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A comparison between OFDM and single-carrier
with cyclic prefix using channel coding and
frequency-selective block fading channels

Amanda de Paula, Cristiano Panazio

Abstract—This article aims to establish a performance com- Therefore, the equalizer in the SCCP has to sub-optimally
parison between the single-carrier with cyclic prefix (SCCR  mitigate ISI by using, for example, a minimum mean square
and the orthogonal frequency division multiplexing (OFDM) error (MMSE) criterion, and the one-tap equalizer in the
for frequency selective block fading channels without chanel . . . . .
information on the transmitter side and using error correcting OFDM just has to provide gain and pha_se corrections, W'thout[
codes. For the SCCP scheme, it will be considered both lin- @ny performance loss. Furthermore, since each subcasrier i
ear and decision-feedback equalizers implementations. Weill ~ subject to a different phase and gain, the OFDM symbols
assess both schemes bit-error rates and capacities for difient  that go to the channel decoder are subject to different kigna
modulations and coding rates using different approaches. iFstly, to-noise ratios (SNRs), which is analogous to a time-varyin

analytical results are obtained for a convex analysis frameork . . .
based on the OFDM effective signal-to-noise ratio and the ¢aff flat fading channel, while the SCCP averages the signal over

rate together with the Shannon capacity analysis. In additn, a!l subcarr_iers. Since the same error correcting code pasfo
Monte Carlo simulations are evaluated, corroborating prevous differently in both cases, we should expect some performanc

analytical results and giving further insights on the compaison.  differences. Therefore, a natural question arises: howhe t

Index Terms—OFDM, single-carrier, frequency domain equal- Performances compare?
ization, decision feedback equalizer, channel coding, chael In order to answer that question, several comparisons have
capacity. been published. We can separate them into two groups: one
group assumes that the channel gains are known on the
transmitter side and another one where they are unknown. In
the first group, the OFDM can easily optimize its capacity
T HE orthogonal frequency division multiplexing (OFDM)py performing water-filling/bit-loading [5], which basitp

[1] has become a popular transmission technique fgfualizes the signal-to-noise ratio per bif,(Ny) in the
frequency selective channels in which digital signals eaes- active subcarriers, eliminating the OFDM problems repbrte
mitted through orthogonal subcarriers. Despite its paftyla in the previous paragraph, whereas the SCCP, with a linear
the OFDM presents some drawbacks. In particular, it heav'glgqu(—jmzer (LE), can also provide a capacity gain, but in a
depends on channel coding to achieve good performance|b¥s extent [6]-[8]. When a decision-feedback equaliz&iEp
exploiting channel frequency diversity [2], [3]. This come[g] js employed in the single carrier, it can hypothetically
from the fact that if the data carried on an attenuated sulecar ychjeve capacity gains similar to that of the OFDM, [7], [10]
is lost, the coded OFDM relies on other non-faded subcarrigyy if Tomlisom-Harashima DFE [11] is used [12], [13], the
to be recover it. However, the single-carrier is able to eipl optimal capacity can be achieved, but at the expense of much
such diversity even in the absence of channel coding, singgnher complexity. Such results do not leave space for many
each transmitted symbol spreads throughout the entire uggfdjitional considerations or discussions and, hence, eaatr
band due to its much smaller symbol duration as compargging to develop them here.
to the OFDM. Furthermore, the cyclic-prefix (CP) and the However, in the second group, in which no optimization is
one-tap equalizer techniques [4], which allow low compexi performed on the transmitter side, all the problems disiss
equalization, are not a privilege of the OFDM and theyt the beginning of this section make the differences batwee
can also be applied to the single-carrier, giving rise to thgyth schemes much more subtle. Our main objective in this
so-called single-carrier with cyclic-prefix (SCCP). Howev paper is to show some established results and provide new
despite some similarities between both modulation tealesq ones to well clarify some of the differences between them. In
the characteristics of the received signal differ signiftta this context, there are many works, such as [2], [10], [14]-
and may lead to different performances when used in tt‘@]_ Some of them [2], [14], [17] are restricted to Monte
same channel. For instance, in addition to Gaussian ndise, tarlo simulations that naturally hinders the extent of any
received signal of the SCCP is corrupted by intersymbokinte;onclusion, and fails to provide comprehensive scenaFos.
ference (ISI), whereas the OFDM signal is just a rotated aftktance, they are restricted to just one kind of modulation
scaled version of the transmitted signal plus Gaussiarenoigych as binary phase-shift keying or quadrature phase-shif
_ _ . , . keying (QPSK), others do not take into account the frequency
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generalize the comparison to any channel configuration. and magnitude compensations in each subcarrier by the one-
Other comparisons establish an analytical treatment to ttag equalizer, without introducing any performance perfait
problem, but their results are not applied to schemes usitihg signal decoding process. By contrast, the SCCP can also
channel coding [15], [19], [20]. Concerning the comparisoanse the one-tap equalizer to perform linear equalization, b
under a coded context, [16] provides an interesting aralyti due to the presence of ISI, it cannot optimally mitigate I8l i
result using the cutoff rate [21], but it solely analyzeséiffect the presence of noise without introducing a large perfogaan
of the coding rate considering linear equalization for tlEC® penalty due to noise enhancement. A good compromise in
and a single channel configuration scenario. Furthermbi®, ithis case is to use the minimum mean square error (MMSE)
subject to an unrealistic assumption of infinite code lengthiterion [23], which will be adopted herein.
that analyzes solely the channel capacity. In [3] and [18] th Besides the LE, the SCCP allows us to use a nonlinear
coded case is also analyzed, but their results also dependeqgunalization scheme to better mitigate the ISI when noise is
the infinite code lengths hypothesis. present. One of such schemes is the DFE. As illustrated in Fig
In this paper, we aim to revisit some of the results coni, the feedforward filtering is accomplished in the frequenc
mented above, but also to provide new general results ahaimain using the one-tap equalizer and the feedback fitferin
additional insights in order to complement these compassois accomplished in the time domain. Applying the MMSE
Using a convex analysis framework, some analytical resuftsterion, the feedback and feedforward filters coeffigent
can be provided when used together with the concept of ein be calculated as shown in [10]. Optimal performance is
fective signal-to-noise ratioS(V R. ;) for OFDM [22] or the achieved when the number of DFE feedback coefficients is
cutoff rate. Moreover, additional insights on the comparis equal to the channel length minus one [24]. When the error
are presented by using the Shannon capacity and Monte Camopagation effect is not taken into account, the DFE is said
simulations, which also corroborate the analytical result to be perfect. This assumption is important in order to make
This paper is organized as follows. In Section Il, the systethe DFE mathematical analysis more feasible.
model to be considered throughout this work is described. The DFE-SCCP poses a problem in the initialization of the
Section Il revisits some results provided for the uncoddeedback filter, since it requires the access to the last ejsnb
case. In Section IV the comparison is accomplished in tloéthe block, which have not yet been processed. An altamati
coded case using three different approaches: the effeahify, to overcome this issue is to implement the DFE with the
capacity comparison and Monte Carlo simulation. Conchsiounique word (UW) technique [25]. With such approach, the

are stated in Section V. same rate or efficiency as the one obtained with the CP can be
attained, but a larger fast Fourier transform (FFT) is respli
II. SYSTEM MODEL If the FFT length is the same for both schemes, the rates are

The similarities between the OFDM and the SCCP allo fferent. However, if the_ block size is large compare_d e th
us to describe both modulation schemes in a unified syst or UW lengths, the difference between both techniques are

model [15] depicted in Fig. 1. The two modulation schemégs'gn'f'cam' Hence, in order to simplify the analysis, widl w
are distinguished by the linear precoding matfx In the consider the DFE-SCCP and assume that the last symbols of
OFDM case, the transmitted symbols are obtained from t e block are known and are used to initialize the feedback
inverse fast Fourier transform (IFFT) of the data ve&othus filter I simulati h & — 512 subcarriers i

the data vector is not pre-processed and the transformatj #%rF?DNT'mua'ﬁns' W% ?Z/NQ—US512 — b lsu. Ct?]mgréc':r;)

P is replaced by the identity matrix. On the other hand, ﬁe K Th ’?:TDV\IIe Ct?]nS' erth = 012Sym os_md f f

the SCCP scheme, the vector of symbols itself is transmitt ck. The L7 length was theé minimum required to pertorm
In order to accomplish that, the precoding matfixmust be the equa_hzatlon with the one-tap equalizee,, the channel
replaced by the Fourier matrix. After the IFFT, a CP is insgrt length minus one.

Ill. UNCODED SCENARIO

In this section, the two schemes will be compared consid-
ering that the transmission is accomplished without chianne
coding. In an additive white Gaussian noise (AWGN) scenario
and considering a M-ary quadrature amplitude modulation (M
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A & Il R B L5 QAM), the bit-error rate (BER) can be expressed as
X(k SRS P -
BER = aQ (\/ﬂSNR) , 1)
Fig. 1. Unified model, where the feedback filter is appendeigement whereQ(x) is the complementary error functioa,and 5 are
a decision feedback equalizer for the SCCP. constants given by
that allows us to equalize the received signal in the frequen a= 4 (1 1 ) 8= _3 2)
domain with a simple one-tap equalizer [4], since it elinésa log, (M) VM M—1

the interblock interference and, in time-invariant chdang and the SNR is the received signal-to-noise ratio.
keeps the orthogonality between subcarriers. In the OFDM,In the SCCP scheme, when the transmission is accomplished
where there is no ISI, the equalization is reduced to phattgough a frequency selective channel, and consideringtia
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residual ISI can be modeled as a Gaussian random varialgleses it is noted that the problem is not convex anymore and

the system BER can be expressed similarly to (1) thereby the OFDM can excel the DFE-SCCP in some channel
configurations.
BER = a@ (\/ BSNReq) ) ®3) Furthermore, from the results already provided in the lit-

where SNR is the residual SNR after the equalization pro(_arature, we can conclude that the SCCP is a better option in

cess. The SNR will depend on the type of equalizer Choseﬁomparison o the OF.DM when I-ower. or.der _modula}tions are

for the single-carrier. Throughout this paper, we denote tr(?mployed. The question that arises is if this relation holds

SNRy in the LE outp.ut as SNR and the SNB; in the DEE when the transmission is accomplished with channel coding.
q

output as SNBre.

IV. CODED SCENARIO
The SNRE is given by [23]

As pointed out earlier, the uncoded comparison between

SNV _AlH the OFDM and SCCP schemes is analytically tractable and

_ k=0 14~|Hy] o . . . .

SNRe= =7 — (4) it is possible to attain closed-form results stating whiate o
k=0 1+4~[H,[? provides a better performance in terms of the BER. In the

h is th SNRy — %% 02 is th coded scenario, however, the comparison is not straighdsiar
wherery s t egayerage i Ry T o 9x IS tt}? average gue to two main reasons. The first one is that it may not
symbol powerg; is the noise variance}. is thek™-channel pe simple to derive the code BER function. The second
frequency response component aidis the length of the gne and more restrictive condition, is that there is not an
single-carrier block. This expression can be written as:  jndependency relation among the information transmitted i
_ 2 the OFDM subcarriers anymore. Therefore, we cannot state
SNRe _harmmean{l—i_WlHl } 1, ®) that the OFDM BER equals the mean of the BER in the
where harmmeaf} is the harmonic mean operator [26]. ~ Subcarriers. _ o
Considering the perfect DFE equalizer, tS&Rppg is | Nere are some alternatives to overcome these difficulties
given by [27] in the coded case comparison: a) analyzing the OFDM by the
N1 means of the effective SNR, b) capacity analysis and c) Monte
1 — 9 Carlo simulation.
SNRpre = exp {N Z log (1 + | Hil )} —L () These three alternatives present advantages and drawbacks
. _ k=0 . _ ~ As will be detailed in the next subsection, the effective SNR
This expression can also be rewritten in terms of the gedenetprovides an analytical treatment to the comparison. Howeve
mean operator the analysis with this tool is not very conclusive. The caiyac
B 2 analysis also allows an analytical treatment to the probplem
SNRprE = geomean{l +7[H] } - L (™) but on the other hand, one must consider some unrealistic

The geometric mean is known to be always equal to gssumptions. Finally, the Monte Carlo simulation provides
greater than the harmonic mean [26]. TherefG®SRprr > interesting insights about the comparison regarding itambr
SNR_g. Given the monotonically decreasing behavior of thearameters such as coding rate and modulation schemes,
Q(x) function, this fact asserts that the LE cannot surpass théhough its results cannot be rigorously generalized.

DFE performance in terms of BER. Throughout this paper, these three different approaches
In order to derive the OFDM BER, we emphasize that, in tpuill be exploited in order to draw some interesting conclu-
uncoded scenario, we can state that there is an independetig)S concerning the comparison between the transmissions
relation among the messages transmitted in each subcarféfemes. In the next subsection, we analyze the OFDM with

Thence, the OFDM mean BER can be expressed as the mEheffective SNR tool.

of the BER in each individual subcarrier
N_1 A. Effective SNR

BERorDM = % Y aQ (,/5SNRk), (8)  The effective SNR [22], [29]-[32], SNR, is a figure of

k=0 merit of the OFDM scheme applied for block fading channels
that maps the SNR for each subcarrier in a single SNR value
that corresponds to the SNR of an AWGN channel.
SNR, = v |Hk|2- 9) Among the different types of effective SNR mappings, the

_ exponential effective SNR is the most commonly used:
In [15], the BER of the OFDM given by (8) and the BER

of the LE-SCCP were compared and it was stated that, for 1= | Hy |2

QPSK modulation, the LE-SCCP outperforms the OFDM. SNRet = —Alog (N Z exp <_VT)> ; (10)

In [28], the BER of the OFDM was compared to the BER ) » h=0

of the DFE-SCCP and it was proved that the DFE-SCCM”e_re)‘ IS a positive parameter j[hat depends on the channel
surpasses the OFDM for QPSK and 16-QAM modulations f6Pding scheme and the modulation order.

any channel configuration. In [15] and [28] the schemes areBY Using the SNB, the BER of the OFDM is expressed
compared through a simple convex analysis. This analysis

be extended for higher order modulation schemes and in those BERorom = aQc (\/ ﬂSNReﬁ) ; (11)

where SNR is the SNR in thek** —subcarrier, given by
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where Q.(z) is the error function associated to the appliethequality [26] states that if the function(x) is convex, we
error correcting code. have that:
Concerning the LE-SCCP and the DFE-SCCP, the BER can

N-1
be expressed as ( Z 0 (7|Hk| )) < 1 Z " (9 (7|Hk|2)) (23)
BER e = aQ. (1/FSNRE) N =

which implies that SNEs < SNR .

BERpre = aQ. (\/ ﬂSNF’DFE) : In order to analyze the convexity of
Since the error functiof).(x) is the same for both schemes, B 1/1 1 o4
and it is a monotonically decreasing function, it suffices to () = exp A \z (24)

compare their respective SNR values. In order to do so, we | dd
proceed similarly to [28] and define the following auxmar))t Is necessary to analyze its second derivative:

functions: d2 exp (= (2 -1 1
) =exn (). az " : :
1 Calculating this second derivative at = 6 (7 |Hk|2), we
1+ have:
d(z) =log(z+1). (14) a2 @) 1 (1 ol |2)3
. e . . e X = —
Applying these auxiliary functions to the SNR expressions, dx? o(~IHi?) A TIEk
our task is simplified to compare theses relations: "
= x[exp( %)( 2+)\+7|/\k| )] (26)
SNRyt = 7 * <N Z T (7|Hk|2)> , (15)
k=0 The signal of the second derivative is determined by the
1= 9 third factor, since the other two factors are always positiv
j— -1 _ ’
SNRe = 07| § 2. ¢ (YIHF) | (18) i < 1, this factor is positive, and in this special case, the
k:O function is convex and it can be stated that the SNR
SNRope  — Z ¢ |Hk| 17) SNR . However, even ifA > % the function can still be
convex if
22— 1
It has already been stated that S[NBZ SNR e. Therefore, ~ 5 |2 (27)
our remaining tasks are to compare SMRnd SNRyx as well k
as to compare SNRRe and SNRy. and, in such a case, the condition defined in (27) must hold for
Firstly, SNR e and SNRy are compared. In order to do so2ll subcarrierst. It is worth noting that this situation will be
the functionr(z) is applied to (15) and (16): true in the absence of channel spectral nullgy( # 0, Vk)
N1 and for SNR — oo, and in this particular case, we can
1 2 infer that the LE-SCCP will outperform the OFDM. This
SN = — H 18
7 (SNRer) N prrt T (7 | Hl )’ (18) result contrasts with the uncoded scenario where the LERSCC

surpasses the OFDM for any channel configuration if QPSK

N—-1
7 (SNRE) {67! % Z 9 (7 |Hk|2) _(19) s employed.
=0 The comparison between the DFE-SCCP and the OFDM

We can also define

Applying the functionr(x) to (15) and (17), we have that
()=7(0"" (@) 1) =v@ ). (20

N-1

Rewriting (18) and (19) in terms af(x), we have that: 7 (SNReft) = < Z T (’Y | H| ), (28)
1= 9 = N—1

7 (SNRer) - = N kZ:O v (9 (7 | H| ))’ (1) T (SNRorg) = < (% 0] (7 |Hp| ))) (29)
k=0

N—-1
7(SNRg) = ¢ (% >0 ('Y|Hk|2)> - (22)  In addition, £(z) = 7 (¢~* (z)) is defined and (28) and
k=0 (29) are expressed in terms ofx):

Exploiting the fact that the functiom (x) is strictly de-
creasing, the functions SNR and SNRgx can be compared
by means of the comparison between (21) and (22). If
7 (SNRetr) > 7 (SNRg), we have that SN < SNRE. N_1

The comparison between (21) and (22) can be accomplished 7 (SNRygg) = ¢ <i Z é (’Y |Hk|2)> . @Y
by analyzing the convexity of the functian(z). The Jensen N

rSNR) = > e(6(v1mP)). @0

can be carried out analogously to the former comparison.
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Once again, we can analyze the convexity of the functidhe OFDM and the perfect DFE-SCCP schemes present the
&(x) in order to establish a comparison between the twsame capacity.

schemes. The functiof(x) is given by The LE-SCCP has already shown to present a SNR lower
1 than the perfect DFE-SCCP. Since, the capacity is an increas
& (x) = exp (_X (exp (z) — 1)> , (32) ing function of the SNR, we can state that the LE-SCCP
presents a lower capacity when compared to the perfect DFE-
and its second derivative can be written as: SCCP and to the OFDM.
d? 1 exp () The analysis above assumes that Gaussian symbols are
ﬁg(z) =P () € (2) (_1 ) (33)  transmitted, which is not the case in practice. For ordinary

modulations, the capacity can still be numerically evadat
Calculating this second derivative gt = ¢ (7 |Hk|2), we using [37]

have: M-OAM Foo 1 e
22 1 ) c (SNR) = — / fr (y)logy (fv(y)) dy — 5 log, (%)
—38@) L= (1 + v [Hy| ) - (38)
2(71Hxl?) ) where fy (y) is the probability density function associated to
0 2 1+~ |Hgl the received symbol and depends on the modulation avfler
% [eXp (_X | H| ) <_1 + Y ' (34) Equation (38) has a shape similar to the Gaussian capacity

for increasing modulation order and SNR values, for M —
’¢ ey = o0, With SN R — oo. In these conditions, the channel capacity
. C . Ik : given by (38) presents a performance gap when compared to
thﬁarlgntgf d,S:/tvuh?;Ir? nr%]ég?]s(:?hnz:te;(rg ;;J:essjgssfgﬁzj the Qaussia_\n capapity. That performance gap is known as the
therefore, BERee < BERogpy. = sha}pln.g_galln a_nd is equa] to 1.53 dB _[23]. Hovyevgr, when
on the’other hand. in case~ 1. the SNR values for which M is finite, it will saturate inlog, (M). Th|§ saturation is the
the functioné (z) is cé)nvex are given by reason for the OFDM to present a capacity degradation when
compared to the DFE-SCCP, under certain values of SNR. In
v > A-1 (35) order words, the OFDM is underusing the capacity of the best
- IH;CIQ' subcarriers, which incurs into a capacity loss.
o L . In order to show this, let us consider that the capacity of
Similarly to the LE-SCCP case, this is achieved only for th : i )
absence of spectral nulls and f8NR — oo. If all subcarriers t%e SCCP can be evaluated by applying #éR., in (38):
satisfy this special condition, the DFE-SCCP will outpenfo CQA(}%/}M — OM-QAM (SNReq) - (39)
the OFDM. The problem is that for both the LE-SCCP and the
DFE-SCCP, the most practical channel coding and modulatig¥ the other hand, the OFDM ergodic capacity is the average
schemes lead ta > 1 [33]-[35]. Therefore, except in the case?f the capacities in the different subcarriers:

If A < 1, we conclude thatdd—;g(a:)

thaty — oo, which is not of practical interest, the problem is 1 Nl

non-convex and no definitive conclusion can be drawn. Ol = ~ D cMoa (7 |Hk|2)- (40)
k=0

B. Capacity Analysis Consider first that we havey — oo, then (39) and

The results obtained with théNR.q indicate that the (40) converges tdog,(M). If v is small enough to have
BER performance of the OFDM is not so different from tha®™ @M (v [Hy[*) ~ CM=QAM(y|H,?), with M’ >
presented by the SCCP, contrarily to the uncoded case. &rord!, Vk then th29 capacities are also equal. However, if
to deepen the analysis, at the expense of a not-so-practieal 2" (v|Hyx|") falls close to the saturation region of (38)
hypothesis that the code has infinite length, we will show hof@r certain values of;, then the capacity of the OFDM will be
the schemes capacities compare. In order to do so, assumigior to that of the DFE-SCCP. As an example, the OFDM

that the residual ISI is Gaussian, the SCCP capacity can 3¥ the SCCP capacities will be calculated for the unitary
expressed as norm channel with zeros i8.95 exp (£50.97), considering

1 16-QAM modulation,y = 6 dB, and N = 8 subcarriers or
¢= 2 logy (14 SNReq) . (36) symbols. The results are depicted in Fig. 2. As can be seen, th
Concerning the DFE-SCCP, the SNR is given by (6) arfpacities are almost the same in this case. In additioneto th
the system capacity is given by: 16-QAM, the 64-QAM capacity curve is also shown in Fig.
N1 2. Considering this modulation, the capacity for both schem
Core  — %logQ (1 +exp {% Z log (1 + 7 |Hk|2)} _ 1) remains practically the same. Howevgr, for a higher \galug of
k=0 (y =11dB), as shown in Fig. 3, certain valuespfH}|" fall
1 Ny ) close to the saturation region generated by (38) which Iglear
= N §1°g2 (1+ | Hel") B7)  leads to a capacity difference between the OFDM and the
k=0 DFE-SCCP. Additionally, Fig. 3 also shows that for 64-QAM

but, sincey|Hk|2 is the SNR for each subcarrier in the OFDMand the samey that both schemes have the same capacity,
scheme, this is exactly the ergodic capacity for it [36]. eln since we fall in the case of Fig. 2.
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From the results discussed in the previous paragraph, we can

predict that larger deviations ¢f/,,|* lead to larger differences T ‘ ‘ S ‘ s
between the capacities of the OFDM and the DFE-SCCP. all T o ';‘T
These results will also reflect on the outage probability. Fo o /! !

a fixed modulation order, when the coding rate— 1, the ssf
SNR values approach the saturation region, resulting iherig o} oo Corow
outage probability to the OFDM when compared to the DFE- -0 [
SCCP. Since such results are obtained through semiaralytic 2" g e i
methods and depend on the channel configuration, they will I |
only be shown in the next section. 1sf |
In spite of the interesting results obtained through the 1 l
capacity analysis, the problem cannot be analyticallytéa osl |
In order to overcome this, the comparison can be performed . l 1

1 . . . . .
z
-15 -10 -5 yHKI® 0 5 o 10 15

in terms of the cutoff rate [21], which is a lower bound of the SNR (48]
Shannon capacity. ) _ _
In [16], there is a comparison between the LE-SCCP argiMsénngﬁch),(ﬂf?grtgeth s T,iﬁeF_E'SCCP schemes consgiett-
the OFDM restricting the analysis to a two-path Rayleigh
fading scenario. Next, the conclusions will be extendedrto a
arbitrary channel configuration and to the DFE-SCCP. l?irstl'mated by
the cutoff rate expressions for the OFDM and the SCCP [16]
will be presented and, later, the convex analysis that allowto,awen = — log, (
generalizing the behavior of the OFDM and the SCCP with
regard to the coding rate for any channel will be provided.
The cutoff rate for theM-ary modulation and AWGN
scenario can be defined as [21]

JR X, — X2
Zzzexp{‘” 1403 H })
(43)

the metric || X; — X,,|| represents the Euclidian distance
between the symbolX; and X,,. Defining

X; — Xmll?
| M-1Mo Apm = %7 (44)
Ry = —log, <— P{X; Xm}) ; (41) X
M2 ; 'rnZ:O the cutoff rate can be rewritten as

1 1
whereP {X; — X,,,} represents the pairwise error probability, R -1 1 A 45
i.e,, the probability of decoding a symbol as,, given that 0AWGN %82 | g Z Z exp{=Aim} |- (49)

X, has been transmitted. d invoki dicity. the OFDM cutoff rate i d
Considering QPSK modulation, the pairwise error probabﬁl-n Invoking ergodicity, the cutolt rale IS expressed a
1 1 N-1
1
PIDIS DI (—vAz,miﬂkP)) -

ity is given by " | <
0,0FDM = — 10gy
1=0 m=0 " k=0

P{X;~ X} =Q ( M) . (42) (46)

2073 Concerning the SCCP and considering that any residual
. intersymbol interference after equalization can be matlatea
Applying the Chernoff bound, the cutoff rate can be approxsaussian random variable, the cutoff rate of the SCCP scheme
is

11
1
— ‘ ‘ ‘ ‘ ‘ — Ro,sccp = —log, (Z Z Z eXP{_Al,mSNPeq}> :

=0 m=0 (47)
The SNR in the perfect DFE output is known to be greater
or equal to the SNR in the LE output. Thus, from (47), we can
conclude that the cutoff rate associated to the DFE is greate
or equal to the cutoff rate associated to the LE.
Defining the following relations:

=0 m=0

=

cl6-QAM

3.5 — — — 64-QAM

bits/s/Hz
~

L6 o c10-0am
ChRMI=CI M R, )

ol SN ) ] No1

i 1
il ; ] CorpMm = N ;0 exp (—vAu,m|Hx|?) , (48)
osf | 1 Cre =exp{—SNREA; .}, (49)
o ! L ‘ C(prE = exp {—SNRoredim } , (50)

, | . .
-20 -15 -1 2 -5 0 sNnR__S 10
Grcor SNR [dB]

the equations (46) and (47) reveal that the monotonic behavi

Fig. 2. Capacity for the OFDM and DFE-SCCP schemes consigletb- : : :
QAM and 64-QAM for a low SNR value. of the logarithmic function allows us to compare the cutoff
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rates by comparing the functios rpas, (g and(prg. In Moreover, considering a coding rateand QPSK modula-
such a case that, < {, = Ry, > Ro. In order to compare tion, with 0 < r < 1, if we expressy in terms of the SNR
the expressions in (48), (49) and (50), the following fumti per bit, £, /N,, we have that:

is defined:

E
¢ (x) = exp (= Amz) (51) a (0 (Y[ Hx|*)) = Aim (27°Fb \Hy|* + 1) -2.  (62)
?11‘13 recall the functiong(z) and ¢(z) defined by (13) and In order to assure thal, g < Corpa, the channel coeffi-

cients have to guarantee thaf6 (v|Hy|?)) > 0, for a fixed

Finally, (48), (49) and (50) can be rewritten as: E,/N,. Thus, for higher coding rates, it is possible to be less

1 N ) restrictive with regard to the channel coefficients to gotea
Corpm = N ¥ (7|Hk| )v (52) the positiveness of (62). This fact points that increasindjrg
k=0 rates represent a more favorable scenario for the LE-SCCP.
1= A comparison can also be established between the OFDM
(Le = ¢ N Z 0 (71 Hy[?) (53)  and the DFE-SCCP schemes in a similar way. In order to do
’“:01 so, the following function is defined:
(pFE = ¢ <¢1 (N Z ¢ (’Y|Hk|2)>> ) (54) I(y) = (¢_1 (y)) (63)
k=0

written in such form, (52), (53) and (54) allow the use of 5Ience, (52) and (54) can be rewritten as
convex analysis approach in order to establish a comparison

between the OFDM and SCCP for any given configuration. CorpMm = Z 0 (¢ (71 Hil*) (64)

In addition, the comparison between the OFDM and SCCP is

separated into two different contexts: the comparison eetw N

the OFDM and the LE-SCCP, and the comparison between (pFE = ( Z (vIHx? ) (65)
k=0

the OFDM and the DFE-SCCP.
In order to accomplish the first comparison, the followingy the analysis ofdd_yﬂg(y) expression, we conclude that its

is also defined: . Sign is given by
p(2)=¢ (07" (2)). (55)
. . b(y) = Aimexp(y) — 1 (66)
This function allow us to express (52) and (53) as
N_ and from (64) we can infer that the domain values that are used
Corpy = Z (v Hxl?) (56) in the calculation of the cutoff rate are given by(~|Hy|?).
’ Calculating the functiomd(y) in these values, we have that:
N 1 2 _ 2
Ce=p ( > 0 0P ) ) b (6 (OIH)) = A (11H +1) =1 (67)
In terms of £, /N,, we can write
The Jensen inequality guarantees that if the functias B
convex, (6 () = A (252 P +1) =1 (69
1 N-1 1 N-1 o
p <— Z (7| He| )) p (0 (v|Hel?)). (58)  Therefore, the situation is similar to that presented in the
N k=0 N k=0 comparison between the OFDM and the LE-SCCP. The main
Hence, the convexity op implies (zx < Corpa that is differenceis thatthé (¢ (v|Hy|?)) > a (6 (v|Hk[?)). Hence,

equivalent to state tha®, e > Ro,orpwm- given a fixedE, /N, and coding rate, the channel class for
By definition, a funct|0n is convex if and 0n|y if its which (68) is greater than zero is broader than that which

second derivative is non-negative. The second derivative @/arantees the positiveness of (62).

the functionp(z) is given by

2 p(2) (Aim C. Monte Carlo approach
@p(z) = Aim 23 ( _2) (59) In this subsection, the schemes will be analyzed under
different modulations and coding rates scenarios usingt®on
, , ) is determined 415 simulation for block fading channels.
by the functiona(z), given by The schemes will be simulated using the system model
a(z) = Aim _ 9 (60) described in Section 1l and Matl&b The simulations will be
' carried out with the(133, 171) convolutional code with rate
However, (56) reveals that the domain values that are im—= 3. Its punctured version withr = 3 will also be used.
portant to the cutoff rate calculation are givenfbyﬂﬂkP), Error propagation will be considered in the DFE in order to
Calculating the functior(z) at these values, we have that: show more realistic performance results. We considered tha
) ) the OFDM is implemented witlv = 512 subcarriers and that
a (0 (YIHgl?)) = Aim (’Y |Hy|™ + 1) —2. (61) the block length in the SCCP is equal % = 512 symbols.

z

and asp(z) is non-negative, the sign cg’;zp(
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Fig. 4. Performance comparison for the channel with trarfsfection given Fig. 5. Performance comparison for the channel with trarfsfection given
by (69) with QPSK modulation and = 1. by (69) with QPSK modulation angd = 3.

For all simulations, we have used a block fading channglis effect €.g, [40]) and to approximate the DFE-SCCP
with transfer function: performance to the perfect DFE-SCCP, there is an additional
1 _9 computational cost associated to them. Therefore, evdreif t
H(z) = ho + haz"" 4 haz ©9)  error propagation mitigation technique provides a perforoe
where the coefficientd;,, & = 0,1,2 are complex Gaussianapproximately equal to the perfect DFE-SCCP, it would be
random variables with zero mean and variange = 1/3. costlier than the OFDM. Thus, for this modulation and coding
Since a frequency selective channel is used, error bursgheme, the OFDM provides a better solution than the SCCP
can be expected in the OFDM and colored noise in the outgigheme.
of the SCCP equalizer. However, the used convolutional codeConcerning the coding rate= 3/4, we can note a perfor-
is designed for random errors, and thereby an interleaverm@nce degradation of the OFDM. In this case, its performance
necessary to randomize the errors or to whiten the nois®.equivalent to the LE-SCCP, whereas for= 1/2, its
As pointed out by [38], different interleaver configuratonperformance is equivalent to the perfect DFE-SCCP. This
can lead to significant differences in the performance @frformance degradation of the OFDM for higher coding rates
the schemes. In [38], through extensive simulations, difie iS not unexpected, since we have already stated that when an
types of interleavers were analyzed for block fading ch&mnérbitrary high coding rate is used, which takes us closer to
and it was shown that the matrix interleaver is a suitabtbe uncoded case, the SCCP presents a superior performance
choice for both schemes if the number of columns and roi& any channel configuration when the QPSK modulation is
are appropriately chosen for a given channel and modulatiemployed.
scheme. Therefore, for the following simulations, we have Such BER results are corroborated by the cutoff analysis.
adopted the matrix interleaver parameters accordingl@®8p.[ For each coding rate, the probability that the transmitted
The following simulations will compare the OFDM andspectral efficiency is above the cutoff rate is evaluatedubh
the SCCP for different coding rates, modulation orders afdonte Carlo simulation,.e,, for each channel realization
spectral efficiencies. the cutoff rate given by (46) and (47) is calculated and
1) Coding rate: The impact of different coding rates forcompared to the given spectral efficiency. Such probability
the comparison between the schemes will be investigated will be referred as the cutoff rate outage probability. The
order to do so, QPSK modulation will be considered. Theutoff rate outage probability is estimated through Monte
results obtained for the simulation with = % and% are Carlo simulation and the results are shown in Fig. 6 for
shown in Figs. 4 and 5, respectively. Considering= % r=1/2,3/4and9/10. From Fig. 6, we observe a degradation
the OFDM presents the same performance of the perféetthe performance of the OFDM in comparison to the SCCP
DFE-SCCP. In addition, the gap between the OFDM or theith increasing coding rate. For= 1/2, the cutoff rate outage
perfect DFE-SCCP and the matched filter bound (MFB) pyrobability associated to the OFDM is slightly lower than
not superior to 1 dB. This means that even a more powerfile one associated to the LE-SCCP. For higher coding rates,
equalization scheme, such as turbo equalization, would dbe LE-SCCP outperforms the OFDM. Concerning the DFE-
provide a significant gain over the OFDM. SCCP, it outperforms all the other techniques for the sitedla
Another important point is that the error propagation desoding rates.
grades the DFE-SCCP in such a way that its performance i®2) Modulation order: The modulation order is also an
even inferior to that of the LE-SCCP. The error propagatiamportant parameter in the comparison between the OFDM
phenomenon with coded schemes was analyzed in [39], wharel the SCCP. In the uncoded case, it was shown that the
it was shown situations in which the LE-SCCP provides a beésCCP always excels the OFDM when QPSK modulation is
ter performance than the DFE-SCCP under certain conditioesnployed, but this statement is not true for higher order
Although there are some techniques that are able to mitiga@dulations. In order to infer if this performance degraatat
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Fig. 6. Cutoff rate outage for QPSK modulation and chann¢h wiansfer
function given by (69).
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Fig. 7. Performance comparison for the channel with trarfsfection given
by (69) with 16-QAM andr = 1.

presented by the SCCP with increasing modulation order
also observed in the coded context, BER simulations cons

ering QPSK, 16-QAM and 64-QAM modulations and-= 1/2

are analyzed. The results are shown in Figs. 4, 7 and

respectively.

From these results, we can infer that the LE-SCCP prese
a performance degradation when compared to the OFDM
higher order modulations. Considering QPSK modulatioe, t

T T
—6— OFDM
—¥— LE-SCCP
—@— DFE-SCCP
—8— DFE-SCCP_,
=% = MFB

it

0 ‘2 JQ ‘6 8 10 1‘2 1‘4 1‘6 1‘8 20

E,IN, [dB]
Fig. 8. Performance comparison for the channel with trarfsfection given
by (69) with 64-QAM andr = 1.

g]

—&— OFDM
—<— LE-SCCP

—a— DFE*SCCPPM H

1 [bits/siHz]

-
T

0.8

0.6

0.4

0.2
-5

I I I I I I I I
0 5 10 15 20 25 30 35 40
y[d8]

Fig. 9. Capacity for the channel with transfer function givey (69) for
QPSK modulation.

performance gap between the OFDM and the LE-SCCP is of
approximately 2 dB, for the 16-QAM modulation, this gap
increases to 5 dB and considering 64-QAM, the gap is equal
to 6 dB. Such performance degradation is not observed for the
perfect DFE-SCCP and its advantage in the uncoded case for
QPSK and 16-QAM disappears.

Next, in order to show the sensitiveness to the modulation
order for other coding rates, the channel capacity is obthin
For each channel realization, the theoretical channelaifgpa
is evaluated using (39) and (40) and the average capacity
is estimated with Monte Carlo simulation. The results for
the QPSK modulation are shown in Fig. 9 and the results
for several modulations order are shown in Fig. 10. For
QPSK modulation, we can observe that the schemes present
approximately the same performance foe 1/2 and spectral
efficiency 7, defined byrlog,(M), equal to 1. For lower
coding rates, the OFDM slightly outperforms the LE-SCCP
‘%Ed forr — 1, the LE-SCCP slightly surpasses the OFDM.

nis fact is expected once the OFDM is highly dependent on
tge coding rate. Considering 16-QAM, with=1/2 (n = 2),
the OFDM outperforms the LE-SCCP by approximately 1.2
dF. In this case, the LE-SCCP will only outperform the OFDM

Pa spectral efficiency close tp = 3.8, which corresponds
@ r = 0.95. Finally, for 64-QAM andr = 1/2, the OFDM
surpasses the LE-SCCP by 1.7 dB and the LE-SCCP will
surpass the OFDM only fop = 5.93, which corresponds
to r = 0.98 . Therefore, the capacity analysis also shows
a performance degradation of the LE-SCCP with increasing
modulation order.

Concerning the perfect DFE-SCCP, from Fig. 10, it presents
a capacity equal to or superior to the OFDM depending
on the coding rate. Considering = 1/2, it presents the
same capacity as the OFDM for the analyzed modulation
schemes. Although, for increasing coding rates, the DFE-
SCCP surpasses the OFDM capacity. This result corroborates
the BER simulations.

3) Spectral efficiency:lt was previously shown that the
OFDM undergoes performance degradation as the coding rate
increases. In addition, it was observed that the LE-SCCP
scheme presents performance degradation for higher order
modulations. In the following, both schemes will be compare
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Fig. 10. Capacity for the channel with transfer functionegivby (69) for
several modulations order.

. - can be expected once the outage probability considers some
—— ' unrealistic assumptions, such as that the I1SI is Gaussian.

V. CONCLUSIONS

In this article we have established a performance com-
parison between the OFDM and the SCCP schemes under
different contexts when no channel information is present

= ; on the transmitter side and for frequency selective block
o e s Y fading channels. Although the SCCP outperforms the OFDM
ol e for any channel configuration when QPSK modulation is

-y oo employed in the uncoded scenario, the use of good error

- |- DFESCOR, oo correcting codesi.e. codes with long constraint lengths and

low rates, tend to leverage the OFDM, making the performance
differences much more subtle. In order to provide a deeper
insight on this, we have revisited some previous resultfién t

literature and provided new ones through the use of Monte
Carlo simulations, Shannon capacity and a convex framework

changing the. modqlat!on order and the coding rate, while tr:31?1alysis in which the effective SNR and the cutoff rate were
spectral efficiency is fixed.

. L employed to compare the schemes performance. Based on
Therefore-z,-|f we emp"’y 64'QAM withr = 5,_the system the results obtained, it was shown that if adequate coding
spectral efficiency will be given by = 3. This is the same

iral effici f A loving 16-OAM and: 3 rates and modulation schemes were chosen, the OFDM wiill
spectral efficiency of a system employing 16-Q 4 resent the same performance as the best analyzed single

In Fig. 11, a performance comparison between the sche &rier techniquei,e., the perfect DFE-SCCP. Since the latter

in these two modulations and rates configurations is showp. : o ' .
For the OFDM, the 64-QAM with- — % can be observed |£'Just an idealization, we can affirm that the OFDM is the best

. . choice among the analyzed techniques for frequency setecti
to provide better results than the 16-QAM with= %. By

contrast, for the SCCP, the 16-QAM with= % is marginally block fading channels.
a better option.
It is important to point out that the OFDM can achieve these
BER results and the perfect DFE is just an idealization. [1] R. W. Chang, “Synthesis of band-limited orthogonal silgn for
In addition to the BER simulations, the Shannon capac- multichannel data transmissionBell Sys. Tech. Jvol. 45, 1966.

10
E/N, [dB]

Fig. 11. Performance comparison for a fixed spectral effigien = 3 and
for the channel with transfer function given by (69).
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