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Abstract—This paper derives and computes the probability of
synchronization failure fail for IEEE 802.11a wireless LANs
on frequency-flat Rician fading channels. For a frequency offset
within 232 kHz, it is shown that its effect on the synchro-
nization performance is minor. The ds 0 ratios required to
achieve fail = 10

3 and 10 4 are computed, where ds is the
data-symbol energy. We find that ds 0 ratios over 20 dB are
generally required for channels with Rician factors 6 dB. In
particular, ds 0 ratios that yield fail = 10

4 exceed 30 dB
for 4 dB.

Index Terms—Frequency-nonselective channel, IEEE 802.11a,
orthogonal frequency division multiplexing (OFDM), probability
of synchronization failure, Rician fading, sliding correlator, timing
synchronization, wireless local area network (LAN).

I. INTRODUCTION

I EEE 802.11a wireless local area networks (LANs) support
packetized data transmission at a high rate up to 54 Mb/s

[1]. In packetized data transmission, data symbols cannot be
demodulated if the receiver cannot establish timing synchro-
nization with the received signal. The probability of synchro-
nization failure is therefore one of the important parameters in
the determination of packet retransmission probabilities. In this
paper, we derive and compute the probability of synchroniza-
tion failure for IEEE 802.11a wireless LANs operating on fre-
quency-flat Rician fading channels. Before proceeding further,
we provide a justification on the consideration of frequency-
nonselective fading channels in the analysis.

IEEE 802.11a wireless LANs operate in the 5-GHz band with
a signal bandwidth that is about 20 MHz [1]. Usually, they are
used for communication inside buildings. In many propagation
studies, e.g., [2] and [3], the measured coherence bandwidths
of indoor channels were smaller than 20 MHz so that the chan-
nels were frequency selective. These studies considered a real-
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istic situation that the transmitter and receiver were separated
generally by a distance of more than 10 m. However, wireless
LANs can also be deployed in environments where the access
point and the mobile station are separated by a shorter distance,
e.g., inside small rooms. It is possible that the delay spread is
small and the coherence bandwidth is greater than 20 MHz.1

In [4], measurement results have shown that coherence band-
widths recorded in a university laboratory were around 40 MHz
for a correlation level of 0.5, indicating that the channels were
frequency nonselective. In [5], results measured in a residential
room have indicated that in most cases the root-mean square
(rms) delay spreads were less than 10 ns. Using the result that
the coherence bandwidth is approximately equal to the recip-
rocal of five times of the rms delay spread [6, p. 164], one can
model the channel considered in [5] as a frequency-nonselective
channel. Also notice that there is increasing interest in the use
of wireless LANs for in-home entertainment applications that
involve multimedia data distribution [7]. Thus, it is relevant to
consider frequency-nonselective fading channels in the analysis
of the synchronization performance.

Theoretical characterization for the case of frequency-nons-
elective fading channels is also useful in shortening the design
time of wireless LAN systems intended for frequency-selective
fading channels. In [8], the authors investigated the synchro-
nization performance of IEEE 802.11a wireless LANs operating
on frequency-selective Rician fading channels by simulation. It
is noted that while simulation takes a long time to yield a re-
sult on the synchronization performance, theoretical analysis for
the case of frequency-selective fading channels is very difficult,
if not impossible. Using the theoretical result of this work en-
ables system designers to initially estimate the synchronization
performance rapidly for different options of system configura-
tions at an early design stage. When a good candidate config-
uration is identified, system designers can verify its goodness
by evaluating the actual performance for frequency-selective
fading channels through simulation. We mention that one appli-
cation of the present work to speed up the design cycle was the
determination of correlator coefficients for multiplierless cor-
relators used in synchronization circuits, with an objective that
the synchronization performance was not degraded when com-
pared to that of nonmultiplierless correlators [9]. The best set of
correlator coefficients was selected based on computer search.
Since it was required to evaluate the synchronization perfor-

1Notice that the delay spread depends not only on the separation between the
access point and the mobile station but also on other factors such as the scatterer
distribution, room size, and building materials.
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mance for a large number of different combinations of corre-
lator coefficients, using the formulas derived from the present
work2instead of entirely resorting to simulation greatly reduced
the design time.

The contribution of this paper is elaborated as follows. IEEE
802.11a wireless LANs employ orthogonal frequency-division
multiplexing (OFDM) as the transmission technique. Although
timing synchronization for OFDM systems has been investi-
gated in a number of works [10]–[16], these works have only
considered correlating the received signal with a copy of itself
time delayed by a given offset. Results of these works are gen-
erally not applicable to IEEE 802.11a wireless LANs, in which
synchronization is accomplished by correlating the received
signal with a known reference waveform, which is the pilot
OFDM symbol of the preamble. OFDM timing synchronization
using pilot symbols and correlation techniques has been studied
for multipath fading channels in [17]–[19] through simulation.
The theoretical performance has been analyzed for Gaussian
channels in [20]. Since the system configurations and pilot
symbol assignments considered in these works are different
from those specified in the IEEE 802.11a specifications [1],
results therein cannot provide insights into the synchronization
performance of IEEE 802.11a wireless LANs. In this paper, a
new expression for computing the probability of synchroniza-
tion failure for IEEE 802.11a wireless LANs on frequency-flat
Rician fading channels is derived. Rician distribution is consid-
ered because it has been shown to be appropriate in modeling
the fading characteristic of indoor radio channels [21]–[23].

The rest of the paper is organized as follows. An overview
of timing-synchronization aspects for IEEE 802.11a wireless
LANs is provided in Section II. After describing the system
model in Section III, we derive the probability of synchroniza-
tion failure in Section IV. A discussion of the synchronization
performance is given in Section V. Finally, Section VI concludes
the paper.

II. TIMING SYNCHRONIZATION IN IEEE 802.11a
WIRELESS LANS

A 16- s preamble having a structure shown in Fig. 1 is in-
serted at the beginning of each data packet. The preamble is di-
vided into two subpreambles. The first one consists of ten iden-
tical short OFDM symbols each having a length of 800 ns. The
second one comprises two long OFDM symbols each of length
3.2 s preceded by a 1.6- s cyclic prefix. The first subpreamble
is used for initial detection of the signal, automatic gain control,
diversity selection, coarse frequency-offset compensation, and
timing synchronization. The second one enables channel esti-
mation and fine frequency-offset compensation.

It is known that frequency-offset estimation can be accom-
plished by performing two fast Fourier transforms (FFTs) on
the portion of signal comprising two repeated symbols and then
measuring the phase rotation [24]. Since the first subpreamble
is a repetition of identical symbols, the signal is periodic with a
period of 800 ns. The receiver can choose any 1.6- s window

2A slight modification of the formulas given in this paper was required in
order to take into account the effect of using different correlator coefficients.

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

to perform FFTs and need not know the exact timing of symbol
boundaries. On the other hand, 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 fine frequency-offset compensation begins. 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 800 ns in the
second subpreamble. A sliding correlator, which produces cor-
relation results at a rate equal to the rate of incoming signal sam-
ples, is required because the receiver needs to perform rapid syn-
chronization in a short time. A sampling rate of 20 MHz is rec-
ommended in the digital implementation of the correlator.3This
sampling rate is suggested in [1] originally for the convenience
in the implementation of OFDM demodulators.

Notice that in the specifications [1] only a duration of three
short OFDM symbols (3 800 ns) is allocated for performing
both coarse frequency-offset compensation and timing synchro-
nization. As frequency-offset compensation requires a time of
two OFDM symbols [24] plus computation time for offset cal-
culation, it does not appear practical to perform timing synchro-
nization after the received signal is frequency-offset compen-
sated. It follows that both processes are simultaneously carried
out. A large frequency offset may be present during correlation.
It is required that the deviation of the transmitted-signal center
frequency is within 20 ppm [1]. Assume that the receiver os-
cillator also has a frequency uncertainty of 20 ppm and that
the operating frequency is 5.8 GHz [1]. The frequency offset is
within 232 kHz.

III. SYNCHRONIZATION MODEL

The OFDM signal specified in the standard [1] comprises 52
subcarriers numbered from 26 to 26 with no signal trans-
mission at the zeroth subcarrier. All subcarriers are utilized to
generate the long OFDM symbol. For the short one, transmis-
sion is confined to the subcarriers whose numbers are multiples

3Note that the correlator only needs to perform 16 multiplications to pro-
duce a correlation result every 50 ns. The implementation complexity involved
is generally not demanding, and the use of a sliding correlator for timing syn-
chronization is realistic.
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of four, so that only 12 subcarriers are used. The complex enve-
lope of the preamble is given by [1]

(1)

where s and s are the lengths of the first and
second subpreambles, respectively, s is the length
of the cyclic prefix of the second subpreamble, is the
rectangular window with unity gain over time to , is the
signal power, kHz is the subcarrier spacing, and

and are pilot symbols used
to generate the short and long OFDM symbols, respectively.
and are detailed in [1, pp. 12–13]. We mention that

and for not a multiple of four. The signal
model given by (1) is slightly different from the one specified
in the standard [1] in that raised-cosine windows rather than
rectangular ones should be used. The assumption of rectangular
windows is to simplify analysis. Raised-cosine windows were
used in the simulation to verify the analytical result.

The complex envelope of the received signal after RF filtering
is given by

(2)

where is the filtered complex-Gaussian noise, is the
frequency offset, and is a complex path gain of the frequency-
nonselective Rician fading channel. The noise power is com-
puted by

(3)

where is the one-sided noise power spectral density of
additive white Gaussian noise (AWGN) and is the noise
bandwidth of the RF filter. Since the signal energy is concen-
trated within a bandwidth of 18 MHz [1], we consider that

MHz. Let

(4)

Assume that the channel is of unity gain. The probability density
function of is given by [25, ch. 2-1-4]

(5)

where is the Rician factor of the channel. The received signal
is digitized at a sampling rate of samples per second
with MHz. The th signal sample is given by

(6)

where is the fractional time offset modeled by a uniform
random variable over . This fractional
time offset is a result of asynchronism between the sampling
clock and the received signal. It is possible that the noise com-
ponents of s are correlated where the correlation depends on
the frequency response of the RF filter and the sampling rate.

In the present work, since the filter bandwidth is approximately
20 MHz and the sampling rate is also 20 MHz, we make a rea-
sonable assumption that this correlation is negligible.

A sliding correlator is used to process the received signal sam-
ples. We denote ns as the length of the short OFDM
symbol. The correlator output obtained at time is
computed by

(7)

where

(8)

is the number of signal samples involved in correlation, and the
weights

(9)

constitute a short OFDM symbol. The synchronization proce-
dure is as follows. The time location of the correlation peak
and its value are identified by searching for the maximum
value of over the obtained correlation results. After the
correlation peak is located, the next th correlation result is
compared with the maximum value of to determine if an-
other correlation peak is present. The search for expected cor-
relation 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 and the corresponding time location are regu-
larly updated. Let and be the maximum value of
and the corresponding time location, respectively, recorded at
the th sampling instant but excluding the current correlation
result. They are given by

(10)

and

(11)

The end of the first subpreamble is declared at the sampling
instant if is a multiple of and

(12)

is satisfied, where is a given threshold value.

IV. PROBABILITY OF SYNCHRONIZATION FAILURE

In practical receivers, signal samples that can be used to
compute valid correlation results are available only after the
amplifier gain of the automatic gain control (AGC) circuit is
settled. In this paper, we follow the suggestion of the specifica-
tions [1] that the first seven short OFDM symbols are allocated
for the settling of AGC amplifier gain, while the last three are
used for timing synchronization. Implicitly, it is required that
the receiver can roughly locate the end time of the seventh short
OFDM symbol. This requirement can be fulfilled, in general,
as the receiver can usually detect the arrival of signal (i.e.,
initial detection of the signal) within a small, bounded delay.
Since signal samples that can be used to compute correlation
results roughly start from the eighth short OFDM symbol, it is
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expected that correlation peaks occur at and .
In practice, however, the locations of correlation peaks are not
deterministic. They may shift from these expected locations
due to the presence of noise (which magnifies its effect on
the peak locations if the channel is in deep fade), the possible
presence of fractional sampling-time offset , and the fre-
quency offset , etc. The nondeterministic nature of the peak
locations makes the analysis of the timing-synchronization
performance intractable. To make the analysis possible, we
assume that the peak locations are deterministic and occur only
at and . It follows that the derived result only
yields an approximation to the synchronization performance.
The closeness of this approximation to the actual performance
will be checked by simulation. At , the value of

drops significantly. An event of false alarm arises when
(12) is satisfied for or . A miss occurs when (12)
is not satisfied for . A synchronization failure is an
event where either a false alarm or a miss occurs.

Expanding (6) by (2) and substituting the resultant expression
into (7) yields

(13)

where

(14)

(15)

and4 s, , are independent, zero-mean, cir-
cularly symmetric complex-Gaussian random variables with
variance

(16)

In (16), the signal-to-noise ratio (SNR) is computed by
, and

(17)

4In the derivation, we make use of the facts that 4� T = 1 and B = 0

for k not a multiple of four.

For , the second subpreamble has a minor contribution
to . We ignore this minor contribution in the derivation of
(13) in order to keep the expression of consistent with
those of and .

The probability of false alarm in a single comparison
is defined as the probability that (or

). The probability of miss is the proba-
bility that . It is difficult to characterize

and since , given by (10), is continuously
updated. However, since is the maximum of correlator
outputs’ magnitude-square values that have been obtained
before time , we can approximate by the magnitude square
of a correlation peak. Justification of this approximation will
be done by checking the analytical result with simulation.
Conditioned on and , the probability of false alarm in a
single comparison and the probability of miss
are given by

(18)

(19)

respectively, where , and are independent
zero-mean complex-Gaussian random variables with variance

. It is desirable to express and as a
function of where is the data-
symbol energy, with s being the duration of a data
symbol excluding the cyclic prefix. Let

(20)

Also, let . Equations (18) and (19) can be expressed
as

(21)

and

(22)

respectively. It is recognized that

(23)

(24)

where denotes “follows the distribution of” and
is the doubly noncentral distribution with 2,2
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degrees of freedom and noncentrality parameters [26].
It is known that [27]

(25)

where is Marcum’s function and is the modified
Bessel function of the first kind and order zero. Applying (23)
and (24) to (21) and (22), respectively, and making use of the re-
sult of (25), we obtain closed-form expressions of
and , in which is related to by (4). The proba-
bility of synchronization failure is, hence, given by

(26)

where

(27)

The term is the probability that false
alarm occurs at or . Note that in deriving (27), we
make use of the fact that a miss cannot occur at if
there is already a false alarm at or . Numerical com-
putation of the double integration in (26) can be accomplished
by a two-fold application of Simpson’s rule.

V. NUMERICAL RESULTS AND DISCUSSION

In most wireless LAN applications, access points and data
terminal equipments are stationary. Measurement results have
shown that the temporal variation of the signal fits a Rician
distribution with a Rician factor ranging from 6 to 12 dB in
one set of results [21] and from 3 to 7 dB in another mea-
surement [23]. Recently, there is growing interest in the use of
hand-held computing devices such as personal digital assistants.
Using hand-held portable devices for communications in wire-
less LANs results in more severe fading. The spatial variation
of the signal is primarily Rayleigh distributed or weakly Rician
[22], [28]. Although the aforementioned results on spatial and
temporal variations are specific to particular measurement sites
and signal frequencies, the measured Rician factors serve as ref-
erence values for the present work. In this paper, we focus on the
cases where the Rician factors are from to 12 dB.

A. Comparison With Simulation Results

Simulation was performed based on the synchronization
model detailed in Section III. In the generation of each sim-
ulated value, 10 simulation runs were performed. In
each run, we first generated a sequence of signal samples
wherein the fractional time offset , the complex path gain
, and the complex-Gaussian noise samples

were randomly generated according to their distribution func-
tions. The frequency offset was fixed. Since the starting
point of the timing-synchronization process is roughly at the
end of the seventh short OFDM symbol (Section IV), was
generated beginning from where is the uncer-

TABLE I
COMPUTED AND SIMULATED P VALUES FOR COMBINATIONS OF

f AND � AT E =N = 20 dB AND K = 6 dB

tainty in the starting point. To model this uncertainty, one needs
a statistical distribution of , which varies for different receiver
implementations and is usually not available. Here, we consider
a simple case that this uncertainty is within sampling
instants and is uniformly distributed over . In each
simulation run, was randomly generated according to this
distribution. After was generated, was computed
by (7) and the synchronization procedure was performed. A
synchronization failure was obtained if the declared time (in
seconds) of the end of the first subpreamble was outside the
range 8 s 100 ns, wherein 8 s is the length of the first
subpreamble and a tolerance of 100 ns is sufficiently large to
cover the time offset introduced by . The simulated
value is compared with the one calculated by (26).

Table I lists the computed and simulated values for
kHz and

at dB and dB. For and ,
the results indicate that the value of predicted by (26)
agrees with the simulated one with a percentage error less than
25%, showing that the accuracy of (26) in predicting can
be considered acceptable. It is also apparent that the error of

estimated by (26) grows larger in the case of
and the difference between the computed and simulated values
is a factor of two to three. Despite this, it will soon be evident
that the value of that is of practical significance is around 0.3,
so that one can still use (26) to predict with acceptable
accuracy. The accuracy for different fading conditions is also
confirmed by the results shown in Fig. 2, which plots the com-
puted and simulated values of against for
kHz and under the fading conditions
dB. It is apparent that the computed values are close to
the simulated ones for dB and dB. Although the
results are a little bit off for dB, the accuracy is still
acceptable.

B. Optimal Threshold Value

Fig. 3 plots the values against different choices
of for dB dB, and

kHz. The optimal value of that mini-
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Fig. 2. Computed and simulated results of P (f = 0 kHz and � = 0:3).

Fig. 3. P versus different choices of the threshold value �.

mizes in all cases is . This value of was used to
generate the numerical results for the rest of paper.

C. Effects of Frequency Offset

The range of frequency offset we consider here is 232 kHz.
Fig. 4 plots the against kHz for

dB . For illustrative purpose, we consider
dB. Although not shown here, it is also found that

similar curves appear for other values. It is apparent
that the difference of values over the range of frequency
offset is rather small. The presence of frequency offset has only

Fig. 4. Synchronization performance in the presence of frequency offset
(E =N = 10 dB).

Fig. 5. Probability of synchronization failure for different Rician factors K .

a minor effect on . Therefore, kHz was assumed
in the evaluation of for the rest of paper.

D. Different Fading Conditions

In delay-insensitive data transmission such as file transfer,
a loss of packets results in the need for retransmission so that
its effect is to reduce the system throughput. The consequence
of packet loss is more severe for multimedia data transmission,
which is of growing importance in wireless LAN applications
due to the popularity of the Internet. A packet loss rate of 1%
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TABLE II
REQUIRED E =N TO ACHIEVE P = 10 AND P = 10

is generally considered the upper limit above which video and
voice qualities become unacceptable [29], [30]. Since the prob-
ability of synchronization failure is a lower bound of the packet
loss rate, we focus our attention to the cases that
and .5

Fig. 5 plots the against for
dB . The curve for Gaussian

channels ( dB) is also plotted for reference. As ex-
pected, a higher Rician factor results in better synchronization
performance. Table II lists the values of required to
achieve and at different fading
conditions. It is noted that relatively high values over
20 dB are generally required when dB. In particular, the
required values for achieving exceed 30
dB in the presence of Rayleigh or weakly Rician fading (
dB), which arises when portable computing devices are used.
A higher transmission power, which is undesirable for portable
devices where power saving is an important consideration, is
therefore required.

VI. CONCLUSION

We have derived the probability of synchronization failure
for IEEE 802.11a wireless LANs on frequency-nonselective Ri-
cian fading channels. Based on numerical results, we have found
that the optimal threshold value that minimizes is

. Computed results have indicated that for a frequency offset
within the range 232 kHz, its effect on the synchronization
performance is minor. We have also studied the impacts of dif-
ferent fading conditions on . The values required
to achieve given s have also been quantified. High
values are generally required for fading conditions with low
Rician factors.
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5Although the packet loss rate is certainly more appropriate than the prob-
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