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요  약

다중 안테나를 이용한 송수신 기술은 전송 효율을 높이거나 오차율을 낮추기 위해 사용되지만 인접한 셀로부터 강한 간섭

의 영향을 받게 되면 그 효용성은 떨어진다. 특히, 셀 가장자리 사용자를 위해서는 다른 셀로부터의 간섭을 고려한 고급의 송

수신 처리 기술이 필요하다. 정확한 간섭 채널 정보는 송신단에서 보다 수신단에서 얻기 용이하므로, 본 논문에서는 수신단에

서 간섭 채널 정보와 다중 안테나를 이용하여 간섭을 제거하는 수신기의 사용을 가정하였으며, 이러한 수신기에 적합한 코드

북 기반 협력 전처리 기법을 제안하였다. 협력 정도에 따라 중앙집중형 협력 기법과 분산형 협력 기법을 제안하였다. 모의실험

을 통해서 기존 비협력 기법과 피드백 양이 동일하고 추가적인 셀 간 정보 교환이 필요 없는 분산형 협력 기법도 기존 비협력 

기법에 비해 성능이 뛰어남을 확인하였다.

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

Space-time processing with multiple antennas can 

significantly increase capacity and/or reduce error 
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rate by mitigating the effects of multi-path fading. 

Closed-loop multiple input multiple output (MIMO) 

techniques obtain these benefits by adapting the 

transmitted signal to current forward link channel[1]. 

As feedback channel is limited in practice, the 

quantized precoder (QPC) using a codebook has been 

investigated[2～3].

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 

power to desired signal power, it is difficult to 

transmit data symbols successfully with a single cell 

precoder which considers only desired link
[4]
. 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 

is still an unsolved problem despite of the intensive 

researches over the past few decades. Recently, it 

was shown that the interference alignment[5～6] can 

achieve optimality in sum-rate for asymptotically 

high SNR. Without any restriction on SNR, iterative 

algorithms[7～9] jointly optimize precoders and 

receivers by applying a gradient descent algorithm, 

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 

practice by using codebook-based precoding, the 

interference suppression filter[4～8, 10] is suggested for 

MIMO receivers of cell boundary users. The partial 

zero-forcing receiver exploits a specified number of 

degrees of freedom for signal boosting and the 

remainder for OCI cancelation[5, 7]. The minimum 

mean-square error (MMSE) receiver optimally 

balances signal boosting and OCI supression[7～8, 10], 

and it is proved that the receiver is information 

lossless and optimal for user capacity
[8]
. Thus, the 

MMSE suppression filter is used at the receiver in 

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[9～10], vector codebook is used in the 

proposed coordinated QPCs (CQPCs). According to 

the level of cooperation, we classify the proposed 

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 

  and   be the number of transmit antennas at 

BSs and receive antennas at users, respectively. Also, 

let ∈×  be the channel coefficients between 
BS   and user . Then, the received signal of user   

is represented as

 


 (1)

where   is an ×  vector of transmitted signal 

at BS   and   is an ×  additive white Gaussian 

noise vector with zero mean and variance . A 

symbol   is precoded by an ×  vector   prior 

to transmission. At each user  , the received signal 

  is filtered by an ×  vector  . Assuming   as 

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

   
≠

 
 (2)

where    .

1. Optimum Receiver: MMSE OCI suppression

The receive filter can be used to boost power of 

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   dimensional   to a 

single dimensional 
[8]. For a given set of precoders, 
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the MMSE receiver is given by

  



(3)

where 


 




  (4)

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   which is given by

  



 (5)

where


 

≠


  (6)

For a user with given 
 , the optimal precoding 

vector is the largest eigenvector of 
 


 , 

which maximizes (5).

However, 
  is not fixed since it is related to 

canceling OCI and is determined by other cell 

precoders   (∀≠). In other words, the choice of 

precoder in one cell influences the choices in 

neighboring cells. Thus, coordinated precoder is 

essential for cell boundary users when the MMSE 

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[7～9]. 

Even if there exists a numerical method to search an 

optimal solution, global channel state information 

(CSI) 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[2～3] is introduced 

to multiple cell system.

2. Conventional QPC Without OCI Information

The QPC has a predetermined codebook   which 

contains channel information quantized into   

codewords . The receiver chooses a precoding 

vector from   and conveys the index of the chosen 

codeword back to the transmitter over feedback link. 

The conventional QPCs
[2～3]
 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

  ∈∥∥ (7)

This strategy works in decentralized manner 

without any signaling overhead on backhaul. 

However, the performance is not optimum because 

the OCI is not considered.

Ⅲ. 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

⋯ ∈∀⋯ (8)

where   is arbitrary performance metric: average 

per-cell throughput and error probability are 

considered in this paper.

가. Average Throughput

The average throughput is the most basic 

performance metric that tells efficiency of total 

system and is expressed as

⋯ 
 


 ∼

 (9)

where    . However, it does not 

consider user fairness.
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나. 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

⋯  ∼ (10)

Since single-stream transmission is assumed, 

maximizing the metric also minimizes the error rate 

of the system.

For an arbitrary performance metric, the optimum 

solution should be searched by combinatorial 

optimization which requires an exhaustive search 

over all possible configurations. Since the 

computational complexity increases exponentially with 

the network size, this strategy is technically 

infeasible for large networks. Thus, the strategy is 

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    different values 

from the combinations of   for each user . 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.

가. 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 OCI. A performance parameter which 

substitutes the instantaneous information 
  with a 

statistical information 


  is suggested as

 



 (11)

where  


 

≠





  (12)

and   is transmit power of user . Codeword selection 

using this parameter enables the decentralized control 

of the network without any information of the adjacent 

cells’ choice.

나. CQPC With Wort-case OCI Information

Since symbol error rate is determined by minimum 

SINR, the combination of independently chosen 

codewords must not have small minimum SINR. To 

prevent this, each user assumes the worst case that 

other BSs select codewords which make its minimum 

SINR be the smallest. User   selects its precoder by 

comparing SINR of user   for all   when all the 

other   are in the worst case as

  ∈∈∀≠ (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 2 3 4 5 6 7
0

0.05

0.5

1

user throughtput

cu
m

ul
at

iv
e

 d
is

tr
ib

u
tio

n
 fu

n
ct

io
n

 

 
conventional QPC
D-CQPC (statistical OCI)
D-CQPC (worst OCI)
C-CQPC (average rate)
C-CQPC (worst rate)

그림 1. 10dB SNR에서 사용자별 전송률 

(3 cells, QPSK, 3 bit codebook)

Fig. 1. User rates at 10 dB SNR. 

(3 cells, QPSK, 3 bit codebook)

-4 -2 0 2 4 6 8 10 12

10
-4

10
-3

10
-2

10
-1

SNR (dB)

b
it 

e
rr

o
r r

a
te

 

 

conventional QPC
D-CQPC (statistical OCI)
D-CQPC (worst OCI)
C-CQPC (average rate)
C-CQPC (worst rate)

그림 2. 비트오차율 

(3 cells, QPSK, 3 bit codebook)

Fig. 2. Bit error rate. 

(3 cells, QPSK, 3 bit codebook)

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 schemes that require feedback and 

backhaul to share performance metrics are proposed. 

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.
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