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ABSTRACT domain can vyield performance gains for CE-OFDM. In
. . .. [8], CE-OFDM is compared favorably to conventional
In this paper we consider the problem of equalizing : - .
constant envelope orthogonal frequency division muIti—OFDM’ in the presence of clipping, over a two-path fading
channel. Each of the above papers consider CE-OFDM

plexing (CE-OFDM) signals that have been corrupted bywith binary data symbols.

frequency-selective multipath fading channels. A cyclic An issue of primary concem is the performance of

pre x guard interval is used to ay0|d interblock 'nter_.CE—OFDM in multipath fading channel. Such a channel
ference (IBl), and to make possible frequency-domain

N . . . iS encountered in the high data rate wireless environ-
equalization (FDE) using the discrete Fourier transform. ) . .
. ) . . . ment [12]. In this paper, a frequency-domain equalizer
It is shown that CE-OFDM exploits the multipath diversity . .
. FDE) for CE-OFDM is proposed. The FDE relies on
of the channel due to frequency spreading of the data sy 1= clic pre x quard interval between successive CE
bols. CE-OFDM compares favorably with conventional y P 9

. . ... " OFDM blocks. Given that the cyclic pre x duration is
OFDM when the impact of nonlinear power ampli cation .
. . at least that of the channel impulse response, the FDE
and power backoff is taken into account.

can perfectly invert the channel [13]. The advantage of
the FDE is relatively low complexity. The equalization

|. INTRODUCTION : . . :
L ) ) . is performed with twoN -point fast Fourier transforms
Orthogonal frequency division multiplexing (OFDM) is (FFTs) at the receiver, whef¢ is the number of samples

a popular modulation format for high data rate commu-per block. Therefore the complexity @(N logN ), much

nications [1]. Unfortunately, OFDM has a large peak-10-ggq than an equalizer requiring matrix inversion where the
average power ratio (PAPR) which makes it dif cult to complexity isO(N3) [8]. The disadvantage of the FDE
amplify ef ciently [2]. Constant envelope OFDM (CE- s the required overhead of the cyclic pre x. For the CE-
OFDM) has been suggested as a solution to the problegyep systems studied in this paper, this overheatbis
[3]-[8]. CE-OFDM transforms the high PAPR OFDM | this"naper, expressions that generalize the high-SNR
signal to a constant envelope (0 dB PAPR) signal ideallyi; arror rate approximations in [6] and [10] to CE-OFDM

suited for ef cient ampli cation [9], [10]. The potential i, \ _ary data symbols are presented. Performance
gain for a mobile wireless system using CE-OFDM is in- ¢ the EDE using both zero-forcing (ZF) and minimum

creased battery life, reduced heat dissipation and impl_rov%ean-squared error (MMSE) de nitions is studied over
range. CE-OFDM shares many of the same functionad} \yije range of multipath fading channel models. It is
blocks of conventional OFDM, thus an existing OFDM gemonstrated that uncoded CE-OFDM, unlike uncoded
system can provide an additional CE-OFDM mode Withorpy exploits the frequency diversity of the multipath
relative ease. This is especially true for software-de ned.pannel. This diversity comes from frequency-domain
platforms [11]. o spreading of the data symbol energy for large modulation
Recent contributions to CE-OFDM research are agygey For small modulation index, however, CE-OFDM
follows. In [6], the signal space of CE-OFDM is studied joeg not achieve diversity gains. This phenomenon is

and a high-SNR pit error rate (BER) expression is derive%xplained by viewing the CE-OFDM signal in its Taylor
for CE-OFDM usingM = 2-ary (binary) data symbols. expanded formM = 4-, 8 and 16-ary CE-OFDM is

The high-SNR analysis is extended to at Ricean and,,mnared with conventional QPSK OFDM in the presence

Rayleigh fading channels in [10]. In [7], it is Shown ot honjinear power ampli cation at various levels of input
that maximum ratio combining (MRC) in the frequency power backoff (IBO). Taking into account the IBO, CE-

This work was supported by SPAWAR Systems Center, San Diego(,)FDVI is ShOV_Vn to _OUtperform OFDM at high bit energy-
and the Of ce of Naval Research under STTR Topic N04-T031. to-noise density ratios5,=Np). On the other hand, at low
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E,=Ng the CE-OFDM phase demodulator receiver sufferss independent and identically distributed, it follows ttha
from a threshold effect [14]. Potential solutions to this ,2: (M2 1)=3[15, p. 194], [14].s(t) is de ned over

problem are discussed. [ Ty T), whereTy is the guard period and@ is the block
period.
Il. SYSTEM DESCRIPTION The receivedzsignal is
Source QAM Hermitian Phase Add rt) = h(;t)s(t )d + w(t); )
bits [~ mapping ™ IDFT [ | modulator| > CP_I 0
t f whereh( ;t) is the channel impulse response having a
S ; rn . . .
L oA P4 hﬁlrjgﬁr?g] sl AD | Reg‘lfve 3 Equalize maximum propagation delayma, and w(t) is complex
—| Gaussian noise [16, p. 12]. For this study, the channel
L Phase OAM Receive is assumed to be static over the. block interval, a_nd
demodulatof | PFT ™| demapping[ ™| bits thereforen( ;t) h( ). The channel impulse response is

modeled as a wide-sense stationary uncorrelated scatterin
Fig. 1. Constant envelope OFDM system. (CP = cyclic pre x) (WSSUS) process [12, ch. 7] comprised lof discrete
paths:

The system under consideration is represented by the X 1
block diagram in Fig. 1. The source bits are mapped to h(')= hy ( 1); (6)
M qanrQAM data symbold X g. The data symbol vector =0
is made Hermitian symmetrieS y=p+ x = Xnea ko result- Whereh, is the complex-valued gain of tH¢h path; the
ing in real-valued OFDM time samples at the output of thediscrete propagation delays are de ned as= ITs, for
IDFT. The OFDM time samples are then passed thoughll |, whereTs, is the sampling period [12, p. 269-271].
the phase modulator, a cyclic pre x (CP) is added, and The output of the analog-to-digital (A/D) converter is
the continuous-time CE-OFDM signs(t) is generated at comprised of the samples

the output of the digital-to-analog (D/A) converter. This b 1
baseband signal is expressed as [9] rn r(nTsy) = hisy, |+ Wy (7)
s(t) = Ael ) = Agl2Mm O, (1) =0
) ) ) ) n= Ng::5;0,:::;N 1, wheres, s(nTsy) and
Ty t_< T_ , WhereA is the signal amplitudeh is the W, W(nTs). The number of guard samples M, =
modulation index, and bTgFs«, WhereFs, = 1=Tg, is the sampling frequency.
Nsu The sampling period is de ned a%$s5s = T=JNgyp),
M(t) = Chom k(1) (2)  whereJ 1is the oversampling factor. The number of
k=1 samples per block is thud = IJNgyp
is the OFDM message s[j)gnal comprised N, sub- For the proposed system, a cyclic pre x guard inter-
carriers. flyg are M = Mgarrary pulse-amplitude val is transmitted:s, = Sy, , Where ((n))n (n
modulation (PAM) data symbols, mod N) is the moduloN index [17, p. 411]. By design,
Ng L. Consequently, the received samflesgh-," are

he2t 13 (M 1)g ©) represented equivalently by a lineal) ©r a circular ¢)
for eachk. Since a Hermitian symmetric IDFT is used, convolution [9, p. 20]:
the orthogonal subcarrieffsy(t)g may be expressed as

'h=5Sn hy+w
[9, p. 47], [14] neesn e T

= S5~ hp + Wy (8)
2kt . —_ 1D N sub-
< C0S Sr- k=172 5" = IDFTfSHkg+ Wy,
G(O= . 0 2 Naw g N
- SIn T v K= 72 T L Nsub whereIDFTfg is the IDFT operator, anfiScgh_,* and

(4)  fHygY, is theN -point DFT of f shgh-," andfhngh_g
Chom IS @ normalizing constant used to make the varianceespectively. (These transform pairs are expressed wéth th
of the message signaf, = 1, and consequently the vari- notations, I°"" S, andh, °"" Hy.) Thus by discarding
ance of the phase signaf = (2 h )2. This requirementis the guard samples, the effect of the channel on the samples
achieved by settin@nom = [2=(Nsup 2)]%°, where ?is  to be processed,rng\_o', can be represented by DFTs,
the variance of the data symbols. Assuming that the datas depicted in Fig. 2.
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TABLE |

Sn —>| DFT |—>| Hg |—>| IDFT |—>GTB—> fh = Sn ~ hn + wp RAYLEIGH MULTIPATH CHANNEL MODELS.
w
" Model Description Delay spread Coherence BW
Fig. 2. The effect of the channel is a circular convoluton. | . A weak two-path | l44s | i
B strong two-path 2.36s 74 kHz
C exponential 1.75s 140 kHz
Ill. FREQUENCY-DOMAIN EQUALIZER |77 D umform 2605 """""" 67kHz """

The equalizer shown in Fig. 1 operates in the frequency
domain. The equalized samples are
noise) precedes aarg() operation which calculates the
8 = IDFTTRkCkg = In ~ Cn; (®)  instantaneous phase of the received signal samples. A

wherer, 77 Ry, andc, 7" Cy are the equalizer terms. phase unwrapper is used to eliminate phase ambiguities

The ZF equalizer de nition is [13] [9, sec. 4.1.4], [14].
The complex-valued Gaussian distributed channel taps
Ck=1=Hg; k=0;L:::;N L (10)  fhig,* have normalized Rayleigh distributed envelopes:
and the MMSE equalizer de nition is b 1
H Ef hij2g = 1; (12)
Ck = K k=0;L:::;N 1 (11) 1=0

JHii? + (Bp=Ng) T
0 where Ef g is the expectation operator. Four channel

Figure 3 illustrates the frequency-domain equalizer ims models are considered, as outlined in Table I. Channels

plemented with DFT_S, In the absence of noise, theA and B are similar to the maritime channel models in
MMSE and ZF de nitions are equivalent anf, = [19]. Both have a primary path aty = s and a

IDFTf ScHik=Hkg = sn [9, p. 95]. secondary path with a 5s propagation delay. Channel
A has a weak secondary path (one-tenth the power of

rn—>| DFT |—>| Ck |—>| IDFT|—> 8 = rn~ Cn the primary path); channed has a stronger secondary
path (one-half the power of the primary path). Channel
Fig. 3. Frequency-domain equalizer. C has an exponential delay power spectral density, where
Efihij?g/ exp( 1=2 5,0 | 875 s.Channeb
has a uniform delay power density spectruifi,hj%g =
IV. SIMULATION DETAILS 1=36,0 | 875 s. For each model considefedhe

The performance of the ZF and MMSE frequency_guard period is of suf cient durationfy > may and thus
domain equalizers is evaluated by way of computer sim-"9 L.
ulation. The channdlHyg is assumed to be known per-
fectly at the receiver. The parameters of the represeptativ V. MMSE vERsUs ZF
CE-OFDM system used for this study are as follows. The It is of interest to determine the impact of noise
number of subcarriers Mgy, = 64 and the block period is €nhancement [16, p. 621] caused by the ZF equalizer. The
T =128 s. The subcarrier spacing IsT = 7812:;5 Hz  MMSE de nition (11), which takes into account the bit
and the mainlobe bandwidth W = N=T =500 kHz [9, energy-to-noise density ratio, avoids noise enhancement
p. 51] [18]. The guard period i§; = 10 s, resultingina at the cost of the added complexity required to determine
transmission ef ciency of ; = 128=138 0:93, thus the E=No at the receiver.
overhead due to the cyclic pre x i&%. An oversampling Figure 4 shows performance results for Bh = 4,

factor of J = 8 is used resulting in a sampling period 2h = 1:0 CE-OFDM system. For reference, additive
of Tsa=0:25 s,Ng =40 guard samples, and = 512 white Gaussian noise (AWGN) performance is plotted,

samples per block. along with the high-SNR, lovlr AWGN bit error rate

The phase demodulator used for the results in this pap@pproximation [9, p. 64] [14] |

is the same as the phase demodulator used in [10]. A M1 r m

nite impulse response (FIR) lIter (to limit out-of-band BER 2 —————— 2h ——2— : (13
!Depending on the modulation index, lower oversampling es

similar results. 2See [9, sec. 6.2] for a more detailed description of theseetsod
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MMSE: model A —A— over the at fading channel. The performance of channel

% s e B is 2 dB better than the performance over chamneiut
10 LN A D —A— 4 dB worse than channel. This trend also applies to the
I AR : : ZF: modelA - & - . . . .
s A : D-A- ZF equalizer, so long as the bit energy-to-noise density

Flat fading, L = 1 === ratio is large.

AWGN = = - -
g AWGN approx (13)—— Equalized CE-OFDM exploits channel diversity while
10NN O A A T conventional OFDM does not. In essence, OFDM converts
e a wideband frequency-selective fading channel iNtgy
o

narrowband at fading channels [9, sec. 1.1.2], [20]. For
OFDM, each data symbol is entirely contained in its

3
10 associated frequency bin, and therefore the performance
. over a frequency-selective fading channel is equivalent to
‘ ‘ ‘ ‘ ‘ the performance over a at fading channel. Tirequency
10 4g o~ 15 30 35 30 35 40 diversity(which is the frequency-domain dual wiultipath
Average bit energy-to-noise density rati®,=No (dB) diversity [21]) of the channel is not exploitéd
Fig. 4. The frequency-selective fading results are labeléth For CE-OFDM, the above is not the case since the data

circle and triangle points; the frequency-nonselectivifig (L = 1)  symbol energy is spread in frequency. That is, in general,
result is represented by the bold solid liné (= 4 PAM data  aach data symbols is spread over multiple frequency bins.
symbols, modulation inde h =1:0, N =512 samples per block, hi . by viewi h . i
oversampling factod = 8, N« = 64 subcarriers) This prop_erty IS seen _y viewing t e CE-OFDM signal in
terms of its Taylor series expansion [22, p. 146]:
2

The Rayleigh frequency-nonselective (= 1) perfor- s()=Ae W =A1+] m() gmz(t)
mance [10] is shown along with the performance over 3 ' (24)
the Rayleigh frequency-selective multipath fading models j §m3(t) b

from Table I. The multipath results are labeled with circles

and triangles; the MMSE results are connected with solid =2 h . The higher-order term$m"(t)g, 2, result in

lines and the ZF results are connected with dashed®linesan n-fold convolution in the frequency domain represen-
The results in Fig. 4 highlight the signi cant perfor- tation of the message signal (2), and thus spreading of the

mance improvement had by using MMSE over ZF. Fordata symbold | g. This property is demonstrated in the

channelD, at the bit error rate 0.001, the performanceexample below.

gain is 10 dB. The ZF noise enhancement is particularly _ )
_ Example. Consider a CE-OFDM waveform with an OFDM

harmful for channeb at low B,=Ng. These results also ional d by = 2 h | .
how that the multipath fading performance can outperr o-29¢ signal corgpgsed Blau, = 2 ofihogonal cosine

S ) p_ gp i p Subcarriersm(t) = k=1 |k cos2kt=T . Assume that the
form single path fadmg performanc_e. This demon_Strateﬁlodulation indexh, is such that the higher-order termg(t)
that CE-OFDM exploits the diversity of the multipath and m3(t) contribute to the make up of(t) according to
channel, which is the topic of the next section. (14). By writing m?(t) and m3(t) in terms ofl,, I, and
fcos2kt=T g, it is shown that the data symbols are spread
in the frequency domain. This simple task requires somé-arit

] ) ) metic. For notational simplicity, de nex  cos 2kt=T . Thus,
The four channel models considered in this study havg, ) = s, + I,s,. The second-order term is calculated as

increasing multipath diversity from model, where over m2(t) = (1151 + 128,)(1181 + 125) = (0 512 +0:512)sg +
90% of the channel gain depends on a single path, t0112)s;+(0:512)s,+(1112)s3+(0:512)s4, and the third-order
model b where each of the 36 paths have, on averagderm is calculated am®(t) = [(0 :5 7 + 0:51 5)so + (1112)s1 +
equal contribution. The frequency-nonselective Rayleigh0:5! £)s2+(1112)S3+(0:515)s4](I 151+ I 252) = (0 :751 {1 2) S0+
channel wherd. = 1 offers no multipath diversity. As (0:75'13; 1:5'1'22)512 * (L2571, + 2:5' 3)s2 + (()3:25"13 +
shown in Fig. 4, CE-OFDM exploits the diversity of the &7 112)Ss * (0:751112)Ss + (0:751113)ss + (0:251 5)Se.
channel. Consider the MMSE curves at the bit error rate oéy
0.001. The performance is best over charmednd worse

VI. MULTIPATH DIVERSITY

The expansions above are represented in Table Il. The data
mbol contribution at each torms2kt=T , k = 0;1;:::;6,

4OFDM systems typically use channel coding and frequencyaio
3To improve clarity, the ZF channel model and ¢ are excluded interleaving, which offers diversity. This paper howevezald with
from the plot. These results lie between the ZF results fanokl  uncoded systems. Comparing coded CE-OFDM with coded OFDM
modelsA andD. is a topic for further research.
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for m(t), m2(t) and m3(t) is shown. Form(t), the two data ~—  Mulipath—
symbols are simply contained in the= 1 andk = 2 frequency Single plaGth --
bins. For the second-order term?(t), the data symbols mix 10 1 19 O ]
across thek = 0, 1, 2, 3, and 4 frequency bins. Fori(t), the
data symbols mix across thke=0;1;:::; 6 frequency bins.
Q
TABLE I o 10 2 |
DATA SYMBOL CONTRIBUTION PER TONE FORFm" (t)g8-; . %
5
kth tone,sx = cos2 kt=T piock
0 1 2 3 4 5 6 10 8 0.1|4
mO o e T D
2 517 12 1,2 .
m (t) %lzz |1|2 Ell |1|2 5'2 - - “‘
RPN I I TE I TR TP I U DO IR e 10%—46 15 20 25 30 35 40 45 50
mi(t)| 3lil2 %|1|22 %|23 %|1|22 alilz) zlalz| zl2 Average bit energy-to-noise density rat,=Ng (dB)

Fig. 6. Single path versus multipattM[ = 4 PAM data symbols,
N =512 samples per block, oversampling factbr= 8, Nsu, = 64

The spreading of the data symbol energy is further illusttat : _ :
subcarriers, channel mode] MMSE frequency-domain equalizer (11)]

in Fig. 5. For simplicity,jl xj = const.,k = 1;2. The height of
each line is proportional to the energy associated with each

frequency bin. . o .
and does not have frequency diversity if the modulation

m2(t) index is small.
| | |||| This property is demonstrated in Fig. 6. Simulation
2 4

L™

]
20

o |

results are shown for aM = 4 CE-OFDM system
over the multipath fading channel and over the single
path fading channel. For the small modulation index case,
2h =0:1, the performance over the two channels is the
same. For the large modulation index ca®d, = 1:1,
the multipath performance is signi cantly better than the
single path performance. At the bit error rate 0.001, the
The simple example above shows how the data symbofgerformance improvement due to the gain in frequency
spread across multiple frequency bins. In general, it cadiversity is 12 dB.
be said that theNgy, data symbols that constitute the Also in Fig. 6, a high-SNR, lowt Rayleigh at fading
constant envelope OFDM signal are not simply con nedbit error rate approximation is plotted:
to Ngyp frequency bins—as is the case with conventional o r S
OFDM. The phase modulator mixes and spreads the data BERRay = >
symbols in frequency, which gives the CE-OFDM system
the potential to exploit the frequency diversity in thewherec; = 2(M  1)=(M log,M) andc, = (2 h)?
channel. (3log, M )=(M 2 1) E,=Np. This expression is similar
This is not necessarily the case, however. For smafP the one rst presented in [10], but generalized in the
values of modulation index, where only the rst two terms PAM data symbol ordeM [9, chap. 5].
in (14) contribute, that is,

s(t)y All+j m)]; (15)

m3(t)

il T

Fig. 5. The higher-order terms that make up the CE-OFDM signa
[fm"(t)gn 2 in (14)] cause frequency-domain spreading.

; (16)

1+c

VIl. CE-OFDM VERSUSOFDM

Next, CE-OFDM is compared to QPSK OFDM in the
the CE-OFDM signal does not have the frequency spreagresence of power ampli er (PA) nonlinearities. The PA
ing given by the higher-order terms. In this case, the CEis modeled as an instantaneous nonlinearity [23, chap.
OFDM signal is essentially equivalent to a conventionab], having inputsjy(t) = Ain(t)exp]j in(t)] and output
OFDM signal,j m(t), (plus a relatively large DC term, squ(t) = G[An(t)]expjf in(t) + [ Ain(t)lg], whereG

A) and therefore does not have the ability to exploit theand are respectively the AM/AM and AM/PM con-
frequency diversity of the channel. Simply pGQEE-OFDM  versions of the ampli er model. In this comparison, the
has frequency diversity if the modulation index is largeSaleh traveling-wave tube amplier (TWTA) model is
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OFDM with TWTA : OFDM system. Moreover, sinclBBO = 0 dB, the PA
. | at various IBO ef ciency is maximized for CE-OFDM.
10 THONC N\ N S e . N The CE-OFDM system also achieves frequency diver-
! S T sity. In fact, for BER< 0:002 the CE-OFDM system
outperforms the ideal OFDM system, ampli ed with an
; ‘ ! ‘ ! : ; ideal linear PA, which has Rayleigh at fading QPSK
10 2| OFDM, ideal PANCN NN 1BO =10 dB - performance [16, p. 831].
I \VE V' 1BO =3 db Additionally, the CE-OFDM curves in Fig. 7 illustrate
dB that performance camprovewith increasedVl so long
as the modulation index increases as well. Me= 16,
2h =3 system outperforms thd =4,2h =1 system
CEOFDM with M 2 g, by nearly 5 _dB at the bit error rate 0.0001. The increased
IBO =0 dB 3 5 5 5 modulation index broadens the signal spectrum, however
10 45 10 15 20 25 30 35 40 45 [6], [18]. The spectral ef ciency is thus proportional kb,
AverageE,=No + 1BO (dB) but inversely proportional t@ h . The spectral ef ciency

Fig. 7. CE-OFDM versus QPSK OFDM. [Traveling-wave tube powe of CE-OFDM, based on a 90% bandwidth expression
ampli er model, N = 512 samples per block, oversampling factor B = max(2 h; 1)Ngu=T [9], [18], is
J = 8, Nsu = 64 subcarriers, channel mode| MMSE frequency-

domain equalizer (11)] _ log, M

" ma2h 1)

Bit error rate

10 3
; f8;29

(18)

used:G [Ain()] = fgoAin(t)g=F L+[Ain(t)=Asari°g, and Therefore, of the three CE-OFDM systend, = 4,
[An®]=f A2(t)g=f1+ AZ2(t)g[24], [25], [9, p. 2h = 1 results in the highest spectral efciency (2

27]. This model is characterized by the gaiy the input  ©/S/H2) followed byM =8, 2h =2 (1.5 b/s/Hz) and

saturation amplitude\ ¢4 i, and the AM/PM parameters M =16, 2h =3 (1.33 b/s/Hz). To achieve 4 b/s/Hz,
and . For the results in this paper, = =12and M = 16, 2h =1 can be used, at the cost of degraded

= 1=4 [25]. The PA nonlinearity is determined by the performance. Thus_ the trade _between spectral ef ciency
PAPR of the input signal [26] and by the input powera“d performance is made with the two parametdrs

backoff, de ned as [27] and2h [9, p. 82], [18]. For the QPSK OFDM system,
the spectral efciency is 2 b/s/Hz, given that spectral
IBO Aiat,m 1 (17) broadening caused by the PA is avoided. It is shown in

E A2(t) ' [9, Fig. 2.10]1BO 6 dB is required to avoid such

_ broadening at the 99.5% spectral containment bandwidth.
For CE-OFDM, Aix(t) = A, the PAPR is 0 dB, and

nonlinear distortion is avoided. CE-OFDM operates at
IBO = 0 dB, maximizing the range and the ef ciency
of the PA [28]. For OFDMA,(t) is Rayleigh distributed The results in Fig. 7 also show that CE-OFDM performs
[29] resulting in a large PAPR. To avoid nonlinear dis-poorly at low B,=Ng. This is due to the FM threshold
tortion, large backoff is required, reducing range and PAeffect [30] inherent to the phase demodulator receiver. For
ef ciency [2], [28]. the simplearg() phase demodulator used in this paper,
Figure 7 shows simulation results for channel madel the carrier-to-noise ratio (CNR) must be above a threshold
The x-axis is adjusted to account for the negative impacENR of CNR 10 dB for reliable phase demodulation
of input power backoff [13]. Three CE-OFDM systems are[9, sec. 4.1.3], [14]. Below threshold, nonlinear and non-
shown:M =4,2h =1;M =8,2h =2;andM =16, Gaussian noise is injected into the OFDM demodulator
2h = 3. The advantage of CE-OFDM is demonstrated in(following the phase demodulator) and performance de-
this gure. At high B,=No, CE-OFDM provides signi cant grades.
performance improvement due primarily to the 0 dB This problem can be alleviated with threshold extension
backoff. The OFDM systems with 0 dB IBO has an errortechniques [30]. Most notably, phase locked loops are
oor at the bit error rate 0.1. At the bit error rate 0.001, known to reduce the threshold in FM systems by several
the optimum IBO for the OFDM system is 6 dB, where dB. In [31], for example, the threshold CNR is reduced
E,=Ng + IBO = 34 dB. The CE-OFDM system achieves from 10 dB to 0 dB. Therefore replacing the simplg( )
this target bit error rate with a 12—15 dB gain over thephase demodulator with a more sophisticated structure

VIIl. THE THRESHOLD EFFECT
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such as a phase locked loop can potentially improve CH40] S. C. Thompson, J. G. Proakis, and J. R. Zeidler, “Noeceht
OFDM performance at lows,=Ng. Realizing such an
enhancement, and determining its complexity is a topi(f.ll]
for further study.

IX. CONCLUSION

(12]

3
In this paper, a frequency-domain equalizer is proposeg ]

for constant envelope OFDM in multipath Rayleigh fading

channels. The ZF and MMSE FDE is studied over a widd14]
range of multipath fading channel models. It is shown that

uncoded CE-OFDM, unlike uncoded OFDM, can exploit[15)
the frequency diversity of the channel. This gain is a

consequence of the frequency-domain spreading of tHe®!
data symbols that results when using large modulatiom]
index values. ForM =4,2h =1:1 CE-OFDM system,
the gain attributed to frequency spreading is shown to

be 12 dB. Compared to conventional OFDM, constant*®

envelope OFDM is shown to offer gains in performance
and in power ampli er ef ciency. On the down side, CE- [19]
OFDM is shown to suffer from the FM threshold effect.
Potential solutions to this problem, including threshold[ZO]
extension with phase locked loops, are discussed.

(1]
(2]

(3]

(4]

(5]
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