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Carrier frequency offset (CFO) is a challenging problem in the uplink of orthogonal frequency division
multiple access (OFDMA). In this paper, we present a new CFO compensation technique for interleaved
OFMA uplink. The received signal for each user is corrected by the CFO composed of CFO values from two
adjacent users and then the residual interference is cancelled by the parallel interference canceller (PIC)
algorithm. In the following we analyze the performance of the proposed method and derive a signal-to-
interference (SIR) expression. Finally, simulation results show acceptable performance of the proposed
method in comparison with some conventional techniques with lower complexity.
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1. Introduction

Orthogonal frequency division multiple access (OFDMA) is
widely used for wireless communication networks, e.g., IEEE
802.11, IEEE 802.16, etc. A precoded version of OFDMA, called SC-
FDMA, is used in long term evolution (LTE). This is because of its
high spectral efficiency and immunity against multipath fading
in wireless channels [1]. In addition, as an important advantage,
OFDMA systems enjoy simple frequency domain equalization tech-
niques against many wireless systems.

Subcarriers in OFDMA are partitioned into several mutually
exclusive subsets. Each subset of subcarriers is assigned to a distinct
user for simultaneous transmissions. There are different schemes
for subcarrier assignment. Two main categories are block and
interleaved schemes [1]. In the block allocation all the assigned
subcarriers to each user are adjacent, where they are distributed
uniformly for the whole available bandwidth in the interleaved
allocation.

Similar to orthogonal frequency division multiplexing (OFDM),
OFDMA is sensitive to carrier frequency offset (CFO) caused by the
Doppler effect and oscillator instabilities [1,2]. In OFDMA, CFO dis-
rupts orthogonality among subcarriers. It results in inter-carrier
interference (ICI), which is the interference between the subcarri-
ers of each user, and multiple access interference (MAI), which is
the interference between subcarriers of different users [1].
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Frequency synchronization is a more challenging problem in
uplink transmission than that of downlink, where the received
signal is the summation of incoming signals from different users
through various wireless channels with distinct CFO values [1]. Itis
not possible to compensate different CFOs at the base station (BS)
for different users simultaneously [1]. Therefore, the performance
of OFDMA system in uplink is limited by interference that is caused
by each user for other users, called MAI. The interleaved allocation
is more sensitive to CFO compared to other assignment schemes
[3]. Also subcarriers of a certain user in interleaved allocation are
far apart. Therefore ICI in the interleaved allocation is negligible
and the major part of interference is MAI

There are many proposed schemes to correct CFO values in the
uplink of OFDMA systems [1]. These schemes are classified into
two categories, feedback adjustment and user detection [1]. Feed-
back schemes need to send feedback information that reduces data
rate and spectral efficiency. Also, the performance gain cannot be
obtained in time-variant channels. In the user detection techniques,
synchronization errors are compensated directly in base station
using advanced signal processing techniques.

Most of the user detection techniques can be divided into two
categories. The first group uses a straightforward approach. The
CFO of each user is compensated in time domain directly. This tech-
nique is called single user detection (SUD) [4]. The computational
complexity of SUD increases by increasing the number of users.
To reduce the complexity, a modified version has been proposed
by Choi-Lee-Jung-Lee’s (CLJL) in frequency domain [5]. Although
the CLJL technique cannot improve the performance in comparison
with SUD, but it has a lower complexity than SUD. Both CLJL and
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SUD will omit ICI but MAI remains. Since residual MAI limits the
performance of SUD and CLJL, some interference cancellation (IC)
algorithms have been used to remove MAI [1]. Interference can-
cellation is performed in both successive and parallel modes [1].
Successive interference cancellation (SIC) removes MAI from sub-
carriers user by user, where parallel interference cancellation (PIC)
removes MAI on all subcarriers simultaneously. PIC schemes are
more common because of their faster computation due to paral-
lel processing. Conventional linear PIC (CLPIC) algorithm performs
interference cancellation in the frequency domain to improve the
performance of SUD technique [G]. A modified version of the CLPIC
that uses optimum weights for MAI constellation improves the
performance while it increases the complexity [6]. Huang-Letaief
circular convolution (HLCC) removes MAI in frequency domain
to improve the performance of CLJL technique [7]. A comparison
between HLCC and CLPIC reveals that the HLCC scheme performs
better than CLPIC when the individual CFO values are small, where
the later case performs better than HLCC scheme for the small dif-
ference between CFO values(even if the CFO values are large) [6].
Both HLCC and CLPIC schemes improve the performance at the cost
of high complexity. Furthermore, the above mentioned techniques
are sensitive to power control imperfection [8].

Another class of user detection techniques is multi user
detection (MUD), where CFO compensation and equalization are
performed simultaneously. MUD is based on the fact that the
received signal at BS is combination of transmitted symbols by
different users. This linear combination is not reversible. How-
ever the minimum mean square error (MMSE) detection can be
used to obtain the transmitted symbols. Although the accuracy
of MMSE solution is acceptable, but it requires high computa-
tional complexity due to N x N matrix inversion, where N is the
total number of subcarriers. Some researches are focused on com-
plexity reduction of MMSE [9-15]. Recently, a low complexity
CFO compensation technique based on the least squares (LS) and
MMSE criteria applicable to interleaved and block interleaved car-
rier assignment schemes has been proposed [13]. This technique
utilizes the special block circulant property of the interference
matrix that has the same performance as MUD. Also a low complex-
ity CFO compensation method with receiver windowing has been
proposed [14]. It is worth noting that this complexity reduction is
archived in expense of some spectral efficiency loss.

Briefly, SUD-based methods maximize desired signal power and
mitigate ICI in CFO compensation stage, and also remove MAI
using interference cancellation stages, where MUD-based methods
extract transmitted symbols directly. Although MUD-based meth-
ods improve the performance of CFO compensation significantly,
but SUD-based methods have lower computational complexity
[1]. This paper proposes a low-complexity SUD-based method for
the interleaved OFDMA system. Our proposed method performs
compensation with the goal of signal-to-interference (SIR) maxi-
mization. The main idea is upon the feature that each subcarrier
suffers from high MAI and negligible ICI in the interleaved OFDMA
system [16]. Conventional schemes use estimated CFO value to
compensate CFO for each user directly, whereas the proposed
scheme uses a combination of CFO values from two adjacent users
to compensate CFO. The complexity of our approach is comparable
to other SUD-based methods. Simulation results show satisfy-
ing performance with reasonable complexity. Also, the proposed
method shows notable stability against imperfect power control
due to MAI minimization. To further improve the performance,
a PIC algorithm is proposed. According to simulation results, the
proposed algorithm has a comparable performance with CLPIC and
HLCC but with a much lower complexity.

The rest of this paper is organized as follows. In Section 2 OFDMA
system uplink in the presence of CFO is modelled. The proposed CFO
compensation technique is presented in Section 3. Analysis of the

proposed PIC scheme is reported in Section 4. Section 5 provides
simulation results and finally this paper is concluded in Section 6.

2. System model

Consider an uplink OFDMA system with M active users. Each
user communicates with BS through an independent multi-path
channel (Fig. 1). There are N subcarriers on each OFDMA symbol
assigned to active users with interleaved allocation. The informa-
tion symbol of the mth user on the kth subcarrier is denoted by
Xm(k), k € Irm, where T, is the set of subcarrier indices that are
assigned to the mth user. Also Z; = {i+ Mqlq =0, ...,(N/M)} sat-
isfies 7; (" Z; =0, for i + j and Ui.\ilI,» ={1,2,...,N}. After IDFT
processing and adding guard period, the time domain transmitted
signal of the mth useris [1]

Xm(n) = ZXm(k)eﬂ%,

keIm

“Ng<n<N-1 1)

where Ny is the length of guard interval. The received signal at the
BS from the mth user is

Ym(n) = xm(n) * cm(n) (2)

where ciy(n) is the channel impulse response (CIR) between the mth
user and BS. Channel coefficients ¢;,(n), m=1,...,M,n=0,...,L -1
are statistically independent and i.i.d complex Gaussian random
variables with zero mean and

E{lcm(n)?) = Bme T, n=0,1,...,.L—1, (3)

where L is the maximum delay spread of the channel and S, is a
scaling factor for the average energy of CIR, as

L-1

> Elcmm)P) = yin. 4)

n=0

The received signal at the BS after coarse frequency synchro-
nization is [1]

M
)=y yi(n)- @™/ L w(n), —Ng<n<N-1. (5)
i=1

where w(n) is AWGN with zero mean and variance o2 and &y, is
the normalized CFO (to subcarrier spacing) between the mth user
and BS. According to (5), the CFO effect is a frequency shift on the
transmitted signal of each user. After removing guard interval, the
received signal on the kth subcarrier is [1]

M
R(k) = DFT(r(n)) = » * Y Xi(w)Ci(w)D(k, u, &;) + W(K),

i=1uel;
k=1,...,N, (6)

where X;(u), Ci(u) and W(k) are information symbol, CIR from the ith
user to BS and noise in the frequency domain respectively. Also D(k,
u, &;)is the leakage power of the uth subcarrier on the kth subcarrier,
where u € Z;. The leakage power D(k, u, &;)=fn(u—k+¢g;), where

fnx)is [1]
fu(x) = sin(x) - ™= %) /N sin (%) . 7)

It is clear that the absolute value of fy(x) is a periodic quasi Sinc
function with period N. Interestingly, it has a large main lobe and
the power of sidelobes are dropped very fast by keeping out from
the main lobe. For each subcarrier, we can categorize R(k) into four
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SIR(m, k) = (9)

where SP(m, k), IP(m, k) and MP(n, m, k) are the desired signal power
on the kth subcarrier, ICI power and MAI power respectively. In the
interleaved OFDMA system uplink, we have [16]

SP(m, k) = Ifn(em)I?, (10)
IP(m, k) = fu(em)I* — fn(em)I?, (11)
MP(n, m, k) = [fu(n —m + &n)|?, (12)

A simple mathematical description for SIR in the interleaved
OFDMA system is obtained by substituting (10), (11) and (12) in
(9). The CFO correction technique SUD is achieved by multiplying
r(n) to e~027ém/N) where &, is the estimated CFO for the mth user.
Accordingly, the average SIR on the kth subcarrier of the mth user
is

SIR(m, k)

[fn(Em — Em)I?

S an— mt £ — 8 + U (Em — Em)? — (e — B
n#m

. (13)

3. Proposed CFO compensation technique

In the conventional SUD method, the received signal from the
mth user is compensated by &, (an estimation of the mth user’s
CFO). For simplicity, we assume that &, =&, m=1, ..., M, thus,

0
Subcarrier index

Fig. 2. Proposed scheme minimize MAI in CFO compensation stage.

the FFT points would be aligned on the peak power of the desierd
carrier spectrum as shown in Fig. 2. However, there is a consider-
able amount of MAI from neighboring carriers. Our method propose
another compensation value so that the DFT points are moved,
where the amount of MAI power is kept very low.

As shown in Fig. 2, the conventional SUD scheme maximizes
signal power but it will suffer from MAI. The proposed scheme max-
imizes SIR of the mth user to find a new compensation value for the
mth user called &}, that suppresses MAI and improves system per-
formance. We assume that ¢}, exists and SIR is an analytical function
of &, in the vicinity of &,,. Then by calling (13) and substituting &n,
by &c we can find ¢}, as

SIR(m, k)

Be. (14)

o
&c=&p,

3.1. Calculation of &},

According to (13), (14) leads to a complicated expression. How-
ever, it should be noted that a major part of the interference is
caused by the two adjacent subcarriers and contribution of other
subcarriers is negligible. Also, according to (7) and (11), ICI is very
small in comparison with MAI and it can be ignored, too.
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If we assume that the difference between the normalized CFOs
of the two adjacent users is less than 0.2, the correction value for a
desired user is approximately [17] (see Appendix A)

(Em-1 + &my1)
-

Interestingly, €/, is not dependent to &, of the desired user. Also
it should be noted that BS has to use an estimation of &,,_; and
em+1. According to (8), the received symbol on the kth subcarrier
after CFO compensation by &, is

£~ (15)

Rm(k) = Xm(k)Cm(k)D(k, k, em — &)

desired symbol

+ Z Xm(u)Cm(u)D

ueIm,u+k

(k, u, em — &)

ICI

M
T Z ZX,»(u)C,»(u)D(k,u,a,-78;1,)+W“)(k). (16)

i=1,i#£muel;

MAT

MAI

Accordingly the desired part, may be written as
Xm(K)Cn(k)fn(em — €),) k € I, is affected by fy(em — €p) - Cn(k)
and should be equalized to restore the constellation points. Thus
the desired section of the received symbol is corrected by setting
the single tap equalizer coefficient as

k _ Sm
am— Cm(k)’ (17)
where &, = 1/fy(eém — €},). Therefore, the required steps for the
proposed scheme are listed in Table 1.

3.2. Proposed PIC scheme

To improve the performance of the proposed CFO compensation
in [17], a PIC scheme is added to remove the residual interference.
The MAI on each subcarrier is calculated and cancelled iteratively.
As mentioned before, ICI can be neglected in the interleaved allo-
cation.

According to (8), the MAI on the kth subcarrier of the mth user
after CFO compensation by the proposed scheme is

M
D) XDk, u, & — e),

i=1Uue%h

i#+m MAL

MAlp(k) = k € Im. (18)

MAI

The proposed PIC scheme can be described as an algorithm, where
?,S’l)(k) denoting the restored signal at the jth step.

e |nitialization: setj=1 and

YD(k) =Rm(k), m=1,...M (19)

Table 1
Proposed CFO compensation scheme.

1. Calculate ¢}, for each user using (15).
2. Compensate the received signal r(n) by &},
3. Setting the single tap equalizer coefficient by (17)

e Loop:j=j+1and

MAIY) (k) = Z g,zpk“y(’ Dw),m=1,...,M, (20)

i=l,i+m uel;

U 2Dk, u, & — €))

m,1
_ sin(r(u—k+&—em)) jn(i-§u-k+ei-ey,) (21)
Nsin(Z(u—k+ & — &) ’
Y9(k) = Ru(k) - MAID(k), m=1,...,M (22)

¢ Finally amplitude and phase correction and also channel equal-
ization will be done by multiplying symbols to %, to extract data
symbols as

Kn(k) = ok Y9 (k). (23)

4. Analysis and discussion
4.1. SIR analysis for the proposed PIC scheme

The average SIR on the kth subcarrier of the mth user after CFO
compensation was presented in (9). When the PIC is applied, signal
and interference powers should be calculated. Intuitively average
SIR depends on the number of subcarriers, number of users, chan-
nel impulse response (CIR), CFO values and subcarrier allocation
scheme.

The received symbol on the kth subcarrier of the mth user for

j=2 in the PIC algorithm is
Y3 k) = P (k) + 1P (k) + MALD (k) + WR)(k), (24)

where the signal power, remaining ICI, and MAI on the kth subcar-
rier can be written as (see Appendix B for more details)

200) = Yim(k) (— > anpi‘n“np,‘:i;), (25)

n=l,n#m uelp

M

ST E> ookl (26)

I=1,1#m,n veI

Z Snzpn mpmn ) >

n=l,n#+m veln
(27)

MAI? (k) =

-S> S

n=1,n#+muely

1c1 (k) = Z (ym

ueImu+k

where Y (k) =Xm(k)Cm(k) and WI2)(k) is the noise power after two
iterations.

By system model considerations, the received power from all
users are equal, so signal and interference powers can be written
as follow:

M
> &y phenn | (28)

n=1 ueln

E(ISP (k)12 =

n#m

M

> Z s I )

n=l,n#m \uelpl=1,l+mmn vel

E{IMAIZ(k)1%}
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2

M
Dok D &Y _phhenh |

ueIm,u+k n=l,n#m vely

E(ICIZ) (k)2 =

(30)

Thus SIR at the output of PIC with j=2 on the kth subcarrier of the
mth user is

E(IS(Kk)2)
E(IMAID(k)12} + E(ICIZ (k)12}

SIR(m, k) = (31)

4.2. Performance analysis in AWGN

As seen in Fig. 2, the power of desired signal drops after
CFO compensation. Subsequently, the signal-to-noise ratio (SNR)
at DFT output will drop. Since the desired signal is multiplied
by ak,, then both signal and noise powers are amplified result-
ing in no SNR improvement. Thus the proposed algorithm will
outperform SUD-based schemes as long as the reduced SNR is
less than the improvement in MAI Finally, it should be noted
that, the performance of the proposed method outperforms SUD
when SINRsyp <SINRp, where signal-to-interference-plus-noise
ratio (SINR) is defined as the average power of the signal to inter-
ference plus noise ratio and p denotes the proposed method. This
condition leads to a threshold (SNR;) for SNR before CFO compen-
sation (SNRy) (see Appendix C)

2 _
SNR, 2 — Sm~1 . (32)

— 1
SIRsyp(m.p)  SIRp(m,p)

Accordingly when SNRg > SNR¢, the proposed scheme is better than
SUD and vice versa. Our simulation shows that the threshold value
is practical and approximately is SNR; ~ 10dB for desired CFO vector
(see Section 5 for more details).

4.3. Complexity comparison

In this part, a comparison between the computational complex-
ity of different detectors is performed. The complexity of various
detectors in terms of number of complex multiplications are listed
in Table 2. Proposed scheme, compared to SUD has no additional
complexity. The complexity of the proposed method with PIC
is equal to that for CLPIC. The required number of the complex
multiplications for each subcarrier is (M —1) x Q, where M is the
number of users and Q is the number of assigned subcarriers to
each user, Q=N/M. Thus the total complexity for each iteration is
NxQx (M—1)=(N?—N2/M).

The complexity of the proposed method with PIC can be reduced.
According to (21) and (26), the MAI from the uth subcarrier on
the kth subcarrier is proportional to their distance. When |k — u|
increases, the denominator of (21) increases and p’,ﬁ;f’n decreases. If
|k —u| is sufficiently large, MAI can be neglected in PIC algorithm.
Complexity reduction parameter, P, is a threshold for distance
between subcarriers. Clearly the number of complex multiplica-
tions for each subcarrier decreases to 2P and the total number of
complex multiplications for each iteration is 2NP.

Simulation reveals that the performance of the proposed PIC
scheme does not decrease significantly by choosing P=10 (see the
next section for more details). Additionally, to achieve an accept-
able performance, the proposed scheme requires a lower number
ofiterations compared to CLPIC and HLCC schemes. For a more clear
insight, complexity of different detectors have been calculated in
Table 3. As shown in this table the proposed scheme provides a CFO
compensation technique with lower complexity than that of CLPIC
and HLCC schemes.

Table 2
Complexity comparison.

Detector Complexity (Number of complex multiplication)

SUD [4] ¥ logN — [ logM — 3(M - DN]
2

CLJL[5] N+ YlogN

HLCC [7] A+ YlogN+(s— 1) [N+ 4]

CLPIC [6] MN oo N — [WlogM—i(M—l)N] +(s—1)(N2—ﬁ)
2 2 2 M

Proposed YN JogN — [@ logM — 3(M — 1)N]

scheme

Proposed YN JogN — [MlogM—i(M—l)N] +(s—1)(N2—ﬁ)
2 2 2 M

scheme + PIC

Proposed
scheme + low
complex PIC

MN jog N — [@ logM — 3(M — 1)N] +2(s— 1)NP

N: number of subcarriers, M: number of subscribers, s: stage index, P: complexity
reduction parameter.

Table 3

Numerical complexity comparison.
Detector N=64 N=256 N=1024
HLCC 2 iter. 11,456 181,248 2,888,704
CLPIC 2 iter. 6944 102,528 1,593,856
Proposed scheme with PIC 1 iter. 3872 53,367 807, 424
Proposed scheme with PIC, P=10 2080 9344 41,472
Proposed scheme with PIC, P=5 1440 6784 31,232

N: number of subcarriers.

It is further noted that complexity reduction techniques similar
to mentioned above can be done for CLPIC and HLCC schemes. HLCC
reduces its complexity in two ways. first, HLCC reduces complexity
aswellas CLJL[5]. Secondly, HLCC uses a modified vector for circular
convolution as reported in [7]. In CLPIC, complexity may be reduced
by way of ignoring weak subcarriers or other user subcarriers far-
off from desired user’s subcarriers as well [6]. However as shown in
our simulation (See Section 5 for more details), the performance of
CLPIC is worse in comparison with HLCC and the proposed method
and then complexity reduction technique impairs its performance
to some extend.

5. Simulation results

Computer simulations compare the performance of different
CFO compensation techniques. Consider an interleaved OFDMA
uplink system with N =64 subcarrier, quadrature phase shift key-
ing (QPSK) modulation and M=4 active users that communicate
with BS through a multipath Rayleigh channel that has exponen-
tial power delay profile and maximum delay spread is L=4. For
each user, the channel coding scheme is a rate —1/2 convolution
code with constraint length 5. Guard period is Ng =8> L.

5.1. SIR

Figs. 3 and 4 illustrates SIR on each subcarrier for different com-
pensation schemes. Compensation techniques are compared for
two sets of CFO values CFO, =[0.22, 0.27, 0.19, 0.15], CFO, =[-0.1,
0.3, 0.25, —0.15]. The first set indicates large individual CFO val-
ues with small CFO differences, where the second set presents
small individual CFO values with large CFO difference. As shown in
Figs. 3 and 4, the proposed scheme shows considerable improve-
ment over SUD and CLJL in both cases. Adding the PIC algorithm
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Fig. 3. Comparison of the SIR performance of different CFO compensation schemes
with CFO; =[0.22, 0.27,0.19, 0.15].
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Fig. 4. Comparison of the SIR performance of different CFO compensation schemes
with CFO, =[-0.1, 0.3, 0.25, — 0.15].

to the proposed scheme achieves significant improvement in term
of SIR. Also, for CFO; the CLPIC scheme has the best performance
[6]. Clearly, the proposed method with only one stage PIC algo-
rithm has higher SIR than HLCC with two stages and also it is
very close to CLPIC with two stages. As shown in Fig. 4, HLCC
scheme has the best performance. Also the proposed method with
one stage PIC shows acceptable performance to HLCC with two
iterations. Totally, the proposed method provides acceptable SIR
with lower complexity than that of CLPIC and HLCC as shown in
Table 3.

5.2. SINR

To verify (32), Fig. 5 presents SINR versus SNR in the presence of
CFO vector CFO, =[-0.1,0.3,0.25, — 0.15] and AWGN for two differ-
ent setting for the second user. As shown in this figure, the proposed
method outperforms SUD-based method for SNR;~ 10 dB.
5.3. BER performance

The bit error rate (BER) performance of various methods are
illustrated in Figs. 6 and 7. The CFO values considered to be

Fig.5. Comparison of the SINR performance of different CFO compensation schemes
with CFO, =[-0.1, 0.3, 0.25, — 0.15].

10 T T
—HB— HLCC 2 iter.
—&— Proposed with PIC
—+— CLPIC 2 iter.
» No CFO
10 f

Bit Error Rate
S

10 . . . .
0 5 10 15 20 25

E/N,,dB

Fig. 6. Comparison of the BER performance of different CFO compensation tech-
niques for CFO values uniformly distributed between [-0.1, 0.1], QPSK.

random values uniformly distributed in intervals [-0.1, 0.1]. This
intervals is 5 times greater than the accepted range for the CFO
values at the output of the synchronization stage of IEEE802.16
standard. As shown in Fig. 6, the proposed scheme with PIC is
close to the performance of HLCC and CLPIC schemes. But this
performance is obtained by only one PIC stage, so the complex-
ity of the proposed scheme is almost two times less than that of
HLCC and CLPIC. The performance of the proposed scheme with
different values of complexity reduction parameter P is presented
in Fig. 7. As shown in this figure, the performance of the pro-
posed method with P=5, 10 are approximately equal to HLCC at
SNR =20dB with a much less complexity. Also we have provided
BER curve for higher order modulation 16-QAM, and larger number
of subcarriers 1024 in Fig. 8. As shown in this figure, the proposed
method has reasonable performance in comparison with two other
methods.

5.4. BER performance without power control

In a wireless OFDMA system, users are located on different dis-
tances from the BS. Thus, to equalize the power of their received
signals at the BS, BS uses power control technique. Perfect power
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10 T T
—HB— HLCC 2 iter.
—&— Proposed with PIC
Proposed with PIC- P=5
- —O— Proposed with PIC- P=10

Bit Error Rate
>

—4 L L L L
0 5 10 15 20 25
Eb /N0 ,dB

Fig. 7. Effect of complexity reduction on the performance of proposed scheme for
CFO values uniformly distributed between [-0.1, 0.1], QPSK.

—+&— HLCC 2iitr.
—<— Proposed with IC
—+— CLPIC 2itr.

Bit Error Rate
_O“
N

0 5 10 15 20
E /N, dB
b o

25 30 35

Fig. 8. Comparison of the BER performance of different CFO compensation tech-
niques for CFO values uniformly distributed between [-0.1, 0.1], 16-QAM.

control requires high computational complexity [8]. However the
performance of all CFO compensation techniques will be exam-
ined in the presence of imperfect power control. Thus the power
of three users assume to be fixed to the same level and power
of the 4th user is changed from —20dB to 20dB. To study the
effect of imperfect power control, the average BER of three users
are depicted versus power of the 4th user in different detectors
in Fig. 9. The CFO values are random and uniformly distributed in
[-0.25, 0.25]. As seen from Fig. 9, the proposed method with and
without PIC show good robustness against imperfect power control
effect.

5.5. BER performance with estimation error

Before any compensation, CFO values are estimated. Fig. 10
shows the BER performance of the proposed scheme with CFO
estimation error. It can be seen that the performance of the pro-
posed scheme is robust to CFO error until the standard deviation
is increased to 0.1. This requirement is provided by estimators

[1].

—1
10 Proposed
HLCC 2 itr.
—¥— CLPIC 2itr.
Proposed with PIC
o 107 ]
©
i
5 5
|
5
10°F E
10_4 L L L L L L L

-20 -15 -10 -5 0 5 10 15 20
Power of the 4th user, dB

Fig. 9. Comparison of the BER performance of the different CFO compensation
schemes without power control for CFO values uniformly distributed between

[-0.25,0.25] and SNR=25 dB.

—¥— Proposed
—A— Proposed with PIC

Bit Error Rate
o

10 * *
A A

1074 5 : 4 ‘ 3 ‘ 2 ‘ 1 0

10° 10” 107 10° 107 10

Standard deviation of CFO estimation error

Fig. 10. BER performance of the proposed scheme with CFO estimation error for
CFO values uniformly distributed between [-0.1, 0.1] and SNR=25dB.

6. Conclusion

In this paper, a low complexity CFO compensation scheme was
presented for the interleaved OFDMA uplink. The proposed method
works for small CFO interval, e.g. [-0.1, 0.1]. The CFO for each user
was compensated by the average value of CFOs from two adja-
cent users. Also we proposed a new PIC algorithm to eliminate
MAI. Simulation results presented an acceptable performance of
the proposed scheme over conventional schemes with lower com-
plexity.

Appendix A. CFO compensation value calculation

In the interleaved allocation, the SIR on the mth subcarrier after
CFO correction by & may be approximated by

sin(7(em—ec))
— =
MZsin (7”(8")(4 SC))

SIR, ~ ) (A1)

sin?(rr(— 14+Em_1—6c)) sinz(n(1+£m+1 —&c))

+
M2sin? (n( 1+sm 1 Sc)) Mzsin2<n(1+sm+1—sc))
M
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where the dominant interference comes from two adjacent sub-
carriers m+1 and m — 1. By assuming |&; — &/ <0.2,Vie {0, 1, ...,
M — 1}, and replacing of each sinusoidal function by Taylor exten-
sion, we have

sin(mw(+1 + & — &¢))

1 1 5
::I:[(O.an)—g(O.ZXJT) +m(02><n') R

0.63
0.04 8.4x107%

The second and the third terms in (A.2) are very small and may be
neglected. Therefore (A.1) will be simplified to

1

SIR, ~ A3
ke (Em—lf“?c)2 + (5m+1*56)2 ( )
(~l4em_1-ec)  (1+emyr—ec)?
To Maximize (A.3) according to &, we have
(8c — &m-1) (8 — &m-1)* (8 — Ems1)
(ec—ema+1?  (ec—em1+1P  (6c—empr +1)°
(6c — Ems1) —o. (A4)

(6c —€&ma1 + 1)3

After solving this equation and some manipulations, the mth user
can be compensated by

e~ W (A5)

The correction value for each user is the average of CFO for two
adjacent users approximately.
Appendix B. SIR in PIC algorithm

In this appendix the SIR on each subcarrier after the PIC

algorithm is calculated analytically. By calling (16) and defining
Yim(k) £ Xm(k)Cm(k), according to (13) and (19), we have

1
?-I- Z Ym(u)pz;lm
m

uelin

Rin(k) = Yin(k)

u+k

M
+ 0 ek

nzlueIn

n#m

the MAI on the kth subcarrier of the mth user is

Z PR ADLS (B.2)

n=1 ueln

MAI (k) =

n#m

Clearly, we have no access to the Yn(u),n=1,...,N,u € Z, and
we must use its estimated value that is f/,(,])(u)an(u). Rn(u)
depends on MAI so the calculated MAI is not accurate. Subse-
quently, the interference cancellation cannot be done perfectly
and it results in new interference on the signal. To find desired
signal power, MAI and ICI after interference cancellation we

have

TP = Ynlk)g-+ Y Ymlwloli

uelin

u+k

Z > &kt Y Yaolih

n=1~Uuc veIn

vV£EU

Z Zy,,(u)p”“+w<2 (k), (B.3)

n=1 ueln

n#m

- Z ZS!P

—1veq

l #+m n+l,m

where Rgg)(k) is the received symbol on the kth subcarrier after
interference cancellation. Now the desired signal is the summation
of all terms that involve Y, (k)

S t) = —Ym Z > Enok i Ym(k)ohn
n=1 uelip
n#+m
1
= Yn(k) | Z En > ook (B.4)

ueln

n#m

The ICI is the summation of all terms involve Y, (u), u # k

112 (k)
= > Yol - Z g3 opl D Ym(wphh
ueln n=1 Vvein ueIn
u+k n#m u+k

- Z Yim(

uein

Z &n an mpm nl |- (B.5)

velp

u=+k n s m

and MAI can be written as the summation of remaining terms that
involve Yy(u),n # m

MAIP(k) = — ZZsm Z PR A
]veZI n=1 ueiy
Igém n+lm
M M
== >0 D > E> ekl (B.6)
n=1=Uuemh I=1 vel;
n+m l#£n,m

Finally SIR can be obtained easily.
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Appendix C. AWGN effect on the performance

Clearly, for SINRsyp(m, k) <SINRy(m,k),m=1,...,M, ke
TIm, the proposed algorithm will outperform SUD scheme. This con-
dition can be written as

SPsyp(m, k) - SPp(m, k)
IPsyp(m, k) + MPsup(m, k) + Wo — IPp(m, k) + MPp(m, k) + Wp’
(C.1)

where Wj is the noise power before CFO compensation. In the fol-
lowing, we assume &, = &, m=1, ..., M.Accordingly, by calling
(11), we have

SPsyp(m, k) = €2,SPp(m, k) = 1. (C2)
Thus the condition (C.1) is

1
1 Em
IPsup(m, k) + MPsup(m, k) + Wo  IP,(m, k) + MP,(m, k) + W’
(C3)
After manipulation we have
2
1 L Yl (C4)

SIRsyp(m, k) SIR,(m,k) ~ SNRg

where SNR( is the SNR before DFT block. Finally, the proposed
scheme outperforms SUD when

2 _
1 (C5)

SIRsyp(m.k) ~ SIRp(m.k)

SNRg > SNR; 2
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