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Abstract. Nowadays, OFDMA (Orthogonal Frequency Division Multiple
Access) technique has been used in WiMAX communication system to
achieve very high data rate as well as multi-user service. However, similar
with other OFDM-based systems, OFDMA system is very sensitive to fre-
quency synchronization errors, especially in the uplink communications
where different users always have different CFOs (Carrier Frequency Off-
set). When multiple CFOs exist, the orthogonality which separates different
subcarriers will be lost, and ICI (Inter Carrier Interference) as well as MAI
(Multi-Access Interference) will be generated to disturb the received signals.
Then, the system performance will be highly degraded. To overcome this
problem, it is of great importance to do research on the suppression to the in-
terferences caused by multiple CFOs. In this paper, we first analyze the in-
terferences, including ICI and MAI, caused by multiple CFOs in the uplink
communications of OFDMA system. Next, the suppression method based on
block type pilots is proposed to overcome the interferences simultaneously.
Compared with other interference suppression methods, the proposed
method could directly get the interference components from inverse matrix,
thus it doesn’t need to do the CFO estimation. From the simulation results, it
can be seen that the multiple CFOs will make serious degradation to the sys-
tem performance. But through the proposed suppression algorithm, the sys-
tem performance can be significantly improved.
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1 Introduction

OFDM (Orthogonal Frequency division multiplexing) has been widely used in digital
communication system to achieve very high data rate. In OFDM system, wide trans-
mission bandwidth is divided into several narrow bands and data are paralleled trans-
mitted on these narrow bands by exploiting orthogonal subcarriers. Thus, decreasing
the effect of ISI (Inter Symbol Interference), good spectrum efficiency, anti frequency
selective fading and many other advantages can be achieved. Combined with fre-
quency division multiple access technique, OFDMA system is proposed to support
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multi-user service. In OFDMA system, available subcarriers are divided into several
groups and these groups are assigned to different users to transmit data simultane-
ously. The OFDMA system inherits the advantages of OFDM and has been widely
used in wireless communication system. For example, IEEE 802.16 standardization
group has considered OFDMA as the broadband wireless access standard for WAN
(Wide Area Network) and UMTS (Universal Mobile Telecommunications System),
the European standard for the 3G cellular mobile communications, also exploits OF-
DMA technique [1].

However, similar with other OFDM based systems, OFDMA system is sensitive to
CFO (Carrier Frequency Offset), which is unavoidable in wireless communication
system. In OFDMA uplink communications, the received signals are the combination
of multiple signals coming from different users, each of which experiences a different
CFO mainly due to oscillator instability and Doppler shift [2]. The multiple CFOs
destroy the orthogonality among subcarriers, thus, not only ICI (Inter Carrier Interfer-
ence) but also MAI (Multi-Access Interference) will be generated to disturb the re-
ceived signal. Then the system performance will be seriously degraded.

Synchronization between users is difficult in OFDMA uplink communications.
Conventional CFO correction methods, such as [3], which are used in the downlink
communications, are designed for signal user system, and they are unable to correct
the multiple CFOs in the uplink communications because one user’s CFO correction
will aggravate the MAI from other users. To overcome this problem, many previous
works has been proposed to estimate [2, 4, 5, and 6] or suppress the multiple CFOs
effects [7-13]. These synchronization methods can be classified as two groups. The
first is called feedback method, which exploits a downlink control channel to trans-
mit the estimated CFO information obtained by the base station to each user, and
each user can then correct the CFO by adjusting the carrier frequency. However, this
method will increase the transmission overhead and possibly cause outdated estima-
tion in time-varying scenario. An alternative is to achieve synchronization via signal
processing at the uplink receiver without the help of a control channel [7], such as
[7-13]. In [8-10], SIC (Successive Interference Cancellation) as well as PIC (Parallel
Interference Cancellation) methods were raised. In these methods, the received sig-
nals are classified as reliable group and unreliable group. The reliable signals are
directly detected and cancelled from the received signal while the unreliable signals
are detected after cancellation of the MAI effects due to reliable signals. Another
kind of interference suppression methods which exploit inverse matrix, were
discussed in [11-13]. However, the methods in [8-12] need perfect multiple CFOs
estimation, which is impossible in practical system, and the residual CFO will also
degrade system performance.

In this paper, firstly, we analyze the interferences caused by multiple CFOs in OF-
DMA uplink communications. From the analysis, we can see that the received signals
are seriously disturbed by multiple CFOs. Also, we express the received signal in ma-
trix form. Then, a joint suppression method based on block type pilots is proposed.
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Here we suppose different users start to communicate with the base station at different
time slots. Different with other interference suppression methods, the proposed
method could directly get the interference components by exploiting block type pilot,
thus it don’t need to do the multiple CFOs estimation. After that, the interference ma-
trix can be reconstructed and the influence of multiple CFOs can be easily cancelled
by using the inverse matrix method. Then, making suppression to the interferences
caused by multiple CFOs is feasible.

This paper is organized as follows. In Section 2, we describe the system model of
OFDMA uplink communications. Next, in Section 3, we analyze the effect ofmultiple
CFOs, and according to the analysis, the interference suppression method is stated.
Finally, the suppression method is simulated and the results are shown in Section 4.
Comparing the simulation results, we can draw the following conclusion, that multiple
CFOs will make great degradation to the system performance, but through the propose
algorithm, the system performance can be significantly improved.

2 OFDMA Uplink System Model

Fig.1 shows the block diagram of OFDMA uplink communications.

In OFDMA uplink communications, all subcarriers are divided into several groups.
Instead of being modulated on all available subcarriers, data symbols from one user
are transmitted on one group of subcarriers.

Now we consider an OFDMA uplink system in which the number of total available
subcarriers is N and the number of users communicating with the base station is K.
According to the data transmission demand, different groups with different numbers
of subcarriers are assigned to each user. Without loss of generality, we suppose each
user only occupies one subcarrier group, the subcarrier group assigned to the kth user
is denoted as S, the subcarrier number of S* is M, and Dkz[dk(), d i’ dkz..., dkMk_ I]T is
the transmitted data of the kth user. Then, UY] S*={0,1,2,..,N—1} and

S'NS’ =¢ fori#j.
After subcarrier mapping, the modulation symbol vector of kth user can be shown
as

Xk :@k ‘Dk :[X(];’Xlk""’Xll\cl—l]T’ M

where ®" is the subcarrier mapping matrix with the size of NxM,. And the compo-
nents in @ satisfy the following demand, if the jrh data in Dy transmitted on the ith
subcarrier, @kijzl, otherwise @kiij. Then after N-IFFT, the transmitted signal can be
shown as

N-1 N-1
Sk (n) — z Xlk . eJ27ml/N — Z Xlk . an ) (2)
=0 =0

A cyclic prefix is inserted in front of the transmitted signal before being sent into the
communication channel, to overcome the influence of ISI.
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Fig. 1. This figure shows the OFDMA uplink system block diagram. The number of total avail-
able subcarriers is N and the number of users communicating with the base station is K.

Here we consider each user experiences a frequency selective channel with the im-
pulse response 4*(r), then the received signals at the base station can be written as

rn) =3 [* () ® b (n) +v* (), 3)
k=0

where vk(n) is the AWGN noise on the kth user.
All users are assumed to be synchronized in the time domain. Then after N-FFT,
the output of the ith subcarrier can be written as

N-1
Yi =%Zr(n)‘e—j27mi/N ) (4)

n=0
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After frequency domain equalizer and subcarrier demapping, the transmitted data of
each user can be recovered.

3 Multiple CFO in OFDMA Uplink and Interference Cancellation

In this section, we will analyze ICI as well as MAI generated from the multiple CFOs
in OFDMA uplink communications. Next, according to the analysis results, we de-
scribe the proposed interferences suppression algorithm.

3.1 Multiple CFO in the OFDMA Uplink

To analyze the ICI and MAI in OFDMA uplink communications, we introduce multi-
ple CFOs into the transmitted signals. We assume the CFO of the kth user is Af;, then,
at the receiver, after removing cyclic prefix, the received signal can be written as

K-1
r(n) =Y {[s" (m) @ A" (m)]- ™" +v* (n)}. (5)
k=0
After N-FFT, the obtained signal on the ith subcarrier can be written as

1 ¥ o
Yi :—Zl’(l’l)'e_ﬂﬂm”v

n=0
1 &S« k j2aAfn y —j2mil N
== >3 {[s" () ® h* (n)]e ™"} >N 1V,
Nn=0 k=0
1 N-1 K-1 N-1 ) ) . ) )
Z_ZZ XlkHlk ‘ej27ml/Ne.]2ﬂAfkne—127zm/N +‘/, ’ (6)
N n=0 k=0 /=0
1 N-1 K-1 ) .
- XikHik . eﬂﬂfk”
N n=0 k=0
1 N k=1 N A . '
+— XlkHlk '6'12”1(1_1)”\] .eJZIIAfkn +‘/l
N n=0 k=0

~—

* o
=S

where H*, is the frequency domain channel response and V; is the frequency domain
AWGN noise.

According to the subcarrier mapping method, one subcarrier can only be assigned
to one user. Thus, among the K individual Xk,-, only one Xk,- is the the transmitted data
of the user who exploit the ith subcarrier, and the other X*; are zero. We suppose this
Xk,- belongs to the k’th user. Then, Y; can be written as
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| Nk
— k k  Jj27Afin
Yi - N Xi Hi
n=0 k=0
] NoK-IN-]
kyrk j2m(l-i)/ N 27,
+N Xl Hl e’ m(l-i) e’ \fin +‘/i
n=0 k=0 /=0,
I#i
1 N JZMSA N-1N-1 J2ml(=i)+e]
_ k' prk' k' prk' N
=—> X'Hfe +— > X/ Hfe
N> n=0 =0
1#i
1 N-1 K-1N-1 J2ml(l-i)+&; ]
krrk
+— X/ He " +V,
N5 k=0, =0,
k#k'1#i

1=0,
4 1#i
I
K-1N-1
+ XH! -1 +V,
k=0, 1=0, -
Kk 1 v
Jiig @)
where ¢ is the normalized CFO and
1 N-1
i2m[ L+e,.
IIZ :_Ze] m[L+e, 1/ N (8)
N n=0

is the interference coefficient.

From (7), we can see that the received signal is comprised of 4 components.
Component / corresponds to the original data of the ki user transmitted on the ith
subcarrier, component /I corresponds to ICI caused by the other data of the kth user
transmitted on the other subcarrier, component /Il corresponds to the MAI caused by
the data of the other users, and component IV corresponds to the AWGN noise.

3.2 Interference Cancellation Algorithm

From the above analysis, we can see that the multiple CFOs not only generate ICI but
also MAI Thus, the received signal will be seriously disturbed and the system per-
formance will be seriously degraded. In order to improve system performance, we
have to make suppression to these interferences. In this part, we propose a suppres-
sion method which is based on block type pilots.

As described above, when multiple CFOs exist in OFDMA uplink communica-
tions, the received signal at the base station can be expressed as formula (7). Then,
according to formula (7), we express the received frequency domain signal vector in
matrix form as follows
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Y=I-HX+V, 9

K
where X = ZXk =[D,,D,,....,D,_,1" is the modulation symbol vector transmit-
k=1

K
ted on the communication band, Di = Zd ik denotes the data transmitted on the ith
k=1
. H_d H(k) H(k) H(k) . : _
subcarrier, H=diag(H, "’ ,H,",...H,,) is the frequency domain channel re
sponse, V is the AWGN noise vector and

FZ0) (k) (k) (k) ]
I, I, I, v Iy
(k) (k) (k) (k)
Iy 1, A R S
I={1% 19 10 . 1y, (10)
(k) k) (k) (k)
_I1 I I; U A i

is the interference matrix. The superscript of [ ék) is related with the user’s index. For
example, if the ith subcarrier is assigned to the k’th user to transmit data, the super-
scripts of the components in the ith column of the interference matrix should be set
as k’.

From (8), we can see that

Ik _iNZ_lej27m[—L+£kv]/N
- n=0
1N—l - ~
- ej m[N-L+&,1/ N ) (1])
Nn:O

gk
=1y,

Thus the interference can be rewritten as

7o kO (k) (k) ]
I, I I N bl
k) 03) k) (k)
I, 1, I, o Iy
_| 7w k) k) k)
I=\1", 1., I,V .. I,;| (12)
(k) k) k) (k)
_I1 I, L N

From the above formula, we can see that the interference matrix is comprised of KxN
different components. However, the rank of matrix in formula (9) is N, thus it is im-
possible to get these Kx/N components directly.
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User 1 Pilot | Data | Data Data | Pilot | Data | Data
User 2 Pilot | Data | Data Data | Pilot | Data
User K Pilot | Data | Data Data

Fig. 2. In OFDMA uplink communications, different users always start to communicate with
the base station at different time slots. Thus we suppose all users start to communicate with the
base station at different time slots.

In OFDMA uplink communications, different users always start to communicate
with the base station at different time slots. Thus we suppose all users start to com-
municate with the base station at different time slots, as shown in Fig 2. Then, in one
OFDM symbol period, only one pilot block which belongs to one user will arrive at
the base station. Therefore, estimating the components in the interference matrix is
feasible. We also assume that the CFO of each user is quasi static during the pilot
block and the following data blocks.

Firstly, making initialization by setting X=0 and [/ ék) =0. To simplify the state-
ment, we suppose all users start to communicate with the base station abide by the
user’s index order. Thus the first OFDM symbol arrived at the base station is the pilot
block belonging to the user with index 0. Then we can set X=X". Because the other
users haven’t started to communicate with the base station, we can obtain
1 Ek) =0, (k #0). This is the same condition with single user.

Firstly, we set all components in the interference matrix to be 0. Then rewrite for-
mula (9) as

Y=I-X+V

=X-1+V

=X"-I’+V
X -H)  X)-H .. Xy,Hy, || : (13)
X-H X)-H, .. X,-Hy || I

= : +V
0 0 0 0
XN—I 'Hl(\)l—l Xo 'Hg XN—2 'H;)J—Z IN—l
where IO=[10 0 r I oo r N- ,]T is the interference vector which is caused by the CFO

from the first user in the interference matrix. We assume we already know the channel
response by channel estimation. Since this OFDM symbol is the pilot block, the

transmitted data on each subcarrier are already know to the receiver. Thus X’ andits
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. .ogo! . . .
inverse matrix X can be easily obtained. Then the interference vector I' can be

~0-1
estimated by the inverse matrix X" as follows

I'=X".v. (14)

After that, we update the interference matrix with the interference vector I'. In the
following OFDM symbols, if the other users don’t start to communicate with the base
station, the interferences in the following received data blocks can be suppressed by

Y =H'I1'Y
suppressed ) (15)
=X+H"'TI"'V
We assume a new user start to communicate with the base station after several OFDM

symbols.

To get the interference vector related with this new user’s CFO, we can perform as
follows.

a) Extract the received symbol vector, which belong to those users whose interfer-
ence vectors already have been estimated. We ignore the MAI from the new arrived
user and suppress the interference (ICI and MAI from those users) by using the for-
mula (15).

b) The suppressed signal is detected and the transmitted data, which belong to
those users whose interference vectors have already been estimated, can be obtained.

c) Reconstruct the detected symbol vector Xdem‘, and then calculate the interfer-
ences from the detected users by using
d=1-H X% (16)
d) Cancel the interferences caused by the detected users by
Y =Y-®. (17)

e) Then, the interference vector of the new arrived user can be estimated by per-
forming the same process to estimate the interference vector of the first user.

f) To obtain more accurate estimation results, we can calculate the MAI caused by
the new arrived user and remove it from the received signal vector. Then perform the
above process a)~f) with several iteration loops.

After obtain the new arrived user’s interference vector, we can update the interfer-
ence matrix with this interference vector and suppress the interference as (15).

When another user starts to communicate with the base station, the interference
vector estimation process is same as described above.

When some user stops to communicate with the base station, update the interfer-
ence matrix by setting the corresponding interference components to be 0.

The algorithm to estimate the interference matrix is list as follows.

e  When first user start to communicate with the base station, estimate the inter-
ference vector of the first by using formula (13). Then make suppression to the
received signal and update the interference matrix with I’
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e  When a new user start to communicate with the base station, estimate the in-
terference vector as a)~f). Then make suppression to the received signal and
update the interference matrix with the newly estimated interference vector.

e  When some user stops to communicate with the base station, update the inter-
ference by the corresponding interference components to be 0.

4 Simulation Results and Discussion
Table 1 shows the simulation parameters. We assume that the normalized frequency

offset of each user is a random value uniformly distributed in [-0.1, 0.1], and the mul-
tiple CFOs are quasi static during the pilot block and the following 5 data blocks.

Table 1. Simulation Parameters

OFDMA Uplink System

Modulation scheme 16 QAM
Number of subcarriers/symbol (N) 128
Number of users (K) 2
Subcarrier mapping method Localized method
CP length 32
Frame size 6
Channel model AWGN & 802.16 SUI channel model [14]

The pilot sequence used in these simulations is CAZAC (constant amplitude zero
autocorrelation) sequence, which is one type of polyphase codes and has many appli-
cations in channel estimation because of its good periodic correlation property [15].
Let L to be any positive integer larger than one and k be any number which is rela-
tively to L. Then an example of CAZAC sequence is given as
27k n+l
J*(’H"IT)

L

c,(n)=e ,n=0,1,...,L—-1,if Lisodd

) (18)
JEL o
c,(n)=e * 2 ,n=0,1,..,L-1if Liseven

Then we can get the following simulation results.

Fig. 3 shows the interference components caused by single subcarrier. From this
figure, we can see that the interference components caused by single subcarrier on
other subcarriers decreases as the distance between the two subcarriers increase. Thus
the interference mainly attacks the neighbor subcarriers and localized mapping
method is much more robust to MAI than interleaved method.
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Normalized Inerference Components

Subcarrier Distance

Fig. 3. Interference components caused by single subcarrier

First, let’s check the BER performance of proposed method. Fig. 4 shows the BER
performance in AWGN channel and Fig. 5 shows the 1 BER performance in fre-
quency selective fading channel. The channel model used here is the 802.16 SUI-5A
model, which is modeled as a tapped-delay ling with 3 non-uniform delay traps. The
channel gain of each tap is [0, -5, -10]dB and the delay of each tap is [0, 4, 10]us re-
spectively. From the simulation results, we can see that with the increase of iteration,
the performance of proposed method becomes better.

Then we can compare the BER performance with the method proposed in reference
[11] for both the proposed method and the referenced method exploit the inverse ma-
trix. Since the method proposed in reference [11] needs perfect multiple CFOs estima-
tion, we simulate this method in two conditions. One condition is that the multiple
CFOs are perfectly estimated and the other condition is that there is a MSE of multi-
ple CFOs estimation about 10™ [16]. Fig. 6 shows the BER performance of the two
suppression methods in AWGN channel and Fig. 7 shows the BER performance in
frequency selective fading channel. From the simulation results, we can see that when
multiple CFOs are perfectly estimated, the referenced method can achieve the best
performance. However, perfect estimation is impossible in practical system. When
estimation error exists, the performance of referenced method will be highly de-
graded. Comparing these results, we can see that the proposed method with 5 itera-
tions can achieve better performance than the referenced method with imperfect mul-
tiple CFOs estimation.
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Fig. 4. BER performance of proposed method in AWGN channel

Fig. 5. BER performance of proposed method in frequency selective fading channel
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—%* - OFDMA with CFO

—4\ - Proposed Method withot Iteration

| —v - Reference Method with Imperfect CFO estimation
— - Proposed Method with 5 Interation
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— ~ OFDMA without CFO
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Fig. 6. Comparison of BER performance in AWGN channel
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Fig. 7. Comparison of BER performance in frequency selective fading channel
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5 Conclusion

In this paper, we have analyzed the interferences generated from multiple CFOs in
OFDMA uplink communication system. According to the analysis results, we can see
that the received signal will be seriously disturbed and the system performance will be
seriously degraded. Also, we can see that the interference matrix is comprised of KxN
different components. However, the rank of the received signal function is N, so it is
impossible to get these Kx/N components directly. Thus we suppose all users start to
communicate with the base station at different time and propose a novel suppression
method which is based on block type pilots. Through the received pilot block, we can
estimate all components in the interference matrix. Then by reconstructing the inter-
ference matrix from the estimation result, we can make suppression to the interfer-
ences and finally improve system performance. Simulation results show that the joint
suppression algorithm works well in both AWGN and frequency selective fading
channel. Compared with other algorithm, the proposed algorithm can achieve better
performance when multiple CFOs estimation is imperfect. More accurate algorithm
with less complexity should be studied in the future.
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