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ABSTRACT
This paper describes how to locate and remove periodically inserted preamble and ASM bit fields
in the presence of the phase ambiguity caused by decision-directed PLLs used in most telemetry
demodulators. The phase ambiguity is resolved by correlating rotated or delayed versions of the
data with a stored template of the preamble and ASM bits. A finite state machine in conjunction
with a FIFO is used to remove the preamble and ASM bits from the output bit stream.
INTRODUCTION
There has recently been interest in periodic insertion of the iNET preamble and ASM fields in
serial streaming telemetry [1, 2, 3]. Often, the periodically inserted preamble and ASM fields are
used for estimating transmission parameters required for optimal detection. Figure 1 illustrates the
data stream’s structure. The preamble is 128 bits and the ASM is 64 bits as defined in [4]. In this
paper, we consider the case where the preamble and ASM pair (192 bits total) is inserted every
6144 bits as shown.
Estimators based on the preamble/ASM bits are data-aided estimators as described in [1].
The data that is “aiding” the estimator is the received signal corresponding to the preamble and
ASM bits. Because data-aided estimators use the preamble/ASM bits to compute the estimate,
demodulators based on data-aided estimators know the location of the preamble/ASM bits in the
received signal and remove the preamble/ASM bits from the output. This is in contrast to the
estimators used by traditional demodulators which are based on decision-directed phase-lock loops
(PLLs). Because traditional demodulators do not depend on periodically inserted preamble/ASM
bits for synchronization, traditional demodulators do not take advantage of the presence of these

Figure 1: Data structure.
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bits in performing synchronization tasks. Consequently, traditional demodulators, as currently
constituted, do not remove the preamble/ASM bits from the output.
This poses a problem for side-by-side comparisons of the two kinds of demodulators. For
example, to perform a bit error rate test comparison between the two, it is necessary to remove the
preamble/ASM bits from the traditional demodulator output. The location of the preamble/ASM
bits in the demodulator output is found by correlating the bit stream with a locally stored copy of
the preamble/ASM bits and comparing the correlation to a threshold. The correlation cn is given
by
Lp −1
X
cn =
dn+t ⊕ pt
(1)
t=0

where ⊕ is the XNOR operator defined by
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and where dn ∈ {0, 1} is the input bit stream, pt ∈ {0, 1} is the locally stored copy of the combined
preamble and ASM bit fields, and Lp = 192 is the number of bits in the combined preamble and
ASM bit fields.
The main complication associated with removing the preamble/ASM is identifying the location
of the preamble/ASM in the presence of phase ambiguities. Because of the rotational symmetries
of SOQPSK-TG, decision-directed PLLs can lock in one of four lock states [5]. The usual approach
for dealing with this phase ambiguity is to use differential encoding [6, Appendix M]. But because
data-aided estimators do not possess phase ambiguities, there is no need to differentially encode
the data bits. Consequently, the preamble/ASM remover must be capable of identifying the start
of the preamble/ASM in the presence of an unknown lock state.
The remainder of the paper is organized as follows. In the next section, the problem of using
the correlation (1) to find the preamble/ASM in the presence of a phase ambiguity is described.
In the sections that follow, the FPGA circuits used to perform the tasks required to remove the
preamble/ASM bits are described. The last section summarizes the work. In the text that follows,
the combination of the iNET preamble and ASM fields are referred to as the “preamble”.
SOQPSK-TG AND SYNCHRONIZATION AMBIGUITIES
Most SOQPSK demodulators in use in aeronautical telemetry use decision-directed PLLs for symbol timing and carrier phase synchronization. One of the characteristics of decision-directed loops
is phase ambiguity [5]. Phase ambiguity is best understood using the SOQPSK I/Q constellation
shown in Figure 2. The PLLs lock when the four constellation points are arranged in the center of
each quadrant as shown. There are four possibilities: the PLLs could lock with the constellation
points in the position shown in Figure 1. The PLLs could lock with the constellation points rotated
by 90 degrees [6, Appendix M]. In this case, the constellation point corresponding to the bit pair
2

Figure 2: I & Q constellation. From [6], Appendix A, Figure A-15

11 is in the second quadrant, the constellation point corresponding to 01 is in the third quadrant,
and so on. Similarly the PLLs could lock with the constellation points rotated by 180 degrees
or 270 degrees. The usual approach for dealing with phase ambiguity is differential encoding [6,
Appendix M].
The phase ambiguity poses a problem for the preamble detector described in the introduction.
This problem is illustrated by the following examples.
Example 1 Consider the case where the data stream is
01010010110011010000001011001101
where the bold case bits represent the periodically inserted preamble. Correlating this data stream
with the preamble [see Equation (1) with Lp = 8] gives the sequence shown in Figure 3. Note the
correlation peaks at indexes 16 and 32. The correlation peak is 8 corresponding to the length of the
preamble. For this toy example, the off-peak correlations are high relative to the peak correlations.
For real examples with larger Lp this is less of a concern.
Example 2 Consider the case where the demodulator outputs the bit sequence of Example 1 with
a 270 degree rotation. The data stream is
1111010010011011 0101010010011011
Correlating this stream with the true preamble produces the sequence shown in Figure 4. Note here
that there is no correlation peak that is equal to 8. Consequently, the preamble detector does not
find the preamble.
Example 3 Consider the case where the demodulator outputs the bit sequence of Example 1 with
a 180 degree rotation. The data stream is
3
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Figure 3: Correlation for Example 1.
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Figure 4: Correlation for Example 2.

1 0 1 0 1 1 0 1 0 0 1 1 0 0 1 0 1 1 1 1 1 1 0 1 0 0 1 1 0 0 1 0.
This data stream is an inverted version of the data stream in Example 1 where zeros have replaced
ones and ones have replaced zeros. Correlating this data stream with the preamble produces the
sequence shown in Figure 5. Note that there are no correlation peaks that reach 8. The correlation
reaches a minimum of zero at indexes 16 and 32. It can be shown that the correlation sequence
in Figure 5 is the correlation sequence in Figure 3 vertically reflected about Lp /2. This becomes
important later on.
Example 4 Consider the case where the demodulator outputs the bit sequence of Example 1 with
a 90 degree rotation. The data stream is
0 0 0 0 1 0 1 1 0 1 0 0 0 1 0 0 1 0 1 0 1 0 1 1 0 1 1 0 0 1 0 0.
This data stream is an inverted version of the data stream in Example 2 where zeros have replaced
ones and ones have replaced zeros. Correlating this data stream with the preamble produces the
sequence shown in Figure 6. Note that there are no correlation peaks that reach 8. It can be shown
that the correlation sequence in Figure 6 is the correlation sequence in Figure 4 vertically reflected
about Lp /2.
It should be clear that the solution for detecting the preamble is to rotate the incoming bits
by 0 degrees, 90 degrees, 180 degrees, and 270 degrees, correlate the resulting four parallel data
streams with the preamble, and choose the correlator that produces a peak output of Lp . This
approach is illustrated in Figure 7. This diagram conceptualizes the rotation operations as look-up
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Figure 5: Correlation for Example 3.
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Figure 6: Correlation for Example 4.

tables operating on pairs of bits. The outputs of four parallel correlators are searched for the peak.
The outputs of the peak detectors form the inputs to a finite state machine (FSM) that selects the
rotation where the preamble is found.
However, there is a problem lurking in the details. The rotations operate on bit pairs. To get
this right, the starting bit for the bit pairings must be known. Because the demodulator serializes
the output bits, the identity of the starting bit is lost in the serial output bit stream. Fortunately,
there are only two possible starting positions. Because the starting point is unknown, the preamble
detector in Figure 7 must be modified. The naı̈ve modification comprises a duplicate of the four
parallel paths of Figure 7 whose input is delayed by one bit. The resulting system comprises eight
parallel paths with eight correlators, six rotation look-up tables, and a larger FSM. A more clever
solution is described in the next section.
SYSTEM IMPLEMENTATION
Example 3 showed that a correlator operating on an inverted version of the preamble and its accompanying data produces a correlation of zero at the occurrence of the inverted preamble. This
fact can be used to reduce the number of correlators by two: one correlator dedicated to finding
the un-rotated data or its 180 degree rotation, and another dedicated to finding the 90 degree rotation and 270 degree rotation. In place of a peak detector, a threshold detector is used. When
the threshold detector encounters a correlation value of Lp it has found an un-inverted occurrence
of the preamble. When the threshold detector encounters a correlation value of 0, it has found an
inverted occurrence of the preamble. Application of these principles is illustrated by the upper two
5

Figure 7: Example implementation.

branches of the diagram in Figure 8. The threshold detector controls a programmable inverter (an
XOR gate). When the threshold detector encounters a correlation of zero, the inversion is asserted.
Because there is no rotation operation on the top branch, there is no need to pair the bits.
Consequently, there is no opportunity to get the pairing wrong. The correlation peak (or valley)
occurs when it is supposed to. For the case of rotation, pairing is important. The middle branch
in Figure 8 pairs the bits with the first one it receives. The lower branch is a replica of the middle
branch with a one bit delay added. The delay causes the bit pairings used by the rotator to start
with the second bit. In summary, the upper branch takes care of both cases for 0 and 180 degree
rotations, the middle branch takes care of 90 and 270 degree rotations where the pairings start with
the first bit, and the lower branch takes care of 90 and 270 degree rotations where the pairings start
with the second bit.
A.

Correlator, Threshold Detector, and Programmable Inverter Unit

A more detailed diagram of the correlator, threshold detector, and programmable inverter is shown
in Figure 9. The correlator consists of a shift register, preamble template, and an adder circuit.
This is a block diagram representation of Equation (1) where data is clocked in using the input data
clock. The data in the shift register is compared to the data in the template using the XNOR oper6

ator. The sum of the XNOR gate outputs forms the input to the threshold detector. The threshold
detector controls the programmable inverter as follows. If the lower threshold is met, the threshold
detector asserts invert until the upper threshold is encountered. Likewise, if the upper threshold
is met, the threshold detector de-asserts invert until the lower threshold is encountered. In the
absence of errors, the upper threshold is Lp = 192 and the lower threshold is 0. To allow for the
presence of two errors in the block of Lp preamble bits, the upper threshold is lowered to 190 and
the lower threshold is increased to 2.
B.

Preamble Removal

Once the preamble is detected, it must be removed. Removing the preamble is done via the FSM
shown in Figure 10. The FSM outputs wr en which controls which bits are written to the output
and which are ignored. Ignored bits are not written and thus discarded, which is how the preamble
is eliminated. The FSM has three inputs as follows: T0, T1, and T2 each corresponding to the
output of one threshold detector. The variables count0, count1, and count2 keep track of
how many times T0, T1, and T2 are asserted high at the correct time instance. These variables
determine the demodulators lock state. Lock state selection occurs when one of the threshold
detectors is asserted three times at the correct spacing. Figure 1 shows that a packet is started with
a preamble and followed by a payload. As an example, consider T0. If T0 is the correct rotation,
then T0 is asserted every 6336 cycles of the input bit clock. If T0 is asserted any other time, then
it is not the correct rotation and the counter is set back to zero. The same principles apply for T1
and T2. The rotations and noise make it possible for a false positive to occur, which is why correct
spacing between correlation peaks (or valleys) is vital.

Figure 8: FPGA implementation.
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Figure 9: Correlator, threshold detector, and programmable inverter.

Receivers may lose sync in the presence of enough noise and multipath. Thus a receiver may
change rotation during transmission. Once again the circuit waits until one of T0, T1, or T2 is
asserted three consecutive times at the correct instance before selecting the new rotation.
C.

Output Interface

Many data sinks require data to be clocked out at a fairly constant rate. Because the preamble
is removed, the input and output bit clock frequencies are different. This change in frequency
is an example of crossing clock domains. Figure 11 illustrates an approach to safely cross clock
domains. An asynchronous FIFO provides the solution. The FIFO is 32768 bits deep and 1 bit
wide. Both the data into the FIFO and wr en are controlled by the mux and the preamble detector

Figure 10: The finite state machine controlling preamble removal.
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Figure 11: Output interface.

FSM. The output interface FSM, here denoted FSM 2, controls rd en and clk out. FSM 2 is
shown in Figure 12. As can be seen from the diagram, FSM 2 is quite simple and is driven by
the local FPGA clock instead of the input data clock. FSM 2 is initialized to an Init state where
it waits until the FIFO is half full. From there it goes to bert clk high which sets the BERT
clock high. A counter determines how long to stay in bert clk high before transitioning to
bert clk low. The amount of time FSM 2 stays in each state determines the data output rate.
Once FSM 2 is in bert clk low, it waits for two conditions to be met. First, the FIFO valid
flag, which indicates when there is valid data to be read, must be asserted. Second, the counter
must indicate that it is time to go to the next state. This insures only valid data is outputted from
the FIFO. Instead of trying to keep the FIFO from emptying out, FSM 2 forces the FIFO to empty
at a rate which closely matches the rate data comes in. When the FIFO is empty, valid is deasserted and FSM 2 remains in bert clk low until valid is reasserted. The period of time when
FSM 2 remains in bert clk low is relatively short and the data sink is able to handle this slight
variation in the clock and data rate.
CONCLUSIONS
This paper described the design and implementation of a system to locate and remove a preamble
sequence in the output data stream of an SOQPSK-TG demodulator based on decision-directed
PLL syncrhonizers. The system was capable of performing its task in the presence of phase ambiguities caused by the PLLs. System complexity was minimized by recognizing symmetries
in the correlator outputs in the four lock states. The FPGA circuit has been tested as part of a
working prototype system that compares the performance of data-aided equalizers to unequalized
SOQPSK-TG in an aeronautical telemetry environment.
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Figure 12: The finite state machine (FSM 2) controlling the clock and data outputs.
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