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Abstract

Multiple antenna transmission and reception, whose principal merits are significant increase in spectral efficiency and/or
reduction in error rate, lose much of their effectiveness in high levels of interference from other cells. Incorporating the
other cell interference into advanced signal processing at transmitter and receiver is one of the key challenges for cell
boundary users in cellular system. Since receiver can obtain exact knowledge of interference channels more easily than
transmitter, an interference-aware multiple antenna receiver that can significantly attenuate interferences is considered.
Based on the receiver, codebook-based coordinated precoding schemes are proposed. According to the level of cooperation,
centralized and distributed schemes are proposed. We verified by the simulation results that even the distributed schemes,
which have same amount of feedback and no cooperation between cells, have performance gain compared to the
conventional non—coordinated scheme.

Keywords : interference channel, coordinated precoder, quantized precoder, interference suppression filter

I. Introduction rate by mitigating the effects of multi-path fading.

Closed-loop multiple input multiple output (MIMO)

Space-time processing with multiple antennas can techniques obtain these benefits by adapting the

significantly increase capacity and/or reduce error transmitted signal to current forward link channel™,

- As feedback channel is limited in practice, the

i,gi]}%’ CoAS - wAAA, dAdeta A1 quantized precoder (QPC) using a codebook has been
(D;partment of Electrical and Electronic investigated”

Engineering, Yonsei University) However, since a cellular system consists of many
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cells with a channel reused at spatially separated
locations, transmissions in a cell produce inter—cell
interference to users in adjacent cells. Especially for
cell boundary users, which have similar interference
it is difficult to

transmit data symbols successfully with a single cell

power to desired signal power,

precoder which considers only desired link. As a
result, a coordinated precoder which not only boosts
desired link but also suppresses interference links
must be considered in cellular system. The optimal
coordinated precoder for MIMO interference channel
1s still an unsolved problem despite of the intensive
researches over the past few decades. Recently, it

was shown that the interference alignment”

can
achieve optimality in sum-rate for asymptotically
high SNR. Without any restriction on SNR, iterative
algorithms'” ™

receivers by applying a gradient descent algorithm,

jointly  optimize precoders and
but these algorithms do not guarantee the global
optimal solution. The codebook-based coordinated
precoding schemes are investigated in this paper
since they can reduce not only channel information
feedback but also search space of precoder.

In order to cancel other cell interference (OCI) in
the

is suggested for

practice by using codebook-based precoding,
interference suppression filter!* 8 10
MIMO receivers of cell boundary users. The partial
zero—forcing receiver exploits a specified number of
degrees of freedom for signal boosting and the

57 The minimum

remainder for OCI cancelation
(MMSE) optimally
[7~8, 10]

balances signal boosting and OCI supression”

mean-square  error receiver
and it is proved that the receiver is information
Thus, the

MMSE suppression filter is used at the receiver in

lossless and optimal for user capacity[X].

this paper.

Since the conventional QPC does not consider OCI,
the precoder selection is not appropriate for effective
channel that contains the MMSE suppression filter.
Thus, coordinated precoding schemes which consider

the filter are proposed. Since sending a single stream

using transmit beamforming is usually optimal from
sum-rate perspective for the system with strong
interference[9N10], in the
proposed coordinated QPCs (CQPCs). According to

the level of cooperation, we classify the proposed

vector codebook is used

schemes into centralized full-cooperative scheme and

distributed scheme.
II. System Model of Multiple Cell MIMO

In  multi-user interference  channel, each
base-station (BS) transmits signals simultaneously to
the intended users in the same frequency band. Let
Ny and N, be the number of transmit antennas at

BSs and receive antennas at users, respectively. Also,
let Hu‘bE(CM‘X‘VT be the channel coefficients between

BS b and user u. Then, the received signal of user u

1s represented as

=8,

H, x,+n, 1)
where z, is an N; <1 vector of transmitted signal
at BS b and n, is an M, x 1 additive white Gaussian

noise vector with zero mean and variance pyly. A

symbol s, is precoded by an Npx1 vector ¢, prior
to transmission. At each user u, the received signal
is filtered by an 1< M, vector r,. Assuming b, as

yu

serving BS for user u, the input-output relation is

Ty ub u 1L+Eru}1ubts +’I’I,

AU

(2)

where n, =rmn,.

MMSE OCI suppression

The receive filter can be used to boost power of

1. Optimum Receiver:

the desired signal or to cancel OCI, or to combine
these two. The MMSE receiver optimally balances
signal boosting and OCI cancelation, and does not
lose any information of the desired signal in the

process of reducing the AN, dimensional y, to a

. . . ~ [8 .
single dimensional su[ | For a given set of precoders,
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the MMSE receiver is given by

Ty = (I{uﬁb“tu>H( VI]JZ{)71 (3)
where
V= ZEL,Qti(I{zt,b,ti>H + oy, (4)

i

2. Optimum Precoder

The user throughput and average symbol error
probability are characterized by signal power to
interference power plus noise power ratio (SINR) of

user v which is given by

t

1,b,

SINR, = (H,,t,)" (ViN)'H, ¢, 5)

where

V)= E ‘H;z,b,ti<£[u,b,ti)H +ondy,

iU

(6)

For a user with given VN the optimal precoding

vector is the largest eigenvector of H, (V) 'H

w,b, ?
which maximizes (5).

However, V!N is not fixed since it is related to
canceling OCI and is determined by other cell
precoders ¢, (Vi=u). In other words, the choice of
in one cell influences the choices in
Thus,

essential for cell boundary users when the MMSE

precoder
neighboring cells. coordinated precoder is
filter is used at receiver. Unfortunately, finding an
optimal set of precoders over continuous search space
is a hard problem and has no general solution due to
the interacting nature between neighboring cells ™,
Even if there exists a numerical method to search an
optimal solution, global channel state information
(CSD is required to all transmitters, which is a
burden to feedback and backhaul links. To efficiently
reduce a large amount of CSI feedback and to make
the search space discrete, the QPC?™¥ s introduced

to multiple cell system.
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2. Conventional QPC Without OCI Information

The QPC has a predetermined codebook W which
contains channel information quantized into L
codewords w, The receiver chooses a precoding
vector from W and conveys the index of the chosen
codeword back to the transmitter over feedback link.
The conventional QPCs”™ do not share any CSI
between cells. The best beamforming strategy is to
choose a precoder which maximizes the signal power

of the user without regarding the OCI such as

b, =argmax,, | H, ;|

(7

in decentralized manner
backhaul.
However, the performance is not optimum because
the OCI is not considered.

This strategy works

without any signaling overhead on

II. Coordinated Quantized Precoders

The CQPCs which consider not only the desired

channel but also the interference channel are
proposed.

1. Centralized—CQPC (C—CQPC)

Without any restriction on cooperation, the
optimum combination of precoders is

{tp...,tU}: argmaxwp,EWVum<wlu"lel,) (8)

where m is arbitrary performance metric: average
throughput

considered in this paper.

per—cell and error probability are

7t. Average Throughput

The average throughput is the most basic
performance metric that tells efficiency of total

system and is expressed as

M (00w, )= iUEcu ~TI(+smr) 9)

where ¢, =log,(1+SINR,). However, it does not

consider user fairness.
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Lt. Worst User Throughput or Error Rate

The worst user throughput is also important
metric to guarantee the basic service of the worst

user and is given as

~min, SINR,

uu

mWOI‘St<wll7. “’wl[;>: min, ¢

(10)

Since single-stream transmission 1S assumed,
maximizing the metric also minimizes the error rate

of the system.

For an arbitrary performance metric, the optimum
should be
optimization which requires an exhaustive search
all the
computational complexity increases exponentially with
this

infeasible for large networks. Thus, the strategy is

solution searched by combinatorial

over possible  configurations.  Since

the network size, strategy is technically
only applicable to small-scale networks which can be
realized by cell clustering. In general cases, cell
boundary users have dominant interferences from at
most three adjacent cells. It is sufficient to gather 2
to 4 cells for a cluster and apply C-CQPC to the
cluster. However, it is required to share performance
metrics within the cluster.

While the cooperative scheme finds the optimum
combination, it is required to feed back performance
metrics and to share them through high capacity
backhaul link. Each user can estimate only his own
performance metric, which has LY different values

from the combinations of w, for each user w. These

values must be fed back from users to BSs and
shared among BSs through backhaul link. It could be
a burden especially for a large codebook case even it

is applied to a small cluster.

2. Distributed—CQPC (D—CQPC)

Unlike the centralized schemes, distributed schemes
work independently with only codeword index
feedback and no backhaul usage, which is same to

the conventional QPC.

57

7t. CQPC With Statistical OCI Information

With the MMSE filter, not only the interference
channels from adjacent cells but also the choice of
adjacent cells' precoding vector are essential to
suppress the OCIL A performance parameter which

substitutes the instantaneous information ¢t with a

statistical information %INT is suggested as
T

S[NRUZ (Ei.b“tu)H(iuN)il‘Hz’J.butu (11)
where
p;
UN = HuJ)v‘HIIA—{,bl +pN[V <12)
i FEu NT ' K

and p, is transmit power of user i. Codeword selection
using this parameter enables the decentralized control
of the network without any information of the adjacent

cells’ choice.

Lt. CQPC With Wort—case OCI Information
Since symbol error rate is determined by minimum
SINR,

codewords must not have small minimum SINR. To

the combination of independently chosen
prevent this, each user assumes the worst case that
other BSs select codewords which make its minimum
SINR be the smallest. User u selects its precoder by
comparing SINR of user u for all w, when all the

other w, are in the worst case as

t, = argmax,, cwming, cyy; -, SINR,

(13)

Even for large—scale networks, considering a few
strongest interferences gives performance gain and
reasonable complexity. However, this scheme does
not guarantee that the combination of precoders is
optimum in system throughput, but avoids the poor

combination.
IV. Simulation Results

In this section, performance of the proposed
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schemes are evaluated numerically. The simulations
are carried out in case of 3 cells with 3 users located
in the cell boundary. Each BS and user has 4
antennas, and there is no correlation between
antennas. It is assumed that all of schemes use the

MMSE interference suppression filter at receiver for

perfect interference cancelation from neighboring
cells.
Cumulative  distribution  functions of  user

throughput are depicted in Fig. 1. for 10 dB SNR.
The C-CQPCs have better performance than the

1

conventional QPC

- - - D-CQPC (statistical OCI)
—— D-CQPC (worst OCI)
C-CQPC (average rate)
— C-CQPC (worst rate)

cumulative distribution function

05F-—-----""""""---- - ,"; —————————
O.ngﬂﬂjf”—_:—,—v/i———/ ———————— S
1 2 3 4 5 6 7
user throughtput
J% 1. 10dB SNROAl ALBAIYE MESE
(3 cells, QPSK, 3 bit codebook)
Fig. 1. User rates at 10 dB SNR.
(3 cells, QPSK, 3 bit codebook)
10" s
10%} } :
.
‘.‘_’
§ 10-3 N |
@
S e conventional QPC
10™| -~ ~— D-CQPC (statistical OCI)
—— D-CQPC (worst OCl)
----- C-CQPC (average rate)
—— C-CQPC (worst rate)

-4 2 0 2 4 12
SNR (dB)
a2 2. HERQXE
(3 cells, QPSK, 3 bit codebook)
Fig. 2. Bit error rate.

(3 cells, QPSK, 3 bit codebook)
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D-CQPCs and the conventional non—coordinated QPC.
The D-CQPCs outperform the conventional QPC for
the worst 5% user. The C-CQPC which is designed
to maximize the worst is expected to have the lowest
error rate. Error rate performance of the proposed
schemes are compared to that of the conventional
scheme in Fig. 2. For fair comparison, all the
schemes transmit data with the same system
throughput of 6 bps/Hz. The proposed CQPCs have
diversity gain against the non—coordinated QPC. Even
the D-CQPCs, which have same amount of feedback
and no cooperation between cells, have better
performance than the QPC. Both the C-CQPC and
the D-CQPC which are designed to maximize the
worst has better performance than those designed to
maximize system throughput because error rate is

determined by minimum SINR.

V. Conclusion

For successful decoding of cell boundary users in
cellular system, CQPCs are proposed when MMSE
interference suppression filter is used at receiver. To
find an optimum combination of precoders, the
centralized that feedback and

backhaul to share performance metrics are proposed.

schemes require
Also, the distributed schemes which require only
codeword index feedback and do not require any
cooperation between BSs are proposed. All of the
proposed CQPC schemes provide diversity gain

against the conventional QPC scheme.

I

1]
rak

HO

i

[1] A. Paulraj, R. Nabar, and D. Gore, Introduction
to Space-Time Wireless Communications,
Cambridge University Press, 2003.

A. Narula, M. J. Lopez, M. D. Trott, and G. W.
Wornell, “Efficient use of side information in
multiple-antenna data transmission over fading
channels,” IEEE J. Sel. Areas Commun., vol. 16,
no. 8, pp. 1423-1436, Oct. 1998.

(2]



(3]

[4]

(5]

[7]

[8]

[9]

20124 108 NMXt3es ==X M 49 & H 10 &
Journal of The Institute of Electronics Engineers of Korea Vol. 49, NO. 10, October 2012

D. J. Love and R. W. Heath, Jr, “Limited
feedback  unitary  precoding  for  spatial
multiplexing systems,” IEEE Trans. Inf. Theory,
vol. 51, no. 8 pp. 2967-2976, Aug. 2005.

AL, AAA, AL A 7 HJxA
s 9 REE o83 sFgEA HE
WY FIRFEEFs] =], A5
45-52%, 2008\ 7€

V. R. Cadambe and S. A. Jafar, “Interference
alignment and degrees of freedom of the K-user
interference channel,” IEEE Trans. Inf Theory,
vol. 54, no. 8 pp. 3425-3441, Aug. 2008.

ANEZ, olfF, AsE, olHE, AAT, “HEEt
Y AEE o] &3 the A AR A A 2HlA
e FES AT dzEs HE golwAE”
FARFFels] =X, A4TH TCH, ATE, 23-28%;,
20104 7€

H. Sung, S.-H. Park, K-]J. Lee, and I Lee,
“Linear precoder designs for K-user interference
channels,” IEEE Trans. Wireless Commun., vol.
9, no. 1, pp. 291.301, Jan. 2010.

F. Negro, S. P. Shenoy, I. Ghauri, and D. T. M.
Slock, “Weighted sum rate maximization in the
MIMO interference channel,” in Proc 2Ist IEEE
Int. Symp. Personal, Indoor and Mobile Radio
Communications, pp. 684-689, Istanbul, Turkey,
Sep. 2010.

S. Ye and R. S. Blum, “Optimized signaling for
MIMO interference systems with feedback,”
IEEE Trans. Signal Process., vol. 51, no. 11, pp.
2839-2848, Nov. 2003.

[10] J. G. Andrews, W. Choi, and R. W. Heath, Jr.,

“Overcoming interference in spatial multiplexing
MIMO cellular networks,” IEEE Trans. Wireless
Commun., vol. 14, no. 6, pp. 9-104, Dec. 2007.

59

S PN |

AR-RCREEY

2005 AAM e 7]}
Fo3} gab 29,
AA eI 47107
g3 AN B4,

~ @) AA e A7)
AR et wal A,
EEEEE)

1l

2007

.-
——

S
20074

20123 ~ A A A A}
<FIAROF L B, A EAE>

3} upAL E4).
19963 ~1997'd 4H3 W AF A9l 74,

of & (A2l A=
1987 At gl 7] Hd =}
I & AL 4.
1989 A M|t stw A 7] =}
a8t AMAF 4.
19954 Georgia Tech. =} 38}

19979 ~ @A AAehsta 7] AA4F e} s,

<FPAEOL BN AFA >




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /DetectCurves 0.100000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


