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Abstract: When the duration of the cyclic prefix (CP) is shorter than that of the channel impulse response in single carrier-
frequency division multiple access systems, inter-symbol interference and inter-carrier interference will degrade the system
performance. Previously, one solution of this problem while considering the effect of carrier frequency offsets (CFOs) and the
co-channel interference is a blind received beamforming scheme based on eigenanalysis in a batch mode. As the capability in
suppressing the multipath signal with the delay larger than the CP length has not previously been analysed theoretically for
the scheme, the theoretical analysis regarding the capability in suppressing the long-delayed multipath signal is provided in
this study. The analysis provided in this study is also utilised to design an adaptive processing scheme. The adaptive
algorithm is developed to find the beamforming weight vector updated on a per symbol basis without using reference signals.
The proposed adaptive algorithm reduces the computational complexity of and shows competitive performance under the
insufficient CP, the CFOs, the co-channel interference and the time-varying scenarios. The simulation results reveal that the
proposed adaptive algorithm provides better performance than the previously proposed algorithm.

1 Introduction

Single carrier-frequency division multiple access
(SC-FDMA) is adopted for uplink transmission in
Evolved-Universal Terrestrial Radio Access Network
(E-UTRAN) [1]. Its low peak-to-average power ratio feature
is suitable for mobile devices [2]. When the duration of the
cyclic prefix (CP) is larger than the channel impulse
response duration, it only needs a single-tap equaliser to
deal with multipath channel problems in orthogonal
frequency division multiplexing (OFDM) [3], orthogonal
frequency division multiple access (OFDMA) and
SC-FDMA systems. When the duration of the CP is shorter
than the channel impulse response duration, inter-symbol
interference (ISI) and inter-carrier interference (ICI) will
degrade the system performance. The normal CP and the
extended CP modes are two configurations for the uplink
transmission in E-UTRAN [4]. The extended CP mode can
be selected for long multipath channel environments, but
transmission rates or bandwidth efficiency would be
reduced. If the normal CP mode is employed under the
insufficient CP condition, error rates will increase.
Recently, in order to provide better bandwidth efficiency, a

few results have been published for dealing with the effects of
the insufficient CP. The related research results for OFDM
systems can be found in [5–9]. On the other hand, antenna
arrays may be utilised to improve system performance
[10, 11]. A beamforming scheme is proposed to cancel
co-channel interference by utilising virtual carriers [12]

without considering the effect of frequency offsets and
merely for single user OFDM systems. The beamforming
schemes in [13–15] are also proposed to suppress
co-channel interference for OFDM systems. Besides, an
adaptive beamforming algorithm is presented to combat the
co-channel interference problem using pilot symbols for an
OFDM system [16].
There are several techniques proposed to mitigate ISI and

ICI effectively [17, 18] under various considerations for
OFDM-based systems. In particular, the work of [17]
utilises null subcarriers for the design of the frequency
domain equaliser to suppress channel induced interference
such as ICI and ISI with insufficient guard interval.
However, the ability of the wideband interference
suppression is not provided and the method may need a
long training sequences. The method is designed for single
user systems. The extension for the multiple antenna case
has not been demonstrated yet. For OFDMA systems, when
the length of the channel impulse response is longer than
the length of the CP, there would be residual inter-block
interference and the performance of OFDMA degrades. An
approach to mitigate the problem is to use a time-domain
equaliser. In [18], a carrier nulling-based algorithm is
presented by treating pilot subcarriers similarly as unused
null subcarriers for the design. With the use of the
time-domain equaliser, the advantage of the simple
modulation/demodulation process through discrete-Fourier-
transform (DFT)/inverse DFT (IDFT) operations diminishes
for OFDM-based systems.
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In addition to the solutions for OFDM systems, there are
some research results in dealing with the problem for single
carrier CP systems. A weight control method based on the
maximisation of the signal-to-interference plus noise ratio
(SINR) at the discrete frequency domain equaliser output
has been proposed in [19]. In [20], it uses directional
beamforming and artificial delay to dynamically adjust the
channel impulse response within the time duration of the
cyclic extension. In [21], the paper proposed a
minimum-mean-square error-based equaliser, which jointly
performs equalisation and carrier frequency offsets (CFOs)
compensation. Note that none of the above methods deals
with the combination of the problems regarding the ISI and
ICI because of insufficient CP, strong wideband co-channel
interferers, lack of reference signals and frequency offset
conditions. A blind beamforming scheme for the
insufficient CP problem in SC-FDMA systems has been
proposed in [22]. Without using reference signals, this
scheme can cancel ISI along with ICI, and strong wideband
co-channel interferers under frequency offset scenarios in
the system. It achieves competitive performances under the
normal CP mode. By considering the effect of CFOs, the
blind scheme utilises the least squares (LS) criteria [23] to
deal with frequency synchronisation errors in calculating the
beamforming weight vector. In [24], the paper proposes a
power amplifier subcarrier interference cancellation method
to overcome the distortion because of high peak-to-average
power ratio (PAPR) characteristic in OFDM-based systems.
In [22], basically, based on generalised eigenvalue

decomposition (GED) analysis, the beamforming weight
vector w is the largest generalised eigenvector of the
signal-plus-interference (plus noise) spatial correlation
matrix RS+I and the interference-alone (plus noise) spatial
correlation matrix RI. The mathematical expression is

RS+Iw = lmaxRIw (1)

where λmax is the largest generalised eigenvalue. In this
method, the spatial correlation matrices have to be
estimated by using received samples in one or a few data
blocks and the GED operation is performed as in a batch
fashion. In [22], the interference-alone (plus noise) spatial
correlation matrix is estimated by averaging one block data
using all samples at the zero-valued subcarriers in a batch
mode. In this manner, the data length of one block may not
provide an accurate estimate. Even though one frame data
may provide enough data length to obtain accurate
estimates in stationary channels, however, the channel gains
usually fluctuate in the propagation environments across
several blocks within one frame, especially in high mobility
scenarios. Furthermore, the proposed algorithm provides
lower computational complexity than [22] and the proposed
adaptive algorithm provides better performance than the
previously proposed algorithms.
GED analysis can be used widely in various applications,

for example, blind source separation, noise cancellation,
antenna array weight estimation, statistical parameter
estimation, neural networks etc. GED analysis is usually
applied with the SINR maximisation criterion in the signal
process field. The related methods with the GED analysis
can be found in the literature [25–28]. In this paper, the
signal processing scheme in [22] to form the spatial
correlation matrices are analysed for the verification of the
suppression of the multipath with the delay larger than the
CP duration. The analysis is also utilised to design an

adaptive processing scheme. The novel adaptive processing
scheme is developed to solve the blind beamforming
problem under consideration. The proposed algorithm
updates the weight vector adaptively when the new
SC-FDMA symbol comes in so that the weight vector is
calculated inherently with accumulating information of the
previous data blocks. To develop an adaptive algorithm for
the blind beamforming scheme is not straightforward. For
example, there are many snapshots per each SC-FDMA
symbol with different characteristics. Based on the analysis
regarding the CFO effect because of the long-delay
multipath for the beamforming problem under
consideration, not all samples at the zero-valued subcarriers
(virtual carriers) should be used for processing in terms of
performance and computational cost. Compared to the batch
processing-based method in [22], which finds the largest
generalised eigenvector of the spatial correlation matrices of
the current block as the beamforming weight vector, the
adaptive algorithm improves the performance in
time-varying channels with reduced computational cost.

2 System model and blind beamforming

The procedures of the SC-FDMA transceiver are described as
follows. The block diagram of the SC-FDMA transceiver is
shown in Fig. 1 [2].

Let x(v)(k) = x(v)0 (k), x(v)1 (k), . . . , x(v)
N (v)−1

(k)
[ ]T

be anN(v) × 1

column vector representing the kth block of the vth user for
transmission in SC-FDMA communication systems, where
x(v)i (k) denotes the ith information symbol of the vth user in
the kth block, T denotes the transpose operation, the value
of N(v) is the total number of subcarriers which are used by
the vth user, and the (ν) in superscript stands for the vth
user throughout this paper. N (v)

o denotes the starting
subcarrier index of the vth user, which will be used in the
later derivation. After applying the N(v)-point DFT
operations to x (v)(k), the frequency domain signal of the
N(v) × 1 X (v)(k) vector is produced. It then maps X (v)(k) to
subchannel γ(v) which is assigned to the vth user, where the
subchannel means several neighbouring workable resource
blocks in the system, and each resource block contains 12
consecutive subcarriers in the E-UTRAN uplink [4]. Let
Γ (v) be a set of subcarrier indexes of the used subchannel
for the vth user and M is the number of points for the
following IDFT operation. Subsequently, by padding M
−N(v) zeros in the specified positions for virtual carriers and
being multiplied by the amplitude scaling factor, the N(v) ×
1 vector X (v)(k) is converted to a data stream that is
represented as an M × 1 vector X̃

(v)
(k). After performing the

M-point IDFT operation on X̃
(v)
(k) and adding the CP with

the length of Ng, the data are sent out.
For an antenna array of Q elements, the Q × 1

quasi-stationary channel impulse response of the vth user of
the discrete-time version is expressed as

h(n)d (k) = [ h(v)d(1)(k), h(v)d(2)(k), . . . , h(v)d(Q)(k) ]
T

=
∑L(v)d

i=1

a(n)
i (k)a(u(n)i )d(d − d(n)i )

(2)

where a(v)
i (k) is the ith path complex gain, d(v)i is the ith path

time delay relative to the arrival time of the first path, L(v)d is

the total number of multipaths for the vth user and a(u(v)i )
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denotes an array response from the ith path with an
angle-of-arrival (AOA) u(v)i .
After the removal of the CP and the M-point DFT

operation, we have the following equation for the kth
transmission block (one SC-FDMA symbol) of the qth
antenna output for q = 1, …, Q:

r̃(q)(k) =
∑V
v=1

����
P(v)

√
W FFTC

(v)H (v)
U (q)(k)W IFFTX̃

(v)
(k)

(
+W FFTC

(v)H (v)
ICI(q)(k)W IFFTX̃

(v)
(k)

+W FFTC
(v)H (v)

ISI(q)(k)W IFFTX̃
(v)
(k − 1)

+ n(q)(k)

(3)

where V is the total number of users,
����
P(v)

√
is related to

the transmission power of the vth user, C(v) =

diag(1, ej2pD
(v)
f
/M , . . . , ej2pD

(v)
f
(M−1)/M ) denotes the matrix of

CFO components of the vth user after removing CP and
D
(v)
f is the normalised CFO of the vth user. WFFT is the

M-point DFT matrix with the (i, j)th component
W FFT

[ ]
i,j= (1/

���
M

√
) exp (−j2p(i− 1)(j − 1)/M ) in the ith

row and in the jth column; WIFFT is the M-point inverse
DFT matrix with W IFFT = WH

FFT; H denotes the Hermitian
transpose operation; and n (q)(k) denotes the additive white
Gaussian noise (AWGN). The M ×M matrices, H (v)

U (q)(k),

H (n)
ICI(q)(k) and H (v)

ISI(q)(k), are the channel matrices of the qth

antenna according to the vth user. H (v)
U (q)(k) is the channel

matrix whose time delays are shorter than the duration of
the CP. On the contrary, H (n)

ICI(q)(k) and H (v)
ISI(q)(k) mean the

channel matrices whose time delays are greater than the
duration of the CP. The channel matrices are given as
follows (see (4))

(see (5))

Fig. 1 Block diagram of the SC-FDMA transceiver
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and

H (v)
ISI(q)(k) =

0 · · · h(v)
d(n)T (q)

(k − 1) · · · h(v)2(q)(k − 1)

..

. . .
.
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.

0 · · · . .
. · · · h(v)

d(n)T (q)
(k − 1)
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. ..
. ..

. . .
. ..

.

0 · · · 0 · · · 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(6)

where d(v)T is the maximum time delay of the multipath with
the value larger than the CP length. The related derivation
can be found in [22, 17]. We assume the CFO values of the
vth user among all transmit/receive antenna pairs are the
same [29].
The blind beamforming scheme [22] is briefly described as

follows. First, it utilises the method in [23] with the LS
criteria to mitigate the CFO effect of each antenna before
calculating the beamforming weight vector. The output of
the qth antenna after compensating CFOs can be expressed as

G(q)(k) = (P̃
H
P̃)−1P̃

H
r(q)(k) (7)

where P̃ is a ξ′ × ξ′ CFO interference matrix with the

component P̃
[ ]

i,j
= ∑M−1

n=0 exp j2p (j − i)+ D(n)
f

[ ]
n/M

{ }
in

the ith row and the jth column and assume zero-valued
subcarriers having ‘zero-valued’ CFOs.

r(q)(k) = r̃(q)F(1)(k), r̃
(q)
F(2)(k), . . . , r̃

(q)
F(j′)(k)

[ ]T
is a ξ′ × 1

vector, where ξ′ = ξ +f is the total number of the
subcarriers; j = ∑V

n=1 N
(n) is the total number of

subcarriers which are used for transmission for all users; f
is the number of the zero-valued subcarriers which are used
for estimating interference-alone spatial correlation matrix;
r̃(q)F(l)(k) is the Φ(l )th component of r (q)(k), and Φ(l ) means
the value of the lth element in Φ. Φ =Γ ∪Ψ where
G = <V

v=1G
(v) is the index set of all subcarriers which are

used for transmission and Ψ is the set of the indexes of the
zero-valued subcarriers in the guard bands.
Next, the spatial correlation matrices of the batch

processing-based method, the estimated signal-plus-
interference (plus noise) spatial correlation matrix and the
estimated interference (plus noise) spatial correlation
matrix, are calculated for the vth user as

R̃
(v)
S+I (k) =

1

N (v)

∑N (v)
0 +N (v)−1

l=N (v)
0

gl(k)g
H
l (k) (8)

and

R̃
(v)
I (k)= 1

w

∑N (v)
0 −1

l=N (v)
0 −w/2

gl(k)g
H
l (k)+

∑N (v)
0 +N (v)+w/2−1

l=N (v)
0 +N (v)

gl(k)g
H
l (k)

⎛⎜⎝
⎞⎟⎠
(9)

where N (v)
o denotes the starting subcarrier index of the vth

user, N(v) is the total number of the subcarriers which are
used by the vth user as defined before, and

gl(k) = G(1)
(l) (k), G

(2)
(l) (k), . . . , G

(Q)
(l) (k)

[ ]T
is the Q × 1 spatial

snapshot at the lth subcarrier after compensating CFOs in (7).
Finally, it finds the beamforming weight vector based on

the following criterion as

Maximise
w(v)(k)

w(v)(k)HR̃
(v)
S+I (k)w

(v)(k)

w(v)(k)HR̃
(v)
I (k)w(v)(k)

(10)

where the Q × 1 weight vector w (v)(k) is the largest
generalised eigenvector of the resulting matrix pencil
{R̃

(v)
S+I (k), R̃

(v)
I (k)} for the solution of the criterion (10). The

beamforming weight vector is applied at the samples across
all of the assigned subcarriers for the vth user.

3 Analysis for the suppression capability of
the self-interference

The term ‘self-interference’ means that the interference is
generated because of the insufficient duration of the CP or
caused by longer delay of multipath of the desired user’s
signal, instead of the interference from other users. In [22],
the ability of the multipath suppression is not analysed and
the analysis is provided in this section. There are many
snapshots per each SC-FDMA symbol with different
characteristics. The analysis explains why we select samples
to perform the estimation of the correlation matrix related to
the proposed adaptive algorithm.
In this section, the signal processing scheme in [22] to form

the spatial correlation matrices are analysed for the
verification of the suppression of the multipath with the
delay larger than the CP duration. To evaluate the effect of
ICI caused by insufficient CP, the channel matrices in the
time domain are used to obtain the frequency response
matrices which are adapted from [30] for OFDM systems. It
can be utilised to analyse the beamforming problem as the
beamforming algorithm is performed before the N(v)-point
DFT operations. The property obtained in the analysis is
also utilised for the design of the proposed adaptive
algorithm.
H f (v)

U (q)(k) = W FFTH
(v)
U (q)(k)W IFFT is the frequency response

matrix of the useful part for the vth user where f and (v) in
the superscript of the matrix H f (v)

U (q)(k) denote the frequency
domain and the index of a user, respectively. The element
in the mth row and the nth column of H f (v)

U (q)(k) is given as

H f
U

(v)

(q)(k)
[ ]

m,n
= 1

M

∑Ng

d=0

h(v)d(q)(k) e
−j2pdn/M

∑M−1

r=0

ej2pr(n−m)/M

=
∑Ng

d=0 h
(v)
d(q)(k) e

−j2pdm/M , m = n

0, m = n

{
(11)

H f (v)
ICI(q)(k) = W FFTH

(v)
ICI(q)(k)W IFFT is the frequency response

matrix of the ICI part for the vth user, and the element in
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the mth row and the nth column of H f (v)
ICI(q)(k) is derived as

H f (v)
ICI(q)(k)

[ ]
m,n

= 1

M

∑d(v)T

d=Ng+1

h(v)d(q)(k) e
−j2pdn/M

∑M−1

r=d−Ng

ej2pr(n−m)/M

(12)

H f (v)
ISI(q)(k) = W FFTH

(v)
ISI(q)(k)W IFFT is the frequency response

matrix of the ISI part for the vth user, and the element in
the mth row and the nth column of H f (v)

ISI(q)(k) is given as

H f (v)
ISI(q)(k)

[ ]
m,n

= 1

M

∑d(v)T

d=Ng+1

h(v)d(q)(k − 1) e−j2p(d−Ng )n/M
∑d−Ng−1

r=0

ej2pr(n−m)/M

(13)

Referring to (3), H f (v)
U (q)(k) comprising the multipath

components with the delays smaller than the CP duration is
a diagonal matrix so that the signal of a particular
subcarrier does not leak into the others. If the samples at a
particular zero-values subcarrier from multiple antennas are
constructed to form the spatial snapshot, the spatial statistics
will not contain the spatial information of the useful part.
On the other hand, the off-diagonal elements of

H f (v)
ICI(q)(k) and H f (v)

ISI(q)(k) because of the multipath
components with the delays larger than the CP duration are
not zeros so that the signal of a particular subcarrier
contributed from the long-delay multipath causes influence
to the others. If the samples at a particular zero-valued
subcarrier from multiple antennas are constructed to form
the spatial snapshot, the spatial statistics will contain the
spatial information of the multipath with the delays larger
than the CP length.
To simplify the analysis, we adopt the assumption in [31].

In [31], it indicates that many outdoor environments have the
base station (BS) located higher than the surrounding
scatterers, so the received power is concentrated in a very
small angular spread. We assume that the useful signals of
a particular user arrive at the BS from a single direction of
arrival but different from that of the multipath whose delay
is larger than the CP duration. Let the Q × 1 spatial
snapshot at the mth subcarrier that is used by the vth user
can be represented as

gm(k) = a(u(n)S )X̃
(v)
m (k) H f (v)

U (1)(k)
[ ]

m,m

+ a(u(n)I )
∑N (v)

o +N (v)−1

l=N (v)
o

X̃
(v)
l (k) · H f (v)

ICI(1)(k)
[ ]

m,l

+ a(u(n)I )
∑N (v)

o +N (v)−1

l=N (v)
o

X̃
(v)
l (k − 1) · H f (v)

ISI(1)(k)
[ ]

m,l
+n′m(k)

(14)

where X̃
(v)
l (k) is the symbol of the kth transmit block after the

DFT operation and being mapped to the lth subcarrier.
u(n)S and u(n)I denote AOAs of the paths whose time delays
are smaller and larger than the duration of the CP,

respectively. n′m(k) is AWGN at the mth subcarrier. The
spatial snapshot at the mth subcarrier that is a zero-valued
subcarrier can be represented as

gm(k)= a(u(n)I )
∑N (v)

o +N (v)−1

l=N (v)
o

X̃
(v)
l (k) · H f (v)

ICI(1)(k)
[ ]

m,l

+ a(u(n)I )
∑N (v)

o +N (v)−1

l=N (v)
o

X̃
(v)
l (k− 1) · H f (v)

ISI(1)(k)
[ ]

m,l
+n′m(k)

(15)

Therefore these spatial snapshots can be utilised to estimate
the interference correlation matrix. If the criterion (10) is
employed to find the beamforming weight vector, the
weight vector will form a beam towards to the direction u(n)S
of the useful signals and suppress the multipath signals with
the AOA u(n)I .
On the other hand, the characteristics of the samples at the

zero-valued subcarriers are analysed, which will be utilised
for the design of the proposed adaptive algorithm. Referring
to Fig. 2, it illustrates the effect of the ICI in the frequency
domain caused by the long-delay multipath signal which is
plotted by using (12) if we transmit a modulation symbol at
a subcarrier. The subcarrier is marked with a circle and its
index is set to be zero in Fig. 2. The effect of the ICI
decreases while the index difference of another subcarrier
from this specified modulated subcarrier becomes large.
The effect of the ICI because of the long-delayed multipath
signal at the mth subcarrier from the data subcarriers of the
current block and the previous block of the vth user is

z̃(q)ICI,m(k) =
∑N (v)

o +N (v)−1

l=N (v)
o

X̃
(v)
l (k) · H f (v)

ICI(q)(k)
[ ]

m,l

+
∑N (v)

o +N (v)−1

l=N (v)
o

X̃
(v)
l (k − 1) · H f (v)

ISI(q)(k)
[ ]

m,l

(16)

Fig. 2 Illustration for the effect of the ICI because of insufficient
CP, 2048 subcarriers
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Assume X̃
(v)
l (k) is the uncorrelated symbols with zeros

mean and equal variance. Although the mth subcarrier is
the interested subcarrier, a function is defined as

Ym =
E z̃(q)ICI,m(k)

∣∣∣ ∣∣∣2[ ]
s22 + Im

(17)

where σ2 is the variance of AWGN and Im is the expectation
value of the interference contributed from another user. In
(17), the denominator in (17) is invariant with different m.
Referring to Fig. 2, in another point of view, the signal
level of the long-delay multipath becomes lower if we take
the sample at the zero-valued subcarrier far away from
the modulated subcarrier. Referring to (17), if we treat the
long-delay multipath signal as the interested signal, the
SINR of the sample taken at a particular subcarrier becomes
smaller while the index difference is large. In the proposed

method, the spatial correlation matrix estimation R̃
(v)
I (k) is

required. Owing to finite sample number effect, some noisy
samples may not be suitable used for the estimation
purpose. As the target of the scheme aims to cancel/
suppress the long-delay multipath signal and the nature of
the signal is approximately fixed during the estimation
period, we would like to select the samples with relative
larger SINR for the estimation purpose. As indicated in
Fig. 2, the scheme would rather select samples at those
subcarriers closer to the modulated subcarriers to provide
more accurate estimation and achieve better cancelation/
suppression performance. Therefore the paper constructs
this function (17) to evaluate the SINRs of the available
samples in the zero-valued subcarrier region. Referring to
Fig. 2, if the index difference of the subcarrier in the
zero-valued subcarrier region from the modulated subcarrier
region becomes large, the SINR becomes smaller. Therefore
we should select the samples at the zero-valued subcarriers
with the smaller index difference from the modulated
subcarrier region.
A larger value of ϒm means the sample at subcarrier m can

provide better estimation of the interference (plus noise)
spatial correlation matrix as the goal is to cancel the
multipath signal with long delay. The goal of the proposed
algorithm tends to cancel those multipaths with delays
larger than the duration of CP while keeping other
multipath signals intact. Those multipaths with long delays
may have significant power compared with noise and
interference from other users. During the estimation
process, the channel impulse response is assumed to be
fixed and the frequency response matrices are fixed (11)–
(13). Note that the large delay multipath signal is fixed
while noise and interference from other users have random
nature.
Intuitively, we may use all samples at the zero-valued

subcarriers to estimate the interference (plus noise) spatial
correlation matrix [22]. However, based on the above
observation, not all samples at the zero-valued subcarriers
should be employed. The main reason is that the samples at
these virtual subcarriers have different SINRs. According
(17), we would rather select the samples with larger values
of ϒm for the correlation matrix estimation which means the
power ratio of the long-delay multipath over the noise plus
interference from other users has larger values. By trading
off the finite sample effect and the estimation quality related
to the value of ϒm, the suggested number of samples for the
following proposed algorithm is revealed in the simulation.

We evaluate the efficacy of the sample selection by varying
the number of the samples in the simulation.

4 Proposed adaptive algorithm

A new adaptive processing scheme for the calculation of the
beamforming weight vector is developed in the section. Note
that there are several subcarriers per user in a SC-FDMA
symbol with different characteristics. The analysis in
Section 3 explains why we select samples to perform the
estimation of the correlation matrix. Classical adaptive
algorithms cannot be applied directly to solve the
beamforming problem. The design of the adaptive
algorithm is not straightforward as the special characteristics
of the samples should be considered and the available
number of samples per SC-FDMA symbol period are
different in the estimation of the matrix pencil
{R̃

(v)
S+I (k), R̃

(v)
I (k)}. Two sequences with different number of

samples are involved. The forms of classical adaptive
algorithms do not have one-to-one mapping for direct
application to the signals under consideration and the
proposed expression does not directly adopt the known
iteration methods. For example, it involves how to perform
iterations per SC-FDMA symbol. We have to find an
efficient update form incorporated into the iteration
procedure as the proposed adaptive algorithm for the
application under consideration. In [22], the
interference-alone (plus noise) spatial correlation matrix is
estimated by averaging one block data using all samples at
the zero-valued subcarriers in a batch mode. In this manner,
the data length of one block may not provide an accurate
estimate. Even though one frame data may provide enough
data length to obtain accurate estimates in stationary
channels, however, the channel gains usually fluctuate in
the propagation environments, especially in high mobility
scenarios. It may not be a feasible solution.
For aforementioned reason, a new adaptive processing

scheme is thus developed as follows. The update formula of
the estimated interference spatial correlation matrix of the
batch processing-based version may be given as

R̃
(v)
I (k) = hm

I R̃
(v)
I (k − 1)+

∑m
l=1

hm−l
I gC(v)(l)(k)g

H
C(v)(l)(k) (18)

where ηI is the forgetting factor; μ denotes the snapshot
number; and gC(v)(l)(k) denotes the spatial snapshot at the
Ψ (v)(l )th subcarrier from all antenna outputs of the kth
transmit block. Ψ (v)(l ) is the lth component in Ψ (v) which
is the set of the indexes of the zero-valued subcarriers for
the vth user.
Next, the adaptive algorithm is developed to solve the

generalised eigenvalue problem for the blind beamforming
scheme. It finds the largest generalised eigenvector as the
beamforming weight vector in an adaptation fashion. The
power method is a well-known iteration method for finding
the largest eigenvector of a matrix A [25]. The method for
the application to subspace track can be found in [32]. The
recursive equation of the power method is given as

w(k) = Aw(k − 1)

Aw(k − 1)
∥∥ ∥∥ (19)

If initial vector w(0) is not orthogonal to the largest
eigenvector of matrix A, vector w(k) will converge to the
largest eigenvector of matrix A. The generalised eigenvalue
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problem of matrices {A, B} can be represented as Aq = λBq.
Therefore the power method can be applied to solve the
generalised eigenvalue problem (1) as B−1Aq = λq. The
update formula is obtained as

w(v)
power(k) =

R̃
(v),inv
I ,power(k)R̃

(v)
S+I ,power(k)w

(v)
power(k − 1)

R̃
(v),inv
I ,power(k)R̃

(v)
S+I ,power(k)w

(v)
power(k − 1)

∥∥∥ ∥∥∥ (20)

where w(v)
power(k) is the beamforming weight vector of the

power-based algorithm; ·‖ ‖ denotes the Euclidean norm;

R̃
(v)
S+I ,power(k) and R̃

(v),inv
I ,power(k) means the estimated

signal-plus-interference (plus noise) spatial correlation
matrix and the inverse term of the estimated interference
(plus noise) spatial correlation matrix for the power-based
algorithm, respectively.
From (18), the estimated interference (plus noise)

correlation matrix for the adaptive algorithm under
development on a per subcarrier basis is modified as

R̂(v)
I [l] = hI R̂

(v)
I [l − 1]+ gC(v)(l)(k)g

H
C(v)(l)(k) (21)

where the index, either l or l−1, inside [†] denotes the
iteration index of a particular data block. Note that this
formula may be treated as a weighting consideration on the
samples of the zero-valued subcarriers related the distance
to the data subcarrier.
By utilising the numerical method to compute the

generalised eigenvector in the form of (19), (20) is thus
proposed to calculate the weight vector as the update form
and by constructing the mathematical expression in (21), the
calculation of the inverse term of the estimated interference
plus noise spatial correlation matrix can be performed
efficiently through the matrix inversion lemma which is
similar to the derivation of the classical recursive least
squares (RLS) algorithm, but not the same as the typical
problem formulation where the classical RLS can apply. The
resulting expression is described in (22) at the processing
step 1. The adaptive algorithm based on the power method is
described as follows.

Step 1: The spatial snapshot gC(v)(l)(k) at the zero-valued
subcarrier is used to update the inverse term of the
estimated interference (plus noise) correlation matrix R̂(v)

I [l]
by the matrix inverse lemma and is performed f times as

R̂(v),inv
I [l] = 1

hI
tri

×
R̂(v),inv
I [l − 1]

−
R̂(v),inv
I [l − 1]gC(v)(l)(k)g

H
C(v)(l)(k)R̂

(v),inv
I [l − 1]

hI + gH
C(v)(l)

(k)R̂(v),inv
I [l − 1]gC(v)(l)(k)

⎛⎜⎜⎝
⎞⎟⎟⎠
(22)

where R̂(v),inv
I [l] means the inverse term of the estimated

interference (plus noise) correlation matrix in (21) at a
particular received block. The spatial correlation matrices
are Hermitian matrices, and the inverse terms of the spatial
correlation matrices are also Hermitian matrices. To reduce
computational complexity, the upper triangular part of the
spatial correlation matrices is calculated and the lower
triangular part can be obtained by the Hermitian transpose

of the upper triangular part. tri(·) denotes the
aforementioned operation.
Step 2: Based on (20), the spatial vectors {gG(v)(l)(k)} at the
data subcarriers and the inverse term of the estimated
interference (plus noise) correlation matrix are combined to
calculate the antenna weight vector at the kth data block as

w(v)
power(k)

=
R̂(v),inv
I ,power(k)(1/N

(v)
B )

∑N (v)
B

l=1 gG(v)(l)(k)g
H
G(v)(l)(k)w

(v)
power(k − 1)

R̂(v),inv
I ,power(k)(1/N

(v)
B )

∑N (v)
B

l=1 gG(v)(l)(k)g
H
G(v)(l)

(k)w(v)
power(k − 1)

∥∥∥∥ ∥∥∥∥
(23)

where N (v)
B is the number of the data subcarriers used for the

estimation of the signal-plus-interference (plus noise) spatial
correlation matrix; R̂(v),inv

I ,power(k) means the inverse term of the
estimated interference (plus noise) spatial correlation matrix
obtained from the power-based algorithm. N (v)

B , N (v) is
adopted to reduce the computational complexity. The total
computational complexity is only O(m× Q2 + N (v)

B × Q).
The proposed algorithm is derived based on the numerical
procedure in computing the largest generalised eigenvector
such that it can perform better than [12]. An approximation
is made for the adaptive algorithm in [12] such that the
solution may not be equal to the largest generalised
eigenvector of the formulated expression asymptotically.

5 Simulation results

In the simulation, the SC-FDMA signal model which is
commensurate with the E-UTRA uplink signal model [4] is
adopted. The SC-FDMA parameters in the simulation are
similar to those in [22]. A linear array of Q antennas with
half-wavelength spacing at the base station is employed.
The transmission of the system is operated at the carrier
frequency 2 GHz. There are 2048 subcarreirs in total. M
and N are equal to 2048 and 72 for the DFT and IDFT
operations, respectively. The lengths of the CP duration are
set as 160 samples (5.2083 μs) for the first block and 140
samples (5.5573 μs) for second to seven block, respectively
[4]. To demonstrate the proposed adaptive algorithm being
able to cope with the insufficient CP problem, the hilly
terrain propagation channel model [32] is adopted with a
maximum delay spread of 17.2 μs. The paths whose delays
are larger than CP duration have power levels of −6 and
−12 dB related to the first path. The modified Jake’s model
generation method [33] is employed to generate the channel
gain a(v)

i (k) with some mobility situation; the channel is
assumed to be quasi-stationary. The base station estimates
the channel gains of subcarriers for all users perfectly in the
demodulation process for simplicity. In OFDM-based
systems, the channel gains of subcarriers can be estimated
through the use of pilot subcarriers. After applying the
beamforming weight vector, the strong co-channel
interference is suppressed and the channel gains could be
estimated through classical estimation approaches. We
suppose that the values of multiuser CFOs have been
accurately estimated and are known to the base station for
the compensation. The impact of CFO estimation errors on
performance will also be shown in the simulation.
In Figs. 3–8, we consider the multiuser scenarios with

Q = 8 antennas under the insufficient CP problem. There are
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four users. The first path of each user arrives at an angle of
20°, 0°, −50° and 10°, respectively. The AOA of the path
with the delay larger than the CP duration arrives at an
angle of 60°, 40°, −15° and −30°, respectively. The
angular spread has the range of −15° to 15°. The label
‘frame-based’ and label ‘block-based’ in the figures means
the spatial correlation matrices are obtained by averaging
the signals in one frame and one block, respectively. A
frame duration is 10 ms which has 20 time slots. Each time
slot has seven blocks (SC-FDMA symbols).
In Figs. 3a and b, we compare the bit error rate (BER)

performance using different number of the zero-valued
subcarriers to estimate the interference (plus noise) spatial
correlation matrix at a speed of 4 and 60 km/h environment,
respectively. ηI is set to be 0.93 and 0.87, respectively. The
values are selected according to the simulation experiences
for better performance. The weight vectors are calculated by
the batch processing method as in [22]. According to the
analysis in Section 3, the performance may not be improved
by using all the available samples and the samples for the

estimation should be selected. As indicated in the result, the
performance does not improve in accordance with the
increasing number of the samples at the zero-valued
subcarriers. This simulation result verifies the analysis in
Section 3 and the property that the available samples have
varied SINRs and should be selected for estimation is
utilised in the proposed adaptive algorithm. The number of
the selected samples at the zero-valued subcarriers = 2 is
adopted for the following simulation.
In Fig. 4, the performances between the proposed adaptive

scheme and the original schemes are compared. The label
‘RLS-based’ in the figure means the RLS-based adaptive
algorithm is implemented for [22]. The original
eigenanalysis-based batch processing method by averaging
one block in [22] usually has the worst performance at the
low speed of the 4 km/h environment. The method by
averaging over one frame in [22] has the worst performance
at high SNRs in the 60 km/h environment. In either the
slowly time-varying environment or the highly time-varying
environment, the proposed power method-based scheme is

Fig. 3 BER performance comparison for different numbers of zero-valued subcarriers

a 4 km/h
b 60 km/h

Fig. 4 BER performance comparison between the proposed adaptive scheme and the original schemes

a 4 km/h
b 60 km/h
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better than the schemes previously proposed in [22]. In Fig. 5,
we add a strong wideband co-channel interferer with a power
level of 10 dB above the desire user’s direct path and an AOA
=−65° as well as the normalised CFO equal to 0.2 in the
system. The similar performance trend is observed as in Fig. 4.
In Fig. 6, we consider the situation with existing CFO

estimation errors. The simulation is conducted with the
same setup as that of the result in Fig. 5. The values of the
CFO estimation errors are randomly generated by using
uniform distribution within the range in the labels. As
revealed in the results, the proposed adaptive beamforming
scheme can also work with CFO estimation errors with
slight degradation and outperforms the other schemes for
comparison.
Finally, to assess convergence characteristics of the

proposed adaptive solution for the blind beamforming

scheme, an output SINR is used as the performance
measure and is defined as

SINR=
wH ∑

i|d(n)i ≤Ng

{ } P(v)
i a(n)

i (k)
∣∣∣ ∣∣∣2a(u(n)i )aH(u(n)i )

[ ]
w

wH
∑

i|d(n)i .Ng

{ } P(v)
i a(n)

i (k)
∣∣∣ ∣∣∣2a(u(n)i )aH(u(n)i )+s2I

[ ]
w

(24)

The term in the bracket of the numerator comprises the paths
whose time delays are smaller than the duration of the CP.
The term in the bracket of the denominator comprises the
paths whose time delays are larger than the duration of the
CP and AWGN. A plot of BER against CP length deviation
from the standard setting of [34] (160 samples for first

Fig. 5 BER performance comparison between the proposed adaptive scheme and the original schemes with the CFOs and the strong
co-channel interference

a 4 km/h
b 60 km/h

Fig. 6 BER performance comparison between the proposed adaptive scheme and the original schemes under the CFOs and the co-channel
interference scenarios with CFO estimation errors

a 4 km/h
b 60 km/h
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block and 140 samples for second to seven block)are shown
in Fig. 7, the SNR and the mobile speed are fixed as SNR = 3
dB and 60 km/h, respectively. In Fig. 8, the output SINRs
defined in (24) are plotted to show the convergence
characteristics of the proposed scheme in a stationary
environment at input SNR = 3 dB and 23 dB, respectively.
It shows convergence and is very close to the optimal value.

6 Conclusions

In this paper, the capability in suppressing the long-delay
multipath signal is verified for the blind beamforming
scheme with insufficient CP problem in SC-FDMA
systems. The analysis is also utilised to design an adaptive
algorithm. The adaptive processing scheme for the blind
beamforming problem is developed based on the power
method. The adaptive algorithm is developed to find the
beamforming weight vector in a tracking manner on a per
SC-FDMA symbol basis without using reference signals.
The adaptive processing scheme can achieve competitive
performance under insufficient CP scenarios even with the

strong wideband co-channel interferer and the CFO
estimation errors. The simulation results show that the
power method-based adaptive blind beamforming algorithm
can achieve better performance to cope with the
time-varying communication environments. Its
computational complexity is only O(m× Q2 + N (v)

B × Q).
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