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Performance of a Method for the Estimation of Carrier and Sampling Frequency
Offsets in OFDMWLAN Systems

Qi Cheng

School of Engineering, Design and Built Environment, Western Sydney University, Locked Bag 1797, Penrith MC, 1797 NSW, Australia

ABSTRACT
Amethodwaspublished in 2020 for the estimationof the residual carrier frequencyoffset (RCFO) and
sampling frequency offset (SFO) in WLAN OFDM systems. The purpose of this paper is to compare
this method with one existing method for more examples to make a fair comparison in terms of
estimation accuracy and computational load.
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1. INTRODUCTION ANDMODEL OF DATA
SYMBOLS

A method was proposed in [1] for the estimation of the
RCFO and SFO. It is compared with themethods in [2, 3]
and the maximum-likelihood methods in [4, 5]. In [1],
limited simulation results were presented, and one par-
ticular concern is that the method in [1] always performs
better than the method in [3]. In this paper, more cases
are considered to provide a fair comparison between the
method in [1] and the method in [3]. Our finding is that
themethod in [3] can also outperform that in [1] in some
cases.

A WLAN OFDM system is considered in this paper.
In this system, each data symbol contains N = 64 sam-
ples and Ncp = 16 samples of cyclic prefix at the begin-
ning. The cyclic prefix is the replica of the 16 samples at
the end. It is used to combat multipath channel impact
and is dropped at the receiver. Sixty-four subcarriers are
allocated to each user. Among those subcarriers, only
P = 56 subcarriers are active. Fifty-two active subcarri-
ers are used to transmit (unknown) information-bearing
symbols. The remaining four subcarriers are reserved to
transmit (known) pilot symbols. All subcarriers are rep-
resented by indices: −32, . . . ,−1, 0, 1, . . . , 31. The active
subcarrier indices are given in the set

K = [−28, . . . ,−1, 1, . . . , 28], (1)

and the indices of the four pilot subcarriers are given in
the set

P def= [p1, p2, p3, p4] = [−21,−7, 7, 21]. (2)

Subcarriers with indices −32, . . . ,−29, 29, . . . , 31 form
the guard band on the two sides of the spectrum.

Information-bearing symbols are randomly taken from
the QPSK constellation for each data symbol and then
fixed. Pilot symbols are randomly chosen from the BPSK
constellation and are fixed for all data symbols. Note that
pilot symbols are allowed to vary in a known pattern in
IEEE 802.11a standards [6], but in this paper, we con-
sider the simple case of the same pilot symbols for all data
symbols.

Denote the RCFO by ε. The RCFO is obtained by sub-
tracting a course estimate of a fractional CFO from it [7].
The fractional CFO is within the subcarrier spacing, and
the RCFO is even much smaller. Denote the SFO by ζ .
IEEE 802.11a standards [6] recommend that the accuracy
of the oscillator sampling frequency be within the range
±100 ppm, that is equivalent to

|ζ | ≤ 10−4. (3)

An L-tap multipath channel is defined by complex coef-
ficients hl, l = 0, 1, . . . , L − 1. The channel frequency
response at the subcarrier frequency with index k is
defined as

Hk =
L−1∑
l=0

hlz−k
0 . (4)

The sampling instant of the first sample in the cyclic
prefix of the first data symbol is chosen as the start of
time. Then the last N samples of the received data of ith
data symbol with the impact of the CFO/channel can be
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represented as

yi(n) = zε(1+ζ )(ni+n)
0

∑
k∈K

zkζ(n0,i+n)+kn
0 Hksi(k),

z0 = ej2π/N , n = 0, 1, . . . ,N − 1, i = 1, 2, . . . , I
(5)

where I is the total number of data symbols col-
lected at the receiver, n0,i = (N + Ncp)(i − 1), ni =
n0,i + Ncp and si(k), ∀k ∈ K contain information-
bearing (unknown) symbols and pilot (known) symbols
of the ith (OFDM) data symbol. Hk in (5) is assumed to
remain constant during the collection of I data symbols.
But it varies among different simulation runs.

In practice, received data symbols are corrupted by noise.
The noisy received ith data symbol is written as

ŷi(n) = yi(n) + ξi(n) (6)

where ξi(n) are measurement noise quantities of the ith
data symbol. ξi(n) are assumed to be Gaussian with i.i.d.
(independent and identically distributed) real and imag-
inary parts of mean zero and variance σ 2/2. The noise is
also assumed to be independent of the channel.

The problem of this paper is to determine ε, ζ from noisy
data symbols in (6).

2. REVIEWOF EXISTINGMETHODS

The methods in [1–3] will be reviewed in this section.

Demodulated samples of the ith compensated data sym-
bol at the pilot subcarriers are equal to its DFT and are
given by

Yi(pm) = (1/N)

N−1∑
n=0

yi(n)z
−pmn
0

= zNcpε
0 z(ε+ζpm)n0,i

0 Hpmsi(pm)

+ zεNcp
0

∑
k∈K

z(ε+ζk)n0,i
0 Hksi(k)

·
(N−1∑

n=0
(z(ε+ζk)n

0 − 1)z(k−pm)n
0 /N

)
(7)

≈ zNcpε
0 z(ε+ζpm)ni

0 Hpmsi(pm), pm ∈ P (8)

where the approximation is based on the assumption
that the RCFO and SFO are sufficiently small. For details,
readers can refer to (20) and Figure 1 in [7].

The methods in [1–3] are based on the correlation of any
two adjacent data symbols. The correlation for the ith and
(i + 1)st data symbols is defined as

ri(pm) = (Yi(pm))∗Yi+1(pm), pm ∈ P . (9)

From (8), one can have

ri(pm) ≈ |Hpm |2|si(pm)|2z(ε+pmζ )(N+Ncp)
0 , pm ∈ P

(10)

where si(pm) = si+1(pm) is used. Multiple correlations at
a pilot subcarrier are combined and written as

r(pm) =
I−1∑
i=1

ri(pm), pm ∈ P . (11)

From (10) and the assumption of sufficiently small ε and
ζ , estimates of ε and ζ are found from the following
equation for m=1,2,3,4:

ε + pmζ = [
∠r(pm)

]
/(2π((N + Ncp)/N)), pm ∈ P

(12)

where ∠ denotes the phase of a complex number.

Define

Ŷi(pm) = (1/N)

N−1∑
n=0

ŷi(n)z
−pmn
0 (13)

r̂(pm) =
I−1∑
i=1

(Ŷi(pm))∗Ŷi+1(pm), pm ∈ P . (14)

Let

φ̂(pm) = [
∠r̂(pm)

]
/(2π((N + Ncp)/N)) (15)

φ̂ = [φ̂(p1), φ̂(p2), φ̂(p3), φ̂(p4)]T (16)

a1 =

⎡
⎢⎢⎣
1
1
1
1

⎤
⎥⎥⎦ , a2 =

⎡
⎢⎢⎣
p1
p2
p3
p4

⎤
⎥⎥⎦ (17)

A = [a1 a2] . (18)

Then it is well known that a weighted least-squares
(WLS) method for joint estimation of ε and ζ can be
given as [3][
ε̂wls
ζ̂wls

]
= (ATQA)−1ATQφ̂ (19)

whereQ is a positive-definite real matrix (QT = Q).
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Define the following noise-free phase vector:

φ = A
[
ε

ζ

]
. (20)

Then the phase estimation covariance matrix can be
written as

E{(φ̂ − φ)(φ̂ − φ)T} def= (Q0)
−1 (21)

where the statistical expectation E in (21) is taken
with respect to noise quantities for non-random RCFO,
SFO and a non-random channel. For random channels,
though one can still define such a covariance matrix, an
explicit expression is extremely difficult to obtain. It is
proven in [3] that whenQ = Q0 in (19), theWLSmethod
yields estimates of the smallest covariances. That method
will be called the optimum WLS (OWLS) method. It
was proposed in [3]. The OWLS estimates of ε and ζ

from (19) are given by[
ε̂owls
ζ̂owls

]
= (ATQ0A)−1ATQ0φ̂. (22)

In WLAN systems, the pilot subcarrier indices satisfy
the property that p1 = −p4, p2 = −p3. Hence, aT1 a2 = 0,
and, when Q in (19) becomes an identity matrix, the
matrix in inversion becomes a diagonal one and theWLS
method reduces to the least-squares (LS) method (with-
out weighting) in [2]. The LS method yields estimates of
ε and ζ given by

[
ε̂ls
ζ̂ls

]
=
[
(aT1 a1)

−1 0
0 (aT2 a2)

−1

][
aT1 φ̂

aT2 φ̂

]

=
[
(aT1 a1)

−1aT1 φ̂

(aT2 a2)
−1aT2 φ̂

]
. (23)

The method in [1] is called successive interference
(SIC) cancellation-based weighted least-squares estima-
tion. Hereafter, it will be called the SIC method. Based
on the relationships (10) and (12), the SIC estimates of ε
and ζ are given by [1]

ε̂sic =
[
∠
( 4∑
m=1

r̂pm

)]
/(2π((N + Ncp)/N)) (24)

ζ̂sic = (aT2Q0a2)−1aT2Q0(φ̂ − a1ε̂sic). (25)

The SIC method differs from the OWLS method in the
estimation of the RCFO. In (24), correlations of the four
pilot subcarriers are added first, and a single phase is
obtained next. In contrast, in the OWLS method, four
phases are obtained from the correlations for all pilot sub-
carriers. In this paper, the main purpose is to investigate

whether the calculation of a single phase for the RCFO
can always lead to accuracy improvement. In the numer-
ical comparison section, it will be demonstrated that this
is not always true.

According to the analysis (performed for two data sym-
bols and but also applicable to multiple data symbols) in
[3], at high signal-to-noise ratio and for non-random suf-
ficiently small RCFO/SFO and for a non-random chan-
nel, Q0 is approximately a diagonal matrix and its diag-
onal elements can be written as α|Hpm |2 for pm ∈ P as
given in (33) of [3]. Here, | · | denotes the magnitude of a
complex number. Note that α contains the contribution
of other unknown quantities, but remains unchanged
∀m. Thus one can drop α and replace those diagonal ele-
ments with |Hpm |2 without affecting the performances of
the OWLS and SIC methods. In practice, the noiseless
channel frequency response |Hpm |2 is not available. Based
on (8), it is substituted by its estimate

|Ĥpm |2 =
I∑

i=1
|Ŷi(pm)|2/I. (26)

Note: In [1], the LS method and OWLS method were
incorrectly referenced to [21] and [20] of that paper.
Those two papers were published in IEICE journals in
2019, but they are not the original contributors of the LS
and OWLS methods.

3. ESTIMATION ERROR EXPRESSION

To verify simulation results, a first-order approximation
is adopted to derive first-order estimation error expres-
sions in this section. The symbol .= is used to denote the
first order approximation. In the first order approxima-
tion, only constant terms and first-order terms of ε, ζ and
noise quantities are kept.

Let

bi,pm = zεNcp
0

∑
k∈K

z(ε+ζk)n0,i
0 Hksi(k)

·
(N−1∑

n=0
(z(ε+ζk)n

0 − 1)z(k−pm)n
0 /N

)
. (27)

Then according to (13), the noisy demodulated samples
can be rewritten as

Ŷi(pm) = (1/N)

N−1∑
n=0

ŷi(n)z
−pmn
0

= zεNcp
0 z(ε+ζpm)n0,i

0 Hpmsi(pm) + bi,pm
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+ (1/N)

N−1∑
n=0

ξi(n)z
−pmn
0

= zεNcp
0 z(ε+ζpm)n0,i

0 Hpmsi(pm) + bi,pm

+ (1/N)

N−1∑
n=0

ξi(n)z
−pmn
0 . (28)

Also let

ci,pm = bi,pm + (1/N)

N−1∑
n=0

ξi(n)z
−pmn
0 . (29)

Then one can obtain

Ŷi(pm)
.= zεNcp

0 z(ε+ζpm)n0,i
0 Hpmsi(pm) + ci,pm . (30)

Finally, the correlation of the noisy demodulated samples
in the two adjacent data symbols at a pilot subcarrier can
be written as

(Ŷi(pm))∗Ŷi+1(pm)

= z(ε+ζpm)(N+Ncp)
0 |Hpm |2|si(pm)|2

+ z−εNcp
0 z−(ε+ζpm)n0,i

0 (Hpmsi(pm))∗ci+1,pm

+ c∗i,pmz
εNcp
0 z(ε+ζpm)n0,i+1

0 Hpmsi+1(pm)

+ c∗i,pmci+1,pm
.= [1 + j(2π(N + Ncp)/N)(ε + ζpm)]

× |Hpm |2|si(pm)|2

+ z−εNcp
0 z−(ε+ζpm)n0,i

0 (Hpmsi(pm))∗ci+1,pm

+ c∗i,pmz
εNcp
0 z(ε+ζpm)n0,i+1

0 Hpmsi+1(pm)

def= [1 + j(2π(N + Ncp)/N)(ε + ζpm)]

× |Hpm |2|si(pm)|2
+ d∗

i,pm(Hpmsi(pm))∗ci+1,pm

+ c∗i,pmdi+1,pm(Hpmsi+1(pm)).

Then the sum of all correlations is given by

r̂(pm) =
I−1∑
i=1

(Ŷi(pm))∗Ŷi+1(pm)

.= [1 + j(2π(N + Ncp)/N)(ε + ζpm)]

·
I−1∑
i=1

|Hpm |2|si(pm)|2

+ j�
( I−1∑

i=1
d∗
i,pm(Hpmsi(pm))∗ci+1,pm

)

+ j�
( I−1∑

i=1
c∗i,pmdi+1,pm(Hpmsi+1(pm))

)

where J denotes the imaginary part of a complex num-
ber. Since si(pm) = s1(pm) for i ∈ [2, . . . , I] and they are
BPSK symbols, then

I−1∑
i=1

|Hpm |2|si(pm)|2 = (I − 1)|Hpm |2|s1(pm)|2

= (I − 1)|Hpm |2.

Hence

r̂(pm)

(I − 1)|Hpm |2
.= 1 + j(2π(N + Ncp)/N)(ε + ζpm)

+ j�
(∑I−1

i=1 d
∗
i,pm(Hpmsi(pm))∗ci+1,pm

(I − 1)|Hpm |2
)

+ j�
(∑I−1

i=1 c
∗
i,pmdi+1,pm(Hpmsi+1(pm))

(I − 1)|Hpm |2
)

def= 1 + j(2π(N + Ncp)/N)(ε + ζpm + fpm)

and the estimated phases are equal to

∠r̂(pm) = ∠ r̂(pm)

(I − 1)|Hpm |2
.= (2π(N + Ncp)/N)(ε + ζpm + fpm). (31)

Define f = [fp1 , fp2 , fp3 , fp4 ]T . Then the OWLS estimation
errors are given by

[
ε̂owls − ε

ζ̂owls − ζ

]
= (ATQ0A)−1ATQ0(φ̂ − φ)

= (ATQ0A)−1ATQ0f . (32)

From

4∑
m=1

r̂(pm)
.= 1 + j(2π(N + Ncp)/N)(I − 1)ε

4∑
m=1

|Hpm |2

+ j(2π(N + Ncp)/N)(I − 1)ζ
4∑

m=1
pm|Hpm |2

+ j
4∑

m=1
�
( I−1∑

i=1
d∗
i,pm(Hpmsi(pm))∗ci+1,pm

)
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+ j
4∑

m=1
�
( I−1∑

i=1
c∗i,pmdi+1,pm(Hpmsi+1(pm))

)
,

one obtains that

∠
4∑

m=1
r̂(pm)

.= (2π(N + Ncp)/N)(I − 1)ε
4∑

m=1
|Hpm |2

+ (2π(N + Ncp)/N)

× (I − 1)ζ
4∑

m=1
pm|Hpm |2

+
4∑

m=1
�
( I−1∑

i=1
d∗
i,pm(Hpmsi(pm))∗ci+1,pm

)

+
4∑

m=1
�
( I−1∑

i=1
c∗i,pmdi+1,pm(Hpmsi+1(pm))

)
.

Then the SIC RCFO estimate is equal to

ε̂sic = ∠∑4
m=1 r̂(pm)

(2π(N + Ncp)/N)(I − 1)
∑4

m=1 |Hpm |2

.= ε + ζ
∑4

m=1 pm|Hpm |2∑4
m=1 |Hpm |2

+
∑4

m=1 �
(∑I−1

i=1 d
∗
i,pm(Hpmsi(pm))∗ci+1,pm

)
(2π(N + Ncp)/N)(I − 1)

∑4
m=1 |Hpm |2

+
∑4

m=1 �
(∑I−1

i=1 c
∗
i,pmdi+1,pm(Hpmsi+1(pm))

)
(2π(N + Ncp)/N)(I − 1)

∑4
m=1 |Hpm |2

def= ε + ceps

and the corresponding estimation error is given by

ε̂sic − ε = ceps. (33)

Next, the SIC SFO estimate can be shown to be equal to

ζ̂sic − ζ = (aT2Q0a2)−1aT2Q0((φ̂ − φ) − a1(ε̂sic − ε))

= (aT2Q0a2)−1aT2Q0(f − a1ceps). (34)

4. COMPUTATION LOAD ANALYSIS

In [1], no details were given on how the computational
loads are calculated for the OWLS and SIC methods. In
this section, a detailed analysis is provided. For analysis
convenience, only the first two data symbols are consid-
ered in 4.1 adn 4.2. The result obtained there can be easily
extended to the case of more data symbols in 4.3.

In the implementation of the OWLS and SIC methods,
each diagonal element ofQ0 in (21) is replaced by |Ĥpm |2

and can be calculated using 2 real multiplications and 1
real addition from Ŷi(pm) in (7). Thus Q0 can be com-
puted using 8 real multiplications and 4 real additions.
In this section, a division is counted as (equivalent to) 1
multiplication and a subtraction is counted as 1 addition.

r̂(pm),∀pm ∈ P have to be calculated from the demod-
ulated samples, using 4 complex multiplications for 2
data symbols. Next, φ̂(pm), ∀pm ∈ P are calculated from
r̂(pm), ∀pm ∈ P . In this step, the tangent values have
to be calculated from 4 real divisions followed by the
inverse tangent operations. To simplify analysis, a tan-
gent (inverse tangent) operation is counted as 1 mul-
tiplication. This requires 8 real multiplications. These
two steps are required by both the OWLS and SIC
methods.

4.1 OWLSMethod

By exploiting the symmetry of the pilot locations,ATQ0A
can be written as

⎡
⎢⎢⎢⎢⎣

4∑
m=3

am
4∑

m=3
pmbm

4∑
m=3

pmbm
4∑

m=3
(pm)2am

⎤
⎥⎥⎥⎥⎦

where am = |Ĥpm |2 + |Ĥp5−m |2 and bm = |Ĥpm |2
− |Ĥp5−m |2. Values of (pm)2,m = 3, 4 can be pre-
calculated and stored. The squared channel frequency
responses are added/subtracted first, and thenmultiplied
with pilot indices or their squares. After those multipli-
cations, additions are still required. Hence, fromQ0, one
can calculate ATQ0A using 4 real multiplications and
4+ 6 = 10 real additions.

From ATQ0A, one can calculate (ATQ0A)−1using 6 real
multiplications and 1 real additions.

Due to the symmetry of the pilot locations, ATQ0φ̂ can
also be written as

⎡
⎢⎢⎢⎢⎣

4∑
m=3

(|Ĥpm |2φ̂(pm) + |Ĥp5−m |2φ̂(p5−m))

4∑
m=3

pm(|Ĥpm |2φ̂(pm) − |Ĥp5−m |2φ̂(p5−m))

⎤
⎥⎥⎥⎥⎦ .

Hence, from Q0, one can calculate ATQ0φ̂ using
4+ 2 = 6 real multiplications and 2+ 2 = 4 real
additions.
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As analyzed in the second last paragraph of 6.2 of
[7], from ATQ0A and ATQ0φ̂, (ATQ0A)−1 · ATQ0φ̂

requires 7 real multiplications and 3 real additions.

The computational load of the OWLSmethod is summa-
rized in Table 1, where additions are omitted.

4.2 SIC Method

The RCFO estimation aT1 r̂ requires 4 complex additions.

Note that aT2Q0a2 = ∑4
m=3(pm)2(|Ĥpm |2 + |Ĥp5−m |2).

This requires 2 real multiplications and 4 real additions.

aT2Q0φ̂ = ∑4
m=3 pm(|Ĥpm |2φ̂(pm) − |Ĥp5−m |2φ̂(p5−m)).

This requires 6 real multiplications and 4 real additions.

(aT2Q0a2)−1 · aT2Q0φ̂ requires further 1 real division
(equivalent to one multiplication).

The computational load of the SIC method is summa-
rized in Table 2, where additions are omitted.

4.3 Comparison

One complex multiplication is equivalent to 4 real
multiplications. In terms of the number of complex

Table 1: Numbers of multiplications in individual steps
required by the OWLSmethod (two data-symbol case)

Complex multiplication Real multiplication

Q0 8

r̂(pm), ∀pm ∈ P 4

φ̂ 8

ATQ0A 4

(ATQ0A)−1 6

ATQ0φ̂ 6

(ATQ0A)−1 7

·ATQ0φ̂
Total 4 39

Table 2: Numbers of multiplications in individual steps
required by the SICmethod (two data-symbol case)

Complex multiplication Real multiplication

Q0 8

r̂(pm), ∀pm ∈ P 4∑4
m=1 r̂(pm) 1

φ̂ 8

aT2Q0a2 2

aT2Q0φ̂ 6

(aT2Q0a2)−1 1

·aT2Q0φ̂

Total 4 26

multiplications, the OWLS computational load is 13.75
and the SIC computational load is 10.5.

The RCFO and SFO estimations are followed by com-
pensation, to remove the impact of these two fre-
quency offsets, to recover information-bearing sym-
bols. The computational load of an estimation method
should include the load of compensation. The compu-
tational load of the demodulated samples in (13) is not
counted because it is an inherent part of an OFDM
receiver.

Compensation is performed by multiplying z−(ε̂+ζ̂k)ni
0

∀k ∈ K to the demodulated samples of each data sym-
bol. Here, ε̂ and ζ̂ are the RCFO and SFO estimates.
Those demodulated samples have the same form as
Yi(pm) in (7) if pm is replaced by k. The calcula-
tion of z−(ε̂+ζ̂k)ni

0 ∀k ∈ K requires at least P complex
multiplications. Multiplying these factors to all samples
requires additional P complex multiplications. For I data
symbols, the SIC computational load is Lsic = 10.5(I −
1) + 4PI, and the OWLS load is Lowls = 13.75(I − 1) +
4PI. For I = 2, one obtains that Lowls/Lsic = 1.0071,
Lowls/Lsic = 1.0125 for I = 10, Lowls/Lsic = 1.0132 for
I = 20, and Lowls/Lsic = 1.0135 for I = 40. Hence, in
this case, the saving provided by the SIC method is no
more than 1.4%.

5. NUMERICAL COMPARISON

In this section, numerical evaluations will be used to
compare the OWLS and SIC methods in terms of the
estimation accuracy.

The parameters ε = 10−2 and ζ = 10−4 were fixed in all
simulation runs. Rayleigh channels were used and vary-
ing for various simulation runs. Each Rayleigh channel
has L = 12 taps with power delay profiles of E{|hl|2} =
e−l/12, l = 0, 1, . . . , L − 1. The signal-to-noise ratio is
defined as SNR = 10 log10[P/(Nσ 2)] (dB).

The estimation accuracy is measured by the root-mean
squared error (RMSE) of estimates produced by amethod
in multiple runs of Monte Carlo simulation. The RCFO
RMSE is defined as

√√√√Nsim∑
i=1

(ε̂i − ε)2/Nsim

where ε̂i is an estimate of ε given by a method in the ith
simulation run and Nsim = 2000 is the total number of
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simulation runs. The SFO RMSE is defined as

√√√√Nsim∑
i=1

(ζ̂ i − ζ )2/Nsim

where ζ̂ i is an estimate of ζ generated along with ε̂i

by the same method in the ith simulation run. Simu-
lated RMSEs will be denoted by the notation “simu”.

Calculated RMSEs using (32), (33), (34), will be denoted
by the notation “cal”.

The performance of the LS method was always the poor-
est in all simulation examples, and thus its RMSEs will
not be shown.

First, the SIC and OWLS are compared for I = 2 ver-
sus SNR which is the same case as in Figures 1–2 of

Figure 1: RMSEs of ε, versus SNR, for the SIC and OWLS methods. The number of data symbols is I = 2

Figure 2: RMSEs of ζ , versus SNR, for the SIC and OWLS methods. The number of data symbols is I = 2
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[1]. The RMSEs of ε are shown in Figure 1. The RMSEs
of ζ are shown in Figure 2. Calculated RMSEs are very
close to simulated RMSEs for high SNRs. When SNR is
below 18 dB, calculated RMSEs do not match simulated
RMSEs because the estimation error is not small enough
and the first-order perturbation is no longer valid. In this

example, the SIC method performs better than the OWLS
method (except for the RCFO at the high SNR range).

Next, the SIC andOWLSmethods are compared for SNR
= 20 dB and SNR = 26 dB versus I, the number of data
symbols. The RMSEs of ε are shown in Figure 3. The

Figure 3: RMSEs of ε, versus the number of data symbols (I), for the SIC and OWLS methods. SNR = 20 dB and SNR = 26 dB

Figure 4: RMSEs of ζ , versus the number of data symbols (I), for the SIC and OWLS methods. SNR = 20 dB and SNR = 26 dB
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RMSEs of ζ are shown in Figure 4. Calculated RMSEs
are very close to simulated RMSEs for SNR = 26 dB. But
this is not the case for SNR = 20 dB, probably due to
not very small errors. However, in this example, the SIC
method performs worse than the OWLS method when the
number of data symbols is large.

6. CONCLUSION

The SIC method is compared with the OWLS method.
For a small number of data symbols, the SICmethod pro-
vides more accurate RCFO and SFO estimates. However,
for a large number of data symbols, the OWLS method
provides more accurate RCFO and SFO estimates.

The RCFO and SFO estimations are always followed by
compensation for the retrieval of information-bearing
symbols. Based on our analysis, compensation consti-
tutes the most computational load for both methods; and
as a result, the computational advantage offered by the
SIC method is marginal.
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