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Abstract—This paper presents a blind channel estimation tech-
nique for orthogonal frequency division multiplexing (OFDM)
communications systems. The proposed system is based on
modulating particular pairs of subcarriers using amplitude shift
keying (ASK) and phase shift keying (PSK), which enables the
realization of a decision-directed (DD) one-shot blind channel
estimator (OSBCE), with complexity and accuracy that are
comparable to pilot-based channel estimation techniques. The
performance of the proposed estimator is evaluated in terms of
the mean squared error (MSE), where an accurate analytical
expression is derived and verified using Monte Carlo simulation
under various channel conditions. The obtained results show that
the MSE of the proposed OSBCE is comparable to pilot-based
estimators, which confirms the efficiency of the proposed OSBCE.

Index Terms—Channel estimation, OFDM, mean squared er-
ror, frequency-selective fading, error rate analysis.

I. INTRODUCTION

ORTHOGONAL frequency division multiplexing
(OFDM) is a multicarrier modulation technique that

received tremendous interest from the industry and academia
over the past decade. The catalyst for such interest, is the
special features that OFDM has, such as spectral efficiency,
immunity to multipath propagation, efficient implementation
using the fast Fourier transform (FFT) pairs, and low-
complexity equalization [1]. Therefore, OFDM is currently
adopted by several commercial standards, such as the second
generation digital video broadcasting-terrestrial (DVB-T2)
[2], wireless local area networks (WLAN) IEEE 802.11 [3],
Worldwide Interoperability for Microwave Access (WiMAX)
[4] and Long Term Evolution Advanced (LTE-A) [5].
Moreover, OFDM is a strong candidate for the upcoming
fifth-generation (5G) wireless communications standard [6].

Acquiring the knowledge of channel state information
(CSI), commonly known as channel estimation (CE), and
channel equalization are two fundamental tasks that a receiver
has to perform prior to information symbols extraction from
the received signal. Generally speaking, most CE techniques
reported in the literature can be classified based on their
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spectral efficiency, estimation accuracy, computational com-
plexity, or the required observation window size. An efficient
estimator is the one that can maximize the accuracy and
spectral efficiency, while minimizing the complexity and ob-
servation window size. However, achieving all such conflicting
objectives into one single design is generally infeasible, and
hence, the system designer has to compromise some of these
objectives based on the available system resources and quality
of service (QoS) requirements. For most practical applications,
a reasonable compromise can be achieved by using training
symbols, where CSI is estimated at the receiver side by
modulating particular subcarriers at the transmitter side using
known symbols, denoted as reference or pilot symbols, and
then, use such pilots for CE purposes [7]-[14]. In LTE-A [5],
comb-type pilots are deployed in a time-frequency subcarrier
grid as shown in Fig. 1a, where the pilots occupy about 4.7%
of the total number of subcarriers. The spectral efficiency can
be even lower for some other systems, such as the IEEE
802.11n, where pilot symbols constitute 7.1% of the total
subcarriers. Moreover, in communications systems that involve
burst transmission, such as frequency hopping and cognitive
radio, the channel coefficients over consecutive OFDM sym-
bols can be uncorrelated, and hence, pilot symbols are needed
in every OFDM symbol, which degrades the spectral efficiency
even further. Therefore, many algorithms have been proposed
to estimate the CSI blindly, by utilizing only the received
data symbols [15]-[25], and consequently, improve the spectral
efficiency.

In the literature, blind CE is one of the widely addressed
issues in wireless communications [8]-[26]. However, the
problem remains open because, to the best of our knowledge,
none of the techniques reported in the literature managed
to resolve the conflicting objectives problem perfectly. For
example, several blind estimators are designed based on the
assumption that all subcarriers should be modulated using a
constant modulus (CM) constellation, such as M -ary phase
shift keying (MPSK) [16]-[19]. Although such techniques
do not require pilot symbols, they indirectly degrade the
spectral efficiency of the system because they prohibit using
spectrally efficient modulation schemes, such as quadrature
amplitude modulation (QAM). Therefore, it would be more
factual to denote such techniques as conditionally-blind, to
distinguish them from fully blind (FB) systems, which do not
require pilot symbols and do not have any constraints on the
modulation type or order. It is worth noting that conditionally-
blind systems are different from semi-blind systems, in which
the CE is performed using both, the pilot and data symbols
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(a) LTE-A transmission grid. (b) OSBCE transmission grid.

Fig. 1. Time-frequency grid of LTE-A and the proposed OSBCE.

[24]-[26].
Computational complexity is another critical performance

indicator used to compare various channel estimation tech-
niques. Generally speaking, blind estimation techniques have
higher computational complexity than pilot-based techniques
[12], [21]. The excessive computational complexity is mainly
caused by the iterative structure of such algorithms [21]-[23],
or due to the requirements to perform an extensive search over
the solution space [20]. Although the complexity of the system
reported in [20] becomes comparable to pilot-based estimation
at high signal-to-noise ratios (SNRs), such condition can be
frequently violated in practical scenarios.

The observation window size specifies the number of
OFDM symbols required to compute the CSI estimates. In
CE techniques that require large observation window, the
channel is assumed to be fixed over the observation period
[16], [17], [19], [21]. Although such assumption is acceptable
for static and slow fading channels, it is not actually the
case for fast fading channels. Moreover, if the observation
window size is very large, then such assumption becomes
realizable only for static channels. Channel estimators that
can perform CE within one OFDM block, denoted as one-shot
estimators, usually outperform other estimators with multiple-
symbols observation window [20].

The accuracy of CE techniques is typically evaluated using
mean squared error (MSE), which is supposed to be suffi-
ciently low to minimize the bit error rate (BER) degradation
caused by CE errors [27]. In the literature, the performance
of pilot-based CE is commonly used as a benchmark for
comparison [7], [18], [27], because pilot-based estimation
techniques offer reliable estimates and their impact on the BER
is tolerable.

As it can be noted from the aforementioned discussion,
pilot-based estimators have several attractive features in terms

of complexity, estimation accuracy, and observation window
size. However, the spectral efficiency remains the major con-
cern. Practically speaking, the dominant standards such as
DVB-T2 [2], WiMAX [4] and LTE-A [5], are using pilot-
based CE, which implies that systems’ designers prefer to
compromise the spectral efficiency, but gain the other ad-
vantages. Unlike most of the work reported in the literature,
this work presents a novel one-shot blind channel estimation
(OSBCE) technique which is conditionally-blind, but only a
small fraction of the subcarriers have the modulation-type
constraint, and hence, it is spectrally efficient. The OSBCE
is based on replacing the pilot symbols in conventional pilot-
based systems with MPSK symbols, and the modulation type
of the adjacent subcarriers is limited to M -ary amplitude
shift keying (MASK) modulation. Such configuration allows
detecting the MPSK symbols coherently using the partial
channel information embedded in the MASK symbols. Then,
the detected MPSK symbols are used to obtain the full
channel information in a decision-directed (DD) manner. The
complexity, observation window and accuracy of the OSBCE
are comparable to pilot-based estimators while the spectral
efficiency of the OSBCE is higher than pilot systems at mod-
erate and high SNRs. The system performance is evaluated
in terms of the symbol error rate (SER) and MSE, where a
closed-form formula is derived for the SER while the MSE can
be efficiently evaluated numerically. The obtained analytical
results are confirmed using Monte Carlo simulation.

The rest of the paper is organized as follows. OFDM system
and channel models are presented in Section II. The OSBCE
model is introduced in Section III. Sections IV and V present
the derivation of the SER and MSE, respectively. Spectral
efficiency analysis is presented in Section VI. The numerical
results are discussed in Section VII, and finally, the conclusion
of the paper is drawn in Section VIII.
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The notation used in the paper is as follows. Uppercase
boldface letters such as H will denote N × N matrices,
whereas lowercase boldface letters such as x will denote row
or column vectors with N elements. Calligraphic letters with
a hat such as Â will denote initial estimates of the variable A,
while a regular symbol with a hat such as Â will denote the
final estimate of A. Blackboard symbols with the subscript
such as MQ will denote the set {0, 1, . . . ,MQ − 1} . The
Euclidean norm is denoted as ‖.‖, and the operators ‘ | ’ and ‘ | ’
will denote the conditioning operation, interchangeably. Fur-
thermore, E {·} denotes the expectation process, the complex
conjugate, transpose, and Hermitian transpose will be denoted
as (·)∗, (·)T and (·)H , respectively.

II. OFDM SYSTEM AND CHANNEL MODELS

Consider an OFDM system with N subcarriers modulated
by a sequence of N complex data symbols a = [A0, A1,
...., AN−1]T . The data symbols are selected uniformly from
a general constellation such as MPSK, QAM or MASK, with
modulation orders MP ,MQ and MA, respectively. In pilot-
based practical OFDM systems [5], NP of the subcarriers are
reserved for pilot symbols, which can be used for channel
estimation and synchronization purposes. For the purpose of
this work, we define three sets of indices for the subcarriers,
namely,the set of pilots’ indices V = {v1, v2, . . . , vNP },
the set of subcarriers’ indices adjacent to the pilots T =
{t1, t2, . . . , tNP }, and the set of indices of the remaining data
symbols is denoted as U. It is worth noting that the three sets
are disjoint, V ∩ T ∩ U, and ti = vi + 1.

The modulation process can be implemented efficiently
using N -point inverse FFT (IFFT). The output of the IFFT pro-
cess during the `th OFDM block is given by x(`) = F

H
a(`),

where F is the normalized N×N FFT matrix, and hence, FH

is the IFFT matrix. The elements of FH are defined as Fi,k =
(1/
√
N)ej2πik/N where i and k denote the row and column

indices i, k ∈ {0, 1, ..., N − 1}, respectively. For convenience,
we drop the block index notation ` in the remaining parts
unless it is necessary to include it. To eliminate inter-symbol-
interference (ISI) between consecutive OFDM symbols and
maintain the subcarriers’ orthogonality in frequency-selective
multipath fading channels, a cyclic prefix (CP) of length NCP

samples no less than the channel maximum delay spread (Lh)
is formed by copying the last NCP samples of x and appending
them in front of the IFFT output to compose the OFDM
symbol with a total length Nt = N + NCP samples and a
duration of Tt seconds. Then, the complex baseband OFDM
symbol during the `th signaling period x̃ is upsampled, filtered
and up-converted to a radio frequency centered at fc before
transmission through the antenna.

At the receiver front-end, the received signal is down-
converted to baseband and sampled at a rate Ts = Tt/Nt. In
this work, we assume that the channel is composed of Lh + 1
independent multipath components each of which has a gain
hm ∼ CN

(
0, 2σ2

hm

)
and delay m× Ts, where m ∈ {0, 1,...,

Lh}. The channel taps are assumed to be constant over one
OFDM symbol, but they may change over two consecutive
symbols, which corresponds to a quasi-static multipath channel

[28]. Then, the received signal after discarding the first NCP

CP samples, and computing the FFT can be expressed as,

r = Ha + w (1)

where r ∈ CN×1,w denotes the additive white gaussian noise
(AWGN) vector, whose samples are independent and identi-
cally distributed (i.i.d.) wk ∼ CN

(
0, 2σ2

w

)
, and H denotes

the channel frequency response (CFR), which is defined as,

H = diag {[H0, H1, . . . , HN−1]} (2)

where Hk =
∑Lh

m=0 hme
−j2πmk/N .

It is worth noting that the diagonal elements of H are
highly correlated, particularly the adjacent elements where the
correlation coefficient % , E {HkH

∗
k+1} is defined as

% = E

{
Lh∑
n=0

Lh∑
m=0

hnh
∗
me

j2π
−(n−m)k+n

N

}
. (3)

Given that hm and hn are mutually independent ∀m 6= n, then
E
{
|hn|2

}
= 2σ2

hn
and E {hnh∗m} |n6=m = 0. Thus

% =

Lh∑
n=0

σ2
hn e

j2π nN . (4)

The elements of the FFT output are then fed to a single-tap
zero-forcing (ZF) or minimum mean squared error (MMSE)
equalizer, followed by a maximum likelihood detector (MLD).
In this work we consider the ZF equalizer, and hence, the
estimated kth symbol can be expressed as

Âk = arg min
A

(i)
k ,i∈MQ

∣∣∣∣∣ Ĥ∗k|Ĥk|2
rk −A(i)

k

∣∣∣∣∣
2

, k /∈ V (5)

where Ĥk is the estimated CFR at the kth subcarrier, A(i)
k

are the trial values of the data symbols. It is worth noting
that single-tap frequency-domain ZF and MMSE equalizers
offer approximately the same performance in quasi-static
single-input single-output (SISO) systems [29], [30]. However,
the mathematical analysis of the MMSE equalizer is more
intractable.

In OFDM-based systems such as LTE-A, the data symbols
are arranged in a time-frequency grid as shown in Fig. 1a,
and channel estimation based on such structure is typically
performed over two steps. First, initial channel estimates are
obtained at the positions of pilot symbols using least square
estimation (LSE),

Ĥk =
rk
Ak

, k ∈ V (6)

where the pilot symbols values are assumed to be known at
the receiver side. By noting that rk = HkAk + wk, the CFR
estimates can be written as

Ĥk = Hk + qk (7)

where Hk ∼ CN
(
0, 2σ2

H

)
and qk ∼ CN

(
0, 2σ2

w

|Ak|2
)

.

Once the initial CFR Ĥk ∀ k ∈ V is obtained, the CFR
Ĥk (`) ∀ k, ` can be obtained as well given that the pilot grid
density satisfies the two-dimensional (2-D) sampling theorem.
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TABLE I
CORRELATION COEFFICIENT % FOR COMMON CHANNEL MODELS

(N = 256).

Channel model Channel Profile |%| arg {%}
cost207RAx4 Rural Area (RAx), 4 taps 0.99998 0.00169
cost207TUx6 Typical Urban (TUx), 6 taps 0.99475 0.05616
cost207TUx12 Typical Urban (TUx), 12 taps 0.99556 0.07981
cost207BUx6 Bad Urban (BUx), 6 taps 0.97447 0.19145

Then, optimal interpolation using a 2-D Wiener filter that ex-
ploits the time and frequency correlation of the channel can be
invoked at the expense of substantial implementation complex-
ity [31]. The complexity can be reduced by decomposing the
2-D interpolation process into two cascaded one dimensional
(1-D) processes, and then use less computationally involved
interpolation schemes [32], [33]. The channel estimation in
1-D can be obtained using various techniques such as linear
interpolation [12], parametric estimation [34], or least-square-
fitting [35]. It is worth noting that when nonlinear interpolation
is invoked, the initial channel estimates at the pilots positions
Ĥk will be replaced by new estimates obtained from the
fitting polynomial, and thus Ĥk 6= Ĥk [35]. Furthermore, in
the special case where Ak belongs to CM constellation, it is
sufficient to know the phase of the CFR to perform coherent
MLD, which can be expressed as

Âk = arg min
A

(i)
k , i∈MP

∣∣∣e−jθ̂k rk −A(i)
k

∣∣∣2 (8)

where θ̂k , arg
{
Ĥk

}
is the estimated version of θk ,

arg {Hk}.

III. THE PROPOSED OSBCE

For most practical channel models, as indicated in Table I,
it can be noted that |%| ≈ 1 and arg {%} ≈ 0, which implies
that Hk ≈ Hk+1. Therefore, the FFT output at subcarriers k
and k+1 can be written as

rk = HkAk + wk (9)

and
rk+1 ≈ HkAk+1 + wk+1. (10)

Moreover, the AWGN at high SNRs can be ignored, and
hence (10) can be further simplified to rk+1 ≈ HkAk+1.
Consequently, by carefully choosing the modulation types for
the data symbols Ak and Ak+1, the information symbol Ak
can be recovered blindly without explicit knowledge of Hk.
Towards this goal, consider the case where Ak+1 is modulated
using unipolar MASK, Ak+1 ∈ R+, the set of positive real
numbers excluding zero, and Ak is modulated using MPSK.
Consequently, MLD of Ak requires only the knowledge of θ̂k,
which can be obtained by noting that arg {rk+1} , ϑ̂k+1 ≈ θk.
Therefore, the preliminary estimate of the CFR phase ϑ̂k+1 can
be used to obtain a preliminary estimate of the symbol Ak,
where

Âk = arg min
A

(i)
k ,i∈MP

∣∣∣e−jϑ̂k+1 rk −A(i)
k

∣∣∣2 . (11)

Furthermore, because Ak+1 ∈ R+ and Ak has CM, the MLD
in (11) can be also implemented as,

Âk = arg min
A

(i)
k ,i∈MP

∣∣∣rkr∗k+1 −A
(i)
k

∣∣∣2 . (12)

Once Âk is obtained, we can compute Ĥk in a DD fashion as
described in (6),

Ĥk =
rk

Âk
. (13)

Therefore, the proposed technique can be implemented by
replacing the pilot symbols with data symbols that have
CM, and using MASK to modulate the adjacent subcarriers,
Ak+1 ∈ R+. Finally, Ĥk can be obtained from Ĥk using any
technique that is originally used in conjunction with pilot-
based systems [12], [34], [35]. The proposed channel estimator
transmitter and receiver block diagrams are depicted in Figs. 2
and 3, respectively. At the transmitter, the information bits are
applied to a channel encoder, which is an optional function,
then the encoded bits are split into three parallel streams each
of which is modulated using the corresponding modulation
scheme. The three types of symbols are combined to form one
block, and the rest of the process is similar to conventional
OFDM transmission.

As compared to other practical OFDM-based systems such
as LTE-A, it can be noted that the proposed transmitter
is generally similar to such systems except that the pilot
subcarriers are replaced with MPSK information symbols and
the adjacent subcarriers are modulated using MASK as shown
in Fig. 1b. It is worth noting that pilot symbols in LTE-A are
originally modulated using QPSK, however, they do not bear
information. Moreover, the symbols adjacent to the pilots can
be modulated using QPSK, 16 or 64 QAM, which does not
allow extracting the channel information directly from such
modulation schemes. Therefore, MASK is used to estimate the
channel phase directly from the received symbols, and hence
allow coherent detection of the QPSK symbols in the pilots
locations.

The MASK modulated symbols Ak+1 can be designed
such that the average power is normalized to unity, Ps =
1
MA

∑MA−1
i=0

(
A

(i)
k+1

)2
= 1. Assuming equally spaced ampli-

tudes, the amplitude spacing δ , A
(i+1)
k+1 − A(i)

k+1 [15] can be
written as

A
(i)
k+1 = (i+ 1)× δ, i ∈ {0, 1, . . . , MA − 1} (14)

where,

δ =

√
6

(2MA + 1)(MA + 1)
. (15)

For all other subcarriers other than the pilots’ and their
adjacent subcarriers, the modulation type and order can be
chosen arbitrarily. Moreover, although the OSBCE is applied
to LTE-A, it can be applied to other OFDM-based systems
where the frequency spacing ∆F and time spacing ∆T can be
changed based on the corresponding system specifications.

As it can be noted from the system description, the compu-
tational complexity of the OSBCE is equivalent to LSE using
pilots. Particularly, when considering that Âk = Âk, which
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Fig. 2. Block diagram of the proposed transmitter.
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Fig. 3. Block diagram of the proposed receiver.

is mainly the case because for most interpolation techniques
Ĥk ≈ Ĥk. In the case that a new detection is applied after
the estimation of Ĥ, then the only additional complexity, as
compared to pilot systems, is NP complex multiplications and
MLD detections applied to the NP MPSK symbols. Therefore,
the proposed OSBCE complexity is generally low, and it is
equivalent to pilot-based channel estimators.

IV. SYMBOL ERROR RATE (SER) ANALYSIS

Because the OSBCE operates as a DD estimator, its MSE
depends on the initial SER, Pr

(
Âk 6= Ak

)
. Therefore, this

section is dedicated to the derivation of the initial SER, then
the MSE derivation is presented in the next section.

As it can be noted from (12), eliminating the fading channel
effect using the product rkr∗k+1 is equivalent to conventional
equalization of MPSK symbols, which is independent of the
CFR magnitude |Hk|. However, the equalized samples can be
also written as rk/rk+1 , Sk, where

Sk =
HkAk + wk

Hk+1Ak+1 + wk+1

=
Ak |Hk| ej(θk−ϑ̂k+1) + |wk| ej(arg(wk)−ϑ̂k+1)

|Hk+1Ak+1 + wk+1|

=
1

|rk+1|
(
|Hk| ejψk Ak + ẃk

)
(16)

where ψk = θk − ϑ̂k+1, ẃk = |wk| ej(arg(wk)−ϑ̂k+1) is a zero-
mean complex Gaussian random variable whose variance is
the same as that of wk. Therefore, the equalized sample Sk in
(16) has the form of MPSK symbol equalized using imperfect
channel estimate. However, the conditional BER of BPSK
and QPSK modulations in fading channels with imperfect
knowledge of the CFR parameters can be expressed as [36,
10.14a],

PB,k| [ψk, αk] = Q

(
αk
σw

cos(ψk)

)
(17)

and

PB,k| [ψk, αk] =
1

2
Q

(
αk√
2σw

[cos(ψk)− sin(ψk)]

)
+

1

2
Q

(
αk√
2σw

[cos(ψk) + sin(ψk)]

)
(18)

where αk = |Hk| is the fading envelope of the kth subcarrier,
and Q(x) , 1/

√
2π
∫∞
x
e−t

2/2dt. Consequently, the condi-
tioning on αk and ψk can be eliminated by averaging (17)
and (18) over the joint probability density function (PDF)
P (ψk, αk). To simplify the solution, we initially assume that
the MASK symbol Ak+1 is fixed, and hence, the conditional
BER can be computed as,

PB,k =

∫ ∞
0

∫ π

−π
PB,k| [ψk, αk] P (αk, ψk) dψk dαk. (19)

Although Ak+1 is not written explicitly in (17), (18) and the
joint PDF P (αk, ψk), it is actually included in the conditioning
on ψk,because ψk = θk − arg {Hk+1Ak+1 + wk+1}.

The joint PDF P (αk, ψk) can be obtained by following the
approach reported in [27], where rk and rk+1 are expressed
as,

rk = HkAk + wk, Hk , x1 + jx2 = αke
jθk (20)

rk+1 = Hk+1Ak+1 + wk+1 , x3 + jx4 = βke
jϑ̂k . (21)

The random variables {x1, x2, x3, x4} are all zero-mean
Gaussian random variables, where x1 and x2 are indepen-
dent, x3 and x4 are independent as well, thus E {x1x2} =
E {x3x4} = 0. Therefore, the joint PDF P (x1, x2, x3, x4)
can be described by (22) (at the top of the next page),

where σ1, σ2, µ1, and µ2 are given by [37],

σ2
1 , E

{
x21
}

= E
{
x22
}

=
1

2
E
{
|Hk|2

}
= σ2

H (23)

σ2
2 , E

{
x23
}

= E
{
x24
}

=
1

2
E
{
|rk+1|2

}
=

1

2
E
{
|Hk+1Ak+1 + wk+1|2

}
= σ2

H |Ak+1|2 + σ2
w (24)

µ1 + j µ2 ,
1

2
[E {(rk+1)H∗k}]

= Ak+1

Lh∑
n=0

σ2
hn cos

(
2π

n

N

)
+ jAk+1

Lh∑
n=0

σ2
hn sin

(
2π

n

N

)
. (25)

By making the transformation from rectangular (x1, x2,
x3, x4) to polar coordinates (αk, βk, θk, ϑ̂k), and applying the
following change of variables

x1 = αk cos(θk), x2 = αk sin(θk)

x3 = βk cos(ϑ̂k), x4 = βk sin(ϑ̂k), ψk = θk − ϑ̂k (26)
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P (x1, x2, x3, x4) =
1

4π2(σ2
1σ

2
2 − µ2

1 − µ2
2)

exp

[
−σ

2
2(x21 + x22) + σ2

1(x23 + x24)− 2µ1(x1x3 + x2x4)− 2µ2(x1x4 − x2x3)

2(σ2
1σ

2
2 − µ2

1 − µ2
2)

]
.

(22)

the following joint PDF can be obtained,

P (αk, ψk) =

∫ ∞
0

αkβk
2πσ2

1σ
2
2(1− ρ2)

exp

{
− 1

2(1− ρ2)

×
[
α2
k

σ2
1

+
β2
k

σ2
2

− 2
αkβk
σ1σ2

(ρ1 cos(ψk)− ρ2 sin(ψk))

]}
dβk

(27)

where the correlation coefficients are defined by

ρ1 ,
µ1

σ1σ2
, ρ2 ,

µ2

σ1σ2
, ρ ,

√
ρ21 + ρ22. (28)

Substituting (17), (18) and (27) into (19), and using the integral
identity established in [27, Appendix B], we get the closed-
form BER conditioned on Ak+1 for BPSK as,

PB,k =
1

2

1− ρ1√
1 + 1

SNR − ρ
2
2

 (29)

and for QPSK

PB,k =
1

2

1− 1

2

ρ1 + ρ2√
2 + 1

SNR − (ρ1 − ρ2)2

+
ρ1 − ρ2√

2 + 1
SNR − (ρ1 + ρ2)2

 . (30)

It is worth noting that the SNR per bit γb is defined as

γb ,
E
{
|HkAk|2

}
log2 (MP ) E {|wk|2}

=
Ps
σ2
w

σ2
1

log2 (MP )

=
SNR

log2 (MP )
. (31)

Given that the average symbol power Ps = E
{
|Ak|2

}
= 1,

the SNR per bit γb can be written as

γb ,
σ2
1

log2 (MP ) σ2
w

. (32)

The parameters σ2, µ1 and µ2 are functions of the MASK
symbol Ak+1, and hence the average unconditioned BER can
be obtained by averaging (29) and (30) over all possible values
of Ak+1. Since A(i)

k+1 are equally probable, the average P̄B,k
becomes,

P̄B,k =
1

MA

MA−1∑
i=0

(
PB,k|A(i)

k+1

)
. (33)

Moreover, assuming Gray coding, the SER for QPSK is given

by [38, 8.7],
P̄S,k = 2P̄B,k. (34)

V. MEAN SQUARED ERROR (MSE) ANALYSIS

The MSE of the initial CFR estimate Ĥk is given by

MSE(Ĥk) = E
{∣∣∣Ĥk −Hk

∣∣∣ 2} (35)

where
Ĥk =

rk

Âk
= Hk

Ak

Âk
+
wk

Âk
. (36)

To simplify the notations, MSE(Ĥk) is written as MSE, unless
it is necessary to write the full expression. Substituting (36)
into (35) gives

MSE = E

{∣∣∣∣Hk
Ak

Âk
+
wk

Âk
−Hk

∣∣∣∣2
}
. (37)

Because Âk may take one of two states, the law of total
probability can be used to decompose the MSE as the sum
of two conditional scenarios,

MSE = (MSE|DC) Pr (DC) + (MSE|DI) Pr (DI) (38)

where the events of correct and incorrect decisions are
denoted by DC and DI , respectively, and Pr (DI) =

Pr
(
Âk 6= Ak

)
= PS,k and Pr (DC) = Pr

(
Âk = Ak

)
=

PC,k = 1−PS,k. To simplify the presentation, the two condi-
tional cases are presented into the following two subsections.

A. MSE
(
Ĥk|DC

)
For the case of Âk = Ak, the conditional initial channel

estimate can be expressed as,

Ĥk|DC = Hk|DC +
wk|DC
Ak

. (39)

Therefore, the conditional MSE can be computed as

MSE|DC = E

{∣∣∣(Ĥk |DC

)
− (Hk |DC)

∣∣∣2} . (40)

It is worth noting that the conditioning on the right hand side of
(40) is necessary due to the correlation between the estimated
MPSK symbol Âk, Hk and the AWGN samples wk, which is
due to the fact that the event Âk = Ak is generally realized
at high Hk values and low wk values. Therefore, substituting
(39) in (40) gives

MSE|DC = E

{∣∣∣∣wk | DC

Ak

∣∣∣∣2
}
. (41)

The result in (41) is expected because the process is gen-
erally similar to the conventional LSE. However, wk|DC is
a sampled version of wk because the conditioning process
on DC eliminates most of the high power noise samples,
and hence, E

{
|wk |DC |2

}
6= E

{
|wk|2

}
. Fig. 4 shows the
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Fig. 4. Conditional AWGN variance in the case of correct and incorrect
decisions compared to the unconditional variance of AWGN for the TUx
channel, MP = 4, MA = 4.

AWGN variance conditioned on DC versus SNR as com-
pared to the unconditional AWGN. The channel is modeled
as a typical urban (TUx) multipath channel [40], which is
described in Section VII. It can be noticed from the figure that
E
{
|wk |DC |2

}
< E

{
|wk|2

}
at low SNRs, and they converge

for SNR & 10 dB. Such behavior is due to the fact that the
effect of noise sampling disappears at high SNRs because the
channel fading is the dominant parameter that determines the
outcome of the detection process. Therefore, it can be assumed
without sacrificing the accuracy that,

MSE|DC = E

{∣∣∣∣wk |DC

Ak

∣∣∣∣2
}

≈ E

{∣∣∣∣wkAk
∣∣∣∣2
}

=
1

SNR
. (42)

B. MSE
(
Ĥk|DI

)
For the case where Âk 6= Ak, the MSE can be obtained by

substituting

Ĥk|DI = (Hk|DI)
Ak

Âk
+
wk|DI

Âk
(43)

in (35), which gives

MSE|DI = E

{∣∣∣∣(Hk |DI)
Ak

Âk
+
wk|DI

Âk
− (Hk |DI)

∣∣∣∣2
}
.

(44)

By assuming that all transmitted symbols are equiproba-
ble [41], we assume, without loss of generality, that the
MPSK symbol A(0)

k = ejπ/MP is transmitted, and hence,
Âk = ejπ(2i+1)/MP , i ∈ {1, 2, . . . ,MP − 1}. By defining
ϕk , arg

{
A

(0)
k /Âk

}
, then (44), after some straightforward

manipulations becomes

MSE|DI = E

{∣∣∣∣wk |DI

Âk

∣∣∣∣2
}

+ 2E
{
|Hk|2 |DI

}
(1− E {cos(ϕk)|DI}) . (45)

Contrary to the DC case, the conditional noise variance
E
{
|wk |DI |2

}
is slightly higher than the unconditional noise

variance E
{
|wk|2

}
at low SNRs, then the difference dis-

appears for SNR & 40 dB as shown in Fig. 4. Therefore,
E
{
|wk |DI |2

}
≈ E

{
|wk|2

}
= 1

SNR . Similar to the AWGN
case, the incorrect decision event DI and the CFR Hk are
correlated as well. Since most error events occur in deep
fading conditions, then E

{
α2
k|DI

}
� E

{
α2
k

}
. Therefore,

to evaluate MSE |DI in (45), the terms E {cos(ϕk)|DI} and
E
{
α2
k|DI

}
should be evaluated first.

• E {cos(ϕk)|DI} :

Because ϕk is a discrete random variable, the conditional
expectation can be expressed as

E {cos(ϕk)|DI} =
∑
ϕk

Pr (ϕk|DI) cos(ϕk) (46)

where ϕk = −2πi
MP

, i ∈ {1, 2, . . . , MP − 1}. For exam-

ple, Pr
(
ϕk = −2π

MP

)
= Pr

(
Âk = A

(1)
k

)
. Recalling Bayes’

theorem with mixed distributions, the conditional probability
Pr (ϕk|DI) can be evaluated as

Pr (ϕk|DI) =
1

Pr (DI)
Pr (DI |ϕk) Pr (ϕk) . (47)

By noting the definition of ϕk and the fact that the transmitted
symbol is A(0)

k , then Pr (DI |ϕk) = 1, and hence,

Pr (ϕk|DI) =
1

PS,k
Pr (ϕk) (48)

where

Pr (ϕk) =

∫ 2π(i+1)
MP

2πi
MP

P (Θk)dΘk, i ∈ {1, 2, ...,MP − 1}

(49)

and
Θk = arg {r∗k+1rk} . (50)

However, at high SNRs Θk ≈ arg{Ak}+ ψk, and since it is
assumed that Ak = A

(0)
k = ejπ/MP , then arg{Ak} = π/MP .

Therefore (49) can be expressed as

Pr (ϕk) =

∫ π(2i+1)
MP

π(2i−1)
MP

P (ψk)dψk, i ∈ {1, 2, ...,MP − 1} (51)
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where P (ψk), which can be obtained from (27),

P (ψk) =

∫ ∞
0

P (αk, ψk) dβk dαk

=
1− ρ2

2π [1− ζ2k ]
3
2

ζk arctan

(
ζk√

1− ζ2k

)
+ 2
√

1− ζ2k + πζk (52)

and ζk = ρ1 cos(ψk) + ρ2 sin(ψk). Finally, Pr (ϕk|DI) is
given by

Pr (ϕk|DI) =
1

PS,k

∫ π(2i+1)
MP

π(2i−1)
MP

P (ψk)dψk. (53)

To the best of our knowledge, the integral in (53) has no closed
form expression, and hence, it will be evaluated numerically.
• E

{
α2
k|DI

}
:

The conditional variance of Hk can be computed as

E
{
α2
k|DI

}
=

∫ ∞
0

α2
kP (αk|DI)dαk (54)

Using Bayes’ rule with mixed distributions, the conditional
PDF P (αk|DI) can be evaluated as

P (αk|DI) =
Pr(DI |αk)P (αk)

Pr(DI)

=
(PS,k|αk)P (αk)

PS,k
. (55)

By noting that the PS,k = PB,k for the BPSK and using (34)
for QPSK, then P (αk|DI) which is given by (55) can be
simplified to

P (αk|DI) =
log2 (MP )

PS,k
(PB,k|αk)P (αk). (56)

Using the joint PDF P (αk, ψk) in (27), and the conditional
BER for BPSK (17) or QPSK (18), then E(α2

k|DI) can be
computed as as depicted in (57) (at the top of the next page).

Finally, the MSE(Ĥk) can be written as

MSE(Ĥk) = (MSE |DC)PC,k + (MSE |DI)PS,k

=
1

SNR
+ 2PS,kE

{
α2
k|DI

}
× (1− E {cos(ϕk)|DI}) . (58)

By noting that most of the terms in (58) are dependent on
Ak+1, then the unconditional MSE can be expressed as

MSE(Ĥk) =
1

MA

MA−1∑
i=0

(
MSE(Ĥk) | A(i)

k+1

)
. (59)

Moreover, by noting that E
{
α2
k|DI

}
≤ 2σ2

H , and noting that
−1 ≤ cos (ϕk) ≤ 1, and hence an upper and lower bounds
can be expressed as

1

SNR
≤ MSE ≤ 1

SNR
+ 8σ2

H P̄S,k. (60)

VI. SPECTRAL EFFICIENCY

In this section, the spectral efficiency of the OSBCE is
evaluated in terms of the throughput, which is defined as
the average number of information bits per subcarrier. In
the most general case, each subcarrier in an OFDM grid
can be modulated using a certain modulation scheme with a
particular modulation order. Therefore, the average number of
information bits over one OFDM grid can be expressed as,

η =
1

NT ×NF

NT−1∑
`=0

NF−1∑
k=0

log2 [M (`, k)] . (61)

where M (`, k) is the modulation order at a given location
(`, k), NT and NF are the time and frequency dimensions of
the OFDM grid, respectively. Fig. 1a shows an example where
NT = 14 and NF = 12.

In practical systems, the value of M (`, k) is dynamically
selected based on the system QoS requirements, the system
resources, modulation order constrains, and the channel state
information (CSI) [39]. Without loss of generality, consider the
case where the values of M (`, k) can be selected dynamically
with the aim of maximizing the throughput of a particular
system under BER, and modulation type/order constraints.
Therefore, the problem can be formulated as

max
M(`,k)∈M

1

NT ×NF

NT−1∑
`=0

NF−1∑
k=0

log2 [M (`, k)] (62a)

Subject to:
P̄B ≤ Pth (62b)

where M is the set of all possible modulation orders, and (62b)
is used to guarantee that the average BER P̄B is less than a
prescribed threshold Pth,

P̄B =

∑NT−1
`=0

∑NF−1
k=0 log2 (M (`, k))PB (γ`,k |M,T )∑NT−1
`=0

∑NF−1
k=0 log2 (M (`, k))

≤ Pth
(63)

where PB (γ`,k |M,T ) is the instantaneous BER for a given
value of M and modulation type T , and the instantaneous SNR
is denoted by γ`,k = |Ak,`|2 · |Hk,`|2 /

(
2σ2

w

)
. Assuming that

the possible modulation types are QAM, MPSK and MASK,
then PB

(
γ`,k |MQ, QAM

)
and PB (γ`,k |MP , MPSK) are given

in [37], while PB (γ`,k |MA, MASK) under the Gray coding
assumption is given by

PB (γ`,k |MA, MASK) =
2 (MA − 1)

MA log2 (MA)

×Q

(√
3 γk,`

4M2
A + 6MA + 2

)
. (64)

It is worth noting that PB for the considered modulation
schemes is computed while assuming perfect knowledge of the
instantaneous SNRs γ`,k. Therefore, the obtained throughput
in (62) can be considered an upper bound because channel
estimation errors may degrade the SNRs, and hence, reduce
the throughput for all the considered techniques.

For a fair comparison between various systems, the power
efficiency should be also taken into consideration. Therefore,
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E
{
α2
k|DI

}
=

log2(MP )

PS,k

∫ ∞
0

∫ ∞
0

∫ π

−π
α2
k (PB,k|ψk, αk) P (αk, βk, ψk)dψk dβk dαk (57)
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Fig. 5. P (ψ) for different values of SNR over the TUx channel where
Ak+1 = 1, MP = 4, and MA = 4.

the power per information subcarrier in the blind system
PSC,blind should be equal to that in the pilot-based system
PSC,pilot. Consequently,

PSC,blind =
NF ×NT

NF ×NT −NP,RB
PSC,pilot (65)

where NP,RB is the number of pilot subcarriers per OFDM
grid. However, since the MASK symbols in the OSBCE are
the most sensitive symbols to noise, the additional power is
allocated to them. Consequently, the power of each subcarrier
with MASK modulation will be assigned an additional 3 dB
gain.

VII. NUMERICAL RESULTS

The performance of the proposed OSBCE is evaluated
over quasi-static flat and frequency-selective multipath fading
channels, where the channel remains fixed over one transmis-
sion frame that consists of 7 OFDM symbols, but may vary
randomly over consecutive frames. The proposed estimator
is compared to pilot-based OFDM systems with the LTE
transmission grid shown in Fig. 1a. The performance of the
proposed estimator is evaluated in terms of SER and MSE.

The OFDM system considered follows the LTE downlink
physical layer specifications [5] where the sampling frequency
is 3.836 MHz, N = 256 subcarriers, NCP = 18 samples,
subcarrier spacing is 15 kHz, total OFDM symbol period is
71.3 µ sec, and CP period is 4.69 µ sec. Two channel models
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Fig. 6. P (ψ) for different values of SNR over a flat fading channel where
Ak+1 = 1, MP = 4, and MA = 4.

are used, the flat fading and the TUx multipath fading model
[40], which consists of 9 taps with normalized delays of [0,
1, . . ., 8] samples, and the average taps’ gains 2σ2

hn
, n = [0,

1, . . ., 8] are [0.269, 0.174, 0.289, 0.117, 0.023, 0.058, 0.036,
0.026, 0.008]. In each simulation run, 30×104 OFDM symbols
are processed.

The PDF of the phase error ψk over the TUx and flat
channels is given in Figs. 5 and 6, respectively, for SNR = 10,
20 and 30 dB given that Ak+1 = 1. As expected, the
figures show that the phase-error variance (σ2

ψ) decreases
as SNR increases, which implies that the channel estimates
can be improved by increasing SNR. However for the TUx
channel, Fig. 5 shows that the phase error is biased where
E {ψk} = arg {%} 6= 0. Such bias is due to the fact that
θk 6= θk+1 in frequency-selective channels, and hence, the
multiplication process of rkr∗k+1 is equivalent to equalization
with biased channel estimates, which causes SER error floors
at high SNRs. Moreover, the figures show that σ2

ψ for the TUx
channel is larger than that of the flat fading channel because
the instantaneous difference between θk and θk+1 is random,
and hence contributes to σ2

ψ . The figures also show the perfect
match between the analytical and simulation results.

Fig. 7 shows P (ψk) for different values of Ak+1 at SNR =
20 dB. It can be noted that ψk is dependent on Ak+1 where
the variance decreases for high values of Ak+1. Such results
imply that minimizing ψk can be obtained by maximizing
Ak+1. However, since the possible values of Ak+1 will affect
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Fig. 7. P (ψ) for different values of Ak+1 over the TUx channel, SNR = 20
dB, MP = 4, MA = 4.

PS,k+1, then the optimal MASK amplitudes should be selected
such that

ak+1 = arg min
ak+1∈R+

N−1∑
i=0

PS,i (66)

where ak+1 =
[
A

(0)
k+1, A(1)

k+1, ..., A(MA−1)
k+1

]
and

1
MA

∑MA−1
i=0

(
A

(i)
k+1

)2
= 1. However, solving such multi-

objective optimization problem is computationally expensive,
and hence we consider the equally spaced amplitudes for the
purposes of this work.

The initial theoretical and simulated SER, Pr(Âk 6= Ak) ∀
k ∈ V, of the MPSK symbols detected using (12) is depicted
in Fig. 8. The results are presented for BPSK and QPSK using
MA = 4, 8 and 16, over the TUx and flat fading channels.
The figure shows that the theoretical and simulation results
match very well. However, a little difference can be observed
for the QPSK case due to the approximation made in (18)
[36], and the Gray coding assumption. Moreover, the impact
of the channel frequency selectivity is observed only at high
SNRs where an error floor starts to appear at SNR & 25 dB.

Fig. 9 shows the impact of increasing the modulation order
MA, as well as the effect of the frequency selectivity of the
channel on the initial SER, Pr(Âk 6= Ak) ∀ k ∈ V. The
figure shows that SER increases by increasing MA which can
be justified by noting that for MA1

< MA2
, A(i)

k+1|MA1
>

A
(i)
k+1|MA2

∀ i ≤ min {MA1
,MA2

}. In other words, increas-
ing MA will introduce more amplitudes with small values,
which is equivalent to equalization using less reliable channel
estimates. The figure also shows that at high SNRs, the impact
of changing MA vanishes for the TUx channel, because SER is
determined by the frequency selectivity of the channel, which
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Fig. 8. Initial theoretical and simulated average SER Pr(Âk 6= Ak) ∀ k ∈ V
over the TUx and flat channels.

caused the bias of ψk. The flat channel kept at the same trends
since SER will always be the dominant factor. Nevertheless,
the initial SER remains sufficiently low to produce reliable
channel estimates.
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Fig. 9. Initial theoretical and simulated average SER Pr(Âk 6= Ak) ∀ k ∈ V
over the TUx and flat channels for different values of MA, and MP = 4.

Fig. 10 shows the conditional variance of the CFR for
MA = 4, and for MP = 2 and 4. As it can be noted from
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Fig. 10. Theoretical and simulated conditional CFR variance in the case of
incorrect decisions as compared to the unconditional variance of CFR for the
TUx channel, MP = 2 and 4, MA = 4.

the figure, the difference between the conditional and uncondi-
tional variances is substantial, and it is inversely proportional
to A

(i)
k+1, which is due to the fact that higher values of A(i)

k+1
are more immune to fading, i.e., making an incorrect decision
requires lower values of αk. The results in the figure confirm
the accuracy of the derived analytical expressions, however,
the simulation results for the BPSK show better match because
they are exact, while the QPSK results demonstrate some
deviation due to the Gray coding approximation.

Fig. 11 presents the theoretical and simulated MSE versus
SNR for BSK and QPSK respectively. As it can be noted from
the figure, the analytical and simulation results match almost
perfectly for SNR & 10 dB. However, the theoretical MSE
of the QPSK slightly deviates from the simulation results at
low SNRs due to the approximations made. Nevertheless, the
results confirm the efficiency of the OSBCE because its MSE
is comparable to pilot-based LSE for a wide range of SNRs,
which is the lower bound for the MSE of the OSBCE. At
very high SNRs, the MSE starts to diverge again from the
lower bound because PS,k suffers from an error floor at such
SNRs. However, the MSE at such high SNRs is much less
than what is required to provide BERs close to those with
perfect knowledge of CSI. Although the derived upper bound
is loose, it is useful to get a general idea about the system
MSE with minimum effort.

Fig. 12 presents the final SER, Pr(Âk 6= Ak), of the
OSBCE for two different groups of subcarriers. In one case
P̄S,k is computed for all subcarriers, and in the other case,
P̄S,k is computed for subcarriers with index k ∈ U, i.e., all
subcarriers except the MPSK data symbols at pilot locations
and the adjacent MASK symbols. In all cases, the final channel
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Fig. 11. MSE of the initial channel estimate Ĥk , MP = 2 and 4, MA = 4.
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Fig. 12. Overall system SER, Pr(Âk 6= Ak), using spline interpolation for
different MQ values, MP = 4 and MA = 4.

estimates [Ĥ0, Ĥ1, . . . , ĤN−1] are obtained using spline
interpolation of the initial channel estimates Ĥk ∀k ∈ V.
The SER results are compared to pilot-based systems where
the initial channel estimates are obtained using LSE, and the
final estimates are obtained using spline interpolation. For all
OSBCE cases, the MASK modulation order MA = 4, and
the SNRs per information bit γb for all systems are identical.
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Fig. 13. Coded BLER for the OSBCE and pilot-based systems using one and
four decoding iterations, MA =MP =MQ = 4.

As it can be noticed from the figure, the SER of the OSBCE
where k ∈ U is about 3 dB worse than the pilot-based system
at moderate SNR values for MQ = 4 and 16. The difference
increases at high SNRs due to the SER floors of the MASK
modulation. For the SER of all subcarriers case, it can be
noted that the SER when MQ = 4 experiences an additional
increase, which is due to the difference between the SER for
MASK and QAM when MA = MQ. For the case of MA = 4
and MQ = 16, it can be noticed that the SER for ∀k and
k ∈ U is almost identical, which implies that the average joint
SER of the 4-PSK and 4-ASK pairs is similar to the 16-QAM
[42]. Therefore, under SER constraints, the OSBCE spectral
efficiency could be less than the FB system.

Fig. 13 presents the block error rate (BLER) of the OSBCE
and pilot-based systems using turbo coding [5]. The block
length is 160 bits, and the channel interleaver is modeled as
512 × 512 random interleaver. As it can be noted from the
figure, the BLER of the OSBCE is comparable to the pilot
based system where the coding gain difference is less than
0.5 dB.

Fig. 14 presents the MSE of the OSBCE and the subspace
estimator reported in [43]. Because the estimation process in
[43] yields the channel impulse response, the channel impulse
response using the OSBCE are obtained by interpolating the
initial channel estimates, and then computing the IFFT. The
results are obtained based on the system and channel models
used in [43]. As it can be noted from the figure, the proposed
OSBCE significantly outperforms the subspace estimator for
the entire range of SNRs. Moreover, it is worth noting that the
observation window in [43] is N/NCP OFDM symbols, while
it is only one OFDM symbol for the OSBCE.

The average throughput of the OSBCE, CM, pilot and
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Fig. 14. MSE of the OSBCE and the subspace blind estimator [43], where
MA =MP = 4.
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Fig. 15. Average throughput per subcarrier for Pth = 10−3.

FB system is shown in Fig. 15, where the FB system is
used as an upper limit to compare the spectral efficiency
of the considered systems. The modulation order for all the
considered systems varies from 1 ≤ M (`, k) ≤ 64, where
the Incremental Allocation Algorithm [44] is used to solve
the optimization problem in (62). For the pilot-based system,
the distribution of the data and pilot subcarriers follows the
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LTE-A transmission grid as in Fig. 1a. As it can be noted
from Fig. 15, the throughput for all the considered systems
is approximately equal for low SNR values, namely for SNR
. 10 dB. In the moderate SNR range, 10 . SNR . 25 dB,
it can be noted that the OSBCE and the pilot-based system
provide equivalent throughput while the CM throughput is well
below the OSBCE and pilot-based systems. At high SNRs, the
OSBCE and CM throughput approaches the FB system while
the pilot-based saturates at 5.71 bit/subcarrier. Therefore, the
OSBCE outperforms the pilot-based and CM for a wide range
of SNRs.

It is worth noting that various approaches have been con-
sidered in the literature to provide the transmitter with the
instantaneous SNRs that are required for applications such as
bit loading, beamforming and precoding. Examples for such
approaches are channel feedback [45], channel sounding [46]
and channel reciprocity [47]. In channel feedback techniques,
the channel estimates are obtained at the receiver side, and then
fed back to the transmitter. On the contrary, channel sounding
and channel reciprocity techniques do not rely on the receiver
because the transmitter directly estimates the channel coef-
ficients. Therefore, the optimization processes performed at
the transmitter become independent of the channel estimation
accuracy at the receiver side if one of the last two techniques
is incorporated.

VIII. CONCLUSION AND FUTURE WORK

In this work, a novel blind channel estimator was introduced
for OFDM systems with single transmit antenna based on a
hybrid OFDM symbol structure, where pilot subcarriers in
conventional OFDM systems are replaced by MPSK symbols,
and the adjacent subcarriers are modulated using MASK.
Therefore, the MASK symbol can be considered equivalent
to the channel frequency response with respect to the MPSK
symbol, and hence, the MPSK symbol can be immediately
detected, and then used to estimate the channel in a DD
manner. The paper also showed that the proposed OSBCE can
be incorporated effectively and efficiently in practical systems
such as LTE-A standard. The proposed estimator requires one
OFDM symbol to estimate the CFR, which makes it suitable
for mobile channels, where the channel frequently varies in
the time domain. Monte Carlo simulation was used to verify
the analytical results, which also confirmed that the OSBCE
can produce reliable channel estimates as compared to pilot-
based systems, with similar complexity, but with improved
spectral efficiency. In future work, the proposed technique will
be extended to the multiple transmit antenna case.
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