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Abstract—It is investigated the performance of legacy IEEE
802.11a time synchronization algorithms when the
synchronization preamble is transmitted by IEEE 802.14
devices with multiple transmitting antennas using gclic shift
diversity. It is concluded that the backward compaibility is
achieved when the time synchronization is implemeat using an
auto-correlation maximum normalization metric.

Keywords — 802.11n, 802.11a/g; synchronization.

. INTRODUCTION

The IEEE 802.11n standard, which final version waisfied in
September 2009, provides data rates up to 600 Mips.physical
layer (PHY) is based on multiple-input multipleput (MIMO)
antennas in order to implement spatial divisiontipléxing (SDM),
with the transmission of multiple spatial strearhinéormation [1, p.
85]. The medium access control layer (MAC) uses aced
protocols (e.g., frame aggregation, block acknogteent) that
decrease substantially the overhead of the plai@.180 MAC
protocol [2]. The 802.11n networks operate withrotel bandwidths
of 20 MHzand40 MHzat 2.4 GHzand5 GHzIndustrial, Scientific
and Medical (ISM) bands. The fundamental backwanahmatibility
with IEEE 802.11a/g amendments is implemented at Bsifollows:
the high throughput (HT) 802.11n station (STA) #its a mixed
format (MF) preamble that can be decoded by 802gllegacy
devices. If the decoding is successful, then thadg devices remain
in the idle state during the time that the HT 8Q2.device is loading
the channel.

A challenging issue during the development of IEB@.11n
standard was to define how to transmit the lega®amble over
multiple antennas since the HT device supportsiapatltiplexing
with up to four transmitting antennas and the ptganis a single
stream signal. If the legacy preamble would trabsming just one
antenna of HT device, then it would result in asticareduction of
the transmitted power (e.g., one-fourth of the laldé power for HT
devices with four transmitter antenna chains). ®a other hand,
transmitting the same signal on different antenoasld result in
undesirable beamforming effects due to the spatahbination of
the transmitted signal at receiver input. The agdesolution is to
transmit the legacy preamble using all availableemmas (i.e.,
avoiding power lost), but using a cyclic shift disity (CSD) scheme
to decorrelate the signal transmitted at differamtennas (i.e.,
avoiding beamforming effects).

In this paper, we use analytical and simulatiorist@o investigate
the performance of 802.11a legacy devices operatin§02.11n
networks over different channel models. Sectionslimmarizes
related works. Section Ill presents the 802.11ngviFamble. Section
IV describes synchronization schemes for legacy.BG®? devices.
Section V derives a first order analytical modetdiso validate the
simulation results obtained with an IEEE 802.1Imusator that we
have been developing. Section $Hows the performance of different
synchronization schemes. The conclusiongdas®n in Section VII.

Il. RELATED WORKS

during the 802.11n standard development in ordealitow legacy
compatibility without power lost and beamformingfeets. One
proposed approach was the tone-interleaving schevhere the
legacy preamble is transmitted in all antennasghah antenna using
only a subset of orthogonal frequency division ipldking (OFDM)
subcarriers. This scheme solves the problem of siradde
beamforming, but creates power fluctuation at resreside. Notice
that for an HT STA with four antennas just few saiers would be
sent at each one and, therefore, there would betdees in each
stream to cover the entire signal bandwidth.

The adopted solution was the CSD technique, wheee Hff
devices use the same subcarriers in each tranmggniitenna, but
with a phase shift to decorrelate the signal fraffebnt antennas,
reducing the beamforming effects [3]. The main dvagk of CSD
scheme is the possible performance degradatioegsfcly 802.11a
synchronization schemes, because the signal treiedmiover
multiple antennas generates multipath fading thatiégacy 802.11a
receiver must cope withAoki, Egashira and Takeda [3] show
simulation results on performance of legacy 802 syiehronization
schemes assuming an HT transmitter with only twteramas and
perfect channel estimation. Basically, this papecufed on
automatic gain control (AGC) performance degradatioe to power
disparity between legacy and non-legacy part of ptEamble.
Selvam and Srikantf#] evaluated the performance of IEEE 802.11n
networks operating in presence of 802.11a/g deviceassess the
effects of the MF preamble overhead on the HT 80%2.detwork
throughput.

lll.  MIXED FORMAT IEEE802.1 N PACKET STRUCTURE

Fig. 1 shows the HT 802.11n MF packet structutee Tirst three
fields contain non-high throughput (non-HT) fielddentical to
802.11a/g amendments: the Legacy Short Trainind fle STF); the
Legacy Long Training field (L-LTF); and the LegaSignal field (L-
SIG) [5, pp. 275-278]. The L-STF has a length8fis (or 160
samples at a sample rate2ff MHzor sample period equal to50
ng), comprising ten repetitions of a short symbolhwiteriod of16
(160/1Q. The L-LTF also has a length 8fus (160 sampleat Te=50
ns), but with just two repetitions of a long symbolthwB.2 us each
(or 64 samples at=50 ng, and a cyclic prefix (CP) of.8 us (32
samples aT=50 ns)inserted to avoid inter-symbol interference (ISI)
in multipath channels. The L-LTF has a period4{160/2.5.

| Legacy Preamble | High Throughput Preamble |

| L-5TF ‘ LATF ‘ L-SIG ‘ HT-5IG ‘HT—STF‘HT—LTF

DATA ‘

Sus Sus dus Bus dus’ dus

Fig. 1. Mixed format (MF) packet structure [5262].

The L-STF and L-LTF fields are used by 802.11a/gas to time
synchronization, AGC, frequency offset correctiond achannel
estimation, as described in section IV. The L-SH&ies information
about packet rate and length. The L-SIG consis2binformation
bits that are transmitted using binary phase-skafying (BPSK)
modulation and rate=Y2 binary convolutional code (BCC), followed

Perahia and Stacey[1, p. 72] described the schemes proposeddy interleaving [1, p. 64]. The legacy 802.11a/gides must decode
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the L-SIG to set its network allocation vector (NAWA order to
remain in the idle state during the atomic cyateetiin which an HT
device is loading the channel. The non-HT STA caly decode the
frame until this point because the next fields HE ones. A full
description of HT fields is out of scope of thisppa and can be
found in [1, p.70].

The CS applied on the transmitted OFDM sym&(®) over a
OFDM symbol lengthr is given by [5, p. 275]

s(t —Tcs), 0<t<T+HT,

ol Teollreseo = o100y g Tt T (1)

Table | shows the values of the cyclic shifiss defined in the
IEEE 802.11n standard [5, p.276], whexgy is the number of
transmitting antennas.

TABLE |
CYCLIC SHIFTS FOR THELEGACY PORTION OF THEMF PREAMBLE
Ny Tes (ns) Tes (ns) Tes (ns) Tes (ns)
Tx chain 1 Tx chain 2 Tx chain 3 Tx chain 4
1 0
2 0 -200 e
3 0 -100 -200 -
4 0 -50 -100 -150

SYMBOL SYNCHRONIZATION TECHNIQUESFOR OFDM

Time synchronization is the procedure of acquiting time when
each OFDM symbol start and end. We shall descriinee t
synchronization algorithms based on the 802.1ladsta since, as
we have emphasized, the main objective of this pap® assess the
capability of legacy 802.11a devices to detectltflG field (see
Fig. 1) transmitted by HT 802.11n devices. Tab#hdws the major
characteristics of IEEE 802.11a standard.

TABLE Il
IEEE802.11a SySTEM PARAMETERS.
Parameter Symbol Value
Channel Bandwidth w 20 MHz
Sampling Period Te 50 ns
Channel Subcarriers / FFT length Ngpr 64
Data Subcarriers Niata 48
Pilot Subcarriers Nyitot 4
Subcarrier Spacing Ap= W/Ngpr 312.5 kHz
Symbol Period T = 1/Ap+CP 3.2 us+800ns= 4 us

Fig. 2 depicts the 802.11a preamble [6], whereSh€& and LTF
fields have the same characteristics of the cooredipg legacy fields
shown in Fig. 1, except that now they are trangaitising just one
antenna (i.e., the CSD scheme is not used). Itaa/stthe ten short
symbols, indicated by S1-S10 and the two long sysjid and L2,
with the cyclic prefix CP.

| STF LTF |

Ss

|51|52|53|S4

S&|ST|SB‘SB|S1U cP ‘ L1 | L2 |

Sus Sus
Fig. 2. The IEEE 802.11a preamble.

Considering that the packet has a random start given byt;,
then the normalized time offset is [7, p.20]

6 =1, 2)

In this paper only integers valuestofire assumed, since fractional
shifts would require an upsampled (i.e., more tB&nMsamples)s
synchronization scheme, i.e., a highly demandimgpmgdational and
power consumption load. The synchronization objectis to
estimatef. Fig. 3 shows a packet and three possible syncrabon
regions for the second received OFDM symbol, whetes the
difference between the estima@and the corred.

For A > 0 and A8 < —16, it results in ISI and inter-carrier
interference (ICI) since samples from the next @vimus symbol,
respectively, are used in the discrete Fouriersfram (DFT) of the
received symbol.

| CR1 ‘ Sym kol 1 ‘ Cp2 ‘ Symbd 2

————
FA= 16 61

o)
AB=0: deal OFT window
Af=0: 151

Fig. 3. DFT window position for three synchronieatregions.

‘ CP3 ‘ Symbol 3

Assuming no ISl and ICI, the DFT of received sigsaliven by

Ry = DTF{s[n — AB]} = Sj,e /2mka6/Nrrr, @)

Eq. (3) shows that a lack of perfect time synckration originates
a linear phase offset that is not constant fosatticarriers. However,
this phase offset can be compensated by the chawpellization
using the channel estimation results from LTF, lmotigh phase

estimation using pilot subcarriers. The maximurerable time offset
is given by [7]

NFFT
|AB| < 280" (4)
where Ap is the distance of the subcarriers used in thesgha
estimation. In the 802.11a, the distance among eaehthe four
pilots is Ap =14, therefordAf8| < 2.28.

A. Auto-Correlation Symbol Timing Synchronization

The synchronization timé@ can be estimated by searching the
maximum argument of the maximum normalized cori@a{MNC)
metricmN¢ [8]:

~ 2
0 = max,(mMN¢) = maxn( il 2) ) (5)
(®n-N)

The auto-correlation of received signghtnth sample is defined as

Cn = TE0 Tati TnoN+is (6)
where the parameté¥ is equal to or multiple of signal period, ahd
is equal to or multiple ofN. The L-STF has a period &6, while the
L-LTF has a period 084.

Eq. (5) shows that the MNC criteria use the remgipower in the
correlation window (see Eg. 7) to normalize therelation result in
order to diminish its dependence with the recepeder.

Pn-nNn = Zfz_ol |rn—N+i|2- (7)
Fig. 4 shows a simplified block diagram of the caobrrelation
synchronization scheme, given by (5).

rn

Comelator

PowierSum

Fig. 4. Block diagram of the auto-correlation syraetization scheme.

Assuming no noise, the maximum value at the catweloutput is
given by
¥ = Lo?,

8
wherecs? is the received signal power. The average powethef
received waveform at receiver input is given by

o2 = ”L—" )

Therefore, the maximum value of/N¢ is equal to 1 when there is
no noise.

Figures 5a and 5b shows the MNC metric for AWGNncteh with
signal-to-noise ratio of 10 dB and 0 dB, respectiveig. 5¢ shows
the MNC metric for a Rayleigh selective Rayleigh fadithannel
with a root mean square (RMS) delay spread of 208nasSNR of
10 dB The period of L-STF idN=16. Hence, using £144 allow
obtaining a single peak that indicates the start DF since it is
accumulate® (L/N) L-STF. Notice that the frame has an initial delay
of 500 samplesnd, therefore the peak occurs at sanggi@ (500+
number of STF samples
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Fig. 5. MNC metric signal witiN=16 andL=144: (a) AWGN channel with
SNR=10 dB (b) AWGN with SNR=0 dBand (c) selective Rayleigh fading
with RMS delay spread of 200 ns aBNR=10 dB
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B. Cross-Correlation Symbol Timing Synchronization

The synchronization timé can be estimated by searching the
maximum argument of metraS¢ [9, p. 61]:
dn|?
Pn+ps) ’
The cross-correlation of received sigmal and the pre-defined
preamblesis defined as
T

dn n+i Sis
where the parameteris the length of signa

Eq. (10) shows that the cross-correlatynis normalized by sum
of the received waveform powey, (see Eq. 7 witiN=0) with the
power of the reference stored sigpain order to avoid dependence
with the received power.

Fig. 6 depicts a block diagram of cross-corretaggnchronization

scheme.
d )
A B
Py I
D

Fig. 6. Block diagram of the cross-correlationdymonization scheme.

6 = max,(m&%) = maxn( (10)

(11)

Cross-Correlator

A synchronization scheme based on cross-corralateguires
three steps to acquire symbol synchronizationt,Rirs necessary to
implement a packet detector, since the cross-atival is a
demanding numerical operation that must not beaetil the time to
save power. The detector is a simple auto-corcglagiven Eq. (5)
with N = 16 and L = 16, resulting in a plateau during the reception
of STF (see Fig. 7a). Once the correlator signalthe arriving of a
new packet, then a cross-correlation between theakand a stored
short symbol is performed. The result of crossalation is 10
(160/16 peaks indicating the position of each short syimhs the
stored signal has only=16 samples, then cross-correlation metric is
very susceptible to noise and fading. Thereforthira step uses the
LTF preamble to get the fine symbol synchronizatidhe cross-
correlation metric uses one long symbol as stoigoh resulting in
two peaks that estimate the position of each Iyngosl.

Fig. 7 shows the three steps of cross-correlatoar AWGN
channel and selective Rayleigh fading channels. fifsecolumn is
the detector signal, indicating a presence of &etacThe second
column is the cross-correlation of the signal vilie L-STF (notice
the 10 peaks) and the last one is the correlatidntive stored L-LTF
(notice the 2 peaks).

C.Auto-Correlation Versus Cross-Correlation Schemes

The auto-correlation scheme presents a lesser datigpu load
since it can be computed recursively (see Equat®iiy. On the
other hand, it uses a delay linelsf144 samples instead of a delay

(a) 0-5 .‘"Mq kl\ 'J LA JL L’
. “—.‘_‘" \M_ fj ‘J UJ J. p\ \J lll"m‘ ’iﬂﬂ'\ﬁrl
(b) 05 R
. art M"x,‘ 5 ’W‘JU 'w ‘JIF%LW Ww Wn‘
T e A wl bbbt

Dlscrete Tlme
Fig. 7. The three steps of cross-correlation schiem@) AWGN channel with
SNR=10 dB (b) AWGN with SNR=0 dBand (c) selective Rayleigh fading
with RMS delay spread @00 nsandSNR=10 dB

of information since the received signal shoulcdtbeelated with the
convolution of the reference signal and channeluissipe response.
Comparing Figures 5c with 7c, we can see that aomelkation
suffers just a small degradation with fading.

For AWGN channels, the correlation with a clearetl preamble
makes the cross-correlation scheme more immuneditivae noise in
relation to the auto-correlation scheme, as we eaR when
comparing Fig. 5b and Fig. 7b folS&’NR=0 dB

V.

A. Simulation Model

We have been developing a PHY and MAC cross-layétEIE
802.11n [5] simulator using *C and MatLab. The simulator also
implements the IEEE 802.11a amendment [6].

The transmitter module follows the 802.11n staddareating a
baseband signal sent in each antenna. This cotitrbhas focused
on IEEE 802.11n and 802.11a compatibility issudser&fore, the
transmitted packet is generated until the L-SIGifias described in
Section 111

The simulations are performed over AWGN, flat fagiRayleigh
and frequency selective Task Group n (TGn) MIMOrutes [10].
The TGn models are a set of statistical based iNnNOMO models,
where each model refers to a given environmensclass assumed
an underspread fading channel, i.e., the fadirgpistant during the
transmission of whole packet. The simulator caro asld the
following impairments to the received signal: samgpl offset,
frequency offset, and phase noise. However, in ghizer we focus
only on time synchronization due to space condsain

The legacy 802.11a receiver implements the chagstéhation in
the frequency domain using the L-LTF as followsekth subcarrier
of Ith received L-LTF symbol in frequency domain is giv®n

Rig = HiLyge + Wi, (12)
whereH, denotes the channel responsekitrOFDM subcarrierl
is thelth L-LTF symbol. The AWGN fokth subcarrier alth symbol
is denoted by, .

The L-LTF (see Fig. 2) has two symbols. Therefire,first step to
estimate the channel is to perform an average &f bgmbols to
reduce the deleterious noise effect. Finally, gmannel can be
estimated by

Ry k+Rok
Hy = 2( Lk )
The correlation among adjacent carriers is utlite improve the

channel estimation in low delay spread channels:
aHy_i+bHy+aHy,q

Hy = T,

FIRSTORDERANALYTICAL RESULTS

(13)

(14

line of L=16 samplesused by the cross-correlation scheme. Fig. 7ayhere the welghts values are found heuristicallpugh simulation,

shows that the cross-correlation scheme presentssegere
performance degradation in multipath fading chasnghce the
received waveform is correlated with a “clear” stbrpreamble,
resulting in loss of information. Notice that ingltase there is a loss

resulting ina = 1 andb = 2.

It is used a zero forcing (ZF) equalization at eschcarrier of the
L-SIG field. Finally, a hard decision Viterbi decrds used to detect
the information carried on the L-SIG field.
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B. Analytical Model for L-SIG Error Rate
Assuming that the convolutional code is decodechgudnard-
decision Viterbi decoder, then (15) models the phility of
incorrectly selecting a path when the Hamming distad is even
[11]. The used notation emphasizes the dependeh&y with the
effective received SNR per coded symiohnd thePHY mode nfl,
p.64]. The average raw bit error rate (BER) at theei decoder
input for thePHY mode nmodulation scheme is denoted sy
Parerm) =2(72) P20 = )% + T s, oA (1 = o).

k=5+1

(15)

Considering the BCC 802.11a generator polynomigds(133)%
and g;=(171)%, with code ratea=1/2 and constraint lengtk=7 [6,
p.16], then the union bound on the probability etading error is
given by

Pe(yc' m) = 11P10(yc' m) + 38P12(y01m) + 193P14(y01m)' (16)

When the errors inside of the decoder are depénttemPursley

and Taipale have shown that the upper bound for a successful

transmission of a frame withbits is given by [12]

s@y.m) <[1-P(y,m) . 7
For a block-fading channel (or underspread chantie upper
bound can be modified to [11]

S(Lyom) <y [1=R(rom)] pOrdy. (18)
where the lower limit of the definite integral is clem so that

[1 — Pe(]/c, m)]l <1 for Ve Z Ying- (29)

Considering Nakagami-m fadingchannel diversity with L
independent branches with the same average regeoweelr, then the
probability distribution function (pdf) of the SNRep bit at the
detector input is Gamma kind [11]

1 mn Lmn Lmp—1 mnVvy\

p(v) = e (E) (yp)E™ =t exp (— ?) if y>0,mn=>0.5, (20)
where m, is the Nakagami-m fading figureni=1 for Rayleigh),
¥. denotes the average SNR per coded symbol at thebVitecoder
input.

It has been assumed hard decision of BPSK symtiws, the raw
BER for thek-th OFDM subcarrier at decoder input is given by

Pr = Q(\/ ZVC), (21)
where the effective SNR per symbol is given by
E, T N 1
Ye = N_: e (T+Tprefix) ' Ndam":;]rpilot ' N_TX (22)

It is used the following notation in (21 is the energy per biby,
is one-side noise spectral densify.=800 nsis the cyclic prefix
length;T, Nppr, Ngarq @ndNy;;,, are given in Table I1.

VI. NUMERICAL RESULTS

In this section we shall show analytical and siriafaresults for
the L-SIG decoding error assuming no frequencyedffislowever, it
is analyzed the effects of non-ideal symbol synotzation scheme
over AWGN, flat and frequency selective Rayleigtifig channels.
In all simulations, it is used a legacy 802.11a@eieer with just one
antenna, and an HT 802.11n transmitter with theb®mrmof antennas
varying from1 to 4.

Fig. 8 shows the L-SIG error rate as function BRSper bit. It is
assumed a legacy 802.11a receiver withfect synchronizationver
an AWGN channel. It is shown results with and withaZF
equalization, parameterized by the number of tréttisign antennas.
For Nry=1 the channel equalization inserts a small degradath the
performance since the channel is AWGN. Howevercame see that
if the ZF equalization is not implemented, thenr¢hés a strong
degradation (proportional to the number of tranngtantennas) on
the L-SIG decoding error when it is used more tbae transmitting

antenna. Notice that for the ZF receiver the L-8r€r rate presents
similar results for M=3 andNx=4 antennas, with the last one being
a slight better. Notice that fdrantennas the maximum CS applied is
lower than for3 antennas (see Table I). Therefore, as CSD is
observed at the receiver input as a multipath, thene is a worst
performance for larger cyclic shifts. Hereafter, stall only present
results with ZF receiver since we have concludedsistem does not
work properly without channel correction even in 8N channels
when it is implemented the CSD transmitting scheme.

1? ? —h—§ + 4
NS
% n.m: \ \\ ‘\‘\

NN T

0.001 =
J Zero Forcing a without Corretion L\i
1O Hn=1 @ No=1
4 O mm=2 —h— Nn=2
4 O Mn=3 —— Np=3
—O— Mn=4 —4— Nn=4

0.0001 === T i
a 2 4 [ 8 E:/DNQ 12 14 156 18 20

Fig. 8. L-SIG error rate versus SNR per bit over @MW/ channel using a

receiver withperfect synchronization

Fig. 9 shows the L-SIG error rate as a functio®NR per bit over
an AWGN channel. There is an excellent agreemerttvdsm
analytical and simulation results for perfect syoclization with just
one transmitting antenna. AssumiNg=1 and a packet loss rate of
1%, we have verified a degradation of approximatelyB (2 dB) for
auto-correlation (cross-correlation) synchronizatstheme. We can
see that the error rate increases as the anteonasen increase. For
both synchronization schemes, the L-SIG decodingrerate is
worse with N,=3 than with Nx=4 since as a greater delay is applied
for N, =3, as explained earlier.

Fig. 9 also shows that there is a catastrophigadizgion on the
system performance when it is used a cross-cooelat
synchronization scheme wifl,=3. As mentioned in Section IV, the
cross-correlation is very sensible to multipathnéte forN,=3 the
channel is observed at receiver as multipath cHamitle resolution
of three paths. This divides the power of the datien in three
peaks, with lower amplitudes that make difficultttee detector to
identify the peaks with confidence. Rdfy=4 this phenomenon does
not occur due to the smaller CS, which is not sigffit to spread
significantly the power of correlation peaks.

Auto-Correlation
Scheme

=0~ Nre=1 [
~fy= N =2
~0 =3
O Hx=4

Cross-Correlation

1 Scheme B
—@— Ny =1
—h— Ny =2

L-SIG Error
o
)
=]

0.001

Perfect Synch.
Mo =1 L \
0.0001 S e . .

L
asd

a 2 4 6 8 12 14 16 18 20

10
Eu/Np
Fig. 9. L-SIG error rate versus SNR per bit over @W/channel.

Fig. 10 shows the L-SIG error rate as a functibrSNR per bit
over a flat fading Rayleigh channel. We can see filraN,=1 the

simulation results are in agreement with the araytupper bound,
which was derived assuming perfect synchronizatiothis case, we
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can also notice a similar performance for auto emugs-correlation
synchronization schemes. The L-SIG error ratkecreases
substantiallywhen the number of transmitter antennas incredses.
occurs because the CSD scheme jointly with inteigptransforms

Notice that differently from the channel simulatgd=ig. 11, the TGn
channel model presents spatial correlation amorg ttansmitted
antennas. Finally, it is noticed for the L-SIG deicg error of1%

practically the same performance is obtained whenused the auto-

a flat fading channel into an observable frequesadgctive channel
at detector input. For the autorrelation scheme the best result is
achieved with Ny=4. With the cross-correlation scheme the
performance for N=3 and Nx=4 are almost identical until a SNR

correlation synchronization scheme with one, twthoee antennas.
13 e —

0.1

S

vy

of 14 dB where the performance with four antennas degrddeso
the self-interference. Finally, notice that thecacorrelation scheme
allows a better performance than the cross-comelascheme,
independent of the number of transmitting anteramasSNR per bit.

1

0.1

Auto-Carrelation
Scheme

-~ Nm=1
Me=2
Nex=3
N =4

—fy—
-0~
-

L-SIG Error
o
=

Cross-Correlation
Scheme
0.001 Mr=1

= Analytcal
Upper Bound
—— Nm=1

- Nm=2

Joe

H H H A
0.0001 T T T T T T T T
1] 2 4 6 8 10 12 14 16 18 20

Es/Na

Fig. 10. L-SIG error rate vs SNR per bit overat fading Rayleigh channel.

Fig. 11 shows the L-SIG error rate as a functiorSbiR per bit
over a Rayleigh frequency selective channel witheaponential
power delay profile and a RMS delay spread @ ns(i.e., it models
large office environments) and channel resolutién50 ns It is
noticed again that the use a HT transmitter with C8Bws an
improvement on performance of the legacy 802.1taiver when it
is used an auto-correlation synchronization schefgain, the
performance is degraded when it is used a crossiation
synchronization scheme due to the cross-correlaifahe received
signal with a reference signal without channelinfation.

1 T T

. S

P

o1

Auto-Carrelation

oot ~A— N

L-SIG Error

] B

Crass-Correlation
Scheme

0.001

EYRT.

zz=zz

1/ttt

)
|
m

0.0001

T T T T ‘I T
12 14 16 18 20

a} 2

10
E/No
Fig. 11. L-SIG error rate versus SINR over a fretpyeselective Rayleigh
channel with an exponential power delay profile dethy spread of 100 ns.

Finally, we present results for the TGn channel ehdH’, which
have a minimum tap separationidf ns while the transmitted signal

hasa sampling period 050 ns.Thus, the signal is upsampled by a

factor of 5 at channel input to perform the convolution witret
channel response. The result is downsampled witheseate at
channel output, so the receptor uses the origipstesn sampling
frequency o020 MHz
Fig. 12 shows the L-SIG error rate for the frequyeselectiveTGn

channel model ‘E which has a RMS delay spread &Qlns Notice
that the now CSD technique degrades the performémceoth the
cross-correlation and auto-correlation synchrommat schemes.

Auto-Correlation

Scheme

O Nn=1
= N =2

0.01 O~ Np =3

= Ny =4

L-SIG Error

Cross-Correlation
Scheme
0.001

: m

0.0001 §———— R e T
1] 2 4 6 8 12 14 16 18 20

10
EpfNp
Fig. 12. L-SIG error rate versus SINR over a TGarctel model ‘E’.

VI - CONCLUSIONS

We analyzed the performance using analytical amauaition
tools of two major synchronization schemes (i.atpacorrelation
and cross-correlation) in order to investigate thackward
compatibility of legacy 802.11a devices operatimg §02.11n
networks. It was shown results for AWGN, flat fagliRayleig,
Rayleigh frequency selective with exponential podelay profile
and TGn ‘E’ channel models. We concluded that thto-a
correlation synchronization scheme presents a ®irper
performance in relation to the cross-correlatiohesce and it
allows the backward compatibility between IEEE 802 HT
transmitter with CSD technique and legacy 802.1le¢givers.
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