IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 47, NO. 12, DECEMBER 1999 1811

Analysis and Optimization of the Performance of
OFDM on Frequency-Selective Time-Selective
Fading Channels

Heidi Steendam and Marc Moeneclaeggnior Member, IEEE

Abstract—n mobile radio communication, the fading channels has been proposed and/or accepted for various applications,
generally exhibit both time-selectivity and frequency-selectivity. such as broadcasting of digital audio and digital television [8],

Orthogonal frequency-division multiplexing has been proposed \opije radio [1], [2], [9]-[11], and transmission over twisted
to combat the frequency-selectivity, but its performance is also P ’

affected by the time-selectivity. In this paper, we investigate pair Cablels (asymmetri.c digital SUbscri,ber line) [12], [13].
how various parameters, such as the number of carriers, the  Increasing the duration of a transmitted symbol, however,
guard time length, and the sampling offset between receiver makes the system more sensitive to the time-selectivity of the
and transmitter, affect the system performance. Further, we channel. As the time-selectivity affects the orthogonality of the
determine the optimum values of the above parameters, Which ¢ rrigrs a larger symbol duration gives rise to more intercarrier
minimize the degradation of the signal-to-noise ratio at the input . . .
of the decision device. interference (ICl). The lengthening of the symbol duration,
introduced to combat the frequency-selectivity, therefore is
limited by the time-selectivity.
In [10] and [11], the number of subchannels of the OFDM
system is optimized in the case of a sufficient guard interval,
I. INTRODUCTION i.e., the guard interval is longer than the delay spread. In
UE TO the enormous growth of wireless services (Ceﬁhis co.ntribution, we investigate the effect of an insufficic_—:-nt
lular telephones, wireless LAN's, etc.) during the laguard interval as well as the effect of Fhe number of carriers
decade, the need of a modulation technique that can transffifl the sampling offset between receiver and transmitter on
reliably high data rates at a high bandwidth efficiency aristid® Performance of the OFDM system. The OFDM system
[1]-[3]. In a mobile radio channel, the signal is disturbed blp described in Section II. In Section Ill, we consider the
multipath fading which generally exhibits both time-selectivitf/€dradation of the signal-to-noise ratio (SNR) at the input of
and frequency-selectivity. The signal power is carried by € decision device as performance measure of the OFDM
large number of paths with different strengths and deIay%YStem' Section IV focuses on two limiting cases, I.e., the
For the global system for mobile telecommunications, typicdMe-flat channel (for a small number of carriers) and the
multipath intensity profiles are defined for rural areas (RAfréauency-flat channel (for a large number of carriers), and

urban areas [typical urban area (TU)], and hilly terrain ared§@lyzes the resulting interference powers. The problem of

(HT) [4], [5]. frame synchrqnlzatlon is consudergd_m _Sectlon V. Numerlcgl
The influence of the intersymbol interference (ISI) causd§SUlts; including performance optimizations, are presented in

by the frequency-selectivity can be reduced by increasing tRgction VI. Finally, conclusions are drawn in Section VII.

duration of a transmitted symbol. This can be accomplished

by using orthogonal frequency-division multiplexing (OFDM). I

The symbol sequence to be transmitted is split into a large ) _ _ = )

number of lower speed symbol streams, where each modulate¥! OFDM, the available bandwidth is partitioned inf6

a different carrier. The carrier spacing is selected such tffgtochannels that are made orthogonal by using carriers with a

modulated carriers are orthogonal over a symbol interval. fi?acing equal to the subchannel symbol rate. A binary message

addition, a guard interval (cyclic prefix) is inserted in ordel® coded and mapped to a sequence of complex data symbols,

to combat the frequency-selectivity of the channel [6], [7}vhich are splitinto frames aV symbolsia; ,, denotes the.th

The transmitter and receiver for OFDM can be implementéyMbol of theith frame (0 < n < N —1, —00 <4 < +o0).

efficiently by using fast Fourier transform techniques. OFDMN€ nth carrier is modulated by the symbofs; , | —oo <
¢ < +oo}, and the modulated carriers are summed before

Paper approved by Y. Li, the Editor for Wireless Communication Theory i gnsmission. In a practical implementation, the samples
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a, Guard of the jth frame, given by
: IFFT Time
Insertion +oo N-—-1
Channel
Tv - r(k) = Z Z gi(m)h(k —m —i(N +v); k) +n(k)
n(?) . —
N D r=—o0 m=—v
&Dccision(— FFT %ﬁfﬁ k—/ k:—ko—’—j(N"‘l/),,—ko—’—j(N"‘V)"‘N_]. (4)
Removal| (k-kJT/N
Ly are demodulated using a DFT. Each of tNeoutputs of the
Fig. 1. An OFDM transceiver. DFT is scaled and rotated (single-tap equalization per DFT

output) and applied to the decision device.

this interference, each frame is preceded by a guard interval III. SYSTEM PEREORMANCE
of » samples containing a cyclic extension of the transmitted
time-domain samples (cyclic prefix). Thih transmitted frame
(including the prefix) containgV 4 » time-domain samples,
of which themth sample is given by

In the following, we concentrate on the detection of the
data symbols during the framg = 0. Due to the loss of
orthogonality caused by the fading channel, the outputs of the
DFT are disturbed by interference, which adds to the channel

7Nl noise. The power(n) at thenth output of the DFT can be
gi(m) =1/ _i » > e ), decomposed as
n=0
N
m=—v,---,N—L (1)  Pn)=E, N1 V(PU(”) + Prer(n) + Psi(n)) + No. (5)

Assuming the data symbols are statistically independent afls seful power,; denotes the contribution from the symbol
have a unit average energy, i.&a; »aj,] = 6 ;61 the ag.»- The ICI powerPyc; contains the contributions from the
transmitted average energy per symbol equals other symbols transmitted in the considered frafhe= 0),
Many wireless communication channels can be modelgfereas the ISI powePis; contains the contributions from
as multipath Rayleigh fading channels having an impulsg symbols transmitted in other framés # 0). Finally, Ny

responsé:(k; £), represented by a tapped delay line where thganotes the contribution from the additive noise. Assuming all
kth coefficient is a Gaussian random process with time varia\e carriers are modulated, one obtains

£. Bello [4] introduced the wide-sense stationary uncorrelated

scattering (WSSUS) model to easily describe fading channels. Py(n) = E[|¥nn0(ko)?]
This model, which is valid for most radio channels, assumes N-1
that the signal variations arriving at different delays are Pici(n) = Z E[|7[7n70(k0)|2:|
uncorrelated and that the correlation properties of the channel =0
are stationary. The autocorrelation function, considering these i" N1
assumptions, yields g
prons. ¥ Pisin)= 3 3 Ellvenako)?] (6)
Elh(ky, £1)R*(k2,£2)] = (k1 — k2)R(k1; 41 — £2).  (2) s 0

The channel, having an autocorrelation functiifk; ¢), can where -y, ,, ;(ko), given by

be characterized by multipath intensity profileR(k; 0) and a Nel N1

Doppler spectrumSp(e/*7/T), with _ 1 —j2m((ke—nm)/N)
Yen,i(ko) = v Z Z e’
) +o0 “+oo ) m=—v k=0
Sp(e® Ty = 3" 3" R(k; e (3) Dk —kg—m—i(N+0v);k—ko) (7)

b=—c0c k=—00

) ) denotes the signal component at tith DFT output during the
Without loss of generality, we assume that the largest valggme j =0, caused by the symbel, ; which is transmitted
of the multipath intensity profile occurs d@ = 0, i.e., on thetth carrier during theéth frame. It can be verified that in
R(0;0) > R(k;0). In addition, the received signal is corruptedne case of all carriers modulated, the useful pofen) and
by complex-valued additive white Gaussian noise (AWGNhe interference powerBic1(n) and Psi(n) are independent
with a power spectral densit¥o. of the considered carrier. In the following, we can therefore

For each transmitted frame &f 4 »» samples, the receiver gmit the carrier index:.
selects N consecutive samples to be processed further andThe SNR at the output of the DFT is defined as the ratio
drops the other samples (guard time removal). The indicesf the power of the useful component to the power of the
of the IV remaining samples corresponding to tfth frame remaining contributions
are{k —ko+j(N+v) | k=0,---,N — 1}. The sampling
offsetkg is assumed to be provided by a frame synchronization E NL—I—I/PU
algorithm, which select&, such that the SNR at the input of SNR = N .
the decision device is maximum. The remaining samplé$ Esy s (Ter + Pis) + No

(8)
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Fig. 2. The weight functionw(k;0).

In the presence of the fading channel, the SNR is reducetransmitted OFDM signal
as compared to the case of an AWGN channel. The AWGN" """~
channel yield¥%; = 1, Picr = Pigr = 0, so that forr = 0 the

SNR equalsE; /Ny. Assuming the impulse respon&ék;¢) —>< = >
. . o . v
has a unit average energy (i. .;;_Oo R(k;0) =1),itcanbe  ;ppy signal disturbed by causal channel

powers is given byPy + Pior + Pist = 1 (see Appendix
A). Under these considerations, the degradation of the SNR
expressed in decibels is given by

verified that the sum of the useful power and the interference - - —-—--x/-/
N\

OFDM signal disturbed by non-causal channel

N e
Ny © '
E .

s N _p.
1+N0N+1/(1 Py)

Deg = —10log

Fig. 3. The OFDM signal.
For largeE, /Ny, the SNR (8) is limited by’ /(1—FP;;) which
indicates that the performance is limited by the interference. ) _
Hence, increasing, /N, far beyond((1 — Py )N/(N +1))~ Let us cor_13|der quantltat!vely the effect of the system
yields only a marginal performance improvement. parameters (i.e., the guard time lengthand the number of

In a further analysis of the powers in (6), taking into accouff@"ersV) on the performance degradation (9) as follows.
the above-mentioned considerations, it can be verified that (see For givenX, increasing- reduces the amount of channel

Appendix A) distortion on theN samples that are kept by the receiver
too oo for further processing (see Fig. 3). Hence, increasing
Pv = % Z Z w(k; )Rk — ko;£)  (10a) reducesPic; and Fisy, SO thatP%; moves closer to 1. On
S the other hand, increasingreduces the power efficiency
too through the facto?V/(V +1/), because the receiver keeps
Prop = Z w(k; 0)R(k — ko3 0) — Py (10b) only NV of the N + v received samples. Note that for an
ke oo AWGN channel withv > 0, the degradation (9) becomes
+oo 10log(N/(N + v)), which reflects the power efficiency
Prg1 = Z (1 —w(k;0)R(k — ko;0) (10c) loss caused by the guard interval.
k=—00 For givenw, the dispersive channel introduces a given

wherew(k; ¢) is a two-dimensional weight function (A2), and

w(k;0) is shown in Fig. 2. According to (10), the ISI power
Prgr is independent of the time correlation properties of the

channel; taking into account the weight functiaf/; 0) from
Fig. 2, it follows thatPrsr is determined only by the tails of

the multipath intensity profile of the fading channel. The ICI

amount of linear distortion, which is basically confined to
a few samples at the edges of the blocidosamples that
are processed by the receiver. Increasgeduces the
relative importance of these distorted samples, and in ad-
dition, increases the power efficiency. On the other hand,
increasingV makes the system more sensitive to the time-
selectivity of the channel, because the transmitted frames

consists of two contributions. The first contribution is indepen-
dent of the time correlation properties of the fading channel . .
and is mainly determined by the central part (the ‘body’) of the transmitted frames, and therefore, introduces ICI
of the multipath intensity profile; the second contribution &t the DFT output.
(—Fy) depends on both the dispersive and time-correlatiéiiom the above considerations, it follows that an optimum set
characteristics of the fading channel. (v, N) exists, which minimizes the degradation (9).

get longer. The time-selectivity affects the orthogonality
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IV. LIMITING CASES TIME-FLAT CHANNEL AND Comparing (13) and (14), we conclude that ISI and ICI equally
FREQUENCY-FLAT CHANNEL contribute to the interference when the time variations of the

The impulse response of a mobile radio channel generafijfannel can be ignored. _ _
exhibits a delay spreading as well as a Doppler spreading’Vhen & increases for a givenw and a given channel
[4]. The delay spreading originates from the multitude cﬁxutocorrelatlon_funct|_0n, fthe number of samples affected by
propagation paths taken by the transmitted signals. The g€ channel dispersion is small as compared to the total
herence bandwidth, i.e., the minimum bandwidth for whicRUmber (V) of samples that are processed per frame; the
time-dispersion is observable, is inversely proportional to tifiect of the channel dispersion becomes negligible. When the
delay spreading. The variation of the mobile radio channel ffRM€ duration becomes comparable to the coherence time of
time is expressed by the Doppler spreading. The cohereflBg channel,_the effect of the_ time variations of the_ channel
time, corresponding to the minimum signal duration for Whicngcomes noticeable; the total_ m_terference (ISI + ICl) increases
distortion becomes noticeable, is inversely proportional to tidth & The ISI power (10c) is independent of the coherence
Doppler spreading. In this section, the system is evaluated {§p€ Of the channel and is proportional 1g/V when N is
two limiting cases: the time-flat channel and the frequency-fIfiuch larger that the duration of the tails of the multipath
channel. intensity profile [see (14)]. Hence, the total interference is

When the duration of a transmitted frame is small as corfft&inly ICl when the time variations of the channel become
pared to the coherence time of the fading channel, the variat@minant. o
in time of the channel during a frame can be neglected: the'Vhen the frame duration is large as compared to the
channel can be approximated by a time-flat channel wiigherence time and the delay spread, it is shown in Appendix
R(k;¢) = R(k;0). Considering the relationship betweerp that the fadlng channel can be approximated by a frequency-
the coherence time and the Doppler spreading, this timfidt channel withR(k;¢) = R(£)é(k), where
flat channel approximation corresponds to a fading channel too
with a Doppler spreading, which is small as compared to the R(¢) = Z R(k; £). (15)
carrier spacing. As the Doppler spreading is proportional to the
velocity of the vehicle [14], [15], the time-flat channel can be
used to model slowly moving vehicles. For a time-flat channdilence, the frequency-flat model corresponds to a single coef-
the general expression (10a) of the powr simplifies to  ficient ~(0;£) with the same Doppler spectrum as the actual
channel. The resulting useful powé¥; is given by

k=—oc

+oo
Py= > w(k;0)R(k — ko;0) (11) LN Y -
P Py =~ é;N <1 - N)R(f). (16)
where we have taken into account thatN) >, =" w(k;£) B
= w?(k;0). Taking into account thaPis; + Picr = 1 — Py,
it follows from (11) that V. FRAME SYNCHRONIZATION
oo The receiver makes a detection of the symbfis ,, |

Prar + Proy = 1 — w?(k; O)R(k — ko; 0). 12y 7 =0,---,N — 1} by processing the samplgs(m — ko) |
b e Z ( (k; ) F( 030) (12) m =0, --,N — 1}. The sampling offset, determines how

o o much these samples are affected by the channel dispersion and
Considering the nature afi(k;0), (11) and (12) indicate that should be selected such that the degradation (9) is minimal.

the useful power is mainly determined by the ‘body’ of the\s p,; + Pg; + Picr = 1, minimizing the degradation (9)
autocorrelation function, while the total interference powgg equivalent to minimizing the interferends; + Picr or
only involves the head and tail dt(k;0) (see Fig. 2). maximizing the useful poweP, .
Assuming the tails of the multipath intensity profile are As the impact of the channel dispersion increases when the
much shorter thanV' samples, (12) is well approximated by frame gets shorter, we will determine the optimum sampling
o oo offsetky under the assumption that the frame duration is much
Psi+ Por =2 —= Z k(R(—ko — k;0) + R(rv — ko + k;0))  less than the coherence time of the channel; hence, the time-
N k=0 flat channel model applies. The resultikgmight no longer be
(13) optimum when the frame length is in the order of the coherence
time; however, in this case the value b is less critical,

which indicates that the total interference is proportional {0,.5se the effect of channel dispersion is less important than
1/N. In addition, it follows from (13) that the total mterferencethe effect of the time variation of the channel

decreases with increasing in a way which depends on the When the time-flat model applies, the optimum vale

shape of the tail pf the multipath intensity profile. U,”dertninimizes the interference power given by (12). In most
the same assumptions as above, the ISI power (10c) is welkes of practical interesfy is much larger than the tails
approximated by of the multipath intensity profile, so that minimizing (12)
1 o is essentially equivalent to minimizing (13). Minimization of
Pt = Z E(R(—ko — k;0)) + R(v — ko + k;0)). (14) (13) yields an optimum value of, that does not depend on
k=0 N. Noting that the maximum of the intensity profil(k;0)

k=—oc
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occurs att = 0, the optimum value ok is easily determined  1E02 { —— time selective frequency selective
—-~ time flat

in the following cases. frequency flat
« For causal channels (i.eB(k;0) = 0 for k < 0), the | T suminterierence povers
optimum value ofkg is kg = 0.
* For anticausal channels (i.g2(k;0) = 0 for k& > 0), the
optimum value ofkg is kg = v.
» For symmetric channels (i.eR(k;0) = R(—k;0)), the
optimum value ofkg is ko = 1v//2.
In other cases, the optimum value/af has to be obtained by 107+
numerically minimizing (12) or (13).
In practice, a frame synchronization algorithm should pro- ‘-E'Osw o o000
vide the value ofky to the receiver. A suitable frame syn- N
chronization algorithm could perform measurements of tl?_gxg_ 4
multipath intensity profileR(%;0), use these measurements
in (12) or (13) as if they were the correct values, and
finally minimize the resulting (12) or (13). For convenience
of implementation, the function to be minimized could be 1024
replaced by the area under the tailsiofk; 0)

-
m
=3
=

Interference power
m m
<o j=]
(=3} w

Interference power as a function df(v = 40).

1.E-01 . . .
——time selective frequency selective

--— time flat
------ frequency flat
— - sum interference powers

1.E-08 —

+oo g
Area(ko) = 3 (R(~ko — k;0) + R(v — ko +k;0)). (17) & o™ T

k=0 § 1.-05 — \\
A similar frame synchronization mechanism has been pr0§1.E-06— \\
posed in [16], in the context of multicarrier transmission over e ..
the twisted pair cable. T N

1.E-08 A : . S
VI. NUMERICAL RESULTS ’ % ooy " * 10

In the computations, a 5-MHz channel bandwidth and fg. 5. Interference power as a function of N = 256).
1-GHz carrier frequency have been assumed. The Doppler
spreading for a typical outdoor radio channel can be calculatedz)
straightforwardly from the expressiofip = (v/c)fc, v

representing the velocity of the mobile (135 km/k),the 3) the limiting case of the frequency-flat channel with

velocity of light, and f~ the center frequency of the mobile autocorrelation function(£)s(k ith 2(¢) qiven b
radio channel (1 GHz). The resulting coherence tiffig (1uS)' and I unctionf(£)é(k), wi (6) giv y
according to the rul.e of thumliy, = 0'.5/fD [141, [,15]’ 4) the sum of the total interference powers resulting from
equals 4 ms. In the literature [4], [5], typical channel impulse 2) and 3)

responses for various environments are defined. For a T:U 4 sh tr'] total interf for— 40

area, a delay spread of;% is taken. Considering the 5-MHz 9. 4 Shows (he total interference power for= as a

channel bandwidth, it follows that the duration of a samplfémCtlon of NV, whereas Fig. 5 shows the total interference
ower for N = 256 as a function ofv.

is 0.2 us. The proposed autocorrelation function exhibitd . .
an exponentially decaying multipath intensity profile and f’:l We opsgrye from Fig. 4 that. the total interference power
Gaussian time correlation profile or the limiting cases of the time-flat channel (_2) and the
, frequencfy:{l;llat fchannel 3) ICortl_verg?[_e to thle tt(_)tal |?1terferle?f)e
_ k 2 power of the frequency-selective time-selective channel (1),
R(k;6) = CeXp<_%> eXp<_m> for small N and large N, respectively. The total interfer-
k>0, —oo</{<+oo (18) ence power for the time-flat channel is proportionallyav;
this agrees with the result (13). Note that the total interfer-
where C is a constant of normalization. Defining the delagnce power for the frequency-flat channel already approaches
spread as the time at which the multipath intensity profilge total interference power for the frequency-selective time-
falls 20 dB below the level of the strongest component, thgslective channel, for values of the frame duration that are
parametey, is found to be about five samples. The cohereng@nsiderably less than the coherence time of the channel.
time 1y is fixed to the duration of twice the spreading offhe resulting total interference power is proportionalX8.
the Gaussian time correlation profile yielding = 10000 Finally, we have added the total interference power resulting

the limiting case of the time-flat channel with autocor-
relation functionR(%;0);

samplgs. . from the time-flat channel (2) and the frequency-flat chan-
In Figs. 4 and 5, we compare the total interference powggl (3). The resulting sum (4) turns out to be an accurate
Pist + Pror for the following cases: approximation of the total interference power for the actual

1) the frequency-selective time-selective channel with afrequency-selective time-selective channel (1). Note that the
tocorrelation functionR(k; ¢) from (18); approximation (4) involves the computation of only two single
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Fig. 7. Degradation as a function &f: symmetric profile.

450 +

400 +

summations [i.e., (12) and (16)], whereas the correct result (1)sso |
requires a double summation [i.e., (10a)]. Hence, for la¥ge 300}
the computation of the approximation is much more efficient »so |
than the computation of the correct result. 200 1
Fig. 5 shows that for the time-flat channel, the total inter- o}
ference power decreases with increasingthis is because 100+
the effect of channel dispersion is reduced by increasing theso |

500 +

- 40

T35

+ 30

+ 25

T20 >

guard interval. This decrease withis exponential, because o
of the exponentially decaying multipath intensity profile. For
the frequency-flat channel, the total interference power does
not depend om; the interference is caused solely by the timg
variations of the channel, which cannot be counteracted by
guard interval. Again, the sum of the total interference powers

0

+ t + + t + t + + 0
2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

To

(©

ig. 8. Optimal system parameters.

resulting from the time-flat and frequency-flat limits of the Figs. 8 and 9 show the results from the numerical mini-
channel is a very good approximation of the total interferencaization of the degradation (9) with respect to the system

power for the frequency-selective time-selective channel.
Figs. 6 and 7 show the effect of the sampling offiggbn the

parametergV andr. As we have assumed the causal multipath
intensity profile resulting from (18), the optimum timing offset

degradation of the SNR, faF; /Ng = 20 dB, N = 256, and ko = 0 has been selected for all considered cases.

various values of. In Fig. 6, the autocorrelation function (18) Fig. 8(a) displays the optimum valug$,,; and ., as a
with the causal exponentially decaying multipath intensity prdunction of £, /Ny, for yo = 5 andoy = 10000. We observe

file has been taken. We observe that the minimum degradattbat for increasingt; /No, Nopt and vy, are decreasing and
occurs aty = 0. The degradation shown in Fig. 7 correspondsicreasing, respectively. This behavior can be explained as fol-
to an autocorrelation function with the same Gaussian tinhavs. For very largeF, /Ny, the degradation (9) converges to
correlation profile as in (18), but with a symmetrical expo—10log(Fy /(1 — Py)) + 10log(E5/No), in which case the
nentially decaying multipath intensity profile. The minimumminimization of the degradation is equivalent to the maximiza-

degradation occurs fok, =

v/2. Note that the optimum tion of P. Let us denote by N, (c0), vept(0)) the corre-

values ofky, found in Figs. 6 and 7, agree with the optimunsponding optimum system parameters. For very siaflVy,

values for a time-flat channel, determined in Section V.

the degradation (9) converges tol0log(PyN/(N + v)),
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Fig. 9. Optimal degradation.

in which case the minimization of the degradation is equivalent

to the maximization of Py N/(N + v). Let us denote by

(Nopt(0), v0pt (0)) the corresponding system parameters. As

N/(N + v) is decreasing withV and decreasing withy, it
follows that Nopt(00) < Nept(0) and vgpi(00) > vept(0).

The range of E;/Ny displayed in Fig. 8(a) is an “inter-

1817

“intermediate”, the above-mentioned limits of the degradation
for very low and very high®; /N, are not reached in Fig. 9(a).

Fig. 8(b) shows the optimum system parametérg,,;,
vopt) @s function ofy, (which is proportional to the delay
spread), forE,/Ny = 30 dB and o, = 10000. When yq
increasesy,,; varies in proportion tajo. Nop; also increases
with o, in order to compensate for the power efficiency re-
duction caused by the increasergf,,. However, as increasing
Nopt €nhances the interference caused by the time variations
of the channel, the increase &f.,; is not linear withyg.
The minimum degradation, corresponding 26, #opt ) from
Fig. 8(b), increases withy, as can be verified from Fig. 9(b).

Fig. 8(c) shows the optimum system parameters
(Nopt» opt) @s a function ofg (which is proportional to the
coherence time), foF,/Ny = 30 dB andyo = 5. The
optimum guard time duration,,, does not depend on the
coherence time, because the guard interval has no impact
on the interference caused by the time-selectivity. The
optimum valueN,; is a compromise between the following
phenomena.

1) IncreasingV reduces both the power efficiency loss and

the interference caused by the frequency-selectivity.
2) DecreasingN reduces the interference caused by the
time-selectivity.

Hence, N, increases withoo. Fig. 9(c) displays the
minimum degradation corresponding {@Vops, Vopt) from
Fig. 8(c); this degradation decreases with

VII.

In this paper, we have first investigated the effect of the
number of carriersV and the guard time duration on the
performance of an OFDM system operating on a frequency-
selective time-selective fading channel. Our main conclusions
are the following.

e For short frames, the time-selectivity of the channel
can be ignored. The frequency-selectivity of the channel
yields equal portions of ISI and ICI. The total interference
power decreases with and is proportional td /N.

« For long frames, the frequency-selectivity of the channel
can be ignored. The time-selectivity of the channel yields
ICI but no ISI. The ICI power does not depend erand
increases with/V.

* The total interference power for a channel with both
frequency-selectivity and time-selectivity is well approx-
imated by adding the total interference powers that result
from the time-flat limit and the frequency-flat limit of
the considered channel. The computation of this approx-
imated total interference power is much faster that the
computation of the correct total interference power.

Further, we have determined the following optimum values

CONCLUSION

mediate” range, in which( Ny, vopt) has reached neitherof the timing offset(ko), the number of carrieréV), and the

its limit (Nopt(0), 1ope(0)) for low E, /Ny nor its limit

guard time duratior{) that minimize the degradation of the

(Nopt(00), vopi(20)) for high E,/N,. Fig. 9(a) shows the SNR, caused by ISI and ICI.
minimum degradation, corresponding to the optimum valuese The optimum timing offset is determined mainly by the

(Nopt, Vopt) from Fig. 8(a). This minimum degradation

increases withE; /Ny. As the considered range &,/Ny is

guard time durations and the multipath intensity profile
R(k;0). Assuming R(0;0) > R(k;0), the optimum
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v N-1 N+4+v—1 N-— N4qg—1
Elveni(ko)l’] = 22 DY D | O Ry (N ) k)
q=0 k,k’=0 =v kk=q—v q=—(N-1) k,k'=
(A1)
N —|rl, 0<g<y, 0<|r[< N
L JN—qg+v—]r, v<g<N+v, 0<|r|<N—-—qg+v
B = TN+ g, “N<g<0, 0<|<N+q (A2)
0, elsewhere
timing offsets arek, = 0 for a causal profile and can be approximated by
ko = v/2 for a symmetric profile.
* The optimum number of carriers increases with t.he delay w(k; £) = w(k;0) — 14l Yk, ¢ (B1)
spread and the coherence time, but decreasesRyjti,. N
* The optimum guard time duration increases with thgnich reduces the useful powd?; (9) to
delay spread and witli’; /Ny, but is independent of the
coherence time. 1 I 1]\ -
* The resulting minimum degradation of the SNR increasds’ = N Z < - N>R(f)
with E; /Ny and the delay spread, but decreases with the f=—0c0
coherence time. 1 z"f’ Z a VRU:— Forl) (B2)
- 03
Z——oo k=—oco
APPENDIX A
Let us consider the calculation of the componertefining k(¢) as
El|veni(ko)?]. Substituting in (7) the new summation oo

variable ¢ = k — m and considering the WSSUS channel R(#) = Z R(m; £). (B3)
(2), we obtain (Al), shown at the top of the page. After
substituting in (Al) the summation variabte= £ — £’ and
defining the weight functiomv(q; ) as in (A2), shown at the For large IV, the first contribution of (B2) behaves inversely
top of the page, (Al) yields proportional to N, while the second contribution behaves
inversely proportional tav2. In addition, if the guard interval
Ellens(ko)] = f f P)eI 2R (= 0)/N) @s of the_ order of the delay spregd, the s_eco_nd contribution
is negligible as compared to the first contribution. The useful
e , power therefore can be obtained using expression (9) where
B(q— ko =N +v);r). (A3)  the autocorrelation function is substituted by (B3), which
corresponds to the autocorrelation function of a frequency-flat
fading channel. In a similar way, it can be found that the ICI

m=—0o<

The sum of all powerd’; + Pior + Prsp equals

+oo N—1 power and the ISI power for larg&” converge to values that
Py + Prer + Pis1 = Z Z [[7e,m,i(Ko)|?] correspond to a channel autocorrelation functid)s(k).
i=—o0 n=0
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