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Abstract—Interference management between uncoordinated
eNBs and UEs is a crucial aspect of Heterogeneous Networks
in LTE, especially if the interference can be exploited at the
receiver. In this paper, a novel preprocessing Block QR de-
composition technique is proposed for a low-complexity max-
log-MAP receiver, for interference detection in a 4 × 4 HetNet
scenario. The authors show that for various SNR, the proposed
receiver detection scheme has minimal mutual information loss
for Gaussian signals for the4× 4 and 8× 8 case. The proposed
preprocessing method is implemented in an LTE simulation test
bench with practical codes and compared with a brute-force
search max-log-MAP algorithm.

I. I NTRODUCTION

Wireless networks are on the verge of shifting towards hetero-
geneity by leveraging various radio access technologies, mul-
tiple access node types, etc. An example of a Heterogeneous
Network (HetNet) could involve the deployment of multiple
uncoordinated low powered nodes (eNBs) amidst existing co-
ordinated infrastructure. As a consequence, User Equipments
(UEs) may experience increased levels of inter-cell and intra-
cell interference, due to numerous eNB deployments within a
given area.
Inter-cell interference coordination techniques (ICIC) for LTE
Rel-8/9 and enhanced-ICIC methods for LTE Rel-10 (LTE-
A) have been included to resolve the interference issues
experienced by HetNets [1]. Coordinated Multipoint (CoMP)
transmission and reception strategies have also been defined
for LTE Rel-11 and beyond, in order to exploit interference
and improve the data rates and spectral efficiency of cell edge
users [2]. Network-Assisted Interference Cancellation (NAIC)
techniques have also been examined for LTE Rel-12, with
design considerations for Interference Suppression (IS) and
Cancellation (IC) receiver structures [3] also studied. Asthe
name implies, IS techniques aim to suppress the effects of
interference, e.g. Linear MMSE-IRC. IC approaches can either
be performed on a codeword or symbol level, by consecutively
stripping out the interference after each stage until the desired
signal is remaining. Both IS and IC techniques require some
degree of knowledge of the interferer.
In this paper, a novel preprocessing technique utlising Block
QR decomposition for implementation in a low complexity
max-log-MAP detection scheme has been proposed. This
receiver is based on an interference awareness architecture
presented in [4], which involves the exploitation of the dom-
inant interferer affecting cell-edge users. Although thisstudy,
considers a HetNet scenario, the receiver front-end processing
and detection method is also applicable to a point-to-point
MIMO link and multi-user MIMO environments. In [5], a
Blocking procedure has been used to partition the channel
matrix to improve the packet error rate of a reduced-maximum

likelihood detection technique, however in this case interfer-
ence exploitation is absent. Block QR decomposition methods
have also been studied as shown in [6] where the authors
adapt the Dirty Paper Coding (DPC) scheme using Block
QR decomposition to improve the performance of multi-user
MIMO in the presence of intercell interference. The study of
interference exploitation techniques at the receiver in the con-
text of higher order MIMO HetNets has been limited. Initially,
an information theoretic approach is undertaken to quantify
the mutual information loss of the Block QR technique when
compared to the4× 4 and8× 8 theoretical and MMSE case
with Gaussian signal assumptions. These analytical results will
be used as a reference to evaluate the performance of the
proposed Block QR scheme with the suboptimal and more
complex (brute-force search) max-log-MAP algorithm .
The paper is organised as follows. Section II is an overview
of the system model, while Section III details the analytical
expressions relating to the mutual information loss as well
as the proposed Block QR decomposition technique. Section
IV provides an overview of the two receiver architectures,
i.e. the brute-force max-log-MAP algorithm and the reduced
metric max-log-MAP algorithm with the proposed preprocess-
ing, which has been implemented in a LTE simulation test
bench. Section V examines the complexity and corresponding
performance in terms of the frame error rate (FER), pertaining
to the downlink simulations. Finally, Section VI concludesthe
paper.

II. SYSTEM MODEL

An inter-cell interference setting for a femto UE is considered.
This particular model (as noted in Fig. 1) consists of a
downlink scenario where the UE is equipped with four receive
antennas in the presence of two eNBs each equipped with two
antennas, one of which is transmitting the desired signal, while
the other is regarded as the interferer (macro-eNB). Conversely,
the femto eNB could also be an interfering source to a macro
UE. Moreover, this MIMO scenario can also be extended to
an 8 × 8 system involving the deployment of a relay node
equipped with eight antennas as opposed to a single UE (as
noted later in Section III). The received signal (yF ) in Fig.
1 can be represented in vector form by grouping the desired
streams1 and the interfering streams2:

yF = Hs+ n, (1)
(

y1

y2

)

=

(

H11 H12
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)(

s1
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)

+

(
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n2

)

, (2)

where the received signal is given byyF = (y1 y2)
T and each

corresponding received signal is represented asy1 = (r1 r2)
T

andy2 = (r3r4)
T . The complex channel coefficients are given



as (H11 H12) ∈ C
Nt1×Nr and (H21 H22) ∈ C

Nt2×Nr , where
Nr represents the number of receive antennas, whileNt1 and
Nt2 refers to the number of transmit antennas at each eNB.
The spatially multiplexed transmit data from the femto and
macro eNBs are given ass1 = (x1 x2)

T and s2 = (x3 x4)
T ,

respectively (where the matrix transpose is given by(.)T ). The
noise vectors,n1 andn2, are zero mean circularly symmetric
complex Gaussian variables. The aim is to diagonalise the
channel using a Block QR decomposition approach, such that
the interfering signal is successfully decoded and thereafter
stripped to obtain the desired signal using a technique suchas
SIC. This scheme enables the reduction of a4×4 channel into
2×2 blocks. Similarly, in an an8×8 system the channel would
be divided into4×4 blocks. The interference decoding is then
performed using a low complexity max-log-MAP demodulator
[4], [7], which was initially proposed for a2× 2 system. This
model assumes that perfect channel state information (CSI)is
available at the receiver.

Figure 1. Basic HetNet model.

III. M UTUAL INFORMATION ANALYSIS

The mutual information loss for the case of the Gaussian
interferers’ between the theoretical and Block QR scheme are
initially analysed for a Rayleigh channel model (where (s1)
and (s2) are the desired and interfering streams, respectively).
The complete mutual information expression relating to Eq.
(2) is:

I(s1, s2;yF |H) = I(s2;yF |H) + I(s1;yF |H, s2), (3)

where the mutual information,I(s1, s2;yF |H), of the overall
4× 4 model is defined as:

I(s1, s2,yF |H) = H(yF )−H(yF |s1, s2), (4)

andH{.} represents the signal entropy. The mutual informa-
tion expression of the interferer is also given as:

I(s2;yF |H) = H(yF |H)−H(yF |H, s2), (5)

where the respective received signal entropies are:

H(yF |H) = log
2

{

det
(

πeRyF |H

)}

, (6)

H(yF |H, s2) = log
2

{

det
(

πeRyF |H,s2

)}

, (7)

whereRyF
and RyF |H,s2 represent the received signal co-

variance matrices. The mutual information loss between the

theoretical (Eq. (4)) and the Block QR transformed interfering
signal model are compared such that:

I(s1, s2;yF |H) ≥ I(s2; ỹ2|H̃) + I(s1; ỹF |H̃, s2), (8)

I(s2;yF |H ≥ I(s2; ỹ2|H̃)), (9)

where the applied Block QR transformation on the received
signal is given as̃yF = (ỹ1 ỹ2)

T while H̃ is the equivalent
Block QR decomposed channel matrix (detailed in Section
III-A). This loss can be examined by studying the outage
probabilities especially around10−1, where in the case of LTE,
is an acceptable level of outage for the initiation of the Hybrid-
ARQ protocol [8].

A. Block QR Decomposition

Blocking algorithms generally tend to work on multiple
columns and rows simultaneously and has served as an efficient
way to perform matrix computations on hierarchical memory
structures. A recursive Block QR factorization has been devel-
oped, which partitions the target matrix into a series of blocks
and has been validated through mathematical induction [9],
[10]. According to [9], elementary Householder transforma-
tions are used to factorize the last remaining column and in
the process, inherently stops the recursion. The transformed
received signal based on Eq. (1) is expressed as:

yF = Q1Q2Rs+ n, (10)

whereQ1 andQ2 are orthogonal matrices and are partitioned
into blocks as follows:

Q1 =

(

Q11 Q12

Q21 Q22

)

;Q2 =

(

I 0

0 Q̃2

)

, (11)

where theNt × Nr channel matrix (Nt andNr denotes the
total number of transmit and receive antennas, respectively) has
been partitioned intok×k blocks, wherek = 2 andk = 4 for
the4×4 and8×8 cases, respectively. It should be also noted
that Nt = Nr = 2p for p > 1, wherep is the blocking order
for the square channel matrix. The upper triangular matrixR
is also block partitioned as follows:

R =

(

R11 R12

0 R22

)

. (12)

The transformed received signal is:

ỹF = H̃s+ ñ, (13)

where ỹF = QT
1
yF , H̃ = Q2R, ñ = QT

1
n and alsoQ̃2 =

R22H̃22, given that:

QT
1
H =

(

R11 R12

0 H̃22

)

. (14)

Householder transformations are initially computed to de-
termine the orthogonalQ and upper-triangularR matrix.
Alternatively, the Givens rotations QR factorization technique
can also be utilised, with comparable performance while only
differing in algorithmic complexity.



B. Analytical Results

The cumulative distribution functions (CDFs) for the maximal
achievable rate for the different SNR values are examined for
the theoretical, Block QR and MMSE cases. Figs. 2 and 3
represent the theoretical CDF curves for the4× 4 (two inter-
fering streams) and8× 8 (four interfering streams) channels,
respectively. For an outage probability of10−1 and at an SNR
of 15 dB the achievable rate difference for the4 × 4 model
between the Block QR and theoretical case is0.55 bits/s/Hz,
while for an SNR of 25 dB, the difference reduces to
0.3 bits/s/Hz. As a result, the Block QR scheme approaches
the theoretical limit at higher SNRs, while the MMSE rate
degrades rapidly for the detection of the target interferer, which
is especially prominent in the8 × 8 case as noted in Fig. 3.
It must be noted that statistics of the channel are Rayleigh
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Figure 2. Mutual Information loss at various SNR for the4 × 4 MIMO
model.
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Figure 3. Mutual Information loss at various SNR for the8 × 8 MIMO
model.

with equal power allocation at the transmitter. Moreover, the
Householder transformation QR decomposition method was
selected for the Block algorithm to generate the Block QR
CDFs in Figs. 2 and 3. The aforementioned theoretical results
are then studied with respect to the implementation in a
simulation test bench, based on the OpenAirInterface simulator
[11]. This would involve a comparative performance evaluation
of the LTE physical layer downlink simulation of the low-
complex max-log-MAP detector [4], [7] and suboptimal brute-
force search max-log-MAP detector [12] (see Section V-C).
The simulation of an8× 8 system is out of the scope of this
study since a new soft-decision metric has to be developed for

the four stream interferer, in order to exploit the statistics to
aid in the decoding of the desired four streams.

IV. RECEIVER ARCHITECTURES

UEs can exploit the interference from surrounding sources
in an interference limited environment, as opposed to simply
nulling out the interference. In this case, low-complexity
detection algorithms are highly desirable especially for MIMO
receivers. Brute-force maximum-likelihood (ML) is a well-
known to be the optimal detection technique in terms of
performance with prohibitively high complexity based on the
number of antennas and modulation order. The reduced metric
max-log-MAP detector developed in [4] for Bit Interleaved
Coded Modulation (BICM) systems aims to lower complexity
by reducing the search space by one complex dimension
through the ordering of the real and imaginary components of
the matched filter outputs. The aforementioned two detection
techniques will be discussed in relation to a4 × 4 scenario,
described by Eq. 2.

A. Max-log-MAP Approximation

In the case of a ML receiver, the objective is to maximise
the probability of correct symbol detection for the interfering
stream,s2 (equivalent to minimising the euclidean distance be-
tween the received symbol vector and the set of all transmitted
symbol vectors), the hard-decision is then expressed as:

ŝ2 = max
s∈Mq

{P (yF |s)} = min
s∈Mq

‖yF −Hs‖
2
, (15)

whereMq is the set of discrete complex symbol points. For
equally likely bits, the log-likelihood ratio (LLR) is a soft-
decision based metric and is computed using on the max-log
approximation:

λk,i = min
s∈χ0

k,i

‖yF −Hs‖
2
− min

s∈χ1

k,i

‖yF −Hs‖
2
, (16)

where k = 1, ..., Nr log2 Mq represents the bit position of
interest on theith stream,Nr being the number of receive
antennas, whileχ0

k andχ1

k are sets of equal size representing
all possible constellation points, where thekth bit of interest is
0 or 1, respectively. Alternatively, the bit metric is equivalently
expressed as a maximization problem:

λk = max
x3,x4∈Mq

{

−‖yF −Hs‖
2
}

. (17)

The max-log approximation remains a suboptimal algorithm
when compared to the true MAP detection algorithm [12].

B. Reduced Metric MAP Receiver

A spatial interference cancellation technique has been pro-
posed for a MIMO cell edge users, where a simplified bit met-
ric based on the max-log-MAP detector in Eq. (16) has been
developed for discrete constellations. The proposed technique
is low in complexity as it reduces the overall search space by
one complex dimension and the results show that the frame
error rate (FER) performance improves as the strength of the
interferer increases for QPSK, 16 QAM and 64 QAM constel-
lations [4], [7]. The low-complexity approximation is based
on the decoupling of the real and imaginary components and
the computation of the matched filter (MF) output. Expanding



λ = max
x3∈Mq

x4∈Mq

{−‖ha‖
2 |x3|

2 − ‖hb‖
2 |x4|

2 + 2 [ℜ{r̄3}ℜ{x3}+ ℑ{r̄3}ℑ{x3}]− 2η0ℜ{x4} − 2η1ℑ{x4}}. (21)

Figure 4. Overall simulation block diagram.

upon Eq. (16) and grouping the real and imaginary compo-
nents, results in the development of the reduced LLR bit metric
(λ) as seen in Eq. (21), where the matched filtered output of the
interfering signal is̄y2 = (H̃22)

T ỹ2 = (r̄3 r̄4) and the column
block channel vectors are given bỹH22 = (hahb), whileℜ{.}
andℑ{.} represent the real and imaginary components of the
particular signal. The termsη0 andη1 are given as [4], [7]:

η0 = ℜ(ρab)ℜ(x3) + ℑ(ρab)ℑ(x3)−ℜ(r̄4), (18)
η1 = ℜ(ρab)ℑ(x3)−ℑ(ρab)ℜ(x3)−ℑ(r̄4), (19)

where ρab = (hT
a hb), is the correlation coefficient between

the interfering streams. For this study, the modulation order
(Mq) of the desired and interfering signal is assumed to be
the same, i.e. QPSK.

V. COMPLEXITY AND PERFORMANCE

A. Recursive Block QR Complexity

The Block QR algorithm provides a more flexible approach to
blocking, as it uses a divide-and-conquer approach to perform
the decomposition. This algorithm is well suited for parallel
computations since it is largely based on matrix multipli-
cations. It should be noted that the analysed complexity is
applicable to a4×4 (square) matrix according to this particular
scenario. In terms of the analysis,n is denoted as the number
of floating operations (flops) within the algorithm. The time
complexity is given as:

T (n) = 2 logNr
k

n+ 2n3 + 19, (20)

where Nr = 4 and k = 2 represents the block size (as
defined in Section III-A). Therefore, an additional complexity
of 2n3 + 2 log

2
n + 19 operations is introduced due to the

recursive Block QR decomposition algorithm for the4 × 4
model.

B. Simulation Model

The performance evaluations of the proposed Block QR de-
composition technique are validated using the OpenAirInter-
face software platform [13]. This platform serves as an open
source hardware and software development framework, which
among many features, includes the end-to-end experimentation

of the physical layer uplink and downlink channels in accor-
dance with the 3GPP LTE specifications. In this particular
scenario, the baseband simulations are carried out on the
LTE downlink-shared channel (DL-SCH), which is essentially
responsible for the transmission of user pertinent information
to the higher layers (including control information) in thepro-
tocol stack. Fig. 4 shows the physical layer processing blocks
implemented in the LTE simulation test bench. Messages in
LTE are transmitted in the form of Transport Blocks, where
error detection is enabled by appending 24 Cyclic Redundancy
Check (CRC) bits at the end of each transport block. The
Transport Block Size (TBS) depends on the Modulation and
Coding Scheme (MCS), which characterises the modulation or-
der and coding rate of a codeword and can be referenced from
a lookup table depending on the number of transmitted layers
[14]. In an LTE transmission, a maximum of 2 codewords can
only be transmitted in order to achieve the balance between
receiver processing (including signaling requirements ofCQI
and H-ARQ) and performance. Therefore, in the case of a4×4
MIMO system, the modulated symbols of the 2 codewords are
mapped according to layers using a grouping of even and odd
symbols. In this case, each codeword is mapped onto 2 layers,
providing a total of transmission of 4 layers. The LTE channel
codes consists of a 1/3 rate Turbo encoder, which follows the
structure of a parallel concatenated convolutional code with
two 8-state constituent encoders and one turbo code internal
interleaver [15]. During channel compensation, the matched
filter channel outputs are obtained in addition to the scaled
channel magnitudes. The compensated signals are combined
using the maximal ratio combining (MRC) technique [16]
and thereafter, the soft-decision outputs of the interferer are
obtained using the two demodulators (brute-force search and
reduced metric max-log-MAP algorithms). The LLRs are then
demapped for decoding by the iterative turbo decoder. TableI
outlines the key simulation parameters.

C. Performance

The FER performances have been simulated for the moderate
to higher SNR regimes for both the sub-optimal exhaustive
max-log-MAP and Block QR receiver algorithms in an LTE
scenario. Fig. 5 shows the corresponding performance for
QPSK (MCS=9) signals for both practical demodulators. Fur-



Table I. SIMULATION SPECIFICATIONS

Parameter Value

Transmission Mode 4
Channel Bandwidth 5 MHz

Number of Resource Blocks 50
Modulation and Coding Scheme 9

Channel Coding 1/3 rate Turbo encoder
Channel Type Rayleigh

Transport Block Size (4 layers) 7992

thermore, the same plot (Fig. 5) also shows the outage as a
function of SNR at a fixed rate corresponding to the10−1

outage probability of the interfering eNB for the theoretical
and proposed Block QR4 × 4 schemes. The Householder
transformation technique was implemented to perform the QR
decomposition.
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Figure 5. FER performance between the low-complex Block QR max-log-
MAP and Brute-force max-log-MAP search algorithm using LTE practical
codes

The difference between the two analytical outage schemes
(theoretical (blue) and Block QR (black) curves) and the two
practical demodulators (brute-force (red) and Block QR max-
log-MAP (green) curves) at10−1 is 2.5 dB and 3 dB, re-
spectively. Moreover, the diversity order can also be compared
between theory and practice. It can be noted that the theoretical
and brute-force search max-log-MAP scheme display a similar
diversity of4, while the practical Block QR FER performance
has a diversity order of2. It was observed that the Block
QR max-log-MAP demodulator was significantly less complex
in terms of simulation time (hours) when compared to the
brute-force search max-log-MAP algorithm by a factor of
approximately 12. This supports the feasibility of such a
scheme in future advanced receivers for NAIC.

VI. CONCLUSIONS

A novel channel preprocessing MIMO detection scheme based
on a recursive Block QR decomposition approach for a single-
user HetNet scenario has been proposed. This technique ex-
ploits the low-complexity max-log-MAP algorithm, to perform
interference detection for higher order MIMO receivers. The
corresponding information theoretic results show that forthe
4 × 4 and 8 × 8 MIMO channels, the mutual information
loss between the theoretical and Block QR outage probability
is minimal, for Gaussian signals. Furthermore, the proposed

Block QR scheme is validated in a practical scenario, using a
simulation test bench based on a full LTE downlink physical
layer scenario with discrete constellations. The practical results
reveal the feasibility of the Block QR approach for NAIC
receivers. Future work, will focus on obtaining throughput
performance curves for the Block QR decomposition approach
for all MCS values including higher order modulation orders
(16 QAM and 64 QAM) as well as the performance evaluation
of SIC for the perfect and imperfect channel estimation cases.
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