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Abstract—In this paper, we present a prototype transmit-
ter and receiver with set partitioning (SP)-64 amplitude and
phase shift keying (APSK) coded modulation we developed for
expanding satellite transmission capacity. SP-multi-level coded
modulation is a transmission scheme that can improve noise
immunity by properly combining a modulation scheme, bit allo-
cation, and error-correction codes. We designed SP-64APSK
coded modulation on the basis of channel capacity for expand-
ing satellite transmission capacity. We confirmed that it has
higher robustness to additive white Gaussian noise (AWGN) than
DVB-S2X’s 64APSK modulation with Gray mapping through
computer simulation. We also developed a prototype transmitter
and receiver to implement our SP-64APSK coded modulation
and evaluated its transmission performances in an AWGN chan-
nel and in a non-linear channel simulating 12-GHz-band satellite
transponder characteristics. We describe the method of designing
our SP-64APSK coded modulation through computer simula-
tion, the modulation/demodulation process, and transmission
performances of the prototype transmitter and receiver. We also
indicate that 8K ultra-high definition television (UHDTV) with
an encoded bit rate of 150 Mbps can be transmitted using the
prototype within 34.5 MHz, which is the bandwidth of a single
transponder for satellite broadcasting in Japan.

Index Terms—64APSK, coded modulation, set partitioning,
channel capacity, 4K/8K, UHDTV, satellite transmission.

I. INTRODUCTION

COMMERCIAL satellite broadcasting of 4K/8K ultra-high
definition television (UHDTV) [1], [2] was launched in

December 2018 in Japan [3]. Its transmission system is ISDB-
S3 [4]–[6], which can broadcast one 8K program or three
4K programs in the same bandwidth (34.5 MHz) as cur-
rent HDTV satellite broadcasting. The required transmission
capacity of 100 Mbps for 4K/8K UHDTV satellite broad-
casting is achieved by setting the transmission parameters
to a symbol rate of 33.7561 Mbaud, roll-off factor of 0.03,
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using a 16 amplitude and phase shift keying (APSK) modu-
lation scheme, and low-density parity-check (LDPC) coding
rate of 7/9.

Japan Broadcasting Corporation (NHK) has been research-
ing more realistic and immersive video/audio systems for new
broadcasting services, e.g., a full-featured 8K system with a
high frame rate of 120 Hz [7], augmented reality/virtual real-
ity system, and viewable three-dimensional television without
special glasses. Satellite broadcasting will play an impor-
tant role in transmitting such new services to the home, but
it is necessary to increase its transmission capacity because
these services will require faster data rates than those of
current UHDTV services. One way to increase the capac-
ity is to adopt a higher multi-level modulation scheme.
Since the ISDB-S3 system used in Japan’s UHDTV satellite
broadcasting supports a maximum of 32APSK, we designed
a new 64APSK-scheme. However, the higher the order of
the modulation scheme, the more susceptible it is to noise.
Therefore, we aimed for a more robust transmission-to-noise
than 64APSK with Gray mapping by applying set partition-
ing (SP)-multi-level coded modulation [8] to design a new
64APSK.

SP-coded modulation is a classical technique and many
studies have been devoted to improving the performance of
multi-level modulation. Isaka et al. [9] proposed asymmetric
8 phase shift keying (PSK) and 16 quadrature amplitude mod-
ulation (QAM) coded modulations with unconventional SP
different from the Ungerboeck-type. Farhoudi and Rusch [10]
evaluated the performance of the SP-16QAM coded modula-
tion optimized for non-linear phase noise in a coherent system.
Tanahashi and Ochiai [11] reported on the SP-coded modu-
lation with hexagonal shell modulation, which has a lower
peak-to-average power ratio than a standard QAM.

We have been engaged in further expansion of transmis-
sion capacity with SP-multi-level coded modulations as a
next-generation satellite broadcast system [12]–[16]. In this
paper, we propose the SP-64APSK coded modulation with
coding rate of 4/5, by which the maximum bit rate of ISDB-
S3 is exceeded, designed on the basis of channel capacity and
describe the performance evaluation of a prototype transmitter
and receiver implementing this modulation.

This paper is structured as follows. In Section II, we give an
overview of SP-multi-level coded modulation. In Section III,
we describe the SP-64APSK coded modulation design method
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on the basis of channel capacity through computer simulation.
We first define the channel capacity then explain the constella-
tion design, SP-applicable bit allocation, and error-correction
code design. In Section IV, we describe our prototype trans-
mitter and receiver implementing our designed SP-64APSK
coded modulation (hereafter called prototype). We present
the specifications of the prototype and explain the modula-
tion/demodulation and multi-level decoding process, which
repeats symbol division and error-correction decoding. In
Section V, we discuss the transmission performance of the
prototype in an additive white Gaussian noise (AWGN) chan-
nel and non-linear channel simulating 12-GHz-band satellite
transponder characteristics then present the results of an 8K
UHDTV transmission experiment with our prototype. We
conclude the paper in Section VI.

II. OVERVIEW OF SP-MULTI-LEVEL

CODED MODULATION

SP-multi-level coded modulation is a transmission scheme
that can improve noise immunity by properly combining a
modulation scheme, bit allocation, and error-correction coding.
It can extend the minimum Euclidean distance (Dmin) between
constellation symbols by dividing them in accordance with
the decoding result of each bit. The combination of SP and
the design of appropriate error-correction codes for symbol
division provides high robustness against noise.

Transmission schemes with Gray mapping, where the
Hamming distance between adjacent symbols is 1, are
widely used. Focusing on the bit error rate (BER) for each
bit allocated to their symbols, these BER characteristics
are non-uniform due to multi-level/multi-phase modulation
schemes. Therefore, applying a single error-correction code
to the bit streams mapped to those symbols causes transmis-
sion performance degradation. Bit-interleaved coded modula-
tion (BICM) [17], [18], which is the modulation method to
reduce the non-uniformity with bit-interleave before mapping,
is effective in mitigating such degradation. The transmis-
sion scheme combining BICM and Gray mapping is widely
used in actual satellite transmission systems, e.g., ISDB-
S3 [4]–[6] and DVB-S2X [19]. Transmission performance can
be improved by further reducing the non-uniformity. SP-coded
modulation is a means to achieve this because it is a scheme
that applies appropriate error-correction codes to bit streams
with the non-uniformity of the BER characteristics for each
bit. The bit sequence allocated to a constellation symbol is
decoded bit by bit, and the constellation symbols are divided in
accordance with the decoding results for each bit. It enables to
extend Dmin as the decoding progresses. Therefore, by design-
ing error-correcting codes with an appropriate capability in
accordance with the Dmin of each decoding stage, better trans-
mission performance can be achieved than with a transmission
scheme that combines BICM and Gray mapping.

Taking SP-8PSK coded modulation as an example,
Fig. 1 illustrates the set-partitioning process for SP-coded
modulation constellations and the relationship between SP-
applicable bit allocation and expansion of Dmin. Three-bit (a1,
a2, a3) allocation to the 8PSK constellation is SP-applicable

Fig. 1. Set-partitioning process for a SP-8PSK coded modulation
constellation.

mapping, and let a1 and a3 be the most significant bit (MSB)
and least significant bit (LSB), respectively. The 8PSK con-
stellation is divided into two quadrature phase shift key-
ing (QPSK) constellations on the basis of a1, and each QPSK
constellation is further divided into two binary phase shift
keying (BPSK) constellations on the basis of a2. Therefore,
we have four BPSK constellations in accordance with a1 and
a2. SP-8PSK coded modulation signals are decoded in the
order of a1, a2, and a3 by a multi-stage decoding process.
First, a1 is decoded in the 8PSK constellation. Next, a2 is
decoded in the QPSK constellation in accordance with the
decoded a1 (Dec_a1 = 0 or 1). Finally, a3 is decoded in
the BPSK constellation in accordance with the decoded a2
(Dec_a2 = 0 or 1).

As the decoding stage progresses, robustness against bit
errors increases due to the increase in Dmin. This means
that bit sequences consisting of bits closer to LSB can be
transmitted in a higher coding rate with fewer parity bits.
Therefore, overall transmission performance can be improved
with SP-multi-level coded modulation by applying the appro-
priate error-correction coding rate to each bit in accordance
with the Dmin in each decoding stage.

III. DESIGN OF 64APSK CODED MODULATION

The design of SP-multi-level coded-modulation mainly
consists of designs of constellation, bit allocation, and error-
correction code. In this section, we discuss the design method
through computer simulation consisting of the above design
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methods for our SP-64APSK coded modulation. The constel-
lation and bit allocation are designed to extend Dmin on the
base of channel capacity T [20] (described in Section III-A).
The LDPC code is applied as an error-correction code, and
the coding rate is individually adjusted to improve the over-
all transmission performance in accordance with the BER
characteristics of each bit before error correction.

A. Definition of Channel Capacity

T is the upper bound on the information rate that can be
transmitted with as low an error rate as possible in the arbitrary
transmission path. Let X and Y be the transmitted and received
symbols, respectively. The mutual information between X and
Y is expressed as I(X; Y), and T is the maximum of I(X; Y)

when p(X), the probability distribution of occurrence of X, is
changed, which is

T = max
p(X)

I(X; Y), (1)

where p(X) is set to a normal distribution where the mean
μ = 0 and variance σ 2

S . T in the AWGN is expressed as

T = 1

2
log

2

(
1 + σ 2

S

σ 2
N

)
. (2)

Let σ 2
N be the noise power and σ 2

S be the average power of
X. Equation (2) is the Shannon theorem [21], which indicates
the maximum transmission capacity that can be transmitted in
AWGN with σ 2

N . Although the Shannon theorem shows that
there are coding schemes to achieve T with as low an error
rate as possible, it does not specify how to achieve them.

The transmission to satisfy the Shannon theorem can be
achieved if the probability distribution of the occurrence of
X has a normal distribution. However, it cannot be achieved
in practical systems because symbols with extremely high
power need to be generated although the probability of their
occurrence is extremely low. Therefore, multi-level modula-
tion, such as M-APSK and M-QAM, is widely adopted as the
transmission scheme with efficient spectrum utilization under
the power constrained condition. Let M be the modulation
multi-level number, where M = 2n (n ∈ N). In the practi-
cal system in which the transmission power is constrained by
multi-level modulation, M symbols are generated with uniform
probability, that is, p(X) = 1/M and T in AWGN is given as

T = log2 M − 1

M

M−1∑
i=0

∫ ∞

−∞
p(y|xi)log2

{∑M−1
k=0 p(y|xk)

p(y|xi)

}
dy

(3)

p(y|xi) = 1√
2πσ 2

N

exp

(
−|y − xi|2

2σ 2
N

)
(4)

xi = Ii + jQi (5)

The notation xi denotes the i-th element of X, which is pro-
vided in (5) by the i-th in-phase (Ii) and quadrature (Qi)
component of the complex transmission symbol. The notation
y denotes the received symbol via the AWGN channel. The
transition probability density function p(y|xi), given in (4), is

the conditional probability distribution in which the received
symbol is identified as y when xi has been transmitted.

Hence, we used T defined in (3) to design our SP-64APSK
coded modulation. The T depends on the parameters M, σ 2

N,

and xi. When M is set to 64 and the received carrier-to-noise
ratio (C/N) is fixed, that is, σ 2

N is set to a fixed value, T is
regarded as a function of xi. The second part of (3) repre-
sents equivocation of whether y is correctly recognized as xi
or other symbols when xi has been transmitted. As the Dmin
between each adjacent xi becomes smaller, the probability of
receiving xi correctly becomes lower; consequently, equivoca-
tion becomes larger and T decreases. Therefore, maximizing T
contributes to the increase in the Dmin between each adjacent
xi. We use T as the criterion of designing the constellation
and SP-applicable bit allocation.

B. Constellation

Since the general constellation of APSK modulation is con-
figured to place symbols on multiple concentric circles, there
are numerous possible constellation patterns depending on how
the constellation symbols are arranged on the IQ plane. We
thus set design conditions 1) to 5) and parameters a) to c)
shown below and in Fig. 2. These design parameters are deter-
mined in the order of a) to c) so that T is maximized. Design
conditions 1) and 2) are set to design a symmetric constella-
tion in consideration of the use of an ISDB-S3-compliant pilot
signal [4]–[6] which has the same modulation scheme as the
main signal modulation to estimate the reference constellation
points. Design condition 4) is determined so that error-free
transmission can be achieved at a C/N with a margin of about
1 dB from the theoretical limit C/N of 14.9 dB for DVB-S2X’s
64APSK modulation with a coding rate of 4/5.

<Design conditions>
1) Constellation symbols are placed on each of all four

circles at equal intervals.
2) The number of constellation symbols placed on each

circle is even.
3) The average power should be 1.
4) C/N is 16 dB.
5) Coding rate of 4/5.
<Design parameters>
a) Number of constellation symbols placed on each circle

(p1-p4)
∑4

i=1 pi = 64
b) Constellation-symbol phases (θ1-θ4) Phases between the

I axis and the constellation symbols closest to the I axis
are defined as θ1-θ4, and each phase is varied in steps of
0.1 degree starting from the initial angles π/p1 - π/p4,
respectively.

c) Radius ratios between circles (γ1-γ3) Radii of the 1st-4th
circles are r1-r4. Radius ratios are defined as γ1 = r2/r1,
γ2 = r3/r1, γ3 = r4/r1, and each one is varied in the
ranges of 1.5 to 2.5, 2.5 to 3.5, and 3.5 to 4.5 in steps
of 0.01, respectively.

Under these design conditions and design parameter a),
there are 4,495 candidates for the 64APSK constellation. After
determining a) from these candidates, in the order of b) and c),
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Fig. 2. Constellation design parameters.

Fig. 3. Constellations of designed 64APSK and DVB-S2X’s 64APSK.

we determined a 64APSK constellation in which T was max-
imized as much as possible among the candidates by varying
the design parameters through computer simulation [15], [16].
Table I shows the determined values of the parameters for
the 64APSK we designed. To confirm whether our 64APSK
also has high noise immunity, the values for the 64APSK
of DVB-S2X are also indicated in the table as a bench-
mark, although that of DVB-S2X is designed based on BICM
capacity. Fig. 3 illustrates respective constellations. As indi-
cated in Table I, the T of our designed 64APSK achieved
5.0839 bps/Hz, which is larger than that of DVB-S2X.

C. Bit Allocation and Error-Correction Code

We designed the SP-applicable bit allocation to our 64APSK
constellation and an error-correction code for each bit. As
described below, it is possible to design an SP-64APSK coded
modulation with high noise immunity by designing a combina-
tion of bit allocation and error-correction codes. Let the six-bit
allocation to the 64APSK constellation be (a1, a2, a3, a4, a5,
a6). Since the received 64APSK constellation is decoded and
divided into 32APSK, 16APSK, . . . , and BPSK in order in

accordance with the decoding results of the previous bits,
the constellations on each dividing stage should also have as
large a T as possible to increase the robustness to AWGN. We
thus determined the bit allocation to the 64APSK constellation
using T on each dividing stage as the evaluation function.

The error-correction code is the concatenated code com-
posed of shortened BCH code [22] (65535, 65167) with the

TABLE I
64APSK CONSTELLATIONS

Fig. 4. Developed bit-allocation method.

correction ability of 23 bits and LDPC code compliant with
ISDB-S3.

There are 64! (approx. 1×1089) patterns for assigning a 6-
bit sequence (a1, a2, . . . , a6) to each of the 64 symbols, and
it is not practical to calculate T for all patterns and find the
pattern with the largest T. Therefore, we developed a method
for efficient allocation for our 64APSK constellation. Our bit-
allocation method is illustrated in Fig. 4 for a1 as an example.
The procedure is as follows.

Step 1: Bit of 0 or 1 are alternately assigned to each four
circles independently. This enables even dispersal of symbols
after division and expansion of the Euclidean distance between
symbols. There are 24 = 16 allocation patterns.

Step 2: Our 64APSK constellation is divided into 32APSK
constellations in accordance with the assigned a1 = 0 or 1,
then the Ts of the divided 32APSK constellations, M = 32 in
(3), are calculated for 16 patterns. The C/N is set to 16 dB.

Step 3: The bit-allocation pattern for a1 with the largest T
in the 16 patterns is determined.

By repeating steps 1 to 3 in the same manner, the bit allo-
cation for a2 to a6 is determined using each T of the divided
16APSK, 8PSK, QPSK, and BPSK constellations. Let the bit
allocation designed in steps 1 to 3 be (a1’, a2’, a3’, a4’, a5’,
a6’).

Fig. 5 shows the C/N vs. BER characteristics before error-
correction for a1’ to a6’, and Table II lists the BERs at a
C/N of 16 dB. We set raw BER range in which it is possible
to design appropriate LDPC code compliant with ISDB-S3 to
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Fig. 5. BER characteristics for each bit.

TABLE II
BER FOR EACH BIT

achieve error-free transmissions. Outside the raw BER range of
1.5×10−1 to 2.0×10−3, it is difficult to design an LDPC code
with a very low or high coding rate while maintaining random-
ness and high error-correction capability. Table II indicates that
the BERs of a1’, a5’ and a6’ are out of this range.

The BER of a6’ is less than 1.2×10−4, which can be error-
free by only the BCH code and the LDPC code is not needed.
Therefore, the bit position of a6’ is left unchanged, and the
positions of a1’ to a5’ are shifted, such as a2’, a1’, a4’, a3’,
a5’, to adjust the BER characteristics for each bit so that these
BERs fall in the above range.

We calculated the BER for each of the various shifts of
a1’ to a5’ and finally determined the bit allocation (a2’, a1’,
a4’, a5’, a3’, a6’) as (a1, a2, a3, a4, a5, a6). Fig. 6 shows
the C/N vs. BER characteristics before error-correction for
a1 to a6. Table III lists the BERs at a C/N of 16 dB and the
LDPC coding rates (Rs) applied to a1 to a5. The BERs of
a1 to a5 are in the BER range from 1.5×10−1 to 2.0×10−3

as a result of shifting the bit positions. The Rs are determined
from the BERs for each bit and the average R for a1 to a6 is
4/5. Fig. 7 illustrates the LDPC blocks for each bit, designed
to be compliant with ISDB-S3 and with the coding rates indi-
cated in Table III. Fig. 8 shows the final bit allocation and the
constellation partitioning results in accordance with Dec_a1 of
0 or 1. We express the six bits allocated to each symbol of
the constellation in octal notation (e.g., 26 = 010:110), and
the first bit a1 and sixth bit a6 are defined as MSB and LSB,
respectively.

D. Computer Simulation Result

Fig. 9 shows the computer simulation results of the C/N vs.
BER characteristics after error correction in AWGN. It was

TABLE III
LDPC CODING RATES AND BER FOR EACH BIT

Fig. 6. BER characteristics for each bit after bit-position shift.

Fig. 7. LDPC blocks for each bit compliant with ISDB-S3.

calculated for our SP-64APSK coded modulation and DVB-
S2X’s 64APSK modulation with the LDPC coding rate of
4/5 in order to verify our performance by comparing that
of DVB-S2X as a benchmark. The concatenated code com-
posed of shortened BCH code (65535, 65167) and LDPC code
with code length 44,880 bits was applied to our SP-64APSK
coded modulation, and that of BCH code (51840, 51648) and
LDPC code with 64,800 bits and the bit interleaver speci-
fied in [19], [23] was applied to DVB-S2X’s 64APSK. The
BERs were calculated in the range of 10−8 to 10−10, and the
C/N at BER = 1×10−11, which is defined as the required
C/N, was obtained by linear extrapolation from the BER
calculation results [6]. Since the ISDB-S3 compliant LDPC
and BCH code guarantee that there is no error floor even at
BER = 1×10−11 [4], the extrapolation was used in the BER
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Fig. 8. Final bit allocation and constellation partitioning results.

TABLE IV
SPECIFICATIONS OF PROTOTYPE TRANSMITTER AND RECEIVER

calculation. Error propagation which was concerned in SP-
multi-level coded modulation did not occur. The required C/N
of our SP-64APSK coded modulation is 15.70 dB [15], which
is 0.36 dB lower than that of DVB-S2X’s 64APSK modulation
with the same LDPC coding rate. We confirmed that our SP-
64APSK coded modulation could achieve better transmission
performance than the modulation scheme with Gray mapping
by applying an error-correction code with proper capability
for each bit in accordance with the constellation partitioning.
While our SP-64APSK coded modulation scheme has a con-
cern to increase latency and complexity than the modulation
scheme with BICM and Gray mapping, we verify in the next
section that they are at acceptable levels for our prototype
implementation.

IV. DEVELOPMENT OF TRANSMITTER AND RECEIVER

A. Specifications

We prototyped a transmitter and receiver that can implement
our SP-64APSK coded modulation scheme. Table IV lists the

Fig. 9. C/N vs. BER characteristics after error-correction.

Fig. 10. Photos of prototype.

specifications and Fig. 10 shows the photos of the prototype.
The min-sum decoding algorithm [24] for LDPC is used in the
prototype. The maximum number of LDPC decoding iterations
is set to 50.

The prototype is equipped with a mechanism to know the
effect of non-linear distortion caused by the satellite transpon-
der by using the pilot signal, which is a known 64APSK
constellation symbol. At the receiver side, the log likelihood
ratio (LLR) is calculated using the pilot signal as a ref-
erence point to reduce the degradation of LDPC decoding
performance due to non-linear distortion [4]–[6]. The maxi-
mum transmission rate of the prototype is 158.6 Mbps with
an LDPC coding rate of 4/5 and symbol rate of 34.4 Mbaud.

B. Transmitter

Fig. 11 illustrates a block diagram of the transmitter, focus-
ing on the structure of the main signal. Transmitted bit streams
are error correction encoded in the order from a1 to a6 in
accordance with the LDPC block structure shown in Fig. 7.
Each LDPC block is called a “slot”. The transmitter works
in units of 24 fundamental frames (FFs) composed of sets of
6 slots (#1 to #6, #7 to #12, . . . , #139 to #144).

The bits in an FF are mapped to the 64APSK constella-
tion, and the symbols are input to the modulation frame (MF)-
structure section shown in Fig. 12. An MF consists of the mod-
ulation symbol for the main signal (64APSK), transmission
and multiplexing configuration control (TMCC), pilot signal,
and synchronization signal. It has 120 modulation slots (MSs),
with which our SP-64APSK coded modulation scheme can
be implemented to the existing ISDB-S3 transmitter with-
out major changes. “Data” in Fig. 12 denotes a portion of
the 64APSK symbol modulated in the main-signal section
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Fig. 11. Block diagram of transmitter focusing on frame structure of main-signal.

Fig. 12. MF-structure section.

described in Fig. 11 and has 136 symbols each. Since one
MS has 66 “Data”, the total number of symbols in an MF is
1,077,120 (=136 symbols × 66 × 120), which corresponds
to 6,462,720 bits (=1,077,120 × 6) for 64APSK modulation.
Operating the transmitter in 24 FFs composed of sets of 6 slots
(24 FFs×6 slots×44,880 bits = 6,462,720 bits) results in being
120 MSs in an MF structure, and it is possible to apply the
MF of ISDB-S3, which specifies up to 32APSK, to 64APSK.

A pilot signal consisting of 64 symbols of 64APSK is
transmitted using two MSs, because one MS has 32 symbols
for the pilot signal. The first 32 symbols corresponding to
the bit sequences for “000000”, “000001”, . . . , “011111” are
transmitted in the odd-MS and the second 32 symbols corre-
sponding to the bits for “100000”, “100001”, . . . , “111111”
are in the even-MS in order by which the pilot signal can be
transmitted 60 times per MF.

C. Receiver

Fig. 13 illustrates the block diagram of the receiver, focusing
on the multi-level decoding process. This process is as follows.

a) The IQ signals of 44,880 symbols obtained by orthog-
onal demodulation are read from IQ memory, and their
LLRs for a1 (LLR_a1) are calculated at the uppermost
part of the LLR-calculation section in Fig. 13 in accor-
dance with the 64APSK reference IQ. When the pilot
signal is used for non-linear distortion compensation,
each reference IQ is replaced with the pilot signal IQ
that is transmitted periodically as described in Section
IV-B and averaged on the receiver [4].

b) LLR_a1 are sent to the LDPC-decoder section and
decoded with the parity check matrix (PCM) for a1 by
the min-sum decoding algorithm of LDPC. The LDPC-
decoded bits for a1 are then decoded by the BCH
decoder, and the result (Dec_a1) is stored in the
decoded bit memory. Dec_a1 is fed back to the “refer-
ence IQ select SW” in the LLR-calculation section for
a2 decoding.

c) LLR for a2 (LLR_a2) is calculated from the IQ sig-
nal and the 32APSK reference IQ selected by the
switch (SW) on the basis of each decoded bit of a1
(Dec_a1). When the decoded bit in a1 is 0, the 32APSK
constellation for Dec_a1 = 0 is selected, when it is 1,
the one for Dec_a1 = 1 is used for the reference sym-
bol point. When the pilot signal is used, it is the same
as a1.

d) LLR_a2 are sent to the LDPC-decoder section and
decoded with PCM for a2. The LDPC-decoded bits for
a2 are then decoded with the BCH decoder (Dec_a2)
and stored in the decoded bit memory. Dec_a1 and
Dec_a2 are fed back to the SW for a3 decoding.
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Fig. 13. Multi-level decoding process in receiver.

e) Repeat steps from c) to d) for decoding a3 to a5 in
the same manner using the constellations from 16APSK
to QPSK respectively to calculate the LLRs. Since
a6 does not require an LDPC decoding, the hard-
decision-decoded bit sequence is input to the BCH
decoder. The reference IQ for the hard-decision decod-
ing for a6 is selected from 32 BPSK constellations in
accordance with all the bits from Dec_a1 to Dec_a5 by
the reference IQ-select SW.

V. TRANSMISSION-PERFORMANCE EVALUATION

OF PROTOTYPE

A. Performance in AWGN Channel

We evaluated the transmission performance of the proto-
type in AWGN with modulation parameters set to a symbol
rate of 33.7561 Mbaud and roll-off factor of 0.03, which are
used in 4K/8K UHDTV satellite broadcasting in Japan [4].
We measured the BER performance by adding AWGN and
found the required C/N in the experimental system illustrated
in Fig. 14. The required C/N for the prototype (C/Npro) in
AWGN was 16.6 dB. Since that in the computer simulation
(C/Nsim) [15] was 15.7 dB, we confirmed that the prototype
could achieve error-free transmission with the required C/N
degradation within about 1.0 dB compared with the result of
the computer simulation in AWGN. The 0.9 dB difference

Fig. 14. Experimental system for measuring BER performance in AWGN.

between them is considered to be the degradation in transmis-
sion performance due to hardware processing. To analyze the
breakdown of the 0.9 dB difference, we measured the mod-
ulation error ratio (MER) [25], which is the ratio of ideal
symbol power to error power that is the difference between
the ideal symbol and demodulated symbol, when the transmit-
ter and receiver were directly connected (loop back) without
adding AWGN. The amount of noise generated in the device
can be estimated from the MER. The MER was 29.2 dB in the
loop back, and the constellation is shown on the left side in
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Fig. 15. Received constellations.

Fig. 15. There were implementation losses due to FIR filters
and internal noise in the prototype. Because of these losses,
each received constellation symbol did not converge to a single
point, unlike in the computer simulation.

C/Nloop = 10log

⎧⎪⎨
⎪⎩

1(
10− C/Nsim

10

)
−
(

10− MER
10

)
⎫⎪⎬
⎪⎭ [dB] (6)

The required C/N of the prototype with the loop back con-
nection (C/Nloop) including the implementation losses can
be obtained from (6), and 15.9 dB is obtained from C/Nsim
(15.7 dB) and MER (29.2 dB). Therefore, the 0.9 dB gap
is considered composed of 0.2 dB (= C/Nloop − C/Nsim)
due to the hardware implementation and 0.7 dB due to the
LDPC decoding process in the prototype. While the sum-
product algorithm [26] was used in the computer simulation,
the min-sum decoding algorithm [24], which approximates the
tanh function (an update expression for check-node) with the
minimum function, was used for the LDPC decoding in the
prototype. The min-sum decoding algorithm is easier to imple-
ment in hardware than the sum-product algorithm, but its
decoding accuracy is inferior to that of the sum-product algo-
rithm, and it is considered to be the main cause of degradation
in the LDPC decoding process in the prototype.

B. Performance in Non-Linear Channel Simulating
12-GHz-Band Satellite Transponder Characteristics

We also evaluated the transmission performance of the
prototype in the non-linear channel simulating 12-GHz-band
satellite transponder characteristics [27]. Fig. 16 illustrates
the experimental system with the 12-GHz-band satel-
lite simulator [28], which consists of input/output multi-
plexer (IMUX/OMUX) filters with a center frequency of
12.03436 GHz and bandwidth of 34.5 MHz, a traveling
wave tube amplifier (TWTA) without a linearizer, and vari-
able attenuation to adjust the output back-off (OBO) [29] of
the TWTA. The AM-AM and AM-PM characteristics of the
TWTA are shown in Fig. 17. The frequency amplitude and
group delay characteristics of the IMUX/OMUX filters are
shown in Fig. 18. The transmission parameters of the proto-
type were the same as those mentioned in Section V-A and
the pilot signal was used for non-linear compensation. The

Fig. 16. Experimental system including 12-GHz-band satellite simulator.

Fig. 17. AM-AM and AM-PM characteristics of TWTA (center frequency:
12.03436 GHz).

Fig. 18. Frequency amplitude and group delay characteristics of
IMUX/OMUX filter (center frequency 12.03436 GHz is normalized to 0 Hz).

received C/N was set by adding white noise with an AWGN
generator.

The OBO is an important parameter to evaluate transmis-
sion performance through a satellite transponder because it
is related to the amount of non-linear distortion occurring
in the TWTA. We define the OBO of the modulated signal
as the ratio of the saturated maximum output power of a
continuous wave to the operation output power of the modu-
lated signal [28]. The optimal OBO for multi-level modulation
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Fig. 19. OBO vs. required C/N + OBO characteristics.

Fig. 20. Constellation and spectrum of received signal through non-linear
channel at OBO = 5 dB without AWGN (center frequency: 12.03436 GHz).

transmission can be obtained when the required C/N + OBO
is a minimum [28].

Fig. 19 plots the OBO vs. required C/N (right vertical
line) and required C/N + OBO (left vertical line) characteris-
tics of the prototype in the non-linear channel. It also shows
the computer-simulation results from a previous study [30]
calculated under the same condition. The optimal OBO for
our SP-64APSK coded modulation in the hardware experi-
ment was 5 dB, which agreed with the computer simulation.
Fig. 20 shows the received constellation and spectrum. The
required C/N for the prototype in the non-linear channel set
to OBO of 5 dB was 18.6 dB and the performance differ-
ence between the computer simulation [30] and prototype was
1.1 dB.

C. Performance Summary

We summarize the transmission performance of the pro-
totype in the AWGN and non-linear channels when the
OBO was set to 5 dB described in Sections V-A and V-B.
Fig. 21 shows the BER characteristics of the prototype and
computer simulation [15], [30]. The required C/Ns of the pro-
totype in AWGN and non-linear channel are 16.6 and 18.6 dB,
and those of the computer simulation in both channels were
15.7 and 17.5 dB, respectively. The required C/N degradation
from the computer simulated values due to the implementation
of our SP-64APSK coded modulation was about 1 dB in both
channels. The degradation due to the non-linear channel was
1.8 dB in the prototype and 2.0 dB in the simulation. These
results confirm that the prototype has similar performance
estimated from the computer simulation in both channels.

Fig. 21. Summary of transmission performance in AWGN and non-linear
channels.

Fig. 22. Photo of 8K UHDTV transmission experiment.

D. 8K UHDTV Transmission

We conducted an 8K UHDTV transmission with the pro-
totype and the 12-GHz-band satellite simulator in the experi-
mental system shown in Fig. 16. The transmission parameters
and satellite simulator’s settings were the same as those in
Sections V-A and V-B, respectively. The OBO was set to
5 dB. The 8K UHDTV was encoded to 150 Mbps by High
Efficiency Video Coding (HEVC) [31], [32], and its container
format used the MPEG2-TS system. The received C/N was
varied by adding AWGN to measure the detection limit of
the C/N, which was defined as the minimum received C/N at
which no block noise occurred during a one-minute viewing
of the transmitted 8K UHDTV video.

A photo of the 8K UHDTV transmission experiment is
shown in Fig. 22. We confirmed that 8K UHDTV with an
encoded bit rate of 150 Mbps could be transmitted using the
prototype with our SP-64APSK coded modulation in the non-
linear channel. The detection limit C/N was 18.8 dB, which
agreed with the C/N vs. BER characteristics mentioned in
Section V-B.

VI. CONCLUSION

We proposed a SP-64APSK coded modulation and
developed a prototype transmitter and receiver that can imple-
ment the SP-64APSK coded modulation. We outlined the SP-
multi-level coded modulation and described our SP-64APSK
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TABLE V
IQ COORDINATES AND BIT ALLOCATION

coded modulation design method consisting of design meth-
ods of constellation, bit allocation, and the LDPC code
through computer simulation. We used the channel capacity

in AWGN and designed the constellation and bit alloca-
tion that can maximize it as much as possible. We con-
firmed that our SP-64APSK coded modulation improves the
required C/N in AWGN by about 0.36 dB than that of DVB-
S2X’s 64APSK modulation through computer simulation. We
explained the modulation/demodulation process and transmis-
sion performance of the prototype with our SP-64APSK coded
modulation and verified that the prototype has similar trans-
mission performance with a difference of about 1 dB than the
computer simulation in the AWGN and non-linear channels.
We also showed that the prototype could transmit 8K UHDTV
with an encoded bit rate of 150 Mbps in the 34.5 MHz
bandwidth of a single transponder for satellite broadcasting.

APPENDIX

Table V lists the IQ coordinates of the 64APSK constel-
lation and bit allocation described in Section III-B and C,
respectively.
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