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SUMMARY  This paper investigates the dominant impact on the inter-
ference rejection combining (IRC) receiver due to the downlink reference
signal (RS) based covariance matrix estimation scheme. When the trans-
mission modes using the cell-specific RS (CRS) in LTE/LTE-Advanced are
assumed, the property of the non-precoded CRS is different from that of the
data signals. This difference poses two problems to the IRC receiver. First,
it results in different levels of accuracy for the RS based covariance matrix
estimation. Second, assuming the case where the CRS from the interfering
cell collides with the desired data signals of the serving cell, the IRC re-
ceiver cannot perfectly suppress this CRS interference. The results of sim-
ulations assuming two transmitter and receiver antenna branches show that
the impact of the CRS-to-CRS collision among cells is greater than that for
the CRS interference on the desired data signals especially in closed-loop
multiple-input multiple-output (MIMO) systems, from the viewpoint of the
output signal-to-interference-plus-noise power ratio (SINR). However, the
IRC receiver improves the user throughput by more than 20% compared to
the conventional maximal ratio combining (MRC) receiver under the simu-
lation assumptions made in this paper even when the CRS-to-CRS collision
is assumed. Furthermore, the results verify the observations made in regard
to the impact of inter-cell interference of the CRS for various average re-
ceived signal-to-noise power ratio (SNR) and signal-to-interference power
ratio (SIR) environments.

key words: LTE-Advanced, interference rejection combining, inter-cell
interference, reference signal, turbo equalizer

1. Introduction

The Long-Term Evolution (LTE) was finalized as Release 8
(simply LTE hereafter) by the 3rd Generation Partnership
Project (3GPP) [1]. In Japan, NTT DOCOMO launched
a commercial LTE service in December 2010 under the
new service brand of “Xi” (crossy) [2]. One key feature
for LTE is multi-antenna techniques, i.e., multiple-input
multiple-output (MIMO) techniques. In LTE-Advanced,
to satisfy high-level requirements for the peak and av-
erage spectrum efficiency and cell edge user throughput
[3], advanced multi-antenna transmission techniques such
as higher-order single-user (SU)-MIMO, multi-user (MU)-
MIMO, and coordinated multi-point (CoMP) transmission/
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reception were investigated [4]. The interference rejection
combining (IRC) receiver [S] was also evaluated [4]. Re-
garding this IRC receiver, the study item (SI) phase in which
fundamental studies were conducted on elemental technolo-
gies for LTE-Advanced (Release 11) was completed and a
summary of the technical report was presented [6]. Cur-
rently, the work item (WI) specification of the IRC receiver
is underway [7].

An important goal for LTE-Advanced is to improve the
cell edge user throughput while achieving high-speed and
high-capacity communications. Toward this goal, two ap-
proaches are considered: transmission processing such as
CoMP transmission technique and reception processing. In
this paper, we focus on the latter approach. To improve the
cell edge user throughput, reception processing should sup-
press the inter-cell interference signals in addition to detect-
ing the desired signal since the cell edge user throughput
is severely deteriorated by inter-cell interference. The IRC
receiver, which can suppress the inter-cell interference with
the aid of multiple receiver antenna branches, is considered
to be a promising approach. To suppress the interference
signals with a feasible level of complexity, linear filtering
based on the minimum mean square error (MMSE) crite-
rion is investigated for the IRC receiver in [6]. This filtering
can be extended to iterative signal detection such as a turbo
equalizer using soft interference cancellation [8], [9], which
can possibly improve the detection performance. Regard-
ing such signal processing based on an iterative manner, the
enhancement of the detection performance in the first stage
can possibly bring about improvement in the final attainable
performance in the last stage. Therefore, this paper focuses
on linear filtering based on the MMSE criteria, as a signal
processing technique for the first stage. Hereafter, this type
of receiver is simply referred to as the “IRC receiver.”

The IRC receiver requires knowledge of the interfer-
ence signals, i.e., the covariance matrix including the inter-
ference signals, in addition to knowledge of the desired sig-
nal, i.e., the channel matrix of the serving cell. Therefore,
to achieve a gain from the IRC receiver, highly accurate es-
timation schemes of these matrices are important. In prac-
tical applications such as LTE/LTE-Advanced, the channel
matrix of the serving cell can be estimated using downlink
reference signals (RSs). For covariance matrix estimation,
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the RS based scheme proposed in [10] is effective as an ac-
curate estimation as described in [10] and [11]. This scheme
separates the serving cell part and the interference and noise
part from the covariance matrix. The former part, i.e., the
covariance matrix of the serving cell, can be obtained us-
ing the channel amplitudes and phases of the serving cell,
which are estimated using the RS of the serving cell. In
contrast, the latter part, i.e., the covariance matrix including
only the interference and noise, can be estimated by sub-
tracting the replica symbols of the serving cell based on the
estimated channel matrix and the known RS sequence from
the received RS signals. In particular, the estimation accu-
racy of the latter is more sensitive to the suppression of the
interference signals than the former.

In LTE/LTE-Advanced, various transmission modes
are supported. To achieve this, multiple RSs, e.g., the cell-
specific RS (CRS) and demodulation RS (DM-RS) [12], are
defined. In this paper, we focus on the transmission modes
using the CRS since these modes are generally used for up to
two transmitter antenna branches. The properties of the CRS
are different from those of the data signals, especially when
precoding transmission is assumed for the data signals, since
the CRS is transmitted without precoding. This difference
between the CRS and the data signals poses two problems
to the IRC receiver. First, it results in different levels of
accuracy for the covariance matrix estimation. More pre-
cisely, although the estimated covariance matrix including
the interference and noise is accurate when the data signals
from the interfering cell interfere with the CRS of the serv-
ing cell, it is inaccurate when the CRS from the interfering
cell collides with the CRS of the serving cell as illustrated
in Fig. 1. This is because the covariance matrix including
the interference and noise should include the properties of
the data signals from the interfering cell in order for the IRC
receiver to suppress the interference of the data signals. Sec-
ond, assuming the case where the CRS from the interfering
cell collides with the desired data signals of the serving cell
as illustrated in Fig. 1, the effect of suppressing interference
signals for the IRC receiver is expected to degrade compared
to the case where the data signals interfere among cells. This
is because the IRC receiver suppresses the interference data
signals from the interfering cells. Therefore, this paper in-
vestigates these two factors that degrade the performance of
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the IRC receiver.

As the CRS based transmission modes in LTE/LTE-
Advanced, closed-loop and open-loop MIMO multiplexing
including transmit diversity, i.e., single-stream transmission,
are mainly supported. For the closed-loop MIMO system,
single-stream precoding transmission is employed based on
the Rel. 8 codebook [12]. For the open-loop MIMO system,
space-frequency block code (SFBC) using Alamouti coding
[13] or large delay cyclic delay diversity (CDD) transmis-
sion is employed according to the number of transmission
streams, i.e., transmit diversity or MIMO multiplexing [12].
In this paper, both of these transmission modes are evalu-
ated in order to clarify the impact due to the CRS-to-CRS
collision among the serving and interfering cells. Note that
only transmit diversity is employed in the serving cell since
the IRC receiver can improve the cell edge user throughput,
and the transmit diversity is mainly used at the cell edge due
to the low received signal-to-interference-plus-noise power
ratio (SINR). We conduct a multi-cell link level simulation
that can be set to an arbitrary number of interfering cells,
and evaluate the performance for the IRC receiver from the
viewpoints of the output SINR after IRC reception and the
user throughput.

In the rest of the paper, Sect. 2 describes the CRS and
data signal transmission model. Section 3 describes the IRC
receiver weight matrix generation scheme and discusses the
impact for CRS-to-CRS collision or desired-data-signal-to-
CRS collision among cells. Then, the simulation configura-
tion is given in Sect.4. Finally, we present the simulation
results in Sect. 5, and our concluding statements in Sect. 6.

2. CRS and Data Signal Transmission Model

In this paper, we investigate a case involving the number of
transmitter antenna branches, N1y, of two, which achieves
the maximum diversity gain when SFBC using Alamouti
coding is employed. Furthermore, in this section, a signal
model is described focusing on the IRC receiver assuming
the closed-loop MIMO system employing a precoding trans-
mission. Regarding the open-loop transmit diversity em-
ploying SFBC, details of the signal model are described in
[14].

2.1 CRS Configuration in LTE/LTE-Advanced
Figure 2 illustrates the transmit frame structures assuming
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Fig.2  Transmit frame structure.
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two transmitter antenna branches. One resource block (RB)
is shown in the figure, which is the minimum assignment
unit defined as 12 subcarriers X 14 OFDM symbols (one
subframe). In this paper, a synchronous network where the
transmission timing of each subframe is aligned in all cells
is assumed. The first two OFDM symbols are assumed to be
used for control signaling and the CRS. The CRS is assumed
to be multiplexed with the insertion density of 16 resource
elements (REs) per RB and transmitted independently from
each transmitter antenna branch.

The CRS is transmitted by shifting one subcarrier ac-
cording to the cell ID; therefore, assuming a synchronous
network, the CRSs transmitted from the interfering cells
collide with those transmitted from the serving cell every
three cells as illustrated in Fig. 1. In contrast, when there
is no collision of CRSs among the three cells including
the serving and dominant interfering cells, the CRSs trans-
mitted from the interfering cells always interfere with the
desired data signals from the serving cell. In the next
section, the signal models for each case in addition to
more general cases, i.e., the desired-data-signal-with-data-
signal-interference and the desired-CRS-with-data-signal-
interference cases, are expressed assuming a multi-cell en-
vironment.

2.2 Signal Model in Multi-Cell Environment

(1) For desired-data-signal-with-data-signal-interference

As a general case, the case where the interfering data signal
interferes with the desired data signal of the serving cell is
assumed here. Assuming the number of receiver antenna
branches as Ny, the Nryx-dimensional received signal vector
of the k-th subcarrier and the /-th OFDM symbol, ypp(k, ),
is expressed as follows.

Neen—1
Ypwp(k, D)= Z Hi(k, DWrx i(k, Dsi(k, D) + n(k, D), (1)
i=0

where H;(k,[) represents the (Ngrx X Nprx) channel ma-
trix between the i-th cell and the set of user equipment
(UE), Wiy (k, 1) represents the (Ntx X Nsyeam) precoding
weight matrix of the i-th cell, s;(k, [) represents the Nsyeam-
dimensional information signal vector of the i-th cell, and
n(k, ) is the Nrx-dimensional noise vector. Here, Nyeam and
Ncen are the numbers of transmission streams for the UE,
i.e., transmission ranks, and the total number of cells, re-
spectively. The 0-th cell (i = 0) is defined as the serving cell
for the UE. As mentioned above, N1 is assumed to be two in
the paper. In the paper, the total transmit data signal power
per symbol, Ppy,, is defined as Ppy, = E||s;(k, l)||2]. Here,
E[-] denotes the expectation operation. Note that Wy ;(k, /)
is the unitary matrix, i.e., W ;(k, l)W¥X’i(k, [) = I where I is
the identity matrix, when the open-loop MIMO multiplex-
ing employing large delay CDD in LTE/LTE-Advanced [14]
with two transmitter antenna branches is assumed. Further-
more, when open-loop transmit diversity employing SFBC
is assumed, Wy ;(k, [) is the identity matrix and the channel
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matrix, H;(k, ), is expressed including the SFBC [14].
(2) For desired-CRS-with-data-signal-interference

In regard to the case where the interfering data signal inter-
feres with the received CRS of the serving cell, the received
signal vector, yciop(k, 1), is expressed as follows.

Ycon(k, D) = Ho(k, Ddo(k, 1)
Neen—1
+Z Hi(k, DWry i(k, Dsi(k, D+n(k, 1) (k,l € Mcrs), (2)
i=1
where Mcrs is the CRS RE group in the serving cell.
When the Nrx-dimensional channel vector regarding the m-
th transmitter antenna branch is estimated based on the CRS,

the following 2-dimensional CRS sequence vector, dy(k, [),
is used as the transmitted signals.

T

[ VPcrsdi o(k, 1), o] for Tx #1
T

[0, VPcrsd ok, 1)] for Tx #2

where Pcgg is the transmit power of the CRS and d,,;(k, [) is

the CRS sequence at the m-th transmitter antenna branch of

the i-th cell. Here, Pcgs, is defined as Pcrs = E[||do(k, l)||2].
Superscript 7 denotes the transpose.

(3) For CRS-to-CRS collision

dok, 1) = { 3)

As mentioned earlier, CRS-to-CRS collision occurs between
the serving and interfering cells. When the CRS of the in-
terfering cells, e.g., i = 1, is assumed to collide with one
of the serving cells, the received signal vector, ycic(k, ), is
expressed as follows.

yC[OC(k, l) = Ho(k’ l)d()(k, l) + Hl (ka l)dl(k’ l)
Ncen—1
+ZHi(k, DWri(k, Dsi(k, )+n(k, 1) (k,l € Mcrs). (4)
i=2
(4) For desired-data-signal-to-CRS collision

For the last case, it is considered that the CRS of the inter-
fering cell, e.g., i = 1, collides with the data signal of the
serving cell. The received signal vector, ypic(k, [), is ex-
pressed as follows.

Nee—1
Ypwock, ) = Z H;(k, DWry,i(k, Dsi(k, )
1=0,i#1

+ H,(k,Dd(k,]) + n(k, ). )

3. IRC Receiver Weight Matrix Using Estimated Co-
variance Matrix

In this section, an IRC receiver weight matrix generation
scheme is described focusing on the closed-loop MIMO sys-
tem. Regarding open-loop transmit diversity employing the
SFBC, the IRC receiver should be considered in terms of the
space and code domains [15]. Details of the receiver weight
matrix generation scheme are described in [14].
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3.1 IRC Receiver Weight Matrix Generation

The recovered signal vector of the data signals at the UE,
So(k, D), is detected by multiplying the (Nsyeam X Nrx) re-
ceiver weight matrix, Wgx o(k, [), to the received signal vec-
tor, Ypwb(k, [) or ypoc(k, 1), in Eq. (1) or Eq. (5) as follows.

8 Wrxo(k, DYpiop (k. )
kD)= , o . 6
SolleD { Wrxo(k, Dypoc(k, D) (6)

To obtain the IRC receiver weight matrix, the RS based
covariance matrix estimation scheme [10] is employed. As
the RS, the CRS is assumed in this paper, as described
in Sect.1. Using the CRS sequence of the serving cell,
which is known at the receiver, the covariance matrix in-
cluding only the interference and noise component, R, y,
is estimated using the received CRS vector, ycop(k,[) or
ycwoc(k, 1), in Eq. (2) or Eq. (4) as follows.

gk, D" (k, D), (7

Ryv =
Sp k,leMcgrs
k)= {ym (k. )= Ho(k, Do (k. ]

f k,le Mcgs), (8
Yok, D)~ Hotk, Dok, ) crs)> (8)

where ﬁ()(k, [) is the estimated channel matrix based on the
CRS, N, is the number of CRSs for averaging in Eq. (7).
Superscript / denotes the Hermitian transpose. Note that the
UE is informed of the information of the precoding matrix
in the serving cell, Wy o(k, [), in the CRS based closed-loop
MIMO system in LTE/LTE-Advanced. Using the estimated
R,y and ﬁlo(k, [), the covariance matrix, Ryy(k, 1), is esti-
mated using the following equation.

P A N
— 22 fo (k. )Wreo (k. DWH o (K, DHQ (k1)

Stream

+ RN 9

Ry, (k1) =

Assuming equal power allocation for each data stream, the
IRC receiver weight matrix is calculated using Ryy(k, ) as
follows.

Wirc(k, )= ND““‘ (Ero(k. DWreo(k. D) Ry (k. D. (10)

Stream

3.2 Impact on Estimation Accuracy of Covariance Matrix
for CRS-to-CRS Collision

In this section, we discuss the impact on the estimation ac-
curacy of the covariance matrix for the CRS-to-CRS colli-
sion compared to that for the desired-CRS-with-data-signal-
interference.

(1) For desired-CRS-with-data-signal-interference

First, the case where the data signals of the interfering cells
interfere with the CRS of the serving cell is assumed. Us-
ing the RS based estimation scheme expressed in Eq. (7) and
Eq. (8), the covariance matrix that only includes the interfer-
ence and noise, R, y, for the closed- and open-loop MIMO
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systems can be estimated in principle by using the received
CRS vector, yciop(k, ) in Eq. (2) as follows.

i=1 NSlream

Ryy = yNear! PD“"H HY +*1  for open-loop

{Rmv x ZNCC” P Pow g, WTXIW%IHH +0*1  for closed- loop
i=1

1)

where o is the noise power. Note that the channel fluctua-
tions in the time and frequency domains are assumed to be
negligible within 1 RB and the description of (k, /) is omit-
ted for simplicity. Furthermore, regarding the open -loop
MIMO multiplexing and transmit diversity, Wr, WY, ; = 1
and Wy ; = I are considered, respectively. Each data signal
power is also assumed to be Pp,,/2 for both 1 and 2-stream
transmissions.

(2) For CRS-to-CRS collision

In contrast, the CRS-to-CRS collision among the serving
and interfering cells is assumed. Substituting the received
CRS vector, ycioc(k, [), in Eq. (4) into Eq.(7) and Eq. (8),
the estimated covariance matrix that includes only the in-
terference and noise becomes the following expression in
principle.

+ Z PDam HiWTx,iW%,szH + 021 for closed-loop

i= Nstream
P H Near-1 H )
Ry = SCHH + Y S3“HH +0°l foropen-loop
i=2
(12)

Note that this equation can be formulated when the number
of CRSs for each transmitter antenna branch is the same as
that illustrated in Fig. 2.

When comparing Eq. (11) and Eq. (12), the property of
the estimated covariance matrix is changed due to the CRS-
to-CRS collision when Wry; is not the unitary matrix, i.e.,
WTXJ'W¥X’I- # I, for the closed-loop MIMO system. Since a
change in the property of the covariance matrix means that
the accuracy of the covariance matrix estimation becomes
degraded, the performance for the IRC receiver is expected
to be degraded in this system. On the other hand, regarding
the open-loop MIMO system, no degradation of the perfor-
mance for the IRC receiver is expected since the property
of the estimated covariance matrix is not changed under the
assumption Ppgea = Pcrs.

3.3 Impact on Effect of Suppressing Interference for
Desired-Data-Signal-to-CRS Collision

Considering the desired-data-signal-to-CRS collision ex-
pressed in Eq. (5), the CRSs transmitted from the interfer-
ing cells interfere with the data signals transmitted from
the serving cell, i.e., non-precoded interference signals af-
fect the desired data signals. The IRC receiver can suppress
the interference of data signals transmitted from the inter-
fering cells. Therefore, especially in the closed-loop MIMO



3732

system employing precoding, the effect of suppressing the
interference for the IRC receiver is expected to degrade due
to the different properties of the interference signals, i.e.,
precoded or non-precoded signals. However, the number of
desired data signals that incur interference from the CRSs
transmitted from one interfering cell is limited, i.e., only 12
RE/RB under the assumptions of the CRS insertion density
as illustrated in Fig.2 and a synchronous network. There-
fore, the impact on the IRC receiver due to the inter-cell
interference of the CRS is expected to be small compared to
that due to the CRS-to-CRS collision.

4. Simulation Conditions

To investigate the impact on the IRC receiver due to the CRS
interference, the output SINR and the throughput perfor-
mance for the IRC receiver are evaluated. In this paper, the
output SINR and throughput performance levels are evalu-
ated for both CRS-to-CRS collision and CRS-to-CRS non-
collision cases as illustrated in Fig. 1. Note that each case
includes the following cases and influences as described in
Sects. 2.2, 3.2, and 3.3.

e CRS-to-CRS collision case:
Includes both the CRS-to-CRS collision case as in
Sect.2.2 (3) and the desired-data-signal-with-data-
signal-interference case as in Sect. 2.2 (1). The former
case impacts the estimation accuracy of the covariance
matrix as described in Sect. 3.2. The latter case impacts
the effect of suppressing interference as described in
Sect. 3.3.

e CRS-to-CRS non-collision case:
Includes both the desired-CRS-with-data-signal-inter-
ference case as in Sect.2.2 (2) and the desired-data-
signal-to-CRS collision case as in Sect. 2.2 (4). In addi-
tion to the CRS-to-CRS collision case, the former case
impacts the estimation accuracy of the covariance ma-
trix as described in Sect.3.2. The latter case impacts
the effect of suppressing interference as described in
Sect. 3.3.

Here, the number of the interfering cells is assumed to be
two, i.e., the three-cell model is assumed. For the CRS-
to-CRS collision case, the CRSs transmitted from the most
dominant interfering cell collide with the CRSs transmitted
from the serving cell. In contrast, for the CRS-to-CRS non-
collision case, it is assumed that there are no collisions of
CRSs among the three cells.

Regarding the output SINR, since we assume that only
transmit diversity, i.e., single-stream transmission, is em-
ployed in the serving cell, a single output SINR is obtained
in this paper. For calculating the output SINR, the follow-
ing formula is used when the closed-loop MIMO system is
assumed.

H ppHyH
WrxoPHoWrx oW, o Hy Wiy o

SINR = — (13)
cell ™
WRX,O( Y. PHWr WE HI +02 | WY

i=1
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Here, the description of (k, /) is omitted for simplicity. When
the open-loop MIMO multiplexing is assumed, WT,(,,AW¥X ;
is the identity matrix in this paper due to the assumption of
the two transmitter antenna branches. Furthermore, if open-
loop transmit diversity employs the SFBC, the channel ma-
trix, H;(k, [), is expressed including the SFBC.

For the performance evaluation, a multi-cell link level
simulation is conducted. Note that a link level simulation is
performed between each UE and its serving cell as well as
the neighboring cells in this simulation.

The numbers of transmitter and receiver antenna
branches are assumed to be two and two, respectively.
Therefore, the spatial degree of freedom is one when trans-
mit diversity is assumed. Fifty consecutive RBs, i.e., 9 MHz,
are assigned to the UE in the serving cell. However, the
assignment granularity of each UE in the interfering cells
is assumed to be six consecutive RBs. Furthermore, 50
consecutive RBs are all assigned to 9 UEs in the interfer-
ing cells. In the evaluation, although the insertion density
of the CRS is 16 RE/RB as illustrated in Fig. 2, the CRSs
located in the data signal region are only used for the RS
based covariance matrix estimation in order to exclude the
impact of the interference of control signals. This is be-
cause a synchronous network is assumed in this paper. The
covariance matrix is estimated within 1 RB. Therefore, the
number of averaging samples, Nyp, equals 12 in Eq. (7). The
channel estimation scheme for the CRS is assumed to be
the 2-dimensional MMSE channel estimation scheme [16].
For the MMSE channel estimation filter, a uniform delay
power spectrum within the cyclic prefix length of 4.69 us is
assumed in the frequency domain, and a uniform Doppler
power spectrum with the maximum Doppler frequency of
5.55Hz is assumed in the time domain. The total data sig-
nal power per symbol, Pp,,, is assumed to be same as the
CRS power, Pcrs.

For the throughput evaluation, hybrid automatic repeat
request (ARQ) with incremental redundancy is employed
and the maximum number of retransmissions is assumed to
be four. Outer-loop link adaptation [17] is employed with
the target BLER of 10%. Furthermore, MIMO multiplex-
ing with two-stream transmission is used in the interfering
cells in addition to the transmit diversity for the practical
throughput evaluation. The probability of transmit diversity
is assumed to be 80% every 6 RBs assigned to each UE in
the interfering cells.

The assumption for the closed-loop MIMO system is
that the two transmitter antenna codebooks defined in [12]
are used for precoding transmission. Regarding the serving
cell, based on the estimated channel matrix using the CRS,
the UE selects the precoding weight matrix, which maxi-
mizes the received SINR from the codebook, and then the
selected precoding weight matrix information at the UE is
fed back to the serving cell. In this paper, the precoding
granularity is assumed to be the whole bandwidth, i.e., 50
RBs, in the frequency domain and every subframe, i.e., 1 ms,
in the time domain. Furthermore, we assume that there is no
feedback error. Note that the precoding weight matrix is



Table1 Simulation parameters.

Carrier frequency / System bandwidth

2 GHz/ 10 MHz

Resource allocation

50 RBs

MIMO antenna configuration

2 x 2 (uncorrelated)

Channel model
(r.m.s. delay spread)

9-path EVA channel model [18]
(357 ns)

Maximum Doppler frequency

5.55Hz

Modulation and coding scheme
(MCS)

QPSK (R=0.11-0.61)
16QAM (R = 0.33 — 0.54)
64QAM (R = 0.39 — 0.93)

MCS transmission granularity
on interfering cells

Randomly changing every 1 ms
Frequency granularity: 6 RBs

Channel estimation

2D-MMSE channel estimation

Hybrid ARQ (Round trip delay)

Incremental Redundancy (8 ms)

Scheduling / Feedback delay 8 ms/5 ms

randomly selected from the codebook for every subframe in
the interfering cells for simplicity. Regarding the open-loop
MIMO multiplexing employing the large delay CDD, the
precoding weight matrix is defined in [12].

In the evaluation, the performance for not only the IRC
receiver but also the conventional maximal ratio combining
(MRC) receiver, which is equal to the MMSE receiver as-
suming transmit diversity, is evaluated for comparison. The
other simulation parameters are given in Table 1.

5. Performance Evaluation
5.1 Output SINR Performance Evaluation

In the output SINR evaluation, transmit diversity is em-
ployed at all the cells and the received signal-to-interference
power ratios (SIRs) for the interfering cells are assumed to
be 0dB and 6 dB. Furthermore, the average received signal-
to-noise power ration (SNR) is assumed to be 10 dB.

(1) CDF of output SINR

First, to investigate which impact is the dominant degrading
factor, i.e., the CRS-to-CRS collision case or the CRS-to-
CRS non-collision case, the cumulative distribution func-
tion (CDF) of the output SINR of each RE within 50 RBs is
evaluated.

Figures 3(a) and 3(b) show the CDF results of the
output SINR for open- and closed-loop transmit diversity,
respectively. Focusing on open-loop transmit diversity in
Fig. 3(a), the performance for the IRC receiver is almost the
same regardless of the CRS-to-CRS collision and CRS-to-
CRS non-collision cases. Therefore, we can say that the im-
pacts of the CRS-to-CRS collision and CRS-to-CRS non-
collision cases, i.e., the estimation accuracy of the covari-
ance matrix and the effect of suppressing the interference,
are negligible when open-loop transmit diversity is assumed.

However, focusing on closed-loop transmit diversity
in Fig. 3(b), the performance for the CRS-to-CRS collision
case is degraded compared to that for the CRS-to-CRS non-
collision case. Therefore, it is clear that the impact on the
estimation accuracy of the covariance matrix for the CRS-
to-CRS collision case is dominant compared to the impact
on the effect of suppressing interference for the CRS-to-
CRS non-collision case when closed-loop transmit diversity
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is assumed.

To investigate the reasons for these phenomena, the av-
erage output SINR for each subcarrier is evaluated in the
following sections.

(2) Average output SINR for each subcarrier focusing on
open-loop transmit diversity

To investigate the reason why the impacts of the CRS-to-
CRS collision and CRS-to-CRS non-collision cases are neg-
ligible for open-loop transmit diversity, the output SINR
performance is evaluated focusing on the OFDM symbol
where the CRS is not transmitted. This evaluation clarifies
the impact of the estimation accuracy of the covariance ma-
trix due to the CRS-to-CRS collision case. Note that when
assuming the CRS-to-CRS non-collision case as mentioned
in Sect. 4, only the case where the interfering data signal in-
terferes with the desired CRS can be considered.

Figure 4(a) shows the performance results of the aver-
age output SINR for each subcarrier within 3 RBs extracted
from 50 RBs assuming the open-loop transmit diversity. In
this paper, we define the average output SINR per subcar-
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(open-loop transmit diversity).

rier on a logarithmic scale for 10,000 subframes in an i.i.d.
fading channel. From the results in Fig.4(a), the perfor-
mance for the IRC receiver is almost the same regardless
of the CRS-to-CRS collision and CRS-to-CRS non-collision
cases since the property of the estimated covariance matrix,
R;.n, does not change for either case, which is discussed in
Sect.3.2.

Additionally, to clarify the impact on the effect of
suppressing interference for the desired-data-signal-to-CRS
collision, i.e., the CRS-to-CRS non-collision case, we evalu-
ate the average output SINR focusing on the OFDM symbol
where the CRS is transmitted.

Figure 4(b) shows the performance results of the aver-
age output SINR for each subcarrier in the above case. Note
that the CRSs are transmitted every three subcarriers; there-
fore, there are no performance results for the subcarrier in-
dices of 3q (¢ > 0). From the results in Fig. 4(b), the perfor-
mance for the IRC receiver is almost the same regardless of
the CRS-to-CRS collision case, CRS-to-CRS non-collision
case, or the previous evaluation results.
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Therefore, from these results, we can say that the im-
pacts on the IRC receiver due to the CRS-to-CRS collision
and CRS-to-CRS non-collision cases are negligible when
assuming the open-loop transmit diversity.

Note that the performance fluctuation for the CRS-to-
CRS collision case is large compared to that for the CRS-to-
CRS non-collision case. The reason for this phenomenon is
considered to be that the channel estimation accuracy fluc-
tuates based on the CRS from the serving cell since the CRS
sequence does not change among subframes, i.e., the CRS
from the serving cell suffers from the same CRS interference
signal among all subframes.

(3) Average output SINR for each subcarrier focusing on
closed-loop transmit diversity

To investigate the reason why the impact of the CRS-to-
CRS collision is larger than that for the non-CRS-to-CRS
collision case for closed-loop transmit diversity, we evalu-
ate the average output SINR considering the same evalua-
tion assumptions described in the previous section except
for open-loop transmit diversity.

Figures 5(a) and 5(b) show the performance results
of the average output SINR for each subcarrier within 3
RBs extracted from 50 RBs focusing on the OFDM symbol
where the CRS is not transmitted and transmitted, respec-
tively.

Focusing on the results in Fig. 5(a), the performance for
the CRS-to-CRS collision case is degraded compared to that
for the CRS-to-CRS non-collision case. This is because the
property of the estimated covariance matrix is changed due
to the CRS-to-CRS collision as formulated in Eq. (11) and
Eq. (12), i.e., the estimated covariance matrix does not in-
clude the precoding weight matrix for the CRS-to-CRS col-
lision case as described in Sect. 3.2. However, when com-
paring the results for the IRC receiver and MRC receiver,
a gain from the IRC receiver can be achieved for all cases.
Note that the reason why the performance for the IRC re-
ceiver is periodical every RB, i.e., every 12 subcarriers, is
that the covariance estimation period is assumed to be 1 RB
in this evaluation.

In contrast, focusing on the results in Fig. 5(b), the per-
formance for the IRC receiver assuming the CRS-to-CRS
non-collision case is degraded especially for subcarrier in-
dices (3g + 1). This is because the CRS transmitted from the
most dominant interfering cell (SIR = 0 dB) interferes with
the desired data signals. When comparing the performance
results for the CRS-to-CRS collision case, the results for
subcarrier indices (3g + 1) assuming the CRS-to-CRS non-
collision case are severely degraded. Therefore, for only the
REs that collide with the CRS from the interfering cell, it is
clear that there is a large impact on the effect of suppressing
the interference for the CRS-to-CRS non-collision case due
to the CRS interference on the desired data signals.

However, based on the previous CDF results of the out-
put SINR in Fig. 3(b), we can say that this impact on the IRC
receiver due to the inter-cell interference of the CRS is small
compared to that due to the CRS-to-CRS collision, i.e., the
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Fig.5  Average output SINR for each subcarrier
(closed-loop transmit diversity).

degradation of the covariance matrix estimation accuracy,
when closed-loop transmit diversity is assumed. We con-
sider that this is because the number of desired data signals
that incur interference from the CRSs transmitted from one
interfering cell is limited, which is expected as described in
Sect. 3.3.

5.2 Throughput Performance Evaluation

The throughput performance is evaluated in this section.
Figures 6(a) and 6(b) show the performance results for the
IRC and MRC receiver assuming open- and closed-loop
transmit diversity, respectively. Note that the average re-
ceived SIRs and SNR are assumed to be the same as those
for the output SINR evaluation. In regard to the open-loop
MIMO system in Fig. 6(a), the results show that the gain
from the IRC receiver compared to that for the MRC re-
ceiver is almost the same regardless of the CRS-to-CRS
collision and CRS-to-CRS non-collision cases, which corre-
sponds to the above discussion. Furthermore, regarding the
closed-loop MIMO system in Fig. 6(b), the gain from the
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IRC receiver in the CRS-to-CRS collision case is degraded
compared to the gain in the CRS-to-CRS non-collision case.
The gain however, can be achieved even when the CRS-to-
CRS collision case is assumed.

To confirm the previous observations in various envi-
ronments, i.e., various average received SNRs and SIRs, we
additionally evaluated the throughput performance. In the
additional evaluation, the average received SNR is assumed
to be from 0dB to 30 dB under the assumption of the aver-
age received SIR for each interfering cell of 0dB and 6 dB,
respectively. Figures 7(a) and 7(b) show the results of the
throughput versus the average received SNR for open- and
closed-loop transmit diversity, respectively. Focusing on the
low SNR region for both results, the gain from the IRC re-
ceiver is reduced compared to that in the middle and high
SNR regions regardless of the CRS-to-CRS collision case
or the CRS-to-CRS non-collision case. This is because the
effect of the null beamforming at the IRC receiver is de-
graded due to the noise-limited environment. However, as-
suming the case where the average received SNR is over
0dB, the tendency of the throughput performance corre-
sponds to the previous observations. Specifically, although
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the gain from the IRC receiver is almost the same regardless
of the CRS-to-CRS collision and CRS-to-CRS non-collision
cases assuming open-loop transmit diversity, the gain from
the IRC receiver for the CRS-to-CRS collision case is de-
graded compared to that for the CRS-to-CRS non-collision
case assuming closed-loop transmit diversity. Furthermore,
we confirmed that a gain is achieved even for the CRS-to-
CRS collision case when the average received SNR is over
0dB.

Finally, we evaluated the throughput performance
when the average received SIR for the dominant interfering
cell is assumed to be from -3 dB to 6 dB under the assump-
tion of the average received SIR for the other interfering cell
of 6 dB and the average received SNR of 10 dB. In this eval-
uation, the case where the received signal power from the
interfering cell is stronger than that of the serving cell is
also considered, i.e., SIR of less than 0 dB. This is because
a handover margin called a hysteresis is considered in this
paper to avoid an excess number of handovers, i.e., a ping-
pong effect in which the user is handed back and forth sev-
eral times from one base station to the other when the user
moves around the cell boundary. Note that this handover
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hysteresis is assumed to be set to 3 dB as an example case in
this paper.

Figures 8(a) and 8(b) show the results of the throughput
versus the average received SIR for the dominant interfering
cell, assuming open- and closed-loop transmit diversity, re-
spectively. The results show that the performance tendency
also corresponds to the previous observations regardless of
the average received SIR for the dominant interfering cell.

Based on all the results, we can say that the gain
from the IRC receiver is achieved even for the CRS-to-CRS
collision case when the transmitter and receiver antenna
branches are assumed to be two and two, respectively, al-
though the impact on the estimation accuracy of the covari-
ance matrix for the CRS-to-CRS collision case is dominant
compared to that on the effect of suppressing interference for
the CRS-to-CRS non-collision case assuming closed-loop
transmit diversity.
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6. Conclusion

In this paper, we investigated which factor, i.e., the im-
pact of the CRS-to-CRS collision among cells or the im-
pact of the CRS interference on the desired data signals,
was dominant in both closed- and open-loop MIMO mul-
tiplexing systems. The results of simulations assuming the
LTE/LTE-Advanced downlink with two transmitter and re-
ceiver antenna branches showed that the impact of the CRS-
to-CRS collision among cells was larger than the impact of
the CRS interference on the desired data signals especially
for the closed-loop system although these impacts did not
seriously affect the performance of the open-loop MIMO
system, from the viewpoint of the output SINR. However,
even when CRS-to-CRS collisions among cells occurred in
the closed-loop MIMO system, the IRC receiver could im-
prove the throughput by more than 20% compared to that
for the conventional MRC receiver under the simulation as-
sumptions in this paper. Furthermore, this paper evaluated
the throughput performance assuming various average re-
ceived SNRs and SIRs. The results showed that the obser-
vations for the impact of inter-cell interference of the CRS
are verified in various environments from the viewpoint of
the throughput performance.
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