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SUMMARY We consider methods to locate sync words in
packet or frame transmission over the additive white Gaussian
noise channel. Our starting point is the maximization of the prob-
ability of correctly locating the sync word. We extend Massey’s
original result to the specific synchronization problem, where the
sync word is prefixed to the data stream and each packet is pre-
ceded by idle transmission or additive white Gaussian noise. We
give simulation results for several interesting sync words such as
Barker sequences of length 7 and 13 and a sync word of length 17
with good cross-correlation properties. One of the conclusions
is that the newly derived formula for the probability of correctly
locating the sync word enables the reduction of the false sync
detection probability.
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1. Introduction

In communication systems, where data packets are
transmitted continuously the sender inserts a sync word
at the beginning of each packet. This allows the receiver
to determine the location of the packets in the detector
output sequence by searching for the sync word using a
correlator as a pattern recognizer. For AWGN channels,
we first derive the optimum decision rule for the detec-
tion of the sync words, where, as indicated in[1], the
random data surrounding the sync word has to be taken
into account. Each packet, of fixed length N, starts with
a sync word copcy ...cp—; of length L, followed by the
data sequence dy...dy_p_1 of length N — L. We as-
sume that the data bits d; are statistically independent
random variables satisfying Pr[d; =—1] = Pr[d;=+1] =
%. At the receiver side, a span of N consecutive out-
puts p = pops -..pn—1 from the detector is considered,
where p; = +E; + n;, and E, denotes the signal en-
ergy per symbol. Without loss of generality we choose
E; = 1 in the remaining of the paper. The compo-
nents n; are independent zero-mean Gaussian random
variables with variance 02 = N,/2. The optimum deci-
sion rule maximizes the probability of correctly locat-
ing the sync word, which is equivalent to choosing, as
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an estimate of the correct synchronization position m,
0 £ m < N, the value y which maximizes

p(plm=p) - Prim=y]
p(p)

Prlm=yu|p] = :
where p(x) denotes the density function of the random
variable x. We assume that there is no synchroniza-
tion information available from previous packets, i.e.,
Prjm = p] = 1/N. The received components follow-
ing the sync word are statistically independent from the
synchronization word and thus, using Bayes rule, the
optimum rule for locating the sync word is obtained by
maximizing

plolm =p) _ plPuputs - - purL—1|m = p)
P(P) P(Puﬂuﬂ ces pu+L—1)

For AWGN channels, this equation is simplified, and
the constant terms which do not contribute to the deci-
sion rule are left out. The decision variable Pp to be
used becomes

Ll o o—(pitu—ci)®/20*

Po(u) = H

im0 PD(PHM)
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where

Pplp;) = e=(Pi=D?/20% 4 o=(pit1)?* /207

denotes the likelihood term for the random data part.

Although the derivation of Py is different from that
given by Massey [ 1], the result is the same. The advan-
tage of our approach is that we are able to extend the
result to one-shot or burst transmission.

Another common rule, often used because of its
simplicity, is the correlation rule, for AWGN channels
defined as the maximization of

L-1
Po(u) = [T erenee/e”. @)
1

For burst transmission we consider packets of length
N, consisting of a sync word of length L, followed by a
data word of length N — L. In the burst mode, packets
are generated with a small probability of occurrence.
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The packets are surrounded by additive white Gaussian
noise with zero mean and variance o2. The synchronizer
calculates for each possible packet starting position p
the a posteriori probability

"o plplm = p) N —
Po=""py Frim=#

Since all starting positions are equally likely, we leave
out Pr[m = u] and obtain for p = 0 the modified deci-
sion variable
P = plpo...pL-1lm=0)-plpr...pn-1|m = 0)
B p(pop1---pN-1)

L-1 2 . N-1 1
~(pi—ci)* /20" ZPn(p:
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where P; is the probability that a certain received sym-
bol is part of a transmitted packet. For small Py, we
reduce Py for an arbitrary starting position u to

L-1 N-1
Pp(p) = H ePituci/o® H (e/’iw/az + e—pi+u/02).
=0 i=L

(3)

Hence, we have a normal correlation term multiplied
with a correction term that depends on the entire re-
ceived packet. At incorrect sync positions, the received
values outside the packet do not contribute to Pg. It has
been verified by simulations that this has a big impact
on the false sync probability for short sync words.

To give an impression of both correlation rules Pc
and Pp, packets of length 42 have been transmitted over
an AWGN channel for which the signal-to-noise ratio
(SNR) is equal to 0 dB. The packet occurrence prob-
ability is Pp = 0.01. Each packet contains the Barker
sequence 1110010 of length 7, followed by 35 data bits.
Figures | and 2 show the correlation P-(u) and the
corresponding optimal correlation Pg(u) for the first
1000 time instants. Packets occur at times 76, 162, 258,
301, 354, 646, and 700. One clearly sees the influence
of using the received signal energy.

For practical implementations we need a detection
method using a threshold. In Sect.2 we consider the im-
plementation of the detection rules, and derive bounds
on the performance. In Sect. 3 we discuss the transmis-
sion of packets in burst mode, where packets have a
small probability of occurrence. We give simulation re-
sults and comparisons with the classical correlation rule
Pec.

2. Implementation of the Detection Rules

We describe a practical detection method based on FPg
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Fig. 1 Correlation Pc(p), where 0 < p < 1000, for packets of
length 42 and sync word 1110010 of length 7 at a signal-to-noise
ratio of 0dB.
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Fig. 2 Correlation Pg(u), where 0 < p < 1000, for packets of

length 42 and sync word 1110010 of length 7 at a signal-to-noise
ratio of 0dB.

and Ppg, respectively. We assume packets of length N to
be transmitted over an AWGN channel. Every packet
contains a fixed prefix or sync word of length L fol-
lowed by N — L information bits. We use sync words
which have good autocorrelation properties, in particu-
lar Barker sequences[5]. As in[4], we do not consider
bit-stuffing, or precoding [6], and thus allow single or
multiple occurrences of the sync word within the pack-
ets. For the ordinary correlation based on P¢, we adopt
the following detection method. For every possible syn-
chronization time instant u we calculate

L-1
Lo(w) =) pivw - cie )
=0

If Lc(p) = Te, we synchronize at position p. The
value of T, a predefined threshold, will be discussed
later. The following N — 1 positions are discarded as
possible packet starting positions. Fixing this specific
sync position for N time instants is necessary, because
the sync word may occur within the packets.

The detection method based on Pg is described as
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follows. For every possible synchronization time instant
u and threshold Tg, we calculate

-1 N-1
Lp(u) = Z Pitp - Ci+o’-In H 2 cosh(piy ).
1=0 i=L

(5)

If Lg(u) = T, we assume correct synchronization un-
less for the N —1 following time instants a higher value
of Lg occurs. We then assume correct synchronization
for this latter position. For the detection methods based
on Po and Pp we assume that packets are separated by
at least V or L idle transmissions, respectively. This
assumption simplifies the performance calculations.

The performance of both methods can be expressed
by the false detection rate and the undetected sync rate.
The false detection rate is defined as the fraction of po-
sitions erroneously detected as being correct. The un-
detected sync rate is defined as the fraction of correct
sync positions that are not detected as such.

We first consider the detection method based on
FPc. During idle periods, the probability Pr[Lo(u) =
Tc] is equal to the probability that the sum of L in-
dependent Gaussian distributed random variables, each
with mean 0 and variance o2, exceeds the threshold T¢.
For Tc = L /2, we may bound Pr[Lc(p) 2 To] as

PelLoln) 2 L2 < exp (=53 ) (6)

For the detection method based on Po, an unde-
tected synchronization error at time p occurs whenever
Le(p) < Te or whenever Lo(p—i) 2 Te, 0 <4 < N.
We then exclude the correct sync position as a possible
candidate for synchronization.

For the correct sync position, the expected value
for Lc(r) = L and the probability Pr[Le(w) < L/2] is
thus equal to the probability that the sum of L indepen-
dent Gaussian distributed random variables, each with
mean 0 and variance o2, exceeds L/2. For 0 < i < L,
Lo(pe — i) depends on the structure of the sync word.
For sync words with an aperiodic autocorrelation of the
form

L—j—1

Y el =0

=0

for0< j <L, (7

(6) remains valid. The Barker sequences, well-known
for having the best autocorrelation properties, are very
close to this condition. For L £ i < N, we may use (6)
to bound Pr[L¢c(p — i) 2 L/2).

With respect to the undetected sync rate, the op-
timum value of threshold T for high signal-to-noise
ratios is L/2.

For the method based on Ppg, the false detection
rate can be estimated using the Chernoff bounding tech-
nique. We only consider idle periods for the false de-
tection rate, since the packet occurrence probability is
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very low. During idle periods, (5) can be written as

L-1
Lp(p) = Zni_,_u + o2
1=0

N-1

. Z ln(e"ni+u/°'2 + eni+u/‘72)
i=L
N-1
< Y sl + 03(N = L) In(2).
i=0

Hence, during idle periods,
Pr[Lp(p) = Ts]

N-1
<Pr KZ [nitul + 0*(N - L) 1n(2)> 2Tp

=0

®)

Using the Chernoff bounding technique, we obtain for
small values of o2,

Pr{Lp () 2 Ts] < exp (—%) , )

where Tg — N/2 when 02 — 0. For our simulations,
the value of threshold T’s is set to N/2. Comparing (9)
and (6), we conclude that the gain in signal-to-noise
ratio for the false detection rate is 10log;o(/N/L) dB.
This can also be observed from the simulation results
as presented in Figs.5, 7, 9. For the detection method
based on Ppg, an undetected sync error occurs when-
ever for the correct sync position u, Lg(y) < Tg, or
Lp(p—1i) 2 Lp(p) 2 Tg, 0 < |i| < N. Obviously, the
undetected sync error rate decreases when we decrease
the threshold Tg. For the correct sync position,

L-1
Lp(p) = L+ Z Mitp * Ci
=0
N-1
+0’2 . Z h’l (e_pi+u/‘72 + epi+u/02)
i=L

L-1 N-1
> L+ Z"HH'Q"'Z |Pitpl (10)
=0 =L

For a threshold T = N/2 it can be shown that for the
correct sync position

Pr[Lg(u) < N/2] < exp (_8%\:5)' (n

The above analysis does not include the computation
of Pr{Lp(p —14) 2 Lg(p)|Lp(p) 2 Tg), 0 < |i| < N
for the method based on Pg in the correct sync posi-
tion. This probablity depends on the structure of the
data and the sync word. Probability Pr[Lg(u — i) =
Lp(p)|Le(p) 2 Tg], 0 < |i| < N is the dominant term
in the undetected sync rate. Inspection of Lg() shows
that for high SNR, for 0 < |i| < N, the smallest average
value
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min E[Lp(p) - Lp(p—-19)]2L-1,
o<li|l<N
when the sync word is a Barker sequence and p is the
correct sync position. As an example, for u = 0, and
L =17, the value

Lp(0) — Lg(—1) = L + 2n, — 2ny

+ 2n5 — 2ng + nn_1,
for high SNR. Since

Pr[Lp(p —1) = Lp(p)|Lp(p) = Ts]

<Pr[Lp(u) — Lp(p—1) <0], 0<|[i]| <N,

the undetected sync rate for AWGN decreases negative
exponentially with L as exp(—(L —1)/80?). The differ-
ence in the undetected sync rate for L =7 and L = 13
is about 3dB, see also Fig. 10.

In the next section we give the simulation results
for both detection methods.

3. Simulation Results

We simulated packet transmission with embedded sync
words of different length. We considered two differ-
ent simulations. The first simulation method divides
transmission into blocks of length N = 256, where each
block contains a packet (including the sync word) pre-
fixed and suffixed by 256 idle transmissions, i.e., AWGN
only. A sync error occurs if the correct sync position
does not give the maximum value for Pp, see Fig. 3.
The simulation results are shown for a Barker sequence
of length 13 and a particular sequence of length 17 with
good cross-correlation properties. We compare the nor-
mal correlation rule based on P with the rule based
on Pg. The rule based on Pgp clearly outperforms the
correlation rule based on P..

In Fig.4 we give the false acquisition probability
for a Barker sync word of length 13 for several lengths
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Fig. 3 False acquisition probability for packets of length
N = 256 with sync words of length 13 and 17 using rule Po
(solid lines) and Pp (dashed lines). Each packet is prefixed and
suffixed by 256 idle transmissions.
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of the packet. With increasing packet length, we have an
increasing false sync probability, caused by the occur-
rence of the sync word within the data. We observe that
the rule based on Pg is not sensitive to packet length
variations.

To further investigate the performance of the syn-
chronization rule, we simulated the transmission of
packets of a fixed length and with probability Pp of
a packet start after an idle transmission slot.

The results are given in Figs.5-10. In Fig.5 and
Fig.7, we show the number of incorrectly detected pack-
ets in the case where 10,000 packets of different length
were transmitted with packet occurrence probability
Pp = 0.001 using sync words of length 7 and 13, re-
spectively. From Fig. 7, we see that the performance for
the method based on Pc is much worse than the perfor-
mance of the method based on Pg. The gain in SNR
varies from 1dB for N = 26 to 5dB for N = 91. From
(9) and (6), we expect a gain of 10 log,,(7) = 8.45dB
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Fig. 4 False acquisition probability for packets of length 32,
64, and 96, and sync word 1111100110101 of length 13 using
rule P (dashed lines) and Pgp (dotted lines). Each packet is
prefixed and suffixed by 128 idle transmissions.
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Fig. 5 Number of incorrectly detected packets using rule Po
(dotted lines) and Pg (dashed lines) in the case where 10,000
packets of length N = 28,42, 91 with sync word 1110010 of length

7 were transmitted with packet probability Pp = 0.001.
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Fig. 6 Number of correctly detected packets using rule Pc (dot-

ted lines) and Py (dashed lines) in the case where 10,000 packets

of length N = 28, 42,91 with sync word 1110010 of length 7 were

transmitted with packet probability Pp = 0.001.
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Fig. 7 Number of incorrectly detected packets using rule Pc
(dotted lines) and Pg (dashed lines) in the case where 10,000
packets of length N = 26,52,91 with sync word 1111100110101
of length 13 were transmitted with packet probability Pp = 0.001.
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Fig.8 Number of correctly detected packets using rule Pc (dot-
ted lines) and Pg (dashed lines) in the case where 10,000 packets
of length N = 26,52,91 with sync word 1111100110101 of length

13 were transmitted with packet probability Pp = 0.001.
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Fig. 9 Number of incorrectly detected packets using rule
Pc (dotted lines) and Py (dashed lines) in the case where
10,000 packets of length N = 91 with sync word 1110010 and
1111100110101 of lengths 7 and 13 were transmitted with packet
probability Pp = 0.001.
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Fig. 10 Number of correctly detected packets using rule Pc
(dotted lines) and Pp (dashed lines) in the case where 10,000
packets of length N = 91 with sync word 1110010 and
1111100110101 of lengths 7 and 13 were transmitted with packet
probability Pp = 0.001.

for N = 91. We see a dependency for rule based on
Pg on the block length N as predicted by (9). By in-
creasing the block length NV, the number of incorrectly
detected packets is reduced.

In Fig.9 we fix the blocklength NV = 91 and vary
the length of the sync word. The dependency of L for
the rule based on P is in agreement with the bound as
described by (6). Note that rule based on Pg is indepen-
dent from the length of the sync word. The difference
between the curves for L =7 and L = 13 is about 2dB
and thus in agreement with (6).

In Fig. 6 and Fig. 8 we give the number of correctly
detected packets in the case where 10,000 packets of dif-
ferent length were transmitted with packet occurrence
probability 0.001 and sync words of length 7 and 13,
respectively. For the detection method based on Fc,
performance gets worse as the block length increases.
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This is caused by the fact that more candidates may
give a value of Lo () above the threshold L/2 and thus
exclude the correct sync position. One also clearly ob-
serves that for the method based on Pg, the block length
hardly influences the performance. In Fig. 10, we see
that for the undetected sync rate the dependency of L is
dominant. The difference between the curves for L =7
and 13 is about 2dB.

4. Conclusion

We consider a method to allocate sync words in packet
or frame transmission over the AWGN channel. We
extend the method originally developed by Massey to
the one-shot synchronization problem where the sync
word is prefixed to the data stream and the packet is
surrounded by idle transmissions. We give simulation
results for several interesting sync words such as Barker
sequences of length 7 and 13. The simulation results
show that the extended rule makes the false sync prob-
ability almost independent of the packet length. The
latter fact is of advantage for short sync words. Fur-
thermore, it was verified by simulation that the newly
derived rule significantly improves on the ordinary cor-
relation rule.
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