference CSI when the UTs are set in
Room 2, (¢) for Room 3, (d) for Room 4, and (¢) for Room 5.

at each subcarrier was normalized to be 0 dB. We found that
the ratios between A; and Ag medium values were about 38,
25, 26, and 27 dB. The ratio between A; and Ag in Room
2 was larger than that of the i.i.d. channel. This is because
the effect of the direct path is larger than that of other paths
when the distance between the AP and the UT is short.

5. Performance Evaluation

In this section, we evaluate the effectiveness of the IMB
technique using measured CSI. We assumed that AP 1 and
AP 2 were located in two different rooms, i.e., Rooms 1
and 2, 1 and 3, 1 and 4, and 1 and 5 (hereafter Rooms 1-
2, Rooms 1-3, Rooms 1-4, and Rooms 1-5, respectively).
Moreover, we also assume that both of APs transmit data
UTs in own room.
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Fig.9 M = 4 total achievable rate vs. allowable interference to noise
power ratio P.

5.1 Allowable Interference to Noise Power Ratio P Anal-
ysis

In this subsection, we show a study of allowable interference
to noise power ratio P when the number of UT antennas M
is 2, 4, 6, and 8. Figures 8, 9, 10, and 11 show the total
achievable rate that averages the four points of UT and all
subcarriers versus the allowable interference to noise power
ratio P when the number of UT antennas M is 2, 4, 6, and
8, respectively. In Fig.8 (M = 2), we found that the to-
tal achievable rates of all the room combinations degrades
when P becomes larger. Since the number of UT antennas
is small, the gain obtained by increasing the DoF at the AP
using the extended null matrix is negligible. Furthermore,
the total achievable rate maximizes when S ;) and S o) are
set to 0 in almost all subcarriers since the smallest eigen-
value is very large.

In Fig.9 (M = 4), the results obtained for Rooms 1-2
and 1-3 are similar to those in Fig. 8. This is also because
the gain obtained by increasing the DoF at the AP is less
than the loss incurred by increasing the ICI. However, the
results obtained for Room 1-4 and 1-5 show local maxima.
The local maximum values of P of Rooms 1-4 and 1-5 are
10 and 8 dB, respectively. These local maxima show that
the proposed technique increases the total achievable rate
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by increasing the number of column vectors of Vl(.;()k).

In Fig. 10 (M = 6), we find that a local maximum exists
in all the results. Since the lower eigenvalues decrease due
to the increased number of eigenvalues of the interference
CSI, the effectiveness of the IMB technique improves. The
local maximum value of P is 24 dB for Rooms 1-2, 20dB
for Rooms 1-3, 18 dB for Rooms 1-4, and 16 dB for Rooms
1-5. Moreover, we confirmed that the local maximum peak
shifts as the distance between cells becomes longer. This is
because the gain obtained using an extended null matrix be-
comes larger as the distance between cells becomes greater.

In Fig. 11 (M = 8), a local maximum also exists in all
cases. The local maximum value of P is 28 dB for Rooms 1-
2,24 dB for Rooms 1-3, 20 dB for Rooms 1-4, and 18 dB for
Rooms 1-5. We found that the peak of the results in Fig. 10
and Fig. 11 are different. This means that the peak also
changes according to the number of UT antennas a nearby
cell uses. Note that none of the total achievable rates have
local minimum values. Thus, P can be determined by us-
ing the transmission scheme shown in Scheme I since the
scheme gradually increases P so as not to decrease the total
achievable rate.

Table 2 shows the allowable interference to noise
power ratio, P [dB], calculated by Scheme I and the max-
imum value, P,,,, [dB] of P estimated from Fig. 8 ~ Fig. 11.
P,... means the value of P which maximizes total achiev-
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Table 2 Allowable interference to noise power ratio, P [dB], calculated
by Scheme I and maximum value, P,,,, [dB], of P estimated from Fig. 8 ~
Fig. 11.

Number of UT antennas, M
2 4 6 8
Room P=26 P=16 P=24 P=28
1-2 P =24 P,..=16 P =24 P =28
Room P=18 P=6 P=20 P=24
1-3 P =17 P,w=06 P =20 P =24
Room P=14 P=12 P=18 P=20
1-4 P =12 P, =10 P =18 P =20
Room P=10 P=10 P=16 P=18
1-5 P,x=18 Pow=18 P,n=16 P =18

100 \ I \ \
- -©O- - Conventional
80 - -5 — MB

— 0 | —>— IMB-G

Rooms 1-2

Rooms 1-5

il ! ! !
038 40 42 44 46 48 50 52
Total achievable rate [bit/s/Hz]

Fig.12 CDF of M = 2 total achievable rate.

able rate. In this result, we assume that Py, APy, and C,,
are —20dB, 2dB, and 0.5 bit/s/Hz, respectively. From this
result of P and P,,,, in Table 2, we found that P is able to be
calculated in the accuracy of less than 2 dB by using Scheme
L

5.2 Total Achievable Rate Analysis

In this subsection, to evaluate the transmission scheme in
Scheme I, we calculate the total achievable rate of the IMB
technique where S and So) are optimized by a greedy
algorithm [21] for purposes of comparison. The IMB tech-
nique based on the greedy algorithm is expressed as IMB-
G. The calculation complexity of IMB-G is extremely large
since the achievable rates must be calculated for all combi-
nations of Sy and So). Figures 12, 13, 14, and 15 show
the CDFs with the four points of UT and all subcarriers of
total achievable rates of the IMB technique, IMB-G, and the
conventional technique when the number of UT antennas M
is 2, 4, 6, and 8, respectively.

In Fig. 12, allowable interference to noise ratio P of
Room 1-2, Room 1-3, Room 1-4, and Room 1-5 are set 26,
18, 14, and 10 [dB], respectively. The total achievable rates
of all the results are the same for all room combinations.
This indicates that the IMB technique’s effectiveness is neg-
ligible when the number of UT antennas is small.

In Fig. 13, allowable interference to noise ratio P of
Room 1-2, Room 1-3, Room 1-4, and Room 1-5 are set 16,
6, 12, and 10 [dB], respectively. The total achievable rates
of all the results are almost the same in Rooms 1-2 and 1-3.
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However, in Room 1-4 and 1-5, the median total achievable
rates of the IMB technique are about 0.6 and 2.3 bit/s/Hz
higher than those of the conventional technique, respec-
tively. Moreover, the IMB technique almost matches the
performance of IMB-G. The median total achievable rates
of the IMB technique in Rooms 1-4 and 1-5 are about 0.7
and 0.5 bit/s/Hz lower than those of IMB-G, respectively.

In Fig. 14, allowable interference to noise ratio P of
Room 1-2, Room 1-3, Room 1-4, and Room 1-5 are set 24,
20, 18, and 16 [dB], respectively. The IMB technique’s total
achievable rate increases greatly compared with the conven-
tional technique in all the room combinations. In the con-
ventional technique, since a large number of DoFs at the AP
is used to nullify the ISS, the total achievable rate is low.
The median total achievable rates of the IMB technique in
each room combination increases about 23.1, 27.1, 33.6, and
39.8 bit/s/Hz higher than that of the conventional technique,
respectively. Moreover, the median total achievable rates of
the IMB technique in each room combination is about 2.6,
2.4, 1.7, and 1.3 bit/s/Hz lower than those of IMB-G, respec-
tively.

In Fig. 15, allowable interference to noise ratio P of
Room 1-2, Room 1-3, Room 1-4, and Room 1-5 are set 28,
24, 20, and 18 [dB], respectively. The IMB technique’s to-
tal achievable rate also increases greatly compared with the
conventional technique in all the room combinations. In the
conventional technique, the total achievable rate is zero be-
cause all the DoFs at the AP are used to nullify the ISS. The
IMB technique’s median total achievable rate in each room
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combination increases by about 77.4, 86.0, 94.4, and 102.2
bit/s/Hz, respectively, compared with the conventional tech-
nique. Moreover, the IMB technique’s median achievable
rate in Rooms 1-2, 1-3, 1-4 and 1-5 is about 2.8, 1.9, 2.9 and
2.8 bit/s/Hz lower than those of IMB-G, respectively.

Figure 16 shows the median total achievable rate in-
cluding the four points of UT and all subcarriers in the
IMB technique, the IMB-G, the conventional technique, and
TDMA versus the number of UT antennas for the cell re-
lation for Rooms 1-5 only. And allowable interference to
noise ratio P is 8, 8, 16, and 18, respectively when M is
2,4, 6, and 8. In TDMA, the transmissions of AP 1 and
AP 2 are divided by time slots and each AP uses eigenvec-
tor transmission. In the TDMA results, total achievable rate
increases as the number of UT antennas increases. The me-
dian total achievable rate of the IMB technique is similar to
that of the conventional technique when the number of UT
antennas is four or less. However, the median total achiev-
able rate of the IMB technique is larger than that of the
conventional technique when the number of UT antennas is
more than four. This demonstrates that the IMB technique’s
effectiveness increases when there are a large number of UT
antennas.

6. Conclusion and Future Work
We proposed an interference-aware multi-cell beamforming

(IMB) technique on a decentralized control scheme for an
overlapping cell environment. Although the conventional
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technique based on a decentralized control scheme degrades
the signal power at the UT by nullifying all the interference
signal spaces (ISS), the IMB technique increases the signal
power at the UT by selecting the ISS by allowing a small
amount of inter-cell interference (ICI). The proposed tech-
nique selects the ISS so as to prevent the ICI from becoming
higher than the allowable interference to noise power ratio
P at each AP. We analyzed the interference CSI conditions
and evaluated the transmission performance of the proposed
technique by using a measured CSI in an actual indoor envi-
ronment. The results demonstrated that the IMB technique
becomes more effective as the number of UT antennas in
nearby cells increases.

Although the IMB technique is proposed for two APs
in overlapping cell, it is applicable for more than two APs by
selecting a pair of APs. The effectiveness of IMB technique
for more than two APs scenario needs to be evaluated in
future work.
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