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ABSTRACT

In this paper we consider the problem of equalizing
constant envelope orthogonal frequency division multi-
plexing (CE-OFDM) signals that have been corrupted by
frequency-selective multipath fading channels. A cyclic
pre�x guard interval is used to avoid interblock inter-
ference (IBI), and to make possible frequency-domain
equalization (FDE) using the discrete Fourier transform.
It is shown that CE-OFDM exploits the multipath diversity
of the channel due to frequency spreading of the data sym-
bols. CE-OFDM compares favorably with conventional
OFDM when the impact of nonlinear power ampli�cation
and power backoff is taken into account.

I. I NTRODUCTION

Orthogonal frequency division multiplexing (OFDM) is
a popular modulation format for high data rate commu-
nications [1]. Unfortunately, OFDM has a large peak-to-
average power ratio (PAPR) which makes it dif�cult to
amplify ef�ciently [2]. Constant envelope OFDM (CE-
OFDM) has been suggested as a solution to the problem
[3]–[8]. CE-OFDM transforms the high PAPR OFDM
signal to a constant envelope (0 dB PAPR) signal ideally
suited for ef�cient ampli�cation [9], [10]. The potential
gain for a mobile wireless system using CE-OFDM is in-
creased battery life, reduced heat dissipation and improved
range. CE-OFDM shares many of the same functional
blocks of conventional OFDM, thus an existing OFDM
system can provide an additional CE-OFDM mode with
relative ease. This is especially true for software-de�ned
platforms [11].

Recent contributions to CE-OFDM research are as
follows. In [6], the signal space of CE-OFDM is studied
and a high-SNR bit error rate (BER) expression is derived
for CE-OFDM usingM = 2 -ary (binary) data symbols.
The high-SNR analysis is extended to �at Ricean and
Rayleigh fading channels in [10]. In [7], it is shown
that maximum ratio combining (MRC) in the frequency
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domain can yield performance gains for CE-OFDM. In
[8], CE-OFDM is compared favorably to conventional
OFDM, in the presence of clipping, over a two-path fading
channel. Each of the above papers consider CE-OFDM
with binary data symbols.

An issue of primary concern is the performance of
CE-OFDM in multipath fading channel. Such a channel
is encountered in the high data rate wireless environ-
ment [12]. In this paper, a frequency-domain equalizer
(FDE) for CE-OFDM is proposed. The FDE relies on
a cyclic pre�x guard interval between successive CE-
OFDM blocks. Given that the cyclic pre�x duration is
at least that of the channel impulse response, the FDE
can perfectly invert the channel [13]. The advantage of
the FDE is relatively low complexity. The equalization
is performed with twoN -point fast Fourier transforms
(FFTs) at the receiver, whereN is the number of samples
per block. Therefore the complexity isO(N logN ), much
less than an equalizer requiring matrix inversion where the
complexity isO(N 3) [8]. The disadvantage of the FDE
is the required overhead of the cyclic pre�x. For the CE-
OFDM systems studied in this paper, this overhead is7%.

In this paper, expressions that generalize the high-SNR
bit error rate approximations in [6] and [10] to CE-OFDM
with M -ary data symbols are presented. Performance
of the FDE using both zero-forcing (ZF) and minimum
mean-squared error (MMSE) de�nitions is studied over
a wide range of multipath fading channel models. It is
demonstrated that uncoded CE-OFDM, unlike uncoded
OFDM, exploits the frequency diversity of the multipath
channel. This diversity comes from frequency-domain
spreading of the data symbol energy for large modulation
index. For small modulation index, however, CE-OFDM
does not achieve diversity gains. This phenomenon is
explained by viewing the CE-OFDM signal in its Taylor
expanded form.M = 4 -, 8- and 16-ary CE-OFDM is
compared with conventional QPSK OFDM in the presence
of nonlinear power ampli�cation at various levels of input
power backoff (IBO). Taking into account the IBO, CE-
OFDM is shown to outperform OFDM at high bit energy-
to-noise density ratios (Eb=N0). On the other hand, at low
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Eb=N0 the CE-OFDM phase demodulator receiver suffers
from a threshold effect [14]. Potential solutions to this
problem are discussed.

II. SYSTEM DESCRIPTION
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Fig. 1. Constant envelope OFDM system. (CP = cyclic pre�x)

The system under consideration is represented by the
block diagram in Fig. 1. The source bits are mapped to
M qam-QAM data symbolsf X kg. The data symbol vector
is made Hermitian symmetric,X N=2+ k = X �

N=2� k , result-
ing in real-valued OFDM time samples at the output of the
IDFT. The OFDM time samples are then passed though
the phase modulator, a cyclic pre�x (CP) is added, and
the continuous-time CE-OFDM signals(t) is generated at
the output of the digital-to-analog (D/A) converter. This
baseband signal is expressed as [9]

s(t) = Aej� (t ) = Aej 2�hm (t) ; (1)

� Tg � t < T , whereA is the signal amplitude,h is the
modulation index, and

m(t) = Cnorm

N subX

k=1

I kqk(t) (2)

is the OFDM message signal comprised ofNsub sub-
carriers. f I kg are M =

p
M qam-ary pulse-amplitude

modulation (PAM) data symbols,

I k 2 f� 1; � 3; : : : ; � (M � 1)g (3)

for eachk. Since a Hermitian symmetric IDFT is used,
the orthogonal subcarriersf qk (t)g may be expressed as
[9, p. 47], [14]

qk(t) =

8
<

:

cos
� 2�kt

T

�
; k = 1 ; 2; : : : ; N sub

2 ;

sin
�

2� (k�
N sub

2 ) t
T

�
; k = N sub

2 + 1 ; : : : ; Nsub:

(4)
Cnorm is a normalizing constant used to make the variance
of the message signal� 2

m = 1 , and consequently the vari-
ance of the phase signal� 2

� = (2 �h )2. This requirement is
achieved by settingCnorm = [2=(Nsub� 2

I )]0:5, where� 2
I is

the variance of the data symbols. Assuming that the data

is independent and identically distributed, it follows that
� 2

I = ( M 2 � 1)=3 [15, p. 194], [14].s(t) is de�ned over
[� Tg; T), whereTg is the guard period andT is the block
period.

The received signal is

r (t) =
Z � max

0
h(�; t )s(t � � )d� + w(t); (5)

where h(�; t ) is the channel impulse response having a
maximum propagation delay� max and w(t) is complex
Gaussian noise [16, p. 12]. For this study, the channel
is assumed to be static over the block interval, and
thereforeh(�; t ) � h(� ). The channel impulse response is
modeled as a wide-sense stationary uncorrelated scattering
(WSSUS) process [12, ch. 7] comprised ofL discrete
paths:

h(� ) =
L � 1X

l=0

hl � (� � � l ); (6)

wherehl is the complex-valued gain of thel th path; the
discrete propagation delays are de�ned as� l = lTsa, for
all l , whereTsa is the sampling period [12, p. 269–271].

The output of the analog-to-digital (A/D) converter is
comprised of the samples

rn � r (nTsa) =
L � 1X

l=0

hl sn� l + wn ; (7)

n = � Ng; : : : ; 0; : : : ; N � 1, where sn � s(nTsa) and
wn � w(nTsa). The number of guard samples isNg =
bTgFsac, whereFsa = 1=Tsa is the sampling frequency.
The sampling period is de�ned asTsa = T=(JN sub),
whereJ � 1 is the oversampling factor. The number of
samples per block is thusN = JN sub.

For the proposed system, a cyclic pre�x guard inter-
val is transmitted:sn = s(( n)) N

, where ((n))N � (n
mod N ) is the modulo-N index [17, p. 411]. By design,
Ng � L . Consequently, the received samplesf rngN � 1

n=0 are
represented equivalently by a linear (� ) or a circular (~ )
convolution [9, p. 20]:

rn = sn � hn + wn

= sn ~ hn + wn

= IDFTf SkH kg + wn ;

(8)

where IDFTf�g is the IDFT operator, andf SkgN � 1
k=0 and

f H kgN � 1
k=0 is theN -point DFT of f sngN � 1

n=0 and f hn gL � 1
n=0

respectively. (These transform pairs are expressed with the
notationsn

DFT ! Sk andhn
DFT ! H k .) Thus by discarding

the guard samples, the effect of the channel on the samples
to be processed,f rngN � 1

n=0 , can be represented by DFTs,
as depicted in Fig. 2.
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Fig. 2. The effect of the channel is a circular convolution.

III. FREQUENCY-DOMAIN EQUALIZER

The equalizer shown in Fig. 1 operates in the frequency
domain. The equalized samples are

ŝn = IDFTf RkCkg = rn ~ cn ; (9)

wherern
DFT ! Rk , andcn

DFT ! Ck are the equalizer terms.
The ZF equalizer de�nition is [13]

Ck = 1=Hk ; k = 0 ; 1; : : : ; N � 1; (10)

and the MMSE equalizer de�nition is

Ck =
H �

k

jH k j2 + ( Eb=N0)� 1 ; k = 0 ; 1; : : : ; N � 1: (11)

Figure 3 illustrates the frequency-domain equalizer im-
plemented with DFTs. In the absence of noise, the
MMSE and ZF de�nitions are equivalent and̂sn =
IDFTf SkH k=Hkg = sn [9, p. 95].

DFT IDFTCkr n ŝn = r n ~ cn

Fig. 3. Frequency-domain equalizer.

IV. SIMULATION DETAILS

The performance of the ZF and MMSE frequency-
domain equalizers is evaluated by way of computer sim-
ulation. The channelf H kg is assumed to be known per-
fectly at the receiver. The parameters of the representative
CE-OFDM system used for this study are as follows. The
number of subcarriers isNsub = 64 and the block period is
T = 128 � s. The subcarrier spacing is1=T = 7812:5 Hz
and the mainlobe bandwidth isW = N=T = 500 kHz [9,
p. 51] [18]. The guard period isTg = 10 � s, resulting in a
transmission ef�ciency of� t = 128=138 � 0:93, thus the
overhead due to the cyclic pre�x is7%. An oversampling
factor of J = 8 is used1 resulting in a sampling period
of Tsa = 0 :25 � s, Ng = 40 guard samples, andN = 512
samples per block.

The phase demodulator used for the results in this paper
is the same as the phase demodulator used in [10]. A
�nite impulse response (FIR) �lter (to limit out-of-band

1Depending on the modulation index, lower oversampling achieves
similar results.

TABLE I

RAYLEIGH MULTIPATH CHANNEL MODELS .

Model Description Delay spread Coherence BW

A weak two-path 1.44� s 1

B strong two-path 2.36� s 74 kHz

C exponential 1.75� s 140 kHz

D uniform 2.60� s 67 kHz

noise) precedes anarg(�) operation which calculates the
instantaneous phase of the received signal samples. A
phase unwrapper is used to eliminate phase ambiguities
[9, sec. 4.1.4], [14].

The complex-valued Gaussian distributed channel taps
f hl g

L � 1
l=0 have normalized Rayleigh distributed envelopes:

L � 1X

l=0

Efj hl j2g = 1 ; (12)

where Ef�g is the expectation operator. Four channel
models are considered, as outlined in Table I. Channels
A and B are similar to the maritime channel models in
[19]. Both have a primary path at� 0 = 0 � s and a
secondary path with a 5� s propagation delay. Channel
A has a weak secondary path (one-tenth the power of
the primary path); channelB has a stronger secondary
path (one-half the power of the primary path). Channel
C has an exponential delay power spectral density, where
Efj hl j2g / exp(� � l =2� s), 0 � � l � 8:75 � s. ChannelD
has a uniform delay power density spectrum,Efj hl j2g =
1=36, 0 � � l � 8:75 � s. For each model considered2, the
guard period is of suf�cient duration:Tg > � max, and thus
Ng � L .

V. MMSE VERSUS ZF

It is of interest to determine the impact of noise
enhancement [16, p. 621] caused by the ZF equalizer. The
MMSE de�nition (11), which takes into account the bit
energy-to-noise density ratio, avoids noise enhancement
at the cost of the added complexity required to determine
Eb=N0 at the receiver.

Figure 4 shows performance results for anM = 4 ,
2�h = 1 :0 CE-OFDM system. For reference, additive
white Gaussian noise (AWGN) performance is plotted,
along with the high-SNR, low-h AWGN bit error rate
approximation [9, p. 64] [14]

BER� 2 �
M � 1

M log2 M
� Q

 

2�h

r
6 log2 M
M 2 � 1

Eb

N0

!

: (13)

2See [9, sec. 6.2] for a more detailed description of these models.
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Fig. 4. The frequency-selective fading results are labeledwith
circle and triangle points; the frequency-nonselective fading (L = 1 )
result is represented by the bold solid line. (M = 4 PAM data
symbols, modulation index2�h = 1 :0, N = 512 samples per block,
oversampling factorJ = 8 , Nsub = 64 subcarriers)

The Rayleigh frequency-nonselective (L = 1 ) perfor-
mance [10] is shown along with the performance over
the Rayleigh frequency-selective multipath fading models
from Table I. The multipath results are labeled with circles
and triangles; the MMSE results are connected with solid
lines and the ZF results are connected with dashed lines3.

The results in Fig. 4 highlight the signi�cant perfor-
mance improvement had by using MMSE over ZF. For
channelD, at the bit error rate 0.001, the performance
gain is 10 dB. The ZF noise enhancement is particularly
harmful for channelD at low Eb=N0. These results also
show that the multipath fading performance can outper-
form single path fading performance. This demonstrates
that CE-OFDM exploits the diversity of the multipath
channel, which is the topic of the next section.

VI. M ULTIPATH DIVERSITY

The four channel models considered in this study have
increasing multipath diversity from modelA, where over
90% of the channel gain depends on a single path, to
model D where each of the 36 paths have, on average,
equal contribution. The frequency-nonselective Rayleigh
channel whereL = 1 offers no multipath diversity. As
shown in Fig. 4, CE-OFDM exploits the diversity of the
channel. Consider the MMSE curves at the bit error rate of
0.001. The performance is best over channelD, and worse

3To improve clarity, the ZF channel modelB and C are excluded
from the plot. These results lie between the ZF results for channel
modelsA and D.

over the �at fading channel. The performance of channel
B is 2 dB better than the performance over channelA, but
4 dB worse than channelD. This trend also applies to the
ZF equalizer, so long as the bit energy-to-noise density
ratio is large.

Equalized CE-OFDM exploits channel diversity while
conventional OFDM does not. In essence, OFDM converts
a wideband frequency-selective fading channel intoNsub

narrowband �at fading channels [9, sec. 1.1.2], [20]. For
OFDM, each data symbol is entirely contained in its
associated frequency bin, and therefore the performance
over a frequency-selective fading channel is equivalent to
the performance over a �at fading channel. Thefrequency
diversity(which is the frequency-domain dual ofmultipath
diversity [21]) of the channel is not exploited4.

For CE-OFDM, the above is not the case since the data
symbol energy is spread in frequency. That is, in general,
each data symbols is spread over multiple frequency bins.
This property is seen by viewing the CE-OFDM signal in
terms of its Taylor series expansion [22, p. 146]:

s(t) = Aej� (t ) = A
�
1 + j� � m(t) �

� 2
�

2!
m2(t)

� j
� 3

�

3!
m3(t) + : : :

�
;

(14)

� � = 2 �h . The higher-order terms,f mn (t)gn� 2, result in
an n-fold convolution in the frequency domain represen-
tation of the message signal (2), and thus spreading of the
data symbolsf I kg. This property is demonstrated in the
example below.

Example. Consider a CE-OFDM waveform with an OFDM
message signal composed ofNsub = 2 orthogonal cosine
subcarriers:m(t) =

P 2
k=1 I k cos 2�kt=T . Assume that the

modulation index,h, is such that the higher-order termsm2(t)
and m3(t) contribute to the make up ofs(t) according to
(14). By writing m2(t) and m3(t) in terms of I 1, I 2 and
f cos 2�kt=T g, it is shown that the data symbols are spread
in the frequency domain. This simple task requires some arith-
metic. For notational simplicity, de�neck � cos 2�kt=T . Thus,
m(t) = I 1s1 + I 2s2. The second-order term is calculated as
m2(t) = ( I 1s1 + I 2s2)( I 1s1 + I 2s2) = (0 :5I 2

1 + 0 :5I 2
2 )s0 +

(I 1I 2)s1 +(0 :5I 2
1 )s2 +( I 1I 2)s3 +(0 :5I 2

2 )s4, and the third-order
term is calculated asm3(t) = [(0 :5I 2

1 + 0 :5I 2
2 )s0 + ( I 1I 2)s1 +

(0:5I 2
1 )s2+( I 1I 2)s3+(0 :5I 2

2 )s4](I 1s1+ I 2s2) = (0 :75I 2
1 I 2)s0+

(0:75I 3
1 + 1 :5I 1I 2

2 )s1 + (1 :25I 2
1 I 2 + 0 :5I 3

2 )s2 + (0 :25I 3
1 +

0:75I 1I 2
2 )s3 + (0 :75I 2

1 I 2)s4 + (0 :75I 1I 2
2 )s5 + (0 :25I 3

2 )s6.
The expansions above are represented in Table II. The data

symbol contribution at each tonecos 2�kt=T , k = 0 ; 1; : : : ; 6,

4OFDM systems typically use channel coding and frequency-domain
interleaving, which offers diversity. This paper however deals with
uncoded systems. Comparing coded CE-OFDM with coded OFDM
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
symbols are simply contained in thek = 1 andk = 2 frequency
bins. For the second-order termm2(t), the data symbols mix
across thek = 0 , 1, 2, 3, and 4 frequency bins. Form3(t), the
data symbols mix across thek = 0 ; 1; : : : ; 6 frequency bins.

TABLE II

DATA SYMBOL CONTRIBUTION PER TONE FORf mn (t )g3
n =1 .

kth tone,sk = cos 2�kt=T block

0 1 2 3 4 5 6

m(t) – I 1 I 2 – – – –

m2(t )
1
2 I 2

1
1
2 I 2

2
I 1 I 2

1
2 I 2

1 I 1 I 2
1
2 I 2

2 – –

m3(t ) 3
4 I 2

1 I 2

3
4 I 3

1
3
2 I 1 I 2

2

5
4 I 2

1 I 2
1
2 I 3

2

1
4 I 3

1
3
4 I 1 I 2

2

3
4 I 2

1 I 2
3
4 I 1 I 2

2
1
4 I 3

2

The spreading of the data symbol energy is further illustrated
in Fig. 5. For simplicity,jI k j = const.,k = 1 ; 2. The height of
each line is proportional to the energy associated with each
frequency bin.

m3 (t )

fT0 2� 2� 6 6� 4 4

m(t)

0 2� 2 0 2� 2

m2 (t )

fT� 4 4fT

Fig. 5. The higher-order terms that make up the CE-OFDM signal
[f mn (t )gn � 2 in (14)] cause frequency-domain spreading.

The simple example above shows how the data symbols
spread across multiple frequency bins. In general, it can
be said that theNsub data symbols that constitute the
constant envelope OFDM signal are not simply con�ned
to Nsub frequency bins—as is the case with conventional
OFDM. The phase modulator mixes and spreads the data
symbols in frequency, which gives the CE-OFDM system
the potential to exploit the frequency diversity in the
channel.

This is not necessarily the case, however. For small
values of modulation index, where only the �rst two terms
in (14) contribute, that is,

s(t) � A [1 + j� � m(t)] ; (15)

the CE-OFDM signal does not have the frequency spread-
ing given by the higher-order terms. In this case, the CE-
OFDM signal is essentially equivalent to a conventional
OFDM signal,j� � m(t), (plus a relatively large DC term,
A) and therefore does not have the ability to exploit the
frequency diversity of the channel. Simply put:CE-OFDM
has frequency diversity if the modulation index is large

(16)
Single path
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Fig. 6. Single path versus multipath. [M = 4 PAM data symbols,
N = 512 samples per block, oversampling factorJ = 8 , Nsub = 64
subcarriers, channel modelC, MMSE frequency-domain equalizer (11)]

and does not have frequency diversity if the modulation
index is small.

This property is demonstrated in Fig. 6. Simulation
results are shown for anM = 4 CE-OFDM system
over the multipath fading channelC and over the single
path fading channel. For the small modulation index case,
2�h = 0 :1, the performance over the two channels is the
same. For the large modulation index case,2�h = 1 :1,
the multipath performance is signi�cantly better than the
single path performance. At the bit error rate 0.001, the
performance improvement due to the gain in frequency
diversity is 12 dB.

Also in Fig. 6, a high-SNR, low-h Rayleigh �at fading
bit error rate approximation is plotted:

BERRay =
c1

2

�
1 �

r
c2

1 + c2

�
; (16)

where c1 = 2( M � 1)=(M log2 M ) and c2 = (2 �h )2 �
(3 log2 M )=(M 2 � 1) � Eb=N0. This expression is similar
to the one �rst presented in [10], but generalized in the
PAM data symbol orderM [9, chap. 5].

VII. CE-OFDM VERSUS OFDM

Next, CE-OFDM is compared to QPSK OFDM in the
presence of power ampli�er (PA) nonlinearities. The PA
is modeled as an instantaneous nonlinearity [23, chap.
5], having inputsin(t) = A in(t) exp[j� in(t)] and output
sout(t) = G[A in(t)] exp[j f � in(t) + �[ A in(t)]g], whereG
and � are respectively the AM/AM and AM/PM con-
versions of the ampli�er model. In this comparison, the
Saleh traveling-wave tube ampli�er (TWTA) model is
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Fig. 7. CE-OFDM versus QPSK OFDM. [Traveling-wave tube power
ampli�er model, N = 512 samples per block, oversampling factor
J = 8 , Nsub = 64 subcarriers, channel modelC, MMSE frequency-
domain equalizer (11)]

used:G [A in(t)] = f g0A in(t)g=f 1+[ A in(t)=A sat,in]
2g, and

� [ A in(t)] = f � � A 2
in(t)g=f 1+ � � A 2

in(t)g [24], [25], [9, p.
27]. This model is characterized by the gaing0, the input
saturation amplitudeA sat,in, and the AM/PM parameters
� � and � � . For the results in this paper,� � = �= 12 and
� � = 1=4 [25]. The PA nonlinearity is determined by the
PAPR of the input signal [26] and by the input power
backoff, de�ned as [27]

IBO �
A 2

sat,in

E
�

A 2
in(t)

	 � 1; (17)

For CE-OFDM, A in(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 OFDM,A in(t) is Rayleigh distributed
[29] resulting in a large PAPR. To avoid nonlinear dis-
tortion, large backoff is required, reducing range and PA
ef�ciency [2], [28].

Figure 7 shows simulation results for channel modelC.
The x-axis is adjusted to account for the negative impact
of input power backoff [13]. Three CE-OFDM systems are
shown:M = 4 , 2�h = 1 ; M = 8 , 2�h = 2 ; andM = 16,
2�h = 3 . The advantage of CE-OFDM is demonstrated in
this �gure. At highEb=N0, CE-OFDM provides signi�cant
performance improvement due primarily to the 0 dB
backoff. The OFDM systems with 0 dB IBO has an error
�oor at the bit error rate 0.1. At the bit error rate 0.001,
the optimum IBO for the OFDM system is 6 dB, where
Eb=N0 + IBO = 34 dB. The CE-OFDM system achieves
this target bit error rate with a 12–15 dB gain over the

OFDM system. Moreover, sinceIBO = 0 dB, the PA
ef�ciency is maximized for CE-OFDM.

The CE-OFDM system also achieves frequency diver-
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
performance [16, p. 831].

Additionally, the CE-OFDM curves in Fig. 7 illustrate
that performance canimprovewith increasedM so long
as the modulation index increases as well. TheM = 16,
2�h = 3 system outperforms theM = 4 , 2�h = 1 system
by nearly 5 dB at the bit error rate 0.0001. The increased
modulation index broadens the signal spectrum, however
[6], [18]. The spectral ef�ciency is thus proportional toM ,
but inversely proportional to2�h . The spectral ef�ciency
of CE-OFDM, based on a� 90% bandwidth expression
B = max(2 �h; 1)Nsub=T [9], [18], is

S =
log2 M

max(2�h; 1)
: (18)

Therefore, of the three CE-OFDM systems,M = 4 ,
2�h = 1 results in the highest spectral ef�ciency (2
b/s/Hz) followed byM = 8 , 2�h = 2 (1.5 b/s/Hz) and
M = 16, 2�h = 3 (1.33 b/s/Hz). To achieve 4 b/s/Hz,
M = 16, 2�h = 1 can be used, at the cost of degraded
performance. Thus the trade between spectral ef�ciency
and performance is made with the two parametersM
and 2�h [9, p. 82], [18]. For the QPSK OFDM system,
the spectral ef�ciency is 2 b/s/Hz, given that spectral
broadening caused by the PA is avoided. It is shown in
[9, Fig. 2.10] IBO � 6 dB is required to avoid such
broadening at the 99.5% spectral containment bandwidth.

VIII. THE THRESHOLD EFFECT

The results in Fig. 7 also show that CE-OFDM performs
poorly at low Eb=N0. This is due to the FM threshold
effect [30] inherent to the phase demodulator receiver. For
the simplearg(�) phase demodulator used in this paper,
the carrier-to-noise ratio (CNR) must be above a threshold
CNR of CNRt � 10 dB for reliable phase demodulation
[9, sec. 4.1.3], [14]. Below threshold, nonlinear and non-
Gaussian noise is injected into the OFDM demodulator
(following the phase demodulator) and performance de-
grades.

This problem can be alleviated with threshold extension
techniques [30]. Most notably, phase locked loops are
known to reduce the threshold in FM systems by several
dB. In [31], for example, the threshold CNR is reduced
from 10 dB to 0 dB. Therefore replacing the simplearg(�)
phase demodulator with a more sophisticated structure
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such as a phase locked loop can potentially improve CE-
OFDM performance at lowEb=N0. Realizing such an
enhancement, and determining its complexity is a topic
for further study.

IX. CONCLUSION

In this paper, a frequency-domain equalizer is proposed
for constant envelope OFDM in multipath Rayleigh fading
channels. The ZF and MMSE FDE is studied over a wide
range of multipath fading channel models. It is shown that
uncoded CE-OFDM, unlike uncoded OFDM, can exploit
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 modulation
index values. For aM = 4 , 2�h = 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-
OFDM is shown to suffer from the FM threshold effect.
Potential solutions to this problem, including threshold
extension with phase locked loops, are discussed.
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