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Joint Interference Cancellation and Subtraction for
a Hybrid Receiver in Kronecker Correlated MIMO
Wireless Channels
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Abstract— Several works have evaluated the performance of
MIMO transmission structures using the uncorrelated fading
assumption. This idealized consideration may not be true in a
typical downlink outdoor wireless system. In this type of scenario
higher fading correlations are present at the transmitter due to
the height of the base-station relative to the ground. In this
work we present a Hybrid MIMO receiver for combined spatial
multiplexing - transmit diversity and evaluate its performance
when fading correlation is present at the transmitter. MIMO
fading correlation is simulated according to a recently proposed
Kronecker model and our results show the performance behavior
of our hybrid receiver due to correlation. Fig. 1. Downlink Scenario

Index Terms— MIMO, spatial multiplexing, space-time coding,
hybrid receiver, Kronecker model

Hybrid MIMO transmission schemes apply pure diversity
. INTRODUCTION schemes (e.g. STBC) jointly with pure spatial multiplexing
) _ ~ schemes (e.g. BLAST). In these schemes, some layers are
Over the consideration of uncorrelated fadingy,ce-time coded across two, three or four antennas. For
Multiple-Input Multiple-Output (MIMO) wireless channels e remaining layers, a V-BLAST approach is considered.
are known to offer unprecedent spectral efficiency. Witlyjth this idea, hybrid MIMO scheme arises as a solution
this assumption, each element of the MIMO channel fadgs achieve a compromise between spatial multiplexing and
independently andr = min(M,N) uncouple parallel {ansmit diversity gains. In other words, with hybrid MIMO
sub-channels between pairs of transmit and receive argengghemes it can be possible to considerably increase the
are created, wherd/ is the number of transmit and/ i a3 rate while keeping a satisfactory link quality in terms
the number of receive antennas. The crgauom_ uhcoupled of BER. As spatially-multiplexed layers see each other as
parallel sub-channels represent a capacity gain thatdsese \yjtiple Access Interference (MAI), some signal procegsin
linearly with the lower number of antennas [1]. Howeverg mandatory in the receiver in order to cancel MAI.
the uncorrelated fading assumption may not be true in the

real world. In a typical downlink outdoor wireless system In th|§ work - we con_S|der approaches_that comblne
there is not rich scattering around the base-station (B&gncellation and subtraction of the MAI, this approach is

antennas due to the height of the BS relative to the grou noted Successive Interference Cancellation (SIC). rOthe

which induces correlation at the BS transmit array. At th%dlution is achieved by the Ordered Successive Interferenc
: ancellation (OSIC).

other link end, i.e., around the Mobile Terminal (MT), theC
uncorrelated fading characteristic is maintained due ¢h ri  In this work we present a hybrid MIMO receiver with
local scattering. Several studies have proved that fadiagmbined cancellation and subtraction of the MAI that arise
correlation leads to a performance degradation of MIM@om hybrid spatial multiplexing - transmit diversity sgsts.
antenna systems [2]. We employ the so-called Successive Interference Canicellat
The MIMO transmission structures can be classified in tw®!C) for MAI subtraction and evaluate link performance of
classes in agreement with the gain captured by the chani@ proposed receiver when fading correlation is presetiieat
characteristics. The two possible gains afieersity gainand transmitter. Correlation is simulated according to thesngly
spatial multiplexing gainThe first one is associated withProposed Kronecker model [5]. Our simulation results show
the provision of link-reliability to the system, which cae b how performance of the proposed hybrid receiver is degraded
measured in terms of a lower Bit Error Rate (BER) whil&hen different levels of fading correlation are presenthat t
the second one concerns the maximization of the spectf@nsmitter.
efficiency of the overall system as much as possible. Until The remainder of this paper is organized as follows. Section
the advent of hybrid MIMO schemes, MIMO transmission is dedicated to MIMO correlated channel model as well
structures worked in one of these two pure transmissiogs the system model adopted. In section Ill we present the
classes. However, it is well known that the focus in a paldicu hybrid MIMO receiver structure called G2+1. In section IV
gain implies a sacrifice of the other one [3, 4]. we describe the interference cancellation algorithm fas th
receiver along with SIC and OSIC interference cancellation
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I[I. CHANNEL AND SYSTEM MODEL N-element antenna array. At any time-instanthe received

In this section the Kronecker correlated MIMO channeﬁ'gnaI vector can be expressed as

model used for performance evaluation is discussed and the x[k] = Hslk] + n[k], (6)
system model is presented.
whereH is defined in accordance of Eq. (1) and is represented

as
A. Correlated MIMO Channel Model hi1 hiz his

Consider that the transmitter is equipped with an ha1 hoa  hos
M-element antenna array, while the receiver is equipped with H = : : :
an N-element antenna array. The MIMO channel makij] h,.ﬂ h;ﬂ h;lg
has sizeN x M, with k£ a generic time-instant. In this work
we assume a typical downlink outdoor wireless scenario, & elementh,,,,, with 1 < n < N and1 < m < 3 is
shown in Fig. 1. In this context, the assumption that tHée complex scalar channel that links thté receive antenna
transmitted signals undergo independent fading is no madred themth transmit antenna. The x 1 vectors|k] contains
valid. For example, at the Mobile Terminal (MT) the multipat the symbols transmitted from all antennas at time-instant
propagation is more perceived due to several local scatteréhe envelope of each element in the vectgy, follows a
and this leads to uncorrelated fading. On the other hancein tRayleigh distribution. The composition of vectdk] depends
transmitter (BS), a correlation is present due to the heijht on the specific hybrid scheme considered. In this paper
BS located high above the ground and no presence of lov& choose the hybrid receiver G2V = 3) that is
scatterers. In such an environment, the MIMO channel atpgesented in the next section. This limitation is motivalgd

; (@)

time-instantk can be written as the practical feasibility of utilizing this number of anten
elements in nowaday’s base station-to-mobile transmmissio
H[k] = KrH, KT, (1) The N x 1 vectornl|k] denotes the temporally and spatially

whereH,, is the channel matrix with uncorrelated compIeAddie White Gaussian Noise (AWGN) WhicRua [k] =

H _ 2
gaussian entries and the matrid€g andKr are N x N and XE{n[k]n [k} =% Insy.
M x M lower triangular matrices, respectively, with positive
diagonal entries. They can be obtained from their coratati lll. G2+1 MIMO HYBRID STRUCTURE

matricesOr and O by Cholesky decomposition [6], where | this section we present a hybrid MIMO transmission
Ot andOg represent the correlation matrix at the transmittfcheme, i.e., a MIMO antenna scheme that makes
and receiver, respectively. We also assume that the cborela gimyitaneous use of spatial multiplexing and transmit

between the receiver antenna elements does not depend oyffagrsity. In a general way, the transmission process of a
transmit antenna elements and vice versa. In such a case,\grid scheme can be divided in layers, where each layer is
have characterized by the provided gain, multiplexing or diitgrs
Or = KrKR, (2) gain. Figure 2 shows the architecture of the G2+1 hybrid
MIMO structure with SIC detection.
" This hybrid scheme employs a 3-element transmit antenna
Or = K7Kr, @) array with two spatial multiplexing layers. A standard G2

where (-)f denotes conjugate transpose. In our correlatj’élamoutl s) [7] space-time block code is used at the first

channel model@r = Iy.x. This means that there are many®Y®" while the other layer is non-space-time-coded and
scatterers around the mobile terminal and the receivedakig perate in a co-channel way with the first one. In the

appears uncorrelated due to multipaths reflected from t +1.scheme, the .transmn.ted S|gn§1Is can be. organized in
several scatterers. And a equivalent space-time coding matrix as described below

1L p ... p Qaoilk, k+1] =
p 1 ... p s1[k] s1[k +1] sa k] (®)
Or = SR (4) { —sik+ 1% si[k]* so[k+1] |
pp .. 1 where the spatial dimension varies column-wise and the

in this case all channel correlations are equal.tdhis model témporal dimension row-wise. The symbol vector transmiitte
is also denoted in the literature as Kronecker model sinee Y the transmit array in two consecutive time-instants, lsay

full autocorrelation matri>® is given by andk + 1, are given by

0 = 0f @ 6g, (5) sulk] = si[k], )
Sll[k + 1] = —Sl[k + 1}*7 (10)
where ()7 denotes transposition ang is the Kronecker soll] = si[k+1] (11)

product. It has been shown the validity of this model through pme T e e
measurements results, see [5]. sielk+1] = si[k]", (12)
solk] = sofk], (13)
B. System Model solk+1] = sk +1]. (14)

Consider a downlink system model assuming flat fading From Eq. (8), it can be seen that = 4 useful symbols
channel and let the transmitter be equipped with a 3-elemétwo from each multiplexing layer) are transmittedrip= 2
antenna array while the receiver is equipped with aonsecutive symbol intervals. Thus, the effective symba r
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Fig. 2. G2+1(SIC) transmitter-receiver structure
of this scheme is equal ta,/n; = 2 symbols per channel where x,4[k] = Hys1[k] is the desired space-time coded
use (pcu). signal associated to the first multiplexing layer of a pattc

Considering the first layer of G2+1 scheme as the desirbgbrid transmission scheme. Contrarily to the classical
signal, we can expand Eq. (6) as the sum of a MIMO desirdiMO-MMSE spatial filter (where the desired signakigk]),
signal and a Single-Input Multiple-Output (SIMO) interder here the desired signal consists of the original transcitte

signal as follows signal modified by desired MIMO channel impulse response
H,.
_ G2 d
xGz+1[k] = Hy"21[] + hrzs[k] + nk], (15 The MMSE cost function be formalized as follows
whereHg2 andh; are MIMO and SIMO channel matrices 2
. . . vise = B{||Wx[k] — xq[k]||“}. 19
of dimensionN x 2 and N x 1, respectively andz; [k] = Tmmse {IWclk] = xalH]I"} (19)
[ s11[k] s12[K] }T and z,[k] = sy[k] are multiplexing Solving this unconstraint optimization problem, the
sub-sequences for each layer at time-instant obtained solution with respect & is given by
W = Rxdx . (Rxx)717 (20)

IV. INTERFERENCECANCELLATION ALGORITHM
Classical solutions for pure BLAST-based systems considgpere Rxx - E{X.[k]XH[k]} f.ind R = E{Xd[k]xé[k.”
either Zero-Forcing (ZF) or Minimum Mean Square Errof'® the input covariance matrix and a cross-correlatiomirat
(MMSE) as the detection algorithm. On the other hand, forrgspectlvely: , L
pure STBC system with Alamouti's code, a simple maximum The coefﬂuent; of the MIMO-MMSE spgtlal filter can be
likelihood linear processing receiver is usually employe&omp'“'te_OI after direct least square (L.S) estimate of the MIMO
Since we deal here with a hybrid of BLAST and Alamouti'é:halnnel impulse response.
STBC a modified interference cancellation algorithm with
the property of both interference cancellation and spiwe-t A. Successive Interference Cancellation (SIC)
decoding is necessary, see [8]. In the following we forneutat  |nterference cancellation can be done either in parallel or
modified MMSE algorithm that performs the following tasksn a serial way. Here, we consider the serial approach which
1) estimate the overall MIMO channel matiH; jointly performs interference cancellation and subtiatti
2) cancel multiple access interference from chann€onsidering the so-called SIC approach, just one layer is
estimation; detected at each time. Interference contributions of presly
3) perform space-time decoding after interferencdetected layers are subtracted out prior to signal detectio
cancellation. subsequent layers. After interference cancellation actsiba
The proposed algorithm optimizes the coefficients of & thei-th layer, its hard estimat&[k] is subtracted out from
MIMO-MMSE spatial filter (as shown in Fig. 2) in such athe received signak[k] and this modified received signal,
way that the orthogonality of the space-time code is preserdenoted byx; 1 [k], is fed into the spatial filter of the+ 1-th

as much as possible in its output signal. layer:
At any time-instant:, the output signal vector of thi x N xi+1[k] = x; — 2;h; (21)
MIMO-MMSE spatial filter is given by where h; is the ith column of the matrix channeH,
y[k] = Wx]k], (16) corresponding to the channel gains associated to laged
z;h; represents the estimated symbol of thth layer. As
where result,x, , is free from the interference coming from layers
w11 w12 WiN 1 i
wo | o ey (17)  In this work, where we consider the specific case of the
: : : G2+1 hybrid receiver, the detection follows the naturaleord
WN1 WN2 ... WNN i.e., the G2 space-time coded layer is detected first, fatbw
We obtain the error vector at the output of th@y the non-coded multiplexing layer. This choice is based on
MIMO-MMSE spatial filter as the fact that the G2 layer exhibits some detection relighili

provided by the space-time code, compared to the other
elk] = Wx[k] — Hgs:[k] = Wx[k] — xqlk], (18) (non-space-time coded) layer.
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Fig. 3. Hybrid tradeoff characterization 3Tx-4Rx architee.

B. Ordered Successive Interference Cancellation (OSIC)

One of the disadvantages of SIC is that the signal associated
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Fig. 4. Performance of the G2+1 scheme comparing the stratefzsSIC

and OSIC in the receiver.

TABLE |

OSICPOSSIBILITIES

to f|_rst detection layer may eventually exhibits a lower Diversity Order | 1st Layer | G2] 2. (N —1)
received SNR than that of the other layers. In this case, - T

. . . 1st Possibility | 2nd Layer | 1 1-(N)
detection errors propagate throughout the serial detectio TOTAL 3 N_2
process, degrading performance of the overall receiverséh Diversity Order | 1stLayer | 1 | 1. (N —2)
problem can be alleviated as long as optimal detection 2nd Possibility | 2nd Layer | G2 3 (V)
ordering of layers is made. When detection ordering is TOTAL 3 N_3

assumed, the first layer to be detected is that with the higher
SNR. In this situation, the SIC approach turns into Ordered
Successive Interference Cancellation (OSIC).

T G2 represents Alamouti’'s STBC layer.
1 denotes a layer following BLAST approach.

V. SIMULATION RESULTS

The BER performance of the G2+1 hybrid M|Moassgming both ordering (QSIQ) end (non)-ordering .(SIC).
receiver is evaluated here by means of numerical resut{8til here, uncorrelated fading is assumed aie- 3 receive
from Monte-Carlo simulations with Successive Interferen@nténnas are employed. As benchmark for comparisons the
Cancellation (SIC) and Ordered SIC (OSIC), respectivel aditional PIC gpproach was a_Iso simulated. Figure 4 shows
The transmitted symbols are modulated with Binary-Phal2dt the combined effect of interference suppression and
Shift-Keying (BPSK). The BER curves are plotted accordin?ubtr""ct'On provides to the system an additional diveigaiy
to the average SNR per receive antenna. Perfect chani@&the second layer, WhICh turns out into an improved overal
estimation is assumed, since the consideration of imperf@rformance. In fact, in the PIC approach the second layer
channel estimation is degraded by about 0.3 dB comparedP@/ceives a diversity gain oV — 2 = 3 — 2 = 1 while in
the ideal channel state information, see [9]. Still in [g], ithe SIC ones a full diversity gain oV = 3 is perceived at

the number os transmit antennas is small, the performarifi$ layer (i.e., equivalent to a single-transmit maximeatia
degradation due to the channel estimation error is sm&pmbiner - MRC).
However, as the number of transmit antennas increases, theomparing OSIC and SIC approaches we get similar
sensitivity of the system to channel estimation error iases, results. This can be explained by the fact that in the
[10]. Thus, as we assumé = 3, the degradation due to theG2+1 scheme, similar diversity gains are offered with both
perfect channel estimation is negligible. strategies. For example, assuming that the first layer to be
Figure 3 first shows the BER results comparing thdetected is the G2 space-time-coded layer, we get a diyersit
traditional MIMO schemes, V-BLAST, G3 and H3 [11] fororder of Dgo = 2 - (N — 1). With perfect interference
3 transmit antennas against the hybrid scheme G2+1. \Abtraction, the second layer will perceive a diversityeord
remember that the V-BLAST scheme is designed to provi@ D1 = 1- N and thus the whole system has a diversity
multiplexing gain only, while the STBC schemes G3 and Hg@rder of Dga 1 = 2- (N —1)+1-N = 3-N —2. By
have as objective to provide diversity gain only. Consiaigri NOW, if the first layer to be detected be the BLAST based
the 3Tx-4Rx architecture, the V-BLAST scheme achieves(Bon-coded) one, we ha#@, = 1- (N —2) for this layer and
spectral efficiency of 3 symbols pcu in opposition to the 1/Pc2 = 2+ (N) for the other one, which gives a total diversity
symbols pcu and 3/4 symbols pcu reached by schemes G3 8f#er 0fDi1ge =1- (N —2)+2-(N)=3-N —2. Table |
H3, respectively. From this results we can conclude that tRemmarizes the conclusion about this topic.
hybrid scheme G2+1 achieves its objective, i.e., it reaghes As a conclusion of this interesting result we should say
higher spectral efficiency (2 symbols pcu since 4 symbols dft, since it is the diversity order that controls the slope
transmitted in 2 channel realizations) than pure STBC seheithe BER vs. SNR curve, the use of OSIC is not important in
while it maintains an acceptable BER level that is bettenthdhe G2+1 receiver as it gives only a very slight performance
that of a pure BLAST system. improved over SIC, which is considerably less complex.
Now we show the effect of our interference cancellation Now we consider a more realistic MIMO channel model,
algorithm with joint interference cancellation and subtien, given by the Kronecker model detailed in Section II-A.
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that hybrid schemes arise as a solution for the inherent

= crisicp-z diversity-multiplexing trade-off of MIMO channels. We tav

S also shown that the joint use of cancellation and subtractio
of interference can provide a remarkable improvement in
performance, compared to the PIC approach. On the other
N gl hand, the OSIC approach for this scheme is not recommended
since the ordering of the layers to be detected has no influenc
- in the diversity order.
w* Over the Kronecker correlated MIMO channel, for a low
: correlation level the PIC and SIC have similar performances
i.e., the correlation level has no great influence. Conyrdar
o * & & 8 @ Tw uw ® & w» a high correlation level we conclude that the SIC approach is
a good choice since it exhibit just a 3 dB degradation due to
Fig. 5. Performance of the hybrid scheme G2+1 on correlated (IVIIMCorrelau"lon’.WhIIe providing an enormous gain when comgare
channel, correlation factor is — 0.25. to the PIC in an uncorrelated channel.
The perspectives of this work include the investigation
of linear precoding schemes to give back to the space-time
———— code the gain lost due the correlation in the MIMO channel.
o Cort e o g Upcoming results also include link-performance evaluatbd
S linear-precoded hybrid schemes in a typical indoor wireles
e environment. This will be done through the use of processed
S . —— data obtained from MIMO indoor channel measurements
NI —— T -+ carried out by a joint UFC-Ericsson research team at an
Ericsson Research building in Kista, Sweden.
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