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Abstract— In wireless communications, the channel can often

>
be modelled as a time-selective frequency-selective fading chan- data gp OFFTL_J cp si(m)
nel with line-of-sight (LOS) component. Although multicarrier ’ | (N) insert
systems are developed to cope with the frequency selectivity of —>

the channel, they will suffer from interference caused by the
time-varying character of the channel, present in particular in
the LOS component, when the number of carriers increases. A

proper selection of the system parameters, such as the numbef o A <«

carriers and the length of the cyclic prefix, can alleviate the effect ai& decisionk.” FFT CP

of the doubly-selective channel on the system performance. this 1 N T emove
paper, we investigate analytically the effect of the aforementiorte <

system parameters on the performance, and determine the

optimum values of the system parameters. Further, we study Fig. 1. The multicarrier transceiver.

the effect of deviations from the optimum parameters on the
system performance.

from the optimum parameters on the system performance,
which has not been considered in [6].

In multicarrier systems, the data stream to be transmitted i
split into a large number of parallel data streams at a loaer r Il. SYSTEM DESCRIPTION
[1]-[2]. Each of the parallel data streams is transmittedaon |n figure 1, the conceptual block diagram of a multicarrier
different carrier of the multicarrier system. With this ogon, system is shown. For the sake of notational simplicity, an
the effective symbol duration will be increased with a fact/OFDM system is considered. However, the analysis can easily
equal to the number of carriers, reducing the effect of thg extended to other multicarrier systems, e.g. MC-CDMA,
frequency selectiveness of the channel. By inserting aiccycpMC-DS-CDMA... The data stream to be transmitted is serial-
prefix [3]-[4], a further reduction of the interference cady to-parallel converted intdV lower rate data streamgz; ,,},
frequency selectivity is obtained; moreover, all integféze is where ; ,, is the ith symbol of thenth data streamp =
counteracted when the length of the cyclic prefix is largey,... N — 1. The data symbols; ,, are transmitted on the
than the maximum delay spread of the channel. However, thigferent carriers of the multicarrier system using an isee
use of a cyclic prefix reduces the power efficiency and thast Fourier transform (IFFT). To cope with the presence of
effective throughput, such that the prefix must be kept smalldispersive channel, a cyclic prefix of lengthsamples is

as compared to the duration of the multicarrier symbol, WhiGnserted, resulting in the time-domain sampiegn):
is proportional to the number of carriers. Hence, from the

frequency-selectivity point of view, the cyclic prefix muss B Nl N

chosen larger than the maximum delay spread, and the numbgim) = |/ — Z ain€?" N m=-v,...,N—1

of carriers must be selected as large as possible to keepdhe | N+v n—0

in power efficiency and effective throughput within readuea Q)

margins. where the data symbols are assumed to be statistically in-
However, the use of a large number of carriers results @¢pendent and have unit average energy, @, na; /] =

very long multicarrier symbols [5]. This makes the multigar  §; ;/8,, .-, and the transmitted energy per symbol is equal to

system more sensitive to the time-selectivity of the channé’;.

Therefore, from the time-selectivity point of view, the nipen The time-domain samples (1) are transmitted over a doubly-

of carriers must be chosen sufficiently small. In a doublyelective fading channel. The channel is modelled as a thppe

selective channel therefore a compromise must be made Belay line with channel coefficients(k; ¢). We assume that

tween the alleviation of the effects of the time-seleggidnd the channel consists of a line-of-sight (LOS) component

the frequency-selectivity of the channel. hros(k;¢) and a zero-mean multipath fading contribution
In the literature, the optimization of the system paransetebnsp(k; ¢), i.€. h(k;£) = hros(k;€) + harp(k;€). The co-

is almost never done jointly: in [3]-[4], the effect of theatiz ~ efficients of the LOS component are given byos(k; () =

prefix length on the performance is investigated in for amivexe 7¢(“)§(k), where the quasi-static amplitudeis assumed

number of carriers, whereas in [5], the effect of the numbé&rs be constant over a number of multicarrier symbols,

of carriers is studied for a sufficient cyclic prefix lengthis a time-varying phase that depends on the time-selactivit

Only in [6], the system parameters are jointly optimized foof the channel. The channel coefficiertig;p(k;¢) of the

fading channels without LOS component. This paper extenduiltipath component are assumed to be zero-mean Gaussian

the results obtained in [6] to channels with LOS componerdistributed according to the wide-sense stationary uetaed

Further, in this paper, we investigate the effect of dewiai scattering (WSSUS) model of Bello [7] with autocorrelation

I. INTRODUCTION
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function R]wp(k;g)
Elharp (ki 6)hy p(kos o)) = 0(6y — Lo) Rarp (k1 — ka3 4y).

Let us definePrLps and Py p as the energy contained in
the impulse response corresponding to the LOS and multip

component, respectively:

jrf?

“+o0
Z Ry p(k;0). (3)

k=—oc0

Pros =

Pyp

We define the ratiae = Pros/ P p as the ratio of the energy
contained in the impulse response of the LOS component
the one of the multipath component. Without loss of genigrali
we can assume thaPros + Pyp = 1.! The output of

the channel is disturbed by complex-valued additive whi
Gaussian noisev(m), with zero mean and power spectra

density Nj.

Without loss of generality, we concentrate on the detection
of the data symbols transmitted during the multicarriercklo
with time indexi = 0. From the N + v samples belonging
to the considered multicarrier block, the receiver remadhes
v samples corresponding to the cyclic prefix. The remaining

+oo

S Y Bl @)

i=—00,i0 n'=0

Prsi(n) =

It can easily be verified that the useful power (7) and interfe

gipce powers (8) and (9) are independent of the carrier index

n. Hence, in the following, we drop the carrier index.

As a performance measure, we use the signal to interference
and noise ratio (SINR) at the output of the FFT, defined as
the ratio of the useful power to the sum of the powers of the
interference and noise.

N
N LsPu

5 Es(Prer + Prsr) + No
to

In"the presence of a fading channel, the SINR is degraded as
compared to the SINR in the case of an AWGN channel and in
{he absence of a cyclic prefix, which equUalSN Rawan =
</No. The degradation (in dB) of the SINR, caused by the
ading channel and the presence of a cyclic prefix, is given by

N
P,
+v U)

+ o10lg (14 B NV
08 NoN +v

SINR = (10)

Deg = —1010g<N

(Prer + PISI)) (1)

N samples are then applied to a fast Fourier transform (FFT). o i i o
The nth output of the FFT can be written as, assuming that T0 simplify the expressions (7)—(9), we define similarly as

all carriers are modulated,

+o0 N-—1

N
w=VEN 55 2 D i)+ W (@)
i=—oon/=0
where
1 N—-1 N-1 . /
Yilnn') =< D0 Y h(k—m—i(N+v);k)e 2R
S (5)
and the noise contribution is given by
1 N—-1 .
Wo=—= % wk)e 7%, (6)
VN =

In the presence of a fading channel, in geneggh,n’) # 0

in [6] the following two-dimensional weight function

N —|r| 0<g<v
0<|r[<N
1 N—-—qg+v—|r] v<q<N+v
wigr) =+ 0<|r|<N—-q+v
N+q—|r| -N<¢<0
0§|r\§N—|—q
0 otherwise

12)
Using (12), we find after tedious manipulations of (7)—(8g t
following simple expressions:
+oo 400

Pu=loPleO)F + Y Y0 wlki)Rap(ki6) (13)

k=—o00 l=—00

for ' # n and/ori # 0. Hence, the fading channel will 9 =3

cause interference. The power at théh FFT output can Pior =lal’+ Y w(k;0)Rup(k;0) =Py (14)
be decomposed irP(n) = A5 Es(Py(n) + Pror(n) + k=—00

Prsi(n)) + Ny. The useful powerPy(n) corresponds to Too

the contribution of the useful symbal, ,,. The intercarrier Pray — 1 — w(k: o (k 15
interference (ICI) poweP;¢;(n) consists of the contributions Ist k;m( w(k; 0)) Barp (k3 0) (15)

of the data symbols transmitted on the other carriers during
the considered multicarrier symbol & 0,n" # n). The where®(0) is the discrete Fourier transform of lengh of
intersymbol interference (ISI) powd?;s; is the contribution the LOS phases(¢) at frequency 0. For example, assuming
of the data symbols transmitted during other multicarrighat the phase rotation of the LOS component is caused by a
blocks ¢ # 0). The last contribution is the additive noiseDoppler shift fp, i.e. ¢(f) = ¢(0) — 27 fplT, with 1/(NT)
power Ny. The powers of the useful component, the ICI anghe carrier spacing®(0)|? reduces to

ISI are given by )

sin(7N fpT)
Py(n) = Ellyo(n.n)/?] 7) 2OF = | T o) (16)
N-1 .
Note that, because of the assumption tRgbs + Pyp = 1,
Prcr(n) = Z E[lyo(n,n")] (8) the sum of the powers of the useful component, the ICI and
n'=0,n'#n ISI equals onePy + Prer + Prsy = 1. In the absence of a

LOS component (i.ea = 0), the equations (13)—(15) reduce

Under this assumption, it follows that,os = 12— and Py p = to the expressions in [6].

1
+ 1+k"



As can be observed in (13)—(15), the useful power aridding Rayleigh fading channels derived from the considere
the ICI power depend on both the LOS component and tRayleigh fading channel, and take the sum of the powers of the
multipath component, whereas the ISl power only depentisiting cases to obtain the total useful power and intenfiee
on the multipath component. This can easily be explaingoowers.
as the channebos(k; ¢) consists of a single tap and hence The same reasoning can be followed for the channel consid-
will not cause interference between successive multearriered in this paper. As we observe in (13)—(15), the powers of
blocks. Let us consider quantitatively the effect of thetsys the useful component, the ICI and ISl consist of the sum of the
parametersV and v on the performance of the system. Wegowers originating from the LOS component and the multipath
separately consider the effect of the system parameternseondomponent. Further, taking into account the results froin [6
powers originating from the LOS component and the multipathe powers corresponding to the multipath component can
component. be further split into the sum of the powers corresponding

« LOS contribution: The useful power originating from to the limiting cases of a time-flat channel with autocorre-

the LOS component, i.ePyos = |al?|®(0)|? will lation function Ry prr(k;€) = Rap(k;0) and a frequency-
reduce for increasingV, as |®(0)|?> is in general a flat channel with autocorrelation functioRap rr(k;€) =
decreasing function ofN. This can be seen in (16) for Ry p rr(¢)3(k), where Rysp rr(f) = 425 Rurp(k; 0).

the case of a Doppler shift. ABrog(k;¢) consists of Hence, we approximate the powers in (13)-(15) using the
a single tap, there is no ISI, i.és7,,05 = 0, such following decomposition:Px = Px,ros + Px.uprr +

that the interference consists only of ICI. The ICI powePx ,/p pr, With X = U, ICI and ISI; the definition of
corresponding to the LOS component, icr,ros = Px ros can be found in the previous section. The useful pow-
|a)?(1 — |®(0)|?) will increase for increasingV. On ers corresponding to the two limiting cases of the multipath
the other hand, the powers of the useful component andmponent are given by [6]:

the ICI corresponding to the LOS component do not

depend on the cyclic prefix length However, increasing = )

the cyclic prefix length will reduce the power efficiency Pyyprr =Y, w(k;0)Ryp(k;0) (17)
through the factor2-, as onlyN of the N + v samples k=—00

are used for further processing. Hence, from the LOS

component point of view, the cyclic prefix must be as 1 X [\ =
small as possible, and because of the time-selectivity of ~ Fu.mprr =+ > < - N) Ryrprr(f) (18)
the LOS component, the lengt of the multicarrier (=—N

symbol must be limited, as increasiig will reduce the . o
performance. and the derivation of the corresponding interference pswer

« Multipath contribution : For given N, increasing the follow straightforward from (13)—(15) and the definition of
length of the cyclic prefix will reduce the interferencel P.Tx (K; ) @and Rarp rr(K; £). In the next section, we wil
power Pro; + Prgr, as the distortion of theV samples Show the validity of the used approximations by means of
that are processed by the receiver reduces. At the safgnerical evaluation.
time, the useful power moves closer to 1. However,
because of the factori> the power efficiency will
reduce. For givem, increasingV will reduce the relative ~ For the numerical evaluation of the obtained analytical
importance of the fixed amount of distorted samplegxpressions, we consider a channel bandwilith= 1 MHz
(caused by the frequency selectivity of the channel) at tik@d a center frequency gf. = 1 GHz. Hence, the duration
edges of the block oV samples that is further processedof a sample equal§’ = 1us. For the LOS component of the
Further, increasingV will increase the power efficiency channel, we assume that the channel has a fixed amplitude
as the factor,— moves closer to one. However, increase and a phase rotation(() caused by a Doppler shiftp,
ing N will result in longer multicarrier symbols, suchi-€- ¢(£) = ¢(0) — 27 fplT. Assuming that the receiver is
that the system will suffer from interference caused byoving at a speed ob = 135 km/hr, the Doppler shift is
the time selectivity of the channel. iven by fp = (v/c)f. = 125 Hz, wherec is the velocity

Taking into account these considerations, it is clear tmat §F light. For the multipath component of the channel, we
optimum set of system parametdis,;, v.,:) can be found. use the typical urban (TU) [7]-[8] impulse response with a
Further, for a given shape of the LOS and multipath chanrfi/ay spread obus. The coherence time of the multipath
impulse responses, the ratio of the powers of the LOS component is obtained using the rule of thuffip= 0.5//p
contribution to the multipath contribution will have an et  [9]: v;/there_fpﬂl]s therI]DoppIer ftr_equeﬂci/ of th?/\I/_OS compotr;ler;t,
on the optimal parameters. For increasing.e. for channels esulting in the coherence tinig, = 4 ms. We assume tha
with stronger LOS component, the optimum parameters wi}€ @utocorrelation function for the multipath componeas h
move toN,,; — 1 and v,,; = 0, which are the optimum an exponentially decaying multipath intensity profile and a
opt — opt = Uy L . . ) o
system parameters when there is no multipath component.Gaussian time correlation profile

IV. NUMERICAL RESULTS

[Il. LIMITING CASES Rup(it) = Coxp(—E) ex 2
As observed in (13), the useful power (and thus also the MPAR: P To P 202
ICI power in (14)) corresponding to the multipath component k>0,—00 << 400 (19)

consists of a double sum, which requires a high computa-

tional complexity, especially wherlV is large. To reduce Defining the delay spread as the time at which the multipath
the computational complexity, we have shown in [6] fomtensity profile falls 10 dB below the level of the strongest
multipath Rayleigh fading channels that the useful power amomponent, the parametey is found to be about five samples.
interference powers can be well approximated by considémrther, we fix the coherence tinig to twice the duration
ing two limiting cases, i.e. the time-flat and frequency-flatf the spreading of the Gaussian time correlation profite, i.
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Fig. 3. Interference power as function of cyclic prefix ldmgt = 0 dB,

Fig. 2. Interference power as function of FFT length= 0 dB, v = 10.

oo = 2000 samples. The constantsandC' are normalization
constants.

In figure 2, we show the total interference powei-; +
Prgy, obtained with (14) and (15), together with the in-
terference power of the limiting cases and the sum of the
interference powers of the limiting cases as function)\af
for k = 0 dB andv = 10. As expected, the interference
power corresponding to the LOS component increases with
increasingN. For N fpT < 1, i.e. when the Doppler shift is
sufficiently smaller than the carrier spacing, the appration

%P ~ 1 — L(xNfpT)? can be used, such that
the interference power for the LOS component, given by N
la)2(1 — |®(0)|?), increases quadratically witdv. In [6],
it was shown that for a multipath fading channel the total Fig. 4
interference power for the time-flat channel with autodarre C
tion function Ry;prr(k;€) = Ryp(k;0) is proportional to
1/N. Further, in the case of the frequency-flat limiting case
of the multipath channel, when the autocorrelation fumctiahe limiting cases are shown as function wf for k = 0
Ruprr(kil) = Ruprr()é(k) can be approximatédby dB and N = 256. Similarly as in figure 2, the sum of the
Ruprr(l) = Ryppr(0)(1 — B02) for ¢ < Ty, it can interference powers of the limiting cases well approximate
easily be ‘shown that the total interference power incread8§ interference power of the actual channel. As expeched, t
with N2. This can be observed in figure 2. Figure 2 alstiterference powers of the frequency-flat limit of the npath
shows the total interference power of the multipath compbnecomponent and the LOS component are independent of the
(indicated in the figure as MP, doubly selective), obtaind@ngth of the cyclic prefix. The interference power of the
with the contributions ofR;p(k;¢) in (14) and (15). This time-flat limit of the multipath component is a decreasing
interference power is well approximated by the sum of tH&inction of v as the effect of the channel dispersion reduces
interference powers (indicated in the figure as MP, TF+FEQr increasingy; the slope of the decreasing function will
corresponding to the time-flat and frequency-flat limitimges depend on the shape of the multipath intensity profile. For
[6]. Further, we show in figure 2 the sum of the interferencgmallv, the interference power of the actual channel converges
powers of the LOS component and the limiting cases of t#@ the interference power of the time-flat limit of the mudtip
multipath component (indicated as LOS + MP,FF + MP,TFfomponent, whereas for large the interference power of the
and the total interference power obtained with (14) and.(1%)ctual channel no longer decreases but converges to the sum
As we observe, the sum of the interference powers of tgé the interference powers of the LOS component and the
limiting cases well approximate the total interference ppaf frequency-flat limit of the multipath component; the regt
the actual doubly selective channel with LOS component. Féferference is caused by the time-selectivity of the cleéann
small values ofV, the interference power of the actual channé@nd cannot be combatted by a further increase of the cyclic
converges to the interference power of the time-flat limit direfix length.
the multipath component, whereas for ladyeit converges to ~ Figures 4 and 5 show the effect f indicating the relative
the sum of the interference powers of the LOS component aaghount of power contained in the LOS component and the
the frequency-flat limit of the multipath component (indiméh multipath component, on the interference power. As can be
as LOS + MP,FF). observed in figure 4, the minimum of the interference power
In figure 3, the interference power of the actual channefoves to lower values oV when « increases. This can be
the limiting cases and the sum of the interference powers @fplained as follows. When increases, the LOS component
becomes the dominating component. As in this case the
2|n most practical channels, this approximation is valid. interference is caused by the time-selectivity of the LOS

~

Intertference power

1000

Influence ofN and x on interference power; = 10.



decreases ar increases, hence the lower range forand the
upper range forr become smaller wher increases. On the
other hand, whedV > N, the interference power increases
significantly (see figure 4). Hence, the beneficial effecthef t
increase ofN in the factorNLJrV will be counteracted by the
increase of the interference power, such that the uppererang
for NV only changes minimally. As a result of this, the selection
of the parameter®/ andv is less critical when there is a large
multipath component as compared to the case of a large LOS
component.

=-20dB

A A A A A

Interterence power

V. CONCLUSIONS

In this paper, we have investigated the effect of the system
parameters, i.e. the cyclic prefix length and the number of
carriers, on the performance of an multicarrier system in a
doubly selective fading channel with LOS component. We
have derived analytical expressions for the degradation. F
ther, we have found simple but accurate approximations for
the power of the useful component and the interference, by
decomposing the doubly selective fading channel with LOS
component into three limiting cases, i.e. a time-flat and a
frequency-flat Rayleigh fading channel and a channel with
only LOS, and taking the sum of the powers of the three
limiting cases as approximation for the powers of the actual
channel. Using these analytical expressions, the optiysl s
tem parameter&N,,:, vop+) that minimize the degradation, are
obtained. Further, the range over which the system paramete
N and v may vary when a small degradation (0.1 dB) as
compared to the minimum degradation is allowed has been
determined. Moreover, the influence of the channel paramete
K, i.e. the ratio of the powers contained in the LOS component
and the multipath component of the channel on the optimum
parameters and deviations from the optimum parameters has
been studied. The results can be summarized as follows. When
k increases, i.e. when the LOS component is the dominating
component, the values d¥,,; andv,,; decrease. Further, as
component, the interference will increase wh¥nincreases, the range over which the system parameters may vary when
resulting in a reduction of the optimum value &t The effect a small degradation is allowed as compared to the minimum
of x on the dependency of the interference power.ois degradation decreases, thg.selectmn pf the system panamet
shown in figure 5. As for large:, the channel consists of NV andv becomes more critical whes increases.
loctvily decreases, the Interferonce power bacomes taben ACKNOWLEDGMENT
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