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Abstract— We provide expressions for the bit error rate of n®
various transmit and receive diversity schemes for Orthogonal ot el
Frequency-Division Multiplexing (OFDM) systems in the presence ata »| IDFT,
of frequency offset, phase noise and channel estimation errors. Symbos sp| e Z/Sc.fi j7 \?Y7
The derivations are also applicable for a general multiplicative Rate 17T, ; > prefix | M
distortion of the received signal. We compare two transmit di- « '
versity schemes (space-time and space-frequency diversity) with - g‘r’gf':j
maximal ratio combining (MRC) receive diversity for frequency- o | Removal, [«
selective Rayleigh fading channels. Our results show that with MRC ° ] osPs

A

perfect channel estimates, practical values of the phase noise do il

not significantly degrade the performance of the various diversity

Combiner | y©
k
and

; o - Detector | Cyclic
methods for BPSK modulation. In contrast, the transmit diversity e | Prefix
schemes for OFDM are much more sensitive to channel estimation o | Reomoval <,
Yn

errors than MRC receive diversity. - DFT

Y9 \
I. INTRODUCTION

Antenna diversity techniques are well known as an effective ~ Fi9- 1. OFDM system with two-branch MRC receive diversity.
means of combating multipath fading [1]. Conventional maxi-

mum ratio combining (MRC) requires multiple receiver chaingingie carrier transmission in flat Rayleigh fading, the simple
that may not be feasible for low-power, low-cost portable dgyace-time transmit diversity method of [2] is more sensitive to
vices. Recently, transmit diversity and space-time coding [Zhannel estimation errors than MRC receive diversity.
[3_] have bee_n_proposgd as a means to_combat multlpat_h fad_lng1 this paper, we analyze the performance of ST-OFDM,
without requiring multiple receiver chains. Under quasi-stati§e_oFpM, and MRC receive diversity in the presence of fre-
conditions and perfect channel state information at the rece&ﬁency offset, phase noise and channel estimation errors. Sec-
er, the simple transmit diversity method described in [2] Witfy || describes the system models for the various diversity
two transmitters and one receiver has the same performancgashods. Expressions for the bit error rate (BER) of the di-
a system using MRC with one transmitter and two receivers.ersity techniques are given in Section Ill with frequency off-
The orthogonal transmit diversity techniques described &t and phase noise present and perfect channel state informa-
[2], [3] are directly applicable to narrowband (flat) fading. Orgion 4t the receiver. In Section IV, BER expressions are giv-
thogonal Frequency-Division Multiplexing (OFDM) is & popuen with channel estimation errors present and perfect synchro-
lar technique for combating frequency-selective fading by dijzation (no frequency offset and phase noise). Section V pro-
viding the transmission bandwidth into a set of narrowbangljes performance results for frequency-selective Rayleigh fad-

subchannels [4], [5]. With a cyclic prefix, equalization rej,q channels. Conclusions are given in Section V1.
duces to compensating for the channel transfer function at eac%

subcarrier [6]. Two transmit diversity schemes for OFDM,
space-time OFDM (ST-OFDM) and space-frequency OFDM
(SF-OFDM), are described in [7], [8] where the performanc&tx MRC
of the two methods are evaluated assuming perfect synchronizaA block diagram of an OFDM system with two-branch
tion and channel state information at the receiver. MRC receive diversity is given in Fig. 1. The data sym-
A drawback of OFDM systems is the sensitivity to carrielbols enter the serial-to-parallel (S/P) converter at a rate of
frequency offsets and phase noise [9], [10], [11]. Frequeh/Ts, to form a block of N data symbols,{Xc}k=o, .. nN-1,
cy offsets and phase noise result in the loss of orthogonalityth duration NTs. Throughout this paper, BPSK modula-
among the subcarriers and cause intercarrier interference (I@5n (X« € {—1,1}) and an even block length are assumed.
Accurate channel estimation is also important for systems tdie block of data symbols is modulated using Mfpoint
ing coherent detection. The results given in [12] show that fmverse discrete Fourier transform (IDFT), to form a block
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of time domain samples{x,}n—o,..n-1. After parallel-to- AntQ

serial (P/S) conversion, a cyclic prefix & samples is in- IDFT, P/S

serted to form the transmitted OFDM symbol Mf+ G sam- T \:,gO)
ples: {XN_G, ... ,XN_1,X0;--- ,XN_1}. The OFDM symbol is "
transmitted through two independent frequency-selective fad- Data X""’f"'f

ing channels whose impulse responses are denotéi’bgnd _ Symbols| | & | Space Y
hﬁl) for receiving Antennas 0 and 1, respectively. We assume Rate 1/T, X' » Encoder /:51)
that the maximum length of the channel impulse responses is , Xk,1¢...¢ At
less thanG samples so that interblock interference (IBI) is IDFT. P/S

avoided and that the channels are quasi-static (channel impulse & Cyclic

responses are constant for afew OFDM symbols). The received Prefix | x{?

signal at Antennais yﬁ'), i € {0,1}. For each receiving anten- | < Gyolc

na, the samples corresponding to the cyclic prefix are discarded ®| Space- | o | Prefix

and the remaining samples enter a serial-to-parallel converter to - PS )9 pame | & | Rt
form a time-domain vector of the received OFDM symbol. The - -— DFT
received OFDM symbol is demodulated usingNupoint dis- Xk

crete Fourier transform (DFT) to form the frequency-domain

vector{Yk(i)}. With perfect synchronization, the frequency- .
domain samples for each antenna are Fig. 2. Two-branch ST-OFDM system.

Yk(l) = HLEI)Xk +Vk(|)’k =0,1,...,N-1 (1) denote the DFT’s of AWGN corresponding to received Symbols
. , 0 and 1, respectively. For each subcarkiethe receiver forms
WhereHlﬁ') ande('), i € {0,1} denote the DFT’s of the channels, , andsj;, where
impulse response and additive white Gaussian noise (AWGN),
respectively, at receiving Antenna The variance of the real &o = Héo)*Yk,O-k ngl)kal (5)
and imaginary parts c)fk(') is 05. For each subcarrid;, max-

~ 1)* 0)\/*
imum ratio combining is achieved at the receiver by forming H1 = _H'E ! Yo+ H'E )Yk’l' ©)
XiMRrc, Where The decision statistics for BPSK demodulation g sr =
0{5,} andUy 1 st = 0{51}; the estimates of the transmitted
X Mre = ngo)*Yk(o) + Hél)*Yk(l). (2) data aresco = sgnUxost) andsi 1 = sgnUx 1 s7).

The decision statistic for BPSK demodulationUgmre = ¢ S=-OFDM
O{X«mrc}, whereJ{-} denotes the real part; the estimate of

the transmitted data &MRC — sgr(Uk mrc)- A block diagram of the two-branch SF-OFDM system de-

scribed in [8] is similar to Fig. 2 except the space-time code is
replaced by a space-frequency code as explained below. For
B. ST-OFDM each OFDM symbol, adjacent subcarridrsindk+1 (k =

A block diagram of the two-branch ST-OFDM system de0,2,4,...,N — 2) are used in the space-frequency code. For
scribed in [7] is given in Fig. 2. Consider two OFDM symbolsubcarrierk, Xqco = sco andXc1 = —s1 are transmitted from
(Symbol 0 and Symbol 1) for transmission. For Symbol 0 artenna 0 and Antenna 1, respectively; for subcarkierl,
subcarrierk, X0 = So and X1 = —sc1 are transmitted from X+1,0 = Sq1 @ndXii11 = Sco are transmitted from Antenna 0
Antenna 0 and Antenna 1, respectively; for Symbol 1 and sudnd Antenna 1, respectively. With perfect synchronization, the
carrierk, X0 = S1 andxk71 =gpare transmitted from Anten- DFT outputs at the receiver for subcarrik@ndk+ 1 are given
na 0 and Antenna 1, respectively. With perfect synchronizatid® Yk andYk.1, where
the frequency-domain samples corresponding to Symbols 0 and

: . : ) _ O (1)
1 received at the single receiver antenna are give¥gyand Yie=H s = H s + Wk )
Y1, k=0,1,... ,N—1, where Yir1 = HIE—::.-)lskyo + HIE—(e)—)lSkJ FVir1 )
Yio = H%0— H{Psc1 +Vico (3) andVi denotes the DFT of AWGN corresponding to subcarrier
(1) ) k. After conjugating (8), the DFT outputs for subcarrig@nd
Vit = H S0+ Hy TS + Vi, (4) k+1 can be written in the matrix notation
Héi),i € {0, 1} denotes the DFT of the channel impulse response ( Zk > =9 (5k,0> + ( \:k ) 9)
from transmitting Antenna to the receiver an® o and V1 Yicr1 S,1 Vir1
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where Substituting (13) into (14) and taking the real part, we obtain

) (1) the decision statistic

. N (10) 1
WY e = NSO+ A 25

k+1 k+1

We consider two methods of data detection. The first method 1 N=1
is a zero-forcing (ZF) approach which involves inverting the ™ NWZOD{
matrix #{ and detectingy o ands,; separately. This detection ms£k

/\E)O)*Aﬁ(i)mHéO)*Hr(no) +/\E)l)*/\(l) HIEl)*Hrgnl)}Xm

k—m

method will be denoted by SF-OFDM-ZF. In this method, the (0), ,(0)% ,(0) (D)%, (1) ,(1)
O3Ay 7 H Ny  H . 1
receiver formso andsg; for k € {0,2,...,N — 2}, where +0{Ag T HTV AR (15)
50 a7 Proceeding as in [12], we derive the BER conditionec{ldrﬁi.)}
(§k1) =5 (Yk*+l> (11) and{/\ﬁ?}. The performance is then evaluated in Section V for
o o . frequency-selective Rayleigh fading channels and for a phase

The decision statistics for BPSK demodulation Big,ss = noise process with a Lorentzian power spectral density [9], [10],
O{Sko} andUk1,s = O{Sa}; the estimates of the transmitted1 7). Since the data symbaé, are independent and identically
data aresco = sgnUko,s) andsca = sgnUi 1, ). distributed (i.i.d.) for different subcarriers, Uy vrc (condi-

Since# is not a scaled unitary matrix in general, correlanoZ[}\LDned orXe, {Hr(rp} and{AQ])}) approaches a Gaussian random

of the noise terms is introduced after matrix inversion. The : o
: . . -variable for largeN (by the central limit theorem). The mean
approach is not optimum in the presence of correlated noise. . ) )
d variance ofJx mrc can be calculated using the relations

For this reason, a second detection method (denoted by Sk

- 21 — ) i
OFDM-ML) is considered based on the maximum likelihoo .[Xm].._ 0’.E[Xm] =1 yvhereE[] denotes expectation. After
LT Simplification, we obtain
(ML) criterion:

(‘eko Yi sco) |2 ElUkmre] = acmrcXs (16)
- ) =arg min | =HTE (12) N-1
Sk,l) : (Y ) (Su) > _ 1 21 A0 A(0) 1 (0)%4(0)

(i‘_ojﬁ)ze el OUkire = mm: m;ékD {/\0 NZmHi™ Hm

1) 5 (1 1)* 1 0 0 1 1
IIl. PERFORMANCE WITHFREQUENCY OFFSET AND +/\(()) A(k—)mHIE ) Hr(n)} + (|/\E> )Hé 12+ |/\(() )Hé )|2)0\2/-

PHASE NOISE
In this section, we present expressions for the BER of MRC,
ST-OFDM and SF-OFDM-ZF with frequency offset and phas\?/here — L(AOHO 2 L AD@ 2 The prob-
noise. Since a simple closed-form expression for the BER Aure = (1o HCT + Ao TH 7). P

(17)

. ; . - ility of error for subcarrierk is given by P, =
SF-OFDM-ML is not available, we use computer simulations y . %o _tz/zy eMRClk
to evaluate the performance of this method. In this section, \%aKMRC/O-Uk,MRC)’. whereQ(>.<) = ﬁfx e " /<dt. The BER
assume perfect channel estimates are available at the receivgsnditioned Or{Hr(T:)} and{/\ﬁ?} is obtained by averaging over
all subcarriers:

A. MRC N1
Let the carrier frequency offset be denoted by, the Pemrc = N Z Q(ik’ﬂ). (18)
discrete-time phase noise processgayand the time-domain k=0 Ukmre

samples of the AWGN for Antenniaby vﬁ,'). In the presence
of frequency offset and phase noise, the received siﬁHaﬁt
Antennai can be expressed lyﬁ) = [Xn * h,({)])\,q) +w, where

B. SI-OFDM

Let Ao and /A1 denote the DFT’s of the frequency offset
) A Tt ) _ ) and phase noise term for OFDM Symbols 0 and 1, respectively.
An’ =€ st®) and « represents convolution. K’ de- | o X\, (i,n) € {0,1}2 denote the BPSK data symbol trans-
notes the DFT oA, the received sample for subcarrieis mitted from Antenna in Symboln on subcarriem. In the
N_1 presence of frequency offset and phase noise, the samples for
S MHSP/\SlmWS). (13) subcarriek and Symbols 0 and 1 are

m=0,m#k

1
N 1

i Yo = (/\o,oH;EO)Sk,o - /\O,OH;EI)S&,l)

We assume thdl\(()) (sometimes known as the common phase L Nt

error) can be estimated perfectly using pilot symbols. There- 4+ = HOX O | Dy Dy A +Vi 19

1
(/\0,1H;51)Sk,o + /\071H;EO) S1)

Rewre = AFHOYE AP HIYE. @) Ma =
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Antennai on subcarriem. With frequency offset and phase

1 < (1)
+ N . m#k( m X1+ Hm Xm,l)/\k—mal +Vir- (20) noise, the relevant DFT outputs are

As in Section IllI-A, we assume perfect estimation A Yy =
and Ag1.  We then obtain expressions for the decision’
statistics U and U , Which are Gaussian random —

. k’.O’ST @) o LST Z (O)X&O)-i'Hr(nl)xr(nl))/\k—m-l'Vk (26)
variables given{Hn'}, {Amn}, o and sc1. The means o
and variances oUxosr and Uxisr can be calculated by m#kik+l

[(AoH +A—tH) S0+ (~AoH” + A ) sca]

Z|I—‘ Z|H

using the fact that the space-time code is applied to ewhlz E[(AOHé1)1+A1HLEO))SKO+ (/\oHLEO)l /\1H(1)) ]
subcarrier and that the following properties fmﬁm, i€ NN . * ’ -
{0,1}, ((OT’TZE{O 1,...,N— 1} {0,1} hold: E[anan] n % 3 HOXO + HOXO A am Ve (27)
0, E[Moxm,l 1, E[xmlxm,o] -1 andE[Xmoxm,l n#”fqul
Define  dosr = AgglMol /\k—m,OH|£) ; Bosr =

(1) A% 2 (D=  We proceed as in Sections IlI-A and IlI-B to obtain the decision
INooPAoaN_imiH s anst = —AgolAoa*Ak-moH

: ) Ol sati statisticsUy o.s- andUy 1 & assuming perfect estimation 4.
and Byst = MoolPNoalNi_maHy - After simplification, we  gjnce the e e fretoney code s aoplisd 1o all paits of subear-
obtain riers (k,k+1), k€ {0,2,...,N -2}, we have for anym,n) €
0,1,...,N = )2, EXYX] = 8n_m andEXPXY] =

ElUkosr] = a:STS"O (21) On—m-1 — On—m+1, Wheredn, is the Kronecker delta function.
1" : _ A% (0)« _ * (1) —
Glka,o,sr =7 z [02{aosr Hr(no)} + 0% aosr Hr(nl)} Def'”eGO,S:(l—)*/\o/\k—mHmla Bosr _AO/\(IB-;l—mHk 5 0(1,9(=i)—
—No\k-mH )y andBrss = NoNya_mHi - Given {Hn'},
) 0)* 5 (1) {Am}, s« andsc 1, the quantities)y o = andUy 1 & are Gaus-
+0 {BO,STHm }+0*{BosrHm’"} sian random variables whose means and variances are given by
+zm{aoer<°>}m{Bo HE")
HO* E[Uko,sr] = ax 0,5 S0 + bro,.se S 1 (28)
_ZD{GOSTH }D{B }] N—1 o o
2 _ 2 *
+NooMoa ?(INoaH 2+ Ao oHi" 1) of (22)  Oos T N2 WZO (07 {Du(dasrHn+ o) )
ElUk1st] = akstsk1 (23) ik k-1
(1) (1)*
1 Nzt +02{Dk(dosHm’ + BossHm” ") }]
O-Ule'I' - N2 z DZ{GLSTHr(no)}-i-DZ{al’STHr(nl)} 2 N—2 0 0
+E 2 O{Dx(aogHY +BosHY )}
0
+02{Bysr Hmo)*} +02{BrsrHI"} AL 1
* 0)x 1)*
+2D{aler(o)}D{[31 (l)*} X D{Dk(AOAk—l—mHé-i—)lHr(TH)—l_*_/\ Ak H( )Hr(n+)1)}
O)* 2 N—-1 .
—20{aysrH }D{B 1] - Y 0{Dk(cto,seHiY + Bo,sr HIY™) )
+ Moo (IMoaH 2 + [AgoH 2 12) o3 (24) ke k2
(04 (1) (1) 4 (D)=
wherea? is the variance of the real and imaginary part¥gf X D{Dr (Ao 1-mbheey Hn +A0Ak+2 mHc o) }
anday st = le\oo/\ml (HO24 HOP). The BER condi-  + IDKZ(IAaHZ: P+ [AaH 2) 0% (29)
tioned on{Hy'} and{Amn} is given by E[Uk1sr] = a 1,59 1 + bk, s S0 (30)
N-1
0 0
P S 1[ () +o(=n)]. @) Vs =Nz 2 [0 {D(arsH +Brshn ) }
= EacCUNR e
&ST-OFDM = 9N Z, OUyosr OUy 1ot ko1

+02{Dx (o1& HY + Busr Hr(nl)*)}]
C. SF-OFDM-ZF 5 N2
(0) (0)%
+ = O{Dk(01,sHm’ + H
Let Ax denote the DFT of the frequency offset and phase N2 WZO { k( 1.5 Hm’ + ByseHn )}
noise term for the OFDM symbol under consideration. Let m#k—Lkk+1

X4,i € {0,1} denote the BPSK data symbol transmitted from x 0{Dy (—AjAk_1_mHiy Ho s + AoAL_H O H ) )
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2 & (0)« whereavre = [HO 12 + HP2 + 0{e2*HO + g*nDy
_c K k Mk
N2 ngl D{Dk(alsFHm + BuseHm )} Equations (38) and (39) are generalizations of the results given
Mk kct-Lie-2 in [12] to OFDM. The BER conditioned ofH"} and{e{’} is
x O{Dk(— A5k 1 mHlEi)l*Hr(n_)l+/\0/\k+2 SHOHDDY then given by (18) with (38) and (39).
+ D (JAoH 2+ 1AoH 2) o (31)
B. ST-OFDM
whereo\z, is the variance of the real and imaginary part¥/of , »
andVi,.1 and Replacing—|é') by Hé') in (5) and (6) and taking the real part,
we obtain the decision statistith o st andUy 1 sr. By sym-
Dy = Héo)*H@1+ Hél)*Héfl (32) metry, it suffices to considddy g sr to compute the BER. We
1 o have
Ao, = 5 [IMol*IDx|
% E[Uxo,57] = ak0,s1 S0 + bk,0,57, 40
+D{Dk<AOA HOHE AR @9) ol memaen e
cyUkosr (|H ‘ +|H | )OV (41)

bxo.s _—IZI{Dk(/\O/\ 1|Hk+1|2 Ao/’ |H | 3 (34)

where aosr = [H2)2 + [HY |2+|]{s HO 4 PR
andbyo,st = O{g, 1)H(O)* 0)* } Equations (40) and (41)
—D{Dk(/\(’gA_lHéS_)lHéff+/\o/\*1‘Héo)H(l)*)}] (35) are generalizations of the results given in [12] to OFDM. The
conditional BER is then

ALSF = [|/\0| ?|Dy|?

1
i1 = ND{Dk(_/\g/\ 1|H(11|2+/\ /\*|H | )} (36)

1 N=br sacosr +brost
N ) _ _ Pe,sT—oFDm = [ (—)
The BER conditioned ofiHw' } and{An} is then given by 2N osr
ak,O,ST —byosr
5 1% e [ (ak,l,SF+bk,|,SF) +Q(0U—)]- (42)
e, SF —OF DM—ZF _2N % ZO e koSt

K even b, We note thaPesr—orpm > Pemre if akost > 0, which is true
+Q(M)] @7 forleV| <« HDi=0.1
OUyis - orlacl <IAchi=01

IV. PERFORMANCE WITHCHANNEL ESTIMATION ERRORS C. SF-OFDM-ZF

In this section, expressions for the BER of MRC, ST-OFDM
and SF-OFDM-ZF are given in the presence of channel estima-
tion errors. We assume perfect synchronization such that th@fges obxos andUy 1 s (g|ven{H } and{s })
is neither a frequency offset nor phase noise. We assume that

We proceed as in Section IV-B to obtaln the means and vari-

the channel estimates can be writterf 48 = H) + &, i ¢ E[Uko,57] = 80,57 S0 + ko, 1 (43)
{0,1}, ke {0,1,...,N—1}, wheree) represent the estima- S Bk 2(IA 12+ (A 2) o? (44)
tion errors. E[Uk1,sr] = ak 1,1+ bk 1,8 0 (45)
A MRC Br e = IDKP(IAL P+ IR 2) 0f (46)

With channel estimation errors, (2) becomf{@MRc =
I—iéo)*Yk(o) + ﬂél)*Yk(l). As in Section Ill, we compute the BER
conditioned orH.” ande.”; in Section V, we present perfor- B = KO AL + A Héfl (47)
mance results for frequency-selective Rayleigh fading channels

where

3, 11704 (0)

= O{Dx|H;1 Hy 48

and for i.i.d. Gaussian channel estimation eref/s{12]. Giv- aos = D{D[F k“ 1) k+1]} (48)
enXy, Hé') andsf('), the decision statistity vrc is a Gaussian bo.s = O{Di(~ +1H +8k )} (49)
random variable whose mean and variance are given by a1E = D{Dk[H;Ei)l* ) LA O)Hk+1]} (50)
ElUiumre] = mrcXe (38) berse = O{Dk(—eltH +80HE)Y (BD)

2
GUk MRC (|H | + |H | ) (39) The conditional BER is given by (37) using (43)—(51).
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V. SIMULATION RESULTS 1072 : : :
) — MRC (No PN)
_The average BE_R of each OI_:_DM system can be_ob O ST-OFDM (No PN)
tained by averaging the conditional BER expressions A MRC (PN)
given in Sections Il and IV over the distributions for - ST-OFDM (PN)
the phase noise, channel gains and channel estimation
errors. For example, the BER of the MRC system can be
computed as follows. Leh = [AY .- AQ AW AL T,
H = HP-RHY  HP-HEPT  and & =
€00 V... IT. The average BER of the MRC
system with frequency offsets and phase noise is given by

Pesrc g = [ Perc PUA, H) dAdH (52)
wherep(A, H) is the joint probability density function (PDF) of 0 s 7 TiE s e o Tes
(A,H) andPgmrc is the conditional BER given by (18). Sim- SNR (dB)

ilarly, the average BER of the MRC system with channel esti-

; e A Fig. 3. BER performance of MRC and ST-OFDM. The curves labeled by (No
mation errors s given by PN) are results without frequency offset and phase noise; the curves labeled by
(PN) are results foAf = 10 kHz and rms phase noise &ith 3-dB frequency

Pemrcavg = /F’e,MRc p(e,H) dedH (53) of50kHz.

wherep(g,H) is the joint PDF of(g, H) andPmrc is the con- Xl
ditional BER given in Section IV-A. The average BER's foryaq with variance?.
ST-OFDM and SF-OFDM are computed in a similar fashion. In obtaining the conditional BER expressions in Section lll,

The average BER is evaluated for each system semiana ¥1t' .
: . " ICI fr n ff nd ph noise w m
ically by calculating the conditional BER followed by Montel € ICI due to frequency offsets and phase noise was assumed

’ ) : ) g to be Gaussian distributed. This assumption was verified by
Carlo simulation for frequency-se_lectwg Rayleigh fading Charc‘;bmparing the average BER’s obtained using the semianalyti-
nels. Th_e system parg_met_ers, listed in Table |, are based rI‘approach with the results of exact simulations for each sys-
the physical layer specifications of the HIPERLAN/2 and IEE‘E:em The calculations and simulations are seen to agree. Since
802.11a wireless LAN standards [13], [14]. Without any ovel; : :

head for pilat symbols, these parameters imply an uncoded d e Gaussian ICI assumption is accurate, the results to follow
' ) . : . obtained using the semianalytical approach, except for the
rate of 16 Mbps. The average signal-to-noise ratio (SNR) is c@ 9 y PP P

. Y F-OFDM-ML m for which the results ar ined from
fined by SNR= E[|Hk|?]/0 and the channel estimation error- © system for which the results are obtained fro

: . _ _ (i) 2 (i) €xact simulations.
to-signal ratio (ESR) is defined by ESRE(|&, "|]/E[|H,"|]. Figs. 3 and 4 are plots of the BER versus SNR for the vari-

We assume that the channel is quasi-static (constant impYl3g iversity techniques. It can be seen that without frequency
response for a few O_FDN_' symbols and no Doppler s_pread) aBffset or phase noise (curves labeled by (No PN)), the perfor-
that the channel estimation errors are i.i.d. Gaussian randgm, s of MRC and ST-OEDM are identical. as is expected

vanab_les. The second assumption IS justified by considering {a¢ 5 g mjt diversity and receive diversity with perfect channel
following least squares channel estimator. In the HIPERLANggtimates and an ideal receiver. In contrast, there is a loss

system, the frequency domain training sequeXicor channel ¢ 1 3 4B at BER= 10-3 for the SE-OFDM-ZF method with
estimation is a BPSK signal. From (1), the least squares chanpglye ot 1o MRC and ST-OFDM. As discussed in Section II-C,
estimates are given B’ = Y, /% = H{) + ! /%. Since the SF-OFDM-ZF method is not optimal for channels with
nonzero delay spread since the channel maifis not a scaled
TABLE | unitary matrix, and the matrix inversion introduces correlation
of the noise terms on adjacent subcarriers. The performance
of the SF-OFDM method is improved significantly by using

=1, the channel estimation errors are i.i.d. Gaussian vari-

SYSTEM PARAMETERS

Parameter Value the maximum likelihood criterion (SF-OFDM-ML); the loss of
Power Delay Profile Exponential SF-OFDM-ML with respect to MRC at BER 1072 is 0.15
RMS Delay Spread 100 ns dB. The curves labeled by (PN) represent the performance for
Sampling Raté1/Ts) 20 MHz a residua! frequency of_fset @f = 10 kHz and a Lorentzian
Number of SubcarrieréN) 64 phase noise process with rms value Bféhd 3-dB frequency
Cyclic Prefix(G) 16 of 50 kHz. It can be seen that the degradation is small for prac-

tical values of the residual frequency offset and phase noise;
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Fig. 4. BER performance of SF-OFDM-ZF and SF-OFDM-ML. The curve
labeled by (No PN) are results without frequency offset and phase noise;
curves labeled by (PN) are results #6f = 10 kHz and rms phase nois€ 5

with 3-dB frequency of 50 kHz. The curve for MRC is included for reference

ESR = 10 dB
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D
w107}
_4
10 F—MRC )
O ST-OFDM
—%— SF-OFDM-ZF
—+— SF-OFDM-ML
10° : :
5 10 15 20
SNR (dB)

Fig. 5. BER performance of diversity techniques with channel estimation

errors.

at BER= 1073, the loss is 0.14 dB for MRC, 0.2 dB for ST-

5.9 dB for SF-OFDM-ML.

VI. CONCLUSIONS

Expressions have been derived for the BER of various trans-
mit and receive diversity methods for OFDM systems using
BPSK with carrier frequency offset, phase noise and channel
estimation errors. The derivations with frequency offset and
phase noise can be applied to a general multiplicative distor-
tion of the received signal. Simulation results for frequency-
selective multipath channels show a small loss in performance
due to frequency offset and phase noise. For the SF-OFDM
transmit diversity method, it is seen that SF-OFDM-ZF incurs a
loss with respect to ST-OFDM and MRC due to the variation in
the channel transfer function between adjacent subcarriers; us-
ing SF-OFDM-ML improves the performance significantly at
the expense of increased complexity. The results also indicate

that the transmit diversity methods are much more sensitive to
Sp‘rfgannel estimation errors than the MRC receive diversity tech-

nique.
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