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Abstract — The timing-synchronization performance of
IEEE 802.11a wireless LANs on multipath Rician fading
channels is investigated. Simulation results yield the
following observations. A higher Rician factor gives a
better performance. At low signal-to-noise conditions, the
multipath-diversity gain enables an improvement in the
synchronization performance but at high signal-to-noise
conditions, irreducible probabilities of synchronization
failure, which cannot be reduced even if the signal power
is increased, occur. A more dispersive channel gives a
poorer  synchronization performance, and the
performance is poor for Rayleigh-fading environments.

[. INTRODUCTION

IEEE 802.11a wireless LANs [1] support packetized data
transmission at a high rate up to 54Mbps. Before the data can
be demodulated, the receiver needs to time-synchronize at the
received data packet. Synchronization is accomplished by
using the correlation technique to detect the time location of a
known pilot symbol in the data packet.

Wireless LANs are usually operated inside buildings and
it is known that indoor radio channels are characterized by
the presence of multipath fading. In IEEE 802.11a wireless
LANSs, orthogonal frequency division multiplexing (OFDM)
is used. The use of OFDM is advantageous because
intersymbol interference (ISI) caused by the multipath spread
can be removed in data demodulation by discarding the cyclic
prefix, provided it is longer than the delay spread. A cyclic
prefix of 800ns is inserted into every data-carrying OFDM
symbol so that a delay spread up to 800ns can be tolerated.
Since the delay spread of an indoor radio channel is typically
around 200ns [2], this length of cyclic prefix is generally
sufficient. On the other hand, the effect of multipath fading
on the timing-synchronization performance of IEEE 802.11a
wireless LANs is less well-understood. By analyzing the
correlation property of the pilot OFDM symbol, it can be
shown that multipath components with delays greater than
50ns become resolvable during the correlation process of
timing synchronization. The resolvable components are
independently faded so that diversity combining is possible
and the synchronization performance can be enhanced.
However, ISI is also introduced, causing a negative impact on
the synchronization performance. Notice that when the
correct synchronization point cannot be established, data

8us 8us

titititititititit t|GI2 T T

t: short OFDM symbol

T: long OFDM symbol

GI2: cyclic prefix

Fig. 1. Preamble structure of an IEEE 802.11a data
packet.

carried in the OFDM symbols cannot be demodulated. The
consequence of synchronization failure is the need to
retransmit data packets even if the OFDM symbol structure is
indeed able to tolerate the delay spread of the situation under
consideration. It follows that the probability of
synchronization failure is an important factor in the
determination of the wireless-LAN performance.

Although there have been many works, such as [3]-[6],
concerning synchronization aspects of OFDM systems, these
works are specific to the proposed systems therein and cannot
provide insights into the synchronization performance of
IEEE 802.11a wireless LANs. In this paper, we investigate
the timing-synchronization performance of IEEE 802.11a
wireless LANs operating on multipath Rician fading
channels. Measurement results have shown that multipath
Rician fading is appropriate to model the characteristic of
indoor radio channels [7]-[9]. The synchronization
performance is investigated by means of simulation. The
simulation model is given in Section II. Numerical results
are presented in Section III. Section IV concludes the paper.

II. TIMING-SYNCHRONIZATION MODEL

A 16ps preamble having a structure shown in Fig. 1 is
inserted at the beginning of each data packet. The preamble
is divided into two subpreambles. The first one consists of
ten identical, short OFDM symbols each having a length of
800ns. The second one comprises two long OFDM symbols
each of length 3.2us preceded by a 1.6pus cyclic prefix. It is
required to detect the end of the first subpreamble. This time
reference enables the receiver to locate the time instant in the
second subpreamble at which the FFT window for frequency-
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offset compensation begins, and also the starting point of the
FFT time window for data demodulation in the rest of the
packet. To detect the end of the first subpreamble, the
receiver can correlate the received signal with the short
OFDM symbol. The presence of a correlation peak indicates
that the first subpreamble has not passed while the absence of
an expected correlation peak is an indication that the current
time position is at 800ns in the second subpreamble. A
sliding correlator is required and a sampling rate of 20MHz,
suggested [1], is used. Note that a large frequency offset may
be present during correlation. It is required that the deviation
of the transmitted-signal center frequency is within £20ppm
[1]. If the receiver oscillator also has a frequency uncertainty
of +20ppm and the operating frequency is SGHz. The
frequency offset is within £200kHz.

The OFDM signal specified in the standard [1]
comprises 52 subcarriers numbered from —26 to +26 with no
signal transmission at the zeroth subcarrier. The complex
envelope of the preamble, (1), is given by [1]

s(t)=ﬁ>x{ f B 7" o, T,)
k=—26

26 .
+ cheIZIZkAf(t—Tpl_TGIZ)V\('I;)l, -|;J1+ 1’-)2)} (1)
k=—26

where (a) Ty = 8us and T, = 8us are the lengths of the first

and second subpreambles, respectively, (b) T, = 1.6us is
the length of the cyclic prefix of the second subpreamble, (c)
w(t,t,) is the raised-cosine window detailed in [1], (d) P is
the signal power, (¢) A; = 312.5kHz is the subcarrier

spacing, and (f) B, = 52_]/2$< and C, = 52_]/2Lk are pilot
symbols used to generate the short and long OFDM symbols,
respectively, wherein S, and L, are detailed in [1]. We
mention that By = C; =0, and B, =0 for k not a multiple of

4. The signal is transmitted through a multipath Rician
fading channel. Since the signal is bandlimited, it is known
that the channel can be modeled by a tapped delay-line model
[10, pp. 795]. The channel impulse response, h(t), is given
by

h(t)= A&?S()+> o, d5( ¢ ) 2
=0
where (a) A and ¢ are the deterministic gain and random
phase, respectively, of the direct path, (b) &, and &, are the
gain and phase of the /¢th faded path, modeled by,
respectively, a Rayleigh-distributed random variable with a
variance af and a uniform random variable over [0, 27), (¢)
L is the number of resolvable paths or the number of taps in
the channel model, and (d) Ty is the inverse of the signal

bandwidth. We use Ty = 50ns since the signal occupies
approximately 20MHz [1]. Note that «, and 6,, ¢ =0, 1,
..., L — 1, are statistically independent. The Rician factor,
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K, is given by K = AZ/ 2 a?. The complex envelope of
the received signal after RF filtering, r(t), is given by

rt) = n(t)+e' 7 In(ty g 9} @)

where * denotes convolution, 7(t) is the complex-Gaussian
noise, and f is the frequency offset. The noise power is
computed by %E{l )%} = NoW where N is the one-sided
noise power spectral density of additive white Gaussian noise
and W is the noise bandwidth of the RF filter. Since the
signal energy is concentrated within a bandwidth of 18MHz
[1], we consider that W = 18MHz. The received signal is
digitized at a sampling rate of 1/T,,, samples per second with
T;alm = 20MHz. The nth signal sample, r,,, is given by r,, =
r(NTegm + Tsam) Where 7, is the fractional time offset
modeled by a uniform random variable over [—%Tsam,

ITeaml. It is assumed that the correlations of noise

components in r,,’s are negligible.

A sliding correlator is used to process the received signal
samples. We denote T, = 800ns as the length of the short

OFDM symbol. The correlator output obtained at time nTg,,
+ Tgam 1S computed by

M
Ep= nz‘z‘,lrn— M+md m 0))

where M = To/Teun = 16, and g, = 320 . B, el Mk,

The synchronization procedure is as follows. The time

location of the correlation peak and its |En|2 value are

identified by searching for the maximum value of |En|2 over
the obtained correlation results. Note that selecting the
maximum |En|2 value as the correlation peak corresponds to

utilizing multipath diversity with selection combining. After
the correlation peak is located, the next Mth correlation

result is compared with the maximum value of |En|2 to

determine if another correlation peak is present. The search
for expected correlation peaks continues until an absence is
identified, in which the second subpreamble is entered. Note
that a new correlation result is generated every sampling

instant so that the maximum value of |En|2 and the
corresponding time location are regularly updated. Let g
and n; be the maximum value of |En|2 and the corresponding

time location, respectively, recorded at the ith sampling
instant but excluding the current correlation result. It follows
that 4, = max,; E, f The end of the first subpreamble is
declared at the sampling instant i — M if n — n; is a multiple
of M and

pui >[5 [ 5)

is satisfied, where £ € (0,1) is a given threshold value.
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Fig. 2. Py against Ey /N, for 7,,,¢ = (a) 50ns, (b) 100ns, (c) 150ns, and (d) 200ns. The curves for 7, = Ons are plotted for

reference.

III. SIMULATION RESULTS AND DISCUSSION

We follow the suggestion of the IEEE 802.11a
specifications [1] that the last three short OFDM symbols are
used for timing synchronization. It follows that correlation
peaks occur at n = 8M, 9M and 10M, or within a small
region. Since OFDM is rather robust to small time offsets as
a result of the inclusion of cyclic prefix (800ns) in the data
format [11], in simulation this small region was set to be
300ns in length. At n = 11M or its vicinity, the value of
|En|2 drops significantly. An event of false alarm arises

when (5) is satisfied for n = 9M or 10M or their vicinities.
A miss occurs when (5) is not satisfied for n = 11M or

around. A synchronization failure is an event where either a
false alarm or a miss occurs. In this work, we consider only
the cases that = 0.25, 0.5 and 0.75 since these choices of S

are appropriate for digital implementation of synchronization
circuits.

The channel dispersion is modeled by an exponential
function. It is assumed that the channel has a unity gain so

that A2 + Y- 3 a2 =1. We calculate A and a? by

K

A= VK1 (6)

519



and
i
K+1
where 7., is the RMS delay spread of the Rayleigh-faded

components. In the simulation, we considered that 7, <

200ns, and set L = 10. We consider that K ranges from
—o0dB to 12dB [7]-[9]. The probability of synchronization
failure, Py, was simulated against Ey,/ N, where Eg is the

(DTs g _y/r
[ e e dr @)

energy of a data symbol. The signal-to-noise ratio (SNR),
given by SNR = P/(NyW), is related to Ey/N, by SNR =
52/ (TyW) x Eyo/ Ny where Ty, = 3.2us is the duration of a
data symbol excluding the cyclic prefix. We consider the
cases that Ppy = 1072 and Prai = 10*. Each Py value was

generated by performing 10° simulation runs.

Table I lists the simulated Py values for foz € {—
210kHz, —90kHz, OkHz, 90kHz, 210kHz} and g e {0.25,
0.5, 0.75} at Eyg/Ng = 20dB, K = 6dB and 7,,, € {50ns,
100ns}. It is apparent that the choice of £ = 0.5 yields the
lowest Py among the three cases of £ under consideration.
In the rest of the paper, we consider # = 0.5. Results of
Table I also show that, for # = 0.5, the difference of Py for
different f at a given g is within a factor of three and the
variation of Py is in general not significant. Therefore, in

the investigation that follows, we consider representative
values of Py, computed by setting fy; = OkHz.

Figs. 2(a)-2(d) plot the simulated P, values against

Ey/Ng for 7,m¢ = 50ns, 100ns 150ns and 200ns |,
respectively, under different conditions of K. In each figure,
P for 7., = Ons is also plotted for reference. The

following observations are made.

1. As expected, the synchronization performance is better in
the presence of a higher Rician factor.

2. Atlow Egy/ Ny conditions (< 20dB) and K e {3dB, 6dB,
9dB, 12dB}, the Py values for multipath fading
channels (with nonzero 7,,s) are lower than those for
frequency-nonselective fading channels (7,5 = Ons). The
performance improvement is due to the multipath

diversity. At K = —oodB, the presence of multipath
diversity yields a better performance only for the case that
Tyms = J0ns.

3. At high Ey/N, conditions, the values of Py, cannot be

reduced even if the signal power is increased. It is due to
the presence of channel dispersion, which results in ISI
and leads to the occurrence of irreducible probabilities of
synchronization failure. The irreducible Ppy limits the

best synchronization performance that can be achieved for
IEEE 802.11a wireless LANs.
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TABLE 1
Pt.ii FOR DIFFERENT COMBINATIONS OF fog AND 3 AT Ey/ Ny = 20DB
AnD K =6DB.

fort s Prai for Prai for
(kHz) Tyms = S0ns Tyms = 100ns
210 0.25 1.47 x 1073 3.60 x 1073
90 0.5 2.11x10° 478 x 1073
0 025 1.53x10° 2.66 x 1073
90  0.25 138 x 1073 2.04 x 1073
210 025 231x10° 3.08 x 1073
210 0.50 4.60 x 10°7° 2.02 x 10
90  0.50 4.10 x 10°° 1.90 x 10*
0 050 3.90 x 10° 1.01 x10*
90  0.50 9.10 x 10°° 229 x107*
210 0.50 7.40 x 10°° 1.89 x 10°*
210 0.75 123x10° 6.16 x 1072
90 075 0.07 x 103 1.13x 1073
0 075 127 %1073 429 %1073
90 0.75 2.13x10° 411x10°
210 0.75 1.71 x 1072 5.00 x 102

TABLE II

MULTIPATH-DIVERSITY GAINS AT Ppyy = 1073 anp Prail = 1074,

Diversity gain (dB) at

Tyms (DS) K (dB) Pril = 103 Pril = 10

—00 NR NR
3 3.9 NR
50 6 3.6 6.3
9 1.5 2.7
12 0.9 0.9
—00 NR NR
3 NR NR

100 6 4.9 *
9 2.0 3.8
12 1.2 1.6
—o0 NR NR
3 NR NR

150 6 5.4 *
9 22 4.0
12 1.2 1.6
—00 NR NR
3 NR NR

200 6 5.8 *

9 2.3 4.1
12 1.2 1.6

NR not realizable
* estimate not reliable due to ringing of simulated data

4. By examining the irreducible Py, values under different



conditions of 7, it is apparent that a more dispersive
channel yields a poorer synchronization performance.
This result indicates that the performance improvement
due to a higher degree of multipath diversity cannot
compensate for the degradation due to more ISI.

5. It is apparent that the synchronization performance is poor
in Rayleigh-fading environments (K = —oodB). In all
cases of nonzero 7, the irreducible Py, values cannot

even be reduced to 10, The poor synchronization
performance reduces the capabilities of IEEE 802.11a
wireless LANs in applications using hand-held portable
computing devices.

Table II provides a summary on the multipath-diversity gain,
which is expressed in terms of the reduction of Ey/N, to

achieve a Py, of 102 or 10, The results show that it is not

possible to realize a multipath-diversity gain in most cases of
Tms When K = —o0dB and 3dB. It is because the irreducible

Py values are greater than 10°°. For K = 6dB, a quite

sizable multipath-diversity gain ranging from around 3.6dB
to 6.3dB can be obtained. Beyond K = 6dB, the multipath-
diversity gain decreases as K increases.

IV. CONCLUSIONS

Extensive simulation has been conducted for
investigating the timing-synchronization performance of
IEEE 802.11a wireless LANs on frequency-selective Rician
fading channels. In the investigation, f = 0.5 has been
selected. It has been found that the impact of frequency
offset is in general not significant. Simulation results lead to
the following observations. A higher Rician factor yields a
better synchronization performance. At low Ey/N,
conditions, the multipath-diversity gain enables an
improvement of the synchronization performance. However,
irreducible probabilities of synchronization failure occur at
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high Eg/N, ratios. It has also been shown that a more

dispersive channel results in a poorer synchronization
performance. In addition, the synchronization performance is
poor in a Rayleigh-fading environment.
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