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Pilotless Frame Synchronization for LDPC-Coded
Transmission Systems
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Abstract—We present a pilotless frame synchronization ap-
proach that exploits feedback from a low-density parity-check
(LDPC) code decoder. The synchronizer is based on syndrome
checks using hard decisions from the channel observations. The
bandwidth overhead associated with pilot symbols in conventional
receiver architectures is eliminated while providing sufficient
synchronization performance. An LDPC decoder coupled with
our synchronizer exhibits negligible frame error rate degradation
over a system with perfect synchronization. The complexity of the
frame synchronizer is kept relatively low due to its XOR-based
approach.
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1. INTRODUCTION

ECENT advances in iteratively decoded channel codes
Rsuch as low-density parity-check (LDPC) codes make it
possible to operate at capacity-approaching signal-to-noise-ra-
tios (SNRs). This in turn places more stringent requirements
on the frame synchronization portions of receivers, which must
successfully acquire frames at these lower SNRs. Conventional
frame synchronizers rely on the insertion of pilot symbols.
The correlation between the predefined pilot symbols and the
received signal is examined to determine the correct frame
boundary. Since similar patterns to the pilot symbols can
appear in erroneous frame boundaries and the pilot symbols
themselves are corrupted by noise, pilot symbols require a
significant portion of the bandwidth and signal energy. For
instance, the addition of a 78-bit pilot to a frame of length 1944
bits leads to a bandwidth efficiency loss of 0.17 dB.

In this paper, we show that the parity-checks inherent in
LDPC codes can provide information that can direct the estima-
tion of the frame boundary without the use of any pilot symbols.
LDPC codes are commonly represented using a bipartite graph
containing two sets of nodes. The variable nodes correspond to
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Fig. 1. Synchronizer buffer structure.

the codeword symbols and the constraint nodes represent the
constraints that the code places on the variable nodes in order
for them to form a valid codeword. The decoding procedure
involves iterative computation of values associated with these
nodes. After each decoding iteration, the metrics associated
with each constraint node can be evaluated to determine the
status of the associated parity-check. Normally, this information
is utilized only within the LDPC decoding process to assess
the convergence behavior of the iterative processing. A valid
decoded codeword is obtained if all parity-check equations are
satisfied. However, we show here that it has value in the frame
synchronization as well. It will be shown that the behavior of
the constraint nodes provides a useful metric to assess under-
lying accuracy of the frame offset estimates.

Throughout this paper, assume that the LDPC encoded
frames are modulated via binary phase shift keying (BPSK)
and perturbed by an additive white Gaussian noise (AWGN)
channel with zero mean and variance of Ny/2 where Ny is
the one-sided noise spectral density. The received signal is
buffered at the synchronizer as shown in Fig. 1, where N is the
frame size, m is the true frame offset, and M is the number
of consecutive frames used for synchronization. The task of
the frame synchronizer is to find an estimate i of m where
g € [0,N — 1]. If m = f, then frame synchronization is
achieved.

The rest of this paper is organized as follows. Section II
discusses previous work on frame synchronization. Section III
examines the constraint node behavior of LDPC codes.
Section IV describes the proposed pilotless frame synchroniza-
tion methodology that exploits the constraint node behavior.
Section V discusses hardware implementation considerations.
Section VI provides experimental results and concluding re-
marks are given in Section VIIL.

II. RELATED WORK

Pilot-based synchronization is a well-established field.
Massey [1] describes an optimal maximum-likelihood (ML)
soft-decision correlation rule for locating periodically inserted
pilot symbols within random data transmitted over an AWGN
channel with BPSK modulation, which is later extended for
M-ary symbol sets by Lui and Tan [2]. At the expense of
increased complexity, performance gains of several decibels
are observed over the conventional correlation rule. Reduced
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complexity estimations of the optimal ML rule are also given in
[1] for low and high SNRs. Nielsen [3] subsequently conducts
simulation studies on Massey’s correlation rules and demon-
strates that the high SNR estimation rule performs as well as the
optimal ML rule over a wide range of practical SNRs. Dolinar
and Cheung [4] compare the synchronization performance of
several variants of the standard correlation rule that operates
on channel observations and on decoded bits. They show that
correlators based on decoded bits are superior to those based
on channel observations if the desired operating point utilizes a
miss probability of many orders of magnitude higher than the
false alarm probability.

Previous treatments addressing code-aided frame synchro-
nization have focused on convolutional codes and turbo codes.
Lorden et al. [5] propose a synchronization algorithm for a rate
1/2 Viterbi decoder. That algorithm works on hard quantized
data in conjunction with a syndrome generator. Synchroniza-
tion is judged by monitoring the pattern of the syndromes. The
algorithm in [5] is later generalized by de Mateo [6] for rate
1/n codes. Mostofa et al. [7] embed pilot symbols within the
encoded information sequence using a turbo decoder to assist
the synchronization process. Their approach is based on the
principle that although an error in trellis termination can cause
errors in the decoded information sequence, the beginning por-
tion occupied by the pilot symbols can be decoded error-free.
Sun and Valenti [8] describe a maximum a posteriori frame syn-
chronization method for turbo-coded transmission systems. The
parity check equations of the turbo code are examined to iden-
tify the most probable start of the frame. Cassaro and Georghi-
ades [9] and Mielczarek and Svensson [10], [11] utilize the sum
(or mean) of the magnitudes of log-likelihood ratios (LLRs) of
the turbo decoder to assist frame synchronization. The rationale
is that correctly aligned frames are likely have a higher sum than
those that are unaligned.

Little work exists on LDPC code-aided frame synchro-
nization. Matsumoto and Imai [12] use a similar approach to
[9]-[11] in which the mean of the LLR magnitudes of the vari-
able nodes is examined after an LDPC decoding iteration. While
this approach provides good synchronization performance, it
requires that a full LDPC decoding iteration to be performed for
every possible frame offset candidate. Wymeersch et al. [13],
[14] perform maximum-likelihood (ML) code-aided synchro-
nization based on the expectation-maximum (EM) algorithm.
In order to avoid the local maximum convergence problem of
the EM algorithm, the authors propose a discrete EM method
which locates the global maximum via an exhaustive search.
The correct frame offset is found by correlating the received
symbols (channel observations) against the LDPC decoded
soft symbols. Similarly to [12], this approach has the downside
of the need for LDPC decoding iterations. In contrast to the
methods above, we exploit information available from the
constraint nodes of the LDPC code. Thus, instead of doing a
full LDPC iteration, we utilize hard decisions of the received
symbols to compute the parity-check equations for each con-
straint node, thereby limiting the majority of the computations
to simple XOR operations.

Some earlier aspects of this work were presented in [15]. The
present paper presents substantial new results on this topic, in-
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Fig. 2. Variation of fraction of satisfied constraints when using the original
codeword and when the codeword is XORed with a PN sequence. (a) Original
codeword. (b) Codeword XORed with a PN sequence.

cluding improved treatment for masking out undesirable proper-
ties of quasi-cyclic LDPC codes, the introduction of several new
synchronization strategies, detailed analysis of constraint node
behavior, examination of different LDPC codes, and a compre-
hensive set of results.

III. CONSTRAINT NODE BEHAVIOR

The (1944,972) quasi-cyclic irregular LDPC code proposed
for the IEEE 802.11n standard [16] is used. The code has 810
degree-7 and 162 degree-8 constraint nodes. Fig. 2(a) shows the
variation of the fraction of satisfied constraints with the frame
offset ;. No noise is added, M is set to one, and Fy. which
determines the fraction of the constraints to be examined is set
to one as well (i.e., all 972 constraints are examined). The true
frame offset m is at u = 1028. The quasi-cyclic nature of the
code yields ramps around m. The (1944,972) code examined
in the figure has a quasi-cyclic periodicity (circulant size) of
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81. The width of the ramp between offsets that yield a fraction
of satisfied constraints near 50% is similar to the underlying
circulant size of the code. This is clearly an undesirable property
for a frame offset discriminator.

We are aware of at least two strategies that eliminate these
ramps: 1) permute the intracirculant symbols of each codeword
or 2) XOR the codeword with a frame-aligned pseudorandom
noise (PN) sequence. Again, the (144,972) code considered in
Fig. 2(a) uses size 81 circulant permutation matrices. Hence,
the codeword can be permuted in groups of 81 bits to remove
the ramps. An alternative and a more economical approach to
implementing codeword permutation leverages a PN sequence.
Many standards specify that symbols be multiplied by a random
sequence prior to modulation so that dense symbol-phase tran-
sitions are likely to occur in the transmitted waveform. Given a
PN sequence, z, that restarts at each codeword boundary, then
(c+2)H = zH = S, the syndrome of the PN sequence, where
c is the codeword and H is the parity-check matrix. At the re-
ceiver, constraint nodes should satisfy S rather than 0. Fig. 2(b)
shows the variation of the fraction of satisfied constraints when
the codeword is XORed with a PN sequence. Ramps are no
longer observed since constraint S does not provide graceful
degradation for shifts of size 81 or less (as is the case for unal-
tered codewords constrained against S = 0).

Fig. 3 shows the variation of the fraction of satisfied con-
straints with the frame offset u at /Ny = 3 dB and E, /Ny =
1 dB respectively where Ej, is the energy per bit. Both M and
Fy. are set to one. The true frame offset m in both plots is at
1 = 1028. Fig. 3(a) shows that at a high SNR, when p # 1028
(i.e., unsynchronized) around half of the constraints are satis-
fied, and when ;1 = 1028 (i.e., synchronized) there is a clear
peak. In a synchronization strategy that returns the offset which
gives the largest number of satisfied constraints as the estimate
i1, a true positive would be achieved. At a lower SNR however,
as shown in Fig. 3(b), the variable nodes are heavily corrupted
by noise, making it difficult to distinguish between correct and
incorrect frame offsets. The synchronization strategy would fail,
returning a false positive offset estimate of ;i = 1764.

In order to characterize the performance of synchronization
strategies such as the one discussed above, we need to obtain
pdfs of the fraction of satisfied constraints for the cases when the
frame is unsynchronized and when the frame is synchronized
(i.e., when i # m and ji = m). The probability of a bit error
for the binary symmetric channel is

2F,
p=Q< N0> (M

where () is the complementary cumulative normal distribution
function and F; is the energy per symbol. The probability that
a constraint node of degree d,. is not satisfied is given by
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Fig. 3. Variation of fraction of satisfied constraints with z at different SNRs.
(a) E, /Ny = 3 dB. (b) E,/No = 1dB.

The probability that a random constraint node is not satisfied is
given by

c,max

d
Y=Y nP, 3)

Jj=dc,min

where dc min and dc max are the minimum and maximum con-
straint node degrees, and p; is the constraint node degree distri-
bution of the code. Using the equations above, the probability
of k satisfied constraints from a set of V. constraint nodes can
be derived

Py, = <]Z> (L=t e, “

A potential problem with (4) is that it assumes that the vari-
able nodes connected to the constraint nodes are independent of
one another. This implies that no two constraints share the same
variable node, i.e., all variable nodes are degree-1.
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Fig. 4. Simulated and derived pdfs of fraction of satisfied constraints for un-
synchronized and synchronized cases.

Fig. 4 compares the pdfs obtained through simulation and the
pdf derived using (4) for M = 1 and M = 2 where as noted ear-
lier M is the number of frames used for synchronization. SNRs
are given in Fy /Ny where Ey, /Ny = E;/Ny — 10log,q R, R
being the code rate. When M = 2, there is a smaller common
region between the unsynchronized and synchronized pdfs, po-
tentially improving synchronization performance. For unsyn-
chronized cases, the derived pdf is able to match the simulated
pdf. When unsynchronized, the variable nodes are practically
random bits [y = 0.5 in (3)]; hence the degree of overlapping
does not play a role.

In the synchronized cases, however, we see large disparities
between the derived and simulated pdfs; they share the same
mean, but the variances of the simulated pdfs are considerably
larger. This can be explained by observing when an error in a
single variable affects multiple constraints (as in the simulated
pdf) larger variances naturally occur.

An additional and perhaps initially counterintuitive effect oc-
curs with variation in channel SNR, in which decreasing SNRs
yield smaller pdf variances. We explain this by noting that in the
limit of very low SNR, synchronized and unsynchronized pdfs
tend to the same (unsynchronized) distribution. The distribution
of this pdf is narrow because most input blocks appear equally
noisy, i.e., there is little variation in how different input blocks
affect check equations. Higher channel SNRs, however, permit
some cases where a large percentage of variables (and hence
checks) are correct as well as abnormally noisy cases (relative
to the operating SNR) that tend to drive to number of satisfied
checks down toward the 50% level.

Interdependence of variables on a given set of checks is rather
difficult to model due to code-specific irregularities; hence we
use the simulated pdfs for the rest of this paper. Nevertheless, as
aresult of (4), we know that in order to achieve the best synchro-
nization performance, one should: 1) minimize the overlap (re-
duces variance of synchronized pdf); 2) maximize the number
of constraints N, (reduces variance of unsynchronized and syn-
chronized pdfs); and 3) use small constraint node degree d.. (in-
creases mean of synchronized pdf where the mean is given by
N (1 — 7).
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Fig. 6. PDFs of fraction of satisfied constraints with different degree of
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Fig. 5 provides pdfs for the fraction of satisfied constraints for
different Fy. values and SNRs. When Fy. = 0.5, i.e., when
half of the 972 constraint nodes are examined, the variances are
notably larger, as predicted above. The unsynchronized case is
independent of SNR and has a mean of 0.5 as expected. The
mean as well as the variance of the synchronized cases increase
with SNR, also as noted above.

When Fiy. < 1.00, we can use a greedy algorithm to find the
set of constraint nodes with minimized overlaps and degrees.
For instance for F)y. = 0.11,i.e., when 107 constraint nodes are
examined, the algorithm is able to find a set of constraint nodes
that have no overlaps among them and all 107 constraints have
a degree of seven. If, as part of a test, one randomly chooses 107
constraint nodes from the pool of 972, then according to the de-
gree distribution of the code 22% of the attached variable nodes
have degree higher than one (and hence overlap). In addition,
there are 93 constraint nodes with degree-7 and 14 constraint
nodes with degree-8.

Fig. 6 compares the pdfs of the n overlapped cases and 22%
overlapped cases. When synchronized, if there are no overlaps,
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the simulated pdfs match the derived pdfs. If there are overlaps,
as seen earlier, there are differences in variances between the
two. The mean of the pdfs with no overlaps is higher than the
one with overlaps because the constraint nodes selected by the
greedy algorithm exhibit lower degrees.

IV. PILOTLESS FRAME SYNCHRONIZATION

We describe three methods for pilotless frame synchro-
nization based on the number of satisfied constraints. The
first is the threshold method which sets a threshold for the
number of satisfied constraints. If an offset equals or exceeds
this threshold, synchronization is declared. The second is the
maximum method which computes the number of satisfied
constraints for each possible offset and picks the offset that
results in the largest number of satisfied constraints. The third is
a list-based synchronizer, a computationally efficient variation
of the maximum method.

A. Threshold Method

For a given threshold # which is the sum of the number of
satisfied constraints over M frames, the threshold-based frame
synchronizer computes frame offset estimate /i as follows:

o 5
f Nrreu‘gl,u (5)

where

W:{u

C; returns the number of satisfied constraints using the set of
symbols {r;,...,7;+n—1} as variable nodes where r; is the ith
symbol of the synchronizer buffer (Fig. 1).

In a threshold-based approach, a synchronization error oc-
curs when all of the offsets are below 6 or when a false positive
(ft # m) is detected. With these two factors in mind, its frame
synchronization error rate (FSER) is given by

M-1
Z CI_L_H‘N Z 0,[1, € [O,N - 1]} .
1=0

N-1

FSER =1 — % > (1 - egM))i (1 _ egz\ff))

=0
(M)
l-¢ N
= (- =)) o

where

MN,
M = 3" p (i)
1=0
—1

4

M M) ;.
o' =3 i )
=0

pl(f) =Pk * Pk
pI(C]M) :pgwfl) * Dk

T3]

*” is a convolution operator, k € [0, 1], p is the discrete pdf of
the unsynchronized case, p; is the discrete pdf of the synchro-

nized case, et(lM) is the probability of a false positive, e,()M) is the
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probability of all offsets being below 6, and 7 is the discrete pdf
index. A small § leads to a large egM) and a small el(}M), while
the opposite is true for a large 6.

B. Maximum Method

The maximum method synchronizer computes the frame
offset estimate /i as follows:

M-1

L= 3 C iN- 7
p=arg max ; N )

Since the pdfs associated with the unsynchronized and synchro-
nized cases have overlapping regions, f could result in a false
positive ({1 # m), which is the only factor that contributes to a
synchronization error for the maximum method. The frame syn-
chronization error rate (FSER) is given as follows:

MN. N
FSER=1- Y p™ ()Y ali.j) ®)
1=0 7j=1
where
1/N-1 i1 (G "
;oA — = - (M) (- (M)
otid) =5 (Y 21) (180 @) (kgp <k>) .

C. List Method

A list-based frame synchronizer was first suggested by
Robertson [17]. It is a strategy for constraining a high-com-
plexity synchronizer to search over the I' most probable
candidates. In the first stage, the list-based synchronizer finds
the number of satisfied constraints for all offsets and selects the
best I' offset candidates. In the second stage, a more thorough
analysis is performed on the I' offsets (by increasing Fly.
and/or M) and the best one is chosen. Good synchronization
performance is obtained if the first stage is able to pull the true
offset m into the list of candidates.

V. IMPLEMENTATION CONSIDERATIONS

Fig. 7 depicts the hardware architecture for the maximum
method defined to (7). Architectures for the threshold and
list methods can be devised with slight modifications to the
one shown. The received bits are fed to a shift register from
which multioperand XOR operations are performed for each
constraint. Note that S, the syndrome of the PN sequence,
discussed in Section III is fed to each XOR block. The results
of each constraint are summed using multioperand addition to
give the number of unsatisfied constraints U. The architecture
in the figure computes the number of unsatisfied constraints
rather than the number of satisfied constraints suggested in
(7), because the multioperand XOR blocks output a zero when
satisfied. The counter supplies the address for the RAM which
holds the number of unsatisfied constraints to each offset. When
1 < M — 1[(7)], the output of the multioperand adder is added
to the corresponding location in the RAM and their sum is
written back to the same location. By using a dual-port RAM,
these two operations can be completed in a single clock cycle.
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Fig. 7. Hardware architecture for the maximum method.

When i = M — 1, however, the output of the multioperand
adder and the corresponding RAM location are added and fed
to the comparator. If the value is less than the current minimum
ming, ming and the offset index min,, are updated.

The computational burden of the synchronizer is dominated
by the XOR blocks and the multioperand adder, and hence they
will be used as a basis for complexity comparisons for the rest
of this paper. Each n-bit XOR block comprises of a tree of n — 1
XOR gates with a depth of [log, n]. The total number of XOR
operations is given by

de,max

Gxor =Ne > o,

Jj=dc min

€))

where d¢ min and dc max are the minimum and maximum con-
straint node degrees, and p; is the constraint node degree distri-
bution. The multioperand adder consists of a tree of two-input
adders, whose depth is [log,(N.)] levels with a total of N. — 1
two-input additions. Though binary additions are sufficient for
the first level, the subsequent levels require incrementally larger
additions. Knowing that a full adder requires five gates and as-
suming ripple carry additions, approximately

Mogy(N)T
Gapp = Z [—W x 5i (10)

21
i=1

gate-level operations are required. Since there are a total of NV
possible frame offsets and M frames are observed per offset,
the total number of gate-level operations for the synchronizer is
given by

Grorar. = NM(Gxor + Gapb). (11)
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Fig. 8. FSERs of the threshold method at different values of the threshold 6.
The percentages in the legend indicate 8 /N, x 100.

TABLE I
NUMBER OF FRAMES M THAT NEED TO BE ACQUIRED FOR A GIVEN FSER
AND SNR WITH THE MAXIMUM METHOD AND THE (1944,972) CODE

Ey,/No [dB]
10| 15]20(25](30
1072 || 4 | 2| 2 1 1
1074 6 | 4
106 8|5 |3 ]|2]2

FSER

For instance, when using the (1944,972) code with M = 2
and Fy. = 1.00, Grorar, = 1944 X 2 x (6966 + 9745) =
64,972,368 gate-level operations.

VI. EXPERIMENTAL RESULTS

A. Threshold Method

Fig. 8 explores the FSER performance of the threshold
method at different values of §. The FSERs are plotted using
(6). Simulations were also performed for these results, and the
resulting curves precisely match the ones shown in the figure.
The FSER performance improves with SNR, since higher SNRs
separate the unsynchronized and synchronized pdfs further as
demonstrated in Fig. 5 earlier. The best 6 for each SNR varies
due to the reasons discussed in Section IV-A. For the 6 values
considered in Fig. 8, at low SNR re§10ns, increasing 6 leads to
a rapid increase in el(,]\' while ea reduces slowly, hence the
increase in FSER. The opposite is true for high SNR regions.

B. Maximum Method

Table I shows the variation in the number of required frames
M of the maximum method at various SNRs when the FSER is
fixed. One requires more frames for low FSERs and low SNRs,
which in effect separates the synchronized and unsynchronized
pdfs by reducing their variances as shown in Fig. 4.
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Fig. 10. Synchronization error rates of rate 1/2 codes of different lengths using
the maximum method.

Fig. 9 examines FSERs of the maximum method where M is
varied from 1 to 5 and Fy. is varied from 1.00 down to 0.20.
The FSERs are plotted using (8). Like the results in Fig. 8, sim-
ulations were also performed for these results, and again, the
curves precisely match the ones in the figure. The product of M
and F'y. is one for all curves, implying that the total number of
constraints that need to be evaluated for each curve are the same.
The figure indicates that FSER improvements are obtained by
using a large M and a small F.. This is because low Fi.
values can leverage a higher weighting of independent variable
node observations through selection of constraint nodes pos-
sessing reduced overlap and degree (as discussed Section III).
Although the low Fly. cases provide better FSER performance
with the same amount of computation, their buffering require-
ments are proportionally higher at a rate dictated by M.

Fig. 10 compares the FSER performance of various rate 1/2
codes of different lengths using the maximum method. The ir-
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TABLE II
CONSTRAINT NODE DEGREE DISTRIBUTIONS OF LDPC CODES

Constraint Node Degree

Code
316 7 8 91 11 14 | 15
(1008,504), R =1/2 -1 9| 436 59 - - - -
(1944,972), R =1/2 - |- | 810 162 | - - - -
(4000,2000), R=1/2 || - | - - 1995 | 5 - - -
(1944,1296), R =2/3 || - | - - - - | 648 - -
(1944,1296), R=3/4 || - | - - - - - 405 | 81
Maximum Method, FNC =1.00
—x—(1944,972),
- % -(1944,972),

—o—(1944,1296),
- 6 - (1944,1296),
—5—(1944,1458),
1| - & - (1944,1458),

=L
o1 oo
N=N =N =

Frame Synchronization Error Rate (FSER)

1 1.5 2 2.5 3 3.5 4

E/N, [dB]

Fig. 11. Synchronization error rates of codes with rates using the maximum
method.

regular (1008,504) and (4000,2000) codes are generated via the
ACE algorithm in [18]. Their degree distributions are tabulated
in Table II. Since the FSER performance is heavily dependent
on the number of constraint nodes, the larger codes perform con-
siderably better. Though (1944,972) at M = 2 and (4000,2000)
at M = 1 require similar numbers of constraint node evalua-
tions, (1944,972) at M = 2 achieves lower FSERs primarily
due to its smaller constraint node degrees.

Fig. 11 examines the FSER performance of codes with dif-
ferent rates using the maximum method. All three codes are
from the IEEE 802.11n draft standard [16]. Codes with lower
rates have larger numbers of constraints and the constraints have
lower degrees (Table II), hence the lower FSERs.

Fig. 12 shows the frame error rates (FERs) after 20 LDPC
decoding iterations when the frame synchronizers in Fig. 11
are placed in front of an LDPC decoder. It is also important
to note that the inherent FER of the code, given a certain SNR
and number of iterations, constitutes a bound that limits the ben-
efit of investing resources on synchronization methods that have
much lower error rates (FSERs) than that of the code itself. The
figure shows that for all three codes, M = 2, is required to
approach the inherent FER performance (perfect synchroniza-
tion) of the codes. However, the FSER gives us a good base for
comparing the pure synchronization performance of different
approaches, which is somewhat masked out if only the FER as
a metric.
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Fig. 12. Synchronization error rates of codes with rates using the maximum
method.
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Fig. 13. Frame error rates when list frame synchronizers are combined with an
LDPC decoder at 20 iterations.

C. List Method

Fig. 13 examines the FERs when list-based frame synchro-
nizers are combined with a (1944,972) LDPC decoder at 20 it-
erations. The horizontal dotted line at around FER = 10~ is the
inherent FER performance of the code with perfect frame syn-
chronization. The second stage (Stage 2) is fixed at M = 2 and
Fx. = 1.00, because simulations indicated that a maximum-
based synchronizer at M = 2 and Fiy. = 1.00 is able to reach
the code performance. For each curve in the figure, the M and
F. values of the first stage (Stage 1) are varied. The six data
points of each curve indicate T = {10, 50, 100, 200, 400, 800}.
The z-axis represents the number of constraint node computa-
tions which is given by N, X (N X Mstage1 X Fve,stager + I'X
Msiage2 X Fne stage2). The figure shows that using M = 2,
Fyn. = 0.50, and I' = 100 in Stage 1 is able to approach the
code performance with minimal complexity.
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Fig. 14. Synchronization error rate comparisons of various synchronization ap-
proaches for the (1944,972) code.

D. Comparisons With Other Methods

The pilot sequences used in this section are constructed
by concatenating a length-13 Barker code [1] with optimally
searched concatenation polarities. The “Correlator” results use
the standard correlation rule which finds the estimate /i via

L-1

g max SiTi+
HE[0,N—1] Zi—o "

i = ar (12)

where L is the length of the pilot sequence and s; is the pilot
symbol. The received symbol r; can either be a soft or a hard
decision. The “Massey” results use the high SNR estimation
rule of Massey’s optimum synchronization method [1], which
is known to provide similar synchronization performance to the
more complex optimum rule in practical situations [3]. The cor-
relator computes the estimate as follows:

L—1 L—1
L =arg max SiTity — T (13)
HE[ON 1] ; it p ; | +u|

where r; is a soft value. Note that the hard decision correlator
is often chosen for practical receivers due to its low implemen-
tation complexity. When pilots are used, there is a 101log;,(1+
L/N,) dB loss where NN, is the number of variable nodes (code-
word size) due to the pilot overhead during transmission. Hence,
the use of a 52-bit, 65-bit, or 78-bit pilot for a 1944-bit frame
leads to a bandwidth efficiency loss of 0.11, 0.15, or 0.17 dB,
respectively.

Fig. 14 compares FSERs of different synchronization ap-
proaches for the (1944,972) code. LLR magnitude results
employ the approach by Matsumoto and Imai [12], while
the discrete EM results employ the approach by Wymeersch
et al. [13], [14]. Although the original work conducted by
Wymeersch et al. utilizes pilots as well as the LDPC decoder,
we use only the information from the LDPC decoder to make a
fair comparison against our approach and the LLR magnitude
approach. In order to increase synchronization performance of
the LLR magnitude and discrete EM methods, one can either
increase the number of LDPC iterations and/or M. We fix M
to one and vary the number of LDPC iterations, as this leads to
the best performance/complexity tradeoff for both methods.
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COMPLEXITY COMPARISONS BETWEEN DIFFERENT FE?I\]?HI; ];;II\IICHRONIZATION METHODS FOR THE (1944,972) CODE
Method Reference | Pilots [bits] | Memory [kilo bits] | Operations [million gates]
Correlator (Hard) [1] 78 4 2
Massey (Soft) [1] 52 63 18
LLR Magnitude: 2 LDPC Iter [12] 0 110 900
Discrete EM: 2 LDPC Iter [13], [14] 0 110 1000
Sat Cons: M = 2 (Maximum) || This Paper 0 27 65
Sat Cons: List This Paper 0 27 34

(1944,972) LDPC, Iterations = 20

Perfect Synchronization

—>— Sat Cons: M=2 (Threshold)
— % — Sat Cons: M=4 (Threshold)
—O— Sat Cons: M=1 (Maximum)
— © — Sat Cons: M=2 (Maximum)
—&— Sat Cons: List
—=A— LLR Magnitude: 1 LDPC Iter
— A — LLR Magnitude: 2 LDPC lter
—— Discrete EM: 1 LDPC Iter
— ¥ — Discrete EM: 2 LDPC lter
—&— 52-bit Pilot: Massey (Soft)
— © — 65-bit Pilot: Correlator (Soft)

& - 78-bit Pilot: Correlator (Hard)

Frame Error Rate (FER)

25 3

2
E,/N, [4B]

Fig. 15. Frame error rate comparisons of various synchronization approaches
for the (1944,972) code.

For the threshold method results, the threshold that gives the
best overall FER performance is chosen. With the threshold
methods, the frame offset estimate f; is found at ¢ = (N —
1)/2 [(6)] on average. Thus, the threshold methods are set at
M = 2 and M = 4, since their computational complexi-
ties are comparable to the maximum methods at M = 1 and
M = 2, respectively. The list synchronizer uses M = 2,
Fn. = 0.50, and T' = 100 for the first stage, and M = 2,
Fn. = 1.00 for the second stage as identified in Section VI-C.
Interestingly, the list method performs marginally better than the
maximum method at M = 2. This is because the probability
of the true offset being included in the list of 100 candidates
and being chosen from the list is higher than the probability of
finding the true offset from a pool of 1944 offsets. The figure
also shows the difference in trend between the LDPC-based and
pilot-based methods. While the reduction in FSER is exponen-
tial for the LDPC-based curves analogous to the FER behavior
of LDPC codes, the pilot-based curves show a linear reduction
behavior. While piloting methods might also exploit multiple
frames (M > 1) to achieve better performance, parameters for
the curves in Fig. 14 are chosen to minimize complexity such
that an operating point near FER = 1076,

Fig. 15 shows the frame error rates after LDPC decoding
when the frame synchronizers in Fig. 14 are combined with
an LDPC decoder at 20 iterations. Although the FSER char-
acteristics of the 52-bit Massey’s piloting method and the
78-bit hard correlator are better than the FER performance
of the code, when coupled with an LDPC decoder, their FER
performance is always inferior to the code performance due to
the inherent decibel loss of pilot-based schemes as discussed
above. The following methods are able to match the code

performance: the threshold method at M = 4, the maximum
method at M = 2, the list method using the set of parameters
identified in Section VI-C, and the LLR magnitude and the
discrete EM methods with two LDPC decoding iterations. The
figure indicates that the LDPC-based synchronization methods
are able to save several tenths of a dB compared to the best
piloting methods. Equivalently, while providing comparable
FER performance they are able to save 2.6% of the bandwidth
over the 52-bit Massey’s method and 3.8% of the bandwidth
over the 78-bit hard correlator.

Table III compares the computation and memory require-
ments of the best schemes identified in Fig. 15. The threshold
method at M = 4 is not included here, because the maximum
method at M = 2 is able to meet the code performance with
similar computational complexity while providing deterministic
throughput and half of the buffering requirements. The number
of gate-level operations are estimated using the methodology
described in Section V. For the LLR magnitude method, the
Offset-Min-BP [19] LDPC decoder implementation discussed
in [20] is assumed. We assume that the soft symbols in 52-bit
Massey, LLR magnitude, and discrete EM are represented
with 16 bits. Though the LLR magnitude and discrete EM
methods were found to meet the code performance in Fig. 15,
their complexities are much higher than those of the methods
presented here due to their needs for two full LDPC decoding
iterations. Furthermore, they may not be practical due to the
high delays associated with the LDPC decoder. While the
list-based synchronizer presented here requires around 20 times
the complexity of the 78-bit hard correlator and two times the
complexity of the 52-bit Massey’s method, it is able to eliminate
the bandwidth occupied by pilots as discussed above. There
will be many applications in which this tradeoff will be well
worth making, particularly given that the cost of computations
will continue to decrease as hardware technologies continue to
evolve, while bandwidth will always remain a limited resource.

VII. CONCLUSION

We have presented a pilotless frame synchronization scheme
that utilizes feedback from the LDPC code constraints. Exper-
imental results show that at the expense of increased computa-
tion, the bandwidth occupied by traditional piloting methods can
be eliminated while providing sufficient synchronization per-
formance. Many environments and applications would benefit
from the ability to gain increased noise resilience and/or in-
creased bandwidth at the cost of some increased receiver pro-
cessing complexity.
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