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Abstract— In this paper, we propose a fast and accurate ICI
cancellation with feedback correction algorithm against phase
noise and frequency offset for LTE-advanced uplink system. The
purpose of this paper is to describe a method to effectively
compensate for ICI. In this paper, we use a fast ICI
compensation algorithm, feedback correction algorithm in order
to compensate ICI with adaptive channel estimation. We reduce
computational  complexity by decreasing overlapping
computation or unnecessary computation. Therefore, this
algorithm is feasible for use in systems requiring fast speed. Also,
we can reduce burden of equalizer by using feedback correction
algorithm. In order to cancel phase noise and carrier frequency
offset, we adapt comb type pilot because the characteristic of
phase noise is random. We use an adaptive channel estimation
method in order to effectively compensate ICI for multipath
channel. The BER performance of the proposed method is better
by about 0.3dB than the conventional method in the Vehicular A
channel.

Keywords—Carrier frequency offset, ICI cancellation, Phase
noise, SC-FDMA, LTE-advanced.

I. INTRODUCTION

In multicarrier system, there are many studies in order to
remove phase noise and CFO (Carrier Frequency Offset). In
[1] and [2], PNS which is effectively equalizer in order to
remove only phase noise is suggested, but if this algorithm is
applied to I/Q imbalance and multipath channel, system
performance get worse. In [3], the technique that compensates
phase noise and I/Q imbalance at same time is introduced, but
it compensates only CPE component of phase noise in
frequency domain. [4] is FDE (Frequency Domain Equalizer)
that can compensate RF impairments by using adaptive ICI
cancellation with comb type pilot.

In this paper, we suggest a fast ICI cancellation algorithm
against phase noise and frequency offset with adaptive

channel estimation for multipath channel at SC-FDMA system.

Proposed algorithm has low complexity than PNFS algorithm.
Therefore, proposed algorithm can speed up the processing
system and we can expect the reduction effect for
computational complexity. We reduce computational
complexity by decreasing overlapping computation or
unnecessary computation. Therefore, this algorithm is feasible
to fast data process. Also, we use comb type pilot in order to
effectively remove phase noise and carrier frequency offset
effect at time-varying channel. And we use an adaptive
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channel estimation method in order to effectively compensate
ICI for multipath channel.

II. SYSTEM MODEL
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Figure 1. Block diagram of overall system model

Fig. 1 is block diagram of overall system model. In this
paper, we use a fast ICI cancellation algorithm and feedback
correction algorithm in order to compensate ICI components.
In this system model, we consider CFO and phase noise. ICI is
occurred by phase noise and carrier frequency offset. Phase
noise is a noise component that originate frequency
synthesizer. And CFO is occurred by frequency differences of
oscillators between receiver and transmitter. In order to reduce
burden of FDE, we use a feedback correction algorithm in this
paper. At receiver front-end, a feedback algorithm can reduce
ICI components by controlling frequency. A feedback
correction algorithm use comb type pilot because phase noise
is random. The structure of feedback correction algorithm
estimate effect of CFO and phase noise by using received pilot
at frequency domain, and then we correct CFO and phase
noise by using feedback at time domain. After CFO and phase
noise correction algorithm, we use a fast ICI cancellation
algorithm.

III.FEEDBACK CORRECTION ALGORITHM WITH A FAST ICI
CANCELLATION ALGORITHM
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Figure 2. Block diagram for a feedback correction algorithm with a fast ICI
cancellation algorithm
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We apply a feedback correction algorithm in order to
reduce burden of equalizer. Fig. 2 is block diagram for a
feedback correction algorithm with a fast ICI cancellation
algorithm.

After FFT the received signal is as follows.
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Where, ¢ is CFO and ¢(n) is phase noise. To analyse the

CFO and phase noise effects independently, we use as follows
to denote the interference factor caused by CFO and phase
noise.
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Therefore, the received signal can be written as follows.
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In the corresponds to the data

transmitted on the /th subcarrier. In the second contribution,
oF denotes the CPE (Common Phase Error), which is

generated by the CFO and phase noise and will cause a
constant phase rotation for all subcarriers. The third
contribution corresponds to the summation of interference
from the data transmitted on the other subcarriers of the kth
component band. The fourth contribution corresponds to
AWGN noise and it is also affected by CFO, phase noise.
The received pilot can be written as
N1
P()=B'Hf Oy + X BHE-OL+VE (g

i=0,
izl
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And we estimate CFO and phase noise by comb type pilot.

Phase noise is random. But, phase noise is quasi-static in each

symbol. Therefore, we can reduce effect of phase noise by
feedback correction method.
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The CFO and phase noise effects are as follows.
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And then, we can reduce the effect of CFO and phase noise
by controlling frequency through fractional PLL. And we can
effectively compensate ICI components by using a fast ICI
cancellation algorithm.

IV.A FAST ICI CANCELLATION ALGORITHM

Fig. 3 is block diagram of a fast ICI cancellation algorithm.
This algorithm is FDE. So, we use a fast ICI cancellation
algorithm after FFT in frequency domain. At first, we
compensate effect of CPE by using pilot, and then compensate
effect of ICI by using decision method and MMSE at same
time. CPE is component that affects their signal and its effect
is same in all OFDM symbols. And CPE is rotated
constellation of OFDM symbol. Also, pilot symbol is rotated
by CPE.

Therefore, we remove CPE by using pilot. CPE component is
compensated as follows.

Equalizer
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Figure 3. Block diagram of a fast ICI cancellation algorithm
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And in order to compensate CPE component, we compute
mean value of CPE. And then we estimate and compensate
CPE component through process to divide CPE.

v, —ZCPE —QM*ZW ®

where, y is the number of pilot symbol, g is pilot symbol.

In this paper, we use 4 comb type pilots. The received signal
after CPE compensation is as follow.

rogra
Y = XVQOJrZ OV T = X0 Wi, awon

In (9), ICI component is only remained after CPE
compensation. In order to compensate ICI component, fast ICI
cancellation algorithm have process of MMSE and decision
method. And we calculate MMSE criterion and then we
compensate the data.

In order to make equalization criterion by using extract
power because phase noise and carrier frequency offset exist
at same time in system, we suggest as follow by pilot symbol
that is removed CPE.

o]y

In conventional PNFS algorithm, we use decmon feedback
process as follows.

(10)
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0.=0,0,,+1-0)0.,> an
where, 5 ~is phase noise value according to each
subcarrier interference. In order to calculate sample of ¢,
we use pilot symbol. But, in (11), characteristic of g  is
similar to characteristic of ¢ . So, in fast ICI cancellation

algorithm, we use only decision method. Therefore, (11)
writes over again as follow.

QA/LA =0,0,+(1-0)0,,=0., . (12)

And we calculate average power and adapt to fast ICI

cancellation algorithm.

z 175 SR 3 22 (13)
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where, X, is pilot symbol S, is the number of pilot symbol,

D, is preamble, and g, is the number of preamble.

(14) is cost function for MMSE.

min 2 ‘Yk’XthQH‘Z (14)

0ykeS,

And equation for MMSE criterion is finally as follow.
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where, 2 is power of J, In equalization process,
O i

CI+AWGN *
because the effect of ICI is big enough than noise power after
FFT in equalization process, we use error power from pilot
symbol without dividing between phase noise and carrier
frequency offset for optimization tap weighting value of
equalizer. And g_is useful power through the channel

estimation.

(16)
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A fast ICI cancellation algorithm goes through decision

process. And then a fast ICI cancellation algorithm
compensates effect of CPE and ICI that is caused phase noise
and carrier offset by using MMSE criterion that is updated by
(12). The signal which is removed CPE pass through MMSE
equalizer in order to remove effect of ICI. And final signal is
as follow.

(17

If we use (7) ~ (17), equalizer with MMSE compensate
effectively ICI when there’s a problem of ICI by phase noise
and CFO.

In proposed algorithm, we can compute MMSE criterion by
using ¢ which is calculated just by decision instead of

X, =Y,-C,

0, , which is calculated by decision feedback process. And

proposed algorithm is to satisfied same performance by using
just decision without decision feedback. Proposed algorithm
has low complexity than conventional PNFS algorithm
because proposed algorithm is not decision feedback.

The operation process of proposed algorithm is as follows.
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1) We calculate to Ve of average CPE component by usin

g (7) and (8) like conventional algorithm.

2) And then, we get received signal after CPE compensatio
n by using (9).

3) We calculate , by using (10) in order to make equalize
r criterion using extract power as pilot symbol that is re
moved CPE. And we compute , by using (11). And we

calculate 5 that is estimation value by ICI and AWGN

channel by using (16).
4) We calculate equalization coefficient ¢ about N sample

per each symbol by substituting (12) to (15).

5) By using (17), we estimate final output signal.

6) We estimate and compensate about total symbol by usin
g repetitive 1) ~ 5) process.

Difference between conventional PNFS algorithm and
proposed algorithm is (11) and (12). Difference is to make
equalization coefficient about N sample per each symbol by
using just decision without decision feedback.

Table I is comparison of computational complexity between
conventional PNFS algorithm and proposed algorithm. In
order to compare computational complexity to conventional
PNFS algorithm, we compare the amount of computation on
algorithm.

And we make comparison between conventional PNFS
algorithm and proposed algorithm by using the amount of
computation for addition and for multiplication. In table 1, k is
the number of pilot in each symbol, d is the number of
preamble, m is the number of symbol.

In table 1, we compare computational complexity at 3
aspects. At first, we compare with computing part of phase
value §  which is generated to interference for subcarriers.
Proposed algorithm doesn’t calculate g by using pilot
symbol separately because characteristic of Q, , is similar to

characteristic of Q. And we compare computational

complexity of decision feedback part. We don’t calculate QAH,

like (5) separately. Finally, we compare part of MMSE
criterion. Proposed algorithm just uses decision when we
compute MMSE criterion C, as table 1. Therefore, proposed

algorithm has low computational complexity because there is
no part of computation by using pilot.

TABLE 1. COMPUTATIONAL COMPLEXITY COMPARISON
PNFS Algorithm Proposed Algorithm
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* Addition; ® Multiplication; ¢ Decision Feedback Equalizer

V. ADAPTIVE CHANNEL ESTIMATION FOR A FAST ICI
CANCELLATION ALGORITHM
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Figure 4. Adaptive channel estimation for a fast ICI cancellation algorithm

In multipath channel, the system performance will get
worse. Therefore, we introduce an adaptive channel estimation
algorithm for effectively channel estimation. Fig. 4 is adaptive
channel estimation for a fast ICI cancellation algorithm. First,
we estimate channel by using preamble and control step size
adaptively in order to estimate multipath channel according to
variation of channel impulse response. But there is a problem
that we can’t accurately estimate channel impulse response if
change of channel impulse response is big. Therefore, we use
channel condition average block in Fig. 4. In this paper, when
we estimate channel by controlling step size, we estimate
channel and make average channel condition by estimating

odd subcarrier and even subcarrier respectively. ¢ is step size.

u=

DN
Rt (18)
where, f1is 0<u<1. And we estimate channel impulse
response by using (19) and (20).
A, = pll, +(0-wH, (19)
if A A <p B=H (20)
We perform the channel condition average process by using
adaptive estimated channel impulse response. The channel

condition average process is as follows.
1)

A

where, H; is odd channel response, /1, , is even channel

response of estimated channel. After channel condition
average process, we compensate multipath by using ZF (zero
forcing). And we cancel phase noise and CFO by using an
error correction method and a fast ICI cancellation algorithm.

VI.SIMULATION RESULTS

TABLE 2. SIMULATION CONDITIONS

Modulation 16QAM

The number of sub-carrier ~ 64(data=60, pilot=4)

Oversampling rate 4

Channel AWGN, Multipath channel(Vehicular A)

CFO=0.01, 0.1
-15dBc,-20dBc, cut-off freq.=10kHz, 100kHz

Carrier frequency offset
Phase noise
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In this study, we check performance between PNFS
algorithm and proposed algorithm. Fig. 5 is BER comparison
between PNFS algorithm and proposed algorithm according to
phase noise and CFO. In Fig. 5, the diamond markers are that
total power of phase noise is -20dBc, cut-off frequency of
phase noise is 100kHz, and normalized CFO is 0.01. And the
square markers are that total power of phase noise is -20dBc,
cut-off frequency of phase noise is 10kHz, and normalized
CFO is 0.01. The dot lines are without compensation
algorithm between simulation conditions of phase noise and
CFO. And the dash-dot lines are with compensation algorithm
between conventional PNFS algorithm and proposed
algorithm at each simulation conditions. And the solid lines
are also with compensation algorithm between conventional
PNFS algorithm and proposed algorithm at each simulation
conditions. Fig. 6 is comparison of channel impulse estimation
between conventional method and proposed method at
Vehicular A channel. The performance of proposed method is
better than conventional method if we use adaptive channel
average algorithm. Fig. 7 is BER comparison between
proposed method and conventional method according to
adaptive channel estimation method at Vehicular A channel.
In Fig. 7, ACE is adaptive channel estimation and FICA is a
fast ICI cancellation algorithm. In Vehicular A channel, if we
use an adaptive channel estimation, the performance is better
than conventional method such Fig. 7. Also, we set the
parameter that total power of phase noise is -20dBc, cut-off
frequency is 10kHz, and the normalized CFO is 0.01. The
BER performance of proposed method is better about 0.5dB
than conventional method. Fig. 8 is BER comparison between
proposed algorithm and feedback correction method at 4QAM.
In Fig. 8, the diamond maker is with feedback correction
algorithm. If we use a feedback correction algorithm, the
effects of CFO and phase noise are mitigated. Therefore, we
get the diamond maker in Fig. 8. And the pentagram maker is
BER performance by using a fast ICI cancellation algorithm
and a feedback correction algorithm.

= AWGN (16QAM)
=€)+ w/o conventional PNFS algorithm(-20dBc, 100kHz, CFO=0.01)
=w/ conventional PNFS algorithm(-20dBc, 10kHz, CFO=0.01)
w/ Proposed algorithm(-20dBc, 10kHz, CFO=0.01)
= {21 wio Proposed algorithm (-20dBc, 10kHz, CFO=0.01)
4 =£J- w/ conventional PNFS algorithm(-20dBc, 100kHz, CFO=0.01)
=B w/ Proposed algorithm(-20dBc, 100kHz, CFO=0.01)

SNR[dB]

Figure 5. BER comparison between PNFS algorithm and proposed
algorithm according to phase noise and CFO at 16QAM (AWGN)
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Figure 7. Comparison of BER between proposed method and conventional
method(Vehicular A channel)
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Figure 8. BER comparison between proposeed algorithm and feedback
correction method at 4QAM (CFO=0.1, PN=-20dBc¢, 100kHz, AWGN)
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VIL CONCLUSIONS

In this paper, the purpose is to describe a method to
effectively compensate for ICI. In this paper, we use a fast and
accurate ICI cancellation with feedback correction algorithm
against phase noise and frequency offset for LTE-advanced
uplink system. Proposed algorithm compensates the effect of
phase noise and CFO by using decision without decision
feedback. Therefore, proposed algorithm can speed up the
processing system and we can expect the reduction effect for
computational complexity. The improvement of data
processing speed can be suitable at multiband communication
system or high speed communication system. Also, we can
reduce burden of equalizer by using feedback correction
algorithm. In order to cancel phase noise and carrier frequency
offset, we adapt comb type pilot because the characteristic of
phase noise is random. We use an adaptive channel estimation
method in order to effectively compensate ICI for multipath
channel. The BER performance of the proposed method is
better by about 0.3dB than the conventional method in the
Vehicular A channel.
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