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Due to its high spectrum efficiency, 64‐amplitude phase‐shift keying (64‐APSK)
is one of the primary technologies used in deep space communications and digital

video broadcasting through satellite‐second generation. However, 64‐APSK suf-

fers from considerable computational complexity because of the de‐mapping

method that it employs. In this study, a low‐complexity de‐mapping method for

(4 + 12 + 20 + 28) 64‐APSK is proposed in which we take full advantage of the

symmetric characteristics of each symbol mapping. Moreover, we map the

detected symbol to the first quadrant and then divide the region in this first quad-

rant into several partitions to simplify the formula. Theoretical analysis shows that

the proposed method requires no operation of exponents and logarithms and

involves only multiplication, addition, subtraction, and judgment. Simulation

results validate that the time consumption is dramatically decreased with limited

degradation of bit error rate performance.
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1 | INTRODUCTION

With the increasing demands for high data rates with real‐
time communication systems, high‐order modulation‐demo-
dulation techniques such as multiple amplitude‐shift keying
(M‐APSK), in which each mapped symbol consists of sev-
eral bits, is utilized to promote spectrum utilization effi-
ciency. M‐APSK is a combined modulation system of
ASK and phase‐shift keying (PSK) that uses different num-
bers of constellation points uniformly located on concentric
rings. This system can effectively reduce peak‐to‐average
power ratio (PAPR) and remain robust to nonlinear chan-
nels. M‐APSK is widely applied to satellite broadcasting
and space communications to increase transmission capac-
ity because of the regularity of the constellation and the
simple implementation of modulation or demodulation [1].
According to 131.2‐B‐1 from the Consultative Committee

for Space Data Systems (CCSDS), M‐APSK is the princi-
pal model for space data systems [2]. It is also one of the
main technologies of DVB‐S2, which was devised for digi-
tal satellite broadcasting by the European Telecommunica-
tions Standards Institute (ETSI) [3].

However, an M‐APSK constellation is neither a single
circular nor rectangular type like the PSK and QAM constel-
lations, respectively. The inherent high computational com-
plexity of demodulation hinders M‐APSK from practical
applications. Once the channel codes, such as low‐density
parity check (LDPC) or Turbo codes, are adopted, the deco-
ders usually request the log likelihood ratio (LLR) from the
demodulators for every bit, where the computational com-
plexity increases exponentially with the modulation order of
the system. Moreover, the computational complexity of the
max‐log‐MAP is proportional to the constellation size, which
makes it is unsuitable for large constellations.
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In recent years, considerable effort has been devoted to
devising low‐complexity de‐mapping methods. In [4–6], sym-
metric characteristics are exploited to reduce the number of
calculations by decreasing possible constellation points during
the LLR calculation of 16‐APSK. In [7–9], the original con-
stellation of 32‐APSK is modified by relocating the symbols
to reduce the computational complexity. In [10], an APSK
constellation based on the kite structure is proposed that out-
performs the corresponding PSK. Linear region for each bit in
an APSK constellation is introduced in [11], where the coeffi-
cients are computed beforehand and stored in a look‐up table.
LLR can then be achieved through a binary search using the
look‐up table. The complexity of this method grows linearly
with the number of bits rather than exponentially with the
number of constellation points. The methods in [12–14] inves-
tigate the problem of reducing the complexity for (16 × 4)64-
APSK and (32 × 8)256-APSK. In addition, a simplified
method [15–17] for LLR in 32‐APSK is proposed to reduce
the computational complexity considerably.

In this study, we propose a simplified de‐mapping method
in which the symmetric characteristics of each symbol map-
ping of a (4 + 12 + 20 + 28)64-APSK constellation are fully
utilized, and simplified calculation formulas are derived. The
proposed method involves only a few calculations of addition,
subtraction, and multiplication with no look‐up table. This
greatly reduces the computational complexity and time con-
sumption as compared with the traditional log‐MAP and max‐
log‐MAP de‐mapping algorithms. BER simulations over
AWGN and Rayleigh fading channels verify the effectiveness
and superiority of the proposed de‐mapping method.

The remainder of this paper is organized as follows. The
constellation of 64‐APSK and traditional de‐mapping algo-
rithms are introduced in Section 2. The derivation of the sim-
plified de‐mapping method is described in Section 3. In
Section 4, calculations are analyzed. Simulation results are
provided in Section 5 and a conclusion is given in Section 6.

2 | 64‐APSK CONSTELLATION AND
TRADITIONAL SOFT DE‐MAPPING

2.1 | Constellation of 64‐APSK
(4 + 12 + 20 + 28)64‐APSK is a combined modulation
system of ASK and PSK, in which the modulation constella-
tion is composed of four concentric rings, as shown in
Figure 1.

S ¼

R1 exp j� 2π
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8
>>>>>><

>>>>>>:

(1)

where Rk, nk, ik, and φk denote the radius, number of
points, order of constellation points, and phase shift of the
kth ring, respectively, and nk is 4, 12, 20, and 28, when
k = 1, 2, 3, and 4, respectively.

When a mapped symbol is transmitted over an AWGN
channel, the output of the receiver can be represented by:

r ¼ A� Sþ N; (2)

where A denotes the channel gain matrix and N is the addi-
tive white Gaussian noise matrix with variance σ2.

r ¼ Ir þ j� Qr ¼ ρr � exp j� θrð Þ; (3)

where Ir and Qr are real and imaginary parts of received
signal r,

ρr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2r þ Q2

r

q
; (4)

θr ¼ tan�1 Qr

Ir

� �
: (5)

2.2 | Traditional soft de‐mapping

To fully utilize the information contained in the received
signal with channel coding, soft de‐mapping methods are
proposed such as log‐MAP and max‐log‐MAP.

Typically, a transmitted symbol S is represented by six
bits, b5, b4, b3, b2, b1, and b0 in the order from most signif-
icant bit (MSB) to least significant bit (LSB). This means
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FIGURE 1 Constellation diagram and bits‐to‐symbol mapping of
64‐APSK
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bi sð Þ is the ith bit of the symbol and its soft output from
the receiver is presented by:

Λi rð Þ ¼ ln
p rjbi sð Þ ¼ 0ð Þ
p rjbi sð Þ ¼ 1ð Þ
� �

; (6)

where bi sð Þ can take only the value of 0 and 1. We define
S 0ð Þ
i and S 1ð Þ

i as:

S 0ð Þ
i ¼ sjbi sð Þ ¼ 0; s∈ Sf g;

S 1ð Þ
i ¼ sjbi sð Þ ¼ 1; s∈ Sf g: (7)

Assume that all bits are transmitted with the same prob-
ability over the AWGN channel [18]:

Λi rð Þ ¼ ln
∑s∈ S 0ð Þ

i
p rjsð Þp sð Þ

∑s∈ S 1ð Þ
i
p rjsð Þp sð Þ

 !

¼ ln
∑s∈ S 0ð Þ

i
exp � r � sj j2=σ2
� �

∑s∈ S 1ð Þ
i
exp � r � sj j2=σ2
� �

0

@

1

A;

(8)

where σ2 is the variance of Gaussian noise. Equation (8) is
called log‐MAP and can be used to obtain LLR.

We can conclude that many exponential calculations are
required in (8), making it inefficient and time‐consuming.
Fortunately, the approximate relation can be employed:

Λi rð Þ ¼ ln
exp � r � bS 0ð Þ

i rð Þ
���

���
2
=σ2

� �

exp � r � bS 1ð Þ
i rð Þ

���
���
2
=σ2

� �

0

BB@

1

CCA

¼ 1
σ2

r � bS 1ð Þ
i rð Þ

���
���
2
� r � bS 0ð Þ

i rð Þ
���

���
2

� �
;

(9)

where bSð0Þi (r) and bSð1Þi (r) are the nearest bits to the received
signal point r in set Sð0Þi and Sð1Þi . Equation (9) is called
max‐log‐MAP. Compared with log‐MAP, max‐log‐MAP
demands no exponential calculation; the computation pro-
cess can be simplified and the calculation time reduced.
Nevertheless, the calculation for the smallest value of |r −s|
still has considerable computational complexity.

3 | SIMPLIFIED DE‐MAPPING
METHOD

The traditional de‐mapping techniques previously men-
tioned suffer from considerable calculations and some of
them require a detailed look‐up table to execute many deci-
sions. In this section, we propose a de‐mapping method
that can simplify the process with a limited performance

loss of bit error rate (BER). In the proposed method, we
take full advantage of the symmetric characteristics of each
symbol mapping and divide the complex plane into several
regions to employ the same calculation formula, which can
be simplified.

3.1 | Symmetry analysis

The mapping method of 64‐APSK modulation is Gray
mapping. Here, b5, b4, b3, b2, b1, and b0 are used to repre-
sent the six bits transformed from each symbol of 64‐
APSK in the order from MSB to LSB. The two bits, b5
and b4, determine the quadrant where the signal point
locates. It can be concluded from Figure 2 that each bit has
a symbol mapping having symmetric characteristics with
respect to the real or imaginary axis. The distribution of 0‐
and 1‐points in b5 is symmetric with respect to the real axis
I, and is antisymmetric with the imaginary axis Q in b4.
For other bi (i = 0, 1, 2, 3), the distribution of 0‐ and 1‐
points is symmetric with respect to both the real axis I and
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FIGURE 2 Symbol mapping of bi
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the imaginary axis Q. Consequently, the distributions of 0‐
and 1‐points in any bit can be achieved from the first quad-
rant. In addition, the symbol mappings of b5 and b4, b3
and b2, and b1 and b0 are similar, which means that one
symbol mapping can be obtained by rotating its counter-
part. Specifically, the symmetric characteristics can be
employed to simplify the calculation by mapping the
received signal point to the first quadrant so that bi can
then be obtained.

3.2 | Formula simplification

All points of the 64‐APSK constellation lie in different arcs
and no point lies in the axes, which means that LLR is
always calculated in the rectangular or polar coordinate
system and that the values can hardly be determined. How-
ever, the calculations of LLR can be simplified by exploit-
ing the positions in different coordinate systems.

Assume that two points bSð0Þi ðrÞ and bSð1Þi ðrÞ, which lie in
the same arc with radius Ri, are the nearest points to the
received signal r with distance Rr. A is the intersection
point of the line Or and the arc with radius Ri. OB is the
bisector of angle θ and θ′ denotes the angle of AOB, as
shown in Figure 3. According to (9), we can conclude that
the distances jr � bSð1Þi ðrÞj and jr � bSð0Þi ðrÞj must be calcu-
lated before Λi rð Þ, which yields complicated calculation
processes in both the rectangular and polar coordinate sys-
tems. To simplify the calculation, arc bSð0Þi ðrÞA and arc
bSð1Þi ðrÞA are used to replace the distances bSð0Þi ðrÞr and
bSð1Þi ðrÞr:

Λi rð Þ ¼ 1
σ2

r � bS 1ð Þ
i rð Þ

���
���
2
� r � bS 0ð Þ

i rð Þ
���

���
2

� �

≈
1
σ2

bS 1ð Þ
i rð ÞA

���
���
2
� bS 0ð Þ

i rð ÞA
���

���
2

� �

¼ 1
σ2

Ri � θ

2
þ θ0

� �����

����

2

� Ri � θ

2
� θ0

� �����

����

2
 !

¼ 2
σ2

R2
i θθ

0:

(10)

Similarly, when r lies on the same side as bSð1Þi ðrÞ of
line OB, Λi rð Þ is:

Λi rð Þ ¼ 1
σ2

r � bS 1ð Þ
i rð Þ

���
���
2
� r � bS 0ð Þ

i rð Þ
���

���
2

� �

≈
1
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i rð ÞA
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���
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2
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Ri � θ

2
� θ0

� �����

����

2

� Ri � θ

2
þ θ0

� �����

����

2
 !

¼ � 2
σ2

R2
i θθ

0:

(11)

For a ring in the 64‐APSK constellation, Ri and θ are
constants, and thus, we must compute only θ′:

Λi rð Þ ¼ 2R2
i θ

σ2
g rð Þθ0: (12)

Here, g rð Þ ¼ 1; r lies in bSð0Þi ðrÞ side of line OB
�1; r lies in bSð1Þi ðrÞ side of line OB

(

.

3.3 | Complex plane partition

For a pair of bSð0Þi ðrÞ and bSð1Þi ðrÞ that lies in a horizontal or
vertical line, the simplified calculation has been verified in
[19]. When they lie in an arc or in a radius, the calculation
has been simplified in (12).

To reduce the computational complexity, a rule known
as “four lines” is set to simplify the LLR calculation of
bSð0Þi ðrÞ and bSð1Þi ðrÞ. The rule states whether they are
approximately located in a horizontal or vertical line, in an
arc, or in a radial line. Based on this rule, the symbol map-
ping can be divided into several partitions and the LLR of
different pairs of bSð0Þi ðrÞ and bSð1Þi ðrÞ in the same partition
can be calculated with the same simplified formula.

Because the symbol mapping of each bi is symmetric
with respect to the real or imaginary axis, only the symbol
mapping in the first quadrant is illustrated in Figure 4.

A partition is unnecessary for the symbol mapping of b4
and b5, as only one type of point exists in its first quadrant.
In the symbol mapping of b2, all 1‐points lie in the third
quadrant and outermost ring, and the entire region is sepa-
rated into two parts by a selected radius. Specifically, the

Q 

B

A

r

Rr

Ri

I 0 

FIGURE 3 Simplified diagram to calculate the log likelihood
ratio
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polar angle of the selected radius is equal to the average of
the polar angles of four points that locate in the two outer-
most rings and on the two sides of the radius. Partition ①

is separated from other areas with an arc whose radius is
R2 þ R1ð Þ=2. Only one 0‐point exists in the partition,
whereas the nearest 1‐point lies in the third ring and is far
from the center point. This allows us to conclude that they
are in the same radial line. Partition ③ is an arc area with
a radius bigger than R2 þ R1ð Þ=2 and smaller than
R4 þ R3ð Þ=2. The 0‐ and 1‐points in the second and third
rings, respectively, are far from the center point, which
means that the polar angles of bSð0Þi ðrÞ and bSð1Þi ðrÞ are simi-
lar and in the same radius. Partition ⑤ is composed of 1‐
points, whereas the nearest 0‐points lie in the second ring,
which indicates that the polar angles of bSð0Þi ðrÞ and bSð1Þi ðrÞ
are similar and in the same radius. In partition ②, three 0‐
points exist that have a similar y coordinate, and the near-
est 1‐points with a similar y coordinate are in the third and
the outermost rings. Here, we consider that the 0‐points
and the nearest 1‐points lie in the same vertical line. In par-
tition ④, every two 0‐points and their corresponding near-
est 1‐points are in the same arc. Partition ② and ④ are

divided by a line that is parallel to the real axis and the
line's ordinate is equal to the average ordinates of five 1‐
points on both sides of the line.

The symbol mapping of b3 is antisymmetric to that of
b2 with respect to the 45° line and the partition is sym-
metric to the mapping of b2 with respect to the 45° line.
The symbol mapping of b0 is separated into five partitions.
Partition ① is divided by a line that is parallel to the
imaginary axis and has an abscissa equal to the average
abscissa of eight points on both sides. As the abscissae of
0‐ and 1‐points are similar, they can be approximately
regarded as being on the same vertical line. Similarly, par-
titions ④ and ⑤ are divided from partitions ② and ③ by
a line that is parallel to the real axis and has an ordinate
equal to the average ordinate of five 1‐points on both
sides. In addition, the partitions ② and ③ is divided by
an arc with a radius equal to the average value of R1 and
R2. In partition ②, it is clear that 0‐ and 1‐points are
located on the same arc. For partition ③, the pairs of 0‐
and 1‐points on the same arc are in the vertical lines. Fur-
thermore, partition ⑤ is separated from partition ④ by an
arc in the middle of the outermost and inner rings. In
addition, a perpendicular bisector between the point in par-
tition ⑤ and its adjacent point in the outermost ring can
be obtained. Regarding partition ④, the 0‐ and 1‐points in
the outermost and third rings, respectively, are far from
the center point, which means that the polar angles of
bSð0Þi ðrÞ and bSð1Þi ðrÞ are similar, and they are in the same
radius. Therefore, only one 1‐point is present in partition
⑤, and the nearest 0‐point to its neighbor lies in the
outermost ring.

The symbol mapping of b1 and the corresponding par-
tition are both symmetric to b0 with respect to the 45°
line. Computational formulas of LLRs in the partitions of
each bi are listed in Table 1 (at the end of this article). In
this study, the common factor 2/σ2 is abridged, and y1
and y0 are the ordinate values of 1‐ and 0‐points, respec-
tively. In addition, Ri (i = 1, 2, 3, 4) denotes the radius
of the ring.

In the partition, we use approximation to decrease the
computational complexity and partition numbers. Theoreti-
cally, a more precise result involves a smaller partition size.
However, this leads to a greater number of calculations.

4 | CALCULATION ANALYSIS

For the proposed method, different positions of the
received signal in the 64‐APSK constellation lead to differ-
ent numbers of calculations. In this section, we assume that
the locations of the received signals are uniformly dis-
tributed in the global constellation, and we neglect the cal-
culation for ρ and θ.
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FIGURE 4 Divided complex plane of every bi
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The computational complexity of the methods previ-
ously mentioned is shown in Table 2. This clearly reveals
that, in the process of de‐mapping a received signal of 64‐
APSK with the log‐MAP method, more than 564 times the
number of additions and subtractions, 192 times the num-
ber of multiplications, and approximately 70 times the
number of exponents and logarithms are required. The

computational complexity of max‐log‐MAP clearly does
not diminish for any of the exponents and logarithms used,
whereas 198 times the number of additions and subtrac-
tions, 128 times the number of multiplications, and 372
times the number of judgments are still required. However,
the proposed simplified de‐mapping method demands only
twice the number of addition and subtraction operations,
which are roughly reduced to 1/96 and 1/64, respectively,
compared with log‐MAP and max‐log‐MAP. The multipli-
cation operations are also reduced to twice the number of
times, to only 1/282 and 1/99, respectively, compared with
log‐MAP and max‐log‐MAP. In addition to these, only
approximately 5.6 times the number of judgments are
required. That the computational complexity is significantly
reduced is obvious.

5 | SIMULATION RESULTS

The BER performance of the proposed method was evalu-
ated through simulation. Here, the ratio of the 64‐APSK
constellation was selected to be R1:R2:R3:R4 = 1:2.73:
4.52:6.31, according to [2]. The SNR over AWGN channel
was varied from −5 dB to 8 dB with a step size of 1 dB,
and from 0 dB to 15 dB for the Rayleigh fading channel
with a step size of 1 dB. The simulation was run 1,000,000

TABLE 1 Formulas for calculating log likelihood ratio

b0 b2 b4

① y1 � y0ð Þ y1þy0
2 � Qr

� 	
R3 � R1ð Þ R3þR1

2 � ρr
� 	

Qr

② R2
2 � π

6 � π
6 � θr
� 	

y1 � y0ð Þ y1þy0
2 � Qr

� 	

③ y1 � y0ð Þ y1þy0
2 � Qr

� 	
R3 � R2ð Þ R3þR2

2 � ρr
� 	

④ R3 � R4ð Þ R3þR4
2 � ρr

� 	
y1 � y0ð Þ y1þy0

2 � Qr
� 	

⑤ �R2
4 � π

14 � 3π
14 � θr
� 	

R4 � R2ð Þ R4þR2
2 � ρr

� 	

TABLE 2 Computational complexity comparisons for de‐mapping
methods

Log‐MAP Max‐Log‐MAP Simplified method

Multiplication 192 128 2

Addition and
subtraction

564 198 2

Exponent and
logarithm

70 0 0

Judgment 0 372 5.6

Log-MAP
Max-Log-MAP
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FIGURE 5 Performance comparison of de‐mapping methods
over the AWGN channel
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FIGURE 6 Performance comparison of de‐mapping methods
over the Rayleigh fading channel

TABLE 3 Time consumption comparison of de‐mapping methods

De‐mapping method Time/s

Log‐MAP 75,156

Max‐log‐MAP 41,358

Simplified method 5,981
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times, and 1,600 random signal bits were transmitted each
time. We utilized LDPC codes and the belief propagation
(BP) decoder over both channels. For the sake of compar-
ison, we plot the BER performance of the three kinds of
de‐mapping methods against the SNR together in Figures 5
and 6, and their time consumptions are listed in Table 3.

Figure 5 shows the BER performance plotted over the
AWGN channel. As the figure shows, the three methods had
similar BER performance trends. In other words, they tended
to decrease with each increase in SNR. In addition, the BER
performance of the simplified method was slightly lower
than that of log‐MAP and max‐log‐MAP. For the latter two
methods, the BER value decreased to zero when SNR was 6
dB, whereas it was 8 dB for the simplified method.

The performance plot of the three methods over the
Rayleigh fading channel is shown in Figure 6. The figure
shows that the plot of the simplified method was nearly
coincident with that of log‐MAP and max‐log‐MAP, mean-
ing the performance of the simplified method was similar
to that of the latter two. In addition, we can also see that
an error floor appears when SNR is more than 11 dB. This
is because the example used here is LDPC. In practice,
code that is more suitable should be used to diminish or
avoid the effect of an error floor.

Figures 5 and 6 show that the BER performance of the
simplified method was not as good as that of log‐MAP and
max‐log‐MAP. This was because simplification and
approximation were used to reduce the computational com-
plexity during the process of calculating LLR with the sim-
plified method.

The different time consumptions of the three methods
of de‐mapping are presented in Table 3; here, the decoding
time was not considered. The table shows that time con-
sumption of the simplified method was far less than that of
log‐MAP and max‐log‐MAP. When compared to the max‐
log‐MAP, the time consumption of the simplified method
was approximately 14.5%, whereas it was only 8.0% when
compared with log‐MAP.

The decrease in time consumption of the simplified
method was due to the reduction in the number of calcula-
tions of multiplication, addition, subtraction, and judgment
as compared with max‐log‐MAP. In addition, the simplified
method even reduced the number of exponent and loga-
rithm calculations when compared with log‐MAP.

6 | CONCLUSION

In this study, we proposed a low‐complexity de‐mapping
method by taking full advantage of the symmetric charac-
teristics of a 64‐APSK constellation. In this method, only
the 0‐ and 1‐points in the first quadrant were investigated
based on the symmetric characteristics of the symbol

mapping. The points in the first quadrant were then sepa-
rated into different partitions to simplify the calculation
formulas. In addition, LLR could be achieved immediately
with the positions of the received signals. Simulations
were conducted to verify that the proposed simplified de‐
mapping method had limited performance degradation
when 64‐APSK signals were transmitted over the AWGN
and Rayleigh fading channels, whereas the time consump-
tion was considerably reduced to approximately 14.5% or
even as low as approximately 8.0% as compared with
max‐log‐MAP and log‐MAP, respectively. In other words,
the proposed low‐complexity method decreased BER per-
formance slightly with a drastic decrease in time con-
sumption.
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