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Optimum Convolutional Error Correction Codes for
FQPSK-B Signals

Hyung Chul Park* Regular Member

ABSTRACT

The optimum convolutional error correction codes for recently standardized Feher-patented
quadrature phase-shift keying (FQPSK-B) modulation are proposed. We utilize the continuous phase
modulation characteristics of FQPSK-B signals for calculating the minimum FEuclidean distance of
convolutional coded FQPSK-B signal.

It is shown that the Euclidean distance between two FQPSK-B signals is proportional to the
Hamming distance between two binary data sequence. Utilizing this characteristic,c, we show that
the convolutional codes with optimum free Hamming distance is the optimum convolutional codes

for FQPSK-B signals.

Key words: Feher patented QPSK or FQPSK, Continuous phase modulation, Euclidean distance,

Convolutional code.

l. Introduction

In wireless communication, the channel effects,
e.g., noise, fading, Doppler shift, and so forth,
cause the performance degradation. The error
correction code (ECC) is an attractive method for
performance improvement. ECC increases the
distance of the encoded signals such that the
performance is improved.

In this paper, we propose the optimum
convolutional error correction codes for FQPSK-B
modulation with minimum Euclidean distance
analysis. Multi-year studies by the US Department
of Defense (DoD), NASA, AIAA and the
Consultative Committee for Space Data Systems
(CCSDS) have confirmed that FQPSK
technologies [1-S] offer the most spectrally
efficient and robust (i.c. smallest degradaiion from
ideal theory) bit error rate (BER) performance of
non-linear amplification (NLA)-RF power efficient
systems. Based on numerous FQPSK airplane-to-

ground, ground-to-ground and satellite tests in the
IMbfs to 600Mb/s range, the FQPSK has been
specified in the new spectrally efficient telemetry
standard known as IRIG 106-01 [6] and
recommended by CCSDS for use in high speed
space communication systems.

For the FQPSK-B modulation, some simulation
results have been shown with ECC [7],[8].
However, it wasn‘t proved whether these ECC are
optimum for the FQPSK-B modulation.

In next section, FQPSK-B modulation is
reviewed. In Section III, we interpret the
FQPSK-B signal as a continuous phase
modulation (CPM). The CPM characteristics of
the FQPSK-B signal is uiilized to calculate the
minimum normalized squared Euclidean distance
(MNSED) of FQPSK-B signal and derive the
optimum convolutional codes for the FQPSK-B
signal. The MNSED of FQPSK-B signal is
analyzed in Section IV. In Section V, we derive
the optimum convolutional codes for the
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FQPSK-B modulation and show that they are
equal to the convolutional codes with optimum
free Hamming distance. In addition, the BER
performances of convolutional coded FQPSK-B
signal are shown. Finally, Section VI presents the
conclusion.

ll. FQPSK-B Modulation

FQPSK modulation is a kind of inter-symbol
interference  (ISI) and  jitter-free = OQPSK
modulation schemes, which is composed of cross
correlator and LPF as shown in Fig. 1(a) [1-5].
In FQPSK-B modulation, modulated signal with
inter-symbol interference and jitter-free (IJF) signal
encoder, which is designated as FQPSK-1 [3], is
written as

Sropsx-1 (t ) =TI popsx-1 (’ )cos(‘”ct ) + Qngsx-l (t )Sin(’”c' )

fornT,<t<(n+1ﬁ', (1)
where
Inpec-+{0)= S 1l6) Pl -k )

ew-.(r)=§y(k)~p(r-k-r,-r, £)

- lAF)} e
0

, elsewhere

where x(k), y(k) denotes the binary data, +1.
T,(=27,) denotes the symbol period.

Fig. 1(b) shows the eye-diagram of FQPSK-1
signals. FQPSK-1 signal has a 3dB envelope
fluctuation, as shown in Fig. 1(c), leading to
causing spectrum regrowth after passing through a
non-linear amplifier. However, cross correlator in
FQPSK-B modulation reduces the 3dB envelope
fluctuation to near 0dB with amplitude parameter

AD of 1/‘/5 , which is designated as FQPSK-KF

Noe-linear

v D
.ﬁ§
E"

i ¢ 8 & & .

© 1]

Fig. 1. PQPSK-1, FQPSK-KF and FQPSK-B modulations.

[4]. Eye-diagram and signal constellation of
FQPSK-KF signal are shown in Fig. 1(d),(e).
Therefore, it allows us to use non-linear amplifier,
such as class-C amplifier, without much spectrum
regrowth, leading to higher power efficiency.

In order to improve further the spectrum
efficiency, a LPF is used at the FQPSK-KF
signal, which is designated as FQPSK-B. The
spectral sidelobes of FQPSK-B signal are
significantly lower than that of FQPSK-KF signal
due to the low pass filtering sidelobes, which is
shown in Fig. 1(f). It is interesting to note that
the analog low pass filtering does not change the
IS/IJF and quasi-constant amplitude characteristics
of FQPSK-KF signal.

{Il. CPM interpretation of the FQPSK-B
signal

In general, CPM has following characteristics.
First, the CPM signal has a constant envelope.
Second, thus, the information is stored in the
phase that changes continuously. Since FQPSK-B
is a quasi-constant envelope modulation, its phasor

1) Amplitude parameter A is related to the ratio of maximum and minimum amplitude of FQPSK-KF

modulated signal, i.e., V2 A. When the amplitude parameter A is equal to 1/\/—2_, the FQPSK-KF signal

has quasi-constant envelope (see [4]).
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moves along the wunit circle in the signal
constellation [4],[5}. Since the I and Q signals in
the FQPSK-B must be highly correlated to obtain
quasi-constant envelope, let us start to look at
three consecutive binary data bits, ie., two
consecutive Q data bits with I data bit in
between, and vice versa.

3.1 FQPSK-B Modulation with Three

Consecutive Binary Data Bits

Let us show that three consecutive binary data
bits determine phase point uniquely at the middle
of the symbol period. Fig. 2 lists all possible
phase points at t=2nT;, for three consecutive
binary data bits (Qns;, I Q.), Which are generated
according to the waveform shaping rule for the
FQPSK-B signal. When two consecutive Q

channels data bits do not change, either l/w/—i’j or
~1/V2 is assigned to their modulated signal at

the middle of the symbol period (1=2nT,),
depending on whether they are 1 or 0. And,

1/& or _1/ \/E is assigned to the modulated
signal in 1 channel depending onm its data, making

@-DTy, 2T, (@ntDT,

Fig. 2. Allowed phase points (solid dots) of
FQPSK-B  signal at ¢=2nT, for three
consecutive binary data bits (Qn;, I, Q»).

IPe)+0%() of the
modulated signal to be 1. When two consecutive
Q channels data bits change values from 1 to O
or vice versa, 0 is assigned to the modulated
signal in Q channel at the middle of symbol
period (t=2nT;) and 1 or -1 is assigned to the
modulated signal in 1 channel depending on its
data, making the amplitude of the modulated
signal equal to 1 again. Data bits (I, Qn ILi+1)
allows a similar set of phase points at
t=(2n+1)T,. The only difference is that (f, Q»
L,;) allows +w2, -nf2 while (Q,; I, Q. allows
0, x. Therefore, three consecutive binary data bits
determine 8 allowed phase points at r=nT, given
by d(nT)=k(n/4),(k=0....,7).

the amplitude given by

3.2 FQPSK-B Modulation with Four

Consecutive Binary Data Bits

For four consecutive binary data bits (Qu.;, I
Qw I.+;), we can determine two phase points at
t=2nTy and t=(2n+1)Tp, respectively, and a
single-phase  transition path between them.
Single-phase transition is written as

Ay =H(2n+1)T,)-¢(2n-T,),  n=012, ()

We can see that the FQPSK-B signal can only
have 5 single-phase transition values, which are

given as £7/2,£7/4 and 0. We can find that
the phase of the FQPSK-B signal changes
continuously from ¢&(2nT;) to ((2n+1)Ty).

3.3 FQPSK-B Modulation with Five

Consecutive Binary Data Bits

Extending above interpretation, we see that five
consecutive binary data bits (Qns, In Qn I,
Qn+1) determine three phase points at symbol
time, t=2nT,, (2n+1)T, and 2(n+1)T;,, and
two-phase transitions. The two-phase transitions
are composed of two consecutive single-phase
transitions at two consecutive T, intervals, i.e., Ad
on and A¢2n+1.

Table 1 shows all allowed two-phase
transitions. It is very important to note that the
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number of allowed two-phase transitions is equal
to 15, which is much less than the

Table 1. Allowed two-phase transitions.

Adz | Adon Aban | Adzm;
~7/2 -/2 9 0 +/4
~n/2 | -u/4 10 +n/4 | -w/4
-n/4 | -n/2 11 +1/4 0
~n/4 | -w/4 12 +n/4 | +n/4
~7/4 0 13 +7/4 +1/2
~w/4 | +w/4 14 +n/2 | +n/4
0 +1/4 15 /2 | +m/2
0 0

0 [=2 [ [O1 | W [N =

25 that is obtained from random combination with
5 allowed single-phase transitions. This means that
the FQPSK-B modulation has memory [9]. The
aforementioned interpretations of the FQPSK-B
signal lead us to interpret FQPSK-B as a kind of
CPM.

IV. Minimum Euclidean Distance of the
FQPSK-B Signals

It is well known that the probability of error
P(¢) can be bounded by the union bound [10]
Ple)=— ZP(fl'n)S%:ZIQ[ d?%”-} (3)
= = 0
where N denotes the total number of signal
alternatives or messages, oo™ "sMyy  and
Q(x) denotes Y 2~erfc(x/ \/5) dj s the squafed
Euclidean distance in signal space between ™

and ™ normalized by 2E,, which is written
as [11-12]

d,.jz. 2;: (m m)zdt 4)
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When Ei/No s large, the union bound is

dominated by one term such that it is written as

Ple)~ C~Q(,fd,im f;—} )

where C is a constant independent E,/N, . dr
denotes MNSED, which is writien as

dl, =mind} (6)

L

In order to calculate the MNSED of FQPSK-B
signal, it is necessary to consider the transient
phase characteristics of FQPSK-B signal. Utilizing
the CPM characteristics of FQPSK-B signal, we

can find that an input data 9. affects three phase

points ¢n—1’¢n’¢n+l, which is shown in Fig. 3.
The change of three phase points affects the
phase transition during 47;. That is, an input data

9. affects the FQPSK-B signal during 47,. For
the calculation of MNSED of FQPSK-B signal, it
is needed to calculate the distance between two
FQPSK-B signals, which have 7 identical input

binary data except middle data 9. during 47T..
Hence, MNSED of FQPSK-B signal is written as

di. —mmEE‘—J: slt,@)~s ) dt D

998

where da is equal to
{qn—B ’qn—29qn—1’+ 1’ qn+1’qn+2’qn+3} and qﬁ IS
equal to Fn3>9n258nt1>= b @nnsDuiz>Gnes ).

Note that the calculated MNSED @i is equal to
1.53.
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V. Optimum Convolutional Codes
for the FQPSK-B Signal

The distance between the modulated signals is
equal to the distance in the signal space, which is
proportional to the phase difference for constant
amplitude modulation including FQPSK-B. So, the
distance increases as the phase difference between
two FQPSK-B signals is close to 180°.

delay

(n—Z;ﬁ',(n—:l]T, n:T. (n:*'l)l‘,(nii-Z)T,

4T,

Fig. 3. Phase transition characteristics of FQPSK-B
signal.

And, the distance decreases as the phase
difference is close to 0° Hence, if a
convolutional code increases the phase difference

between two coded FQPSK-B signals, doin is
increased such that the BER performance can be
improved.

In order to design optimum convolutional codes
for the FQPSK-B signal, it is necessary to

Difference: 0 Difference:#z/4 Difference:z/2
A:{0,0,1} A:{0,0,0} A:{0,0,0}
B:{0,0,1} B:{0,0,1} B:{0,1,0}

Difference:n Difference: 37/4 Difference: »
A:{1,0,0} A:{1,0,1} A:{1,0,1}
B:{1,1,0} B:{1,1,0} B:{0,1,0}

Fig. 4. Examples of phase difference between two
phase points of FQPSK-B signal determined
by three consecutive binary data {I,Q,I}.

consider the relationship between the phase
difference and Hamming distance. Fig. 4 shows
the some cases of phase differences of the
FQPSK-B  signal and
consecutive input binary data pair.

From the total 64 cases of the pair of three
consecutive input binary data, we can find that

corresponding  three

the phase difference is proportional to the
Hamming distance between two data sequence.
Since the three consecutive binary data is used,
the allowed Hamming distance is 0, 1, 2 and 3.
Table 2 shows the possible phase difference and
occurrence probability for each Hamming distance.
It shows that the average phase difference is
proportional to the Hamming distance between
two three-consecutive binary data.

Table 2.Possible phase differences of FQPSK-B signal and
occutrence probabilities for Hamming distance
between two three-consecutive binary data.

Hamming distance between two
three-consecutive binary data
0 1 2 3
0 100% 0 16.7% 0
Possible
phase 4 0 66.6% 0 0
difference
i w2 | o0 |[167%|167% | ©
in
FQPSK-B | 34 | ¢ 0 |666% | 0
signal
T 0 16.7% 0 100%
A hase
verage P 0 |swi2| w2 | =
difference

It notes that the convolutional codes with
optimum free Hamming distance are the optimum
convolutional codes for FQPSK-B signals. Table 3
shows the MNSED of coded FQPSK-B signal
with optimum convolutional codes for FQPSK-B
modulation, which have rate 1/2 and memory of
sizez 1, 2, 3, 4, 6 and 8. Note that the
convolutional codes with optimum free Hamming
distance, in which the convolutional code has a
larger memory or different code rate, are also
optimal for FQPSK-B modulation.
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Table 3. Optimal rate 1/2 convolutional codes for
FQPSK-B modulation.

2
Memory | Generating duin of coded
size v Jree polynomials FQPSK-B
signals
1 3 (1,3), 2,3) 3
2 5 (6%)] 4.65
(7,13), (7,15),
13,16), (15,16),
3 6 ¢ ) ( ) 49
(13,15), (13,17),
(15,17)
4 7 (23,35) 58
6 10 (133,171) 9.1
8 12 (561,753) 93

Fig. 5 shows the simulated BER performance
of coded FQPSK-B modulation in the AWGN
and NLA environments. The convolutional codes
with v=1 and 3 have the 2.2dB and 4.5dB,
respectively, improvement for a BER of 10* from
the optimum coherent detection of the uncoded
FQPSK-B signal.

VI. Conclusions

In this paper, optimum convolutionai etror
correction codes for FQPSK-B signal have been
proposed. Utilizing the CPM characteristics of
FQPSK-B signal, MNSED of the FQPSK-B signal
has been calculated. It has been shown that the
phase difference between two FQPSK-B signals is
proportional to the Hamming distance between
two data sequence. Using the above characteristic,
it has been shown that the convolutional codes
with optimum free Hamming distance are the
optimum convolutional codes for the FQPSK-B
signal.
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Fig. 5. BER performances of convolutional coded
FQPSK-B modulation with Viterbi detection.
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