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BER Performance of OFDM-MDPSK System in
Frequency-Selective Rician Fading with Diversity
Reception
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Abstract—A closed form formula is derived for the bit error rate In recent years, an innovative so-called orthogonal-fre-
(BER) of orthogonal-frequency-division-multiplexing (OFDM)  quency-division-multiplexing (OFDM) modulation scheme
with M-ary differential-phase-shift-keying (MDPSK) systems a5 heen found effective for the transmission of high bit rate

in frequency-selective Rayleigh and Rician fading channels with . Is i ltinath fadi . t Th in feat f
diversity reception. New BER curves are obtained as a function of signais in mulupath fading environment. 1he main reature o

the rms delay spread of the diffused component for three different OFDM systems is the avoidance of multipath delay induced
types of delay profiles: 1) one-sided exponential, 2) uniform and ISI. This is done by sending the data in parallel on a number of

3) double spike profiles. Both slow and fast fading conditions are narrowband ISI-free subchannels. In such a system, although

considered. It is shown that the existence of a strong line-of-sight ¢4y sypchannel operates at a low data rate to avoid the channel

(LOS) component and the use of reception diversity can effectively frequency-selectivity, the high total dat t b hieved

improve transmission performance. ; Yy R Y R e hig Otal data rate can be achieve
by using multiple carriers.

In an OFDM system, IFFT and FFT processing are used in
the modulation and demodulation of the signals. One important
attribute of this scheme is the spreading of a fade over many bits.
Rather than having a few adjacent bits completely destroyed, we
. INTRODUCTION now have all the bits only slightly affected by a fade.

OBILE radio communication systems are increasingly Moreover, the ISI can be almost completely avoided by

required to provide a variety of high-quality multimediz2dding a guard interval to each block of the data, provided the
services to mobile users. To meet these demands, modern Gi¢Rrd interval is longer than the maximum multipath delay
bile radio transceiver systems must be able to support high £4-the channel. Nevertheless, the assumption that the guard
pacity and variable bit rate information transmission and witRterval is longer than the maximum multipath delay cannot
high bandwidth efficiency to conserve the limited spectrum rélways be satisfied. For a system with a fixed guard interval,
source. However, in the mobile radio environment, signals € System may be degraded if the channel changes from the
usually impaired by fading and multipath delay phenomenofSsumed condition. This case may happen in any mobile radio
In such channels, severe fading of the signal amplitude af@mmunications system, because the maximum delay may
inter-symbol-interference (1S1) due to the frequency-selectivit{gry- . ) ) ) )
of the channel lead to an unacceptable degradation of the errof* Scheme in which each carrier of the OFDM signal is mod-
performance. ulated with A-ary differential-phase-shift-keying (MDPSK),

Adaptive equalization technigues have been widely used$A-called OFDM-MDPSK  system has been standardized in

the single carrier mobile communication systems to comi&€ terrestrial digital audio broadcasting (DAB) system by the
fading and multipath delay effects. However, long time delay§uropean Telecommunications Standards Institute (ETSI) [8].
i.e., several symbols, requires very complex equalizati&)lkadaet al. [1] theoretically studied the bit error rate (BER)
process (Viterbi equalization requirdd™+! state Viterbi al- Performance of OFDM-MDPSK system in Rayleigh fading
gorithm, whereM is the number of modulation levels ands and considered the time selective fading effects separately from
the number of ISI symbols), and because of the high cost of tfigquency selective delay spread effects. In [2], Saitaal.
hardware, there are practical difficulties to use this techniqueRf€Sent simulation and experimental results mainly concerning

system operating at high bit rates, e.g., up to several megalftg performance of the OFDM-DQPSK system in the presence
per second. of various disturbances such as nonlinearity of the channel,

multipath (ghost) signals, and interference from analog signals.
In this paper, we theoretically analyze the BER performance
Manuscript received February 8, 1999; revised October 13, 1999. of the OFDM-MDPSK system in frequency-selective Rician
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Fig. 1. Block diagram of the OFDM-MDPSK system.

represents Rayleigh fading whéh = 0, and no fading when first grouped intdog, A -bit symbols, and assigned as ; =
K — oo. Rician fading, thus, can be considered a general®¢--: for theith symbol in thenth subchannel, wherd¢,, ;
fading model for land mobile channels. We evaluate the errigrone of theA! possible differential phases chosen from the
performance of each subcarrier of the OFDM system by usiognstellation sefe’2™/M|m =0, 1, - - -, M — 1} using Gray
Proakis’ analysis for the error probability for multichannel bibit mapping. These,, ;'s are then parallelized by the serial-to-
nary signals (see [3 Appendix B]). We then obtain the overglarallel (S/P) converter into th& subchannels. In each sub-
system performance by averaging the error rate of each sehannel, the MDPSK encoder encodes eagh asc, ; =
carrier over the entire subchannel assembly. In the BER pey-;_1) - a,,; Where one initiak,, ; can be chosen arbitrarily,
formance evaluation, both slow and fast fading conditions ageg., ¢, 0 = ¢’9. For a certain, the outputs of the MDPSK
considered with maximum ratio combining (MRC) diversity reencoder aréV suchc, _;'s which represent a multitone block.
ception. Although only three different types of power delay prékFhen the inverse discrete Fourier transform (IDFT) is performed
files of the diffused component [one-sided exponential, uniforon the V multitone block symbols. A guard interval, which is
and double spike] are analyzed, the method presented hereumed to reduce the interference effect caused by multipath de-
plies to any shape of power delay profiles. lays, is added to each multitone block. After passing through a
The OFDM-MDPSK transceiver system and the fadindigital-to-analog (D/A) converter and a low pass filter (LPF), the
channel model are described in Section Il. The BER pesignal is multiplied by a local radio frequency (RF) carrier and
formance is analyzed in Section Il for slow and fast fadinfiltered by a band-pass filter (BPF) to generate the transmitted
conditions. In Section IV, BER expressions for three differesignal, which can be expressed in complex form as
power delay profiles are derived. Section V presents the error oo N1
probability curves and discusses the effects of delay spread,  4(¢) = Z ft —iT) Z Cp, €27 P =TTE) (1)
Doppler shift, Rician factor, order of the diversity reception on ’
the bit error probability.

1=—00 n=0

Here, f, = f. + n/ty is the frequency of theth carrier and
fe is the lowest carrier frequency, = A + ¢, is the block du-
ration with A andt, being the guard interval duration and the

observation period, respectivelf(t) is a symbol pulse wave-
The block diagram of the OFDM-MDPSK system is showiform defined as [1]

in Fig. 1 This system is similar to thg transcgiver model pre- (1 for—A<t<t,
sented in [1], [2]. The serial binary information sequence is ft) = {0 elsewhere.

II. OFDM-MDPSK TRANSCEIVER SYSTEM AND FADING
CHANNEL MODEL

)
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Here, the D/A conversion, the low-pass filtering, up-conversion Ill. BER PERFORMANCE
to RF signals and subsequent band-pass filtering are assumed m this section, the BER for the OFDM-MDPSK system in

be ideal. ! g . o ;
. . . . frequency-selective Rician fading channels with diversity recep-
The transmitted RF signalt) is subjected to frequency-se- t|on is developed.

lective Rician fading and additive white Gaussian nois
By substituting (1) and (4) into (6), the output of the FFT
(AWGN). The signal at théth receiver branch output can be processor for théth branchth multitone block and:th sub-

written as [1] channely,  ;, can be written as

ri(t) = /0 s(t — Tkt 7) dr +ni(?) 3) roki=dot+h+I+I3+n 4 (7)
wheren,(¢) is a complex Gaussian noise processayd, 7)is Where
thelth channel response at timéo an impulse applied &t 7. \/ﬁ
For the frequency-selective Rician fading channels con5|dere8 ‘c" .
here (¢, 7) ismodeled as a LOS plisindependent Rayle|gh Chi =27 i Totte
fading paths as =5 231 MARVY &+ ho(t) dt

v 1T+t
) =V2P6(r) + > VP (8T - 7)) (8) + Z eI /P, / R >dt}
v=1

v=V,,+1 Ty470—

where N-1 Vin o) iTy+ts
] ] I, = i —J27 frTu 3 heo(t
8(7) - 2 Z > e v 11,0(2)

Dirac delta function; — b |
hi o(t) independent  zero-mean  complex-valued nzh
Gaussian random processes with unity power XC—J’Qﬂ(fn—fU(t—in)dt
li.e., 0.5E[|h, ., (¢)]?] = 1] and power spectral ' T+t
density S(f); + Z eIl /P,
P, power of the LOS signal; v=V, Tyt —A
P, andr, power and delay of theth diffused multipath ' ‘
component, respectively. X hy, o, (1) e 92— fi)(t=iTh) dt}
Itisassumedthat < m» < --- < 7y < t;. The total power of
the diffused multipaths i&); and the Rician factor of the channel N1 Cn, (i-1)
is thus given by Iy=Y" T
n=0
K- P, \4 ' iTo+To—A
“ R x { S e /P,
V=V +1 Ty
where
v xhy o (t)e I3 =) (t=iT) dt} 8)
P, = Z P,. (5)
v=1

whereV,, is the number of paths whose delay are less than

At the receiver, the received RF signal undergoes band-p43$7), the first term/, represents the desired LOS signal. The
filtering, down conversion to baseband, low-pass filtering arfg@cond terni; represents the multipath components. The third
analog-to-digital (A/D) conversion. These signal processing of'm I> represents the interference from other subchannels in
erations are assumed to be ideal also. The sampling times @p€ multitone block, which can be called inter-channel interfer-
ideally locked to the LOS component and the signal is receivéfice (ICl). The fourth ternd; represents the interference from
by an uncorrelated-branch diversity receiver with MRC. After the previous multitone block, which can be called intersymbol
the fast Fourier transform (FFT) operation, the output ofiiie  interference (ISl)n;, x,; are statistically independent Gaussian
subchannel at time = 7; for the lth receiver branch can berandom noise components with zero mean and one-sided power
obtained as spectral densityV.

. It is to be noted that in (8)y; .,(t) is a zero mean complex
1 o +iT% 00 . ’ ;
=+ {/ s(t — T)h(t, 7) dr +m(t)} Gapssmn process, so that 7, and I3, whlch are the re.sults
t Jim, 0 of linear operations oh; ,,(¢), are Gaussian random variables.
x eI f(t=iTs) gy [=1,2--, L. (6) Thereforeyy x,; in (7) is also a Gaussian random variable with
meanl,. We can use the results given in [3] to obtain the symbol
Finally, the differential detector of each subchannel uses tberor probability of thekth subchannel as

Tk, i =

variableDy, = S/ zini = Sy ki T, ) o de- .

cide which one of thé/ symbols was transm|tte(§ [3]. Thenthe P.(k)=en {P7 ob [Dk (z/) - — M) < 0}
parallel-to-serial (P/S) converter rearranges the decoded parallel T or

data into the original binary bits for thiéh multitone block. +Prob [Dk (?/) =-5+ M) < 0} } 9)
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where wherem,, m, are the means and...., m,,, andm,, are the
- second central moments of the two complex-valued variables
0.5 forM =2 . . . .
eM =194 for M > 4 (10) X; andY;. Using the expression of_ ; given in (7), we can
and =7 obtain these moments as

L
=Re [(Z T4 kit T k}(i_1)> GW] (11) M. =Elz]= V2P, ¢y i-1), my = Elyl = V2F i
V..

(1) 2
is a special case of a general quadratic form in complex- -valuédrs = My T 2 Z By B, +2 Z By - Bg, + 2P,
Gaussian random variables defined as in [3] as v=t v=Vmtl

mxy_zzp “RS) 2 Z P,-R%,
v=1 v=V,,+1

) ) (16a)
Di(®) =Z 41X + BV + CX Y+ 0 X |

=1
' 12)
with A =0,B =0,C = ¢&/*, Xy =7y n, andY; = TUk, (i—1)-
Using the results in [3], we have

whereP,, is the power of the filtered AWGN and can be obtained
asP, = No/Ty, Rg)b and R are theuth coefficients of

self-correlation, and%(cl)b andR(g)b are theuth coefficients of

Prob[Dy. (1) < 0] cross-correlation of the received signal for< A andr, > A,

= Qla, b) — Io(ab)cf(a2+b2)/2 respectively. Thes&'’s can be obtained as
To(ab)e=@+)/2 L0 /o1, — 1\ [vp\'
T o fugy2i 27 o o 1 =
/02 1=0 L Rg), =2 Q1) + > TR A)
(a +b2 )/2 L—1 b nzg
——— I;(ab) e
w2
kS <2L— 1) <g>’ <%>k RS, = qT2(R) + D7 Da(R-A) + 37 Ta(R-A)
— k a) \vu nZh =0
. 2L—1—k rY 1w B2 — L irm 16b
() <_> H o Lo 1 Eh = (W), BE, = 5 (T500) (16b)
Prob[Dy (1) < 0] where
= Qla. ) = %Io(ab)e_(“ubzw iTytty, il +t;
v2/ 0 = Y dty dt
for L =1 (13) / / P
ZTb-H& T4ty
where :/ / (-) dty dito
., 0o Ty +70— To+70—
—(a2ap? X Ty +7,— sz+‘rU
e~ @Y " (a/b)* T (ab), forb>a>0 _ / ()dtl s
k=0 Ty
a, b) = —(a®+b%)/2 (G=1)Te+ts  piTo+ts
Qeb=q1-c :/ / () dty dts
Z a/b ka ab fora >b>0 (7@ 117)1;“5445 1Ty +t
(k=0 1“;,-:/ / ) dty dt
. : . (14) v (i—1)Th+7o—A z‘Tz,+rU—A( ) dtz
is the Marcum’g?) function andi;, (x) is thekth order modified R =R ,(t; —t2)
Bessel function of the first kind. Ly .
In (13) = §E[h’l: 'U(tl)h’l, 'n(tQ)]
A= exp [—j27r(fn — fk) . (tl — tg)] . (16C)
. 20203 (a1v2 — ) b— 20103 (a1v1 + )
B (vp +w)2 7 (v1 + v2)? As can be seen from (16a), all the first moments depend

only on the power of the LOS component whereas the second
moments are functions of the correlation coefficiedts.
TheseR's are determined not only by the time selectivity of the
channel, that is the fast or slow fading, but also by the frequency
selectivity, that is the power delay profile of the channel.

To obtain the SER performance of thth subchannelP; (k)
as in (9), the task is to evaluate all the second moments for the
different channel conditions. Since Gray bit mapping is assumed

-1
o2
v,y = W [l (maamyy = mal?) | F
Re (cwm;y)

Mgz Ty —

w = 5
|mwy|

o =L [|mgg|2 Myy + |my|2 Mer — 2Re (mmem;y)}

as =2LRe (m;myew) (15)
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in this paper, the BER of each subchannel can be obtained byJsing (22), the coefficieni'’s in (16a) can be obtained from
dividing P; (k) in (9) bylog, M. The BER performance of the (7) and (8) as
whole OFDM-MDPSK system can be obtained by averaging

P,(k) over the entire subchannel assembly as 1 e 242
(k) y Rgl)b: 1— =222 +Z foty
2(n — k)
) N-1 o
Py=——— )" P(k). (17) RY.
"7 Nlogy M & °° =1-7"fp (17 + £t})

R<2> =U(Ty — 1) + Uty + 7 — Tp)

A. Slow Frequency-Selective Rician Fading +Ho(Ly — 7o) + Ho(ty + 70 — 1),

@, " b iy 200D 2
For slow fading condition, the channel fluctuation can be ned?7’, = — 612 (o — A + 32 (1o — A)
glected during, at least, one multitone block. The,(¢) in (4) ) 0 o b
thus can be modeled as a zero mean complex Gaussian random 1 — 7 [H (I + 8 )(TU —A)?
variable with unity power, and the autocorrelation function in t;
one multitone block is 672 f2 thQ + 272 283 — 6ty
+ Dtbdy 3tz D% (1o — A) —i—R(l)
Ry, o(ts — t2) = 3Bl o(t)R] (t2)] =1 (18) (23)
where(i — 1)T;, < t1, t2 < i1y + 1. where
Using (18), the coefficienk’s in (16a) can be obtained from 22 2 f2 52
(7) and (8) as Uyz) =" <1 - 1P )
t2 6
2 N—-1
W _pm _ @ _(Li-m Ho(2) — 1
Ry, =R/, =1, Rel, = < £ ) v() nz::o 72(n — k)*
R(?) _ <Tb - T’I;>2 + <TU - A>2 nk
=\ D {800 - 02+ 3728 - 200 - Byt
N-1
— k), — A
14 Z 2 gin 2 <M) (19) 2 s 2r(n —k)z\ 1
n=0 ty ty 4
) 20— B + 3738 — 253 — B 1 - o7)
e cos <427r(n — k)a:)} (24)
sine(x) = sm(mv). (20) b

T
The BER of the OFDM-MDPSK system in fast Rician fading

The BER of the OFDM-MDPSK system in slow Rician fadin .
channel can now be calculated using (9), (13), (15), (16a), (16%1?,?) ng:}vdb(ezgflculated using (9), (13), (15), (16a), (16b), (16c),

(16c), (17), and (19).
B. Fast Fading IV. BER FORDIFFERENTPOWER DELAY PROFILES

For fast fading, theu ,(t) in (4) can be modeled as inde- From (16a), we note that the BER performance is also deter-
pendent zero-mean complex-valued Gaussian random prod@§aed by theP,’s or the power delay profile. From the first term
whose spectrun$(f) is band-limited to a maximum DopplerOf 1> in (8), it can be seen that the delays which are smaller than
shift f,. Considering a wide sense stationary uncorrelated scite guard interval cause ICI only. While frafp and the second
tering (WSSUS) channel [4], it is assumed that each diffusé&¥m of > in (8), the delays which are larger than the guard in-
multipath component consists of many unresolvable (in del&§fval cause both ICI and ISI.
time) waves which have identical amplitudes and arrive from In the following subsections, we consider three different
all direction uniformly. Then, the autocorrelation function opower delay profiles: one-sided exponential, uniform and

hi (t) can be expressed as double spike profiles (see Fig. 2). As defined in (4), the LOS
’ component is separated from the diffused component, and the
Ry o(t, —t2) = Jo[2n fplts — ta] (21) Power delay profiles mentioned above are defined as that of

the diffused component only. These power delay profiles are
whereJy(+) is the zeroth order Bessel function of the first kmdcharactenzed by the average defagnd the delay spread..,

t; andt, are within two consecutive multitone blocks defme(gkaf ined as
in (18). If |t; — ¢2|fp < 1, (21) can be approximated as [6]

v

v
?:Zg Trmszdzﬁcj( - @)

v=1

Ry oty —to) = 1 — w2 fh(ts — t2)°. (22)
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Fig. 2. Power delay profiles: (a) one-sided exponential profile; (b) uniform profile; and (c) double spike profile.

Here, to highlight the effects of channel fading and delaf%. One-Sided Exponential Profile
spread, we consider the case of very large signal-to-noise ratiq_he one-sided exponential power delav profile is shown in
(SNR) in which the AWGN is neglected. The approach usqgig 2(a) and can bepexpresseg as y P
in this paper, however, can be easily extended to take into ac="
count of the noise effect. In the case of small SNR, the deci-

v
sion errors will be largely caused by the AWGN, especially for (7)) = L Z exp(—ar)8(r —1,)  (26)
slow fading and small delay spread. As is well known, when v 1

the error probability is plotted against the SNR, it levels off to a Z exp(—atm)

m=1

constant value, called the irreducible error floor, as the SNR be-
comes very large. The irreducible error probability is the |°W%herePd is as defined in (5), and is an attenuation factor of
bound on the probability of error for all SNR’s. However, Whelil)ower delay profile. Therefore
the channel is both frequency-selective and time-selective as is '

the case investigated in this paper, the errors are caused by the P,

ISI which is a result of the frequency selectivity of the channel, b= 5 exp(-amn). @7)
and by the ICI which is induced by both the time selectivity and Z exp(—ary,)

the frequency selectivity of channel. Both interferences result m=1

in the loss of orthogonality among the subcarriers. Therefore,

in the following analysis, we ignore the AWGN and #gt = 0  After some algebra, the normalized first and second moment
in (16a). expressions for one-sided exponential power delay profile can
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be obtained as

PS
me =VE e oy, my = VE e, A Small G ( V=7)
Vin \4 i
May =Myy = <Z 7, Rg’)b + Z 7, Rgl) E
v=1 v=V,, +1 !
Vir \s '
My = <Z Z, RS+ > Z, .Rg>,v> (28) ; TTT
v=1 v=V+1 0 7 4 TV
where @
7z - exp(—ar,)
v
Z exp(—aty,) Ps
— A Large T ( Vu=5)
and theR’s can be obtained from (19) and (23) for slow and fas!
fading, respectively. It should be noted that all the first moment
are normalized tg/2F, and the second moments are normal- ;
ized to2P;. ' , T i S .
The first momenin.,,, m,, obviously have the same expres- 0 7 A e
sions for these three power delay profiles. Therefore, only th ®)

second moments will be obtained in the following sections.

) ) Fig. 3. lllustration highlighting the effect of varying..,s on the relative
B. Uniform Profile position of the power profiles against the guard interval lengthwith a

— . I tant del
As shown in Fig. 2(b), the uniform power delay profile is g o an average i

special case of one-sided exponential profile which has the sam@¢ BER PerRFORMANCE AS AFUNCTION OF DELAY SPREAD
power for all diffused multipath components, i.€,, = P;/V ) o .
whena = 0. The delay profile can be expressed as In all the numerical results presented in this section, we as-

sume that the average defapf the power profile from the LOS
P, v component is fixed, while the rms delay spread is varied. Since
9(t) = v Z 6(r — 7). (29) ' we have assumed that the interpath delay is uniform, when in-
v=1 creasing (decreasing).,s, the interpath delay will increase (de-
The second moments needed to calculate the error rate calig@se) accordingly if the number of multipathis unchanged.

obtained as In Section Ill, we have useH,,, to indicate the number of paths
v v whose delays are less than the guard intetvalAs 7., iS
1 ~ (1) (2) varied, there will be a variation df,,,. Whenr,,,s is small, itis
— = R R . 1 m . rms 1
Mae =Ty =y <bz=:1 svt , ~—;+1 S possible that all the paths have delays which are lessh&ut

v v asT.us IS increased, there will be some paths whose delays are
1 (D) (2) larger thanA. This will lead to an increase in both ICI and ISI
oy = — RS RS . 30 X ; . )
May =3, <Z vt Z Cv (30) and correspondingly an increase of BER. This relation between
Temsy 7y Vi @Nd, A is highlighted in Fig. 3 for the one-sided ex-
ponential delay profile.

v=1 v=Vm+1

C. Double Spike Profile In Figs. 4 and 5, the BER performance calculated from (9),
The double spike power delay profile is shown in Fig. 2(djL3), and (17) for the one-sided exponential profile is plotted
and can be expressed as against the normalized rms delay spread. = 7.ms/73, and

the BER for the three profiles are compared in Fig. 6, with the
g(T) = "L S — 1) + L §(r —72) (31) normalized maximum Doppler shify;1;, Rician factork’, and
1+n T+n diversity ordetl. as parameters. For all these figures, the number
wherey is the ratio of two power spikes, i.ej,= P;/P. of the subcarriers is 32, the normalized guard interval/§;, =
Whens is larger than the guard interval, the coefficients in°% and the average delay is fixed as= 0.8 A. For the
(19) and (23) can be simplified By, = 1 andV’ = 2. Then the one-sided exponential profile, we assume that the attenuation
normalized second moments for the double spike delay proffFtor isa = 1, the number of fading paths Is = 7 and the

can be obtained as interpath delay is uniform. For the uniform profil&, = 7 and
. the interpath delay is uniform also. For the double spike delay
Mgy =My = < n ) -Rg) + < ) -Rg) profile, the ratio qf the two power spikessis= 2. o
I+ 147 The BER for different OFDM-MDPSK systems withl =
_ n CRW 4 1 . R® (32) 2, 4, 8 for the exponential delay profile_s are compared in Fig. 4.
Y 147 < 147 < The curves are for the case of fast fading wighil;, = 0.05. As
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Fig. 5. Average BER of OFDM-QDPSK system in frequency selectiv&S €xpected the system with a largefr has a poorer BER per-

Rayleigh and Rician fading with one-sided exponential delay profile witformance. Also, the Rician fading leads to a better BER per-

a=1V="TandM =4, N =32,A/T, =0.15,7 = 0.8A. formance than the Rayleigh fading, because of the existence of
the unfaded specular component. By comparing the curves with

expected, the BER degraded/as,; is increased. In the com- L = 1 andL = 2, we can see that the use of diversity reception

parison of performance between the differgftsince we have is effective in improving the BER performance.

assumed that;, is fixed, the system with a large¥! is asso-  We show in Fig. 5 the BER foA/ = 4, to highlight the

ciated with a larger input binary data rate which implies thamnique behavior for the slow fading ca§g>1;, = 0). AS pirms

the system has a larger spectral efficiency in term of bit/s/Hs.reduced, the BER decreases gradually and then when reaching
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pems = 0.02, it drops off steeply to zero. This can be exis zero, becausg; ,(t) is a constant and the subcarriers with
plained as follows. For the specified parameter valuds ef 7, frequencies,, and f; are orthogonal over a multitone block of
A/T, = 0.15, and7 = 0.84, it can be shown from (25) and lengtht,.

(26) that all the path delays are less tharfor fi,,,,s = 0.02.

Therefore, as stated in the beginning paragraph of Section 1V, APPENDIX B

there will be no ISI. Furthermore, singg,1;, = 0, there will .

be no ICI in this case (see Appendix A.) Finally since AWGN In the fast fading channalfpT; # 0), when all the path

have been neglected, the BER should approach zero. Howe\(;g#ays are less than the guard intendgl{ V., = V'), then BER

. is ch . Thi foll .
when fpT}, % 0, for . < 0.02, although ISI is zero, there doés not vary ag..,,s is changed is can be seen as follows

1)
will still be ICI which lead to some finite BER, as can be seelnn 1(16a), themas, myy andm., only depend ONFc 'y and

I 1) 1 1) ;
in Fig. 5, for fpT}, = 0.005 and fpT}, = 0.01. The BER curves ftsy- From (23),k: %, and K¢, do not depend onm,, that is
for jirms < 0.02 Stay constant ag,.. varies. This is becausef)n the power profile a}nd accordingly..,,s. Therefore the BER
the contribution from the ICI to the BER is not a functionrgf IS constant whef...,; is changed.
(seeAppendix B.)
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