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division multiplexing (OFDM). We consider an OFDM system implemented by the inverse fast

Fourier transform (IFFT) and FFT, each of siXe= 2" for modula-
|. INTRODUCTION tion and demodulation. Onlg¥,, subcarriers out of totaV subcarriers
are used to avoid aliasing effect at the edges of the transmission

Orthogon.al frequency djvision mqltiplexing (OFD,M) is_ |mov‘mspectrum. The OFDM samples at the outputs of the IFFT are given by
to be effective in coping with such wireless channel impairments as

multipath fading, cochannel interference, and impulsive noise [1], Ny—1

[2]. Moreover, OFDM systems have become practical to implement T, = L Z _yk@iz%'f”,

using fast Fourier transform (FFT) techniques thanks to advances VN k=0

in digital signal processing. Recently, OFDM systems are being n=0,1,2,....N—-1 (1)

applied for fixed and mobile digital transmission such as digital audio
and video broadcasting, asymmetric digital subscriber line (ADSMhere X, is the QPSK or QAM data symbol transmitted
modems, and wireless LAN. In OFDM systems, synchronization ierough the kth subcarrier. An OFDM symbol is denoted as
{en—¢,...,&N_1,20,21,...,&Nn—1}, Of which the firstG sam-
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whereL, is the number of resolvable multipaths and¢) andr; rep- 0,1,..., N/2 — 1, which is achieved by transmitting the data symbols
resent the equivalent lowpass impulse response and delay time ofdkier the even subcarriers and zeros over the odd subcarriers. The data
Ith path, respectively. It is assumed td&F, > Tax = (L, — 1)T,:  symbols on the even subcarriers are multiplied® in the training
that is, the guard interval is larger than the maximum delay spreadsyimbol to maintain constant OFDM symbol energy. Thus, if we ignore
the channel so that ISI can be completely eliminated. the additive noise, the corresponding two halves of a received OFDM

If the received signal is affected by the CHQ the output signal of symbol are identical except for a phase shift caused by the CFO, i.e.,
the channel is Ynt(N/2) = yne’ ™. After the timing is obtained, the FFO can be es-
o0 timated by
r(t) = 2ot / z(t — 7)h(r;t) dr 4+ w(t) 3)

oo angle (Z:if;l yﬁynJrN/z)

wherex(t) is the baseband OFDM signal amdt) is a zero-mean = T )
complex additive white Gaussian noise (AWGN). The received signal . .
is matched filtered and sampled at the OFDM sample T4 . As- L_Jsmg the_ fact that the main difference b_etween the two halves of the
suming that the matched filter is flat within the transmitter bandwidtlif St training symbol would be a phase difference/o we.. Appar-
and the symbol timing is obtained within the guard interval region su&@ft!Y: the IFO cannot be estimated using (7). o
that—GT. + Tx < 1T, < 0, the samples belonging to the first ef- We now propose a method to find the IFO using only the training

fective OFDM symbol, after the timing synchronization is performe@YMP0! used for the timing and FFO estimation: the conventional
can be written as method requires another training OFDM symbol to find the IFO. After

the FFO of the training OFDM symbol is corrected by multiplying

e the OFDM samples by’(>*"¢#/™) ' the FFT outputs of the training
Yo = e’0 2T Ien T Z hi((n 4+ no)Ts)Tnen, + Wn, symbols assuming perfect correction can be written as
=0
forn = 0,1,... s N -1 (4) }fm — \/56.100 Hm_%IXm_QgI + VVm
wherefl, = 2x fon,Ts. 0y = |=n, +71/Ts |, andw,, is the sampling form=0,1,....N -1 (8)

output of the AWGN. While we assume that the symbol timing is ob-

tained within the guard interval region to make analysis simpler in thighere X, = 0 if m is odd orm > N.,,. While the ICI may exist in

section, we will also consider the case where the symbol timing is é®), if the FFO estimation error exists as noted already in (6) it is very

roneously obtained outside the guard interval in Section V. small at reasonable signal-to-noise ratio (SNR) values so that the effect
To clearly see the effect of the CFO on the FFT output, let us assuffdhe residual CFO error may be ignored.

that the channel is time invariant during one OFDM symbol duration, Let us define a sequence

i.e.,u(nTs) = h;, n=0,1,..., N—1.Thenthe FFT output is given x N
2k iVq

by Cy, = , fork=0,1,...,2% -2 )
Xok+2
1 N-l j27nm
Y= — Z yne N which has the differential coding structure in tfiequency domain.
VN = Let us assume that the symbol timing is perfectly found and the FFO
. Nu—1 1 N-—1 [zt mteo) ; ?s compensated without error. T_he quotié@;/l@kw is tht_en approx-
=e Z HJ«AMA—, Z e N +Wa (5 imately equal toC; except that it would be shifted B¢; in the fre-
k=0 n=0 quency domain due to the uncompensated IFO. While the difference

between the phases Bt/ Y.+ andCr may exist due to the differ-
ence betweelitl», and Hy 42, it can be ignored since fading compo-
nents of adjacent subchannels are strongly correlated for OFDM sys-
tems with a large number of subcarriers. Therefore, an estimate of

is ¢ = ¢ which maximizes the metric

where H, = ZL:‘l hye—iCmkn/N)
W = (1/VN) 205 we2mmm/N)  and
€. = foNT, is therelative frequency offs€RFO). The subscripts of
Yo, Hi, Xi, andW,, in (5) and the sequel are all modulé values.

Let the RFO be expressedas= 2¢; + €, where2e; is theintegral

part of the RFO (IFO) that is even and is thefractional partof the |Z v Y |2
. . - 2401 .
RFO (FFO) withlex| < 1. Then (5) can be rewritten as F(g) = [&ker Z2H20 7k T2ktg 42 (10)
n(rer) (Seex Worrns)
F o teg X, . l(Eg)wep _Si0(TER) e,
e ez © N sin () te whereX = {0.1,..., N, /2 — 2} and the denominator is used to nor-

malize the metric value. Note that the proposed method has a differen-
X Z Hp X, T PR tial coding between two data symbols transmitted through two adjacent
ktm—2c; e~ Nsin (Lvlw) subcarriers in one OFDM symbol, while the conventional method has a
+ W,,. (6) differential coding between two data symbols transmitted through the
same subcarrier in two adjacent OFDM symbols.
Itis worthy to note that the IFO alters the order of the FFT outputs while
the FFO causes the interchannel interference (ICI) in the FFT outputs. |\, PERFORMANCE OF THECFO ESTIMATOR IN AWGN

eI™F sin(mwep)

Here, we consider the performance of the proposed CFO estimator
when perfect timing recovery is assumed and QPSK symbols are used.

In [8], the frame/symbol timing is found by searching for a training’he CFO is estimated in two steps, FFO and IFO estimations. First,
OFDM symbol, which has two identical halves in the time domaithe performance of the IFO estimator is investigated when the FFO is
and the FFO is also estimated with the metric for the timing synchrperfectly estimated, and then the performance when two estimators are
nization. The training symbol has the propefty, n/; = x,, » = used together will be considered.

Nintendo Exhibit 1022
Page 002

I1l. A CFO ESTIMATION ALGORITHM



IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 50, NO. 5, SEPTEMBER 2001

A. Distribution of the IFO Metric
The mean and variance of the metfity) can be obtained using

a method similar to that in [8]. In AWGN channel, the FFT output ,B“‘“' X ' )
,t_(zljows thatg... is Gaussian. It is easy to see thatndv are zero-

under the assumptions of the perfect timing synchronization and F
compensation, are given By, = v2X,,—2.; + Wi, if mod(m —

2¢;,,N)=0,2,...,N, — 2,andY,, = W,,, otherwise. If we define
B(g) = Z Yort29Ck Yarktogio 11)
ke
and
Ag) = D [Yaray|® (12)

kex

the IFO metric can be written &(g) = (|B(¢)|*/A(9)?).
First, let us consider the distribution &f(g) wheng = e;. Then
Be.or = B(e;) can be written as

Bcor =2 Z |)(2k|‘2

kekK

3

<\/§‘X;k Wokgoe, + \/§X2k+2 VV;kJrzq +2
keK

).

At reasonable values of SNR aid,, the real part ofB... is much
larger than the imaginary part. Thus, we can ignbre{ B... } when
we take the magnitude such that

|Beor| 22 3 | Xok* +2v2 Y Re{ Xok Woiyac, }

*

— 13
Xirs (13)

FWhgoe, Wokgoe 42

kex kex
1 * i * b4
+ E 20_2 RC{)(QICAX2/<+2"I]2k+2c1I/IVQIWFZFI‘FZ}' (14)
kek 7T

Let us define thaRe? { X5} = Tm?{X2x} = 02, E{Re*{W,,}} =
E{Im*{W,}} = o2,andD = N, /2 — 1, the number of indices
in . By the central limit theorem,B..:| can be approximated as a
Gaussian random variable with mean

BB =2 Y [Xor|” = 4Do (15)
kex
and variance
o'ichorl =D (160505, + 2(730) . (16)
Similarly, we can expresd... = A(e;) as
Acor = 21Xk [* + [Warpoo, |
kex
+ V2 X5 Wakgae, + XorWoigac, )] (7
whose mean and variance are
i, = D (407 +207) (18)
and
Jicor =D (160:05 + 4(73,) (29)

respectively. Note that, sinck... is a Rician random variable with the

mean much larger than the standard deviation at reasonable values 59

SNR andD, it can be approximated as a Gaussian random variable
Let us defingcor = v/ F(€1) = |Beor|/Acor, ¥ = |Beor| — By, »
andv = Acor — pa,,,- Then we have

(1+

u v

HAcor

~ HMlBeor|

Geor =~

(20)
M| Beox |

Acor

1309

using that:(140)/(14c) = a(14+b—c)forb,c < 1,sinceu s .| >
018, andpa . > 04 Here,u andv are both Gaussian since
andA.., are approximated to be Gaussian in this paper: it thus

cor*

meanE{u’} = 2Dc.,(8c2+02), E{v’} = 4Do. (402 +02), and
E{uv} = 16Do2oy,. The mean and variance gf.. are, therefore,
given by

| Boor | 207
Hacor lia. 202 + 02, (21)
and
1 . 5
Tieor = i (B0} = 2o Eluv} + 1, B ()]
8o202 (1 — 240t (14242
_ - ( ﬂ7cor) ( #QCor) (22)

2D (202 + 03)*

respectively.

Sinceq.or is Gaussianf... = F(e;) = ¢, is a noncentral chi-
square random variable with degree of freedom 1 and noncentrality
parameteA = p>__ /o2 [10]. Hence, the mean and variancefif.
aregivenbyig_, = po_ +oo_ ander. =20, +4ps oo,
respectively.

Next, let us find the distribution of'(¢g) wheng # e;. Wheng #
er, B(g) is the sum of a number of random variables with different
phases. From the central limit theoreB,..(¢) = B(g # €1) can be
approximated as a zero-mean complex Gaussian random variable with

cor cor

E{Re*{Bou(9)}} = E{Im*{Bou(9)}}
= 2D —d,) (202 +02)" +2d,0% (23)

whered, = |g — e;| such thatl < d, < (N/2) — D. Since
|Boui(9)]? = Re*{Boui(9)} + Im*{B,u.(g)} is the sum of two
zero-mean Gaussian random variables squared, we have

|Bout (9)]” = 2 {(D —dy) (202 +02)" + dga:},} o (24)
wherey3 is a chi-square random variable with degree of freedom 2.
The different statistical characteristics®f.. (¢) for differentg values
arise because the guard band exists.
The denominator of (g), A2, (g) = A%(g # €r), is a noncentral
chi-square variable with degree of freedom 1 and noncentrality param-
eter\ = 1% (5)/Thute) WNETCLA_ (5) = (D — dg)(407 +
20%) +2dg0%, andoiom(g) = (D —dy)(16020% +4ok) +4d ol
Therefore Fuui(9) = F(g # €1) = (B2 (9)/A2.(9)) has a doubly
noncentralF’ distribution with degrees of freedom = 2,v» = 1 and
noncentrality parameteds = 0, Ao =y (,)/0 4, .. (o) [11]. Since
the mean ofd2,.; () is much larger than the standard deviation at rea-
sonable values of SNR arfd, F..:(g) can be approximated as

| Bout (9)]°

'i\ont(g)

(D —dy) (207 +02)" +dgoh
T 2(D—4d,) (202 + 02) + dyoz )2 ¥

Foulg) =

(25)

Note that the worst case occurs whén= 1 and the metricFout,w
in this worst case approximately has the mgan, , . ~ (1/D) and
variances .~ (1/D?).

s. 1 and 2 show the mean and variance of the proposed
and conventional metrics in AWGN channel versus the SNR,

¥ = (E*{yn}/E{w2}) = (N./N)(c2/s2), wheng = ¢ (Correct

in the figures) and/ # ¢; in the worst caselifcorrectin the figures).

The dotted points are the results from a Monte Carlo simulation with

10" iterations. It is observed that the results from analysis agree quite

well with those from simulation. Even though we do not show in
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Fig. 1. The mean of the IFO metrics whéh =
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Fig. 2. The variance of the IFO metrics whéh = 1024, N, = 864, and

G = 64 in AWGN channel.

the figure, we found that the mean and variancégaf; (¢) does not

change significantly for larg&/ and NV,,.

B. Probability of Missing the Correct IFO

= Conventional
¢ Proposed
Simulation
— Analysis

]
W

1
IS

Missing Probability of the IFO
=y =

pry
c%
n
T

_6
1 1 1 1
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Fig. 3. The probability of missing the correct IFO whah= 1024, N,, =
864, andG = 64 in AWGN channel.

x Conventional
¢ Proposed
1 - CRB

Error Variance of the RFO

L ' I 1 ' ¢

10 20 25 30

15
SNR

Fig. 4. The error variance of the RFO estimate whén= 1024, N,, =
864,G = 64, ande, = 13.6 in AWGN channel.

Usually, the threshold such that
Tp = —(1/D)log Pr,.
Fig. 3 shows the probability of missing the correct IFO whén=

1024, N, = 864, G = 64, andé; is obtained by setting the threshold

is obtained by fixing>.

Here, we investigate the probability of missing the correct IFO wheg satisfy P, = 1072. Itis observed that the results from analysis are
athreshold is set to satisfy the required false alarm probability. Itis pegose to those from simulation. It implies that the assumptions we made
sible to express the problem of finding the correct IFO by a hypothesis the pdfs of the IFO metric whep= er andg # €; are acceptable.
testing problem of choosing between a null hypothésis ¢ # ¢; and
an alternative hypothesi8: : g = er. If the IFO metric is larger than apjlity of missing the correct IFO than the conventional method. This
a thresholdl’, H, is accepted; otherwisé{, is rejected. The missing s because the proposed method utilizes all the symbol energy of one

probability of the proposed method is

Py =Pr{F(9) <T|Hi}~Q <M) (26)
9cor

whereQ(x) = (1/v2) [~ ¢~ */?) dy. The probability of falsely

finding the IFO, i.e., the false alarm probability, is

P =Pr{F(g) > T|Ho} = ¢ L.

27)

It is also observed that the proposed method has much smaller prob-

training symbol while the conventional method cannot utilize all the
symbol energy since two training symbols must have different struc-
tures.

C. The Performance of the Total RFO Estimator

The error variance of the RFO estimdte = 2é; + é» when the
FFO and IFO estimations are performed sequentially is shown in Fig.
4 as a function of the SNR wheN = 1024, N, = 864,G = 64,
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Fig. 5. The probability of missing the correct IFO whgn= 0 and180 Hz. Fig. 6. The error variance of the RFO estimate whgr= 13.6 andf; = 0

and180 Hz.

ande; = 13.6. In the figure,¢; is estimated by searching fgrthat
maximizes the IFO metric without setting the threshold. Siacés
found correctly at reasonable values of the SNR in both the propos
and conventional methods, the error variance of the RFO results o
from the FFO estimator and thus is the same for both methods. 1
error variance of the FFO estimator can be found at high SNR as |

(8]

0

2

. 2
E{(fo — Eu) } = m

(28)

|
N

This satisfies the Cramer—Rao bound (CRB) as mentioned in [8]. \
can see that the proposed method shows almost the same perform

Missing Probability of the IFO
(=]

as the conventional method even though the former uses only ¢ 10 - Conventional
training OFDM symbol while the latter uses two. We would also lik o ll:rg?osed
to mention that the proposed method has the same estimation ra T 100
and complexity as the conventional one. 0
all— o
10 : :
V. PERFORMANCE IN AMULTIPATH FADING CHANNEL -10 -5 0 5

Average SNR
The performance of the CFO estimator is now investigated in a mul-

tipath fading channel by Monte Carlo simulation method. In the fokig. 7. The probability of missing the correct IFO for some timing errors when

lowing results, we use the Jakes model [12] to simulate the fadirig = 180 Hz.

channel and we fix¥ = 1024, N, = 864,G = 64, f. = 5 GHz,

andT; = 0.2 pus. channel. Itis also observed that the missing probability increases when
The channel model is a six-path time varying multpath fadinghe maximum Doppler frequency increases from 0 to 180 Hz.

channel model of whichl, = 6 andn, = 107 in (2) and the  Fig. 6 shows the error variance of the RFO estimate when 13.6
autocorrelation of the path gains is and f; = 0 Hz and 180 Hz. At low SNR values, the mean of the
RFO estimator deviates a lot from the RFO since the IFO estimator
E{hit)hi (t +u)} = piJo (27 fau) (29) cannot find the IFO exactly. However, if the SNR is greater than 10 dB,
the RFO estimator performs well. It is observed that the error variance
where of the RFO estimator gets larger as the time variation of the channel
Pl power of thelth path; increases. Despite the proposed method uses only one training OFDM
Jo(+) zeroth order Bessel function; symbol while the conventional method uses two, the proposed RFO
fa maximum Doppler frequency related to the rate of thestimator shows slightly better performance than the conventional one
channel variation [12]. in multipath fading channels. Thus we can reduce the overhead due to
The exponential multipath intensity profile;, = pexp(—7/7) the training symbols with the proposed method.
is assumed, wheré = 307, andp is a constant which satisfies Figs. 7 and 8 show the probability of missing the correct IFO and
Z,L:”(;l p = 1. the error variance of the RFO estimate when some timing errors exist,

Fig. 5 shows the probability of missing the correct IFO wifger= 0 respectively. In these figures, the maximum Doppler frequency is fixed
Hz and 180 Hz. It is observed that the proposed IFO estimator hHasf, = 180 Hz. It is observed that the results with timing error exhibit
better performance than the conventional one in the multipath fadisignilar performance tendency to that observed in the results obtained
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Performance of 2-D RAKE Receiver in a Correlated
1074 . . . . . Frequency-Selective Nakagami-Fading
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Average SNR Cheol Mun, Myung-Sun Choi, and Han-Kyu Park

Fig. 8. The error variance of the RFO estimate error for some timing errors

whene, = 13.6 andf, = 180 Hz. Abstract—The bit error rate (BER) performance and the characteristics
of a two-dimensional (2-D) RAKE receiver operating in a correlated fre-
quency-selective Nakagami-fading environment are analyzed. Correlated

without timing error except that there is a slight increase in the prog_ding between array elements whose fading statistics are identical across

bility of missi th t IFO d th . f the RF e same RAKE branch, as well as an arbitrary number of RAKE branches
a tl'l Y (t) missing the correc an € error variance of the ith arbitrary fading statistics, are assumed. We derived an approximated
estimate.

signal-to-noise ratio (SNR) statistics for one RAKE branch with correlated
multiple antennas, which is extended to that for multiple RAKE branches
with arbitrary fading statistics, i.e., a 2-D RAKE receiver. The receiver’'s
performance and characteristics are analyzed using the cumulative distri-
In this paper, we propose an efficient CFO estimator that uses Oﬁﬁpon function of the SNR at the 2-D RAKE receiver output and the BER

traini bol. Th d traini bol struct #\der various conditions. Numerical results show that the improvement
one training symbol. 1he proposed training symbol structure can %erformance of the 2-D RAKE receiver is brought about by the average

used not only for CFO estimation but also for frame/symbol timingNR and diversity gains, which are identified by two parameters specifying
synchronization. The performance of the proposed method is preseritedGamma distribution of SNR.

in terms of the missing probability and the error variance of the CFOindex Terms—Adaptive array, Nakagami fading, spatial correlation, 2-D
estimator. The proposed method is shown to have better performaR&&E receiver.

than the conventional method in AWGN and multipath fading channels

without increasing complexity.

VI. CONCLUSION

|. INTRODUCTION
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