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Abstract—In the current Long Time Evolution (LTE) broad-
cast systems i.e. enhanced Multimedia Broadcast Multicast
Service (eMBMS) with Single Frequency Network (MBSFN),
MBSFN service area edge users may still suffer interference
from the adjacent MBSFN or non-MBSFN services which have
detrimental effects on the broadcast service spectrum’s efficiency
as the data rate of a broadcast/multicast system is decided by
the receiver with the worst Signal to Interference plus Noise
Ratio (SINR). In this paper, we consider a scenario independent1

interference rejection combining receiver with regularisation to
any user with the SINR below a certain threshold, based on
a bottom-up concept, that should increase the overall broadcast
system spectrum efficiency. The bit error rate results demonstrate
that it has a stable performance in both noise-limited and
interference-limited scenarios. Space-Frequency Block Coding
(SFBC) is used on the transmitter side to increase the trans-
mitter diversity, on top of the existing macro-diversity achieved
by MBSFN transmissions. It provides a potential solution for
concurrent transmissions of different adjacent MBSFN services
at the same time which is currently only supported in a Time
Division Multiple Access (TDMA) manner.

Index Terms—Multicast broadcast single frequency network
(MBSFN), SINR, Interference rejection combining (IRC), Regu-
larisation, Time division multiple access (TDMA).

I. INTRODUCTION

The evolved Multimedia Broadcast Multicast Service (eM-
BMS) has been standardized in Third-Generation Partnership
Project (3GPP) release 9 [1] and further updated recently in
release 14 [2] in order to cope with the ever-growing demand
of various data requirements. Current mobile communication
systems are facing great pressure from the increase in service
capacity and more efficient use of the spectrum. In eMBMS,
a group of cells are allowed to operate on the same frequency
and transmit the same data simultaneously so users can obtain
better reception by collecting combined signals. This group of
cells is called a Multicast Broadcast Single Frequency Network
(MBSFN) [1], [3], [4].
eMBMS provides LTE based broadcast/multicast service, the
bottleneck at the transmitter side is introduced in [5]. On the
receiver side, the broadcast operating data rate is limited by
the worst signal quality received by the user [6] i.e. the user
with the lowest Signal-to-Interference Noise Ratio (SINR). A
bottom-up approach considering the increasing of the worst
users’ SINR leads to the design of interference-aware receivers

1The SINR value can be comprised of different combinations of interference
and noise as well as differernt receiver parameters and the receiver should
work stably in any given situation

[7]. eMBMS is a subsystem of LTE which means that all the
receivers should have at least two antennas and [8] support
diversity combining techniques.
The IRC receiver, based on the Minimum Mean Square Error
(MMSE) criteria, requires accurate estimation of the inter-
ference plus noise covariance matrix with a limited number
of downlink pilot symbols. To offset the estimation error,
[9] has proposed a scenario independent solution using reg-
ularisation on the interference plus noise covariance matrix;
This solution ensures the IRC receiver has stable performance
in different environments i.e. different SINR scenarios and
receiver parameters. [9] shows some simulation results in an
LTE interference scenario to demonstrate its effectiveness.
However, no transmitter diversity method has been used in
[9], which under MBSFN multi-cell processes transmitter
diversity situation. This is a direction worth considering. On
the other hand, due to the synchronism transmission feature of
different MBSFN transmitter antennas, each of them transmit
the same frame through antenna port 4 [10] with the same
pilot symbols at the same position. The receiver is aware to
how many MBSFN cells attend the transmission but treats the
received signal as if it comes from a big cell with multipath
fading (with extended cyclic prefix). In order to maximise
the eigenvalue of the IRC covariance matrix, a re-designed
orthogonal pilot pattern for MBSFN is given in this paper.
The transmitter diversity is achieved by employing Space-
Frequency Block Coding (SFBC) with the Alamouti coding
[11], mainly applied to users located at the cell/area edge
which fits our target user location. Moreover, both transmitter
and receiver diversity can be exploited in order to further
increase the system performance in comparison to [9].
In the rest of the paper, Section II formulates the system
model and the existing problem, regularisation-based interfer-
ence plus noise covariance estimation with SFBC diversity
transmission to calculate the IRC weight matrix. Section
III presents the simulation results in the MBSFN downlink
scenario including comparison with an empirical solution to
prove its independence. Section IV concludes the paper.

II. PROBLEM FORMULATION

A. System Model

In this paper, the MBSFN transmission comprises two
transmitter cells to achieve the maximum transmit diversity
gain when SFBC with Alamouti coding is employed in the
spatial domain. Each cell is responsible for one bunch of the



SFBC precoded signal stream. Two essential assumptions are
made for the system:
• There are sufficient small channel fluctuations in both

the time and frequency domain over the duration of one
Resource Block (RB).

• Synchronous transmission is assumed through the whole
area, including desired cells and interference cells.

A resource block is defined as the minimum scheduling unit
of the LTE transmission frame structure. In the case of a
MBSFN, one subframe contains 12 subcarriers where each
subcarrier carries 12 OFDM symbols. One typical edge user
is considered with Nr receiver antennas, knowing that an
IRC receiver can suppress up to Nr − 1 interference sources
[12] due to the spatial degrees of freedom. The received
signal model for such a system can be expressed as:

y(k, l) =

Nstm−1∑
i=0

√
PiHi(k, l)si(k, l) + ni(k, l) (1)

where Nstm is the total number of streams, i is the stream
index, i = 0 represents the desired signal stream and
others mean the interference streams. Hi(k, l) represents the
channel matrix between the i-th transmission stream and
the receiver. si(k, l) denotes N -dimension streams from the
desired transmitter and the interfering transmitter ni(k, l)
represents the Additive White Gaussian Noise (AWGN) vector
(ni(k, l)∼CN (0, σ2

nI) where σ2
n is the noise variance and

I is the identity matrix). Pi(k, l) is the transmission power
of the i-th stream. (k, l) represents the k-th subcarrier of the
l-th OFDM symbol. With SFBC, two adjacent subcarriers
transmit two information signals. The transmitted block-wise
signal is given by:

sk,k+1,i =

[
s1,i(k) s2,i(k + 1)

−s∗2,i(k) s∗1,i(k + 1)

]
(2)

where k and k + 1 represent the two adjacent subcarriers.
Following the essential assumptions, the combined received
signal of the first subcarrier k and the complex conjugate of the
received signal of the adjacent subcarrier k+1 can be expressed
as [13]:
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(3)

where (·)∗ denotes the complex conjugate. Therefore, a vector
version of (3) as an extension in the spatial domain of (1) can
be expressed as:

y(u) =

Nstm−1∑
i=0

√
PiH̃i(u)s̃i(k) + ñi(u) (4)

where H̃i(u) become a (2Nr × 2) channel matrix, ñi(u) is a
(2Nr × 1) complex noise vector. From (4) we can see the
system still remains a single stream transmission from the
transmitter’s point of view which means using SFBC does
not reduce MBSFN transmission efficiency.

B. IRC Weight Matrix and Covariance Matrix Estimation with
SFBC

1) SFBC-based IRC weight matrix calculation: If the re-
ceiver degree of freedom is larger than the number of interfer-
ence streams, the IRC receiver can then be used to mitigate the
inter-cell interference. Any linear estimator can be formulated
as a weight vector. The matrix-wise estimated signal is given
by [13]:

ŝi=0(k) = WH(u)y(u) (5)

Using MMSE criteria, we minimise the average squared
distance between the estimated signal at the receiver and the
original signal, given as:

W(u) = arg min
W(u)

E{‖ŝ0(k)− s0(k)‖2} (6)

where E(·) represents the expectation value. Substituting (5)
into (6) yields

W(u) = E{(WH(u)y(u)− s0(k))(WH(u)y(u)− s0(k))H}
= E{WH(u)y(u)yH(u)W(u)− s0(k)yH(u)W(u)

−WH(u)y(u)sH0 (k) + s0(k)sH0 (k)}
(7)

Since

E{y(u)yH(u)} = Ry(u)y(u) (8)

E{s0(k)yH(u)} = Rs0(k)y(u) (9)

E{y(u)sH0 (k)} = Ry(u)s0(k) = RH
y(u)s0(k)

(10)

where Rij represents the covariance matrix of i and j. There-
fore:

W(u) = WH(u)Ry(u)y(u)W(u)−Rs0(k)y(u)W(u)

−WH(u)Ry(u)s0(k) + Rs0(k)s0(k)

= WH(u)Ry(u)y(u)W(u)− 2Ry(u)s0(k)W(u)

+ Rs0(k)s0(k)
(11)

Thus, in order to minimise (11) we have to make:
∂f(W(u))

∂W(u)
= 0 (12)

which leads to

Ry(u)y(u)W(u)−Ry(u)s0(k) = 0 (13)

Thus,
W(u) = R−1y(u)y(u)Ry(u)s0(k) (14)

Since there is no correlation between the desired signal so
and the interference signal si,i 6=0, as well as with the noise,
we have:

Ry(u)s0(k) = E{(ΣHi(u)si(k) + ni(u))s0(k)}
= E{H0(u)s0(k)s0(k)}
= P0(k)H0(u)

(15)



where Σ still sums the same element as (4). With the same
principle applied to (8), we obtain:

Ry(u)y(u) = E{P0(k)H0(u)HH
0 (u)

+

Nstm−1∑
i=1

Pi(k)Hi(u)HH
i (u) + σ2

nI}
(16)

Since Pi(k) = si(k)sHi (k), so the second term of (16)
becomes:

E{
Nstm−1∑
i=1

Pi(k)Hi(u)HH
i (u) + σ2

nI} = RI+N (u) (17)

which is the interference plus noise covariance matrix. Then
(16) becomes:

Ry(u)y(u) = P0(k)H0(u)HH
0 (u) + RI+N (u) (18)

Substitute (15) and (18) into (14):

W(u) = (P0(k)H0(u)HH
0 (u) + RI+N (u))−1(P0(k)H0(u))

(19)
The transmitted signal can THUS be estimated based on (5)
as:

ŝ0(k)=P0(k)HH
0 (u)(P0(k)H0(u)HH

0 (u)+RI+N (u))−1y(u)
(20)

Apparently, we need to estimate the interference plus noise
covariance matrix RI+N (u).

2) SFBC interference plus noise covariance matrix calcula-
tion: The CRS-based interference plus noise covariance matrix
estimation was investigated in [14] without transmit diversity.
This covariance matrix is estimated over one resource block,
using the pilot symbols which are known at the receiver which
leads to:

RI+N=
1

M

M

Σ
m=1

[(ym(k, l)−Hm,0(k, l)ρm(k, l))

(ym(k, l)−Hm,0(k, l)ρm(k, l))H ]

(21)

where M is the number of pilots in one RB, and ρm(k, l) is
the pilot symbol sequence. With SFBC, the covariance matrix
extends to the spatial domain according to (17). Here, we set
the number of interference sources to be 1 and the receiver
dimension equal to 2, due to the size of the covariance matrix:

RI+N (u) = E{ΣH1(u)s1s
H
1 HH

1 (u) + σ2
nI}

=P1

 |h11|2+|h12|2 h11h
∗
21+h12h

∗
22 0 h11h22−h12h21

h21h
∗
11+h22h

∗
12 |h21|2+|h22|2 h21h12−h22h11 0

0 h∗
12h

∗
21−h

∗
11h

∗
22 |h12|2+|h11|2 h∗

12h22+h
∗
11h21

h∗
22h

∗
11−h

∗
21h

∗
12 0 h∗
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+ σ2

nI
(22)

In the above matrix, the two diagonal (2 × 2) dimensional
matrices are the covariance matrix of the first subcarriers and
the transposed version of the adjacent subcarrier. With the
previous assumption, we should have:

RI+N (k) = RI+N (k + 1) (23)

Equation (22) becomes

RI+N (u) =

[
RI+N (k) cov(k, k + 1)

cov(k, k + 1)T (RI+N (k))T

]
(24)

where (·)T denotes the matrix the transpose. In (24), the
unknown non-diagonal matrix contains the correlation between
the interference transmission channels and the receivers which
can both be parameterised as a function of the interference
transmitter antenna correlation [13]. Following the simulation
results in [13], if we assume the transmitter correlation be-
tween the interference source equals to 1, both correlations
will become zero. Thus (24) can be approximated to:

RI+N (u) =

[
RI+N (k) 0INr

0INr
(RI+N (k))T

]
(25)

where RI+N (u) can be calculated by (21). However, the
limited number of samples in one RB may lead to performance
degradation for covariance matrix estimation. A well-known
solution for this problem is diagonal loading of the covariance
matrix. A simple example for diagonal loading of the covari-
ance matrix is to replace the diagonal element matrix of (25)
by:

R̂I+N (k) = RI+N (k) + λDLI (26)

where λDL is the diagonal loading factor and R̂I+N (k)
is the covariance matrix after diagonal loading. Generally,
the determination of the diagonal loading factor is scenario
dependent, like the method shown in [15] [16], which is not
suitable for dynamically changing the wireless communication
environment. A scenario independent approach is purposed
in [9] and the simulation results show its independence in
different LTE interference scenarios. Now, we extend it to a
MBSFN interference scenario with the use of SFBC.

C. Covariance Matrix Diagonal Loading Factor Determina-
tion

In (21), we have M interference plus noise components to
estimate the averaged covariance matrix, and they are indepen-
dent identical distributed Gaussian vectors. The key concept
for the scenario independent diagonal loading is that although
the actual covariance matrix is unknown, the likelihood ratio of
this covariance matrix is not a function of the actual covariance
matrix. The likelihood ratio is given by [17]:

LR(R̂I+N ) =
det(R̂−1I+NRI+N ) exp(Nr)

exp
[
tr(R̂−1I+NRI+N )

] (27)

where Nr is the number of receiver antennas. It has been
proved that the likelihood ratio depends only on the dimension
of the receiver plus the degree of accuracy of the covariance
matrix estimation [18], i.e. how many pilots are allocated
inside one RB. We can pre-calculate the likelihood ratio
distribution function with any matrix with a given set of
receiver antenna dimensions and pilot numbers, simulating a
certain number of trails.
For MBSFN transmission, a resource block will contain 18



pilots, i.e. M = 18, and the obtained c.d.f of the likelihood
distribution is shown in Fig. 1 for different Nr values. The
extracted likelihood ratio median value is given in Table I,
corresponding to certain receiver dimensions.
After pre-calculating the median likelihood ratio value, we can
find the diagonal loading factor according to:

λDL = arg min
λDL

E{‖LR(R̂I+N (λDL))− µ(Nr,M)‖2} (28)

where µ is the likelihood ratio distribution median value.
Note that the diagonal loading factor should satisfied 0 <
LR(R̂I+N (λDL)) ≤ 1.
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Fig. 1: Likelihood ratio c.d.f for covariance matrix with 18
pilots and Nr = 2, 4, 6
TABLE I: Likelihood ratio distribution median value with 18
pilots and Nr = 2, 4, 6

Nr 2 4 6
µ 0.907 0.631 0.328

After finding the proper diagonal loading factor value,
we substitute it into (26) and finally the SFBC block-wise
interference plus noise covariance matrix becomes:

R̂I+N (u)=

[
RI+N (k) + λDLI 0INr

0INr
(RI+N (k) + λDLI)

T

]
(29)

Then substitute this diagonal loaded covariance matrix into the
IRC weight matrix. The procedure to calculate the SINR in
MBSFN and the corresponding achievable spectrum efficiency
can be found in [19].

III. SIMULATION PROCESS

A. Tested Receivers

The receiver schemes are selected in order to investigate:
• The superiority of using SFBC precoding.
• The remains of independence in terms of different SINR

values, for the likelihood ratio based IRC receiver in a
MBSFN interference scenario.

Systems with and without SFBC precoding are simulated
in order to demonstrate the superiority of such precoding
schemes in the context of MBSFN. To meet the second
objective, an IRC receiver with empirical diagonal loading
selection rule is simulated using the method in [16]; the tuned
threshold value can be found in [9]. The standard IRC receiver
is used in the simulation in order to investigate to what extent
the likelihood ratio based approach remains applicable. Ad-
ditionally, a SFBC-based Maximum Ratio Combining (MRC)

receiver using Alamouti coding is added as the baseline to
represent the initial condition of all the broadcast users as
well as the situation before using the IRC function.

B. Redesigned Pilot Structure

Fig. 2 illustrates the MBSFN transmit frame structure
(for one RB) used in the simulation. The fact that the pilot
does not employ SFBC means that the pilot-based averaged
interference plus noise covariance matrix inversion problem
still exists. However, we know that in LTE unicast, orthogonal
pilot patterns for different antenna branches can successfully
decompose the channel and obtain maximum diversity
gain. Thus for the MBSFN pilot pattern, we make pilots
orthogonal between different MBSFN transmission antennas.
For the two transmitter system under study the number of
pilots for each antenna remains as 18RE/RB, keeping the
MBSFN standard but half of the positions will be dedicated to
transmitting 0s and the rest are normal pilots, vice versa for the
second transmit antenna which forms two orthogonal patterns.

Data

Time Slot
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Time Slot

Non-MBSFN region	
(control	signal)

Orthogonal	form	
for	pilots	on	port	4

OFDM	domain

Su
b-c

arr
ier

	do
ma

in

Fig. 2: Redesigned othogonal MBSFN pilot pattern for 2Tx

In the simulation, we assume the desired signal stream and
the interference streams are inside one big synchronisation
area, where the transmission timing of each subframe is
aligned in all cells. The reference signal for interference
streams shifts one subcarrier for each interference stream.
Therefore, the orthogonal pilot pattern between MBSFN ser-
vice areas is achieved, the interference reference signal always
interferes with the data signals from the serving cell. In order
to maintain the fault-resistance of the MBSFN transmission,
we have to allocate multiple antennas for each bunch of SFBC
code and the antennas that belong to the same group will use
the same pilot pattern (basically mixing normal MBSFN and
SFBC-MBSFN).

C. Simulation Results

The simulation investigates the MBSFN downlink perfor-
mance of a single MBSFN multicast user located at the MB-
SFN area edge, with and without SFBC precoding as well as
comparing between the baseline receiver (MRC) and different
IRC schemes. The interference sources that affect the desired
multicast connection are assumed to be randomly combined
adjacent MBSFN services and unicast service that operate
on the same frequency at the same time. The simulation
parameters are given in Table II.



1) Superiority of SFBC precoding in MBSFN: This set
of simulations is to investigate the performance of SFBC
precoding in MBSFN compared to one without SFBC coding.
In the simulation, a 2x2, single user system is simulated to
achieve maximum transmit diversity gain. Single interfering
MBSFN transmission is assumed. Simulations are conducted
in both noise-limited and interference-limited scenarios (the
fixed SIR and SNR value for the two simulation scenes are
0dB and 5dB, respectively.)
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Fig.	37:	MBSFN	user	with	MBSFN	interference	sensitivity	scene	 	

 

	
Fig.	38:	MBSFN	user	with	MBSFN	interference	in	interference	scene 

	

	
Fig.	39:	diagonal	loading	factor	c.d.f	for	the	SFBC	2by2	MBSFN	system,	extracted	from	sensitivity	scene	
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Fig. 3: BER results with fixed SIR, sensitivity case
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Fig. 4: BER results with fixed SNR, from noise-limited to
interference-limited scenario

MRC, standard IRC as well as the diagonal loaded IRC,
are simulated with Quadrature Phase Shift Keying (QPSK)
modulation. In a sensitivity case, the tested SNR region is
between 5 to 20dB with fixed 0dB SIR. For a noise-to-
interference limit case, the tested SNR region is between 0 to
25dB with fixed 7.5dB SNR. In Fig. 3, the BER performance
of the tested receivers with/without SFBC is shown for a 2x2
system with QPSK. The performance of IRC is similar to
IRC with diagonal loading for both with and without SFBC
precoding because there is no need for regularisation for a 1
Co-Channel Interference (CCI) system. The SFBC can provide

a 3dB SNR gain for a lower SNR region and even better in a
high SNR region. On the other hand, the MRC receiver does
not take into account interference. Similar observations can be
seen from Fig. 4; the performance of the system with SFBC
can achieve roughly 10dB gain at the noise-limited region
and the gap decreases while going to the high interference
limited region. It is expected that the MRC receiver has a
better performance in the noise-limited scenario.

2) Performance from Noise-limited to Interference-limited
Scenario: The second set of simulations is to investigate the
scenario independence performance of MBSFN transmission
with SFBC precoding in different interference scenarios,
sensitivity and noise-interference limited cases with different
parameters in terms of receiver dimensions and the number
of interference sources. In the simulation, single user system
equipped with two, four or six receiver antennas are tested
with different fixed CIR values. Furthermore, the suspendable
interference becomes flexible due to the increased spatial
degree of freedom. The corresponding simulation scenario
parameter is shown on top of each sub-figure in Figs. 5 and
6.
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Fig. 5: BER results with fixed SNR, scenario 1
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Fig. 6: BER results with fixed SNR, scenario 2

Comparing the likelihood ratio based IRC to the empirical
based IRC in Fig. 5, the former has proved its scenario
independence in different scenarios. Some performance
degradation of the likelihood ratio IRC occurs in three
co-channel interference situations; this reflects that in certain



degrees of simulation parameter variation, the likelihood ratio
based IRC will break down. The second case investigates
the four tested receivers at different noise or interference
limited environments. As indicated in Fig. 6, the likelihood
ratio-based IRC retains its scenario independence regardless
of the changes in the simulation environment, without any
re-calculation of the diagonal loading factor. One can see that
with proper diagonal loading factor selection, the likelihood
ratio based IRC can achieve a similar performance with the
optimal MRC receiver in the noise-limited scenario and with
the standard IRC receiver when in the interference-limited
scenario. From all four sets of simulations, one can see
that the likelihood ratio based IRC has provided a scenario
independent solution for improving the SINR situation for
receivers in any environment.

TABLE II: Simulation Parameters

Carrier frequency 2 Ghz
Bandwidth 15.36× 106Hz

Used/total Sub-carriers 1200/2048
Simulated MBSFN sub-frame 100

Length of Cyclic Prefix
(extended) 512

OFDM symbols per subcarrier 12
Sub-carrier per RB 12

Modulation and coding scheme
(MCS) Index=2

Channel model

High performance Radio LAN
mode ‘e’ in [20]

outdoor environment
with large delay spread

No. Tx 2
No. Rx 2,4,6

No. interference source 1,2,3

IV. CONCLUSION

In order to increase the spectrum efficiency of the MBSFN
service from the receiver side regardless of their location, i.e.
different noise or interference level, a scenario independent
approach by improving the diagonal loading interference re-
jection combination has been proposed and investigated in this
paper. As verified by the simulation results, such receiver can
improve the user SINR situation in a wide range of scenarios.
It provides a viable solution to improve the quality of eMBMS
services if users are experiencing an SINR value below a
certain threshold (to achieve a target SE) without hard switch
between MRC and normal IRC at different scenarios and
provide a potential solution to support concurrent eMBMS
services transmissions. The maximum number of users that can
active the IRC function is still under study when considering
the trade-off between SE and total receiver computational
complexity in a practical case.
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