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Abstract—In this paper, we propose a successive interference
cancellation (SIC) detector which utilises multiple feedback (MF)
candidates for cancellation stages and a dynamic log-likelihood-
ratio (LLR)-based dynamic reliability ordering (RO) of the
cancellation stages in a multiple-input multiple-output (MIMO)
system. The proposed multi-feedback reliability-ordered SIC
(MF-RO-SIC) detector’s performance is compared with VBLAST
based techniques for MF, the dynamic LLR RO without MF and
the maximum likelihood (ML) detector. The results show that
the MF-RO-SIC can outperform the MF-SIC and the RO-SIC
in bit error rate (BER) performance, with the ability to tune the
performance by altering the shadowing criterion values.

Index Terms—interference cancellation, multiple feedback,
reliability ordering, MIMO Systems

I. INTRODUCTION

Successive Interference Cancellation (SIC) detectors [1] are
a well known class of detectors for multi-user or multiple-
input-multiple-output (MIMO) systems, where upon the esti-
mation of a data symbol, the estimated data symbol’s effect
is removed from the received signal in order to improve the
signal to interference and noise ratio (SINR) of the remaining
data symbols in that time instant. However, this type of de-
tector can suffer from error propagation. If the estimated data
symbols are not reliable then this unreliability can impair all
subsequent symbol estimates at a given time instant, degrading
the bit error rate (BER) performance.[2], [3], [4]

A well-known technique for improving the performance of
the SIC detector is to remove the data streams with the greatest
power first, thus removing the greatest source of interference
first, which is known as the VBLAST technique [5], and
is implemented by considering the powers of the channels
associated with each user or antenna. However, as shown in
[6], although the VBLAST cancellation order within the SIC
is the optimal for the vast majority of detected symbols, other
cancellation orders can outperform the VBLAST ordering on
a given occasion, which could result in performance gains.

In this paper dynamic reliability ordering (RO) based upon
log-likelihood-ratios (LLR) [7] is considered in conjunction
with a method of multiple-feedback (MF), [8] which is de-
signed to provide alternative cancellation candidates for data
symbols, to compensate for and correct potentially erroneous
cancellation error propagation. These methods are integrated
into the proposed MF-RO-SIC detector, which utilises both
methods and makes considerations for reducing the com-

putational complexity associated with these methods, whilst
increasing the BER performance.

The organisation of this paper is as follows: Section II
will detail the MIMO system model and MMSE detection, in
Section III interference cancellation techniques for MIMO will
be reviewed, Section IV will show the proposed MF-RO-SIC
detector, and how the complexity of the proposed detector can
be reduced. The simulation results and conclusions are given
in Section V and Section VI, respectively.

II. SYSTEM MODEL AND MMSE DETECTION

The system under consideration is an uncoded point-to-point
spatial multiplexing MIMO link, consisting of N transmit
antennas and M receive antennas. At each time instant, the
N length column vector x consisting of N data symbols
taken from the constellation set V that is appropriate for
the modulation scheme being used, is transmitted through the
M ×N channel matrix H. At the M receive antennas at the
destination, the transmitted signal vector is received as the M
length column vector y. This can be described as:

y = Hx+ n (1)

where n is the circular complex additive white Gaussian noise
(AWGN) vector representing noise at the receive antennas with
a variance:

σ2 = M/(2γ), (2)

where γ is the signal-to-noise ratio (SNR). The channel H is
modelled as a complex Rayleigh distributed channel, and can
be expressed as the horizontal concatenation of the individual
channel vector associated with each transmit antenna,

H = [h1,h2, ...,hN ]. (3)

Minimum Mean Squared Error (MMSE) detection is well
known, and uses a Wiener filter at the receiving MIMO device
to retrieve an estimate of the originally transmitted symbols
by the transmitting device, as shown below for a vector basis
of the estimated symbols (z) and per-antenna basis (zn):

z = WHy, zn = wH
n y, n = 1, ..., N, (4)

where W is the Wiener filter, calculated for a MMSE criterion
as:

W = R−1

y H, (5)
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TABLE I
SUCCESSIVE INTERFERENCE CANCELLATION ALGORITHM

Initialisation: y0 = y,H0 = H

for i = 1 → N do
zi = WH

i yi−1

x̃i = Q[zi]
yi = yi−1 − x̃ihi

Hi = H′
i−1

〈i〉

end for

H′〈i〉 represents H with the ith column removed
Q[•] represents the quantise function

where Ry is the auto-correlation matrix of the received signal,
and is expressed as:

Ry = HHH + Iσ2, (6)

and wn corresponds to the nth column of W.
It is possible to estimate the distribution of the bits (bn ∈

{−1,+1}) of the elements of z as a Gaussian random variable,
as shown in [9], with a probability density function (PDF) of:

f(zn|bn) =
1√
2πσn

exp

[

− (zn −mn)
2

2σ2
n

]

, n = 1, ..., N, (7)

where mn and σ2

n are the mean and variance, respectively,

mn =
γ̄n

1 + γ̄n
bn, (8)

σ2

n =
γ̄n

2(1 + γ̄n)2
, (9)

with γ̄n representing the instantaneous SINR of transmit
antenna n, approximated as below:

γ̄n = hH
n R−1

n hn, (10)

where Rn is the auto-correlation matrix of the interference
plus noise.

III. INTERFERENCE CANCELLATION TECHNIQUES

In this section, we shall review the interference cancellation
techniques that are involved in our proposed MF-RO-SIC
detector, with an overview of SIC, LLR-based RO and MF,
and descriptions of the algorithms required.

A. Successive Interference Cancellation

The method of SIC is based upon the theory that if in
a system where multiple signals are interfering with each
other, if each signal is estimated individually serially, then
the interference effects of an estimated signal can be removed
from the signals that have yet to be estimated, thus increasing
the reliability of estimation of the remaining signals. The linear
MMSE filter detection method is commonly used within this
process to estimate the symbols in a MIMO received signal
vector, the estimate is then quantised appropriately for the
modulation scheme being used in the system. Table I shows
the algorithm used for the SIC process.

The order in which a SIC process cancels the estimated
signals can make a significant difference to the overall error
rate performance of the detection algorithm, as some signals
will have a greater effect of interference than others. If the
signal being estimated has a high level of interference, the

symbol estimate produced has a greater chance of being
inaccurate. If this inaccuracy is then used for cancellation
in the algorithm, this may cause the other signals to also be
estimated incorrectly, in an effect known as error propagation.

To reduce the impact of this effect, we can order the
signals by the greatest associated channel power first, and the
weakest last, as this ensures that the signals with a good SINR
are estimated first, and are thus less likely to be unreliably
estimated. This also means the interferer with the greatest
power is cancelled first, improving the SINR of the remaining
signals by the greatest amount. This ordering by channel power
is known as Ordered SIC (OSIC) or the VBLAST algorithm.
In a quasi-static channel environment, this can be calculated
once per packet, and the resultant ordering used for every time
instant in that packet.

B. Log Likelihood Ratio Based Reliability Ordering

As the well-known VBLAST technique is based on the
average channel power per antenna, which does not consider
the received signal in a given time instant, it does not take
into consideration the per-time instant fluctuations in SINR at
the receive antennas.

However, if we consider the LLR at each time instant of
transmission, we can derive a dynamic ordering of the SIC
process. First, let us consider the LLR of a bit of a received
symbol given the estimated detection quantity zn:

Ln =

∣

∣

∣

∣

ln

[

f(zn|bn = +1)

f(zn|bn = −1)

]∣

∣

∣

∣

. (11)

The magnitude of Ln can be considered a measurement of
how certain the detector can be that the estimated symbol is
correct when the quantisation of zn is performed, and thus can
be considered a measure of the reliability of the estimated bit.
The reliability Ln can be approximated if we substitute the
Gaussian PDF approximation of zn from Eq.(7), resulting in:

Ln = 4(1 + γ̄n)|zn| ≡ (1 + γ̄n)|zn|. (12)

However, γ̄n requires R−1

n , which may be complex to acquire
in the system. In [10], the matrix inversion lemma may be
applied to R−1

n , resulting in:

γ̄n =
hH
n R−1

y hn

1− hH
n R−1

y hn

, (13)

which only uses R−1

y , which is already obtained for use in
the MMSE filter. Substituting this result into Eq.(12) and
simplifying gives:

Ln = (1− hH
n R−1

y hn)
−1|zn|, (14)

which is referred to as the Type-L reliability [10] for bn. If we
are using a modulation scheme with multiple bits per symbol
(for example Quadrature Phase Shift Keying (QPSK)), then a
simple extension to Eq.(14) is:

Ln = (1 − hH
n R−1

y hn)
−1(|ℜ(zn)|+ |ℑ(zn)|). (15)

This reliability Ln can be incorporated into the SIC algorithm,
as at every stage of the SIC procedure for each antenna’s signal
that has not yet been estimated, the reliability can be calcu-
lated, and the signal with the highest reliability measurement
will be the next estimated signal. This results in a dynamic
ordering that is not predetermined before the SIC is processed,
and can change with every time instant.

Table II shows the algorithm used for the RO-SIC process.
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TABLE II
RELIABILITY ORDERING SUCCESSIVE INTERFERENCE CANCELLATION

ALGORITHM

Initialisation: y0 = y,H0 = H, Ry,0 = HHH + Iσ2

for i = 1 → N do
Wi = R

−1

y,i−1
Hi−1

zi = WH
i yi−1

for j = 1 → (N + 1− i) do

Lj = (1− hH
j R

−1
y hj)−1|zj |

end for
j = argmaxLj

(L1, ..., LN+1−i)
x̃j = Q[zi(j)]
yi = yi−1 − x̃jhj

Hi = H′
i−1

〈j〉

Ry,i = Ri−1 − hjh
H
j

end for

C. Multiple Feedback Cancellation

ℑ

ℜ

Constellation Point

S
Voronoi Boundaries

Fig. 1. Shadow region for QPSK modulation

The method of MF in a SIC process is based on the idea
of reliable and unreliable symbol estimates, and how alterna-
tive symbol quantisation decisions can affect the cancellation
results. During the SIC cancellation process, the quantised
estimated symbol x̂n, is defined as x̂n = Q[zn], where Q[]
is the quantisation function appropriate for the modulation
scheme being used in the system, and the quantisation operates
by choosing the constellation point with the smallest Euclidean
distance to the estimated symbol,

x̂n = argmin
c∈V

‖zn − c‖. (16)

However, if the estimated symbol is close to the Voronoi
boundaries of two or more constellation points, then the
estimated symbol could conceivably be attributed to a con-
stellation point that does not have the smallest Euclidean
distance from the estimated symbol, as the effects of noise
and interference are likely to cause the estimate to cross a
Voronoi boundary.

Therefore, an area surrounding the Voronoi boundaries can
be described as a scenario in which is it possible that the
standard quantisation process may give inaccurate results. And
so, a shadowing region on the constellation diagram is created,
which defines an area in which an estimated symbol may
be considered for alternative quantisation results. If zn falls
within this region, then the C alternative constellation points
with the smallest Euclidean distances (U ⊂ V, [u1, ..., uC ])
to zn are considered for SIC processing, instead of just the
closest. Fig. 1 shows how the shadowing region is defined by
a shadowing criterion value S for QPSK modulation, which

TABLE III
MULTIPLE FEEDBACK SUCCESSIVE INTERFERENCE CANCELLATION

ALGORITHM

Initialisation: y0 = y,H0 = H

wi = (H̄iH̄
H
i + Iσ2)−1hi, i = 1, ..., N

for i = 1 → N do
zi = wH

i yi−1

if |ℜ[zi]| and |ℑ[zi]| > S then
x̃i = Q[zi]

else
for k = 1 → C do

xk = x
yk
i = yi−1 − ukhi

for l = i+ 1 → N do
x̃k
l
= Q[wH

l
yk
l−1

]

yk
l
= yk

l−1
− x̃k

l
hl

end for
end for
kopt = argmink=1,...,C‖y−H0x̂k‖

2

x̃i = ukopt

end if
yi = yi−1 − x̃ihi

Hi = H′
i−1

〈i〉

end for

H̄i represents the matrix formed by taking the
columns i, i+ 1, ...,N of H

defines how far from the constellation axes (which are the
Voronoi boundaries for a QPSK constellation) the shadowing
region is set.

When these alternative candidates for x̂n are considered,
the MF algorithm processes the SIC to completion for the C
possible candidates, to produce an estimated symbol vector
for all transmitted antennas x̂s, s = 1, ..., S. Then using the
ML rule, the MF technique chooses the x̂s that produces the
smallest Euclidean distance as described by:

x̂ = argmin‖y−Hx̂s‖2, s = 1, ..., S. (17)

The symbol candidate associated with the chosen x̂s is then
chosen as x̂n for that cancellation stage, and the MF-SIC
continues from the nth stage.

IV. PROPOSED MULTIPLE FEEDBACK RELIABILITY

ORDERING SUCCESSIVE INTERFERENCE CANCELLATION

Our proposed MF-RO-SIC detector combines the ideas
of dynamic ordering within the SIC process, the multiple
candidates feature for unreliable cancellation estimates, and
overcomes the drawbacks of existing SIC detectors by min-
imising the extra computational complexity required.

A possibility for the combination of the MF-SIC and RO-
SIC is to have the MF process taking place after the RO
algorithm has decided which signal to estimate for this current
iteration of the main SIC for loop. But, as may be noted in the
algorithm in Table III, the MF-SIC adds only a small amount
of extra complexity over the SIC, as the cancellation filters
for each stage Wn can be precalculated and reused within the
MF process:

wi = (H̄iH̄
H
i + Iσ2)−1hi, i = 1, ..., N, (18)

but this is only true if the cancellation order is known before
the SIC is processed. In the case of the RO-SIC, the ordering
dynamically changes with each cancellation stage, and so the
MF filters cannot be precalculated for each time instant. For
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this reason, the filters would have to be recalculated for each
stage in the MF, every time zn falls within the MF shadowing
region, as well as determining the RO. This would involve a
large increase in complexity over the base MF-SIC, as each
filter calculation requires a matrix inversion.

In order to avoid this large increase in required complexity,
we can split the MF-RO-SIC into two sections. Firstly, the
RO-SIC can be calculated as in Table II, in order to give a
base estimate of x̂s, but also returns the cancellation order
taken by the dynamic ordering for this time instant.

RO-SIC
y

MF-SIC
x̂

Cancellation
Order

Fig. 2. Structure of piece-wise MF-RO-SIC

This returned ordering can then be used as a predetermined
ordering for the MF-SIC process, and so the filters can be
precalculated as in Table III, with the new ordering, which
means the filters only have to be calculated once per time
instant for the MF-SIC, reducing the complexity of the MF-
SIC process to the original level. This piece-wise approach is
shown in Fig.2.

This piece-wise approach to the MF-RO-SIC does save
complexity over the previous algorithm possibility, but filters
are still calculated for the MF-SIC, and in effect the com-
plexity of the RO-SIC and the MF-SIC is additive, roughly
doubling the complexity over either individual algorithm.

However, greater reductions in complexity can be achieved
by further integrating the two stages together intelligently. The
MF-SIC filters gi can be extracted from each stage of the RO-
SIC, by taking and storing the jth column of the RO-SIC filter
associated with the chosen cancellation, thus these values can
be reused for the MF-SIC, so that the filters do not need to be
calculated at all for the MF-SIC, reducing the complexity as
no extra matrix inversions have to be performed. The MF-SIC
filter gi is given by:

gi = Wi,j , (19)

where Wi,j is the jth column of the filter W calculated for
the ith cancellation stage of the RO-SIC. Also, whilst the MF-
SIC cannot be directly integrated into the RO-SIC with low
complexity due to the dynamic ordering restriction, the shadow
criterion test for each zn can still be carried out within the
RO-SIC process, as below:

|ℜ[zn]| < S and |ℑ[zn]| < S (20)

If no zn falls within the shadow criterion area during the
RO-SIC, then logically the MF-SIC will not give a different
x̂ than the RO-SIC, as the MF technique will never be
performed, and so the MF-SIC stage can be skipped for that
time instant, reducing complexity further. Fig. 3 shows the
structure of the MF-RO-SIC with these considerations.

V. SIMULATION RESULTS

For the simulation results presented in this paper, a MIMO
system was considered with QPSK modulation and with per-
fect knowledge of the channel state information, and the SIC
detectors considered are based upon minimum-mean-square-
error (MMSE) filtering.

TABLE IV
MULTIPLE FEEDBACK RELIABILITY ORDERING SUCCESSIVE

INTERFERENCE CANCELLATION ALGORITHM

Initialisation: y0 = y,H0 = H, Ry,0 = HHH +
Iσ2, m = 0

for i = 1 → N do
Wi = R−1

y,i−1
Hi−1

zi = WH
i yi−1

for j = 1 → (N + 1− i) do

Lj = (1− hH
j R

−1
y hj)

−1|zj |
end for
j = argmaxLj

(L1, ..., LN+1−i)
gi = Wi,j

x̃j = Q[zi(j)]
if |ℜ[zi(j)]| or |ℑ[zi(j)]| < S then

m = 1
end if
yi = yi−1 − x̃jhj

Hi = H′
i−1

〈j〉

Ry,i = Ri−1 − hjh
H
j

end for
if m = 1 then

for i = 1 → N do
zi = gH

i yi−1

if |ℜ[zi] and |ℑ[zi] > S then
x̃i = Q[zi]

else
for k = 1 → C do

xk = x
yk
i = yi−1 − ukhi

for l = i+ 1 → N do
x̃k
l
= Q[gH

l
yk
l−1

]

yk
l
= yk

l−1
− x̃k

l
hl

end for
end for
kopt = argmink=1,...,C‖y0 −H0x̂k‖

2

x̃i = ukopt

end if
yi = yi−1 − x̃ihi

Hi = H′
i−1

〈i〉

end for
end if

Fig. 4 shows how the proposed MF-RO-SIC detector com-
pares with the VBLAST-SIC, RO-SIC, MF-SIC and the ML
detector in terms of BER in a 4x4 MIMO system. The number
of candidates for the MF (C) is set to 4, with the shadow
criterion S set to 0.2. The MF-RO-SIC can be seen to have
up to 4dB BER performance over the MF-SIC, just over 4dB
over the RO-SIC and up to 8dB of gain over the VBLAST-SIC.

Fig. 5 similarly shows how the proposed MF-RO-SIC de-
tector compares with the VBLAST-SIC, RO-SIC, MF-SIC and
the ML detector in terms of BER in an 8x8 MIMO system.
The number of candidates for the MF (C) is set to 4, with
the shadow criterion S set to 0.2. The MF-RO-SIC can be

RO-SIC Unreliable?
y x̂ No

Yes

MF-SIC

x̂

Cancellation
Order, W

Fig. 3. Structure of proposed MF-RO-SIC
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Fig. 4. 4x4 MIMO with QPSK modulation, C = 4, S = 0.2

seen to have up to 4dB BER performance over the MF-SIC,
just over 2dB over the RO-SIC and up to 8dB of gain over
the VBLAST-SIC. It can be noted that in Fig. 4, the MF-SIC
had better performance than the RO-SIC, but in Fig. 5, the
RO-SIC outperformed the MF-SIC, suggesting that for larger
MIMO systems, the RO in the MF-RO-SIC provides the major
contribution to the performance gains of the MF-RO-SIC over
the VBLAST SIC, whilst for smaller MIMO systems, the MF
provides the greater performance gains.
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MF−RO−SIC

ML

Fig. 5. 8x8 MIMO with QPSK modulation, C = 4, S = 0.2

Fig. 6 shows how the BER performance of the MF-RO-
SIC changes as the shadow criterion is varied, as compared
to the RO-SIC and the ML solution. As the shadow criterion
is increased, the BER performance varies from the RO-SIC
performance and tends towards the ML performance. It can
be seen that for each 0.1 increase of S, the BER performance
of the MF-RO-SIC has another 1-2dB of gain added. This
however, is at the cost of complexity, as the larger the shadow
criterion, the more likely an estimated symbol is to fall within
the shadow area, and thus the MF process is calculated
more often. It should be noted that the authors observed
a degradation in BER performance if S was set too high
(∼ 0.4 > S). This is likely to be due to the MF-RO-SIC testing
a large amount of alternative constellation points in the MF

process, increasing the likelihood that false positive solutions
are found for the ML rule due to noise and self-interference.

0 4 8 12 16 20
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−5

10
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10
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10
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10
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MF−RO−SIC − S 0.1

MF−RO−SIC − S 0.2

MF−RO−SIC − S 0.3
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Fig. 6. 4x4 MIMO with QPSK modulation, C = 4, variable S

VI. CONCLUSIONS

In this paper, a new MF-RO-SIC detector has been pro-
posed, utilising the ideas of dynamic cancellation stage relia-
bility ordering and multiple candidates for estimated symbol
decisions, with consideration given to the complexity of the
resultant detector and how this can be reduced. Simulation
results have shown up to 4dB of gains over previously estab-
lished SIC detectors and 8dB gains over the VBLAST-SIC,
for 4x4 and 8x8 MIMO systems, and the effects on the BER
that altering the shadow criterion for the MF process in the
MF-RO-SIC.

REFERENCES

[1] G. J. Foschini, “Layered space-time architecture for wireless commu-
nication in a fading environment when using multi-element antennas,”
Bell Labs Technical Journal, vol. 1, no. 2, pp. 41–59, 1996.

[2] T. Liu, “Some results for the fast MMSE-SIC detection in spatially
multiplexed MIMO systems,” IEEE Transactions on Wireless Commu-
nications, vol. 8, no. 11, pp. 5443–5448, Nov. 2009.

[3] G. Golden, C. Foschini, R. Valenzuela, and P. Wolniansky, “Detection
algorithm and initial laboratory results using V-BLAST space-time
communication architecture,” Electronics Letters, vol. 35, no. 1, p. 14,
1999.

[4] R. C. de Lamare and R. Sampaio-Neto, “Minimum Mean-Squared error
iterative successive parallel arbitrated decision feedback detectors for
DS-CDMA systems,” IEEE Transactions on Communications, vol. 56,
no. 5, pp. 778–789, May 2008.

[5] P. W. Wolniansky, G. J. Foschini, G. D. Golden, and R. A. Valenzuela,
“V-BLAST: an architecture for realizing very high data rates over the
rich-scattering wireless channel,” in Signals, Systems, and Electronics,
1998. ISSSE 98. 1998 URSI International Symposium on, 2002, p.
295–300.

[6] R. Fa and R. C. de Lamare, “Multi-branch successive interference
cancellation for MIMO spatial multiplexing systems: design, analysis
and adaptive implementation,” IET Communications, vol. 5, no. 4, p.
484, 2011.

[7] L. Yang, “Receiver multiuser diversity aided Multi-Stage MMSE mul-
tiuser detection for DS-CDMA and SDMA systems employing I-Q
modulation,” in Vehicular Technology Conference Fall (VTC 2010-Fall),
2010 IEEE 72nd. IEEE, Sep. 2010, pp. 1–5.

[8] P. Li, R. C. de Lamare, and R. Fa, “Multiple feedback successive
interference cancellation detection for multiuser MIMO systems,” IEEE
Transactions on Wireless Communications, vol. 10, no. 8, pp. 2434–
2439, Aug. 2011.

[9] H. Poor and S. Verdu, “Probability of error in MMSE multiuser
detection,” IEEE Transactions on Information Theory, vol. 43, no. 3,
pp. 858–871, May 1997.

[10] L. Yang, “Using Multi-Stage MMSE detection to approach optimum
error performance in multiantenna MIMO systems,” in Vehicular Tech-
nology Conference Fall (VTC 2009-Fall), 2009 IEEE 70th. IEEE, Sep.
2009, pp. 1–5.

The Tenth International Symposium on Wireless Communication Systems 2013

700

ISBN 978-3-8007-3529-7 © VDE VERLAG GMBH · Berlin · Offenbach, Germany




