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Abstract

Two of the major challenges facing OFDM/OFDMA systems are their sensitivity to frequency
selective fading and ICI due to CFO or Doppler shift, especially when the subcarrier spacing
becomes smaller. We propose an OFDM transceiver design that employs frequency redundant
subcarrier mapping to mitigate frequency selective fading and subcarrier spreading to achieve
ICI self cancelation. Both our theoretical analysis and simulation show that such a code-spread-
interleaved-redundant OFDM system design offers significant (over 10dB) improvement in CIR
and robust BER performance in different channel conditions.
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Abstract—Two of the major challenges facing OFDMOFDMA  (FDE); ii) time domain windowing and iii) subcarrier self-
systems are their sensitivity to frequency selective fadand IClI  cancelation. In FDE, the CFO is first estimated using trajnin

due to CFO or Doppler shift, especially when the subcarrier oy mh4s and then equalized in frequency domain (after FET) a
spacing becomes smaller. We propose an OFDM transceiver

design that employs frequency redundant subcarrier mappig the receiver side [6][7]: FDE minimizes ICI by Cpmp_ensatlng
to mitigate frequency selective fading and subcarrier sprading for CFO and thus requires an accurate CFO estimation, which
to achieve ICI self cancelation. Both our theoretical analgis and is difficult to achieve when the received signal to noise ration
simulation show that such a code-spread-interleaved-reduwlant  (SNR) is low. Also the computation complexity is high in

OFDM system design ffers significant (over10 dB) improvement ; ; . . . : ;
in CIR and robust BER performance in different channel generating the correction matrix. Time domain windowing

conditions. refers to techniques which use Nyquist windows other than

Index Terms—OFDM, OFDMA, ICI, Orthogonal codes. rectangular window (e.g., Hanning window) and reduce energ
leakage between subcarriers in the transmitted symboéserh

| INTRODUCTION windowing methods have poor performance with respect to

additive channel noise [5], [8]. It also reduces thEeetive

Orthogonal Frequency Division Multiplexing (OFDM) andiength of the CP and thus results in increased inter-symbol-
Orthogonal Frequency Division Multiple Access (OFDMAjinterference (ISl). The third type is the ICI self-cancielat
are widely adopted in current communication systems for i#hao et al. proposed in [9], [10] to map the same data onto an
high spectrum giciency and easy implementation [1], [2]. Onexdjacent pair of subcarriers with opposite polarities asdha
of the recent advancements in OFPMFDMA system design result, interference to other subcarriers from these sukca
is the increasing subcarriers density (reduce the sulecariair cancel each other.
spacing) in order to minimize the cyclic prefix (CP) overhead |n this paper, we propose an OFPOFDMA design which

Reduced sub-carrier spacing not only increases tBffers not only ICI self-cancelation but frequency diversity
transceiver complexity, more importantly, it makes an OFDMs well. The key features we proposed are the interleaved
system more susceptible to frequency selective fading ap@iundant subcarriers mapping and subcarriers spreadihg w
inter-carrier-interference (ICl), which is caused by @& orthogonal codes. We provide both theoretical analysis and
Frequency @set (CFO) or Dopplerféect [3]. numerical results on the system performance. In our simula-

Adding frequency diversity in an OFDM design is anjons, the proposed designs demonstrate robust perfoenanc
effective way of mitigating the féect of frequency-selective in both additive white Gaussian noise (AWGN) channels and
fading. This is generally achieved by subcarrier redungangiispersive channels. The spreading scheme improves Earrie
or channel coding. Most popular coding schemes are cap:interference-Ratio (CIR) by over 10 dB, and significantl
volutional codes, Turbo codes and low density parity chegiwers the bit error rate (BER).

(LDPC) codes. The rest of this paper is organized as follows: Section II

To reduce ICI, we can minimize CFO by using accuratgrovides the models of OFDM systems, including mathematic
and stable local reference clocks, or implementing phask-| relationship between CFO and ICI. It also describes in tetai
loops (PLLs) or frequency tracking between two communihe proposed subcarrier spreading scheme. Section Ilyzesl
cating nodes [4]. Unfortunately, neither of these solitiare the dfectiveness of the proposed ICI cancelation scheme.
viable in many systems due to the cost, power, complexiection IV shows numerical results of the system performanc
constraints, or upper layer protocols which do not suppatiction V draws the conclusions.
continuous transmission.

Mitigating ICI in digital domain is desirable for many
reasons and there have been research work published irt recen
years. [5] gives a comprehensive overview of the commonly Figure 1 shows the block diagram of the proposed transmit-
used ICI mitigation techniques. Generally all these tegh@s ter and receiver structure. Compared to a conventional OFDM
fall into three categories: i) frequency domain equal@ati transmitter and receiver, the key components of our design a

Il. SystEM MODEL



Transmitter o2 of the kth subcarrier, wher¢Hy| is the gain and/Hyy the
phase delayy is noise spectrum powewy € CVN is the ICI
codficient matrix. More details will be given in II-A.

The OFDM receiver reverses the processes occurred in

redundant —— —
subcarrier spreading IFFT s(t)

Input bit :
Mapping | § S’ P/S D/A :

stream

@(.) 71.) K X
) " the transmitter by performing the CP removal, and FFT on
i the received signal to produce received frequency domain
AWGN—] symbols,R, which is de-mapped to generate the received data
H
‘ Channel h(t) symbol,V. This processes can be expressed as
| _p-lpy _ p-1 _p-1
(1) PN N Output bit V=9 1(R) =P (F () =P (R) @)
.‘ ADLS/P FFT R spreading R’ combining StrearrT =P (H . (W % S) + 77),
7() @) 2() | .
] R A. Inter Carrier Interference
g /U Receiver | The severity of ICI is represented by the ICI @ogent
‘ matrix, W. Wk quantifies the interference from thigh
Fig. 1. Block Diagram of the Proposed OFDM System subcarr_ler to.theth subcerrler. In CFO free eystem,f =0
andW is an identity matrix. (3) can be simplified to
R¢ = HikSk + k. (5)

the redundant subcarrier mapping, spreading and de-spgead

blocks. (5) indicates that the received signalkalh subcarrier is only

In a conventional transmitter, data to be transmitted agependent on the transmitted sigiSal plus the noisey and
read in blocks. Each data block can be represented bytharefore is ICI free. However, the presence of CFO or Dapple
sizeM vector, A € C", A = [a,a, - ,am], Wherean is effect disturbs the orthogonality between subcarriers. Tdis i
a complex number representing a modulatlon alphabet baseflected inW. For a given CFOAT, € = f is the normalized

on a particular modulation scheme for timéh subcarrier (e.9., CFO wrt the subcarrier spacings, we have [9], [11]
QPSK, QAM and etc.). A mapping functiof®(:), maps input

data symbols imA to a sizeN vector,S = [S1, Sy, -+, Sl Wi = sinfr(m-k + €)] erin(m-kre) ©6)
S=P(A), ‘ n(m—k+e)
N is the number of subcarriers in an OFDM symb®(;) can and the received signal dih subcarrier becomes
be 1-to-1 mapping, which maximize spectrufi@ency, or 1-
to-many. In practice, however, the mapping block also earri N-1
out pilot insertion as well as null-tone insertion in the gha R¢ ~ HkZWn,kSn + 1k
band and at DC.
Sis also referred to as thfeequency domain symbol block. N-1 Y
It is then transformed to a time domain sequers(®, via the = HkWickSk + Hk Z WicmSm + 7.
inverse fast Fourier transform (IFFT) given by m=0,mzk

. [ i The first term in (7) is the received power from the signal
) =F(9 = Zske T (1) subcarrier, the second term is the total interference frim a
= other subcarriers. Clearly ICl is a function ef As € grows,
whereSy is the frequency-domain symbol for theh subcar- the power from the signal tone decreases and the interferenc
rier, and7 () denotes the FFT operation. Cyclic prefix (CPjrom individual tones as well as the total interference éases
is added to each output time domain sequence before itals shown in Figure 2W, is only a function of - k) and

transmitted._ _ o o therefore can be simplified a&h_y, €.9, Wo = Wkk. ICl is
The received time-domain signai, is given by quantified with carrier to interference ratio (CIR) to qufnt
r(t) = h(t) ® S(t)e—erjAf(t)t +(t), @) ICI, defined as
2
whereh(t) is the channel impulse responsedenotes linear CIR() = E Wo 8
convolution andvy(t) is the additive noise. The equivalent (€) = E[XN- O  Wi_man] ’ (8)
expression in frequency domain is meom
R=H-(WxS)+7, 3) where E[] is the expectation over all subcarriers and input

symbols. Figure 2 shows that at= —0.3, CIR approaches 0
whereH, the channel frequency response matrix, is a diagord. Clearly, CFO induced ICI can be the system performance
matrix and its diagonal elemert, represents the responséottleneck and must be dealt with.



EGC is simpler and in many casesflitiently efective but
MRC offers better performance in frequency selective channels
[12]. The combination of redundant-mapping and combining
processesflectively mitigate the frequency selective fading as
it guarantees the combined SNR for a given ingytremains
acceptable when deep fading occurs on just one or a few
subcarriers assigned to it.

With redundant subcarrier, CIR becomes the ratio of the
total power of signal subcarriers for the same input symbol
to thetotal power from the interfering subcarriers. Compared
to an OFDM design without subcarrier redundancy, the “inter
leaved redundant subcarrier” mapping scheme describeaabo
offers no CIR improvement. The mathematic proof is relatively
simple and will not be given here, interested reader carr refe
to [13], [14]. Intuitively, we can see that both the totalreid)

Fig. 2. ICI Cosficients vs CFO power and the total interference power increase propaitipn
to the diversity degreé.

ICI coefficient

B. OFDM Systems with Frequency Diversity C. OFDM with Spread Redundant Subcarrier

The coherent bandwidth in most of the wireless channels isTo improve the ICI performance in an OFDM system with
much greater than the subcarrier-spacing and therefote eagbcarrier redundancy, we proposesabcarrier spreading
subcarrier is subject to deep fading. Frequency diversity $cheme which extends the “interleaved redundant subcarrie
introduced in OFDM systems to mitigate this. An easy andesign discussed above butess ICI cancelation and signifi-
convenient way of providing such frequency diversity is téant CIR improvement. The block diagram is shown in Figure

map each input symboé,, to | > 1 subcarriers, i.e., 1 and details of the design are as follows:
~ The transmitter first map# input alphabetsA, to N
Sk=am, VkeGm={kiky, - ki) subcarriers as given in (9). However, instead of takig

L is the degree of frequency diversity, and Gn is the set directly asthe IFFT input, spreading operation is first carried
of subcarriers assigned tam, referred hereafter as theth Out onS. The spreading operation is defined as
subcarrier group. To maximize the frequency diversity, it is

essential that the subcarriers assigned to the same input d& =Q(S)=C-S

are spread across the entire band. This can be achieved when

; ; - : (11)
an “interleaving .subc_arrle.r mapping scheme is used. For _ 181, Codp- -+ . CmAM. - - . CLM_Letd1 -~ .CLmau |
example, assuming siZd- inputs vector, a diversity degree
of L and omit all non-data tones, a mapping function would 1st set Lth set
look as follows: whereC is a lengthtM spreading sequence. We can reformat

C into anL x M matrix and each row vector in thgpreading
matrix, CR = [Cm, CMsm* -+ » CLM_L+m] iS the spreading vector

S=P(A)= [mu ’w]’ ©) corresponding to a subcarrier group. If we designsuch
1st set 2nd set Lth set that all row vectorsCR, are chosen from a set of length-

The mapping function given in (9) maps inputs toLx M  orthogonal codesQ, ICI self-cancelation can be achieved as
subcarriers. Themth input, a, is mapped toL subcarri- Shown in Section lll. _
ers, {@m, amsm, amsm - » &L-1M+m). Subcarriers in the same The proposed spreading scheme does not specify the orthog-
group have a minimum separation bf subcarriers spacing. ©nal codes that can or should be used. For example, Walsh
We call this subcarrier mapping scheme “interleaved redand codes based on Hadamard matrix can be used as spreading
subcarrier” since the subcarriers forffdrent input symbols Vectors. A length-4 Hadamard matrix is given as

interleave with each others. 1 1 1 1
The corresponding receiver combines power from subcarri- 1 1 -1 -1
ers that are mapped to the same input symbols. (4) is rewritte [Hs = 1 -1 1 -1 (12)
as 1 -1 -1 1
— P 1(RY = .
Vi =#"(R) = Z R (10) and each row vector is a length-4 Walsh code, denotéii’as
keS 4
m to W4.

wheregg is the combining weight defined by the combining  When the number of subcarrier groupsjs greater than the
scheme. Two most commonly used schemes are equal dgaial number of length- orthogonal vectors available (which
combining (EGC) and maximum ratio combining (MRC)is generally the case), it is necessaryrénse the spreading



vectors, i.e., the same spreading vector is applied to pielti stage at the receiver can be expressed as
subcarrier groups. Two subcarrier groupsanthogonal (S; L
€;) if their spreading vectors are orthogonal, ammpatible Vi = Z gkCkR«

(S || ©j) if they share the same orthogonal code. To maximize KeSnm

ICI cancelation, the compatible subcarrier groups shodd b N-1

separated far apart. = Z gkck(thWn,kCnSn +17k)

Correspondingly in the receiver, the received symiRIs keCm n=0 -

needs to be de-spread before combined. The output after .

combining is given as: - Z I WoCKCiSic + Z GG Z WaCnSn
keGm keGm n=0,n#k (14)
+ Z OkCr7k

V=P 'R) = ) aRi= D &Q (R (13) Kz
keGm keGm N-1
=Woam Z gkhi + Z OkCihi Z WhkCnSh
keGm keGn n=0,n+k

Q1(") denotes the de-spreading function. When Walsh codes
are used as spreading vecta®s(-) = Q(-). + Z Ok CicTlk-

Walsh codes are available fdr = 2%. All Walsh codes KeSm

have only+1 and-1 as elements. This allows very simplerhe first term in (14) describes the power from the transuhitte
implementation for the spreading and de-spreading opei®ti signal subcarrier and the second term the interfering subca
It is, however, not required for the cfiieients to be real. By riers, The third term is from the additive noise and its total

extending cofiicients to complex numbers with absolute valugower remain unchanged with or without de-spreading, i.e.,
of 1, we can find orthogonal codes for anywhile preserving g[s, . gan] = E[Skee. e given o = 1.

the transmission spectrum. For example, a set dfourier  £qr the clarity in the following analysis, we further assume
sequence$F), F, - - ,Pt_*l} form the orthonormal basis andawGN channels If = h), and EGC ¢, = 1) in the receiver.
can be used as spreading vectors. Eaczn V%§t0$ ?,,?(f!?)ed The first term (signal carrier) in (14) is simplified to

by a Fourier series given a§¢ = [1,eT,etT,---e"t
Cyclic orthogonal sequences can also be generated that are 7z _ hyy, Z CCSk = hWo Z S, = hLWoa,
mutually orthogonal [15], [16]. Table I lists such a set otly

orthogonal codes of length-6.

(15)

keGm keGm

unchanged from the original non-spreading design. The-inte

TABLE | ference term, however, becomes
LENGTH-6 CycLic ORTHOGONAL CODE
N-1
Code Tndek 1 7 3 Z 5 3 Im=h Z Cx Z Wh_CnSh

BL +1 el%r/6 -1 +1 —elZx/6 -1 keSm  n=0nzk
B2 elZr/6 -1 +1 —elZt/6 -1 -1
B§ 1 1 —glZr/6 1 1 —alZATs =h Z Ck( Z Wn,kCnap + Z Wn,kCnap)
B2 1 —gIZi/6 1 1 —gIZi/6 ) keGm  NeSp,GplIGm neSp,SpLGm

5 2n]6 2n]6
By e 1 e +1 -1 =h ) o Z Wh_kCn@p +h Z Ck Z Wh_kCnlp
B® -1 -1 —elZt/6 +1 -1 el2r/6

6 keGm  neGp,GpllGm keSm NeSp,GpLlGn

When perfect orthogonal codes are unavailable 6icdit Rewrite the first term in (16) as
to generate, quasi-orthogonal codes (QOC) can also be used.
Due to the non-zero cross-correlation sidelobe, QOC géyera
offers less ICI cancelation. h Z C Z Wh-kCnlp

KeSm  NeSp,EpllSm

L L
=h Z Cm+ICp+IWm—pap+hZ Z Crm jL+1Cprt WiLem-p@p

I1l. AnNaLysis oN EFrecTIVENESS OF |CI-CANCELATION 1=LSplISm j#0 I=1&plIGm
. . P;SplIS
We now show the ICI cancelation in the proposed spread e (17)

redundant carrier design. For clarity of the analysis, wmig

the pilot and null tones insertion and use the simple mappifge approximation is based Oy p > WiLim_p, i.€., inter-
defined in (9). ference cofficient from subcarriers far away is negligible in
Combines (7), (11) and (13), the output of the combininifpe overall interference. Similarly, the second term in) (d#n



be approximated to 10F

hY o D> Wokcay o |

No Spreading L=4 or 6 or 8

& =#= Walsh Code L=4
= == = o~ O Trunked Walsh Code L=6
KeSm  NeSp,SpLCm o +‘§ N /¢ Walsh Code Length L= 8
L L Q9
v O
=h Z Crnv| Cpat Win—pap + hz Z Cine L+ Cp+t WiLsm-p@p 0 L
=18 5L Sm %0 I=1:8, L, «

L L

= hz Z Cr jL+1Cpr WiLsm—p@p L
j#01=1;6p LG
<hL Z Win-pap. al:
p;ep”em 107

i i i i i
(18) 0 0.05 0.1 0.15 0.2 0.25 03
Normalized Carrier Frequency Offset €

Therefore we have
Fig. 3. Theoretical Calculation of CIR for Berent Schemes

Im~hL > Wi pap, (19)
P SpllSm
and ’ performance. The simulation is set up as follows: the center
5 2 frequency of the OFDM systems is4&Hz and the signal
CIR,=E Zm ~ Wo _ (20) bandwidth is 20MHz. Of a total of 256 subcarriers, we allecat
Im E[Zp;gpllem Wm_p] at least 32 subcarriers as null tones in the guard band. DC

he ab , h h e bol. th . tone is nulled as well. There are also 12 pilot tones evenly
The above equation shows that at symbol, the major- gisyihyted and modulated with random generated symbols.

ity of in_terference comes from subparrigrs in its Compat_ibLEach tone is QPSK modulated and input symbols are randomly
subcarrier groups. The larger the diversity degree, thaerig generated. During the simulation, we swaefsom 0 to Q3.
the ICI. If all groups are mutually orthogonal, i.e., wheezle

subcarrier group is assigned a unique orthogonal code,
overall CIR can be very high. Such a design would, howeve
be very spectrum irfcient and is hardly seen in practice.

T
No Spreading L=4 or 6 or 8

-0+ Trunked Walsh Code L=6

The analysis for frequency selective fading channel, or MR 10755 0. wash Code L3

—&— Cyclic Orthogonal Code L=6

is more complicated and less insightful but can be carrit
out similarly. Due to the variable channel gdip at different
subcarriers, the orthogonal groups are no longer perfec
orthogonal to the signal subcarrier group and thereforé w
have higher residual interference energy. As results, we ¢
expect degraded CIR compared to AWGN channels.

Figure 3 plots the calculated CIRs based on (20) for seve
different spreading schemes in flat fading scenario, with t
CFO, ¢, ranges from 0 up to .8. The total number of
subcarriers,M, is 256. The CIR of “interleaved redundan 07! ‘ . -
subcarrier” with diversity degree of 4, 6 and 8 are identic: normalze Garer Frequeney Ofset
and plotted as the baseline. For “spread redundant suecarri

£
E\

I
0.25 03

with diversity of 4 and 8, we use Walsh cod&g, and Wg Fig. 4. BER of the OFDM system vs. CFO in flat fading channels
respectively. For diversity of 6, we use truncat#g, i.e., all
8 codes are truncated to 6 bits. Our first set of simulations are carried out using flat fading

All spreading-based desigrffers significant CIR improve- channels and the results are given in Figure 4. To observe the
ment, with the highest CIR improvement, close to 30 degffect of our proposed frequency spreading scheme on system
achieved withL = 8. Figure 3 shows that the diversity degreéBER performance, no additive noise is added to the channel.
L, directly afect the CIR, as it determines the spacing betwe&ur simulation shows that when spreading is not applied,
compatible subcarriers. Figure 3 shows that CIR is 10 d®/stem BER is insensitive to the diversity degree, as predic
higher whenL increases from 4 to 8. Using quasi-orthogondly our analysis. Note that since the simulations use noese fr

codes [ = 6) sufers little degradation. channel, the frequency diversity gain after combining i$ no
reflected in the BER.
IV. PERFORMANCE EVALUATION For bothL=4 andL =8, Walsh codes are used as spreading

To evaluate theféectiveness of dierent spreading schemesyectors. ForL = 6, we compare three flierent spreading
we implement several OFDM transceivers witlffelient re- schemes: i) truncated Walsh codes, ii) alternating orthafjo
dundancy and spreading schemes and simulate their BE®les and iii)) length-6 cyclic orthogonal codes. In the first



scheme, we truncate al to length-6 vectors. The truncationin OFDMA systems. A total of 256 subcarriers are assigned to

causes the spreading vectors to be quasi-orthogonal chsteaultiple users. Each user has an independent clock with CFO

perfectly orthogonal to each other and as consequences,resxdomly distributed within-{5, 5]. Simulation results shows

sults in higher residual ICI. The alternating orthogonade® similar BER improvement.

scheme uses only one pair of length-6 orthogonal codes (e.g.

[1,1,1,1,1,1] and [1,1,1,-1,-1,-1]) and apply them on V. ConcLusion

adjacent channels. Such arrangement results in half obtee t This paper proposed an ICI cancelation scheme for

subcarrier groups to be orthogonal to the other half of tfeFDM/OFDMA systems, which spreads the redundant data

groups, but compatible to each other within the two halves. gubcarriers with orthogonal or quasi-orthogonal codes. We

the third schemes3g listed in Table | are used as spreadingresent design details of both the transmitter and receiver

vectors. analysis on the spreading gain in terms of CIR improvement.
The simulation shows that the second scheme has the wdrdgoretical analysis and simulations are given in the paper

BER of the three, even worse than the: 4 case. This shows Well. The numerical results confirm that for a given BER re-

that even though quasi-orthogonalfsus slight performance quirement, designs using the proposed ICI cancelatiomsehe

degradation, the CIR gain is more directlffexted by the are twice or more tolerant to carrier frequendjset.

separation of the compatible groups. Even though the second

scheme uses a set of 6 QOC as spreading vectors, it has

much better performance than the first one. As expected, {ﬁ]egGP.P TS 36.211 V8.3.0, 3GPP Project: Technical SpetfitaGroup
. . . adio Access Network; Evolved Universal Terrestrial Radiocess;

third scheme, which uses 6 truly orthogonal spreading v8Cto  physical Channel and Modulation (Release 8), 2008

offers the best BER performance. [2] IEEE Std 802.16e-2005, “IEEE Standard for Local and opititan area
Significant spreading gain can be observed in Figure 4. For networks, Part 16y:‘ Air Interface for Fixed and Mobile Broadd Wireless

. . Access Systems,” 2006.
example, to achieve BER of 1®and better, the maximum [3] K. Sathananthan and C. Tellambura, “Probability of eralculation of
CFO tolerable is = 0.11 without spreading. With spreading, OFDM systems with frequencyfiset,”|EEE Transactions on Communi-
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: : P : : : : . W. Golomb and R. A. Scholtz, “Generalized Barker Semes”
is different. The gain is still directly related to the diversity ™= " S| o mation Theory. Vol 11, No. 4, Oct, 1965,
degree.

Both Figure 4 and 5 show high spreading gain in the low
CFO regime and it slowly reduces asgrows and in both
cases, approaches 0 wher 0.3.

In addition to OFDM systems, we simulate the performance
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