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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)
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RTHOGONAL frequency division multiplexing | point paral-[€] and <—®<— BPF |
(OFDM) is being considered for data transmission | i OFT | Ivii e Abc I
in a number of environments [1], [2]. One limitation of | |
OFDM in many applications is that it is very sensitive to lL RECEIVER ]|

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 subcarrieggncarriers and the symbol period 75 In the ith symbol

and intercarrier interference (ICI) between subcarriers [4leriod, theV complex valuesi ; - - - ax—_1 ; modulate theV

A number of methods have been developed to reduce tRi§ycarriers. ’ ’

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 cancellatioRf 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 channglascribed in the literature. This analysis does not depend on

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

terms of each transmitted subcarrier aatomplex weighting f 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 greatifsgels, but these do not clearly reveal the structure on which
ICI cancellation are developed. A new condition for thgc| cancellation depends. Frequency offset alone does not
orthogonality of windowing schemes is derived in terms of théyyse intersymbol interference (ISI). Often a cyclic prefix is
discrete Fourier transform (DFT) of the windowing function.,sed in OFDM to eliminate the ISI and ICI caused by errors
in sampling time or distortion in the channel. This use of a

Il. ANALYSIS OF ICI . 2 . : ) .
cyclic prefix is not considered in this analysis.

A. Structure of OFDM System

Fig. 1 shows the structure of the OFDM communicatiog'O
system being considered. In this OFDM system there/éare

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(t) is the impulse 10
response of the low-pass filter in the transmitter. At the
receiver, the signal is mixed with a local oscillator signal which 08¢ o real part
is Af above the correct frequendf. Ignoring the effects of :f’:, 0.6 aimaginary part|
noise, the demodulated signal is then given by i‘,—” 4 o
c 0.4 +
N-1 %;
. kT = 02 I
y(t) = expj(2nAft +60) Y bkﬂ;q<t - W) (2) g o, ..
L L L 4
k=0 999944+ x02.0 Auxhﬂﬁﬁ
45 -10 5 5 10 15
where¢(t) is the combined impulse response of the channel o2
and of the transmitter and receiver filte, 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—i 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 \yhere
optimum instants, then the samples input to the receiver DFT
are given by _ J2rk(l—m+ AfT)
Cl—om = N Z < N
j2rkAfT
yr.i = exp(j60)bx ; exp<‘%). (3) _ 1 sm7r(l —m+ AfT)
N gin W(%)
T N -1 - AfT
The result of the DFT of these samples is given by v expjﬂ( ) Nm +Af ). 8)
jorkm The decoded complex valug, ; therefore consists of a wanted
Zm,i = Z ykzeXp< N ) (4)  component which is due te,,; but which is subject to a

change in amplitude and phase givendgy where

Substituting the value ofi ; from (3) and after some manip- J2rkAfT
ulation, it can be shown that =% Z <—> ©)
co depends on the normalized frequency offeef7” but is
N1  N-1 ] independent ofn. In other words, all subcarriers experience
= iexp(jgo) ag; exp <J27rk(l — m""AfT)). the same degree of attenuation and rotation of the wanted
N R 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 eactu;; depends on the
be expressed as normalized frequency offseh f7° and on(l — m) mod N. It
does not depend directly om.
N—1 . Fig. 2 shows the complex weighing factoks n41---
2 = X expl(ifo) > a ism(”(l —m+ AfT)) co---cn1 for the case o\ f7' = 0.2 and N = 16. Note that
TN = sin(%) as the coefficients depend on the distance dvodetween the

Zm,i

=0 k=

N -1 subcarriers, there are only distinct coefficients¢gg - - - cny—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 frettb to 15,
gexcept between-1 and 0, and between 0 and 1.

If Af =0, thenz,,; = exp(jfo)a. . and each decode , h how. f he value ofe. d d
complex value is simply the phase rotated version of the F19- 3 Shows how, for f7"= 0.1, the value ofco depends
the number of subcarriers in the OFDM system. ~Nor 8§

transmitted value. The amount of rotation depends on the ph Jethe nu s .

offset between the transmitter and receiver local oscillatorst €€ 1S little <_:hange in the power of the wanted subcarrier.
If Af + 0, then ICI will occur and each output data Symboﬁecause carrier frequency offset does not change the total

will depend on all of the input values. The analysis of ICI caBPWer in the received signal, this also means that the total

be simplified by definingV complex weighting coefficients, |C! POWer changes little withV.

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

valuesag ; - --an—_1,; to the output valuer,,, ; [ll. SELF ICl CANCELLATION SCHEMES
N-1 Zhao and Fhggman [8] have described a method of reduc-
Zm.i = exp(j6o) Z Clmar; (7) ing sensitivity to frequency errors which they call self ICI

1=0 cancellation. The method maps the data to be transmitted onto
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1.0 & scheme gives no reduction in overall SNR compared with

O R normal OFDM. A disadvantage of the method is that it is
§ 0.8 | ) less bandwidth efficient than normal OFDM as only half as
8  real part many complex values can be transmitted per symbol.
£ 06 , =imag part The ICI cancellation scheme also results in a form of
8 \A power | windowing and the overall transmitted signal has a sinusoidal
‘;, 04 envelope of perio®7". This is because pairs of sinusoids of
;E . frequency differencd /T are being subtracted.
£ -

202 IV. WINDOWING
0.0 3 : 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. «¢o 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¢ghg, second, windowing is used to reduce the sensitivity to
so thatag; = —a14, a2; = —as,,---an—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.
204t AN—1i- The windowing function shapes the cyclic extension, but the
For example, the decoded value for the zeroth carrier aésiginal 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
+- F(ev_z—evo1)an—2,}- (10) " 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 "€ second form of windowing involves cyclically extend-
coefficients were equal, then the ICI would be completel)d Py v samples the time domain signal associated with each
cancelled. Thus this process can be considered as cancelf¥Pol- The whole of the resulting signal is then shaped
out the component of ICI which isonstantbetween adjacent With the window function. Fig. 4(a) shows a block diagram
pairs of coefficients. ICI cancellation depends only on th%f a typlcal system. Not_e that the transform n th? receer is
coefficients being slowly varying functions of offset. It doed! Point whereas that in the transmitter 1/2 point. The

depend not on the absolute values of the coefficients and‘$42 INPUts to the transmitter transform have been labeled

improves the performance for any frequency offset. ao,i @z, -~ an—2; SO that windowing can be more readily

To maximize the overall SNR, the values,;, - zy_1. analyzed and related to ICI cancellationulf= N/2, then N

should be subtracted in pairs, because this results 'in f?%nffc;f me r?ﬁeiv_ed slignal are “Z?d ?S inpl;t o t?)eIDFT’ i
addition of the wanted signal components. This also furth&r< /2, then the signal corresponding to each symbol is zero

z0,i = exp(jfo){(co — c1)ao,i + (c2 — c3)az,;

padded at the receiver to give length. The outputs of the
reduces the ICI . . :
. DFT with even-numbered subscripts are used as estimates of
#0,i — 21, = exp(jbo){(—c—1 + 2co — c1)ao,; the transmitted data and the odd-numbered ones are discarded.
+(—c1+2c2 —c3)az; + - Because not all of the received signal power is being used in

+(—cn_3+ 2n_2 — cn_1)an—2,} generating data estimates, the method has a reduced overall
-3 N-=-2 N—-1)UN—-24f- . . . .
(11) SNR compared with OFDM without wmdgwmg._ 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
2cy — c3). If the three weighting coefficients in each factowindow [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.
cs = 2k + c1, wherek is any constant as well as the gradienall 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 compfanning window is one particular example) have no ICI for
nent of ICI which is due to thdinear 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

20,0 — 71,1 = 2a0,; exp(jfo)- (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 cancellatiof Fig. 4(b). In the absence of noise and distortion, this is
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I———————————————:—(fz;z}T)1 Fc_)r the Hanning window, which is a cosine roll-off window
:am _ -)go AP\ 27 ¢ : with roll-off factor of o,
;| gz, []crcte Pl | oac Wo =1
: In[\)lerse sionh YN /2t to ._) ng: Wy, Wy--- Wrn_2=0,
Ia';:l DFT N lenl;qt >o—— Serial W, = Wy_y = _0'57
I "'TRANSMITTER  iing Wy, Ws -+, Wy_3 =0. (14)
- : This window results in linear cancellation of the ICI in
: CHANNEL the even-numbered outputs, ;,z2; - - zy—2:, but each of
| the odd numbered outputs depend on two of the inputs
n(t)
ap,i, G2, - - an—24. Therefore, these odd-numbered outputs
___________________ are discarded and are not used to contribute to the useful signal.
r———"" exp(— j2x(f. + Af )r) This windowing has the same performance with respect to ICI
: _%Qi .y(li S/P l : as the self ICI cancellation scheme with linear cancellation
|: NI :2:’0 LPE o | but has worse performance with respect to noise added in the
|ZN_]_ %?_fr'ty_ pad | | and < @ BPF [ channel.
| < Ll toN ADC I
| values |
| RECEIVER I V. NEW HIGHER ORDER ICI CANCELLATION SCHEMES
e 1 The concept of self ICI cancellation can be extended. In the
(a) method of Zhao and &jgman [8], data is mapped onto pairs
of subcarriers. This results in cancellation of the component of
ag o Vo Z ICI due to thelinear variation in weighting coefficients over
NN | Add ,é il 1% groups of three adjacent coefficients. By mapping data onto
&; p"gﬁ“ :,‘{g:f Wr_1 : pz‘im : larger groups of subcarriers, higher order ICI cancellation can
inverse| | sion | | Yari| DFT | 2y be achieved. For the general case of mapping onto groups
v DFT 15 'e;l‘f;h ;’ -~ —> of & subcarriers, the relative weightings of the subcarriers
N2 g in the group are given by the coefficients of the polynomial

®) expansion of 1—xz)*~1. Using a similar analysis to that for the
linear case, it can be shown that when group$ stibcarriers
Fig. 4. (a) Windowing to reduce sensitivity to frequency offset. (b) Simplizre \yeighted in this way in both the transmitter and receiver,
fied block diagram of windowing. A 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 lengthN/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. TH&2 point IDFT variation in weighting coefficients over groups of five adjacent
followed by the cyclic extension can be further simplifie¢oefficients can be achieved. In this casey; = 0.5a;; =
to an equivalentV point IDFT in which all the inputs with —ay ;, —a3; = 0.5a4, = —as ;,- - - . At the receiver, the data
odd-numbered subscripts are zero. is estimated from weighted sums of the forr.5z¢ ; +21.; —
For no distortion and orthogonality of the wanted output®,5z, ;, —0.523; + z4; — 0.525;, - -
that is those outputs with even subscripts, then = a; ; 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 inputsy, ; 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
frequency domain and vice versa. U&}, - .- Wy _; be theNV

point DFT ofwg - - - wy_1. Thenzy; -- - zn_1; iS the circular Fig. 5 sh h h 0 of d
convolution ofag,; -~ an—1,; with Wo---Wy_1. Using the ig. 5 shows how the ratio of mean wanted power to mean

fact thatay ; = 0, for £ odd it can readily be shown that the;mcancelled ﬁlCl ]E’OV‘]"er vg.rf|fes as a funct|.on of dno(;mégée,\j
orthogonality condition is met if requency o _set or four di erent systems: s_tan ar \
and OFDM with cancellation of the constant, linear, and cubic
components of ICIl. The graphs are féf = 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
Wiy, W3-, Wx_1 = any value. (13) of subcarriers are modulated rather than individual subcarriers.

VI. COMPARISON OF PERFORMANCE OFDIFFERENT
METHODS OFREDUCING ICI DUE TO FREQUENCY OFFSET
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o
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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
orthogonality of windowing schemes in terms of the DFT of
the windowing function has been derived.
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