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Analysis of New and Existing Methods of Reducing Intercarrier
Interference Due to Carrier Frequency Offset in OFDM
Jean Armstrong

Abstract—Orthogonal frequency division multiplexing (OFDM) = —————
is very sensitive to frequency errors caused by frequency differ- [High exp (j27f 1) |
ences between transmitter and receiver local oscillators. In this |speedpr o, 0i
paper, this sensitivity is analyzed in terms of the complex weight- [9ata | 50 T Npoint|:  |Parak
ing coefficients which give the contribution of each transmitter I Jow bit | Inversel lel ] ond
subcarrier to each demodulated subcarrier. Previously described | rate |G| DFT b,Hi to LPF
windowing and self-intercarrier interference (ICI) cancellation | streams[—> Serial
methods are analyzed in terms of these weighting coefficients. [ TRANSMITTER
New ICI cancellation schemes with very much improved perfor- b
mance are described. A condition for orthogonality of windowing r—————=
schemes is derived in terms of the discrete Fourier transform |
(DFT) of the windowing function. CHANNEL

Index Terms—Discrete Fourier transform, intercarrier inter- I n()
ference, interference suppression, orthogonal frequency division ______
multiplexing, synchronization.
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. INTRODUCTION T ;
N : Serial LPE

I |
[ 9 |
RTHOGONAL frequency division  multiplexing : Fl;t;:i?t p;fa,f- :r:‘)dc <—®<— BPF :
(OFDM) is being considered for data transmission | &2 Wi tel I
| |
| |

in a number of environments [1], [2]. One limitation of

OFDM in many applications is that it is very sensitive to

frequency errors caused by frequency differences between the

local oscillators in the transmitter and the receiver [3]-[5fig- 1. Structure of an OFDM communication system.

Carrier frequency offset causes a number of impairments

including attenuation and rotation of each of the subcarrieggpcarriers and the symbol period 75 In the ith symbol

and intercarrier interference (ICl) between subcarriers [: eriod, theN complex valuesi,, - - - ax_1; modulate theV

A number of methods have been developed to reduce thQishcarriers. ’ '

sensitivity to frequency offset, including windowing of the gystems using a number of different types of modulation

transmitted signal [6], [7] and use of self ICI cancellatiopy sypcarriers within OFDM, such as phase shift keying

schemes [8]. . . . (PSK) and quadrature amplitude modulation (QAM) have been
This paper analyzes in detail, for a perfect Nyquist channgjescribed in the literature. This analysis does not depend on

the ICI resulting from carrier frequency offset. Expressionge mapping of the data to be transmitted to the complex
are derived for each demodulated subcarrier at the receivey,§lyesq ; - --ay_1,, and is therefore applicable to all forms

terms of each transmitted subcarrier aicomplex weighting ot modulation which can be used within OFDM.

factors. Windowing and ICI cancellation schemes can beThjs analysis considers only the impairments due to carrier
related and described in terms of these complex weightifigquency offset. Other authors [9] have analyzed more general
factors. New ICI cancellation schemes which give greatgfodels, but these do not clearly reveal the structure on which
ICI cancellation are developed. A new condition for thec| cancellation depends. Frequency offset alone does not
orthogonality of windowing schemes is derived in terms of theayse intersymbol interference (ISI). Often a cyclic prefix is
discrete Fourier transform (DFT) of the windowing function.;seqd in OFDM to eliminate the 1SI and ICI caused by errors
in sampling time or distortion in the channel. This use of a
cyclic prefix is not considered in this analysis.

RECEIVER

Il. ANALYSIS OF ICI

A. Structure of OFDM System

Fig. 1 shows the structure of the OFDM communicatioﬁ'0
system being considered. In this OFDM system therelMre

Derivation of Expressions for the
mplex Weighting Coefficients

The signal at the output of the OFDM transmitter resulting
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where f. is the carrier frequency angd(¢) is the impulse 30
response of the low-pass filter in the transmitter. At the
) . Soh . : : . 0.8 o
receiver, the signal is mixed with a local oscillator signal which ¢ | o real part
is Af above the correct frequendf. Ignoring the effects of ,'g: 0.6 aimaginary part
noise, the demodulated signal is then given by i 4 o
c 0.4 +
N-1 %
kT s 0.2+
y(t) = exp j2rAft+60) Y bk,iq<t - W) ) 2 1., ..
4 * L 4
k=0 Adllldfreeeyno | Aadllitifeey
45 -10 5 5 10 15
where¢(t) is the combined impulse response of the channel o4
and of the transmitter and receiver filteiy, is the phase offset
offset between the phase of the receiver local oscillator and. 2. Real and imaginary components of the complex weighting factors
the carrier phase at the start of the received symbol. co---cn— for the case oA fT' = 0.2 and V = 16.
Assuming thaty(¢) satisfies the Nyquist criterion for sam-
ples taken at intervald’/N and thaty(t) is sampled at the \here
optimum instants, then the samples input to the receiver DFT
are given by _ J2rk(l —m+ AfT)
Cl—m = N Z ( N
J2rkAfT
i = exp(jo)bri exp<%). ©) _ 1sin 7r(l —m+AfT)
N sin n( =tAIT)
< i N -1 - AfT
The result of the DFT of these samples is given by y expj7r( )( Nm +AST) (®)
j2rkm The decoded complex valug, ; therefore consists of a wanted
Zmi = Z ymexp( N ) (4)  component which is due te,,; but which is subject to a

change in amplitude and phase givendgy where

Substituting the value ofy; from (3) and after some manip- — J27r1cAfT
Co = N Z 9)

ulation, it can be shown that

co depends on the normalized frequency offaefT” but is
Nei  N—1 ) independent ofrn. In other words, all subcarriers experience
_ 1 exp(j6o) Z ar; exp(ﬂ”k(l — m+AfT)>‘ the same degree of attenuation and rotation of the wanted
N ’ N component.
(5) In addition, the decoded complex value is subject to ICI.
This is the sum of components dependent on each of values
Using the properties of geometric series, this can alternativélyi» | 7 7. The contribution of eachu; depends on the
be expressed as normalized frequency offseh f7" and on(l — m) mod N. It
does not depend directly oim.
Fig. 2 shows the complex weighing factors nyg---
co---cy—1 for the case oA f7 = 0.2 and N = 16. Note that
as the coefficients depend on the distance dvodetween the
N_—1 ) subcarriers, there are only distinct coefficientsey - - - ey _1.
X exp (J(T)(l - m+AfT))- (6) The graphs are smooth, there are no sudden changes in the
weighting coefficients as the distance moves fretb to 15,

If Af = 0, then z,,; = exp(jfo)am,:, and each decoded €Xcept between-1 and 0, and between 0 and 1.

complex value is simply the phase rotated version of the Fig. 3 shows how, fon\ /1" = 0.1, the value ofcy depends

transmitted value. The amount of rotation depends on the ph Qethe number of subcarriers in the OFDM system. Ror- 8

offset between the transmitter and receiver local oscillatorstnere is little change in the power of the wanted subcarrier.

If Af + 0, then ICI will occur and each output data Symboﬁecauge carrier fr.equen.cy offse.t does not change the total
will depend on all of the input values. The analysis of ICI caffower In thﬁ recelv?dl S|gn:;11I\,7th|s also means that the total
be simplified by definingV complex weighting coefficients, ICI power changes little withv.

co - - cn—1, Which give the contribution of each of theé input

Zm,i

= sin(r(l = m+ AfT))

1
“m,i — A7 7o i
mi = 3 exp(jfo) ; a, Sin(ﬂ—(l—m;r-AfT))

valuesag; - - -an—_1; to the output valuez,, ; lll. SELF ICl CANCELLATION SCHEMES
N-1 Zhao and Hggman [8] have described a method of reduc-
Zm,i = exp(j6o) Z Clem O (7) ing sensitivity to frequency errors which they call self ICI
=0 cancellation. The method maps the data to be transmitted onto
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scheme gives no reduction in overall SNR compared with

1.0 &
I normal OFDM. A disadvantage of the method is that it is
§ 0.8+ ) less bandwidth efficient than normal OFDM as only half as
§ # real part many complex values can be transmitted per symbol.
£ 06 , =imag part The ICI cancellation scheme also results in a form of
2 \A power | windowing and the overall transmitted signal has a sinusoidal
‘;, 04 envelope of perio®7". This is because pairs of sinusoids of
-}55 oL . .. frequency difference /1" are being subtracted.
i= - -
g0z IV. WINDOWING
0.0 ! : A. Windowing to Reduce Sensitivity to Linear Distortions
2 8 82 128 512 A number of authors [6], [7], [10], [11] have described
Number of subcarriers the use of windowing in OFDM. These applications can be
Fig. 3. co as function of number of subcarriers farfT = 0.1. divided into two groups. In the first group, windowing is used

to reduce the sensitivity to linear distortions [10], [11]. In
adjacent pairs of subcarriers rather than onto single subcarri¢hg, second, windowing is used to reduce the sensitivity to
so thatap; = —a14. a2; = —ass,---ay—2; = —an—1,. frequency errors [6], [7]. In the first group, the signal at the
This results in cancellation of most of the ICI in the valuesutput of the IDFT in the transmitter is cyclically extended.
205 AN—1,i- The windowing function shapes the cyclic extension, but the
For example, the decoded value for the zeroth carrier asiginal part of the signal remains unchanged. Where the only
given by impairments in the system are due to frequency differences
between the local oscillators, this form of windowing has no
effect on the system performance. This form of windowing
+- -+ (ev_2 —eno1)an—2;i)- (20)  will not be considered further.
The ICI now depends on the difference between the ad-

jacent weighting coefficients rather than on the coefficiengs Windowing to Reduce Sensitivity to Frequency Offset
themselves. As the difference between adjacent coefficients is

small, this results in substantial reduction in ICI. If adjacent 1ne second form of windowing involves cyclically extend-
coefficients were equal, then the ICI would be completef}9 by v samples the time domain signal associated with each
cancelled. Thus this process can be considered as canceffifgiPo!l: The whole of the resulting signal is then shaped
out the component of ICI which isonstantbetween adjacent wit thg window function. Fig. 4(a) shows a block d'a.gram
pairs of coefficients. ICI cancellation depends only on tHg @ typical system. Note that the transform in the receiver is
coefficients being slowly varying functions of offset. It doed’ PNt whereaﬁ that in the transrr;ltterf/ 2 pglnt. -ll—hs ed
depend not on the absolute values of the coefficients and’¥42 inputs to the trar;smnt.erdtrar.ls orm ta)\ve een ad('%le
improves the performance for any frequency offset. @o,i, az,i -~ an—2i SO that windowing can be more readily
To maximize the overall SNR, the values.;. - - zx_1. analyzed and related to ICI cancellationulft= N/2, then N
) i CN—1,i

should be subtracted in pairs, because this results in fP%nN 5 then the sianal di h bol i '
addition of the wanted signal components. This also furth&r< /2, then the signal corresponding to each symbol is zero

20,; = exp(j00){(co — c1)ao; + (c2 — c3)az,;

reduces the ICI paddeq at the receiver to give IgngNl The outputs of the
) DFT with even-numbered subscripts are used as estimates of
0,0 — 21, = exp(Jfo){(—c-1 + 2co — c1)ao,; the transmitted data and the odd-numbered ones are discarded.
+(—c1+2co —c3)ag; + - Because not all of the received signal power is being used in

+(—cn_3+2eN_2 — cn_1)an_2,;} generating data estimates, the method has a reduced overall
N-3 N—-2 N—-1)UN-23f- . . . .
(11) SNR compared with OFDM without W|nd(.)wmg.' The value of
the SNR loss depends on the form of windowing.

The remaining ICI depends on factors of the fofmc, + A number of different windows, including the Hanning
2¢cy — c3). If the three weighting coefficients in each factovindow [6], windows satisfying the Nyquist criterion [7], and
were linear functions of offset, for examplecif = k+c¢; and the Kaiser window [7] have been described in the literature.
c3 = 2k + c1, wherefk is any constant as well as the gradientll of these windows give some reduction in the sensitivity
of the linear function, these factors would all be zero. Thi® frequency offset. But only Nyquist windows (of which the
cancellation could be considered as canceling out the companning window is one particular example) have no ICI for
nent of ICI which is due to théinear variation in weighting the case of no frequency offset [7].
coefficient over groups of three adjacent coefficients.

When there is no carrier frequency offset C. Windows Which Preserve Orthogonality

20, = 71,0 = 2a0,i exp(j6o). (12) The conditions under which a window preserves orthog-

Thus, in the absence of other impairments, all of the receivedality can be derived by considering the block diagram
power is decoded into wanted signal, and the ICI cancellatiofi Fig. 4(b). In the absence of noise and distortion, this is
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oS mmr T For the Hanning window, which is a cosine roll-off window
la. . W exp (j27fct)| with roll-off factor of o,
| Add
F N/2 cyclic Paral Wo =1,
| i point | | exten- W 2L lel
i Inverse| | sion to Wo, Wy, Wn_2 =0,
: DFT length Serial
IaNZ' I Window- | Wi =Wy-1=-05
o \
‘l TRANSMITTER  iing | W3, W5 ,Wy_3=0. (14)

This window results in linear cancellation of the ICI in

I cHANNEL the even-numbered outputsy ;,z2; ---zy—24, but each of

the odd numbered outputs depend on two of the inputs
api,a2;---an—2;. 1herefore, these odd-numbered outputs

______________ are discarded and are not used to contribute to the useful signal.
r———" exp(~ j2x(f, + Af 1) ! This windowing has the same performance with respect to ICI

I fai _y(li S/P l : as the self ICI cancellation scheme with linear cancellation
| NI 22,‘1, | LPF :(_ I but has worse performance with respect to noise added in the
| Zp,i 'E)ogt Ynaf (P2d :rll:z: BPF I channel.
I <_"_ < v‘ac;uris I
: RECEIVER : V. NEW HIGHER ORDER ICl CANCELLATION SCHEMES
e 1 The concept of self ICI cancellation can be extended. In the
(a) method of Zhao and &gman [8], data is mapped onto pairs
of subcarriers. This results in cancellation of the component of
ag, "o Vo, Zo ICI due to thelinear variation in weighting coefficients over
N | Add _.,ég N | groups of three adjacent coefficients. By mapping data onto
b | | |evien WN L et larger groups of subcarriers, higher order ICI cancellation can
Inversef | sion | Ynri| DFT | Zpyy be achieved. For the general case of mapping onto groups
7 DFT '93?2‘“ Tv p— —> of k subcarriers, the relative weightings of the subcarriers
N2 g in the group are given by the coefficients of the polynomial

expansion of 1—z)*~1. Using a similar analysis to that for the

linear case, it can be shown that when groups stibcarriers

Fig. 4.  (a) Windowing to reduce sensitivity to frequency offset. (b) Simpligre weighted in this way in both the transmitter and receiver,

fied block diagram of windowing. . L S L
the component of ICI which is due to the variation in weighting
coefficients described by a polynomial of ordek — 3) over

equivalent to Fig. 4(a). The combination of cyclic extensiomyroups of(2k — 1) adjacent coefficients is cancelled.

windowing, and zero padding is equivalent to a cyclic exten- For example, by using groups of three subcarriers, cancel-

sion of lengthV/2 and windowing of lengthV, where some lation of the component of ICI which is due to theibic

of the window coefficients may be zero. TA&'2 point IDFT  variation in weighting coefficients over groups of five adjacent

followed by the cyclic extension can be further simplifiedoefficients can be achieved. In this casey,; = 0.5a;,; =

to an equivalentV point IDFT in which all the inputs with —as ;. —a3; = 0.5a4; = —as 4, - - - . At the receiver, the data

odd-numbered subscripts are zero. is estimated from weighted sums of the for.52¢ ; +21,; —

For no distortion and orthogonality of the wanted output$,5z, ;, —0.523; + 24; — 0.525 5, - - - l

that is those outputs with even subscripts, thgn = ay, ; for If the low-pass filter in the transmitter and the receiver are

k even. Fork odd, z;; can take any value, and may dependesigned so that the receiver filter is matched to the transmitted

on any of the inputsi;; as thesez,; values are discarded.filter, this form of weighting also results in overall matched

The windowing is a multiplication of the output of the IDFTfiltering where the filtering is matched to the data which is

output values with the windowing values. A well-knowrbeing mapped onto they; - - an—_1.;.

property of the DFT is that multiplication in the discrete time '

domain is equivalent to circular convolution in the discrete  \/| ComPARISON OF PERFORMANCE OEDIEFERENT

frequency domain and vice versa. g} --- Wy-1 be theN' MeTHoDs oF REDUCING ICI DUE TO FREQUENCY OFFSET

point DFT ofwy - - - wx—1. Thenzg ; - - - zy—1 ; is the circular Fia. 5 sh h h i of q
convolution Of g, - - ax_1; With Wo---Wx_1. Using the ig. 5 shows how the ratio of mean wanted power to mean

fact thatay; — 0. for k odd it can readily be shown that theuncancelled ICI power varies as a function of normalized

orthogonality condition is met if frequency oﬁ§et for four'dlfferent systems: s_tandard OFDM
and OFDM with cancellation of the constant, linear, and cubic

components of ICI. The graphs are fof = 32, but graphs

Wo =1, for any N > 8 would have almost identical form.
Wo, Wy . Wy 2 =0, When ICI cancellation schemes are used, weighted groups
Wy, W3-, Wy_1 = any value. (13) of subcarriers are modulated rather than individual subcarriers.
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o2}
(=]

cancel higher order components. These have been shown
to give very great reductions in the ICI due to frequency
offset. These ICI cancellation methods map each complex
value to be transmitted onto weighted groups of subcarriers. A
disadvantage of these ICI methods is that fewer complex data
values are transmitted per symbol period. A condition for the

2]
o
L

I
=}

n
o
L

——normal OFDM
—&-constant cancellation
—a—linear cancellation

—*— cubic cancellation
-60 T

0.2 0.4 0.6
Normalized frequency offset

Signal to ICI ratio (dB)

0.8 1.0

orthogonality of windowing schemes in terms of the DFT of
the windowing function has been derived.
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The graphs describe the performance for any modulatio
scheme which meets the condition that the data being mapped
onto the weighted groups are independent identically dis-
tributed random variables and wheé¥i/k is integral so that
all subcarriers are used. They do not describe exactly the
case where different weighted groups of subcarriers are beirtg]
modulated with different average powers, for example where
spectral shaping is used, or where there is correlation betwe&i
the variables modulating different groups of subcarriers. For
N/k not integral, the ICI is less for subcarriers close to thgsg)
unused subcarriers. The graphs shows the worst case ICI. All
of the methods give a higher signal-to-uncancelled-IClI rati%]
than standard OFDM.
(71
VIl. CONCLUSION

An analysis of the effect of frequency errors in OFDM hasg
been presented. The ICI due to carrier frequency offset has
been described in terms of complex weighting coefficients.

The self ICI cancellation schemes and windowing schemesg
described by other authors have been analyzed in terms of the
complex weighting factors. Itis shown that the ICI cancellatiop
scheme and cosine roll-off windowing, with a roll-off factor
of one, cancel the component of ICI due to the linear variation
of weighting coefficients over groups of three coefﬁcienté.ll]
New self ICI cancellation schemes have been derived which
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