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The Performance of PCC-OFDM in Multipath
Fading Channels

Kusha R. Panta, Himal A. Suraweera and Jean Armstrong

Abstract—Polynomial cancellation coding (PCC) is a very effec- effect of channel coding and PCC on the spectral efficiency of
tive technique that reduces the sensitivity of orthogonal frequency PCC-OFDM is presented.
division multiplexing (OFDM) to frequency errors at the cost of re-
duced spectral efficiency. This paper investigates the effect of PCC
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. INTRODUCTION Fig. 1. PCC-OFDM symbol in a two-path channel

Orthogonal frequency division multiplexing (OFDM) is a
modulation technique used in many new digital data transmis-
sion systems such as digital video broadcasting (DVB), digi-
tal audio broadcasting (DAB) and wireless local area networks Il. PCC-OFDM COMMUNICATION SYSTEM
(WLANSs). However OFDM is very sensitive to frequency er- Fig. 1 shows a simple block diagram of a PCC-OFDM
rors [1]. Its performance also suffers from multipath distocommunication system. High speed serial complex data are
tions in multipath propagation. Polynomial cancellation codingonverted into)/ lower speed parallel data substreams us-
(PCC) is a very effective technique that reduces the sensitivig a serial to parallel (S/P) converter. The S/P converter
of OFDM to frequency errors [2],[3]. In PCC-OFDM, data tdakes M data symbols from the serial input stream and out-
be transmitted are mapped onto weighted groups of subcarrie¢és them ontd\/ substreams at each symbol peri@d, Data
instead of individual subcarriers. In its simplest form each data.i; d1,;, - - - dum—1,; represent théth data block to be transmit-
in PCC-OFDM is mapped onto pairs of weighted subcarriefgd and are mapped onto valuds = [ag i, a1, .- an—1,i]

We will be only considering PCC-OFDM of the simplest fornthat modulatelV subcarriers of inverse discrete Fourier trans-
in this paper and the weighted subcarrier pairs will be called tferm (IDFT) in ith symbol period. In OFDMM = N and
subchannels. data are mapped onto individual subcarriers on a one-to-one

In addition to providing an effective way of reducing théasis. In this case, eaeh ; is mapped onto a weighted pairs
sensitivity of OFDM to frequency errors, PCC also provide@f subcarriers so thaty; = do, a1; = —do, az; = di,
other advantages. It has been shown that multipath propagatien = —di, ---, an—1; = —dn/2-1,; The corresponding
causes much less intersymbol interference (ISI) and intercaeighting coefficients are-1, —1 andM = N/2.
rier interference (ICI) in PCC-OFDM [2]. As a result a cyclic The time domain output samples of the IDFT are then con-
prefix is not required. In this paper, we will investigate the pekerted parallel to serial, digital to analog before being filtered.
formance of PCC-OFDM in multipath fading channels. Théhe filtered baseband signal is then modulated onto a high fre-
error performance of PCC-OFDM is compared with that of th@uency carrier and transmitted. The channel distorts the signal
OFDM for a two-path fading channel. Channel coding for forand adds Gaussian noisét). The channel impulse response is
ward error correction (FEC) is considered and the combin@en by
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is the same for OFDM. In PCC-OFDM, however, da&ta = del ay e _
[20.i, 21,4, - - - Z2N—1.;) @t the output of the DFT are then weighted el

and added to generate the estimatesd®f,di;...dy—1 w “mem“mwxb
The outputs at the “weighting and adding” block are given by -

V0,iyV1,i---UM—1,i and

ujzw forj=0,1,....,N/2—1 (2) MMMM ]HHI
<

2
The outputs of the “weighting and adding” block are then fed >|
into a single tap equalizer. In this paper a minimum mean T

square error (MMSE) equalizer is used.
Fig. 3. PCC-OFDM symbol in a two-path channel

Ill. PERFORMANCE OFPCC-OFDMIN MULTIPATH

FADING ) ) o o )
as possible. As no cyclic prefix is required in PCC-OFDM this

In a multipath channel, several echoes of the transmitted SIg~ iraint is removed. Another reason for choosing ldfge

nal are reC(_alved. Each echo is Sl.JbJeCt to a unique _delay_ a8lgDM is to improve the spectral roll-off. As the spectral roll-
Doppler shift. One effect of multipath propagation is to Mot of PCC-OFDM is much more rapid, this constraint is also

j[roduce ICl and ISl in the rgcelveq signals. . Another eﬁeér%emoved. Thus, the subchannel bandwidth in PCC-OFDM will
is to cause frequency selective fading. Previous results have . . . .
. . be at least twice as large as in OFDM. This means for a given
shown that PCC also increases the performance of OFDM inthe, —. .
. . : . ade in the channel, fewer subchannels will be affected com-
presence of multipath distortions [2],[4]. The improved perfor- . o
. . ; . pared to OFDM. The depth of the fade experienced by individ-
mance of PCC-OFDM in multipath fading channels is due i . .
o - . al subchannels will also be less because the channel will be
part to the energy distribution within the transmitted symbol. .
. averaged over the larger subchannel width. The symbols shape
In PCC-OFDM symbols most of the symbol energy is concen- :
: . . . f PCC-OFDM also reduces the depth of the nulls which mul-
trated in the middle of the symbol due to the windowing effe . . .
. : ; ; Ipath fading causes. Figs. 2-3 show a block diagram of a PCC-
of PCC in the time domain [3]. Since the symbol energy at ej: .
ther end of the symbol is significantly less than that in OFD FDM symbol and an OFDM symbol in a two-path channel
y g y Gbgether with its replica in the delayed path. The shape of the

there will be reduced power in the ISI and the ICI that woul - L
be caused by the delay spread. The weighting and addingz}’nmbOI was chosen to highlight the energy distribution of the

) ) ; . X . “symbol in both cases. In PCC-OFDM, even an equal amount
the receiver result in a further windowing effect in the recelv%f sianal enerav in both sianal paths. will not oroduce a com-
which further reduces the effect of ISI. In addition, the fadin 9 9y gnaip ' P

characteristics experienced by the PCC-OFDM will be differe {ete notch n the spectrum, as the energy distribution v_wthm
) e symbol is not symmetrical like OFDM. However, a direct
than those experienced by normal OFDM.

path signal and a delayed signal with equal signal power may
produce a complete notch in OFDM. The overall effect of the
IV. CHARACTERISTICS OFFREQUENCY SELECTIVE larger subchannel spacing and the symbol energy distribution is
FADING IN PCC-OFDM to make the effect of frequency selective fading in PCC-OFDM
The actual characteristics of frequency selective fading aleds severe than in OFDM.
its effect on the performance of PCC-OFDM depend on many|n PCC-OFDM, frequency selective fading still remains a
factors. One factor is the increased subchannel spacing. Forgfgblem, though not as severe as in OFDM. The fading will
sameN, the subchannels in PCC-OFDM will be twice as wid@orrupt data transmission dradsubchannels. The use of chan-

as those in OFDM. However a number of properties of PC@el coding for FEC is needed to improve the error performance
OFDM may allow N to be reduced in practical implementapCC-OFDM system.

tions. In OFDM, a cyclic prefix is required. To limit the loss in
spectral efficiency this causes, it is desirable to hsivas large

V. ERRORPERFORMANCE OFPCC-OFDM

delay

> This subsection provides bit error rate (BER) performance of
PCC-OFDM with square M-QAM with Gray bit mapping. Let

/\/\/\ H[k] = Holk] + jH[k] = r;e?? -
B >

whereH k] is the discrete frequency domain coefficients of the

channel impulse response. The receiver “averagesMimT

T outputs to extract the sed¥/2 v; data per block. The fact
that PCC-OFDM does not use a CP will introduce ISI for the

Fig. 2. OFDM symbol in a two-path channel current evaluated block and by incorporating its effects on the
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noise term we can write, V1. SPECTRALEFFICIENCY OFPCC-OFDM

Mapping of data onto pairs of subcarriers in PCC-OFDM

S L YD T I 1 R Y X e
- {raje’lagile”” — raje1¢’¥]agjale’™ 7} (4) will reduce the spectral efficiency by half in comparison to that

vy
2 of OFDM. However some of the properties of PCC-OFDM al-
+ {n2j — naj} low some compensating gains in spectral efficiency [4]. The
2 cyclic prefix can be eliminated. The faster spectral roll-off

ny; is the complex frequency domain sample value of AWGRIEANS that sm_a_ller frequency guard bands are .required. The
affecting the2;jth subcarrier with its real and imaginary comf€duced sensitivity to frequency offset, phase noise and multi-
ponent variance equal te?. For 16-QAM |as;| € 1,/10 and path transmission increase the effective SNR in a practical sys-

/18. (4) can be simplified further by assuming that the adjacei@M- Other significant second order effects also increase the

channel phase values are likely to be equal. Hence, effective SNR. For example the redu_ctior_1 in ICI aII_ows more
accurate channel and frequency estimation. In this section it

lagje??el¥ (roj 4+ roj41)  (n2j — najt1) will be shown that the loss in the spectral efficiency is not that

Vi = 2 + 2 (5) significant when the use of channel coding is considered for

) . the FEC in PCC-OFDM. Moreover, PCC-OFDM still performs
Clearly it can be seen from (5) that the channel coefficients §g&sonably well in channels with large delay spreads whereas

averaged for PCC-OFDM and this guarantees better system Rk OFDM will fail when the delay spreads are higher than its
formance even in channels wideep nulls Defining a new ran- ¢y lic prefix.

dom variable\ as(rq; + r2;41) We note that\ is also Rayleigh
distributed however with a mean square vafyehigher than

the same for either; or r;;. With this in mind we simplify VII. SIMULATION RESULTS

(5) as, In this section simulation results are presented for error per-
formance of OFDM and PCC-OFDM in fading channels. Fig.
vj = \jlaz;|cogl+ @)+ \j|azj+1|Sin(@ +¢) (6) 4-5 show the plot of symbol error rates (SER) for coded and
+ No+iN; uncoded PCC-OFDM and OFDM in a two-path fading chan-
N . nel. The channelis,
= Vo+iVi
The conditional BER s, (E|), 1) and the overall conditional h(t) =1+ \/35 (t—r)

BER for 16-QAM can be written as,
The channel coding is employed by applying Reed-Solomon
Py(E) = € ZPb(El)" ) (7) codesRS(15,11) that outputs & four bit code block for every
16 11 four bit message block. Simulations are performed for 16-
Simillar to the approach described in [6] each term of the abo@HM Symbols usingV’ = 128 and M = 64. The number of
summation is in the form of, subcarriers can be of any value. A cyclic prefix3o{7/128) is
considered in OFDM. This particular length of the CP was cho-

Pr£N;o > a.)coqd + ) + 3 (8) sentoenable OFDM to combat ISI/ICI that would otherwise be
Q. cog(0 + ) + B introduced by delay spreads of length up to almost a quarter of

= Q ( : 5 ) the symbol duration in the two-path channel. Transmitted sig-

Tin nal energy per bitt;, is normalized to account for the energy

or used by the cyclic prefix in OFDM and by the mapping of data
symbols onto subcarrier pairs in PCC-OFDM. The transmitted
Prl£N7o > a.Asin(@+ ) + f] (9) energy is normalized for the energy used by the extra bits gen-

asin(d + ) + 3 erated for FEC as well as for the energy of echo path signal in

= Q ( = ) the two-path channel.

The Fig. 4 presents simulation results for the error perfor-
WhereQ(z) = 1/v/2r [~ e—t*/2 4t. The coefficients of and Mmance of PCC-OFDM and OFDM when the CP equals the de-
- day spread of the channel. It shows that the SER of uncoded
OFDM is almost flat against increasirdg,/Ny,. However, the
effect of the delay spread is not so severe in PCC-OFDM. When
both systems are coded witRS (15,11), the coding gain of
PCC-OFDM is abouR.0dB for the SER ofl0—3. However
oo the gain will be higher when the delay spread is either longer or
/0 By(EIA ) p(A ) dpdA (10)  the shorter than the length of the CP.

—T

( depend upon the signal constellation used for modulati
More explicitly eachsymbol of the constellation have differ-
ent values fore and 3. P,(E) is averaged over the probability
density functiorp(, ¢) to finally obtain BER as,

Py(E) =

Fig. 5 presents simulation results for the error perfor-
Expression BER given by (10) is a function of the amplitudemance of PCC-OFDM and OFDM when the delay spread is
and the phase of the fading channel coefficients. Hence, the 8%(7'/128) (> CP) and20(7"/128) (< CP). When the delay
act calculation of BER using (10) depends on the actual fadisgread is longer than the CP, the SERs of OFDM decreases very
profile of the channel being available. slowly against increasing, /Ny. The ISI and ICI introduced
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by the length of the delay spread that is not covered by the CP 10" ¢
part is high. However PCC-OFDM is much less sensitive to
delay spreads. The coding gain of PCC is also higher when
the delay spread is shorter than the CP. Fig. 5 also shows tha
at the SER ofl0~2 the coding gain of PCC i8.0dB. This is
because the error performance of OFDM mainly depends on%lo-z
the CP length. Its performance in channels with delay smaller
than the CP will be very similar. However, in channels with
delay longer than the CP, its performance collapses. Therefore §10’“
OFDM can not take advantage of the shorter channel delay anc”
contributes to excessive loss in spectral efficiency than other-

10

ol Error

10l & Coded OFDM, T = (20*T)/128 J

wise be required for shorter delay spreads in channels. In the —+— Coded OFDM, T = (35*T)/128
—%— Coded PCC-OFDM, 1 = (20*T)/128
case PCC-OFDM, the error performance depends on the dela e pZCE_OF_DM,T:(s_SfT),{zg )
spreads and the effect of the delay spread is not as severe as i — OFDM without CP in AWGN ‘ ‘
0 5 10 15 20 25
OFDM. E,/N, in dB

Figs. 4-5 show that PCC provides a significant coding gain.
Previously it has been perceived that its spectral efficiency is tog- 5. PCC-OFDM symbol in a two-path channel when-£Bpread
low as each data symbol is transmitted on pairs of subcarriers.

However if we consider the removal of the CP in OFDM due o b ~~_ ~rpmis comparable with that of OFDM when the f-

PCC, the coding gain in multipath fading and faster roll-off %ect of PCC is combined with that of the channel coding and
out-of-band spectral power, the resultant spectral efficiency t?]g cyclic prefix

PCC-OFDM will be comparable to that of the OFDM. More-

over, PCC also makes OFDM more to tolerance to frequency
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Fig. 4. PCC-OFDM symbol in a two-path channel when CP = delay spread.



