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Abstract—In interleaved orthogonal frequency division multiple
access (OFDMA) systems uplink, multiple access interference
(MAI) occurs due to different carrier frequency offsets (CFOs)
from different users. In this paper, a new low complexity scheme
is proposed to compensate CFO at the OFDMA receiver. The
proposed scheme maximizes signal to interference ratio (SIR).
Simulation results show considerable improvement in
comparison to the existing methods in the literature.
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Orthogonal frequency division multiple access (OFDMA)
is an accepted technology for wireless communication
networks, e.g., IEEE 802.16, and Long Term Evolution (LTE),
due to its spectral efficiency and immunity against multipath
fading. In addition, OFDMA inherits the simple frequency
domain equalization and implementation from OFDM. In
OFDMA subcarriers are divided into several mutually
exclusive sets assigned to different users. Orthogonality
among subcarriers protects system against inter carrier
interference (ICI) and multiple access interference (MAI).

However, similar to OFDM, OFDMA is sensitive to carrier
frequency offsets (CFOs) [1]. The Doppler effect and
oscillator instabilities cause CFO that disrupts orthogonality
among subcarriers. CFO introduces ICI and MAI in OFDMA
systems [2]. CFO in uplink OFDMA is a more challenging
problem, since it is not possible to compensate different CFOs
at the base station (BS) from different users simultaneously
[2]. Therefore, the performance of OFDMA system in uplink
is limited by MAI

In interleaved OFDMA, the assigned subcarriers to desired
user are equally spaced over the whole transmission
bandwidth, this results in largest frequency diversity [3]. Also
for each subcarrier, adjacent subcarriers are occupied by
different users, therefore interleaved OFDMA is more
sensitive to CFO compared to other allocation schemes [3].

There are many schemes proposed to compensate the CFO
effects. These schemes are classified in two categories,
feedback adjustment and user detection [4]. Feedback schemes
need to send feedback information that reduces data rate and
spectral  efficiency. In user detection techniques,
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synchronization errors are compensated directly in base station
using advanced signal processing techniques. For example,
single user detection (SUD) is a time domain technique that is
proposed to compensate user’s CFO [5]. The computational
complexity of SUD increases by increasing the number of
users. To reduce the complexity, its modified version in
frequency domain has been proposed by Choi-Lee-Jung-Lee's
(CLIL) [6]. As residual MAI limits performance of SUD and
CLJL, some Interference cancelation algorithms have been
proposed to reduce residual MAI. These algorithms are
inherently iterative and improve performance at the cost of
increased complexity. Briefly, conventional methods
maximize desired signal power and mitigate ICI, and then use
high-complexity interference cancelation algorithms to reduce
MAL

In this paper a new low-complexity interference
cancellation method has been proposed to maximize average
signal to interference power ratio (SIR). Conventional
schemes use estimated CFO value to compensate CFO for
each user directly. Unlike other methods, our proposed
scheme uses an optimum correction value to compensate for
CFO. It is proved that this optimum value maximizes SIR for
each user. For calculating the optimum value, an iterative
scheme has been proposed in [7], and attempts to maximize
SIR using steepest decent (SD) method which results in more
implementation complexity. In our approach there is no
additional complexity compare to SUD, since the correction
value is obtained directly. It has been shown that optimum
correction value for a certain user is approximately the
average of CFOs of two nearest adjacent users. Simulation
results show improvement over conventional schemes with
comparable complexity.

The rest of this paper is organized as follows. In Section II
the uplink interleaved OFDMA system in the presence of CFO
is modeled. The proposed scheme is presented in Section III.
Section IV provides simulation results and performance
comparison. Finally this paper is concluded in Section V.

IL.

Consider an uplink OFDMA system with M active users.
Each user communicates with BS through an independent
multipath channel (Fig. 1). There are N subcarriers on each
OFDMA symbol assigned to active users with interleaved
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allocation. The information symbol of the mth user on the kth
subcarrier is denoted by X ™ (k) that k € 7,,, and J,, is the set
of subcarrier indices that are assigned to the mth user, where
7, NI, =0, form#n and UM_,7,=1{12,..,N}. The
length of guard interval is Ny. After IDFT processing and
adding guard period, the time domain transmitted signal of the
mth user is

j2mkn
x™M ) = Z XM(k)e ¥ ,~Ng<n<N-1.

(1
k€T
The received signal at the BS from the mth user is
y™(n) = x™(n) * A (n) 2)

where h™ (n) is channel impulse response (CIR) between the
mth user and BS. For channel, h(™(n),m =0, ..,M — 1 are
statistically independent and i.i.d. complex Gaussian random

variables with zero mean and E {|h(m) (n)|2 } = fne L for

n=0,1,...,.L-1, where L is maximum delay spread and f,, is

scaling factor for the average energy of CIR, as
Zﬁ;%E{|h(m)(n)|2 } =1.
/]
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Figure 1: Uplink OFDMA system

The received
synchronization is

signal at BS after coarse frequency

M i j2mne;
r(n) = Zy(‘)(n).e N +w),—-N, <n<N-1 (3)
i=1
where w(n) is AWGN with zero mean and variance 62, €,,, is
the CFO between the mth user and BS normalized to
subcarrier spacing ( Af ). At the receiver, we have an

estimation of ¢, denoted by é&,,. SUD is a direct method to
_Jj2mném
N

detect the mth user’s signal by multiplying r(n) toe
If the received signal is compensated by €, the compensated
signal after DFT is

R(k) = DFT{r(n)} =

Z Z XOWHD W) D(u, k, e; — €) + W(k),

i=1 u€j;

“
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where X™ (u), H™ (u) and W (k) are information symbol,
DFT of CIR of the mth user and DFT of noise
respectively. The leakage power of the uth user on the kth
subcarrier is D(k,u,e; —€). It can be shown that [1]
D(k,u,e; —€) = fy(u—k + €; — €) and fy(x) is given by

sinmx
Nsin (%x) . ®)

If k € 3,,, we can categorize R(k) in four parts as fallows

jnx(l—%).

fn(x) =

R(k) = XM (()H™ (k) D(k, k, €,y — €)

desired signal

+ Z XM HM (D (k, u, €, — €)

UET,
u*k

ICI

+ Z Z X®WHD W) D(k,u, e, —€) +WEK).  (6)

i=1 UET;
izm

MAIL
MAI
The first part is the desired signal on the kth subcarrier of the
mth user, the second is interference caused by other subcarrier
of this user or ICI and the third is interference caused by other
users known as MAI. The average SIR on the kth subcarrier,
k €J,,1s

SP(m, k)
IP (m, k) + ¥M_, MP (n,m, k)

nm
where SP(m, k) is the desired signal power on the kth
subcarrier. Also IP (m,k) and MP (n,m, k) are ICI and MAI
powers respectively. In the interleaved OFDMA system uplink
with perfect power control, we have [1].

SIR(m, k) = (7)

SP = |fy(em — ©)I? ®)
IP(m, k) = |fu(em — > — |fu(em —)I? )
MP(n,m,k) = |fM(in_im+En_6)|2 (10)

A simple mathematical description for SIR in compensated
interleaved OFDMA system can be obtained by substituting
(8), (9) and (10) in (7).

III.

In the conventional SUD method the received signal from
each user is compensated by é,, and if this is an accurate
estimate of €, then, as it is shown in Fig. 2, the FFT points
would be aligned on the peak power of each carrier spectrum.
However, at this point there could be a considerable amount of
MAI from neighboring carriers. Our proposed method is to
find another compensation value so that the FFT points are
taken where MALI is minimum.

The difference between the proposed and conventional
schemes is illustrated in Fig. 2. As shown in this figure
conventional schemes maximize signal power but it will suffer
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from MAI. The proposed scheme maximizes SIR of the mth
user by trying to find an optimum compensation value for €
called €,,0p¢ that would suppress MAI and improve system
performance. We assume that €,,,,¢ exists and SIR can be
written as an analytical function of € in the vicinity of €,,qp¢-
With this assumption we can write

aSIR(m, k)

3¢ =0.

€ = €Em,opt

)

In the following, an approximation of €,,,,,; is calculated.
Then an SINR analysis and complexity comparisions are
made.
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Figure 2: Proposed scheme ussing SIR maximization technique

A. Calculation of aproximate value of €m opt

To calculate €,0p¢, (11) must be solved. Solution of (11)
is very complicated. However, it should be noted that a major
part of the interference is caused by two nearest adjacent
subcarriers and contribution of other carriers is negligible.
Also, attending to (5) and (9) can easily conclude that ICI is
very small in comparison with MAI and it can be ignored, too.

If we assume that the difference between normalized CFOs
of the two neighboring users are less than 0.2, it can be shown
that optimum correction value for a certain user is
approximately the average of CFOs of two neighbors (see
Appendix A), i.e.

if les— €| <02 vije(l,.., M}
€Em-1 +€m+1
2

=

(12)

€Emopt =

It is interesting to note that €, ,,,; does not depend on €, of the
desired user. Also it should be noted that BS has to use an
estimation of €,, 4 and €,,,4.

In [7], in order to obtain an accurate value of €y, oy to
maximize SIR, an iterative algorithm obtaining €, ,,; by the
steepest descent method has been employed as
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A(n+1) _ A(n)

& =¢ 2(1)
m,opt m,opt

Em,opt

+ W VSTRE™ ) (13)

where u is a step size which controls the convergence rate and
the steady-state error and # is iteration number. Also

VSIR(eS",
TR (2™ TR (2™
i SIR(émopt +Ac) = SIR(épope (14)
Ae—0 A,

This method has high computational complexity due to the
iterative nature of steepest decent algorithm. As a further step
to improve the results we propose to use the initial value
obtained by (12) in (13) which would give us a better
approximation of €y, op¢. As shown in the simulation results
after such initialization only one step of this algorithm can be
sufficient to obtain the desired accuracy. By substituting (12)
to (13) and n = 1 iteration we have

_ (Em—1 + €Ems1) (Em—1 + €ms1)
€mopt =~ 5 K VSIR (f) (15)
According to (6), the desired signal after CFO
compensation with €, op¢ is
Rm(k) = X(m)(k)H(m)(k)fN(Em - Em,opt) ;k (16)

=1..,N

where R,,, (k) is the mth user desired signal and £ is subcarrier
index. According to (6) the power and phase of desired signal
are affected by fN(em - emlopt) and this has to be
compensated, too, to restore the constellation points. To do so
the signal, R,,,(k), must be multiplied by « defined as

1

a > 1.

(17

- fN(Em - Em,opt)

Therefore, the required steps for the proposed scheme are
listed in Tab. I

TABLE 1. PROPOSED CFO COMPENSATION SCHEME

Proposed scheme is presented as follow.

To detect the mth user signal
1. Calculate €y, 5y, for each user using (15).
2. Compensate received signal 7(n) by € op¢
3.  Multiplying signal with a given by (17) to
correct phase and amplitude.

B. SINR analysis for proposed method

It is clear that the proposed method decreases MAI and
improves SIR. Also as mentioned above, since the amplitude
of the desired signal is affected by fy(€m — €miope ) this will
reduce the SNR and compensation of this factor by amplifying
both signal and noise with a will not improve SNR any more.
As a result our proposed algorithm will outperform SUD as
long as the the reduced SNR is less than the improvement in



MAL. Signal to interference plus noise (SINR) analysis shows
these effects more clearly.

The performance of the proposed method improve over
SUD when SINRgyp < SINR,,, where p denotes the proposed
method. This condition can be written as

(P, + MAL,) — (IPsyp + MAlsyp) > Np — Nsyp

Nsyp = No, N, = a®Nj. (18)
where N, is noise power before compensation and N,, is noise
power after compensation by proposed method. Equation (18)
leads to a threshold for signal to noise ratio (SNR), SNR;. can
be computed as

(a?-1)
S S—— (19)
SIRp SIRsyp

If SNR > SNR,, proposed scheme is better than SUD and vice
versa.

SNR, £

C. Complexity comparision

In this part, a comparison between computational
complexity among different detectors is performed. The
complexities of various detectors are listed in Tab. II. The
complexities of CLJL and SUD also HLCC schemes are the
same as those given in [8].

Compared to SUD scheme, the SIR maximization scheme
M(2N+1)
4
complexity of proposed scheme has an additional complexity

of N, due to the third step in Tab 1., compared to SUD.

has an additional complexity of

per iteration [7]. The

TABLE 1. COMPLEXITY COMPARISON
Detector Complexity (complex multiplications)
SUD [5] MN MN 3
—IlogN — [—logM —=(M - 1)N]

2 2 2

CLJL [6] N2 N loaN
ﬁ + ? og

Proposed | MN MN 3
scheme in TZOQN - TlOQM - E(M - 1)N]

[7] UMQN +1) ) _
+————,U is number of iteration of SD

4
HLCC [4] N2 Nl N N2
— +—logN — N —
T 7 logN + (m-1) +3
,m is number of stage
Proposed MN

MN 3
TlogN— TlOgM —E(M— 1)N] +N

V. SIMULATION RESULTS

Computer simulation compares the performance of
different CFO compensation techniques. Consider an
interleaved OFDMA uplink system with N = 64 subcarriers,
quadrature phase shift keying (QPSK) modulation and M = 4
active users that communicate with BS through a multipath
Rayleigh channel. For each user, the coding scheme is a rate-
1/2 convolution code with constraint length 5. Maximum
delay spread is L = 4 and guard period is N; = 8 > L. CFO
values are fixed at [0.15, 0.12, 0.16, 0.08]. The proposed
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scheme is used in two case: 1) using (12) to calculate €, ope.
2) using (15).

Figure 3 illustrates SIR on each subcarrier for different
compensation schemes. In case 1, SIR of proposed scheme
shows considerable improvement over SUD and CLJL. Also it
is close to proposed scheme in [7] , named ‘“Maximize SIR”,
in case 2.

Average SINR and SIR of subcarriers of the 4th user for
different SNR are shown in Fig. 4. In this case CFO values are
fixed at [0.25, -0.15, 0.2, -0.1]. As shown in this figure SIR
does not change by changing SNR. But SINR increase with
increasing SNR. Also the threshold value for SNR is clear in
this figure. Using (19) SNR; is obtained as SNR;=6 dB.

= ! ! ! ! !
2ol R~ SN~ T T AT A T S 4
24
22
E2D— : :
% : A —+—3UD receiver
1gb. A F A A& k4 ¥ —S— proposed receiver case 2 ||
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L= | ——Maximize SIR 4
: .| —F—Pmwoposed receiver case 1
B U N NP R e e £ g i FTXPTRT
0 efe=0.150 12 118 0.08]
o : ‘ : : : :
o 10 20 30 A0 80 &0 70

Subcarrier index

Figure 3: SIR performance, CFO=[0.15, 0.12, 0.16, 0.08]
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Figure 4: AWGN noise’s effect on performance of proposed scheme.

The bit error rate (BER) performance is illustrated in Fig.
5. In high SNR, this figure shows significant improvement for
proposed method over SUD and CLJL. Also this shows that
the performance gain cannot be achieved on a low SNR,
because proposed scheme reduces SNR. In comparison with
proposed scheme in [7] (maximize SIR), our proposed method
has almost same performance.
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Figure 5: comparison of the BER performance

V.

In this paper, a new low complexity scheme was presented
to compensate CFO effect for the interleaved OFDMA
receiver. The proposed scheme is based on calculating
optimum CFO correction value which maximizes SIR for each
user. Proposed scheme imposes no additional complexity
compare with SUD. Simulation results show significant
improvement for proposed scheme over conventional schemes
with comparable complexity e.g. SUD and CLJL.

CONCLUSIONS

APPENDIX A

It should be noted that major part of interference is caused
by two nearest adjacent subcarriers and others are negligible.
Also, attending to (5) and (9) can easily conclude that ICI is
very small compared with MALI and it can be ignored, too.

By substituting (8), (9) and (10) in (7) and ignoring ICI
and far user, we have

SIR(e.) ~

|fn(em — I

|fM(im—1 - im t€mo1 — €)|2 + |fM(im+1 - im T €my1 — E)lz

sin?(n (e, — €))
s (=)
sin? (n(em_1 - e))

o (m(=1+6€,4—¢€)
sin (—M

M2
=F

(A- 1)

sin? (n(em+1 - e))

) + - (n(l + eﬁﬂ — e))

We assume that the difference between CFO of different
users is small enough

lei—€¢|=6<02,ije(,....M) (A-2)

Now we are ready to find € op¢. The goal is solve (11)
and find €y, o that

€mopt = arg maxSIRM™ (e )
€
s.t min{ey,...,ey} <€ < max{ey,.., ey} (A-3)

Before applying differential operator, sinusoidal phrases
with small arc are replaced with first sentence of their Taylor
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expansion. After applying differential operator and some
simplifications, the following equation is obtained as
0SIR(m, k)
A
de
(em — €) sin(2m(e, — €)) (M?(Eny — €)?
+ 7Tz(em+1 - 6)2)
= (1 —cos2r(e_m — €)) ) (w2 (€pmq — €)*
+n2(6m+1 - 6)2 + (€ — €)( (€m-1 — €)

+7 (€ms1 = €))) (A-4)

To solve this equation, other approximation is used.
Sinusoidal phrases replaced with two first sentences of their
Taylor expansion. After simplification we have

(2n - gn3(em - ) (s — )2
+ 2 (€me1 — €)%)
=21 (€1 — €)% + 21 (6,41 — €)*
+ 2 (€n — €)(Emey — 2€ + €Emt1) (A-5)
Solution of (A-5) leads to very simple answer as follow

€= (Em—l + €m+1)/2 ij(em—l - 6m+1)/2
with attend to ((A— 2)

€Em,opt = (Em_l + €mi1)/2 (A-6)
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